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FACULTAD DE INGENIERIA U.N.A.M. 
DIVISION DE EDUCACION CONTINUA 

A LOS ASISTENTES A LOS CURSOS 

Las autoridades de la Facultad de Ingeniería, por conducto del jefe de la 

División de Educación Continua, otorgan una constancia de asistencia a 

quienes cumplan con los requisitos establecidos para cada curso. 

El control de asistencia se llevará a cabo a través de la persona que le entregó 

las notas. Las inasistencias serán computadas por las autoridades de la 

División, con el fin de entregarle constancia solamente a los alumnos que 

tengan un mínimo de 80% de asistencias. 

Pedimos a los asistentes recoger su constancia el día de la clausura. Estas se 

retendrán por el periodo de. un afio, pasado este tiempo la DECFI no se hará 

responsable de este documento. 

Se recomienda a los asistentes participar activamente con sus ideas y 

experiencias, pues los cursos que ofrece la División están planeados para que 

los profesores expongan una tesis, pero sobre todo, para que coordinen las 

opiniones de todos los interesados, constituyendo verdaderos seminarios. 

Es muy importante que todos los asistentes llenen y entreguen su hoja de 

inscripción al inicio del curso, información que servirá para integrar un 

directorio de asistentes, que se entregará oportunamente. 

Con el objeto de mejorar los servicios que la División de Educación Continua 

ofrece, al final del curso "deberán entregar la evaluación a través de u.n 
' cuestionario disefiado para emitir juicios anónimos. 

Se recomienda llenar dicha evaluación conforme los profesores impartan sus 

clases, a efecto de no llenar en la última sesión las evaluaciones y con esto 

sean más fehacientes sus apreciaciones. 

Palacio de Mmeria Calle de Tacuba 5 
Teléfonos: 512~955 

··'. 

Atentamente 

División de Educación Continua. 

Primer piso Oeleg. Cuauhtémoc 06000 México, D.F. APDO. Postal M-2285 
512·5121 ~21·7335 521·1987 Fax 510-0573 521-4020 AL 26 
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GUÍA DE LOCALIZACIÓN 
l. ACCESO 

2. BIBLIOTECA HISTÓRICA 

3. LIBRERÍA UNAM 

4. CENTRO DE INFORMACIÓN Y DOCUMENTACIÓN 
"ING. BRUNO MASCANZONI" 

5. PROGRAMA DE APOYO A LA TITULACIÓN 

6. OFICINAS GENERALES 

7. ENTREGA DE MATERIAL Y CONTROL DE ASISTENCIA 

8. SALA DE DESCANSO 

SANITARIOS 

* AULAS 

DIVISION DE EDUCACION CONTINUA DIVISIÓN DE EDUCACIÓN CONTINUA 

' FACULTAD DE INGENIERIA U.N.AM. 
CURSOS ABIERTOS 



DIA 

LUNES 2 

MARTES 3 

MIERCOLES4 

JUEVES 5 

VIERNES 6 

-

XII CURSO INTERNACIONAL DE CONTAMINACION DE ACUIFEROS 
MODULO 3.- MODELOS MATEMATICOS EN GEOHIDROLOGIA 

Y CONTAMINACION DE ACUIFEROS 

2 AL 6 DE OCTUBRE DEL 2000 

HORA TEMA PROFESOR 

9:00 A 11:00 INTRODUCCION . DR. ADOLFO CHAVEZ 

11:00 A 14:00 PRINCIPIOS DE LOS MODELOS DR. ADOLFO CHAVEZ 

16:00 A 19:00 INTRODUCCION Al VMODFLOW DR. ADOLFO CHAVEZ 

9:00 A 14:00 INTRODUCCION Al VMODFLOW DR. ADOLFO CHAVEZ 

16:00 A 19:00 MODELO DE ZONAS DE PROTECCION ING. OSCAR ESCOLERO 

9:00 A 14:00 
y MODELOS DE TRANSPORTE M. EN C. FERNANDO LARA 

. 
16:00 A 19:00 

9:00 A 14:00 

y MODELOS EN GEOHIDROLOGIA M. EN C. LUIS LESSER 

16:00 A 19:00 GEOQUIMICA Y PRUEBAS DE BOMBEO 

9:00 A 14:00 MODELOS EN GEOHIDROLOGIA ING. JUAN MANUEL LESSER 

16:00 A 19:00 MESA REDONDA ING. JUAN MANUEL LESSER 
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DIVISION DE EDtíCACION CONTINUA 
FACULTAD DE INGENIERIA, lfN.-\!\1 

CURSOS ABIERTOS 

XII CURSO INTERNACIONAL DE CONTAMINACIÓN DE ACUIFEROS 
CURSO: MODULO lll: MODELOS MATEMÁTICOS EN GEOHIDROLOGIA Y CONTAMINACIOI' DE ACUIFEROS 

FECHA: Del 0;1 AL 06 de octubre del 2000 CA 097 
EVALUACION DEL PERSONAL DOCENTE 
(ESCALA DE EVALUACIÓN- 1 A 10) 

CONFERENCISTA DOMINIO USO DE AYUDAS COMUNICACIÓN 

DEL TEMA AUDIOVISUALES CON EL ASISTENTE 

Dr. Adolfo Chávez Rodríguez 

Ing, Osear Escolero Fuentes 

M. en C. Fernando Lara Guerrero 

Ing. Juan Manuel Lesser Illades 

M. en C. Luis Lesser 

Promedio 

EVALUACIÓN DE LA ENSEÑANZA 
COUCEPTO CALJF. 

ORGANIZACION Y DESARROLLO DEL CU~SO 

GRADO DE PROFUNDIDAD DEL CURSO 

ACTUALIZACION DEL CURSO 

APLICACION PRACTICA DEL CURSO Promed1o 

EVALUACIÓN DEL CURSO 
CONCEPTO CALIF 

CUMPLIMIENTO DE LOS OBJETIVOS DEL CURSO 

CONTINUIDAD EN LOS TEMAS 

PUNTUALIDAD 

----

----

CALIDAD DEL MATERIAL DIDÁCTICO UTILIZADO Promedio-----

Evaluación total del curso ____ _ Continúa, .2 



1 (:¿Le agradó su estancia en la División de Educac1ón Continua? 

SI NO 

Si indica que "NO" diga porqué; 

2. Medio a. través del cual se enteró del curso: 

Periódico La Jornada 

Folleto anual 

Folleto del curso 

Gaceta UNAM 

Revistas técnicas 

Otro medio (Indique cuál) 

3. ¿Qué cambios sugenria al curso para mejorarlo? 

4. ¿Recomendaría el curso a otra(s) persona(s) ? 

SI NO 

S.¿Qué cursos sug1ere que 1mparta la D1v1Sión de Educación Continua? 

6. Otras sugerenc1as 



FA.CULTA.D DE INGE.NIE.RIA. U_N_A._I\II_ 
DIVISIC>N DE EDUCA.CIC>N CONTINUA. 

CURSOS ABIERTOS 

XII CURSO INTERNACIONAL DE 
CONTAMINACIÓN DE ACUÍFEROS 

MODULO 111: MODELOS MATEMÁTICOS EN 
GEOHIDROLOGIA Y CONTAMINACIÓN DE ACUIFEROS '" 

TEMA 

MANUAL PARA LA UTILIZACIÓN DEL VISUAL MODFLOW 

EXPOSITOR: M. EN C. LUIS ERNESTO LESSER CARRILLO 
PALACIO DE MINERIA 

OCTUBRE DEL 2000 
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MANUAL PARA LA UTILIZACION DEL VISUAL MODFLOW 

l. ABRIR UN ARCHIVO O CREAR UNO NUEVO 

l. Enfile se utiliza open para abrir un modelo ya extistente. 

2. Enfile se utliza new para crear un módelo nuevo. 

3. Al crear un modelo nuevo se pide el nombre y el subdirectorio donde se \·a a almacenar. 

Es recomendable tener un subdirectorio especifico pani cada modelo. 

4. A continuación se piden las unidades en que se trabajara a lo largo del modelo. 

5. En este momento se pregunta si se desea tener como base algun dibujo (generalmente 

hecho en autocad). El archiYo tiene que estar en formato d•f en autocad se teclea <h/i1111 

para crear un archivo en este formato. 

6. A continuacion se dan las características de la malla de discretización. Se piden la 

coordenada mínima y máxima en.\". así como el número de columnas deseadas en el 

modelo. De esta manera el modelo calcula el tamaño de cada columna. 

7. Los mismos datos se requieren para el eje Y (renglones) y el eje Z (capas). Esta malla 

podra despues ser modificada. Nótese que si se tomo como base un dibujo,¿,:¡: las 

coordenadas máximas y mínimas son tomadas de este dibujo. aunque si se desea se 

pueden modificar. 

R. A continuación se muestra la zona diserctizada \"el plano base. En el menú principal se 

escoge inpul para alimentar el modelo con los datos. 

XII Cl tR\l l ¡;-,; 1 J:J{;-,;,\l'IO~:\L !)E O'' 1 ,\.\11'\·H '[(l:'\ J)J ,\CliiFERO~ 

:-., H )])liJJ 1 111 :-., H li>El.< J~ \1·\ rE:-..1:\ I'!Ct IS 1 ".: ( ,¡) 11 JI/ >R< J].( Kil A Y co:-..: r A~ll~ ACIUN DE ACUIFERC JS 
< lC llJHRE DJ:J. ~(HHI 



MANUAL PARA LA UTILIZACION DEL VISUAL MODFLOW 

2. ALIMENTACION DE LOS DATOS DEL MODELO 

• En el menú que aparece del lado izquierdo existen 3 opciones para visualizar las 

columnas, renglones o capas del modelo. 

• En golo previous o nexl se puede visualizar la capa anterior o. la siguiente. Tambien se 

pude visualizar la columna o renglón siguiente o anterior. si estas se están visualizando. 

• Del menu que se encuentra en la porción baja de la pantalla: 

Fl - (/zc/pJ Ayuda. 

F2 - Después de presionarlo podemos obtener las coordenadas de cualquier 

punto del modelo. 

F3 - (save) Para salvar. 

F .t- (nwp) Para introducir otro dibujo o plano base al modelo. Se pueden añadtr el 

número de dibujos o planos base que se deseé. 

F5 - (::oom m) Para tener un acercamiento de alguna porción del modelo. 

F6 - l::oom oul) Para tener una \"isualización completa de la zona del modelo. 

F7- (pan) Para desplazarse por el modelo al estar en acercamiento. 

FS - (\"erl exag) Para determinar la exageración vertical que se utilizarú para 

poder visualizar mejor las secciones. 

F9 - (0\"er/ay) Esta opción se utiliza para ""apagar·· o ··prender·· las capas de 

dibujos. Es decir para poder visualizar o no ciertos dibujos que se ha yen 

importado en F-1. o la distribución de las diferentes características del 

modelo como los pozos. recarga. conductividad hidráulica. cte. 

F 1 O - lmain menu! Para regresar al menú principal. 

l. '\lodificaciún de la malla y dclimitaciún de celdas activas e inactivas 

• En el menu superior se selecciona grid. 

• Con las opctones add column. dele/e column y add rmr. de/ele roH· se pueden agregar o 

horrar columnas o renglones del modelo . 

.\1< JIJ[¡!.( l ! 11 \ H Hli.U JS ~lA 1 E\1A 1 ICO~ E:'< ( II:OIIIIJRC JI .OGI:\ Y CO~ 1 A MINACION DE AC UJFERC JS 
0( 'JJmRE DEL ~000 



MANUAL PARA LA UTILIZACION DEL VISUAL MODFLOW 

• Lo mismo se puede hacer con·las capas cuando se visualiza una sección. Nótese que ésta 

es una discretización matemática. y no forzosamente se necesita discretizar en el mismo 

número de estratos geológicos. Es decir, un estrato geológico puede subdi\·idirse para 

efectos de discretización. teniendo las mismas características todas las subcapas creadas 

para éste estrato. 

• Para importar la superficie del terreno o la base de alguna capa. se utiliza la opción 

impon surfacc Con esto en vez de que el modelo sea un cubo perfecto. se podran tener 

en cuenta las irregularidades del terreno. o de las capas geologicas. 

• Las superficies se pueden importar en archivos en formato ASCJJ. Los archivos dchcn 

ser una lista de tres columnas de las coordenadas en X.Y.Z de varios puntos. o se puede 

importar un archivo creado en SURFER (¿;ni). 

• Las celdas inactivas son zonas donde el modelo no interviene. Para delimitarlas se utiliza 

la opción inauive cells. Se puede trazar un polígono para marcarlo como inactivo. Para 

revertir la elección se puede tambien marcar, un polígono activo. 

• Esta delimitación se realiza en una sola capa. Es importante copiar esta información a las 

capas que lo requieran. usando el comando copy polygon. 

2. Asignación de valores de conductividad hidráulica y almacenamiento 

• En el menú superior se seleccionaproperl!es y ya sea conductivity o storage. 

• A continuación se asignan los \·alores de conductividad hidráulica. almacenamiento y 

porosidad que por default asignara el modelo a todos los nodos. 

• Posteriormente se zonifica 1~ malb con las opciones del menú izquierdo assign smgle. 

polygon o H·indolr. 

• Dcspu~s de seleccionar una zona se puede elegir entre darle un valor nuevo lll<'ll) o de 

asignarle algún \·alor que have sido designado con anterioridad. 

• Dependiendo si se escojc conducllrity o storage en la opción de propernes. se podrá 

zonificar la conductividad hidráulica o el almacenamiento y la porosidad. 

• Es importante copiar las propiedades necesarias a las capas que lo requieran utilizando la 

opción copy laver del menu tzquierdo. 

:'\11 ClJR~< J ¡:-..; 1 ER:-\ ·\CIC )~ ·\L DE CU~'T:\ \11\':\C f( JS I>E ·\CUIFERO"i 
:'\.lODt !LO 111 ,\ 10DEU J~ ,\1:\ 1 E.\1:\ 1 ICO"i ¡:¡-..; < irolllllROIJJ(¡[:\ Y CO"\;TA MJNACION DE ACtJII TROS 
< l('TlJBRL DEL 20011 



MANUAL PARA LA UTILIZACION DEL VISUAL MODFLOW 

• Nota: A cada nueva propiedad se le asigna un color distinto para ser distinguido en el 

modelo. El color blanco representa el valor que se dió como defalut. 

3. Asignación de fronteras 

• En houndaries se encuentran las diferentes opciones de frontera. Se pueden asignar 

como línea. polígono o ventana por medio del menú de la izquierda. 

• En la opción de recharge se agrega la regarga en mm/año. Nótese que no solo la n:carga 

por lluvia puede ser representada de esta manera. tan solo se necesitan respetar las 

unidades en que esta recarga se asigna. 

4. Alimentacion de la información de los pozos 

• En la opción de pozos (1re/ls) se pueden añadir. borrar, copiar o editar pozos ror medio 

del menú izquierdo. 

• Al seleccionar add we/l se localiza el punto donde se localiza el pozo. En la ventana que 

aparece a continuación se agregan los datos del pozo como el nombre. el inten·aio en 

que el pozo se encuentra ranurado y el historial de bombeo del pozo. 

NOTAS: 

a) No se puede nombrar un pozo como otro anterior. 

b J Las unidades de bombeo son m'/día. 

e) Si el pozo es de recarga las unidades de bombeo se denotan con signo positivo. 

d) Si el pozo es de bombeo las unidades de bombeo se denotan con signo ncg:1tivo. 

e) [!modelo no tiene una escala de tiempo reaL así que es necesario tomar la fecha en que 

se inicia la simulación como día cero dentro dd modelo. De esta manera las fechas del 

historial del pozo. as1 como el resto de los datos del modelo que tienen variación con el 

tiempo. deben de ser asignados en numero de días a pan ir de la fecha que se tomó como día 

cero . 

.\11 CUR~o ¡;-._: rER~:\CI0:--.::\1. DE Col'·¡ A~llS:\CIOS /JI: ·\ClHrERU~ 
~H HHJLO 111 ,\!()!)[LOS i\.IATEi\1·\ TIC O~ ES (iE< )J IIDRUI.<>GIA Y CO}.;TAMINACION DE ACIJIFERO~ 
OC 1 UBRJ: DEL ~O(J(l 



MANUAL PARA LA UTILIZACION DEL VISUAL MODFLOW 

3. PARA CORRER EL MODELO 

• En el menú principal se escoge run. 

• Se escoge si la simulación es en estado transitorio (transient) o estacionario (stemh·-

.\'late). 

• Se selecciona run. y se selecciona modflmr. 

• Si se desea correr elmodptah. zona de balance (zone budget) o .~rrJD también se 

seleccionan. 

4. PARA VISUALIZAR LOS RESULTADOS 

• En el menú principal se selecciona outplll. 

• Si el modelo fué corrido en estado transitorio. en time se' puede escoger el momento en el 

tiempo en que se desea \·isualizar la configuración de la superficie piezométrica. 

• En ¡;oro se puede visualizar la configuración de la superficie piezométrica en las 

diferentes capas. 

• En opriom se puede modificar el intervalo utilizado para configurar y el valor del 

contorno maximo y mínimo. 

• En el menú superior. en ,·efociries se obtienen Yectores del flujo del agua en donde se 

aprecia b dirección dclmoYimicnto del agua subterranea. En oprions se puede escoger el 

tamaíio rclatiw' de estos ,·ectorcs y su densidad por area. Estos \'Cctorcs nn son 

propiamente lineas de flujo, ya que estas, por definición no se cruzan entre si. 

\11 Cl IR S( J 1:-\ I"ER:-..::\C[{ ¡;--;AL DE U lS"TA.\llS:\CI( >S DL :\ClJIFEROS 
~IODUL< l 111 ~H >DI:I.O~ \lATE~ l.\ 1 ICC JS !:;..' CiEUI!IDRULOGIA Y CO~T AMI~ACION DE ACUifERO<.¡ 
( JC rt!BR[ DEL ~oou 
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FA.C::UL T.A.D DE INC:;ENIERIA. U-N-A.._l\11_ 
DIVISIC>N DE EDUC.A.CIC>N CONTINUA. 

CURSOS ABIERTOS 

XII CURSO INTERNACIONAL DE 
CONTAMINACIÓN DE ACUÍFEROS 

MODULO 111: MODELOS MATEMÁTICOS EN 
GEOHIDROLOGIA Y CONTAMINACIÓN DE ACUIFEROS 

TEMA 

EJEMPLO DEL VISUAL MODFLOW 

EXPOSITOR: M. EN C. LUIS ERNESTO LESSER CARRILLO 
PALACIO DE MINERIA 

OCTUBRE DEL 2000 
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U! ,'\1Pl.O Ul:l. \'J~U1\L MUDJ LO\\ 

l. DESCRIPCION DEL PROBLEMA . 

Este ejemplo t:stü basado en el !lujo del agua subterránea en un sistema formado por un 

acuífero libre en la porción superior, un acuitardo en la porción media, y un acuífero 

confinado en la porción inferior, como se muestra en la figura l . 

.. 

.. 

Figura l. Dimensiones del acuífero 

!'iotas: 

• Este ejemplo está tomado del manual de Visual Modllow por Waterloo Hydrogeologic 

In e. 

• Ll ~11uhulu ¿· ~lgmlica t'J1tcr. 

• El símbolo JO signilica presionar el botón izquierdo del mouse. 

'\JI l'liR-.,1 1 1:--.:11 R:-..·\CH 1.~,\L !JI: lOS 1 ·\\IJ,,\l'!U.~ 1>1: ,\L l:lll:RU\ 
~IU!Jlll.tl !JI ~H)()tl.U~ MATE~tA riCOS ES 0EOIIIDRULUGIA Y COS rAMISACiüN DE ACUIFEROS 
OC l'lJURE DLL 20UU 



EJEMPLO DEL VISUAL MODFLOII' 

2. CREACION DE UN NUEVO MODELO 

Fstandu l'tl el sistem~ operativo teclear 

VMOUFLOW <;)' 

Esto nos lleva a la pantalla de Visual Modtlow 

--'0 O.K. 

J' 1 ILL 

-1'1 NEW 

Apareceni una ventana preguntando por el nombre del nuevo modelo. 

Teclear el nombre del nuevo modelo: 

(Visual ivlod tlu\\· asigna automáticamente la terminación . vmf) 

Aparecerá una ventana para escoger las unidades deseadas (figura 2). Las unidades se 

sekcciorwn utilizando.el mouse. 

\:11 CliR~l 1 IN II'RNA< J()NAI. DC CU~ IAMINACIO~ /lE ACUifEROS 

~~~ JIJ! :¡ t 1 111 r-.H H >1 1 < J"i 1\1,\ 1 U. lA 1 ICO"i t:l\.' {ii"Ol/IDIH>LOGI-\ Y CONI AMINACION DE 1\CUJFERO._, 
tH lliiiiU 111 1 ~UIIII 



EJEMPLO DEL VISUAL MODFLOW 

unit 

O seconds 

O minutes 

O hours 

C!ldays 

0years 

Figura 2. V~nlana de selección de unidades 

.R. mclcrs l• 

Jf:¡ m/scc 
01: da~·, 
.fi' 

111 'i<la~ 
f::. lllllll~ ca r 

JO. O.K u 

XII CURSO IN 1 ERNACIONAL DE CONTAMINACION DE ACUIFEROS 

Pumping rate 
®m8 /day 

O fl'/day 

OUS gpm 

ous gpd 

Recharge -----, 
O inches/year 

0mm/year 

O meters/day 

O ft/second 

O ft/day 

MODULO 111 MODELOS MATEMATICOS EN GEOHIDROLOGIA Y CONTAMINACION DE ACUIFEROS 
OCTUBRE 01:1. 20UU 

J 



EJEMPLO DEL VISUAL MODFLOW 

3. DISEÑO DE LA MALLA 

La siguiente ventana preguntará si se desean importar las coordenadas de un mapa en 

formalu dxl 

JO YES 

JO'"'(¡ VMEXAMP.DXF 

En el caso en que se ha escogido un mapa. Visual Modflow leerá las coordenadas máximas 

y lllÍllllll~'> dclmap~1 y las sugerirú comu las dimensiones dd modelo. Aparecnú un~1 

ventana para definir las dimensiones y características de la malla (figura 3) solo se requiere 

teclear sobre los espacios o sobre los valores sugeridos para modificarlos. 

En ter number of columns 111:1 
En ter mínimum X (m] i E!.E!BB 

En ter maximum Xlml lzBE!E!.E!E!B 

En ter number of rows 111:1 
Enter mínimum Y [m] 1 E!.E!E!E! 

En ter maximum Yrml (2E!BE!.E!BB 

Enter number of lauers j~G======~ 
Enter mínimum Z eleuation [m] \B.BBB 

~=======; 
Enter maximum Z elevation [ml l1s.eae ==--___.J 

Figura J. V,·r1tan;1 de diseiio de la malla 

XII UII{SO INTl.K!'JACIUNAL DE CO:-.lTAMINACIO:-..: DE ACUIFEROS 

Cross-Section View 

Plan Uiew 

'1< >1>1 11 () 111 M<>l>ll <>S M-\ rH1A'IICOS EN GEOIIIIJI(OJ.OGIA Y CONTAMINACION DE ACUIFEROS 
\J('J[II!IU [lll ~0(!\l 
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EJEMPLO DEL VISUAL MODFLOW 

En ter number of columns 40 .¿: 
Enter Minimum X (m) o .¿: 
Enter Maximum X (m) 2000 ¿¡ 

En ter number uf rows 40 ¿¡ 
Enter Minimum Y (m) o .& 
Enter Maximum Y (m) 2000 ¿¡ 

Enter number of layers 6 ¿¡ 
I:nlc'J ivlinlllllllll Z (m) o ¿¡ 
Ent~r Maximum Z (m) 15 ¿¡ 

"' O.K. 

Una malla de 40 x 40 y el plano base aparecerán en la pantalla (figura 4). 

\ti t 111{\( 1 1:"\11 R:-..:·\C!<J~·\1. m: CO!'.'T.·\,\fiN>\CION IJE ACUIFEROS 
,\1! 111! 1 rr llJ \1\ Jll! 1 11:-- ~~ \ rr .\1:\ II(.'(IS t::-..· GEUI!IDROLOGIA Y CON 1 AMINACION Dl: AClllfERO\ 
1 H ll II!U J H-[ ~1111!1 

:.'J 



EJEMPLO OEL VISUAL MODFLOW 

4. REFINAMIENTO DE LA MALLA 

; .: 

Se necesita refinar la malla alrededor de los pozos de abastecimiento de agua (supply we/1.1) 

y de la perforación abandonada (abandoned borehole). El tamaño de la celda representa el 

tamafi<' ckl pozo. por lo tanto una malla mas discretizada simulará el pozo de una manera 

mas real istica. ;\demús del tamaiio del pozo. SI existe abatimiento alrededor dl'i pmu. una 

discretización mayor producirá pendientes menos abruptas del nivel estático en zonas de 

abatimiento. 

'"'T. en 11\!I'U !" 

~ en ,\DD COLUMN 

Mover clmouse a cualquier lugar en la malla y -'0 el BOTON DERECHO DEL ivJOUSE. 

llacicndu "'!"se puede dctinir los lugares exactos para definir la discretización de la malla 

Aparecer:\ una ventana para la información de la malla (figura 5). 

XII L'l!R:O:.l 1 JS 1 J"R.'\. ·\l'H 1~:\L DE CUSTA\11SACION DE .-\CL,Jf[H.OS 

MUIWUI 111 ~lUDE LOS MATE~1ATICOS EN GEOIIIDRuLOGIA Y CONTAMINACION DE ACUIFEROS 
tX' 1 UBIU: DEl. ~UlJO 

6 



EJEMPLO DEL VISUAL MODFLOW 

O Add single grid fine at 
L.:l •..::'".:.e'.' -:..:."!.:::~'~=-· ----'1 [m] 

(!) Evenly spaced grid lines from: I135B 1 [m] 

to: ltsse 1 [ml 

al interuals of: lzs I 1 [m] 

z :.13.8 

Row ( 1)24 
Col umn t J)15 
La er tKll 

Figura S. Vcnwna ck rdinamicnto d.: la malla 

Escoger EVENLY SPACED GRID LINES FROM: (líneas igualmente espaciadas 

desde:) -1• en el circulo \'acío. 

En l;r:-. \'L'tlt<ttws ;rstgnar lus srguiL·nt~:s \ ;.duJcs: 

from 1350 ¿? 

to 1550 ¿? 

at intcr\'als or 25 ¿? 

J:>cnO.K 

Mowr d mousc a cualquier lugar en la malla y -'0 el BOTON DERECHO DEL M O USE. 

Aparecerá una ventana para la información de la malla. 

Escoge'!" E\"I':NLY SPACED GRID UNES FROM: (líneas igualmente espaciadas 

desde:¡-" en el circulo \·acio. 

XII CURSO IN ITRNACIONAL DE CONTAMINACION DE ACUIFEROS 
MODULO 111 MODELOS MAfEMATICOS EN GEOJHDROLOGJA Y CONTAMINACION DE ACUIFEROS 
OCTUDRJ: DEL 2000 



EJEMPLO DEL VISUAL MODI'LOW 

En las ventanas asignar los siguientes .valores: 

ti·om 450 d' 
to 600 d' 
at intervals of 25 d' 
JO en O.K. 

Lsto a retinado la malla alrededor de los pozos de abastecimiento de agua (sup¡Jil· ,,·cf/s). 

Ahora lo haremos alrededor de la perforación abandonada (abandoned borehole) 

.liJ en ADD COLUMN 

Mm·er el1nuuse a cualquier lugar en la malla y JQ el BOTON DERECHO DEL MOUSE. 

c\parecer•i una 1·emana para la información de la malla. 

Escoger EVENLY SPACED GRID UNES FROM: (líneas igualmente e:!paciad:~s 

desde:) -"] en d círculo vacío. 

En la~ ,.L'tllanas asignar los siguicntl.!s ,·a lores: 

trom 
lo 

795 d' 
900 d' 

at intervals of JO d' 
--1] en O.K. 

" en ,\J)J) 1{0\\ 

Mover d mouse a cualquier lugar en la malla y~ el BOTON DERECHO DEL rvJOLiSE. 

Aparecera una 1·entana para la información de la malla. 

Escoge¡ EVENLY SPACED GRID LJ!\ES FROM: (líneas igualmente esp"eiaJas 

En las 1·cntanas as1gnar los siguientes \'aJores: 

trom 950 d' 
10 1 HHI d' 
:1! lllti.'J \ ;t]:-, P! ) (i "-~ 

J.• en U.!\. 

Ahora \'amos a determinar la exageración vertical. 

J.' VIl:\\' IW\\' 

XII CliR.'-It lIS II:R~ \( HJ.'Ir\L UE COl\: rA \IISACIUS DI ·\l UlfERO~ 
MODULO 111 MUDI:LUS MATEMATICOS EN GEOIIIDKOLOGIA Y CUNTAMJNACJON DE ACUII'ERUS 
OC I"UURE l)[L 2000 . 



EJEMPLO DEL VISUAL MODFLOW 

Mover d cursor a cualquier lugar en la malla. Al mover el cursor de arriba hacia abajo de la 

malla el renglón ocupado cambia a color rojo. -11 en cualquier renglón. Ahora ha sido 

transferido de una vista aérea a una vista de sección. En este momento el modelo no tiene 

exagemción vertical. Para poder \'isualizar la sección mejor: 

"' F8 (Del menú de la parte inferior de la pantalla) 

Aparece una ventana, escribir: 

--\. O.K. 

Ahora se VISualizan las 6 capas en la pantalla. 

XII Cllf{S< 1 1:-..''II:I{N·\CIONAL DE CONTAMINACIOS' lll: ·\ClllrEROS 
i\101ll1t t 1 111 ,\IU/JI·LU"i ,\1·\ I"EM,\ riCOI.i f S GLUIIII >1{( li.OGIA Y CU:'\' I'AMINACION DE ACUIFERO.'-J 
tllll•BIU IJI'I ~!HHI 
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EJEMPLO DEL VISUAL MODFLOW 

5. PARA IMPORTAR UNA SUPERFICIE 

JEi VIEW COLUMN 

Mover el m o use u la malla y J,'¡ en cualquier columna. 

-'tl IMPORT SURFACE 

Aparecerá una ventana como la de la figura 6. 

. ,. 

Row ( 1) 
Col umn ( JJ 
La er (!<)1 

~ 
lmport Options 

® From Asci ~~u,z) 

Ü F ro m SURFER .GRO 

lmporl filename: 

1 c:'umdemo'vmexamp.asc 

!Gmíiiíwlil 
Surface Options ---------. 

~lmport ground surface 

O lmport bollom elevation of: 

layer . 

Mínimum layer thickne:55 : j1 
"'------' 

Use c:l S:_ __ __jj nearest sample points • 

--"'; en C:HOOSE FILEN AME 

' Para e·>cogcr el archivo conteniendo ta surerficie. 

XII CURSO JN"J ERNACJONAL DE CONT·\MINACJON DI. ACUJfEROS 
MODtiJ.(l 111 ~lllDJ:J.O> MA.TEMATICOS EN GEOJJIDROJ.OGJA Y CONTA\11NACION DE ACUJFERO> 
tJCI Ulll{l !>U.1tHHl 

lO 



..!Q O.K. 

"' O.K. 

EJEMPLO DEL VISUAL MODFLOW 

Esto importará una superficie con una pendiente que va de 18 metros al norte hasta 15 

metros al sur (figura 7). 

z 
Row ( l) 
Col urrm f. JJ32 
L¿, er (U 

Figura 7. Superficie topográfica importada 

XII CURSe l IN n:RNACIONAI. DE CONTAMINACION DI: ACUIFEROS 
MOIHJI t l 111 ~IOilrl.OI.i .\1ATEMATICOS [N GEOJIJDROLOGIA Y CONTAMINACION DE ACUIFERO!;j 
lll"IIJIIIU lll:l. ~\JUll 

' j 1 ~ 
;,, 
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EJEMPLO DEL VISUAL MODFLOW 

6. ASIGNACION DE LOS VALORES DE CONDUCTIVIDAD 

HIDRAULICA, ALMACENAMIENTO Y RECARGA 

'"'ÍJ YIEW LA YER 

S.:kcciunar la capa sup.:rior y~-. Esto deberá de crear una vista aérea dellu¡;:rr. 

J(· I'ROI'ERTIES (en el menú superior) 

'"'ÍJ CONDUCTIVJTY 

En este momento el modelo preguntará si se desea salvar la información de la nwi!J. 

JC .:n YI:S 

Hay que asegurarse de estar viendo la capa superior (capa 1). Esto se puede \W en el cubu 

que se encu<:ntra en la parte inferior izquierda. 

A continuación una ,ventana pide los valores que se asignarán como default a todas las 

celdas. IJcspués se podrán moditicar los' al ores a cada celda. 

Conductividad hrdr;iulica en X y Y (Kx y Ky) en m/s: 

Conducti,·idad hidráulica en Z (Kz) en mis: 

(,lelicic'lltc de almacenamiento( SS) en 1/m: 

Rcndrmrcntu cspecílico (Sy): 

Porosidad (l'or): 

0J O.K. 

2c-4 di 

2e-4 di 

le-4 di 

0.2 di 

0.35 di 

Ahora se asignará d 'alor de .:onductiviJaJ hidraulica Jd acuitardo (capas 3: 4 ). 

'{; Gü TO (en d menú de la izquierda) 

Aparecerá una \'Cntana. escribir: 

Ji,'; O.K. 

0J ASSIGN WINDOW 

XII CUR~U INTI.I<.O,:.\l'llJSAL DE COSTA.\1/S:\CIU:". J)l: AClJJrt:ROS 
M<Jill!LO 111 MlJtli:LUs MATEMATICOS EN GEOIIItJKOLOGIA Y CONTAMINACION DE ACUIFEROS 
OC 1 UllRE DEL lUUU 
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EJEMPLO DEL VISUAL MODFLOW 

!'vh>1w el n1ouse a la celda de la esquina superior izquierda y -1! en el centro d~ ¡,l celda. 

Después mover el mouse a la esquina inferior derecha y -'0 en el centro de la celda. Esto 

creará una ventana que cubrirá toda la capa. Aparecerá una ventana para asignar la 

conductividad. 

-1• NE\V 

Toda la malla cambiará a color azul. Asignar los valores de conductividad hidráulica del 

acuitardo: 

Kx (lll/s) = 1 c-1 O ¿? 

(El valor de K y será asignado automáticamente) 

Kz (m/s) = le-10 <! 

-11 O.K . 

.P l'UI'Y l ,\ YER (del menú izquierdo) 

Aparecerá una venatana. escoger: 

-11 COPY ALL PROPERTIES (seleccionando el recuadro) 

.A!¡ 
• l LA YER 4 (le dará un color verdoso a la capa) 

-f:"'. U.K. 

Ahora se asignarán los valores de almacenamiento al acuitardo. 

-f• l'l<lWERTIES (en el menú superior) 

_;o, STUI-!..·\lil: 

-1'; ASSIGN WINDOW 

tv1m c-r el nwuse a la celda de la esquina supenor izquierda y .;¡, en el centro de la celda. 

Oespuc's Illo\'er el mouse a la csyuma ini\:rillr derecha! -1- en el centro de la celda. Esto 

creará una ventana yue cubrirá toda la capa. Aparecerá una ventana para asignar el 

almacenamiento. 

Asignar los valmcs de almacenamiento! porosidad: 

XII CURSO IN'I ERNACIONAL DE CONTAMINACION DE ACUIFEROS 
MODULO 111 MODELOS MATEMATICOS EN GEOHIDROLOGIA Y CONTAMINACION DE ACUlrEROS 
< ll'll JIWF DE/ 2000 
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Ss (1/m): 

S y: 

Por: 

JQ O.K. 

1 e-2 <)! 

0.003 <)! 

0.65 <)! 

ULMPLO DI:!. VISUAL MOIWI.ü\\' 

-1i COPY LA YER (del menú izquierdo) 

!\pan~c·~rú tlll:l \·emana. escoger: 

JQ COPY ALL PROPERTIES (seleccwnando el recuadro) 

JQ LA YER 4 (le dará un color verdoso a la capa) 

-/?! O.K. 

Para comprobar los valores tanto de conductividad como de almacenamiento mediante -\': 

en EDIT SINGLE. del menú izquierdo. Esto creará una ventana mostrando los valores de 

conductividad hidráulica y el almacenamiento para cada celda mediante un '1, en ~!la. 

Ahora s~ simulará el efecto de la perforación abandonada para ver el efecto en transporte .. 

JQ PROPERTIES 

JO CONDliCTIVITIES 

JO u U 1 U [Dar un ,·alor de 1 para ir a[:¡ capa 1) 

~ O.K. 

-lJ ZOOivt!N (Del menú inferior) 

llacc! una 'clllana cercad~ la perforación abandonada (abandoned borehole) 

-1· ASS!GN SINuLE (Esto es para asignar propiedades a una sola celda) 

Aparecerá una ventana de asignación (tigura 8). 

XII t ¡ lt:-t 1 1:'-: 11 1<;....\l H 1'>: ·\l. DI: tOS 1 \~11'.',{ tu' 1 Jl. \C! :11 ¡·Ro\ 

i\H J!H!I.t. 1 1!1 i\H JI lEI.U') ,'\tt\ 1 EMA riCOS[~' (iEUIIIIJRUI.OGIA Y CON 1 t\,\11Nt\C:IUN DE ACUIF[RU'i 
uc·t UBRL IJLL l!JUIJ • 

14 



EJEMPLO DEL VISUAL MODFL0\1' 

Ky [m/s]: 

Kz [m/s]: 

Figura 8. Asignando las propiedades a la perforación abandonada. 

JC; N LW ( Darú un color verde) 

Asignar lus siguient.:s valores: 

Kx (mis)= le-1 ~ 

(El valor de K y será asignado automáticamente) 

1<·-1 <? 

J['; En el centro de la perforación abandonada (definida por el círculo) para d<·signar 

la celda a la que se le asignarán las propiedades. 

JQ O.K. 

JO, CUI'Y l.i\ YER (del menu i¿é¡uierdol 

Aparecerá una ventana. escoger: 

JQ COPY ONL Y PROPERTY # 

X 11 l'tJR ")( l 11•-tli:RN ACIONAL DE COl'T AM IS:\CIUN 1 H: ·\CUIFEROS 
,\tUl JI 1l o 111 ,".IUIJ!:I.OS ,\1·\ IT~1·\ TIC OS EN GEOIIIJ>KOLOGIA Y CONTAMINACION DE ACUIFERO~ 
(JLil'llHI: Dl:l. W!HJ 

15 



EJEMPLO DEL VISUAL MODFLOW 

Escribir: 

"' SELECT ALL 

Tudas las capas cambiarán de color (figura 9). 

JQ O.K. 

-1; ZOOM OUT 

O Copy a!l Properlies 

Copy ordy property ~ rr==JI---L---++l-4-+-.J--1+1--l-.J--14+-----1----1----+·---fl 

Copy from !ayer 1 

To 

Figura 'J. Copr~111do las propr~Jad~s d~ la p~rforación abandonada. 

Ahora se k dará a la capa superior la recarga. 

JO PROI'ERTlES 

J RITII:\R(iJ 

XII CURSO IN"I ERN ·\liO~AL DE COI'TAMINACION DI: ACUIFEROS 
M(JIHJI.<J 111 ~H liH:I.OS MATEMATICOS EN GEOIIIDRULOGIA Y CO:\ r AMINACION DE ACUJFEROS 
Ol 1 tJill<l 1>1 L !!JtHJ 

'" 



EJEMPLO DEL VISUAL MODFLOW 

NOTA: En la nul'\'a versión de Visual Modflow, tanto la recarga como la 

evapotranspiración, se encuentran en el menú de fronteras (BOUNDARJES) y no en el 

de propiedades. 

Aparecerá una ventana para asignar el valor de recarga por default. Escribir: 

1 (JIJ <:9 

JO 0.1\.. 

Visuall'vlodtlow asigna automáticamente la recarga a la capa superior del·modelo. 

XII CtJR.">O 1!'-.' l'I.K~ACJUSAL DE COSTAMINACION LJE ACUIFEROS 
MUIHJl t > 111 i\H J[)I.I.U~ MA rEMATJCOS EN GEOHJDROLOGIA Y CONT AMINACION DE ACUJITRO~ 
OCilJI!RLDI t !OOU 
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EJEMPLO DEL VISUAL MODFLOW 

7. DELIMITACION DE LAS FRONTERAS DE FLUJO 

-1' llUUNDARIES 

JQ CONSTANT HEAD 

Aparecerá una ventana preguntando si se desea salvar la infom1ación. 

-1: YES 

_r. ,\SS!CiN 1 INF (tklmenú izquierdo) 

Mover d mouse a la celda de la esquina superior izquierda y JQ en el centro de la celda. 

Después mover el mouse a la esquina superior derecha y JQ con el botón derecho en d 

centro de la celda. Una línea horizontal de celdas cambiará a color rosa y aparecerá una 

l'cntana para a'tgnar los valores de carga constante (figura 1 0). Asignar los siguic•ntes 

1·a!ores: 

Cacle li : 1 <!? 
~ en el cuadro ele STOP TIME 
St<lplillle: J650 <!? 
S tan Jl<>it1l. 1 S <i 
End Point. 18 
~ O.K. 
La línea rosa cambiará a color rojo indicando que la carga constante ha sido asignada. 

,\!( Jlll'l l' 111 .\1\1111 1 U'\ \1,\'l E~IA'I IUJ\ 1.~ <iJ:OJIIIHHJI OCiiA Y CONTA~11NACION DE ACUIFEROS 
()L ll·JII<I !Ji 1 _'Otl\1 

1M 



EJEMPLO IJEI. VISUAL MODFLOY.' 

Figura 10. Menú para la asignación de la carga constante 

Ji'; COl' Y LA YER 

Aparecer:í la ventana para copiar propiedades. En el cuadro COPY ONL Y CODE # ya 

tendrá el número l. 

JO 1.!\ YER 2 (es¡,, hará cambiar. de color la capa 2) 

J.1: O.K. 

Ahora asignaremos los valores de carga constante del acuífero inferior. 

~·; (i{) TO 1 en el menú de la izt¡uierda) 

Escoger: 

-1'• 0.1\:. 

'\11 l'liR~ll IN II:R:-..'·\l'l< l,"\:\L DE COST·\,\!!:'\-\CIV~ JJE ·\( lilri:ROS 
MOIHJLO 111 MUUU.US MA'IEMATICOS L:< GEülllllRULUUIA Y CONTAMINACION DE ACUIFERO> 
0<.."1 UORE DEL IOOU 

1 '! 



EJEMPLO DEL VISUAL MODFLOW 

'""e ASSlGN UNE 

Mover el mouse a la celda de la esquina superior izquierda y '""e en el centro de la celda. 

Después mover el mouse a la esquina superior derecha y "'O con el botón derecho en el 

centro de la celdJ. Una linea horizontal de celdas cambiará a color rosa y aparecera una 

ventana para asignar los valores de carga constante. Asignar los siguientes valores: 

Clld~ >" · 2 ¿; 
0] en ~1 cuadro d~ STOP TIME 

Stop time: 3650 ¿; 
S tan point: 
End Point: 
../' O.K. 

16.5 ¿; 
16.5 

La linea rosa camb1arú a color rojo indicando que la carga constante ha sido asignada 

J] COPY LA YER 

Aparecerá la ventana para copiar propiedades. En el cuadro COPY ONL Y CODE # 

reemplazar el valor tecleando el número 2. 

"': L;\ YER 6 (~sto hará cambiar de color la capa 6) 

--1] O. h.. 

J[; ASS!GN LINE 

1'\'1¡1\ n el nll>Lls~ a la celda de la cs~uina inferior ¡zquierda y J(J en el centro d~ la celda. 

Después mo1·cr elmouse a la esquina inferior derecha y -0 con el botón derecho en el 

centro de !u celda. Una linea horizontal de celdas cambiará a color rosa y aparecerá una 

ventana para asignar los valores de cacga constante. Asignar los siguientes valores: 

Codc " 3 e;? 
-";• . .:n .:1 cuadw de :~TOP TI~![ 

Stop time: 3650 ¿; 
Start puint: 1-t.5 ¿; 
End Point: 1-t.S 
J:· U K 
La linea rosa cambiará a color rojo ind1cando que la carga constante ha sido asignada . 

..![; COPY LA YER 

Aparec.:rá la ventana para copiar propiedades. En el cuadro COPY ONL Y CODE # 

reemplazar el 1·alor tecleando el número 3. 

XII t l ilt..,t l J ~ 1 ¡-[C\',\Cl! >:....·\l. IJI: CUS'I :\,\ 11:--..ACh l:....' 1 ll . \ll '1 rE RO~ 
Mt lDlil ( J 111 ~H )[JI LO.\ MA n;,\1A rtCOS LS GlU/IIlJKULOCJIA Y CUNTAMINACION DE ACUiri:RU~ 
OC rUHRL UU. 2oou 



EJEMPLO DEL VISUAL MODFLOW 

-1! LA YER 6 (esto hará cambiar de color la capa 6) 

./E¡ O.K. 

Después de asignar los valores de carga constante: 

..!('; VIE\V COLUI'vtN 

~ en cualquier columna para ver una sección del modelo (figura JI). 

Row l IJ29 
Col umn ( JJ32 

r ( KJ4 

Figure 1 J. rronteras de carga constante 

Ahora asignaremos la frontera del río al sur de la zona. 

JO VIEW LA YER 

-'fl, en la capa superior del modelo (capa 1) 

JO RJVERS 

XII CURSO INTERNACIONAL DE CONTAMINACION DE ACUIFEROS 
MODULO 111 MODEI.US MATEMATICOS EN GEOIIIDROLOGIA Y CONTAMINACION DE ACUIFEROS 
OCTlli!RL Drt. 2000 
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EJEMPLO !JU. VISUAL MODFLOW 

'1J ASSlGN LINE 
,--, 

Utilizando el plano base como guía se hay que digitalizar el río mediante -'0 comenzando 

desde el margen inferior izquierdo y tratando de seguir su contorno. Cuando se ha llegado 

al final (al margen inferior derecho) hay que 1J en el botón derecho. Aparecerá una 

ventana para pedir la información del río (figura 12). 

[gJ Assign to appropriafe Jayer 

X 
y 

z 

Start Stoo 
Time [day] Time (da~,~] 

Row ( ll 
Col umn ( J) 

r ( KJI 

Start Pt. 
End Pt. 

Figura 12. Vctllana ck inlornwción dd río. 

:\sign<~r los siguientes valores: 

Cudc· " .¡ ¿; 
--?:. en <:1 cuadro de STOP TIME 

Stop time: 3650 & 
Start Point River Stage: 1-'.5 d? 
Start Point River Bottom: 1-'.0 d? 

XI 1 ClJI< "'< 1 JI\: I'I.R:-.: ·\l Jl 1:--.' ·\L Df. CO:'\TA.\ 11:\"ACIU~ [)1 ·\l Ul FERO~ 
MUIJlJLO !JI MUUI:I.U.') MATE.\~t\ riCO~ EN GEOIIILJKULUGir\ Y CO~TA.\11NACION DE ACUIFEROS 
OC! Ulli<E DEL 2000 

'· 
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e und uc tan e~: 
End Point River Stage: 

End Point River Bottom: 
Conductance: 
J[J O.K 

EJEMPLO DEL VISUAL MODFLOW 

1000 <& 

13.5 <& 

13.0 <& 
1000 

D~spués d~ qu~ ~1 río ha sido definido, un~\ línea azul delimitará su extensión. 

XII ClJRS< l IN 1 ERN~CillNAL DE CONTAMINACION DE ACUIFEROS 
MODIJI.tlill M!llll.l.llS MATEMATICOS EN GEOHIDROLOGIA Y CONTAMINACION DE ACUIFERUS 
OC rlii!RI· DEl 1000 



EJEMPLO lJEL VISUAL MUD["LOW 

8. ASIGNACION DE PARTICULAS 

Ahora asignaremos algunas partículas que emanen de la zona de tanques (r~jile/111¡; are a) 

para delimitar el area de influencia que tienen estos tanques. Las partículas pueden ser de 2 

tipos· lwc!omrd, para delimitar el area de donde las partículas provienen; y.fonmrd para 

Lklimitar el ar~a haCJa donde ,·an las partículas. 

NOTA: Esta manera de simular el movimiento de las partículas se realiza tomando en 

cuenta UNICAMEI'iTE el flujo del agua S!Jbterránea. En la nueva versión del Visual 

:\"ludfltm se encuentra un paquete de simulación de movimiento de contaminantes 

muchu mas completo, llamado MT3D. 

Ji'; YES (!'ara salvar la informaciót~ de la:, lronteras) 

J0 ADD ClRCLE 

-fe En el centro del area de tanques (reji1eling area) que se encuentra en la porción ccntro

supc'IWI de· la ;una. J:xpander ~1 circulo que se forma hasta que cubra el recuadro d~l an:a 

de tanqu~s} ./( .. Aparecerá una ventana (r1gura 13) seleccionar: 

.;¡:, FOR\VARD 

XII l'UI<~( 1 IS 1 LR.''-\liU,,',\L DE CO¡...' 1 AMIS:\CIUS [)[' ,\CIHH:RO~ 
MODUI.O 111 ~lOilLI.OS MATEMA TICOS EN GEOHIDROLOGIA Y cu,;TAMINACION DE ACUIFERm 
OC !'UBRE lJEL 2000 



EJEMPLO DEL VISUAL MODFLOW 

Tracking 

~:::~:::d 

H of Particles ;:ll=ll==== 
Radius J4S.Il158 

1 ~"·'·, Q.Ko;,.,;¡;( 

Figura 13. Agregando partículas 

.\'11 U JI{-.,{) 1.">: J I·RN-\l J( IN:\1 1>1: COS r.\,\11~·\Cill~ IJL ·\l'liiiTRO~ 
MUIHJI O !11 /\tUl >Ll U~ i\1,\ l'I:MA 1 ICOS L~ Cii:UIIIIJRULOCiiA Y CON rA1\11NACIUN Ol Al'UJITRU.<., 
OC 1 UIJRJ: ULJ: 2UOU 



EJEMPLO DEL VISUAL MODFLOW 

9. AGREGANDO POZOS 

-1J \\'ELLS 

J[, YES (Para salvar la información de las particulas) 

JQ ZOOM IN (F5) 

JQ cerca de los pozos de abastecimiento de agua (supply wells) y hacer una ventana que los 

abarque ,.,,1\·icndo a ~. para conseguir un acercamiento de la zona. 

J[; ADD WELL 

Mover el cursor al centro del pozo de la izquierda y JQ en él. Aparecerá una ventana con 

la información del pozo (figura 14). 

12.50. 

+ 

10.00 

7.50 

5.00 

2.50 

0.00 

Wel! name 

!POZO 1 
X Lo-:ation 
11405.98 l[ml 

Y Loc:ation 
1 525.31 1 [m] 

lt~d'.~ IC~eóñí'$1 
1 "·~"-"'"~- U"'l 1" e"'~=•c•¡ ... .,,uau.,e ~ .. ú".;JI..I~eeJ'I;OoGIU. 

Screen from: 

15.00 J l[ml 

To 

lc:0"".0"'0'-J ___ __,1 [mi 

Well casing display as: 

Elev•tlon 

Figura 1-t. Información del pozo 

\11 CIJRS<liNTI·RN.\CIUN,\L DE CO~TA~l/NACIO,o....'J>E AClllrEROS 

Pumping Schedule 

O De~c:tiv~te Well 

~~~ ll H :1 e 1 111 \H JI H 1 l J'\ ,\1 \ 1"1:~1·\TICO.., !"S GJ:OIIIJ)f{t JLOGIA Y CONTAMINACION DE ACUirJ::ROS 
lJCIPIIIU 1>1:1 !tJOU ' 



l:JEMPLO IJI:L VISUAL MODri.OW 

i\gregm la siguiente información: 

Well Name: 
Stop Day: 
Rate: 

l'OZO 1 
3650 
-200 

NOTA: El bombeo del pozo debe de ser de negativo. Si el pozo es de inyección el signo 

debe ser positivo. 

J(; ADD SCREEN 

Estos pozos deberán estar ranurados solo en el acuífero inferior, que son los últimos 5 

metros ckl nwcklo. Ji': dentro del pozo u una elevación aproximada de 5 metros. ) h~t) que 

mover la barra ruJa hasta la base del pozo y ~: otra vez. Los últimos 5 metros del pozo 

deben de haber cambiado de color representando el intervalo ranurado. 

J(; O.K. 

-1': COl'Y \VELL 

Mover el cursor hasta que est¿ posicionado sobre el pozo izquierdo y .!J, después mover el 

cursor al pozo de la derecha y ~ en él para copiar el pozo. 

-1J EDIT \VELL 

JO El pozo dL' b dnccha 

Cuando aparezca d menú cambiar el nombre del pozo por POZO 2 y "J en O.K. 

J(; MAIN MENU (FIO) (Del menú inferior) 

-.1\'; YFS (pam salvar la información de los pozos) 

XII CURSU IN II.RN:\CIUS ·\L DE COt\'1 A~11N-\CIO:'\' !JI. :\t'UIFERO~ 
MUl>ULO 111 /\1( JIH LU~ MA fEMATICOS Et\ GI.:OIIIIJRUI.UGIA Y CON fAMINACION L>E ACUII ERO.<.., 
OCTUURL DU. 2000 
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EJEMPLO DEL VISUAL MODFLOW 

10. PARA CORRER VISUAL MODFLOW 

J['J RUN 

J['J O.K. (para aceptar el estado estacionario) 

JCi RUN MODEL 

NOTA: La nrsión de Visuall\1odflow que se les ha entregado es un OEMO de 

práctica que no tiene la capacidad de correr el modelo. 

Aparece una ventana para definir que es lo que se va a correr (figura 15). 

IZ! Run MODPATH 

O Aun Zone Sudgel 

0Run MT3D 

Figura 15. Corriendo el Visual Modflow 

J' en el reL·uadm de i\IODFLO\\. 

-'i'; en el recuadro de MODPA TH 

JO O.K. 

XII Ct!f{ .._{ 1 IS 1 1:[{,'-',\l H 1\'·\L DF e o;-..: 1 ,\\11'\':\Ciu:--.. ! ll. ·\Cl!ll EROS 
MOIJLJUl 111 MOili:I.U~ M:\ fEI'.IA riCOS I:N GEOI !IDRUU..X.JIA Y CON r AMINACIUN DE ACUII'ERO~ 
OCflmRI: lJEI. 20UO 



EJEMPLO DEL VISUAL MODFLOW 

11. VISUALIZACION DE LOS RESULTADOS 

-11 OUTPUT 

Esto nos permite ver los niveles piezométricos calculados para el acuífero superior 

(figura 16). 

Row ( 1) 
Col umn ( J) 
La er (K)l 

\!J l! iR '-JI 1 10.' 1 1 R.'\ ·\l'l\ ~~·\l. DE lO~! ·\ \lllSAl'IUJ\' IJI· ·\CUII'EROS . 
MUDlJLU IJI MUIH.l.ll) MAI'I:MkiiCOS lN GEUIJJIJRULOGIA Y CON'IAMINACION DE Al'UIFEROS 
OCTUBRe DEL 2UUU 



EJEMPLO lll:l. VISUAL MODfLOW 

JQ P A THLINES (del menú superior) 

Esto nos permite ver el movimiento de las partículas (figura 17). 

Figura 17. tvlovin11ento de las partículas 

'\11 l\11\ -.u J ·._! 1·1<:-..'·\l'H JS.\1. DI: CUi\' f -\~11SACIOS lll: A( UlrEROS 
Mol JI/U 1 111 ~!lllJI 1 U\ .\1,\ 11..\tATICOS 1'1" Cii:UI IIDRULO(iiA Y CON fAMINACIUN DE AClJ!rEROS 
OCTlJIIRL IJLL 2UUU 

'" 



EJEMPLO DEL VISUAL MODFLOW 

-11 VIEW COLUMN 

Mover el cursor hacia alguna columna cerca de la perforación abandonada y J;j. Esto nos 

dará una visión de la sección del modelo (figura 18). 

Row 
Col umn 
La er 

Figura 18. Movimiento de las particulas en sección 

XII CUR~U INTLRNACIUNAL OE CONTA.'-.II~r\CIUJ'\ DE ACUJFEROS 
MODULO 111 MOIJI:LOS MATEMATICOS EN GEOHIIJROLOGIA Y CONTAMINACION DE ACUIFEROS 
OCTUURE IJEI.2000 . 

J 1 



EJEMPLO DEL VISUAL MODFLOW 

La ligur<l 19 nuJcslra en un acercamiento del movimiento de las partículas, y se aprecia 

como es que la contaminación del acuífero superior puede llegar a los pozos de 

abastecimiento que bombean del acuífero inferior por medio de la perforación abandonada. 

Figura 19. tvlo,·imiento de las partículas a tra\'és de la perforación abandonada . 

. -

XII CUR.\U INTERNACIONAL DE CONTAMINACION DE i\CUIFCROS 
MODULO 111 MUIJU.US MATEMAfiCOS EN GEOHIDROLOGIA Y CONTAMINACION DE ACUIFEROS 
OCTUURE DEL 2000 

)2 



EJEMPLO DEL VISUAL MDDFLOW 

Las figuras 20 y 21 muestran el resultado si la conductividad hidráulica que simula la 

perforación abandonada no hubiera sido tomada en cuenta. Este resultado predeciría que la 

contaminación permanecería en el acuífero.suPe.rtor sin infiltrarse por la perforación 

aband,maua. De esta manera se predeciría erroneamente que los·pozos de abastecimiento no 

se contaminarían. 

Figura 20. Movimiento de partículas cuando no se toma en cuenta la perforación 

abanuonaua. 

XII CURSO INTERNACIONAL DE CONTAMINACION OF. ACUIFEROS 
MOD!il.O 111 ~IO!lt:l m MATEMATICOS EN GEOIIIDROLOGIA Y CONTAMINACION DE ACUIFEROS 
()(' llilli{J [)f\ 20U() 

)) 
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EJEMPLO DEL VISUAL MODFLOW 

Figura 21. S~cciún mostrando qu~ elnllll·imi~nto de las partículas está restringido al 

acuífero sup~rior, cuando no se toma en cuenta la intiltración por medio de la p..:rforación 

abandonada. 

""· M:\IN ivlENU (ucl menu superior) 

Ji] riLE 

-0 EXIT 

XII CUR~ü IN I'ERNACiúNAL DE CONTAMINACION DI: ACUIFEROS 
MODULO 111 • MODlLOS MATEMATICOS EN GEOIIIDROLOGIA Y CON1 AMINACION DE ACUIFEROS 
OC IIJilRE llEI.lOOO 
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FA.ClJL T.A.D DE INGENIERIA. lJ_N_A._I\II_ 
DIVISIC>N DE EDUC.A.CIC>N CONTINUA. 

CURSOS ABIERTOS 

XII CURSO INTERNACIONAL DE 
CONTAMINACIÓN DE ACUÍFEROS 

.,..,~ 

MODULO 111: MODELOS MATEMÁTICOS EN 
GEOHIDROLOGIA Y CONTAMINACIÓN DE ACUIFEROS 

TEMA 

MODELOS DE TRANSPORTE 

EXPOSITOR: M. EN C. FERNANDO LARA GUERRERO 
PALACIO DE MINERIA 

OCTUBRE DEL 2000 

' 
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A 
Gradiente = H/ L = IL lo e~ergro requerido 
paro mover el OQUO .. 

O = Flujo ( \lPd l.. ,. . 
A = Are a tronsversav ( ftZ) 
K = Conductivtdod tiidróurico = 9pd ft 

'•.;;. 

Tubo vertical con flujo 
ascendente 

Tubo vertical con flujo 
descendente 

Q 

/~ 

TL 
. -

r- -
K 

L 

l 
A A 1 ~ 

Q Q 

Cond1ciones de campo 

llreo de Flujo Are o de 
recargo 

MHias 
hor izontol descarga 

111 Nive! fro6!ico fTf1. ' + __ ·_v : J ;"-.._ -\\}- y ~ 

-- -

ExíJiicacion gróf1ca de la ley de Dorcy 

• 
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Modelación Numérica del nujo y Transporte de Contaminantes 

---

lng Fernando Lara 
i;-,stituto Mexic<Jno de Tecnología del Agua 

'" 
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Problernas f\sociados a la Contaminación de i\cuíferos 

En general, se deben responder tres preguntas básicas 
relacionadas con los contaminantes en el subsuelo: 

En qué dirección se mueven 7 

Con qué velocidad se mueven ? 

Cuál será su concentración en el tiempo y el espacio? 



Objetivos de la rvr oclelac ión ele Transporte de Contaminantes 

• Análisis de la trayectoria y tien1po de arribo Je los 
contatninantes 

• Evaluación de la pluma conta1ninante en el espa-cio y el tiempo 
• l•_·. ~ ... .. 
. , ·~. . 

• Estiinación de la concentración y curvas de concentración 

o Evaluación del riesgo a la contaminación 

<} Evaluación de 1nedidas el~ saneamiento y protección· de 
acuíferos· 

;, __ .. 

.. ~ . 



Transporte de Solutos en un Sistema de 

Flujo Subterráneo 

/ 

Transnorte de masa . ·• ~- -'~~ ">L..·~ ... ~.,_.._ ____ , ... 

Advección 

Dispersión 

Difusión 

Transferen_cia de masa . . . 

Filtración 

Adsorción-absorción 

Intercambio iónico 
Precipitación 

Biodegradación 

' . . ·~ .· 

(, 
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. ' ., ADVECTION ANO DISPERSION 

OF A CONT AMINANT SLUG 

a: 
UJ 
1-

3~ 
o o 
z-l 
::>u. 
o 
0: 
G 

·' 

't = t 1 

X= X 2 

rgurc 11 1 r::HlSOOr1 o: a coq;am~nant SIUI;¡ ihrough a porous aQulfer. 

..S ,.. 
t: 
> 
;¡; 

"' "' n. 
'!! 
o 

0.5 

r_ 

1 
0.4 ·-----· 

// 

~. 
/ r..._ " 

/ "-•. i 
1 1 t:lu ,.-
1 1 
•-1 
! ! 

0.3 

02 
LOtlGITUOINAl CISf'VlSIVI"':'"Y 

o. i (.J 

o 20 40 60 80 

DISTANCE FROM SOURCE (m) 

Fiqure ~'l. lncrc:~sc In longitudinal dlsperalv!ty 
wrlh :rai1SD<.H1 drstanco 

100 

A. HYPOTHETICAL CONT ,-.~~;¡ JMH rLUME 

WITH A LARG::: ín;ANS '" '::: 01SrEfl51VlrY 

B HYPOTHETICAL COtlT AM!HJ\tH rLUMF. 

WITH A SMIILL TRAUSVEnSE O!Srf:PSIV!l '-( 

WASH! 

Figuro 13 Hypolhntlcal contnmln:~nt plum('<¡ lar 
largo (1\.) :lnd small (11) dlsp{'rslvltlr:" 

1--· 
1 
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>400 ¡m 400" m-12 tJm 
q,-170o10 d ¡¡-cnna --

1~10~ 
protozoo 

fur>Qi 

tq.m-04/JITI 
dk-limo 

5 um--02 .um 
bocterio 
----~200nm 

ric k ortt sioe 
cnlomydloe 

- 250-<0nm 
.. rus 

10-1 nm 
m ocro m o lérul::a 

1 nm 
motérulo5 

-
A tomos 

1 O mm 1 mm 0.1 mm 0.01 mm 0.001 mm 

IOO¡¡m IO,um 1 ¡.¡m 

IOOOnm 100 nm 10 nm 1 nm 100 pm 10 pm 

Comparación de los tomaros de los m~eroorgon,smos cm respecto ol tomoño de los 

granos de sedimento, moléculas y óiomo;( Modtftcodu de Malfhess y PeAdeqer, 1985). 

oo. 



' ·. '• 

¡ 

¡ 

Constante de eliminaciÓn del 99.9% de 

algunas bacterias y virus en el agua 

subterránea. 

99 9% de eliminación 
en OQUO des¡x¡és de 21¿; ro 3

1
5 

140 t 
50 dfos 

1 

23 
1 

16 
1 

14 
1 

12 
1 1 
10 9 
1 
10 diOs 

1 
8 

1 
7 

Collformes 

Salmonella foecolis 

E coll 

Y Promedio) 

M6s ¡>€rsislenfes que E. coll 

Constante de 

v:rus (RJ¡o ' HepolihS' Entero.) 

S. po~typhl 

S. fyphlmurium 

Menos persistentes qu~. E. coll 

S. typhl 

e!1minac16n (V diO) 00 O 1 o 2 0.3 0.4 0.~ 0.6 0.7 0.8 0.9 1.0 

Relerenc\Q Mollness el al 198~ 

' 
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U:DO SUPERflClAL 

~'econ1smos de filtraciÓn que limitan 
c;.:;.roso (Me Cowe!!- Bo_ver el oi, 1986) 

o 

--------------~-

o • • t . . . • • 
• • • • • 

• • • 

FILTRACION FlSICO - QUIMICO 

-----·------~~-•. · 1 

. 1 

1 

i 

i 
1 

' 

el movirr.1~nto d~ panículos a través del medio 
/ 
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Procesos que controlan el transporte de masa 

rr= ---

1 

1 

1 

! 
Proceso Definición ' Impacto en el transporte 

1 
1 
1 
1 
1 

.. A<i'L~~.gi_c)n los 1 Movimiento de masa Uno de procesos más 
1 

' como resultado del flujo importantes de transporte. 
1 

subterráneo ' 

1 

Disgersl9n. Mezcla de fluidos debido Mecanismo de atenuación. i 
'¡ al efecto de la Reduce y dispersa la ' 

1 heterogeneidad en el concentración del contaminante. 
subsuelo. 

Difusión Movimiento de 
••• 

Mecanismo de atenuasión . 
concentración en Reduce la concentración 
respuesta a un gradiente 
de concentración 

(Adaptado de NCR, 1991) 
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ESCALAS DE HETEROGENEIDAD EN LOS ACUÍFERO 
(ADAPTADO DE SPITZ Y MORENO, 1996) 

ESCALA DE 
PORO-GRANO 

ESCALA DE PORO 

,.. 
' ' , VI,, 

• 1 

·:··~-- '"·. ·.· .. 

1 ' 
' ' 

' ' 1 ,, 

.---.:.-:.-::.:..··.-

ESCALA DE 
PORO-MATRIZ 

' 

' ' 



Introducción 

Los modelos de computo son QS?_rramientas_ esenciales para analizar problemas · 

complejos de flujo y transporte en el subsuelo. 

Los modelos se refieren a la aplicación de programas de computo que resuelven 

un conjunto de ecuaciones, que representan el modelo . matemático de un 

proceso físico o químico que ocurre en el subsuelo 

Su aplicación permite estimar la respuesta de la carga hidráulica, y la 

concentración cuando hay variaciones en las propiedades hidráulicas y en la 

recarga o extracción de un acuífero. 

---, 
1 

.:· .:1>f 
;~· ~ ... 

' ·. 



Cloruro, 
(Advección y dispersión) 

1 dla 85 di as 462 di a 647 días 

Tetraclo, 
(AcJvección, dispersión y sorpción) 

1 G días 380 di as 633 dlas 

Tetracloroetileno, 
(Advección, dispersión y sorpción) 

- ~._)____..,__\ r;);J\ / e--<~¡{2~~,-:-:::: --;\ -
~- 1 ,\t, ->.._'-'--!Ar) , )) 

1 \... • -';...:~·--.../.---- ; ,' , __ ··<,--s:&"--__-/ 
16 días 350 dlas 633 di as 

Tolue~o 

(Adveccióll, dispersión, sorpción y biodegradación) 

3 53 108 dlas 

o 10 20 30 40 50 
L_ ___ l ____ ¡ __ ~ __ _¡_ __ __J 

Distancia en m 
-"-. \ _____ t/ D1stanc1a del flUJO 

EFECTO COMBINADO DE LOS FENÓMENOS DE ADVECCIÓN, DISPERSIÓN, 
SORPCIÓN Y BIODEGRADACIÓN EN UN ACUIFERO DE ARENA EN 

BORDER, ONTARIO_ (ADAPTADO DE SPITZ Y MORENO. 1 996) 

' 

;:: 



Traos.portELde Contaminantes 

• Los modelos de transporte son una valiosa berramienta para el 

análisis y la solución de problemas de contaminación en el subsuelo. 

• Su aplicación más útil radica en simular escenarios y evaluar 

métodos para el saneamiento de los acuíferos. 

• Es poco probable que las capacidades predictivas de los modelos 

mejoren en el futuro. El desarrollo de los modelos se dirige a modelos 

de tipo éstocastico. 

J ' 
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Saturación en una 
fase (miscible) 

Espacio 
saturado --t~J.)',¡,¡.~ 
con agua 

Elemento conservativo 

Igual dens1dad 

Saturación eri varias 
fases (In miscibles) 

Espacio saturado_ 
de un contaminante -

Espacio 
saturado 

Elemento no conservativo 

OH 
l 

:¡ 

Diferencia de densidades 

TIPOS DE CONTAMINANTES Y SU EFECTO SOBRE 
EL FLUJO Y TRANSPORTE EN EL SUBSUELO 

(ADAPTADO DE SPITZ Y MORENO, 19913) 

1 
- 1 

1 
' 1 

j;: 
' 



. . -' 

,> 

Caract~lliti.c_a_s_d.e.Jo.s ... Mo.d.elo_s...rle. 

T ranspo rtfLd~_C.QJltarn io a ote_s. 

• En un modelo de transporte existe una gran diferencia si los solutos 

están presentes en una capa de baja o alta velocidad. 

• Una parte fundamental del modelo de transporte de contaminantes 

es la construcción del modelo de flujo. Este debe satisfacer un alto 

grado de exactitud. 

• Los modelos de transporte poseen menor poder predictivo que los 

modelos de flujo . 



Modelo Fisico 

.. <.,. 
-_Trayectoria aleatoria 

o o\o 

"' o) n 

"' e <>jo o 

o e .. ( " " o 

o " o e\ e .. o ' í~ 

o ., e "' e " .. o 

1 

¡,r·¡· 1 1 

1=)! 
1 ' ' 1 ' ¡-~)1 1 ' 1 -,: 

' ' lj ! ¡,-· ,: ~--11 

1-'' 1 
1 -- - 1-,1 

1 
,, 

1 ); ,. \ 
1 ' ' •" i -:: ; - -:! ¡'-): l·,-,¡ 1 - ·' ,, 

' i' ' ' 1 1' ,. 1 '· ' ... 
y 

Aproximación analítica 

! f(y) 

f(y) Desviación estándart 
- - --

1 

1 

1 'va or esperado 
__ ,e_ _ __.,L __ _L_~: "-- ... 

o y 

ILUSTRACIÓN DEL FENÓMENO DE DISPERSIÓN LATERAL 
(ADAPINJO lJt: SPITZ Y Mül(i::NO, 1996) 
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DIFERENCIAS FINITAS 
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METODO DE LAS 
CARACTERISTICAS 

ELEMENTOS FINITOS 

TRAYE:TORIA ALEATORIA 
( "RANDCM WALK") 

TIPOS DE MODELOS DE TRANSPORTE 
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·Solución Numérica de la Ecuación de Transporte 

La ecuación de transporte en una dimensión en un medio poroso homogéneo e 

isótropo que incluye sorpción y decaimiento, se puede expresar como (Fetter, 

1990): 

- - í)x 

dispersión . advección sorpc1on reacción 

} ---
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( ' 
' ·-- ¡--¡ 

r 
-

Ar-L- - Punto de medrci6n 

'f Superficie 
potencromét rrco 

Cargo de 
presr6n (hp) 

\ 

Cargo 
total (ht) 

-- - --- - . 
~ - f-

Cargo de 
elevocr6n (zl. 

Nivel de referencro (Nivel del mor) 

' ¡ 

. ¡ 

Relocr6n entre cargo hídrCíulrco total, cargo de presión y 
21 

cargo de eicvocrón. 
/ 1 -------------------------...<..'·· 
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!JP~C!..~~~f!..._,~_g_c!,€!fLS~f'!.l!J!2~iq,Q§ 
(Anderson,MP. Prickett, T,A, 1994) 

Familias de Programas 

Flujo subterraneo PLASM MODFLOW AQUIFEM 
'"«•""t.....,.., .. -· ....... H'-'v.va:A.:>eta-~'11 ~"'-~=•"">w""'~""=:""'a:l4l=>"-"rm=•¡¡:•n:;""'"""·"""-"'·.., 

MT30 ! f Transporte \ RNDWALK 

Trayectoria de partículas FLOWPATH 

FluJO saturado variable 

Transporte saturado variable 

FEMWATER 
~ 

FEMWASTE 

' ' . . 
PATH30 MODPATH 

VS20 

VS2DT 

Programas únicos 

Fiujo subterraneo 
Transporte 
Flujo saturado variable 
Transporte en un medio variable saturado 

AQUIFEM-1 
BI01D,USGS MOC, SWIFT/389 
UNSAT2 
SUTRA 
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i'vfodelos de Travectoria de Partículas 

Los programas que simulan el movimiento de los solutos únicamente por 

advección se conocen como modelos de trayectoria de partículas (UParticle 

traking" ). No calculan la concentración de solutos. 

Debido a su facíl aplicación son más populares que los programas de transporte 

de solutos. Las simulaciones permiten calcular la trayectoria de las partículas y el 

tiempo de transito. 

Los modelos de trayectoria de partículas son una alternativa para simular el 

transporte de solutos cuando el grado de incertidumbre, asociado con los 

parámetros de dispersión y de retardación es muy grande. 
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Datos Requeridos por un Modelo de Transporte 

Modelo de Flujo 

- Mapa hidrogeológico 
- Continuidad y espesor de capas permeables y confinantes 
- Distribución de T y S 
- Mapa de elevación del nivel estático y sus variaciones en el tiempo 
- Distribución del bombeo en el tiempo y el espacio 
- Estimación y distribución de la recarga 
- Interacción agua superiicial y agua subterránea 

Modelo de Transporte de Solutos 

~-- Distribución de las cargas hidráulicas calculadas en el modelo de flujo 
- Estimación de parámetros: coef. de dispersión (long. y trans).; porosidad 

efectiva : factores de retardación 
- Concentración de la calidad natural del agua 
- Tipo y distribución del contaminante en el tiempo y el espacio 
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Prediction of Regional Ground Water 
Flow to Stremns 

by S. Christenscn", K.R. Rasmusscn", and K. Mullcr" 

Abstrae! 
Data base information on gcology, hydrology. and hydromcteorology may forman cxccllcnt basis for studying: g:round w~1ter 

tlow and sccpagc to surfacc water in a catchmcnt. In a ficld case study nf a Jl.t km! catchmcnt, J_!cological dat.aba~c infom1ation wa." 
used io determine la~-cr thicknc..\~c_., and houndary cnnditions as wcll a., to p:1ramctcrizc a gronnd water now mO<Icl.llydraulk· hcad 
and strcam llow data wcrc tJ."cd to cstimatc thc modd paramclcrs hy nonlinear rcgrcssion. Thc unccrtainty of thc t•stinwtcd para· 
mctcrs and of thc prcdktcd .'ltrcam Oow gains nao¡ quantificd by indiYiduallikdihood mcthod confidcncc intcn·als. During fnur stagt.>:..., 
of calihrution. runging from U!-iing only hcud data to also using an C\'tcnsivc sct of mc.asured slrc:Hn flnw gains, no par.amctcr l' .... ti· 
mate:, changcd !-.ignifkanlly. hut thc numhcrofpararnctcrs was inrreasl·d from 12 to 14 in ordcr lo tit loc~1l strcmu tlow gains. Thi!-. 
indica tes tlwt thc J?,cology·lJ:..tscd paramctcrization is firm. 

Adding strcam llow~ lo thc calibration data rcduccd thc unccrtainty of Hu.• t•stimatcd paramctcrs signiticanlly. Howcn·r, thc 
unccrt.aint.' of ~mue of thc paramctcrs wa.o;¡: significant evcn whcn an cxtcnsive sct of meas u red strcam flow gain't ami hydraulk lu·ad~ 
was u sed lo calihratc thc modd. Paramctcr unccrtainty is rcflcctt•d in thc unccrtainty of thc prcdktcd stream flow gains. \Vhcn an 
cxtcn!-iÍ\'C sct of strcam flo\\ d:.1ta was uscd during calibration,lhc· prcdicrion um:crtainry'is up lo ±25% in largc strcams, mul up. 
to ±607é in smallcr strcams. Thc confidencc intcrvals in general are skcwcd, and thcy are vcry skcwcd in thc ca-te whcrc no strcam 
tlow measurcmcnl'i wcrc uscd to calihratc thc modcl. 

Thc case study shows that cvcn whcn rclativcly cxtcnsivc gcological infornwtion anrlcalihration d<Jta ~1rc m·aiJahlc, thcrc may 
be significant unccrtaint_y conncctcd \\ ith thc prcdiction of loco1l dischargc of ground water to strco1ms. H.cducing unccrtaint}' in snch 
cases will rcquire cxtcmivc ti cid in \'csligations in ordcr lo improvc thc dcfinition of rcchargc arca!-. and to dc..~crihc thc local flU).CS 

and flow paltcrn~ in thc <H¡uifcrs. 

Introduction 
Prcdicting regional ground water ~cepage to str !ams !S ¡mpor

tant in a variety of environmcntal managcment and cnginecnng 
problems. Thus thc background for thc prcsent papcr is a study of 
whether and whcrc nutricnts 10 sccping ground water can be 
reduced through rccrcauon of wctlands a.long strcams. 11115 in vol ve. e; 

a numbcr of bas1c qucslions: whcrc docs ground water scepagc 
occur, and is 1t from ncar-surface aquifers or from decp aquifcrs" 
Answcrs will typically be asscsscd by u~mg a catchmcnt scalc 
ground water modcl. but ro what extcnt are such model prcdictions 
reliablc? 

Ba.scd on a case study of D:m1~h catchmenls we Ji~cuss how 
well ground water sccpagc can be prcdicted by u~ing a grc~nd water 
modcl, givcn that thc rmxicl1s tt)'ptcally) conccptuahzed from qual
ltatJve geolog¡ca! mformauon availab!c m dmabascs. and cali
bratcd to fit ( l) hydraullc hcaJ data meas u red throughout thc 
Catchmcm: and (2) SIICam tlow m~asurcd 10 a few majn tributaries. 

lt is commonly <~Cccptcd that thc cfllux of ground water from 
Jeep aquifcrs varic!) vcry 1 Lttlc during the ycar. ore ven from ycar 
to year, whilc thc d!:-.Ch<~rgc from ncar·~urface aquifcrs can vary 
almost 1nstantancou:-.ly duc to v<:~n<.~llons 10 prccipitatlon (Bcar 

•Dcpanmcnt of Earth ScLcnccs. Umvcrsuy of Aa.rhus, N y Munkegadc 
bygn. 520, DX 8000 Aarhu~ C., Dcnmark. E-mad: steenchr@ 
geoserverl.aau.dk (fír:.t aulhor); gcolkrr@aau.dk (second author). 
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1979: Frcczc and Chcrry 1979: Christcnscn 1994). Howcvcr. aftcr 
long dry pcriods drain and over!and tlow bc<:omcs insignifican~ and 
thc dtschargc frorn near·surfacc aqutfcrs tends to stabilizc ata low 
to moderare leve! or, in arcas wherc such aquifcrs are shallow, 
almost vanish.lt ts m this basctlow situation when ground water dis
chargc is quasi-statmnary that wc can actually estimare it from syn· 
chronously. closcly spaccd. strcam flow measurements. 

In thc first scction of thc paper we describe lhe studied arca 
usmg available database information. Wc describe the geology in 
as great detilll ac; we think possiblc on a catchment scale. In the next 
scct10n thc gcologtcal modcl is uscd to conceptualize and para
metcrizc a ground water modcl. Thcrcafter, the modcl is cali
bratcd by non linear rcgrcssion using MODFLOWP (Hill 1992). 
Th1s method has atlcast two imponant advantages for lhis study: 
( 1) it 1s cfficicnt and obJCCtiVC when thc modcl parameters are prc
dcfined and thc accuracy of thc data are known; and (2) it makcs 
it possible to analyze and compart: calibration results using sta
tisllcal mcthods. The calibration of the model is bascd on futing 
to synchronously mcasurcd scL' of hydraulic hcad data, and 10 more 
or lcss cxtensive data scts of stream flow. and thus illustrates how 
stream flow data influcncc parameter cstimates and unccrtain
lics. Then the variously calibrated modcls are used to predict lhc 
stream flow at a number of rncasuring stations throughout the 
catchmcnt. Finally, prcdicted,and measurcd values are comparcd 
and thc prediction uncertainty is quantificd by individual likelihood 
method prediction and confidencc intervals. 



Fib'llre l. Thc Gjcrn catchment in eastern Jutland with position of ice 
bordcrs and dircctions of ice advancc (Larscn and Kronborg 1994). (C) 
main Wcichselian ice border; (D) cast Jutland \\''eichsclian íce·bordcr; 
(C4) tcmporary position of the ice border during the rctreat of thc 
Wcichselian ice. 

The Gjern Ficld Arca 
Thc investigations prcsented in this paper werc carried out in 

the Gjern catchment in eastern Jutland, Denmark (Figure 1 ) .. 

Topography and Land Use 

In Figure 2a wc have plotted the topographic divide from 
l :25,000 maps with 2.5 m contours, whereas the digital elcvation 
modcl (F1gure 2a) Js based on digitized 5 m contour hncs. 1l1c 
highest parts of the catchment along thc southern and eastcrn 
drainagc divide~ have clcvatwns more than lOO m abovc datum. 
whilc at thc mam nmofr'gaugmg stauon at Smingevad the elevation 
Js only 19m. The catchment arca for this station is 114 km~. The land 
use is 77% culovatcd, 14% forcst, 4.5% wetland and riparian mead~ 
ows. and 3% urban arcas and roads, (Hoffman ct al. 1997). Lake~ 
amount to approx1matcly 0.5%, Soebygaard soe (0.4 km2) bcing the 
largesl. The riparian zones of the catchment are influcnccd vcry ht
t1e by rcclamation m comparison with many othcr Danish catchmcnL..,, 
and wetlands are well rcprcscntcd along thc vJ.rious strcam cour.-c:-~. 

Hydromctcorolo~v and Hydrology 
Prccip1talion !S mcasurcd daily at severa! statJOns within thc 

catchmcnt by thc Dan1sh Mcteorologicallnstitute (DMI). For thc 
penad 196!-90. thc annual prcc!pltation was estimatcd a~ 730 
mm whcn applying corrcct10ns for loss duc to cvaporallon and acro
dynamic dícct~ (AIIcrup and Madscn 1979). and therc are no 
1mporta!1! !->palia! vanatwns wJthin the ca.tchment. Thc rcgion~li 
potcntlal cvapotranspiration for thc penad 1981-94 is 560 mm/y. 

Gjcm aa. thc mam stream, flows approximatcly northcast
southwest 111 the dceply mciscd Gjern vallcy. Daily record~ of 
runoff havc bccn colkctcd at thc mam station (Srmngevad) ~incc 
1972, and thc average is 193 mm/y for the pcriod 1974-1992 
(Ciauscn 1995). Thc main tnbutarics are Gjel back and Yoldby back 
(Figure 2a). both with severa! automatic gaugmg stations, and dur· 
ing low flows single measurcmenLo;; of dischargc werc obtamed syn
chronously at 19 stations (F1gure 2b). 

Thc total ground water abstraction IS about 1 mili ion m3/ycar 
and corrcsponds to lO mm/year, or just ovcr 1% of the annua\ 
prccipitat10n. 
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Fig:urc 2. (a): Catchmcnt topography; (b) l>ischarg:e stntions with 
topugr.Jphit':JI catchmcnlc;; (e) Hydraulic hcad of thc primary nquirer; 
1 to 13 m;¡rk position'i of gcologicalproliles. 

Gcology 
During the late Oligoccne and carly Miocene cms, a shallow 

marine silt and clay facies was depositcd (Zicgler 1990). Within thc 
Gjcrn catchment the clay dcposits form relatively thick hcds 
(Rasrpussen 1961) which presumably fonn the lower impcrn 
boundary for the circulating frcsh water. 

In the middlc Miocenc era, a marine regrcssion followed and 
limnic micaceous sand was deposited, intcrbcdded with quartz 
sand/gravel, micaceous clay and silt, and thin coa! bcds (Rasmussen 
1961 ). Generally, the coarse sedimcnL' wcrc deposited by largc ri~r 
systems and have a large arca! extcnt. Sihs and clays wcrc dcpositcd 



in !ah e:-. and abandfml:d nvcr bt~znchc-., .• md the hon/'tHll:tl c>..tcnl or 
thc Ímc .... cdtm~nb is thcrcforc k:.\;-, than that or thc co;:u-~c scJnncnt:-. 

Dw·ing thc P!c.Istoccnc era, thc arca was dat:iarcd at lca-.t 

·our limcs.~Giacial activity rñodiflcd thc oldcr dc~sits ~m(J Jc_ft cap
ping laycrs of till and mcll watccscdimenl.b.,..óúen .with c.Omp!CJ. ~· ... 
mtcrbeddcd structurcs. Of spccial rclcVancc for this study ¡;·that dur- · 
ing thc Wcich~clian glaciation thc main ice bordcr (C. Figure 1) and 
thc cast Jutland ice bordcr (D) wcre formcd wcst and east of thc 

Gjem catchmcnt whilc a third rcc border (C4, from the retreat ofthe 
main ice) crosscd thc catchmcnt in thc nort.h-south dircction (Larscn 
and Kronborg 1994). 

Wc ha ve uscd thc information rn thc PC well database (PC
ZEUS) ofthc Geologrca! Survey of Denmark and Greenland (GEUS) 
to sct up our dctailcd geological modcl. We selected the lithologi
cal infomw.tion from all wclls in the arca which are deeper lhan 30m 
( 149) and used thrs to construct 13 gcological cross-sections (Frgurc 
le) acros.s the catchmcnt. F1gurc 3 shows two cxamples. 

There are 65 wells which are believed to reach thc marine clay 
or end shortly abovc. but only for a few of thcse is thc geological 
record unambiguous. At thc 1cc border C4 , just .south of Socbygaard 
whcrc thc main strc<J.ms join, wcll data are !-.parse and 95 transient 
clectrornagnctlc sound111gs wcrc made (Mollcr 1994) in ordcr to esti
mate the dcpth to thc well-conducting marine e la y (Figure 4a). lt 
should be n01ed that thc Gjcrn \'alley, which runs almost straight 
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Figure 3. Gcological profilcs from thc Gjcrn catc:hment: north-south 
cross scction (4); ea,<,I-Wc!.t cross scction (13). 
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Figure 4. (a) con tour map of the impermeable base; (b) isopach map 
of the re¡;:ional aquifcr; (e) isopach map of aquitard (white areas also 
indicate arcas whcrc thc rccharge is dircctly to thc regionalaquifcr). 

northcast-southwest. cuts decply into thc prc-quatcmary surfacc. 
Howcvcr, wc find no evidcncc in cithcr thc well records or thc tran
sicnt electrornagnetic soundings to suggest that the Gjel baek or 
Yoldby baek can also be detectcd in the pre-quaternary surface. 

Generally the welllogs indicate that in the Gjern valley and the 
tributanes the valley infill is mostly sandy. Semi-pemneable beds 
that mhibu thc cxchange bctwcen thc ground water and thc strcams 3 
are mostly missing in thc Gjem vallcy but are commonly found in 
thc trihutary vallcys. 

·-
~·· ,, 



aqu¡J;.¡rtf/:-.ccond;.Hy aquifcr. Hcrc permeable rdcr~ to grave! or 
sand. and abo ;11ea:-. with a thm clay car at thc :-.urfacc wh1ch i:-.. 

;t-...-.U!lll!Ú lO be permeable duc lO lr;.¡C[UrCS down !O a Úcpth of 5 111 

Bclow thi. .dcpth da y ·~ assumcd to be ~nu-permeablc. ·We ha ve 
u sed 17S wcll lithology log~ lo loca te thc. arcas with leakage and 
rcchargc, rc~¡xx:tivdy (indJcated in Figure 4c as are<.~s with and with
out ovcrburdcn, respective! y). We makc thc rough assumption that 
thc water tablc in the aquitard is 3 m below thc surface. 

The rccharge dcpends on precipítation, evapotranspirauon 
and land u~e. and it can be cstnnated d¡rcctly from actual data 
uslng root zone modcling. However, land use data are not currently 
availablc from a database, and thereforc we treat recharge as a 
paramctcr of the ground water model and subsequently estlmate 11 
by calibration. 

Thc magnitude and the dircction of leakage depends on the 
th1ckness and vertical hydraulic conductivity of the aqUJtard, and 
on thc vertical hydrauhc gradient betwecn the aquitard and thc 
reg10nal aquifer. In the prescnt case the bouom surfacc of the 
aquitard \I,.'JS intcrpolated from thc lithology logs of 178 bore
holc:.., anci its wp surfacc cstimatcd w be 5 m bclow ground leve! 
Thc rcsulting aquitard tlucknesses are shown in Figure 4c. Thc ver~ 
u cal hydrauhc conduct¡vity of thc aquirard is cstimatcd by cahbrating 
thc ground water model. 

Aquifcr Transmissivity 

The deposJL'\ of thc pnmary aquifcr can consist of glaciofluvial 
sand and grave!. Tcrtiary quanz sand and grave!, and Tertiary 
micaccous sand. Thc aquifcr transmissivity (T) has only been esti
matcd from pumping tests of two wells, but the la e k of good quai
Jty data on the transmissivity field is probably typical for mos( 
Danish catchments. It is not cconomically fea.~>ible (ChriSterlSCn 
1997) w acqu1re d~•ia' on thc Critirc -tfJn~~issi\~ity fic.ld of a rcgi.onal 
aquifcr fi6i-n pt.imping tc:<;ts. InfonnatJOn on thc transmissJvily ficld 
must thcrcforc be bascd ón altemative mcthods. \Ve are rcluctant to 
use spccific ca paca y a..\ an estunator for }:mainly beca use thc avail
ablc informatJOil on T in wcl\s IS oftc-;·to.O sparsc to f~nn 'a rciiflble 
regression: ~nd\sccondly becausc this IÍ1e\lfud fn ·sorne Cas<:_s give~ 
poor: é~t_imatq_(Christenscn 1995). Wc thereforc assumc that thc 
hydraulic conductJvity K is constan! within each lithologically 
dcfincd zonc (Figure 5). and cstimatc K by ground water model cal
ibratJon. S mee wc ha ve calculatcd the aquifcr thJckncss (Figure 4b) 
using the wclllog infonnauon we ... can al su estJmatc T 

The Effiux from thc Aquifcr 

Thc efflux from thc aquifcr 1s partly duc to abstractmn and 
partly duc to ground water sccpagc 10 strca'ms. The ab~tractions wcre 
mea.~.urcd whcrca!-> thc secpagcs wcrc cstimatcd as follow!-> 1l1c min· 
imum stream tlow (MSF) is normally recorded during long dry 
spells in late summcr whcn thc only contribuuon to stream tlow 1s 
ground w;ucr seepagc. Thcrcfore we use the median MSF as a 
measurc of thc average sccpagc flo\~' from thc pnmary and thc scc
ondary aquifers. Givcn thc zonation ofthc hydrqullc conductivity 
of the aqtufcr wc dJvickd thc strcam systcm1nto scgmcnts betwccn 
the gauging station!-> in F1gurc :!b. Th1s allowed us to analyze and. 
compare thc interaction of ground w:.Her and strcam flow for zones 
and scgments along the strcam. 

The interaclion betwcen strcam flow and ground water scep· 
age is govcmed by tlic hydraulic conductancc Q[ the stream bcd and 
ofthe difference betwcen thc stiC.iin water lcvel and the hydrauhc 
head in thc aquifcr. The conductance is a function of thc lcngth_~nd 
w1dth of the strcam. and of thc thickness and hydraulic conductivity 
of thc s¡rc:nn Ocd. He re the lcn~~h and width of strcam rcachc" a~d 

thc strcam water /e veis wr.=n: JtHJ_t:.hly c-..tnn:Hr.=d from 1 :2).000 

topographical map-... Thc locJ\Hlll and tllld,n~."' ol"tllL' ~trc.:unl· 
wcrc C!->lllllatcJ fwm thc gcolo~ic ero-..-.. -..eL:tlnll~ .ll\d ~h.d/tlW a 

·holcs along thc strcams;whcrca" the ~1rc:nn ht·d conrluclivily t:-. c:-.11·· 
matcd by calibrat¡on of thc ground \\.'alcr modcl. 

Ground Water Modcl 
In arder ro simulare thc (quasi) stcady-statc flow of ground 

water to thc streams within thc catchmcnt wc use thc numcrical 
ground water modcling codc MODFLOWP (Hill 1992), which is 
a non linear rcgression vcrsion of thc USGS tinitc-diffcrcncc mod· 
eling code MODFLOW (McDonald and Harhaugh 1988). 

The modcl is set up with two laycrs. and both are siml!latcd as 
bc~ng.~o.~0!1~9 e ven though thcy are bot.h unconfin~d ~ithin parts 
of th_e._c?-~ch!!lcnt. This approximation is madc in ordcr ro stabilizc 
the calculation of hcads as wcll asto stabilizc the rcgrcssion. 

The upper laycr of thc modcl rcpresents thc arca with a scc
ondary aquifer, and thc arcas with a water tablc in till abovc an 
aquitard. In thc sccondary aquifcr, in part ofzone 6. ground water 
can flow horizontally, 1l1c transmissivity function ofthis aquifcr is 
approximated by a constant value, which is calibrated, and thc 
hydraulic hcad is a dependen! variable calculatcd by thc modcl. 
Evcrywhcrc elsc in thc uppcr !ayer wc assumc that horizontal flow 
(in thc llll) 1s ncgligible dunng steady-~tatc llow. and that_thc 
water leve! (and thus thc hydraulic hcad) is fixcd at 3 m below 
ground level. 

The lower modellaycr rcprcsents thc regional aquifer, and tr~ 
hydraulic head mthe entirc !ayer is a dependen! variable calcul; 
by thc modcl. The saturatcd aquifer thickncss function of rhe ]O\, 

!ayer was approximatcd 1n the following way: in arcas whcre the 
aquifer 1s contincd, wc uscd thc contoured valucs in Figure 4b: m 
arcas with a free water tablc, the th1ckness was calculatcd a'i thc di f
fcrencc bctwcen the intcrpolatcd water tablc and the bottom of the 
aqUJfcr contourcd in F1gure 4a. Thc rcsulting thickncsses are held 
constan! during the calibration. Thc hydraultc conductivity function 
of thc lower aquifcr is approximatcd by a constant valuc within each 
of thc scvcn lithology zoncs (Figure 5). To bcttcr fil thc calibrarion 
data. zonc 8 was addcd during thc calibration, Thcse cight con
ductivltJCS are estimatcd by calibration. 

Thc intcraction betwccn thc two modcl layers reprcscnts the 
Jcakage bctwccn the regional aquifcr and !he upper sccondary 
aquifer Or thc water tablc in the till. In arcas with no aquitard, thc 
!->Ccondary and regional aquifers are lumped togethcr in thc Jower 
modcllaycr and thc upper !ayer is dcactivatcd. Th_c::<:_ is n<u;cological 
evidence for assuming a variable conducuvhy of thc aquitard 
w1thin thc catchment. so wc assumc onc constant valuc which is Csti
matcd by calibration. 

Thc influx is modclcd in onc of thrcc ways: (1) as rccharge 
dircctly to thc lower modcllayer in arcas wilh no aquitard; (2) as 
rcchargc to the upper modcllaycr in arcas wi~l a sccondary aquifer 
abovc thc aqultard: or (3) as lcabgc from thc uppcr lo rhe lowcr 
!ayer in arcas with an aquitard but no secondary aquifer. Thc 
rcchargc to cach of thc two laycrs (aquifcrs) 1s assumcd spatially co· 
stant and estimated by calibration. 

The efflux is modelcd as abslractions oras as lcakage from the 
aquifers to thc su-cams. The lcakagc dcpcnds on the stream bcd con
ductance, and on the difference bctwccn the (given) water leve] of 
thc stream and the (calculatcd) hydraulic hcad in the aquifcr. Thc ~ 

strcam bcd conductance function wa<; initially approximatcd by a 
constant hydraulic conductivny times a spatially variable factor 
dcpcndin~ onlcngth, width and strc:tm hcd tluckncss. OurinP r:1l~ 



· ibration a scParatc hydraulic conducllv¡ty for onc of thc tributaric.s 
was addcd a~ a paramctcr. 

· .The horizontal bounJ.ary condaions <.~re nn-Oux ·boundaric.s 
. coincidmg .wi!h the .ground .water d1vide shown on Figure 2h. 
·.which·partly comcidcs with geological·boundaric.s 9f low-pcnnc-
ablc el ay or ti!!. · 

Thc rnodel thus has (up to) 14 paramctcrs estlmated by cali
bratlon: eight hydraulic conductivities in the lower regional aquifer 
(K 1-K8); one transmisslV!ty for the upper aquifer in zone 6 (T); one 
venical hydraul!c conductivity for thc confining !ayer (KV); two 
rechargc valucs, i.e., one for the lowcr aquifer (RCH 1) and onc for 
the uppcr aquifer (RCH2); and two stream bed conductiviues. t.e .. 
KST1 for the strcam system in general and KST2 for thc uppcr part 
of Ellerup baek. For K 1-K8, T,, KV, KST 1, and KST2 we use log
u-ansformcd value~ during the estimat10n. 

Thc finitc-d1fference grid is homogcneous wnh 250 m grid 
spacing in both direclions. No grid refinement is m~dc near the 
streams becausc these take severa! direclions wilhin the catch
rilent. Thc nurnber of acuve flow cells in the upper model !ayer 1s 
1118, and thc number of constant hcad cells is 2050. Therc are 3870 
active flow cclls in thc lower modellayer. Thc intcracuon bctwecn 
aquifers and streams was simulated using thc MODFLOW strcam 
package (Prudic 1989). 

Mcthods of Calibration and Unccrtainty Analysis 

Calibration is done by nonlinear rcgression to makc thc modcl 
f¡t hydraulic head as well as strcam flow data. The function mml
mizcd during thc regrcssion 1s (Hill 1992): 
S(bl ~ [h' -h(b)¡Tv.-'Jh'-h(bJI + [.lq' -t>q(bJJTv,,-'J.lq' -.lq(bJI ( 1 ¡ 

where 

b is thc vector of paramctcrs to be esumatcd 
h* IS the vector of mcasured hydrauhc hcads 
h(b) is the corrcspondmg vector of pred1ctcd (modclcd) hcads at 

the mcasurcd wells using the parametcrs b 
Vh is the covanance matrix of errors of the hcad~ 
.1q• is lhe vector of measured gains m stream tlow along strcarn 

courses 
.1q(b) is thc corrcsponding vector of calculatcd flow gams u.smg thc 

paramctcrs b 
V&J is the covariance matnx of the errors m strcam tlow gains 

It is assumcd that lhe hcad erran. are mdqx:ndcnt and Úlcrcforc 
Vh is a diagonal matrix. Su-carn tlow gams calculatcd from mea
surements are known to be corrclatcd. and wc thcrcfore mod1ficd 
MODFLOWP lo J!low V óq to be a full covariancc matrix Thcsc 
covarianccs are C<!lculatcd by Equation A 1 den ved m Appcndix A. 

Thc unccrtamty of a calibratcd paramctcr can be illu~tratcd by 
its individual confidcncc intcrval, wh1ch 1~ commonly calculatcd 
using linear approximations (c.g., Scber and W!ld 1989). Howcvcr, 
synthetic case stud1cs (Coolcy and Vccchia 1987; Yccchla and 
Coolcy 1987; Hill 1989, Coolcy 1993a,l993b) anda flcld C<L'c study 
(Chnstcnscn and Coolcy 1996) show that t.hc confidcncc intcrvab 
for the paramctcrs of ground watCr modcls. as wclt as thc prcdic

tion~ .~!~?de by such modcls,_ ar~ ofte_n_ I!.l?~~~~~:.ln su eh cases !in- { 
··_;_ar approxi.rriations should not be used to cJlculatc confidcncc .... ~ 

intervals. We have thcrcfore adopted the hkclihood mcthod 
(Donaldson and Schnabel 1987), which can be uscd to calculatc con
fidence intervals on the estimated parametcrs as well as on thc out
pul from a nonlincar regrcssion model wilh normally distributed 

rcsiduals (Vccchia and Coolcy 1987, Clarkc !987). Thc uppcr and 

lowcr lumt~ ofth~ confidcncc lll!CJ , .. d lur a lunction ¡;Wl. whc1c B 
is thc tn1c sct of par.unctcrs. are ca!cuiatcd ;;¡, thc ma:{unum and mm

imum v~luc of g(b). rcspcc.:t¡vcJy. undcr thc con~traint that: 

where n is thc nun~ber of calibration data, p is thc numbcr of csti
rnatcd parameters. bis the optimum paramctcrs found by minimizing 
Equauon 1, and.d2

1.« is a problcm-dcpcndcnt statistic. Noticc th.u 
g(G) can be any funcuon of the paramctcrs: c.g .. it can be a param
eter of lhe ground water modcl. or it can be a strcam tlow gain cal
culated by the model. Yccchia and Coolcy ( 1987) showed that thc 
samc computcr program can be u sed to both estimatc thc para.mc~ 
ters by non linear regrcss10n and to calculate thc confidcncc limits 
of the desircd confidcnce intcrvals. V...'e havc thus implcmcntcd 
Lhe likelihood method m thc nonlincar rcgrcssion code. 

For an individual ( 1-a)% contidcncc mterval 

(3) 

whcrc t 1.,"'(n-p) "thc studcnt t-d"trihution with (n-p) dcgrccs of 
frccdom. Donald~on and Schnabcl ( 1987) arguc that mdlvidual .. ~·\; 
likclihood mcthod confidcncc intcrvals ~hould.bc ncarly cxact for ··.': 
modcls with little intrinsic nonlinearity. whcrcas thcy may not be···~ 
accurate for modcls with large intnnsic nonlineanty. In sorne of Lhc :' 
following cases thc local mtrinsic nonlincarity of Lhc modC!. as mea-··· 
surcd by Linsscn's modificd Bcalc's mcasure (Lmsscn.l975), is: :. 
wilhin the roughly linear range, and the corrcsponding ~onfidcnce .l. 
intcrvals calculatcd by thc likclihood mcthod'.may thcrcforc be ,¡ 
too small. To partly comp:::nsatc for Lhc intrinsic nonlincmity wc have ·l. 

incrcascd thc uscd t-statiStic as suggcstcd by Bcalc ( 1960, Equation 

2.21). 

Calibration Data 

1l1c hydrauhc head is known at 64 positions within the modcl 
arca, but thc quality of thcsc data varíes. At 31 wells the wcll elc
vation (WE) was measurcd with GPS, whilc in 25 wclls it was csti
mated from 1:25,000 scalc maps, and in 23 of thc latter wclls 
gaugings wcrc asynchroneous. Finally, thc hcad in thc sccondary 
aqu1fcr was cstimatcd at eight positions where the wcll elcvations 
wcrc also cstimatcd from a map. Calibration and residual analyscs 
(Coolcy and Naff 1990) showcd that thc variancc..llf_thc.rcsiduals 
bctwccn thc mcasur!!d and~th~-~~~ffi'~l-at~~rh~ad;_w__c_rc_ hig~~r_!h_an 
cxPI:~I·I·;cd bYth~~~.c~.f!~ii~tics on thc rneasurcmcnt abov~: This is 
piob-ably uuc to t!Íc modcl error introduc;cd by thc.approximations 

madc in tt1~ PE-.r~~ctenz.ation Üf thc modcl, whc~C wc ~~gfCCl hct
crogcñCi.iy at scalcs smallcr than thc zoncs. partial pcnctration of 
wclls, etc. In thc rcgressKm wc thcrcforc increascd the varianccs of 
thc hcad mcasurcments by an cqual amount (nS!f 10. m2) foral! thc 
wclls. 

Mcasurcments of stream ba~eflow wcrc availablc from 19 
ga~ging stations (Figure 2b). Wc judgcd the standard dcviations of 
thcsc data lo be from 5% at stations with a flow higher lhan 50 Us, 
to 25% at stations with flows at 5-10 Us. At station 411 (Figure 2b), 
with a flow of only 1 Us the standard deviation was set to 200%. 
The measured flows were uscd lo calculate lhe gain in stream 
flow along the 19 courses (betwccn thc gauging stations in Figure 
2b), and the corresponding covariancc matrix (Y..,, Equation 1) of 

thc now gains wcrc calculatcd from thc mcasurcd Oow unccrtain-



Wifl!J' i~ betv.·ccn-:::t.5% and :túOrin lor thL cour:-.t:\ wuh .... malkr 
gams. 

Discussionand Conclusions 
The study .showed that the gcological informalion in thc GEUS · 

databa,..,c i.s uscful lo mtcrpolatc !ayer tluckncsscs as wcll as lo 
define the paramctcrs of a rcglünal-scalc ground water modcl. 
From the geological data alone we defincd 12 paramctcrs that 
wcrc estimated by modcl calibration Dunng our four stages of cal
ibratwn, wherc wc wcnt frorn using only data on hydraulic heads 
to also usmg an cxtcns1ve sct of ,..,tream flow gains. none ofthc esti
matcs of thesc 12 paramcters changed sJgnificantly. Addition of 
flow-gain data 10 thc calibration record only changed (Le., reduccd) 
thc unccrtainty of thc estimares. 

Thc GEUS information on hydraulic head in thc aquifers wa.s 
colicctcd o ver more than 50 ycars and is obviously of qucstionablc 
quality. We thercforc collcctcd as many accurate head data as pos
Slble. However, analyses of the data showed that in th1s case the 
small-scale variations in hcad (duc w heterogeneity, partial pcnc
tration of the we!ls, etc) dominated o ver the meac;urement error that 
we found in thc GEUS data. lt is thcrcforc likely that using thc 
GEUS hcad data for model calibration would not havc affccted our 

rcsults significantly 
Synchronous meJsurements of thc .sPatial distribution of lmv 

flov .. · in catchments was introduced more than 20 ycars ago in 
Denmark. At least one sct will now be available for many larger 
catchments: rn the Gjcrn catchment, for mstancc. dara from 1976 
and 1990 were avai!Jble. During the proJCCt we havc acquircd 
severa! more scts, mo.stly for thc purpose of testing the stability rn 
our estimation procedure of the median annual minimum dis
charge. but also to supplcmcnt with data from the smallest stream 
courses 

G01ng through four stagcs of calibration we have dcmon
strJtcd thc rmportJncc of using cftlu.\ datJ together with hydrau!rc 
hcad data whcn cJI!brating a ground water model-pnmarily 
bccJuse thc uncenainty of thc cstimatcs will be srgnifJcantly 
rcduced. Takc for examplc thc estimated recharge 10 thc Jowcr 
regional aquifcr: in thc ca!->e whcrc we only used hcad data. the 95% 

confidcnce inter..·al for the rcchargc estímate rangcd from 40 mm/y 
to 1432 mm/y, whereas the Jnlerval was an arder of magnitudc 
smaller (from !39 mm/y to ·292 mm/y) whcn wc also uscd all thc 
availablc infonnJtion about streJm llow to calibrate the modcl. 
Howevcr. the unccr1Jmty of lh.e cstimatcd rccharg~ and of other estJ
matcd parameters was sigmficant evcn whcn wc u sed thc entirc set 

of incJsurcd stream flow gams and hydrau!rc hc_~ds to cahbrate thc 
modcl 

Uncertainty in thc est1matcd paramctcrs 1s naturally rcflcctcd 
111 the uncerlJinty of the gains in stream tlow prcdicted by thc 
ground water model. The confidcnce intervals of thc predicted 
flows are very widc in lhe case whcre no .stream tlow data wcrc u.scd 
for calibrauon, whercas they narrow more and more as rncrcas1ng 
amounts of tlow data were uscd. Howevcr, the unccrta~nty is ~till 
significan! for So m-e of thC pf-eilrcted flows e ven whcn wc u .sed thc 
ent1re set of stream flows: in large streams thc uncenarnty is up to 
::25%, in smallcr strcams up to ±60%. 

Nonhnear regression using MODFLOWP (Hi!l 1992) was 
very efficient for calibrating the model. We irnplemented Vecchia 
and Cooley's ( !987) vcrsion of thc likdihood method m our rcgrcs
sion code in arder to calculate nonlinear 1ndiv¡dual confidcnce 

aml pn;du.:IJOJJ inl~r\·od .... In rno ... ! C.!"l.!" thc...,t' c:dcub!JoJl\ WL'IL' 

aJ..,o cllicrcnl. lt il;J\ nnl yc1 hLL'll pro\'l'JI th:tl indi' tdu:d rntLn·;d:-. e' 

<..:ulaiLd hy iho.: !ih·IJhnod lllL'ilhld arL' L'\a~o:t. hut nnthc ttlh.:r ~~~ 

thcrc J.\.no L'\'tdl'nt.:L' lh;H thLy would .. not he fi)onald:-.tHl and· 
Schnabcf llJX7: Coolcy llJ.J7: Coo/L'y 1 tJ9(t). At thc lcast~ other :-.!lid
ies wc ha ve citcU ..,Jww L\'Ídcncc for t.:nncluding. lhaf thc..,c non lin
ear inUividua! intcrval" ;:He ..,tgnilicantly hctlcr approximation:-. 
than thc traditionally u:-.ed lmcarii'CÚ intervals. 11 is mcntJoncll that 
for our case study thc calculated non linear confidencc intcrvals are 
skcwcd and w1der (in .somc ca ... c'\ vcry skcwcd and much wider) than 
the corresponding lineari7.ed intcrvals. Thcrcforc, if wc had bascd 
our analysrs on linearizcd in~tcJd of non linear confidencc mtcrvals, 
thc conclus10ns regarding thc unccnainty of prcdicted stream flow 
gains would llave becn les<; pcs'\imistic. Furt~ler, 1f wc haJ comparcll 
measurcd slrcJm flow gains wllh lincarizcd (instcad of likelihood) 
prediction intervals. an unlikcly largc number of measuremcnls 
would fall outsidC their respective prcdiction intcrval, and lhis 
would Jead to thc wrong conclusion that thcre is a significan! dis
agreement bctween thc rnodel prcdrctions and thc mcasurcment.s. 

Thc ovcrall conclusion of this study is that many relevan! 
data for ground water and surface water modclmg studJc-5 are ea.s
ily available from datahases. This information is uscful and in 
sorne cases. where the information is dense and of reasonablc 
quality.rt may be a sufficicnt ba!->c for an entirc study ofthc rcg10nal 
ground water and surfacc water flow. Howevcr, even in a case 
likc thc onc studied herc, with a fairly dense gcological Jata sct and 
an cxtensivc set ofhigh quality calibration data, thcre still mJy br 
significan! unccrt~Hnty cannectcJ with thc pred1ction of local scc. 
agc of ground water to thc stream:->. In such cases more dewilcd
but presumably more expcnsive to acquirc -hydrogcologlcal infor
mation will be nccdcd to improvc the dcfinition of rccharge arcas 
and to descnbc the local !luxe~ in thc aquifcrs.Hydrnulic head data 
are not ~uj]j_c¡cnLfQLthc .calibration. o[ a.r~.c{ji~Í~·scalc ground 
wJI~~\· rno~.~~· The rnodcl unccrtainty is reduced significantly 
(in our ca_~t;. Qy an arder of magnlludc) if mcasurcd dis~~argcs at 
a fcw key poin.!_s in the strearn systcm are includcd in the calibra
tiQ.rutua_ U~ing-;~p·ati~lly -de~lSC, ¡~~i~~H.1 ~f ~ .sPa-rsC, -sct Of m-ca
surcd strcJm flows for thc calibration will only cause a modcst 
rcduction of uncenainty. On the othcr lrand, dense stream flow mca
surcmcnts mJy reveJI model error (in our case. inaccuracic.s in the 
geologiCJ.l-modcl) Which, whcn corrcctcd, may cause simulations 
t_o cnañgc_~·Ú~~iticantly. 
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Appendix A: Derivation of Covariance of Stream 
Flow Gains 

A gcneralized cxpression from which thc stream flow gain 
along a strearn course (with mdcx 1) can be calculatcd from the mea
sured strcam flows. QJ' i.s: 

6Q, = 2\o. 6 



11 is l for Q
1 

at thc down'>Licam st~tion of the coursc; -1 for Q1 at thc 

upstrcam station<; along: thc coursc: and O for 0 1 al station.'> not 

locatcd along thc cour'-'C. Thu'>, for in-.tancc. ifQ 10 and Q 11 are thc 

mcasured Jlow!.. at statJOns ·lO and 13. (Figure 2b), rc~pectivcly, the 
gain along thc corrcsponding strc.am coursc 1s: 

If thcre are tributarics to thc strcam coursc we can ha ve more 

than one upstrcam station. In F1gure 2b the gain along thc coursc 

from thc two upstream stalions S and 602 to the downstream sta
tion 7 can be calculated a~: 

More than onc downstrcarn statiOn may also occur if the 

stream branchc~ into two or more runs. Thc covariance bctween thc 

gain along two strcam courscs 1~ 

Cov(L'>Q 1 ,1'>~) =Ei(:2;I,Q,) C:2;IJQJ)} -Ei:2;I,Q,}·Ei:2;IJQJ} 
1 J 1 J 

or 

Cov(<'>Q1.<'>QJ)= :2;:2;1,1) IEIQ,QJJ -EIQJJ EIQJ}]. 
' J 

If the Jlow mca.surcmcnts are wdcpendcnt, then: 

EIQ,Q) -EIQ,l EIQJJ =0, '"'J 
and 

' a;. 

where rr7 !S thc variancc of Q
1

• Tlw; mean:. that only mca:.urcmcnts 

that are sharcd bctwccn thc two calculatcd gaws conlributc to thc 

covanance. 

For courses th:J.t :J.rc not overlapping, onc mcasurcment IS 

sharcd if the two courscs are conncctcd. namcly the mcasurcmcnt 

at the conncctmg point Th1s po1nt JS obviously at thc downstrcam 

cnd of thc onc coursc and at thc upstrcam cnd of the other. Thc 

covariancc IS thcrcf ore. 

(Al) 

whcrc cr~ \S thc vanancc of thc Jlow mcasurcd at thc conncctlng 

pomt 
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l The Different Characteristics of Aquifer Parameters 
and Their Implications on Pum pingo:-Test Analysis 

.¡ 

' 
1 

1· 

by J. J. Jiao and C. Zheng' 

·, 

' Abstrae! 
The concepts of two-way coordinates and one-way coordina tes are used to describe the different characteristics of two key 

; aquifer parameters, transmissivity and storativity, under constant-rate pumping conditions. A two-way coordinate is su eh that the 
i conditions ata given location are influenced by changes in conditions on either side ofthat location; a one-way coordinate is su eh 
! that the conditions at a given location are innuenced by changes in conditions on only one side of that location. Results from 

·; sensitivity analysis indicate that storativity has the characteristics oftwo-way coordinates, but transmissivity has the characteris· 
· tics of one-way coordinates, i.e., its information can be transferred mainly from upstream to downstream. An upstream 
· observation well can produce information on storativity both upstream and downstream, but it can produce little information on 
¡ transmissivity downstream. 
: These characteristics ofthe aquifer parameters ha ve important implications on pumping·test designs and interpretation. For 
: example, to estima te the parameters of an anomalous zone in an aquífer, an observation well should be located downstream but 
· near the zone.lt should not be placed upstream ifthe parameters downstream are to be estimated. An observation well which can 
: provide adequate information for estimatingstorativity may not provide adequate information for estimating transmissivity, and 
: vice versa. The aquifer area represented by estimated storativity may be different from that represented by estimated 
~ transmissivity. 

· lntroduction 
The influence of heterogeneities on aquifer pararncter esti

lation based on pumpmg tests has rcceived much attention for 
¡ears. A sensitivity analysis is uscd asan important approach to 

: understand the bchavior of hydraulic paramctcrs in an aquifcr 
; with zones which have parameters significantly different from 
: those of the background aquifer (c.g., McElwce, 1982; Butlcr, 

-1 1988; Butler and McElwee, 1990; Jiao, 1995). The ímdings about 
· the features ofthese anomalous zones in 'the context ofpumping
' test analyses can be summarizcd as the following: ( 1) A para me
. ter can be best estimated from drawdown-time data when thc 
~ sensitivity of thc parameter is not only large but also changing 
: significantly with time; (2) The influence of anomalous zones on 

.. drawdown during a pumping test lasts only a hmitcd time; 
. (3) The influence of a zone less permeable than thc background 
; aquifcr material is much larger than that of a zone more perme
. ablc; and (4) lt is easier to estimate transmissivity than storativity 
; because transmissivity sensitivity is usually much larger than 

storativity sensitivity. 
It has been demonstrated that the arca rcprescnted by the 

· estimatcd parameters is much srnaller than that covered by the 
. cone of depression (Jiao, 1993). Thcreforc, aftcr parameters are 

· , cstimated, it may be of mtercst to know what portian of thc 
·.i aquifer is primarily represented by the estimated parameters. 

· • J Befare a pumping test, it may also be necessary to design thc 
location of an observation wcll in such a way that the informa
tion on a particular portian of the aquifcr can be best obtaincd. 
This requires an understanding of the relationships among thc · 
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characteristics of aquifer parameters, flow field, and the spatial 
coordinates. 

While most studics are concerned with the general features 
of thc propcrties of anomalous zones, Oliver (1993) seems to be 
the first to caneen trate specifically on the different characteristics 
of transmissivity and storativity in response to pumping. He 
concluded, based on a particular case study, that the inlluence of 
storativity is nearly radially symmetric so that the effect of a 
low-storatívity region is essentially the same in any ·jirection, but 
thc inOuencc oftransmissivity on drawdown at observation wells 
is not spatially uniform within that area. This suggests that 
storativity and transmissivity have different characteristics related 
to spatial coordinates. 

An attempt is made in this paper to examine the different 
characteristics of transmissivity and storativity under constant
rate pumping conditions using numerical simulations. Two con
cepts, two-way coordinates and one-way coordinates, which 
were first used in numerical heat transfer and fluid flow 
(Patankar, 1980), are introduced to ·understand the character
istics ofthesc two parameters. A two-way coordinate is "'t.ch that 
the conditions at a given location are influenced by changes in 
conditions on either si de of that location; a one-way coordinate 
is such that the conditions ata given location are inOuenced by 
changes in conditions on only one side of that location. For.· 
cxample, the flow field betwecn two rivers provides an example 
of two-way coordina tes. The head at any given point in the flow 
í1eld is infl uenced by changing the head of either river. Another 
example is solute transport. For dispersion-<lominated prob
lems, spacc coordinates are two-way coordinates. But a space 
coordinate can very nearly become one._way under advection. lf 
there is a strong unidirectional flow in the coordinate direction, 
significan! inlluence travels only f rom u¡ístream to downstream. 
Conditions at a point are thcn affected largely by the upstream 
conditions and very little by the downstream ones. Advection is a 



onc-way proccss, but dispcrswn has two-way influcncc."' For 
advection-dispersion problems the propenies of space coordi
·nates·havc the dual properties of one-way and two-way coordi
~nates. When the velocity is large, · advcction dominates ovcr 

· .dispersion and thus makes the-spacc cOordin.afe·ncariy onc-wa-y: 
·. It beco mes necessary to use special numerical mcthods such as 

upstream-weighted methods and characteristics methods to 
account for one-way properties of spatial coordinates in advcc
tion-dommated problems (Jiao and Chen, 1987; Zheng and 
ncnnett, 1995). 

In this paper, the sensitivity features of drawdown to aqui
fer parameters under constant-rate pumping conditions in one
dimensional flow systems are first cxamined to investigate thc 
dúferent characteristics of transmissivity and storativity. The 
influcnce of the location of an anomalous zone on drawdown in 
an observation well is further studied by analyzing the sensitivity · 
features of aquifer parameters in radial ene-dimensional flow 
systems. Finally, the impact of thc characteristics of transtnissiv
ity and storativity on their estimation is demonstrated using a 
hypothetical example. 

Sensitivity Analysis 
A sensitivity analysis is the study of a system's respon'se to 

various disturbances. The response of the aquifer system may be 
expressed in terms of drawdown or hydraulic head. Because 
pumping-test analysis is of particular concern, drawdown, s, is 
used. Mathematically, the sensivitity is the partial derivative of 
drawdown with respect toa model parameter. For example, the 
sensitivity of drawdown to transmissivity, T, can be defined as: 

as 
Ur=-

aT 
(1) 

A disadvantage ofthe sensitivity defined by equation (1) is that 
the magnitude depends on the dimcnsion and unit ofthe particu
lar parameter. A normahzed scnsitivity can be defined as (e.g., 
McElwce, 1987): 

as as 
U'r=T-=--

aT aT¡T 
(2) 

The normalized sensniv1ty describes the influence of ratio 
change in a parameter. Thus, normalized sensiuvities can be 
readily plotted together and compared. The storativity sensittv
ity U sor normalized storativity sensitivity U's can be defined in 
the same way. In terms of parameter est¡mation, the absolute 
magnitud e of a sensitivity, not its signed val u e, is of importancc. 
In the foilowing discussion, when the word "sensitivity" is used, 
the absolute magnitude of sensitivity is imphed. 

There are thrce methods for determining sensitivity cocffi
cients of aquifer parameters: ( 1) analytical expressions; 
(2) nurRerical solution of a partial differential cquation; and 
(3) finite-difference approximations (Beck and Arnold, 1977) 
For simple ground-water problems, there are analytical exprcs
sions for parameter sensitivity. When analytical solutions are not 
available, numerical solutions can be used to determine sensitiy
ity. Sensitivity equations can be easily derived from flow cqua
tions and sol ved by conventional numerical approaches used for 
flow modeling. For instance, sensitivity equations were sol ved by 
Sykes et al. (1985) using the Galerkin finite-<:lement method to 
assess the uncertainty of prospective radioactive waste reposi
tories. Jiao (1993) solved sensitivity equations modified from a 
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Fig. l. Schematic representation of an obsenalion well, and the 
upstream and downstream locations of an anomalous zone in one
dimensional now field. (Background aquifer parameters T' = 60 nl/d, 
S'= 6 X 10-3

; zone parameters T' = 6 m2/d, S'= 6 X 10·• ). 

radial numerical flow model by Rushton and Chan ( 1976) to 
understand the sensitivity fcatures of pumping-tcst drawdown to 
aquifer parameters. However, the easiest and most straight
forward method is the finite-difference approximation. For 
example, by running the flow model twice with two slightly 
differcnt values of a parameter, say T, the sensitivity is simply 
given by: 

(3) 

The approximation beco mes increasingly accurate as A. T 
approaches ?.ero. Jiao (1993) demonstrated that, for radial flow, 
the sensitivities evaluated from the above approximation are 
virtually idcntical to those using a numerical solution to th~> 
corresponding partial differential sensitivity equations. -

In this paper, for sensitivity analysis in simple ort"·""':' 
dimensional flow, the finitc..<fifference approximation is used. 
For sensitivity analysis in radial one-<iimensional flow, the sensi
tivity equat10n modified from a radial numcrical flow model 
(Jiao, 1993) is used. The details on how scnsitivity equations are 
derived from flow equations and thcn sol ved numerically can be 
found elsewhere (e.g., McEiwee, 1987; Jiao, 1993). 

Characteristics of Aquifer Parameters 
in One-Dimensional Flow 

Considera semi-infinite aquifer (Figure 1). The left bound
ary is a fully penetrating ditch. The parameters ofthe aquifer are 
T'= 60 m2jd, S'= 6X 10-3

• Aftertimet>O, wateris pumped out 
from the ditch at a constant rate q = 0.025 m2/d. A simple 
finite-difference model with space increment t.x =100m is used 
to simulate the drawdown in the aquifer. The right baundary is 
chosen to be at 1000 km so that no drawdown is obse!Vcd at the 
boundary dunng the pumping period of 100 days. An obscrva
tion well is located at x = 900 m. Assume that thcrc is an 
anomalous zone of200 m long which has paramctcr T = 6 m2fd, 
S = 6 X ¡o·•, and is 300 m from the observation wcll. Thc 
different influence of this zonc on drawdown at thc observation 
well when the zone is located downstream and upstream of the 
well will be investigatcd. 

Figure 2a shows how the normalized sensitivity of dimen
sionless drawdown [(2(nf2T's)/(qt.x)) to downstrcam zon 
storativity (S,) and upstream zone storativity (S,) changes witl, 
dimensionless pumpingtime(T't/ S'(t.x)']. Although the downJ

1 stream storativity is always more sensitive than thc upstream 
storativity, the difference becoines small as pumping continuos.\ 

Figure 2b shows how the normalized sensitivity of dimen
sionless drawdown to downstream zone transmissivity (Td) and 
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Tablc 1 
Data'Sct.; U~cd for Calihration 

. A. HydruUl!c hc.1d da1~ 
B. Hydr-.tulic he:1d .daw.. anú ~trcam !l(IW atmam ~t;.Hion (1) 
C. HydrJUILc hc;LÚ dat:.J, ;.¡nJ :.trc~llll llow at nw'nH.tation (1) and 

two m~1in trihutaric!'> (~t¡¡tltHl!'> 6 ¡1J1d 401) 
D. Hydrau\Jc hcad dJta, and ! R strcam flow gaim; 
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Figure 6. Paramctcr cstimalc<i and thcir 95% confidence intervals (case 
A-D). 

ti es. Calibration and residual analyscs (Cooley and Naff 1 990) 
indicared lhat th1s covariancc mauix gl\·cs reason?-blc weight ro the 
flow-gain data. To illustratc the unponancc of the stream tlow 
data, we calibrated thc modcl to fit the four data scts (A-D) hsted 
in Table l. 

Calibration Results 

For the data in Tablc l. thc cstimatcd paramctcrs and rheir cal
culated contidcncc intervals are shown in F1gure 6 Residual anal y
ses (Cooley and Naff 1 990) showcd that thcre 1s no s1gnificant bias 
m thc calibratcd modcls, anda hypothcs1s that thc rcsiduals are nor
mallV~di~tnbutcd cannot be rcjcctcd. 

Íñ-CasC·A·;;~· uscd only-h"Ydra~J¡; hcad data to ca!Jbratc the 12 
paramcters that wc Jnitially idcntificd from our gcological and 
hydrogcological modcls, i.c., thc Iog 10-valucs of K1-K7, T

0
, KV, and 

KST 1, and the untransformed values of RCH 1 and RCH,. At this 
;tage we had not rccogni7.cd zonc R (Figure 5) as a separare con
iuctivity zonc for thc lowcr aqUJfcr. and 1t is thcreforc contained in 
:one 2. Similar! y, from our iniual gcological infonnat10n we did not 

pect thc upper pan of Ellcrup back to have differcnt stream bed 
onductancc from that of thc othcr stream courses, so KST1 was 
ssumed to be cffcctive for all streams. 

AII 12 paramctcrs could be cstimated by nonlinear regres
ton, whercas lherc were convergencc problcms with calculating 
1ost of lhc confidcncc limits. To makc thesc calculations con
orgc we had to manually adjust two parameter.; (KST1, and RCH, 
·Tu, Which are corrclatcd) and kt thc alg.nrithm cstimJtc thc 

othcr 1 O.paramctcr valucs: lt r~ thcrcforc ltkcly that the calcula.t~d 
·. confidcncc intcrvals ;¡re too ~mal l. Dcspitc all.cffon.o.; with manual' 
. parametcr.aJjus.tmcnt. wc could not caJculatc ·lhe uppcr conf, .. -
dcnce·!Jmits for K5 and KST1• • • 

In casCA. aiJ thc estimares fall within expectcd rangcs cxcept 
RCH 2, which scems to be too small (26 mm/y). However, thc con
fidencc mtcrval for RCH2 is so widc lhat the paramcter eslimatc can
not be postulated to be significantly different from that of RCH 1• 

The confidencc 1nterval for RCH 1 spans from 40 mm/y to 1432 
mm/y, i.e., from a Iowcr value corresponding to the Ieakage rate 
through till in a similar arca (e.g., Christensen 1994) toan upper 
value about twicc a> Iarge as the annual precipitauon, whichjs_unre
alisttc. Nevertheless this case shows how well (or badly) the 
rech;;,.ge can be estimated from head data.a!Qne. Similar! y, Figure 6 
shows that thc estimated conductivity of the confining !ayer is 
very uncertain. 

The estimated Iog 10 conductivities ofthe Iower aquifer generally 
show highcr values for zones with Quatemary melt water deposits'i 
(K3, K5, and K6) and Iower values for the zones with Tertiary 
Iimnic deposits (K 1, K.,. and K7). However, it was expected that the 
conductivity of zone 2, which contains layers of clean quartz sand, 
should be higher than the othcr zones with Tertiary Iimnic deposits . 
Dueto the Iarge uncertainty in the estimated recharge and Ieakagc, 
thc uncenainty ofthe c..c;timatcd conducuvities as well.~ ofthc tr.ins
missivity in the upper aquifcr and of the stream bed conductance 

is con~.iderable. 
In case B thc measured strcam flow at the downstrcam gaug

Jng station was addcd to thc calibration record. As in case A, all 12 
parameters could be estimatcd, but fewcr of the confidence inter
val cdculations had convergcnce problems. This was avoided by 
manually adjusting one parameter, KST1, and calcul~ting the oth
crs with the algorithm (as in case A, the intervals calculated partly 
by manual itcration may be too small). For the calculation of the 
upper confidence Iimit of KST 1 convcrgence could not be achieved. 

The changes in thc estimates from case Ato case B (Figure 6) 
are not significant if you takc the confidence intervals from case A 
into consideralion. and the ordering of estimated conductivities and 
of cstimatcd rccharge remains Lhc same. 

Thc parameter unccnaintics are rcduced somewhat by also 
using infonnation about the cfflux from Lhe catchment to calibrare 
the model. 'However, the uncertainties of estimaled recharge and con
fining !ayer conducuvity (and other parameters) are still Iarge. 
This indicates that even though the calibrated model fits the over

all flux within t_~~- catchn:t~!!!1 • the pred1ction of local flux es is 
unfcna;n. 

In case C wc incrcascd Lhc numbcr of measured stream flow 
gains from one to three in thc calibration record. The stream flow 
gains arc:'Gjel back with tributancs upstrcam ofgauging station 6 

(Figur~ 2b); Gjem aa with tributaries upstream of station 401; and 
Gjem ila' with tributaries downstrcam of stations 6 and 401 (thc gains 
wcre calculatcd from the mcasurcd strca.m flows at stations 1, 6, and 
401 ). 

Thc calculations converged for the par.uneter estimation as well 
as for the calculations of confidence hmits. It did not change the esti
mates signiticantly, whefCa'i thc unccrtainty of severa] of the param
eters wac; reduced. This is also lhc case for the confrning layer con
ducti-;,i(y, KV~~nd for the estimatcd rccharge rates, RCH1 and 
RCH1. The twb estimated recharge rates are each within the 
expected ranges and they are significantly different: the rate to the 
Iower aquifer, RCH 1• is 289 mm/y; and the rate through till to the 
uppcr aquifcr. RCH"'. is 99 mm/v n X J()-'J mh\ ,,¡..;,.h : ... --· -=-

' -' 
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nificanrly di!Tcrent from thc cstimatl!d conductivity of the confin-. back could be cstimatcd. 1l1c total numbcr of paramcters cstimatct.l 
ing till I::J.yer ( 1.7 X J0-9·m/s). Thc unccrtamty of so me of thc es ti- in ca<;e D thu..; incrca~d to.14. i c .• thc log,10 valucs of K1-Kf1. T KV, 
matcd hydr.aulic condut:ti:·itics is.also rcduccd significantly. KST 1, and KST:!. and.thc umransformcq valuc:s ofR( nd 

·:Jncreosing lhe numhcr.ohneasured Jitream Jlow·gams tlms improves- -·· ·RGl-12.1.\nalyses of rcsidualhandlikclihoods showcdthalll •.. ,-.!rd· • 

lhe modcl's abilityto calculate lhe local !luxes. · .·· ·.metcrization produce.,·a bctter fittothe data than·the initial one. The 
In case D the numhcr of strcam flow gains used to calibra te thc estimatcs and thcir ordcring are not significantly diffc:rcnt from thc 

model was mere a sed to 18: i.e .. we u sed thc measured gains previous ca.;;es (Figure 6), but the width of most confi~t;nce ~~~<;~als 
belween all the gauging slalions (Figure 2b) exccpl at slation 411 is considerably reduced. However, the recharge lo the Jower aquifer, 
where lhe baseflow <1 Us. lnllially we eslimated lhe same 12 RCH1, is slill uncertain wilh a confidence inlerval ranging from 139 
paramelers as in lhe previous cases. All calculauons of cstimates and mm/y 10 292 mm/y. We therefore believe lhat even lhough lhe 
confidence limtts converged. However, thc estimated recharge to uncertainties ofthe local fluxcs are reduced as compared to the pre-
lhe lower aquifer decreased by more than 100 mm/y compared lo vious mndcl calculalions. lhey may still be significan!. · 
case C. and the calibrated modcl still had problems with reproducing 
the measured tlow in two minor tributarics:•at gauging station 001 
the calculated flow was 5 Us against a measurcd flow of 16 Us; and 
at statwn 301 the calculated flow was 13 Us against a mcasured 
val~e of 8 Us. Analyses of the resulls showed thal during lhe 
regression the recharge was forced down to an unexpccted low level 
to compensate for problcms with matching the measured low flow 
al station 301 (EIIerup baek). This low flow could be reproduced 
only if lhe stream bed conduclance upstream of slalion 301 was 
lower lhan for lhe resl of lhe slream system. Finally. the relalively 
high flow meas u red al slallon 00 1 could nol be reproduced by lhe 
initial zonation of iowcr aquifer conductivJties. 

Addilional drilling lo lhe 1.5 m depth in the bottom of Ellcrup 
baek revealed that lhc slream bcd consists of gravel deposits allhe 
gauging station (30 1 ). but 200 m upstreanl it is low-pertneable peal, 
and 400 m upstream 11 IS till. This indicated that the stream bed m 
the upper part of this tributary is mdeed low-pcrtncablc. Further, a 
rc-evaluation of our gcological proftles betwecn stream gauging sta
tions 1 and 2 indicated that the lower aquifer could be missing or 
al least be very lhin south of lhis part of Gjern aa. lf lhis obscrva
tion was 1mplemented m the model, wc cxpect it would incrca.;;e thc 
seepage of ground water upstrcallJ of statJon 00 l. 

At this stage, we dec1ded to modify thc pararncteriz..ation of thc 
model so lhal a separalc hydraulic conductivity for zonc 8 (Figure 5) 
anda separate stream bed conduc11vity for lhe upper part of Ellerup 
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Figu~ 7. Observed and predicted (case A·D) st~am Oow gains. In 
sorne caseS the confidence limits can barel) be distinguished from 
the: prediction limits. 

Prediction of Stream Flow Gains 
1 

1 
Each of the calibrated models (A-D) were uscd to predict lh• 

19 stream flow gains bctween lhe gauging stations. The limits of lht 
confidence intervals for thc prcdictions were calculated in th~ 
same way as for the parameter intcrvals, i.e., by using Equation ; 
as the constraint. The limits of thc corrcsponding prediction in te~ 
vals were calculaled similar! y by using the constraint 

'\ 

(n- p) S(j3)-S(b)+e(/v, , 
"-'-''-'----''::'-'· " d. S(b) 1-a p 

inslead of Equation 2. In Equation 4, e, is lhe error of the mcasun. 
tlow, vk is the variance of ek. and, for individual intervals~ <, 

the prcviously mentioned statistic corrected for intrinsic nm·-- ::;,, 
The predicled flows and lheir 95% individual confid~!i' . 

prcdiction intervals are shown in Figure 7. As for lhe parameter in~ 
vals; in case A and B. and also in a fcw cases for case C and D, KS: 
had lo be manually adjusted to make lhe calculations of lhe inn 
vallimits converge. Thc corrcsponding intervals may thercfore 
too small. [ 

In case A. all the mcasurcd flows fall within lhe prcdiction in; 
vals of the predicted flows. The prcdictton intervals as well as: 
confidence intervals are very wide, again a consequence of lhe ~
uncertainty related to lhe cstimatcd recharge and oonfuúng Jayer e¡ 
duclivity. E ven lhough severa! of lhe upper intervallimits fall 1 
si de the range of Figure 7, lhey are finite and lheir calculations q 
verge and fulfilllhe abovc conslraints. 1 

In case B. one measured flow gain (30 1) is outside lhe CG 
spondmg 95% prediction interval. However, it is expected, 
onc out of 19 measuremenls will fall outside lhis interval. Fig~ 
also shows lhat lhe use of lhe overall efflux to calibrate the ll1¡ 

nanows lhe confidence intervals significantly, but several ofl 
are still very wide. 

In case C. rwo measurements (30 1 and 001) fall outside lh~ 
rcsponding 95% prediction intervals. Ths is not unlikely as.the \ 
abilily lhal more than onc of 19 measurements will fall outsi1 
95% prediclion mterval is 24% (lesl in lhe binomial distribu; 
F1gure 7 shows lhal adding the lhree stream flow gains to lh• 
ibration record n~ows severa! of the confidence intervaJ 

In case D. with 14 estimatcd parameters, all measurcd g...., 
within lhe prediction intervals. The confidence intervals are ""'i 
lhan in lhe previous cases, bul in scveral cases lhe uncertainty ¡ 
significant for lhe stream courscs wilh high measurcd gains (~ 
5, 3, and 1) lhe uncerl!tinty of lhe prcdictcd gain (measuw: 4 
relative difference between lhe coiúidence interYal.limi~ 
dicted val u~) is in the range from ±1 O% to ±25%, whereas lhe · .. . -. ~·-,--·.·· 



upstream zonc transmissivity (Tu) changcs with dimcnsiónlcss 
pumping lime. Thc T., scnsitivuy incrcascs toa maximum and 
thcn gradually dccrcases with time. but Tu scnsitivity incrcascs 
with time during thc wholc pumping pcnod. Thc Tu scns1tivity is 

- gcnerally much:largcr-than Td scnsitivny cxccpt at·the very 
-bcgiruling ofpurnping when the aquifcr nCar thc upstream zonc 
is not yet dis_turbed. 

Comparison of F1gurcs 2a with 2b shows that the d¡ffcrcncc 
between Sd and Su is general! y much smallcr than that betwcen 
Td and Tu. As time increasCs, the former decreases significantly 
and thc lattcr incrcases. In tcrms of storativity, thc influcnce of 
the upstream and downstream zoncs on thc drawdown in the 
obscrvation well is ofthc samc arder of magmtude, but, in tcrms 
of transmissivity, thc influcncc of the upstream zone is rnuch 
more significan t. This indicatcs that transmlssivlty has the char
actcrist¡cs of onc-way coordinates and storativny has thc char
acterist¡cs oftwo-way coordinatcs. These charactcristics beco me 
more obvious as pumping contmues. 

The different magnitudes of the sensitivity values shown in 
Figure 2 have important implication in parameter estirnation. It 
is much easier to estímate transmissivity of the zone than stora
tivity bccause transmissivity sensitivity is much larger than 
storativity scnsitivity; it is much casicr to est1mate the upstream 
transmissivity of the zone than to estímate the downstream 
transmissivity because Tu is much larger than Td. Whcn the 
sensitivity of zone storativity approaches·a constant as shown in 
Figure 2a, cssentially no information can be gained about the 
storagc properties of the zonc from the drawdown data. Thc 
same is truc for the transmissivity ofthc downstream zone. More 
detailed discussion about these general scns1livity features of 
anoma!ous zones can be found in But1cr and McE1wee (1990), 
But1er and Liu ( 1993), and Ji a o ( 1993). 
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Fig. 3. Schematic representation or two-zone aquirú in a radially 
symmetric system. 

Characteristics of Aquifer Parameters in Radially 
One-Dimensional Flow Field 

Consider a radially symmetric aquifcr of two zones. Thc 
aquifer configuration, well locations, pumping rate, and 
parameters are shown in Figure 3. The aquifer is assumed to be 
confined and extended to infinity. 

Figure 4 shows how the normalized sensitivities of dimen
sion1ess drawdown [(4,.T,s)/Q] toS, and T, change with dimen
sion1ess time (T,tfS 21'), where 1 is thc radius of inner zone. The 
general sensitivity features shown in Figure 4 have been dis
cussed in detai1 (Jiao, 1993). What is of interest here is the 
different characteristics between transmissivity and storativity. 
Figure 4a shows that the maximum storativity sensitivity for the 
well at 17.8 mis about 17% of that at 4.2 m. However, Figüre 4b 
shows that the maximum transmissivity scnsitivity at 17.8 m is 
on1y about 3% of that al 4.2 m. This indicates that. an upstream 
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estimatc downst-rcam transm1s.sivity. Storativity rclkct.s .. thc 
aquifcr's ability to rcleasc water, it has thc charactcristics of 
two-way coordinatcs. ILdepcnds on both thc ;upstrcam and 
,downstrcam portiO!}S of thc ~ocation wlw.rc 1t 1:. ·:samplcd" and 
·can be ·estimated by·d¡:s.;downs -both· npstrcam and down
strcam. Thc csumatc of S1 from thc drawdown in Zonc.2 is 
crroncous because, m the radial flow modcl, thc scnsitivity of: 
drawdown in Zonc 2 to storativlty JS very small duc to thc 
distance from 02 to Zone l. Howcver, thc reason for the er
roncousiy estimated T 1 by drawdown in Zone 2 secms deeply 
rooted in the characteristics of the parameter. Transmissivity 
reflects the aquifer's ability to transmit water; it has thc property 
of onc-way coordinates. Information on transmissivity can be 
transfcrred mainly from upstream to downstrcam. Thc informa
tion on the transmissivity of thc downstream portian of an 
aquifer cannot be well reflectcd by the drawdown in the 
upstream portian aquifer. 

This example also shows that parametcrs estimated f ro m an 
observation weli very near the pumping well can rep~csent the 
flow proPenies _qf bo~h ~heaquife-;:- portion .. ñCar Íhc purt_lP.!ng 
weil and thc- POnio~.li? thCdT.Si-~_ce·:·pa-rairiCte'rs eSiinlatC.d from 

an observation well at d1stance will, however, represent mamly 
the_flow propeny of the aquifer between the location of the 
observation well and the distant portian of the aquifer which is 
iriflUCflced by the pumping. Similar conclusions wcre also 
reacned by Butler and Liu (1993). 

Summary and Discussion 
The different characteristics of transmissivity and storativ

ity undcrconstant-rate pumping conditions ha ve bcen examined 
and the influence of these characteristics on paramctcr cstima
tion investigatcd using a hypothetical examplc. Thc rcsuhs show 
that transmissivity has the cb--ª-r_a~-~-Jjs~_i~~ qf_ on~:-~ay_co.ordi
natcs and storativity has the characteristics of two-way coordt-

~-nate5.'Info"fiñiiion o-n trails-nltss;-y¡·t·y- iS transfcrrcct rñ~iñiYfr~~--\ 
upstream to downstrcam. More spccific conclusions can be prc- 1 

Sented as: (1) Scnsutvlty bchavior of storattvity is significantly 
influenccd by Joc1l flow propcrtics, but that of transmiss1v1ty ts 
controlled mainly by the general flow propenies ofthe flow field; 
(2) Drawdown in an obscrvation wcll JS more scnsittvc to thc 
storativuy of a downstrcam zone than that of an upstrcam 7.onc, 
but the differencc ts not significant; (3) Drawdown in an obscrva
tion wc!l is more sensttivc to the transmisstvity of an upstrcarn 
zone than that of a downstrcam zonc and thc differcncc JS vcry 
significant. Thc scnsitiv¡ty of drawdown to transmtss¡v¡ty of a 
downstrcam zone is charactcrizcd by a small positivc valuc ovcr a 
limitcd time penod. 

Thc above conclusions havc Imphcations in pump1ng-test 
dcsign and parametcr cstimatio.n m nonuniform aquifcrs. In 
arder to cstimatc thc paramctcrs of a zonc and the background 
aqülfeC,-an observation well should be located downstream but 

-ne.árt6· the zonc. It should not be placed upstrcam if thc paramc-
ters downstream are to be cstimatcd. An upstream wcll can 
produce mformat10n of storativity of both upstrcam and down
stream, but it cannot produce much informatwn about thc 
transmissivity downstream. Because of the different charactcr
istics between transmissivity and storativity of a nonumform 
aquifer, a well may prov1de adequate information for storativity 
estimation, but may not provide adequatc information for 
transmissivity estimalion. The aguifer arca represcnted by csti
matcd storativ¡ty may be differcnt from that rcpresented by 

cstimated transmissivity cvcn whcn both are cst¡mated from the 
same -aata ___ E:Sti~atcd s~;~úvitY m;y rcilccr rhe rcarures or the 

a4uifer do,wnstrcam more than that of thc aq uifcr upstrcam. t 
thc~~timat~ transmissivity _rnay:represcnt ruainly the features. 
~~~-~guifcr upstrcafn. ' 

In this.paper, examples arelimited to confmed aquifers, but 
the general conclusions may be truc for unconfined aquifers with 
thickness significantly largcr than drawdown. The discussion on 
the characteristics of aquifer parameters is based on constant
rate pumping conditions in onc-dimcnsional flow systems. Tite 
characteristics of aquifer paramcters under more general condi
tions, such as regional two-dimcnsional flow fields, may be 
different and is a topic for· furthcr invcstigation. 
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. :Salf:.iW:arerdniiusion ::iri .the Costa>de . .. , 
-Hermosillo~'' México:· A N unierical ~<Aña1ysis~·. 
of Water Management Proposals 

,, .. 

iy Robert W. Andrews• 

ABSTRACT 
As a rcsult of anthropogc:nic dischargcs of ground 

, .. ter far c:xceeding natural rech.arge, the Costa de 
llcrmosillo aquifer is being actively intruded by sah water. 
Bccause this aquifer is utiliz.ed as the sale sourcc of 
nigacion water for onc of Mexico's principal agricultura! 
districts, the application of any future managcment schcme 
to control this intrusion must be closely cvaluated prior to 
tmplemcntation. A hydrologic and water quality simulation 
model is applied to thc Costa de Hermosillo aquifcr to 

'mcss the arca! and temporal variations in hcad, vclocity, 
md concentration as a result of changcs in the presc:nt 
cbscharge distribution. The known hydrologic conditions 
uc: reproduccd as a means of calibrating the model. Only 
qu.alita.tive statements on the fu tu re behavior of the aquifer 

·ue possiblc duc: to thc: uncc:nainty of the magnitude of 
· nrious aquifcr paramcters and initial conditions. The m o del 
'rn1ployed in this study is found to be a useful tcchniquc: 
'for thc •n•lysis of thc cffccts of thc proposcd pumping 
wcsscs. 

INTRODUCTION 
Salt-water intrusion into coastal aquifers has 

. been the focus of a considerable research effort. 

. The interest in and study of this problem has been 
necessitated by the increased demands placed on 
subsurface-water supplies in large metropolitan areas 
rnd irrigation projects which border many of the 

, coastal regions around the world. If the water 

1 
rcsources within these coastal areas are to be 

'adequately managed, it is necessary to be ablc to 

1 
2

Dcpartmcnt of Gcology and Gcophysics, Univcrsity 
! of Connccticut, Storrs, Connccticut 06268 (currcntly with 
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. Discussion open until M ay 1, 1982. 

predict the saliniry changes to be expected within . 
the aquifer given any proposed discharge scheme. 
Reviews of salt-water intrusion occurrences·and 
the effectiveness of current control efforts are 
given by Newpon (197 5) and Kashef (1977). 

Means of quantifying salt-water intrusion have 
been undertaken by numerous researchers. Early 
studics general! y assumed that a discrete interface 
separated the two immiscible fluids. Analytical 
expressions of this interface, such as the Ghyben
Herzbcrg rclationship, were uti!ized to define the 
position of this boundary. Bear (1979) summarizes 
the existing analytical methods used to assess 
steady state and transient sharp interface locations 
within the vertical plane. Subsequent investigators, 
however, have described the existence of a 
dispersion zone in which the salt water mixes with 
fresh water. A steady-state solution of the 
concentration distribution in the vertical plane 
incorporating the effects of dispersion is discussed 
by Henry (1960) . 

Severa! numerical solution schemes have been 
applied to the evaluation of salt transpon in coastal 
aquifers. The models generated for application to 
salt-water intrusion may be classified according to 
whether a sharp or dispersed interface is assumed, 
an areal or vertical cross-sectional plane through 
the aquifer is considered, transient or steady-state 
equations are used to describe the fluid flow and 
mass transpon, and finite elements, or finite 
differences are employed in the spatial 
discretizations. 

Numerical approximations of dispersed 
intrusion zones have most commonly been 
conducted within the vertical plane. Using the 
method of characteristics, Pinder and Cooper 
(1970) so!ved for the transient position of the 



. salr-war~r fronr, including rh~ eff~crs of disp~rsion. _ discharg~ ar~as hav~ on rh~ ar~al salt distriburion 

··:. u~ and Cheng (1974) empioyed rhe finire elemenr -:-. which mushbe considered. 
·.- :, , '' merhod ·to evalua_te .the src:ady-srare chloride .. •-. ·: •,:Therefore, a.n~ed exisrs-for·a model-.which 

: ,, · ., . .. : .. ·;•- .. disrribu tion,in-,coastal: aquif~rs,-_Transien tcsimula tions _ . ,.~can·be.'lltilized:to.:sgJve. the: are al ::'flow.4Uld -,o::uu¡i•ur 
;:· ,of.rhe disper.iiDn·.zoue;.uSing .. theifinite.clem~nr . .- . -... ~"~quations'iD!I()rdeNo:ass~ssareaLsaltánrrusión i>nrn 

·1 

: m~rhod are·presented ·by Se gol and Pinder (1976) .•. · '- ·coastal.aquifers subjeét to ground-water withdra\\'Ji; 
· A considerable amount of work has been It is this type of model which is developed in rhe 

undertaken recenrly ro evaluare thc areal intrusion presenr investigation and applied ro simulare rhe 
of salr water. Wirhour exception, the rechniques salt-warer inrrusion wirhin rhe Costa de Hcrmosillo 
employed have assumed rhe dispersive effecrs ro aquifer in Sonora, Mexico. While pcrhaps not 
be negligible. VandenBerg (1974) approximated rhe suirable for all field areas and more pronc to 
posiriori of rhe interface by displacing a set of nlimerical insrabilities, it is felt that such a mo<ld 
traveling points located on the interface. Severa! can be of use in the study of arca] intrusion when 
investigators have determined rhe sharp interface the dispersion zone cannot be ignorcd. 
position within the area] plane by solving the 
verrically integrated areal flow equations in both 
the fresh-water and salt-water regions, using the 
constraint rhat the fluid pressures across the 
interfac~ are egua!. This has been accomplished 
using finit~ differences (Bonnet and Sauty, 1975; 
Mercer et al., 1980) and finite elements (Pinder 
and Page, 1977; Sa da Costa and Wilson, 1979). 

The justification each of the above 
research~rs employ for the assumption of a sharp 
interface is thar the transition zone between rhe 
fresh water and salr water is narrow in ¡:omparison 
ro the exrent of rhe ground-water system. Alrhough 
this assumption certainly eases the numerical 
difficulries inherent in solving the mass transpon 
equation and is indeed appropriate for many field 
occurrences of salt-water intrusion, it does not 
hold in all cases. Jf the dispersion zone is extensive, 
as it is in the case of the Biscayne aquifer of 
southeastern Florida (Kohout, 1964 ), rhen it is 
necessary to take into account the dispersion 
process in the analysis of salt-water intrusion. 

Numernu< codes have the capability of 
solving the are al flow and transpon equations, 
incorpor ating thc <ffect> of dispersion, for 
evaluating salt·water intrusion (including, but not 
limited to, Se gol et al., 197 5; INTERCOMP, 1976; 
and Konikow and Dredehoeft, 1978). An examina
tion of th~ literature to date reveals, however, that 
none of these solution routines have been utilized 
for the specific problcm oí assessing areal salt 
transpon in coastal aquifers subject to ground-water 
pumpage. As discussed above, only flow and 
transpon in the vertical plane adjacent to coasts 
have been simula red. This is unfortunate in light 
of rhe fact that in most occurrences of salt-water 
intrusion it is the areal extent of intrusion which 
is of greatest interest to the planner charged with 
protecting the ground-water resource. lt is the areal 
distriburion of wells and the influence rhese 

RELEVANT EOUATIONS/SOLUTION ROUTINE 
As rhe developmenr of rhe app'ropriarc pmiJI 

differenrial equations describing unconfincd 
ground-water flow and the transpon of conscrvarirr 
chemical species in porous media have bcen rcponc.J 
rhoroughly in the literature (see Dear, 1979; Konil-o~ 
and Grove, 1977; among orhers), their generar ion 
will not be reirerated. The relcvant eguarions for 
areal tlow of ground water and mass transpon are 
respectively 

ah aqa 
S -+--+W=O 

Y at ax ( 1) 

and 

a ac _ ac a (eC) 
- [0Dap ~(h) -]- qa -- ~(h) --=U ax., axp ax, ar 

. . . . . m 
wherc 

Sy spccific yield, dimensionless; 

h hydraulic head, m; 
-qa specific discharge through the entirc sarur.u•··l 

thi'ckness of rhe aquifer, m'ls; 

W rate of rcchargc or discharge, m/s: 

e porosiry, dimensionless; 

D.,~ macroscopic hydrodynamic dispcrsion 
coefficient, m'ls; 

~ (h) sarurated rhickness of rhe aquifer, m; 

C concentration of conservarive ion, mg/1; 

<>, ~ indices describing spatial direcrions. 

lt should be noted rhar the above form of thc mm 
transpon equation assumes the concentration of 
rhe source/sink fluid is the same as the average 
concenrrarion of the fluid within the aguifer arrhc 

2 



~tcharge/discharge point.' lf tbis were not the case 
~ ~,¡~a-source term·would·be~required in the 

·.- au1aíion:·cln· the present;stirdy•the speéificyidd 
'":: ·o<mi:hpor.osicy~arc:.assumeil"to;bi::equival~. ·· ; ~ 
· . ·~ •.· ~ · The·decoupleil form 'Ofitbdlow:and·.transporJ. 
'· cquations is utilized in this study. This is a con se

quen ce of the fact that all paramrs are ayeragc:.d 
over the vertical dimension_~nd the Dupujt 
1pprox1matJon is assumed to be app)jc~ble. This 
lllows the utilization of the hydraulic head form of 
the flow equation rather than the fluid pressure 
form. Density dependent flows due to concentra
non gradients, which are importan! in many 
simulations conducted in the vertical plane, are not 
significan! when considering areal transpon. 

The specific discharge vector is related to the 
ltydraulic head by the Dupuit approximation of 
Darcy's law 

_ ah 
qa =e va 2 (h) =-Ka¡¡ 2 (h)- (3) 

ax¡¡ 

where Va is the seepage velocity (m/s), and Ka¡¡ is 
ihe hydraulic conductiviry tensor (mis). 

Assuming the molecular diffusion is negligiblc, 
~ macroscopic dispersion tensor for isotropic 
rous media may be represented 

where 1 v 1 = (va' + v¡¡')l>, the average seepage 
velocity; &a¡¡ is the Kronecker delta; and 

(4) 

IL and aT are the longitudinal and transverse dis· 
pmivities (m), respectively (Bear, 1979, p. 234). 

The numerical method chosen to generate 
1pproximating equations to the ground-water flow 
md mass tram¡:-0•t ~q,;•tions is that of the Galerkin 
•~ighted-residual finite element technique. Because 
detailed descriptions of this method and its 
1pplication to the above equations are available in 
numerous manuscripts (see Connor and Brebbia, 
1976; Pinder and Gray, 1977; Grave, 1977), only 
!he final matrix equations are presented below. The 
systems of equations to be solved are 

md 

(MJ \ ac 1 + [NJ \e 1 = \ R 1 (6) 
ar 

where the components in the coefficient matrices 
l!e 

a¡j = JJSy N¡Nj dA (S a) 

aN¡ aN· 
· ·b¡j = fJKa¡¡2 (h)- ._J dA (Sb) 

aXa ax¡¡ 

~f ,;,-"-'JJWN:-dí\...:f~:: ·~á\}-ah.dS · ::(5c) ..... ; ·;.': .. ;·\~;.;2 .. 
... •.· 1 ... . :' .. :·. ~···~P. .... ;.(In . ~ 

•• •• • • .. ·~ • -.! ··'-.'.:.;i .. :.:.:. 
and . · ·· ·' 

m¡j = JJ92(h) N¡Nj dA (6a) 

aN¡ aN· aN· 
n¡j=JJ[9Da¡¡2(h)- _J+qaN¡-J]dA (6b) 

aXa ax¡¡ ax¡¡ . 

a e 
r¡ = JN¡9Da¡¡2(h) an dS (6c) 

where N¡ and Nj are the coordina te or basis 
functions. The surface integrals of equations 
(Se) and (6c) result from application of Green 's 
theorem to the terms containing second arder 
derivatives. They correspond to specified fluid tlow 
and mass flux, respectively, across the aquifer 
boundaries. These integrals need be evaluated only 
if Neumann boundary conditions are specified. 
After application of the boundary conditions and 
incorporation of an implicit finite difference 
approximation for the temporal derivative, the 
resultant linear systems of equations are solved by 
a Gausslan elimination routine. 

NUMERlCAL INSTABILITIES 
Numerical solutions of the convective

dispersive equation commonly exhibit instabilities. 
These instabilities are characterized by either 
oscillations in the concentration distribu tion as a 
sharp front is approached or numerical dispersion 
which tends to smear the concentration front. The 
difficulties are intensified when convective transpon 
domina tes over dispersive transpon. Additionally, 
when a discrete model is utilized to approximate 
any transport system, the velocity distribution will 
not be continuous. In finite element discretizations 
this results from the fact that velocities are 
gcnerated for each element separately, causing 
interelement values at the same nade to be 
nonuniform. . 

Numerical instabilitie~ were not foreign to th~ 
present investigation, particularly oscillations in the 
vicinity of the front, and various techniques were 
employed to minimize these difficulties. These 
methods are summarized below. This discussion by 
no means covers all possible means suggested to 
reduce numerical errors, as a considerable vol u me 
of research has been conducted in·this field, but it 
does seek to enumerare those utilized at one time 
or another during the present study. 

.. .! 
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Sevc:ral techniques have been suggested to : ... :, evaluares rhe integrals at the nades themselvcs 
,_,,., _,_.:.·minimize discontinuous.velociries. Segol et al. . ·. resulting.in the .diagonal time.matrix. Such a 
. .. . i-·(1975) solved the flow·equation .for the areal . · .:; ,_;:.diagonalization procedure when applied to line~r 

_, ":~ ,,,._,-,:.componcnts·of the.velocity-vector..Simultaneous!y ·: :· :·:;-c.demen.ts..k·é:asiljdncoyim:ated.into·:rhe:compuier· 
· '~· .~···",with.-the·ll~d-,--although.at-the:el<Jlense:nfincreased:. :·.::.ccode.by:r.eplacing,tb=n$istent-erime:matrix.wfrh 

··-:computational storage requirements and costs. · .. , .··' ··.·.a lumped matrix, where.the coefficienrs of the 
lirilizing the equivalence berween rhe disconrinuous lumped marrix are evaluated by placing the sum 
velocities genera red in flow problems and discon- of rhe columns of the consistenr marrix along thc 

· tinuous srresses common. in elasricity problems, diagonal and setting aii off-diagonal rerms ro zcro. 
local or global Iea.St squares smoorhing rourines Discussions of rhis method may be found in 
similar to those used by Hin ton and Campbell Hinton et al. (1976) and Neuman and Narasimhan 
(1974) or Hin ton et al. (1975) also may be employed (1977). In arder ro obrain stable results in the 
to reduce these errors. Although these methods simulation of salt transpon in the Costa de 
were ·applied to the presenr simularion, rhey did Herm'osillo aquifer, rhe time matri" had to be 
nor reduce the numerical oscillarions presenr in diagonalized. This rechnique effecrively 
the solution. eliminated the undershoor problem (large negJtive 

Varied effons have been proposed to reduce concenrrations adjacenr to the coasr) which exisrcJ 
the effects of numerical oscillations and dispersion. when rhe consistent time matrix was employcd. 
genera red in simulating the transpon equation. It Although application of lumped rime matrices 
is apparent that any rcducrion in mesh size (whether to the finite element solution of the transpon 
spatial or temporal) should improve the sol u tion, equation ha ve been successfully performed by 
although the increased costs of such alterations Gureghian et al. ( 1980) and Y eh and Ward ( 1 9R 1 ), 
often prohibir as fine a discretization as is necessary sorne controversy exists surrounding the utilizar ion 
(or desirable) for the problem at han d. Severa! of this method. Severa[ authors have suggested 
methods are based on improved approximations of (Gresho et al., 1978; Huyakorn and Nilkuha, 1979) 
the temporal deriva ti ve su eh as using ~n arbitrary that lumping the mass matrix actually degrades 
time increment or higher arder finite difference the accuracy of the numerical method by gencr;uin~ 
approximations. Once again, these did not dampen excessive numerical dispersion. In arder to asccrr:~in 
the oscillations observed in the present study. whether the concerns expressed by the above 

A technique which effectively reduces the researchers would be detrimental in the current 
oscillations genera red when simulating convective simulation, severa! one-dimensional transpon 
dominant transpon is to employ upwind weighting simulations were conducted. Using similar Couranr 
functions in the weighted residual formularion (v 6t/6x) and Peder numbers (v 6x/D) as emplorcJ 
(Hcinrich et al., 1977). This technique has its roots in the field problem (approximately 0.03 and 20·, 
in rhe backward (upwind or upstream) difference respectively), it was found that the only way ro 
approximations of the convective terms urilized in successfully elimina te the Iarge oscillations down· 

. finite diff~rence appro:ümations (Spalding, !972). gradient from the intruding front was to lump rhc 
Recent extensions of the original steady-srate time matrix (Andrews, 1979). Although a slight 
upwind weighting scheme to transient problems increase in numerical dispersion was observcd whm 
have been discussed by Huyakorn and Nilkuha using the lumped time matrix, this increase was 
(1979), Gureghian et al. (1980), and Y eh and Ward determined ro be acceptable given rhe goal ro 
(198! ). Although this method appcars ro offer eliminare rhe oscillarions. 
sorne advantages over conventional Galerkin In summary, a considerable amount of 
weighting functions for :onvective dominant controversy exists asto the effectiveness of 
transpon simulations, ir was found ro be ineffective upwind weighting functions and/or diagonalizatiun 
in eliminating the oscillations which were prevalent of the time matrix as means to reduce numerical 
in the current application. instabilities inherent in solving convective dominan! 

In an attempt to eliminare numerical oscilla- mass transpon using the finite element method. Ir 
tions contributed by the temporal derivative, severa! appears that both methods introduce sorne 
investigators have suggested rhe diagonalization of numerical dispersion into the solution while 
the time matrix in the finite element approximation decreasing the oscillations. The evidence for or 
([M] in equation 6). lnstead of integrating the against each method is not compelling cnough 
consistent time matrix by Gaussian quadrarure anhis point to warrant complete acceprance or 
yielding a symmetric banded matrix, this approach · rejection of either solution scheme. More work 
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Fig. l· Location and physiography of the Costa de Hermosillo, Sonora. Elewations in meten above mean sea level. Contour 
interval is 50 meten. 

is needed to delinea te when the application of each 
method is the most beneficia!. It is not the purposc 
of this paper to offer a ddinitive comparison 
between the two methods. Suffice it to say that 
both were employed in the present study, and 
•'•l,ough diagonalization of the time matrix was 

;sary to eliminare the large oscillations in the 
Jtide distribution observed in the present problem 

(manifesting itself with large negative concentrations 
adjacent to the coast), both should be investiga red 
for subsequent applications. · 

FIELD AREA 
The area chosen for this study on the use of 

numerical modeling to analyze various management 
proposals applied to a coastal aquifer is the Costa 
de Hermosillo irrigatiori district (Figure 1 ). The 
district Jies adjacent to the Gulf of California in the 
S tate of Sonora, Mexico. The en tire district 
comprises an arca of approximately 7 500 square 
kilometers of which about !200 square kllometers 
are presently being cultivated. 

The geology· of the Hcrmosillo area consists of 

' ·-.- .. ·.::-_~.s •. 
'· . ~.,_~ 

.-:~ 
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...... Late Mesozoic fine-grained clastics·and interbedded ·. 
, , .. , .·.·· · volcanics cut by Early Tertiary granitic to grano-

·. : ... , .. : .. ,, :.dioritiC'inti'JlSives.and· overlain ·by rhyolite flows, 
: .,,. ,· •. ;·:;';,pyrocla,stics;.and¿igriimbrité:s_This,basement . 

·. . . · . .;. : ,:<-..:cDfi\plex.isJilarike.red;by¡.:dhick..sequen~ 'Of . 
..interbedded silts; s:mdsi and gravels ranging in·age" 
from Miocene to Recent which were generally 
deposited as coalescing alluvial fans along numerous 

:, northwest-southeast-trending normal faults. lt is 
rhis deposit of granular material which constirutes 
rhe unconfined Hermosillo aquifer. Underlying the 
coarser material, at depths ranging from 1 SOto 
300m, is a rhick marine clay Oimenez, 1965) 
which is assumed to behave as an aquiclude. 

Considering the paucity of rain fa!! (averaging 
20 cm pcr ycar), and the lack of adcquate surface
water supplies in the Costa de Hermosil!o, it has 
becn necessary to rely cxclusively on the availability 
of ground water for the extensivc irrigation necds 

· of the district. The rotal discharge from the aquifer 
increased steadily following the emplacement of the 
first wells in 1945, and for the past 25 years has 
varied between 760 X 106 and 1140 X 106 m3 /yr 
from about 484 productión wel!s. 

Annual recharge to the Hermosillo aquifer is 
estimated to range from 250 X 10' ro 3SO,X 10' m3 

(Matlock et al., 1966). This recharge is divided 
about evenly between precipitation, irrigation return 
flows, and underflows from the Rios Sonora and 
Bacavachi. This is based on the assumption that 
approximately 10% of the applied water from 
irrigation and rainfall recharges the aquifer, the 
rest bcing lost to evaporation and transpiration. 
Rechargc is incorporated in the present model by 
applying the annual contribution due to arca! 
precipitation and irrigation rerurn flows to 
appropriat~ inr~rio• 'lorlrs while specifying a 
constant recharge at boundary nodes adjacent to 
the Rios Sonora and Bacavachi. 

The excess withdrawals over recharge have 
created overdrafts from the Hermosillo aquifer 
ranging from 450 X 106 to 900 X 10' m3/yr since 
1954. As a rc:sult, water-table declines of up to. 
40 m were gcnerated in interior regions of the 
districtby 1973 (Cummings, 1974). Observed 
piezometric surfaces during the early phases of 
ground-water development (1954) and after 16 years 
of intense discharge (1970) are illustrated in 
Figures 2 and 3, respectively. · 

By lowering the piezometric surface below 

[

sea leve!, the natural h draulic gradient ~ \ 
the coast has een reverse m t e crmos1 o arca. _j· 
Th1s reversa! has enhanccd the landward migration 
of sal t, as is seen in the tcm poral varia tion of thc 

·.,· 

JO 20 

Fig. 2. Observed 1954 potentiometric surface. Elevations 
in meten above mean sea level. 

lO 20 

Fig. 3. Observed 1970 potentiometric sur1ace. Elevatiom 
in meten above mean sea level. 
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present study the initial (pre-pumping) trans-
. missivity.was assumed to be 0,1 m2/s within.the. 

· -1· · · :, :,· '... .· interior.regions:The.areas encompassed by .the 
• ·. · · · ' ' ... · ~.;:;-buried.alluvial:vJlllc:ys.werc::assi_gried.n'anSniissivi ti es · · 

·-- · ····' ,. .. . .. •·· .:.:·:-of.O: 12tm~ /s¡-wbilc:~aluc:.ófi0~6:m2/s·was:applic:d 
· ·· : ·_.. to·the·finer-grainc:d sediments in the coastal zones. 

'The·aquifer was assumed to be isotropic. Specific 
yield values ranging from 0.08 (Cruickshank and 
Chavez-Guillen, 1969) to 0.1 (Madock et al., 
1966) to 0.15 (Domenico et al., 1974) have been 
proposed for the Hermosillo aquifer. In the present 
study the specific yield and porosity were assumed 
to be equivalent and equal to 0.15, except in the 
major intrusion zones where they were reduce<! to l_ . . -;--

[

0.06 in order to successfu~ecapiw!are,ili.e .) "1f' 

o 1970 
[E¡] 1971 
c::J 1972 
!IIl1l 1973 

Fig. 4. Total dissolved solids for the years 1970 through 
1973. Areas with greater than 525 mg/1 total dissolved 
JOiids are depicted. 

t. .1ssolved solids from 1970 to 1973 (Figure 4). 
lt is generally believed that the two major intrusion 
zones within the aquifer represen! buried alluvial 
channels which actas conduits for the intruding 
salt water (Domenico et al., 1974). Although no 
wells exist within 10 kilometers of the coast, 
total dissolved solids concentrations in excess of 
1200 mg/1 and chloride concentrations greater 
!han 400 mg/1 have been observed in severa! wells 
within the major intrusion zones. These wells fully 
pe9etrate the aquifer and are well mixed, thus 
~ving an average concentration at the point of 
txtraction. The background chloride concentra !ion 
in this arca is about 20 mg/1. 

Prior to applying the numerical procedure 
discussed above to the Costa de Hermosillo aquifer 
it is necessary to first define the relevant aquifer 
propenies as well as the initial and boundary 
tonditions. Based on a number of srudies conducted 
by the ~cretaria de Recursos Hidraulicos (SRH) 
md others, a considerable amount is known about 
the narure and extent of the Hermosillo aquifer. 
n· · ·itial sarurated thickness of the aquifer 
a· s approximately 150m. Based on aquifer 
test> performed by the SRH, the transmissiviry 
was found to vary between 0.05 and 0.12 m2/s 
(Cruickshank and Chavez-Guillen, 1969). In the 

observed ch.!Q[iQ_e distributions. Longitudinal and 
n'ansverse dispersivities of 100 meters and 30 meters 
respectively were utilized in the transpon simulation. 
Varying the dispersivity did not affect the simulated 
results to any significan! degree (Andrews, 1979). 

AII boundaries of the Costa de Hermosillo 
aquifer were treated as either constan! poten tia! 
(Dirichlet) or constant flux (Neumann) type 
boundaries. T~e coastal boundary nodes in the ~ • 
simulation of the head distribuuon were assigned ~ 
a constant head of 0.0 m, while all other boundary 
nodes were treated as Neumann type (ah/an = O). 
Although the latter no-flow boundary m ay not be 
strictly corree!, except to the sou th where the study 
arca is bounded by intrusive rock units, it was 
felt to be adequate as these boundaries are well 
removed from the central discharge region, and 
hence do not affect the solution in this region. For 
the solution of the mass transpon equation a 
constan! chloride concentration of 19,000 mg/1, 
the chloride concentr tion of sea water, was 
assume to be ap.Q!icable along the coast. AII other 
boundaries are represented by Neumann no-flow 
conditions (aC/an = O) which are appropriate as long 
as the flow is parallel to the boundary or the 
boundary is far enough removed from the arca 
encompassed by the intruding sal t. 

Although recorded water-table elevations 
were available from data compiled by SRH 

. (Figure 2), the lack of data available within 
approximately 10 km of the coast and the 
temporal lag prior to the collectipn of concen
tration data (which commenced in 1964) 
precluded the existen ce of information regarding 
the inicial areal extent of salt in the Costa de 
Hermosillo aquifer. Severa! methods were 
considered in the current study for the determina
tion of the initial chloride distribution. One 
possibility "':asto model the steady-state chloride 

1 
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fig. 5. Finita element mesh used in head simulations. 

· disrriburion in rhe vertical plane (see Segol and 
Pinder, 1976) and ro subsequently average the 
concentrarion over rhe depth. Srable results were 
nor anainable using rhis merhod due ro the large 
aspecr ratio required for rhe simularions in the 
vertical plane and rhe exrremely low hydraulic 
gradienrs wirhin rhe Hermosillo aquifer. Anorher 
possible means of calcularing the sready-state 
areal or vertical concentrarion distribution is ro 
assume hydrostatic condirions and employ rhe 
Ghyben-Herzberg relationship. Assuming no 
difiusion zone and a salt-water density of 1.025 
gmlcm', rhe use of rhe Ghyben-Herzberg 

, .. 

formula would place the pre-pumping interface 
further inland rhan the observed data warrant. A 
third method is ro evaluare the deprh ro the 
srationary interface as a parabolic funcrion of 
distance inland from rhe coast (Glover, 1959; 
Bear, 1979, pp. 393-396). This means of deter
mining the srcady-state concentration distriburion 
is appealing because ir resembles severa! observed 
sready interfaces as well as sorne numerical 
approximarions to interface problems (e.g., Sa da 
Costa and Wilson, 1979, p. 159). This latter 
merhod was employed in the present srudy by 
firsr defining rhe posirion of rhe steady-srare sharp 
interface and then averaging the chloride 
concentration over the depth by derermining the 

relative percent of the sarurated aquifer conuining 
.... · salt andJresh water. Although this technique m ay 
-·. r.:not·yield.the exact initial.chloride.distriburion in 
·- .;~,:the;H.er.mgsilla.aquifer ¡i t.is. felt .to ·be.zmsonablc_· 
"-~pr.ox.i¡¡¡ation. . . 
. , · ..... ""···,'The.finite element' discretizations applied ro 

the Costa de Hermosillo aquifer are shown in 
Figures 5 and 6 for the head and concentration 
simulations, respectfully. A much finer mesh is 

· urilized in the concentration simulations in order 
to reduce the numerical instabilities generated in 
solving the convective-dispersive equarion. Hcads 
generated in the tlow simulations are exrrapobrcJ 
to the finer concentration mesh prior to the 
solution of the nodal specific discharge vectors. Ir 

Fig. 6. Finita element meshes usad in concentration 
simulations. 

··:-··-
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Fig. 7. Observ~ (dashed) and simulated (solid) 1970 
potentiometric surface. Elevations in meten above mean 
sea level. 

· should be noted that the concentration mesh 
rtfinement does not genera te a more exact 
velocity distribution, but decreases the errors 

· : associated with ttying to fit a relatively sharp 
interface through widely-spaced nada! points. The 
use of two separate meshes in the concentration 

· simulations was for purposes of convenience. A 
total of 16 7 nades are u sed in the head simulations, 
while 3 58 nades are utilized in the northern 
concentration mesh and 326 nades are employed in 
the southern concentration mesh. 

Recapirulation of the observed head and 
concentration distributions over a period of known 
ground-water discharges is a prerequisite to any 
model which is to be used for the evaluation of 

· furure discharge schem~s. Starting with the known 
, initial piezometric surface (Figure 2) and the 
pumping rates from 1954 to 1970, the model 

· diseussed above is seen to genera te a head 
, distribution which closely approximates the 
'observed 1970 piezometric surface (Figure 7). At 
·-o node is there a greater than 5 m difference 

modification would not have allowed a successful 
· :recapirulation of the concentration distribution . 

.. , .. :Recapirulation of the known concentration . 
···:'cdistribution·posed.severaLproblcins .. TheJack·of .·:· 
· • :< :.any.-reéordi:d •!-~·iriiti:il~:.c.onci:ntration4iistribu.iion, 

·::-·the paucity of data'available withill'-about·ro km 
of the coast, and the temporal variability in the 
chloride concentrations observed at many of the 
wells all contributed to the uncertainty involved 
in the recapitulation of the chloride distribution. 
In spite of thesc limitations, it was possible to 
gencrate a chloride distribution which closely 
approximated the 1970 obscrved distribution 
(Figure 8). In so doing, a low porosity and specific 
yield (averaging 0.06) had to be incorporated in 
the majar intrusion zones. The high chloride 
concentrations observed in the northern fringe of 

· the srudy area were ·not reproducible in any of the 
concentration recapitulations. Examining the head 
distribution in this arca it is apparent that the 
hydraulic gradients and hence convective flux es 
are small in comparison with the rest of the region. 
The poor quality water in this area appears to be 
not the result of salt-water intrusion, but instead is 
probably due to high chloride indigenous ground 
waters which may be the result of a buried Plio
Pleistocene playa deposit. 

, .. 

ro 20 

cween the simulated and observed heads. Although 
·; the simulated match on the western fringe of the 
1 central discharge region could have been improved 

. ':by increasing the specific yield in this are a, this 

KM 

Fig. 8. Observed (dashed) and slmulated (iolld) 1970 
chloride distributions. Contoun represent the 100 mg/1 
isochlor. 
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.. -, .... :r ~-:. 



... EVALUATION OF MANAGEMENT PROPOSALS · wells with a total.withdrawal of 162 x lO' m'lyr 
. . . .. ·-- · Severa! options-for controlling the rate.and . (which represents 18% of.the basinwide rouls) 

.... . ·:.;, :,ex¡enr of-inrruding salu~a.rer,in.to.coastal aquifers.. --: were.removed from rhe area adjacenuo the co~sr 
:. :, • ··" !; .: ·have:.l>een. pro¡iosed (('/e\ryort,:r9.75): Among.the ... , ..• ~nd.installed-in·.zonesün:the.northan:a.nd . .easrcrn.' · 

,. , ···•· :·.:':-áltérnarive:¡,which h_ave:been·.~ggened -as.:being_ ... ''- :~:.:sc.ctors:obhúlistrict:O:TheJlC:ad:Qistribution .-
. ·. ·, ... ...-,-,potentially.applicab!'e to.the Costa:de. Hermosillo ,: ··e:· :'E>btained·after:34 years of simularion·.using rhis 

irrigation district are .,, management policy appears in Figure 9. As 

·· l. Relocating the_ wells by eirher moving rhe 
wells inland or dispersing the wells to eliminare 
areas of concenrrated discharge, and 

2. Reducing the amounr of water pumped from 
the aquifer by improving the irrigation efficicncy 
(Domenico et al., 1974). 

These proposals certainly do not exhaust the possible 
discharge schemes which may be applied to the 
Hermosillo aquifer, sorne of which have been investi· 
gared by the author (Andrews, 1979). They are 
meant ro be illustrarive of results obtainable 
utilizing the developed areal model ro assess the 
impacr of various management stresses. The 
discussion which follows will focus on the effects 
these proposed management schemes would produce 
on the head and chloride distriburions were they 
to be applied ro the Costa de Hermosillo irrigation 
district. In these simulations iris assumed that the 
recapirulared head and concentrarion distriburions 
previously genera red provide suitable initial condi
tions. Each simulation is conducred over a 
34-year time span using a one-half year time step. 

Ir must be stressed rhat the resulrs contained 
herein should not be interpreted as absolute 
estimares of future head and chloride distributions. 
The uncertainties discussed require not only a 
degree of subjectiviry on the part of the modeler, 
but more importanrly the realization that only 
qualirative sratements on the furure behavior of 

e aquifer system are possible. T_hys jr js impossible 
to predict with any degree of certainty ·what the 
chloride concentration will be at a given point in 
space and time. What can be garnered from the 
simulations are the general rrends in rhe head 
and chloride distributions and the relarive impacts 
ro be expected ·ven various ap lied srresses. 

ne means suggeste o reducmg t e ateral 
intrusion of salt water ca u sed by excessive pumping 
is to simply move the wells further inland. The 
essential aim is not only ro relocate those wells 
which are being threatened by the intruding salr 
water, but also ro reduce the inward convective 
transpon of salt so that more interior wells may 
be preserved. In applying this management scheme 
ro the Costa de Hermosillo irrigation district, 92 

expected, the maximum drawdown region has 
shifted about 1 O km inland as a result of thc 
discharge relocation. In addition, there is a sh.rp 
increase in the hydraulic gradients in the region 
between the maximum drawdown region and rh,· 
coastal region from which the pumpage was 
elimina red. Alrhough not depicred on the Figure, 
at early times subsequent ro the application o( rhi> 
pumping policy, rhe rare of head decline in rhc 
coastal region (up ro 15 km away from the co:~sr) 
was sharply reduced due ro the cessation of 
ground-water withdrawal from this area. Thc 
simula red chloride distribution under this man:~~c
ment policy is depicred in Figure 1 O. Iris clcar 
that a sizable portion of the pumping capaciry nf 
the aquifer would be affected by rhe intruding 
salt if this discharge policy were employed. 

With the realizarion that ir is the vol u me of 

Fig. 9. Simulated potentiometrlc surface after 34 years 
using the management proposal to relocate the coastal 
discharge. Elevations in meten above mean sea level. 

, ... 
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water discharged from a coastal aquifer and the .' of 42%:.The simula red head distribution after 34 
···· ·ltant hcad decline·ana·hydraulicwadient ·.: '-·years·using this·managemenr proposal is depicted 

;¡... ~al>wliich·.evenro:illyJead. tocthe ·inrrusion ofc ...... "·cin Figure :lltThe• decteased·~ischarge. in :this ,. · 
:.·c"'·lato·water;='apparent.means:of:controlling:the- .. c.·.:.;c:;,:.management,plan';has;Si¡iil!Tu:anily.:teduced~the 
· .. , : influx .. o'f'salt water'is ro·simply reduce·the ·amount ._.,. · ·· "dr:iwdowns in :rbe·c<:iltral·porti'on·ohhe.district 

of water pumped from the aquifer. Busch et al. compared to those generat<:d in the well relocation 
(1966) have estima red that a potential reduction scheme. Although the cessation of pumpage from 
in total discharge of 20% is possible in the the coastal wells has increased the hydraulic 
Hermosillo aquifer by improving the present gradients between the coastal and maximum 
irrigation efficiency. Experiments conducted in drawdown regions, the effect is notas noticeable 
northern Mexico indicare that water requirements as in the previous management scheme. This is due 
can be decreased by about 15% while at the same to the smaller number of wells involved and the 
time increasing yields approximately 25% when temporal delay before the wells are removed from 
irrigation improvements are employed (Domenico production. 
ttal., 1974). lt is rhus possiblc ro significanrly The simulated chloride distribution after 34 
reduce the water needs in the Hermosillo arca years using the discharge minimization pblicy is 
while still obtaining benefits that compare · shown in Figure 10 for comparison to the well 
favorably with those curren ti y earned in the relocation management scheme. The extent of 
district. • intrusion in the minimized pumpage scheme is 

The discharge distribution used in the proposal generally less than when the previous pumping 
ro minimize water withdrawals assumes a 20% policy is used. This is a result of the reduced 
discharge reduction at all wells for the first five drawdowns and hence reduced gradients when the 
years, 27% for the second five years, and 33% for total discharge i~ minimized. 
!he third five years, after which 64 coastal wells The fact that the·coastal wells continue 
are removed yielding a total discharge reduction to pump for the first 15 years of the discharge 

29° 

10 10 

KM 

hw. 1 O. Simulated chloride distributions after 34 years 
using the management proposals to relocate the coastal 
discharge bolid) and minimize water withdrawals (dashed). 
Contours represent the 300 mg/J and 3000 mg/1 isochlors. 

,. 

Fig. 1 1. Simulated potentiometric surface after 34 years 
using the management proposal to minimize water 
withdrawals. Elevations in meten abon mean sea level. 

,• .... ' .. -..... ·; 
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minimization plan, albeit at decreased rates, does tion and simulation process. The vast are al extcnt 
, . ·-not allow as great a reduction inchydraulic · . ·of the aquifer makes it .virtually .impossible to 

.•. · ... ,, .. gradients in theo-coastal.region..as was realized.in. ·. .., . obtain the .desired spatial frequency of data and 
:, : ... :.•; .tiJe wcU relocation sche.~e:·Hen,ceJor.early;times,, ..• , ... ·.-also required:a·noda!·~pacing of.:se.veral:.kilome.te~. 

·-·· .. :' ._c~·.when. the·intriiding salt'w:rJe.~.is corfine:!J,within, ... ":.: ... ~inaucjng:~aln;amount.af..OOmericaJ.instabinty· 
. , . , ..... , ·.this.coastal,zone;the.rclocation scheme provides .. ;. : ·in the'finite:element'simulation.- 'Although only 

.·, 

rei:luced rates of transpon. This is compounded qualitative statements of the relative impact each 
by the lower hydraulic conductivities in the zone management scheme would i01pose on the aquifer 
between the buried alluvial channels. This system are possible, it is felt that the simulation 
reduction is manifested in Figure 10 by the inland technique employed in this study provides a ration:~l 
extent of the 3000 mg!l isochlor. Once the salt basis for analyzing the effect future proposals woui,J 
water enters the enhanced hydraulic gradient region have on the areal and temporal distribution of salt 
between the coastal area and the central pumping within the aquifer. Although areal sharp interface 
region, however, the transpon inland is increased. intrusion models would eliminare the numerical 

osdlation and dis erslon roblems because o~l¡• 
CONCLUSIONS 

Successful water management in an area 
irrigated with ground water, such as the Hermosillo 
irrigation district, is greatly enhanced by the 
ability to predict and evaluare the impact of any 
proposed modifications in irrigation practices or 
withdrawal distributions on both the quantity 
and quality of the ground water. Hence, an accurate 
hydrologic and water quality simulation model is 
a desirable management too! for predicting responses 
and affording a rational basis for the qevelopment 
and use of the ground-water resource. Various 
management schemes proposed for the Hermosillo 
irrigation district have been investigated to ascertain 
the effect each would impose on the transient 
areal distributions of head and chloride concentration 

. within the aquifer. 
In comparing the results generated by applying 

the various discharge distributions to the Costa de 
Hermosillo aquifer, severa! significan! features are 
observed. For the hydrogeologic conditions of the 
Costa de Hermosillo, the salt intrusion is essentially 
irreversible. lt is impossible .to reverse the inland · 
transpon of salt due to the magnitude of the 
drawdowns and hydraulic gradients within the 
interior regions of the district by the time any 
management plan is initiated. In addition, once 
the salt water js inland its mo1•ement is independent 
of what happens along the coast. The management 
schemes that attempt to restare coastal hydraulic 
heads, and in so doing reduce the hydraulic 
gradients and transpon of salt inland, are of little 
benefit in reducing the long·term intrusion. 

1t is worthwhile to stress the preliminary and 
qualitative nature of the results simulated using 
the various management alternatives proposed for 
the Costa de Hermosillo irrigation district. These 
limitations are necessary because of the uncenainry 
and variability inherent in the parameter identifica· 

e ow cquanons are solved,·they would not c. 
appropriate in the resent case due to the exrensi1·e 

tspersiOn zone~ 
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Abstrae!. In this two-part series a stochastic estimation procedure applicable to the 
analytic strcamftow model derived in the companion is introduced. The paramcter 
estimation problem is posed in the framework of maximum likelihood theory, where 
prior information about the model parameters and a suitable weighting scheme for the 
error tcrms in the estimation critcrion are includcd. Various optimization methods are 
combined for parameter estimation. The issues of model and parameter identifiability, 
uniqucncss, and stability are addressed, and strategics to mitigate identifiability 
problcms in our modeling are discussed. The seasonal streamftow model is applied to a 
mountainous watershed in southern Arizona, and maximum likelihood estimates of 
mountain front recharge and other model and statistical parametcrs are obtaincd. The 
analysis of estimation errors is performed in both the eigenspace and the original space 
of thc parametcrs. 

Introduction 

The analytical_model of the seasonal strcamftow devel
oped in papcr 1 [Chavez et al., this issue) is conceptual and 
contains unknown parameters that need to be identified for a 
particular watershed. A paramctcr identification proccss 
(model calibration) is required to adjust the modcl parame
ters to satisfy sorne criterion (critcria) of minimization of thc 
output errors. In general, sorne paramctcrs may be dircctly 
idcntifiablc from field measuremcnts (c.g .. watershed arca). 
whcrcas othcrs are cstimatcd according to critcna of good
ncss of fit (c.g., effcctive initial abstraction). 

In this papcr we pose thc parametcr cstimation problcrn in 
thc framcwork of maxirnum likclihood thcory as prcscntcd 
by Sorooshian and Dracup ( 1980]. Wc cxtcnd Sorooshian 
and Dracup's formulation by mcluding prior informallon 
aboutthc modcl paramctcrs following thc approach adoptcd 
by Carrera and Neuman [1986] in conncction w1th thc 
groundwatcr hydrology inverse problem. An "aulOmatic" 
paramctcr cstimauon proccdurc is thcn cmploycd to obtain 
thc optimal paramcter cstimatcs of our scasonal strcamflow 
modcl, in particular, long-tcrm cffccuvc subsurfacc outOow 
from thc watcrshcd. 

Maximum Likelihood Framework 

Considera scqucncc of n ycars where scasonal strcamflow 
at thc watershcd outlet m year k is modelcd by (25) tn paper 
1 (Chave¡ et al .• this issue) if applicd in an ent,rcly lumpcd 
manncr or by a particular cornbination of equataons of this 
form 1f the watcrshed wcrc dividcd into m subarcas. lncor-

Copyright 1994 by lhc Amcncan Geophysical Union. 
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porating the cffect of errors, the seasonal streamHow is 
expressed as 

Qj =J(P,, v,; 9) + '•· k= 1, .. ·, n ( 1) 

wherc f ( ) represenls the deterministic relationship be
tween thc input given by Pt and v,~.:, which are the m-dimen
siOnal vectors 'of seasonal rainfall and number of rainstorms 
in thc sea son, respective! y, and the scasonal strcamftow 
response, which is mcasured by Q'!. Thc stochast1c error 
tcrm ¿;.1.: is cornposcd by the additive effect of strcamHow 
rncasurcmcnt errors and errors resulting from 1mperfections 
associatcd with thc model cquation, as well as unccrtaintics 
in thc measurcd inputs and the physical paramcters 9. 

Assuming that thc joint probability distribution of thc 
crrors is normal with zcro mean and covariancc matrix nQ. 
the log likelihood function takes the forrn 

S= S( e, fiQ) = - ¡ n In (2rr)- ¡In lfiol 

- ¡ [(Q- Q') rn¡¡'<Q- Q')J <21 

whcrc lflol and HQ 1 are thc dctcrminant and thc invcrsc of 
thc covanance matrix nQ, rcspectively; and Q• and Q are 
thc measurcd and the "truc" streamftow valucs for a given 
parameter vector 8, respectively. Minimization of the abo ve 
log likelihood function with rcspect to the unknown param
eters providcs the model parameter valucs that maximizc thc 
probability of obscrving Q•. 

lf the errors are assumed to be heteroscedastic and 
uncorrclated, the maximum likelihood function (2) reduces 
to the following wcightcd least squares criterion: 

" 
min OF = L w,(Q,- Qj,)' (3) 
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.CHAVEZ ET AL::-MOUNTAIN FRONT RECHARGE TO REGIONAL AQUIFERS, 2 ,. . 
· · ~- ~: ,· <·· .. where w f =-u¡ ~-are the wéights.equal to the in verse v3.lues ··· •Streamflow· measurements Q• ·at 'the watershed outlel. ·In·· 

, : ·· · .. gf.the variances.of·the.úrof-... 1'his-assumption is reasOnable;!•,.lheory.··a.Parnmetcr -estimation: problem·-is-well posed :ir a 
.. · · • .:: ··" ·>·.due 'to.-the ·large. ~ime.lniervaJ.betw<:en:.mc!'asua:ment .valucs·::wnique.andostabi6Solution:exisU.: li>~.work;: bowe'vcr ,.vie · · ' · · 

• • · ..... ,"and -due- to. ·the.:·t y pi cal :·Jtigln.variabilitpirr.,..,nual •-runoff,.,aJso:-strive;for.\CflDceptuaH,.....,..Jistic:pararnéta. -cstimates. 
· ;·- .··· (espccially characteristic of arid and semiarid ·rcgions). · Let us ·designa te the •:true '.' values of thc · modd parafne. 

Thc computation of the propcr values of the weights has · ters by e and their prior estimates (or ··~casured" values) 
bccn a majar problem in the calibration of rainfall-runoff by Et*. Discrepancies betwecn mcasurcd and truc quantities, 
modcls. Thc computation of thc variance of the error from Q* - Q and e• - e, will be rcferred to as "mcasuremcnt 
data is rarely possible, because no repeat of mcasurcments is crrors." On ·the other hand, discrcpancies bctwecn mea· 
usually availablc at each leve! k. Sorooshian and Dracup sured and computed quantitics, Q* - Ó and e• - é, are 
[1980] proposcd an altcmative mcthod bascd on stabilization called "residuals." Although, in theory, ML cstimation is 
of thc variance through the use of the Box·Cox [Box and posed in tcrms of "prior errors" which are usually taken to 
Cox, 19641 powcr transfonnation which relates the variancc be thc measuremcnt errors, in practice, cstimation is per· 
of cach error to its associatcd output valuc. This lcads to the formcd by optimizing an objectivc function in tcrms of thc 
following cxprcss10n for the log likelihood objcctivc func· residuals. The latter are a combination of mcasuremcnt 
tion, which is opt1mized with rcspcct toe. A, and u~: errors and crrors arising from an inexact model structure. 

" " 
Conscquently, the prior statistics entcring into thc obJCCtivc 
function or estimation critcrion should reilcct both types of 
errors. .. , ,_, 

where w ¡, is thc weight at year k that is computed by 

»'¡, =Jf(A.-1) 

Discrcpancies between measurcd and computed stream· 
(4) ftow values are due to many factors, which includc instru· 

mental, mcthodological, personal, computalional, and sam
pling [Boyer, 1964], not to mention imperfect model 

(5) structure. Thus on the basis of the central limit thcorem thc 

m 'which /¡, is the expcctation of Q *, and .A is the unknown 
transformation paramcter which stabilizes the variance to 
af2. Thc value of A 1s sought d1rectly through satisfying the 
neccssary condit1on for opt1mality whcn e is assumcd 
known. That 1s, 

yiclding 

as 
-=0 
a A 

L In Q(- u-(i 2 L "'• In Q( (Q¡- Qil 2 =O (6) ,_, 
'•1 

In this work, ft = Qk was u sed in thc computation of the 
weights (in thc origmal work the authors uscd the computed 
flows). Fu/ron [ 1982] showed that this results in a more 
stable estimauon schemc. Furthcrmorc, th1s form lcads lO 
more tractablc cxprcssions for the first and second deriva
tives of the obJCCLI\IC function wuh rcspect to the modcl 
parameters. 

For thc case of homosccdastic error~ {mdependent of lime 
and magnitude of the associatcd flows). thc optimizalion 
procedurc will automaucally sclect thc value of A = 1.0. Th1s 
results 1n w, = 1 for all J... and thc obJCCtivc funcuon is 
equ1valent to thc Simple lcast squarcs cntcnon. lf. however, 
thc vanance of thc error 1s proponional lo a power function 
of the magnitud e of the flows, then thc procedure will sclect 
a value of .A ?': 1.0. For the case whcre largc:r flows are 
associatcd with larger vanancc:s of the error, as illustrated by 
Sorooshian and Dracup [1980], the maximum likelihood 
(ML) estímate of A will be lcss than umty, indicating that 
lower flows (wh1ch have smallcr error variances) are 
weighted more hcavily 1n the objective functJOn. 

lncorporation or Prior Information 
About thc Paramcters 

In our parameter idenlification problcm, improved csti· 
mates é of thc modcl paramcters e are sought by relying on 

combined error of thcse contributing factors may be as
sumed normally distributcd with zcro mcan .. lnasmuch as 
not all of theSe factors can be quantificd statistically at thc 
outsct, we writc, in the manner of Neuman and Yakowifl. 
[ 1979], the covariance matrix of the prior strcamflow errors 
as 

(7) 

where ab is the stabitized variance and AQ is a symmctric 
positive definite matrix, diagonal in our case, of which thc 
d1agonal elcments are (Q~) 2 (l-A). Thc stat1stical paramcters 
ulz and A may be estimatcd jointly with the model parame
tcrs e through the stagewisc optimizatJOn procedure out
!ined in the ncxt section. 

Prior errors in thc modcl parametcrs are al so due to many 
factors. Thus m thc spirit ofCarrera and Neuman [1986] we 
hypothesizc that if thcse parameters undergo suitablc trans· 
formations (for cxample, a logarithmic transformation), their 
pnor crrors can be considered normally distributc:d with zcro 
mean. How.evcr, bccause sorne ofthe factors contributing to 
thosc crrors cannot be quantificd statistically: we writc the 
covariancc matrix nP of the prior crrors associated with 
paramctcr type ep (pis initial abstraction, recharge), or its 
transform, as 

(8) 

where a; 1s c1thcr a known oran unknown positivc scalar 
and Ap is a known symmetric positive definitc matrix. 

For the mitial abstractions, (8) is rewritten as 

(9) 

and for rccharge, (8) reduces to 

( 10) 

In this work thc prior estimation variancc of thc long·term 
effcctive scasonal subsurface outflow. or mountain front 
rccharge, a; is 'assumed to be complctely known. 

..... · 

2 
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'· clt-depends.on the.method.employed-to obtain that.prior.· ., . As pointed out: by._.Carrua··and Neuman [1986),· this 
-·estimate-:and:on .the -specific,.hydr{,geoiogic.:.~nditions .. A :· c;riterion makes it·relatively easy to introduce prior.informa
. ·-value_for. it::can...be-proYided~if:the,-accuracy,.of~thc: method~·;:,tion about thc.parameters.into the estimation se heme: .Tñis·is 

.• . . under given .conditionsjs_ 'known: .I'Jtherwise,cthat .. variance .. co .bécause:óf.the.:propertrothat.th<..log:Jikelihood.of.a.hypoth-
.. ~: .- ..• ~~can be obtained.irOm·the range of .variation of the parameter. · -·esis~ givCn aUtbe data.; i.s the suril Ofthe log·likelihoods of the 

its lower limit being zero and letting its upper limit be : same hypothesis. given each separatc set of data. 
assumed. In this regard. we find it convenient to enable the lncluding prior information about the model parametcrs in 
modeler to enrich the calibration process with qualitative criterion (4) according lo (11} yields 
infonnation derived from experience. 

" Following Carrera and Neuman's [1986] approach, we 
assume, for operational reasons and without loss of gener· S 1 = n In (17Tu b> - 2: 
ality, that the prior es ti mates of the different parameter types 
are mutually uncorrelated. The g]obaJ covariance matrix of 
the model parameters, 118 , is thus block diagonal, its 
diagonal components being nP. We aJso assume lhat prior 
streamftow errors and prior pacameter estimation errors lack 
cross correlation, and therefore streamflow values used for 
parameter estimation must not be used to derive prior 
parameter estimates. 

With regard to obtaining prior infonnation about the 
model parameters, in paper 1 we introduced a procedure to 
estimate initial abstraction without relying on streamflow 
data, whercas later in this paper we will mention methods to 
provide a prior estimate of long·term effective subsurface 
outfiow, which are independent of streamftow measurements 
as well. 

Now, let z• = (Q•. e•)T be a vector incorporating the 
available streamftow and model parameter data, and let 1T = 

( ub, u¡, A, · · · ) be a vector of all the unknown stat1stical 
parameters characterizing the prior errors. lf p = (8. n) T is 
the vector of all the unknown parameters, then the hkelihood 
L(lllz') of a hypothesis regarding the value of ll given z' and 
a spccific model structure (mathematical model, paramcter
ization, error structure, etc.) is proportional tof(z*IP>. the 
probability density of observing z• if fl was true. lnasmuch 
as L(flfz•) is a function of the parameters, u 1s called the 
likelihood function. 

Once the data have been properly transformed to yield 
normal distributions of the prior errors, and in v1ew of our 
assumptions conceming the lack of correlat1on bctween 
prior estimates of different parameter types and the lack of 
cross correlation between prior streamflow errors and pnor 
parameter estimation errors, the likehhood funct10n takcs 
the form 

L(Jllz•) ~ f(z'IJl) ~ (Z,) -N"In,l-"' 

·cxp(-¡(z'-z) 1n,- 1(z'-z)) (11) 

Hcrc N is thc total numbcr of pnor data, and n, IS thc 
covariancc matrix of thc prior crrors: 

( 12) 

where no and fie are the covariancc matrices of thc pnor 
streamftow errors and model parameters errors g1ven by (7) 
and (8), respectively. Recall that 0 8 is block diagonal, with 
diagonal componcnts fip. 

In practice, ML estimates are generally obtained by min
imizing the log likelihood function: 

( 14) 

where n is the number of streamftow data, n 11 is the number 
of initial abstractions (subareas) with prior information, ul, 
is thc "relativc" variañce of the prior estimation of imual 
abstraction h 1, where 1 is the su barca indcx, and y and y" are 
long-term effective subsurface outftow from the entire wa
tershed (or a transformation of it) and its prior estímate, 
rcspectively. The variance ofthe priorestimation of y, u;. is 
assumed to be known. 

In the special case whcn thc statistic~l paramctcrs <ub. 
a~. andA) are fixed, thc first, second, and fifth tcrms of(l4) 
are known, and thc minimization of S 1 is thcn cquivalcnt to 
the mm1mization of 

where 

1•1 

1 
"o 

IPh = -, 

"• 

2 
"o 1 +-,(y-y') ( 15) 
"> 

( 16) 

Thc first and second dcrivativcs of S 2 with rcspect to thc 
modcl parametcrs can be cxprcssed in closcd form. thus 
suggcstmg thc use of thc Ncwton mcthod. ora modification 
of it. for the minimization of S 2 . We achievcd fairly fast 
convergcncc ratcs by combining Ncwton 's method with 
Arm1jo ·s rule, whlie sctting the prior esuma~cs as initial 
paramcter values. 

In turn, thc ML estimation of A can be sought from (6). 
lnasmuch as A cannot be cxprcssed cxplicitly in tcrms of the 
remaimng terms, it has to be estimatcd itcratively. As 
recommended by Sorooshian and Dracup [ 1980}, thc 
method of false position is uséd to accomplish this estima
tion. 

Thc ML estimat1on of ulJ and ul when IPh is given can be 
obtained by applying the method of Lagrange multipliers in 
a dcrivation similar to that prescntcd by Carrera and Neu
man [1986)to y1cld 

( 17) 

S~ -2 In [L(Illz')] ( 13) where 3 
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Figure l. Frequency of summer precipitation at Sabino 
Canyon stat1on. 

So~ 2.: w,(Q,- Q1J 2 ( 18) ,_, 

(19) 

2 
2 <T Q 

un=- (20) 

"'' Fmally, convcrgence to thc optimum 'Ph can be achieved 
by a golden scction scarch. 

ESTIMA Procedure 
A stagew1se optimization procedure (entitlcd ESTIMA) 

for thc joint estimallon of model and statistical parameters is 
outlmed as follows: 

l. Set ub = 1.0 and). = 1.0 as mitial estimatcs of thc 
variance of the transformcd strcamftows and thc transforma
tion parametcr. Use the goldcn section method to mmimize 
S 1 , equatlon (14), with respect to the wc&ghting parametcr 

"''. 2. For the first iteration, sclect a reasonable set of valucs 
for thc model parameters e, and Ín subsequent iteratiOOS, 
use the previously converged e values. Use the Ncwton 
mcthod, or a modificallon of it, to minimaze S 2• cquation 
(15), with rcspcct toe. 

3. Compute the streamftow values for the converged e 
vector of stcp 2. Then, using the false posation method. 
compute the optimal value of A from (6). 

4. Return to step 2 and repeat the oplimizallon process. 
The new weights w A are computed using the opumaJ vaJue of 
A from step 3. Repcat steps 2 and 3 until the absolute 
differcnce bctween consecutive evaluations of S 1 is within a 
prespccified tolerancc. 

S. Use thc converged values of e and Ato compute aó 
from (17). Rcpeat steps 2-5 until the absolutc differcncc in 
consccutivc valucs of aiJ is within a prespcc&ficd tolcrance. 

Application to Sabino Creek Watershed 
in Southern Arizona. 

The ESTIMA procedure was applied to estimate mountain 
front recharge jointly with other model and statistical param
eters from Sabino Creek watershed in southem Arizona . 
This estimation was done for the summer rain y season only. 
This is because snowfall is significant at the higher clevations 
ofthe mountains during the winter period, and our analytical 
modeling of the seasonal streamflów does not consider the 
contribution from snowmelt to suñace runoff. 

Hydrogeology of the Mountain Front 

The Basin and Range Provincc of southem Arizona is 
characterized by north-northwcst trending mountaii-a ranges 
isolated by alluvial basins. The Sabino Canyon watershed 
drains a portian of the Santa Catahna Mountains, which are 
composed of layered gneiss that is folded in a complex of 
antaclines and synclines and contains water along fractures 
only {Davidson, 1973]. The location of the study area is 
shown in paper 1 lChavez et al., this issuc. Figure 9). The 
Catalina fault scparates the gncissic mountain mass from the 
alluvium of the Tucson Basin. The elevation of the moun
tains extends from about 3000 to 9000 ft (914 to 2743 m). 

The average annuaJ precipllation in the basin is 11 in (27.9 
cm) and is about 30 in (76.2 cm) in the highest portions ofthe 
Santa Catalina Mountains. Precipitation is dastributed aJmost 
equally between the summer and thc winter. Most of the 
summer precipitation occurs during July through September
and is mainly convective, while most of the wmter prec•pi
tation occurs from December through March and is frontal in 
nature. 

Mountain front recharge to the basin mcludes groundwa
ter How through fractures and underflow through the sedi-

Table J. Summer Streamflow and Precipitation Data at 
thc Sabino Watershed 

Subarea L Subarea U 

Q. PL. fi,_, Pu. fiu. 
Year cm cm cm cm cm 

1950 1.47 18.49 0.69 27.69 0.97 
1951 2.40 20.28 0.85 33.80 1.45 
1952 090 20.04 0.67 32.21 0.93 
1953 1.88 16.56 1.01 27.11 1.61 
1954 6.28 35.33 1.03 52.28 1.49 
1959 3.92 28.46 1.3 t 40.15 2.30 
1960 0.20 9.91 0.75 10.63 1.10 
1961 2.01 16.82 0.67 26.34 l.ll 
1965 0.34 13.63 0.61 19.92 0.84 
1967 2.40 21.96 0.81 28.50 l.ll 
1968 1.28 13.70 0.58 18.35 0.83 
1969 1.25 20.12 0.70 30.18 0.98 
1971 3.98 31.93 1.03 38.95 1.26 
1972 0.32 21.41 0.89 24.47 0.96 
1973 1.22 16.72 0.73 25.40 1.19 
1974 1.24 25.13 0.65 39.11 0.96 

Summer refers lo July, August, and September. Average storm 
depth is represented by h. 4 
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~ 
.. '•·,. ~--,· Table 2.~-.Prior. Estimates.for-Sa.Qino;Water:shed_(Summer)--. in paper I.·By assuming that suñace runofffrom subarea U 

,_ .· Combmatioo _ ·g , .·. 'h,_.L• _cm h;,u. cm: ~a .. •'.- . ~.l .. ~-:_ ·_u_t__u··.·. · ... to .subarea .L .occurs..cxclusively as channcl flow and by 
-------=-..::.~'::.'-.:_ _ _::::_ _ _;_-"'C:·""'-C.::'='~""-'-"'"-""'-·¡r.;.ncglccting·eVaporation.losses.aloag...the·streams;·-we.express 

-~-
2 
3 

~u_. -1.70 
>- 1.1 -'1:70 

~2. 78 .. , ·' . ......0:20 • _..¡¿.go __ L 1.00 ~-"...surface.;wnóffi.fr.om:dte.:.entir.e.tWa'eqhed .as 
3.14 .;o.2Q ·-1.00. 1.00 ·• · 

-1.1 1.70 3.67 0.20 -1.00 1.00 R, = RL.• +.Ru.• (22) 
4 
5 
6 
7 
8 
9 

-1.1 1.95 
-1.1 1.95 
-1.1 1.95 
-1.1 2.29 
-1.1 2.29 
-1.1 2.29 

•Relative variances. 

2.78 0.20 1.00 1.00 
3.14 0.20 1.00 1.00 
3.67 0.20 1.00 1.00 
2. 78 0.20 1.00 1.00 
3.14 0.20 1.00 1.00 
3.67 0.20 1.00 1.00 

ments of the drainage channels. Stablc isotope studies 
[Simpson et al., 1970; Gal/aher, 1979] provided evidencc 
that rcchargc along the mountain front is higher during thc 
wintcr than during the summer. 

Miffiin [1968] suggested that lopography may alfccl rc
charge. Decp canyons tend to develop along zones of grcatcr 
structural weakness associated with fracture zones. The 
discharge of groundwater in the mountain fracture systcm to 
the streams in the canyons favors mountain front recharge to 
occur as underflow through the sediments of the drainage 
channels rather than as deep circulation through fractures. 

Summer Str~amflow Model 

Like in many othcr mountainous watersheds in arid and 
semiarid regions. the lower slopes of the Sabino Creek 
watershed are characterized by xerophytic vegetation. 
whereas the tops of the mountains are charactenzed by 
cvcrgrecn woodlands and coniferous forests. In addition. 
differences ln relicf exist between the lower slopes and the 
more inclined tops of the mountains. These diffcrences in 
vegctation typc and slope should detennine a differcnce in 
initial abstraction between both mountainous subarcas; 
hence a modelmg strategy of div1ding the watershed mto 
those two subareas should help mit1gate the identifiability 
problems arising from the application of the model in an 
entirely lumpcd manner. Consequcntly, for the modeling of 
summer streamftow from the Sabino Canyon watershcd. we 
procecd as follows: 

First, Chavez er aJ. [th1s issueJ developed an analyt1cal 
model of seasonal streamflow. Th1s model is Written he re as 

Q1 =R1 -G (21) 

where QJ: and Rt are the scasonal streamftow and surface 
runoff in yc:ar /..., rc:specllvely, and G is the long-term 
effective groundwater runoff or mountain front recharge. 

Then, the watershed was div1dcd into the two maJOr 
subarcas, namely, thc lower slopcs (L) and the tops of thc 
mountams (U). of which the extension is shown in Figure 10 

Here R L" is surfacc runoff from subarea L, which by (23) in 
paper 1 is 

(23) 

and R u . .t is surfa~e runoff from subarea U. given by 

Ru.• = 2(h,,uiliu.•>"' K 1[2(h,.uiliu,,) 112)Pu.• (24) 

where h,,L and h,.u are the initiai abstractions in subareas L 
and U, respectivcly, PL . .t and Pu.J: are total precipitation. 
and li L..t and 11 u . .t are the average storm depths in the same 
subareas. · 

Thus the summer streamOow 1s modclcd by (21 ), where 
lhc surface runoff is given by (22). (23). and (24). Thc modcl 
parameters to be estimated are lhe initial abstractions of 
rainfall at subarea L and subarea U. hr.L• and h,,u. rcspec
tivcly. and the long-tcnn cffective subsurface outOow from 
thc en tire watershcd. G. 

Prior Information About Mountain Front Rccharge 

Total summcr prcc'ipilation in thc Tucson Basin can be 
approximately fittcd by a lognormal d1stribution (Figure 1), 

and we will assume hcrc that the seasonal mountain front 
recharge is to be lognormally distributed as wcll. 

Mountain front rcchargc is usually cstimatcd for a partic
ular year. For the Tucson arca, Befan [ 1972] and 0/son 
[ 1982] cvaluated recharge from the Santa Catalina and the 
Tanque Verde mountains, respectively, through a How net 
analysis wherc the water table map was based on data from 
onc water year only. In tu m, Merz {1985] evaluatcd recharge 
from thc Santa Rita Mountains through a water balance 
analysis based on data from a single water year. 

Note that, undcr thc ML cnterion, modcl parameters are 
viewed as fixcd but uncertain quantities and, consequently. 
the discrepancy bctwcen thc seasonal recharge in a particu
lar ycar and lls long-term effective value is regarded as a 
prior est1mauon error. In thc ML estimation cntcrion (11), 
prior cstimatíon crrors wcrc assumcd to be jointly normally 
distnbuted. Conscqucntly. if one of the abo ve estimates of 
mountain front rccharge, proportioned fpr thc season of 
intcrest accordmg to sorne selectcd criterion, is lO be taken 
as a prior estímate of thc long-tenn effective mountain front 
recharge G and bccausc of thc assumption that seasonal 
rcchargc is lognormally distnbuted, we must work with the 
paramctcr g = log G. for which the prior cstimauon error is 
normatly distnbutcd. (Note that besides thc natural vanation 

Tablc 3. ML Estimates of Model and Statistical Paramcters for Sabino Watershcd (Summcr) 

Model Paramelers Slatistical Parameters Prior Estimalion Variance 

Combination g h,,L. cm h,,u. cm ub A 
~· 

ui u' ' ul,~. uZ.u 
-o. 78o ).05 3.80 0.359 0.580 0.253 1.419 0.20 1,419 1.419 

2 -0.751 2.68 l.R8 0.383 0.628 o 507 0.755 0.20 0.755 0.755 
4 -0.738 3.03 3.74 0.359 0.584 0.341 1.053 0.20 1.053 1.053 
7 -0.586 ).02 3.59 0.350 0.573 0.589 0.594 0.20 0.594 0.594 

5 
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1-
.• , :. 1-:. Table ·4 .... Co_variance,3:J1d Correlation.Matrices of.Estimation Errors fOr Sabino 

Watershed'(Summer)· 

~-ciG"ombiaaf.ion'1 -:···Gombin~ion 1 

g · h •. L~ cm h •. u. cm g hr,L• cm -h,_u• cm 

g 0.1410 -0.2270 -0.3110 0.0974 -0.2070 -0.5210 
h,,L -0.0604 0.5042 -0.6490 -0.0448 0.4819 -0.4790 
h,_u -0.0632 -0.2493 0.2928 -0.0735 -0.1501 0.2041 

Upper triangle is correlation matrix; lower tnangle and main diagonal are covariance matrix. 

of the seasonal recharge from year to year, there ts an 
additional sourcc of uncenainty due to estimation error. We 
will assume here that the combination of thcse two typcs of 
"errors" is lognormally distributed.) Expresscd in terms of 
g, our scasonal streamfiow model (equation (21)) becomcs 

Q, = R,- 109 (25) 

Although this assumption introduces sorne extra nonlinear
Jly into the modcl. the convergen ce propenies of thc oPti
mizauon algorithm undcr this reparameterization wcre found 
to be much bcttcr. this is dueto the scaling cffcct mtroduccd 
by thc Joganthm, which reduces the condition number of thc 
Hcssian matrix of the estimation cntcrion. 

Concerning the unccrtainty in thc prior estimation of 
recharge, Belan and Matlock [1973] assessed mountain front 
rccharge along the eastcrn Santa Catalina Mountains by ftow 
net analysis of the 1930 water leve! contour map and 
postulated that their cstimation error may be as largc as an 
ordcr of magnitude. Other estimations or other approaches 
could be more accuratc than Bclan and Matlock's. However, 
when we add the estimation unccrtainty to thc natural 
ycar-to-year variat1on of the seasonal rcchargc, we postulate 
that 1 order of magnitude is a reasonable unccnainty for thc 
pnor cstimation of the long-term cffective mountain front 
recharge in a more general case, that is, an uncertalnty of 1 
in log recharge. provided that the estimation is bascd on data 
from onc particular ycar or scason. 

Results and Discussion 
Thc Sabino Cree k gaging station is locatcd ncar thc base of 

thc Santa Catalina Mountains. and strcamnow data wcre 
obtained from U.S. Gcolog1cal Survcy summarics for thc 
penod 1951-1974. Precipitation data wcre obtaincd from 
climatological su m manes of thc Nauonal Wcather Servicc at 
Sabino Canyon stat1on ()2"18', 110°49', 2640 ft (805 m)), 

locatcd ncar the strcamtlow gaging station. for thc pcriod 
1951-1974 and al the high-altitude statlons of Mount Lem
mon lnn (32°27', 110°45', 7780 ft (2371 m)), for the period 
1951-1962, and Palisade Ranger (3r25', 110°43', 7945 ft 
(2422 m)). for thc pcriod 1965-1974. Discuntinuitics appcar 
in thc records, paFticularly at the high-altitudc stallons. 

The lowcr slopes (su barcaL) ofthc watcrshcd cxtcnd over 
an arca of 8600 acres (3480 ha). and thc top!<t of thc mountains 
(subarca U) occupy 13,160 acres (5326 ha). Thc incrcasc 
with clevation of thc expectcd arnount of prccipitauon pcr 
season on the Santa Catahna Mountams i~ approx1mately 
!mear (Duckstem l'l al., 1973] Bascd un thi!'t ract. wc diVIdCd 
the cntirc watershcd into clcvauon lUnes and ass1gncd a 
precipitation dcpth valuc to each of thc!'tc zoncs by linear 
mterpolation between the values at Sabino Crcck and at thc 
high-altitudc stations. Total prcc1pitation valucs for su barcas 
L and U wcre obtaincd by multiplying thc dcpths in cach of 
the elevation zoncs by its respective arca and by summing 
ovcr the numbcr of clcvation zoncs m thc su barca. 

Data dcparting ·more than two standard dev1ations from 
thc rcgrcssion linc bctwecn scasonal strcarnfiow and precip
itation m thc cntirc watcrshcd wcrc rcgardcd as outlicrs and 
wcrc not includcd ·in thc computations. Strcamflow ami 
precipitation data for Sabino watcrshcd are listcd in Tablc l. 

Usmg groundwater data and through a flow nct analysis. 
Mohrbac:her {1983) estimatcd mountam fronl rcchargc from 
Sabino watcrshcd and adjacent arcas to be about 50 ac ft 
yr- 1 per mllc or mountain front (mrnl) (38,335 m 3 yr-· 1 pcr 
kilometcr of mountain fronl). Howcvcr. strcamflow statistlcs 
[Anderson and Whitc, 1979j show that thc contribution of 
the summcr How to the total average annual flow at Sabmo 
Creck gaging station is 27%. By assuming thc samc propor
tion for mountain fronl rcchargc, wc·comc up w1th a value of 
13.5 ac ft pcr mmf ( 10.350 m 3 yr -l pcr kilomctcr of mounta1n 
front) for thc summcr pcnod. Thcn, for thc 6 m1 (9.6 km) of 
mountam front along whzch Sa .... ino watcrshcd and adjaccnt 

Table 5. Eigcnvalues and Eigcnvcctors of Estimation Covariance Matrix for Sabino 
Watershcd (Summer) 

Componen! 

g 

h,,L 
h,.u 

Vector 1 

0.6801 
0.4188 
0.6018 

Combmatlon 2 
Eigcnvectors 

Vector 2 Vector 3 

-0.7325 0.0300 
0.3545 -0.8360 
0.5811 o 5479 

Combmat1on 7 
Eigenvectors 

Vector 1 Vector 2 Vector 3 

0.7973 -0.5902 0.1262 
0.3237 0.5948 0.7358 
0.5093 0.5458 -0 6653 

The c•genvalues for combinallon 2 are 0.0479, 0.2204. and 0.6697 for vectors l. 2, and 3, 
respectively. Thc eigenvalues for combmation 7 are 0.0268, O 1847, and 0.3070 for vectors 1, 2, and 3, 
respectivcly 

. -
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l-
:''' _'_:Table 6. :·.Prior and.ML Estimates.for·Sabino_.Watershed (Summer) With cr;. =; 0.20 

. -. .,· • •.:.Model Paramcters - -

-g .. ... ·h-r;L.-em .. 
.- ·.hrro:-.cm 

Prior -1.1()() 2.29 2.78 
ML -0.534 2.71 3.63 

V al u e in parentheses is assumed to be lrnown. 
•Relative variance. 

.-vb 

0.366" 

areas are contributing [see Chavéz el al., this issue, Figure 
10), 81 ac ft· (99,992 m 3) are being recharged during the 
summer rain y season. Final! y, by assuming a uniform con
tribution in rechargc dcpth across Sabino watershed and 
adjacenl arcas, we divide 81 ac ft by 31,424 acres (12,717 ha) 
(total contributing arca) to obtain 0.00258 ft or 0.079 cm of 
mountain front recharge during the summer period. 

Prior infonnation about the space and time long-term 
effective initial abstraction of rainfall in subwatershed L, 
h,,L, and subwatershed U, h,,u. was obtained through the 
application of thc VEHBAL procedure [Chavez et al., this 
issuc). Note that the VEHBAL procedure does not involve 
the use of observed streamftows and therefore the assump· 
tion of lack of cross correlation between prior parameter 
estimatlon errors and streamftow measurement crrors is 
satisfied. 

Suñace runoff and hence h, showed a rather high sensi· 
tivity to the plant coefficient k". Because this vegetation 
property cannot be determined with high accuracy, thc ninc 
combinations of the h,,L and h,,u values obtained through 
thc VEHBAL procedurc werc introduced as prior informa· 
tion in thc ESTIMA proccdure. The next step involved the 
dctermination ofthc "best"' combination (among thc nine) in 
terms of their relativc consistency with the rest of the prior 
data and using the analysis ofthe stochastic propcrties ofthe 
ML estimators. 

Mohrbacher [1983] calculated mountain front rechargc 
usmg groundwater data from 1970 to 1979, which panly 
overlaps the time penod considered here. Proportioncd for 
the summer season, bis estimate is 0.079 cm, of which thc 
logarithm is -1. 10. Howevcr, in most of the cases. mountain 
front recharge is estimated with data from 1 water ycar only. 
Thus for a more general discussior1 wc will regard Mohr

. bacher's est1mate as represcntative of only 1 ycar and assign 
an uncertamty of about 1 arder of magnitudc to it (u; = 

0.20). Aftcrward. a final cstimatc of rechargc will be pro
duced by assigning a smallcr (more reasonable for this case) 
variance to that pnor cstimation (u; = 0.10). 

The nine combinations of h,.L and h,.u takcn as prior 
information about initial abstracllon are listed m Table 2, and 

Table 7. Covariance and Correlation Matrices of 
Estimation Errors for Sabino Watershed (Summer) at 
Parameter Vector (-0.534, 2.71, 3.63) 

g h,,L h,,U 

g 0.0863 -0.2070 -0.5690 
h,,L -0.0294 0.2344 -0.3990 
h,,u -0.0744 -0.0859 0.1979 

Upper triangle is correlation matrix: lower tnangle and mam 
diagonal are covariance matrix. 

StátisticaJ Panlmc;ters .. ·:.., .Prior.Estimation'Varianc:t 
-·-: 

A ..,. ·uZ ., .u, . . l 
..gii•.L . -u.l .. u 

(0.20) o.so• .t.oo• 
0.601 0.675 0.542 0.271 0.542 

the results of the application of the ESTIMA procedure 
appear in Table 3. The procedure was unable to idcntify an 
optimum for combinations 3, 5, 6, 8, and 9. This is indicativc 
of incompatibility among prior data. Combination 7 showed 
the smallest prior estimation variance of the initial abstrae· 
tions, ul = 0.594, and the smallest variancc of the trans· 
formed fiows, a& = 0.350. We conclude that combination 7 
is the one most consistent with measured ftows, being 
followed by combination 2. 

Nonuniqueness in the solution was not an issuc in any of 
the cases. Approximately the same parameter cstimates 
were obtained starting from different sets of initial parameter 
values. 

Covariance and correlation matrices of cstimation for the 
modcl parametcrs are shown in Table 4 for coÓlbinations 2 
and 7. Smaller diagonal terms in thc estimation covariancc 
matrix were obtained for combination 7, and parameter 
correlation is not high for any combinat10n. 

Eigenvalues and cigcnvectors of the estimation covariance 
matrix are listed in Table 5. As expected, the smaiJer 
eigenvalues correspond to combination 7. We al so noticc 
from th1s table that, in both cases, the component of g in t~e 
cigenvcctor corrcsponding to thc largest cigenvalue is small, 
indicating that thc highest paramcter interaction occurs 
betwcen the initial abstractions. This result is expected 
bccausc of thc h1gh correlation betwccn scasonal prccipita
tions in su barcas L and U. 

In the VEHBAL proccdurc 11 was assumcd that the 
change m soil moisturc storagc bctwecn the bcginning and 
the end of the summer ramy scason is ncgligiblc. That 
assumption 1s more closely satisfied under the low precipi
tation-high potenllal cvaporallon conditions at subarea L 
than under thc higher preclpllation-lower potcntial evapora
lían conditions at su barca U. Wc will account for this fact by 
associating a smallcr variancc to the prior estimation of II,.L 
rclallvc to the prior estimation of lz,.u· 

The ESTIMA procedure is then applied to combination 7 
using 0.50 and 1.00 as the relative values of the prior 

Table 8. Eigenvalucs and Eigenvectors of Estimation 
Covariance Matrix for Sabino Watcrshed (Summer) at 
Parameter Vector (-0.534, 2.71, 3.63) 

Components Etgenvectors 

Vector 1 Vector 2 Vector 3 

g o. 7973 -0.5902 0.1262 
0.3237 0.5948 0.7358 
0.5093 0.5458 -0.6653 

h,,L 
h,,U 

The eigenvalues are 0.0268, 0.1847, and 0.3070 for vectors l, 2, 
and 3, respectively. 

..... 
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.CHAVEZ·ET AL.: MOUNTAIN FRONT RECHARGE TO REGIONAL AQUIFERS, 2 ,. 
· .: ,·. :: Table ,9.-:•Structura! ldentifiability, Matri~. and Sensitivity 

.·. Ratios,for·Sabino Watershed;(Summer)·at Parametcr 
·,·Vector ("'0.534,2.71. 3,63) 

-g . h,,L .lz,,u 

g 14.51 7.31 12:97 
lz,,L 7.31 4.70 8.16 
h,,u 12.97 8.16 14.73 

The sensitivity rat1os are 2.20, 5.24, and 5.28 forg, h, L• and h,. U• 
respcctively. · - · 

estimation variances of h,.,L and h,,u. respective! y. Results 
are listed in Tables 6, 7, and 8, where the estimation variance 
of all the model parameters is smaller than their prior 
estimation variance. In panicular, for g and h,,u. the esti
mation variance rcduced by over a half. Notice also that the 
condition number CN, defined as the ratio of the largest lo 

the smallest eigenvaluc, is 11.5. 
Thc stability of the solution can be assessed qualitatively 

in terms of convergence characteristics and the condttion 
numbcr of the estimation covariance matrix. Convergence 
was fast and smooth in all the cases tested and, as expected, 
thc number of iterations was dependent on the initial param
cter values. In turn, the condition number decreased from 
18.2 lo 11.5 by changing.the relative variance of h,,L from 
1.0 to 0.5, indicating that instability is reduced when prior 
h,,L is estimated with a highcr precision than prior h,,u. An 
explanation for this is to be soughtm the smaller sensitivities 
of lhc computcd llows lo h,,L as compared to h,,u· 

The structural identitiability matrix (see the appendix) 
V ~S/(6), which is based purely on model propenies and is 
indcpendent of thc stochastic nature of the oulput obscrva
tion crrors, is evaluated al (-.534, 2.71, 3.63), and the 
results are lísted in Table 9. Th1s matrix 1s poslt1ve definile; 
conscqucntly, thc model. structurc is locally Jdentifiable. 
Howcvcr, its condition numbcr 1s fatrly h1gh (CN = 235), 
indicating that thc modcl structurc is poorly tdentifiable. Thc 

~ 
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Figure 2. ML criterion contour map for h,,u versus h,,L 
with no prior information about thc model parameters. 
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Figure J. ML critcrion contour map for h,,u versus h,,L 
wnh prior information about thc model parametcrs. 

smallest diagonal e.lement is V 2 S 122 , confirming the smaller 
struclural scnsitivity to parameter h,,L as compared to h,,u· 
Parameter h,,L is less activated than h,.u because of the 
lower seasonal precipitation in subwatershed L. In turn, the 
sensitivity ratio (TJ) indicates that the main paramctcr intcr
action occurs betwccn h,,L and h,,u· Th1s results from the 
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35 

8 

30 

E" 
!!. 

• 
¿ 

2.5 

2D 
pnor/ 

esllmate 

1.5 
-1 8 

_,. -1.0 -06 -02 0.2 

g 

Figure 4. ML cnterion contour map for h,,L versus g with 
prior mformation about the model parametcrs. 
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Figure 5. ML criterion con tour map for h,,u versus g with 
prior infonnation about the model parameters. 

high correlation between seasonal precipitation at subarca L 
and subarea U. 

Once the measurement noise is introduced, the situation 
worsens. Figure 2 shows the contours of the log likelihood 
criterion (equation (14)) when no prior information about the 
parameters is included. The optimum h,,L occurs at the 
unrealistic value of +oo. In fact, no rcalistic solution to this 
problem can be obtained without includmg prior information 
about the parameters. 

a 

h,.u (crn) 

Figure 6. Sensitivity of computed streamfiow to h,,L and 
h,,u. 

l-

t 
a 

Figure 7. Sensitivity of computed streamflow to g and 
hr,L· 

Figures 3, 4, and 5 show the contours ofthe log likelihood 
criterion (equation (14)) when prior informallon about the 
parameters 1s included. A unique and realistic solution is 
now apparent. 

The sensitivity of the computed flow to the model param
eters is shown in Figures 6, 7, and 8. In Figure 6 wc notice 
that thc computed flow is more scnsitivc to h,.u than to h,,L· 
Thc highcr seasonal precip1tauon in subwatershcd U deter
mines that a largcr runotf be gcncrated when h,,u tends to 
zero than when lz,,L does. Thc larger arca of subwatershed 
U also contributes to this effect. Figures 7 and 8 show that 
the sensitivity of the computcd flows to g incrcases as thís 
parameter does. On the other hand, the scattcrgram of 
computed and mcasurcd strcamflows is shown in Figure 9. 

As Mohrbacher's recharge estimation is based on ground
waler dala from 1970 lo 1979, overlapping partly. lhc lime 
period considcred here. his estímate may be considered 

Figure 8. Scnsitivity of computed streamflow to g and 
h,,u. 

lo!! 
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CHA VEZ ET AL.: MOUNT AIN .FRONT RECHARGE TO REGIONAL AQUIFERS, 2 ,. 
·~- Table ·11 .. -.Covariance and .Correlation Matrices of 

. ' 
.. 6.00 

· · .• Estimation,Eaors for Sabino W"'tershed (Summer) at 
., ·.c.- P.aramc:ter Vector ( ,:,U:977. 2.84, · 3.86) 

• 
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• 
o, <.00 
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Figure 9. Scattergram of computed and measured summer 
streamftows at Sabino Creek gagmg station. 

more rcliable than onc rcprescnting a single year or season. 
Consequently, we will seck a final cstimation of mountain 
front recharge for the summer period by reducing the prior 
cstimation variance of log recharge from 0.20 to 0.10. 
Results are shown in Tables 10, JI, and 12. Our final 
estímate of Jog rechargc is -.977, or 0.11 cm, or 18.8 ac ft 
yr- 1 pcr mmf (14,414 m3 yr- 1 per kilometer of mountain 
fronl). 

In thosc tablcs we part1cularly noticc that the ML estimate 
of log rccharge is now closer to its prior es ti mate and that its 
reduction in variance is marginal. A better prior estimation 
of the initial abstractions could contribute to further reduce 
thc log recharge estimation variance. However, this and the 
previous results suggest that the improvement providcd by 
our procedure is marginal whcn the prior csumatcs of log 
recharge are relativcly rchable and that the procedure is 
partacularly suitable to improvc less rcltable rechargc esti
matcs, that is. thosc whosc unccrtainty is about 1 ordcr of 
magnitudc or grcatcr. Estimates with thas uncertainty are 
common in practicc. 

On thc other hand. we also notice from Table 2 that the 
conduion numbcr of the cstimation covariance matrix. has 
rcduccd to 8.3, illustrating thc bcncticial effect on stability of 
providing a more rcliablc prior estimatc of log rcchargc. 

g h,.,L -h,.,u 

g 0.0931 -0.0730 -0.2230 
h,,L -0.0133 0.3620 -0.655 
h,,u -0.0314 -0.1821 0.2133 

Upper triangle is correlation matrix; lower triangle and main 
diagonal are covariance matrix. 

Conclusions 
The foUowing conclusions can be drawn from paper 2 of 

this two-part series: 
l. Our model of the seasonal streamHow fit the observa

tions for the mountainous watershed of Sabino Canyon in 
the Tucson Basin reasonably well. However, in vicw of the 
nature of its derivation, this model is expectcd to underes
timate large flows in many instances. The effect of this 
underestimation on the parameter estimates is minimized 
through the weighting scheme adopted. That is, errors 
associated with larger ftows, which are less reliable, are less 
heavily weighted in the estimation criterion. A larger reduc
tion in their weights is achieved by expressing thc weighting 
factor m terms of the meas u red ftows rather than in terms of 
the computed ones. 

2. The weighting scheme adopted enabled the cstimation 
of the most likcly weights for the error terms in the estima
tlon criterion. This schemc proved to be quite appropriate in 
our modeling because of the adequate response of the 
statistica) parameters associated with it to account for the 
changing variance of the streamftow errors, which were 
qualitatively verified through the scattergram. 

3. Wc ha ve illustrated the beneficia! effect of the inclu
sion of prior information aboút the model parameters in the 
estimation criterion. Prior infonnation increascs the chances 
for a unique, stable, and realistic solution to a parameter· 
estimation problem. Improved estimates of the model pa
rameters were achieved whenever thc optimization proce
dure converged. Lack of convergence was attributed to 
incompatibility among prior data and modcl inadequacies. 

4. No nonumquencss problcms were dctectcd, and con
vcrgence to thc optimum was fast and smooth whenever a 
soluuon cxisted. These convcrgencc propertics hold for the 
model rcparamcterizcd in terms of log recharge. Difficulties 
in convcrgcncc were encountered with the original model. 

5. Instabihty in the solution. as qualitatively measured 
hy the condition numbcr of thc estimation covariance ma
tnx, was found to be small or modcrate for thc caseS tested. 

Table 10. Prior and ML Estimales for Sabmo Walershed (Summer) With ui = 0.10 

Model Parameters 

g hr.L• cm hr,U• cm 

Pnor -1.100 2.29 2.78 
ML -0.977 2.84 3.86 

Value in parenthesis is assumed to be known. 
•Relativc: variance. 

ub 

0.395 

Statistical Paramc:ters 

A 
~· 

ul 

0.647 0.442 0.894 

Prior Esllmation Variance 

u' • 
(0.10) o.5o• 

0.447 

ul,.u 
a.oo• 
0.894 
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CHAVEZ ET AL.: MOUNTAIN FRONT RECHARGE TO REGIONAL AQUJFERS,2 ,. 
~~. ; . ·.Table 12 ... -.Eigenvalues and Eige~vectors of Esrimation 

. Covariance Matrix. for. Sabino .Watershed (Summer) at 
.A' Parameter Vector.~-Q.977, 2:84, 3.86) 

:...:·-::.dimnponents ~ •. ::.'Eigenvectors · 

Vector 1 Vector 2 

0.6962 
0.3915 
0.6017 

-0.7177 
0.3990 
0.5707 

Vector 3 

-0.0166 
-0.8292 

0.5588 

The eigenvalues are 0.0585, 0.1255, and 0.4845 ror vectors 1, 2, 
and 3, respectively. 

Log recharge should be the parameter less affected by 
instabilíty in vicw of its minimal interaction with other 
parameters. 

6. The measurcs of model structural and paramcter 
identifiability adopted proved to be useful tools to ascertain 
the relativc scnsitivity of the streamHows to the model 
paramcters and for isolating thosc parameters that are highly 
interacting and poorly idcntifiable. 

7. Thc analysis ofthe cstimation errors, performed in the 
original space of thc parameters, showed no high corrcla
tions among thc modcl parametcrs and a large reduction in 
the estimauon variance of the parameters when the pnor 
estimat10n error of rechargc was assumed to be about 1 ordcr 
of magnitudc. Only a marginal improvcment, however, was 
achieved when that pnor estimatc was considcred ro be 
more reliable. This suggests that our procedure is particu
lariy uscful when unccrtaintics of about 1 order of magnitude 
or Jargcr are associated with the prior estímate of mountam 
front rcchargc. Unccrtainlles of this magnitude are comrnon 
in practice. 

8. The analysis pcrformed m thc c1genspace of thc pa
ramctcrs showcd that, m all thc cases. the cstimatcs of 
combinallons of inillal abstracllons are much lcss reliablc 
than combinations which includc log rechargc. Thcrcforc wc 
concludc that parametcr cstimat10n was succcssful. in gen
eral, and that our approach is particularly suitable for thc 
cstimation of mountain front rcchargc. 

9. As our pararnctcr esurnat1on approach rcqu1rcs pnor 
infonnation abom the long-term effcctivc mountain front 
recharge on a scasonal basis and bccausc thc variancc of that 
prior mformauon must be providcd. wc cncouragc hydrolo
glsts in volved 1n thc asscssmcnt of mountam front rcchargc 
lo look closcly into thc unccrtam aspccts of their cstimations 
and lo rcckon, at lcast qualitativcly, thc rcliabihty of thcir 
particular cstirnates undcr spccific hydrogcologic conditions. 

10. Likew1se, we encourage hydrologists to look into the 
seasonal and ycar-to-year variations of that recharge whcn
evcr data are availablc, as wcll asto evaluatc scparatcly, 
whencver possible. thc contributions from thc two sourccs 
oflateral recharge, narncly. thc contribulion origmatcd m thc 
mountain rnass and thc contribution originated along thc 
strcam channcls bctwcen thc base of thc mountain and thc 
regional aquifcr boundary. 

Appendix: Structural and Parameter 
ldentiliability Measures 

Sorooshian and Gupra [1985) dcvcloped a mcasurc of 
structuraJ idcntifiabiJity in thc. rcgion local lO (3 in tcrms of 

·. 

. , ... 

.CPSj(º) 

·.0.6¡ 

PS 1(.f!) 

.0.8, 

1 PS¡ (~) 

Figure Al. Two paramcter cxarnplcs of an indifferencc 
region. 

what thcy callcd the "structural idcntifiabliity matrix" 
V JS/(8). This rnatrix is written as 

or equivalently 

·, ¿" {aQ,(El) aQ,(El)) 
V SI ~2 ----

u ae aH 
"'•1 ¡ J 

(A2) 

Thc structural idcntifiability matnx can be cithcr posuive 
dcfinite or positive scrnidcfinite. Thc diagonal clcments of 
VJS!(S) are all nonncgativc. lf thc rnatnx is posit1ve defi
nite, then the modcl structure is locally idcntifiablc. 

A rneasure of pararnctcr identifiability called thc "sensi
tivity ratio" providcs uscful information about intcractions 
arnong rnany parametcrs smmltancously in thc multlpararn
cter space. Ü is useful spccifically for isolating thosc pararn
ctcrs that are highly cornpcnsating and poorly identifiablc. 
Thc sensitivity ratio .,.,, of pararncter e, IS dcfincd as 

'1 - - (A)) PS; (6) [ s., ]'" 
'- CPS, (0)- 51,-- g,1G,- 1g, 

wherc PS,(8) is called "paramctcr sensitivity indcx," 
CPS 1(8) is "conditaonal parameter sensitivity" (see Figure 
Al), G, os lhc (p- 1) x (p -·1¡ submatnx of VJS/(0) 
obtaincd by delcting thc ith row and coluinn, g, is the (p

l) x 1 vector equivalen! to the ith colurnn of V ~S/(e) with 
thc ith clcrnent dclctcd, and s ¡

1 
1s thc ijth clerncnt of 

VM/(0). 
When 77

1 
= 1 thcrc is no compcnsation for thc cffccts of 

paramctcr e,. on the model output by thc other paramctcrs. 
As TJ¡ gets larger, this indicates poorcr and poorcr idcntifi
ability of parameter e i in rclation lo othcr paramcters. 

Notation· 
CN 

CPS 
¡, 

f( ) 
) f< 

cond1tion number. 
conditiona( pararncter scnsitivity. 
expcctat10n of Qk. 
response of thc selcctcd watershcd modcl. 
probability density runction. 

g decimal logarithm of G. 

·.~. 
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" g 1 ,:ith column of V ~S/( •) wit/1 ith' elcment · 
_,deleted. ···· 

- •.. -.,,:.~··: v-:::G.:1.1Df'!g~tenn.effective:sea.sonálano~n~o··front 
· . ~ recharge. . · · 

.G1 •·submatrix of-V~S/(" ,):deleting ith row and 
column. 

hl 
hi 
h, 

hr,L 

h,,U 
liu 
liu.t 

k 
1 

In ( ) 
log ( ) 

L( ) 
m 

ML 
n 

"' 
N 

OF 
p 

r, 
Pu 
Pu.A 

PS 
Q 

Q' 
Q, 

º' R, 
RL.k 

effective initial abstraction in subarea /. 
prior estimate of h1• 

space and time effective initial abstraction. 
effective initial abstraction in subarea L. 
effective initial abstraction in su barca U. 
average stonn depth in subarea L. 
average storm depth in su barca U. 
index for the year. 
index for subareas in a watershed.· 
natural logarithm of ( ). 
decimal logarithm of ( ). 
likelihood function. 
numbcr of subareas m a watcrshcd. 
maximum likelihood critcrion. 
number of years of streamtlow record. 
number of subareas with prior data about 
initial abstraction. 
total number of prior data. 
objective function. 
indcx for parametcr type.· 
vector of m seasonal prccipitation values. 
seasonal prec1pitation m subarea L. 
seasonal precipitation in subarea U. 
parameter sensitivity index. 
vector of n "truc" scasonal streamflow 
values. 
vector of 11 measurcd seasonaJ strcamflows. 
kth elcmcnt of Q. 
kth elcmcnt of Q'. 
seasonal surface runoff. 
seasonal surface runoff from subarea L. 

Ru.k seasonal surface runoff from subarea U. 
s ii ijth elcmcnt of V 4s 1( ) . 
S iog likchhood function. 

s, 

s, 

log hkclihood function with pnor data about 
model parametcrs. 
equivalcnt form to S 1 obtaincd by fixmg thc 
statistical parameters. 
wcightcd sum of squared seasonal streamHow 
errors. 

S 11 weighted su m of squared inuial abstraction 
errors. 

SLS Simple lcast squarcs criterion. 
T transposc. 

wJ: kth weight used in thc objectivc function. 
z vector of "truc" strcamflow and modcl 

paramcter values. 
z• vector of available streamflow and modcl 

paramctcr data. 
p vector of unknown modcl and statistical 

paramcters. 
y long-tcrm cffcctive seasonal mountain front 

rccharge (ora transformation of it). 
y• prior estímate of y. 
EJ: stochastic error tcrm. 

TJ scnsitivity ratio. 
A transformation parametcr of flows. 

AP ··. relative covariance. matrix of prior errors of 
·. :oi>arámeter. type p. . 

. '; ',· -~=··'rmtiVc~ÓYáriante', ma\rii<.Óf._pnÓr .miLi al ~ .. 
·· ·."ic.,_-.abstraction-ertors.·. 

·-,-. A·Q ·• .. relative covariance ·matrix of prior streamftow 
errors. 

e• 
é 

vector of m seasonal number-of-storm values. 
vector of unknown statisticaJ parameters. 
prior estimation variance of log recharge. 

multiplicative factor for the relative 
covariance matrix of prior inltial abstraction 
errors. 
relative variancc of the prior error of hr 

multiplicative factor for the rclative 
covariance matrix of prior errors associated 
with paramcters typc p. 
error variance of the kth streamflow. 
stabihzed variancc of the transformed ftows. 

prior estimation variance of y. 
vector of the "truc'' modcl parameters. 
vector of prior estimates of model parameters. 
vector of maximum likelihood cstimatcs of 
model parameters. 
vector of modcl parameters typc p. 
weightmg parametcr for the initial 
abstractions. 
covariance matrix of prior initial abstraction 
crrors. 
covariancc matrix of prior errors associated 
with model parameters typc p. 

n covariance matrix of prior streamflow errors. 
covariance matrix of prior crrors associated 
with modcl and statistical paramcters. 
global covariance matrix of prior crrors of 
model parameters. 
structural identifiability matrix. 
Bessel function of order onc. 
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Optimización del bombeo en el acuífero 
de Villa de Reyes, San Luis Potosí 

Adollo Chávez Rodríguez 

Facultad de lngenieda, Universidad Autónoma de Chihuahua 

Sergio Flores Castro 

Departamento de Geohidrologia. Comisión Federal de Electrictdad 

El acuífero de Villa de Reyes satisface la demanda de agua de una de /as centrales 
termoeléctricas de la Comisión Federal de Electricidad y ha estado sujeto a sobreex
pfotación. En los últtmos años se han incrementado sus ritmos de abatimiento, lo que 
ha impulsado el desarrollo de un modelo que permita d1señar una polltica de explotación 
óptima de este acuífero. Este modelo se formuló con un enfoque de ingeniería de sis
temas donde se integra un modelo de simulación de nujo de agua subterránea con otro 
de decisión. Este está dado tanto como una función objetivo por optimizar, que en es/e 
caso significó la minimización de la suma de los abatimientos en zonas seleccionadas 
del acuífero, como por un conjunto de restricciones físicas y socioeconómicas que 
condicionan la explotación del agua subterránea. El acoplamiento de ambos modelos 
se efectuó mediante la técnica de funciones de respuesta. Se concluyó que un sistema 
de bombeo es óptimo cuando, al plantear la minimización de abatimientos, es e/ que 
ofrece mayores ventajas desde /os puntos de vista hidrológico y socioeconómico. 

En los úllimos años el aculfero de Villa de Reyes, 
en el estado de S'an Luis Potosi, ha presenlado un 
abalimienlo continuo de los niveles estáticos, oca
sionado por el bombeo en pozos someros de usos 
agrlcola y doméstiCO y en pozos profundos de la 
Comisión Federal de Electricidad (CFE). Estos úl
timos salislacen los caudales de agua requeridos 
para la operación de la Central Termoeléc111ca San 
Luis Potosi. 

Esta siluación hidrogeológica hizo necesario el 
diseño e implementación de un esquema de bom
beo encaminado a reducir al mlnimo los electos 
adversos de la sobreexplolación, como el incre
menlo de los costos de bombeo, la inutilización de 
las obras de captación. y un posible deterioro de 
la calidad del agua sublerránca Al misrno ticrn· 
po. la implantación de- este es'lucrn<J de bornlleo 
~x!endcrla la v1cJil LJ!II ~le! s1slern0. ~Cllllcro con·siJS 
c0nsccucntes hc!lCflr::os socioec:onómic:r)~~ rn los 
l!lvcle:; local y n.¡cíc:;;<: 

El esquema de explotación óptima de un aculfe
ro se puede diseñar mediante la técnica de !un
ciones tecnológicas algebraicas, mejor conocidas 
como !unciones de respuesta, la cual ha proba
do ser la más eficiente para esle propósito. Las 
funciones de respuesta relacionan el bombeo en 
pozos con los abatimientos en los mismos, y en la 
práctica. se obtienen mediante un modelo digital 
de simulación de flujo de agua subterránea. El 
Departamento de Geohidrología de la Comisión 
Federal de Electricidad construyó un modelo de 
simulación del acuífero.de Villa de Reyes, en cola
boración con la Residencia de Estudios de Inge
-niería Civil en Ouerélaro (Deplo. de Geohidrología 
y Residencia de Estudios de Ingeniería Civil de 
Oro .. 1989). 

l:n este articulo se clcs8rrolla un modelo de 
rnane1o del sistema acul!cro de Villa de Reyes. 
rloncle se inl0.(]r8 el rnodelo cli(]ital <10 Simlll~ción 

con ntru de dcctsrón rnccii;_mh:: k1 lór:hlc:::J CÍ8 fun-
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_ ciones ,de·:respuesta_ '-Este-. modelo· de mamijo 
-,.,constituye .un;.problema ,.de :programacjón. lineal, . 
, .. :- cuya·.solución propordona.los·es'quemas·de·bom-

. -.beo óptimo dentro.de.las.condicionantes·del.siste
ma. Como un antecedente a este trabato se tiene 
el caso del acuífero de Samalayuca, Chrhuahua, 
donde se adoptó un en laque metodológico similar 
(Chávez et at_, 1989). 

Hidrogeología del área de Villa de Reyes 

El valle de Villa de Reyes se localiza en la zona 
semiárida del centro de México, y el área de es
tudio queda comprendrda entre los 21° 40' y 21° 
60' de latitud norte, y entre los 100° 60' y 101 o 00' 
de longitud oeste. La central termoeléctrica se 
ubica cerca del poblado del mismo nombre, apro
ximadamente a 35 km al sur de la ciudad de San 
Luis Potosi (véase ilustración 1). La precipitación 
media anual en el área es de 427 mm, con una 
evaporación potencial superior a los 2 000 mm. 

El valle es de origen tectónico, habiéndose for
mado por una fosa estructural que aloja principal
mente material volcánico. Sus lfmites naturales 
son la sierra de San Miguelito por el noroeste 
y la de Santa Maria por el sureste. El sistema 
acuífero del valle es de tipo libre mixto, con un 
estrato superior formado por depósitos de relleno 
consistentes en material volcanocfástico interca
lado con gravas, arenas y limos, que tiene un 
espesor promedio de 150 m. Subyaciendo a este 
estrato se halla una unidad volcánica constituida 
básicamente por ignimbritas y riolrtas, cuyo espe
sor promedio es de 700 m. Esta unidad muestra 
porosidad y permeabilidad secundarias por frac
turamiento. El flujo regional de agua subterránea 
guarda una dirección preferente SW-NE paralela 
a las sierras mencionadas (Flores eral. 1990). 

Hasta 1986 el sistema acuífero del valle se apro-
. vechaba únicamente mediante pozos de uso agrí
cola y doméstico perforados en el relleno granu
lar, con un bombeo conjunto de poco más de 
20 000 m'/dia que ocasronó un abatrmiento pro
medio del nivel estático de 1.5 m/ano. En ese 
año entra ron en operac<ón pozos profundos de la 
CFE que extra¡ e ron en con¡ unto 11 500, 29 700 y 
29 100 m'/ día en 1986, 1987 y 1988, respectiva
mente, lo que provocó un abalim<ento promedio 
de 3 m/año en el med<o fracturado e incrementó 
a 2 miaño el abatlmrento promedro en el med<o 
granular 

Los pozos efe la C~[ están agrupados en tres 
b.JtcriZiS, Zi 1:1 númcr:J: cuirt:~.porJcic;l io:.. pe.;:;:;:,.· 

.:1. Localización del· valle de Villa de Reyes, SLP 

ValleOeS<'!'llu* 

7, 8, 9, 12, 16 y 21; a la 11, los pozos 13 y 14; y a 
la 111, los pozos 2, 3, 4, 11, 17, 18, 19 y 20. 

La principal fuente de recarga en el área está 
representada por un flujo profundo ascendente 
hacia el medio fracturado en la zona de los pozos 
7, 9 y 21 de la CFE, procedente de un sistema 
regional de fallas, que aporta un caudal aproxi
mado de 26 500 m'/día (Depto. de Geohidrologfa 
y Residencia de Estudios de 1 ngeniería Civil en 

· Ouerétaro, 1 989). 

Diseno de esquemas de explotación óptima 

Los modelos de simulac<ón de flu¡o se han em
pleado para predecrr la respuesta hidrául<ca de los 
sistemas acuíferos ante diversas pollt<cas de ex
plotación. Empero, el nú¡nero de posibles esque
mas de bombeo es mfinito en teoría y muy alto en 
la práctica, por lo que la búsqueda del esquema 
de cxplotacrón óptima por ensayo y error es lenlil y 
costosa. a más de que este procedrrniento no ga
rant<za la oblenc<ón del óptimo Srn embargo, con 
un cnloque de <ngenrería eJe sr~;lemél:; es pos<bl~ 
d<scrwr tal esquema rnlc[Jr<:lndo el modc·lo d<g<lal 
de ~)I!JltJI~l(,IOfl C:Oil liil0 CCOi!OiTl!( O O r_l.· . .¡~:::¡:;tón 

-:1 
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-- · . .-tJn·:modelo 'de -decisión ·es .Ja.;expres-ión- mate
mática de un-crilerio·d.e--preferehcia.ac~rca de_ los 
efectos:hidrotógicos:o económleos'.de·la:expiGta-· 

-'ción dei·:acuiler·o:-e induye--tmconjunto-de·Jestric--
-- e iones físicas y/o-socioeconómicas.asociadas a 

tal explotaciÓn 
La integración del modelo de simulación de flujo 

con el de decisión constituye el modelo de manejo 
del sistema acuífero, cuya solución, que es el 
esquema de bombeo óptimo, se puede obtener 
mediante técnicas de optimización matemática_ 

Definición de la función de respuesta 

Aunque existen varias técnicas para acoplar los 
modelos de flujo con los de decisión, la conocida 
como funciones de respuesta ha probado ser la 
más eficiente. Esta técnica implica la determina
ción de la relación funcional entre el bombeo en 
pozos a través del tiempo y el abatimiento en los 
mismos (Maddock, 1972). 

En la práctica las funciones de respuesta se ob
tienen mediante un modelo digital de simulación, 
por lo que se expresará la relación entre bombeo 
y abatimiento en términos de -celdas de bombeo 
y no de pozos. La forma general de esta relación 
es: 

M n 

s(k,n)= LL B(k,j,n-i+I)Q(j,i) (1) 
j=l t=l 

donde s( k, n) es el abatimiento promedio en la 
celda k al final del n-ésimo lapso; M, el núme
ro de celdas de' bombeo; Q(j, i), el caudal de 
bombeo en la celda j durante el i-ésimo periodo, 
n, el número total de periodos, y B(k,j, n-i+ J) 
es el coeficiente de respuesta. Este coeficiente 
representa el abatimiento promedio en la celda 
de observación k al final del n-ésimo periodo, 
debido a un bombeo unitario en la j-ésima celda 
efectuado durante el i-ésimo lapso. El conjunto 
de coeficientes de respuesta const1tuye la !unción 
de respuesta. que normalmente se presenta en 
forma matriciaL 

Los coel1c1entes de respuesta se obtienen. por 
lo general. mediante un modelo digital de simula
ción de flu¡o. as1gnando un bombeo unit¡:¡rio a la 
pr~mera celda de manc¡o durante el primer periodo 
y un bombeo nulo para el resto. Este proceLiimien
to se rep1te par a cada una de las celdas de interés 
Los abat1m1cntos calculados al final de cacla larso 
son los coeficientes de respucstéJ. 

· Cálculo_ qe -la. matriz de respuesta de los pozos 
CFE 

--' Se,construyó-·un·-:modelo· oo·-.simulación-·de 'flu¡o 
-en dilerencias finitas para ·el aculfero de Villa de 
Reyes con base en el código de computadora 
MOOFLOW como un antecedente a este trabajo 
(Oepto. de Geohidrología y Residencia de Estu
dios de Ingeniería Civil en Ouerétaro, 1989, Mad
dock y Harbaugh, 1984). 

Este acuífero se encuentra en un régimen transi
torio de flujo desde fecha indeterminada anterior a 
1986, año en que entraron en operación los pozos 
de la CFE. El modelo de simulación se implementó 
a dos capas, donde la superior corresponde al 
medio granular y la inferior al fracturado_ La ca
libración de este modelo se efectuó durante 1986 
y 1987, y la verificación, en 1988, iniciando en 
el mes de enero en cada caso. Este modelo de 
simulación se empleó para obtener la matriz de 
respuesta. Las funciones de .respuesta, al rela
cionar linealmente el bombeo con el abatimiento, 
exigen un comporlamiento lineal o al menos cua
silíneal del acuffero. El aculfero de Villa de Reyes 
es libre y, por tanto, intrlnsecamente no lineal; 
sin embargo, su comportamiento será cuasilineal 
mientras los abatimientos del nivel freático sean 
pequeños comparados con el espesor saturado. 

Como horizonte de manejo se seleccionó un 
periodo de 5 años, en el que se supone que cada 
pozo de la CFE bombeará a caudal constante, lo 
que en la práctica se podría considerar como la 
extracción promedio del pozo durante los 5 años, 
siempre que no hubiese periodos muy prolonga
dos de operación a caudales muy por encima o 
muy por debajo de ese promedio. Cabe hacer 
notar que un horizonte de simulación superior a 5 
años proporcionarla resultados muy incierlos, en 
vista de la longilud del periodo sobre el cual se 
calibró el modelo. 

Para obtener la matriz de respuesta de los po
zos de la CFE. únicos que fueron considerados 
susceptibles de manejo, se siguió el procedimien
to descrito en la sección anterior. seleccionando 
para este fin un bombeo unitario de 1 O 000 m3/dla. 
el cual en teorla se pue9e eleg1r de manera arbitra
ria. pero en la práctica debe ser lo suficientemente 

. alto para reducir a un nivel aceptable el efecto 
relativo de los errores de discretización numérica_ 
Oc acuerdo con esto. se aplicó un bombeo de 
1 O 000 m '/di a a la primera celda de manejo (pozo 
2) durante 5 años, donde el abatimiento calculado 
en cada una de las 1 7 celdas de manejo al final 
de este pc11odo es la primera l1la -de la rnat11z 

lngemena Hldrr.Jultca en MéXJCO!cnero-abrd de 1992 
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. de. respuesta.· EsteJp<ocedimiento. se ·repitió. en: 
"secuencia··para.eJ.Jesto·do.las·celdas de maneJO 
·.'h.asta obtener .. la .matriz. completa .... Esta. resul!ó 

·'ser aproximadamente· simétnca, ·Jo que .mdica un 
· comportamiento cuasilineal deJ·acuílero durante el 

periodo señalado (véase cuadro 1). 
La matriz de respuesta obtenida se presenta en 

el cuadro 2, donde se observa que los coeficientes 
más altos corresponden a aquellas celdas (pozos) 
situadas en la zona de mínima conexión hidráulica 
vertical entre los medios acuíferos, o sea, en la 
mitad suroeste del área de estudio. 

Formufaclón del modelo de manejo 

El modelo de manejo del sistema acuífero de Vi
lla de Reyes está constituido por la integración 
del modelo de flujo con un modelo de decisión 
a través de la función de respuesta, como ya se 
mencionó. Este último incluye una función ob
jetivo por optimizar, que en nuestro caso se ha 
planteado como la minimización de la suma de los 
abatimientos en zonas seleccionadas del acuífero, 
lo que refleja la intención de reducir a un mlnimo 
Jos efectos adversos de la sobreexplotación y de 
maximizar la vida del aculfero. 

La solución a este modelo de manejo es aquel 
esquema de bombeo que reduce al mlnimo los 
abatimientos dentro de las restricciones flsicas 
que condicionan la explotación del agua subte
rránea, al tiempo que se satisface la demanda de 
la central termoeléctrica. Desde el punto de vista 
de la optimización matemática se considera a la 
relación funcional entre el bombeo y el abatimien
to, dada por la fÚnción de respuesta, como una de 
las restricciones del SIStema. 

1. Coeficiente de respuesta en las celdas de pozos comeros 
para un periodo de 5 añoa con bombeo unitario de 1 O 000 
m1/día en loa pozos de la CFE 

JQ7 ::Re~~ •1t1 UQ •62 af¡IJ 3tl1 Ul •;>S 3J7 •1'1 Jl5 J76 1101 J7J :166 
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2. Matriz..de respuesta en. las celdas de los pozos de la CFE 
.para un periodo de 5 años·con bombeo unita1io de.10000 
·:m~/dia .. ,_ 

2 '3 4 5 7· 8'•' 9. 11 12' .13 ... 16 " ·18 19 20 21 

2 15 6 5 4 4 4 4 5 4 4 5 4 6 7 5 5 4 

3 17 9 8 6 6 6 5 6 6 7 6 4 4 J 4 6 
4 21 13 10 9 9 3 9 9 9 9 3 3 3 3 9 
5 29 16 15 15 3 15 14 13 15 3 3 3 3 16 
7 30 26 27 3 26 20 17 26 , 3 3 3 26 
8 37 28 3 33 20 17 31 3 3 3 3 24 
9 32 3 28 20 18 29 3 3 3 3 26 

11 12 3 3 3 3 5 6 7 6 3 
12 38 20 17 32 3 3 3 3 24 
13 35 25 20 4 3 3 3 20 
14 34 17 4 4 4 4 17 
16 35 3 3 3 3 25 
17 13 7 6 6 3 
18 11 7 7 3 
19 10 8 3 
20 10 2 
21 29 

Ahora, considerado un horizonte de manejo de 
5 años, a fin de obtener los caudales óptimos 
de operación de Jos pozos de la CFE para este 
periodo único, se omiten los lndices relativos a 
Jos lapsos. en la ecuación (1), y el modelo de 
manejo se formula de acuerdo con los siguientes 
planteamientos: 

Esquema de bombeo óptimo A 

Este diseño plantea la obtención de un esquema 
de bombeo óptimo de Jos pozos de la CFE don
de se minimizan los abatimientos sólo en estos 
pozos, sin considerar los efectos sobre el medio 
granular, lo cual se expresa mediante la siguiente 
función objetivo. 

n¡ 

minimizar L s(k) (2) 
k=l 

donde s(k) es el abatimiento en la celda k ¡¡1 final 
del período de 5 años, que es el horizonte de 
manejo, y n 1 es el total de las celdas de bombeo 
(pozos de la CFE). 

Las restricciones impuestas son las siguientes. 

( i) 

(ii) 

( 111) 

(iv) 

s(k) :S Sm.ax(k) 

Q( k) :S Q,.,x( k) 

M 

2.::: (J(k) ::: f) 

"' s(k) = L /l(k.j)Q(j) 
)::':! 

para toda k 

para toda k 

para toda k 
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OptimizaciÓn del bombeo en el acuífero de V11/a de Reyes, San Lws Potosí 

·':fonde •(k) .es. el abatimiento al liña! deJ:tío"rizbnte 
.e:manejo,;emla .celda. J.:;.,M, -el_ númem tojal-de_ 

.. .-.::.,celdas.de:manejo,·.ql.le:en·.e&te-caso .es'igual_ a."¡; __ 
. Q(j),;el:caudal de bombeo-en la celda j; 13(/.:;j), el 
coeficiente de respuesta: que representa el aba
timiento en la celda k al final del horizonte de 
manejo debido a un bombeo unitario en la celda 
j; smax(k), es el abatimiento máximo permisible 
al final del horizonte de manejo en la celda k; 
Omax(k), el caudal de bombeo máximo posible en 
la celda k; y Des la 'demanda de agua de la central 
termoeléctrica. 

La restricción del tipo (i) condiciona al abati
miento en cada celda de los pozos de la CFE 
a no exceder un valor máximo permisible al final 
del horizonte de manejo; la segunda restricción 
(ii) establece que ningún pozo de la CFE puede 
ser bombeado por encima de su capacidad de 
diseño, o de un cierto caudal máximo posible; 
la tercera (iii) exige que la extracción conjunta 
de los pozos de la CFE satisfaga al menos la 
demanda de la central termoeléctrica; y la última 
(iv) expresa la relación funcional entre el bombeo 
y el abatimiento, y es a través de esta restricción 
como se establece el vínculo entre el modelo de 
~imulación de flujo y el modelo de decisión. Este 

odelo de manejo, representado por la ecuación 
,2) y el conjunto de restricciones (i) a (iv), consti
tuye un problema de programación lineal, el cual 
fue resuelto con el paquete de computadora LPB8 
versión 3.12 (Eastern Software Products. 1983). 

El abatimiento máximo permisible del nivel es
tático en cada pozo de la CFE se estableció como 
la diferencia entre el nivel de la base de la cámara 
de bombeo y el nivel dinámico actual, a la que 
se restaron 20 m.' con el fin de dar un margen de 
seguridad ante la previsible, aunque diflcilmente 
cuantiftcable. acentuación de la diferencia entre el 
nivel estático y el dinámico al descender- ambos. 

El esquema de bombeo óptimo se diseñó pa
ra una demanda de la central termoeléctrica de 
450 Vs (38 880 m'/día). En el cuadro 3 se enlistan 
las restricciones pertinentes, mtentras que en el 4 
se presenta la solución al modelo de manejo Esta 
solución es el esquema de bombeo que reduce a 
un mlnimo la suma de los abattmientos en celdas 
de los pozos de la CFE dentro de las restricciones 
impuestas. Este conjunto de valores constituye el 
esquema de bombeo óptimo A. 

r:squcma de bombeo ópr1mo B 

.:;e puede plantear un esquema alternativo de bom
beo de los pozos de la CFE que sea óptimo a'l 

· · 3:·Aestricciones de abatimieOto y bombeo de los pozos de la 
CFE 

·:··· · .. ,~f"roornw:hdad-dela ··~~-N~ .:....:~~lom-Aoumo .-. C.ufl.llde.tx-ho:'O 
. • ·- •Pwo ·. · c.1ma1.1 dG bombeo dr.amco . · perm~thllrl a !>años, ·m....-.-..o !)(.l$ohlc 

~mf'hOS) (metro-;) (nl('IIOS~ n <,1 

2 . 200 70 no GJ 
J 197 GG In " • 198 " 100 77 

5 200 76 \O< "' 199 " " GO 
8 177 " 75 " 9 2<5 108 n7 " \1 "' \JO 97 JJ 

" 200 100 80 " IJ 2\J \40 5J 20 

" 2<5 107 \18 " \6 250 no \20 J7 
17 2<6 8J \4J 75 
18 250 69 16\ " 19 2" 6\ \67 " 20 250 67 \6J 71 
21 2 .. 67 \57 GJ 

considerar el sistema acuífero completo, es decir, 
al buscar la minimización de abatimientos tanto en 
el medio fracturado como en el granular. En este 
caso la función objetivo toma la siguiente forma: 

n1 n 9 

minimizar L s(k) + L s(k') (3) 
k=l k'=l 

donde n9 es el número de celdas de interés en el 
medio granular, y s(k'). el abatimiento en la celda 
k' de ese mismo medio. 

En este caso, las restricciones impuestas son 
las siguientes: 

(i) 

(i i) 

s(k) ~ Smax(k) 

s(J.:') ~ Smax(k') 

Q(k) ~ Omu(k) 

M 

(iii) L Q(k) ~ D 
k=l 

M 
(iv) s(k) = L II(J.:,j)Q(j) 

)=1 

,\1 

s(k') = L Il(k',j)Q(j) 
i=l 

para toda k 

para toda k' 

para toda k 

para toda k 

para toda k' 

donde ,\/ es el numero de celdas de mane¡o. que 
también en este caso es igual al numero de pozos 
de la CFE. " 1 . JI(!', J) es el coeftctente de respues
ta que relactona el bombeo en el J-és11no pozo ¡Je 
la CFE con el abdttmiento en la !-'-ésima celda del 
medio grdnular. 
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OptimQación del bombeo en el acuífero de VIlla de Reyes, San Lu1s Potosí 

.. Dado:que se tienen'ú ce.ld~sde pozo~ prolun·
dos de.!a.GFE,-Y corr el'lm de· dar-el mismo peso-en-

·. _,_,,fa ·funaiómobjelivo.-(3) a ·ambos .medios.:aculle<-os. 
se seleccionaron las·17.celdas de pozos someros 

· con mayor extracción entre las 23 extslentes en el 
área. Cabe mencionar que en las 6 celdas exclui
das los bombeos son muy reducidos: En el cuadro 
4 se presentan los coeficientes de respuesta que 
relacionan el bombeo en los pozos de la CFE con 
el abatimiento en las celdas de los pozos someros 
que ahí se indtcan para el periodo de 5 años. La 
ubicación de los pozos someros considerados se 
muestra en la ilustración 2a. 

El modelo de manejo representado por la fun
ción objetivo (3) y su conjunto de restricciones 
asociadas constituye también un problema de pro
gramación lineal, y su solución es el esquema de 
bombeo de los pozos de la CFE que minimiza 
la suma de los abatimientos en los dos medios 
acuíferos dentro de las restricciones impuestas. 
Para los pozos de la CFE estas restricciones fue
ron las mismas consideradas en el diseño del es
quema óptimo A, mientras que para las celdas de 
los pozos someros se permitió un ambatimiento 
máximo de 20 m en el periodo de 5 años. 

La solución al modelo de manejo de acuerdo 
con este diseño se muestra en el cuadro 4, y al 
comparar estos resultados con los obtenidos en 
el diseño previo se puede notar que la distribución 
del bombeo de los pozos de la CFE es marcada
mente distinta; por ejemplo. los pozos 2, 3 y 18 
operan en el esquema óptima A pero no en el B. 
mientras que los pozos 5, 8, 16 y 21 bombean en 
el esquema óptimo B pero no en el A. 

Es importante destacar que se ensayó el di-

4. Esquema de bombeo de los pozos de la CFE para una de
manda de 450 1/a 

1989 
Pozo ajustado Op11mo A Opl1mo 8 

2 46 63 o 
3 48 52 o 
4 36 75 76 
5 20 o 34 
7 39 o o 
8 28 o 42 
9 35 o o 

11 8 33 28 
12 36 o o 
13 8 o o 
14 6 o o 
16 10 o 37 
17 16 75 75 
16 24 32 o 
19 32 49 ,, 
20 9 71 71 
21 49 o 38 

· - --2.- Prediccióri de abatimiento del niVel e~tático (en metros) con 
el esquema de bombeo de-.1989 ajustado a 450 1/s en·tos 

•-: ~oztnf•de la~CFE; .a) ·de .enero~e'·1-989:a enero de 1994 en 
,_;.-__,el·.acuífero: granular ·Y b). a''eRero .de '1994 en ·el· ac.ui1ero 

·fraCturado 

¡ 

"' 

• Pozo de ll!l CFE 

o PozoSomei'O 

12 
16 • 

7 

~26 

• PozoOelaCFE 

a) 

13 

" 

21 . 

. 
N 

~ ¡¡: 
b) 

'" 
"'' 

o 

" 

16 ' ~· 
3 377 19 

5 : • 11 
T 3 • 

m 
373 

\._,'i!. M4 • "' 

3 • . 

!' 

•.• ,, 

6 sc.ala gr állea 
2 5 

' 1 O 1 S 1:0 1 

Kl1ometr05 

seño de ambos esquemas óptimos para deman
das de agua mayores que 450 1/s, resultando que 
en el caso del esquema A no lue factible obtener 
una solución óptima con una demanda de 700 1/s, 
mientras que en el caso del esquema B, el método 
de oplimtzación no convergió para una demanda 
de 550 1/s, lo cual significa que no es posible satis
facer estas demandas sin violar las reslrtcciones 
físicas que condicionan la explotactón del sistema 
acuífero. 

Predicción de la evolución del nivel estático 

La evolución del nivel estático en ambos medios 
se predijo mediante el modelo dtgital de flujo para 
un horizonte de 5 años tomando como niveles 
miciales los correspondientes a enero de 1-989. 

En ese año, que es el último con registro hidro-
métrico, el bombeo conjunto de los pozos de la 

. CFE fue de 374 1/s (véase cuadro 5). Con el fin 
de comparar consislentemenle la predicción ba¡o 
este esquema de bombeo con la que resulta de 
los esquemas óp11mos A y B. se mcrementaron 
los cau(iales de los rozos de la CFE del ario 
de 1989 para bombear en conjunto 450 1/s. pero 
respetando la aportac1ón rcla11va d,:,:ada rozo ;¡l 
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Optimización del bombeo en el acuífero de Vtlla de Reyes, San Lu1s Potosí 

' 5. Bombeo promedio· de los pozos_.c;le la.CfE dura ni& el año de 
·:1989 . .. 

Caudal 
P"'o (lis) · f'orcentajé 

Ba.tería 1 
5 16 8 4 5 
7 326 8.7 
8 23 7 6.3 
9 290 7.7 

12 29 6 80 
16 6 1 22 
21 40.7 10 9 

Bdteria 11 
13 66 1 8 
14 4 8 1 3 

Baterla 111 
2 38.5 10.3 
3 40 1 10.7 
4 29.4 7.9 

11 67 1.6 
17 135 3.6 
16 20.0 5.4 
19 26 4 71 
20 7.2 \S 

local: 374.1 1000 

total bombeado en ese año. Este esquema se 
llamará en lo sucesivo "esquema de bombeo de 
1989 ajustado", y en el cuadro 4 se muestran los 
caudales por pozo que lo definen. 

En las ilustraciones 2a y 2b se aprecia la pre
dicción de abatimiento de nivel estático de enero 
de 1989 a enero de 1994 en los medios granular 
y fracturado, respectivamente, con el esquema de 
bombeo de 1989 ajustado. En la ilustración 2a 
se observa un abatimiento máximo de más de 18 
m en el medio granular en la zona del pozo 3, que 
decrece hasta 6 in en la esqu1na poniente del área 
de estudio. En cuanto al medio fracturado, se ob
serva en la ilustración 2b un abatimiento máximo 
de 26 m en la zona del pozo B. y un mín1mo de 
alrededor de 16m en la porción noroeste del área. 

Con respeckl a la predicción bajo el esquema 
de bombeo ópt1mo A, donde se considera úni
camente la minimización de abatimientos en el 
medio fracturado, los abatimientos predichos a 
enero de 1994 en los medios granular y fracturado 
se muestran en las ilustraciones 3a y 3b, respec
tlvam'ente. En la 3a se observa que el abatimiento 
máximo predicho para el medio granular bajo este 
esquema de bombeo es de más de 23m al noreste 
del área. y el mínimo es de 5 m hacia la esquin~ 
poniente. En tG 3b. que corresronde al med1o 
!rncturado, se aprecia un obat1m1cnto m6xirno de 
2~ m en la misrn:1 porc1ón noreste, y un~ recure
ración de 111veles ¡s:ano negativo en la ilustracró1i) 

·en· la mitad:suroeste del área· con un máxim·o de 
:recup_eración de 20 m en.la¡zona del pozo 12 . 

· '· ·t:a·predicción:.de:·anatimiento ·del nivel•-estático 
. e·n el ·periodo•de enero .de .1989 a -enero de ·1994 

.. · bajo el esquema de bombeo óptimo B se ejem
plifica en las ilustraciones 4a y 4b para los me
dios granular y fracturado, respectivamente. Este 
esquema de bombeo fue diseñado planteando la 
minimización de abatimientos en el sistema glo
bal, dando la misma ponderación a los dos me
dios acuíferos. Como se puede observar en la 
ilustración 4a, el abatimiento máximo en el medio 
granular es de más de 20 m sobre la porción 
noreste del área, con un mínimo de 6 m en la 
esquina poniente. En la 4b se aprecia en el medio. 
fracturado un abatimiento máximo de 21 m hacia 
el noreste en la zona de los pozos 19 y 20, y 
abatimientos entre 8 y 1 O m en la porción suroeste 
del área. 

Conclusiones y recomendaciones 

De los resultados de la predicción bajo los tres es
quemas de bombeo propuestos, se concluye que 
si bien el esquema de bombeo de 1989 ajustado 
conduce a los menores abatimientos en el medio 

3. Predicción de abatimlen1o del nivel estático (en metros) de 
enero de 1989 a enero de 1994 con el esquema de bombeo 
óptimo A; a) en el acuffero granular y b) en el acuffero 
fracturado 

( ., 
1 

• 
12 

,, 
7 

' . 

• Pozo de la CFE 

\> '. 
"'"'<S> • e 

S S S 

• Prvo tl•! 1,1CfE 

' 

13 

~·~ 
" \'.; . 

' . 
"'· 

m . 
~ ~ :: . 

a) 

b) 
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· , 4.-. Predicción de abatimiento del nivel estático (en metros) de 
· .. ·· · enero de 1989 a enero de!1994 con et esquema de bombeo 

. ~· -~ .<'· .---~~ 'l"...Óptimo. 8; .a):. enrel.acuífero.:,granular y .. bjt"en· el. acuífero · 
. 1ractutado · 
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granular, es también el esquema· que ocasiona los 
mayores abatimientos en el medio fracturado, con 
los inconvenientes del caso para la operación de 
los pozos de la CFE, en particular para los de la 
baterla l. 

Por otra parte, el esquema de bombeo óptimo A 
ofrece las mejore¡; condiciones para la operación 
de los pozos de la CFE de las baterlas 1 y 11; sin 
embargo, provoca los mayores abatimientos en el 
medio granular. 

En cuanto al esquema de bombeo óptimo B, se 
observa que ocasiona abatimientos relativamente 
pequeños en el medio fracturado en las zonas de 
las baterías 1 y 11, y abatimientos menores a los 
que produce el esquema ópt1mo A en la zona de 

-la baterla 111. Además, como es de esperarse, -el 
esquema óptimo B tnduce abatimientos Inferiores 
en el medio granular que los obtenidos con el 
esquema de bombeo óptimo A. 

Comparando las predicciones del esquema óp
timo B con las del esquema de bombeo de 1989 
a¡ustado. se observa que aunque este últ1mo oca
siona menorés abatimientos en la porc1ón noreste 
del área, su efecto es tuerto sobre la mayor par
te del medio fr1cturildn. afectando considc1 able
mentc a la mayo1ia de los pozos de la CFE ' 

De las-comparaciones-anteriores se puede con-
cluir 'que;el esquema:de:t¡,orobeo óptimo· 8 ofre

--ce -Ventajas. de <01den::llidrogeolqgico .y .socio eco
. nómico sobre· tos-otros- dos-esquemas . .Desde el 
·.punto de v1sta operacional, et·cuadro 6 indica los 

volúmenes anuales de extracción recomendables. 
En este cuadro se aprecia que para la batería 
1 sólo los pozos 5, 8, 16 y 21 deberán operar 
normalmente, quedando los pozos 7_, 9 y 12 de 
respaldo. Es conveniente que los pozos 13 y 14 
que conforman la baterla 11 se utilicen de respal
do. En el caso de la batería 111, la extracción se 
deberá efectuar en tos pozos 4, 11, 17, 19 y 20, 
manteniendo los pozos 2, 3 y 18 de respaldo. 

En todos los casos se recomienda atender a 
la hidrometrla mensual de los pozos, procurando 
que sus volúmenes anuales de extracción se ape
guen a los indicados en el cuadro 6. Los pozos 
de respaldo sólo deberán operar temporalmente 
en caso de fallas mecánicas en los otros. 

6. Volumen de extracción anual recomendado en loa pozos de 
la CFE para una demanda total promedio de 450 1/s 

Voh.J'Tien 
Pozo (mileo de m~ 

Baterla 1 
5 1072 
7 o 
8 1325 
9 o 

12 o 
16 1167 
21 1198 

Balerla 11 

13 o 
14 o 

Batetla 1U 
2 o 
3 o 
4 2397 

11 883 
17 2365 
18 o 
19 1545 
20 m. 

Total 14191 
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Estimafion of mountain:front -recharge to: regional· aquifers . 

. 1. :.Development oran analyfieal-hydroclimatic model 
' 

Adolfo Chavez 
Facultad de lngeniena. Universidad Autonoma de Chihuahua. Ch•huahua, Mex.1co 

Stanley N. Da vis and Soroosh Sorooshian 
Depanmcnt of Hydrology and Water Resources. UnJversuy of Anzona. Tucson 

Abstract. This papcr addrcsscs thc hydroc!Jmatic rnodcling of mountain front rcchargc 
to rc¡;10nal aqUifcrs. An analyucal rclatJOnshJp bctwcc~ thc mean scasonal prcc1pitatiun 
and runoff 1s obtaincd based on a conccptuahzatton of thc hydrologic proccsscs 
uccurnng tn hard rack mountainous tcrram anda dcnvcd·dlstnbutJon approach whcrc 
thc ¡nput vanablcs are consJdcrcd to be stochast1c and thcir prohability dJstribut1ons 
are transformcd into thc probabiilty d¡suibut1on of thc output variable by using thc 
dctcrminiSIIC phys1cal proccss. In a first·ordcr approx1mauon a rclationship bctwccn 
thc scasonal valucs of prcc!pltatiOn and runoff is obtamcd. An analyt¡cal modcl of thc 
scasonal strcamflow is thcn developcd whcre Inltial abstractlon and thc long-tcrm 
cffcctivc subsurfJ.cc outflow. or mountain front rcchargc. are vicwed as unknown 
modcl paramctcrs ln adJit!On, a procedurc that combmcs thc water balance cqualiun 
w¡th a rclailonship prov1dcd by thc so-callcd "vegetal cquilibnum hypolhcsis ... ami 
wh1::::h cnablc~ thc cstimauon of cffcct¡vc so!l-rclatcd paramctcrs jomtty with thc mean 
scasonal cvapotran~pirauon and surfacc runoff. is introduccd. Thi~ proccdurc i:-. applicd 
to a mountamous watcrshcd tn southcrn Anzona. 

lntroductiun 

Tnc two maJn mcchanJsms of natural rechargc to reg10nal 

aquifcr~ Jn and anu scmiarid arcas are channcl rcchar¡:.c anJ 

mounta1n frunt rechargc Whde mo.untdm front rech;n¡:.c J'> .~ 

VJl.d componen\ uf the groundwatcr '>)''ítem tn manv (Ji thc-.c 
arc.t~ (Fe u;, 1~1- 11 con<,IJlutc.., only a mmur frdClHHl of thc 

tot;d <1mount of water oc!Jvcrcd lo thc arca b~ rrccJp!l.t\Hln 
;mJ tt1crcforc Cilnnol he c'>IHn:.IICd rclia~ly hy · ¡.:ro\<. ,,..,:;_¡¡cr 

hai:.Jncc calculaiJon.<-. 
E•.tJmatc'> uf muunt;_¡¡n front rcchar!!c to rc~ton.tl ai,Jutfcr<. 

are rcqutrcd for m.ln.l!!cmcn; purpo.-.c-.. p.lnt...:ul.nlv tn urllcr 

lo Uctcrnunc lhc \afc vt·.:IJ fr(ml wcJh tn c.rounJv.,¡tcr h.i\tn" 
v.¡¡ca· twcral! rccll.tr~c t\ ,m;¡ll .tnd dndnplllCrlL m.t\ 
rcadJ!:, le:!(.~ lll ll\ calr:Jf: cundJlllHl<. Su.:!: tl.J\10\ :nc ;:,•;n
mon m :trl(! o.~nL '>Cmt.tral rq:tnn\ F\\tm:llC' nf nhltJOI.tt1' 

lrliOl rcch.trt,:C ,¡J<,,l rr•ntdc pr<."~fli'C•! Jlu\ \,duc' !111 liq.:tl,ti 
r.hKh:h. of rq:H)fl,¡] f_rlHJnJv.o~',cr 0,, . .._ 

flil\.I.C\'Cf. l!;_t[.¡ llfl ¡,:fllUnJw,¡\Cr 1n 111~· rl\!IIHll.U:J ,Jfl~! \ti'' 

mount.JJ!l frunt rct:llHl .1rc t•tdln.ud·, i111liiC1~ ¡,, .1 ll'\' \~IIIL'J\ 

\p:1Cl'._; wc!J•,, 'Pflf1!!'>. ,HlJ \l.J\l" l],n ... \JfCdlll\ [ lll" -..._.Lilll\ 

of lbta. alon~ v. tlh un..:cn..tlllliL'~ mflcrcnl 111 tt:c d,ti;L .111<! 

calculatlon-.. mav Jc;¡J tu error .. of ur lll ..tn ,1rder of 

ma~nlludc Jn thc C\llmat!On of mountam frunt rc~.:haq:.c 

llicl(/n und Mat{o(;.,. 1!.)7~] 

\\"Jtll rq:;¡~J lt• tllC 111\CI\C rwhlcm tn !!r<1Unllv.alc: ll;.drl'l· 

0_!,:~, ,¡j~O t..nO\.I.'n ;¡<, !he t-:ftlUOd\.1.3ICr rar;trm.:l\.'1 C\llfllalltlll 
rro~lcm. Carrera an,f Scurnllfr [19r:oh] founJ tll.JI prc· 

~cnhcd hcad conJI\Jnn.-. at thc JquJfcr bounJ.uy rnultcd m 

~mallcr scnsitJVllJC-" th.1n rre ... cnhcd non¿ero nu-.... hcm:c ltll'> 

i'a~r numbcr liJWR0))h11 
IH4l ¡\CJ7,"J.;:t_)JWR,.(l~_\¡,'}~()~ ()'1 

sugge'its that one should Jmro:-.c the l:tttcr cnnJllion v.:hen

cvcr rossJble Carrera anJ ¡\icuman [ 1~X6a] po.<-.cd the tn· 

verse problcm 1n the framc"'orJ..: of ma\lmum ll)...clthooJ 

e~-IJmatJon wnh prior mfurmatwn a~out thc p..trarnctcrs. In 

thelf furmuJa\JOO the rnor hC.HJ errOr.\ ;¡nJ !he pnor param· 

ctcr c-..111natmn error.;. wcrc .l.\.\umcd to ¡,,¡,:t.. uu:--.. corrcl:.l· 

!Jun. anú fm th1:-. rcason. thcy caultoncJ th.~t hcaJ value:-. 

u-..cd fm tn\'ef'iC modclm!! mu-..t not be u...,cd tu Jcnvc prior 

p.tr.-tmctcr C.\tJmatcs. ThJ<. rule<; oul thc u-..c o! nov.: ncl 
:tn.lh ..,,.., l¡l rnwak priOr mlorn¡;•ttPn a~nut muunt;.un front 

rc.:tl,lr~c ft•r mver<,c modcllllJ..: purpn...,e-.. ;11 k.t"l V.Jthtn thc 
lr,HTlCV.prt.. tlf C.nrcra anJ Ncum.tn·.., :tpprtl;Jch 

Jl¡¡pr c-..!rm.ttC' nf mnunt.lllllront rL·char¡..:c c.Hl he 1•~tamed 

1.1.11h thc J¡J 11] cnvnunmcnt.¡J I\Oiopc~ ISullf'~"n t'l al. 1970: 
(iofi,Ihcr. 197Y. 0/,on. JY):(~j anJ hydnlchcm1cd mass_bal· 

.HlCL" .:.dcul:tlhHl\ (7homt· J9H2. Adflf. J'l)o,--lj lhc..-.c mcth· 

t}\.h .He ,¡\<.OI,.J.JICJ WJth I.JrJ!c un..:crlaJOIIc-..: hcnr.:c aecordms: 

11• cundu\lun\ rc.1Chl'Ú h~ Corr¡·rtJ and St•toll~sn ( IYR6hl 

r,,·c..Hdm¡.: mathemo~tJc.d r.:tlmhtJon' for wcll·fXl\cdnc'i'i, C<\li· 

rn.1tc-.. h,t\Cd 1111 them Jn l11tlc \ti rcd¡Jcc thc dc~rce of 

dl-ro~cdnn-.. of thc mver...,c rmhlcm 

A n allernat1vc <tpproach to c...,t¡matmn nf mountain front 

rcchar¡ze ¡<, the use of hydroclimallc modcl.\ Such modc:ls 

;trc p;¡n¡cularly U'ieful 111 arcas whcrc rca<,on;¡hle rccords of 

r;¡mf.tll :1.nd 'ilreamflow C\i<.t hut wherc tncrc '" almo~! no 

l1.11.1 un !!rnund~atcr 
In paper J nf tht~ two-pan ~ene..., wc dcvclor analyttcal 

mnJcl, of the ·.,ca'ional c;urücc runoff anJ <,trcamnow based 

on a conceptual modcl of hydwlo!!iC procc....'l.c<. that should 
arrrm:.•matc -.omc type" of field conJ¡¡¡om. m rantcular. 
harJ rocJ.. mountamous watcr\hcds whcrc Jeep rcrcolat10n 
oc cure, c\CIU'ilvely throus:h fraclure.'i: thnc: mo-dcls ( 1) are 
formubtcd m terms of parametcrs with phy'i!Cal 'ilgnificance. 

1 
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GrouÍld wa1er basin 
. ·boundClry 

Figure la Groundwater basm and regional aquúer bound-
ancs m plan 

thu~ facilitat¡n~ thc conceptual interprctation of thesc pa
ra:netcrs and the dcvclopment of entena for rc:g¡onalizauon. 
C:J makc u~c of data ordmanly recorded at chmatologJcal 
;¡nJ h~ dromctnc statJon.<.. thus ¡ncreasmg model applicabd-
11!. and UJ favor thc mclusion of data obtamed by rcmotc
~cmm_t: tcchn1quc~. ~ucn as satclhte ¡magery and acrial 
pllntograrhy. Jnao:;much a.<. thcy can rap1dly prov¡Jc a lov.
._;,,..,¡ cnar.n:tcnL.ltton of dramagc arcas and a1d m thc assc..,s
mcn¡ of .-..~1m e v.._¡tcro;;hcd raramcters. 

Wc :d·'' Introduce a quantltauve procedure that e tes 

1 he c ,¡ lm.Jt lllfl üf mean \Uña ce ru noff and cv;.¡potransrur .JI Ion 

j(lJnth v. 1th dTcctl\ e :-lHI-rcJ.ucd parametcrs Th1s proccdurc 
J\ llC\'clopctl thrnugh tnc combmatJon of thc v.alcr balance 

c4uatJon ;_¡nd a rc!dtlon.slllp providcd hy thc ~o-callcd "vcg

cul cquJI¡hnum hypothcs1~" !Eaglcsnn, 19780 ln1tlal ;_¡t'J
<,tr.t.::Jon~ ohtJJncd 1n th15 manncr are tu be u.sed a~ pnor 
c.;;tJrn~tc<. v.11h1n a \loc:,a.stJc par.Jmctcr cstJmatJon ::1ppro.1..:h 

¡_:¡ver. \1:- Cho\·c:_ r·r al !th1' ts.;;uc) (papcr ~ of thc .;;cnc~l 

v. n1c1 rncnrporatc' rnor Jnformat10n ahout thc ffi¡l(.kl p.,

ramc!cr~ Th1" :1prroa.:h '" appi1Cd to our o:;ca!-.t'na! \trcam
rlll'J. moJel v.·ncrc thc !tlOf:.·lcrm e!Tcctivc groundw:.tcr run
or. ¡lf mt1untaJn fn1n1 rcchaq::c, JS '¡cv.cd ;¡, nnc llf thc 

nwdcl par:tmctcr~ 

Conct· pt u;,_¡ 1 i1.;J tJOn 

·¡ 11 \('( ur ;¡ ..:lm,:crtu;¡J fr.JnJC\I.Oflo. f,,r !he dC\Cillrrnent of 

an:d' !Ji.:,d m11Jch oi thc 'ea'l'n-1: \Ur1-alc n10•1fl .1nd \lrcam

tl,1\l. ;uu.l ,t rr,•ccdurc tl' C\ltrt moun!.un lront rct·h;tr~e. 

thc f,,¡],IWJO_t dcf¡nJtJon•, are Jntroduccd 110 ,¡¡;:recmcnt v.¡th 

\\'u1ot. 11 al [19:-;o:l 1[1 .1 ¡.:.round..,.atcr t"la\ln 1\ an :trc.1 
\~Jlilln V.tliCr. ¡.:round\I..J(C tlo\4 fl:ilh' :..LH" l\l\4;¡rJ j rq:Jtln.¡J 

;¡qtulc:. t~t J rq.:¡on.d .a4udc~ "thc l.tr~C\l l'lnV• of (Ontmu
tlU' \.¡tur.ttJun 111.1 puundwJtcr h.J'Itn. (JJ a it.x.:.ll llov. ~><.,tcm 

1'-> a \rtlJ.Il. ~J.turatcd poundv.atcr tlo\4 S)\ICm th.at1~ ''ti!Jlcd 
from thC rq:1ona! aqu•fcr, and 14) a rc:gtonal no"'" syo;.tcm ,., a 
,;:¡turatcl.l \y:-tcm th;¡t 1' conncí.:tcd to thc rq,:uJnal aqu¡fcr. 

In nun~ :.HCJ\ : .. l· p0unJ..,.;11cr bo~s1n CoJn..:nJC\ ""'lih thc 
..,.,lll'r\hcd ht~unJ., ·. H't:lor: el al J llJSO) cmrhd'>liCd thc 
J¡~tmctLon hct<.4een thc rcponal aqu¡fcr büunJM~ .1nJ ttlc 
poum.l..,.atcr t"la<..m . .J~ ..,.cJJ a:-. thc dLITercncc bctv.ccn thc 

rc~onal ,1'-iUJfcr bllunJary anJ thc base of thc muunt.t.m 

The\e dJfTercncc' are \h{l""'n 1n Figures la anJ Jh. and twth 
loc.:d and rq:•on.,J lluv. ~~\\Cm\ are dlustratcd m F1~urc ~ 

Muunt.:un front rcch..1r~c 1s dcflncJ b) \--\'t/Jem rt 1.1i ll'lXOJ 
a' rcch.lrl=.C \,l,hu:h occun alon~ the port10n of thc rcgJon.tl 

1 
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GrOUftd •••• , ~.In 
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Figure lb. Groundwater baslfl and rc~ional aquifer in 
cross scct10n. 

aqutfer boundary that parallels a mountam arca According 

to thts definition the components of thts typc of rccharge are 

( 1 l the tnfiltration of streamflow froffi the washc~ and nvulc:ts 

between the bases of the mountams and thc rcf!Lonal aquifcr 

boundary and (2} the subsurface inRow from thC mountatn 

mass to the basm·fill scd1ments. 
In mountamous terrain, thc pcrmcahdJty Df which IS 

fracture controlled. subsurfacc mflow includc.s l"loth J:round

water flow through fractures and underflow through thc 

sed1ments of thc washcs and canyons that dram the moun· 
13105 In thls papcr we t..lcal only WJ!h lhe ntJmatton or 
.suhsuríacc innow from thc mountam ma"" IP tne basm·fill 
~Cd1mcnts. wh¡ch. m terrns of thc rnountaJO¡IUS watcrsheds, 

1~ thc subsurfacc outflow. Hcrc wc wdl U\C tlu_., term and 

mountam front rcchargc mterchangcably. 

Our conccptualiz.ation of thc hydrologiC prnccsscs that 
occur :.1 mountamous hard rock tcrra1n. ami tha·t uh•matcly 

Jctcr .ne molln: .. un front rccharge. mcludc:- thc followmg 

:.1"-llmpt¡om anJ Slmpltflcatlons· ( 1) no con\Jdcrallon IS 

_!::1\Cn to 'onow or ICC, (2) sotl covcr is ~mall or nonexistent, 

()¡ rcrmcabJI¡ty of thc mountam mas~ '" ... ccondary and 
lracturc controllcd, (4) porosltJCS and pcrmcabilillcs may 

Jcvdur 1n thc uppcr zonc of thc hedrock hy surface d•stur

!"l.mcc!-. ~uch as smal! fraCiurcs. crad.s. and wcathering. (5) 

(lnl~ vert•cil water flow occurs m thc urrcr unsaturated 

Roocl'llrQI 

1 1 ¡ 
1 ~ 
¡ 

:¿;Loc•l -. 
flow eyeleme 

Sptlng 

S"oomz~ 
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Figure 5. Gcneratlon of surfacc runoff R1 dunng a typJcal 
storm 

equal~ !he storm depth h. If t, > h,li. as shown m F1gure 5. 
m1tJal ab~tract¡on ¡s saosfied. and suríace runoffis generatcd 
stanmg from u me t = h,/1 untd !Lme r = r, 

l3ascd on our assump!Jon that arca! mfiltrauon docs not 
contnbutc to dccp percolatJon and becausc of the finllc 
storagc capac11y of thc uppcr zonc of thc bedrock. mfiltra
t!On capacll) must approach zero at largc t1mcs Wllh no 
physJcal analogy to thc matn>.. ¡nfiltratlon cquat¡on. wc 
modcl mfiltratton cJ.pacity b~ 

whcrc 11 tS assumcd tha~ thc mfiltrat!On ratc 1~ cqual lo 

mfi!trat10n capacJt)o' once mlt1al abstracuon ¡s -.att..,ficJ. 
Thc cumulauvc dJstnbut¡on funcuon of thc swrm \uríacc 

runvtT can he found according to 

Proh [R,. < ,j = F[R,J = JJ fl<. 1 .. h,l dR Ui 
R! :J 

whcrc/(1, t,, h,J ¡, thc JOlnt probablltty functton of \torm 

mtcn.<.tty. \lurm Juratton. and Jntltal abstractlt""~n. and Ht: J 1\ 

thc rc~11)n tl; ¡n:q:::r:ltt(ln In a ¡cro.urdcr aprrn\tnl,t!tnn .... e 

v.dl con\tJcr h, [ll h~.: a constan¡ at 11' \pace .tnJ tJnlt' 
dTectiVC valuc. thu~ [(HCtnt:: al! vanabdJI\ w come !rom tllc 

\torm p:.tr.•mctcr~. :.tnJ cquJ.t1on U1 ~ccumc~ 

Fi~ure 6. lntc~rat•on rcg1on for probabi111y of \Uríacc run-

f (i. L) 

t 

-; 

"--r = (R1 -+ 2~ .. h,)/t, ,, 
Figure 7. Calculauon of surfacc runoff dtstnbutlon. 

f'1R,I = Jf [1.<. t,lh,l dR = J ( [l.i, 1,1 dR (4) 
R¡~¡ JR(~I 

whcre the rcgion of tntcgratton IS ¡jJustr;Hcd m F1_¡:urc 6 
Thc mtcgrat¡on of thc JOint d1stnhut1tm fu. t,) from thc 

axcs out to thc dashcd curve r a = r, gi\c~ thc rrobabduy 

that no suríacc runoff occurs. lnte!!ratmg al! thc way out. to 

thc curve R
1 

= .: r:~tdc.s thc probahlltty that a particular 

.stnrm w¡ll rroduce R 
1 

s ;:.. 
Wc wdl dcnvc thc probabi\Jty d1.<.trihuuon tlf surfacc 

nmoff t->y mtcgratmg thc diffcrcncc hctwccn raJnfallmtensity 

and thc tnf1ltrat10n cquat1on o ver thc duratton of .t rainstorm 
lnfiltratton ¡, a~sumcd lO occur umformly nvcr bl)\h thc barc 

:tnd thc \·c¡:ct.ucd portumc;, tlf thc <;;urf;¡cc Hcnu: 

li, = J-, 
1!.·. 

JI' - J ,'' 11' 
11- (h,l) ·r ·¡ dt =u,- -=-(h,ll,).- + h, (5) 

v. he re H 
1 

.s !-.uríacc runoff gcncratcd br thc ;th rainstorm. 
N11v.. h\' ac;,<,ummg that c¡torm intcnsity 1 ami storm dura

tllm :, ar~ tndcpcnJcnt and cxponcnttall) ÚJ\lnbutcd. 

(61 

v.hc:rc " 1 
1\ th~.: mean \hJrm tntcn\Jiy. 11 1 

•" thc mean 
\!tlrrn dllr.tllllrl, and hccnJ\C of thc mdcpcndcncc assump

lltlll " 
1 

,". 
1 1~ ttu: rnc.tn \\Pfnl Jcpth. CLj\J.d ltl n¡ lf U\mg 

~hJ. v.c ..:.1n rrq1.trc a thrcc·dJmCn\JonaJ \'IC"" of thc probé.!· 

hilt\ c;tlcu!.Jttlln of ¡4). a' ~ht'"" m hpHc 7 
, '>Uh\lllllltrl~ thJ 1nto 14t anJ u'>lni,: <51 ~1\C\ 

or.J' 
" 

( 7) 

or 

-8 J: cxr [ -ór,- (olr,)lo. 21h,o/ 1
:. h,i) dt, (8) 

off. and fínally -' 



CHAVEZ ET AL.: MOUNTAIN FRONT RECHARGE TO REGIONAL AQUIFERS. 1 

" 
~159 

zone of <he .bedrock. (6) .moisture storage capacity of the 
· upper zone of the bedrock is not cxceedcd durin& a ram

storm event; (7) areal infiJtration does not contribute to decp 
... ~ pacolaHen;· (8) deep -percolalion-occw:s-onlr-tl"ough .frac

tures connected toa local How system orto tlle regional ftow 
system. (9) fractures where deep percolalion occurs collect 
water from surfacc runoff (overland How ami/or channel 
fiow), ( 10) water collccted by these fractures is instantly 
dramcd and hcncc 1s not avallable for evaporatiOn, (11) 
channe! prcclpHatlon !S ncghgible. (12) e .. ·aporailve losscs 
from suñacc runoff are ncgligible, ( 13) water mfiltrated aJong 
thc dramagc channcls !S not availablc for cvapotransp¡raUon. 
(14) local flow systcms wh1ch feed spnngs and dramagc 
channcls m ay be prcscnt in the mountain mass. ( 15) the 
rcgtonal aqu1fcr may be rcplcn1shcd by groundwater flow 
through fractures and by underflow throu~h thc sed1mcnts of 
thc dr;,ma¡:::e channcls. and ( 16) the rcplenishment lo the 
reg10nal aqutfcr JS stattonary in the long term 

Anal~ !leal l\lodels of !he Seasonal Surface 
Runotf and Streamflow 

In thís sectJOn an analytical modcl of thc sca~onal surfacc 
runofT 1s tntroduccd. by virtue of our conceptualiz.atlon of 
thc hydrolog:tc rn)..::cs~cs m thc- mountamous arca. thts 1s 
equal to water y1c . ...: A scasonal strcamflov.· modd ts thcn 

d~nvcd on the ba'iJ<.. of thc dcfin1t1on of water )'Jeld. This 
modcl 1ncludes lont:-tcrm cffectJvc subsurfacc outflow 
(mountam front rcchart,:cl :.ts a model parametcr 

~todc!Jng Approach 

\'.'e ador: thc approach that. 1n applicd ~t;:¡ttsucs. t!> 
rcfcrrcd to ac; onc o~ "dcnvcd distributions " In tht<.. ;:¡p. 
rrna.:h thc tnrut v;m,!l:,lc'> are constdcrcd to he stocha~ttc. 

ano :nc1: rrutl.tDdny JI ... tnbutton" .uc transfllfmcJ mto thc 
proh:tn!ln:- Jt~tnoutton of lhc ou1rut .. anablc ... h~ U\C tlf the 
dctcrmtnt<.t¡c moJel of thc rhrsical rroccs~- Th1\ appro~ch 
1" tliu<.tratc{j tn Ftpne ~-

Prcc¡pll:.t\IOn 1!-- rcprc\entcd hy- a scqucncc of r<tnJnml~ 
\tlcd anC \rJ.:cJ rc.::tan~ular pul~c" (ft~urc -lt Th1" .~p

rroach cnablc'i L.:\ tC> ..:on\ cntcntl\' rcprc.,cnl lite dl\lrthlllltln 
o( tv. n cntt..:.d pl'fHlJ\. thc JuraltOn r, l¡f prc..:q"ltl;llllln Jurtn¡.: 
v.h1ch tnflltr;J\1\l/l dnd 1,1r \url';u:c nJn(liT th .. Cllf' :u11J lllt' IIIICI· 

va! hctv.ccn \lnrm,_ :~. dunn~ v.hu.:h C'-;tporr:.tn\rlrJ!Hin 
liCCUf\ !f-.UJ.'it'l<lr.. ]l{7Í\,¡, {-lj 

SlOCh3SliC ; 
¡nput ( 

proccs..s \ 

¡ 

p.1ramete~ 

ri••C'C ana uncerta•"li 

SlmplllteC 
QetermlntSliC 

dynam1c 

process 
0111 ' Di'lt)J 

- 0(!) 

ramtall 
•ntenslty 

ramfall t, 

(a) actual 

t, 
m1ens1IY f--~'---1 

T 

o 
(b) model 

Figur-e 4. Modcl of prCClpilation cvcnt senes 

Surface Runotr 

Ftrst, m thc manncr of Ea¡:lcson [197Rcl. wc \\di derive 
thc probabilily dtstribution of surfacc runotl on an cvent 
basts lo cstablish a rclattonship bctwccn thc cxpcctcd valucs 
of ~casona! runoff and rainfall. Thcn. m a firc;t-ordcr approx
¡m;:¡tton. a rclat1onsh1p bctwccn thc scasonal valucs of prc
ctpttatton and runoiT wll! be obtamcd. 

In ordcr 10 modcl surfacc runoiT genera !ton. a quanttlativc 

moJel of infiltration is required. Sorne authors fL:."a¡:k.ron. 

IG7oc. C/npp. 198~: M11/y and Ea~le.wn. 198~: Mi/Ir. 1986) 
dc\clopcd cvcnt-hascd s1mulat10n model.s nf vertJcaJ water 
!lll'-" m thc ~od that were formu\atcd 1n tcrm~ of bas1c s01l 
h~draui!C\ rar:Jmctcrs and cxplu.:ttly Lncorr(lf~JIC \Otl water 
Jyn.Lmt..: rruccsscs. In partscular, Mdly [19~61 uscd the 
h~·Jroh1~1c conccpt of lime condensa lulO ami \lmphficd soil 
nw¡qurc ~mcmatics to allow closcd-form ~l)llJIIOm of lhc 

RH.hard~ equ;Lllon to serve m contmuous "'imulatton of the 
~cn1cal cx!iltr.~tlon and mfiltratlon undcr ranJomly varytng 

fnrC~n¡: 

In tht<, v.nr~ v.·c adopta "tmplcr and c\o;.cnt•:illy conceptual 
arrrn.~eh lo modcl mfiltratwn mio the uppcr zonc of thc 
r.cdr<)d v. h1ch mcludeo:; tnit1al ahstract10n as thc only soil
rcl.ttcd p.tramctcr and factlltatc.s thc .tnalyllc;tl dcnva11on nf 
lhr- rruh.Jhd11~ Jt\trthutHm or o;,urfacc rurwiT In th1s ap
No..~ch v.c ;t\\Umc that tnfdtration and ~ur1acc runofT occur 

' .mn¡: .1 \lurm pcnod. whcrc:t.-.. cvapotr;:¡n"'rtratton occurs 
..:..:::n!! an tntcrslorm pcnoli. exclus¡vc!y 

\l,.e rcpre .. ent ramstorms hy a .scqucncc of randomly sizcd 
and sp..~ccd rectangular pulses wherc. for any sanglc slorm. 

1(1) = 1 = con:s.tant, (11 

· ... ¡,ere 1 • rainfall mtcnsLty (LIT) and t, ~~ storm duratton. 
·¡ nc ~en. .ton of .surfacc runofT dunng a ramstorm startmg 
al t = {• ·cprescntcd tn F1gurc 5. In lhts f1~urc. la is lime 
a1 ~o~.htch :ouual abstract1on h, is saw-.f1cd. -and [~ is mfiltra
twn capacllr. 

In thL\ modcl of surfacc runoiT ~cncralton thcrc is an amtial 
""LIIldrawal oframfa.llto sausfy an1ttaJ abstract1un h,. If t, !i 
h,lt. thc:rc 1\ no 5urfacc runoff, and !he ramfall Wlthdrawal 
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Prob [R

1 
< z) = 1- 2(a8)Jn(~ 1 n + h,m) 

· K 1[2(ali) '"( z 112 + h, •n¡¡ (9) 

where K 1 f 1 is thc modified Bessel function of ordc:r one. 
The probabi11t}' of zero surface runoff is 

Prob [R
1 

=O]= 1- 2(a8h,) 1nK,[2(a8h,) 1n] ( 1 0) 

and hcnce thc probablluy density funct¡onj{R) must be a 
compound distribu{lon having an impulse given by (10) at the 
ori~m wun a continuous ponion of arca 

Prob [R1 >O]= 2(alih,) 11 °K 1[2(aóh,) 112
] ( 11) 

To on:.;:un thc rrob;:¡,bdlt) dcns¡ty functzon of R
1

• wc ñrst 
aprroxzmatc (9¡ ior lart:e ;:, as follows· 

Prob [R, < :j = 1- 2(aó:) 1"K,[2(ali:) 1"J (12) 

and dlffcrcnt1allng th1s cquatzon wc gct, for largc R
1

• 

fiR,! = 2aoA: 0[2(aliR)"'J 1 iJJ 

whcrc K 0 [ l'i thc modlfled Besscl function ofordcr zero. 
From thc ;¡hove approxzmat10n the arca of the conttnuous 

pan of th~ <..:cnstl\' iuncuon zs 

wh1cn ts drffcrcnt hy thc f::1ctor 

2tahí:,) 11
:}; 1[2(aáh,) 11 ~] 

from thc true t,J.Juc grvcn by (IJ). 

1141 

\Ve nPw arrroxrmatc the continuous pon ron of thc pro!:>· 
ahrh!v dcmrty funcuon of surfacc runoiT O\Cr ti!. full ran~c 

hy ( JJ¡ rcscatcd throu¡:h multrplrcatton by thc ahovc fac10r rn 
llrdcr to ~rvc tt thc propcr arca That rs. 

. (i f\,1 = 'la'l":rl: ¡r·:,. r,,. óR¡Ii:j,. ['· ·,¡ ¡t':J· , .. 0 , f\OL-U J f\¡-\U• 1, : 

f\
1

>0 ([51 

Tire mean .., .1luc llf thc complete dr!.tnbutrvn r\ thcn 

E\ [H_.] ~ r: JrA',r JH. o:o ~Ur,..'nlot 1 :A.,[:ruá/:,1 1::¡ 

( lhl 

\\.'e 0(1W O~""'I(;¡Jn :JO C\l'lfC'>\Illfl rllf thC C\í"CClCJ vaJuc llf 
!.c;r..,orr.,J c;urtdr.:c nrnnr. lh thc a\\Umrtmn llf rnt.lcpcndent ' 

and 1 •. n!J m a~ hC rcrl;Jccd ~ ... ttrc rccrrr{)(.ii of thc me.ur 
sturm dq'lth. m 11

1
. rn tlhJ. that l!.. 

[\ [R
1

] =- 2(h,m 11 )
1nJ\¡{2(h,Jm 11 ) 1 :j (17) 

Summtng thc random vanahlc R
1 

over the random number 
of rarn<;;torm~ rcr \C.I'>on. ,., define~ thc <.C.i\uOJ.] \urfacc 

runolf H, 

8, 1 1o1 
¡• 1 

and rts C'l\pcCic~ va!uc. E ... JR,/. 15 g1vcn hy 

In th<:... same· manner we exprcss 1he total ramfall 
s.e:ason in tenns of the .individual stonn.dcpths as 

of whtch thc expected valuc Ev [P J} is givcn by 

Ev [P 1 ] = mr, = m .. m 11 

Finally, by using (17) and (21). we wrilc [191 a> 

Ev [R,] = 2(h,m .fmr,J'";; 1[2(h,m Jmr,! '"Jmr, 

pcr 

(20) 

(2 J) 

(22) 

Thus far, wc ha ve thc rclat1onsh1p bctwccn thc cxpcctcd 

values of scasonal surfacc runoff and ramfal! provtdcd by 
{:!.::!). In the manner or Ea¡:lrson l1978g] the rclauonship 
between the scasonal values themsclvcs jc;, gr .... cn in a first· 

ordcr approxtmauon as 

R, = 2(h,I/I,J"'A:,[2[il,lh,l"']l', (231 

Thc vanation ofthc surfacc runofffunct1on R 1 1!', w¡th thc 

imtlal abstractton h, for selectcd valucs of thc average stonn 

dcpth in the scason. fl,. is dlustrated rn f-l!!trrc H 

Scasonal Sircamfto~' 

In our conceptual modcl of thc hydrolll~ic rroccsscs tn 

mountatnous arcas. dcep rcrcolat1on occurs only through 
fractures which collcct motsture from surfacc runoff, that is. 

from ovcrland flow andlor channcl flow. \l~o'c aJ..,o assume no 

C\'aporauvc losses from suriacc runoiT. Thcrdore an this 

case. surfacc runoff ts cqual to water y1cld Tal...tng this fact 

rnto account. and by dcfinillon of water ytcld. the seasonal 

strcamflow (?,. a<. mcasurcd at thc hase of thc mountam. is 

[241 

whcrc N, anJ G, are thc ~casona! ~uri.,cc runoff and 

groundwatcr runoff. rcspccttvcly . 
By m.rA.rng the Slmpllfy·mg assumrt10n th.11 all variauon 10 

(1
1 

come!. from vanataon tn prcctpttatwn. v.c wrll cons1der 

G, to he fi 'cú at tts long·tcrm cffcctlvc val u e G. and (24) 

t'ocCllffiC<. 

(I,=R,-G (251 

T1us C4U<li10n. wllh R 1 ~1ven by ('23). prC'I\'tdes an anaJyt· 

real müúcl to c~ttmate thc !'~casona! strca.m0{lw rn tenns of 
the sea\onal rarnfalt J>,. thc avcra~c \torm dcpth 10 thc 
SC.J\On. 11,. and thc unknown paramctcr\ o! the hydrologtc 

pro...:c~ .... n.Jmcl). thc ~pace and lime cOcdt\1.: tn11tal abo;trae· 
tron h, anJ thc long·tcrm effcct1vc \Cd\On:tl ~roundwater 

runofT. ur mountaJO front rccharge. G 

Mun Scasonal Water Balance 

Thc change tn soil mOI!.ture \tofa(!C 1~ uc;,uall y neglected in 

thc mc.1n annuaJ w;,¡ter balanCe. lf th1' chan,'!C ~~ constdcred . 

!'lm.tll fur d parttcuJ;,¡r r<trn)' scason. r! 1:-. ;nsumcd that the 

sy~tcm 1:-. ~tauonary m !he mean. and becau...c <.urface runoff 
t<. assumcLI cqual to water ytcld 10 our case, lhe water 

balance IS cxprcsscd as 

Ev [P,] = Ev [f:¡.J + Ev [R,] (26) 

f 19) whcrc 

1 ;, 
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Fig:ur~ 8. Plot of surface runoff functton. 

Ev expcctcd valuc of [. J. 
1' 1 scasonal rrccJrltJtJon. 

t.;_ ~cason<ll C\ Jrou .. · \pJratiOn: 

R. 1 sca~on.tl ~urfa.::c : .noff. 

Thc c\pcctcC \·alu~ uf -.casona! surfac.:c runo[ can be 
c.dcub!cd n~ C2J ün thc othcr hanJ. l:.."a¡;:inon I1978JI 
dcrivcd thc cxrcctcJ v.duc of scasonal cvapotr..ln'>pJrauun 1n 

!Crm\ of '>OilanJ 'C!!Cl.tlton flfOJ)Cr11C~. rutcnt¡;¡J napotr;:~n\· 

rJifilliVO. anJ thc )..Oil\Af J¡..,¡r¡l"lulhlO\ u: \!llfnl Jcrth .. 1nJ 
11mc 1"\c:v.cl·:-, \lllfnl' !1. ::e arrcnd1' ;1 nn•JJr"t..:,ttwn o( thc 

E:q:::.lc..,on c\rrc''H'n :t•r 1111.: ¡nJcr-.to•m h.~:c "111 C\.JrlH.Illl•n 

¡.., rrc,cntcJ tcuu.Jtll'rl' t:\1 ,__. ·\)¡¡_ v./u.:r-: m ,,cv. of our 

conccptuJIU_.1tum 1): lfH: ll'• Jrolup..: prP ... c"r.:' tn h.1rJ ro..:~ 

tcrr:11n. carlllant\' n,t. !mm tht' v>,ttr.:r t.thlc ~'• nq::lcctcJ Thr.: 
C\pC~tcli \:.Jluc tll ''·"un.d C\,Jfl>.Hr:w'rlf,¡lttHl <.:.Jn be com· 
rtl!r.:dh~(A7J 

L.J~Ic,nn \Cic..::~.-.~ .1 .:.lfnrll.t Jl\trtbut11n• f11 :~1:: ~ltHI11 

t..lcrtll tn thc t..lcrl\,llt•'" tlf thc c\rcr.:tcJ .. ;lluc ~~~ 'C.JMm.t! 

C\:líllllf:ln'>ptratllm 1 hl\ dt\tnhutton t'> tncon'>t\tcnt """tlh thc 

C\i...._lncnttal J¡qnhutton'> of ~torm tntcn~1ty and storm dura· 

lltln that. f,n .Jn.JI\ttc.d tr.t.:t.Jbtltiy. wcre a\\umcd to Jcn'e 

thr.: rclat\On'>hrr N·twccn mean .-.ca.-.onal wrf:lcc runoff anJ 
ramb!! ICQL ·r1 r::11 lluv.cvcr. tht~ tn<.:tlfl\t\lcnL·\ .-.houlJ 

be of mtntlr .IH . .JI rc!c,:mcc rn thc ~cner.1l ca~c Furthcr· 

more. ti mu~t he cmrh.l'>tzcd that (26l v.tll he uscJ tn 

comhw;Jtum V.tth a rcl.i!tonshtr rroviJcd hy thc ··..-ctctal 
cqutlthnum hvr,n!tc",· tn urdcr to oht:11n :tn ntnnatc of 
cnr.:CII\C tntltal .tb\\t.l..:\t~•n th.ll 1\ tfliCnJcJ \ll 'ef\c un]~ a .. 
PfiOf mftlfn\.311\l!l tri lhC ptii.CJIIrC fur :O.Iu(h,J.,IL<.. r.lr,JffiCICr 

cqtrn:tlLOI: tnlfO<.htCCl! tn rarcr 2 

Vegetal Equilibriurn llypothcsis 

If the surface rc:tcmion capaclty and thc climatJc and 

vq:ctatton paramctcrs are known. the cvaporation paramc

tcr L tn (A 7) rcmains to be detc:mmlctl. This paramcter ts 

al so called thc barc soil evaporat10n r.:fTcctlvcncss and rcp

rco¡cnt\ thc rclativc tmponancc of sotl propcrtics in thc 

d)·namtcs of cxfiltrallon. Equat10n (22) mvolvcs thc spacc

anJ ttmc-ciTcciiVC tntttal abstracuon h,. a 'iml-rclated para m· 
ctcr whtch also rcmams to he cvaluatcd Conscquc:ntly, thc 

..,:tLcr h.JI.Jn.:c C4U~tton (2hl tncludc' t: and h, a:-. unknov.·n 

pM.JillCLcr~. anú an addttiOnal rclattnnstur t\ ncccssary to 

1..uh e f,n thcm Th1., rclattonshtr wdl !"le prO\·tdcd by thc 

'lH:.tlkd ··,·c~cto.d cqudthnum hn)othc., • ., .. 

,\1' ·u~h th·: Jvn.Jmtcs (11 rhc chmatc-:-.otl-vcgctauon 'iY~· 

te m !t.¡. e be... .ung rcco~r: ~J. thc mcr.:hantsm that dnves 

thc mter<ICitun ..&mon~ thc compOf!C:nts of thc system has not 

bccn \1.-cll unJcr\tood. A !Crnarl...ablc contnbution to bridge 

tht., CllnLcptual gap wa:-. made by Eaglr.wn (19780 through 

thc dcvclopment of thc vegetal eqUihbnum hypothesis. This 

hypothcsts proposes that thc natural vegetal ton density in a 
\.loatcrshcd wdl scck. through natural sclcct10n, an optlmal 
'\:ltm.n ... value at whtch ava¡lahlc c;111l mot'ilurc IS a ma,o· 

mum Thc hypothc:-.t:o. opcratc:s dunn~ thc vegetal growing 

\e~J\On and was rcasonahly venfic:d by T rller.~ and fARlc.wn 
[19!:SO] wl(h data from ll watershclh tn hum1d and and 

en' tronrnent:-. 
Onc practtc:tl 1mpltcallon of lhc: vc~ctal cqutltbrium hy· 

fl(lthc"s ., that tt ts pos<>thlc, knov.tn~ thc cltmale, lo 

dctcrmtnc cfTccttvc hydrologiC propcrtte' of sosls lhH"I~' 1 1 

6 
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'" . observations of the <?JIOPY cov~r density. )"his capability 
makes ~~ useful in regional hydrologic stud1es. 
-. lbe..vegeu.J equil-ibrium hypalbesis slak:s lhat, m the short 

... tc:nn, ..naLw-a.l vegeta.Uon sysLems oLa gtv.c.n.plant .coefficic:nt 
k¡., wh1ch is the ratio of potential rates of"transpiration and 
soil surface evaporauon, reach a "growth equihbrium" 
dcns¡ty M = M 0 at which the soJI moisture 1s maximum 
bccause, at th1s state, stress is mimm¡zcd. Max1mum soil 
moisturc JS cquivalcnt to m1mmum sot! mmsturc loss by 
cvapotranspiratJOn. In pracuce, however, it 1s tolal evapo
transptration Ev [Er.J that ts minimizcd. Thus 

a Ev (E r] 
---'=O 

a M 

\"EHBAL Procedurc 

at M= M 0 (271 

~iod1fymg the compulational procedurc of Tcllers and 
Ea¡.:lcson [ \980]. thc cvaporauon parameter E and thc lnllJal 
abstracllon h, are cstlmated through thc water balance 
cquation' (cquatiOn (26)) and thc relatLonship provided by the 
vegetal cqulllbnum hypothesLS (equatlon (27)) m thc: follow
Lng scqucntLa! process. wh1ch for future refcrence we wil! 
call VEHBAL: 

l. P1ci-.. a valuc for the evaporauon parameter E and use 
(/\7¡ lO calcubtc scasonal evapotransp1ration Ev [Er] for 
J¡ffcrcnt vatucs of ,\f untd r27J 1s mmJmLzcd. lf thc v~geta
tLon dcns11y obtamcd LS not cqual to the observed vaJuc M 0 . 

E LS Lncrcmcntcd anda new M is found. Once thc proccss 
convcrgc!-1, both E and Ev fEr 1 are determmcd. 

.., Pld. a \al u e for thc lnltLa'l abstractlon h, and caJcu!atc 

110"JO 

1 MOUr.iTAI~J:., 

•• J 

VI ',, .-J 

L 
e 

---.._ Movnlilon üase N ' ' ... ~ ... C'M'o~ • 
1 

<. 
Figure 9. Locat1on of study arca 

\ 

1 

) 

..... 
1 /' 

u j 

MilES 

Figure 10. Lowcr slopes (L) and tops of thc mountam (U) 
m Sab1no Crcek Watershed and its adJaccn! mountaínous 
arca (A). 

scasonal prcctpitation P, throu~h {26) and (::2). usmg·thc: 
valuc of Ev {Er] prcvLOusly detcrmmcd lf r, ts not cqual 
10 thc mean scdsonal prccipttatLon mr,· thc valuc of hr is 
changcd anda ncw computcd prcctpitatLon LS ohtamcd. Once 
th1s proccss converges. h, is dctcrmincd 

Application to a Mountainous Watershcd 

EITcctivc soil-relatcd paramctcrs are cstLmatcdjointly with 
mean scasonal cvapotranspiratLOn and surfacc runoff for thc 
Sahino Crcd. watcrshcd tn southcrn AriLona lnasmuch as 
thc VCf;Ctal cquilibnum hypothcs1s opcratcs during thc veg
etal f:rDwmg scason, which for thc percnn1:1] ::.pc:ctes of thc 
mountaLnous arcas m thc Bastn and R<!Of:C Pruvmcc of Nonh 
Amen..:~ 1\ thc summcr ramy ~Cíl!<>On [Shrc,·c. 1915). we 

rc\lnctcJ thc cs\LmatLon tu thL<; pcnml. wh1ch in thc stud~
.trc.¡ c:ucnJ:-. ovcr thc months of July. Au~u.-.t, and Scptcm· 
hcr V. e a hu a~sumcJ that thc chan!!c m soll moisturc 
hctwccn thc stan anJ thc cnd uf ttll:-. ramy scason LS 
nc~II¡.:Lhlc . .-.o that (26) holds. and thc VEHllAL proccdurc 
m.LY be aprhcJ. 

s~lhlnü Cr'cd. dram:-. ;¡ por1Lün uf thc Santa CataJma 
Muuntatm (l:¡¡.:urcs 9 ;.¡nd IOJ. anJ ll\ watcrshcd cxtcnds 
frum ~~00 ft (85} mJ al thc outlct tu uvcr 9()(X) f¡ (2743 m) al· 
thc h1¡.:hc<;t ptllnt" Two maJor suharCa .. can be tdcntdicd m 
th1" ""·atcr::.hcJ. a\ wcll ao; m m;.¡ny othcr mountamous 
-....:llcr<.hcd~ '" thc Uasm and Rangc Provmcc. namcly, thc 
in..,..cr !'llopc" tLl. charactcnLcd b~ tclativcly sparsc xc:ro
ph~th.· -..c¡.:ct.t!Lon. and thc top<, of thc rnountam (U). char
.t..:tcn¿cJ b~ cvcrgrccn wuudlands anJ contfcrous forcsts. 
Thc VEHUAL proccdurc was apphcd o;cparatcly lo each of 
thcsc two major subarcas. 

Thc avcra~c ratc of )XllcntLal cvapotranspiration was 
c.tlculatcd fur thc pcnuJ 196)-1974 u::.m~ ~·an Bav~ts (1966] 
curnhm~Hion form uf thc /'enman [ Jt,14K] cqua11on 

1n -....hlch 

l = p 

q,( 1 -A)-.¡,· 11 

P ,L,(l + y!:::,.¡ 

4. average ratc of msolatLon. 
qb avcragc.ratc of net outgomg lon~wavc rad1allon; 

(28) 
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l-
Tablc ·l..· Computation of Potcntlal EvapotranspiratiOA il1. Sabino Watershcd (Surnmcr 
Rainy Season) 

Su barca f,. oc .N S ii." " 
e,.. 

q,.. H" + JJ6. cm d- 1 

L 248 0.42 O 4R 55R 0.14 124 57 1.347 0.51 J 
u 18 4 o 42 o 57 55R o 14 134 52 1.517 o 439 

•Umts are tn calones per squarc ccntJmeters p<:r da y 

JI ;:¡vcragc rcstdual sensible heat ftu.\. 
A shonv.·avc albedo of surfacc. 

Pr mas~ dcnslly of llqu1d water. 1 ¡;:cm -.l. 
Lr laten! hc::tt of \·aronz:ltlon. 597 Cdl ¡;: -!. 

"'!i~ atmosphcnc p:!r::~<nctcr. a functt~ln tlf .t\ffi(l\phcll\: 

tcmpcraturc. 

Thc average r:l!c Clf¡n~olattOn v.a:-, calculatcd fwrn n.:cmd.., 

;tt tn~ Untvcrs1t;- of An..:un.t 1n Tuc.-.on. compdcJ b~ //¡JII(h 

and Durrcnhcr¡!cr [1971J). An albc1.hl value of O.IJ w;_¡.._ 

ao;;<.tgncd to the roe k y ~urfacc of thc mounramou.., watcrc;hcJ 
rr:u.J.:!c.Hifl ]lJ70) Thc ncl OU(~[Itn¡; lun~w,¡vc r.tJiiill(lO \.l..t\ 

C\llmatcd from Fo.1:ic.wn 1 IY77j .J) 

:¡,. = 1 j - Q_:-\¡\'1 

., 
mtn ( 2') 1 

•~hcrc :\' r<- ~c;t<.,(lO;Ji frac110n~tl cloud ccwcr. <1nJ f,_ 1" thc 
avcraf:c \Ca\on;t! atmo~rhcn~:: tcmrcraturc m Jq:rcc.., lo..cl\nt 
Thc .tvcrugc 'Jrymt: ru...,cr· 11 of thc atmu~rt1crc ".L" 
C\alu.JtcJ frurn Ll;J.'ic1on f 1977] 

whcrc S 1'\ thc ;1\ cr:q::c f~.tC!1nn.tl rcl.t\1\'C humhh:·. 
In turr:. tht· :!!rn<1..,nhcnc r:¡r;rmctcr w,~-.. c.tl'"td:!!cd ír••n: 

l.".n:lc.\•11; [ ¡q;-;:¡ 

u o 1 'T. 1 l.j, 

wrth thc ,1\cr:a::: ..,~,.·,,..,(\n.d tcrnrcr.lll!rt" ni dq.:rn·.., Ccl'-tll.., 
Tnc ;tlnl<l\p:H:o.: lCillpcr.J!u:~· ,:~;1:J\: :.• ... e: .~n,! rt'l.di\~ 

h\l!ntdt:\ v.crc :dJ ,,r,t.~m~.·,J !rtl:ll '-o~ti.>~Lt' \~c-dn~.·r -..~.·r..,,~l· 

(:-\\\'S¡ f"i'JbltC:Jltllll'- .ithl .ii,CI.ti.:L,! t<\ll lllC <..Unlfllt'l 1.1111\ 

\C.t\tln tJul:. ·\ucu,; .~rll: .''H.:rrr:mr,c; ·¡ h~.· '-itrn.tlt•lt>-.;1 ... ,,: 
..,<:tlhH1" 111\tli-.c,! ... ,e~.· ~.t!litl•• l ,,¡;·.,,:, :;c.,: lile r·.,,c ,,¡ 1:1c 

rllllt.:!l::ur .. .~n,: ::~e 11:;._:!1 .~.:,:: .• ~·. ~:.,:;.or: ,,: l'.di..,,Hk f....Hq.:c: 

(Ftpl:-t· lft, kcrrc~t·n:.,:l\~· \.llue· ·'i tt'lnrc.dlrt~ ,,n,! :~·: .• 

lt\C hu~tJ1:-. iP: -..ur . .~r~.·.,, 1. ,,r~t: l \\t'l(' ••t•:,111~·,~ r•·. illl\ .1: 

Jr.tcrpnl~lllln rcr-...c~-r. 1•·•::_1 -..l.itttllh 1, ,,¡,,\ -..1'\1.: • .t•\t"\,t 
llt>O\ \~C~C :1\',\ll.Jhk ;,: S.Jt'Hht C.1n\ ,,n ••nl· •.. m~ :he 'i.:·''-'11\,d 

\:ducal thl\ <,l,liLlln -...-,,._ ,J\\t¡..:ncd ¡,¡ !"luth ... u~\.1.,\iCr..,ht·,]\ 

l'rccJpJtatLon .1\ thc \,Lmc ~.lLm.llulP~JC,t\ \!al ron~ \.1.,1" .11..,,, 
or.:.~tncd frorn sv;" ruhln.:atJun~ /)¡, ,.,,,·¡n ~·: .::' ll'l-~! 

rcroncd an :q.,;--ro\Jrn.ttc lznc:tr zncrc.l'-l' 11! rnc.,n -..c,,...,ln.d 
prc..:tpli.!IHlll v.t:n ctc\.111\lfl tlfl tnc ~ .. nt.. C.1L1illl.\ .\l,"lf• 

t:un<.,, and IHlt':H 11lll"lp•d,l1111fl "·'~ cmpJ,,,¡,:._; lt• . .-..~¡¡..:11 r~.·¡• 

rc ... ~.·nt:ltl\t' ,,,1\ic, 111 nu:.1n h!l:tl rrc.::trll.•t"•n ~·· -..uh,,rr.~ .. 1 
.lnJ L D.t!J lll\¡1]\cJ tn thc . ..;Cimrut.lllllll Id fllt.lf¡ r•ll\'1\:t,d 
c,·,,rntr.lfl\rtr:I:Hln .n~.· ¡,,;c.: ~~~ ·¡ ,,rk 1 

i.tt-.C" t-..c. "l.lll..,iiC.d r.HJI!\CII.'r"m t •\ ]1 "'l.'fl.' t''-ilnl,dLd (,,¡ 

\llh...,.ttcro;;hcJ.., L. .1nJ L' from ltncarly tntcrpul.llcd mc.1n 
,,dtJC\ of thc ... tnrrn-rc].tlc .. ! ,,,n.thlc". l·llHtn\tnr /1 ií, .• , un,.' 

Ea~lcson fJ980], a valuc of 0.1 cm was ;:¡,<;o;;umcd for the 
surface rctention capacity in both subwatershcd~ 

Vcgetallon coveragc was rcportcd by H'huta/..rr rt al. 

[19681 to be around J0-507c- in Jesert~ of thc llJ\.I.Cr ~dopes of 
thc Santa Cataima Mount<un' and h()......8Qt;(. 111 woodianJs of 
h1,!!.hcr clcvatiom. In th1~ worl.. wc selcctcd canopy dcnsrty 
va/UC!- of 40 and 709é for subareas L and U. rcspcctJvcly 
C!tmatic ami vcgctat10n r••ramctcrs at Sahmo Cree lo.. Water· 

shcd are ilstcd m Tahlc ~-
W¡th rcspcct to the plant cocffic•cnt /.. , .. mformatif'~n ts not 

available for thc md1vtdual suhwatcrshcds L and U. Thus wc 
w¡IJ arrroxlmatc liS valuc W!th thc fl'll!o ..... ·m,¡:: proccdurc 
Ea~lcson and Tcl/crs 119~21 denvcd a thcnrcttcal rclauon
sh•r bctwccn avcr<~gc cvapotransrtratHlO cffic•cncy {3 and 
cqtullbnum canopy den<;¡¡ y M 0 . Thc formcr 1\ JcflncJ a~ thc 
rat10 nf thc avcr.•gc annu<ll cvapotranspJra\Hlll \('!he ;:¡vcragc 
pntcnual bnrc so•~ cvapor~uitm. By supcrimros1ng thcorct•· 
Gtl curves to thc ohscrvatton" of M0 aml O at 11 watcrsheds 
Clwcnng a w1dc rangc of thc anJ-hunlld clunatJC spcctrum. 
thq· flwnd that thc ohscrvatton" !ay from "ii.Chtly bclov.· thc 
thct,rctJcal curve for /.., = 0.60 to sll.chtl~ ;..¡hove thc curve 
1ur /.. = 1.00 

lna\IIHH.:h ·•' thc plant cocflic¡cnt tcrH.h ltl he ~mal!cr for 
rl.mt' of thc .tnJ LL'~nc. wc apphcd thc \'E!IBAL rroccdurc 
\t:b .. ttn~ thc v;duc\ 0.5.". 0 . .'\(J, ar.d 0.57 fo; "uharca L and. 
nwrc ,trhttranly. thc va!uc.., ()_()!),O 70. ;..¡nd O 71 for su harca 

l' 1"111.: 'Cil\l[J\'1\tc~ of lhc mean summcr cv:1potrunsr•rat10n 
111 \C,C.Ctal c.u1opy dcnslly ;:¡\ subarca L t.t., 0.55) and 
'tlt•;,rc.l L· U .. = 0.691 <He shown m h~urc~ 11 and 12. 
rc-..rcttl\ch 

Rc-..ult.., rromthc \'EHnAL proccdurc ar.- qcd m Tablc 3 
1' t1cr e. 111 r.lrttcui;:u. wc notJcc a rathcr higl: . nsJt¡v¡ty of thc 
~·'mrutt'l~ zn111.tl :d,~tr...IC!tnn., 111 thc pbnt Cl)cfficzcnt /..,. In 
J..:t'tll."l.ll. t.ht" LtJC!ltctcnt '" dtllH:ult !l) C\,lluatc w¡th a h1~h 
.tt..''-lJJ.t .. \ ll11 lll\1..,1 of thc tndi\JJual watcr..,hcJ\ or o;.uhwatcr· 
-../Jt:d, 1 he- urKCrt<Jml~ nf thc mtt1:tl :d.,,tractum can he 

-I'"L"'t'd 11~ -..pc~·lt\·m¡..: rt:.dJ:--.tJC uprcr ;rnd ¡,¡v.·cr ltmil~ of /.., . 
¡,,: ¡,;,,,_h ..;.¡..,e unJcr .._·un..,tJcralton 

in p.lpL't : " \luch.t\ttc p;tr.unctcr ~.·-..t¡rn:-ttmn approach 
\\ t11d1 ~L·!Ic• 1111 -..tn.~.unOP\.1. J;¡[;¡ .~nd ¡ncurp<1ratc~ pnor 

llli<HJT\.IItnn .ti'•Hll thc moJel rar;¡mctcr ... wdl he mtroJuccd 
1 tu~ rrtlLCdurc w¡JI he appltcJ to our modcl of scasonal 
l[tt.wllhm tCI.IU:tltnn 1:!5Jl to obt.un tmprovcd cst¡matcs of 

lht· trll!Jal .lt,,tractton<; IJ, l. and h, u alonf: wuh mountam 
l!t~nl rt'Lh.u~c í. 1 hc.,c nt1matcs c.tn thcn he U!:.Cd w aJJU~I 

l:.hh· ; Cltrll.IIH: ;tnJ Vq.:ctatHJn J'.lr.um.:tcr<i at Sahtno 
\.\ .ttCr\tlcJ tSummcr R • .11n~ Sca\on) 

nr,.,. ¡;' . fl'. ¡¡ "'·· :-,lllt,HC·• cm 1.:111 cm J 
., d. 1 dav!> M o 

~(J 5! 0./5 0511 {) (W " 'f,(l 9l o •o 
l :x "' 1.0~ 0.4Jll o i-1 ll l(J) 9~ o 70 
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Fi¡;!urc J l. Senstlt\'HY of mean summcr cvapotransptration 
to ve~ctal canopy densttY at sUO'oltatershed L 

thc mean ~casona! \'alucs of thc water balance comronents 
computcd herC. In the context oftht~ stochasttc approt1ch for 
parameter esttmatton. the vaiues of h, L and h, U· obtatned 
through the VEHBAL procedure. are regardcd as pnor 
estimates. the uncenamues of which are mcorporated mto 
the formulatton We wdl apply th1s approach by introducm~ 
ca eh of thc nmc comhma!lons of h, L and J:, l' valuc" 'hov.:n 
m Tahlc 3 a~ prior tnfdrmatton about thc mrttal ah,tractton:
and sclcctlnt;. thc "be~;· combtnatton ba!~cd on (onststcncy 
wtth thc rco;,t of rnor dat<1 ;,¡nd usmg thc anal\·o;;¡' of thc 
Stocha.<.IIC rropcr11CS of thc CSIImator~ 

Conclusions 
1 An analyttcal moJel of thc mean sca.,fmal ~uri.1cc 

runoff was developcd ttuough a denvet.J·dt..tnt"lultun .1r· 
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Fig-ure J::. SensH¡\'IIY of mean summer e-.apotran~pHti¡tun 
to vq:etal canopy dcn.<.1t;.. at subwatcrshed L. 

,. 
Tabl• J. _ Appijcation of the VEHBAL Proccdurc to 

~ ·Sabino Watershed (Summer Rainy Season) 

EY{Er,l. EV!R,!. 
·:Su batea ... .¡,; Ir •• cm cm .cm 

L' U.55 0.18 1.70 18.67 1.90 
L 0.56 0.19 1.95 19.03 1.54 
L 0.57 0.20 2.29 19.)8 1.19 
u 0.69 1.20 2.78 26.1) l. 97 
u 0.70 1.25 3.14 26AQ 1.61 
u 0.71 1.)) 3 67 26 R9 1.22 

proach whcre the mput vanables are con~¡Jered to be 
stochastic and their probabihty dtstribuuons are transforrncd 
mto the probability distribuuon of thc output variable b)' 

using the detenmnistic physical proccss. 
, The deterrmntst¡c interface 1s provtdcd by a moJel of 

surface runotf generation that should approx¡matc many ficld 
sl!uat10ns, in parttcular. hard rod; mountaenous tcrrain 
v.hcre the permeabiilty ts sccondary and fracture controllcd. 

3. A relauonshtp bctwcen thc sca~onal suríacc runoff 
and prcc!pltation was estabhshcd on thc ba:-1:-. nf a first-ordcr 
approxtmation to the rc:lat1onshtp bctwccn thctr mean sca
sonal values 

4. In v¡nue of our conceptualizatwn of thc hydrologiC 
processe~ occumng m hard rod. mountamou" arcas, suríace 
runo[ equals water y¡eld. and an analyt¡c~l modcl of the 
seasonal streamflow. as measured at the ba~e of the moun
tatn. wa~ dcrivcd d~rectly from the dcrlnit10n of v.atcr yicld. 
Ir. thl~ model thc inltlal abstraction and thc lun!;.tcrm dTcc
tl•c subsurfacc outnow. or mountam front rcchargc. are 
ncwcd as unknown modcl paramcters. 

.'\ numerical procedurc th~t cnable ... thc csttmation of 
mean :-C.I"Onal cvap<Jtransptrallon and ~urfacc runo[ JOintly 
"·l.!lh thc e\'aporatJon parameter and 10111.11 ah"tract10n was 
tntrtlojuccd Th1s proccdurc. called VEHUAL. combmcs thc 
l.l...ttcr tl.il..tncc cquat10n w11h a rclationshrr prov¡Jcd by thc 
··" c¡::.ctal cqudtbrium hypothcst~ ... 

Thc VLHBAL proccdurc was applted to Sabmo Crcd.: 
~.~..ttcr<.hcd m :-.outhcm Anzona for thc lowcr 'ilopcs and thc 
tvr' ~~r !he rnount;,¡m ~cp;,¡ratcly. ma ... much ;¡., thc contra<;! m 
~.c¡::.ct.tltPn tyrc and ,Jorc t"lctwccn thc.,c 11.1.o nl.!Jor subarca~ 
\h~1u1J Jt:ll.:fiTllnc dtffcrcnt ~od·rcl; . .lted hvdrotobiC propcr-
llL'" 

tJ l'hc tlutrut from the VEHUAL procedurc cxh1hllS a 
r.llhcr ht~h <;Cn\ll¡vn:, 10 the pltint cocffic•cnt J.., wh•ch, m thc 
t:cncr:tl ~.:.t,c. 1:-. J¡fflcult to cvaluatc 1.1.1\h a ht~h dq:ree of 
·~·..:urac\ Thc C"ilnl.I{C or ciTcctJVe lfllll.t! abstractton ob
\.llnC.l hcrc can he tmprovcd through thc procedurc for 
r...1ramctcr csumat10n prcsentcd 10 papcr 2 Th1s procedure 
cnablcs thc mcorporat1on of pnor informat•on about lhc 
mlx.lel paramcters cmd provtdcs thc slocha.\IIC propcnics of 
thc e\ltm..ltors 

An ;_¡nalyttca! modcl of scasonal strc;_¡mflow for thc 
~.~. tntcr season that constdcrs surfacc runoiT ~eneratlon by 
~'tllth ramfa!! and snowmclt rema1ns to be dcvelopcd tn 

.Jpccmcnt w¡th our general approach. Wc obo;crvc. how
cvcr. that the "vegetal cquilibnum hypothco;¡\" could not be 
m~o~eJ m th1s case tu obta1n pnor est1mt1tcs of soil-rclated 
paramctcrs bccau~c thc hypothcs1s does not opcr.lle during 
thc dormant scason of spccies. 

9 
(¡ 



CHAVEZ ET AL: MOUNTAIN FRONT RECHARGE TO REGIONAL AQUIFERS. 1 

l-
Appendix 

.Evapotranspirat!On from natural sur(aces IS composed or 
evaporauon from. barc ·son and·-transp¡r.allan from vegeta- •. -
lion. Eagleson [1978d] dc:rived the expected value of sea
sana! evapotransp1ration in terms of soil and vegetation 
propcn•cs, potcnual cvapotransp¡ratlon. and the known 
dJstnbut•ons of storm depth and time betwecn storms. He 
fir$1 calculated thc bare sod evaporation and vegetal transp•
rauon for an intcrstorm penod and then avcragcd ovcr the 
ra¡ny .<.cason il;. us1ng: an·cx.filtrauon analogy to lhe Phll1p 
m/ihrat¡on cqu:JtJon and selecttng an cxponent!al d1stnbut10n 
for \!me octwccn ~1orms anda gamma d1stribullon for storm 
dc¡;<h. Ea¡;k.-.on obta1ncd an cxprcssJon for thc cxpcctcd 
va!u(.:~ of bi.lrc \(}11 C\.tpOr<lUOn 1n thc mtcrstorm pcnod.J. 
Ev {L5] By cllmtnatLng tho~c tcrms that ¡ncludc cardlanty 

n~c from !he water tablc be cause of our conccptualizat1on of 

th~ hydrolvt:i:: rroccssc~ tn mountamous tcrram, that ex.· 
r~~~\!Lln ¡:, \', nttcn ¡_¡~ 

{J YÍ". A hn J 

e, r," J 
't~l- [JhrJi',l-· 

Ah 0 

Ji_ Yi"· AhoJI 

rí ... 1 f 
~ 1 -e -81.-tln,.<",[ 1 ... M/.., .... (28\ u: E] 

tJhr.'(-r 1
'" y[...,, },/¡ 0 ~ i)i¡flit',.J 

11---

· \t~Li 1 
·,.(.\. CE1- rU.:. /JE¡j 

- (' • Fu [.\f. 1: n 1 1 : r: 

/1 -
1 . ,\f 

. 11. 

(. " ~ i ,\1 Í< ' 

,\ .... 

i,. llln¡.:·tcrm 3\CfJ~c ratc of potcntt:tl 

e· .. 1potranHurat10n, 
,\f \Ct!CI;_¡(¡¡ln (,JnOp} dcnc;¡\\'. 

~. Jl;.,n: (/,lfl'Jllf.IIIOn C\'K"fll..;IC/ll 

f. C\,trllf.I(Hln f'I.Jf;¡/liCICr. 

J3 fCCIJlflK.tJ o( mc.trl !lffiC bCI\.I.t.:Cn \(l)f!Ol',, 

ft.Jr<.~r:H.:tcr of ~amma dLstnbut¡on of c..torm 
dcpth. 

A fl.LrMnctcr 11f ~amma dJstnhut10n of '>lnrm 
dcrth. 

h, .-.ur'f.tcf.. IC\Cnt10n C<Lrac•t)" 
J¡ ~:tmm,, ltml..lltll\, 

1 :\ l J 

,\ . , 

-y( ,. '- t ·-incomplele gamma function 

l_n turn, Eagleson expresse~ t~e·cx~ctcd valuc of vegetal 
transp1ration.in •hemt(·ntenn penodj. Ev {E,). as 

. e, 
Ev [E,.]~- 1.,. 

, f3 
(A41 

whcrc he assumed tha¡ transptration ts always at thc poten

tia! ratee,. and that f...t rcficcts thc cffccuvc arc.t of transptr· 

tng lcaf surfacc pcr untt of vcf!etatcd land sun .. , :.:. thus ustng 

it as an amplificauon factor w approxtmatc thc surfacc 
rctenoon loss from vcget<illon 

B!' wc¡ghttng. (A 1) and U\4) accordJnt: lo thc canopy 
dcn..-Jty, thc C"-pcctcd total 1ntcrstorm cvapotran.-.plr~llf..ln 

Ev [E r,l Js g1vcn hy 

Ev [E,]= 11- MI Ev [E,]- M Ev [L,.] IA5! . , . 
lf 1· ts !he numbcr of mtcrstorm pcnnd~ u1 a ~ca.\on, thc 

SC:.l.\onal cvapotransrHration D 1 , JS 

(A6) 

of wh1ch !he cxpcctcd valuc ts 

Ev [Er,l =m, b [Lr,J (A71 

\l.'hcrc 

m, =- Ev [ 1·] (A81 

i'iotation 

A shortwavc albedo of surfacc. 

,~,- lt>ng·tcrm average ratc of cvapotransrurauon 

e cvoporollon paramclcr 
L, sOLI ntOJsturc cvaporatton frl'm ha re s01l 

fraclion 

L, 
1: 1' 

l. 

total cvapotransp1rauon 

.-.casonal cvapotran.-.pLraiHHl 

transptratton from vcgctatt:d (r;tctJon 

¡nflltrat•on capacHy 
~~~n..:·tcrm cffccttvc sca'lon:d ¡.:rllundwatcr 
r11nDfT ttH mounl:tln frllnt rc..:har~cl 

<;, ~C,I\llnal groum.lw.Jtcr flliHdl 

11 ''l1rm dcrth 
h,. \ud.t.:c rctcnt1on capac¡ty . 

n. \fl.tCC· • .tnú lmlc·cllc¡;t¡vc Jnlll.i! ;¡hstractwn 
1; ,,\cr.t~c <;;~orm Jcrth m a ,~:t\on 
/1 fC\IJU,¡] \Cn\JhJc he;¡! flU;t., 

ramfaiJ ln!COSII}'. 

1 counlmg vanahlc for cvent\. 
J... plant cocfficJcnl. 

1., late ni hcat of vaponlatJOn. 

n1 11 mean <;torm dcplh 

mr, ;¡vcr:q;c SCa\onaJ rrcCipi!J[Itlll 

111 mear. numbcr of storms re: ~c:t -.on. 
mean Jcngth of ramy \C.t~un 

,\f vcgc!a!Jon canopy dcnslly 

M 0 cqull•bnum vc~ct<tl canory dcn\11 y 
f\.' fraCIHlnal doud covcr 

/', .-.cao;;on:tl rrccir•tation. 
t¡,. nc! ratc of ouq:omg. Jong\o,,J\'C r;H_ÍiatJOn. 

/O 
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)1 

. q, 

Q, 
R 

R, 
S 

rate ofqnsolation at surf<;tce 
seasonal strcamtlow. 
rcg10n of imcgratton. 
sc.asonal swface runoff. 
fractional relauvc hum1d1t}'. 

time. 
tJmc at wh1ch ¡mttal abstracuon is sat1sf¡cd. 

time bctwcen storms 
storm duration. 

T" atmosphenc tcmpcraturc 
~ valuc of storm surfacc runo[. 
a reciproca! of average rainsiOrm mtcnsJty 
j] reciproca! of mean u me hctwecn storm-;. 
8 rcc¡procal of average storm duratmn 

y/ ..l atmo~pnenc par;_¡mctcr 
" paramctcr of pmma dJ~tribut¡on of <;torm 

Jcpth 

A p3rc~mctc:- of !,::.Jmma dJstributJon of ~torm 

dcptn. 
,. counttn!,: vanabk fur numl"lcr of "iturm'i 

tJr m..~,, dcn~Jty oi '.::v;q1oraung v...Jtcr. 

E\ r C\pcctcd \,)]uc of ¡ 

mcomplctc f:.Jmm;t funct]{lr. 

!lc~"ct funct10n of or<Jcr /ero 

lks~c! funct1on o( 0rdcr onc 

,\clo.nu"'lcd.cmcnl~. Thc autht•r' ¡::r.llcfull~ ad .. nnv.lcd¡.:c thc CtH1· 

\lructi\C commcnl' <tnd rc.:<'mmcnJ.ttJon~ rro\1dcJ !:<~ f' C D 
,\1dh ,,ftric t•C•>rn\'>1..:;,¡ f-luid ll\n;trnlc~ L;lht,r<Jitlr\ IGI"IJI.• !'.,ul 
lh1ctJ t'f lhc L S (,ct>l<l.Clt:.J: \unn .tnd /\m.ld!l ()u¡m.!n. \11.11 
c;url.l. Jr.\J Jcnc ~~~~!1.IU0.: ¡l) lftC Unnc/\11> llf •\fl/.nn •• l' .. lftJ.l: 
'urpnr: v.,1, rrP\JJc<J ¡-,, thc ..... .lll<lf',,ll 
p.¡n¡, !:CE-.'-. 1 ·1()~..¡:-,- .1n•~ BC~-~·•:tl.'<~i 

Ht:fcrrnn·~ 

Sc1cnc.c FnunU.iiHHI lllhkr 

.·\U .• r L L':nr..d10n ,,., rc.:n.~rf:c 1\1 ·' ,m,,ll \\lulhcr;, :\ri/O;'l,¡ t'>,l\il1 

p·. mc.in• o: :nJrt•iOJ.:IC..J~ ,''1\IJr•Kht"miCJt. dtlJ cn•u<>r.m~·n:.~! 

1\\ 1[, ,,...: 

R.l' \Olr r 

..:a:.i l'h () J¡\,crt.l:, .. i, lkr ,,¡ !ilu1"i .tnO.: \.\ .11..:1 
l.n11 11f ·\ti/ lu,\Pr< ¡•¡:-...: 

llc l.~r1 ¡.¡ :\ .trh! \~ ( • \LJII"~ ~ Cirnund-....!H"I IL, tl.Hl:L- Jt.,n: .1 

~tlrli<l/1 ·•! lhc \.111(.¡ l·.,:.Il:n:. ~l .. unt,\111\ r'.lr'<.": rrc .. ..-n:c,: .• : 

II1J1nit•J.:I :1nd \\,¡IL·: J-r,,u:~c· 11: ·\tll••n .• .~n,: :n~ \<~..:in"'..:'. 

¡<;-;~ \!c..:t1n¡:• \1,, 

ltld:n: .'-.e,: \r:¡ .._,~., ·\ .. 11! ••! \,1 lu ..... r.. \r,: ¡<¡': 

,lf¡~·¡, ,>lhl \ ]' 'l"\lfll,ll, j 'li1JJ.¡\,Pil \0( ,<..,J~Jlln r.<f tf!ll'itl' 

illC[Il<•<: ilhdlf'•ll.lllr,~· 

.'."::' 1 '"•-: ¡,. ['J:o.~,_, 

]'l~r.:• 

\\ '" ' • ¡,·' '. '"' 

(h.J\(',' .\ :-.., ;-.. .. r, ... "(II.Jtl. ,,n.! :- '- IJ.1~1' 1 \llln,,:u>:l "! lll<>ull 
1.11n Jrunt rc..:h.<r~c ¡,, rc;:an\.d .• ..¡ullcr' :. /\ lll.JillllUnlllll.cliii•",.J 

:trrnMch ln ... ,•:r-<'r.ltin¡:: ~r¡,>: ¡¡lf,,rm.\lttln, \\orrr H.,,,,., H.r·• 
l/t1, I"IIC 

Cl.!flf', R. 11 ·\ "CII!Il( )Ion: n,,,.¡("[ ,,f ,,,,¡ v..1lt'1 1]\J\,IIlllc. l'!l 11 

dl\\C!I.IIi<lll [i~T ,,! 1 lhll<'l\ ;-.,,, l 1111 ,,( \ ( 1.,,¡¡,.11,-.d(\' 

('1!\: 

l>uclo.~lCin !. .\1 \1 h>o:ci ,,n.: j [_ I l¡,llllC\ ~r~.dl<'l1 cil<'~h "n 
ra1nf:dl :\ "•'-h·"h~ m .... ~rt J ¡¡,,¡,,,: i.•. ~~-~·. 1'~~, 

L.lr;:lc,vn. !' :-... /J,"•I'''" ff,<fr,.¡,, •. ,\hl,r,,v..!Jdl :-.c ... ),q¡. 

l'l70 
f..tclc'<ln 1' \. Clilll,lll' '''i~ .1n<J thr v.,iiCf t'<.,l.tnL'C' ·\ lr.nl•r ... .,JO 
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r:round-Water Modeling m a Southwestern 

Alluvia1 Basin 

~~David B. Hawkins• and Daniel B. Stephensb 
/ 

ABSTRACT 
A two--dimens¡on.a..l f¡nlte·c!iffer::nce computcr codc 

~~ "Jsed :o mod::i thc grounc!·w4.tcr fiow sptcm in a.n 

.... ::-.:.<.! t.J¿stn 1:1 sou:!lwcst !'icw McxLco. A three·step 
1;:-~o;¡::h wLS used ::o dctc:-:n:n:: th:: tr¡nsmisSJYity durribu· 

.:~. fo~ rb:: :nod::; F1rso.. nlu::s of th:: na.rura.l logzn:hm of 
~;:¡s:-:-:J.ssn·lty (l:-: TJ \~en: ln~c:rpol<~.red !rom C>..!SUng d:u;~. 

:1:.-:~ ~nc k;:~::~.g rcci1n1quc: Th1s i:ncrpola.t¡on schcmc also 
~·:¡c::c:C .o. :-:":ap o: s:J.nda:C dcv¡a:1or:s of rhc krig1:1g crrors. 
~:onC . .o. convc:H:o::.a! f1o-... nec wa.s d;awn from stndy· 
~·=~ watc: kv::is .... 1::1 thc ;¡¡d of thc kn~cd h}dr¡uiJc hc:•d 

l.;:::b:.Hio::. Tn¡:c!, thc a.p¡J:ox¡m¡¡tc tra.nsm¡ssiviry m¡¡?· 
:..l~ st:~.nó.rG dcv¡¡¡rzon m:o.p of the knged In T vaJues, and 
::J',.,. net we~e u sed ~o sde~t the segme:-~t of ea eh stream· 

w::e:: :~a:J.s:T'I:ssivtry was J...nown wi;:h greatc:st 

1ty (s:-:1alks~ !n T k:1g1ng c:rro:) Thc:n. tr4.nsmissi•·¡t¡c:s 

,e: sc¡:;;¡::¡¡s of thc strearr. tu bes were ca!cui.1tc:d from 

>•:.:;.-·s La..,., This C1s:ributior.. whe:1 input ro thC nu:ner1· 

;; :node:. d1d not ~.ave to be ¡ltered apprc:ctably dunng 
·:.: :.;.l¡::-rat:on for a steady-s:J.tc and sevc:n·ye¡r tr¡nsJer:t 

.':'::o::: Mas: of :h: tr.tnsu:n: c•ilbration w-..s ¡ccomplJSncd 

:,. aCJt.:S~J:l~ sturJ¡:: cocfí:c¡:nts. Cons¡denng rhe unccr· 
1.;;::· ¡;. ;:rJ: ;¡,v¡¡j;¡,tJl: pump1n¡:: da.ta., vcry Ji:OOr.:! a.g:rccmcn: 
1¡; :~:;:;,¿ be:wccr, otJscr.ed a.:1.d prcd¡ctcd wa.tcr kn!s 
:.:::-.i.;, fo'Jr·yc.;,: modc! Vl:':t:'Jca.;:IOr: perJod 

INTRODUCTION 
Ti"us p:1pc:- focus~s o:l thc appitcJt!on of a 

·~::;~~JcJ.l ground-wate:- fiO\'.' modcl to pa:-t o! .1 
.:_:iv.•,:cs:c:n ;;,l!\..l'•J.<il ~as::-.. Ti: e :-7ioCd s~udy 
:~.~:us;zes thc p.1~amerc:- estm:a:JOn ar.d c.a!Jb:-a· 

=-. ~:occss. Jn ¡:JJ:~ic..:l.J:-, w:: ¿~scuss thc a?plica
.:.:-. a: a fiow n::: anCa stochas:Jc intc:-?ol.a:IOn 
·,.:~:::-:.:: call~d k:-:g:ng :o detc:--;:-::n~ thc C:strib;.;:¡o~ 
:: ::a;,s:r:!ssivJtl::s ro be use: J.S :nput ro rh~ mode!. 
:.::.Jrarion was by th:: r:--:a!·and·c:ro;- .approach 

.;.H:Croiogn:. H.ar¡:1s ¡nC .~1o:'l:ga:ncr.·. Jnc., li'35 Eu: 
o..,., e¡: Roa.ci. Tu eso, .. Ar1.tona 85 i 19. 
'A.Bis:•nt Profcs..sor of Hydrology, Nc..,. Mex1co 

:·.¡:::'J:c of M1n1r.¡: a.r.d Techno!o~:-. Dcpartmenr o! Ceo· 

~.::~;:~::.Socorro. J"c..,. Mcx1co 87801. 
RcceJ~e¿ Februa.ry 198 3. re~·1sed J uly 1983, ¡.:ccpted 

:~: .. l 9 S: 
D1s:uss:on opc:;. un::! ,_b) l. i98 ... 

,,., ?1 "" ,,_rnnrr,.,.·n\\.\Tr:R-.'\.n>!"mh!"r-Drccmbc:~!QS3 

SETIING 
This study area is located in Animas Vallcr. 

Hidalgo Counry, New Mexico, in the southwestcrn 
comer of the S tate (Figure 1 ). The pan of thc 
basin selected for investigation is th e Lower 
An1mas Valle)" wh1ch !Jes approxJmatclv bnwcen 

the village of Animas and lnterstate Routc 10. and 
berv.·ccn the Pyramid and Pdoncillo Mountams. 

--, 

,-··-·--·-··¡ 
! 
1 lll•• ~u•co 
1 
1 

t¡:':':o_:_~:o_:~j 
ri't---'~,---lr--1-

F1g. 1. Location map. 
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The model oreo al so encompasses mosr of rhe 
Lighrning Dock Known Georhermal Resource Area 
(KRGA) which is cenrered around rhe apparenrly 
localized expression of a georhermal :Sysrem in rhe 
casrern parr of Lower Animas V~lcy. 

. The climatc is scmiarid with an ·avenge -annual 
rainfall of abour 10 inchcs (25.4 cm) Ón thc valley 
floor and more than twice this amounr in parrs of 
rhe surrounding mounrain arcas. There is no well· 
ddi~ed surface drainage in rhe broad, fl;H lower 
pon ion of rhe valley, alrhough oi:casionally surface 
runoff reaches playas ar rhe norrh en u of rhe 
val ley. 

The srrucrural basin which includes Animas 
Valiey w>s apparenrly íormed by Basin·and·Range 
::--pe nor:r:al faulring during the TertJ"f)' Period. 
S~d:me:Hs shed from the nsmg mountain bJocks 
were camed by an ancestral fluv:al sysrem ro a 
bke in rhc nórth·cenrral porrion of rhe valley. 
Sd:mentar\· factes in the unconsolidarect pon ion 
of the sequence in elude fluvial, de!taic, and 
lacusr:<ne dcpos:rion (Fleischhauer. 1977). Depth 
ro wc!!·consolidared bedrock in rhe bas:n vanes 
fro:n kss rhan 85 leer (~5.9 m) ro more than 1890 
ú:e: belo\~· lanC s•.!:-fac~. 

Ground warer occurs under unconíincd condi· 
r10ns 1n mosr oí rhe val ley. A percheJ aquifer of 
poo:-!:.· dcí:ned arca! ex ten: is prcscnt in thc 
sout!":er:lmos~ par: of rhc model arcJ anJ. local!!·. 
d!sconti:~uous cby la)'Crs mJy defme smal! arcas 
w!le:-e thcrc are confmed condit10ns. In genera!, 
g:--ct.::1C \\'Jte:- fiows nonhward bctween nonh
so...::h rrc:-~J;ng Jow·p::::-meabk mounra:n b!ocks 
i:-o:;-. 2 w2rc:- rabk dl\·ide nea:- rhe lnrernationJ! 
Bo:...:ndary. throu~~ :\:lH71JS Valley, a:1C rowarC t~c 
Gt!o R11•cr (Reedec, 1957). A large portton of thc 
sourherr. parr of L:ov.:~:- A.mmas Valle;.· has been 
i:-:-iga:ed \\.·i:h g:-our.--i ware:- smce abrn.:: I 948 
Subst"~u::::1~l)', \~J:~;- !~''\'C!S !lJ'.'{' dcci::-1:.! 
a.p!J:-Cc:J!JI\' o\·c:- i:~r~~ Jr~:t~ Rcr:-:J:-f:" dirrc:!;.· on 
thc Lowc':' A:1imas \"a!k: 'oo:lo:71 i:!nds ¡-¡r:or ro 
Ji:-:gJtiOn was pro~ab!:· nc~iJgdJl: Sor.1c rccharg~ 
f:-~:-:~ d::: pc:-·~o!a:ion o:· ¡;r!~:ltl0~. p:-o:)J~)k :"':as 

o::::::t.::-:-c¡j a:'rc~ 1948 al:~.O:Jf:;l t.Ja~e...! o;: csumar=c: 
;ares o:' CO:lSL::n.~:J\'C us:- ~:• cro¡;-s Jn,: v.:J:c:- a;•~¡\. 

CJtio:·:s. rhcrc is l!t:!: C.'.::::ss \o,.·.:n::- J\'J;¡atJk :o~ 
rcchorgc (Howkms. 1981 i Rcchorge to thc Lower 
Antmas \'ailcy agutr"cr presumabl)" occurs a long 
ponions of th: moun~J:r:: fronrs havinr wc!; .. 
d:i:ncd C:-a:nages Jn~~ all...:\'J::: fans, ar.d Jho ~JY 

undcr!low irom U?pc:- Amr:;as Valle:· ConJ:t1ons 
ir. the Üp!lc~ /\n1~JS \'alicy are more :":J.\'O~J!Jk io:
ground·wJtCr rcchargc tha;, m rhe Lower :\n~mJs 
\'al!cy. Thc uppcr val!cy rcccívcs more prccip~:o· 

tion and has i well·defined surfacc drainogc S)'>lnll 

wirh permeable srream courscs. 

· MODEL SELECTION 
. Ouq¡eneral objecrive.in this investigar ion "" 

-to <levelop a calibrated ground-water tlow modd 
which would enable us ro better understand rhc 
hydrogeology of thc principal aguifer near rhe 
KGRA, as a firsr srep in simularing long·tcrm 
impacts due ro geóthermal developmcnt. Aftcr" 
review of availab!e aguifer data n \(·as fc!t th>t' 
three-dimensional rrearment was nor warranrcd, 
and rherefore a rwo·dimcnsional fmttc·dtffcrcnrr 
mcthod was chosen. Although a numbcr of 

·computcr codcs are available ro handlc th1s typc ol 
problem. wc selccted the finitc-difference modrl 
formulatcd b)' Trescorr, Pindcr, and Larso~ ( 1976). 
princtpally becouse iris well documcntcd, and 
widcly used. 

PARAMETER ESTIMATION 
To predicr warer·level changcs duc ro con· 

rinued imganon or georhcrmal resource dcvclop· 
menr, thc sparial disrribution of rronsmJssiviry a11J 
sroragc coefficienrs must be detcrmincd. In our 
approach this dmribunon was dctcrmincd from' 
trial·and·crror mode! calibration process The 
numbcr of adjustmcnts can be mintmJzcd if Jqnifn 
ch.1racrerisrics are reasonably well kno\vn ovcr J 

largc part oí the model arca. Howcvcr, in thc 
Anim.J.s Valley, esrimares of transm1ssiviry Jrc 
ltmttcd ro rcsulrs of 21 spccific capaciry tests 
concentra red m thc irriga red central part of rhc 
vol!cv and onc aguifcr pumping test (Figure 2l. 
Us:ng speciftc capacit}' ro esnmatc rransmJssi,·ity 
(\\"al ron. 1970), ir beca me obvious thor thcrnrnr 
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>o fidd data with which to estimare transmissivit}' 
ior grid blocks of rhe model over a large pon ion of 

me ,·aUey. 
T.o estim.ate to.nsmissiviry in model grid 

.cks wooe there are no·dau,.a linear intdpola-

. :im rechnique ealled kriging was employed · 
'Odhomme, 1979; Gambolati and Vol pi, 1979a, 

1979b; and Binsariti, 1980). 
A number of other imerpolation schemes 

¡¡¡u]d have been used to estimare the transmissivity 

!:ruibu:ion. However, the kriging algorithm was 
.:hosen because it takcs into account thc spatia! 
mrrebtwn snucture oÍ rhe c.xisting data, and 
!>ec.ausc it pro¿:Jces a í:lap of the k:-Jging e:-~or of 
:I!t inte:-pobted q•..:.ant:ry. 1:1 ordc~ to use kriginf, a 
ICITliVario6-ar:1 is cons::-t..;cted fro:71 [Jeld data. The 
scrn.iva:-IOg:-a:-;1 is a gra?h o: :;,e sa:n?le \'Jflance 
:ninus the a:JtDCO\·ariance, ¡ (h), versus distan ce 
~r.... ee:-1 pai:-s of d;;.:;;. iJOiGrs, h. D:fferences m 
trms:-:lissi·;:ry betv.:eer-: any rv.:o wdls may incrcase 
a1th increas:ng s~parauon dis~ance beca use of the 
:.m1re of va:-ia~ii¡ry 0:1 th(' geoiog:c ma:crials. 
f!lus-, (:¡) of:e:. in.Geas~s g:-a:::uJ.Ii:; and reaches a 
mxi::1u:n, co:1s:~mi. vaiuc: \.\ :th i:1c:easing h. Thc: 
Jrunce a: whic:, "': (h) Ueco¡nes co:-~stanr, calicd 
dlc ra:1g~. im?iies fo:- cxam?k, rhat rransmissi\'itics 

ít correbted \\::f. ca eh orher O\'Cr d1stances 
:::-~g th:s '.'Jit.:c:. l:'" :;:.s ;-¡seis exponen~ia!, 

an integral scak is dc:f¡:-~e·~ for kr¡gmg 
.~rpos~s as approxi:na:eJ:; one-t:::rd of t~c rant:e. 

The 5:-nal! n:..::-;:~er of aqu:fr:- test C;;.~a :u:ci 
ilicu local!zed dJsa:·JuuOn O'-'C:- the a:-~a of intcrc5: 

. ' '. ' . 
n5 C<?:l.SJder~c mac~c:·...:.a:-:: :o gen{:rat-:: t:~{: se:-r.J-
rlliog:-am fo:- k:-;g;r.f ir. T \'J.!!..iCS. Howe\-e;, for 
:-ao--ci:mcr:s:o;,a~ phreJtJC ac;~:fcrs, Gelha:- ( 1976; 
::bu:s th~ var¡ance of the heaC C1st:-iburio:1 to thc 
1l..ria:-:cc of the r:.a:t.:rJ.i log a:· th!:' t~J:lSmlsSi\·:::.· by 
:...1c foi/ow:ng cq-...;auo:-:. (.15 rcw~:::c;¡ l.Jy DC:~.o~~:-:;c:, 
19i9 }, 

e;:= (2:'~)- o:r:l- j, 
: , ., r ~ \ S , ~ l. , ' 
l '" ' • • " ' 1 (] 1 

··he:-~ 

't. =:: s~:1:1CarC C:::-\·:J.:¡.o;~ a: h:;cac:i:c hca~ 
(~.2!9[;), 

aiDT ;:: StJr.da:-: dC\JJ~!0:-1 o( na:u~JJ Jog of trans· 
miss:-.:i)-· (O-; 145), 

= C>-1 n , 

=:: rhc slop~ o:::-:: wJ:::~ :J~i:: .:1: t:s 
ffiiÓ?DJr.; (0.00!3), 

-:;;: m:Jn sJ:L.::-J:c.::l thJ::~:-J:ss J: aq;_¡ifc:- (300 
fr assu~cC). <i.::C 
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Fig, 3. Contours of In T by kriging . 

1< = integral scale of lnT process (i.e., about 
one-third the range of influence assuming 
an exponen tia! variogram). 

The range for lnT is approximately three times the 
integral scale, nearly two miles. Thus, our íinne
difference grids of one square mile could reflect 
variability at this scale. Us1ng a computer algomhm 

for the kriging process, contour maps of lnT and 
the kriging error were developed as shown m 
F1gures 3 and 4, respectlvely. For details of thc 
application of kriging to this study, refer to 
Hawkms (1981). 

The kriged estima tes of lnT in Figure 3 are 
mdcpcnUcnt of any information on transmissJvirr 
wh1ch can be inferred from the spacing of watcr
ln·el eicvatJOn contours, although the knged esti

ma~es of lnT are to sorne cxrcnr dcpcndent on rhc 
heac dJstri~ution through the head standard Jevia

uon anl! g:-ad1cnt as dcscribcd abovc. Tp conduion 
rhc distrilJuuon of lnT on the hcad dlstribution 
funher, a flow net was constructed for steaJy-state 

condniuns usmg data prior to J 948 m the migated 
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Fig. 5. Water·leveJ elevations pred1cted by kriging. 

arcJ.s, along wirh sorne subsequent data in are as 
wh1ch a:-e rclat¡vcJv unJ.ffc:cred by irrigarion 
pur:1p:~g. The equiporentJal lines in rhe tlow ner 
wece construcred by knging 106 point measure· 
mc~rs of sreadv·stare hydraulic heads. In arder to 

kri¡:o the sread)•-srare hydraulic heads (Figure 5), 
thc rcg10na! grad1ent of the head surface had to be 
rake:-~ m ro accou:-~r beca use of a drifr. Thc: pn:sencc 
of drif: :~ol!es t[1Jt rhe degree of corre!Jrion 
bctween h;ad measuremenrs depc:nds u pon rhc: 
dire.:::t10:--. and leng:h of rhe separation distan ce 
vccror. To remov~ rh1s drifr, pbnar surfaces were 
fitted ro rhe data and rhen the rcs1dual head values 
wcrc krired. Th1s mcrhod has becn applied clse
whcrc (Soohocleous and orhers, 1982). Analysis of 
the rcsulu~g tlow not revealed rhar rhe knged 
v .. lucs of hvdrJu]¡~ head were unreasonabk m 
se-verai o~:;oher:J..l oorrions of rhe basm w:-:err pre· 
irrira:i~:-: h~;;.¿ C.1;J were gencrJl!y spJrsc. Fo: 
cxJ:n~ ~.In rhe sourhern area. a ground·ware: 
moun·~ .s oredJctc:C where none should exis: on rhe 
basis ot' h;·drogwlogJc JUdgemenr. The same JS rrue 
for :he ground-ware: d1scharge area a: rhe nbnh 
cnd of rh~ :nodc:i::C ar::a As a resul:. thc: pred1cted 
w:;¡cr-kvci ronrour map (F1gure 6i hac ¡o be 
modificd ro r:fic::::l rr.0re realJs~tc conrl:t10ns nca:
rccha:-r: arcas J~d Jmpcr:nc:Jt;k bo:.1:-:da~::s 
(f'•¡;·cre 7) 

To o~:J:r. rhe Jnir1::¡) rnp~..:r cstrmares fo~ rrans· 
m.issivirv for th: moJel g:r~ (Figure 2), rhc fiow 
nct Jn F.a:!'u:-: 6 WJS su~::--1:-npos:d on th::- k:-tg:ng 
error map oi rc.o !ni· process 1n r:,gcrc "· Thc tlow 
ne:r intervai w1t~:n each srreamtube wh1ch had rhe 
smallesr kng1~g error was derer,-:nec, and rhe 
corresoond:;,c avc:-agc trJnsmiss.vJry from f¡gu:-c 3 
wa.s as~Jt:neC ;o :h:s rr-.t:;'.'J/ of the srrea:nrubc 
Ncglecrtnf rhc c:ffccrs oí vertical rechargc, rh: flow 
rat: :hrough c:ach st:-camrt..:bc: IS constan;: unJe:- ihc 

a.ssu:n:d steadv·sra:e conC:rJon Thc:rcforc, rrans· 
misstv¡ry for Ji! o:h:r blocks m each of rhc s::r::am-

.-- .. 
-~- .;: 

1 

'" 

Wolf•· .. ~l eontoo.- "' '"' 
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(SohCI -'Wt'l prtcltclf~ by 
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Traft1tn11·1'"''' 11'1 ll"oQut..n((l el 
oonon, Pf'l ao, Pt' 1001 

Fig. 6. Steady-nate flow net. 

tu bes could be calculared simply from Darcy_'s 
Law. Finally, the finJtc·difference mesh (Figure 2) 

was superimposcd on this rransm issiviry disrriou· 
tion and average values were as51gned to each griJ 
block by inspection (Figure 6). . 

Thc tlow ncr analysis also aidcd in estao!ISh· 
ing bound: .. condirions for rhc modcl. For 
example, a .onsranr flux rate was assigned at thc 
sourhern end of the model ar a reasonablc disrancc 
from pumping intluences. The samc was done ar . 
the northern boundary, based on tlow net calcub· 
t1oos. Beca use of the difficulry in quanrifyrng 
rr:oun:ain·fronr rccharge, thc wcsrern and parrs oi 
rhe eastern boundaries were shifred roward rhe 
center of the basin to corrcspond wirh impermc· 
ablc boundaries dcfined by the ourer streamlmcs 
near the mountain fronts in F1gurc . Where rhc 
streamlines indicare mountain·fror.: :echarge, 
constanr head boundarics wcre ass1gned, alrho,¡;h 
if esumares of mounrain fronr recharge were 
available constant tlux boundanes could have 
becn asSigned 

Fig. 7. Model predicted steady·nate ~•ttr·ltnl tlevaliona: 



1 Be cause of the !ack of information on the 
mtiai distribution of storage coefficients, an 

~riaÍ estimare of 0.11 was assigned over the en tire 
'-csh. This value is based mostly on. the estimafe 

.1· Reeder (1957) who calculated the storage from 

";omping vo!umes and water-leve! decline. Storage 
befficiems were adjusted during calibration _;,ith 

bn.sient water-leve! data. 

f Average pumpi~g rates in irrigation wells were 
O,i:nated from wdl discharge measuremems and 

,:Cmers' pumping duration records, and eiectricai 
;owcr co~sumption (Recdcr, 1957, 1960, 1961, 
ii62}. V/he:-e actual discha:-ge measurements were 
~ot a\.·ailable, pumpage was estimated from records 
:f¡r:Ífated acrcage in conjunctlon with estimares 
;;.,,,.a:c:- recuirer.u:n:s fo:- oa:-ric:..:ia:- crops (Blane\' . . . 
:oc Hansor., 1965;. Tnc dcratiOn of rhe pumpmg 

r1son is no:ma.ily from April through September 

•'.oeéer. 1957). 

CALIBRATION RESULTS 
Modcl ca.iibratJOn for steady·state conditions 

¡rio-:- to ¡r:-¡garion Jn;:oivcs a¿JUS:ing only the trans: 
:.~i\·iues and bounGa:-y condiiions until an 

,•ccptable agreement is reached between model 
;rcdicred va.lues and observed water·kvel eleva· 

·s. However. the steady-state f1ow equation 
;n ~he numerical mode! IS acrually the same as 

:-.~o:-:: go\'crnmg rh~ :-u les u sed to construc: thc 
;oy, ner Thus. rhc stcaCy·s~are hydraullc heads 
~::G:ct::C by thc nüf:lelcJ.l model WHh thesc m::ia~ 

:~:lS:71Jss!·;::y da:J sf:ot..:lC produce nearly the sa~: 
!~;.ds as !n thc:: fiow nc:. Only a Ícv.: steady-s:at-:: 
~ms w:th m mor adjustments ro trans:nissn·Jt~· wer~ 
:~cd~d to produce the results shown m Figure í 
~ companson to obser\'ed water-Jevel de\'atJO~s 1r. 

~{ure 6, there Js very good ag;~emenr in mos: 
~-:ls. So:-::: sources ot- ~:--;o:- refiecu~d m th~ rr~oC::: 

-íUits are due mostlv to sr:ul~ amounts o:· pL.:;;¡r· 
-~ ::: rhe \'aJky wh:c . ., occ"...::-:-~:i p:-10:- :e 19..:.5. 

. . - . . . ' 
:~:-:-::1zat::>:-t m t/1:- :10w ne: a::.: ~:.:..,.~:-:::a: r:-..oae: 
.· :st::natc t:-ans:":iJSS;\ ::y. S?:-c:-:::a:JO:J o:· t.JOu;.~

:_. con¿¡:¡o:;s, a:;C n:t:::.::::lf :-e:.;;z:g~ 0:1 th:: 
.. ;::-. !Joo:-

Tho model was also cal:~:a:ed fo: :ho JCflga· 
:.cr. po:10d Apni 1948 ro January 1955 The ro:al 
::m?age estimated by Reeder was heid constan: 
-~::nt; eacl-: 1rrigauon season. al:hough rares at 
¡:;:¡:: of th:: noC::s w:::r 4C_:t..:s~:::d si1ghtly Uo~,;;-,,__:-

co:~dHJons were r.o: a~:e:-~C m rhis step, a:-1-::: 
;ge from ÍrngatJon re:urn now WJS negiecrc~ 

.rans1er.r c.o~.J¡b:-a:!Dn process was accompltsheC 
:::¡¡;.a:-ily by adjust:ng S[O:-age coefÍJCJents 1n each 
:.J biock. Tr.ansm1ss:vny hJC:. ro be adJusred 1:1 

- ·-¡ ~.;:;.:~:;-:\' .:.~ •'. 
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Fig. B. Ruults of transient simulat1on. 

only a few l>iocks. The best results whirh cou!J be 
obtained in this manner, after a mmimJI numbcr of 
triais, are shown in Figure 8. Thc fmal maps of 
rransmissi\'ity and storage coefficicnts are shown in 
Figures 9 and 1 O, respecrively. The lowcr val u es of 

transmissivity in the southcrn and easrcrn pans of 
the modcl and high values in the ccn:ral arcas are 
reasonably consistent Wlth gravay survey intcrpre
tations wh ich suggest the variations in trans· 
missiviry may be due mosrly ro changcs in vallcy 
fili thickncss (Smith, 1978, Wynn, 1981). 
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Fi~ 11. Comparison ot pred1cted and observed water /evels 
.n we!h, 1959 
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Frs. 12. Hydrograph of well rn the north·central part of the 

moáel (Ooserveo-Solrd Lrne. Pred,cted-Dashed Linel. 
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Lrnel. 
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LJJJbrJ.ttng rnc modei ove:- a se\·en-yea.r peno~~ 
lefr four years, January 1955 ro January 1959, íor 
rhe ll)adel verificarían period, be cause rhe distrdJL• 
rioñ of pumpage in rhe valle y. could nor be esri

-mared wirh much confidence rbereafrer. Durrng 
model verificari6n, a U ·aqwfer coefficienrs were · 
unchanged from rhe calibrarían process. Estimares 
of pumping rares input ar each-node for rhe four
year period were compured in rhe same manner" 
during rhe calibrarían process. The predicred warcr 
levels and observed warer le\·e!s in welis for 
january 1959 are shown in Figure 11. The hydro· 
graphs of selecred wells showing wore levds m rhr 
nonpumping season from 1948 ro 1959 are given 
in Figures 12-14. These and orhcr resulrs md,caird 
rhJr reasonably good predicrions of furure impaw 
due ro ground-warer developm<'nr could be 
expecred from rhe model, ií accurarc pumping-rm 
data are prov¡ded. 

CONCLUSJONS 
Using a conventional now ner in COnJuncnon 

wi1h kriging ro predicr rhe spanal dlStrJbution of 
t;Jnsmissiviry Jcd ro a minimizatlon.of compurer 
effon tó calib.rore a rv.·o-dimensional, sready-sralc 
numerical model by rhe rrial-and-error merhod. In 
rerrospect, j¡ is belicved rhar rhc now net analysis 
alonc would have led ro ncarly rhe same c:sults for 
rhJS panicubr problcm: howc,·er, our success mar 
be problem-spcc¡{Íc, inasmuch as Jorge errors in 
estJmJ:Jng rhc sparial disrriburion oÍ ln T from 
flow noiS could occur where hydraulic head 
grad1or.ts are very Jow. The unccnainry prcdicllon 

••'?.) e~-----~--~--~ 
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Fig 14. Watet·le"Ve/ elevat•ons m e:- east·West cross section 
through the pumpmg center 10 1959 (Observed-Solid Linr. 
Pred1cted-Oashed L1neJ. 
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;· 
. ¡fforded by kriging could ha ve be en estima red 

J -.~¡J_itarivel;; by. examining the density and 
.u.m:bution of the data ba.se. Kriging of In T val u es 

:.,,)' well prove valuable in situatibns wheré 
. DÜ~rved va! u es are 1:\'eniy disuibuted ().i,'Cf the ar~:a 
·of mterest. Jn addicion, one would ha ve more 
, ronfidence in the inferred spatial correlatiori 
·.~ructure of rhe data if it were much denser, in 
>icitJon to being more evenly spaced. Oí course, 
•ith a large number of closc!y·spaced, equidistan! 
¿¡:"- ooi:1ts, th~ ent:r:::: aues:ion of pa:-ametcr est!· . . . . . 

T.atl0:-1 1s sol.lewhat moot. 

A tra:-:sJent caiib:-ation was accomplishcd by 
r:ia! JnC er:-or fo~ Sc\·e.-: ycars of ir:-:gJtiOn by 
~C]ust::1g sto:-agc coc:f¡cJcn~s. v .. ·:rh only mmo:-

. llijL:S7:::1cnts 1.:--: tra:1S:-:l!SSJ\'Ity anG pt..:í:lpHlf: ratc 

u:s:~::>:J¡¡o:.s 

\'e:-:: goo:::: agrcc:-:1c:-:¡ was found in usmt: thc 
:a!:b:-~tc~ ::1odcl ro ?:--cClC: w.1te:- levc!s during a 
íc:..::--yca:- pe:-ioC íollow1ng thc calibrauon penoC. 

· Th:s was in spi:c o: i1kely e:-ro:-s in toral pumpage 
and tn-: 4??=-oxJmat-.:: me~hoGs used ro assigil 
pL:;:-¡p:ng :-<1.:cs. 
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Computer Models m Ground-Water Exploration 

by lrwin Remson•, Steven·M:.Gorelickb, and Julianne F. Fliegnerc 

ABSTRACT 

Four case ht..:(mes d!usuate the vanous roks that 
dt~ital ,,ntputer stmuiJuon mudcls can play 10 grounJ-watcr 
n:plur.ttt<il The case htstorics descrtbc thC'JT use m 

liua;1n¡.: aqu1fe~ raramc!crs .tnd charaC'!cnsncs. m 

. :;nJ:J:lt= ~-ounc·wJu:; :ccnJr~e. 1n rcsolvtng data 
til>:"Onstst~n,·t-:s, .:;,nd tr. Jncrr:ltntng thc opumJ.l al!oca:tPn 
of C'\.Pinr 1\HJ;o funJ::. Thc muJds are cspcctJil.' usdu: Jfl 

uú:n;¡f\Jn~ ..;J·a JcftCICnctn and mconststcnncs. 

INTRODUCTION 
Dl_[!i:al cnmputcr sJmulatJon models are 

emplo\·l·J cxtcn'irvcly a~ prcdJctive Jnd m.tn;.tgrmcnt 
roob m ground·water mn:stJgauons. Whilc u]¡¡

m:ncl;; .111 a1J tt· watc; plailning:. thc compute 
••,mu!Jt¡on JPfHt :~eh sc:-\·c.., r.:qua!l~ rmpo;un: 
:u:1CI1()n~ tn g:-uu:ld·wJ!t"~ c:-..plorJtiO!~ 

·¡he :"tr~:_ 3.~!\'·tn~J~..._- o: moJel_:¡~-\ rlopmcn: 1' 

::-.J: 1: n·q~¡¡ro :hl In\'c·.:;g.ltor ;o dc:c::1:1~1c .t::.l 
\::..·.:.1 w1~h dJ~J Ii1Jdt'LJ"..;J~·¡t·~ Sccun.~. \ !l:~,;~uc:an: 
o: .1 nl•hl::! Jllcl\\'~ :nt: h\ llro~;-olut:I': 111 ll'>i J 

.:·;¡l·::-r:;.Jah;c~l \J('v. of .1 l'nmpic' ~:ound·\\,Itc: 
~-. ..,.~·~• 1:~:::..-~Jc::o:; \:::!-"! rhc ~lntk! :u~:c_... .1:--. 

.. l'r•.tc~~ur ,11 ·\pp11t'0 1 •r111 :--.c1Cn1.t'' 1nd C,l·,,!,,r·· 

·;r~:'or.J •:rH\Cr~lt_•, ~:Jr:: .. r 1 l JIIÍ .. rniJ ~43115 

h¡(, -~Jrl·h A._\,~Un1. D··OJrtmcnt of C.rul··~\, '-ltFll11rJ 

'01\CT\II~, Stln(pJJ, CJltforr .. • 44305 

C¡. •·mn GrJduJ!t' Siudlnt, DcpJrtmt·nt nfCn•iul!\. 
<-tJnÍnr.l l,..ni\CTSII~. '-.tJ.nlur.t .. ddnrnu •1: itJS. 

1 )¡< IIS':>Wn <lpl'11 UOll~ ·"·" ~ h J ] <JH 1 

and checks assumptions regard1ng sysrcm function

mg. Th~rJ, opt1mal allocatl()n of cxplorJI•on iunds 
m.l! be lktermincd by incorpuratmg du· ... ¡mulathm 

moJel1nto a lmear progr.Jm and pcrlurm111g 

scn.'lltJrin: anal\'~Is . 
f7our ca~c histories are used to lllu~IrJte the 

\'Jr1ous fllks rhat such digital computn .'IImu!JtJnn 
ITllnkl.'l CJn p!.l~ 1n ground·watcr l'xplnr.J!Jon. 

FOUR CASE HISTORIES 
1. Estimating Aquifer CharacteristJcs in the 
Palo Alto Baylands, California 

Thc f~r;r c.ISe h¡;ton Jc;cribes rhc use of 

r:wdc!ing in C'IJmatmg :tquifcr paramt·Tt'r\ and 

du~.Jclni\!10 111 the P:Ilu Alto B.l!'i:md.,, Californ1J 
1 !H .1rcJ modclcd ¡_.., lucatl·d on thc ~nulltwcstern 

rn.1r~1n o: ~Jil 1 1 JncJ~co BJ~. Caltíorni:J (Figure 1 ). 
:\ jl•Jr!I•Jfl u: thl.'l nur.'lh in 1r.~ natur.li ... r.ltt' v.·a~ thc: 
.'ILJII!LLl o! .1 nl.,:--,..,uri.IlT hvJrogcologn nn:c~tlgatJOn 

il\ 1 i.t\\ l.~rhl ( 1 •J7(.) Thc .'ltuJ\ WJ'> llllf'lldcd tu 

¡~~·•\Hk lll'>I~hl Hito rhc IJJilLUoníng ol 1 tJJJI m:ush 
~::••::1•\l·w.ltc ..,~·'>tl·m :!TlJ ¡,, Jn·clop .1 ~r~•und·w:ll..:r 

!ll••~h! itJí l!'>l' 11\ ITl.lr.'lh lll.IIIJgt:ml'IH 

1 he: l>J\ IJnJ_.., .1rc char.IctcrÍ¿cJ h~· an inrnc;.ue 
ncrwt•rk of llll'I\CJ surfan ·wafcr channcl .. 3·5 ft 
<ti'!'" 1 5 m) Jeep .1nJ 5 '"15ft ( 1 i ,,, 4.ó ni) 
\\Jdt ~tullo\\' ~f!IUllJ \\',JJt·• 1~ procn: lfl J 2ü-fr 

u' 1 m) th1l'k IJycr ut "h;,.¡y mud." wh1t h conslst~ 
ot ..,¡J¡~· cl.1~· \\'llh lcnsc) ol ,,¡nJ. gTJ\t·l. pcJr JnJ 

,..,hf'!J tr.l~mC"nt~. llydr.lUiiL Inlorm.JtJPII \\J~ 

(JI•: 1 'll'd !1) In'>t.dhng .1l1rH •11. 5 to J(J ·r (1.5 ro 

3·111' lt-cp pll/llnll"tt'r~: 111 lhl' nur\h ,J. ;•P'>ITS <1lnn).! 

/ 
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F1t; 1. Surface-water channels in the Palo Alto Baylands, 
Calrfornra. 

a 30-i;: (9.1-m) p~·:-pcndtcu!Jr ro a main tidJI 
channcl. The p1ezomcrcrs were monirored for rwo 
d'n durJng a ncap tidc C\'c/c. Ira ter lel·c/s m rhe 
p1czomc:crs rcspo~dcd ro thc nsc and fall of the 
channcl StJ?C 

/\ com nu tci mo0_t;_l .ll~aLp,rcparc_Qj_Q _a~-~ trcmr:r 
ro S!muiarc rhc chJnnci-m:t:-sh mrcr.1crron~ a~ --- -- - ------------- -- -------
c~0.S.~Y-:d r:--, ihc :710nl_~_orcd wdls. Thc h\ dro~cologJc 
s~ 5tc::-~ \\'JS Slmt..:i;~:cli ,1s an unconfrncJ aqu1icr 
Jt~ch:;.:-gmg to a~d bcrng rechargcd irom thc 
channc/ as thc stagc -.·"''cd w1th thc t1de Thc 
on('·dJmcnsional finltC d:f(crrncc model \\'J.\ b;t'icd 
uPO~-fhc BoussJncsq equar10n. and was soin~d usmg 
a rrcd:cror·corrector rcchn¡quc. E\prc<iscJ ln 

nondtmcnsionJ! iorrn. thc mndcl cquJrron\ r:1cluJcd 

:wo unknown parJmcrcrs Thc ~~ pJr:~m-::-r.c~ 

co~~:.:s~Jo:l<.lCU ro ::-.e :-atin of h\·drJt:ltc cnnducu' Jf\ 

to s:orJg~ cncf!JC!Cnl. :111d rhe ~~! r·l~JfllC'!C"~ 
cocropondcd to thc th1c~ncss o( thc pcrmoJb/c 
s-:dH":lCr.ts 

Thc h~ d:-Juirc parar.1crcr\ wer-:- ... 1:-rrd 
e;,_ srcmarrcJJh I':"'· .1:--, .1t:cmp: ro '>Imul.rrc n!J.,r~TJ 
-.• . .Jtcr kvcls. Bn: rc\ulr.., wcrc obramed us1:1~ an 
e:-icct!IT t~1ckncss of 2.5 ft (0_76 m) for thc 

permeable IJ1-rr and 1.350 tr 1412 m) pcr da~· for 
:JJc r:¡uo of h~·drJul:c cnn(h:Cl.I'.'It~· rn s~o:--.t~c 

coc:':.¡-:rcn:. A~sur.1rntz :1 rq11• . .'J.l ~wragc corr·f!cicr.r 
r.t;,gc of bct\\Ten O 1 andO 3. rhc abo\'c ratio 
"~ou1d Jnd¡catc a largc h:>drJu!Jc conducri\'Jt\' 
\bctween 135 a~J405 it\412and 123.6m)pcr 
d:t~·) for rhc 'CJimcnt'> Jn thc pcrmc.1/llc !ayer 

Bccausc of thiS Jnom;¡Jou'> rcqJ![, samrlln!! of rhc 

uppermosr 3 fr (0.91 m) of the ba1· mud was 

underraken. It showed a dense system of root 
channels up ro 0.2 in: (S. mm) in diamcter lt is 

likely that thdargc.h~ulic conducriviry is a 

resulr ofground-water piping along rhese rooi 
channe/s. Final/y, the observed war.,·levd 

flucruations were Jess than tlie simulared water-leve/ 

tlucruarions at d!Stances greatcr than 6 ro 8ft 
(1.8 m ro 2.4 m) from the channel Th!S suggested 
that the thickness of permeable sed•ments beeomes 
less than the assumed 2.5 ft (0.8 m) at those 
distances. Ficld excavatlons vcrified that thc 
permeable /ayer 15 indecd wedge-shaped. thJnnmg 
awa1· from thc ehannel. 

The model results alerrcd rhe •m·esti~ator to·tb< 
need for re-e,:a~ of cerrain flcld cbn:u,teristics 
of the ground-warer s;-srem. This Jcd to J rea/JzatJOn 

<;>f the 1mporranee of pipio~ a long ront channds in 
the channel·marsh hrdrogcologic S\'Stem. In faet, 

iris possiblc rhar a rigorous prcdiwvr modcl might 
have ro eonsider non-Darcian tlow as a result of 

ground-water piping. Fínall~·. thc hnwrhcm ;md 

subsegucnt field va/J~tip.!)_QUQ<:.lhlnnln~ ot th; 
permeable zone W1th disranee from thc channel was 

gu•ded bv the mode/ results. 

2. Determining Ground-Water Recharge in the 

San Jacinto Valle y, California 
The second case h!StOr\" describes thc use of a 

model ro estimare ground-warer rcchar¡:c m the 
S.m _Jacmto \'allc1·. California. F1¡:urc 2 shows th< 
SJn Jacinto Valicv. California (F/"·sner. 1978)_ Ir 
is a graben rhat has been downfaultcd a/ong rhe 
s,n ).lCJntO fault on thc norrhcast and the Casa 
Loma fault on the southwest. Bcdrock mesto 
o1n 8.000 ír (2.440 m) above,the valln· tloor in 

\ 

1' 
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-. 

Fq~. 2. Ground·water subbas1ns in the San Jacinto Valle y. 



the San Jacinto Mounrain block ro rhe norrheas.t. 
&drock in the valley is as-muchas 8,000 fr (2.440 
m) below-the.land suriace. An excellenr ground

·warer supply 15 found in the unconsolidared 
Quarernary allu\'lum rhar ti lis rhe graben ro a 
deprh of up ro 2,000 fr (610 m). 

At various rimes during irs Quarernary hisrory, 
'!he val ley bottom was covcred by a lake, whcre clay 
smled and formed a seemingly conrinuous l;;yer 

· OYer rhe Lowec and Uppcr Pressure Subbasin 
show:1 in Fig'Jrc 2. Fme scdimenrs in rhe uppermosr 
150 to 200 fr (46 to 61 m) creare arrestan condi
oons. lt has becn rhe acc::pred \'!no..· thJ.t strcam 
mfdrrorion and lcakagc ro ground water do nor 
occur 10 the Pressure Subbasm. lnstcad, all ground
"'ater rechargc was belte\'cd ro occur by infiltrarían 
from srrcams nowing JO thc lnrake Subbasm. 

A preJ¡mmary two-dlmensJOnal finire difference 
mo.dcl was prcparcd uS<ng the Illtnots Sta te \\·arer 
Sur\'C\' Code (Pnckctt and Lonnqutst, 197!).lt had 
no icakagc 1n rhe Prcssurc Subbasin. Wnhm a íew 
years aircr the start oi pumptng. the stmularcd 
water lc1·els werc hundreds oí ícet below rhc 
historical water le\'els. A mass water balance was 
"her. preparcd Bccausc rhc water defJcicnc~· \\'J!:. 

ea: anJ bccausc thc rcchargc in thc lntake 
'ubbasm was 1--nown. r_b.,c __ modcl coul,d be satt'Jt,<:d 
only 1Í _s~~<;r_J_~~J_;¡l_!e_ah.agc occurred 1n thc P:-rs~ure 
S~bb_a;in. Thcret'ore. a rc1·ised model was prcparcJ 
mcorporaring ic.:Ü~JgT 1n rhe Prcssurc SubbJsln. 
anC 1t suc~..:css:.ulh· rcp:-oduccJ thc h;st:oric:I! \\'Jtc:
kvcl> 

The part:al dif!erenua! equation inco:-po:-ated 
inro the d1gnal compurcr code uscd for thc San 
Jacmrn study requires thJt the conservat1on of warer 
mJss be SJtiSf1ed Thr assumpt10n of zero groun1J. 
water rechargc =ts !cakJgc tn thc Prcssurc Subbas:n 
l~f¡ J largc def1ctr Jr. thc mJss \\"Jte_r ha!Jncc whcn 
compare¿ w1th rhc !a:-~c grounJ·\\"Jtcr J¡o;;chJrgc 
T~c resui::ng c\ccs_Si\~c-~kc[tn_e 1n g;ot.;r.d·\\ Jr~·; 
!~\·d~_\\J5 r;.-;¡dliy Jdc;;rl:j,S~CElLom:,:HI\Or.~ wcr~· 
íi'.Hic w1rh :h~· n¡<;tor-tc w:ucr lc\-c!s Once rhc 
p-;Li"Cm wJ~ rccogn::~·J. thl icJkJbC' 1n rhc P:c'\s~:rc 
St..:blJ:JsJ;; was easll:· Jcu.:rm1ncJ becJu~c Jll othc; 
vJ!uo an thc warer OaiJncc wcrc known. 

3. Resolving Data lnconmtencies at Tooele. Utah 
Thc th:rJ case h:~tL~r:· J¡scu~~c~ thc u'c of 

oJcllng ro rc,okc J.J:J lnconS!Stcncics ar Tooclc . 
. )rah Ftt;..'l.HC 3 (G:nc~. 1965 l ~hows contuur' l).J,cJ 
on warn-lcvcl mCJ)urcmcnts m rhc \'ICJnlt\' o:' 
Touclc, Ut:Jh Thc Jqutln Íl pJrt ol J thtcl-- aii111JJI 
iJn th.l! :s rcchJrgcJ lJ\· ~rrcam~ tlowmg out o: rile 
Jd1 .. •.; rnPU:I:.ll!l\, J,,. rtt·,! lli.ilnh \Olrth n:· 1 ,tuCic 
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Frg. 3 Ground·water elevatrom tn feet above mean sea level 
rn the vicrnrty of Tooele, Utah (Gates. 19651. 

¡Thc aqulfcr thrckncss r~ so grcar in companson ro ~ . 
dr.n\'down thJt 1t coukl he moJeleJ .1" J confmed ;
~ 1 he: grounJ \\'Jtcr dl)ChJrgn to wells,. 

l srr~np anJ Grcat SJit LJkc m thc norrhcrn pan of 
th\' tan 

Prel11ninan· analvm of the avadJulc data 
o:;htlWcd somc rncnn"r"r r •. ~~' l'urr¡¡1rr1 11 rcsrs 

·' 

·' 



indicated Jarge transmissivities rhroughout. Values 
over.l,OOO,OOO gpd/ft (134,000 ft'ld) (12,500 m'ld) 
wcre indicated in parts .o f. the aquifer. On .the otber 
han d. specifrc rapacitv deterrninations suggested 
transmissiv~rics in the neighborhood of 100,000 
gpdlft (13 .000 ft' id) (1 ,250m' ;¿ay), and these 
are out of Jine with the data from pumping tests 

Ducmg the preparation of a two-drmens10nal 
fmire·difference ground-water modcl, using rhe 
Pmdcc and Bredehoeft Code ( !968), transmissi,·iries 
werc d~rermincd by triJ.i and adJUStment. Bccaust.: 
the Q¡ffercntral equatJOr. thar is sol\'ed mcorpqrate.s 

,.. DJrc.··s law, e:xceSSJ\'Ch· low transmis.sirn¡c.s 
' gene; are ground·w:Hc gradtenrs sreep~7fhan the 

htstortcal gcadtent. 5Jmtl3rl\·, thc use of excess:\'eh' 
h1gh trJnsmissintics m thc modcl genera tes 
ground-water gcadienrs tlatter than thc hisrorical 
gradtcnts In order ro generare h:sror:cal ground
water gradicnrs. thc modcl rcqu¡red transmJSSI\'tties 
in rhe nctghborhood of iOO,OOO gpdift (94,000 
f;'id) (8.750 mld) tn the southnn parr of the 
allu\·ial :an ThtS \·aiue was ·;crified b\' a carciull\· ----- ~~----. . 
controlled pumptn¡: test 

; 
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""'" 
Fig. 4. Optimal pumprng locatrons to de water a drydock tite 
1n Ta1wan usmg mínimum d1scharge as determrned from the 
lrnear programming model. 

effectJ\'cly. Our concern hcrcin is mainh' with thc 
second problcm. 

The approach u sed by Aguado ct al ( 1977) 
'was ro Incorporare a finirc d1ffercnce ground-watcr 
stmulanon modcl mto a linear program A fmite 
ekmcnr s1mulation was uscd in an alternare 
formulatton. The difference equattuns to¡:crher with 
the bounJary condirions and dewatenng rcguire
mcnts sen:ed as consrraints in the managcment 

The Occtdental Fault (Figure 3) tS said ro be a 
scmipcrmc.1bie fau!r whcre ir crosse.s the allur¡a/ 
~--¡,~·thc ground-warer con tour lines· m 

Ftgure 3 mee¡ rhe Occidental Faulr at righr angics 
tmoh·m~ thar rhe fault t<' tlow Jme lf one preparcd 

1 model. Thc obíectl\·e function ro be mrntmi7ed was1' 
1 the total pu mptng~ed _r_o_t11cci_r)~~C:~~r_c_ri,~g 

¡. \ ~-':'lli.\!hile_~.;Hisf1J!!g the boundan· condir_i~ns ~ 
: and r!·. ~round-warcr ~~ttonsin .num~nc.!!!J:.~· 

:1 co~retc~·-r;~o<.Tc-J -rh-;-r -~~-~~~ro~d lcakagc Jeras~ 
rhc fJL:l:. th-::- mod:::; cou/J nor generare conrour~ 
o:-rhof!On:ll {() thc {Ju/[ Once agatn. rrcrardtiOll of 
a modcl m an arremp: ro generare hisronc.1i \\'Jtcr 
lc\'CÍ$ wou!J be a satcguarJ agains~ rhe acccptancc 
oí inconststcn: data 

4. Optimizing Use of Exploration Funds rn 
Taiwan 

Thc fou:-rh ca~c htsro:-y dJ"cusscs .1 m.1nagcmcn: 
mndel rhat was useJ ro derermrnc thc oprrma! 
a!locatJO:l of C'.:ploranon íund" íor J dcw.HcrJ:lg 
r~o.IC([ In Ta:v.:Jí'. A~u:hJo r: ~/ ( ¡ ~)";:-) \\CiC 

rn;·ccrncrl \\'lfh t\\0 rrohirm~ rcJ.ucd tn thc 

dcwatertng of a dn·doc~ snc tn Tarwan (ér¡;urc .;¡ 
Thc water Jc,cl tn thc cxcJ\ auon was ro pe 
mJrnta¡n_cd ara d'1'_l.~nf_4~ir (l_2._'!')~<~c 
~-.:alle'í~_possJbl_E _9J\Ch.1rl~C' Thcrcforc, rhc Í1:s: 

Cf,íoh!Cm was ro dctcrmtn~ thc locatJOns :tnd 
d1~charges o( \\'Cllc:. thar wou!J m:tmta1n w,¡rcr 
IC\'cls ar the dcsign deprh whrlc u"ng.rhe smallc" 
posSrblc rora! J"chargr Thc ~ccono_woulem "''·' 
to Jdcnnt\· thc 1-.JnJc:. J.nd locat10ns of JJ::l th:n 
aficctcd rhc m:~n:tp-cmcnr (ircn.ion mn.;;r .c:.n rh.1r 
thc J\'d:!;¡J¡Jc ,., r!nt 1: ·,, •:. 11!1\oi\ f fl\dd ¡,(' uc;c(l nJn~: 

' The answcr ro the first problcm was obtarned by 
soh'tn¡:: the linear program ro imd rhc Jocarions 
and Jtscharge ratcs of pumpmg wclls thar would 
mrnim1!c rhc obJCCti\T funcnon whilc meeting the 
consrr:11nrs. 1: musr be notcd thJt thc numbcr 
anJ lnc.1i10ns of d1schargmg wclls \Vt:rc consrramed 
b\ the dtscrcti/.JtiOn gnd. This consrratnt has becn 
remo\'ed using an improveJ formulauon that 
mtntmizes rhe rotal cost of thc varial>lr pumping 
cho: gcs ,JJhl thc fl\ed wcll tnstallauon costs 
(.-\~'U.1do anJ l{emson, 1980) 

Thc solutJOn ro the sccond prr>blcm was 
ni>tJ:nrd b\ subJCCting the mJnagcmcnt modd ro 

'.c:.cn~Jil\'lt\ JnJh·s¡s to determine whtch s\·srcm l _ 
p~mrtc_,_ al l<:Cted ~hcmtlllf11Um ObJCC·;;;.e vaJUC J f 
rhc 11: · JnJ tn whtch part of rhc 5\'stCnL Both 
prubi e'"' wcrc sol ved usmg lllM Mar he m a u cal 
Programm1ng S~·srem/360 (MPS/360) 

Thc oOJcCti\'C functJOn preved moq "'Cnsitive 
tn \'alucs of h,-draultc conductl\'ll\' along the 
conq.1nr hcaJ boundarics parallcl to rhc long sides 

,-uf rl;c "cn·arion (Figure 4). Thercforc. thc J 
f : c~r.Hinn rund~ are bcsr spcnr on pumpin_g_ 

. ~" Jlnnc thcsc hound:HICS. H~·dr.1uhl condUctivirt.J 
nf thc scdmlcnr'i in uthcr rart5 ot' rhc ~~·srcm had 
lnc:. cftrc: llnfr.1ul1c cnnductJ\'IT\' valtJC~ wirhm 
fhr C'\C.I\liJrtll lu.f 1 11> r·llrl f flll Thr· tlt•tPP1'1'" • dnr 
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of rhe objective function as m_ight be expected forl 
·.<readv-state solution. Thus, pumpjn~ tests 
.irhin the area·ro be excava red would con tribute . * 
;o usefui mformation ro·rhe management of rhe 
>ystem. The use of explorarion funds ro improve 
<nowlcdge oí head distributions ar the boundanes 
.,as shown by the sensirivirv analysis ro be less 
Jroducm·e than use of thc funds ro obrarn 
wdraulrc conducnviry data. 

CONCLUSIONS 
lr. cach of thc ground-\\'ater in\'estigatJons 

Jis::ussed, rhe results of model manipula non helpeJ 
;.~th the s~;stcm concepruallzation. Furrhcrmorc, 
:h~ sne dcv-.'Jtcnng cxamplc showed ho\\' sensltJVtty 
tnJ.!ysis o: a managemenr' mode! could be used ro 
>p:imrzc allocarion oí cxplorarron iunds Aírer 
.uch expenences. Jt has becomc standard proccdure 
oc us to frar.1e problems rn the context of ground· 
.•.-ate~ models at the mception of J study whcther or 
10~ th-::: modcls are r.:.:edcd fo~ purposes of predJCtJOn 

lf manage.:mcn: \V¡: imd rhat the uri!izarion of 
nodels in tdentifymg data inconsJstencies and 
:oncepruai:zarion errors thoroughlv justifres 
·'1e1r use 
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Automated Calibration of a Contaminant 
Transport Model for a Shallow Sand Aquifer 

by K. John Holmes', Wen-sen Chub, and Denis R. Erickson' 

ABSTRACT 

T!11s parcr prescnts •r: applio.tJon of an autonlalcJ 
caldnatJ0:-1 n.:chnique for thc Uni~cJ St;ucs GcolugJcal 
Sun:cy Mc~hod a: Charactcnsucs (USGS·¡\\OC) coJc The 
moJci \~as Jppl;cc.J w J shallo\' sanJ aq uifcr \\he re con· 
t.an¡ma:¡u:-¡ Juc tu lcak:.l.!:c írom ;¡ soi\'Cnt re e~ el m¡:: plant 
was cict.:ctcU lJsJnt,: avadai.Jic v.atcr-ta!J!c oUscrvauons, 
nans<'.llSSI\",::: parJmcters íor t'n:: USCS-MOC moJel wc:-r'-: 
nl!b~a•cd ¡_.,.,. ar; a:.;wm<~tcd pdramctcr Jc.kntificatwn (1'1) 

tcchnl<;~...:c LJ¡spcrs;vtty \\JS dc:crmJncJ frufll triJJ.anJ-crror 

Slmu!J:Jons Fur cumparJsor. purposcs. thc transnmsi\'I!Y 
parJ!ll('(Cf~ WCíC a]S(I mJcpcnJcnt!y caJibrJ!CJ b~· triaJ Jnd
Crru; S1muLll1uns TiH: sruJ~ rcsu!ts show tha:. a!thou¡:h 
til~ Pi·cai.:b~atcC nwJcl can produce watcr·tabk coJHuurs 
tha: are m gooC apccmcnt \\Jlh uuscr\'JtJuns anJ thc lUn· 
rarn¡nan: ~'iun1cs ¡:¡roJucc...: U;. thc L'SCS·.\10( usmt; 

pararnctc:-s Jt·~e:mmcd íron1 thc 1'1 tcd1n1yu(' anJ thc tria!· 

;¡nJ·cnur a;--~~uaci1 uc nl': \.l.~th diffcrt:nt. the rara111r:c:-s 
Uctcrr:;:ncc.i u:, ::115 tel'lli11YUC are nut Cllnshkn.:J ru tH· 
pn:, ~:...1!,., piall~rhk 111 ai: enes 1 he i.Jcst strJ.:q:\ ¡r; mudcl 
c:JIJÍJ:Jtlu:-. "uuiJ tJc tu use lJuth mctiJUJ~ COflJUnc.tlvch 

INTRODUCTION 

In thc past rwo JccJJcs cngincc~~ J:1J scJcn· 
tJsts hJ'.T Jc\·ciopcJ J nu:nlJc¡ o( fllJthc¡,JJt:c.J: 

muJcls to ~¡¡;¡ui.t~\ ¡:uH~ i-ltl\\ Jlll; contJ:":llJl.lr.: 
uanspo:-~ m thc sui.Js-uría.cc saJ~um tl\lHJcrsor:. 
1979. FJ.u~~ JrW.\1c¡cc:, 1980. Jrhi J:nJndc! (.·: ,;/, 

lYS-~J i;"; cach appi:::ation. :hcsc n1odc.·i_; :-cyt.:::c 
thc ¡nput of ccn.~un paramcrcrs tu chJíJClCiZC rht· 

fio .. , ar~J ~í Jnspo:-~ pruccssc~ Tu n~Jkc r.hcs2 

~lnter<>:Jtc Comn1\HHHl on thc Po!{Jrl1.1C H n u !IJ\111. 

Su1tc 3UO 6: lll Ll.l.'CI:;n·c Lll>..:, 1\ur.:l..vdll', ,\\.¡'} iJrh! 

:ZU852·3GOj 

LucpJrtrnrnt of (nd lnt:HlCCrlnf!. 1,\ JU. L·nl\t'l\lt;. 

uf \\;¡sh1ngton. Se01ttk. \\ashmftUn 98105 

'WJshm~tun S!:JtC' OcpHtr11Cil! uf l.culu!!l. ,\\S 
Lli.ll, ü!~·mptJ, WHh1npon 98504-6811 

HcccJvcd ~·,;¡~ 1908. rC\JScJ ~o ... cmUc: 1988 
acccptcC Deccmhc: 1988 

0JSCUS'>Illn opcn UOtl: )J.rlUJf) '1. J990 

modcls cffectivc simulation rools, paramctcrs must 
be appropriatcly calibratcd against íicld observa· 
tions Because the validiry of the simulation 
depcnds on how wcll thcse paramcrers are choscn, 
modcl calibration is a critica! step in ficld app!iéa· 
t1on. 

~ 

There are two basic approaches to modc! 
callbratio:l. Onc approach is a trJai·and·crror 
proccss in.which ccrr:im m·oJcl paramcrcr values 

are carcfully aJjusted until the moJel output 
mJillJCs somc oU~cn·cJ comlnions as closcly as 

possiblc. Thc ourcome of this rypc of calibration is 
highl~· dcpcnJcnt on thc uscr's cxpcricncc and can 

.vary substantially from uscr to u ser. Thc othcr 
approach to moJel calibratlon invoh-cs thr use of a 
cu:npurcf scarch algornhm th:H computes moJel 
p.líJmcter values hy mmimizmg somc me~surcs of 
rhc d¡ffercnccs hctwcen moJel solutJons and 3\'ail
.tl>ic ÍJciJ ubservauons. ·¡ Jus proccJurc JS known in 

~round·watcr modclmg as paramcrcr iJcntification 
(1'1) (Y ch. 1986). Thc advantagcs of this caliura· 

""" mcrhoJ are that ir hclps ro reduce thc numbcr 
of moJe! calllJration runs anJ 1t tcnJs to lnnlt thc 

van;t:¡o¡¡,;n c:.~J¡lJrJuon rcsults by J¡ffcrcnt uscrs 

í'.tramctc:- iJcntifJcatJon is. howc\·c·. not wnhout 

1:s problc;ns. 1 he íormularion for must ground· 
WJtcr proulcms has becn shown ro uc ill·poscJ 

(Y ch. 198tíl. and 1t works wcll onl\· w1th abundant, 

ht~h-~uali[\ Jara (Sodcgli;pour and Y eh, 1984, and 
Chu et .J!.. 1987). Ncnhcr thc tnal·and·crrQr .ru>r 
thc Pi approach work vcry wcll for cases with 
J¡m¡rcd data Thc accuracy of modcl simulation is 
o:Ji,· as good as thar oí thc data ser and of thc 
mude! cali!JrJuun 

'I his papc:r reports thc use uf a simulation 
moJe: 111 thc invcstigarion of contammant move
mcnt through a shallow sand aqu¡fcr Thc primary 
focus of thc sruJy was to cxammc thc cffc:cts due 
to J¡ffcrcnt calibration approachc.-; on modcl simu· 
Ja[!on rcsults Usmg d1e same set of monitori~1g 

/ 



data from the study site, the United Statcs Geo
logical Survey's Method of Characteristics (USGS

.MOC) code (Konikow and Bredehoeft, 1978) was 
calibra red using both :m automated parameter 
identification algorithm anda manual trial-and--error 

· · approach.'To compare and c'ontrast the calibration 
results, paramerers determined by rhc two 
approaches were u sed in indcpcndcnr simulation 
runs ro characrcrize thc probable migration 
pattcrnsof rhe contamin::·.: olume at thc sire. 

The USGS-MOC moc:" was choscn ior thc 
s:-udy because o: its excelic.:-.: documcnrJtion, its 
widcsprcad usagc (Konikow, 1977, Warncr, 1979, 
Bedicnt e: al., 198-!. and Frccbcrg et al., 19''-: EI
Kadi, 1988), ar;_d bec:use a paramctcr ider.: :atior> 
algorith:n for USGS-MOC callcd Pi-M OC has 
alrcady bccn dcvelopcd (Strcckcr and Chu, Í986). 
II'Jth PI-MOC. sclected paramctcrs (transmissJVJty, 
dJspcrsJVJt)', etc) in USGS-MOC can be found by a 
guadra:ic programming routine which minimizes 
the su m of the squared dc\'iatwns between chosen 
observations and rnodel output Formulation and 
applicat¡o~s of Ph\lOC have bccn reponed bv 
Strecker and Che ( 198ó) and Chu et al. (1987) and, 
for bre\·i:y, wiii no: be rcpcatcd hcrc. 

SITE DESCRIPTION 
Thc srudy snc (Figure 1) has becn occup1ed 

by· a soh·cn: rccy·cling plan: from 198 i to thc 
prcscn:. Thc plan: proccssed up to 1000 gollons of 
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Fig. 2. Selected cross sectíons at the study s1te. 

wastc pcr wcck until 1984 whcn contamination of 
thc aguifcr undcrncath rhe plant was f1rst dctccted. 
Thc contammanrs, which secped through thc uppcr 
soil laycr duc to Jeakagc from a maJOr collcction 
su m p. consist of a variety of organic compounds 
mcluding trichlorocthcne and toluenc .. 

The material undcrlying the slte and adjaccnt. 
arca consists of uniform, wcll-sorteJ. finc-to
mcdium-graincd sand (drcdgcd spoiis) ovcrlying 
nanve alluvial silt. Below rhcse larcrs are Quatcr
nary alluvium. Thc drcdged spoil~. produccd from 
channel drcdging of a nearby river. crea te an 
unconfincd aquifcr. Thrcc cross sections through 
thc sitc are shown in Figure 2. Thc sond is of fairJy· 
un¡form thickness at thc sitc and thc lowcr silt 
bycr JS probably conunuous on-sitc. Ncarhy soil 
bormgs drilled by the U.S. Army Corps of Enginccrs 
show that: ·: silt Jaycr extcnds toa rlepth of about 
50 iect. Fe ;he modcl applicatJOn, 1t JS assumcd 
that thc unJerlying aliU\'Jai silt is comparatJvely 
1m permeable and allows vcry httlc \'CrtJcal move
ment oi water mto Jowcr Jaycrs AdditJonal charaG
tCrJZJtJon of the silt layer and thc undcrlying scdi
mcnts is ongoing mcludmg thc lll>taibtJon of 
monJtormg wells in thc undcrkmg aguifer. 

MODEL APPLICATION 
J\1()~~·. ::;¡g of ground-warcr movcment and con· 

tam1nar.: ·"nsport at the studv SltC f1rst rcqu1rcd 
thc dctcrnJJnation of sorne bas1c paramctcrs. 
Parametcrs su eh as specific yield, saturated thJck
ness. source Jocation. and· effective porosity were 
obtained from previous investigatJons done at the 
me. anc are shown m Tablc l. Exccpt for dispcr
s:•:ity, thesc basic parameters were not adjustcd 
durmg moJel cahbration and subscguent simula
tJOn runs. The calibratJon f di5pcrsivity values in 
the model will be reportea la ter m this paper. 
Previous ln\'C:stigarions have also esrimated the 
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transmissivity of the sánd aquifcr to range from .01 
o .002 ft'/swith the mosriikely valuc of .006 ft'/s. 

The model boundiries are slrown on Figure J. 
General ground~water f!ow direction <1t the si te .has· 

been detcrmined through extcnsive monitoring 
and, from this earlicr work, boundary conditions 

for modcling wcrc inferred Fourtecn observation 

wclls werc installcd in 1985 and monitored for one 

ycar. Locations of thcse wells are shown in Ftgure 
l. From analysis of this field data, it \\'JS con· 
cluded that thc crcck and the marsh, locatcd on 
thc north and thc cast cdgcs oí thc sruc.Jy arcJ 
rcspccti\'cly. are hydraulical!:· conncctcd to thc 
aquifc:- during most of thc ycar. Monnoring data 
suggcst that during normal conditions the ereek 
and the rnarsh actas constant-head boundaries, and 
ground watc:- Jt thc site·flows towards thcsc 

boundaries ·smcc su eh flow pattern does not cross 

the southcrn boundary. it was treated as a no·flow 

bounJaf\·. Monitoring wcll data a long the western 
boundary suggcstcd that pJrt of the boundary can 

be reprcscntcd by constant·head nades and the 
part toward thc cree k can be treated as a no·flow 

boundary. 

.l.utomated Model Calibrat1on by Pl-MOC 

PI-,\\OC (Strccker and Chu, J986) was useJ in 

this srudy for a stcady-statc calibration of thc 
transmiSSI\·::\· values ,\lthough PI·MOC can be 

us~J ro cal!brJ.tC dispcrSI\'itics from contaminan! 
concentratlon data (Streckcr and Chu, 19861. tlm 
opuon \\'JS not uscJ beca use of thc bck of f:ooJ 
\\.Jtcr quahry <..iJ~J Instl'JL!. thc JiS)JCfSI\'tt: 
paramctcr \\.as mant.:all~• adJUStcJ to gtYC J con
tammant p!umc shapc d:Jt was conststcn~ \\ttil 
field condit1ons 

E\·cn "nh thc aimost humo~cncous p1Jtcr1Jl 
(constant h:-Jra:..:!tc conJu,.-rtvit:-·J at thc sttc. thc 
mput transm:sst\'tt:> to USGS-,\\OC ts not constJnt 
bccausc of thc \'JrJab!c aqutfcr tlw:kncss lscc 
Ftgurc 2) To rct"icct th1~ spaual \'JriJtton, thc 

T1ble 1. Input Parameter~ for the Study S1te 

Ddf¡ X su fe e: 
Dclt• Y Sil f ('(': 
Lung1tuJ1n.ll d¡o;~H.:rs~~~::. ]{l{l f Ct' 1 
R.u10 of n¡nsvcrsc tu lunt:nuJ¡n¡J 

dtspcrs¡vny o Jil 
RHLO of Tvv 10 Tu 1 00 
Satur¡tcd ih1cknns 6· 10 f ce 1 
Effcctivc poros1ty o lS 
Spcclflc ytciJ (tr.arHLcnt osc) 020 
Spo:cLÍLC yich! {stcad~·s:;o:~ c:n~) 0.00 

CREEK 
o o o o o o o o o o o o o 
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Fig. 3. Aquifer thickness (in feet) for the modeled area 

(zeros denote no flow reg1on). 

aqutfer was ¡Jj,·idcd mto,a numbcr of wncs. cach 

wlth a constant transmtsstviry. 1 he num bcr of 
zoncs u sed m th1s study vartcti from onc to four-: 

¡: 
~ 

::0 
(/) 

::¡: 

Although thc sclcct1on of a zonal pattcrn has bcen 
sllown to af(cct the out come of PI CJiliJrauon (Chu 
ct al. J 9R7). zonc sdccuon was rclatl\cly straight
forv . .-arJ for th1s study SilC Sincc thc: gl\·cn aquifcr 
JS composcJ of fa1r!y homogcncous matcrials, 
transmJSSI\'Jty should Yary dircctly \\ 1th aquifcr 
th1ckncss Figure 3 IS a map of thc aquifer thick· 

ness constructcJ from soil samplcs anJ welllog 

data l)¡ff;:-rcnt spatial pattcrns oí transm1ssivity 
t two, thrcc, and four zones) assumcJ ior PI·MOC 

are sho'' n 111 f¡gurc 4. 
Pl-MOC rcqu1rcs thc mput of-thc numbcr of 

zonC!:., an JnltJJi cst1matc of zonal transmisslviCy 
\'Jiucs. anJ thc numcf!c uppcr anJ lowcr bounJs 
on transmJSSt\'tty \·alucs m cach zonc Thcse uppcr 
anJ lowcr bounds wcre csumatctl írom sod charac· 

teristtcs antl pump and slug tests performed at the 
sttc in prcvious invcstlgatJons. 

Results al Pl-MOC Ca!ibrat1on 
Thc rcsults from al! the PI·MOC runs are 

summar1zcd in Tablc 2 Thc vanous runs hsted in 
Tablc 2 wcrc des1gned to dcmonstratc: the cffects 
of nansmtssivJty zonal patterns, in1t1JI parametcr' 
CS[Imatcs, and paramctcr uppcr and lowcr bounds 
on thc rcsults of PI·MOC S tan in¡: Í•om the innial 
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estimares, al! PI-MOC runs termina red after four 
iterarions. The parameters fÓund in each run at the 
end of the fourth ireration and zhe objective value 

. ·o f. the optimization·(which is the su m of squares of 
-- the difíerences between predicted and observed 

water-table elevations at all rhe monitoring wells 
and staff gauges) are given in the last two columns 
of TaOic 2. 

Transmissivity was assumed constant in Run l. 
The observed water-rabie gradient [ Figu" 5(a)] 
sharpens near the consrant-head boundaries of the 
marsh and the cree k For an aquifer with relatively 
uniform soil propeny (constant hydrauhc conduc
ti\·i:y). this JS possible oniy wirh a decreasing 
aqu1ier rhickness (and thercfore transmissivny) 
n~J:- rhesc boundaries A\·aibb!e cross sections at 
rhe s:rc (Figure 2) also confirm su eh decrease in 
aqu1fe thickness The formularwn of Pi-MOC 
apparen:iy recognized th1s. and Run J could not 
ímd an appropnare parameter \'aiue in four itera
tJons 

In Runs 2 and J. the aquifer was represented 
b:· rwo transmJSSJ\'tty zones (f-¡gurr 4). \Vnh a 

physlcallr pilusibk upper bound of .01 ít'/s, 
Run 2 couW not reach a convcrgent solurion in 
íour Jteratíor.s Rclaxmg rhis upper bound to 
.05 f;."/s produced a con\'ergent solution for trans
miSSJ\'Jt)'. but the valucs wcre conSJdcred too high 
E:1r!Jc:- ¡m·esngarions of rhe sirc havc'csttmared the 
rrans:nJssi\'Ity a~· rhe aquifc:- ro r:mgc from .O 1 ro 
ooo:; f::/s \\'rtil rhc :nosr iikcly vaiuc as .006 fr 2/s 

The use of three transmissivity zones (Figure 
4) in PI-M OC did produce a solutíon that was 
wirhin th~ prescribed upper and lower bounds (scc · 
Runs-4 tbrough 8 in Table 2). Also shown by 
Runs 4 thron_gh·6 iu-~-rbc-difftrent paramerers 
found·by PJ-MOC from medium; low, and high 
initial parameter estima tes. Run 4 with mcdium 
initial parameter estímate produced the smallest 
objective value (the best íit) by thc optimizar ion 
procedure. 

Rims 7 and 8 were in tended to investigare the 
effect of the parameter lower bound on the Pl
MOC solution. Run 7 results show rhat relaxing the 
paramcrer lower bound does not afíect the fmal 
parameter values determined by P!·MOC. Run 8 
resulrs show that tightening the lower paramctcr 
bound does affect the PI-M OC solutior. Tightening 
the lower parameter bounc acts to restrict the 
potential solunon domain and reduces rhe good· 
ness-of-fit between the predicted and obscrved 
water·table elevations as shown by rhc objective 
values of Runs 4 and 8 in Table 2.· 

Runs 9 through J 2 assumeJ íour zoncs of 
transmissivity for rhe Site. Configuro non of rhese 
transmis'sivay zoncs is also given in F1gure 4. Runs 
9 through ll were used to studv rhe cffect of 
inittal parameter estJmJtes on rhc solurion. As in 
thc thrce·zone case, Run 9 with mcdíum miria! 
parameter estímate again produced the solurion 
with mÍnimum obJCCtive valuc. Run J 2 also shows 
rhe cffect of rightcnmg the lowcr pacamerer bound. 
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the most lik~ly value of 0.006 ft'/s bascd on data 

.from the earlier investigarion, model input trans-

: missiviry.va!ues were adjusted un ti! the calculated 

warer-tab!e contours compared favorablywith the 

observed water-table-cornours. Approxirnate!y 15 
USGS·MOC runs were requircd for the calibration. 
Because of the "u ser imervention" during this type 
of calibration, the transmissivity values found 
follow consistently with the observed aquifer 

thickness data The water·table contours calcula red 
using the uansmissivit1es determined from the tria!· 
and-~rror caiibratJOn are shown in Figure S(c) 

Dispersivity Determination 
Duero the iack of monitoring data, dispersiviry 

in USGS-MOC could not be calibrated as the trans· 
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Frg. S. {a) Obs.erved water-table contours rn 1984, (b) water

table contours calculated by USGS-MOC using transmrnrv 1ty 

determined from PI-MOC auummg three-zone character~za. 
t10n. and (el usmQ trammturvrty determined by tnal-and
error c.ahbratJOn. 
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Frg. 6. (a) Simulated contaminant plume usmg 1n input 
long•tudmal dispers1vity of 100; (b) an mput longitudinal 
d1spersivity of 10; and (e) input longitud mal dupenivity 
of 1. 

m!SSI\'It)' was. lnstead, the proper d¡spers1vity for 
thc me was chosen by comparing the calculated 
contammant plume with the general knowledge of 
thc plum e from f1eld investigation. Using a con
unuous !nJCCtJon wcll to simular~ rhc sourcc of 
contammat!On (leaky storagc sumpl and the trans· 
m¡ssi\'ltlcs determmed from thc trial·and·error 

eahbrat!On, steady-state runs of USGS-MOC were 

made wlth longirudmal dispersivity set at 1, 10, 
and 100 feet. The resulting contammant plumes 
from these runs are compared w11h thc observed 
extent of the plume (m 1984) and shown in Figure 
6 The pi~ me due to a dispers1vity of J foot 
[Figure 6(c)[ was so narrow that it would escape 

dctection by most monitoring \\·e lis near the marsh 
wh1ch was contrary to f1cld in\'cstlgat!on rcsults. 
Thc plumc resulting from a disperSI\'11}' of lOO fect 



.·. 

[Figure 6(a)) showed an exaggerated spread from 
rhe so urce which was again cumrary ro knowkdge 
obtarned from field invesrigation. ·The.dispersiv-ity · 
l'alue of JO fect produced the most reasonable 
plume shape [Figure 6(b)) and was evenrually 
adopted for further simularían. 

M·· ··ling Plume Migration 

Wnh the choscn dispcrsivltl of JO, USGS· 
MOC was u sed to s¡muiatc the m1grarion of plum e 
a: the s:tc Írom 1981 to 198+ during which ieakagc 
occurícd. Thc specif1c yicld uscd in thcsc uans1cnt 
ru:1s o: lJSGS·,\\OC is shown m Tabic l. Simula· 
r:on runs \\'Crc made v·:ith thrcc·zonc Pl·cal!bratcd 
r:-ar.s;nJsSÍ\'ItÍcs and \\'ith manually calibratcd trans· 

nnss:\·:tJcs. 
Thc rcsults írom using thc manually calibratcd 

and Pl·cal¡bratcd transmJSSII'ities are almost identi· 
ca! Thc gcnecal shapes of the resulung plum e are 
similar íor all.runs. Thc majar d¡ffercnces are in 
cxact conr:::~mman~ concentrar ion values Thc run 
usmg P!·cal:bra:cc paramctcrs produccd shghrly 
h1ghc:- con::am:nant conccntrauons v.:ithln thc 
stud1"drca [scc F1gurcs 7(a) and 7(b)). Th1s is 
dueto thc prcscncc of a lo\\'·transm!SSI\'Íty zonc 
(sec !(un 4 in Tablc 2) computcd by PI·MOC 
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F1g. 7. (a) Simulated contaminant plume in 1984 u¡¡ng 
tramm1Hiv•ty determmed by trial-and-error method, and 
!b) t.:'mg transmtsstvity determ1ned by PI-MOC assummg 
threr:-zone character•zat¡on (longitudmal dt1perstv1ty .. 10). 

that retards contaminant movement in the aqu~er. 
Thi,.simulation exercise once agam suggests 

that with lirnited field data and-parametcrunccr· 
·tainty,·mostof the current·ground·water flow and 
transpon models should be u sed as tools ro charac· 
terize approximate cxrent of the contaminar ion 
(plume shape), rather than to predict exact concen
tranon values at specific locations (Chu. ct al, 
1987) 

Using the contaminant concentrattons at ~he 
end of the four-year simulations to rcprcscnt thc 
background condition in 1984, thc moJel 11as 
furthcr run, using both Pl·calibrated (Huns 4 and 
9) and manually calibratcd transmissi1·iry, for two 
more ycars ( 1984 to 1986) to charactcrizc thc 
bchavior of the t. :u me aftcr the so urce \\'JS 

removed (lcakagc stopped in 1984) ror all cases 
simula red, virtual! y all contaminants m1gratcd out 
oí rhe arca withm one rear. This was cxpcctcd 
sincc ground·watcr vclocitics across mosr of thc 
modelcd area wcrc on thc arder of 300 ícct/:·car. 

SUMMARY 
Thc USGS·MOC modcl was apphcd to a fic!d 

probicm im·olving aquifer contammatJon duc to 
lcakagc oí a collcction sump ata solvcnt rccycling 
plant. The transmissivity paramctcr m thc modcl 
wac. calibra:cd. with al·at!ablc ficld data. by a 
pa:"mctcr Jdcntification (Pl) algornhm and by thc 
more conl'cntional trial·and·error mcthod Both 
cal1brat1on tcchnrques produced ca k u late .. water· 
rabie contours that comparcd iavorably wtth thosc 
obscn-cd in thc fic!d. D1spersiviry was dctcrmmed 
from simulatJon runs which prodc; ccd the most 
probable shapc of thc contaminant plurnc by 
cssc;l!ial!y a scnsili\'Jty analys1s. No nrhcr mput 
paramcrcr 11·as calibrateJ Thc cffcct of thc calibra· 
tlon tcchn¡quc on prcd1ctcd plumc 11llt!íation was 
cxam:ncJ by extended sJrnulatJOns wnh thc 
paramctcrs dcrcrmincd from thc t\o,·o approachcs. 

Thr paramcters found by thc PI mcthod in 
thiS stuJy appcarcd to be scnsitJI'C to thc mitial 
cst¡matc anJ.thc low~r and uppcr bounJs of the 

pararnetcr. Although the water rabie calculatcd by 
USGS·MOC with Pl·ca!ibratcd transrnJssivittes com· 
pared closclv wJth thc observed data. thc Pl-cali· 
bra red para~tctcr valucs wcrc mcon~:qcn{~.'(rh 
obscr.~J soil profdc data.'tor moc calrbratron in 
complcx siruations .. ··¡ approach n>:ght best be 
uscd to first define ccrrain parar,Cicr zoning 
pattcrns. Thc paramcter val.ues m ca eh zone thcn 1 

could be fmc·tuncd by thc trJal·and·crror mcthod 
accordrng tu addJtional f1cld data anJ bcst uscr 

JUOgmcnr 
1 L> 
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- Predictive Accuracy ofa Ground-Water 

Model Lessons from a Postaudit 

by Leonard F. Konikow' 

ABSTRACT 
H:·Jro~(:'olog-Jc s~uJJes commonly in elude thc 

Jtl't!opmcnt, c;alziHJ.tJOn, and •pp!:cltJon of a dcrcrmln;.suc 
11mulauon 111uJct To hclp asse.ss thc \'al u e ol usm¡:: su eh 
n1uJels ro nukc prcdicuons, a post;audtt was conJuc¡cJ on 
1 prCI'JOusJr sruJ¡cJ J.rc.a m rhc Salt RÍ\'CT ;and lowcr S.1nra 
r1u.: R11'cr basms !/1 central Anzona A dctcrnunJStÍc, J¡s· 

U¡lJutcd·paramcrcr moJel flf thc ¡::ruuru.J·"atcr systcn¡ 111 

•,tJ:sc aiiu\'iJI basu1s 1\<1.~ c;al!l.niltcd by Andcrson ( l9úRJ 
~1m¡: ¡¡!Jout -tú ycJ.rs uf Jar.a ( J 923·64) Thc cJ.IJlHJ.tcd 

nwJcl 'A J. S rhcn uscJ w prcJtct futurc IIOI.tcr·levcl chJ.n¡::cs 
jurtnt: thc ncxt JO ynr5 (1965·74) ExJ.rnmatwn of auu.a: 
~¡¡cr-kvd ch.an¡::cs ir; ";7 "clls from 1965-74 mdJcJtcs :t 

ro1or eorrc]Jttun bct\\een ubscr\·cJ :tnJ prcJletcJ 14:tte~-

l:>cl ch:tnt:cs Thc ddíc:rences hJ\'C a tncan uf -7 3 it-thJ.t 

11. pred1cted Jcc!Jnes eonststcntly exceeJcJ those uL· 

\mt:'J-;¡nJ ,¡ Si:tnJ:trd Jev¡;uwn of 47ft. The b1•s m :he 

rr~JLetcJ ""•tcr·ie\'CI ch.an~e nn lJc aeeuumeJ for h: we 
IH~C error 111 the ..LS\un¡tJ tut.d pumpa¡.:c Jurm¡.: thr rrr. 

JiC[IOII pcrioJ J j()\\ ~~e:_:_ ~~~~Jl.l!l:t] J¡~[~l-~-~ ~~P~.!_.l_lll 
r;cr.hctcd w.atcr-Jnci ehJn¡::c- Jvn nut eurr~_l.!le \\ltlr_thc 

.,~Ji5'tr:G-utl~,ñ-o(crror~ 1n -punip~~C.: Comn¡ucnti:•. 1hc 

LJC'~ oí prce¡s¡un pruLJ01LI~- is'ñií't rcl:ttt:'J unh'.uJiúuúln

mumtJ rump.lj:C. !Ju¡ lll~f~~C_the prcsencc 1•f r.•IIICf 

~·urcn of erro~ m ¡he nu•Jcl,,suctL .as thc two-Jm¡ens¡un.~\ 
rq.,rcsentatzon of :t thrce-JtmC:tii"i(,n;¡J prnúkm or--i"ñ? h. d. 
,.( (~~s~J~~;tLon-OniñJ:sUhií'Jcnee pf0l~U~~ llm t: re of 
ros;;¡uJ¡; JS ;¡ q,ju,¡tJJe me:huJ uf \erdyrn~ a moJe!. :tnd an 

nJiuJ.t¡on of prcJ1ctrve c:-rrurs e:tn pro\¡Je :tn ¡nereJ.st·,; 

~uJ~rstJnJm;: uf thc sptcrn :tthl ;¡¡J m JS\ess•nt:, ¡he \:ttuc 
o{ undcrt;¡J...mt: Je\c!opll1Cnt uf;¡ rntseJ moJel. 

•u.S. Gco!o¡!•n: S une¡.,\\,¡;! Stop 4J l, :-.i.at•un.a: 
~c-ntc:r. Hcston. \'~rgrnJJ. 2.?09.?. 

Hccc:wcJ ,\1:t}' 1985. rc\tsc:J 1\u~u~n 1985. :tcec¡.,trd 

Xprenrbcr 1985. 
D1scuss¡un opcn unti1 Scpteml.tt:"r l. 1986 
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INTRODUCTION 
J iydrogeologic studics commonly in elude rhe 

use of dcterminist1c, disrributed-parametcr, 
grounJ-warcr modcis w prcJict responses o[ an 
aquifcr sysrcrn ro changes in stresscs. Thc extreme 
C.\ample u( using su eh models íor prct11crions may 
be m thc planning of hig:h-lc\·cl radJOacrivc wastc 
rcpo~Hones, whcrc rcgulators Jcs1re and rcquirc 
proJecuons of grounJ-warer flow and transpon for 
1,000 to l 0,000 ycars mto thc fururc. Js thcrc any 
C\'JJcncc, e¡ther on thc basis of a postaudtt of thc 
out come of past prcdJctn·c cfforts or othcn\ JSC, 

that JctermlllJStJC simularion modcls can ¡nJccJ 
accurardy prcJ¡ct futurc responses in grounJ-watcr 
systcms; Js forccastJng rhc only or pnmary motn·a
tJOll fur applymg a dctcrminiS[IC ground-watcr 
moJeL o: docs rile lllodclmg cxcreJsc hJ\T some 
othcr va!uc: 

·¡he UflJnl:.·¡ng philusophy of proccss
sm:ulJtmg UetcnmnJStJc·modchng approaches is 
thJt. gi\cn a cumP¡~~c_:¡_:;i~~u;-dcrst~J¡ng of tile 
proCCHCS 0)·· w}uc!J Jlf~?~S<;_? ü_fl 3 ~)'~te m p~oJ UCC 
su bscq u~!l !.._ r_csponscs_l_!l__tha r sys~ e_ m, r he sy st ern's 
response cu any ser of strcsscs can be defmcJ or 
rrcJctCrnllnCd through that undcrstanJ¡ng uf r!Jc 
~uvcrning (or controUmg) proecsscs, cvc11 ¡[ thc 
mJ.gnrtudc of thc nc:w srrc:sscs falls oursiJc of thc 
ranie of hJstorKally obscrvcd strcsscs. PrcJ1criom 
mJ<..lc tius WJY assumc an undcrsranding of causc
anJ-cffccr rciations. Thc accuracy of su eh dcter
nllnJstJc forccasts rhus dcpcnds, m pan. u pon how 
closely our conccpts of thc g~y~rniD.g prorcsscs 
rcflcc{iflc proecsses th.:u aetua/ly cont.roL-+hc 
systcm's beha\'JUr. But more 1s in ... olvcJ. E\'cn 1f \\'e 

/ 



ha ve an accurate conceptual model of the 
governing ?rocesses. and if the procosses were 
represented accuratelx_i!l a deterministic simula
tion model, we al so need.(l) a de_fjniwn. o[ the 
propenies :¡n_d bqundaries of the domain o ver 
which th·e-;e processos and stre~ses -~;~ a~Ú;,g; 
(2) the State of the system at sorne point m time 
(wher pastor present); and (3) an emmate (or 
oredictwn) of what rhe furUre stresscs ,...,¡¡¡be, 
~·hiCh~ÜUgh ir i.s an obvt~us requircment, is not 
nccessardy a rrn·ia! matrer. Thus. thc "moJel" of 
an aquifcr systcm mcorporatcs proccsscs, spcciflca
tions for parJmcrers. ami strcssey-
_-~ Ground·water hydrologJsts are bccommg_.i.n.=. -: 

creas¡ngi~· a\'.'are that madr:guatc and insuffJCJCnt 
d1ra lim:: thc·rchabi!iry of tradit1onal dctcrministlc 
~ound-v.·atcr modcls:The dara mav be inadc(íuate --· Leca use aqulfer nct~_!.<?gen~tJ~~~EYI... ~k 
sr-:-nlkr rh.1n can be dcfmed on tbr basis qf avaj!~ 
abk Jat;;., t!me-Jcpender.t vJriables are monnorecl 
too ini-rcq u:::.dy. Ú1d meaSurCmCñterrOi-SCXiSt 

ft'le purpose of thtS paper is to fC\'ICW tht.' USe 
an<l rehai.Jlii:y of dctcrmmisric modcls for prc
dlc<!:-:g iun.:re changes in ground warcr by 
e.\Jmm¡n~ rhc outcomc of .a past prcd¡crn·e effon." 
A modcl study of an are a in centr:1 :-1zona was 
sckctcti asan examplc: be cause Jt r~. ~esems onc of 
the f1rs: wcll-documcnted determlnlStJc, distrib

u:cJ·pl~Jmrtcr, modcl ana!yscs of a g:round-watcr 
sys<crr._ Conscqucntly, it was aiso done suffic1cntly 
long ago ti:J: a long-rerrn ( J 0-ycar) forccast pcnoJ 
has passcJ Furthcrmorc, thcrc are now a\ a dable 
f.¡sto:-:ca! OÜSCfVJ:lOnS o{ the aqu¡fc: .-or thc t:mc 
for wh:::~ thc iorcca.st v.·as madc Thc purposes of 
th1s cxamrlc :u e ( 1) to illusrrate how accuratc (or 
maccu:-arc) a prcd!ctlon maJe with a supposcd!y 
we!!-ca!ibr.arc¿ modcl on be, rcco~n!Z;n~ thJr only 
lJrnncd gcnC:rJ!!ZdlJOnS )hou\J bt drJH r: On the 
Uas:S 0:"" a .s.~glc t\Jr!lpl:::: (2l ro r:-~ t ·olatc rile 
sot;rccs o: p:--cdlci,·c error,;¡nJ (3J tt Jluatc :he 
unponancc of conJuctm& a po~:auJ:t o( moJel 
prcdicrwm 

DESCRIPTíON OF STUOY AREA 
T:1c Sa!~ Hivc~ \'a!ky anJ ¡he lowcr Sanu 

.;;: J{¡vc~ i.Jas1n are !oc~tcJ nca.: Phocnl\, A:tzona 

\s.ec f-igt..:.:-c: 1) and are ~he two brgc::st agrtcu!tural 
arcas m Artzo:-~J A..:corJmg ro Andcrson ( 1968), 
about 1.250 m:' (800.000 •eres} are unJ<r ccltl\·a· 
[IOn Hc(JllSC' or :he :'1:-ld chmJrc trJtní:lll J\'C:Jgcs 

J\¡QU! O uto..:hcs pcr ycJr), thc agr~cultural cconomy 
JS dcpc:nJcn: on a rcltablc sourcc o( trnga.uon 
watt::. S::;cc thc c.uly 1900's, thc ground ·wJtcr 
systcm h;a.d becn dc·.·cloped extcnsn·cly !O tho:: arca 

By the mid-1960's, ground water was providing 
approJ<imately-80. pc:rccnl.( 3.2 mil!ion ac·ft) of thr 
total annual warér supply. Summarizing the dis· 
cussion of Anderson (1968), such withdrawals 
greatly exceed che rate of ground-water rechargc 
and resulted in water-leve! declines of as much" 
20ft per year ir: 'Jmc placcs. Maximum dr:clin~s 
from l 923 co 1.,;·(,.;. werc about 360ft Beca use oí 
thc cconom¡c importancc: of grounJ water 1n thrs 
arc:a, there was much concern that conrmucd 
dcchncs wou!d cause sir· · '¡canrly mcrc.Hcd 
pumping coses and decrcJ;ed well yiciJs As pan 
of an analysis of che ground-water resources o( rhc 
arca, Anderson ( 1968) consrructed and calibrarcJ 
an eJectrÍC-analog moJel of thc aguifcr S)'Stem, 
parrly " ... to determine rhe probable fururc 
cffects of continucd ground-wa.ter wnhdrawals in 
central Arizona." 

The hydrogcologic scrting of thiS area is de· 
scribed in detall by AnJerson ( J 968) and Dav1dson 
( 1979). A summary oí che ir desmptions follows. 
Thc cc-nrral Arizona arca lies in thc BJsrn and 
Hange lówlands water provincc (F1gurc J) Thc 
arca is characterized b¡• broad and gcnth- sloping 
vallcys or basins rhat surround and scparat<: stccp 
and ruggcd mountains. Thc mountaíns .1rc com· 
poscd mamly of low-permeability crystallinc rod>~. 
although sorne scdimcntary rocks are prcscnt. Thc 
val!cys are undcrlam by thousands of fcct of 
unconsoiJJaccd to co¡tsolidatcd allu1ul dcposns, 
mcludm¡; th1ck pc:mcaGic sand anJ gra,-cl umts. In 
general. coarscr material is found ncar rhe 
mountains, \•.'hich border the margms o:" the basim. 
anC f1nc-gramed matcrtal is de:posned Jn thc 
central, decper pans of thc basins. Mosr ground 
WJttr uscd m thc l>asm 1s dcrt\'cd from thc uppcr· 
mnsr unH of thc al!u\'tum, which is a. htgi· permc 
abk sanJ and ~ra\'C! as much as 600 ft m tntckn~s.~ 
Hdow tht~ unn ís the middlc silt and e by unlt, 
wlnch is dnconunuous, less p·crmcabtc. andas 

muchas ~.000 hin thickncss. Bclow :har lics tht 
rnorc con:>oildareJ lowcr sand and gravei unlt, 
.• :;¡eh ís Jntc:-mediatc In rcrméahillty 

The water-tablc conflgur.auon tn 19~ 3, prior 
;u t::-.tcnsn·c dcvdopmcm of tht: ground-watcr 

resource. IS mdicared in Figure 2. At chat time. 
ground-W,a[Cf flow W3S predommantl}' tO the WCSl 
md northwest, gcnerally parallclm~ che flow 
d.trcctlOn:> of thc Santa Cruz. Gtla, and Salr Hivcr~ 
Andcrson ( !968} consHlcred the ground·wa<er 
Systcm tO be rn an arprOXImatc cqutl1brlUm condi 
t1on pnor ro 1923. He funhcr statcs, "Síncc tht: 
early 1920's, pumpmg has cxcccJc-d rc:'llcñ!shmcnr 
tn ccnua! Anzona.. Bcgmnmg m the eJ.~;:• 1940'~. 
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f19 1 Locat10n of uudy aru1 m Auzona (from Anderson, 
1968) (Al. and m11n geograph1c and physJograph1c futures 
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O Cryst;Jihnc and sc-clinH!nt,.uy rock.:; 

1923 water-table allltude, 100s fl 

F1g. 2. Altítude of the water teble, spríng 1923, in central 
Arizona (from Andenon, 1968). 

purnpmg was grcatly accclcrared and withm a fcw 
ycars rcachcd arare many times grcarer than thc 
ratc of rcchargc. Water lcn~ls ha ve declmcJ m the 
cnurc arca. and rhc ratc of decline in so me placcs is 
as muchas 20 fcct pcr ycar." 

Thc annual water use in thc study arca during 
19.23·64 is shown in Figure 3. Becausc al! thc now 
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. '. ¡ 

- ·-''''SI'' 1 '! 1 1 1 ·~· 1 1 'f · · · ·r 
Frg. 3. Annual water Ulll in ltudy aru, 1923·64 (from 
Anderson, 19681. Ground·water u1e is the diffarence 
between total and surhce-water use. 
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Fig. 4 Average watf"r·level change 10 the Tempe-Mesa· 
Chandler are a of the Salt R1ver Valle y (A). and annual 
~round·water withdrawals in the Selt A1ver Valley (8), 
1930·64 (mod1f1ed from Babcock, 1970). 

m rhc G!l.1 and Salt Ri\'crs, exccpt for floodwaters, 
Js J¡\·crrcJ fa; irngation. incrcasmg dcmands for 
wa~c;- hJ\'C becn mer primarll~· by in creases m 
grounJ·v .. ·Jtc:- Wlthdrawals The grcarcst incrcasc m 
g;-ounJ·watcr use occurrcd during thc 1940's and 
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1923w64 water-leve! change, 100s ft 

F1g. 5 W.11er-le11el declines, spr.ng 1923 to sprmg 1964 
(from Anderson. 1968) 
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early 1950's. As indicated in Figure 4 by the data 
for .Tempe-Mesa-<:handler ara in the Salt R•ver 

. basin, the onset of rhe nujor.water-level declines 
-- generally-coincides·wirh -rhc:-increased-ground·warcr 
·withdrawals, alrhouglrchanges 1n rhe rate of decline 
appear to be lagging behind changes in the pump
agc. Anderson (1968) reports that the total volumr 
of ground water withdrawn from this aquifcr 
systcm during 1923-64 was 80 mil! ion ac·ft, and 
that in 1964 thc pumpage was abou: 3.2 million 
ac·ft, of which approximatdy 2.2 mili ion ac-fr 
were from thc Salr 'River Vallcy and 1.0 million 
ac-ft were from the lower Santa Cruz basm. 

By the end of 1964 thesc Jarfe ground-warcr 
withdrawals, far in excess of rechargc, had a major 
impacr on the aquifer system. Andcrson (1968) 
srares, "A general regional flow partcrn no longcr 
extsts, and rhe flow is dir~:crcd radJall~· roward rhc 
center of rhc: largc: eones of deprcssion." Figure 5 
shows the magnitud e of rhe water·k\'el declines 
that occurred from 1923 to 1964: rho declines 
cxcceded 300 fr in places and cxceeJed 100 fr '" 
most of rhe srudy arca. Thus, bY 1964 rhe deprh 10 

the warer table exceedcd 300ft 1n parrs of rhe arCJ 
and cxcecdcd 1 DO ft m mosr of rhc study area (ser 
r:1gurc 6) Thc incrcased pumping hfrs mcrcascd 
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O Cryst,llhnt.." "nd scd•mcnlary rocks 

1964 depth to water, 1 00& tt below 
land surface 

F1g 6 Obs@tY@d depth to water. spring 1964, in centr~l 
Ar1zon.1 (from Anderson, 19681. 
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- ilic costs of withdrawing ground water, hencc: was 
of grat conccrn to thc: users of ground water 

-<mostl)· . ..agriculwr~) .. Andcrson ( 1968) furthcr 
notes that another consegue:nce of the incre:ased 
fumping since 1923 is a reduction in natural 
J¡¡chargc, in cluding less evapotranspiration losses 
~nd less discharge to rivers, exemplifJed by thc 
obscr\'ation thar. "thc Gtla Ri\'er no longer flows as 

H once did in rhe rcach downstream from its 
confiuence w1rh thc Salt " 

MODEL CALIBRATION ANO PREDICTION 
An_derson (1968) used a rwo-dJmensJOnal 

cicc::-Jc·analog modcl to s¡mulatc thc uppermost 
1200 f;: of thc aq~1fc:- systcm Although thc tech· 

r.oiog;· of ckcmc·analog modcls of ground·water 
sptcms has gcncraliy been supcrscdcd by numcncal 
!J•g:tal computer ¡ models. the pnnc1ples are the 
umo. and thc results of both would be esscntially 
d::-::¡r~l. Thc analog model constltutes a deter· 
r:llnJsti-:, disrriburcd·paramcrcr, sJmulation modcl 
Jnd hencc prov1dcs an appropr1atc examplc for 
:J::Ji'>z:nc thc orcdJctivc accuracv of dcrcrministic 
¡roend·\~·ar:::- ~odels --- ---~--~----

The modc! \\:as bascd on the assumption that, 
rnor to 1923, an equilibnum e.x1sted m thc aquifcr 
:n which rcchargc balancea dJSchargc. The analog 
ii1odcl :.hcn simula tes changcs 1n hydraulic hcad 
tim oc e u: in response to chang:cs in sacsses sin ce 
Ul~ assu:-:1cC stcady·statc tiinC. The modcl was 
;.;¡lJb:-;;.:.cJ b: aJjusunt: aquiícr propcrues, stresscs, 
~;:~ bounJ;;,:-y cond1:ions :o reproduce obscr\'Cd 
~~s:.o~Ica! chJngc~ in &round·wa:cr lcvcls dur:ng 
1923-6-t (as shown m FifUrc 5/. Thc modcl was 
constructcd ata sea le oí 1 Jncb cquals 1 nllic, with 
nodes (rcsistor JUnctionsJ placcd at 1-tnch intcn·a!s 
\'~!ucs of the sroragc cocfíJ~l.C.Ot \'JrJeJ spana!l:• in 
:n~ moJel from O.lV to U 19 únc itmJ:atiüí1 oí thc 

modc!Js that Jt JS a rwo,:Jmcns¡onai appro.\i:·cauon 
nf l thr<:C-UIITlLII'>illll..ll ~\'>:o~L"ll, i urdicrmorc, 
Jltho~,;f!l thc uansmtsSJ\'I~Y ami storagc cucff¡c¡cnt 
~:e propo:-tJOnJl to sa~L.::-a~c~ thtcl...ncss. ;¡ lmutauon 
o:.th~ :-:wdcl no:c~ by :\ndc:son \\JS rhat \'alucs uf 
:acsc rwo aqu1fG propcr:1cs wc:"C nut correcrcC.: 
~·.¡rh :1mC tu t:-.if1\LCnt changcs 1n watc~ ic\'cis :\!so, 
tfn!Í:cant :J;1~ s~~,o;.J.:;--,,:c JS k;,u\\r, to i.Jc occu:-rtnt; 

\\'t:hir: :he mudcicJ arca. aldwugh th1s proccss was 
no: explicitly rcprcscntcd 1n thc modcl. Andcrson 
conciuded that rln: modc! was a vahd rcprcscntJtJOn 

oí rhe acru•l hydro!Of:lC s~·stcm for 19.2 3·64. anJ 
1:~:cs. "lhc closc co;~¡pa:¡~on oi rhc f1cl~ anC 
modcl data for thcsc pcr:ods ts thc bas1s for thc 
asumprion that rhc c!cctr!Cal-analog systcm can !Jc 
u>cd ro prcJa.:t fururc grounJ·\\Jtcr conJntuns" 

Although thc model is used to prcdict future 
responses, first the future srrcsscsmust·.aJ.so be 

... a.ssumcd·or.prcdictcd .. ln this case, past n:ends 
provided the basfs-for~ -simplifying assuiTll'tion 
that the future amount and areal distribution of 
pumping would remain about the same as during 
the most recent six·year pcriod (1958·64) Thus, 
thc future pumpage was assumed to equal 3.2 
million ac·ft pc:r yc:ar. Howc:\·er, Anderson cautions 
that, "The amount of water pumpcd probably will 
be lcss bccause thc ever-incrcasing pumping l!frs 
will makc pumping increúii'lgly-·expensi\:c·! a-nJ 
cconomically marginal Tañds m·ayoc-\\:¡(fldrawn 
from culti\·ation." He then statcs that this assumed 
contmuation of thc most recenr pumpage pattcrns 

' ~. 

. will cause thc prcdicted watcr-lcvcl dcclmcs 
to be greatcr than are actually probable." 

The modcl was thcreby usc:d to prcJict 
changes m water lc\'cls for 10 yc:ars into the futurc. 
The prediction is illustratcd in Figure 7 as thc 
pred!ctcd depth to water in 1974. Companson 
with Figure 6 shows that thc predictcd derth to 
water in 1974 is consistently grcatcr than thc 
dcpth to watcr.m 1964, m man:-; placcs by more 
than 100ft. . 

20 11~1 

0Cry:>1alhn•' ;,rH.l :;~d1mPn!ary rocks 

o Obscrvat•on well 

1974 predJcted deplh to water, 100s ft 
below land surface 

F1g. 7. Pred1c1ed depths 10 water m central Arizona, spring 
1974 lmod1hed from And~rson, 1968). 
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Fi' E .~elat!On between prtdicted and observed changes m 
water level ¡n the Tempe-Mesa-Chandler area of the Salt 
Aiver basrn, Ar1zona, 1964-74. Salid Jlne shows where 
pred1cted equals observed values. 

ASSESSMENT OF PREDICTION 
Water-leve! records are availablc for 77 wclls 

in tho study are a for both 1964 and 1974, tho loca
t!om o~ thcsc wclls are sh0\1..'0 1n F1gurc: 7 Thcsc 
v.:clis are d1stnbured fairly uniformly throughout 
rhc bas;ns, rhat is, rhc1r locatJOns are not clusrcrcd 
1n any 51nglc subarca or cnnronmenr. A comparison 
of thc predJctcd and obscr\'cd changcs 1n water 
Je\'cl ar thosc 77 pomrs pro\'ides a bas1s for c\'aluat· 
ing thc accuracy of thc modcl prcdJctJon. r:-or thc 
crn:rc stuJy arca, rhc: predJctcJ warcr·tablc dcclmc 
J\'Cragcs ai.Jout 50ft afrcr 10 ycars. For rhc 77 
J.\'ailablc v,:c!Js, rhc prcdJcted 1 0-ycar decline 
avc:-agcs abo u;: 82 ft and rangcs from 15 ft ro 215 
fr. !iowevc:-. 10 ycars afrcr rhc cnd of th~· modcJ
caliU:-atíon pcriod. mcasurcmcnts of rhc acrual 
changc m \'-'Jtcr lc\'C:l m thc samc wclls dcchncd an 
average ot on1y Y it, and the obsc;-\'c:J chJngc rangcJ 
íror.. a dcci1nc: of 92 f: ~o arisco:· 146 ir 

Thc: rc:buunsh;p Uctwccn tl1-: prcJ¡crni anJ 
o!Jscn·cJ cilJ.nges m ware:r kvc!s 1s dlustrJtc:d m 
F1gurc B lf thc prcdictwn< wcr:: :-::atJ\TI)· 
accurarc. rhc data should plot a!on~ (Qr ciosc ro) 
rhc 45° hnc cunncnmg cq~.;a) valucs o:' prcJ1ctcd 
and obscr\'cd changcs lnsrcad. da;:a from ali but 
thrce wc:IJs faiJ bc:Jow that J¡nc, rndJCJiln,¡:: rotl:
;¡ccuracy and thc rrcscnc:: n~· a bJJS ln thr moJe: 
prcdJCtJons ,\]so, thc dJtJ shuv. a rciJtJ\cly w¡Lic 
scaner, mdJCJ.tJng that thc moJel prc:JJctJon 1s 
1mprecJse Thc corrclat¡on codfJcJc:nr 1s 0.29. 
aithough this is StJtisucally Slgn¡f¡canr a: rhc 
o:. :•5 ln·::i for a onc·s1dcJ res:. 1: ts luw and 
mdJcarc:s a poor corrc!auon bctv.cc:n rile prc:dJctcd 
and obscrveJ watcr·lcvcl chang-:s 1~ JS f urthcr 
C\'Jdc:ncc oi thc rclarivcly poor accuracy of rhc: 

pri:diction of the futuro water kvels m this aquif 
:system. 

' · .Jf tbere ar~any lessons to.be karned·fr<>m 
· .--looking._back ar-this-prediction, wemusr-rry to 

ascenain and differentiate among the many 
possible sources of error. The mosi obvious 
qucsrion focuscs on how mLJéh of rtlteriO:- can be 
atrribured simply ro errors in th~: assumc:d fururcr 
stresscs. In othcr words, if thc future stresscs hJd 
bec:n estimated accurarely and prccJscly, wou!J rhr 
watcr·lcvcl changcs hJ.ve bcen prcJictCd-morc 
closely? Th1s qucsrwn could bcst be answcrcd oy 
rcrunning rhc modcl for rhc: 1965·74 penad Ur'.lcr 

an impos1tion of rhc stresses that acruaily occt:rrcJ 
Unfortunatoly, thc onginal analog modcl no lon~rr 
ex1sts and rhc neccssary derailcd data on thc spat!JI 
d1striburion of pumpagc and rcchargc: in thc tntirc 
srudy area for 1965-74 aro not a.·ailabk So we m 
limited to mforring and ocauórig as m u eh as 
possible about the sourccs of erro:- based on rhc 
n:::urc and disuibution of rhc crrors and oUr 

'.\'Jedge of thc hydrogcologic SI'Stom 
A frcqucncy disrnbuuon of rhc diffcrcncc:s 

bctween the obscr\'cd and prcdJctcd changcs (¡ha; 
15, thc residuals or crrors) is prcscnrcd in Figure 9 
Thc crrors are approxJmarcly normally distr¡burcJ 
/based on thc Kolmogorol' D sta[lstic (SAS 
1nstituto, 1982, p. 580), probabilit)' level. 
p = 0.043) and havc a mean of -73ft, a standard 
dc\·iarion of 4 i ft, and :-angc from J 1 to -226 fr 
ldcally. rhc central rcndcncy of thc: error distrihu· 
r10n should be ncar zcro and thc standard dc\.'JJ[Jon 
should be m u eh smallcr than 1t is. 

From F1gurc 8 ir 1s ckar that declines wcrc 
prc:Jictcd C\'Crywhcrc, but thc changes that 
occurrcd rurncd out ro be cnhcr much smallcr 

... .... 

,. 

tmdm 11 lall.n._._. 
F1g. 9. Hntogram show~ng frequency d1rtribution of errou 
for the flow model of the Tempe-Me••·Chandler ar11 of ttu 
Selt Aiver basin, Auzoni, 1964-74 . 
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i¡r; 10 Average water·level change m the Tempe-Mesa· 
C::¡ndler area (A) and annual qround·water withdrawals in 

~~ Sat: R1ver Vatley, A ozona (B). 1930-74 {modif1ed from 
E&:Jcock. 1970). 

J·:cimcs o:- actual rJscs. whtch is a significa m Jcvia· 
non irom p;-c\'IOUS lonf!·~crm trcnds This is 
:!iust~atcd 111 Ftgurc 10. wl11ch shov.·s thc cumulauvc 
·.cago: changc 111 \.,·arcr leve] in wclls 1n thc Tcmpc· 

\\csa·Chandkr arca of thc Salt Rtver Vallcy and 
~Sil:llJtcC an:-~ual pumpafe in thc Salt Rivcr Vallcy 
IL'; 1930·7~. \l.:h.ich tncludes mas~ of the calibrauon 
¡:~toC anC. in contras: to figure 4, al! of the 
¡-:cJ¡c.tl':C peno¿ t\ íairJ~· uniform trcnd in water
:r.ci changc prc .. ·aiicd !ro m thc early 1940's 
¡::;ough thc ea~i: 1960's, whtch reprcscmed thc 
i.;s: 20 years of the model calll.HJtton per10d But a 
nlliked break m this trcnJ occurred vc:ry soor. 
lltcr thc: cnd of the caldJratJOn penad Thts break 
wrrc:sponds closely w:rh thc changc: w a rcg:mc oi 
::¡ser Wtthd~awa) thJ~ rrC\·adcJ StnCC 1964, afrc; 
1 n>:Jriy cons:am anC hJ~h :-a~e of wnh~:awal thJt 

pre>;llini ÍrO~l i 95 )·ti-t. lkcauSC tin: tJrCJlCtiUn 
lllS bascJ on ::he assumption tha:: strcsscs obscrvcJ 
..:"J~mg: :he i:lttc~ ícw yca:!' uf the caltbrauon pcr1od 
1\Ll'Jil! co:HJnuc u¡¡chJnt:cJ. thc moJel lJJ$1CJlly 
could do nothtnf clsc bu~ o .. t:apu!Jtc thc water· 
ic~·d ucnds obscrvcJ Jur1nf. thc I:Htcr pJrt oí dtc 
nl:brauon pcriod. 

Esomatcd actual wirhdr;¡¡wals durmg 1965·74 
~rc:aged about 2.5 militan ac·h pcr year for thc 
cnurc modcl arcJ (T. W. :\nderson. U.S Gcolof:ICal 
..,urvcy, wntten communtcation. 1984) Thc Q¡:-ícr
mcc betwcen thc assum,eJ anJ actual rarcs of w:th· 
Jrawal, O 7 nullion ac·ít pcr year. rcprcsents an 
mor in rhc prcdictcd Íl.:rurc wirhdr;¡wals of only 
1Lout 22 pcrcc:nt _of thc csumatcd value. Bccausc 

the analog modcl was based on the principie of 
supcrpomion of solutions and assumed a back
ground -withdrawal of0.5-.million.ac-ft per y=. 
the difference between the observed and predictcd 
withdrawals actually imposed on the modd is 
about 26 perccnt of the predicted value (T. \\', 

Anderson, U.S. Geological Survcy, writtcn com· 
. munication, 1985 ), Regardless, over thc !0-)'Car 
pcnod, thc cumularivc error thc:n bccomcs 7.0 
mtllion ac·ft. Ovcr the entirc moc;ic:ic:d arca of 1.1 
mill10n acres thts ts equivalcnr to 6.4 ft of water. 
and ovcr the cultivarcd arca of 0.8 million acres 
thts is cqutvalent to 8.8 ft of water. Assuming that 
thc storagc coeff1cient (or spccific yield) might be 
bctwccn 0.10- a-na ·0.19, thcse amounts of water a.rc 
cqui\·alcnt-·t~~ s-atufatcd thickness in the aqu¡fer of 
bctwccn 34 and 64 ft ovcr thc cnt¡rc moJclcJ arca 
and 46 to 88ft over thc culuvared arca. In 
asscssmg the rangc of effccts of thc error in. 
1965·74 withdrawals, we considcr rhc cu!tn·areJ 
arca scpa.ratcly be cause most of thc watcr·lcvel 
observations. as well as withdrawals, are in thcse 
pans of the basms. Thercforc:, ir ts possiblc th.:l.t thc 
gross erro~_l.!l_assumc.9_p~.n_lpagc can accouut J~;...a 
Ll-rge_~ar_r __ o[ thc average bJ3S in.thc prcdicttd 
water·lcvcl chang~s. 

Howevér, thcre still remains a relatively largc 
spread in thc error disuibution shown in Ftgurc 9. 
wh;ch will not be rcducc:d by rcmoving thc bias To 
hcli1 assess whethcr this lack of prccision Js also 
rciated w crrors in thc assumc:d pumpagc. wc. 
wou!J ltf..c to c\·aluate whethcr thc spattal disuibu
tton of errors m assunicd pumpagc Corrclatcs wnh 
thc spat1al Jistribution of crrors in p.rcdu:tc:d.J.Qtcr· 
l~ngc. Data on-·ictú.ai-Wi(hdrawals by town· 
siup (36 mi' arca) during !965-74 are availaoic 
onlv ior thc Salt River Vallcy (T, W, Andcrson, 
L'.S Gcologtcal Survc:y. writtcn commumcatJon, 
19.s.;, from dan prcparcd by M R. Long. Art7.ona 
Dcpan:ncnt of Water Rcsourcesl. F1gure ~ l shows 
thc rclatlon bctwccn rhc error in pumpagc Íor 
1965-74 1n cach township m both the upper anJ 
lo\\cr Uasms (that ts, thc c:~stcrn ;¡¡nd wcstcrn plrtS, 

rc·,!'r-cn\'ely) oí thc: Salt. Rtvcr Vallcy anJ thc 

d.\T:agc error tn rhc prcdtcrc:d watcr·lc:vcl changc 
~or drawJown) for thc: samc townshtp Thc: vcry 
low corrcl;¡uon bctwccn thesc two hctors 
(r = -0 086) JndJcates that thc rcla¡¡vcl)' l.rge 
spread m crrors m prcdJcted watcr·levcl changc is 
probab!y nut attrtbutablc:, c1ther sol el y or in any 
large part. ro a varuncc in thc accuracy of 
pumpagc cstim;ztc:s. llcncc, it appc:us that thcrc are 
orhcr sourccs of error in thc: modc:l that ha ve not 
ycr bccn asccnamcd 
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Fig. 11 Relation between the error in the predicted water
leve! change and the error in the estrmated pumpage per 

townshrp 1n the upper (eastern) and lower (western) buins 
of the Salt Rr'f'er Valley, central Arizona, 1965·74. 
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F,g 12 Map showrng the sp.at11l distr•but1on ol erran rn. 
predrcted water·level ch1nge, 1965-7.! rn the S1lt Ar'l'er 1nd 
lower Santa Cru: Rrwer bums, Artzona. 
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The error in the predicted water le\'el for 
. 1974 .was plotted on 2 m.ap of the area andlcon
·.tour~. As shown in·Figure.12, it.appears that thc 
. errors-are. not jusrf>ll!domlydistrjbuted in·>pace, 

but rather exhibit sorne persistent patterns in 
which the errors at nearby data poinrs are usually 
clase in value. However. the error pattern does not 
correspond closely with the pattern for any single 
factor for which data are a\'ailablc. In general, thc 
c:rrors secm grearesr near the centcrs of rhc basms 
and lcasr near their margins, bur cxcept1ons exisr 
In the southeastern pan of the moclclcá are". rhc 
error appears to correlare somewha: closely \\ tth 

dcpth to water and water·le\'el dccimc. but elsc
whcn: does nor. For thc area as a wholc, rhe 
correlarion cocff¡c¡cnts for thc rei~··onsh!ps 
bcrwecn rhe predicrcd water-leve/ .. ~ngc and rhe 
observed water lcvel m 1964 and m 1974 are 0.46 
and 0.47, respecti\'cly, which are borh signif1canr 
at thc 0.05 leve! for a sample size of 77 I-lowcver, 
rhe correlation cocfficJents bcrwccn the errors m 
prc:dJcted watcr-levcl change and rh~ :wo sers 
( 19-64 and 1 974) of obser\'cJ water le~·cls are o ni)' 
0.14 and 0.04, which are not sigmf1cant at rhc 0.05 
leve l. Thus, rhe crrors are not srrongl~· asso-ciated 
wlth watcr-tablc elcvatlons. Al so, rhc abscncc: of 
any tmportant relarion bc:rwccn thc prcdtctivc: 
error and either predicted pumpage or observed 
pump~~ i_s_reflccred by thc relauvcl¡· low correla· 
tiOn coeff.cicnt of -0.20 for both rclauonslllps, 
anJ O\'c:rlaying thc rransmissi\'lt;.· J¡srnburion map 
on rhc error map indicares no ¡mportant assocta
t!On bctween these two facrors 

There are a number of factors that contributcJ 
w the rcducrion in thc net wirhdrav.:als during 
!965-i4. Perhaps somc of rhcsc couiJ have bccn 
antJC!patcd and their cffects mco:-porarcd into thc 
prcdicrivc analys1s As noted prcvJOusly, Andcrson 
d1J rccogn1ze the posSibi!lty that no· withdrawals 
WlluiJ Jccrcase, bur he d1J not accounr for this m 
tns prcdJCtJon 

Hccxammmg rhc h1story of rhe study arca for 
<he 1965·74 pcr10J.ir isbcl~evcd <har thcfollow· 
1n!= facwrs conrnbutcd w lowcr than antic¡parcJ 
ncr wnhJrawals ( 1) Farmcrs m cena in parrs of rhc 
a:-cJ ccascJ opcratlons be cause of cconomic or 
orhcr rcasons, rhcrcby ehminatmg rhcir wirh
drawals for irrigation; (2) othcr farmers rook 
m:asurcs, such as lcyeimg thcir ficlds, ro incrcaS( 
IrngatJon cfficiency, thercby reducing rhcir water 
rcqu¡rcmcnts; (3) m sorne arcas many wclls wcrc
dccpC'ncd to obtain water from dccpcr permeable 
zonc~. thcrcby rcductng thc drawdown rclatJvc to 

that rcsulring from cqu¡valcnt wuhdrawals from 



•·ells that penetra te lcss of the aquifcr; 
·. (~) additional surfacc watcr-was ·availablc·for 
"·irrigation-;reducing thc.depcndence on ground 
"WHcrfar supply; (5) in April1965 an unusual flow 

nmt resultcd in about 20,000 ac-ft of rcchargc 
irom infilrration in thc channcl of thc Salt Rivcr, 
wh1ch is otherv.·isc normally dry ( Briggs and 
ll'crho, 1966); and (6) s¡gnif1cantly grcatcr than 
n·cragc precipitarían occurred in thc Salt Rivcr 
1ratcrshcd Jíl 1972-73, and the subsc:qucnt unusual!y 
iargc runoff resultcd m thc dircct rcchargc of about 
O 5 mili ion ac-ft of water along thc nvcr channcls 
Junng 197 3-7 4 ( Uabcock. 197 5 ). Local variat¡ons 
1:: thesc samc factors also could ha\'C contriburcJ 
<o <he var:abilir~· in thc error disuibution 

lt is also possibic that caors in thc obscrved 
data could be contrJbutmg to this vanability 1n thc. 
~¡:-ors. Fa:- cxamplc. ~ndi\'ldual water-leve! mcasurc
n:cn~s may nor rctlcct the local static water lcvcl, 
r~rhaps du(: cithe:- to recent prior pumping In thc 

obscrvation well orto uans1enr effects from pumps 
:r. ncarby wc!ls going on or ofí. Thcse sourccs of 
~rro:- could not be accllratcly assesscd from cxisrmg 
h1stoncal rccords Of coursc, Jt should not be 
cxpcctcd tha: lonf·tcrm predictions bascd on long· 
ter m average st:csses would pred1ct fiucruatiOns or 
shor:-tcr;-r: ~.·ariauons m response to shon·cycie 
mcsscs (su eh as ioca! uansJcnt wcll cffccts) or 10 

Ljr,usual hyC.rologic condaions (su eh as si:asonal 
rcchargc from a usual!y dry rivcr channel) 

Bcca:Jsc si~n:f:cJ.n~ land subs1dcncc !S known 
;o ~e occu:-rin!_: ir. p:1rts of this study arca 
\SÓumanr:, 1974. Lancy and othcrs, 1978). rt1c 
poss¡bilny was cons1Jcred that this proccss. which 
\A.J.S not cxplicnly rcprcscntcd m thc modcl. could 
.1ccount for sorne of thc error in prcd1ctcd water· 
lc\·ci changc. The lar.d subsidencc !S causcJ b;. thc 
compactJon a:· t!Jc unconso!JJatcJ or plrt!y 
ronsolldatcd scd!~lcr.ts m rhe aliu\·¡a.J-fd! Uasins. 
lhc compacno;:, ::-: ~·Jrr., 1~ rd:neJ w the com· 
prcssibi!u;.· of the seJml':ms anll to !llC Je-:!Jnc 1n 
hcaJ tn thc aqt..::fer, thc la~tG of wh1ch ¡s otY.'lUU\ly 

1:-~Juccd by th:: m.1_1or ~rounJ·watcr wnhdrawal~ :n 
the arca Schununn (1974) shows the land 
\UbsHJcnce that occurrcJ v.Jt!nn thc study arc:1 
íro::1 1948·6i. l..aney anú othcrs ( 1978) prescn; 
maps of the study arcJ. showing thc (Xtcnt o! 
obscrvc:d land subsid(nce m the lower S¡nta Cruz. 
KL\'C'f basin from 1905 to 1977. The1r datl!OdJc.lte 
tha: the g:rcates~ s;..~bsidt:iiCC W¡{hm thc stud:· arc.a 
occurred in thc Jo,~,·er Santa Cruz. basin. whcrc J~ 
muchas 12 5 fr of subs1dencc were ob~cr\'cd. 
whcrcas kss th.an S ft of subsidcnce are rcporteJ 
for thc Salt H.J\'Cr Vallcy. \\'¡thin thc lower ~anta 

Cruz basin, Lancy and oth<rs show that most 
(more than 90 perccnt) of the subsidcncc occurrcd 
sin ce 1948; as s<en in l'igurc 1 O, withdr.owaiHincc 
·1948were-<:onststcntly grcatcr . .than.tbosc prior to 
1948, cxccpt for a few ycars during thc 1965-74 
prcdictive pcriod. Furthcrmorc, thcy show that thc 
grcatcst subsidcncc (bctwccn 7.0 and 12.5 ft) 
occurred in two arcas that total abo m 120 mi 2

• 

The largcsr of thcsc two arcas is abour 110 m1~ and 
is loca red in thc southwcstcrn pan of the basm 
ncar El o y. 

J lydrologically, thc compaction that causes 
land subsidcncc also m cffcct acrs as a sourc:: of 
water to thc aquifcr sysrcm. 1f this fluid sourcc 
were not accountcd for in thc modcl, thcn thc 
water produccd by compaction might cause thc 
actual dra\\'downs to be lcss than would occur 
orhcrwisc, which 1s indccd thc nature of thc 
pred!Cti\'C error obscrved he re. Howc\·cr, if th1s 
hypothcsis wcrc correct. wc would cxpccr to scc 

sorne sparial correlation bcrwcen thc amount of 
subsidcncc (as shown by Shumann, 1974, and 
Laney and othcrs, 1978) and thc magmtudc of thc 
error tas shov.·n m Figure 12). Companson of thcsc 
two fJctors shows that thc maximum subs1dcncc 
zonc ncar Eloy corrcsponds closeiy wirh a h1gh 
error(> 100 ft)'zonc in rhat samc arca. but that 
clscwhcrc thcrc is no obvious assoctation bcrwccn 
patrcrns of crrors and subsidcncc. As much as 4ft 
of subs1dcncc wcrc obscrvcd m the Eloy arca 

durmg l96S·i4. 1\s a firsr approximauon, if we 
assumc rhat 4ft of subs¡Jcncc generare 4ft of 
water and ¡f thc spcctÍIC yicld of thc .aqu¡fcr in that 
arca a\·cragcs 0.15, rhcn thc subs¡dcncc may cause 
the water leve! to be 2 i f¡ higher than H would 
tuve \Icen othcrv.·¡sc. In thc rcmaindcr of the study 
arca thc subs1dcncc durmg 1965·74 avcragcd about 
l Ir, wtuch mar 51111ll.arlr be cqu¡valcnt [O about 
7 ft of hc.aJ Tbcsc estima tes are cqUJvalcm to 
abour 20 pcrccnt of thc: error arounJ Eloy and lcss 
elscwhcrc Furthcrmorc, 1f thc compacung: scdi
mcnts .are J1ssemmatcd and d1striburcJ fa1rly 
umforml~· wJth dcprh. thcn both lanJ suhs1dcncc 
and rhc stor.agc cocffiClcnt are linear funcuons of 
aquifcr comprcssibJiity. He cause much of thc total 
sulJs¡Jcncc through 1974 occurrcd durmg thc 
moJel cahbrauon penad. much of 1ts 1mpact 
wouiJ have b(c:n 1mphc¡tly incorpora red into the 
modcl paramctcrs during the calibration proccss, 
most hkcly through compensaung crrors m 
esumatcd aquifcr propcrtics anJ sucsscs. Thcn if 
thc rate of subs¡dcncc (or ratiO of ratc of subsidcncc 
to rarc of watcr·lcvcl dcclme) wcrc csscnually the 
sa.mc durmg the ca.libration pcr10d as durlng the 

9 



predictive period, the predictive errors resulting- of the basin (R. L. Laney, U.S. Geological Sumo)', 
"•irom not explicitly considering the subsidence wrinen-communication,.1985). This implies th•t 
. .process in "th" mode~.would probably-be negl!gible. · _ :.the-·effective.uansmissi\it)' may.. have chan_ged 

- - .. -c·Laney and others-( 197 8) present subsidenee- -.- •· = -signilianti}"When :and·where:-dewarering has 
data at various times from 1905 through 1977 occurted. A rigorous test of this hypothesis would 
along a northwesr-sourheast cross section that require the construcrion of alrernative two· and 
passcs through Eloy. These data indicare thar three-dimensional models, which is beyond the 
subsidence during rhe lO·year predicrive period on scope of rhis srudy. 
rhe average represen red about 3 3 percent of rhe This example from central Arizona illustratcs 
rotal subsidence rhar occurred rhrough 1974, the weakncss of basing a prediction of aquifer 
alrhough rhe per·centage rangcd from 12 ro 71 responses on a single ser of assumcJ furure stresscs 
percem. Howevcr, although ground-warer Jevc!s Because rhc: unccrrainty of rhc : 965-i4 srresscs 
dccltnec: fa1:-iy src:adily during 1948-64. on rhe was not assessed, \\'C do not kn<lW \\'hcther thc 
average rhe water levcl d1J nor dcclmc during actual 1965-74 responses fall withln sorne associJtt. 
1965·74, yet subs¡Jencc contmucd ata sign¡ficanr confidcnce intcrval; hence, wc cannot makc a 
or cvcn ac<.:elcratcd rarc:, ar lcasr near Eloy. This judgmc:nt basc:d solcly on thesc prc:dicrive crrors .n 
could 'oc cxpl:uned if thc compacring low· to whctheF the modc:l is "good" or "bad." In cases 
permcabiltt;>' scdimcnts werc restricted to justa líkc this, ir would be prc:fc:rablc to asscss thc 
few dJscrcrc bur perhaps rclatively rhick i:vcrs uncer: :lty in c:stimared (or assumcd) fuwrc: 
wirhin thc total verrJcal profdc: of rhc alluvJUm. ln srrc:ssc and thcn prcscnr thc forccasts as a rangc of 
su eh a case, rhe compacrion and subsidcnce would responses with associated probabilitiCS of occur· 
be rclarcd ro rhc comprcssibilny of just these low· rcnce or confidcnce intc:rvals. Rccausc Anderson 
permeal;ilny scdJmcnt~. rarhc:r than roan cffc:cri\·c had indicared (correctly) that the assumcd srrcssc~ 
compressibil!ty [or rhe cnr¡rc aquiicr thiCknc:ss, wcre probably grcatcr than would occur. the 
and rhe scdJmenrs withm rhe low·permcabdiry predictions can be vJewcd as a "v.·orst·casc" 
beds cou!J conrmue ro compacr for ycars afrcr esrtmate From rhat pcrspc:ctivc. rhc modcl 
ground·\\'Jtcr lcvels had sra!JilizcJ The water prcdJctJons are reasonably accurate 
produccd by rhc compactJOn proccss would actas 
a delaycd-yield or rranSJcnr-leakagc phcnomcna. 
wh1ch wou!J cause lonfi·tcrm warer·levcl cic:clmcs 
ro u m~ sr:-csscs ro be less than rhe~· would orhcr· 
w¡so:: tf rhe:-e \verc no Jeakagc Ir r · .:s appcars rha~. 
fo:- rhc E lo:· are a. rhe lack of consiJcrarion of rhc 
land-substJcnce proccss in rhe model contrJburcJ 
ro rh-:: erro':' m prcdicred warcr·lc\'cl changcs during 
1965-74 For thc resr of rhe modclcJ arca. rhcrc 1s 
no cv¡dr.:~tcc w mUtcdtc thJt thJS could ha ve bccn a 
sJgniÍ\canr facror 

lt alo;o follows rhar su eh a sip1:· . Jnt be k of 
uniío:mny with deprh m thc propcrtiCS of rhc 
sc:d1mcms would 1mp!y thc C\JStencc of SJ~mÍJcam 
va~:at;ons 1n hydrau!Jc conductJvny anJ spccdJc 
sro:-Jg(: w:~h dcprh This cou!J mJucc Sign¡f¡cant 
vcrucal componcnrs of flow m piJccs. wh1ch 
oonous!;; could not be rcprescnrcd ¡n rhc rwo· 
d:mcns10nal modcl of AnJcn.on. anJ m1~ht rhus he 
a con:riburor ro rhc prcd¡n¡vc error. In iacr, l.4ncy 
(R. L. Laney. U .S Geolog¡cal Survey. wmten com· 
municatJOn. 1985) sures thar m m u eh of rhis arca 
at lcast thrc~ bycrs of diffcrmg uans:nJSSI\ .. Ity 

wou!J be r'- .:red w aJcquarcly dcscrd.1e thc 
systcm For C:\.í!.mplc, thc uppcrmost anJ lughcsr 
tTJnsmisst\'Jty l.í!.ycr has gradually becn dewarc~:"J 
Sincc rhc 1940's and nov.: JS saturJtcJ only m parrs 

/¿) 

CONCLUSIONS 
There is no sure way ro rcliably predicr rhc 

f~rurc, bur. beca use managc:mc:nt dc:cislOñS ITwsr be 
madc, predJctions of future condirions are ncedcd 
and will be made in onc mJ.nner or anothcr. To 
make the most rcli.í!.blc: preJicrion for a givcn 
ground-warer prOb!C:m, al! rclcvanr informarion 
should be cons1dercd and cvaluared in arder ro 
arr1vc ar rhc bcsr estimare of rhc fuwrc be;· wiar of 
thc sysrcm. DercrminJstic simular ion mou·_ . can 
help accomplish rhis quanmarivcly b)' providing' 
formar to integrare and synrheSize all availabk 
mformarion in a rnanncr consisrcnr witi: .. caries 
dcscri!.Hng rhe govcrning proccsscs. Our prcscnt 
unJcrstand1ng of rhc many procc:sses .íl.ffccung 
ground water 15 suffJCic:ntly adequare co allaw us, 
in rhcory, ro forecasr che behav10r af a ground
w:ucr sysrem. In pracuce, wc are scvcrely limucd 
by the madcquacy of availabk data to describe 
aquif<r properrics and hisroncal stresscs and 
responses, and by an inabiliry ro predicr future 
srrcssc:s 

Ovc:rall, extreme: cauuon 1s required in m.íl.kJn~ 
prcsenring, and acccpting prcdJctlons af fururc 
ground·warcr bchavior. Parrly bccause the 
confJdcncc in estimares of fu·rurc strcsses decrcascs 

li. 



. with length of predicrive time, and panly beca use 
historically observed system bch2vior may not 

.. rcOecr the relative dominance or.strengths of 
. dirrerent govcrning processc:.s under a new •et of 
1w:ssc:s, forecasts wiii have greater uncertainty 
11·ith incrc:asing predictive time. Thc: example 
diScussed in this paper showed that calibrating a 
model with more than 40 years of data, in itself, 
J¡d nor provide a reltable basis for pred1cting 
changcs m grounJ·\\'atcr Jcvcls for a 10-ycar pcrioc.J. 
l\lJS cxamplc. alüwugh ccrtamly neithcr cxhausti\'C: 
J,o scopc no: Íir:nly conclusive in implication. ar 
kas: tcnds w rais: scnous questions conccrmng 
O:J~ Jbd:t~· w for~ca.st thc futurc stare of ground· 
1\J:::: s;:srcrns A~ a mmimum Jt can be called on ro 
st:cstion thc crcdibiiny and valldity of prcdicrions 
o[ wastc transpon in ground watc:- for pcrhaps 
;iw:..:sands oí yca.rs 1:1 arcas whc:c rhcrc may be no 
h~S~O:-JCa) obsen·atiO:lS of flow Oí transport 
pi:cnomcn:1 Rcgardlcss. all ground-wa[cr predic
uom should be accompamcd b~· sOrne indicarion of 
¡~~Ir uncertainr:;: confidcncc intcrvals and explictr 
s:Jt~:-:-:e:-1ts of probabilnics of occurrencc should be 
cs:J::-:a::cd 

Jn i1gh: of ti1c prcdicuvc accuracy demon
s:ratcd by ::he moJel m thc e.\ampie prescntcd in 
'his pape;-, onc migh:: lcgnJmatcly gucsrion rhc 
,d;,:c of dc::c:-m:nisric g:-ound-warcr modcls. 

1\!:hough. 1:~ gc:1ea!. ~crc:-mmJstJc ground·warcr 
s:;:n.:!a~I0:-1 :noJcls rc¡-¡;-cscn~ a \'aluable too! fo;
~r.Jl:;z¡ng a~ui:"c:- s\'stcrns and for pred1cting 
;cspO:lSCS to S?CCÍIIC s;,r-.::sscs. thc prcdiCti\'C 
.;:cu~acy o:· ;:hes:: rnodcb docs no;: ncccssarlly 
:~~~csc:-1~ ;:hci:- p:-1ma:-y \'Jiu:: Hathcr, rhey pro\·,Jc 
'mcans to quanuta::nTl~- asscss anJ assurc rhc 
~o:lS!stcncy \\;thin and betwccn (1) conccprs of 
:.1c go\·ernm_¡:: p:occsscs. and (2) Jata dcscribing rhc 
:cinant cocfl¡c:cn~s ln th1s :-nanncr. a moJe! helps 
:~e ir1\'Cs;:¡gaw:-s Im¡¡:-o·.-c rhc!:- unJc:-s::anJin_¡:: a:· 
::1c facw:-s con-.~o!J:nt: f'~l''.J::L!-wJ:c:- flo\\ 

An :J.qu:(c:--sJrr.·...:JJ.:JOn r.wJci 1::. no nw~c thar-. 
;:: ;¡pp:-o.\;:-:lJ~IOfl o:· .1 C0:11pic\ f¡cJJ SHUJl:lO¡:_ 
.:::¡¡~o\·cmcnts ;:--. t!:c ;¡pp;o\I::lJUün J;L ai\\J:• ~ 
~0ss:ldc; rhus. muJch shuuiJ ilc l·omJJc:-cJ as 
,;,;-:;¡mJC rcr:-nc;::J:u_tnS o:· na:~,;::_·, SU!JJCC: l.U 

·~:::1c¡ ¡c.;f:r:cnH.:::: J::..; I::J;l:u·:c:11cn: :\s nn\ 
.·.:o:-marw;--, occur.1cs a,·a:iJi>lc, prc·.¡ous Íurccast~ 
:au!J anJ shouiJ Gc modJ[¡eJ. feedback from 
~;d:mmar:~ modcls nor only hclr~~- an m\·cs:i~aror 
·o ser 1mprovcd p:-¡or:tJCS lur rhc collcctJon -of 
:-.::i::JOna! da~J:. bt;: also hcl?s rc_s~ b.YP9th~scs 

- .-.J71c-:rnin¿: ~O'.'C~n:;'.f. pooccsscs 1n arder ro dc\clop 
1mpro\TJ conccpruai muJcl of thc ~~:n anJ 

;-oo!Jlem of conccrr. In sum:nary. thc p:-Jmary 

value of deterministic ground-w'ater modds in 
. many analyses is in providing 2 disciplined ·formar 
.to improve_one~s..undcrs=ding of.tbe aquifer 
systerrL This, ·in..tum, -shou!d allow bettermanage
ment of ground-water resources of 2n area, regard
less of the predictive accuucy of the model. 

Iris fairly common now for compn:hensive 
and intensive hydrogeologic investigations. to 
in elude the development, applicatton, and caliora· 
tion of a simulation modcl. as wcll as w use that 
modcl to make prcdietions. ft 1s also not un usual 
for data collection and monaoring efforts in th~ 
stlld},-lliito be curtailCd aftcr thc proj~CTtus 
cndcd. This will inc:virably result in a futurc 
dcfiClcncy in data on actual srrcsscs and responses 

· dunng thc forccast pcriod. 1 he unccrrainty in thc 
natural and man-impos~d srrcsscs may be so largc 
(as in rhis example from Ariz.ona) that 1t appcars 
impossiblc to scparatc out the orher sources of 
error in a Posraudit. Aicho.ugh m thc Anzona case 
it 1s possibie that errors in assumed stresses can· 
account for all prcdicrivc: errors, ir is more likcl:· 
that crrors in concc:prualization and m estima red 
valucs of hydraulic paramercrs ha\'e also 
contriburcd. But 'che significancc of thcsc factors 
rcmams largcly clusi\'c. lt secms rcasonablc to mfcr 
thar rhc use of a more finclr discrcrized rwo· 
dimcnsJonal modcl would not havc improvcd rile 
prcdinivc capabilnics for that aquifer systcm, but 
that a thrce-climcnsional modcl or thc inclusion of 
thc land subSidcnceprocess might have helped 

lt shoulJ Uc rccogn¡zed rhat whcn moJel 
paramcrcrs ha\'c bcen adJUStcd during calJbrauun 
w ollt.am a "bese fit" to hisrorical data, thcrc 1s a 
bias rowarJs e>..trapolaring C.\Isting rrcnJs whcn 
predinmg íururc conditions, m part becausc 
prcdJctions of fururc srrcsscs are oftcn bascd on 
cxistJn¡: rrends Thus. although onc advanragc of 
dcrcrminiSU~ models JS rhat rhc~· rcprcsenr 
proccsscs and thus ha ve causc-and-effcct rc!ation
shlps bu1lr m tu rhcm. carcful attcncion must Uc 
paid to thc accurac:· wnh wh1ch fururc ''causes" 
(Sacsscs) can Uc prcdiCtcJ (or esnmatcd), bcc.1usc 
tilJt can !Je thc majar sourcc uf error m thc 
rrcJ¡ctJons oí íu~urc "effcets" (sysrcm responses) 
Funhcrmorc, conccprs Jnhcrcn! 111 a g¡\·cn moJel 
<ior cxamplc. two·J¡mensJonal flow and v~rucally· 
.íl\'CragcJ pa.rametcr va.! u cs. or assumc:d geomcrry 
anJ bounJa.ry condir1ons) may be adequate over 
rhc: obscn·eJ rangc: of srrcsses, but may provc to 

be- o,·ersJmr!Jf¡eJ or in"alid appro.\Jmauons unJcr 
a ncw and prc\'iously mc.\pcncnccd rypc or 
m.agnnudc of strcsscs 

1 he cxamplc also clcarly dcmonstr.arcs rhar 1f 

.// 
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a rr:odel is to be u sed for prediction, it should be 
penodically postaudited, or recalibrated, ro 
incorporare n'nV informarion;such as changc:s in 

- ·¡mposed ·srrcsses-ur revisions in the--assumed 
conceptual model. fn the example, in spire of the 
inconclusiveness in pinpointing rhe exacr sources 
of error, the postaudit pointed out the large 
predictive error and thc majar change in withdrawal 
trends thar fonuirously occurred immediarcly after 
the end of thc calibrarion pcriod. Thc original 
forecasts had becn extended w 1984, and 
s:...:bsequcr.: ro thts rype of postaudi::. thc extended 
p:-edtction could ha ve bccn rc•;iscd ro more 
accurardy accoun;: for thc changc m pumpmg 
par:crr.s and thc occur:-cncc of occastona! !Jut 
s:g:-:J!::a;-.: rechargc C\'CntS 

Thus. Jr. p:neral, prcJJctions shouiJ not be 
m a de and acccpred but thcn forgottcn, plans 
sho: ... .dd ncx:: focus on conduning a posraudn. 
SufftcJCnt U ara should conunue ro be collccrcd 
af~e:- a p:-cdJcion ts madc: so th~~ rhc: modc:l c:J.n 
cc:-~r!:-:u~ w be tcstc:d and C\'aiua~ed as the stress 
h!stor:> in rh:: arc:a continucs to evolvc. A posraudH 
offcrs thc on!y r:-uc way to ''vcrify" a moJel. Jn 
~he se:~s:: o: ...:c:nonstraung ns prcdicri\'C accurJcy 
fo;- .:1 ?a;-;::cu!a:- Í1c!d appl:cJtiOn Bur mo:-c 
ir..po:-~Jn', tr.c C\'Jluatioil of thc narurc and, 
ma_;n¡::uJc of pred¡ctJvc errors may Jtsc!f ieJd toa 
lJrf: :r.cr::Jsc 1n rhc ur.dersrandmg oí rhc s:·srcm 
a:-.~ :n rhc \'a!ue of a subscqucntly re\·¡ sed moJe! 
IZ~>·:seJ p:-(.'J:cuons can thcn be maJe w¡t]; fíCJtC 
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.. How Good Are Estimates ofTransmissivitv fron1 
~· 

Slug Tests in Fractured Rock? 

by Allcn 1\1. Shapiro• and Paul A. Hsiehh 

Abstrae! 
Slug tc.~L<.; in fracturcd ruck usually are intcrprctcd with modcls that assumc homoReneous formation prupl•rti~. cven though 

h~ draulic pn>pcrtics of fracture...., can ''ary h~· many ordcrs uf magnitudc o ver thc lcngth of borcholc. ... Tu inn·~tigatc thc impact nr 
hctcrogcncity on thr intcrpn·Wtion uf slug lt'!-.l"i in fr<.~cturt'tl roe k, slug testo; wcrc conduch.-d m cr largc intcnLib uf hnn:hnlc..., in cr¿.· .... 
tallint.: roe k m central i\c\' Hampshirc. and intcrpretcd using a homogcncous modcl. Thc rcsuiL<i of thc slug te.' t."' \\ere thcn rom
pared "ith cstimatcs of t ransmis.: .. i\'ity f ro m nuid-injt·ction ltsl<; conducll'd onr shortcr intcnals in tht s~tmr llorchnlc!'i. Ti le fluid
injcction tcstli shtmed lf¡,tn~mb .. "'hit~ lo ,·ar~· more the:~n si\. ordcrs of magnitudc O\'Cr thc lcngth of thc hnrdwll'c.;: lwwc,·cr. thc .su m 
of thc tr<.ntsmi'\.."'iúti~ f ro m thc lluid-injt:c.:tion test"! v. ere \\ ithin an ordcr of magnitudc of thc tran~missivity t.•..,tim:llcd fnnn thc !'liug 
test\. Although thc l\\ o c~tmwtc~ of transmi.\.<;Íl'ity \\ere nithin an ordcr nf magnitudc of C¡Jl'h nthcr. tht.• \\~Jtt.•r ll'\ el n·sponsc..<; dur
mg thc ."'lug tc.~il<; did not cxartl_v m;ttch thc rc.'tpon~c<. prcdictcd hy thc homogcneous modcl. To in\'CSligate thc cfTcct nf hetcroJ!encit~· 
on \\alcr len! rc.'\ponsc.\ during slug tcsl"'. a L.i:ipl.i:ict:'-tranc.;fomt solution was dcvcloped for slug tCst"i conductcd in borcholes con
t:.uning m u !tiple fracture..., with hydraulic pmpcrtie"i thal \ary· n\'Cr thc lcngth of thc borcholc. A comparison uf this solution with 
thc homogcncous model shows no difTciTnct.• hct\\ecn !he shapc of "a ter Inri response..;; in a homogcnt·ous formation anda (la~·
cn·d 1 hctcro,ecnt.·ous formation. Furthcrmorc. lhc trammi.\...,il'ity C."itimatcd using a homoJ.!cncous modcl is \\ ithin an ordcr of nmg
llitudc of thc prc...,crihcd lran . ..,mi.\."'iYity in thc hctcmgcnt•ow; modcl. Thu~. diiTcrcnccs bct\\ccn rc.•iponsc...., prt·dictcd from a homo
l!t·ncou~ rnodcl and mcasurcd \\atcr lt•\cl.'- during ~111:.! lt·~L" t'an ht.• :tttrihnlt.'tlto phcnumcna such as non radial flow in thc ,·icinit~· 
c1f thc lwrcholc. and not hctcro¡.!t.'ncous hyd r<.~ulir propt.•rtic..., 1" t•r tht.• lcnj.!l h of thc horcholc. Thc c\pcrimt.·ntal n.·~ull~i of thi~ in' c....,
ti:.!.tiion .'.lum that C\Cn \\ hcn condit ion~ \tKh a,~. nonr Jdial no" an· prc~t·nt in tht• \'il'init~ nf tht• hurchok. intt•rprct.ation~ of si u¡.: 
te.\b LL..,tn:,! ~~ homogcncou.o.; modd prU\:ided onler-of-magnuudt.· t·stimatc .... nf tr;.ntsnti.\.c.;i, ity in thc crp.t.alhm· ro<: l-. tcrranc undcr cun
..,¡dl'ratJoo. 

lntroduction 
Slu,;; tc:-ts JIC ~¡n~h.:-hok hyJr.1UIJt: tc~l-" u..,cJ !1l C\lllllJ!C tur

m:ttnJn transml!:>!:>l\'lt). T. :.wJ ~torJtt\'Jty. S L.'-lJ.diy, ..,¡Uf ll''-h JfC 
..._·ondu..:!cú by pcnurhJnf. tllc water !c\Citn .1 v.L·li :utd JJ\Oilll<~rln¡.: 

thc ~uh:-.c4ucnt v.;ucr·k\cl rc.-.pon:-.c lkL'.Ill'-l'lliL' \(llurnc 111 \\,l!l.'r 

u-..cJ tu ncnurb hyJr;Jui¡.: cunJttwrh m thc \~~.:Ji,, ... rn.!ll rciJti\C lll 

1:1:.: \P!umc of flut~: tn !ilc lurm.t!IO!L ~~u~ lt ,¡, '-lfl.:'-" unl:, .t '-ln.t!l 
\u]u:n·~· o! thc fon~l:::Hm ai>out ;1 !=-1\Cil 1,1,¡,:;¡ TiJu,, :-.lu!= ¡¡,:..,¡, ... ur-·l 

no: he _u,cJ lo Jctt'f!lllne' IJ.r!=-C·, ... d:.: {tJrlll.lllllfl [Ht•pcn1c- ur 1t1 

l,;~·;;l¡::. :lCIL"W;cnc!l~ l!l fo!lll.lllllll rHlfX:r11l''. v.!i1...i. ,1ft' llll¡ot•i1.11\L 

:.tdllf'- \~1\L'_rl ..:\lll\tJcnne: fhmJ 11\u\l'l\lcflt .md ~~·n:Jil\11\.1\\', 1111~:.1 

lltltl 111 ~~~h~ur!J...:c cnvHtllllltcnh. r\t'\L"rlhch.·..,,, ,Ju:-- tl''-l' are 

n.·~J.IdcJ a::. a su~pk anJ cffrcrcnt n~can.-. ul c:-.ttiiiJlllle! T JnJ ~m 
thc vrcrmty of a fJVcn wcll In many fumlat1on.., .... Hh ront;.¡nunatcJ 

\\,llcr-... ~lu!= tc:-.b Jfl" rq:;JrJcd .J'- thr unly llll'.llh u: tnJr.¡ult .. · 

'L' ~ Gculugrcal ~Uf'>C). 431 /Satmnal Ccmcr. Hc\tun \ ~rpni.J 
..;n¡q~ 

~L'.S Gcol0pca! Survc:~. ~-15 ~1iJJlcf1ciJ RuJJ. ~1Jd ~~~~r 4%, 
~tcnlo Park. Cahíom1::1 94025 

Rcccivc:d Auguq 1996. accertc:d January 1997. 

chara~..·tcni.atron. bccausc thcy involvc lim11cJ contact with contam

inJtcJ formation water.-. D.nd thu.-.. lrmrtcJ cust.-. associated with 
~.:k.1mn¡; cqutpmcnt anJ J¡c.;po.-.al of <.:ontamtn;Jtcd watcrs cxtractcd 

lmm thc fonn:.Itum Conscqucntly, ~lug tc~t:-. havc bccn applrcJ 

v.¡JcJy m di;Jf:.ICIL:nLmg a varicty of gcologJc scttings, mcludwg 

uncon~oiJJ.:ncú .-.cútmcnl.., and fracturcd rod ... 
Solullull\ tomathcrnaucal rnodch or ... lug ICSL<ii in frJcturcd rod. 

h.I\C t"ICcn ocvclorcJ by severa! mvc ... trgator.-.. Barkcr and BI:.Id. 

f IIJS~ ¡ t'lli\\Jdt·rcJ .\IUf! tc:-.t~ 10 ~~ lormatÍ11r1 "hcre horizomal frac
ture" trllcr ... c(t a borcho!c :.Inú rntcrac.:t \\ 1th rcgularly !>paced ~lah· 

"hapcd rP-.:k matncc' hctwcco thc fr:I(\Urc-. Doughcny anJ B<.:~hu 

~ 11JS-l. llJS5¡ ~~llvcd thc cquatton.., l11f :-.lug tc~l!> conductcd m a 
humogcncuu.'. Jual-poruMty mcdium. induding thc cffccts uf a 

horcholc that panially pcnctratc~ thc formation. Karasaki el al. 

( JI)XS¡ dcvclopcd a rangc of ~lug te't .-..PhJirtiO\ that cons1der dif

t.:rcm (0/llhin;JIIDO~ llf 0ow gcorl\t.:lflL\ JO 1 rat.!UfCS ÍntCr.tCCtlng thC 
hordwk 

For thc mo:-.t pan. thc ~olut1on~ di'-CU~~cd above havc rchcd 
u pon thc a...,sumption of homogcncity m fo_rmation propcnies, evcn 

tiJOugh 11 ~~ wiJcly rccogml.Cd that hydraullc propcnies of fractures 

can vary srgnif¡canlly o ver thc lcngt.h of borcholcs. Furthermore. m 
rn.my case.-.. thc watcr-lcvcl rc!->pon.-.c.-. frmn thc slug test solutrons 



J¡scusseJ above are nonun1~Ul'. llll';uun,::: th:.H ddkn:-111 comhmallon" 
of paramcter valuc.., :md llm\ ~cornctnc" may le<:td tn similar 
hydraulic rc.'Jl41n-"l'" rn ¡he hi)fl'iH,Ic cH:trl.cr :Jllll Blacl-. llJl'U: 

_Ka.ras,ak¡ et .al. 19X:-< l .Thu'.-11 '" dill 1ctrlt to apply the solutlun .... Jj,_ 

cuss.cd a~J\'C 10 dJflcrcnti~ltC-<.nnou:; ~uncLplu:Jlmodc!" and uniqudy 
¡Jcnt¡fy forrn<:ttJon prupertlC'. 

Cunscquently. ~lug-tC\l ~olutum\ dcvclopcd specifically for
iracturcd fomtatJons are not conunonly apphed whcn e.st¡m;uing T 

and S from slut: tests conductcd in fr J..:turcd rod.:. ln.stcad. modcb 
of slut: te:-.!' dcH:IopcJ fvr homo~cncous porou.s mt:dJa ha ve bccn 
U\Cd. for cxamp!c. thc modcb of Hvorslcv ( 1951 ). Coopcr ct al. 

1 ! tJ67 ¡ and Bouwcr anC Rt('C ( 1976). e ven though thc mcasurcd 
\~a ter lc\'cb from .-;lu~ tests 111 fracturcd roe k m:1y shov. only a yual
ll.J.ll\C "1mll:mty h' thc"c mvdcb Thcrcfnrc. \\hcn charactcnL1ng 
ir:.~cturcd rod~ tcrr.mc .... u~Jilf: ..,]u~ tc:-.h. \~hcrc hctcrogenel!~· 111 

íracmrc propcn1c~ 1" :m~tcrpatcd. wc muq <J:-.k 1f c"t1mate-" ofT ami 

S .J.rc rcason.J.blc if th:.:y :.~re b:.~..,cJ on conccptualmoJcls of homo
gcncou' porou" rncJt..J.. 

Bart..cr and Bla.::k ( 19;.\~ 1 rx:rf(1nncd :1 compan~nn hetween lhctr 
slug-tcst <;o]utJon and thc qug-tc"t "nlu!lon of Coopcr ct al ( 19ú7) 

Barkcr and Black ( !9S.\¡ .showcd thJt cstJillJ.tcs ofT mJ.dc u"Hlf. <~ 

homogcncoU<; modcl wen: \\ ilhm J.n orJcr of magnitu'Je of lhc tr.Ins· 
mtssivlty l)f thc irJCiurc:- flpwcVL'r, thcir cnmpari.son wa' ha!-.cd 
on t.hctr cunccptu:tl mo1 . .k: of fr: . .ll'!UrcJ rocL wlw.:11 a~:-.umcd hlllllO· 

f:Cncou:-. fr~ktun: ":o...lrcnJcc- m cr thc lcngth of thc borchok. Harvcy 
( !992 1 im c.:.ugatcJ th:: c<.,IJ!llJtton of funnat1on propcrucs from :-.!u,g 

tests ~1mubtcd tn lhrcc-dtmcn.,tlma!. r.mJom hyJrJ.UIIc conductiv1ty 
iic!d~. howevcL th·,; J¡~tnbuuon o/ hctcrngcnclly was not rcprc
scnt<~IJ\'C of fr:.~cturc ... m nK¡.._ tcrr:mc:-.. 

Thc rurpo .... c o!' [!J¡, papcr ¡, [O cxammc cxpenmcntally thc 

rnhu"'.nC'-" of mtcrrrctin~ ,~,]Uf te"!:-. m Jracturcd nx:k v.nh ;¡con
ceptual mCldcl that .J<.,<.urnC" htllllll~Cncnu'i porou"-ITlCLIIum flfllfl

cniC.\ Borcho!c." ccH'ilf'lctcd 1n u·y~taiJ¡n·~ rod ... 111 th·~ M mm L~~c 
v.atcr .... hcC tn ccntr.l! !\.:\'- H.!rnr"hlrc wcrc tc,tcd hvdr.tulicall: 
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Ficure 1. ~1ap or ~11rror Lakc arca in ~<'"' Uamp,hirc and location 
or ~dmc~ boreholc.. ... 

U\iii,S !\\11 llh.:thud". ,Jtt::;, h.,·,¡.., .uhl i'!uttl-llll.._'t!l•'i: !l'"t' ''"111;,: 

.s.tmJJk•-p:1d.cr app.:n :lllf..,. Thc qr,uldil·-¡l;¡l·k~,·r :tpp.it ;¡¡u, pr 1 1\'t.l 

lkt:uk·d c'tlllldk:'--trl ll":li1'11Uv..s\ u:· 11\CI .'1m ¡n!t'l \ .d, 1•1 th.- ¡., 

lu1h:: whcrca' thc slug lt:::..t'- \\ere ~~~rHÜtclnl t '' ~·1 tll!t'r\ .ti" 111 t' 

~ ... ame hnrd10k.., that r..m~~d from ~ lll 1 (tll111 111 kn,:.:th Tll,· 11',111 

lnl~'l\-ily c:..trmatcd t11111l tl¡c ..,¡U!! tc . ...r. ..... u~n!! ti ..... '-\dUIIlJII ()1 c·,"',l' · 
ct ul. ( 19671. '·"' compan:tJ \\-'ith the Mllll ol thc lf:.Jihlllf!'-'-i\'ltle:- e'' 
matcJ from thc flu¡J-mjc~tton te~t~ ovcr C<l.lnpar<tllk· 'L'L'Itnlh uf ti 
borcholc wrnvcst¡gatc thc cffcct of a""urnm~ homogcnctly wlh 

mtcrprcting slug tc~ts conJuctcJ in bon:IH'ic" wttll hctcro~t.'llCPI 
fracture propcr11c~ 

Tht<; papcr abo cxam¡nco;; thc role o( hctCill==-l..'ncou' fr..tcw 
pmpcrlJC~ on slug-tc!-.1 rcsp'nnsc:-. . ..\ Lapl:!l·c-tr.ul..;f~~nn -"l'lutJon 
d~\·clorcJ to mvcsl11!:llc :-.lu~ tc:-.h conJuctcd 111 hl1rchnks havu: 
fra..:turc:- wtth vanahlc T JtHI S tl\'Cf thc kn==-th u! tl11..: h,1rcholc ll 

prc .... cnhm& J1.stnbutton" for T and S. thc slu~-tt:.<.,~ rc~pt~n .... c m .1 he 
crot:cncou~ forrnJtJOn 1:-. cumparcJ w1th thc :-.olut1on of Cnopcr. 
al. ( 196 7l tn mvc:-.llg<JtC thc cffcct of assumtn~ homo~cncuus In 

mJtton propcnte:. whcn interprctmg <;Jug tc"t" 

Mirror Lake Si te 
Thc M1rror L.tkc w;ucrshed '' atthc Jnwcr cnd ofthc Huhtxu 

Brook VJJiey 111 thc -"OUihcm pJrt of thl' \\'hile ~ 1ountJms m l..'l'l 
tral Ncw HJrnp..,htrc (Ftgure 1) Thc i'.1Jrrllr L1~c watcr~hcJ ]¡~ 

panly within thc lluhhard llroo¡.., Exrcnmcnt . .d Forcst. wluch ¡..,a 

ecoSyqcm rc....can:h ~itc opcr.HcJ hy thc U.S Fllfl'~l Scr.'!Ce. Stanm 

m 1990. tht' U .S. Gculugtcal Survcy inst.tlicd Jn.uray ufbon:holl 
m thc tx:Jruck. and ptCLumctcr.-. 111 thc gbc1al Jntt m the M1rror l.:J' 
arca .mJ HubbarJ Bmok \'allt:y a~ pan o! Jll\'C:o.ttgattOib to dcvcl~ 
and cv.tlu:.Hc ticld tcclmtyut:-" and uucrprcli\'C mcthod!'> of charal 
tcnLtn~ lluiJ movcmcnt ;mJ chcllliL'al tran..,porl 1n fracturcd n..._· 
{)\'t'f Jt..,t:mcc:-. from meter:-. to k,¡Jomctcr" ( Sh.tplrn ;,mJ H~ich 1 l)l) 1 
1 <N(), Shartm ct al 1 lJlJ,') l. Thc hydraulrc tt'"'' ;,md mtcrprctatJon 
JJ\CU<.<.,Cd 111 Üli<., fl:JpL'f ;J.fl.' ;¡ part of !he rC<.,C:JfCh initiJ.!IVC 111 ff:ll 

turt'U·rP..,:~ hyJro~colllgy at tlw Mirror L:tk.c .... IIc. 
In thc ~lmor L.1~c are~. pclit1L' :-.cht~!. wh1ch was foldcd an• 

mcl.lllHlrpnu:-.cJ toa ~illimanllc graUc. ha." fx:cn cxtcnsivcly antruJc¡ 

h~ Jtio...::-.. :JnJ\tomo~m¡; finger~ anJ fll)\.b uf ¡;ramtc (Barton 19'16; 
SmJll Jrl1llUnh of pcgmatttc anJ lamprorhyrc in thc lonn of J1k.c 

Jl"o ~1rc prt'~Cnt in tllc bcdnx:k. Thc di"tnhut10n of nx:k ty¡-x=.s an1 
lr:h.:IUrc' In f<I,Jd cut." :md uutcrop .... in tite Mtrror La.kc arca ¡ncJicatL' 
lh:J! ~r:lllt1L' .md 'eh¡,¡ are not ~p.tii:dly pt'r<.,t<.,~cnt ovcr Ut..,I:HILC 

pcJtcr tll.u1 .lppnl\tlllatcly 15m. :.wd thc -"PJIIal configurat10n n 

tt1c"c ll11.:k t~íll-'" 1" lut:hly trn:~ular J·unhcmH,rc. thc granite appcar 

111 ~· nH IH' lkn'cl~ fr.JctureJ than tiiL' 'dnq. :md thc frat·ture' m th~ 

p-:Inllc :1rrx·Jr h1 lx.· 'hPncr and more m·,¡rJ: pl.mar than tho"c 111 1111 
"lhl ... t tl~:tnt•n JlJ 1 ~(1l 

Bt•rdlt ,Jc, 111 thc 1\ 1irrPr 1 ~tk.c an:-:t JIL' GL....:d thmuf!h glactal Jnl 

.tnd I..'IH11pktl'Ú .J<., nr'lo. . .'!l holc\ 111 \hl' bcdniCJ.. ThC horChl)Jc\ aft 

approxtmatcly 1 ~ L'lll in dJamctcr and gcncrally are complctctJ ll 
Jcpth" ranf!lllf! lrom 60 In :\00 ·m. Ftgurc 1 .shows thc locallon o 
h'.lrchnk ... 111 thc r-.1trror Ltl...c arca al thc cnd of 19'16. Thc hyJr.¡u!J~ 
tL·,¡, dc:....:n!11.:J Hl t!Jt, .u11dc v.cn: uHJdtJo...tcd 111 horcllOic~ C02, ¡:52 
FS). R 1 on<J TR 1 

Standard ~t:ophy ... Jcal loggtng too!'. an acou.stü.:-televfcwct 
log anJ ~ .... uhmcr...Jblc borcholc tclevJ_!'IJOn carnera were used m cact 
borcholc 10 dctcnmnc thc locauun and oncntation of fractures 

borchole charac!enslics and rock !ypc (Johnson 1996; Padlel 1996) 
F1gurc 2 1..., an intcrprctauun of t.he acou~tK-tclevicwer log conductcd 
m a port10n of horchlliC R. l. Thc figure ... twws an opcncd and orl· .., 
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EXPLAHATION 

Steelcaalng 

·-IC.Urc ~- l>L\trihutwn of franur~ intcrpretcd frum ai.:uu<,IÍL·Il'le· 

t:\o\Cr lo~ of hon:holt: R 1 frum ~Oto 35m bclo"' top of ca~ in¡.:. 

cn:cJ \ JCW lJf t11c Ln~JJc vf t.hc O..xcholc wall and thc !~.A:atwn uf frJ(
turcs mtcr:.ccong thc burcholc Thc fractunng 10 most burcho!c" m 

tt1c ~lmt'~ L..t._t.: ~CJ 1:-. !>Hllllar to that shown 10 Ftgurc 2. In ~Cn· 
cr::i. ~~ !.tr¡.:L· nunÜ'Cr ui lrJr.:turcs tntcr:-,cct Lhc burchuk:-. ho'Acvcr. 
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EXPLANA TION 

Stoel C41Slng 

Schlsl 

Pre1ence ol one 04' more fractures 
In 1.5 rrHntel"'al or borehole 
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~ Acousllc ~leviewer 109 no! conduele<! 

F•curc J. l>io;;trihuhnn or transmis.c;h ily intcrprrtt·d rrnm Omil-injt.·c
twn tc\L\, rol· k t~pc and rractures in horchnle H l. 

CKlrcholc' are not urtfonnly fracturcd. and thL' dq:rcc of fr:Jcturin~ 
dqx·nJ~ un thc md. typc (Figure 3). 

Slug Tesl' 
S!u~ te~¡.., "''ere conductcd in intcrval.., o! hD!choh:~ C02. FS2. 

1·\ l. R. i .11Hl TRI lnnatablc packcrs wcrc m~talkd m thcsc horc

hnk' tu l'-'obtc large mtcrvals for thc -lon~-tcnn monllonng of 
h\Llr.Juhc hc.J.d'-' m thc bcdrock (Hs1ch ct al. llJl)(l) In horcholcs FS2. 

¡:~-'-k 1 .llhl TR.l. two packcr-" wcrc Jn\taiJcd Hl ca.:h "-'CIIto 1'-'tl· 

l:uc thrl'c 1ntcrv:!l,_ whdc m Oorcholc C02. ntK' p.1ckcr wa..., mstallcJ 

1t1 L'-'tli.JlL' twttllllt::f\;_¡[.., 'P.1c mtcrvab r..1n~cd !m111 X to more th;_¡n 

I!•O 111 1n kn¡.:th ¡Tahlc 1) Tite intcr.·aJ.., wen: Jrt\trumcntcd -"o that 

:ltLid [HL''~urL· 111 cadt Jntcr.·al could he llHlllllorcd frum land \UT· 

l.t<..L' h;. JHL'dly mea:-,unng a water leve! OJlL'll tll thc <Itmn,phcre 

( hgurc 4 J Thc water leve! m the midJlc mtcn·al of cach borchulc 
w,¡.., aLLC..,,cJ u~ing conunuou.s tubmg th;_¡t cxtL'1Hlct.1 through thc 

tlflfX'f p.¡d,l.'r TI1c WJ(CT Jcvc!m lhL' [OWL'T llllrfV;J1 111 CJCh horl'

h•tit- \~;¡, :L.._Ln~L'J through thc cure p1¡x: th1uu~h thc ccntcr uf the 

p:Ld,l.'T'-' 

Slu~ tt.:-"L" wcrc conductcd in cach uHer.·.Il ol thc borcholco; by 
JJJ¡n~ .... a ter tu thc 5.08 cm diamctcr plpt.:" a! lanJ ~urfacc n:¡gurc 
4) Thc "Jtcr lcvels in the pipes wcre morHtmcJ over time usmg 
prc.so;urc tramducer.s conncctcd toa data lo¡;gcr Manual mca.o;urc
mcnL\ u~int: an e ice me watcr-lcvcl sounJL'r v. ere maJe pcriu(.ilcally 
~.., ;_¡ chcd. on thc tran<;duccr rcaJLng<;_ v.;Jtcr-lcvcl rcspon~c~ frurn 
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· --. Tran'\mi ..... h;t~ :uul S!fw;lli,·H~- t-: .. tim:.all'd frnm Slul! Tests tu~in¡:! solution nf CtH.,X"r el :11. fi 1U,7 J 1 

in lnU~n·;¡/o; uf Burcl~tlh'" ( :<J2. F'o\2. FS.t Hl. aiHI TH. l. :11 thc 1\J¡rrur L.akcSit~ and lhc Su m nfl r.•n"u'•"''' itu·, 
frmll Fhlid-ln¡cdwn 'li.·st ... Cunductcf.J in Similar lntcnah ur lhc ~JUC Unn·hHil'' 

lntcnal Top: ·. lntcn·al Honmn: ~ l'lumhcr off-luid- . 'Anid-lnjtttilln,~t: ~lm: ll!'t: Slu¡.:ll'\1: 
lkplh l)(olfl\\ Ucpth hcln" )njl'l'IIUIJ li.-..t-. 1 r.m~mi.~t.c;ivit} SumnK'd · Tran'"'"':i\it~ !\lnr.JII\il~ 

1 11p of C.!..'IO!! - top uf ca .. in¡.: oH·r lntcn:..l ou•r lnlt'n:.l u( lllll•n:ll uf lntrn:1l 

\\t'il :\ame "' m m;¡, ltl~f, 

e o: ~- ~ .32 (¡ 4 "" ' w·' 2 7 ' IP" ]() ' 10 '1 

co: J: 2 (¡] () 5 1 .tl >. ](l..{> J.) ' !ll < 1 1 ' 
j()'IO 

FS: !05 ro ' .¡ 7 X w-Q . . . ... - ' -
FS: J:n 66 2 o 2 . .3 ' w-7 7 (l ' Hr' 1.1 ' to-' 
P"S:'. ""' 11)~ ':J ' J J X rn-' ' 1 ' w·' 1 1 ' 1 (l-4 

F.S' 1:.: ~6 ::' 1 R 2 X j(¡-ó .14 ,_ lfl •. 10 ' 1 (1' ~ 

rs: 2tl,\l 59"') 1 2 .'í " ro-" 5ll ' lll > 1 1 ' 1(1": 

rs:· (1) .~ :::::ó l 11 o' ,_ ro-~ 2.-l X j()'..., 1 1 ' 
ro-,. 

R: 20 1• 31 3 1 2.3 ' 1 o-~ 17 ,_ ro-~ ](1 ' 1 o-~ 

:-:: J j ,IJ ¡...!,"\ " 5.0 .!', 1 (). ~ 
1 ' 1 o-~ 1 1 ' IWIH 

j-{ !". ll5.; 1 1,1-l -~ ,, J 2 y ]()'; jO ' ¡p- 1 1 Y. ro-" 
TRl 520 61 1 1 ]0 ' ro-' 2' ' 111" '" ' 10"' 
n:; (JJ : 91 h ' ].2 ·' ]O~ xo ' 

10 ,, 1 1 >. 1 O"¡n 

TR! 9" - 191: 11 !.5 >: ro--4· 1 1 ' j()'' 1 1 ' ro-' 

• lh,.c:;,¡::: FSJ rcsm;;:tel.l a: l'm o r.1 f-luid·iniO:CIIf'r.• :~'' nnl ~nnducted 1>\.'IP"' l%on, 

•• Horr."l<ut R 1 re~tncted ~~ ló5 5 m r,.,.,.J.m¡c~!IPn ,,.,¡, O<>l cnoJu.:ted ~In"' Jt•5 5 m 

• • • Ke<ro>n<c t<~• ''""' w mc,¡._<ure 

OPEN HOLE 

1 5.24-cm-OIAMETER 
WELL CASING 

NYLON TUBING 

UPPER PACKEA 

LOWER PACKER 

--
rhc <.,]u_;,: tc:o.t.\I.XHlductcJ 111 rntcr\ab o. o·t~tclhlk R 1 are SllllWO m 

f\~::urc 5. In Ft,;::urc 5. thc duncn:-wnlc:-.:.. \\:Jh:r-lncl rcspon:-e m thc 
wcll. J.H/.lf--\,.' ~~ ploncd a..., a functton of ttnJc. whcn: J.H i.\ the time

varymg ch:.~ngc m the water leve! from thc mi!t:tl q,Htc water leve! 
ílnd ..lHn 1." thc mtttal chan~c 111 thc water k·vcl ..11 thc on~ct of thc 
~lug tc:-.t Thc oscili:.Jtory water leve! rccordcJ 111 thL: uppcr mtcrval 
ol thc wcll ¡..., thc rcsuh of water llltl\'111~ h~.;t\\'Ccn thc 5.0S cm 

dt~HliCtcr PVC ptpc and thc ].Jr!!cr t 15.~-l-nn 1 dt:trltL'ICr wc/1 c:t..,ing; 

111 tht' urpcr trl!Cr\'J!. watc1 wa" pnurL·d Hllu thc 5 ():-\cm Ji~Jrnl'ter 

l'\T rtpc IP tnJit:Jll' thc slu~ IC\l 

·¡ ran...,nH...,...,t\ l!y :u1d \lortllr Vt t y v. CrL· l''-lHn.ttcd 1 rorn till' rc ... ull.\ 

111 c:1:h ...,Ju~ tc:..t hy U\tnf: thc ..,olutnm pf ~-t.,lJ"...'r t:l al ( IY67 · ·· ·nch 
1' ¡, • Hl thc ;L,\UinrtitHI of ra(.]J;¡[Jy :..yttlJJJCI 1 h,: Jlt JW lll ¡¡ Ct lJ,. ._·J. 
i1111; .'!ICtlU\ anJ I\UlrtlpJL· hlfJl1,l[Hl/1, \\ hctl' !he wci] fu Ji y rcnc-
II:J[C' IIK' lt~nll;tlltlll E.\llllJ:J[C\ ofT and S 11Pill c.Jdl :..\ug IC\1 wcrr 

IIJ.Hk b~ lllllltllltllllf: thc .\Unl of thc 'li . k·d rc...,Jdual:.. hctwccn 
llll' mc.t .... u!l'll dltllCil\Jonlc"" watl'l k-vt:l.md !lit' \tJiulion ul Coorcr 
l': ,¡! 1 jq(lj 1 'j !il' illiiLIIl\1/,l[IOI! jlfll\.'l:dUrl' 1' ll;L\L'd t)Jl !he foi)OV.-

111~ l'\PIC"'II•;, 

""/'-'1111,\ .lll"(l\1,."1)' 
pltt,!j) = :-.\--- -

,-1 • j, H10 ~ ll,. 
( 1\ 

Ficurt• -1. ln\lrumrnlallon fur rnullilr\t'l monrtnrm¡: uf tndr,JIIhc 
hl':HI m a ht·drod., ~l'll. 

\IIJcr~.· p ¡-.. th~..· .... um ~d thc .... qu.trcd rc,¡Ju.JI .. ..lfl' t\ thc changc m 

\\,th:r lnt'l .1-.. prnltL·tcd hy thc 'ohlllnn nl ('¡l''JX'rct .d ( Jl}(¡7J. ~11 

L\ ti~·: lllCJ,liiCd dtJrJfC lll water JcvcJ [1!1111 IIIL' \IU¡.! [C<.,(. U l,\ thc 

dJJl\cn-..HHlk"' LOII\l.Hllt.klliHII~ thc r.ll~<• td -..tola:·: 111 thc Jorm:.J
tu¡¡¡ \11 'lllrJ_!:C 111 thc hnrchoJc, O=-~ S/r., r, ¡.,_ thc f.¡~JIU.\ of lhc borc
htdL· r. 1' th~,.· raúnt" uf lite L-a..., m ,t.: t, uJrrL''J'kUtli-- lo tune .. at whtl:h 

t:<¡tJI\ ..Jklll \ ..1! uc' ol J.ll ;,¡¡¡J j, JI' ar~- .Kh tl' \ ~,.·,!, 0. '' IIK· numhcr ol 
J'lll!ll-.. tl[Ltl111p.tri\O!l Ol:I'>'L'L'II [!¡¡,; \jll~·[l'-..1 d,¡[,¡ ,¡JJJ 1\11..• 'tJ\U\JOrl Of 

(',H1pcr e'> JI. ( !tJ(J/J. :tnd U \L';,¡k·..., thl' 11111L' tn the ~oolution of 

( .tlt lj'l\..'f l'[ ;¡J ( jl)(J 7) !Uf CUlllp:.lfl:..t lll \\ i lh 1 IJl· lllL',I\UfC<.J W;J[Cr le V· 

eh In tJn, .lll.tl)"t:... \:duc' of 1, ('tJITC\pond 111 J.ll!J.I~ 1 and ollf'/J.I-f.1 

c4u.il toO 45. O 90. () H5. O RO ... O 05 In (-l'l''- whcrc lhc slug test 
wJ..' tcrrrunatcd pnor to rcac:hmg lhc amhtcnt water lcvclm thc uucr

\'Jl. ;_¡ truncatcd \ene" of valuc!'< fo:- r v.a .... u .. cd m pcrform1n!! thc 
lllllltffil/..::ttton prnccJurc Thc valt·-· 11l u .1nd B. wh1ch nunin111.c 
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Fi¡.,YIJn- 5. \\ater IC'l'l ~pon'-l-:- fnr .. lu:.: IL..,l~ rondurtt"tllfll)4tn:hult- Rl 
and thc sluJ!-IC\1 ... olutinn nf Cno¡ll'r ct al. l 11lh71. 

thC SUffi of thc 'ljU:IfLll fL\IdU.d'- 111 f:.qu.l!l\Hl i. :trl' ll\l'd ltlC!<-Illll,liC' 

T and S. ¡3 '" U'-L',! 111 o..: ... t:m:tlL·l .md n '" u ... l'd l•ll'\lllli:Jtc S ICo .. ,¡x-r 
ct JI \lJh7J ln tlll'· .111.Ji~,~_,_ nnl: \,du ... ·, tllttcyu:d IP JO 1, [() :_ 

\(}-', ,[()·" V.l'fl' L'iln'-tdL'fl'd illlhL' fll\!11:111/:.J(HII\ prtk..l'JUfL' 

\';¡Juc:. tlfT .ull.~ S L''-ltm.tt~.:d (fllllllllC 'lu¡..: 11.''>1\ ll'lrlf. thL· mm

tmtl~ltHJil prtx:L·durl· dt...,..:u.......,,·J .thP\L' .He ¡.:1\l'n tn T.Jhit· l. Ftf:urc 
~ ~hP\~'' t/1:: !t: ll([\~L'(!l illl' ,ju;.: ll'•l d.ll.l ,111J t!l( '\liUillln td 

Cnof"',.'í ct .d. ( ]9(17 • :tlf tllL' .... iu_:.: tc-..h ~-tuhhh.lL'd 111 Hltcr.· •. d .... Pf r'orc-, 

!lote 1\ i In ~cr:::r:t. :he rc~ul!~ 11: t!K ...,Ju¡.: lc'h -..hn .... n 111 Ftptrc::; 

rc:-.~:mhk thc .... h.t¡x· 11! Lllf\L'• prcdtLlt:Li h~ thc :....~liUtllm uf Ct'kl¡x·r 

ct al t! 1i67 1 Ho"C\I:L th~: 11\..Jll'h bct..,ccn thc l.t.ll:..t • .lflJ tite typc 

curve~ t'- not.tn L'\:..J...·t onc. thL' LlJftcn:m .. ·l.', are lllU'-1 pronounccd at 
tllC c.ul~ amll.ttc tnnc' Junnt.: tnc te,¡.., 1lK ,oJutHIZ\ tlf(oor"W.:r ct 
:.11 ( 1~67 1 :..t"-Uilll'' ltPilHI,!!L'IIL'IlU' lorm.tllllll prnpt'llh.:.'-. "hnc~t' thc 

tx.Jrcholo al thc ~11rttlf Lt¡._,_. '>IIL' h.J\'t: nuttll:ruu' lr.tLIUn.''> wtth Jli · 

fcrcnt hydr;.¡ultt: pro¡x=rttl.':-. mcr thc \cngth o! HK' lc'>tcd 1nlcr\;_¡j..., 

In addttHHl. fr.tcturc cnnncct1vl!y and tndtvtdual tr.t..:turc propt·rttt.::-. 

tnJy crc.::&tc f1ow t:unJtttun:-. lil.J\ are not r.tJtal!y 'YilllllClrK .JllOut lhl..' 
wcll. 

'h Thc transmts:-.1vity uf thc tcstcJ mtcrvab rangc~ uvcr thrcc 
orJcr' of m;lf.llltUlk, ¡p-!o. to 10-~ m·¡,_ wh1ct1 t\ rca.~onablc m 

SWITCHING 
VAL VE 

Figure 6. lnstrumentation for conductin:,: nuid-injcclion lcst.'i in a 
bedrock "ell. 

!Jght of thc hctcrogcncou:-. J¡smbution of frar.:turc:-. in thc gramtc and 
sclu:-.t at thc Mtrror Lakc !'lile. Thc storJIInty c~tun.::&tcd from lhe slug 
tc:-.1:-. rangc!'l from J0- 10 toJO-~. whcrc mu:-.t of thc valucs of S are 
• .n thc cxtrcmt.::-. of tlu:-. rangc. Th1!-> rangc of :-.toratlvtty probably 1~ 
rhll phy:-.tr.:ally rcalt:.ttc tn gr..Jnllc and :...:ht:-.1: hm\ e ver. esumatc!'i of 
S u .... ually arr.: rcgarJcJ a.'> bcmg unrcliahlc lmlll :-.inglc-hole tes!.'. such 
a' :-.lu¡; tc-.ts Thc rangc tn thc csumatc:. nf S abo may indicatc thc 

- a:.:.umpllom unpllr.:it in thc ~oluuon of Co\1pcr ct al. (1967). for 
c>.amplc. raLitally symrnctnc now. ~Ir!.' llllt he in¡; cncountcred m thc 
tc:-.tcJ intcrvab 

Fluid·lnjcction Tcsl~ 
Fluld·lll!l'Ctton tc"t" wcrc condU(.:tcJ tn all boreholcs al thc 

r-.11ITllf l.;lt..c 'ltc Hl provtdc a dct;:¡¡Jcd dc'>cnptlon of thc hydraul1c 
propt.'rttl..'' 111 thc bcdrock f."lutd-lnJCCIHHJ tc"l" were conductcd 
U'>lng .1 .... tr:..~ddk-packcr appar;¡tu:-.. whtr.:h hyJrauhcally t:-.olatc~ a 
:-.hon mtl'TY.il of thc.· borchn\c (J:¡gurc h): u,u,JIIy. a 5 m mlcrval wa..;; 

u,t.:J !ur llll' lluiJ·lllJCCI!Oil IC\{'\. f-'or C~Kh \C\1, nutd W3S lnJCCICd 
tx:t"l't.'n thc p.LLt..¡;r' u\1ng ~t 1 lrc:-.,un/cd t:.111\.: atland surfacc. whtlc 
thC llllW rall' J.nJ nuiJ prCS\UíC In thC I'>PJatcd ln(CI'V3\ were mon
llorCJ. f.'iluJ prC'>~UfC~ ;.¡hove am.J h\:'Jow thc t~o\aled lntervaJ aJso 
wcrc mca.\urcd as a mean:-. of chcd.mg lor fluid lealong around 
p=td .. cf" or lhc "shon-cm:ullmg"· of flUid lo thc borehole through frac
ture connccl!on" in thc roe J... Flu1d prcs~urcs wcre measurcd usmg 
prc .... :-.urc lr:..HJ\Juccr:..... ami an lll·ltnc llownu.:tcr was uscd lO mca.'iurc 

·!he flow raiC. t\ v;dvc W:.t'> u:-.cJ lO W•ttt.:h hctween IWO 0owmctcrs 
Jcpcndmg on thl.' pcrmcahtltly of thc packcd-off interval. Onc 
flowmctcr w;:¡:-, calthratcd hctwecn 675 X JO-~ and 5.09 X to-3 

lttcr:-. pcr :-.cctlnd (U~). whilc thc !-.CconJ llowmcter was calibratcd 
bctween 2.93 X IQ-3 and 1.33 X Hr' u,. An air·actuat<d, down-holc 
,..aJve m thc packcd·off mtcrval wa." u<..cd tostan and stop Lhe flow 
of water dunnJ! thc test. 

•/; 

·.~. 
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h:.,:urc 7. l) pÍC:JI rt:.\Uil'i ror nuid prL',,\UrL' amJ now ratc Oll'ói\Un•d in 
thc pacJ...¡,•tJ.ufT Íllll'P: .. il dunng nuHJ·ÍIIjl'L'IÍUil {C.'il\. 

!ntcr.:d, (or llutJ-tnJCCtlon te<..!., \\Cfl' dHl:-cn on thc ha!'-1' of 
thc JC\IU'.llL-tck\'Jl'W(T :-.urvcy o! thL· hor:...·htlk w:tl! Onl) lilO\C "L'l'· 

tJon' o:-thL' htJrl'huic th:n ¡x:nctratcd tr.~ctutL>· wcrc tl'.'.tcJ lmcnah 
th,l1 f!COCiíJl·..:d !lU lí,lí.:lUfL.'.\ \\Cfl' ,J\~UJli-.'J lo h: bt:IO\\ thC dctcc

tiun ltnut oítllc llowrnctcr' m thc :tpp:u'.lllh. which '-" approxunatcl) 
S X JO-~ U., 

Typi~.:al rc:-p\m:-.c:- fo~ thc llunJ p~L'.'.:'urc 111 th~ pa.::~cd-oif 

tntcr>al and tl1c flpw ~;H:...' durin~ an l!lJ:...TtJnn tc:-t are .-.t;lm n tn Ftgurc 
/. r\t th•: stan or thc tc:-.llllt:rc J<., an mcn.:a~c Jn both thc fluid rrc~

s;urc :mJ t/K flow ratc a~ \~ :llcr rrc~\Uni'CS thc borchnJc bctwccn thc 

rac!-.cr" GraJu:tll: th:.: llnv. r.IIC Jc .. :llflC\ anú hq;m~.; \0 q~¡h¡Ji;c a~ 

th::- fpnn.~:lllll .Jcccpb !luid 1l1~ te..,¡ h cnntinucú unrJl :¡ qua\1-\[C:id) 

ll•H\ rJ[C anJ :luid fliC""llfl' Jfl' ,l()liC\"CJ (U\U:.dly Wllhitl J() lllill· 

u:c-.; _.\ ~:,:;_·¡¡¡;,! !1utJ lllll''"li•l:l te~:¡.., conJu.:tcJ ;¡¡ ;¡ h1~·hcr l!lJú· 

tiur. prC\\urc 1 1\pac 71 111 IC\[ if !r:ll"tllfl' pmpcnic ... ,1rc .1 !uncttnn 

nf thc i!lll'CiiOf1 pfC\'I!rc Fnr te..,¡.., cnnductl'd 111 th:..· Lr.·q.tlllllc 

r • ...._-~-.. ,1: thc ~11rn1r L .. ¡~ e .ul-.1. tht·rc \~.t..,IHI dCk'l"l.1hk dun:-:c i!l !r.t ... -

turc prnpcrtiC" ovcr lile r.Ln);.'C tll lllJCCIIon prc..,..,urc" ti'-Cd 
L:.111~ thc lltl\'- r.n~·- C) Jlld 1111.: •. :han,t:c 1n h)-Jr.Juli.._ hcJJ. t\h. 

mc3\UrcJ 1n thc pJcl...cd-¡lfl 1/lll'f\.tl JI !he cnJ o! thc tll!Cdlllll tt·..,r. 

Ull' lrall.\fl\J.~-.¡\'11: tll llil' p._¡.._·)..cJ-uft 1/lll'fV:Ji .._~Jil ¡.,,,.' l>llltl,IICJ U"tn_:: 

tflc Tille m cqu:ltlon e (h:.J.í l (_)?{) 1. 

O ¡R 
1 = - ~ In, J 

2--;-:..\t¡ \r, · 

··~llt.:re R ¡-., tht' r:Jdili" •ll ¡nflui.'Jk'l' .!t v.j¡¡.._·!JthcrL· 1' J,~tJlllL'd 1t1 t'c 

ll1l ch.Ul);.'C 1n Ult.: nyllr.Jul¡.._ ht . .'~JJ .• tnJ r. ¡-., tllt.: r.JdnJ" o! th~..· h..Ht'Jidk

h>r tc.s!\ cundul"tcJ ~~ tht.: ~1trrm L.ü .. c ~He. thc hord1ok r,.¡Jw-. 1" 
() 075 m Jnd thc f~lÍJU' OÍ mflUC'Ill'C' .wa.\ .J~SUnlC'lÍ lo he J 01. 

Thc Trucm cqu.JlHm 1~ h..1-.cJ on tite a."'umpt1on ot \[t.•:.td~--.t:Jil', 

r.1J1aJ tluw 111 :.t hunlll:-;cnc¡ )u~ '"' )ln 1ri.._ amJ conl-uH:J /ullll.Jllllll '"J\Jl 

rw rnca.-.urcJ dr.J.v. dt 11.1. n ..11 J ¡.:t\ en r JJ¡,_d J¡~t.J.ll(t.: r R. 1 1 mm che \~ cll 

litlV.:l'\"Cf. tr.Ul\ICil[ ft.:~l"'lllbl'..\ .J.fl' t.:\hdHtl'J llllhC' flu¡J-J!ljL'l.'IJ¡HJit.'"b. 

e ven atthc cnJ uf thc tc-.r pcnoJ. thu .... tntcrprcltn!,! flutJ-tnJClliOII 

tc~Lc; u.smt= a ~teaJy--.tatt.: ;t.\~urnpuon 1' an appro,un:.ttHlll r\lth11U!-=h 
lra.ns1ent prc.s.surc rc."fklll'C!-> írnm tnc flu¡J.jnJCClJon te-.t-. C.Jil ht.
Jnterprctcd lo C'\[JJT\.JIC T. an.d~'-C\ lh:.tl COil\ider thc \J.rJ:.thlc nnv. 

ratc :.tnJ !he cnmprl'"'lhdit) nf thc \tr:JJJic·p:.tt.:J...cr :.tppJr:JtU\ ll\U-

,Jif y .Jil" !Hl[ Wclll ~lll!Cd hcC.!U<.,C illhl"t ,<.,llll)ll 11 \ 111;.: .1 "'\1 1 llJ'Iitlll" ( 11 '! 

cxampk.J<.idJally UJvcrgcnt tlnwl nkly no! he ·l!'flTOflll.lll' TIHh. L'"li· 

m:ttt.·~ 1 1f T from thc Th1crn cqu.atum are 1 e~.Jnkll ·'", •J 1ki _, 11· tlt:t::

nlluJt.: e~LJJnatc.,: lll ;,:cncr.1L wc u1~_._. <1111K1p.nc 1h:u .m L'-"llltl.IIL' nJ 

T/r:om-Equatton 2 • ..,houki-be·lowerthan thJtl'htaJnl'J ltlll1l :m tlllt'*

rrctatmn ol the U-;~nsient pres.'*-lre l"e.'fXln!->CS. hccau-.c il S!Cl..'Pt.'l 
hyúr<.~uhc grad1ent is 1mpo~eJ hy fixing the tlr.JwdoLL n lll be /l'lll 

at ;_¡ Úl'-tancc from thc wcll. R. Also. thc radiu~ of mflucncc JS not 

J..nown; howcvcr. only orUcr·of-magnitudc changcs m thc r.alhus of 
JnOucncc wt!l affcct cst1mate.s ofT. 

Eq¡matcs ofT from flUid-mJcction tes;ts nmdu.:tcd m horchnlc 

R 1 are .shown m Figure 3. The transmisstvily o( th·: tc-.tcJ ( fr.:h.:tun:d) 

mtcn·aJ, rJn!;C from thc Jctcct!On Jumt. which I'- at--.nut J0- 111, In JO-' 
m~/:-. Flov.· m thc untes: .. 1 wnfracturcd) mtcr\·a] ... 1:-. ~:¡..,sumcd lll Pe 

bclov.- thc Jctect1on lw. Thc rcMJlt:-; .shn\\ll 111 Fq,:u1t.: .l arl· typt
c.ll or mmt horcholcs 1n thc MnTor L.al-..c arca Tht: tr.tllSIIH!->"ivity 

o ver thc lcngth ilf thc borcholc varie.s more !han SI\ ordcrs nf 

magn1!Udc and thcrc are only tW<l or thrcc h1~hly tran.snti-""ivc 

m ten al" o ver thc cntirc Jcng1h of thc bordHllc E'lllll:Jtcs of T for 
most mtcrvah 01rc two or more on.lcr.. of lll:.l);!rlltudc hclow tho_....c lor 

thc nHJ.-.{ pcmJcablc intervals. Furthcrmon.:. c:-.t1m:.u~,.·, ofT Jo not 

\ ilf')-" SlllOOthJy 0\'Cf thc Jcngth Of thc borcholc "fllL' llHl\1 !X'IlllC:J[dc 

JIHcrva!s may be adjJ.ccnt to unfrac!UrcJ Jntcrv.d~ t1r mtcrvJb with 

transml\\l\'11)' at thc dctccuon linllt 
Thc !ower parts of burehole.s FSl and R. J \\l'IC 1naccl·~~ihll· lt' 

thc strJJJic-p:.H.:!-.cr apparatus Juc to rc ..... tnLtnm-. 111 thc horeholc 

c..IJJmctcr Ht1wcvcr. slug tests conJuctcJ 111 F~J and R l prohahly 
tc:-.tcJ thc cnt¡rc lowcr intcrv:.tl of thc.sc hlHCIJOit'!-.. hccausc Jt 1~ 

unlll-..cly that thc re.stnctlom hydraulh.:::ally i~ol.ucd thc lowcr sccllon 

o! thc borchnlc. 

Comparison of Estima les ofTransmi"ivity 
ln-L1hk l. thc lf.J.Il\llll~''vlt_\ ~·-.tnnatcJ 1111111 tllc ,Ju);.' tc~L\ U'-111_;: 

thl' mt~kltll C1Hlrcr L't al ( IY67¡ 1.-. ctlmp:~rl·d ltl thc !-.um tlf tlll' 
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F1¡:urc M. Tran.\mio;.\hity estimatcd from ~lug lc~l'i (usin2 ~lutinn of 
(IMipcr el al. ( 1967) in anlcnal!. tlf·bo~hnlc~ C02. FSl. t'SJ, R 1, and 
TR l. and lhc \UOI or tran'imis.\h"ili~ rn•m fluid·injection l~l\ 1,'00· 
duclcd lll ~•milar intcn·ah ur !he tx.U"l"huh.·_,, 
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tr.Jil"llli""l\'illt.!S C."lllll:ltCJ frn111 fhnd-LIIIl'l'lhlll k'.!. l <llhllllll''llil lill' 

,;un:: [)(lrcholes. F1gtm: X ... how .... a plnl ni th,· rt'-.tdJ, ;..:1\'t'fl lli fahk 
J whcn: thc lo~anthm uf tlH:' two l'',lllll.lll> • .: l .·1; ~··Tll¡l. 1 .:d l11 

~..:lk'l,d. tht:.IWO\."',[IIJJ;lll'" 11i'T 1111 .1 :,:1\Lilll·:~·· .,.[ .~.~ ,,,¡¡.,¡1 .111 

,,1d::r 111 t1la~nltude ol c:tcll 1ltilt'l'. :tnd 1-L~llll' . ...: ... ;L• ,, .. \ lih.:v 1' 11<' 

:lpf"'I:U'Cili hia" ~1.WL'Cn thc {\\'(1 esltmatc~ llfT. He)\\ t'\ l'l. r. 1!' ¡.,;,¡, l! 11\• 

ductcd in thc lowcr 1ntcrv:.il.., ol horchok" 1·.'\ \ :utd R l. rh,: Lrlll'L· 

prct:tt1on of thc slu~ tc...r ... providcd a br~cr ¡;~tunal:: 11fT th:~n thc 
... u m nf thc tr:.m!-.mlsstvtttco;; frorn thc 11uHJ-mjcctJ(ln tc~t-. tT.d>lc l ). 

Tht.., m:ty he thc rcsult of bc1nf: unahlc lo :.JC<.:C'>S a portron uf tite~:: 
¡ntcrv:.tl" wlth thc straddlc-pad .. cr app..1ratu.., hccau ... c (1[ fL'\Ir~<.:· 

ta'n" 11~ thc"c borcholc~. thus. thc sum of thc tran.<.rnt:-.:-.1\'liiC\ frt1lll. 

Ül\._' lluid-l!lJCCl!Oil tcsh doc.~ not account ll'r the tr:Hhllll\\1\ tty of 

th~ ti1tcnaJ·~ th.H wcrc waccc:-.'>thk 
Ti-:·.: nual·Jil_JC([IO!l t<.::.t. ... rn)\'idc dct.llh ¡1¡' tlll' \JJJ:Ihk l!.ltb· 

rlll\"1\ ny t1\'<.:r thc kn~th \lf thc borc]Jilie.., 1\u\\'L\co. :ilL' -,um 11\ tht' 
tr:m..,mt..,~l\'llJco., (rom thc !luld-in.Ít'ctlnn tt·..,¡.., ¡.., wnh1n :m mdn pf 
m.J~!lJtt:dc uf Ulc c:-.ttm:.Jte" nfT tntL'rprctcJ hnm ..,¡Uf h.: ... h Lhlllf ~ 

hclllJtJgcncllU.., [lllfUU:- rncdium mude[ Although tht· :-.lu~ lt''l" .md 
fiutJ·IIl!CCtion tc.<.ts mo,¡ liJ...~.:!y are tc~llnt,:. .J ~lllllbr \1dumc of 
f1·'-·/\ .lt>ll\ll th:: h(lrcllok. ti¡, uni1~L'l;· that ;¡ h-..:llt't ((lllt:l.Lll(liJ ~.-·.Jn 

r.: .r,JJIL\'L'~ h::twc.:-n thc c.-.tl!ll,tlC" of T lilllll tnt· \\UI t;. [""lL'" of 
t~-.t, Tnc 11llLTPr-..:i.HH1Jl ot' thc tl u id-in_1cct lllfl te..,¡' .b-.Uillt'' .1 J.tdlll" 

ni ml1ucm:c :tnd ;¡ :-.tc:!J\ . ..,¡,tt:: tl1'H r::flllli..'. "ht·rc:t' :1 tt,Ln-.J·:nt lhnd 

r·.:..,ron-.·.: 1-. :h\1\111'..:-d 111 thc llltcrprct.Jtloll ot thc -.lu~ tc..,l-.. 

f-unhcrmo:~. l>l'..:.Ju .... · l'i ;h~· likcl1hPnd ot' (!Hll[lk\ tr.kiliLL' ulll

:1:.:..:;¡\ ;;\' 111 th:.: \ 1..:-tnlt} lll th:: t'urchoJc. hoth LC"b fliUh.lllh .lfC -,ul'

¡Ctllll nonrad;;d !lnw 1\cmcn:;. hoth te-.¡-, m·,!~ 11111 hc Jlil'dcJ '-llll· 

tl..~rl;. P>' ;¡ rlllnr:ltlJ:.ll !lo\\ fL'flnlC. bcc:JU\l' thc -.lu~ tc~r-. aml 

tluJJ-m_¡ccuon tc.<.t.., :.t:-c cunductcJ ovcr Ji!!crcnt l::n~th, ut tfll' 

.... t:n:.: ¡,,1rchuie. 1llcrci••r:.:-. thc dift..:rcncc bl.:t\\l'Cn thl.' C'>ltmatt'" Pi. 

T fn11n1n:.: -,!u:; \l''>b :tn.~ tluid-lllll'Cllnn te-,¡.., -,hnu!J bt· ~nn-.l,k'rt·,: 

\\ n;w: ¡]¡.,.- vr.-.1~ ,11 tht· .m:il;.."L'."· ¡·¡n,Jlly. t--~~.·~..uh~.-' a '>ll'.11h .,l,:i~· rnlt'r · 

¡'r·.::.JIJ\111 ui tnc tl.rld-tllll'('lHIIl !C'>l" \\.1'> ulll"idcrc,~. ,·\lrr:;,rt~·, 1d 

\l!IL,tll\11> tromth•..: ~1:rrll-111_1'~·~.-·:turJIC'>l wcrc 11\llltl:IJ:..· '!hu. tll!\ll· 

r::.ti:• 'll 1111 ti1:..· \ ;.IJI.!hdlt\' of S n\ er tllc knt-:tlt ,,¡" thc ¡,, ·r~::tnl·: 1.., n• •l 

.~ · .. ::::tlJ:·: h 1;- ,.-o:::r~t:-: -,on v. nn ttl-..: t'">lLrn.Hc ni S 1 r, •1:1 1::: : :li,·:-¡,:·: · 

t:.HIIlll 1.1! th:: ~Jug [C~b. 

Heterol!cncous Fracture Propcrtics 
~nd Slu~ Test Re.,ponscs 

:\!tho111¡;h IJ\l' [\\' tl',tlfl\,lll.'' pfT dL..,Cl:\'t'<! .11-.. 1',: .tr: \\ tllnn .tn 

'1:-d..:: , •i m:t~n!ludc ,1Í c~ll'il tl\hl.'r. 1tw mt:.l"llft'd \0, .11c: lt"\ .._.¡, ,Jurul,:.: 

tl\.: ,tu_:: t-.:-,: 1.h1 mt: l'\.:~tly /1\;Jt~,.·j¡ 1!1:.: t;.¡x: ~•~:1 ~·, p:t·,:~~lu~ 11:, 111: 

1n<>~.J-.:i ,q (_',,¡r¡H"..:i ct .:: ! l'H•7l lt rcrn.un' ¡,, r .... _. 'l.'t':l \\ll\::1· . .-r tilr-. 

'·· -~·.·, .lf'o'ol.!-..:1 PI [fll' nctcr•t:;cnl'llll\ /[,JC!Ufl' l''"f'<'tlr-.·~ ol\•,": 111<' 

,· .. ::::-:t:: 11: [Jlt' h11fl'hil!t' 11~ tlil\l'r rrt",.'C-,\l'\ -,u~·lJ ,¡-. llPI)f,ldi.l! tiol\\ 

~:. 111:\ :~t:n:; o:':h·: i>.lfl'/hlk 1 1-\:1:-.t\.ll-.1 e:.:: ]'1~> 1 .•; ti:\ n·.,l:.:u:.~ 

::lh';,:~-:l!ut Jx·t>>l'~'lt ~:.: ... rurc.., .m,l .1 ¡\¡lf\111.., r•-.. ·,., n· ... tl:r\ 1H.~,,.1' .llhl 

!l!.r~·k t'J:-\.\1 In lhl\ ">l'(lall:. v.o...: Lll\'C..,¡lf::llt'lhc c1tt'~l 11t \lllhlu~t-

111~ \lu¡..: 1L"q-, 111 h\trc!hdL" h,l\111!! hetcro~Cilt'llll\ !r.ll\111~· jll••¡x·r· 

:,,., ·ril:.: t'ljU:Jil\>11\ dcl-llll!l¡.: thL· WJtcr-lnt'l rl'"f"""¡..,,· .J¡r::ll'~ .: ,ru:.: 

tt·,: .HL' -.oht:d h1r ~·ondt\1\111.., whL'H.' thL· hnrctH•L ,, llll.":'t',l,·,! 11:· 
IHllll(!lltl\ [r.IC\UfC..,, C..J.:Il v.J!h UlllljllC hyJr.ud1l rrnpt·:~ll'• ]11_ !:.1, · 

lurc.., ::H:.:r..,c,:tlllf?. thc lxJrchok arL' J:.-,umcLltP rc-,JlllllJ .tn:Jt"~''u'l\ 

111 .tl.1ycrcJ ftlrnl.JIHJilJn \\h1ch thcrc 1::. no hyJrJuJ¡~ ~,•r:trnulrh .• l 
11110 hc.:twccn fractun:.o., tFt~urc 9). FurthcrnHrrc. c.t~o:h tr.J,turc 1' 

..l"'llmcd to he humo¡;cncou.., :wd t\otroptc. and thu~. tlnv. ~~ r.LJI

.J!h "! mm::tric ;.&hout thc horchuk m cach trJ..:turc 

t---
Open Hole 

"'- Casing 

Fracture~ 

T2 , S2 

~ 
Fracture 

Rock Matrix 

Fi~un- 9. Conceptual model or mullipll' rrnctun· ... intN'Sl"C'Iin¡:: a bon-
hnll' ;.&\ ;1 la~ l'fl'C1 :u¡uifer "he re T, ancl S, an· lhl' tr:ut.o.,mis~i\'il)- and 
..,!oratn ti_\ nf mdn·idual fr:.1ctun- ... 

·¡h-..: conceptual modcl Jr,~,_u:.-.cJ :1h11VL' "'.lll.Jlogou~ !o lJycrcJ 

l<trlll,tllllll' tlln..,idcn.:d tn otllcr aqutlt'l-ll'">l llltcrprctattons 
1 \\'d ... ~ .trn.:~.t\11.1 l llS-1 l 1-\ar;¡~ 1h-1 ct ;d. 1 I'JSS 1 .d ... o consiLicrcd si u¡; 

¡~,.·,¡., Hli'•HL'IH)Jc~ th'Jt HliCf~l'..:tcd 1\.\ll !.1yc.r'. hc.rc.lhat ~o!UI~On 1.\ 

n1cmkd to con..,idcr multtplc fracture.., mtcr,ccung thc borehole. 
( lh\ Jou-,h. thl" ¡_:onccptu~ll mr'l(le]¡, a ..,rmpldil·atnm of complcx frac

turt·,! rt~~ h•r!ll.I!Lnno.,. ncYcrthLJc..,..,, thc rc~ult~ of th1s analys1s 
\\di ,¡Jinv.: U~ llt L[]u-,fr..HC thc dlectthat hclt'TO,I.:COCOUS fractUre pror

L'IIil'' 11.nc on v.;¡l!.:r Jcvcb Junn~ :-.luf tc~t,, aml thc csumauon of 
T :md S m ... ulh lomlations u:-.ing moJel..., th.ll a.o;;.;umc homogcncnu:-. 
¡,, 'fPil' · ntt•d 11lfll pro pe n IC". 

'fllL· Ll;,l.lL"l'·U~m..,fonn "olutinn tor thc w:ncr-lcvcl rcspono;;c dur
ln;: .1 \lu;.: lt'": u•1rdm·tcd 1n .1 horchok th.tt tntcJ'iccts mult!plc frac

lurl'" 1' ~1\l'l\ 111 ¡]¡.._. Appcndn. In t1.1" ..,nJutnlll. wc :L-.sumc thatlhcrc 
.1: t' :1 d,..,...r t'!~· mLrnlx·r 1 1f fracture-,. whcrr T, :tnJ S,. 1= 1.2 . ... M. are 
rnc :r.lll..,IHI..,..,t\ ny ;md <.,~or.Jtt\ H~ ni thc md1v¡duJI fracture~ mtcr

"·'dll1~ tlll' 1"\<,llt'hok. anJ t\.l1:-. thc nunthcr 1tl fr<lcturcs intcrscctmg 
th...-l>t1rl'holc Thc clfcctlvc form;llumtr:Jn~rn¡..,..,jvity ofthc hctcro
~~..·nc•1U'- IIH"'-kl. T1. ,.., a..,..,umcd hl hL· thc \tl!ll of thc transmi~StVIttc:-. 

'ti IJtt' llldl\ ldtJ.d [J,Jl'[Ufl'..,, IH 

Oi 

ll1c fonnatHm ... tora!lvily, howcvcr, ¡.., O<ll rcaJ¡Jy dcfined from 
th~ "tor.J\1\ JttC!-. of t.hc ¡nd1v1dual f ra<.:turc~ ll1c fonnation storauvuy 
dcrcna ... on 1hc hydraulic dlffu..,JVII). T,IS, nf thc mdividual frac-



T 1 
(a) '·' 

oH 

Mi. a ... 

0.2 

{e) 

1 o ' 10' 
1.0 

o ..a 
u::; lo-s 

o ..a / 

0.4 

:\H' 
,;¡¡; 

(b) 

0.2 

(d) 

0.6 
oH 

Mi. 0.4 

0.2 

E.XPV.NA TION 

H.Nr·· ,wneou• lr.ctun~ model 

Soluhon of Cooper •r al. (1967} 

T 1 

T 1 .10'4~ 5 1 •1o-

T1.1(t1,_.,. S., •111-1 

' ' ' 

Match Polnt~ 
T,t 

•.' 

TI 

r ' ' 10' 

llalchPolnt~ 

] 0.8 

~ 0.6 

~ 0.4 

1 
~0.2 

10, 10' 
~··~~lt.O 

/u~ 10-~ 

O.B 

0.6 .,... 
·>.H. 

0.4 

0.2 

F1gurc JO. Four ca.'ot.....-. of sluc tco.L' 111 horchoiL"" h.a,inc t~u fro~ctun.':'> "ill1 dlnl·n:nt tro.~n,nm,\1\ it~ and ,,t,r.Jli\ '''; lhc ~•lutum fn1m lhc heleruJ:cncou." 
mudclt¡::hcn in thc Appt:ndl'\t ¡, nunpan:d v.ith thl' 'ilu¡.: h...,l ,,tlutinn uf("'"'IK'r t'l :11. illJó':'¡, 

hf:urc IU.1 

Ftt,:urc IOt'l 

Ftpm: JLA.· 

h~Ufl' Jllo.! 

J I~Ufl"' JJ:\ 

Ftgurc 11 b 

Ftgurc !le 

Ftgun:: J lJ 

·rahk.::. 
Tran'inll' •. 'Í\11). ·¡" fmm thc flrtenll!t'fl('(IU.' ,\todd and btmtatc nfT fnm1 lht• <.;nlutmn uf Coopcr el al. f 1 Yf,7 ¡ 

for the l :J..\l'' ~hu"' n ín Fu;:urt'<. IH and 11 

'l. 
~ttmhn nr 
f- r.trtUrt"-

.::(¡ 

" . ,. 
r, o_ 1, 

• ~ 1 

1/ll:,, 1 

1 !li 1 () ' 

: ¡ ~ J 111 • 

1 o: 1ft' 

1 ()J 1 (t ' 

4 .. ¡¡t 1 {) ' 

4 -lO JO' 

o JO lfi 1 

'· 1" • 

-

T. S. 
f rum Su! u 1 ion nf r ro m ~ulution 'lf 

( ·vnJH'r t'l al. tll.if,7J Cuopt:r el aJ. · 
"":¡,¡ ti'U171 

l 01 >. 10' 1!)-fl 

1 ~11 )', lO' 1 ()- ~ 

() -¡ (J Jo' 1 {) ' 

1 () 1 lO' w: 

4 IS Y l () ' 10·"' 

9 (¡,:: X JO' 1()9 

6.65 X JO' 1 ()-' 

X 00 Y. JO·' 1 ()-' 

8 



(a) 
10.: 

1.0 

0.8 

0.6 
oH 

AH, o.• 
t ¡ 

02 r 
¡ 
' 

0.0 
10. 

(e) 

0.6 
oH 

t.H. 0.4 

02 

T 1 

..,..•roo-.-.or.. FriCII~ MOO.I 

r,-10""~ ol'1-1.a 
s1 -t&' o~,-t.J 

Pn•O.O 

10. 10 _, 10. 
T1 t 

r 1 
' 

TI 
1 1 

' 10 _, 

tw.-vv-ro.ou. Fndu,_ MoOJI 

r,.,~·m~ o-11 -1.1 

{
s,. -ta- 1

, a-',, -o.o 
·-~· ,_, .. tcr'.cr' •• o.o 

10' 

~ .. 
/V.= 10-4 

O.G 
c.~r 

.~ 
M 

\ 
0.2 

0.0 
10' 10 1 

/u:l()-~ 

... -= 
0.0 ~· ==:::::====~=::4--.;::.""-~~ 0.0 

10-.J 10'"" 10"1 10° 10 1 10J 

(b) 

0.8 ..... 

0.6 ~ 
oH' 

T,t 
, .. 

1o·~ to·• 10° 10' 10 1 

1.0 

0.8 
10-e 

0.6 

AH. 0,4 ~ 0.4 

~ \ 

(d) 

r 
02 

¡ 
r 
¡ 

0.2 
Malch Polnt J •\ 

¡ 
0.0 '--..~---~-.1 ___ .. o. o 

10. 10..: 10'1 10 11 10 1 1 o 1 

TI 

r ' ' 
Tt 

'•' 
10'' 10-.~ 10"1 10° 10 1 10 2 

1.0 r---...:.;;,__~. ::;;:-------r/ ..... ;;-¡;;;in1 1 1.0 

0.8 

0.8 

J 0.8 

a - 1 O·' j 
/ - ~06 

i 
j 0.4 

j 
61-1,0.4 

0.2 ~ 0.2 

p"'•-0.114 ~ 

0.0 ~==:::;======~----.,~-..J; 0.0 
10 4 10 .a 10'1 10° 10 1 10 1 

t.H 

t.H. 

T1 t 

r,' 
EXPLANAOON 

T1 t 

r ' ' 

Hsterogeneou• lriiC'Iure rnodel 

SoiU1ton ol Cooper ~r a/. (1967) 

Fq,!ure 11. r nur ca.,c ... uf ,Ju¡,: IL~l\ in horcholt.-s ha\inJ,! mult1pk fr<~ctun"' "ith dirTc-rcnt tran'iimis.'iil\ ity and slorati' it~: lhL' ~nlution from thc hct
crogt·m·ou' m•Kil'l \I,!Í\l'll in thl' :\ppcndl\1 ¡, cumpan:d ~•th thl· ,Ju:.: ll''t 'ulutmn nrCuupcr ct al. (1967). 

tur.;\. Only f,¡r th.; e¡,~,_· tn wht~.:h tht:: 'ltlrJII\1!;. uf l'~t ... :h fr.tlllHl' '' 

thc :-.:uw: '~ 11: ttw h1:1:1J:1nn . .-.tPr:HtVHY 0..: cqu.lll!l l!lL' .... ul\1 ol tllt· 

<..!tlr:lltnlt<:' (lj th:.: tndl\tJu • .tl frJ~.:tur<:' 

Th..: 'hlb·lc:-.: '>(Jiuttun tn :_¡ hctcro:;cm:"u' lllrm.JtHHl \"di t>~,.· 

(,_.,,tnp.ucd \\.!lit thc ,,,!uitnn ul Conpcr ct al. ( \l)(¡/¡ 111 Jiiu~tr.tlr tk 
dlc1..·¡ 111 hctcru~-CIKII~ un -.lug-IL'~i rT~f".HI<..e:-. E.~tiii\Jl~~ llf lnflll.\lhlfl 

tr:JO~I\ll"l\'!!~ (J¡lf1; ltH.: 'IIJU!Hlfl ,¡r (t~lfX:f Cl :.¡J ( J•)(¡7¡ v.IIJ he 

Jclltlt-.:d h~ T .111d \~·di tx· m.Jdc h~ lllllllllllnn¡.: th!..' -.un• PI tJ· 

.. qu.u-.:u r:.:~hlu:.;, :~ .. :: •"L'L'IllÍlc l\Hl \1.liUtton' 111 .1 JJl.mncr 'llllil.l! 

\!l.Ji dt,._U"l·.._! Ju!itt\\HI_:.: ~U.Jihlll J. 
T,. •Uu,tr.llr.: thl·ctll'~_·tuf ht.·tcrtl¡;cncou' tr •• '-·tun: prur~~:n¡~,_·, ,,n 

,Jug_-IC,\1 fC\f1t111'r.:' V.L' f¡p,¡ \111\UlJIC ~VCr.ll ~·mrJr.: C\.JIIl[lll'' tll ;¡ 

horchtlh.· Ulll'f'-L'._·tr.:d t'l~ l\~tllr.J(!Urc., onl) TIH\ v.lll tx: \!JI],n\l'll h~ 

lllllfl' L'PillJ,k' l'\.Jtll¡li.:\. v. llr.:rt.: J¡\lrthutnm' hn ·¡, .wJ .\ :u;.: 

..~,,u¡¡¡c,~ 1 ll: .J nunlllt.:: ,¡¡ l í .J..:turt.:.\. hfurc 1 () .'>h' 1v.' Juur .... 1''-'', 1( 

\!U,t: lt.:\1\ \lnJU!.J!l'l.~ 11\ h\ltt.:hoJc\ IO(Cf\CL\CJ h~ l\Atl lr.ldUlt''. 
whcn: th.: lrJl.turc:-. h.J\L Jllfcrcnt hyLirJulu.: prorx:n¡c,_ln f1¡;urL· lO. 

cxtrcmc v:duc.'> of S, ..1rc c.ununcd. for cx.;¡,mplc. \'.tn.Jbdn~ 111 thc 

storaunty tlf fracturc:-. mJy be dependen! on thc prc:-.cncc of fra..:

turc-fill rnJtcna!. In c:.~ch ca...-;;c.lhc watcr-Jcvcl rc:-.pon"c uf me ,Ju¡; 

IL'\1 !'llflllll:Jtl'd In thl' hCICW!;COCOUS modcJ is COffif1.1rCJ 1\lthc :-.olu-

111111 of e, )(lrcr ct al ( 196 7) Thc fonn:iiHHl tr.m,mJ.., .... i,·it: a' Jcfincd 
h~ F.Aiu:J!ttll::; ., compJrcd to cs\llnatc' t1fT u'm~ thc soluuon of 
Cthlrcr ct .d ( PJú7) Thc rc .... ults of th1:-. compan.'>on J.rc fl'cn m 
T:.~hk:: 

From thc rc.,ulh 'hown 111 F1gurc 10 and Tahlc ~. thc ftliiPIA

IIlt: cnrh.:lu,•on.<. are dr:.~wn. lf thc stt)ratiVIIJc' of thc fractures are 
t.:qu.d. \~hdL·thc tr:Jil\lnl,.\IVIIJC.\ are dJfkrcnt. T 1 1'- C\timatcd ~.·or

ll'Ctl~ h~ !he holl\OfCOCOU\ llllll.IL: (f71~llfC J().J) lf. hoWC\'l'f. lhl' 

tr.m,mt"J\ ti!L'' o! thc !r:Jt.:turc" are cyu:tl. \~hllL' thc 'torati\ itic\ arl· 

dlih.'IL'Ill thcr~.· m:•: he error' 111 c:-.tun;J!Jilf T1 u ... mg J homo~cncPU\ 

111111.kl 1 Fq;urc JOb l. Howcvcr. thc error m csllmatmg T1 frorn thc 
htlllH,~Cill'(IU\ moJel¡_.. within :m ort.Jcr 11f mJ.gn¡tudc ofthc caku
l.lll'd tr.Jn,nll'"•vlly from Eyu::~.tion ~ In L'J\CS whcrc huth thL' 
tr:Lil'-llll"l\'11~ JnJ thc ... tor.uivity of LI1L' Lt~·cr' vary (f¡gurc' J()( and 

1 !id J. thc robu'-lnc~.\ ul e .... timallnt:, T1 u:-.1n~ a homogcncou ... moJel 
Jqx·nJ, on thc ~torau..-ity uf thc fracture wtth thc largc't trall\· 

1111\\IVH) In ftgurT !().;_ lhc fracture havmg thc largc.o;;ttr.mr..miso;;¡v¡ty 
ha\ thc !'.rnallcst ~torauvity (1.c., a ncgat1vc corrclation bctwccn T 
ami S¡ In th1s cao;;c. thcrc is 1~ an ~rror m csumatmg T,; howcvcr. 
a~am. lhc error in c..o;;t¡mating Tr usmg a homot:cncous modcl is Jc.o;;.o;. 
thJn an orJcr of magnitude. In F1gurc IOJ .. thc fraciUrc wrth thc 0 



li..tr;;c~t tr;.msrnt'o'ol\'tty al....,o lw .... tllc lar!..'L''l "IH!,IIJ\ 1!\ In tlu' ,,.-,~,e 

thcn~· i.s no error in c.stnnallng T~ u:-.in;; ;¡ humo~~ 1 tcou" molll'l. 

· Furthcrmorc. m al! of thl'"c cx:un¡1ll'~. tlw -..h.q11·, ,¡~ tltc w. 1tLr -k\·cl 

rc."'li:Ul...C.."'il" prcdJt:lcd hy lht:·hctL'Jo::en~.·tl\J\ lll<ltklt ... "lilnl.u tn tk 

shapc ol thc rc.<;;pon ... e for th·: h(mll,~(.;'ll(ou-.. lllDlkl. 

In Figure I l . .<>lug·tc~t n~ ... pon:-.c" 1n hllrl'lltllc-..·mh~r ... l'Lil'd h\ 
muluple fr.Jcturcs with var":ormg hyJraulic propcrti(' ~¡re con..,lt..lcrcj_ 

In thc c.\amplc.s .shown m Ftgurc 11. :w fr<..~cture .... are <..~s;..uml'J to 

Jnter.-.cct lhc Mrehole. Thc transmi.ss1vity of thc tracturC$ 1s .1.'-.'IUmeJ 
to be ]{lg-normJIIy dtstnbuted wnh a geomctnc·meom tran .... mi;..<;;J\ itv 

<Te l cqu;_¡l to JO--~ m~/s anda vanance of Jog 10T ¡cr~1 ) cqualto 1 9. 
In rcall/.ation" ofthc tran"!TIJSSJVJty.thc:-.l' rara meter" prodtKC v._t]

uc~ oÍT1 th::!t ':u;: tl\t.'f '11\ ordcr;.. of ma;;rutuJc nr more f-or thl' 
.<.iu~-t·,;:.t rc:.pnn:-.c;..;..h,n~n 111 F1~un.· 11:1 :md llh. thc 'oloramlly of 
l/h.' :racaHt':' :d'-tll\ ,.h\UfilCll \(1 b·~· Jo~·lllHill,¡JJy LÜ .... trt:'liii.'J \\1[11 ,1 

~L'illl)L'l~::.: !llt'J.;1 {Sr 1 cqu.d !t 1 1 o·~ :md :J v:m.mcc nf )tJ~ lOS 1 (T:.s) 
equ:d 1t1 l q In F1~urc l !..1. !he lr:m....rlll:-."1\'H\ and <.,Jtlr..lll\11\ :1rc 

a.~ ... umcd !l) t>c tmcnrrclatcl!. Pr~=cr: 1 <.1i<r~ 1 c;:.~¡ 1 :: =0 v.hcr~· 1.," 
~,.., the .:orrdatlon cuctllclent of lo.;; 11 .T1 :mJ !o.;; 111S,. :111J cr:n 1" thc 

co·•:m:mcc oflof:ii.T1 and lo!; 11 ,S, In F1,::un: llb.thc rransmiS\1\'lt: 

..1nd stnrauv11: are a.s-.urnl'J tn be nc:::.Jtivcly l'orrc!:ncJ wnh 

1~¡:-; = - l: thu~. lar~cr valuc.., of tran.<.llli--"1\'JIY an: ¡¡,..,OCJ<:~tcJ v. ¡¡il 
:,;~1: .. dk~ n.iuc" {): '\Wr3.'ll\;t: !\c~.t·.:vc (nrrcbttllfl hc!wccn T anJ S 
1m· fr:1Ctu~c~ 111:1:, !1.1!Ur.J.!i: :t.¡-,C if lr.lt:tun.;... .:ontam f¡JI m;_¡tcnJ..!. Jr.J. .. · 

tCrc.., v.¡~il :·dllll.J.l~r¡~¡ mJ) hJvc lll\\Cr penncabdi1v thJn unfilkJ 
ÍoJ,:tun.;.., v.hli:,; :.tbo h:.t·•m~ J brf:cr ;..tor.J.UVIIY thJnun-:i!!cJ (r;tclurc .... 

In Ft.;;un:::- 1 ~a anJ 11 h. lhcrc ¡;-. onlv a :-.lr~ht t.:rror 1n c;..tlmatlll!.: thc 
forma!J\ln tran:-mJ<;q-, U:· whcn u:-;n; th·,; moJel of Cnoper ;t J\ 
1 iiJ(J7! t<>~e T..1!1lt.: 2J 

In F1~urc:- 11-.: <..~nJ JI J. ~O tr:.H.:turc;.. :.!l ... o are ¡_¡~;..umed !ti IJllcr

.~e.:; th:..· bPrcllllic Thc trJ!l\1111<..<.!\ tt) nf thc t'r:1cturc" a~.t1 1 : 1\ 

,¡,..,ume:~ lll he i~~::-nonnJII: ll1\lr:hutcd ''herL' T~ = 10 • m~,~ .md 

1r:~ = 1 U !l(''"~"·· .. ·~. llllill'"L' c.N .. :.., th·..: !r.h.turc.., ;u e a..,..,~ill\l'J tn h:l\c 
.1 hllll\ 1...:.:. 11:;-,;r:oUtlll:lll< iti~ 1 ,S. \\[¡¡ ... 11 1.., :.h,llllledlt' t1~,·tiJ:..· "ll!ll 

n: : .,., 11 il' ,nn:d d1..,:nbtn 1un, '" Íll'!L' cqu.d pitlh,thd 11 y 1.., ~ 1\ ~.·n 111 c.:~ h 

ur,J:JtH: 1n:: h:r t:ll' rc ... uit' ..,hll\" n 111 h~urc.., IIL .llhl IIJ. llll' 

·.:ul .. llll:..' 1lf th:..· llh'~k.., ll! llil' Úl..,:rtrllllllllh :tr:..· ,J..,..,lllllL',~ lo1 [1~.· /:..'111. 

:hu ..... th:..· \lllr:lltVIt:. ,¡..,..,¡~ncú 111 tllL' lr;Jduro 1.., e1tll..:: lO · n~ ]!J '· 

llnnPd.l! ,.:_duc" (1: 'tur,Jtl'·ll: r.nhcr tll;Jll.JLllllllntJolll, dl..,tldldll•lll 

of' "torali\'I!Y cnu!,J .1:-tv: 1! "~'llll' lr.J.:ture:- JrL· r'dt~.·d \l 111! tl11.: .... 1111l' 

IYfll' of ~cui1 1 ~l:..' m:.~:co;..d v.hd:..· othcr lr:JL'IlHL'• :11~· un~·J!k .. ! 111 
1'1~urc 11 .... I11;; 1.,T, ..111' .. 1 loJ~ 1 ,,.\ h .. t\:,: t~ni: ... 1 ,¡1~ht n~·~.lll\_. ~,;;,. 

l.ttl(lil. wlnk 111 Fifurt· ¡ IJ T, anl! S ,m.: ,1..,\Uill~·~: IPI~~.·nlillL' ;¡~·::
.t::\el: l\lrTI..'.I:IlcJ !/1.¡:1 ÜlL' C.l..,L' ..,lhl\\11 lll h¡.:ur:.. IJ.._ rhc , .. _.., 

"hcn: S, h..L ... dJ ...... n:tc hlllll)(.l.tl \ ...liUL'" rn Jo.Ju .. :c. ... 11 lll!L' pl' 111• ll]lh::..'ll ,j¡¡. 

lnC!lll..'\ hctwecn T .. l ... rrc ... .:rthúllll ttJ:..· ht'll'fl'~L'!ll'\IU ... 11111\k·l .1!1,: 

U:L' lrJJ:..,:Ilh..,l\1:;- t'..,li:;:,J!Ct! tfllll\ UIL'Ihllllli¡.:L'flL'toll' lllllLJI.'I IÍ~.JJ\ ._.1....,·, 

··'-i\L'r~· 11:~· ~ll1~.1:l\::\ llllllt:lii•IU\1'. \,1f1~·, oi\L':" lll\· r.111~·-· 11: ",] 1.., 

·.::huttll:·. ¡¡,,\,~·-.e .1~.11r:. 1:1! 1:-:urc, 1 L .lll.l 11 .. ~ ;11. ~.·;¡,·· 1:1 

l'\llfl\,J!In~ tht· tr,lfhilii..,\1\Jt: \~1th thc hlltlll't:L'lll'''u' llll"-klt. k .... 

th.1n Jll mUer uf lllJfnJtuJe tT.1bk _::¡ 
AL w:t.., tlw c.L"(' fn~ U'll' hL·ten ~~ene' ,u.., JTlt ,Jd v. 1111 t v. 11 ! r:t,:ttlrt··. 

t:1~· l:.t"c" whcrc :11 !:.t:..IUIL'-. .He ,,..,..,Uilll'J 1!11!\\L'r ... L·~: tlll ¡,,,¡,·¡1,,;,· 

Ct.J IH•l .JIIL'~ Ült' ..,1\,¡¡x·o\ t:lt: \Ao.l\~·r·k\t:l f'..'"['l>l.lll..,_;: 11\ -..•'l'.lfl.llt,,'l: 1., 

thc htlflHlp·ncou ... 11\Pt.kl Thu-.. dlfll·rcn~o:L·-. tx·tv.ct'll tllt· ..,¡1.11'": "l 
lllL',J:,L!::~ v.:ner-k\d fl'"í"''fhc.., .::.J thc hulllti~L'JlL'IIU" n¡,..,!.! ,,; 
Col•[l('í l't.d.t!t}{¡';' ¡ mu ... t t-oe allflbtH:..·J to phcnomcn.1 Ptlln th.t:J IKI· 

cr,J¡;cncou;.. fr~cturL' prnf"'..'r1Jc" PhcnomenJ <..ut.:h :.t..., nnnraJ1.JI !i11Y.. 

nr chJilf:lnf:: flov. !=.eomctnc." m the \ ll.'llllty of the horehtllc \ 1\..Jr.L ..... U...J 
ct JI 19SX¡ or ltH.>: hHlr.1ul!:..· Hlter;JC!JOn fx:twcen trJ.:turc.., .md .1 

p111 Oll\ lt k.:~ JIJ:JIJ L\ 1 B.ll ~L'I .JIId 1 .¡J.¡, ;.., 1.:' . 1 .il ,· :; ''. 11" ": 

t.:.mse<. of Jil fcrCflCC' hct WCC 11 Jlll'~t"lll cd ..,]¡1:-: ·k,¡ 1, ''¡'• 111,:, .llhi '1 n~· 

Smnmary and Condusi<~ns 
Slug: !l.~t" Jrt' uscd commonly to c~un.nc u.u¡ ... m¡,..,¡,·it: T. .uhl 

storJtlvHy, S. m thc vicinny ,,f horchok" m lr<Kilncd 1\l ... :~ ¡~,.·1-

r.!nc~ Howcvc.:r . .'.olullons tlwt havc hcen tkrl\cJ':-pú·Jtl~.·all: 111 

ln!Crprct si u~ teSt.'. in conceptual moJel<. nf fr.u.:turcd nx:~ ha':..' \\l<l 

many par.1mctcrs to oht.::un uniquc fits tx·t '' I.'L'Il p1 L'li J...'IL'd :md· nwa

.... urctl watcr·lc,·cl respon!'-c .... Thcrdnrc . ..,]u~ tL'"'" n1 r'r.Kturcd rP~:~ 

U'IUJIIy are mterprctcJ wnh nwdcl ... that a..,.'.lHll:..'IHiill\l~L·netltl .... hH· 

mation propcn1c.s. cvcn thnuf!h fracture prnpcniL'" rn:1v vaf\ P\ cr 
th:: kngth nf thl' h(lfl'lHllc. (lf ll\C,\..,111 t:d \\ ,\{L'I il'\ l' 1 ! t'..,;l¡ 111._1.:\ 111:1~ 
nn1y lJUa!JtaJtvcl: rc .... cmhk thc prcdJctcd Jc,pnll"L'" \1f tlll' lhllllll· 
~cncou.<. moJel TI u.<. parcr mvc<,IJf::~llcJ thc l1llp:!L'l 1 ll hL'leto,!.:L'llL't~u .... 
fracture propcnlcs on si u¡; test rc;..ptlll'>C<. an..! tlll' e'lilll:ti!Oil tlfT 

u:.tng an Hllerprctivc moJcl ttwt a'oSlllllC'I hniJJtl)-'L'Ill..'(lU" Jonnat1nn 
propcnic.s. 

Slug tests wcrc conductcd 111 flve horcholc.., 111 ny:-.tallmc rrlo.:~ 

111 cemral Ncw HJmpo;;hirc 111 mterval" th.tt r.1n~ed (rum ¡.; to mon: 
than 160m. Thc .<.lu~ test" wcre llltcrprl'IL'd u..,¡n~ the .<.olul1nn o( 
(popcrct al. t 1967). wh1ch a.\.<.ume.<. hnmo.;;ene,lu ... ·T ami S (wc:r thc: 

te:-ted intcrval. Fluid-lllJCCIHHl tc!'-t" conductL'd tl\l'r ~m intcrYa], 

111 thc <,:JJTlC hPrchole" .'.howeJ thc tran.smt...,..,!\'11: tn v;¡ry ll\'Cr .<.t·· 
orJcr:- nf m.~;n¡tudc m the txm:hoic .... Htlv. e' l'r. thL· ... u m 1 1( thc tr.u1 ~

rnJ:-."1\'IIJCS from thc· OUJd-lllJCLtion test<; -\\Trt' v. ttlHn .Ul onJcr of 111<1'.!. 

nlludc of thc cstunatcd T from the <.,\u~ IL'"I" Thc watcr-lcv~l 
re"f1<lll<.c:-. ot tht: .<.lug te.'.tS. huwcvcr. dtú not c\,lL.'tl~ lll:Jtch ti1L' prc

dlC\cJ response" from the .o,olutuln ofC(Hlpcr ct :11. tl9ú7) 
T1. 1 111\C:-.ti,t!JIC thc dfcct of hctero~l'nL·nu ... lr.tl'turc propcn1c" 

tlll,1u¡.:-tc"t resron.._c .... a L .• Jpl:..~cc tr.m ... fom1 "\litllltm \,;¡.., Jcvelorx:J 

ltlr ~lu~ te"!" cnnductcJ 111 hordwlc<> L'(l!l[:tll\111¡.: mul11plc lraL'tllfL'" 

wllh v.¡rym~ hyJ1au!Jc prn¡x'rt1C" o ver lllt' kn!.:th 11f thc hurclwk 

l1 "!!1~ .1 tllllllll~cncou:.. modcl to C.'.ltlli:IIL' T 111 l-.. u L'lltlk .• hav1nf trae· 
lllfl''- '-"' llh varylll!= hyJraullc rrurert¡c.., rL'"IIII.., 111 error.<. pf ]c..,., 
th.1n .m tlrtkr oi lll:lf:nitudc. Thc van:-~hrlitv m tllc <,lnratJVII\' nt thL· 

tr.klurc-. 11111ucrli.'C.'.IhC lll:lf:llliW.k of thl"L:ntlr. Fnr ~.·a"c" will·rc the 
..,¡pf.l!l\'lllL'" of fra~.·tun:: .... varic" conttnl!tlU..,Iy tn·er thc ran!-!c (lf a J¡..,. 

tnhunon. error- tn c<,tunatm~ T U.'.lll~ :1 hollltl~L·ncnu ... moJel an.: ]c,.., 
th.1n ~ flC.:rccnt H<,v.cvc:r. f¡ lf ca..._e_... whl'fc thc ..,¡t 11 ;JIJ\'I([CS 11f thc frac
turc.., h,l\'l' ¡]¡..,~·rclc hrnwJ;¡J value ..... error:-. 111 e'o\llllJilng T tl"lllj.: .a 

ilullltl,;:t::neou.., mnJel were ..,Jwwn to he,¡.., _¡.:rc;l! J.<. JO pcrccnt for 
i]h' l.J..,C\ l\lll\ll.krL•J in thl'l p;¡per 

huthnrnorc water-leve! rc .... [líln...,c·.·¡IJ ,Ju~ te<;;!" conductcJ u1 

~lrl'ihi/C'- Wllh hctcru¡;cncou...,lr.JcturL' pm¡x·n1c<. ovcr thc !t·n~lh of 
111( i>• 1fl'iHik h,!\'l' thc ":llllC \h;¡p¡..• ;¡~ <.]u._:.:_-t~·..,¡ rc ... r;:lll<.C<., 111 h(l/lltl· 

::vnc•lll\ ltlrJll;Jilllll" ·nw .... lilflcr~IILl'' 1-...·t\\t'l'll tnca ... urcd w,tlcr-kvcl 

l~'"flt!ll\l'' dtlllrl;.! "IUt: le..,¡., ;Jild tlll' fl''flllll'L'" flrCl.hCICd h\' lhl· 

ht~nH'!!I.'r!ellU'I mnJel e<mnot he attnhutL'rJ tu fracture pro~nJc:
th;Jl · . ..~~· 11ver thc lcngth ofthc hnrchok ()¡ffc:rcncc" bctwccn thc 

llt 1 !111 1 ~L'ncllU" nuKlcl and me.l,Urcd v.:lil.'r·lcvcl re"flllll'C.'. dunn~ 
..,Ju~ ¡,_...,¡..,are lllll'l li~dy the rc ... ull 11! plK'lltHIIl'll:t "uch a" IHlrlrJdi;JI 

!111\• 'Üll' \';1~111(..' .''.'tllll('(l!' 11f JltlW 111 tlll' \ ILJIIIIY of lhC htlfCholc, 
11r 11 ntcrJclltlll ¡..., wccn fracture.., :1nd :1 p11HlU' rt)(.'l... matn.1. 

·¡ :~~ c:a.rcrimcnt;JI rc ... ult" uf.th1" 111\'C...¡IgatJtlll ... howcd that 

C<.~~l:tle<. o!T intcrprctcd U.'.lllg a homogcncou;.. modcl of slug-tc<..t 
rc<;p<~n-"c_.., prnvu.lcd ordcr·of.magnitudc C<;tlmJtcs ofT 1n compar

¡,on t<.l flUld-m_rcction -~~"!." u"mf a .'.traJdk r.K~cr apparatu~ m ci'Y:-· 
t.llltnc rlk.'~ m central Ncw Hamp ... h1rc Al! fracturcd roe k tcrranc.., 

liJ 



m:..~ y not yidJ _.;imilar rc~ul!:-. to 1ho:-.c ,g¡vcn hcrt:. Hov.'C\Ci. thc t.:on
dition~ m thc crystalline rek:k con~1dered Hl thi..., invcsugatwn are 

lfCrllC hcGIU~C thc [f.Jil'dTÜ.<...,iVJIY of fJ:i.lCI.UfL''> \',¡fu;.., ll\'t~f :-oiX 

..;f\ oj nl:J.fnHudC 111 IIMJ\( hon.:llnJc., anJ ph~ll1)111Cil.1 "ucil ;_¡1, lltJ/1-

raJ¡;\.J tlow-m thc vJcJnrt:-- of tln.· tmrchnk:-. 1s dctt:Cicd Thus. mtcr-

·pretm¡; ~lug test!:. m fr.tctured rcx:k usmg a homogencom modci uf 

fo:-nuttnn propcn¡c;; may he adcquatc m providmg ordcr-of·m~¡g: 

ni tu de ·~st1matcs of transJllJSSJ v ity 1 n thc vicintt)' of thc borchulc in 

whcn.: 11 1:-. !he .'..Jl:IIJ.t!ly u ni 1 unn hydr~u lh: 11~· ,t,\ 1:1 ~· .1~·\J :: .\~ 111:: -~ 

the onsel of !he ~lug tc:-;1 Equ<tllon A.l. \\ nat:n ;, ,, l',¡,:); fr .k\tll ,. 

SC"rvc-. ;¡.., thc bounda1~ conJJIHlli..JllllL' h01·..:l!Pk h•r E.¡t:.JIII'Il -\.: 

Thc bountlary <.:onUJtwn lor'Cl:lch trok'lUIC: .;.u,;,.¡ rlt..,l..ln.:-..· ¡,1; 11, l!lO ::~: 

borcho!c ¡, 

i ~ 1.2 • ... ~~ J.-\ ('' 

most fracturcd roe k tcrranc.\. Howcvcr. caut10n should be uscd m 
1
,. Fnr thc purpo.<.c of solvmg thc prcv1ous cquatron<. and Ctllll-

, aprlytnt; th~ cstJmatc" of T from .\lug tests. bccausc slug tests 
1 

'panng. thc rcsults W!th thc modcl of Cooper ct al \ l W1/ ¡, thc: fol-

. hydraulJcally strcs~ only a sm;:¡Ji vo!umc of thc foml,'l!Íor. and thus lowmg duncnsionlcs:-; variJ.bic: .. J.rc con~1dcrt:'J 
CJ.nno¡ {1~ U:-.Cd lO Ín1~1JO•:t formJIIOn hcterngcncit~ 00 Jargc-.'\CJ.]C 

1 
, Ú)nn:-t:ton rropcrt!C'\ _-
'· 

Appendix 
Th·~ conceptual moJel of fractures mtcrscctmí! a horchole 

gi vc:1 111 Fti;UIT 9 i.:.. consiucred TI:crc is a.s'\umcJ to he nu cross Jlow 
bctwcen thc fracture~. and cach fracture JS assumcJ tu he honw
~C!ll'OU" J.nd ISOtrop1c Furthcnnurl'. unocr .:~mb1cnt h~JrJ.u!Jc con
dnion'>. thc hydraul1..: hc3ds 111 tnc fr:.~cturcs are a_.;¡sumcd to be 

cqua\ and sp:Hially uniform Also. fricuonal force.\ ;:¡Jong the borc
holc wall are assumcd w be nq;IJ~Jbic Thus. throughout thc durJ

uon nf thc ~!u;; test. th·.:. hydr:lUJ'Jc hcad m c:.1ch fr3cturc at thc 

borcholc rad1us ~~ cquJ] tn th~· \\ .ucr ]e\ el ¡¡¡ thc horcholc. Th1s ts 
ex prcsscd .J..\ 

w(t¡ ~ h,(r ~ r,. t¡ 1 ~ 1.2. . ~~ (A.I) 

e W{[J 1.~ thc t¡mc-v.J..rymg \\Jtcr lc\clm thc borcholc. h, ts thc 
.(J.Ul!::: heJ.d u~ an JndJvtdual irJcturc dcnott:d by thc sub.<.cnpt i. 

r JS th~ r:.tdiJI coord1í1Jit:. mca.wrcJ írom thc ccntcr uf the wcll. r, l." 

thc fJtÍJU<, nfthc oren JO\ en.¡] 11ft h..: horciHlk, t ÍS !ÍillC ;mJ ~11" th..: 
!OtJi numhcr of fr;¡...:turc' Jlllt:r..,cctJn~ thc bordwlc. 

Tite s!u~ tcq JS conductcd t1y pcrturhmg. thc water lcvcl in thc 
burchulc at 1;;; O ;mJ thcr~ mca<;unn& thc "uh..,cyucnt v.;ncr-lcn.:l 

fCSfXHht' Tr1c cquauo:~ ~oH:mtnf tht: con:-.cn·JtiUll of tlu1J volumc 

in thc borchnk i.s 

. d" 
'77" r: --- .._ 

. di 1 '"'· 
() 

\\flCn: r( 1~ thc rJdiU.S or t:Jc: wc!l 1..:.1.\ln~ Jlll! T, ]<,!he lr:.tn<;nJ]<,\1\' 

11; l'! an JndJ\tdual ir.Ktun.: ,klhltcJ b) thc "uh-....npt: f.iju.J!HHl .-\.~ 
~,.., ':JnJCC! to thc JOJlJJi cnnJJIHHl 

v.tt:: (), = H: = h,tr = ~ .. t = llJ 1 :;; 1.~. . . ~~ 

\\1~..-rc H 1 ¡, Üll' w;_¡tc~ Inri m thc v.l·ll ,li thc on..,ct ni thc ..,Jut:: tc't. 

Thc sol:;!JOn to EquatJmJ:-. ,.\ 2 .mJ A.J rcyu1rc:-. a l..nowlcJgc 
nf lllC hydrauuc fC..\f'l'.lnSC\ 1n thc wJI\IJU.J] fr.lcturc.'. Thc cyuation 
(': nutd \OJumC COO.\Cr\J!IIln lll t'JCh !rJ.Cturc 1\ Wflt!L'f1 

··h, 1 " ¡' .lh,) --T--r--~o 
; 'r dr . itr 

1 = 1.2 .. M (AA¡ 

whcre S, lhe stor.~tiviry of an mdJ\'It..iua.l fr.~cturc dcnotcd by thc c;uh· 
~~npt i. Equauon AA ts subjc.:: tll thc mlttJ! condltJOn 

h,rr. t;;; 01;;; H 1 = J.:. (,\ 5¡ 

H - w 
w ----

H - H, 
(A i¡ 

H - h 
h' ---

H - H, (A.81 

,. T,t 
(A 9) ,. 

' 

r (A.IOl 
r, 

whcrc w', h'. t' and r' are thc dtmcn.sionlcss form" 0f w, h. t and r. 
rc.spccr1vcly. and Tr t.s thc fonnatton tnnsmJSSJ\ 11~ for the system 
of fracture.\, 

TI 

\\ . 1 1' 1 :: h, 't r' ;;; l. t ') 1 ;;; 1.2. . . M 

dv.' 

JI' 
" .Jh. 1 

..._ 2 'H -· ' = () 
,~1 ' éh' 1 

-l 

w. 11' ~ t) 1 ~ 1 ~ h,' 1 r' ~ 1 . t. = o) i ~ 1.2 ... M 

u,fih' 

cr ,"J¡' 
-

1 -~ (/
111

:-·) ~O '~ 1.: ... M r (lr' \ {)r' 

h',u'. t' = 01 =O 1 ;;; 1 .:::. . . ~ 1 

1 = 1.:2. . f\1 

(A.IIl 

(A.I21 

(A. 13l 

(A.I4l 

(A.I5) 

(A.I6) 

IA.I7¡ 

""hcrc 1hc JtJncn.slonlc.\" paramctcr.s, u 1 ando, are Jcfined as 

T 
" = 

T, 
1~ 1.2 . . M (A.I8) 

a ~ 
!:_s. 

1~ I.:! ... .M (A.I9) 
r· 
' 

Taking thc Llplacc transform of (A.I2HA.I7) yields 

~·= h,' (r';;; 1 l 1 = 1.2 ... M (A.20) 

.~ 

11 



O i = 1.2, . . M !A.2J¡ 

h, · t r'- :e¡= O 1 = [.2 .. 

1- rw ¡A.2.1) 

whcn:: \\ and ~· :u-e the Laplacc transform~ of w' ar.d h,'. rcspcc

IJ\Tly. and r ¡<; th:: Laplacc tran.-forrn \'anablc 
Tnc solu!Jon IP Ec_¡u:Jtion :\.21. U'llllf: Equatums A.20 anJ 

,., 22 ;¡-;, noundary condtt!ons. IS 

pa, 1 
\ a, . 

M. (.'\.24) l. 2. 
/, ·oo \ 

K ~-') 
"\ \ a, ' 

whcrc 1\.., 1:-. thc Bc . ..,..,c] funcuon of ú1c :-ccund k1nJ of orJcr zcrtl 

Thc solutron fur ;-· 1'- nbt:uncd h) introJuc1ng EquJ.IJon A.2...t 
in tu EquJt!Oil .-\ :::.: 

" '"" r- - ) 
K,( v~c) 

K o( \r;,) 

\\hL'fl' 1<: ¡-;; 111L' fk.'>\l'l ft~n-..:llnn nt tnl' .\CC(lfhl ~111d <ll 1H~kr \'llL' 

Thc Ltp!.l....··~· tran.\lllf!ll <..olutll'rl Jnr tllc J¡qr¡hutl\11\ PI til~· 

h:.,ir.~ui:~· hc:1~.! ::: C'.h.h Cí:l~·:u~l' ¡-., tJbi..liiH.:d hy tntn ... lu~·¡n,:.: Lqu.1:1•lll 
:\.2:' :;¡¡,¡ E•p..:::tl!Jr. :\ :.:. 

K.,(r pa 

\ 
-

"· li ·-----

í K,¡ -"~ ¡l 
t= 1,_, 

! " • 1 rn. 1: '\~ 
-- ~.;:;... 1 

"'·'· 
-1¡ r \Pu{r, 

\ <'. ' ' 1 
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Scale-Dependency of Hydraulic 
Conductivity Measur-ements 

' b by Charles W. Rovey 11 and Douglas S. Cherkauer 

Abstrae! 
The hydrauiiC conducth·ity offhe stratigraphic units' in a carbonate aquifer has been measured "'ith sluJ!, pressure, and 

pumping tests. arid ""ith two calibrated di~ital mudels. Thc effcctive test radii range from less than une to ~rcatcr than 10.000 
mc1er~. On lo~-log plots h)draulic conducti,·il) incrcases approAimatcly lincarly with test radiu~ tu a rangc bct\'tccn 20 and 
~20 mctcrs. but thcreafter, it is constant with scale. 

Thc in crease an magnitud e of h)·draulic conducti,·ity is similar lo scaling effects rcported at seven additional sites in a 
\&ricty of geologic media. i\toreover, thc increase in magnitude correlates with an increase in \1lriance of log-hydraulic 
conductivity measured at successivel) J:reater separation distances. 

The rate of increase in both parameters, and particular! y the range, ha ve characteristic values for different por e systems. 
The larger ranges are consistentl) present in units with ~reater secondary porosity. Therefore, scaling effect!l piovide a 
qualitative measure of the relatiH importan ce of secondary and primar)' permeability, and the~' can potent1all) be used to 
di!ltm~uish the dominant type of pore system. 

lntroduction 
Considenng thc effon devotcd to studymg scalc cffects 

on dlspersiv¡ty.ll scems strange that hydraulic conducuvay, 
a more fundamental parameter, ha.<i not · bcen simdarly 
investigated. Tne lack of attenuon 1s even more puu.hng. 
given the numerous anecdotal rcports, amountmg toca m
mor. knowledge. that lab tests consistcntly give hydraullc 
conducuvities less than ftc!d tests. A compilat10n by Hcrzog 
;:md Morsc ( !984) remams onc of the fcw sourccs whcrc the 
sc~de of mea.<;urement was spcciflcal!y rccogmzed as a factor 
íor these d1fferences. 

The relauonsh1p bctwecn hydrauhc conductJ\ll} and 
scak:. howevcr, lS more complc.\ than a simple c0rrcction 
factor bctwccn lab and flcld measurcment~. Brcdchodt ct al. 
( 1983) compared hydraulic conductl\'llics of a shalc as mca
surcd by lab. slug, and pumpmg tests w11h tha: from a 
calibrated dtgttal mod:l The long-tcrm rump1ng test m an 
underly1ng sandstone hada radlUS oi 1nflucncc 'of apprO\l
mately 10.000 m. and gavc a Similar \-.t.lue tor thc ovcrlymg 
shalc as the callbr3ted modcl valuc. The lab test:-. had value<. 
approx.tmately one thousandth that of thc regional \a]w::. 
whilc small-scale f1eld mea.<;urcfficnts. si uf tests. had va\ucs 
approx¡matei¡ onc tcnth of thc rcg¡onal valuc Titaclorc. 
hydraubc conductlVIIY appcar~ 10 Jncrca.c;c w1ltl ~ale rcgarú
lcss of thc: metnod of mca.'iurcmcnL Bascd on f1cld mca
surements at dUferent scales. wc f¡rst quant1fy how hydrauhc 
cunducuvity \<lnes with test radius for íavc hydrostratl-
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graphic units within a dolomJte aquifer m southcast Wis
consin (F1gufc 1). These resulls are thcn co~pared with 
pubhshed data of hydraulic conductivJty from addllionaJ 
snes in a variety of geologic med1a and w1th variograms of 
log-hydraulic conductivuy distnbution. Thc mercase in 
hydrau!Jc conductiva y w1th mcasurcment scalc appears to 
be a general phenomenon wh1ch is corrclatcd toan mercase 
1n the variance of tts dtstnbulion. 

Previous Work 
Thc most complete repon on the scalc dependency of 

hydrau!Jc conductJvJty measurcmcnts is by Bradbury and 
~1 uldoon ( 1990). They measured hydraulic conductivity at 
scalc~ lrom appro'x.¡matcly 10-: to 10~ meter~ m both glacial 
outwash and mL'i:cd outwash--diamtclOn (finc-gramed glac¡
~emcl sed1mcnt. In both media rcgwnal estirnation methods 
(pump¡ng tests. digital models) gave hydraulic conductivi
tles aprro,~matcly three to five tamcs greater than small
scak flcld mcasuremcnts (slug te.c;LS) and ncarly 10 times 
grcatcr than !ah tests (F¡gure 2a. b). Thcy al:-.o noticcd that 
~cale cffcct!'> vary w¡th thc naturc ofhctcroicne¡ty. Hydraullc 
conducuvuy nf outwash sands mcrea.~cs wllh test radius ata 
!o~-log ~Jure of O.J8, whercac; thc ffil.l;.Cd outwa.c;h-d1amicton 
mcrca.c;e~ at a grcater slope. 0.92. 

Bruncr and Luteneg,gcr (1n prc!->S) and Keller el al. 
( 19Só) mea.sured hydrauhc conductivJty in JOinted, clay-rich 
glacJaltills wJth lab, slug, and pumping tests IFigun: 2c, d). 
Thc mcasurcment scale is notas accuratc 1n these cases, but 
us1ng thc bcst esumates. hydrauilc conducuv¡ty increascs 
w¡th a slopc of approximately 1.0 toa rangc between two 
and f¡vc mcters on log-log graphs 

Sauter ( 1991} investigated a mature karstic limes tone 
(f¡gure 2e). The rate of increase m hydraulir; conductivity 
(0.66) is mtermediate bctween the jointcd tllls and the po
rous outwash, but the most notable diffcrcncc 1s the range in 
scale effcct. Hydraulic conduct¡v¡ty mercases with mea-

1. 



surement scale to at· least 3200 meters, a much greater 
d1stance 'than ·the jointed or granular media. Thus, an 
increase in hydrauiic CG" -Juctivity -.over~ many orrlers of 
magnitude in test radius .!ppears typical ofkarsr-aquifers in 
contrast with shoner ranges in other media. 

In summary, data available to date suggest that differ
ent geoiogic media have charactensuc measures of scale 
effects (slope and range). Furthcr. thesc measurcs may be 
useful m distinguishing dlfferent typcs offlow (1.e. granular, 
fracture, or conduit) in cases whcre n is unknown. In thc 
rcmaindc:- of th1s papcr we test th1s hypothcs1s. first with 
d.:ua from a carbonate aquifercomprised of numerous strati
graphic umts (Figure 3aL and then With valucs gathered 
from pn:viously pubhshed reports. 

Data Base 
Hydrostratigraphy 

Rovey (1990) and Rovey and Cherkauer (1994a. b) 
d1vided the carbonate aqUlfcr of southeastern W1sconsm 
into ninc maJar hydrC':~o:rattgraphic umts by corrclaung 
hydraulic conducuvity :rom prcssure-inJCCtion tests wnh 
straugraphic mte:-\-als (Figure JbJ. Each hydrostratigraphic 
unlt has a rcgJOnally consistent hydraullc conducuvuy 
reiatcd to depositional envtronment.lllhology. and modc of 
sccondary poroslty Fine-gramcd (mudstonc) hthologics 
have littic macroporosity, and ground-water flow 10 these 
units is predommantly throughJOints. Coarse-gramed umts 
contain both mtergranular porosity in grainstone facies and 
moldic poros1ty m packstonc facies, produccd by sclccove 
dis.soluuon of fossil gra~ns. 
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Fig. l. Study un, southta!~t Wisconsin.lnsrts show dala collrc
tion sil~ and digital modtl boundari~. 

The upper 6 meters of rock (wcathcred zone on F1gure 
3b) ·are characterized as incipient epikarst and consututc a 

... separate..hydrosuatigl:aphic.Jayer. The wcatbcred zone cuts 
. ·acrossformation.boundaries;imt isdeveloped almost"Cl<Ciu

sively in the · fine-graincd; joint-dominated strata which 
comprise the majority of the aquifer. lt is thc only unit with 
abundant nonselective dissolution features, includmg 
ahundant vugs and nommal (< .5 cm) solutional widening 
aiongjoints and hairline fractures. Howevcr, 1t has no geo
morphic expression of karst such a_o:; do!incs, karrcn, or 
condu1ts, and H also lacks hyd rologic charactenstics , · .- \..:arst 
such as rapid rcchargc, spring discharge, and erra tic fl~:tua
tions in potentwmetnc surface and carbonate saturation. 

MMSDData 
The Milwaukec Metropolitan Scwcragc D1strict 

(MMSD) performcd numcrous slug, pressurL'· :;ection, 
single-well, and rnultiwell pumpmg tests to deveJ.J¡J a gco
technical databasc for an extensive tunnclmg prOJCCt 
(M MSD. 1981; 1984a, b; 1988. Table 1 ). Thc gcomctric 
mean of hydrauhc conductivity mercase~ stcadily With the 
sea! e oftcsting. For examplc. thc ThicnsvJ!lc \-aluc 1ncreascs 
from 2.5 X 10_, to 10-J to about 10-: cm/~cc as mcasured'by 
slug. prcssure, and pumpmg tests. Tbc samc general pattcrn 
holds for thc other unilS, although pressurc-inJecuon values 
are not consistently greater than slug test v;_¡[ u es. Two expla
nauons account for this minar inconsistency. The small 
number of slug and prcssure tests withm sorne units intro
duces sorne inaccuracy. Also, as shown latcr, thc two test 
mcthods have overlappmg ranges in test radu. 

Miscellaneous Data 
Rovey( 1990) analyzed four addit1onal fully penetrating 

multiwell purnping tests tapping thc en tire Silurian portian 
of thc aqu¡fcr. Files of thc W1sconsm Gcolog¡cal and Natu
ral H1story Survcy (WGNHS) also contam unpublished 
drawdown data from 29 smgle-wcl!, fully pcnetrating tests 
throughout thc study arca (with1n the digital modcl-2 bound
anc!>, Figure 1) Wc havc collccted thesc dJta and analyzed 
thc smglc-wcll tests wHh thc Bradbury and Rothschild 
( JlH\5) spcc¡r¡c capacity convcrsion program usmg an aver
age !..toraf:C cocflicient of 5 X 10. 4 1 rum thc multiwell pum p
I O!=- tcsb (Rovey. 1990) Use of a ~mglc average value is 
JUStiflcd. bccausc H IS largcly detcrmincJ hy the degrcr of 
confincmcnt hy thc ovcrlymg glacial scduncnts wh1ch are 
l<.url~ uniíorm throughout thc arca_ Morcovcr, thc fanal 
val u·: I~ relativcly m~ensllJve to the stor..1gc coefliC1ent valuc, 
so e ven Jarg~.: crrors ha ve httle cffcct on calculatcd hydraulic 
conducuvuy. 

Whcn hydraulic conductivit1es calculated with this 
proccdurc can be compared lo \:aJuc5 calculatcd using type
curvc matchtng or !>Cmdug analy3I!'. on ob3ervation wclls 
momtorcd dunng thc samc test. thc rcsult::, are encouragtng. 
The average diffcrencc in valuc ts approx.imatcly a factor of 
two w1th no apparcnt b1as lO\'- .. od cln ovcr or underestima
tion (Rovey, 1990). Moreovcr. '"e average bulk S1lurian 
v.liue from thc smglc-wel! tests" virtual! y 1dcntical with that 
from multiwell tests (Table 1 ). Thcrcforc, hydraulicconduc
tJVitics convencd from spcclfic capacJtJcs are: accepted as 
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Pt = pump1ng test 
M = dig1tal model estímate 

1 
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F1,::. Z.lncr~a\t ¡n h~draullc conduCII\il~ •ith lt\1 rad1u\. Sulid llnr~ lrt linur r~,::r~"i\IUn'i. b~t""ren) or more pomto;: dashed lines ue fit 
b~ hand. Thr mea~urrd raner li\ltd 1\ tht t~\1 radru\ ht~und l'l"lllch tf~draulic conducti'll~ io; approxtmatel~ con\lant. a: Oulwashund. 
~todlfitd from RradtJur~ and ,\lulduon (1990¡ lt.,t r•d•u' ¡, calculau·d u'in¡: thid..n~~,c~ and ttsl mttrvah frum Bradbury (199)). 
b: ,\tu.rd uUI'>'a,h-d¡amlctun. ,\todified from Bradbun Mnd .\1uldoon ( 19YOI e: Juioted till. Modilitd rrnm Bruntr and l.ultneegar (in 
pr~\\). Test radw' t'\tiiOIIIt' •~ from Brun~r ( 19"1_\¡_ d: J¿mtrd 1111. ( alcuJ .. trd hum data in Keller et al. (1986). Thr pumpmg test value is 
calcuilttd from d•ffu\i"it~ and stora,::r coeffiornt "alu<"' muo;urtd dunnt pumpine trst of an undtrlyin,:: sand. T~t radios ror the 
pumpane lt'.,l • ., calculatrd a\.Suminl! hydraulic conducll'il~ in thr- "and i\ .1 cmtuc. Str tul for dJUu<."iion of radius or slu¡: lests. 
r: Kar<iiiC limr-,ronr .. \1odlfird frum Sautrr f JC~Q 1) u""l! fit'ld 1~1 '-alur\ o ni~. 1 hr h~drauhc conducthities shown ar~ lht' midpoints ofthe 
-common ranl!r·· 10 thr onemal. 

\<J.Itd, and the term .. pump1ng test .. will herr:rnaftcr rcfcr to 
both multiwell and srngJe-...,cll tests unlcss a dJsttnctJon ~~ 

spccdica!ly madc 
Pcarson ( 1993) also co\lected specÚ1c capacity \aiuc~ 

from thc \\'isconsin Department of Natural Resources for 
wclls ncar thc Omega Hills Landfill (Figure 1). Many of 
thc~c wclls are open to multiplc: strata. Howcvc:r. he was able 
to calculatc hydraulic conducl!Viltcs for md¡viduaJ strall-

·' 



graphic units. using the,Bradbury and Rothschild ( 1985) 
· convc:rsJOn in·tandem with thecquation forcffcct¡vc hydrau

lic conductlvily .in a laycrcd mcdium. 

a 

.Finally, two digital flow models have bcencindepen-
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Um: 3 = Franklm O:.rarr¡ 
Unr: 4 = 8yron 

200 b 
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dently calibrated within the study area. Rovcy 1 1983) stmu· 
latcd now ovcr a 110 square kilometer area 1:1Smg·separste 

- bulk-paramctcrs wtthin thc Stlurian_and Devonian portions 
. of the aquifec Mueller.(-1992}modeled the c~>Lire.s~udy arca 

~~~;,~ 
1 U WaCJ.eslone 
'r-:l 

1 

~ Pa.::.o.s1one 

D 6ouro::~srone 
L_ _____ _j 

·Ó ·5 -4 ·3 ·2 

Lo; Hydraul1c Conductivity (cmlsec) 

Fig. 3. R~lation of hydraulic conductivity to srraliJ:raph), dolomit~ aquifrr, southtasttrn Wisconsin (Rovey and Chrrkaurr, J994a). 
Grometric means and number of tests ne also listtd in Tablt l. a: Stra11~raphy. Pnmary subdivision is al tht (ormat•on lrHI. Member 
subdi,isions art informal, rxcepl within the Milwauktt Formation. b: Jf~draulic conductivit) measured by prtsSure-injection le'lits. 
[a eh bar 1s thr aH:ra~r thid .. ness o( a particular unit 1nd txttnds to thr ~tomrtric mean hydrauhc conductivit). Patlrrns depict the 
dommant trxture of each unit. 

Table l. Geometnc Mean Hydraulic Conductl\lt~ Grouprd b~ TMit Method and Stratigraphic tJnit 
(or !ht Dolumite Aquifer of Southeast Wiscunsin 

Pre:suu- .\hmt· Term Long-1ám Multtwcll 
/nft"Citnn .\mflr- Ht-11 S m~ le· U 'el/ Pumpm~ 

Stratt~rapfuc Slug Tests TeHJ • 7~sts' Tests" Tes u· 
Un u ( 1/wJrfse\· Methnd) (5 Mm i (53 Mm .1\'l') (5 Hrs) (11-14 Hrs) 

Weathered Zon~ -4 7 1 16'i --4 _, (J/) -J 4 (b) ~ 1 9 (78) 
Lmdv.'Urm ~5.8 (2¡ -6 2 (51 

Bc:rthelet - ~ ¡ f:!) -4 4 (St 

11uenS\!l!e • ).b (8¡ . Jo (4Y) -:: 1 (J¡ ~ 1 7 (2) • 
Waubal.ee -o 1 !11 - 5 (\ ()ÜI -4 S !51 
Rac1ne - 5 7 (i¡ . )_lo, ( 1291 -4 S (51 -4.3(171) 
Romeo - 1 ~ ( ¡ 7 J -4 1 111 
Waulcesha-Byron -H !41 -5 Q {:!)) ----
!'.!ayvLII~ -5 l (71 . : Q !111 J R ()) '3.3 1 18) 
Bull. Sdunan ~3.6 (21) -3.7 (6) 
ApproxLmate 

R1 (m;:Gf'S) 1 1-10 5-20 100 100-500 

tVaJues are the Jog1c. m cm/sec ~um~rs m patentheses are the number of tests m a rc:spect¡ve unit !ora given te.st method.) 
• Unpublished Íteld data from M MSD. 

Drgllol 
Model./ 

~2.0 ( 1) 

~2.0 1 1) 
-4.4(1). 
-4.4 1 1) 
-2.7 (1) 
-47(1) 
-3.3 (1) 
-3.4 (1) 

30,000 

'M MSD ( 19K 1, 19S4..t. b¡ Addlttonalvalues lor !he." ..... e..tthereJ /llflC ..trc t..tl.en from M MSD ( 1988), changing the mean \'3.lue presented an 
Rovey and Cheri..auer ( 1994aJ .... ha also dtscus~ the rn~\'u~e test mcth(ld~ and limLtatLOns. 

'M!'-.150 {19~4a) Srx:cdlc capactty values ar:- conven' to h~Jrauhc conducllvtttes us1ng the Bradbury and Rothschild (1985) 
converslOn. Tests lrom the Ractne and Wauha.,ee are 3\t: .. ~eJ IO~ether. bec.wse testmten'3.ls mterccpted both formations. 

• lnd!Yldual umt \-al u es are frcim Pearson ( 1993). Bull. Sllur1an val u e ts calculated from WGNHS well records. Both are converted to 
hydraulic conductL\ tty u.smg Brad bury and Rot h.schlld ( 1985 J 

'MMSD 1 l984a¡ and Rovev (1990) 
1 
lndmduaJ umt vaJues are from Mueller (1992) Bull. Stlunan \'3.lue LS from Rovey ( 1983). 

1 Actual \alues art gwen m lable 2 



., -- Table 2. Calculated Radius {)( InOuence Grou~d by Test Method and Stratignphic Unit. Dolomite Aquifer, Southust Wi~omin 

Prc:.r:ure- Short-T~rm Lon¡:-7úm MuiliK'f'JI 
. Stra11graphic Slug ln¡ectwn . S•agl.-. Well -•Smgk-WeU ·P.wnp.,¡g .. D</(WI 

Umt Tests T~sts r~sts T~sts r~:ns ~Mode/s 

Weathered Zone -0.03 -0.08 1.2 2.4 4.8 
Lindwurm -0.05 -1.2 
Bc:rthelet 0.02 0.58 
ThLensville 0.15 1.0 1.9 3.0 4.6 
Waubakee -0.07 -0.32 0.73 4.3 
Racine -0.04 -0.40 0.73 1.6 4.8 
Romeo 0.56 .0.90 4.8 
Waukesha-Byron -0.03 -0.48 4.8 
Mayville -0.02 0.52 1.3 2.0 4.8 
Bulk Sil unan 3.3 

(V aJues are base 1 O logs m meters. For ex.ample, the val u e -O 03 LS the exponent m 10-ooJ which ts a rad1us of inDuencc of 0.93 meters.) 

with a fully three-dimensional model using s1x Jayers corre
sponding dosel y to the majar hydrostratigraphic units de
lmeated by Rovey and Cherkauer ( 1994a, b). 

Radlus of lnfluence Calculations 
Based on Table l and the preceding discussion. mea

sured hydrauhc conductivity depends on the scale of mea
surement. To quanofy that dependency sorne length 
parameter must be associated w1th each test. Bradbury and 
Muldoon ( 1990) and Bruner and Lutenegger (in press) used 
test volume as the mea.sure of scale However. m the more 
numerous repons on dispersivity, travel distance, a ene
dimensional measure. 1s routinely used. Also, established 
geostatisucal methods of quantúy¡ngspatial vanabilny use a 
ene-dimensional separauon distance (lag) term. Therefore. 
to facilitate companson wlth results frorn ma.ss transpon 

studies and measures of aqu1fer heterogeneuy. a radius of 
mfluence (R,) is used here 

Calculatmg a meaningful R, is problema tic. Fordigital 
model values R. 1s tak:en as the square root of the rnodeled 
are a, or the are a of the !ayer, if it is smaller. For consistency. 
the R, for all other f1eld tests 1s est1mated usmg a form ofthe 
Cooper-Jacob dtstancc~rawdown equauon 

l 
¡.25 Tt 

R. = 
S 

( 11 

where T = transmm¡ ... ·lty [mea.sured hydrauhc conductivJty 
(m" /day) multtphed by th1ckncis oftestcd mtero·aJ]. t =u me 
duration of test (days), and S= storage cocfficient [mean 
value = 5 X 10~ (dJmensJonless¡ measured from mulu"'cll 
pumpmg tests. RovC). 1990] Thus. the assumpuon 15 made 
that any vanatlon of storage coeffic¡ent with locauon or 
scale is neglig¡ble compared to hydraulic conductivity 

The use of the Cooper-Jacob equation 1s well
established for pumping tests. but thc assumpt10ns of a 
constant mJectlon;wnhdrawal rate and local homogcneuy 
may not be reasonable for every smaJJ-scalc test. For exam
ple. the rate of inflow o'r outflow during a slug test decreases 
with time. Therefore. the effective time duralion of the slug 
tests 15 talcen as the basic time lag (measured from the f1eld 
plot.s). the length of time a! which recovery would be com~ 
plcte ú the mitial rate of mfiow¡outflow remamed constanl. 

The use of the Cooper-Jacob equation is also not 
entirely consistent with the assumption of a steady state 
employed in calculatmg hydrauhc conductiVttJes during 
pressure testing(Cedergren. 1977). In pract1ce. however. the 
necessary conditions are Jess restricuve and only a quasi
steady state is reached dunng the test, \\here there is no 
Significant change in gradient or mject10n rate during the 
shorl (5 rp.mute) test durauon. 

Where comparison is possible, calculated values of R. 
are similar to those based on other methods. Bliss and 
Rushton (1984) Simulatcd pressure tests for an aquifer with 
hydrauUcconductJvity averaging approximatcly 10-J cmjsec, 
similar to the Thiensville pressurc-Injection mean (rabie 1). 
At the midpomt of the test interval the modeled R, was 
approximately 12 mctcrs which is very clase to the JO meter 
R, est1mated for the Th1ensvllle (Table 2) 

Thc cakulatcd va.lucs of R. for thc slug tests are approx

lmately one meter (Table 2). Bruner ( 1993) cstimated a slug 
test R. between 0.5 and l.O meter.; by d~rcctly monítoring 
responses m adJaccnt wells during tests. Guyonnet et al. 
( 1993) gcneratcd a series of theorctical type curves and 
rclatcd rcgression equat10ns showmg effcctive R. of slug 
tests for combmauons of d!mcnsiOnlcss wellbore storage 
and dimcnsionless hcad. In a 5 cm diamctcr weU, thcdamen
s!Onles ... ncad decrcascs to 0.1, thc typ1cal .. -alue at the end of 
a slug test, by the time a measurable dislurbancc: has propa
gated a d1stance approximately 25 tunes thc wellbore radius. 
Thc wellbore rad¡us 1s approximatcly 10 cm in th1s case, 
gwwg an approximate R, of 2.5 m. 

lhcrdore. bascd on compansons w¡th field ·measure
mcnt.s, modcls, and thcory, thc calculated values of R, based 
on the Coopcr-Jacob equat10n, are accurate to with.m a 
factor of two to three. Thts magnitud e of possible error is 
m u eh smaller than thc rangc of values that were investigatcd 
(approximately flve ordcr~ of magnnudc, Table 2). There
fore, any error~ m calculatcd R, shouiJ ha ve little effect on 

the overall companson of result.s. 

Results from Southeastem Wlsconsln 
Hydraul/c Conductltllty Magnltude .. ,_ ,.,,··é{!->1\ ~ 

The relationship between hydraulic conductivity.and·~;.·~· 
scale of measurement (R,) is plotted on log-log coordi.nau:a.: .. ~:; , 

' 



(Figure 4) for units which have at leas! four independent 
methods of measun:mcnt. All plots·have an·initial linear 
.incr--ase· in hydraulic .conductivity, with- slopes .varying 
·between 0.86 and -1.0 bciore h)'<iraulicconductivity reaches 
a constant valuc. 

The range over which hydraulic conductivity increascs 
varies considerably arnong units. Hydrauhc conductivity in 
the Waubakee and Racine Formauons is joinH:ontro\led 
and increases With R, lO approximately 20 meters. The 
Tmensvillc and Mayvdlc Forrnat1ons both contain complex 
pare systems. Thc Ma:--"'>·illc contams both mtergranular and 
sccondary porosay as soluuon~n!argcd molds of fmsi! 
gra_¡ns The Thicnsnllc al so contams Intcrgranular porosity, 
but has horizons of nonse!ecuve dissolution beneath severa! 
minar paleo-wcathcring surfaces. Hydrauiic conductivny 
increascs with sea le to 50 and 125 mctcrs m the Mayville and 
Th!ensvillc. rcspcctJvcly. coincidmg with the grcater degree 
of dissolutJon. The wcathcred zone, with thc greatest degree 
of secondary cfíccts. has thc grcatest rangc of hydrauhc 
conductivny mercase. 220 mctcrs. Sumrrlarizing, thc range 
of scalc mercase corrclatcs wnh the degrcc. ::md possJbl·- :he 
typc. oi sccondary porosit;.. 

Explanations for Measured Sea/e Effects 
Inspecuon of Tablc ! and Figure 4 rcveals that the 

measured hydrauhc conductivity of a given umt incrcases 
with the scalc of mea..;; u remen t. The ::-~creaseis too uniform 
and too large to be cotncJdcncc. Th·: .:;crea.<;e also cannc.: be 
attributcd to systcmauc l.hfícrcnccs or maccuracy aman;: t he 
d1fíercnt mcasuremcnt tcchn1qucs Thc ratio of valucs a..;; 
mcasurcd by diff:rcn~ mcthods vanes consJdcrabl: from 
on~ formauon to anothe:-

Mcasurcd hydrauiic conductivJty docs increa.;;e wJth 
tn-: sca!e oi measurcmcnt. Howcver. thc factortsl cau~tng 
the correlauon i.s not yct clcar In principjc, severa! factors 
bcs1des scale depcndency could cause or contnbutc w thc 
observed rc:ationsh1ps. such as limllation of test mcthods. 
skm effects. and borcholc storage cffects 

The first possJbihty 1s that the srr.all·scalc tests may be 
incapable of mea."unn~ extremely htg:h valucs Thu.;; thc 
calculated means would be htascd toward lnw ..,.-a]ues For 
c:<:ample. two slug tests m thc Wcatherc:C Zonc and onc in 
the Th!ensvdle rcc0\ercd full;.· Wl!htn thc ttmc rcqUJrcd tn 

makc the first :ncasuremcn: Thcrcforc thcy are J.\'era,¡;ed 
wnh tnc rcmamtn¡:' slu~ test~ a~ -grcat~" :nar.- valucs. and 
tnc truc mea:-~s \.I.Ou:J be somcwhat ~rcatcr than those m 
Tah!c l. Hov.C'\'c~. all ~!ue test" w¡thJn tk rcm;;umnJ.! unl!~ 
had fimte valucs Thu~ . ..t test b1as could not cau~c slug: tc~t 
mc:ans 1n thesc: umts to be lower than tho~ of pumpmg tcsb. 

Similarly, thc: upper mca.surablc: hm1t of thc pressure
injection tests was somewhc:rc m the rangc 10- 1 to !( 

c:n.'sc:c (M MSD. 1984a) Thcrcfore. the mea m of sorne o: 
thc h1gh conductivJty un1ts m ay have been undcresumatcd. 
par1Jcularl;. thc Th!cnsvlilc wh1ch has numcrous valuc:s 
wuhm that range ( ~1 ~150. 19K4a). Howevcr, th1s explana
tion lS agaJ.n mconsJstent wah rcsults m other umt...s. Thc 
lower mc:a.surable lim1t of thc: pressure·tnJC:Ctlon tests wa.s 
10-~ cm¡sec, and thc lO'-' conductivity unit...s (~aubakec, 
Racmc, Waukesha-Byron) occas1onally tested at thts bound· 

ary, causing their calculated mcans to be tllC' high. Consc
quently. accuracy hmuaüonsJn thc pressure-mJO:Uon tests 

. cannot accountJor .the low.ronducttvJty unas lower .\aiucs 

. relat¡vc.w Lhe...pumpjng.tests.:J'"o.summarizc, a hias against 
large Yaiues among the small-scale·tests c_annot be a major 
factor contribuung to the obscrved scale mcrease. 

A second possibility also relates to test methodology. Jf 
the wellborc 1s damagcd during drilhng. skin effccts dampen 
the borehole response, part¡cuiarly dunng shortcr u mes and 
at small radial distancc, lowcring calculatcd hydraulic con
ductivuics (Strcltsova. 1988). Such an cffcct could systcmat
ically btas thc measurcd hydraulic conductivitics of thc 
small·scale. shortcr durat1on tests toward lov.cr values. 

Based on available informalion, howcvcr. thc skin 
cffcct in thc wells considcrcd here is negligible. First. none of 
thc wells considcrcd herc were drilled with mud: hcncc, a 
significan! 1nvaded zone around the well borc would be 
unhkely. Second, tnC Silurian bulk valuc mea.<;urcd by thc 
shorter duratlon smgle-wcll tests 1s actually slightly largcr 
than ·rhe value from thc longer duration. rnulllwell tests 
(Tablc 1 ). Th1rd, early drawdown rneasuremcnts were takcn 
with1n the purnpcd wcll dunng two of the multiwcll teSts. 
Thcse rncasurements allow calculauon of the sk.in factor 
usmg typc curve analys1~ (Earloughcr. 1977), and m thcse 
two wells at least, the skin factor is zcro. Fmally, sim1lar 
mercases m hydrauhc conductivlly with measurcment scale 
have bcen SinlU!atcd with digJta\ models of hetcrogeneOUS 
media where skin.effects are absent (Rayne. 1993). There
fore. 1t 1s rcasonable to conclude that skin cffccts are notan 
1mponant factor contnbutmg to thc incrcasc of hydraulic 
conducttvl!y. 

For pumpmg tests. borchole storagc cffccts can lower 
thc calculated hydrauhc conductiv1ty at carly times anu 
srna!! radtal d¡stance. much hkc a pUSiti\'C skm factor 
Clongpcn~aJ aud Raghavan. 1981). Howevcr. ncither thc: 
H vorsle\ mcthod of slug test analysi~ nor thc pressure
lnJCCtlon tests assume a linc sourcc¡smk. whcn calculaung 
h~1.hau!tc conducunty. lnstead thesc methods account for 
the lnJIJ.Jl vol u me of water 1n the borehole. Thcrefore, bore
holc storag:c effects would lowcr only thc pumping test 
v:.duc:,. hut tht'i i!> inconsistcnt w¡th thc pumping lC::St valucs, 
e.\ccedtn~ thc slu~ and prcssurc test valucs m all cases. 

A' lt:;tcJ m Tahlc l. thc valucs of thc shon-tenn s:agle· 
wdl test.\ are less !han valucs from thc lon~cr pumpmg tests. 
1~~ dete-rmine 1f the d¡ffcrcncc in valucs could be causcd by 
stlJrat:c cfíccts. the ._Joon-tcrm test.\ were anal)'l.Cd using the 
íol!o,.,tnf c4uJ.tion (Dn~coll. 1986) 

017 (d,'- d,'¡ 
t= 

Qfs 
(2) 

v. he re t = time tn mtnutcs, after wh1ch borehole slorage is 
ncglt~tblc. de= d1ameter ofborchole Jcm). dr:::::: d1ameter of 
d1><nargc p1pc \Cm). and Q¡s = spcc¡f¡c capac¡ty of the well 
at lime t tn hters/mtnute/cm of drawdown. The short·term 
singic-welltcst...s were conducted in 10 cm diametcr borcholes 
with an average duration of 53 mmu'tcs. Conscrvatively 
a.ssum1ng a d1scharge pipe of 2.5 cm, thc mm1mum spccific 
capac¡ty for nc:ghgJble storagc effects at 53. minutes is calcu
latc:d to be .02 htcrs¡mmutetcm. This va.lue is below the 
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Fa t . .4. Rrlahon b~t ""~~n mnsurtd hydraulic conducti\ltly and dfrcti"~ tnt radius, dolomit~ aquif~r. Hydraulic conducti\lilies ar~ from 
Tabl~ 1-; test radii hom Tabl~ 2. Solid lina are linear r~crtMtons bt-twr~n 3 or more points; dashrd lines are fit by hand. The measured 
une~ listrd as th~ test radiln ~yond which hydraulic conductt,it)' ls approt.imat~ly constan!. 

mea.sured specúic capaclty for the maJOnty of te~LS. exccpt 
those of the \\:'aubakee 1 Rac1ne. Thercfore, borcholc storat:c 
effects m ay ha ve lowered the Racine/ Waubakce \'ii.lue of thc 
short-term smgle-weU tests. However, !tus v.ilue of 1.6 X JO'' 
cmjscc. whach LS admmedly low, is still much Jarger than the 
slug and pressure test va1ues o[ approx¡matel) 2 X 10~ 
cmisec 

In summary, the various altc:rnatJves can be used to 

explam the observed variabúny in mc:asurcd hydraulic con
ductivity in sorne instances. However. for cvery case: in 
which an altemative could be \alid. there is at Jeast one 
contrad1ctory relationsh1p. Thc: one explanation which is 
universally consistent with thc measurcd increase is that 
hydraulic conductivity increases with the scale of measure-
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rnent. rnuch hke d!spersJvlty. At small scalcs hydraulic con
ducunty and ground-water f1ow tend to be umnf1ucnccd by 
ra;~ hetcrogcneltics ~h1ch ram: conductiv!ty and fltlW r:1tc:-. 
ovcr a n:g:Jor.al sca!c S:Jted otherv.·¡sc. thc enances l1f ;,¡ 

S::'lJJl-s::J.k tes: c:1countenng an extreme!: r . .Hc f;¡~h

co:ldt.;;:t:> Jt:• hete:-ogcnc:Jty are dJsproportionatcl: sma!l rcl
J.liv:: to tne degrce v.¡th v.tw:h that hetcrogcncJI~ rJ.J:-c ... 
r~g:onal hyoraul!c conductJ\"Jl!-

Comparison to Scale lncrease in Dispersivlty 
In th::: prevwus scctJon the hypothcsJs wa.) tntrOOuccd 

tha: thc increase m hydraul1c conductl\JI~ \lollh scalc ~~ 

somchow rc!atcd to heterogenc:ty Ir. th1s .. c:.:tton v.c :::xpanJ 
th1s nypo:nc:st5 hy sho...,tng stmliantte" v.:th scalc tncrc.L\C!-
tn dLSpe::;t\1ty J.::C v;:L¡ancc of nydrauhc conductp;¡¡:, 

Ltlc hydrauilc conductJ\'Jt]. dLSpcr~tvtt! Jncrc:a.scs !tn
c:a.riy on log-lo¿: p!ot.s, gcnc:rally to dLStancc!'> bct wcen 10 añJ 
100 rnct:rs Tncrc:a[t::;. tnc sprcad Jr: valuc~ 1s. ncarl! con

stan: and a bcst-í1: !me: IS approxtmatcl~ honluntal Thc 
samc: general pattcrn l5 appan:nt from data or plot.s of 
disper.;tvity from smgle si tes (Frcyberg, 1986; Garabedtan et 
a.! , 1991) and on p!ot.s w1th \-aJuc:s combmc:d from mu!ttplc 
snes (Gelhar c:t al. 1992. ;...:curnan. 1990l 

Stochasu:.: thc:ones dc:almg v,.ith dtspc::rs¡vlt~ general!~ 
relate: scahng effcct3 to tncrc:ase.s m spatiaJ .. ~a.nab1Ht~ of 
hydraullc conducttvlty WHn dLStance (Dagan, 1982, 19~4. 

Gelhar and Axness, 1983 ). Thcy also predtct that dtSpcr.;iv-
11)' should approach a con.stant valuc: as thc hydrauiJc con· 
ductt\1ty beco mes statistically uncorrclatc:d at incn::ao:.cd dts· 
tances, that i.s. as thc s.calc: of an c:qutvalcnt homogc:neous. 

medJUm ts reached. These conclus10ns are rca.'>onably con
ststc:nt with rcsults of mtc:nsive fteld mvcsug.ations cmploy
tng g.eostatistical methods to dcscnbe spaual variability in 
h\draulic conduc!lvl!y (Sudtcky, 1986: Frcybcrg. 1986: Hess 
ct al. 1992: LeBlanc et al., 1991: Garabcdtan et al., 1991). 
Thcreforc:. wc: furthcr hypothcstze that a (or the) common 
factor hct wc:cn the sca..le cffccts m d1spcrsivJt y and hydrauhc 
conducuvtty lS vanabilny tn thc hydrauhc com.iucuvity ficld. 

Threc common graphtcal meas u re:-. of spaual variabil
tt~· are the semm:mogram (or Simply vano!!ram). the covarí
ancc 1 autocovanancc) function, and thc corrclation funcuon 
1 hfurc 5. ls..1ak.s and Snvasta\~o.i. 19ti~l. Thc functions for 
cach rr.;;rcctzvc rneasurc are given by: 

r(hJ = l/2E[K(z. + hJ- K¡z)r (3) 

tcquals scmz\-arlancc bctwccn points at vanous lags) 

C(hJ = E[Kiz.,. hl • K(z)]- E'[Kiz)] (4) 

tcliuah covanancc bctwccn poinl~ at \~nous lags) 

C(h) 
p(h)= -

C(O) 
(5) 

1c:quab covanancc funct10n dtvidcJ by vanance) 

v..hc:rc:: E [)denotes an average valuc ovcr al! paJred samples 
at a gJ\'en lag; z 1s a spauaJ coordmatc Jocation: h is a 
dtStanc< or lag from z; and K(z) = hydraultc conductivity 
mea.surcd at z. Thc: three mca.sures are: tnterrclatc:d, and the 
cmanancc function is convcned to thc vanogram by: 

r(h) = C(O)- C(hl (6) 



· .Of these. the covariance and correlation functions are Additional Site Data 
the·most .widely uscd in•.mass transport stud1es. and thc - Geostatistical parametcrs and hydraulic conductivily 

. usuaJ·co¡::relallon. scaJ.c_ lS ddiccd .fór .convenienre··as lhc . mcasurerncnts at. differcnt.scaJes arc.·available, or can be 
distance or lag at-which ·p(h) declines to ¿·' or 0.37 (Figure ··-- . .calculated; forseverill·additional systems (Frgure 6). Pert1-
5l. Note. howevcr, that this distance is shorter than that at · nent resuhs from an outwash sand at lhe Borden Site in 
which thc covanancc declines lo z.ero (complete uncorrela- Ontano, Canada were presented by Sudicky (1986) and 
t10n) or a!tcrnative!y. the distance (rangc) at which the Mackay et aL ( 1986). Variance in lag hydraulic conductivuy 
vanogíam reaches a constant variance (sill). Th1s latter mea- in creases with scale ata low (0.24) log-Jog slopc wah a'rangc 
sure !S uscd he re beca use it facilitates direct comparison With of 10 meters (Figure 6a). Any scaJe in crease in the magnitude 
t:-1~ p!ots of hydrau!tc conducuvity prescntcd earlicr. of hydrauiic conducuvuy cannot be accuratcly dctcrmincd, 
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but 1s minimal, el ose to zero. Mean hydrauhc conductivities 
·from.grain-size analyses, permeameters, and siug tests are 
essentially equal. 

Another glacial outwash sand.wasmvestigated-at Cape 
·· Cod, Massachusetts (LeBlanc et al., 1991; Garabedian et al., 

1991; Hess et al., 1992). As a qualúication, there is less 
control on the R, for sorne ofthese tests, but both hydraulic 
conductivity and its variance agam have small slopes and 
ranges (Figures 6b ande; approximately 0.2 and 16 meters, 
respectively). 

Data from an additional karstic limestone aquifer are 
also ava.tlabie from Weldon Spnng, Missouri (Price, 1991; 
Cannan, 1991, Durha.m. 1991; MK-Ferguson and Jacobs, 
1990). Hyd:-auhc conductJvity was meas u red with slug tests, 
pumpmg tests, anda callbrated d1g¡tal model. Both hydrau
!J:: conductivity and va.nancc increa.sc w1th measurement 
scale !Figures 6d, e); however, the slopes (0.27 and 0.19, 
respccuvcly) are significantly less than the 1.0 slope typical 
of fractured media (Figures 2c, d). However, the most strik
mg contrast 1S not the siope, but the range of the scale 
in:rease. In a second karstic carbonate aquifer the range m 
both hydrauhc conducuvny and va.nance exceeds the max
Imum scale of investtgation. m this case, appro:umately 
2CK>O metcrs. 

Tnc mdcfinite range in karstic aquifers contrasts 
sharply wnh finile rangcs in nonkarsuc carbonates and 
unconsohdated media (Table 3). In nonkarst.: carbonates 
the maximum rang:e of hydrauüc conducll\1t:. ts approxi
mately 200 meters, with distances Jess than 50 meters typicaJ 
for units wJtn the smaUest degree of dissolution. The range 
1n variancc also is fimte for the nonkarstic carbonates (Fig
ure 7). Although the vanogram shape is questionable at 
small lags, the nonkarsuc carbonates all ha ve d1stmct sLHs, 
and thcir max¡mum rangc is approximately 200 m, stmilar 

to thc: maximum range in hydraulic conducuvity . 
. . In summary, the:variograms are strikingly similar to 

.. the hydraulic.conductivity plots of the same·geologic·unu. 
' •. As het::rogeneityin=ases;SO.does mean hydraulic conduc

tivity, and as statistical homogeneity 1S reached, hydraulic 
conducúvity becomes constan!. 

Summary 
The hydraulic conductivities of five carbonate hydro

stratigraphic units were measured over radial distances 
ranging from less than one to grc:atc:r than 10.000 m. Thc: 
obscrved mercase in hydraulic conducuvlty with scale is 
consistent with results from a variety of geologlc media, 
inciuding glacial outwash, jointed clay-rich tills. and karstic 
limestones. The results reinforce Bradbury and Muldoon's 
( 1990) conclusion that hydraulic conductivities based on 
small-scalc: field measurements will generally be less than 
regional values, even if they are based on 100 or more 
indiVIdual tests. 

Scaling effects nry consistently with the type of geo
log¡c med1um and degree of secondary poros!ly (Table 3) 
Glacial outwash, with primary porosity only, generally has 
the smallest rate and range of scale incrcao;;e. Thus, small
scale field rneasurernents such as slug tests will be closest to 
regional vah.tes, gene rally within a factor of three (Figures 
2a, 6a, 6c). The rate of scale increase is much greater in 
consolidatedfjoint-dominated rned1a. Slug tests in thesc 
media rnay underestirnate regional val u es by f actors ranging 
from 2 to 500, depending on the range m effects (Figures 2c, 
d; 6) which correlate to thc degree of secondary dissolution. 
In mature karst aquifers hydraulic conductÍ\11)' iricn::ases 
without apparent bound, so it may not evcn be possible to 
speak of a unique reg10nal hydraullc conductiVlty. 

Fmally, the increase of hydraulic conductivity \lt'Íth 

Tablr 3. Characteristic Values of Slopt" and Rancr for Various Geologic Media 

GlacUJI 
Outka.sh' 

Range. 7.3 
K ({)-16) 

[3] 

Range, 13 o 
Vanance ( 1{)-16) 

[2] 

Slop,, o 19 
K (0.{) 38) 

[l] 

Slope. 02() 
Vanancc: (0.15.{).24) 

[2] 

3.5 
(2·5) 
[2] 

1 o 
( 1.0) 
[2] 

Carbonat~J 

Jomt· 
Dommauá 

19. 
( 18-20) 

[2] 

<lOO m 
[2] 

o 9~ 
(0.88.{).97 1 

[2] 

CarboTUJUS 
s~condary 

Mold1c 
Porosu.~ 4 

50 

[ 1) 

0.92 

[ 1) 

CArbonal~s 

lnciprenl 
Dwolurron 

A long Jomu• 

170 
( 12{)-220) 

[2) 

<200m 
[2, 

(O.b<>-1.0) 
[2) 

Carbonar~s 

Ma1uu 
Karsl 

1>1000, >3200) 
[2) 

>1800 

[ 1) -
0.46 

(0.27.{).66) 
[2) 

0.19 

[ 1) 

(Range and slopc are tú en from figures 2, 4, and 6. The f~r-st numbcr uthe anthmeltc mean, that m pan:ntheses 15 range of aJJ values, that 
m brackeu 1S the numbcr of dlfferent geolog¡c untu summanzec ) 
• From F1gures 2a. 6a. 6b, Oc. 
'Frorn Figures 2c, d. 
• Racme a.nd Wauba.le(: Formauons, F1gures 4c, d; 7c, d. 
"~taY';lle Form&tH:in, f¡gure 4c. 
"Th¡ensv¡lJe Form&tiOn and Weathered Zone, Figures 4a, b; 7a, b. 
1 f¡gures 2e, 6<!, 6e. 
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fi~. ¡. Lo~·log nrio~ram!! of lo¡! h~ draulic conducth, it) distribution in dolomil~ aqulftr. Variograms are nondirectional. grneralrd from 
pre.."i.Surc te~t vv.lue-s (Tablr 1) u.sing sune~rd boreholr Jocatiom. Annotated Yllues are the number of data pairs ata given lag. Lag 

toleran ce 1~ 0.5 log umt<,. 

rad1us of mfiuencc 1n the test method ts rdatcd toan mercase 
m \'al1ance of log-hydraulic conductinty at grcatc~ JJ.s dt!>· 
tanccs bctwee:"l mcJ....sur::mcnt p01nts Th:s corrc!at:on sug
gc:sts that mcrca.o;;c~ tn n~Jrauhc ::onductt\11> and otspcrst\
uy are rc:latcd through a cornmon dcrcnocnl"y on vanancc 
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. Reducing Uncertainty Associated with 
Ground-Water· Flow and Transport P-redictións 

by Eileen P. Poeter and Sean A. McKenna' 

Abstrae! 
Effectin eYaluation of ground-waler flow and transport problems requires consideration of the range of pos..liible 

intcrpretations of the subsurface given the 8'-'llilablc. disparare 1ypes of data. Geostatistical simulation (u,in~ a modified 
"·erswn of ISIM3D) of h~drofacies units produces man) realiz..ations that honor the anilable geologic data and reprcscnt the 
rang:e uf ~ubsurface interpretations of unit geometr). H)·draulic observations are utilized to accept or rejcct the ~eometric 
configurations of h)drofacies units and to estimale ground·water flow· parameters for the wlits (using MODFLOWP). Th~c 
rcalizations .are emplo)'ed to evaluate the uncertainry of the resulting value of the response function (ground-\o\·ater no"' 
''elocit~ and contaminant concentration) using 1\1130. The proces.s is illustrated with a synthetic data set for "'hich the 
"truth ~ is known. and produces a striking reduction in the distribution of predicted contaminant concentratiom. The same 
Hstern is euluated three times: first with onh· hard data. then with both hard and soft data, and finaiiY "'·ith onh· the 
r~alizatio~s ~~~~ hf?nor the _hydraulic data (i.e:. -those accepted after ¡}arameter estimation via inverse_fJo"' ~odeling). Üsing 
only hard data. the mean concentration predicted for all realizations at the-point ofinterest is nearlyíwO orders of magnitude 
lo\o\er than the true \lllue and the standard deviation of the lag of concentration is two. The addition of soft data brings the 
mean concentration within one arder of magnitude of the true value and reduces the standard de,·iation of the log of 
conccntration_to one. Afler eliminating realizations using im·erse no"' modeling, the mean concentration b one-third ofthe 
truc \aluc and the standard de,·iation of the log of concentrauon less than 0.5 .. 

lntroduction 
A íundamcntal problcm w1th mtcrprctmg thc earth'.:, 

subsu:facc is t'nat wc only samplc a small fracuon pypJcally 
kss than onc md!Jonth) of the material wc are characteru
Jllf Tn-:- challcngc JS to determine thc charactcr of thc 
;-;~a:c:-;a! octwccn boreholcs aildlhc contmu¡t~ o:" hlgh (or 

lov.:¡ hyarauhc conducunt~· un1ts. ~or example. consldc~ a 
~JI(' whcrc- tncrc are three boreholes that tntcrscct ¡..,.n 

nydrofacJe:> (blad, and wh1te) as shown 1n F1gure 1 If n<, 
othc-~ :niormatwn IS ava.1lablc:. all SJX interprctatlons sh\J....,n 
tanc ;nJ.ny more that are not shown) are reasonable :ntcr
prctauons of thc subsurfacc. Knowmg that hcterof!cn::1:;. ~~ 

cntJcal to the mov::mcn: of contaminant.s 1 Poctc anJ 
Ciayiord. 1990). cach Jntcrpn::tation will affcc: pounJ·v..Jtcr 
now anJ contam¡nant transpon prcdJCl!OO In J¡fkrcn: 
v.ays. DcclSlons rcgardmgremcdJal acuon~ a·. ,u-;:h a S1tc w:U 
d1ffcr dcpcndmg on thc actual con:-¡guratJon of unit:. 1:1thc 
\Ub\uríacc 

U:-..ually ....,e k nov.· more aoout a SLIC th.Jn JU'il tnc lm.:.t· 
tum of n;.drofacJC\ 10 borchole1. and thJ.S Jn!,Hrn.JtJon c.Jn tx: 

U\CJ 10 n1ic uut \\líilC. out not all, ofthc altcrnati\C Jntcrrr:.:
:atJl)m .. f·u<,Jo:~- o: tnesc data (Oihocft. 1992¡ rcúucc' 
unccna1nt;.: assoc:Jated wath the mterprc:tataon. 1f cach c¡rdc 
Ln ¡.:lf:Urc ~ rqnescnts thc range of possible anterrretJtJOm. 
t:1~:1 Lhtng. allof tn·.: 1níurmatLon togc:ther can '1).:~\:l-l..:.tn:l: 
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reduce the range of possible interpretations, thus reducing 
the unccnamty of the naturc of ground-water flow and 
contarmnant transpon. In shon, thc su m of thc pans is less 
than the wholc~ Ifthe datacircles do not ovcr!ap, the project 
tcam shou!d strivc to 1dcntify thc shoncomings¡ crrors in thc 
data or octcrminc w~at assumpuons havc bccn madc that 
fabc!:. constram the mterpretation 

lt ts 1mportant to work with a ran~c of subsurfacc 
ultcrpret.HJOns bccausc considerat10n of thc\C allcrnatJvc 
Jntcrprctations of thc subsurfacc will ytclJ a rangc of thc 
rL'!>pOOSC ÍUnClJOO (ground~watC::f now and adVCCliOO
J¡\pCfSlOO equauon) valucs (hcad. Oow ratc .. wd concentra
tJn:¡ 1 For cxamp!c. assume therc is a contarninated su e wlth 
twu a!tcrn~wve rcmcdiation schcmes. 1f thcrc Í.'i only onc 
JctcrmJnJSIJc p1cturc of the subsurfacc. and thc pred1ctcd 

a ! ; + 
b .:: 1.:+ c....._n' 1· :b4r • -
d ~ e~ 
f.::~-~-

T 1 9%.:t~+ 
Fi.:. l. Allemati"e subsurface interprtlalion. a: field knowledge 
of the oc:currenc:e of hydrofacits in boring': b lhrouch e:. ftw 
altemative inltrprttauons of interwtll conntclwns. 



Borehole ' 'INTEGRATED INTERPRETATION 
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-Geophysical r~f...~-... 
Data 
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Fig. 2. lntegnted interpretation constrains predictions. 

conccntration at thc pomt and lime of intercst IS 5 X 10-3 

ppm fa:- remedia! altcrnative 1 and 5 >~ !O""" ppm for reme
dial altcmauve 2. than alterna uve 2 appcars to be the bcttcr 
chotee. However, when thc rangc of possiblc subsurfacc 
condnwns IS considered, 11 :i1ay be found that remedia! 
altcrnauve 2 actual! y has a higher probabdity of poor per
formance and thc opposne selection would be made (Figure 
3). 

A currcnt approach to th1s problem 1s geostatJstical 
SimulatJon usmg hard data, soft data. and spaual statistics to 
descnbc the character of thc subsuríacc (McKenna and 
Poctcr, 1994) Hard data are data WJth neg!Jg¡bJe uncer
tamty, such as d1rect measurements of hydraulic conducuv
ity or obscrvations of lithology. Soft data are inforrnauon 
with nonneg1Jg1ble uncertamty. such as md¡rect mcasun:. 
ments gathercd 1n a gcophys¡cal survcy and expcn op1mon 
regardmg geologic fabnc or structure. Hard and soft dat<J 
are used to develor indJcator semivanograms for thc 
hvdrofacies ( represcntcd by integer indicators) and to simu
late numerous reahzat10ns f USJng muitipic mdicator COndi
t!JnaJ stochasuc SJmu\auons. MICSS (Gome7-HcmandcJ 
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w 

·:> 
o 
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a: ... 

Correspondrng result lor 
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subsurface model of the 
Site wilh remedral 
11ternat1ve 2 Slmulaled 

0.0005 ppm 

.0001 .001 .01 

CONCENTRATION (ppm) 

Fig. 3. Evaluation or ahrrnatiYt rrmrdialacliom IJ§ÍOJ!:. rangr or 
intrrpret1t1ons (indicattd by thr (rtqurnq distnbullon) 1\ 
oppo~d to one drterminislic interpretaion íind¡cated by lhe 
arrow) of the ceoloCY may result m stlection of a dirTerrnt 
remedia! ICIIOO. 

and Snvastava, 1990)] of thc hyJru:.t..:n:s C{)!Jftf.Ur:.tllllll 
_. · wh1ch honor ·thc-data and thc Matistic.ti chara(.'t('r \l/ .thc 

·subsu~facc. ThC hydrofaac~ w1thm -C.JL'll n:..thl...lt~on ~~r~

"flOpulal!l:d •With.hydrctulic p.ar.uncLc.rs ..ind .a .lof\o\:.ard 1lo\\ 

.and· transport· modd is nin to _y;cld .thc distribut_ion uf 
prtdicted contarninant conccntration ovcrthe modcldomain 
for a period of ume. Th1s proccss is extended through the 
use of invcrse flow modeling which can be uscd to: ( 1) 

1mprove geolog1c intcrprctauon, somewhal narrowmg thc 
distribut10n of predictcd conccntrations. anG (2) chminate 
reahzations that do not fit thc hydrolog¡c J .. Ha. significantly 
reducing uncenamty. 

Hypothetical Problem 
To facihtate demonstration of thc process. a sccnario 

requiring a dCcision conceming establishment of a watcr
supply well near a stream (Figure 4) is constructcd. Alterna
tivcly, but at much greatcr cost, water could be suppiied Oy 
pipeline. Use of ·water from thc ncarby strcam 1s no! an 
option dueto poor water quality, which ¡mprovcs by infil
tration through the aquifer and dilut10n wuh ground water. 
Knowledge of the probability distribuuon oi concentration 
at the proposed welllocat10n rcsultmg from contaminants 
cntering the ground water from a ncarby lanJfill will aid in 
the decision. 

This study explores the unccrtamty as~oc1ated with 
predicted contaminan! concentration calculatcd us1ng thrce 
approaches and compares those uncen:.unties with the 
known concentration. Uncertainty of thc pcometric config
uration and hydraulic conductivity of livc hydrofacics are 

(a) 

a1Juv1al tan 

- Stream' Gage 

Proposed Well 

~~~~,..- medtum-gra1ned channel 
sptay/chu;e 

o Domestic Wells 

o Landfill FIXED HEAD 

(b) 

Fir:. 4. Synthetic modcl URd lo illu.stute uncenainty reduction 
procrdurc. 



considercd. Thc approachcs m elude: ( 1) using hard geologic 
data from thc domcstic wells in MICSS to produce geologic 

· rcaltzauons.which <lre-populated wlth hydrauhc conductiví
ties ba5ed o.n hydwf~ctes type and used m forward flow and 
transpon modding to-prcdicttheprobability distribution of 
contam1nant· concentration at the ·proposed welllocatiun; · 
(2) rcpctition of the tirst approach with addition of soft 
mformation regarding continuny of alluvial fan bydrofacies 
gained through in verse ground-water flow modeling; and (3) 
rcpcuuon of the second approach mcorporating hydraulic 
data through applicauon of inverse flow modeiing. The 
\llCSS codc used ts ISIMJD (Gomez-Hemandcz and 
Srl'astava, 1990¡ as modiíicd by McKcnna (1994) 

Synthetic Setting 
A symnctic data sct 15 uscd to dcmonstrate the process 

bccausc. wuh a synthctic data set, the true conditions are 
known. Rcducuon of unccrtaimy 1s only useful if the distri
butJon of prcd tcted conccntration narrows on the truth. The 
syntheu:: data sct represcnts a simplified system of flu\-ial 
hyorofacJes. with a north to south hydraulic head gradient, 
no-now condit!Ons at thf: eastern. western, and underlying 
baundancs. rcchargc on thc surfacc. and discharge to a 

s:rcam. Tne modcl domam ¡s 60()() m long. 2000 m wide. 60 
to 80 m tnJd. f dcpcndmg on the elevation of the water table 
In thc uppermost block). and IS represented by a gnd of30 X 

20 :.:· 6 ce lis. A landf1ll and stream are located as shown m 
F1gurc 4(a). 

A synthct¡c .. true straug¡aphy .. is constructed consist-
; of SIX laycrs of geologic materials designed to mimic a 

6 cncric f1uv¡a] gcology. F1ve hydrofacies are used in the 
syntheuc data sct: ( 1) med¡um-grained alluvial fan matcnal. 
f:!.) finc-gramed overbank. dcposits, (3} fine to mediurn
gr:Uned spiay,cnute deposi~. (4) mediUm-gramed channc! 
dcposiLS. and (5,1 coarse-grruncd channel depos1ts [F1gure 
4¡ a )J. All of thc hydrofacics havc a constant ._.;uue of cffec
tJve pvrosity and lognormally d1stributcd (but not spatially 
corrclatcdJ hydrau!Jc conducuvaies wtth a standard Jcv¡a
tlon of 1/6 m natural log spacc (thus K vancs by a factor of 
three Withln any onc fa eJes and there lS no s1gmficant overlap 
of K 's bctwcen fac1~). Thesc: Slmplific:d hydrofacte!> propcr
t!CS are not rcprcsentatJvc o( a f1eld sltuauon; however, a 
cornplex hypothctical du.tribuuon is not nc:ces.sary to ¡lJw,. 

trate thc proce::.s presented hercw The perccntage that cach 
hydrvíaclc:s reprc::.c:nu. 10 thc synthetiC systcm and theH 
il:•Jraullc propcn11:s are prcscntcd m Table l. 

Tnc allun~.d ian h~drutac¡c:::, are limJtc:d to thc wc:stcm 
::o~c of thc alluv¡al vallcy_. andar:: dtscontinuous Thc mJ.Jn 

Tabl~ l. Fac1es Stati.stio ror Synthttic Modtl 

Faoes 

Allu\Lai fan 
erbank 
Jay/chute 

Mr:dtum channel 
Coa~ channel 

~·olume 

rert ,·n; 

b 
61 
11 
ll 
11 

•A!I K distni:'IUILOn\ havc o, • ._= l/6 

Mean A'• 
(m¡d) 

50.00 
0.05 
lOO 

50.00 
500.00 

Effemw: 
{'OfOJIII 

o 25 
o o' 
o ll 
0.25 
o 30 

channel hydrofacies are oriented nonh-s0uth and are 
further east in sequentially younger layers. Coar:;;e·p-amed 
channel hydrofacies are d1scontinuous and occur on the 
outside bends of meanders.-Thc:.medium-grainc:d channel 

.- hydrofacies- are:mon:: continuous. Fine to rnedium·grained 
channel·hydrofacies an: located·aJong the mairr channels to 
represc:nt splaydeposits. Sorne medium-grained hydrofacies 
are located within the floodplain an:a to represen! chute 
cutoff oxbow lakcs. Fine to medium-gramed hydrofacics of 
similar distribution represent ned cut off oxbow lakes. This 
definition and spatial distribution of hydrofacies L'i a gross 
stmplification of fluvial hydrofacies as presenteC hy AHc:n 
(1965), Bridge and Leeder (1979), and Walker and Cant 
(1984). 

A .. true .. steady-state flow system is obtruncd with 
heads fixed at lOO m on the nonhern and 90 m on the 
southem boundary. An average recharge of 2 X 10"""" m/d lS 

applied to the top of the domain with three times that rate 
applied al the margin of the valley (where overland flow 
from surrounding uplands infiltra tes the system}, anda zero 
rate near the str·~arn which is a discharge arca. The 31 
domesuc wells [Figure 4(a)] penetra teto vanous depths and 
pump atlow rates (their discharges are normally dtstributed 

-with a mean of 1 m'/d anda standard deviation of 1/6 m'/d). 
A head dependent flux boundary represents the stn:am 
[F¡gure4(a)]. The USGS code MODFLOWP (Hill. 1992) is 
utiJized for the forward and inverse ground-watc:r floW 
modcling. The forward simulation of the syntheuc system 
usmg MODFLOW yields heads at37 wells (3 1 domcstic and 
6 monitonng wells near the landf~l) and ground-water dis
charge to thc stream betwecn gaging statJOns. Multilayer 
heads from MODFLOW were composued by averaging 
hcad of c:ach !ayer weightecJ by transmiss1vity of the layer. 

A .. true .. event of a breached landflll WJth recharg~ 
through thc: landftll at a dimens10nless concentrauon C.= 
1.0 IS simulated for a conservative contaminant with con
stant dispers1viues of 5 m, 1.5 m. and 0.25 m m the longitu
d mal. transvcrse honzontaJ and vertical d1rccuons, respec
tlvc:ly. for all hydrofacies. These d1spers1Vities reflect 
advecuvc \--ariatlOn at small scale within each hydrofacies, 
"'hile largcr scalc d1sperston is attained through the use of 
hcterogc:ncny in thc: Oow rnodel. The simplificatton ofsim
ilar smaJI-scaJe dispc:rstvity for each fac1cs does not interferc: 
w1th the 11iustrauon ofthe anaJysis process presented herein. 
Thc MTJD code IS used with the MOC(Method ofCharac
tcnstJcsJ opuon and thc fourth-order Runge-Kutta aJgo
nthm for panJclc: tracking to s¡mulate transpon (Zheng, 
, 'i 1. T1mc steps on the order of JO days yield mass balances 

ln. thc ordcr of 1 r;;,. Fof"".·ard transpon modelmg yields the 
"truc· d!mens1onless concentration of 1.2 X JO-: (i.c. C/C. 
= 0.0012) at the proposed weU location 50 yean after the 
landfiU began leakin·g. For the purpose of discussion we 
assume thc regulatory leve! for this contammant lS C¡Co = 
1.0 )" 10 '. 

lnverse Modellng 
Performance of inverse modeling on the true stratig

raphy is evaluated before exploring'the possibility of using 
tnvcrse modehng to eliminate sorne of thc stratigraphic 

.:. 
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reahzat¡ons. Beca use we have a synthetic truth to work with, 
.. pcrfect .. input can be provided (i.e., exact zonations, heads, 

. flows, -and Jmtial '-'3lues for the parameters) to .the in verse 

.modcl..m whieh case tl!e rrmdcl quicldy converges withoul 
substant1atchangc of parametetvalues. However, stochast¡c· 
simulatlon of parame~ervalues-within the h}tdrofacies is nOt 
cons1dered here because it is not necessary in order to 
i!lustrate the uncenainty reduction process, thus the inverse 
modcl estimates only one value of K for each hydrofacies 
(thc mean of the lognonnal distribulion of K is used as the 
staning value for the inverse run). In addition, because use 
data are not typ1cally available for domesllc wells, each is 
ass1gncd a discharge of 1 m3/d. Consequently, the inverse 
modei undcnakes a number of JteratJOns attemptmg to 
match thc head d1stnbutwn that resultcd from a system of 
hetcrogcncous K withm hydrofacics to hcads produced by a 
systcm m wh1ch each hydrofacJcs is reprcsented as internaUy 
homogcneous.lf dcsired. MODFLOWPcan accommodate 
stochastlc vanallon of K ;thin zones. 

Vanancc of ficld oc . .:rvauons must be defined for an 
1nvcrse mode!mg procedure. The specúied variance must 
reOect not only measurement error but also f:ITOf. related to 
the fact that the grid block represents average he3.d over an 
arca while the head measured in the well represents the head 
over thc open mterval at one location. lnterpolation of head 
bctwecn gnd blocks is used to.detennine the head that will 
be compared wuh the measurement; however, such mterpo
lallon does not consider the n.9.~~Rll-ª.t_igr).s._th'üs-3.~:irlce 
greater than that assoc1ated with measurement error must 
be spectficd f or obscrvauons. In shon, the selection of acru· 
racy and confidencc wterval is somewhat arbllrary in both 
fie!d and syntheuc stud ies H ow reasonably the user asscsses 
this uncertaint! is reflected by the code output. For th1s 
Study, tfUC head obscrvations are specifled Wilh 90lFo COflfi· 

dencc that thc meas u red head is __ wJthin: 1.2 m of the hcad 11 
reprcscnts in the modcl. The one now observauon (ground· 
water seepagc mto the stream between gag:e statJons) t5 

deftncd wtth 90</0 confidence that the measuremcnt ts w1thtn 
400 m'/day of thc truc Oows which are 10,500 and 15,300 
mJ/d at the up and do'-"nstream stauons, respecuvely. 

Parameter Estimation 
Inn¡alJy, hydrau!Jc conductJVilles of all f¡ve hydrofactes 

wcrc mdependent!y esllmated by thc mve~c modcl alonf. 
w1th vcrt¡caJ an¡sotropy. rcchargc, and strc:ambcd conduc· 
tancc. Thc numbcr of esumated parameters "':'a5 c:vcntually 
rcduccd to ftvc for rc:a.som g1ven bclow. The data do nol 
provwc ~ b~i!! for csttmat~ng K of al! hydrofacJcs mdcr)cn· 
den!ly (pcrhar~ duc to the mmJmal numbc:r of wclls tn lhc 
alluv¡aJ fan fac1es): therefore, thc: aJiuvaal fan and mc:dtum· 
grained channel depoSJLS (hydrofacies 1 and 4) are repre· 
sented by one esllmate beca use of thetr hydraulic similanty 
Thc K of ovcrban)... dcpos.1ts (hydrofacu~s 2) and the rcchar!=e 
ratc are corrclatcd ""1th a codfic¡c:nt of 1.0. Th1s ~~a tyr1cal 
sttuation cncounterc:d m many ground-water models but 
often goes unrecogmzed beca use ca.iJbration is undenaken 
by trial-and-<rror procedures; thus, correlation coc:fficients 
are not calculated. In this model, the correlat10n was 
addrcssed by fix1ng thc: recharge rate at the .. true .. va! u e cind 

estimating K of hydrofacies 2. The paramcter esllmation 15 

. insensitive to the streambed conductiva y: hencc. 1t Js omlt· 

· ted from the estimation process. Thts S1luat1on is also com
. mon in ground.-water modeling but typ•cally goes unnotice.J 
because sensitivities are~not."Cakulated for all estimated 

· parameters..Give.rrthese adjustments, the para meter esttma
tion ts performed on 5 parameters: the vertical anisotropy of 
K and lhe K ofthe five hydrofacies wilh hydrofacies 1 and 4 
grouped together. Prior information on the estimated 
paramelers is defined as the mean of lhe true distribution 
with a standard devtation of 0.5 of the In of ¡.;: 10 constrain 
the estimates of K to reasonable values anct a standard 
deviat10n of0.2 to constrain es ti mates of the venical anisot
ropy factor. Standard deviations on pnor information can 
occasionaliy be obtamed frorn statistical analysis of many 
ficld tests (e.g., based on numerous specific capacity tests 
conducted within an area): howevcr, often the value is based 
on qualitativejudgment and is employe~ ao; a too! to prevc:nt 
thc code from estimating parameters substantially differ·: 
from those meas u red m aquifer tests or from what !S deem· 
reasonable for agiven Uthology. Such dcciSions are typically 
made, but not quantüied, when tnal-and..crror parameter 
estimauon is undenaken. 

Geostatislical Simulation and Concentration 
Dlstributlons 

Semivariograms are developed with hydrofac1es data 
from the 37 wells and stochastic simulatJons are conductc:d 
with the semivariograms and hard data using a modified 
version (McKenna, 1994) of ISIM3D (Gomcz-Hemandez 
and Srivastava. 1990) in the public domain software 
UNCERT (Wmgle et aL, 1994), rcsulung m 100 realizations. 
Flow is simulated in these configurat10ns usmg "field esti
ma tes .. of K equal to the .. true .. mean In of K for each 
hydrofacJes. Using MT3D. the range of concentrations at 
the proposed well location after 50 ycars of contammant 
lcakagc IS broad and the .. truth .. (mdacatcd by thc: arrow) 
fails wathm the distributwn (Figure 5A) Thc venicalline at 
thc center ofthe gray bars indicates the mean ofthe concen
trallon distnbut1on for aJI of the rcallzauons and the gray 
bars rc:present onc, two. and three standard deviations. Th':." 
dtstributJon straddle~ the assumed regulatory leve! (lo; 
0.001 = .-3). There is no clear case of the range of possibili
ucs falhng enurely above or bclow thc regulatory leve! and 
thc dccJ~Jon of whcther to use a well or a pipdme is not 
obv1ous. Onc can only conclude that· thc uncenainty must 
be rcduced. E1ther addnionaJ analyses or data collect10n 
must be undenaken to narrow tnc dtsliihullon.- GiV"éñ -that 
analy~¡s 1s lcss cx.pensl\:c than data collcctJon, 1t1s desJrablc 
to use thc ava.llable data to redua: the uncenamty as muchas 
posSJble. Once this is achieved, the result.s can be uscd lo 
dwgn further data collecuon 1f lhe diStnbution is still not 
narrow enough. 

When inverse Oow modeling (MODFLOWP) is used 
to esumate the hydrauhc parameters ofthe system in each of 
these mttialiOO realtzauons, the resull.S do nol produce the 
proper relative order of hydraulic conductivity for the 
hydrofactes. The relative order of hydraultc conductivity is 
determmed from hydraulic lesting of the hydrofacies in the 



. ¡ ;dd and observations of the material character. coarse

graincd channel dcposrts ha ve thc hrghest hydraulic conduc

unty~ fo!lowcd by mcdium-gramcd channel dcposit.s;md 

a! Juvia! fan d::posas. fine-gramed splayjchute depos1ls, and 

.. ovcrbank deposilS. Parametcr est1mat10ns from this initial 

wvcrsc modellng,consistcntly indrcatc that the hydraulic 
cond uctl vity of the alluvial f an hydrofacies is lower than that 

of the overbank hydrof acies. 

!tI<; concluded that thc simulatcd alluvial fan hydrofa
ct..:s are too well-connccted in these mit1al lOO realizauons. 

:\.<, a conscqucnce, the rnversc modchng proccdurc is estl
:nallnf: a low K fur th!: al! u vial fan hydrofac¡es In ordcrto fi.t 
th::- "mca<;ured~ heads wh1ch exhibrt hrgher gradrcnts pro
duccd hy thc "truc·· aiscontinuous z.ones of hrgh K. lnspec

uon of the rcal!zatlons reveaJs the alluvial fan hydrofac1es w 
be euhcr complcte!y cominuous along the left boundary of 
t!lC domarn or conncctcd to thc n1gh hydraulic conductl\1ty 

hydrofacics of thc contmuom channel hydrofac¡es near the 

centerlrnc of thc domain m all of thesc first 100 rea.Jizations 
[F1gure 4(bJ] 

lncorporation of Expert Opinion as SoH Data 
Bascd on this obscrvation, soft data are added to the 

simuial!on píücess In thc íorm of a riecreasmg probabrhty of 

occurrcncc oí alluv¡aJ fan matcnal With drstancc from the 

su:iace mamfestation of each alluv¡aJ fan. For each JO feet 

of depth d irect ly below thc aJJ u \'la! f an. probability of occur
·cncc of al!uv¡a] fan hydrofactcs 1s spectfied as 95%, 8~. 
Y/e, !OS:(,, and 0%. On thc pcnphery of the fan a 95% 

probabilay of occurrcncc 100 fect to thc ea.st and 200 fect to 

the nonh or south rs specrficd (dJStances are Ji mued by grid 

spac1nt: in the modcll wllh a zcro prohabilrty at grcater 
dtstanccs A JOt;c probabdrt:o of occurrcncc ts spec¡fied at 

locauons undc:-ly1ng ihesc pcr.phcralzonc~. The samc sem¡
variog:rams are used with hoth the hard and soft data to 

Slmulatc 400 rcaltzatiom. Aga1n. usmg MTJD. the con~cn
trat!On at the propo~ied wcll locatJon after 50 year.. of ..:on

tamJnant leakage IS calculatcd for each rc:allz.ation. üncer

tainty is slightl;. reduccd (Frgurc 5B), that 1s. pn:CJSJOn JS 

improvcd (note thc narrowcr gray bars) The dtstnhutJon 
stdltncludcs me ""truth.~ \o accurac: rs maJntaJned Ho"'-· 

c.,·c:-, the distnbution of rm::drcted conccntrat¡ons is sti!l 

hroad, straddles thc rcgulatory leve!, and doc~ not prov1de a 

c:=fmnivc ba.<>Ís for a dcci-'>Jnn 

Elimination o! Realizatoons Using lnverse Flow 
Modeling 

~1an;. of thc 4()() rcaJ¡¡atJom ar:: c!LmJnatcJ w11ng 

r:1\Crse nov. modehng basc:d un iour cmcna The rca.IJJJ!Jon 
:-" e!Jm¡na::"!l tf thc now modcl doe~ not converge toa fa¡rJy 

loose tolerancc (O l m) on hcad~ at any po1nt dunng thc 

r.uamctcr estrmatJon rroccdurc (JO':( are elrminatcJ h~ tht\ 
C!!Cnon) Thc rcaJ¡¡J[!(lO 1\ clmHnatcd ¡f thc nov. modcl 

'ttcs not convcrt:c to J fa1rh Joo<.,c toh:rJ.ncc: ( lt;:(. ch.JnJ!C ¡n 
.rametcr va..Jue) on chan~C.'I JO rJramctCr.<, hctwecn I!Crd· 

t1uns w1th1n the spcclftcd maxtmum numbcr of 20 JteratJOns 

(~0 lteranons IS large for cstimating 5 paramctcrs) (~0"/c 
chminatcd). Examina! IOn 1ndicatcs that realizatiOns eiJm¡
natcd for la d. of convcrgcncc v.·crc progres.s1ng m a dHcction 
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Fi~ . .S. llisto~rams of pr~dicl~d conc~ntraliom at lht propase<~ 
wrlllocation SO yn after bruch of thr landfill. A: bu~ on hud 
data and litld eslimattd hydraulic paramtltrs; 8: bascd on hard 
and ~oft trolotic data and fitld estimattd hydraulic paramtttn; 
and C: afttr tlimmallng conflr:urations rrom B and estimaHng 
paramrttn usinc mvtrst modtlin~. 

of unreasonable parameter values The realizallon is also 
e!Jmmated 1f !he relauvc arder of hydrauhc conductiVIties lS 

not a'i e,_pccted (7% elimmated). Exam¡nation suggests that 

thc.\e reah¡atJons have hydrofac1es connecuons that are not 

!.lmilar to thc truc connecuvuy of hydrofaclcs. FinaUy, the 

rcaJu.allOn ts ehmmated if the converged para meter estima

tJOn IS a rclatavely poor f1t to the fleld measurements (heads 

and stream now) bascd on thevalue ofthe su m of squares of 
we¡ghted res1duals (40o/cJ ehmmated). Sum of squares values 
rangc from appro:umatcly 180 to about 1200 for thrs prob
lcm Rcali¡atlons y¡e]d,ng values grcatcr than 600 (half the 

~ax.1mum valuc) are climrnatcd: th1s 1s an arbnrary cutoff. 
Onl} 2 5t;(. of thc realu.allons remam aftcr thesc cl.unina
tJOns. Contammant transport is srmulated in thesc realiz.a

tions with MTJD usmg thc hydrauhc paramcters estimatcd 
with MODFLOWP. The una:naJotY is substant¡aJJy reduced 
(Figure 5C) and the distnbullon mean is ncar the truth, 
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· -.indicating that in verse flow modchng is a promising approach 

- to wcorporating h!drolug¡c dar a into thc-s1mularton procrss 
· ancducc unccn.Jmty ·Aithouglfthc"t:!irninauon entena are 
.sUbJectn:'c, we cmpha:J¡ze that 1t IS prefer.ahle. ta elimina te 

·• many acceptablc rcalizations in orderto avoid retaimng any 

unacccptablc rcalizauons: thus the elirninauon cnteria 

should be stringcnt. 

Summary 
Tnc problcm prcs..-:nted hcrcm illustratcs a snuatlon m 

wh¡d: thc use oí hard data am.l multiplc ind¡cator condl

uonal stochasuc Slmulatlon Jcads to a largc unccna~nty 
Jnvcrsc flcm moocl1ng 1dcntific_.., too much conunlllt! m 
hyaroíacJc~ ba. ... ed on ::1propnate esumates of rclatJvc 

hyaraulic conoucuv¡¡ ,,iucs íor thc hydrofacics. Th1s 

ob!:.crvat1on 1.'. uscd to mcorporatc expcn opm10n on thc 

probabJlity o: thc cxtent of thc alluv¡aJ fan hydrofac1es as 
soit data in t;1:: s:mulations. resultmg in sorne reduction of 

tllC uncert~Hnty m contammant concentrations. Fmaliy. 

¡nvcrsc modehng cli:1Hnatcs gcologJc rcallzauons that do 

not ydd a clase fit to the hydrolog1C data, substanllall! 

rcouctng unccnatnty 

Gt\'Cn tnat hydrogcolog¡sts must make deciSlons ba_<;cd 

on incomplctc: 1níorm::~uon. ¡¡ !S neccssary that th:::sc: dcci

SJOns incorpora te a rccog:muon of unccrtainty. Swchast1c 

modclmg of g:colog:Jc unccrta.mty provides a means of quan

utauve!y addrcssmg unccrtamty m thc response funcuon 

( advccuon and dlspc:rsJon). As shown tn Figure 2, th1s papcr 

prcscnts tn.:orporatlon of disparate types of 1nf orrnation for 

reductJon of unccrtaint;.. Th1s _"data fus1on .. forces thc 

rcsulung prcd1ctions of now-;ñd transpOf-.~tO~COnslstent 
wlt·h ali avaiiabl::: data Funhcrmorc. tht:. \40rk. dcmon

stratcs two tcchnlquc" .llr tncorporatmg di!:.ll.Hatc typc\ oí 

data 1nto s1tc a.sscssrn~nt. use of soft data 10 ~tocha..\IIC 

SJmulat10n of geolog1c unlts and 1nverse nov. modcltng In 

th1s case soft data aré in thc form of expen op1nion on 

geologJc cond :: .-ms 1 • • 1s idcntiflcd through JnconsJstcn: 

rcsult5 ofinvc· :lov. .lingJ. Thc samc. :-" ·~oach can be 
used to 1ncorporatc ~ 'h]"\tcal data t \ ·.cnna. [Qli~. 

Mchcnna and p¡)t.:tc:r. lll'-}4¡ anJ otncr :. :)e~ n! c.\rcn 

knowkdgc abnu: :né s:tc lnn.:r~c: muJci.:ng all(lv.:, u:. 

¡ncorporatJon of hydrolopc d~lla 1nto unccn<llnty J..\scs ... -

mcnt through automatcd !luw moJel ca!tr>r.JtJnn 

Thc f¡rst step 1n thc dcmonstrat1on nf data fu\1on 1n thl'> 

parx:r illustratcs tnc dangcr of 1~nunnf: ~omc of the avadank 

da:a Using onl~ harJ JJt...1 to gcncratc \[!)(.~ ·tiC gco.,t.Jtl\· 

ucal sJmulattUn y1ek.h rc.J!tJ.ttlon!l o! thc ~l.· .urfJcc v.n 1ch 

are 1mp!ausJblc Thcsc 1mplaus1blc rca!JLat¡om are mmt 

hkely the rc::sult of h1:1.~cd sample data and Vlolattons of thc 

_, 
1 

undc::rlying geostat!StJcal as.~urnpuons of stauonanty and 

crgodicity. Wnho.u: :;,e.incorporauon of hydrolog¡c data 

into thc·rrtodchng·pnx:css, .tho;c :mplausihJllltCS might no! 
havc bccn .idcntilied and·tne .rcsulting response function 
would have rc::mamed imp~se. -Analyses and data collcc
tiÜn must focus on reducmg uncertainty (ini:rc::asmg prcci

sion) while capturing the truth in the distribution of prc

dtcted concentration (maintaimng: accuracy). 
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A Controlled Experiment in Ground. Water Flow 
Model Calibration 

b~· 1\lary C. Hill". Richard L. Cooley•, and David W.l'nllock" 

Abstrae! 
Nonlincar regrcs.•.;ion wa-; introduccd lo ground \\alcr modcling in thc 1970s, but has bcen uscd vcr)·little to calihratc numer

ical modcls of complicatcd ground water systcms. Apparenll~. nonlincar regrcssion ~ thought h_\' many to be incapahlc of add~'i· 
ing such complcx problcms. \\'ith "hat \H hclic,·c to be thc most complicated synthetic test ca.~ used for such a study. thi~ work 
invcstigate..'i using nonlincar rcg~"iion in ground \\alcr modcl calibration. Rcsult!o, of thc stud~· fall into two catq,:urics. First. the 
study dcmonstr.::~tcs how S)'Stcmatic lL\C of a wcll dcsigned nonlincar regression mcthod can indic<..~tc thc imporlancc uf difTcrent t}'J>CS 

of data and can lcad lo succcS ... "iivc imprO\cmcnt of modcls and their paramclcrizations. Our mclhod difTcn, frurn prc' iow. mclh· 
ods prcsentcd in thc ground water litera tu re in that ( 1 l wci¡.:hting i..'i more dosel~· rclatcd to l'Xpcctcd data crrnr' than i~ u~ually llu· 
case: (2l dcfincd diag-noslic statislic-" allow for more dTccthc cvaluation of thc a,·ailablc data. thc modcl. and thcir intl·r;¡ctinn; and 
(3} prior information is uscd more cautiou.\1.\. Sccund, our rc.\ults challcngc somc commnnly hl·ld hclicf~ ahnut mndcl ralihratiun. 
For thc lc."'t ca"'c considcrcd. "~_sho~ JEat ( 1) ficld n~ca'iu~ ,·aiL:~c.' of h,Ydraulic conducth·it~· an· n~t a~ dircctl~ applirahlc to nwd· 
é as t_!!.ci~ use in sorne gcostatistical mcthods impl~:; (2) a uniquc inodcl does not n('('cSsaril)' ·ñced r(ll)c' idCntil"kd tf1 nllTáiñ'aCcu
rate predictions~ and (3) in thc absencc of ob" ious modcl bias. nwdcl error wa'i nonnaiJ~· distrihull'd. Thl· romplc~it)· nf tlw test ca~ 

~d implics that thc mcthods u.\cd and cundu~ions dra"n are likcl)· to be po\\crful in pradicc. 

Introduction 
Rq;rcssmn hac;; bcen a powcriul ton! for u"in& datJ t.' te.,¡ 

hypothcsJ7cd phys¡ca! relat•on\ ;md to cahhratc nHKicJ., 1n m;¡n~ 
f1clds (Drapcr and Smtth 19XJ: Sehcr aJHJ \\'IIJ JYSC)) Dc.,rttc ¡¡, 

lntmducoon miO t.he ground water lucraturc m thc 197(}<.. t rcncwcJ 
by r-..tcl..aughhn and Townley 1996¡, rc~re~s10n ha..;. OCcn u-.cú Vt.:ry 
IJttk wtth numencal modcl\ nf cornpJ¡c;.~tcd pound w.ucr 'Y'· 
tcrm Thc sparslly of dJ.tJ. nnnltncanty of 1hc n:¡.:rc'""Hl. ..1nd com
pk->..lly of thc phy~•cal sy<.,tcm., pnKiucc ~uh,t;mtl~d J¡ffll'ull•c~ 
Obwnmf: trJcLJblc moJcls th;.~1 are :-.ufr.~..·tcntl~ n::prc\(.'lll.llnc ul tlK 
truc 'Y\ICm lO )'ICILI U\ciul fC\Uit'- 1' :tr,pJJt,J~ thL" 11111\l illlfl'.'n.uH 

pr11htnn tn thc ficld. Thc onl~ optLon., are unprll\ u1~ thc J,¡ta. 
l!=n~,rm¡; t.hc nonlmcan1y. J.!ld!orl C;.JJ"C!ully t!=nonn!= ...,,llll' of UK· "~'· 

t•.:rn cornplc"H!. SpJ.r..It;-·_ (~ ~at•~ ·~.? rcrpctu.!l pn~~l~r_!:L not likl'l~ 
[O t-w..· :d!cvtJtcd JI 1110~( flc)d \IIC'- Jc,plll' rt.:1..TIH llllrn.:'\'-1\'L' ;uJV.lll~o('.\ 
1r: ft"l'rhy:-.JcJ! l.bla .:ollccuon J.nJ analy"1' !e¡; .. llyndman anJ 
(_,\)rchd .. IY96: Epp.,tcm and Doubhcn~ 1996¡ Mctlullh thJ.II~ntlrc 
nonlmc~lniY an: prcscntcJ b~. for nJ.mplc. Hr.:bcma anc.J 1\•t..uHt.JJ, 
(¡y¡...; 1 ..tnJ S un ( I~J.l. p JX2J. Th~ lar~c ~o:hJngc., in p.tr..JI11t..'tcr vJI· 

-.) S. Geolog:ical Survey. P. O no, ~603-1. MS .S 1:\. Lü.c""uoJ. CO 
80~2:. E-mail: mchill@usg:q-:o .. 1r1r.;1 authorl 

"U .S GeologiCal Sur.·ey. 12201 Sunmc: Val ley Dr., MS .S J l. Re<>ton. 
VA .2209~. 

Rece•' c:d March 1997, acccpled CKtot'Cr 19(}7 

ucs lhat occur in mo~t nonlmcar rcgrcssmns of ground water prob
lcm' alter 1hc f¡rc;;tucration. hnwcvcr. indJcatc that llncanzcd mcth
od<. an: unll~cly to produce .,.nj,l';¡ctory rcsult~ m many circum
stancc.<. Thu.<.. s•mphlication rd:.Hcd lo parameiCni .. IIÍon J.ppcars lo 

~· thc nnl~· potcnt1ally uscful npt;c~~. and is thc mcchani.<.m c~~
Y..idcrcd '" th1" wnrk. 

Dclinlllf: a tr.H.:tahk hut u,cful leve! of parameterization for 
~round w:.ucr uncr"c prnhlcnh ha' hcrn ;111 Jnten,~.·ly ~ought goal. 
ltX:U\CJ mmtl~ on thc rcprcscntatl(m of hydrauhc cnnductivity or 
tran\mi~\IVlly. ~U~!!C'>ted approaehc., var]· con,idcrahly in cnm
plc);ll~ TI1c Olt)\1 l"111llpln ~tramctcn/~Hion\ are cdl- or p!Xcl-ba..;.cd 
mctiHI(.h 111 wtud1 hydraulit.. ~..·onUucll\lll)' or trJfl\llli\''IVity vancs 
lrorn nnc fmtll'·dtlfl·rcncc ccll or uther ha\J\: mndcl enlity lo 
JnotQcr. U\111.).: pnor tnlonnatum nr rcgulanJatlnn 111 "tabihzc thc 
''duf1on !fnr oample. t\.1d .... lughlin ;mJ Tnwnky 1996: Cliflnn 
JIHJ 1\.~.:um.m 1 'JX2: T1~tH1nm· JnU t\r.\Cillll 1 977) Pritlr mfonnation 
and rcgulanJ...IIIon pmJucc .<.111Uiar pcnally functum tenn$ in lhe 
ohJCl.:IIVC furll.1ton. hut prinr infonnation nccdo; to ~IIl"fy cilhcr clas
~lc.JI or Baycc;;¡au ac;;,umption:-.. whlic rcgulanlJ.Ilon doc~ not. Grid
-.calc paramciLTli.JIIOil\ 1111n1m17C U\Cr·llllJl<l'c:d ~•mrhfi¡;ations, 
hut ha .. ·c thc followmg prohlcm,. ( 1) hctcrogcncitJc.\ smaller rhan 
thc ~nd .<.CJic oflcll are imponant. :-.o U\C of grid-scale paramc:tcr
•Lallon gcncrally does not ehminatc thc sea le problcm; (2) more 
hydraulic-conducuvity or transmissivity data than are available in 
most circumsL:lnce..o; or oftcn unrcaiistic a"sumpllnns <:~hout smooth· 
ness gcncrally are necded: and (3) as prcscntly dcvcloped. it is not 
straightfo""'·ard 10 mcludc knowlcdgc atxJut gcnlogic sl!Ucture into 
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-grid-~calc mcthods lo produce: for examplc, con~trt.Jmh tht.Jt <.:an · 

reduce the need for so many mea<;urcmcnlo;; ofhydr.~uiic conductivity 

.or trnm.mi~~Jvlty. 

- : · S1m!"ler p:1rnmetenz.ation~Jndudc·7.<'Tn+.H•on~ mt~rvol<.~llon. nr 
_eJ!_!Cll\:'C:Ct(ID. of thc.variance-c.ov.maoce Jn.auix..of god-,¡ca}e parOJill

etas (ior elCai11plc, Ja,·obson 1985; S un and Y eh 1 9~5; Coulcy ct al. 
'IY86; RamaRao et ai. 1995; Reid 1996, D'Agnese ct·al. 1998. in 
prcss). Stochastic methods (for examplc. Gclhar 1993; Y eh et al. 
1995. l(]tanidis 1995) also gencrally fall mto this category. although 
lhcy sh31'C sorne of t.hc characterisucs of lhc grid-scale methods. These 
.s•mplcr paramctcnuuons produce a more tractable problem. hut Jt 

Js nm clcar at what pomt the sJmp!Jcuy diminishcs uu!Jty. The pnn

Ciplc oí par.s1mony (Box and Jcnkms 1976. Parkcr 1 Q94) suggests 

that simple rncxlcb !->hould be con:-.Jdered, but thc rx'· !1tlOn remams 
that comp!c.\ systcms cannot be adcquately rcpre:-.cntcd u~mg par
snnonious modeh. For cxarnplc. Gelhar ( 1993. p. 341 ¡ cla1m.s that 
"there is no clear C\'Jdcncc that !nonlinear rcgress10n] mcthodo;; 

lus1ng snnpk par:..mtclcnz.:ltlon:.] actually work under field condl

tJons." lndeed. Bcvcn and Bmley ( 1992J even suggesl that tor sorne 

problcms 11 may be best to abandon thc concept of par.unetcrizauons 

31mplc cnougn to prcxlucc an opumal sct ot paramctcr valucs. A con

c~pt a:. U3cful a!- par31mony should not he g1vcn up lightl}. Yct 

th_¡:~c has bcen no condu.s¡ve C\aluatlon of how complcx paramc

tc~_La~~~ns nccd 10 he 10 pmducc uscful results. 
Tiu!-. .study on¡;1nally had two purpo~c.s ( 1) to prescnt an 

approach that makc:-. nonilncar rcgress10n mclhcx:is more uscful for 

lhe typcs of problcms typ•cal in ground w:!:cr; and (2) to u~e a syn

theuc test ca.se to cvaluat.:: thc mcthod an.J sorne general i~sucs of 

moJel ca!Jbrauon. Bccau~c severa! artJclc~ dcscnbing and Jpply-· 

mg thc approach havc rcccntly bccn publJshcd or arr: m rcv1ew 

( AndcmlJn ct al 1 <J<J(>. HarlcOI..l ct al. 11)96: Poctcr and Hlll 1 <JW1, 
11}97, Hlll 199E: o·.·\~:nc:-.c Cl al IYY:S. in prcs.s: ilarlcbo Cl al. 111 

prc:-.'J. tJJi, p;1rcr wi!! f~_¡,:m k:-' on prc:.cntatmn oftbc apprn:.h_·h :mJ 
more on n.s cvaluatJun u.s1n~ thc '~ nthcuc tc~t ca!-.c. b\Uc' ot con
~..·cm are whcthcr th.:: appro .. H.:h can t'oc u.scd J.-" a st.:Jenuf¡.; hypoth· 
C\1\·lc.stm,:: JnJ data anal y~¡, tuolthat 1:-. J,kely to yic!J :-.uh'>lJ.nLJal 

Jn\lf:hl inlo. and ac,;urJtc rncx.Jcl, oi. l..'omplcx ground water W\ICnt\, 

and whc:lhcr prohlcm\- !>lmpk cnoush to flroJucc a wcl1-po~cJ 
non linear rc~rC\\1011 an.: U\dul 111 tcrm.., of moJd ~..· .. sJ¡hrJlHHl ath.J 

...LCCUf<!IC prcdJCIIOil\ 

;\lcthcxb and Prc\lous \\urh..\ 

Thc s~ nthcttc tC\1 c..1~c b \Ct 111 thc lramc"'ork o! numcncJ! 

!=~nund wJtcr !lo" lll1xkl c.JIJhrJlJon anJ prcJJ(tlun In th1' "orlo.. 

rnodcl cal1hrattlln 1\ d!\ ¡JcJ lllll! moJel con-.tructum ¡¡,nJ pJrallH.> 

tf'~ cvaluatton and c..,t¡matJ,•n IJ\ 1n. fur n.amplc. GurtJ JnJ 

Sttroo\hl~lll 19SS. Sun I'J'I.: ~h'ldd l..'ttn\lfu•."lum •nduuc-.- t 11 
C!too-.Jnf .: ··'lC..llL·w:.!\1 .1nJ numcnc..llm .. ·thoJ, ..111J Jnd

t•pillf: or L'hiXJ'I"f: ...L ~o..tlrltputt:r pro~rarn. (~1 Jl·~::ltnf. 'Y\\Ciil J¡, . 
..:rcuzatnm. rcprc,cmJtJun of hound.lt) condJttun .... and \o un. Jtu.J 

t) l .sclectJ;:"; what J\f'CCI' of the phy.,Jcal ~Y"tem to represen! IA'tlh 

par:tmctch U\iOf lhl\ IC'rtnlnOiof:y, thC '\ame ")' ot,tem char;tctCn<.

lh:" may he clJ.\\Ir1cd Jtf!crcntl~ m dJflcrcnt appltl'J.tlnn-. Fur 

C\Jmplc. wncn u.stnf ;onJ.ll\10, -.; onm¡: thc zunc' t=cncrall~ 1' 
cl.t\!llfied undcr moJel con:-tructJun a..\ dcfincd atxwc. lf thc ~c .... -.~. 
tJOns of th':' zonc bound.IIlC!I are rcprc:c.entcd by paramc:tcr.. thc~c 
"'ould becumc par. :· thc paramcter cvaluallon amJ c~tlmJtJOn 

tfor cxample. HynJm.tn anJ Gorclid. 1996). G1vcn a modcl.<.tru~o.·
turc. modcl pJ.ramctcro;; c:1n be c..-aluatcd for the1r tmporunce undcr 
cahbrauon and prcdtct10n condJtJon". and are estlmated to achJC:\C 

<! ITilXh:J thal in ~OillC' way rcpn.x.JuCC~ lllCa'UII..'l] \ .t!U;.'"· rh .. · ¡ ~·,uJl
ing_ matd1 i.s uscd·to.reevaluate rnodcl stmcllm:. Cnnlllli.'ll¡, •. :.tl1· 
hr~IHIII IS ach1evcd u~mg only Ir~,¡ ~nd CITill. i 11tlblt·n¡-. "11 h ,; ... ;n...: 

· tnal aud error .atonc-iloR'e bcc:n.oúiseusscd tly man: ~l::tbt~r-.. m .. ·h•d·. 

1ng Carrct-J and Ncu.rnan·~J 986.). Coolcy anJ !\..1ft 1 1 1190 1 ~111J H !11 
(1992. p. 3). 

Model calibrauon can be addrcs."\.L"rl more cffecÜ\'dy h: rcpl;.11..·· 

mg tria! and error with inversc modciing as much a.s pD.;;~1bk. 

wherc 1nversc modcl1ng refers to us1ng formal opttmlzation and sto
chasuc melhods to evaluatc and estimatc paramct~r \'Jiucs. In th1.s 

work. invcrsc modcling is accomphshcd using nonlmear rcgrcs.swn· 

(Bard 1974; Cooley 1977, 1979. 1982. Sun I<JQ~I. '"'oCiatcJ 
advantages are discus.scd hy, for cxamplc, Poctcr ami ll ill ( 1997 l 

and H1ll (1998). 
In tlw: worl.... nonlinear rcgrcs:-.ion 1s :.H.·compll-.h..:d u:-lllf thc 

mvcr~c ground water flow model MODFLO\VP (Hill 1 1}1)2) Thi:

modcl a!lows a w1de vancty of .systcm charactcnstJC.s to be calcu

lated wllh defined paramctef1' ancl allows for ~cncra! dcfimtion of 

parameters so lhat spaually d¡suibutcd quaniJtics .such as h;...Jraulic 

conductivity and areal rcchargc can be defincJ usmg zonc~ of con

stan! valuc. mtcrpolation mcthods. and sorne s1ocha~t1C mcthods. 

To conducta dcfinitivc stuJy of rcgrcssion mcthlH..is, 11 IS ncc

e.ssary to use a complcx synthctic test ca..;;c tn wh1ch all aspccts are 
known. Th1s is only possible ¡f the synthctic test case ts a numcr

~eal modeL The truc systcm m th1s worl.. 1:-. a .stcaJy-st;.Hc. three

dJmen~¡onal numcrical ground water flow modcl WJth fivc !ayer:-. 

and fi ve times smaJlcr gnd spacing than the calibrJtcJ mude l. Thc 
test case is characterized by aquifer heterogcncily. a confining 

unil. arca! rcchargc. and ground water mtcracuon with a lakc and 

a strcam. Thc turnmg bands stochasuc mcthnd (Manto~luu and 
Wil.son 19S~). as impkmcntcd hy \Vilson ( 14RY). ,.,·a.;; u~cd to pro

duce hydr;JU!ic-conductivity and arcal-rcch:.~rgc J¡~trihution:-., and 

thc arc..1l cxtcnt uf a confimng unit Somc a:-.JX'L·t~ of thi~ tc~t CJ~c 

wcrc u:.cJ hy Epp\tem and Doughcrty ( 1 <.N6 ). Cahhr.:llwn 1~ accorn
pl•'hcJ u-.mg nunlmcar rcgrcss10n to csurnatc p.tr ..lmctcr values that 

rcprc-.cnt J4u1fcr and confining unit hydrauli~.: conJucuvuics. 

I...Lio..chcJ :.~nJ ~trcamhcd conductaH. ~~. and arca! rcchargc. Th1s 
v.orlo.. 1.s dJ-.unguJsheJ by thc widc r.mgc of p:.u-.unc1cr typcs e!-.timatcd 

m thc rcgrc~:-.•on. mos1 studics only c:-.timatc p.U'amcters relatcd to 
tiK' hyJr .. JuiH:·t.~II\Juctivily d1stribution (for cxamplc. RamaRao et 

a! 11)t)) ¡ MoJel cahhrat10n wa.;; conductcd hy two of the author.s 

ol th1' repon who k.ncw only thc infonnatJOn prcsented in thc scc· 

tHm 'lhe Syn1hcuc Test Case," cxcept that thcy did not k.now thc 
trut: hcad d•"tnhut1on. 

t\, lmplcnt~o.·ntcJ, th1~ 1s bclicvcd lo be thc mo.st compltcated 

te<,~ I..'J'L' that ha:. hccn U\Cd an the evaluation of ground water 

JrJ\ n-.:: nH,Jdm~ Othcr cornplcx test ca.<;CS mcludc the followmg: 

01u ~o.·t ...t! ( 1 i.JX7 J c~llmatcd trJil,nu.s.stvlly anJ dispcrs1vity of a two

dJmt:n,~>JIIal 'YnthctJc tcM ca~c. Gl>lllCl-Hcmandcz and Gorelid. 

¡ J YX'J J u~cJ a 1wo-,.hmens10nal synthcuc tc.\l ca..~ to invesugate 
cffcct•vc hydrauhc-conductivity values. but did not investigatc 

many of thc moJel ca!Jbration issues stud1cd in thc present work. 
PP~:tcr anJ Md\.cnn..1 ( 1995) prcscnl an mnovat1ve methcxi of eval

u.lttn~ thc h~Jrauilc-conduct¡vily dtstnbutton an detail usmg a 

thrcc-J¡mcn~lonal tc~t ca.-.c. but do not con.;;tdcr other aspects of 
moJel cun~truct•on or data ava.liabilny. · 

In th1s report. lhe nonlinear rcgrcss10n mcthod is prcsc:nted 

bnc:Oy. dau on thc truc system ava.ilable for modcl cahbration is pre· 
\ented, model constructaon and.ca1ibration using nonlincar regrcs

MOn are de.<;Cnbcd. and the ca!Jbr.:~ted modcl" are comparcd wtth the 
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truc systcrn charactcri~~¡cs. Prcdictmn~ from thc truc ~md cali

cbrnteéhnodels are prcscnted and compared with mana~emcnt cri

·~na. Fw-~;¡JJy. thc rc~lts ~ve C'\·alu<t!C{ilo i..k.'h:nninc 111..:: .\1 ren~1l1~ .llHI 

~vc.aknc~~ oh he rcgres.sion and par.utn:ten/...UlC)Il me{hnd" u ..... ctl 

Nonlinear Regression 
This sccuon bricfly describes lhc rcgressJOn melhods uscd. 

Aspects of the approach are dtscussed furthcr by Hlil ( 1992). 
Anderman et al. (1996). Pocter and Hill (1997), D'Agnese et al. 
( 1998, in prcss). and Barlebo et al. (in prcss): the most complete 
descripuon 1s by Hill ( 1998). Nonhnear regression wa.<; u .sed to find 

paramctcr valuc.s th.at rnullmlZC lhc we¡ghtcd sum of squarcs ohJC(
tJvc functior.., S q2 ). cakulatcd as (Scberand Wild 19S9. p. :!7¡. 

S (b) = ()' - \· )Tw(:·- \') 
--L.--L. 

(!) 

whcrc 
Q. = an np X 1 vector cont.:uning va.Jucs of lhe e.<;Umated param-

eters 
nr = the numbcr of cstim:ned parameters 

y = an n X l vector of observed hydrauilc heads. llows. and 

pnor mforrnat¡on 

n = tht.: numbcr of ob.c;ervauons of hydraulic hcad. tlows. ::md 

items of pnor 1nform.:nion used in the regress1on 

v . = an n X 1 vector of simulated (usmg tD hydraulic heads. 

nows. and prior mformation .. 

(y-)·)= an n X 1 vecwr of rcs¡duals (observed m mus sJmulated 
- - value~) 

= Jn n X n v.elf:ht rnatn-.;:. 

Wc¡ghtcd rc3jduab are 1m portan! mdJGl!O~ of modcllit. andan: cal

culatcd as!_!!: (~· - ~ ) Thc oh_JcCtlvc·function 1~ mlnlmlLcd v. 1th 

rcspcct to tn~ pira mete:- valuc:-. U.Sinf a muJ1f1ed Gau,<.,c;-i'.'c\~ ton 
method 

1t is dc,<.,Jrahle t~) cstmtJtc pJramcters with thc srnallcst pm~l· 

ble variance tn acha;vc c3tJmatcJ value-. that are mmt llkcly w tx· 
clase tu thc truc value,<., Todo lh1s U'ln~ Equauon l. !mear thc11r~ 
md1catcs that three condlt!On' nccd to be 5atisfied (Uan.l 197-l. 

Tarontola 1987) 

Thc modcl nccds to he corrcct 

Thc we¡~ht IT1Jlfl.\ nccd ... to be pmpon10nal w thc mve~c uf thc 
variancc-covanam:c malrn nf lhc mca.\urcn1cnt error\ of Lht: 

ob .. crvcd hyt.lrault.: hi.'Jl.b. !luv.\, ami pnor p.1ramctcr mt'tH· 

mation 

' Thc mca.c;urcmcnt crrors nccd to be random 

In addJtion, if Equat.wn 1 '"den ved by cla.'\..\IC'..ll Gau.\..\·Markov af).:U· 

r:¡cnt'l, thr error\ ncct.! not he ntlfmall~ d1\lnhutcJ Oh:J..,cl .wJ 

tm~ch 19fJ2L 1f 11 1'- dcnvct.l u ... m~ maxJmum·llkcllhood .1r::u· 

mcnL\, nurmahty 1~ necdcd (Carrera and 1\ieuman 14H6l. 

Two a.<;,pcclc; nf nnnlmc.11' rcf:rc\..\loo a.' lrnplcmcnlcd m the pn:

scnt v.ork are di-"Cu.c;<.cd m mmc Jc1ad- we¡ghtm~ JnJ d1a¡=no .... 
t~o..· 1\lJII,<.,IIC\ 

eighting 
To a~s1gn thc wc•ghllng ncct.lcd m Equation l. it wa.\ assumct.l 

that me.asuremcnt crrors wcre uncorrclated. producmg a diagonal 
wcaght maltlx wilh nonzcro elcmcnts proponional1q one diHded. 
by thc vanance of the mcasurcmcnt crrors. The actuaJ lad of mc..t· 
surcmr.:nt error m 111c .... ynthctKally produccd ob.,crvat¡on ....,;_¡., 

-' 

unknown hy thc modclcrs. i.llld wci&hl'- ''l.·¡,· .h,1~11~·,1 h.hl.·'-: tlll 

cxpccted mea.c;urcment error (Coolcy el al IIIS11. Htll fl)ll~. p 

4X ). ;1\. n.:::prc.\.CJIICd hy ~l<illd<ttd dt'\'J;IIIt11! .... IP• 1 l' ,,·tli <'H'Ill' t d 1 ;¡¡ 1· 

<JIHm u.\Cd to.calculalc-thc .\:an..ncc~. Bcc<tu'-l.' the ~utd,ux:e pn n ~~k,J 

. by conJiuoa {lJ.alJows roow.J. J.or...wjli.'>Uuc.w. ihc wc¡ght., Ollt' ~ •• ud 
lO be subjectiveJy dctermined. fll'praCtiCC, thc: detcrmmHII\lll of 
weighL<; is always somewhat subjcctivc cxccpt whcn thcy are ;¡uto
matically updatcd as part of the re gres; ion (Hul>er 1 Y~ 1: Umleho 
et aL in pre...:;sJ. Allhough use fui for problcms with Jargc d::u.a .f-et<;; (a.' 

m Neele et al. 1993). automatic updating can oh ... ~urc thc u~c of 

model fit m d1scovenng erroncous data and modd error whcn 

data scts are sparse. as 1s typical1n ground walcr prohlcm~ In thc 
approach presented in this work. wcighun~ 1'- nnt aUI(lmatiGally 
adjustcd.lt is sometirnc.<; adjustcd ha,<.,cd nn rq_:rc...,•on rc~ult~ aftcr 

careful considcration. 
Thc we1ghting procedure uscd m this work Js a variauon of 

common mcthods describcd by Thcil ( 1963 ). Carrera and Neumon 
( 1986). Cooley and Naif ( 1990) and Hill ( 19921. but cltminates use 
of the common error variancc. Here, the weight matri' is assumed 
to cquaJ (instead of being proportional to) thc m verse of the mca

surcmcnt-error variance-covanance matrix and the Jlexiblluy pre

viously ass1gned to the common error var1ancc 1~ now uscd to 

allow the calculated error vanance to differ frnm 1ts ex pected valuc 

or 1.0. The changc reduce.<; confus1on for prohlcmc; with more than 

one kmd of observation- so-callcd couplcd (S un and Yeh 1990, 

S un 1994). multiresponsc (Sebcr and Wild IY8')J. '" joint (Ncclc 
ct al. 1993) problems. The convenicncc of thc mcthnd rcSU1ts from' 

( 1) added clanty about the meaning of the WCI!,'!hts ;¡nd. thcreforc, 

thc ablluy to compare any we1ghting used aga1mt C\pccted valúes; 

and (2) lhe abillty to use lhc standard error of thc rq;rcssion to 1nfe'~ 
poss1hle dommancc of mea.<;urement error vcr'u-" model error. 

Conditions 1 and 3 above are sausflcd only 1f thc wc1ghted 
rc~Jdu.J)c; from al! types of obscrvatwn,<., and pnnr infor'mation 

appcar to be statistically consisten! wilh cach othcr or ¡f any statisticaJ 

mcon-"lSiency can be cxplamed by thc corrclat10n of !he wc¡ghted 

rc~idua]., cx.pcc1ed t.hrough the regressmn (Coo!C'y and Naff 1990, 
p Hí7·172: Hlll 1992, p. 66-69) W1lh lh1s rcqu¡rcrncnt, the mcthoJ 

1.kM.:nhcd hcrc JS consistcnt w¡th mcthods usmf the common error 
v:.mancc. 

Wuh thc wc1ght matrix. defincd as Ocmg cqual to the invcrsc 

ol !he vanancr:-covariancc matnx of the mcasurcmcnt error... thc 
nh¡cl.tlve tun~t10n (Equauon 1) t,<., d1menswnlc,<.,s Thc rcgrcss10o 

standard error IS commonly used to cvaluatc moJ.cl fit. and JS cal
l'ulatt.:d a, 

'= (~)"' 
n - np 

(2) 

.u1J ;d~ll J\ dmacmwnlc ... ~ Us1ng ~ dircctly a e; a mca.~urc of modcl 

r11 1' '011lCIIIOC!\ un~atlsfactory bccau~ Íl C<.Jnnot be:: uscd lO COm

pJ.CC modcls w¡lh d1ffercnt weighllng ami bccau.sc 11 has hule intu-
111\'C ::~ppcal Tu ubt.am ..,·alucs that more effec11vcly rcllect modcl tit 

lfl th!'- WliTk. ~ j~ mulllplic.J by thc SWndan.J JCVI;JIIOO~ or ~OCffiCICill\ 

ll! vanJt1on u.\Cd tu calculale thc wc¡ghl' for t.he hcad ub~rvat1on~ 

Tia¡,; rc~ultmg statistl( is defined herc a.c; thc futcJ Mandard dcvia

tJon or the titted cocffictcnt of variation. 

Dia~nostic St.alistic; 
Dunng cal•hrat1on, many stallstics can he u~ct.l to d1agnosc 

rroblcm ... w¡th thc callbrJIHm and thc rq;re'-'IPn m add1tion to thc 

,'.·'. 

~.-.: 

·' 
•.·~· 

~·t~ 

..... 
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standard error and fitted !'tati .... tic:- uc ... crihcd ahovc. Thc ~laiÍMJCS 
· Jcscnbed herc ha ve pro·, ·~·J to be cxtremcly cflectivc. 

Compo!->IIC 'caJed scnsitivllh.:" and par;.unetcr corrch1hon cocf

lic.ents ~n: uscd to mca .... urc thc mfon11a1tou ;w.uJ.th~ lrom thc Lbta 

¡, :o;tun.:.~te par.lmcter.- or, eguivalcntly. 10 determine which ra::nn

·t t.'tcr.s·could iikety·be.cstim~ucd uniqucly wnh thc -availablc data. 

Compo~itc 'scalcd ~cnsJtlvitics are duncmionh!~::. quantitic.-. calcu
latcd as: 

css, (3) 

Thc~c quantitlcs wcrc. dcrived from ~imllar stallstio uscd by 
Coolcy ct al. ( 1986). and ·, .-ce fu-st prcscntcd by Hdl ( J9n). They 
rc--cmh!c thc CTB ~tatJ~lt..:s dcnvcd IIHkpcndcntly by Sun and 
lch (19<)0¡. Each composlle !-.calcd ~cnsutvuy JS thc squarc root of 

a dtagonJ.I elcmcnt of thc Fi!->hcr mionnauon matnx. (Ro:.1 ! 973. p. 
3J. CarraJ and 1\cuman 1986) scaled by the paramctcr valuc and 
n Thc autnors' ~x~ncn_::.t:_i!~lt;~l7_s ~l_l_~t-~(.~~mposlte ~calcd se_n· 
:-lt!\lllc" r~lllgc 0\Cr more than about twU.tJn.lcr" of magnlludc. thc 
rc!:rc~ ... ~~»l-1:-.-C(~mnloñlv Un.<>tahle /./ · 

~ -C~~c-J:lli~-,~-ff;~~~~¿;. are. CJiculatcd from thc clemcnL' of lhc 
~·anancc-cm ..manee matn.\ on thc para meter ... wht~..·h are calcu
latco J'> 

V = >'[(' . .itf. Ul il~) -IJ 
'J dh - (1~ 'J 

(4) 

TIH.~ coíTCIJilon ~twecn paramctcr.. i arH.I j 1'· calculatcd as \' 111 \',.\)~~ 
In gcnerJJ. coíTCiJIJOn" ~-,cccdmf O 95 uHIIC~IIL' that all thc par.u_l_lCt_c_!' 
\'Jluc:- may not be csttmatcd un•4uely. 

-Ün~-ofth;~;;¡~h\WU.\-iCJtuic~ o·r u~ing nonltncar rct!rc""lím 

1~ thJi. !o:- thc wcll-po~cd prohlcm' dc\'clopcd m tht"i w(Jf~. opll· 

m..1l p3r.1111Ctcr valucs are ohtamcd. Thc.~ valul!.'i and thctr Jnt.h\'ldual 

{))\r !mear conf¡Jcncc tntcrvab iSchcr JIH.I WtlJ llJSI.J. HLII 19'-J..t. 

p ~(J-)S 1 are u,cJ dt:.t~no'otJo.:ally m two way .. Í1r~t. thcy ;.trL' u..,cJ 

totndtcatc v.hcther unrealt\ttC optmwl p.¡r;.~rnctcr c\!Jmatc ... wp::c ... t 

tnc prc,encc of moJel error or not. lf thc nH!Ul'il' corrcl't anJ ..,uf· 
ÍlCJcn: Jata are u..,cJ and J.rc hctnf: "imulatL·d lnrr~·~tl~. ppttml/cJ 

paramctcr \·aluc' :.~re c\rl'Ctt:J tP he rc.J ... nn,,t' l~r_trc.l"'"·ihk 

optm1.d paramctcr \aluL'" IJ]tenrnJtL:IIL' Jlfllhlnll, v.¡th thl' moJel 

the o.H..t. nr the v..1~ Lile 1.b!.t are r~~o:m~ rl'!.lt~·d tothL· rJHxll'l L1111..'..tr 

conf¡Jen~·L·lñtcrval" on unre.tll~tl~- llrtl/111/l.'d p..tr:Jmcter v;.lluc~ 

that tnL'ludc 0r nc:ul: tnLludc rc.dt\lt\ \.I!LH", 'llffl''\ th.1t fhe J.¡[;¡ 
are_ ¡n,~ffL ... .:~_f_ In:- ~.·nn..:-1 u~ 1 ve e' .IIU.IIlt 'll .. tnd fhc pruhk'llt 1' In~ 

hJ...CJ\ [<' hl' !THXkl CTTIIf 

u ... ed tu !fhlll':lh' f"l"''hk m• ... kl ,¡¡· :·,,.tl~o•n, 1: tllt' ~·,n(rdenrr 

tntcrv.d_' n1 tv.n Prtlrnt· reL·h.H~l· p.ll.t;n~·tcr .... 1t1r l'\:.tmpk. 

lar¡;cl) o~-~~~~P· JI '' ltJ..ci~ 1/l..tl the~ '-.\,uld tll.: rqlfl''L'IUed a ... one 
rcch:lr'i;c pJr . .unctcr 

Thr Synthctic Tc't Ca.'c 
Synlllctrc V..tlk) '" an unJcvclnpcd aJlu, 1 •• d \,dk~ 'lii"TliUilJcd 

h~ hm tx'rtllC:.thdtl: i'x:dr~J(J...tFI~-'.1!T l:Jl Sur1.~o..1.· \Ulcr k..tlun.:,· .lit: 

Gluc Llk.e am.! the StrJ.tght Rt\'CI 

Figure la. Oefi) The 6096-m by 3810-m arcal ntcnt oflhe true and caJ
ibrated models used to represcnt Synthetic \'alley, the true areal 
extent of Blue Lake and lhe confinin~ unit. thí' location of slream 
~au~es Gl and G2, the pruposed loc.al10ns of pmduction ""ells 1•1, P2, 
and P3 (DeH~Iopment ~ccnario A indudcs pumpa~e atf•t and P3; sce
nario B at r: and P3).lhe true hydr.:~ulic hcad« fnr lhe water tahle tsoUd 
conlours) and thc basal pan of lhc ~mund "alcr S)''Slem (dotted con· 
tours). 

Figure· lb. (ri~ht) 152.4-m linitHiifTcrence J!{id spacing used in 1M cal
ibmtrd models, fmilc-ditfe~ncc cclJs u.scd lo •.mtulate the Straighl River 
and Blue Lake, well number.;; and locations, and, following lhe well 
numbcrs. h)'draulic conduCI'' iücs (in mctcrs pcr day) mrac;:ured u..~ing 
slug lests and, for wc1127. an aquifcr tc.<.L Figure lb sho~~ the loca'· 
of wcllo; S\-'&ilable from thc bej!innin¡:: of the sludy (•), wclls drill• 
field sca.'iOn 1 (o), "·ell" drillcd in field M-a<onn 2 ( x ), and lhe well dr. 
in ficld scason 3 ( + ). 

De•oelopment Scenanu~ and ManaJ!Cmcnl Criteria 
Thc dc!-.Jgn of thc moJel and d~ta collcction cfforts dcf'lCnd on 

the prupo~d dcvclopmcnt. su it 1~ dc:-.cnbcd first. Proposcd devel· 

opmcnt mdudcs: ( 1) a 7600 m 'IJ (cubJc mctcrs pcr day) well m thc 
Mluthcm part of thc vallcy at clthcr wcll iocation PI or P2 (Figure 

la). and (~1 a 1900 m 1/d wcll at Jucation P3 (Figure la). 
Dt.·vclopmcnt ~cenan u t\ mcludc!-> thc pumpage at P J and PJ; 
tkvclopmcnt s.:L'nanu B tncludc" thc pumpagc at :·::: and P3. 
~bn.Jgcment critena are: ( 1) Dr;,¡wJown of the water table cannot 
cx.cccd O ó m anywhcrc m thc nurthcm half of the valley;· and (2) 
<.,trcJmOov. :.tt !=auge sitc G~ (F1!!urc l:Jl cannot be dccreased by 
more thJ.n 20f/f Uc~..:<.~u.\c thc dcvclopmcnt ts charactcrited by con· 

~tant ; .lle' of pump:1gc <.~nd thc managemcnt criteria involve long
tcnn cllcct~ uf pumpa!!e. prcdi~..:tive ~unulations are steady stale. 

:\ lodrl l>i.'\Cn!liJ.alion and lloundary Condilions 

The fmttc-J¡fferencc cclls u:-.c-J'to rcprc!>cnt Blue Lake and the 
Straight Rtvcr 111 lhc true modcl are outlincd ln Figure la. Thc 

Strarght Rt\Cr t:. a hcad-dcpcndcnt houndary; Blue Lake is repre

~cnted a. ... a vulumc o~ vcry high hydrauhc cunductivity. The top or 
thc mude! 1s simulatcd a.;; a water tablc frcc-surface l'w•undary sv' 

JCl'tcd to a.rcaJ rcchargc, whtch 1s represcntcd a.s a defu.~J flux. 1 
four ~~d~ and lhc bottum of thc moJel are ncrflow boundaries. Fivc 

moJel laycrs wcre uscJ m lhc truc rnodcl. 

.¡ 



Data 
. All data u~ for rnodcll:on:-.lmctiun .mJ olibralion are eilhcr 

.- ··/¡Jtcd U)omg-the IHIC 'Y:-. te m 01 dcrl\'cJ f1omtn1c ~"ystcm char-
tU:...,:!1hcy wcrc not t."'tnH!pt~d hy addcJ random uoi:,c. Thu:-..., 

t.._ ....ata are ~ere.:.tccur<~Le !hanthc-t.l.Jta ;¡v~tilahlc for most tlH>de.l 
. ·-:c.alibratioll6. Th¡¡./ack of wHat·i~commoniY calleó tfi.easurcmerit- · 

.. error allows for a dcfinitivc Cvjluation of moJel errOr. which 
pktguc.s al! moJel c;:llihmtton~. but which gcncrally cannot be char-
ac!cnzcd --

Data wcrc collcctcd at 1 i cxisung wells and lO addttional 
wclis drilicd m subscqucnt ficld ).Ca.sons (F1gurc lb). and includcd 
dnller.s' log.s. wa!Cr tablc !cvels. and water levcls at the scrccned 
mtervals for all v.·c!ls. and. fur thrcc wclls. dcpth to bcdrock. Thc 
valicy sed!mcnts are mostly mcdturn to coarse sands. sorne grav
cls. anda !.hin byer of !ak.c c!Jy 111 li1c north (confimng unH uf Ftgurc 
la J. DJL1 from ~nmlar val ley..., md1catc that hon¿omal hydraulic con
ductJvHv of the non-ci~J.:•' c.kpmtt~ rangc.\ betwccn 3 and 150 rn/d 
(mCtcrs ·pcr d~;:J. which !--pans onc anda half orc.lers of magnitude. 
Rem.:ukablc vcnicJI homogencay dl .... pl:.tyed m thc wcll log" was 
uscd m moJel calJbrJLJon to JU..,l11y u~Jng Jqul1er horilontaJ hyc.lrauhc 
conc.luctJVllies that llo not vary wtth c.lcpth. anc.l are thc samc for all 
mcx:lc! laycrs rcprescntm,; aqu1fcr m~HcnJI In thi!-- waj. Lhe tc.;;t case 
JS S!mpler thJn mo.st ficld ~IIC!--. tn \\ h1ch vcnic<.tl mhomogcnc11y 
domtnates. but the O\cr~Jll..:omrlnny ofthe test ca.'e is ~ubswnual 
dcsprtc th1.<. sunpJ¡ficat¡on. 

Con tour mJps comtructcd u .... lng mca.-.urct.l WJtcr tablc le veis 
and hydrauilc hc:.H.l.<. at thc ~crccned intcrvab are not shown in tllJS 
repon. but are stmilar 10 thc truc hydraullc;-hcad maps shown m 
1 1 a cxcept that contours 1n thc nonheastcrn corncr are 

'f than lhc truc contou~ 1)1c_r.ruc hydrJ.ultc-hC.Jd map~ werc 
•. ~n b) _t~Jc <JUthor" L'JlthrJ.ung the moJel urull thc end of ~l_1_c 
study Fur all wcll.<.. water whle lcn-h are lughcr tlw.n thc wata lev
e!.<. at the !-.creen~ \\'he re thc continn1_; unJ¡·· cx:cur~. thc hydrJulu: 
hcac.i (.icchnc!-- w11h ucpth hy 0.031 tP 0.1 ~3m: whcrc no confmint. 
unit occ:urs. J! i<> ;:¡~; ]~f:C JS ()O) 111. hut Í<.. Jc~¡.;; !han 0.(XJ3 m for nint• 
of thc 13 wclls 

t\kan annu:JI pn.:c1ptt.I!Hlll he¡¡ cm/~ tccnumctcr" pcr yean. 
::tmlthcrc ¡,no \UrtJcc "·;ncr 11m~ ullutlu: vall~.·). At tn~ !--outlll·m 
huunda.ry. thc ~IJf.C 1n tht• Str.JJt:ht l{tvn J\/t::ru. thc Uatum ú1r J.l! 
othcr clcvauon' Thc m cr f.r'-.1J u.: ni ¡,O t JO: J2. ~ 1 !he ~l.J~C at !he hcad 
w;1tcr-. 1~7-l3 rn ur"trcamJ 1<.. 0.55 m ClcncrJlly. thc nvcr r.Ulf:C." !mm 
i (¡ 1u :.2.t) m wtc.lt: and ¡..()~mor Jt·" Lkt·r G .• u¿.:cd .. trc:unllm\' 
;¡[ G 1 Jlld G ~ or hfurc 1 ;¡ are 2.": .o .. .or, .md 2 /3(1 m'IJ. fl'\I'X'L'[ 1\ el~ 

Blue Lakc ";¡) m Jeep ...... md~ -l~llll'lll l. • .._ L. "n/1 nn .... urfan: 
v. ~I!L': 1 nllow or nutlln" :\ prt· \ tPu' ..,¡ uJ: t 11 B luc L...th• y1clc.kd thc 
fulhn• In!; sta~c = 3 ~5 111. arc.1 PI tht' l,JI-..t·::: ! .. (, 111 .•. lff· m:. la!.. e 
C\:t¡-.,.l~;J[JO/l;;: 61} CHVj lkl'JU\L' lilt.'fl' .lfl' lhl \Ur1.11.C \\,JI('f llcl\\\ [ti 

o~ tr,,r~1 Bluc Lal-..c. thc Jlflcrc·n~.c bt .. 'l\\ccn rr~.·,_·¡pJt:lth'n 11)! crn/~ 1 

:tlh] ~·-. .Ji)(líJllU!l (rlllll tll\..' [,u,L' l(l'l l'llll~ 1 IL'dl.Lr¿.:L'' 1) ]\J JI\ 
1IJ [\ll/lL' 

puur:d v.:Her :..y<..tcm 
Thc gruund "-'Jtcr budf.ct fur S) nthc!K \'J.llcy ~o:an he cx.rrc:..-.cc.l 

a~ 1' ~ ET + <) 1 O m 11d = ~-'U 1-lh m 'Id. whc'n: P 1\ prcl·lrHat¡un. I::."T 
1\ ('\ ;¡;11.llr.ln\ptra!JlH1 lnHll thc [,¡¡¡J \!!r1,h.L' t) [(J n1 11J 1\ ihC OC[ !l{IV. 

frpr:; ¡;¡::]~C. anJ th( ne:h(·/l.Jild :..J~h: L'qUJ.J.... lnt• llll:a~Urt::J !lO\\ J.! 
G 1 --..,Js. P- ET = ~-U )6 m '/J \\hKh '' cqul\ aknlto O 001 1 1 m/J, 
o cm/y ovcr SynthetJC \'Jilc~ nunu .... the arca of Bluc Lal..r.: 

, ne long-tcrm effcl'l of ltxa! t:rourll..l water purnpagc on Bluc 
l....akc wdl be a declmc tn I.U..c lcvd lt wtll nut be Jn mcrea..-.e m !he 
nct now from lhc lakc ((l ti'IC ¡;round \\atcr ... ~ .... tcm bo.:au!<>C Bluc Lakc 
t.s a closcd l~c wnh nn :c-urfacc V..Jtt'r 1nlh1" or outflo\1.. and prc-

. Clpi_tatl~m on and c\·apor¡!tion tn.lmlhc bl..c 'tl!.f·!L'L' ,;;t·n~.·r.lll~ :u1.' n•1t 

affcctcd by thc lake-lcvcl ch.an!_!c. ... · 

Modcl Calibration 'e 

·CaiJbratiua-:progrc.-t..OO.thrOU:gh.lhe dcvck~mcut of !-oe\'Cn 

modcls namcd CALO tthc initial model). CALO-GI (tests !he 
importancc of thc G 1 tlow mcasurcmcnt ). CALO+PR ( test'i using 
pnor infom1a11on to mak.c onc of lhc CAUl cstnnatcd paramctcr val
ues more rcasonablc). CAL 1 (constructcd aftcr field scason 1 ). 
CAL2 (consLructed after ficld season 2). CAL3 lConstructcd aftcr 
Ji cid sca.o;;on 3). and NO LAKE (tests the 1mportancc of rcprescnt
ing lhc lakc). Thc data available for thc CALO modcl.s cons1st~d of 
thc data for well~ 1 through 17. a." describcd abo ve. strcamtlows at 
G 1 and G:!.. of which G:2 and G 1 nunus G2 are u ... cd Hl the rcgrc~
sion. and thc nct loss from thc laJ...c. Add¡tion<ll datJ wcrc cul
lcctcd dunng thc thrcc ficld sca.sons 

MoJel paramctcrs wcrc dcfincd 10 calculatc thc model char
actcn.stics hstcd 10 Tablc 1. All dclincd paramctcr!-- \ve re cstunated 
by nonlinc.:tr regrcs.sion. exccpt a.s notcJ in Tablc l. 

l\.1odel Discrcti1..ation and Uoundary Conditions 
Thc arcallinue-diffcrencc grid and thc celh. uscd to represen! 

Bluc Lakc and 1he Stra¡ght R1vcr m thc cahhr;¡tcd modcJ .... are 
~hown m F1gurc 1 b. thc lakc and nvcr werc hcad-JcpcnJcnt bounc.l
ancs. Tu avoid aJc.img nonlmcaruy th;,at would promcltc longcr. 
more unstahle rq:resstun run)o. c.lunng ca!Jbratton the top bycf of 
a/l caltbrJ.tcc.l modc.:b wa..., rcprcscntcU as con lineó 111!-.tcad of uncon
fincJ. Re~uhing maccuracJcs wcrc found lo be ncg!Jgiblc for thcsc 
stcady-~tatc mudeh. Thc ~idc:.. and bollom of lhc modcb wcre no
Oow boundarie .... Vertical <..ltscrcuz;,¡ttun i!-- ~hown 111 Figure 2. In lhe 
nmth. thc bottnm of !ayer 1 l·omctde:.. with thc bottom of thc l~.J...c: 

thc buttom of h1ycr 2. COJilL:idc.\ wnh thc top of thc clay conlining 
unll ( whKh 1.<.. .... imul.ttcJ a:.. vcn¡callcJkancc bctwccn laycrs 2 and 
3 ). In lhc.: .\Outh. thc bottom ot !ayer 1 ¡..., dccp cnough to cnsure that 
ntl e di~ go Jr): thc bonum of laycr 2 wa~ placct.J abuut 15 m 
lowt.r ftlr al! illtll...lcl .... e>.xcpt CALO. m whic/J laycr J ¡..., abscnt and 
!ayer~ cxtcnJ, to thc botlolll uf the muc)cl. ·n1c hottom of thc rn<x.Jcl 
w~t' Ucrl\cll lrtlll\ bc:Jro\.'l.. clc.vallun:-. mca:-.urcJ ;¡[ wcll~ 1, 5, and 
27 <.~nd :-.omc gcophpu.:;¡J data. 

COJiihration Rc.,uiL'i 
Somc.: o! th~,.· quc,Utlll\ pu"t::J anll an .... wcrcd ;¡t lll<.IJür stcp:.. of 

tht· I..'.JbhrJtum :Jr~· p1t.:'-C11IL'J 1n Tablc ~tu d"play rhc hypothc.\ts· 
tc...,t1ng lr..Imcwor~ .1nd tu dc.:mon:-.tratc ho\1.' nonlmcar rcgrc..<>~ton anJ 
tht· c.l1agnmu~· !--t.Jtl..,lll..' "c.:rc u:-.cJ. Thcrc wcrc .rw problcms wilh. 
u¡uqucnc.:" m ~m~ ol thr rq::rc .... :..mn .... '- opumal parameter valucs 
"ere n:.1Jd~ ¡Jcntt(¡c,;d tor C..:J.L'h mo~..Jci and par..unctcr corrclation wa.<> 
ltiV.. thc.: l.lr¡;c .... tL'<Jm:/atllm o/ U.~5 wa. ... c..:aku!JtcJ fc1r CALJ)..G l. and 
cH·n thcn \l.lflme: Lit~.· rce:rl'.\\IUO at \.e\ eral ~l.., of uutial values indt
C..ItcJ tllJ.I t11c optunaJ par;.unctcr valuc. .... wcre umc.¡uc. Ustng the dJag
no~tu: .\taliMK~ tu c.,·aluouc thc imponance of differcnt parameters 
tu thc prcJtcllon' . ...~., .... ugf!c.\tcll hy Htll t I<JYH). m1ght have been use
tul. hut w;¡, nut CPn\tdcrcJ m thl\ study. 

Thc h)draultt· cunducttvny distnbuuon of thc CALO models 
1.'1 c.l~itncc.l U!-.tng thc /.onc\ .'lhown m F1gurc Ja. ~htch rr:9duced the 
bc~t ovcrall rc~ult.'l of thc many .zonc_ ~onfiguraUOJ1?_ ~Qnsidered. 
lntcrpol.Jtions ba)o.Cd un !mear tnangular linuc clcmcnts are used to 
define lhe hydrJ.u!tc conducttVJty d1st.ributions CJf t.he ot.her mcxiels; 
F1gurc 3b shows the fin u e clemcnts u sed for CAI.Jr. F~r -th~-int~f. 
polatwn.s. mo~t of.rhc c.<,(tmatcc.l values werc at nodc." of the fimtc-
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T<~hlc 1 
•fJ;u·amctrro. uf th~ G.llihr<Jtrd J\ 1ndl'l" 

JI',U.UII<'I,'f 1.1!-o::h KI\B''.IIlC L"nuJucl:11ll'l" 111 !he "lrt-:uuh..·tl .11 thc hc•:td·\'',tlCT' 

• ,¡ m .. · .'on.w:llt l.:n-,.:¡. K 1 '~ ¡.,: :"· .mJ K ,•·. ¡uu.tl hot lll'lut.d h~,h.Jub~-.. uuOw .. u• · 

11: \ .tlu,·, 1 h~urv ·'·'' KR-H
1
• Kl<B: ~oo II:.HB 1, uulo~l\lr\!::uur-..:J-~..uw..hi\..L.tlll...: 

""alu....,~ ¡:l!'l.lfC. 71. KLU.·Ie.alunoc 1veracal hydrnuhc~onJuctl\ u y 1ltnU..'tl hy th~<.:k-
·nco"l ,¡ th~ IJI..ch."d. HCH .• m:..tl rn:h.U".,"C" mlc. K\'. kJI..OUli."C ol tht= LIIUtium~ umt 

1 ¡:,~urc -lr ,\:-;IV. •cntc..Jl JONltrnpy tll ;x¡u•lc..-r nwh!ltal: w/prn1r. p.lrJnK:ll.:r' lwú 

prn•r mft,ntiJlu>n J 

MoJel Cn.uactcnstu .. C.tll.:ulateJ u~m!! tllC P.!ramctcr 

~tn:.am Oftl BomonlaJ lalo.rbtd A~l Conrininz - \rrtical 
ll~drauiK Un11 

~loKJr! { undu(Lólnrr ConducuvUJ Condufl.i!Kl' Rech4~ I.nl....ancr Ani.wtrop~ 

CAI.it l\Rit ¡.::,'' h.L!J RCII 1 h.\' 1 A~I\' 
(.\!J> lJI ¡:::u 

¡ ,_··\LO·I'R h.:" 

C\LI KRR :' 12 .... rrnPr '" '" K\' do 

1\Ril: 
KiW., 

CAL: do ~H• ""'P"N do do "" do 
,¡ 

Cr\L 1 do de 4 oun~ do "" do 

Nn LAKI '" '·' ~nooc "" do '" 
1

1"<'14 c~tuna1ed !'>~ nnnhllC.ll rc¡:-~\\l<>n t>c:,;;ouo,e ni m-.::n\llt\11.•. .._, tndtcatC\J t>y <m.:~ll n>m 

t""ll~ <~.1kt1 \.Cn•III>II.C\ 

Th r.u.:~mc:tcr lJt>el~ aiT ~· . .,.,hcrc • "a wcl! numher ln•m fi!!Un: lh Thc\C rara~lcr-
an: u'-ed mlhe mtcrr•olat¡un ....:helllC' \h<l.,.,n m F•!!Un: Jh w1th mor mfonn.illlon u-.al m 1/'W! 

ITP<''''"" C<.ju.il lllUlC 'iu¡:·tc'-1 •~lue ~,.,.,.,.,n 1n h¡:-un: 11'>. f<M' Cl3mplc. f•w wcll l. JI" IJ.-1 

m'U 

Thc ['>;lfJII>t'l(r lJI'ocl• a/'t' K •• "hCf(' • •dcnt•f•c• lu<:.lhr>n r\. U., ... e .. r f I¡!Ufr 't> ~-.e 
pJr.HliCICr< hJ>C rl<' pnnr mlnml.ll¡olrl 

for (',\[ '\ JnJ :"-.'()LA~.!.. 1\lll "'"kublr<l J> !he hYdr¡¡ulu:: L<>ndudnit< Pllhc uudu 

l; m o• ,el l.,¡,, <ú<.J t'>: thc prt oJU<.l '·f A.;'.]\ ;¡nJ U'IC •CMICJ.I dl<ó.lfk.C h> Ú'IC <.<"~llt:r ,,f ll..: w~l<' 
1~1'1~ ,di (1•'' m on .111 m<•khJ ~" ~p.1n1c KUI f'JrJ~tcr "J~ <icf¡"'J 

c!cm~m ~nJ h11.::.ttcJ wh~rc ..,]u~ tc'L" haJ bccn t.:ondut.:tcJ. lh: ,¡u~
tc\1 \·aiUC\ JfC U...Cd J\ rnor !Olllm1alnlll for thC\C param 'IC'f\ Wl!h 

wci~ht' cm thc pnor lllformatltHl JU"a largc cnnugh !or, CljlHv:Jicnt!~ 

cocffit.:tl'nt' ol \';mat1on iu\1 "rnal! cnou~hJ 10 at.:htl'\1.' \.'llfl\Cf· 

~CilCI.~ of thc rq:rt.:\1,1011 .Thc fin.d l.."ocffKtcnl\ n( \',trl;tllllll .Jfl'"' 

ahout 2{)'.,. wh1L'h 1\ <.OIIlc"h:ll qn:dkr th.m thc 1.0•:; th.tt "'!u],!¡,. 

cnnsl\lCill V.llh tnc auÜhn,· pn11r hcllc!s ;,¡hout th~,.· ,h.\:ur.Jl'~ 11: tllc 

pn,1r tnfonnatrnn. Thu". !ht' applicatton nccd' to tx.· re;.:.mkJ ;¡, ..1 

rc~ulan7JI!CIIl prn..:cdurc lll\ICJd or B.JyCstJn rm)r! U J ... · J.. u, 14SS l 

Thc ::"t'l~ht' U\Cd fpr nh\Cr\..JIHIO\ tn thc rc¡;rcv,Hm v.crc ..:.11· 
cu!atcd U<l!l~ thc \I::J.ndard lk\'t:lttnn' anJ coclfh:lcnt' ot \artJIInn 

nft!l'.: 11\c.l\lH'CffiCnt CITOf'\111 hydrJulJI.." hc.Jth anJ Oo\lo\. n;_'r"l'Lil\CI~. 

..,hnwn tn Tan le J. wht.:h v. ere ha!--cd on tjpu.:~.d mca,urcna.·t.l crr.u: 

J,\, thC'\C d:Jt.t l~'f'IC" 1l1c (¡l\:Jnan~.·c hctwccn !111"' G2 and G! .e;~· 

(IJ¡Jj JlJlJ2. r'-l\1, \~J' !llll tn .. :Juúcd In ttll.' \H't¡.:httnt:. bU! 1!' Pllll• 

..,.l,:l '' not c.\p.:¡.;tcJ tt• \tpufrcJntl:o .lllt.•t,:t thc rc!--ult:. 111c ,z..ttt,lt..:• 
u,cJ to ca!..:ulatc thc v.ctght<;. wcrc modifu:d wlthtn rca,un.1hlc 

!tnut' dunng ,.:~•hhratlllll In a~,:htC\'C' \lJ.II\IICally con,l\tC'nl v.cq::htcd 

rt.'\lduah TI1t· 'tanJarJ efl-ur\. '· tn Tahlc ~3rt' aliJe-,, th.uo 1 O. md1· 

~..t:tnf lh:.J! thc moJel f1t '' tx-ucr than wouiJ he l..'llll'I\\Cill "tlh thl· 

:h\:~ncd WCI~htln!! Tht' prnJucc' thc small flllcJ ,t.lll\lh.·, ot 

T:Jt•lc) ami Fq;urc ), anJ 1' ~cJu"c. unhd .. nnwn'l 1t1 the lllt~kl· 

cr'. the dat.1 hJvc no n01or.c aJJcd to thcm 

Graph" of wc1ghtcd rcsH.Juab a~atnsl wc1¡;htcd or.tmulatcd val· 

uc' fur CALO and CAU are 'hown 1n Figureó Gr.~ph' for CALO
G 1 JnJ e AU~·PR wcn: Stn\llar lO lhc CALO ~raph. ~raph\ fpr th .. · 
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Figure 2. North-south cros.•t-.scction sho"inJ! thc la)'er"i tL'>t'd in lhe caJ. 
ibraled models, indudinJ! dh·isions u.~ in all mudcb 1-). top is lhe 
Y.atcr tahlc: dhisiom u.~ for all CAlA modele; (···J: and di\i."ioruo u.wd 
foral! modcls except the CALO modcl'i (---). For any mndcl, all north· 
suuth crm..,-scctions are the same. 
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h~urc J01. tlcfl) Zon~ u.\ed to parameteri1e lhe hnrimnlal hydraulic
conductnit~· di'\lributinn ror all modcllaycrs fur thc CALO modcl<;., "ith 
ttll· "'rlb U\ed to con.<;.truct thC lOncs. thc parounctcr lahcl.; orTahlc 1, 
anclthc ~timatcd ,·aluc.-. and th~ 95<k linear indhtdual confidcnce 
mtenal,. in mrlcr"" pcr da). 

Fi¡:urc Jh. tril!hll Trian,::ular linile clemenlc; an.• U\l'd to parametcr
itt' the hurünntal h~ drnulico('t)nducth'it~· di,tributinn for all modeJ lay
t'r. fnr thr CAl-' modcl. Thc hydraulic condul·ti' il~ i.., chan¡:rd b~· lh~ 
n·'-=rl."\.'ion al thc numhcrcd apelles of the trianJ!lc~ 1 the numhcrs are 
u di numhn<.l and atlhc squarcs labelcd A. B. and C. 

nlh..,·r nHx.k•J, wcrc ~inular to thc CAL~ ~raph. Fnr CAUJ ( Ftpurc 
r,,11. ' '' illll or thc !'C\'Cn weightc¿ rc~tJu.JI\ ht:twccn wcightcd 

; ~wi.tlcd \'Jlut.:' n( 1) and lO are J1' :nvc. \uggnunp thcy may he 
l···n;,m~hl!ll l·tJr r AL). thcrc , ... no t:: ;¡cJIItlll 11( IIH>lkl bia. ... rclatcd 

111 thc hcaJ .1nJ tlow data, but c ... ürnatcd p.tramctcr valucs tcnd to 

~ !<>ltt-:htl)· ~maller. on average. than thc mca,urcd slug-tc.~l value.c;, 
a' tndKJICd hy prcdommantly posittvc wctghted rc<;.iduals. 

Oh,cr\·cd "trcamOow ~a1ns and tho~c ..,lllmlatcd usm~ lhc 

C..\Ul anJ CAL3 modch are shown in Ftgun· 7 FPr thc CALO ~im

ui.Jtum .... thcrc wcre slreamOow gatn ob,crvJtton~ at G2 ami 

tx·t v.ccn G 1 .Jnd G2, for lhc CAL3 slmulallon' therc wcrc strcam
n,~w gam ob.,crvations evcry 152.4 m. In· gcn..-:.,1, streamflows 

are maJchcd within 150 m1/d Thc 910 m 1/ú la~c budgcl, which is 
:oo.mallcr lhan any of the per cell stre.amflow gJins. was matched 
wtthm ~% hy al! models 

D 



Tahlc 2 
Short Dcscription of Resulls from the Calibrated Models 

:'\.lodcl Lahd: ',. .. Arr.ne~ J)cril-·cd (rom .Regnssi011 Kesult~ ln.r.111e.l:.i.-.,.cd Mudd 
j'..;umhcr.of - .. • .Condosion ront1'11Óicts' tnr- tnJc mottel: 

RcJ!re.'i'iion Data - Conftdmce inten-al.o; are 95%,1inear inlervalc;. 

and l'arametcrs ' ·. Qucslion.-. Addn.><¡_-.cd Dia~:nostic statistics a~ ilaliciz.~d. 

CALO l. What are lhc b.1~1C relation" 1 Head data alone: most cornúz.t1on co~fficUnts are 1 O, md1catmg th::u all para meten. 

~4 head" between the para meten dnd the excc:pt ANIV are complete/y correlated. Addm!! la.l..e budget data reduces correlatJOn 

JO m ... ~ head and llow data"~ shghtly. Addmg lhe G2 and CG I-G2) llow dala reduces correlauon .suh~tanually. but com-
6 pJiameter; posit~ scal~d utuiti,·iti~s .suggest that these data are in<;uffic¡ent to C!'>tJm;ue K V and 

- Can rones of cons.tant hydr.tuhc A NI\' 

1 

-
conductivLty be used to pmJuce - No The rones shown m Figure Ja prnduced a ~ood flt to he.ads anJ Oc>\1. \ (Ftgures 5 and 

<.J good modcP 7), but K~O (719 rn!d¡ ucuds úu ~xputrd ma.runum ( !5~ m/d}. anJ 11~ con,ruüncr 

1 
J. Doe.~ thc arca! rcchar~c \'J.0 lnt~n·a/ {390,0 17) excludes rea.sonable value¡,, Tht~ mdtcate.s that thc moJel e:- Mgnifi-

1 

~p.Ittall~? cantly bta...ed. 

4 Dc~s strcamhcJ hydraultc con- ), /\'o Esttmated rech~e rates applted to dtstmct zones fell wtthtn each other;' conj"uüncr 

1 
ducte\ et~ \ar;. ~p.tltally'? mun-als, mdteo~ttng Utat one areal recharge ratc .,., as suffictent 

1 
5 Doc~ tnc conllnmg unit c'tcnJ 4 Ycs( •¡ The hcst modt'lj"u to the data re.~ulted when thc stmulated·streambe¡J h)·draultc 

1 
al! thc \loa~ umlcr thc Ja~c? conductt\'tty was mcreased by a factor of three fmrn tnc hcad 1.1.aters 111 thc ¡.outhcm end. 

5. No(•. r.ee 2b for CAL3) Having thc confinin~ umt ~xtcnd under thc la l. e such that u cov-

cred bolh thc doned and stnped arcas of Figun= 4a resuhed 1n poor m01ül jil 
CALO-GJ 1 Doc~ mruel accuraq dcpcnd on 

:W neads tnc un usual ~lluauon iound m l. Yes Omirung the G 1 now, only 11% of lhe Oow exet¡ng the ~~~tcm (thc G~ now) 1!> 

~ no ..... ~ CALO. m ""htch IOO'Tr nfthc mcluded m thc regression The G2 Oo.,.,. wa.s matchcd clmel} bcc..IU\C et .1.lunc rcduced 

b p:uamctcr> flnw c:otmg thc ~y~tcm -...a\ whaí 'ol.ould otherwir.e be exlicme corr~úuwn of thc e~umated par.Imctcr~ 0\crall mlHirl 
mca~ured at G J? )11 wa.~ clo~r than for CALO (!.ee s, Table 3, Ft~urc 5). but CALO-G 1 prcdecuom wcre less 

1 accurate than CALO predlcuons (F1gun= 1 Ol 

CALO+PR 
1 

l. Can pnor mfonnatwn be u.<>cd 

)4 head' to male ¡.;:"o more rea.\Onable? l. Y es. Lmposmg a pnor mfonnat.ion value o( 122 rnld, wllh a conftdcncc intcrval of (74:200) 
' .~. 

' J f1o"" ~ - Ducl. the~ pr(l(Jucc a more accu- tcquivalcnt toa Mandard dcv1atton of0.25 for thc Jo~-liansformcd pru1n. rc~ulted in a -
1 pnor ratc mude].., high. but more rca.<;{lr\ablc. csttmate of ~7J m/d, with a confid.:ncc 1ntcnal of { 177;421 ). 

6 p3Iamcter\ ' No CAU>+PR predtction.<. are les~ accuratc than CALO rrcdectioo\ t F1¡:urc 1 0) 

CAL! l. Can thc slug-tc\t dat.J be U\Cd to " 1 
.W hcad> 1 rcalest~eally repre\cnt spattJI 1 Ycs Thc ~lu¡:-te\t dat.a v.ere u ..ro as pnor mformateon to c,\llmatc .1 \moothly varymg 

]Q no""' ' hctcrugcncH) ul the h~draulec h~draule.: conducttvHy ficld (Ftgurc lkl Thts dl.,tnbutwn .tppt.u\ tu rcprc.«nt thc irue dts-' 
1: pn(lr 

1 

conductJ\ el}? liiOUIJon weth ~uffl.._tent accuraq m that all rstmuJtrd paramrtrr 1alur.1 .1rc rcJ\Onahle 

1 k par ame ter' ' l\ 11 mo't ltkel~ that thc ~raual ami wr¡ghJrd rrsid~als are general!~ random 

1 
\.lJlJ.tton (>f flnw mto thc ' ('" ¡ Thc modr/)11 the mea~urcd no-..., mto thc Straeght Rever more clll~cly u~tng thc -

1 Straegh: Rtver ts cau-.cd b~ nn-

1 

\trcambcJ ~onducoAnCc\ ofTablc 1 l1kln by vanatmn~ tn \Uh,urlalr hyJraultc conductivity 

1 auom 1n \lre.unbcd hydraulec rrpre."CnteJ '41th four fuutc elcment nodes alonJ! thc Stralf:hl R1vcr ltt\ hkcly that varia-

1 
Cllnllucl.lnce or sub\urf~c· 

1 

t1nn\ of CLiher hydraulu: pntpeny cau!'t: Similar vanat10n\ in the mcawrcd and pred1cted 

1 

hydrauhc cooduct1vi1)" hcad\ and flow~ 1nc: slTeambed hydrauhc conducuvity llr. actual!~ ~.:on\lant 
1 

CAL: 1 {).¡t.f.ce dat-1 prm1dc cno\t~le 
1 

."i2 head> 
' 

m(ormaoon to cstun.llc thc 1 1 )e_\ CompotUr tcalrd snullil'ihrs tndtcatcd lh.lt h"drauhc-cnnducte\Jty paramcte~ prob-

14 no\1.\ ! h~dr,wlec cnnJu.-u~~~~ JI an• PI 1 at-1:- n•ulJ be C..\llmJteU tly thc regreumn at boundary f'Kllnl\ A. ll and C 1F1¡~.ure Jb) and 
! 

1 lt1 pnur 
1 

thc bnunda.t') nooJC\, thc reJr.ultmg rc~resJr.tun w.u. 1ndeo.t, succe.uful No nc\1. pnor mformauon wn u\Cd. 

:::.5 puamctcn 1 1 

i i 
' CALJ : 1{,,\1, u .. \;aluc' from thc ~uetcr 1 

1 ! ~J he.lJ\ ! te'l ;a¡ wcll P.\ tF•¡:urc l.11t 1r. 1 Thc 11mulaud arul aquifrr-.trst lron;:.otttal h_vdrau/U conducm·uus tt.•rrr comportlb~; 
11lfio-..., ! feeiJ '>CJ.'o{>n 3 "''m¡urc 1o •unu 1 a..¡utfcr·IC.'ol OenveJ ~Ctlll<~lieu.&Il('e of !he ~-on(lnm¡: unet o! U OOJ..\7/d wa.~ titn•facantly 
lll pn<H ! l.~otcd • .¡!uc~ ., i lo•r' tlwn U.r opturu.:.1d WJiur toul~tdc lhe conj"uirncr utlrn·a/ of ht:un= Sbl. llll.hcattng 1 ' 

1 

.'-l rarJ.mctcr- ' L•Jiuo~tr t""" .t\\umreu•n• U"'.'d ' l""''t-lc m·-.kl error 
1 -

1 

1 
,,, l.u :... "' .1n o~ltrm.lli\C úJn\J>lCntV.Lth i'l"'atlable datJ.,Ihc -.cparJ.tc i.li.rhcd 'ol.;a~ unHttc¡J frnm thc 

1 

• Thc Jc.U...m~.:c 1•f thc lo~.a.cl'l('d m• >del ""' tlut ..... ter n,, .... lng lo and from lh-= lakc Slmply O(twctlthrough lhe aqulfer mate· 

1' con,l»lt ovcr thc area of nal hcnath !he l&ke llus produc:ed 111m11ar t~~otlrlfll. and wa.~ u-.cd tn W final CALJ 

[ lht IU.e ! ~.Jcl 

b 1bc coofmm~ un11 lio.IC'• "'o.e 
' 

2n \l.,th t~ lü.el'>t-d ~~w:nted as 1n la.. ~ond n~J f11 wu ~c.:h1r~ed 'ol.ilh the conf1ning untt 
i cuenJ '4C\l .... arU unuc-1 u.._ 

j 
eliCnUtn¡: uodcr lhe l.ü.c 1 ~1gure 4b) Thu .... ;¡,.~ u..cd m lhe ltnal (. AL\ mude! 

1 I.U.e 

' ' ' 
NO LAKE 1 h LncludLn¡: the lalc.c m thl\ \lffi· 

~ head~ ul~t1on 1mporunt g1vcn ~ pre- 1 l'On Whe.n thc lake was om111ed from the Slmulallon, esttmatcd' p.uameter vaJues were 

18 flow~ dtetJ Y e qu~ntilie.!. O( lniCre.\1" adJuUed by lhe rt=greu10n so OW resullS were Similar to CALJ The c!>ltmated vaJue of 

lb pnor K I'.J. thc hydauhc conductJvuy panmcter clm.eslto the ccnter of thc IU.e. was unrea.hsU· 

1~ r.ara.meters c.all~ ht¡:h. btJt1u confllirnu Uu~I'WJl mcluded reah.<>uc valuc.<> !Ftgurc M<!} 

7 

_;, 



S..:lr;ctcd ~:-.timatcd paralllL'IL"f v •. du~o::-. .md tiJL·u \)5 1-1· linl'at. 
· :• individual cnnfidem:c inh:rval.-. are shown.in Ftgun: X. Thc~c JI¡.:· 

·me-. -.hnW hc~W tlh: c-.tllll;tlf.:d V,JittL':-, otlld thC.tl rn:'CI:-.1011 L"Íliiii;.:L·d tul 

· ·(he dtl lt:JL,ll 11ltM .. kl" f\icJrtcc tl1.11 pat amo..:tc1" with prH lf ntl(lmtat te 111 
· (f=tgure ~ti)rk:.vcr .h~\·~.a:unfu.lc.:.ua mtcn·.ab g.¡cah.:r than thc t.:ÚI1-

. -ti.Jcncc mtr:rval on thc pnor mt'ormation (ab~o notcd hy Com·cra anJ · 
Ncuman 19S6). Al~. t.:onfitlcncc mterval:-. on hydr.Julit.:-conductiVII)' 
valucs without prior informauon tend to mercase as thc c:-.tim:Hcd . 

~¡ 
valuc tncreascs, which ts consJstent with the smallcr semiuvitic.s 

cm~_!:nonly calcu!al'Cd(illljtrger hydrau!Jc condu<:~~v~t.i.~~-
Thc rcsults prcscntcd m Tablc 2 dcmonstratc a numbcr of Sil·-' 

uations that are ltkcly w he co~~"-!.!! pr~ctlc~. In CALO. ~orrc
lallon cocf!;.:tems and composne scaled scnsllt\'ttics are u:-.cd to 
dctcct data that provtdc tn:-.uffictcm or margmally suffictcnt 111for· 
ma11on for thc c.stirnauon of m-·o of thc dcfmcd paramctcr~. TI1c 
CALO·G 1 modcl dcmon:-.trate.s that with onc out no .... mca~urc

rncnt tndudmg only 111/(. of thc flow lcaving thc systcm. corrcla
ltons are a:-. htgh a:-. O 95. but a hctter·fittmg. mudcl rc!-.ult:-. (thc stan
dard error of the rcg.rc-'>Ston was lcss than for thc CALO mude!. Tahlc 
3). Thc hcttcr fit apparentiy rc ... ulted from thcrc only bcmg onc cor
rcl<~tion·reducing ob.'.erY~llon (the G2 flow): thc -'>llllUlatcd am.l 
obscrvcd G2 flow werc ncarly idcntical, which is typtcal of single 
correlatlon-reducin!,'! ob\crvauons. Thc con~cqucncc 1~ that any 
error 111 a :-.mglc corrclation·reducmg obscrv3t10n or m thc way 11 

¡_., sunulated wlll be dircctly tr.msrnJttcd to thc e.o;;UrnalCd pJ.r.unctcr.-.. 
.'>O Lhat such an ob~cf\·auon can act h._c an mflucntJal out! ter un thc 
rcgrcssion. As dJscussed bclow. less accuratc predicuons wcre 
ob:aincd wnh CALO-G 1 than wtth CALO. 

CALO+PR shows pnor mformation bcing u:-.cd in a w<~y that 
dnninishc~ rnodcl accuraq. wlnle CAL! through CAL\ ,)lo"' 
pnor mfonnauon bctng u:-.cd 111 J way that tmprovcs moJel ac::c.:u-

,.racy Thus. for tht~ problcm. u~mt: pnor mformauon tu fun.:c Dptt· 
m~l paramctcr valuc~ to tx rcalt:-.uc n:duccd mc..x.lcl ar.:c.:ur;K~ ..... tnf 
pnor mforrnalion to HH.:Iuc.Jc ~.:nmpkx.1ty nc~t ~Jrcctly .supf'l.m.JJ)IC ,.!?¿_ 
thc othcr data unprovcJ nH __ x.lcl accuracL. 

Cnmparison with thc Truc Hydro¡:coln~ 
Thc truc sy:-.tcm h:.t, :..1 .111 ..¡.m ~nd "racu:t:. Clllllp.uL"J 111 thL· 

152 4·m spactn~ u,cJ 1n thc c.tlthratL·,· :1uxkb. :111J ha" Í1\C rl1t"-.kl 
IJycrs IO.StcJd oJ IV.ll or th~t·:: 1l11.: .Jr·. · •f UluL' Lt~c .1nJ thc J¡·,,:,J· 
tnm of lh:: Str.:ught R1ver .1..: .. th<.: ....une lll Ule truc ..1nd ... .lilhr.Jt-.:J muJ
ch Thc ">H.k no-nn .. ,_. ~~unJ:.tnL"\ are tlK' "~une 111 .dl nuxkk In thc 

tn.Jc moJel. the ctt=\JI!CJO ot · 

-....;l\cr n(l\.1. \\'\!Cill w:¡, 1111[. -IIIOtl(h ,1\ 1!1 ltll' L.dlhC.J[t:¡j !1HII.kl-. 

(!·J_!:urc 2l. and \Jrtcl! tn1111 J~lllt --lh m on thr c.1-.t tn ,il"hlUl 

_q 1 m un thc v.c:-.1 

Thc confmm~ unn•r.thc fm:.tl c.d1hr.Jtt.·J nH~.k:l-. thf:urc -lh1 
C\lend.s ovcr more: o! thc moc.klcd .lrL',1Ihan thc trUL: L·emímmt-: UIHI 

(hgurc la) hccau"c ( 11 thc conftnmt= un11 prc.-.cnt i..lt ""di 21 ..... a.., 
a.\'-umcd crr,.;¡cou ..... ly to be conunuom wtth lhc l~cr confm1ng unu 

\el thc nonh. anJ 121 mlllL' of thc .JVa1l.1bk d .. :u.<.~ tnJ1~atc" that thc L"tlll· 
l1r11nt_: untt 1:-. actually Jlhcnt ..~ton!= !he nonhca..,tcm muJcl hnunJ· 
;u-:- f'cur.J.I nct""or~ analy"''nl thL" continm~ u ni! c.bt..1 d{t~o.,.(l !'rJ,l¡ 

CPrrcctly rcpn:~ntL"LI!h~,.· hrra~ m thc .... oulhrm p..lil ot thL' confmLn~ 
umt. but dtd not rc:-.ohc thl' -.cconJ prnblem ;-.:,, !<oJnJUbtLull\ "L'LL' 
done wtt!~ thc neural nct"or).. rc:.ull:-. a!-1 pan ui thc prc.....cnt 'tudy 

Tr~ :..u-ametcr vaJuc." are plnttcd '-'"tth thc op11m11cd parJ.mctcr 
\'alue5 ami thctr conftdcncc mtcrvals tn _Ftgu.n: 8 Thc true rct;har¡:.c 
ratc plottcd tn F1f:Urc Xa 1'- thc avera~c of a stocha.,ttcally !=Cncralcd 

. 

Tahlc 3 
· St:tli .. 1ks for WciJ:htinJ: and of lh'-' Final ~ l•lficl" 

1' ,r;ukl.u<l t'll'ltf •.t.lltt..""fet,!n.·-.:anu ( l~)lll.lllllll 21. 111 '\QIUC' ,,¡ 1 llul,!h.: .CI~...._ th.11 tlw 

~~~ .. h:!. •1n ;.\·,·r"'~-.1-,....thc h)'tJnndkhcilii:I.Mreamtlt""' ~m. ;uk.f l.a._e ft,,: J~.a 
a~ dn-..ely·;,-. l'I'L~Ift. wrth tite ~~liCio u'iletJ (o lOdcvi,IIC' 14Ll' "'et~l"'· 

-.maHcr wahtt....,,..drt.~~ a-hdtc,;fit: R~)renrrelattnn-coeffic.ent forthc w~tghtcd 
n-...ICJuo~l-. omJ c=lf"X'I~d nnrmal \-al~. with valuc' rangmg from 0.0 to 1.0. , ... ¡. 
UL" Lh~<.e to 1.0 indJCJ!e that 1he wcLghto..l reo;tduals .m= 1nc.icpendent. random. and 

norma!!y lh-.tñbulcd.l 

Modcl 

.'>Uti'lotK CAUl CAU)..GJ CAI..&-+PK CAL! CAU CAU SOlAKE 

S~l~li!::i ~ tg g!!J!li!U: Lb~: "'~iabu (2[ lbt lllmD'Jlll!tm•r 
l'reiLmtna.ry u.nd.ud dcvJatLOn for head~ (ml 

o 10 OJO 0.10 O .JO 010 0,!(1 OJO 

Prdumnary cucff~eLent of \arJatmo for 

Strt'amtlov. 
¡:;un, o (1(,1 o CXJ) 0061 o 12 017 017 017 

Wclu~~ 01) Oll OIJ 0.23 o JJ O.JJ O.JJ 

Slll~liQ g( Ul!: Qru~l modd:¡· 

' 078 Of<l 0<>9 060 04~ (1 JJ 041 

'K,_: o""' o 939 O R79 0.96~ 0950 o 981 097to 

¡QQ.n) (0~3) (0943) (0.969) (09:':1 (Ü 97:1 (O 972) 

l:llrn:l...ll,;J¡:¡UQ !l(lhc On¡l modcli_(~ cuT-.e.~ lhe sl.llu~ttc u".elt 1n.cakulate 1M wee,!!h1s) 

FuceJ \t;mJarJ JC'\Laton for hea...h tml 

o 078 ll(l(,(} O.O'IQ 0066 Otl.l_<. O OJJ 0().12 

hned cocfrLocne of v.mauon for 

Slrtamflov. 
¡::;11n• ()(1-liJ OOJ)o: o !XlJ o 070 o (17,<. o 055 0070 

I.J~L' '"" 0(1'1<,1 0070 o 12 014 01) 011 014 

'K,· r' ~1<>4t<d ¡,., thc olil><:r. •"""\ •n..ltllt pnor mfurmauon Cnltc-¡1 '¡!ue~ are '" J'I&!Tfllhc\C'l 
,e 1tw- ,~,,JuJI• .ur uldo.pcno.lent •no.l n•10n•1lv d11tnbuted. 11lcn 1hcn: '' onl> 1 .\Gl- cl'lancc tl'lat R.,_1 
"L• '' tn~n tho• •.>lt.>C" 

di\lrthutHlll w1th a :-.mall vari;mcc (50'c). so th~t thc truc rcchargc is 
C'--'>Cillt.Jit\' L'tl!l\lant. as condudct.l m thc caltbrauon. Only the 
CALll-•. ..tnJ CAUJ+PR modcls excluded thc truc vaJuc from the 
L.OClt'1JCnLC llllcrval. nus rcllccL~ thc imponancc uf thc G 1 now In 

thC .JL'L'UL11C C~lllllJ.IiUil ur rcChilr{!C and thC J.biltty Of prior JnfO_!:
rli:JIJttCl tttappntpnatcly applicd to o.r:!c_p~nCt~-r- to ·arreCt C?lher ~~ti: 
11;~~L'·: p.n;uJJCIL"f'• Fur thc vcnicallcak.ancc of thc confining umt 
¡ hfurc XhJ. thc conftd~o:ncc mtcrvals only me lude values that are 
~n:..Jtcr th..tn thc ..J(tual v.Jiucs. Tiu!> probably rc. ... uiL<i from thc cxces· 
-.1\L' .uL-.JI C\IL'nl 111 tiiL' r.:tmfimng untt 1n thc cal1hrí.HCd modcls dJs
LU~"cJ jHl'\1\IU\)~ 

1 he.: \ aluL' oJ hydraulac conductancc of thc '-lreambed used in 
thc.· truc llltk.k:lt" 2-l4 m=td pcr meter uf strcam :.1long thc length of 
lhl' S1r;n~h1 Kt\Cr mstcal.l of bcmg- variable, a." .-.tmulatcd in aH cal· 
thr.JtcJ llll"-.!cl .... Fur all sunulatiom •. F1gurc ~k .!.hows lhat t.he small· 
C.\t t·· 11m.ucd &.:unductam:c." are simulatcd for KRB 1 m thc northcm 

rt'., ·1 thc.: nvcr. whcrc thc true undcrlymg hydraulic conductiv-
11~ .• e'" th.Ul tlll' .. hhr.Jtcd vaJuc (Fagure 9: :-.ce Figu.n: la for stream 
h ... ..111un 1 Thc ..JI:.lJ)'.SJ.s m Appcndix A llll!l::.:atc!<o that Jiu le grid· 
"1/L' cffcLI "nult.l he cxpcctcd. 

TI1c bJ...l.·bcd wa. ... rcpfC.:)Cntcd m lhc truc systcm as in CAL3 and 
['-.;0 LAKE. "'' that thcrc wa. ... no distinct lakebcd. Thcrc IS, therc
forc. no truc \aJue of lak.ebcd leakance to compal1: w1th the: cstimates 
and thc1r conftdcncc mtcrvals. ~d thcse valucs are: not prc.senlcd 
m th1-. rcron. 
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Figure -'a. Oefl) The simulatcd ntcnt of thc confining unit in thc 
CALO c;:~librataon. SmlUiations includcd a confining unit co,·cnn¡.: 
hoth thc doltcd and stnpcd arcas: in lhc final CALO modclthc con
fining unit extended only onr thc doltcd area. 

F1~ure 4h. (righO Thc simulatcd extent of thc conrining unit in thl' 
CALJ and t'IO LAKE modcb, Y~ith thc arcas added for thc CALI{!/f), 
CAL.! ( t l. and C..\1_1(\\\) modcls. Thc locations ofY~ells mailahlc al 
thc hcginnin¡.: of thc . .stud~ • • /, drilled in field scason 1 (o J, drillcd in 
ti cid ,c,ea..,on ::! 1 >. J. and thc "cll drilk-d in ficld sca.son 3 { + J an_• ~>hmm. 

Vertical amsotrupy equals 1 O in mosr of thc true ~y!' te m in,tcJd 
o: 2.5. as u~.ocd ¡n thc final ca.hbr.Jted moclels: lhe ina":curJtc c:-tnn:.uc 
ir.. const"!cnt wtth thc srnJII compo<;tte sc~Jer ... :cnsilivntc\ of thl' 
para meter 

'Aquiicr honzontal hydraulic conductlvily for thc tnJ~' "-y\lcm 

¡o;; shown m F1gure 9a and ¡o;; C\SCnt1ally vcn.Jcally homof:cncou" . .t\ 

a.o;;sumcd m mOOcl cahbr.:J.uon. Thc c.I]Jbr.:ucd hydr.tuJ¡c,·onductJ\ 11~ 

d1stribuuon for thc CALO moJel. wtth lts thrcc 7.one' oi con\l;mt 
valuc. is shown m Fq::urc )a. 11 1S dcar why 70natum could nnt :-,u.._·. 

cc~sfull~ rcprc\Cnt thJ\ 1ruc hydraultc conductl\ 11~ J¡\tnhutLtlll 

Thc tnanf:ular fJnltc·dcmc:m !-!nd U'-t'd fm lntcrpo!atHH1 ll1r thc 
e o\l) modcl J\ 'hown lll F1¡;urc Jh. thc \ame !=nd 1'- U'l'd f¡lf thc 
,,0 LAKE moJeL .md thc ¡;nd uo;,cJ for !he CAL 1 ;..~nJ CAL~ 

nHXlCI.\ t'- 'tnul . ..tr bu1 hJ" lcwcr nr.,.Je:-.. 
Thc callbr:ucú h~Jrauhc-~.-·ondu..:tt\'HY d¡qnhuwm (N rn,xJel 

C ·\L) 1\ !'>llOWil In h~urc 9h .~h1,¡ of thc nlJJnf htf:h' and Jo~,~,' of 

t::-: truc flyOr;IUIIc cun\JUCitVII~ ~Hl" rcpn.,,cntcJ Pnx:c'"L''- th.tl 

dc¡-x:nd on t..hc .... nu.Jlcr '-C.1Jc vanJUnm oJ hydr..~ulu.: conduct1vlf~. \uch 

as flow into thc Stra1ght Rtver. can only be samulatc:J well1f mhcr 

a'pccts ofthc modcl ca.n makc up for the overly smooth e~tJmJtl'd 

n~drauhc·conduct1\'¡l~ dt~tnhut•nn. A" menttone<.l hcforc. ltlv. C\11· 

nutcd strc.:unocd conductance JI t..hc hc.atlwa~e~ of lhc Sc-.u~t Rtvcr 

prÜbably ma.kmg up for thc hydr.:!.ulic COnductJvlfv _bctl)g t()o.) ht!!h 
Lé"'fiYdf;:IU.IÍc hcads St~ul~tcd ustng CAD ar~-~;t show~: hu!.ai-"c 

nearly tdenttcal to thc true hydraulic hcads (Figure la) exccptm thc 

northeastem comer. where lhe confinmg umt wa'i simu!Jtcd dtf· 
fercntly and thc CAL3 hydraulic-head contours are smoothcr 

Comparison with thc True l'rcdictions 
. TilC srmulated prcdiction..; relevan! lo m:m:l~t'mcnt cntt'na 1 and 

. ~ a fe í 1 ) thl!·m;».imum~r.Lwd«lWn any\.l.'hcn.· 1u !he w 1rtltcm p..!l 1 1 ti 

·ll1t' :...ltldy .. ti ca tiH)(•WUpfH))i;Ct.} ifl f..\\&.:CCd jJ.It 1111, :JIId ( ~) lht'- JX'I t"t'Jll 

· .dw.n g.c JJL'itrc.amflu¡,~ .al ..g.aug.ing .,o;;.t;¡¡,....,¡ G ~ ..( not suppoM:J 1t 1 

cxcccd 20r:t- ). -calculatcd a~ ·1 00 times·the .'\imulatcd changc d!\'idcJ 

hy :::!7.10 m 'Id. the obscrveJ now undcr unstrc!\~d cmHJition,. A~ 

dcscnbcd prcv1ously. developmcnt sccnario A includcs pumpage at 

PI and P3. scenario 8 includcs pumpage a< P2 •nd P3. Bluc La•c 
is a closed lakc so that purnpagc was expccted to affcct lhe lake lcvcl. 
11us wa." simulated for each predicuon by rcducmf: thc lake leve! 

so that thc contributton 10 the ground water systcm was the same 

w¡lh pumpagc as 1t had bccn without pumpagc In t!lc truc systcm. 
this was accomphshed by assigmng the la!...c cc!b vcry largc 

hydraulic conduct1vittes . 
F1~urc 10 shows that prcdtcllon accuracy for thc bcst·fitting 

CAL2. CAL3. and NO LAKE modcls is ex<rcmclv gooJ: <he 
CALO-G 1 model had the lcast ac.:cur.ue predictiOil!'>. 

The maxunurn drawdown may be locatcd anywhcre 111 the 
non.hcm pan ofthe modcl. The true maximum tir;~"'·down ¡s locatcd 

;¡long thc castcrn boundary for scenano A. arhl :.dnng thc nonhcrn 

houndJ.ry for sccnano B. For thc thrce CALO nJOdcls. tn whieh the 

vcnrcal lcakance of thc confinmg unit 1:-. vcry !'>mal\. thc max¡
mum SlmU!Jtcd dr.~wdown for both thc A and fl dcvcJopmcnt SCC· 

nario .... 1s locatcd along thc eastcm model boundary :.11 or ncar row 

~. colurnn 25 (F1gure 1 b). For thc othcr cahhratcll models. H was 

.,jmulatcd at or adjacent to proposed wclllocltion P3 (F1gurc la). 
Frorn a managcmcnt perspcctive. thc prcdictJOns madc by the 

diffcrcnt models are similar. For devclopmcnt sccnario A. al! mod· 

cb indJcatc that managcmcnt critcna 1 and :::! would be vaolatcd: 

wtuch ¡<; corrcct For dcvclopmcnt se enano U. Lhc prcdictmns for 

thc mJ~tmum drawdown are close to thc managcmcnt cnterion 

(wh1ch i~ corrcct). with thc grcatcst discrcpancy ~imulated by the 

C AUl·G l modcl, thc prcúictJons for lhc pcrccnt .\trcamflow change 

Jrc clll\l'r 111 thc mana~crncnt cntcnon f(Jf thc CALI. CAL2. 
C.-\L 1. and NO LAKE modcl~ than truly occur!'>, and the CALO, 
e·\ UI-G l . ..inJ CALO+PR. predicllom. e.\cccJ thc manaJ;clllent 
cnr~,-rtPn IIHlrt· th;m truly occur!\. 

TI1c le"" JCcurate prcdJctions of the CALO+PR. modcl rclativc 
111 tht· CALO moJel shuw that, m thl!\ circum,tance. whcn thc lm

t·;¡~ ttlntidt'JKl' 1111erval on the unrcali:-.tic p;tramctcr valuc mcludcJ 
1111 n:.t,on¡-¡hJc valuc:-.. thc model wuh more au.:uratc pruhcttons wa ..... 
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Figure 6. \\cighted rt<;iduab "ersu.'> ~ ch:btcd Mmulatcd ,·alucs for the 
ta1 CALO and (b¡ CAW models, ror h)dr:.ulic hcads (o l. nu"'s (+J. and 
pnor mformation fmm slug tc.st.s (\l. In 1a), one out of ran~c nu"' at 

t-102.. -1.21 is not sho"'"· 
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~ ll.:llrt' l. Mc.ao;un-d and 'imulalt"d "tn·amflu"' ¡,:;tim 01inn¡,: tht· !\trnie,hl 
Hnn Cor thc CALO and CAl-' nJUdd\. \alut"' an: r'K'r finilt'·thrlen:m-c 
n:IJ. and finite--ditlen-nn: nlllt\ atthr up,tn.-am rnd uf Lht' n'cr. Fnr 
llw CAW modd, Pwramt'lt'r KH.II 1 a¡Jplic.o. lo n·ll" 1 and .!. KHU1 
.1 rplic ... to cdl 3. anc "HB, appl•c~ lo ldt' .a thmuJ!h 1 X. C ;a u~\' (; 1 L\ 
l"•;atcd hct~C\'n cclh 2 and 3. (,~u~r l;.::" ltK::.It\·d al tht· do~mtn:<~m 
nul uf cclllb 

ttlc moJel that ftt Lhc t.i...1ta bcttrr. C\C'n thllUf:h onc 11f thr c'tlm..ltcd 

paramctcr valuc.\ wa~ unrc :o:.onablc Thto:. 1' con't~tcnt .....,11h 
Troutman's ( 1983. p. 801 ¡ r~:.u!l\ for ramfa!l-runoff moJclin¡:.. 
and 5UF _:.slo;; that w~cn an unrca..o;;on.thlc valuc ts w~ll .<,uprx>ncd ~~ 
oh,crv~ltlon da:.J ta..' tndLc.llcJ 11~ i...1r~c compo..,Ltc .,_~_·.tls~-~t:Cl_'~l\-

irics ;.~nJ ;¡ ~.:onfid~ru:c intcn:d 1h:.11 c.\l.:hhk..,,L .. l..,Pll:Lhk p.ll.lllll.'h'J 

valuC""t use of pnor1nlonnauon ol ten '' not a r1 ~ \dliL'II\'C mcch;!

ni ... m Wllh whtch tn rc.•.oln: tlll" pwhkm. t\loLL' .IL·L-IIl.L!~' pn.'dl.:tll'll' 

-_wcrcobtcuncd m tJJi ... sluc.Jy \nth a·mtnc l"' )lnplt.:\ .p.•r~mtch."ntatum: 

pnor mfom1ation w;t, u~U lo achic,·c a ~tahk· ''-"~''-'''hlll \\ nh thL' 
-· addilion<.~l p.ar.unch.:r,_ 

Thc rcsults show th;1t. for lhi~ problcm. thc m~l!'>l ob\'lous inJ¡. 
catar of a modcl likcly to prcx:luce inaccuratc prcd1ctions was an 
uñr~a.~<;>nable esumatcd paramelcr val~c. In addillon. wcighted 
rcsJduals werc shghtly nonrandom for the Jcss <~Ccuratc models. -

-Models with a closer fit to the data (Figun: 5 anJ 'ofTable 1 ¡gen· 
_ erally, ~J.ll nol alw<!ys. produced more accurate prcdtctions. 

The predictioris shown in Ftgu~-:- 10 are. of coursc. unccnam. 
which could be imponant to thctr L < for m<.~nagcmcnt decis1ons. 
Analys1s of measurcs of prcdictJOn unccrtainty ts bcynnd thc scopc 

of th1s repon. 

Discussion 
Thc power of this work comes f ro m thc test Gl,..,c hc1 ng com· 

pie,; cnough lo test how thc mcthod!-- are li~cly lo work in actual 
appl1callon. Thus. test case reahsm is thc first Js .... uc d1scus~d in this 
~tion. SubSCiJUCnt scclions focus on thrcc i~ .... uc~ L"rU(.'Jalto thc use _ 
of calibratcd modcls to cvalu.uc ground water systcms: Modcl 
ncmumqucness amJ lls pracllcal con~cqucncc~. apprnpnate reprc
scfuaunn of smaJI- and large-scalc hcterogcncillc~ of thc hydraultc
conductivity dJstributidn. and thc c(fcct of moJel error. 

Test Case Realism 
Thc test case 1s more rcalisucally complcx than any other test 

cao;;e uscd for this purposc mlhat ( 1) the flow .... y ... lcm 1.., fully thrce
dimcmlonal and hao;; cummonly cncounlcrcJ ty¡-.c' of boundary con
dlttons. (2) !he arca! hydraulic-contluct¡v¡ty Jt,tnbution, arca! 
r~.::haQ;c . .Jnd arca! cxtcnt of the confimng unit 01rc reasonably 
~..-omphcatcd. cxccpt as notcd hclm~,-·; anJ {3l thc problem is posed 
in tcrm,.., of a managcment prohlcm. The test ca,c. howcver, as 
\Jmplcr lhan mm.t f¡cld problcm).. tn that ( 1 l thc hydrauhc conduc· 
ti VIl)' of thc aqutfcr matcnal d1d not vary with dcpth much, a con
dJtJon rarcly. tf evcr. cncountcrcd in natural cn,·uonments (thc 
llnw .... y ... tcm. howcvcr. was still thrcc-dimcnMonal bccause of lhe 

huundary cont.Juwn~ ami lhc prcscn .. :c of a confining unu¡: (2) 

hoth tnc truc anJ caltbr<.~tcJ ~ystcm~ wcrL· lruly at stcady ~ ..• te, 
thu" avotdtn~ 'tramtcnt cffccts: 0) thc locatwn and impennc..abil·. 
11~ of lhc lateral anJ bottum boundancs wcrc bcttcr known lhan in 
¡¡¡p.,¡ f1cld problcm\, and {4) thc rangc of hyt!rJulic conductivllics 
v. a' \OntC\1. hat narrowcr than 111 many ficiJ prohlcms. 

n1c rcgrc~\1011 d<.~ta U~Cd lo Calihratt: thL· '-C'\'Cil modcis dcvcJ

IlP.,:J 111 th1' "'orl.. wcrc hyJr.JulLl hcaJ~. i.ü .. c .'t:cpagc. strc.amOow 
~ .. Jm .... and hydr.tulil."·'-·o¡uJuctiVtty valuc~ prudm.:cJ by slug tcstlló, all 

\tf "'tuch v.crc 1.knvcJ from th~ ... ynthctu.: tc~t ca~c. The data wcrc 
!=Cncrally typtcal of thc typc of dat<.~ aYatl..!hlc in m~t fleld · -::hes. 
nl."cpt a.. ... folluw ... : ( 1) ll1t.:. ''ob~rvco·· valuc~ uf hydrauhc t:. .Lnd 
fluw v.crc Jcn\'cO t.hre~.:tly from thc truc moJel:-.. wath no 1 .... uum 

error' at.ldcd. 12) thc hydr...1ul~e-hcaJ data wcrc more evenly (.hs
tnbutcd in sp:.1cc than commonly occur ... : (.1¡ thc st.rcamflow-gain 
measurcmcnt .... Jncludcd JOO'Ko uf thc outflow from lht' '-tem 
{c~ccpt for :'1c CALO-G 1 moJel) and. for sorne of the moo~ . wcrc 
of highcr r· .... olution (CYCT)' 152.4 m) than Mrcamflow gams gencr

ally can be dctcrmincd frum mca..<>urcd strcamfluws given common 
mea ..... urcmcnl crrors. and (4) thc slug-tc_....t data v.·cre equal to Lhc · · 

hydrauhc conducti\'IIY of <~. 30.ó·m squarc fLnllc·dJfferracc cell. 1 V , 
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Streambed cona uctance per meter of stream, in meters per da y 

Fi¡."U~ 8. la-di. E...Urru¡tt"d ' .. tu~ o( vkt-tC'd p.aramcttl"'\ u.v:d lo C'a.lrulatr 1.1'1(' foUo"'in¡;: modd ch."Jrartcrutif:'i: (al l"('('haf'l:t" ratr: fh l \crtical leakalK"t' 
nf lh~ connnmc unlt, ter 'ln·:.miH-rl n•ndurtant:l": and 1d1 hontont .. J h~drauhc condurhvil~ Thl' ¡;:r:•rh' "h""' lh(' l"'llimated ,·alut'~ 1•1: Uu·ir 
''' rr linC'<~r. m di\ idu••l t·uuridt•ru t' ml<'r' ah 1e r: trut· '-..1 UC"' 1 • 1 nr, m ¡f- 1¡;:un· Mh 1. lhc ranct· nf tnu· 'a hit'' 11~1"' t't'n llu· •.,!. Fi¡.!un· 8d incluctt'' 
llH",I\Un.'d \alut·:. ¡:._.¡, for na-.t .. urnl \.Jlun uwd ''' pnur mform.JIIOn rntln· n·cn''-\IOIIil·r¡.:un· Xd1.tla·IJ5r;, luu:ilr. uuln1dual nmfidcnn• inh.·r
•:•h 10), calculo~ll·d u'm~ llw \1<.~1¡•-tln .. ¡a·nra·d f11r lht pnur in(urmdlltllllll llw n·¡::n''-'wn; llll' l'\j.X'Ch·d l"<llll!l' uf 'alul''" plollcd Ullina.: a hnl' 

'3fTO~~.I'nor ¡nfomt.JIIUrl, ¡r U,t•d." plolll'i.l a.' lhc fir.l "'"' rur t·.Kh p .. rarut"lt•r; \Uhwt.jlll'lll """ an· l"l"'>Uib rnun lhl' ( AL l. CAI.2. CALJ . 
. :\0 LA"E modch. ~l'l' 1 dhh· 1 rnr dt·rmition of paramctf'r labd.,. 
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Ft:.:urr lla. (lcft¡ J\lap sho"'mg lhc true hydraulic-conducti•oit) di.stri
butum. 

Ftgure CJb. lright) Map showing lhe oplimized d1stributinn of 
h)draulic conducth·it) for model CALJ. 

Gr:..~: shade 
(d;..~rl-.c~LJ 

(lightcsu 

ll)draullc conducthil). in m/d 
0-Jh 
J(,-7: 
72-JOR 
1 ox.¡.¡.¡ 
l+.l-180 [occur.oo onl) m onc cell of(Al/ 

wh1ch l\ 3 largcr amount oí Jn.Jtcnal than si uf te,<.,t.-. u ... u .. dly 'ampk 
Hc¡~c:llmt: ... ()me of tnc rq;rc,..,tom. u.\ln~ nnt<..y U.Jt.J \\nulJ he :Jn 

tmp11nJr:: l'Ontnhuttun. hui thL' wa .... con.-.¡JcrcJ to h~· hc~~·lhJ lll·: 

,,,:up•.= nt tht' rcpor... 

Dc!>pltc thc \tmplif~>..·atJnn .... thc IC-"1 GJ\C .trfi\.'.Jf• J•l h,J\~· !"x·t.:n 
L'umpll:\ cnough to 'er--e tllc nhJCCll\'C-" of tilt' wnrk 

\lodcl Unh1ucnL'!'>..' and ll .. Practica! Con'-.'4UL'IKl'' 

Gt\CO thc ;,¡J\·:.m::.~,t.o tntlncnt m tite :-~n:lln11.: IC'I·~.t'C. 1'11, 

1111~ht hJ\t: C.\rx·..:tcJ 1n f111J une modd th..1t ...,:J.•, .:karl~ tllc r-....·,: :.111~ 

!hU\ he ..1hic h• J\'OH~ lhl' prohJC!ll 1.1f 1\PflLJIIIl/liL'III..''" 1\llflll.J![\ 

l<lUflJ lfl ~fllUOJ WJ\L'I fip...,. rroi1Jcrn' '-•_•nCihl·k''· ll•llll.Hllljlll'n~·" 

rr•lVC~ \P he :1 rrPh_l\1:1 \1ndr..·J, C/d.:. C'·\1.•. Jn.J :'\() l.·\1-\l 
\ ¡L'[J¡;l.) ..1 rt::C1..!!i..:Jt1J~ \IITIIl.lf ~U.llit~ Pll..illhr.Jih•ll 1 'J.Iill1.' ~ h;.:,;.l· 

'1 .llld rrcJI,\111[1 1 Fl~Urc \l)L dc,ri1C J¡ncrcnl .J."IH\1)1111111, rq.:.H .. 

111);.\hl' h~Jr:JuliL'-L'CllhiU~,\J\11~ lÍI\\f\tlll\ln/; . .J.It'.llL'\IL'IIl ,,: ilh.' ~•'1• 

!.111111!:! Ullll. \Cr.IL.L.l :l.!ll\ll(Jtlp~. :li'Id rt'prt:':-.('llWIHIII ,,¡ Ull·J..ll..d-..:d ,\IIJ 

Lile Ja).c E ven CAL .. :or ""h1ch lhc: ca.!Jbr.1UOfl\loJ.\ t'k~ a.' ~,,o~,J. pru

dur..·cú accuratc prcJ¡~tHm' Th1' 1~ unportant tx:.:.lu'-4.· 11 llldlctiL'' 

lll.lllht· l..1c~ of un1~ucnc'' fll:fVJ\1\'C m gruunJ "".Jtn 1111"-kl, ¡J,._ .. .., 
IIPI nccr.:~-..ml~ Uldl..:JtL' that thc modcb prlw..iUú' lrl.LllUr.lh . .: pn:· 

J¡.,:¡¡on.;; :in d. thcrctPrl'. art· U\Cic~.., l~':.l:a,? of ~l}l.ljliC,l_IL"''. pr~.·d ~-~ . 
11~0 JL'I..'uracy arrear\-·-~~ Jq~:~d on !he ~~r:.....,:l!l~~ .. ur .. ll._;_:)~-'.!2t' 

a~~ilahlc Jata and thc cal ihr.tnon lllt'lhnd1 d1 ·:;: H .. ,~...- .ti l :•. 11 th~· ~·.11. 

ibrnt10n i-; sufficiently cnn•araincd. diflclcntL·.dlhr:lll'd 11ltll.lel' .n~.· 
l1kely 10 produce rcsulb ~1( -..in11 br aL"L·u1.a~ _\ 

·Appmp~ -Rtpnscnlation ufSnmtl- ami L:rr;.:(.•-'Sc.rlt· 
Hctcrogencit~· 

· Rcpre!otentln-ª thc hydr.mltc _,ontl uc11 \ uy ftdd u''n~ 1 htt't' 

zonc!-. m thc CALO modcls haJ lhl.' advant.tgc llr .dlnwnl~ ;¡ cko~1 

evaluatwn of the rehuion bcrwccn thc d;tl.t .mJ tlw pa1amctcr:-.. In 
th1s test case. U!'>C ofhcad data alonc or in ''unhul.lllllll with !he laJ.....::
~~dget dal?- rc~ultcd in ~..~·.!rcmcly cnrrcl.ncd p.ll.lll\Ch::t~. wllid1 

would have prohibucd c~umat1on tlf ~ndlvtdu.tl p.tr;nllt'lcr \ .duc:-.. 

Such an evaluation ~cncrally ts not po:..-.thk '' 1th lllPrc compln 

paramctcnzattOil\ tn whtl..'h ~llllh..' p.tr:tmelcr' .tlt' 1111t c-.t1m:Hcd 

and(tlf) prior mformatkm is U\cd. h~.·..::;Ju\e hlllh .1tll':! tllc -.t:lil!-.llt'' 

uscd to 1dcntily paramclcr Cl1rrcl. .. llion 

R._eprcscnting. thc h_ydraulh..'-cundut·tl' u~ IIL'IJ U\lllf: rtucc 

zonc.s had thc ~~~advamagc :of..Ocing _100 unn .. ·:JIÍ'>tlc 111 lhi!-. test 
c;ise, as indicated by one unreaJistiC hydrauhc-(OildUCIIVIIy vaJuc 
estlmated by thc regression. somewhat nonrandom wcightcd rcsld
uals, and inaccurate predicuons. 

RcE:._escnting__!hc ~yd~;l!Jhc-conductivuy ficiJ u:-.ing a Simple 

intc~polat;~elha:J based on linear tnanp1iaí fimtc clcmenls 
¡Jiodu-~cd good fining modcls capablc of accura1c prcthction~ of 

drawdown and changcs in .strcamfiow gam u ... c (lf uthcr mtcrpo
Jatton mcthcxis could have sume advantagcs. tor c.\amplc. ¡..;_riging 
allows lhe dmance of mflucnce of cach interpolatJon pointto _be ea.o;
ily adJUStcd. Wc do not cxpcct that us1ng anothcr intcrpolatlon 

mclhcx:l would stgnif1cantJy changc thc rc...;uJlo;, hut lhi.s wao; 01 · :csted 

111 thc prcscnt study bccausc such a good fit w.1 ... ad11Cvcd w1th the 

stmplcr mclhods Mclhcxis that allow Sf!W.Ikr \Gilc_variation, su_ch 

a-.. f!nd-scalc paramctcn7.allons. also wcrc not lc~lcd for thc sanlc 
. . ~ 

_,1,)11 

Us1n¡.; ¡nc slug_-.. tc..:~!..JÍi:lla__~-~ p~or T (orm.H 1lHl ~csumatcd 
p;,¡ram~tCrSJ~~tcct at mtcrpolatJon r,,,,¡¡.., (lf -th; fimrc-elcmcnt 
fnJ-allcl~·cd rhc regrc~~;~n tu adju:-.t thc c~tm~.1t~J- paramcter V<Ji

uc:' ,¡¡ lhJt thc .s1mulatcd hydraulic condu;.:ll\ itiC:o> wcrc more rep

rc~cnt.JIJ\L' ofthc hydraulic cunducrivillc:.. atlltc largcr scale. Th1s 

~~~rléontra~l to the plio!~i_nts met~~"KJ (Mar~tl) el al 1984; Cenc.o; 
.u1J .\1ar,dy 1991; RamaRao ct al. llJ1.lS1. 1n whtch thc hy~~al!Jic 

~-~,nduc\1\1\Y atlh~~!ug-~c_sl mca.\urc_mcm pomt~ woulr..l havc ~~n 

\CI 1 ,,ry~~~)~ ~~~~t? !_he_ ~ll!g·_~c:_~t val_ut.: ;:¡mi p..!ramctcQ_localed at 
adJ1-Í1on .. ll potnt.' would be estunatcd. 11 ~~ al\o iñC'OntrasVto othcr 

~eo\IJ..ti\IICJlmc::thlX.I:.. (KHamdi~ 199.": Ych ct ~1.-1995).-m_~hl~h 
thc pumt \Jluc~ are U\t.!d wuh ltlllc ur 1111 l.'h.1nfc <Jnd thc maJonty 

ni lllt' dlnrt 1' .;;pcnt moJel m¡: thc vanogram E.'!Hllatcd valucs dlf
lcrr..·J ln,m pnPr c~tunatt.:..'> hy a,.., mucha.' ~7·; .• tuJ ::!6~ for thc bc..-;1-

/ r'111111¡.: mndcl and 111·.., tho~ght th..1t mu~.:h olthL' dtncrcncc ~~ rclatcd 

~~~ '~·Jlt; (ene:- .wJ Mar.lly tl991 1 ..,ug~c..,lth.ll tJu.: ... ~:ale cffect ~.:an 
tx· nt.·~ll'l..'tcJ. but that J¡dn't <!ppcar to h..:: tht.: 'a!-.C in thc prescnt 
'IUd)'. 

A!.'~.:uratc prcdicltons wcrc ohtamcd Jc.;;pnc thc lack of pump

¡n~ 1n I..'Jhbrauon conthtium.. anJ ti\ prc,c:nl't.' 111 prcdictton condt
tum-.. Althou~h changc .... m the Oow í1clJ l:all chant:c cffccllvc val

un pf hydrJuilc condu..:ttvny. th1\ prohkm r...ltJ not appca.r to be 
~~~mf11.:ant ·~~~ lhc prc!-.cnttcst ca:..c. 

1: 
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•re JO. Graphs shu"in¡.: predictions ror pumpinJ! sccnarin~ A and B calculatcd usm¡¡!: thc calibratcd and truc mudcl!-o and thl· rell'\-'ant man
t·nt critcn;.¡, 

E!Tccl< of ~lodcl Ermr.; 
In thi~ test ca~ t.:. rcqdualr.. rt.:..,ul! frnill rnnJd cmtr hcL-J\1'-C fl\1 

r.llldom mca..,urcmcnt error-. wcrL· mtroduccJ mto lhc ,<.,IJlJubtL·d J.1t..1 
Thr~ rrnvldt:\ ;J UfliLjUC orponunJt~ lo Jll\'C'-II~~~~c lllOÚL'i crf¡\f, 

Thc R,,: \:duc' nf Tahk) ¡nJh.:Jtc that ;.¡JJ .. ch ,lf HL'Ic:htL·d 
rc;..Jllu.d'- :.1rc. orare ncarly. indcrcnúcnt anJ norrn.dly d1-.trlinn~·J. 
and '>PJIIJI plot' of wci~htcd rniduJI' (ntlt ~h,J\\111 ~cncrJ!l~ 

rcve~ilcd no .... patial tn:nd-. Two 3'flC'l'l' of lhi" ;.¡rL' impn!lant Thc 
mP'>I h..1~ir.: ¡.., thJ.t lhc wc1~htcJ n:,¡Jual-. •trr"ll.:.lr tP ¡,. r:111d!J!ll 
R:tr~dlllllflC"" oirt:..,Jdu;¡], in fL'!...:fC\'-1011 an:IIv-.1-. u,u,Iih 1' ltHIII!.:Ill 

to rc-.ult fron1 lllC:J\Ufl"nlL'nt c~or~-(Dr:•rcr ~¡nJ Snuth .1 1)S l. p. ~2-
~..¡1. .-\, .... ~..,~~k L'\pl3natulf1tur lhc appan.:nt r.Jnd.•nHIC'>' n! tÍil' n.·-.¡,j. 
u:1h 111 thl' 'Ynthcltl· IC'>I t:J'>C 1\ th.JI C3Ch Ti..''>tdu.d 1'> thl' fl''ltl: n! 

mnd·:l error" lrnm-.ncr.J! \uurcc .... "~l'h .... crr,H-.111 p;IT.Jflll'lCfl/,1 
ti(lt. r.ound.try L'onJ111nn-., anJ uthcr J'>fX'i..'t-. ,,¡ rn•xkl.:o¡\'otntdtull 
\\t'1~11tcJ rc-.1Ju~JI. tha: ..1rc m eftcct r:md1Hll 'u¡.:¡.:l"'t th.Jt \'L'J¡.:Iucd 
tru~·c:-ror\ are Jl"<l cfíL'(tl\cly r..1nJom ·n~~~ 1' 'l;.'nll"l~·:mt tx·c.•U'-l' 
1Í tr.1:.'.11 \U~~c..,¡., th~u c~n.un t~pc-. of mtldd crrur nu,¡:ht h..· all't•lll· 

m<l....l.ltl!d hy '>t.tndan.! rq:rc-. ... um a..\~umptlon-. th.Jt rt't1UJTL' that thc 
truccrror;bcr.mdom(Sctx·r::~nJ'W'IIJ 19R9,p.57.l. WhltL·19XIl ~ 
In .hlJ1110n, thc J.'\'iiump11on nf ranJom truc error' J'> rt'Ljum:J to 
;,t\\UTC a'>ymptniÍL' COil'l'ICnl'y and ncJmJJ.ill)' tlf C\llll\.1\l'll p.tf:Jrllt.'ll'T 
\'JIUC\ (Scbcr anJ \\'lid l(jXtJ. p 5(1~-5/~). Th1" wor~ tndtcatc-. thJt 

·c,cncc 6f mcxkl error m::J~ not \'lolatc thc .. c rc~u¡rcmcnt" 
, thc C!-.llmatcd par::~rnctcr \';,.tluc .... v.c1ghtcd rc,¡Ju.d-.. or tllhL·r 

mcJ.,urc~ ini.JKJic rnoJd h1J.\ 
In ai.Jdition 10 bcmg ranJum. thc wc1ghtcd rC.'.Idual .... wcrc nllr

m:Uly d1"tnhu1cd. As wilh randomnc~o;;. thc normallly of thc V.CI!=htcJ 
rcsiduJ!" '"' oftcn thou!=hl 10 he J rc .... ult of mc:.~,urcmcnt crru~. 

whJCh was not prcscnt in this synthctic prohlem Thc nnrmJiity of 
th~.· v.ct~htcd residual' suggcsts that dc,<.,pÍtC' tlw pcrva-.¡\c prc....c!lcc 
ot moJel error in nurncncal ground water flo" nuxkl .... thr.! assump· 
tlllll nr' norm.ilny nftcn may be val1d ll1i .... wpuJd rL''-Ult if a procc~" 
~lllld.1r tu th:ll Jc,..cnbcd hy lhc r.:Ja ... ..,¡c-al l'cntr.d Jimit thcorcm 
1 J)r.Jrx·r Jnd Sm1th 1981. p 241 wcrc (Jpcratlll~. ;md mr.!am thatthc 
lt~nnulatiPn ufTarantola ( 19K7. p 5Xl would hC' v.i11J Ry thc ccn
tJ.d lrmlllhL'<lrcm. contnhutinn' of error from mult1pk indcpcndcnt 
-.pttrl..'L'' rc,u!t 111 random. nonn,11Jy J¡~tributci.J \aluc ..... rcgan.Jic~!-. uf 
tlll· prohJhllll~ Jl,..trihuiiOn of cach of thc llllirvalual error.\. A'> 

-.t:llcd :II'ttl\ l'. ~~~~~~~~n of m~~~_!--~~~"· ~u~·h a" ~~~~~t~~~~ wc1ghtcd 
n:-.•duJJ_., ~~r ':l_nr_:al_:~~·'-~lptlinal par.unctcr valuc-.. L't!~D~ inJi~_J!C _Ql_Jt 
.1 lllllltl'J nwntx-r of cm1r' are duminallng ..,,, th.u the ,,:cntraiiJm¡t 
th~t;r~~~~·v.,Ju!J nol apply. --- . --

Concluoium 
In th1~ IC't L"a..,c. propcrly u~ci.J nonhncar rcgrc~.'.lon tllhcr 

proJucc:J clfcctJvc. Lhou!!h nonuniquc. cahbratcJ modtls capabk 
uf accur.llcly predicung two quantille:) 1mponantto re.100urce man
Jgcmcnt. or pruv¡dci.J clear cvadcncc of model or d:Jla inadequacy 
Thc r.:onclu\Jons listcd he re relate both to clfccti\'C use of thc non
J¡nc;lr rcgrc!-.Sion mcthod.'. (conclusion!-. I-4J anJ C~1 challcngJng_ 

'-t_Hlli..' c~~~~~rno~_pr.t~uces an~ commonly !~cid Ochcf.'. i~ ~~~~ ~~1-
·~~~-~on (co!lclu,..,ions 5-:-7). 

lñc mcthOO of dctcmlinmg Lhc wcight.'. for lhc wc1ghtcd lca~l
!-.quarcs obJCCtJvc function IC!-otcd tn thl!-o ,<.,tudy wa.~ u~cd 10 

correctly dctect much smallcr mcasurcmcnt crrnr lhan would 
nomt::~ll:o occur. 
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2. Thc nUI\t conchi\IVC indJc::ttor of moJel hia:-. was unrcaliMic 

· optimal p::trJmctcr cstJmate.o; that aiso had conlitlcnce mtcrvals 

th:1t ~AcJuJcd rea:-.nn~lh!L: value:-.. NnncmUom wcJghtctiJC.'>HI· 

u~h wc¡c<J k-s:-. condu..,,vc 1mhcatm ol u1odcl hi;.tqn thc prt:· 

~t,..,ludy. bul Liu.-...may nut alway:-. be thc ca-.c. C'>JX:c"lany whcn 

"moJel" are more biascd than thn~-consiócrCd hcic. ... 
_,_ lncluJ¡ng pnor mfom1atJon inthc regression diminishcd moJel 

J\..'curJcy v..hcn uscd to force optimaJ paramctcr valuc._<; to be rca

sonJhlc. but improved model a'ccuracy whcn u~d Lo rcprc.~nt 

thc hydr~uhc-conductivity dJstribution WJth more complexity 

tti;;l \\as supportable wuh thc hcad and. now observations 

aiOilc E~cludm,¡; all pnor 1nforrnation imtlally allowed for 

clcar C\ ,duat1on nf thc contnbutions of d¡ffcrcnt typc" of data 

-L Tnc l.!!_lD.Ort::mn: of tl~\\ ~-~~;:¡ wa.s clcarly dcmonstrated in tiw-. 
'>ll!d:, Thi~ 1.<-. irnportant bcL·ause fe\\ fidd studics havc mea· 

surcmcnts reprc'>cntin~ all of thc tlow h:aving thc sy:-.tem. :-.o 

that rroblcm"- of complctcly corrclatcd paramctcrs and thc 

cffcct.<-. of a s~ngle corrcl<!tton-reducmg observauon. as docu

mcmcd for lhc CALO-G 1 modcl. m: probobly conunon Thcsc 
- probkms can he clcarly_s_h_aractc"[ized and understood by first 

rcprcscntmg t:round ~atcr "-Y.Stcrns vcry sunply. and buíid1~g 
c(}ñ;pJcxny as w;_¡rrantcd by thc ~ata and modehng obJCCI!vc.s 

5 Tñc ~C~lt" of ttu~ study ¡nJ¡catc that. fi\'Cil_P_!"CS~~~ tc~hnol
o~;.. hydr;_¡u\¡c-conduc!lvJly va\~cs mcasurcd in thc ficld oftcn 

are no:;_¡<; dm~cuy Jpphcable toa numcrical moJel ofthc .sy~

teffi as \voulJ lx consJ:.tcnt w1th how these data are sorne u me~ 
u~d m mcxlcl cal!brauon. Two a.spccts of lhe controllcd expcr· 

1mcnt presentcd 111 th1s paper supponthi.s conclusJOn. 

(a} In fou:- ot thc modck thc hydrau\ic-conductivity dJstrih

uuon \\J.<-. adcqu::ttciy rcpre~cnted (a:-. cv¡dcnccd by accu

rate Sl:nul:.ded predJctJon.<-.~ by an mterpolauon schcmc in 

wh1ch v.:¡\ue\ th.Jt \\Crc hcld t:onst::tnt werc !JmJ!eJ to the 

fll(~ houndanc!-1. whlie nc~1rly JI! valuc<; wahm thc nHxi· 

clcJ arca werc c.<-.tJrTlatcJ. Unu.'.U.i:Ill::_accuratc :-.1~¡;-tc~l 

vaiUC'> wcn: u"cJ J..\ pnllr lllfllm1aUon mthc rq::n..· ... ,.,¡nn. cor

r·~~ptmdm~ c:-.11 m.JtcJ <H . .¡uifa hydrau~c-conJu~U\'IIIC\ Úll

fcrcJ irom til~ :-.lu~·tc:-.t \'aluc" b;. as mu~.:h a' 57r-,.t ..... u¡.:

fC.,un~ that ~~rc..·tllllf'll.'"lth)J\ of thc .... lug-tc."l_\aluc,, ·L" 1" 

done m ~om:: fCO'i.liL.\II..:a\mctho~ . .h. wouiJ pmhahly ptl>

Jucc J le:-..<-. ~~..:cur.Jtc rnnJcl llu:-. sttuatJon L.trfcly rclk~.·h 

p~(;hlcrn.s llf ..... :.!le Jkrc. thc nun¡cncaJ ¡:nd 'r.ll.l/l_!.: V. .J.'- rl\l" 

\Jmc'I..J.Il:cr than mlh~ truc "~"tem. ~~~l~lt!_:lppJ.¡,__·atHHl'llhc 

<,cale problcrn '" ht-d\' IP tx· lllllft: \C\t:rc 
(h) 5¡-¡:c;rnhcJ h~J~Juh~--~unJu~t.Jn.cc·c-,.,tlm.Jic.:" v.cr:: aflcctcd 

h;. um.krly1nf "uh,urfJcc hctcro¡;:cncltJC\ th...1; w~..·r~..· 111•1 

\o\CIJ rcprc,cntcd (ly th·L. \llllUI...!tCd ..t.quilcr hHlr.JUill·l."llll· 

ducii\"JIY J...,tnou\Hir:. •lf!ciJ \o\Of~ haJ 1.ktcmuncd IJJ.ll th~.· 

\trcanltx'd ,__·pnJudaJkt" W.l\ ~.·on-.l.lrH alunt lhc :-1' L"T 1v. h1lh 

11 \o\ a<,) and illl\ tuJ tx:cn 111\fXl...CU. thc cal1bratcJ Jli1k.k!... 

probably \o\OuiJ ha" e produccd ks~ accur.uc prcJJCilon." 

Th.\ "'!u:&tion dnc:~ not.rcpn:-.ent a !-Cale problcm a\ much 

J<, e:- · tn rcprc'-.Cntm~ tlO~ pan of thc 'Y'tem affc~..·unt= thc 

parJJ:H:ter., rcpre,cntm~ .J011ther pan of thl· .,:,tcm 

t• For lhrec ol thc t::J]¡hratcd mnJcb. thc f¡t to lhc rq:rC\\Jon J~Jl.J 

wa~ ncarly cyually fOOJ anJ thcrc wa~ no C'I.'Jdcn..:c of modcl 

bta~. Thi" lact-. of UOilJUl'ílC\'>"' prohably unavmdat'llc 111 com

plcx ground water problcrns. h~t ~-e rc_S_l.!IL~ of thi\ wor~ md•· 

~a~~ ~~!_such nonun¡qucnc~s ~~ n'?!_l'_lc~c-~~~~-a dcbiiHatm~ 
p~blcm. In lhc ~~ nlhetit: tc~t c~c. all Lhrcc rnodcb prlxilll..·c.:-J 

Analytical solution 
-!:.X: 

H 

x=O x=L 
Figure AL Simple S)'Slem ofground water no" to\\ard a full.' pcne
tratin~ stream \\ilh a streamhcd of diiTcrent h~·draulil· pmpertico;, e 
is thc conductancc of thc !'ltreamhí'd for lht' anal· · on1l pmhlt'm. htfll 
~~ thc h~draulic hc.ad un thc aquifcr ~idc uf lhc ''• :;ut.cd fur lhl' am1· 
1~ ti cal pn1hiem. 

si m~ l. ··.:curate prr~::.:tions, probably bccau~c thc d:.ua u~cd in 
moJe . .:Lm·struCtil;n a-~d -·,n thc regrcssum "ufficlcJHiy con· 

.strained the so\uuons. 

7. WeJghtctJ rcsu.luaJs (ob.scrvcd minu.s stmui:JtcJ hyl.lrauhc heads. 

Oow:-.. ami pnor mfonnauon) rcsuhing fnm1 thc rq:re.\...'>1011 wcrc, 

in ~cncral. random and normally dtstnbutnJ. ~h1ch i!- !-Ur· 

pr!~"~nf_hc~~l;l-~-~-DS.l ~.rrQf~~!~fhecn-adJéd 111 lnc :-.y~-lhcti(.aJiy 
~~ncrateJ ohscf\atJons Thus, al\}:~~; ~~l~~~cl en:-~-- lt IS 
gcncrally thought that if rnodcl error Jom1natc:." mcasurcn1cnt 

error, thc rcgre~sion resuhs are invahJ. ~.!J..!.l.~~~.sulls of this 

work tmply that thr Liominanct; of moJel error Jocs not ncc

c~:-.an!y pmJuce <Ul maccurJtt: moJel 1f thcrc: ~~ 1111 obvaou!- mdt

t::..JtHm llf llllxicl btas. 

Tah.cn \\ 1th condu.;;¡on :2. condu!-nHl 5 pr11ducc!- J t.ltlcmma. 

h .. :c.m ... ~.· unrcah,ttl' optunal paramctcr '.Jiu:::-. \a' J.ctcrnuncJ b) 

.:pmr.n1n~ Pptlln:.JI :.~nJ rnC:.J'>UrcJ valuL''>l o.~rc ... ~ud to tmhcate a 

k'" au.u1.1tc: moJel. but parametcr valm:" ~..·anlhlt OC cxpccteJ w 
~.·qu.11 mc.L,tJJTtl valiiL':O. ~au'-C (1!lr..Ul~tcr valm·, ~uc acconumx.Luing 

I.!_H~tkl c:nnr A U'>c:lul rc.'.olutmn 1:-. JcnvcJ hy notm¡;. th;lt ¡f modcl 

t•rrur h \ti br!:=l. th~il hc"t rit p.lramctcr v¡¡Juc .... ar1.· far fmm mca ... urcJ 

,.~Juc'-. tk rc,uhm~ moJel¡.., h~cly 10 pnx..lu~.:c le~.\ accurate prc

J¡,:tttlll' th.1a ;1 moJ~.:l for wh1~h the hc.\1 par.unctcr va!uc'> ;.uc 

dll\l"lt> IIIL'.i'-UfC:d \:JJUC\ lltU\. lllOJCJ._ wilh \IIPfC rcaJi~IK bt:'>t-fil 

r.~r.Jflll'll•r \·,dul'\ arr flHlTl• JikcJy l1~bc at:cur~li_C. 
CtHlllu"'')\1." -l ;mJ 6 "uggc:-.t th;:J.t 1mpruvcd ó.ICCUr...Jcy of grounJ 

\~ .111.'r 11\~>•.h.:h '' lt~cl~ 111 he atta1neJ by U\111!_.: availablc Jata more 

l"f¡~,·~.·tt\d: .mJ hy dc"l!=-lllllf: mcthod~ to ..:ollc\..'t ncw k1mb of Jat.J, 

T'":r!l.ll"- u ... :n~ rq:rc""u'n mcthoJ .... a:-.;_¡ gutJc. 

Appt·ndi' A 

~:llccl\ or Grid Siu on Simulatcd Slreambed Conduclance 
llu" Jr¡~nJ¡:.. C\aluatc.., thc ciTccl.\ of piJ ~i1c on the simulated 

"trl·.unhcJ ..:unJl¡¡.;taJKt: U'>lll¡.! a :-.unplc on~.·.Juncn\aonal analyllcal 

L·~oJII.Jtr"n 1 hc rL''>ult:.. an.: cxrx;..:tcJ to uppro\lrtKHc lhc cffci:t:. rclatcJ 

111 tlll" thr~.·c-d:tncmlonal sy:-.tcm con'>tdr.:rcJ 111 th1~ study. 

Fin~ h• .1 \trcam wJth OJ ~lrcambcJ hOJvtng conductancc C. 

thnHJfh a homogencous ground water .\)'Stcm of hydrauhc con

ductl'l.'\1~ 1\.. ~'"'en J constant rcchargc ratc of W. can be idcalized 

J.'> "hown 1n F1gurc t\ l. whcrc.h(O) i., thc hydr.Juilc hcad on thc 

1~ 



!!lli!IJ1d \\';Jit!'r W~[~lll S!Üt: of thC ~tr~ambcJ. U~ing thc VJriablcs 

:hown in Frgur~ A l. rccharge rate W. and constant !ayer thid.:ncs., 
·_ tll\.: ;m.d:rlrcal ... olulinn tur hyc.h;.ruiK hcad i~ 

When a limte-drffercnce gnd is imposed. a linear gradtent rs 

cnforccJ bctwccn finile-diffcrence ccll ccntcrs, ovcr distance L\.x in 
Frfurc A 1. Sote that thc systt:m can be approximated lhrs way. 
rq::.u-dicss oi whcther thc sLicam abuts the gnd on the side. a<> m 

Frf:un.:: r\ J. or on thc top. as in most models Farthcr from thc 
st:cam. 11 ro.; as~urncd that lhc frnHc..JiiTcrcnce grid closcly simulatc.s 
thc an:.il) !1(.::.~! h:.:au :-.oluuon. Thus. thc foilowmg cquallons apply: 

h( .\) 
11 ; x') 
-. ( Lx - ':;- ~ h(O) 
Kb, -

(Al) 

W(L- t>x,'2) 
Kh .x + h(O) Ü<x<ln (A2¡ 

Sub-"(rtpl D \ rndrcatc .... tllat the quamity rs rclated to thc !mear gro~

dicnt unpn.,cJ ncar thc <;trcam. Thc f1ow through thc finuc-drffcr
encc ccll llC\1 lo thc '>!rc.lln rs cvaluatcd mtdway betwccn ccl! 
ccntcr" . .\(1 equ;Ji, \\'(L- ~\/~) Th:.: .:ondiuon of hcad connnuny 
at .\ = L\.\ w..~.-. u,cJ [{\ Jctcmunc thc con<;tant of mtegro~llon as h(O) 
1n Equatton A~ 

Row througtl the streo~mbcd at x ~ O can be descnhed usrng 
larcy's law as. 

fo:- tht: ana!ytrct! systcm. 
1\'L 

WL ~ OhiOl- H;. or hilll ~ H +C 

1\'l 
\\'L;;C, th, ffJ¡-HJ.orh, (0¡=H+-

, 1 • 1 • 1 e~. 

IA3; 

iA4l 

\.1. he re. ( ,UlJ C.\• are lfll' ~lfCJ.!lll'x:J CllndUCtanccs of thc an~J~th.:aJ 
and Jt~crctl!.cd \olutrom. rc~rccttvcly. anJ hCOI and h,,, tOJ are thc 

h~Jrault1.: !lcad" on thc ..¡qurlcr ~t1 . .k ofthc strcarnhcJ <~pplti.'Jhlc ltl 

thc analyth.::al and dJ\UCtt/CJ <,oluunm. rt'~pt.."CtJ\cl~ F-lnv. out of Lhc 
lll• xJcJ 1~ COfbl<.kn:J !1 1 hL' [l<-hlll \ C lo L\M,.JrJrnJIC V.IÚl {:_qUJ(JOil lA 1 ) 

Sun.,lilUllfl~ E<.jUJilllm .-\_-; ..111J r\..: 1010 Equ..JUOfl A: C\J.iU..tiCJ JI\ 
;::: () ,¡H)\.1.\ th;IL e_,,;; e Stli\C F.J..1U.\[Jnn t\: lur:..;; (J [0 ytdJ h,,, (()¡ 

;; htOJ TIHb. 1=nd ,¡¡e LhJC' llPt :.tfkL"t thr \.J.rJ..Jhlc~ rdatcJ ht 'llll
ut.ttlon of thc rtvcr 

llw ... m:tly"t" d(JC\ no\ L"lltnrktcl~ n.:prc,cnt thc Jyn:.tlllk'" ,¡f 

!~ •• \~ 1.1 a .,uc.un rl' .. t Ulrrc-~!uncn,t!lfl..Jl. hctcrt•~cnnu' ,~,¡cm lltL' 

r·. ,t::b. lhlWl"\c;. tnd: .... nc th.tl _!:!Id d!c~o.h are nut lrt..cl~ tu tx· 
tmpon..tnr tn thc ~ltrrr:J!Hlfl of 'trca11tbcJ ¡,:unducwncc tn thc prt:'. 
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A DIGITAL MODEL OF THE VILLA DE REYES AQUIFER, MEXICO 

• A. Chávez , N. Mobayed, E. García, 
J. Ríos, M. Hernández, y S. Flores 
Comisión Federal de Electricidad, México 
* also at Universidad Autónoma de Chihuahua 

ABSTRACT. A two-layer finite-difference groundwater 
flow model of the Villa de Reyes aguifer, in central 
México, was constructed by using the computer cede 
MODFLOW. The aguifer system is composed by an upper 
layer of alluvial sediments and a lower layer of 
fractured volcanic rock. The digital model is 
intended te simulate hydraulic response toward 
diverse hydrologic stresses. Of specia1 interest is 
the effect of a remarkable upward recharge emerging 
in a localized zone of the aguifer from a deep 
regional fault system. The model was calibrated by 
trial and error over the two-year period of 
1986-1987, and tested over the year 1988. A 
sensitivity analysis \óas performed, revealing in 
particular a very high response of lower-layer 
co~puted heads to variations in deep recharge. 

I tiTRODUCTI ON 

Prior to 1986, the Villa de Reyes aquifer, in central 
México, supplied water for only agricultural and domestic 
uses through wells tapping the alluvial fill of the 
basin. This groundwater development exceeded the rate of 
aquifer rec~arge and caused an average \óater-level decline 
o! about 1.5 mjyear. In 1966, deep wells owned by the 
national power generation cornpany (CFE) tapping the 
undcrlying fractured volcanic rack began to operate, 
aóding an extra stre~s on the system that caused a 
piezometric-level decline o! J.O ~;year in the lower 
volcan1cs and increased to 2.0 mjyear the water-level 
decline in the upper alluvium. 

This aguifer condition prompted the construction of a 
groundwater flow rnodel that could assist in planning 
future exploitation. This rnodel represents the first stage 
in the developrnent of an aquifer managernent model intended 
to be used more directly to design optirnal pumping 
schemes. 



HYDROGEOLOGY OF THE VILLA DE REYES BASIN 

The Villa de Reyes basin, in the semiarid zone of central 
México, extends between the lines of latitude 21°40' and 
21°60' N and the lines of lcngitude 100°60' and 101°00' W, 
and the modeling area occupies about 115 km2 in the 
valley. The mean annual precipitation is 430 mm, with a 
pctential evaporation slightly over 2 000 mm. 

The valley is of tectonic origen and li~ited by the 
Sierra San Miguelito to the northwest and the Sierra Santa 
Maria to the southeast. The structural depression has been 
filled by volcanic material of over 700 m in thickness, 
composed mainly of welded tuff and rhyolite which have 
developed secondary permeability by fracturing. Alluvial 
fill of an average thickness of 150 m overlies the frac
tured volcanics. This alluvial material is composed of 

.pyroclastics intermixed with gravel, sand and silt and its 
permeability is rnoderate. 

The regional groundwater flow ·occurs in the. prefer
ential direction SW-NE parallel to the mountain ranges. In 
the alluvium, groundwater is in phreatic conditions. Well 
cuttings revealed no impervious or sernipervious layer 
separating the alluvium from the fractured volcanics 
throughout the study area. However, the vertical hydraulic 
conductivity between the alluvium and the fractured 
volcanics is low enough in the central and southwest 
portien of the area to rnaintain a distinct hydraulic 
response between the layers. An upconing in the pie=o
rnetric surface of the lo~e~ volcanics, due to deep upward 
recharge, is not ocserved in the upper alluviurn. In the 
northest portien of the area the discrepancy between the 
upper and lower hydraulic heads is much less. 

~inor local recharge is provided from a small surface 
reservoir located just outside the north cerner o! the 
rnodeling area. At depth, in the zone of CFE wells 7, 9 and 
21, occurs an irnportant upward recharge identified by a 
re~arkablc upconing of the piezometric surface and by 
structural studies that deterrnined the existence of a deep 
regional fault systern conveying water from outside~he 
zone. 

Areal recharge was regarded to be negli~ible because 
of the relatively low precipitation, the high potential 
evapotranspiration, and the depth of the water table (over 
40 m). Recharge frorn irrigation return f?ow was also 
assumed not significant because crop fields occupy a 
relatively small portien of the area and farmers are not 
believed to apply enough water to offset rnoisture 
deflcits. 
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Pumping in the modeling area was in 1986, 1987 and 
1988 performed by 27 irrigation and domestic wells that 
tap the alluvium and discharged an average of 20 100 
~3¡day, and by 17 deep CFE wells tapping the fractured 
volcanics that entered gradually into operation starting 
in 1986, and jointly discharged 11 500, 29 700, and 29 100 
~3¡day in 1986, 1987 and 1988, respectively. 

MODEL CONSTRUCTION 

A two-layer finite-difference groundwater flow model for 
the Villa de Reyes aquifer was constructed by using the 
cornputer code MODFLOW developed by McDonald & Harbaugh 
(198~). The upper layer of the model stands for the 
alluvial fill and the lower layer for the fractured 
volcanic rock. 

A variable grid pattern was used for the model. Along 
the SW-NE direction, cell width varied from 500 to 
1 300 m, whereas along the ·NW-SE direction it varied from 
500 to 1 000 m. Smaller cells were used for the zones 
where the most accurate results are required, i.e., where 
most pumping occurs (CFE wells) and where the hydraulic 
gradient is larger (in the center and southwest portian of 
the modeling region). 

The following pararneters were entered in the model at 
each cell in the upper layer: the elevation of the initial 
water level (January, 1986), the horizontal hydraulic 
conductivity, the specific yield, the altitude of the 
bottom for the layer (alluvium-volcanic rock contact). As 
for the lower layer, the parameters entered were: the 
elevation of the initial piezometric level, the trans
missivity, the storage coefficient, the altitude of the 
top for the layer (alluvium-volcanic rock contact as 
befare). Furthermore, the vertical conductance between the 
layers, and for the appropriate cell: purnpage, deep upward 
recharge, and inflow or outflow along the model bound
aries. 

The horizontal hydraulic condc~tivity in the upper 
layer was calculated on the basis of saturated thickness 
and transmissivities obtained from seven pumping tests 
carried out·in the zone where hydraulic connection between 
the layers is almost null. The calculate~ hydraulic 
conductivities ranged from 0.55 to 3.55 m/day, and their 
geometric mean (1.63 mjday) was entered to all the cells 
in the layer. The specific yield was initially given a 
value of 0.10 for the whole layer by considering the 
composition of the alluvial fill. The elevation of the 
bottom of the layer was approximated at each cell from 
geologic cross sections. 
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For the lower layer, transmissivity was obtained from 
pumping tests at two deep CFE wells that tap only the 
volcani~ rock and using other deep wells for observation. 
A trans=issivity of 800 m2jday was obtained for the zone 
of well 7 where hydraulic connection with the alluvium is 
negligible. For the test performed at well 2 a correction 
was introduced in order to account for the contribution 
from the alluvium, resulting in a estímate of 200 m2/day. 
Transmissivities were assigned to the rest of the low~r
layer cells on the basis of those two values and atte .Jing 
primarily te the intensity of the horizontal hydraulic 
gradients in·the layer. A storage coefficient of 0.0005 
was obtained from the pumping test at well 7 and this 
value was assigned initially to the :hole layer. 

The vertical conductance betweer: the layers is a 
function o! the thickness and the vertical hydraulic 
cenductivity of the individual layers. Because the lack of 
da~a about mest of these quantities arbitrary initial 
estimates were entered in the medel guided only by the 
differen~e in hydraulic head between neighborincr·cells ·in 
the vert_cal direction, i.e., the lowest values were 
selectéd for the zone to the east of the power plant where 
the differences between the water levels in the alluviurn 
and the piezometric levels in the volcanic rock are the 
largest, and the highest values were assigned over the 
nertheast portien of the modeling regien where heads are 
abeut the same. 

Pumpage was entered into the model by obtaining the 
average discharge of all wells in a cell for each of the 
years considered. Irrigation and domestic wells tap the 
alluvium and their discharge was roughly estimated by 
indirect metheds, whereas CFE wells have accurate pumping 
recerds. Deep upward recharge was entered at the six 
lower-layer cells (4-6, 5-5, 5-6, S-7, 6-5, 6-6) where it 
is knewn te eccur. Lateral inflow was· introduced mainly in 
the seuth cerner cells and lateral outflow mainly in the 
east cerner cells. Most o! the cells along the no.rthwest 
(Sierra de San Miguelito) and seutheast (Sierra de Santa 
Maria) bo'.lndaries were assu.med t= be impermeable with no 
recharge. Cells at nerthern cerner receive some lateral 
inflo;; eriginated at .a small surface reservoir. 

Model Calibration and Testing 

The Villa de Reyes aquifer has been long subject to over
dra!t and the water-level records do not extend back long 
enough to identify a steady-statc condition. Prior to 1986 
only irrigation and domest:~ we~~s tapping the alluvium 



were pumping. In that year 10 CFE wells tapping the lower 
volcanics entered into operation, and seven more did in 
1987. 

The model was calibrated by trial-and-error over the 
transient period of 1986 and 1987, and the agreement of 
observed and computed water-level declines for both model 
layers is show~ in Figs 1 and 2. The discharges of the CFE 
wells were·not adjusted because their measuring is known 
to be very reliable. 

The parameters estimated through the calibration 
process are as follows: For the upper layer, the initial 
horizontal hydraulic conductivity (1.63 mjday) and the 
altitude of the bottom of the layer mantained their 
original estimates, whereas the specific yield was 
adjusted to o.oe. For the lower layer, the estimated 
transmissivity exhibits a minimum of 200 m2jday in the 
central part of the area and a maximum cf 2 ÓOO m2jday 
near the northeast boundary. The stcrage ccefficient 
maintained its original value cf 0.0005. The vertical 
conductance resulted to be negligible, about 2 x 10" 7 

day· 1
, in and around cells 2-8, 3-8, 4-8, and 5-8, and 

a rnaximurn of about 2 x 10"3 day· 1 in the east cerner of the 
area. 

The conponents of the ground-water balance as deter
mined by the calibration process are as follows: lateral 
inflow, lateral outflow, and deep upward recharge were 
3 800, 20 400, and 26 ·700 m3jday in 1986, and 3 800, 
19 200, and 26 700 in 1987, respectively. Pumping rates 
were 31 600 and 49 800 m1¡day in 1986 and 1987, 
respectively. 

To test rnodel reliability the one-year period starting 
in January 1988 was used, and the results can be apprecia
ted in Figs 3 and <. In this verification stage, minar 
adjustments on some parameters were made ~henever they 
also produced a bet~er agreement between observed and 
computed head declines for the period used in calibration. 

sensitivity Analys1s 

A sensitivity analysis was performed to gain insight into 
t~e reliability of the pararneter estimates. This analysis 
was done considering the same year used ~or verification. 

One parameter of particular interest is the deep 
upward recharge because its magnitude was totally unknown 
initially, and after calibration it turn out to be a very 
contributing component of the water balance. Deep upward 
recharge was varied +/- 20 \ about its estímate, observing 
that model response to these variations was very high in 



the lower layer (over +/- 5 m in most of it) and virtually 
null in the zone of the upper layer above the cells where 
recharge occurs. This effect is explained by the negli
gible hydraulic connection between layers in ·that zone. 

Then, the storage coefficient of the lower layer was 
varied ene order of magnitude about its estímate, 
obtaining almost no change in response at 0.00005 and a 
relatively moderate variation at 0.005 (about 1 m for the 
layer). Here we notice that the latter value is about the 
maximum the elastic storage coefficient can hold. Lateral 
groundwater inflow into the lower layer was also tested 
for sensitivity, finding that its effect.is not signifi
cant except for the cells located at or near the inflow 
boundary. Furthermore, we recall at this point that the 
discharge of the deep CFE wells is accurately measured and 
no test en it is required. 

These facts and results reveal that possible cornpensa
tory effects from the above parameters en deep upward 
recharge are minimal, and considering the very high 
sensitivity of computed heads te this recharge, we 
conclude that its estímate is reliable. 

Finally, the specific yield of the alluvium was varied 
about its estímate of 0.08, testing for 0.06 and 0.10, and 
observing a rather high sensitivity te the change in both 
directions, which reveals that the existing large · 
water-level declines properly actívate this parameter. 
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Model Calibration with Multiple Targeb: 
A Case Study 

hy Kan¡tiuu Kim". Mary P. Andcrsonh, and Carl J. llowscrh 

Abstrae! 
i\luluplr calibration targctc,; wcrc uscd tn c¡1librate 01 two-dimcnsional finite-diffcrcncc modcl of a ground ''atcr la~e ~Htem. 

Thc calihration targct<; includcd (l) stC<Idy-statc hcad dat.a, (:!:) transient hcad dala. (3) hcad gradicnlc,;. and ¡..al flm\ path inform:t
tion. Beca use calibr:.Hion was ~ensiti\'C to thc ratio of horizontal lo \'Crticalln·draulic conducli\'itY. four mndl'i~. l'~H.'h '' ith difTu
cnt a .... ..,umpt10ns about ~:misotrnp)o. wcrc dcvclnpcd. All four nwdcls produccd acccptable calihralinn lo cithl'r he.Hb or flcH\ path. 
hut onJ_, one rnodcl \\as wcll calibratcd tu :..~lltaq::ct~. In that nwdl'l. stratification of thL· uppL'r aquifl·r w;l'. n·pn''L'rlll'd h_, mlrn
dudn¡.! ~l·vcral dipping laycrs orlo" pcrmc<lhility. Thi~ allo" cd thc use uf a small ratio of horizontal tu n·nrl·al ani .. ot mp~· ror indi
.,itlu;.Jii<J~cr~ hut pn,duccd a largc ciTcctrn o.mbotrop~ ror thc uppcr aquifcr as a wholc. 

Jntroduction 
Achtev¡n~ a uniquc cahbrJuon 1~ an Imponant gnJI 111 most 

modc!tn~ studtcs. but mcthocb uf tdcntifyinf! thc bc."t calihr .Jtion are 

sull undcrdc\'dopmcnt (c.g .. Pocter anJ Hill 1997).11 I:.gcncrally 
rccngni¿~J. howcvcr. that both hcad<; and nuxcs shou!J be u~cJ a.." 
caltbrauon targcL-. te.¡; .. Andcrson and Woc.\sncr 1992!. AdJJtJona!l). 
som·..: Jnvcsttf:Hor~ h:1vc u~cd vcrttcal hcad ¡;radJcnl'~ (Timrna" ct .J! 
! 9R9 J. \ c!o.:JtJC'> t Duffic!d et al. !990). and Jnform:HH'n {Jfl '-(llutc 
dJ\tnhutHJ!l 1 r\.r.:J.hbcnhoft ct al 1990. ~lcdma ct aJ. l~)ll, i\~ulln1ann 
ct .. d llJYOJ to hclp narrow lhc :.carch lur a unt4uc ,~.c.;¡ ull·JIJnr.ltHlll 
pa:-amctcr::.. In thi .... stuJy. fuur Jiffcrcnt typc~ of ..:al1bratinn tarfCI" 
wcrc U\CÚ to cahbr.Jtt.: J llov. moJel steady-~tatt.: ht.::..J .... trJihtt.:nt 
h~lh. hc.Jd t~rJda:onL". and !low¡xlth tnlumlatlun 1l1c •. :ahhrJtuu1 \~,b 
'-t.:n'-111\'C to thc rJ.tJo ol huntontal to vertical hydraui1L ~.:onLiu~o:ll~
it)' of thc uppcr aqu¡fcr. C...thbratJOn w¡th mult1pk targt.:h kJ u' 111 

IÚCIHt!~ J w;_¡y uf rcprc .... cnllng thl\ aniMHnlp) th.11 .1lluv.l·J thl' 
nuxh:lto m.Hdl all four of thc CJhhratlun t.tr¡.:ch lntlll· lln.tl ,<dt

hr.Jll'd nux.kL '-lrauC~t.:atton 111 tht.: uppc.-r :.J4Uilcr v.a' 'illllll..at~o:J h~ 
Jn .... crtJng !J)Cr\ uf luw cunUu.:-11\ ti) tu rc¡Hc,cnt thl· J¡pplll_!.: lx:U

lhfl~ pl.mc ... 1111'- 'i.Cl of bycr" '"al an .lll!!k 111 th~o· hm11unt.d :1\l' 

111 :h~ ¡.:nJ ... u 111.1: thc Jnl·l'tulll ol Jnl\otrtJr) 1" pn.:'l'f\l'J 111 th:: 
llllk.kl 

Th:: :-.tud;. arc.1 1' thc 1\IIHHU" Octv.ccn C1: \!..ti l .... •h· .tnd ltt¡..: 

~lu,t..cllun_!.:c l-tt..c. v.h~~.:h arc tv.u ni :O.C\Cn lakc" an SSF" 1~.tl1un.d 
~..:ICil...l' hnJnU..ttJun J Lun~ ·¡~·rn¡ l:.,;ulu!!ll.ll f{c'l.'..tr~o.h 1 ¡_-¡l. k J 

l'rop.un 111 nunhcrn W¡:...::un:-.111 tF•t:url· 11. ·nu, LTLK 'th' h,t, 

t... -en thc '-UhJl'\,:1 <1f numcrnu_, C\:ulugu.:a1 anJ hyJrulut;J~o. \LuJu..: .... ~llk.C 

•!'ov. ""1th thc Dcpan.mcnt nf E m Jronmcntal Enpncrr 1 n~ 1\.un\,JJI 
~alumJI Umvcrt.LI~. 1\.orcJ. rc .. ·¡o;¡ono; are !>nlely tht" rc,pom¡hdJ!~ ol 
Andcrt.¡m and Uov. -.cr 

"Dcpartment of Gco\o~~ Jnd Geophys1cs. Unt .. ·cr..ll) uf Wt,l.lHl\ln· 
~1Jdl"Oil. 1215 W_ 0J.)ton St . Madi!I.On, Wl 53706_ 

Re .. en cJ ~1Jr ..:h 1 W7 . .JcccptcJ Scptemhcr lf.Nl'l 

Vl1!. :1i. !\.u .1-GROUND WATER-Ma)-Junc \t)tJ9 

thc 1920s (e.g .. Juday ct al. 1935: Frcy 1 l}(1J l. Prel·lpitation aver
agcs 80 cm pcr ycar and annual avcr~t:c gnJUnd \\·ater rcchargc i~ 

26 cm. Crystal Lakc is a small. topograph11.:.ill;. J~ol~lcd lakc wuh 

a surfacc arca of 3.6 X HP rn~ and no surfat:c 111kts or outlet,c... Ahoul 
900"r of the infiow is from prcc1pitatton (1\.cnPycr anJ Anderson 
1989; Hurlcy et al. 1985). lts average anJ ma.\Jrnum Jcpth~ an: 

1 O anJ :!O m. respective! y. Big. Muskcllun!_:c Lü-.c 1~ situatcd about 
130m north and downgraJ¡cnl of Cr;.·,...tal L~ü .. c. lt ha:. no ... urt;.u.:c 
tnlct..... but occa!.wnally loses water thrnugh a "mall outkt <1! thc 
northc~~tcm cnd. Thc water lcvcls olthcsc bJ...c.., !lu .. :tu~tc tt1 a -'lrll· 

il.1r nw.Jc m;,umaining a hCad diffcrcru.:c of ;_¡hllut 1.2 m f AnJcr'-<lll 
anJ Chcnt: IYYJ). Four wcllnc-'l~ \"ith ;¡ tnt;.d uf .2}\ ptclumctcr" 
\\ crc ¡n..,tallcd m a vcrtlc:.il planc oncntcd 111 thc d1r~ctwn of pound 

\\ ~llcr now ( Kcnoycr 1 ')~61: an aJJitHHJ.d multilc' el \\ cll wa~ 
tn'>tallcJ 1n 1993 (Ftgurc :!a). 

Prc(amhnan bcJrock '" covcrcJ by ~Oto ()0 m of PJ..:¡,toccnc 

fl:..te~aloutwa~h (Okwuezc 19S3). whtch !ll.JJ...C:. up thc 'urflt.:lal 

ayu1fc:r Thcrc are two silt layers with ttllckncssc~ up to 1 111 
1 1\.cnoyl·r anJ Dow~cr 1 Y92a). Thc uppcr ~¡Jt laycr Úip'- a~nll 

7 Jc~rcc" towarJ Cr;.·stal La~c. Pcr~i'-ll'lll "tccp vcnKal hc<.~J ~r.J
J¡cnh ~IdO:-.'- th1" \ayer "uggc~t that 11 i .... continuou,c.. anJ .J(I\ a:-. a 

~·onlmLn~ un1t Thc lowcr :.ilt l;_¡ycr '" hJ...cly lo be Úl\l'till!lnuou" 
\1IKC un!~ PIIC ,¡Jt l.1ycr w~" CIKOUIIIc.:r-··.; whcn c.:on,trul'llll~ thc 
multik\l·l '>"l'll JnJ no nutJhlc hc.JJ ch.m~c:-. all' ob .. Cf\'CJ .lLro ... .-. 
thc IJ~l.·r 1 hgurl' 2b). HyJraulu.: c.:onJu(IJ\'11) frum ~lut-: te-'\\ 
r;u¡~c .. lrm11 0.17 10 17.3 m/day for ~;mJy !-.Cdlmcnt~ aruJ from 

H.l> X w-' lo 3.5 X I!T·1 m/day fnr silllaycrs (Kenoyer 19H6). 
Ground w:ucr in thc isthmus i~ rcchargcd in pan by ~ccrat:c 

lrlllll Cr~·~tal Lakc aiH.I ¡n pan hy prccipllatiun un thc upl~nd 

l),.'tV.L~Il Lhc.: IWD laJ..c. ... GruumJ water nuw\ Lhruugh lhe I~Lhmu~ lrum 
Cr: \IJI L1~e toward B1g Muskellungc L.1kc. A ground water 
mounJ lontl-' bctwccn lhc lakc.\ dunng "pring :-.nowmclt in rc'-pun~ 

h1 gruunU water rcchargc (Andcfsun ahd Chcng 1993). The mound 
gr •. uJually J¡~¡pat~ dunng the summcr whcn gruund wa1er rechargc 

¡..,_Jow. Th~ trans1cnt cffccL\ cause cnhanccJ Ji~pcrsion in thl' ~Y·"· 
tcm (Kim ct al. 1999¡ 



figure l. Location or the stud~ arca in northern Wisconsin. The 
study a n-a b thc isthmus bct"een Cryst.:J.I Lakr and D1¡:: Mu"kellunge 
Ltkc .<.ho"n m thc rectangular hlock. 
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Fq,:ure: !:a! Lnc311on nf "'c11 .. and ,¡1! I~Hn tn thc ¡qtunu ... 
l'tcwmt·tcr<, laht'l!:d ·~' "'t'rT tn~>t.ulll'd dnrinl.! 1 ~X 1-1 liX.:. Thu,..· 
l.aht:lt-d ·~1· "'Cn' tn...Laill"d in 19'-IJ rur Lhl' .\lud,. thJ l-_qlllfllllt•nii;¡J lineo. 
ba..\ed on head me-a.\u~mrnl\ Laken on Au¡!U.\1 2$, 1 q>qJ, b) Schmdkr 
( 199-11. Tht• upJ)('r poninn or lh(' OoMpath detrmuncd h, 1-..imt!Wh) 
ha\t.'d nn O~)J!t'n hntnpt' nu:a,urTmt'nl\.., aJ,_., \ho\IO Tht• lahdt·tl 
p•czmnt'tCf"i Ml'rt' u-.cd m tr.nl'l t1mc c:.lkulatwn' n·¡hlrlt-d mlothh' .a 

Kenoyer and Bow\Cr (199:!.a) dclincatcd J nowp;;Hh In thc 

upper aqutfer usmg a now nct analysi' and po\tulatcJ geochcnu· 
cal rcact10n" alon¡; th1s palh (Kennyer and Bn\l.·,cr 1Yll2bJ 
1\.r;.tbhcnhi)lt ct al (J.Q9~) ~nJ Bullen el al (]9Q6) Jdcmlficd J 
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Figure 3. Modcl ~rid. Thc numbcrs in hrach.cts dcsi~natc conducth • 
it)'' zones. lnncr tic marks rcprc.<icnt ¡::rid .\pacin¡::<> and thc op<>n circlcs 
n:p~ent "ell poinL<,. 

flowp<..~th lhrough the uppcr aqu1ft.:r U\111~ o\y~en 1.\0iopc mea· 

!'Urcments. Km1 ( 19961 med an IIHkpcnJt.:nl .\L't of tl\yg.Cn 1.\0hlpc 
measurcmcnts collcl:tl'J <Ha latt.:r pcnPtl. 1n~o:luJIIl~ Jata from thc 

muhilcvcl wt.:ll in.\talkJ Mi\lSt.:quent 1t1 tllc worl.. hy Bullen el al. 
(1996). to delmcate a flowpath throufh 111~· upper aquifcr .The 

upfX:r j)l.li1Jon of Kim's Oow~1th. whh.:h ~,.·oinl'n.h:.\ with lhe path H.icn· 

11flcd by Krabbcnhofl el al. (19921 ami Bullen el al. (1996)." 
shown m F1gurc 2b. Suhsequent analyscs ha\'t.: ratscd somc unccr 

lainl)' JbOU{ lhC Jowcr portitlll of t/K' p;¡tiJ. W!J11..:/l 1.\ lile SUbjCCI t 

ongomg work. 

1\ lodel Dcsign 
Thc problcm domain ¡,... ~~ profik 4)0 ni long ~md 45 m dccp 

that cncompasse' thc arca from ncar thc ct.:ntcr of Crystal La~e 10 

100m nffshorc of Big Muskcllunpc La l-e (Figure :1). The lhrcc
dimen"itmal ftnite-differcm:c codc r..10DFLOW (McDonald anJ 

Horhou~h 1988¡ wuh thc BCF2 blod <en<cred now packogc 
(Me Dona Id ct al 1991} was uscJ lo .\Jnm!alc the system. In pro· 

ti le \'IC\\ thc moJel ha.\ 5H column' anJ 40 rows (laycrs). The nodal 
'P:lctn· JJ'IC" from ) to 1) m 111 lhe hon1omal dtrcction anJ 

U.2 to _,m m the vcrtlcall.lirt.:ctum Sm.illcr horizontal nodal spac
Hl~ W,1\ U'\C'J lll lhC' arca or intt:rC'(. II:Uildy hcncath thC isthn1U!>o 

Thl· UflJ~r 10 l.1ycr.\ are O 2 \ll O 5 111 thJ~..·J... tn ordcr to sJmulatc thc 
!-=Cntly ,Jorun~ I.1J...c hottom' 

B11th lakc' wcrc .\tmulatcd ;.¡, "Pi..'I.,.'Jii~..·d hcaJ boundarie~ U\ing 
thc !-=Cneral hcaJ hounJ.•ry· t(iHB J p.ll ¡._;¡~e <;o that temporal cll..m~c.\ 
m !.ü..t." kvcl .. couiJ tx· mrut c~L,J!~. llw l.1kc bottom scdimcnts wcrc 

'•mubtcJ hy -.ctlill,!! com.Ju~..·t,HKC' 11! thc GHH cell ... wherc con· 

t.Ju~..·~l.ncc 1.\ cquallllthc !tyUraulu.: CtlndtKIJVJty nf thc sedtmcntllmcs 
the arca nf thc ccll tn contact with thc l:tJ...c llividcd hy the thicknc!<.s 
o! tht." ,cJ¡mcnt 

~.u.lc houm.l..tric .... ~,~,~,.·r~,.· ;.¡J,o 'llllULtt~..:d u .. mg thc GHB pad.agc 
l1f alh~..-. casy 1_npu1 ol thc tt.:IIIJ"'lllf,lllluLtuatiun ofthc!<.c boundary 
hc~J:-. In orJcr lo rcproUUI.:C tht.: oh.\l."rvcJ now pattcm bcncath 

(f)'!tlal Lakc. hcad value!t 5 cm IC.\.\ than lak.c lcvcl wcrc assignct.l 

to alllhc gcncr..U hc¡¡J boundary cclb Oclow t.hc lakc anda low con· 

duct1v1ty zonc Czonc 3 in Figure 3) wa,,. inlroduccd m thc: upper pan 
of thc aqu1fer ncar thc nghl·hand·,•Lic houndary. Along the lcft 
houndary of thc modcl. hcad' wcrc a .... umcd lo be thc samc a' 10 

' 
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Tablc 1 

Jl~draulic Cnndncti,·ity (K) Valucs Mca,.ured by Keno~·crf19H6) 
from Slug Tc.c;l<> 

(Loccwm' o[ pcczomclcr' drc ~hown tn FtgU!_C :!J ) 

lippcr l .. ower Sill 
Sand K jmfd:.) f S.md K (m/dayl l.a)~rs K tm/da~ l 

" J ~ 1 1\2' 017 KRJh M.6E.05 
KRI> ti(• K5 J5 K76 ~.2E..{)..t 

1\SI ])U 1\71 3.0 K.70" 3 5E-OJ 
KH:-. 17 ] K77 o 26 
K~q 1 J (J KRO 1 J 
Kü7 {, q KXl 06 
K Mi 4_1 Ks~· Q()Q 

Kl·¡, 
7 ' 

Ki_l "' Kl.l 7 !\ 
K:'5 7h 
.\lean '·" ~lean Ll Mean J0E..().4 

'\l. el!<"' 11n -.creen\ lnc3tcd m txllh \anu and \111 wc:re uch.1d«J from lnc mean. 

~\l.'ell 1\S.i '' nnt "'""'"m hcur~ Z.1 tM:.:::~u•e U "'01\ I0\1 "'melllne ¡¡(ter ll<run~trucuon 
11 '"3' on~•nalh IClC.lled t>etwec:n Kj and Kli~ 

Blf Mu<;J..cllungc Lakc A no-flow boundary wa.c; used along the bot

wm oí thc "Y!-.tcm to represen! relallvely crystaliinc tx:drock. The 

uppcr boumtary \\'JS qmubtcd as a spec1ficd flux boundary using 
tllc rcch;trt:t.' p;~cka~c 

Parametcrs and Lake Levels 
S1x hydraulic conductivuy zones were dcf1ned as shown in 

Ftgun; 3. limes 1 throu~h 3 rcprcsent sand layers wh¡\c zones 4 and 
5 rcpresent sl!t byer.-. Zonc 6 rcprescnts thc bcddmg planc !ayer.;; 

1n tht: uppcr .:-:md ayu¡fcr th: . .ll wcrc tntroduccd 111 nnc ~ct of .... tmu· 
latlom. Tht.· hydr:.whc conductJvtly valuc .... m thc-.c wnc,.., wcrc 
cswnated Jrorn .... lu¡; tc"t rc-.uh .... (T:.1blc 1 J Kcnoycr ( 1 98XJ c.-.umatcd 
thc amsotror: ratto (K/l-\

7
J lo he 3.5 to 7 R from ~m:.1JI -.cale lJ;_¡ccr 

tc:--t.-. lhat cnvcrcd onl~ aht)Ul ont' meter Smct: ant-.otropy rattn 1'

lnm~T. to tX' ~J..k·OL·r-:nJcnt. a r.lflgt:: of Jru!~ülrup) valut'-" W:.l'- tc..'ltcJ 
m uu~ model 

LakchcU ,cJm1cnt~ fnr Cr;.·qaJ l.....J.ke wcrc 1crn to 0 . .\ m th~ek 
UcpcnJ1n~ un lakL" dcpth ~mJ t!Jo,c for Bt!,: r-.1u-.~c:llun~c l~J...c 

werc un1t'onnh 11.: m tllll'k ll1c"c valuc,.., are L"orhJ.'>lcnt v.tth fJL'IJ 
Ph'-crvatlllll'- Hydr:.1ui1~ ~nnJu..:!IVJt~ of la)..chcJ -.cdtmCill'- tor 

hoth lakc-. wa-. a-.-.urncd tu tx: Q.(L.¡ mhL1~.tH U1c -..Hllc ;¡, thc ,JI¡ lfl 

/OOC .;. 

EffcL"It\'C fk1fll,Jty 11f thc -.and\ '-Cd1mcnt. e'ttmJ.tt'J from thc 

a\ cr..1~e uf l..lt'M..lr.Ll\ •r. IIK',L\UIT:flK'nL~ '1( thrr-c '-lmp]c.., v. J..' O.J) ! K un 

19'JO¡ Thc C/11,:((1\l' pormlly u: thc -.rJt I:.J\'Cr\ W..l' ;:¡<;.;;umcJ tu he 

u.~ Both 'itC:IU~ ·\I..IIL' ;¡nJ tr:lll,Lclll llltll..kl' v.cn: Uc\c!npnJ ·me 

tr.m-.Lcm n1111..k! r~·qtnrcd \,duc' 11/ 'lllfJIL'•ll~ ..1nJ :J\Cf::l_!.:·: JliPflthl~ 

n:ch.tr~c r:..~tc\ V.Lluc, tur '-hLr.t~c nx:tfJL'tt'lll • .md 'fX'CICJl' ~·¡dJ 

wcrc tc~tcJ Junn~ ~..llibr::lttun anJ Ítn:..~l ... ..1luc., ol 10~ hn 'turagc 
cocfticJcnt andO '27 fur o;pcctfJC y¡cJd wert' sclcctcd for all units. 

Rc.:har¡::c r:IIL'' v.crl' L.LkLJ!atcú U'ilnf Thomthv.auc'.\ lllt·thoJ 

([horntnv.'Jllt: anJ ~1.Lt!lrr Jll5~. de ~1ar~JI~ \')l\ht anJ aho1.·un· 

~tdcnng lhe me! un~ r..1tc oi o;nov. :1.' 'lug_gc..;;tcJ by lbncn ( 1 tJXS ¡ 1hc 
calculateú .Jnnu..1! rcduq;c r~Hc rangcs from 17 1 to 41 7 <.:m and 

::1\'l:r.J.gc.' 26 '2 crnlyr ~1onth1y rcchargc r.mgcs from 1.crn to ~ 1.2 cm 
in the pcnod of rct·ord ( IIJX-l to 1993¡ Average munthl) ratc' for 
\(/()3 are shown tn Ftgurc 4. 

Lake levc1s. whtch wcre u sed to spccify houndary condllions. 

wcrc tJ.J...cn trom thc LTER (btahao;c (LTER 1945) Dunng thc 

10.0 -E 8.0 A u,;; 25. : '.,)~).) 
V 

: '6.0 
"' .. 4.0 .. .., 
V 2.0 .. 

¡:( 
0.0 

z "' "' "' :>- z ..J o o. ¡.... > u 
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Figure 4. Calculated monthl~· recharg:e for JQ9.1. Head~ us("d in thc 
qua.si steady-state calibr-ation '-"Cre mea.sun.•d nn r\uJ!ust 25. 199J 
(Schindler 1994), afler a relath·el)'·long: pcr-ind or negh~iblt· rccharJ!<'. 

pcricx.l 1984 to 1993. lakc levcls rangcd frnm -C.-lto 43.4 m for 

Crysta\l.....lke ano' 41.2 to 42.5 m for Bi!= Mu~kcllungc Lakc, rcla

ttve toan arbu.rary datum. Data werc Jvcrng.cd fN cach month ami 
m1ssmg dalil poinLo;; werc estimated cithcr from the closest avat1ahlc 
point or from Buffalo Lake. locatcd 14 km l<l thc south~ 

Calibration Stratcgy 
Two steady-sLate s&mulations and onc transicnt simulation 

wcrc pcrformed for each tnal sct of cahbrattun p.1raffictcrs. In thc 
lirst stcady-state simulalion. he¡}ds were caltbrated ro measure
mcnLo; m.adc m late summcr (August 25. 199.3) whcn rcchaq;c is·ncg.

ltglblc duc tu cvapotrMtspir.Jtion (F1gure 4) ;md lll!.! systcm 1s m qua.,¡ 
~tcaJ y ~tate. In thc~c simulat10ns. rcchargc wa~ equal tu zcro ant.J 

lakc le veis wcrc sct at 42 93 m for Crystal Lal.c and 41.70 mlur Big 

Mu,)..dlunge Lakc. which wcrc lhc rccordcd lcvcb on lhat date Wc 
pcrfurmcd tramacnt sunulat10ns for thc pcnod 1984 to 1993 and 
mput :.lVCrJgc monthly rcchargc rates. Thc calibralion wa.-. ~.:hcckcd 
agam.-.t ubservcd hcad.s un Augu!l.l 25. 1993. a.nd comparcd to 
hc;,¡J.., mca .... urcd m favc wclls dunng thc period .19H4 to 1993 

1 Ftgurc 5 ). In thc quast stcady·sl.ltc anJ tran.sient simulatlon!->, 

uh .... cr\'cd hcad diffcrcnccs bctwccn sclcctcJ adjaccnt well points 

wcrt' aJ,o u ... cJ :.1~ calibrauon targcu •. TI1e u~c of spattal difrcr· 

cncc .... m hcad..; a\low~ for cahbrauon lo gradtcnts as well as point 
hc"J Jala ,\ lotal of cigh1 wcll pairs l K I-K73. K 1-K89. K89-K2. 

K? O-K 71. K71-K.\. K75-K 7ú. K75-KHO. anJ K5-K!!O) was seiCCIC<J 

lh¡::urc ~-11 
Cahbratton w thc ob,crvcd flowpath shown in Figure 2b wa.s 

pcrlormeJ m a .-.ccond .... tcady-statc sunulation usmg an average 

)Carly rcchargc r .. uc (:26.2 cm/yr) and average lake lcvcb (42.{) m 

l11r Cry .. tJI Lll..c ..111J ..J! .b 11~ for Btg Mu,ckllunge Lakc). Whalc thc 

oh .... cn·cd nowpath , .... thc rc~ult of long·temltran~ien~ m thc now 
!I.)'~LCm, Rctlly anJ Polluck ( 1996). among othcrs. demonMratc.O Lhat 
nuctuauons m rccharge do not apprccaauvcly affect thc overall 
flowpath~ cakulatcd hy llllxlcb that a .... ,umc average stcady·statc 

conUillllO-" Tilcrclorc. wc UM:J a modcJ WJth íl\Cragc Mcady·SlO.liC 
recha.rgc anJ lake lcvcls lo produce a stcady·st.ate velocuy dt~lrih

utJon, whKh wa .... tnput to thc panKic track.ang codc, PATH3D 
(Zhcng IIJRIJ). Backwan.J parttclc trad. m¡; was uscd lo dchneatc a 
grounU water flowpath from wcll K5 (Fagurc 2b) and lo c~tunate 

l.r.Jvcl Limes from Crystal Lake. 
During calibr.uion we d1scovered that thc model wao; ~nsitivc 

to thc r.uio of honlontal to ventea) hydraulic conducuvny lt ¡.;; w~ll 

.¡. 
~·. 
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Tahlc 2 

1 Paramelcr \'aluc<;; U.o.cd in l\lndcls 1 lhntuJ;:h 4 and Ficld E ... tinmtf'S h_\ 1\.C'no~·cr ( lll~ftl 

h:cnn.\t.'r 

II'JXftl .. 

Jf_,draulic Uppcr sand ( 1) 9.S 
Conducti\il~ Lowcr sand (2) 2.1 

U1wcr sand C\) -
Sllt (4¡ -
Sdt (51 o()()) 

Dcddmg plane layen; (6) -

Porosit~ Sand 0.) 

SJ!t -

r\m,otrop~ ratio !Kjl\.,) J 5-7 S 

,.,umher; 1n narcnthese~ ¡ J md1Ca1c conduc:h•l!\ zone~ \h""'n m f1¡:urc 3 

k.nown that a hc.:tcrogcncou~ sysrcm cons1:-.tmg of a scquc;ncc of hor
IZontal ~~otropH.: !ayer~ can be rcprc~cntcU fur hydr<.~uli~..: purpo:-c~ 

. hy an cqUJva!cm -":•:.tcm th..lll.'. homogcneou.'. but anJ1->0tropH.: te f.. 

rrcc¿c and Chcrry 1979 ). Whcn gcologJC U !lit.'. dip from thc hori
/Ontal. thc coord1natc axc.'> .shnuiJ be ahgncd colmear wJth thr.: 
pnnclp..!l J¡rcction... of thc hydrauhc cnnductiYity tcn ... or In mn:-t 
:.lpphcJtlon-...llowc\cr. thr.: d1p of thr.: un1t'\ is small and thc un H.'> are 
rcprc:sc:mcd a .... honzontal for purpose!-. al moJclmg (c.g .. Plulhp" 
1987) Whcn th1.s l.'> done. thc oncntatlon of anisotropy WJthlll thc 
dippmg unlts l.'> not preservcd. We developed four sets of mcxJel 
pammctcr.s to test thc effcct of anisotropy. 

Paramcter~ u.scd for cach of thc four mode\.s are summ~mzed 
1n Tablc :::. All of the parametcr valucs cx.cept for amsotropy rallo 
are thc .same fnr modcl.s l. 2. and 3. Thc ani'ülmpy rJtio rant:c" frnm 
ti ve m moocb 1 and ..l to 20 111 modcl 3. In modcl 4. adJJtlnn~ll I:Jy
cr" wcrc mo:;crted pJ.r .. lilcl to thc uppcr sil! !:1ycr to rr.:prc\Cnt hcJdin~;: 
planc laycr<; 111 thc urpcr sanJ aquifcr (7onc ó 1n F1gun: ~~ anJ 
thcrcby c::1pture thc appropriatc anglc nf :'·-:.,.otropy. Thc uppc:r .'>lit 
!ayer d1p.s sh~htly toward (r;.,tal Lakc. · :gcstm~ that str .. JtlfH:a· 
tion of lhc uppcr !-oandy -..cd¡mcnt" ¡<; par.IIIcl to thts laycr. Thu:-. v.c 
as!-oumcd th.:ll thc Ocddmg pl:mcs that cause an1sotropy m thc ... and~ 
aqu1fcr are til1cd apprm:.Jmatcl~ i dc~rcc.'>tn thc honltmtal J.\1'- \lf 

thc ~nd. \hx.lcb l. :. anc.J ~ c.Jo not mcorporJtc thc cflcct" of t!K 

an¡;:lc of strat!ftcatt0n nf thc <;and unll hccau"c thc l'llfnponcnt-.. pf 

Ulc condUCII\'IIy tcn<;;or are 'J..\,umcJ hl be culmcJJ with thc pnn~o'1· 
pal coordJnJit' :.J.\C'-. wht>.:h an: ht~nltullal anrJ \CftLCa! Th1..· hcJLILilf 
planc !ayer-.' >~nc 6 m mc .. Jcl-l. hov.C\'Cr. cffC\.:II\'c-1~· snnubtt.: tiK 
rnrrcr.:t (JnC'nt .... 111 of ani<;Olrtlpv of thc uppcr -.and un11 a:- a v. h1 1lc 

In thc lov. -pcmlcJhdll~ hcddm~ pl.mc l.1ycr-.. h~J.rJuiiL' ~,·ondu~-.n' 11~ 
1" cqualtn O:- m/d.1y whtk tn lhL' rc'-1 of thc untl h~·drault~· ~..·on

ducli\'ily cquah :>\ mh.l.1y. wturh ¡<; ci\1'-C'r to thc avcra~~..· of f"~t:ld 

values (9.8 m/Jay: Tablc 1) than thc valuc of 2 mida y u,~d tn 

modcl" l.~. and 3 (Tahlc ~ l Allthc hydriluhc conducti\'IIY 1onc-.. 
m modcl-l ha\'C .10 :Jnt'-Oimpy r.li!O <'f ti ve. whtch ¡,m the rJn¡..:e 
of valuc" C'-lllllJicd from 'm~tll '-Cak tracer te'r.. !Tahk ~l ThL" 
an¡sotropy rano of thc uppcr <,J.nd untl ta.kcn ao;; ~~ v.hulc. howC\'CI. 
¡o; greater than f1vc 

Results 
Thc: root mean squarcd t RJ-..15 l error in heads and Lhc rallo of 

ob~rvcd to <;¡mub.tcd hcac.J d!Ocn:ncc!:. betwecn wcll pa.!C"o v.cn.: cal-

Modcll l\todc11 "''oiudl'l J Moch.--1~ 

2.0 1.0 ~ti ~¡1 

2.11 ~-o 2.0 =u 
07 07 0.7 07 
(J.O.j ()()..t OO.J O.O.J 

OIXJ.l () ()(J.l 0.0()....1 OOO..J 
, 

-- - 0.) 

o ]5 0.]5 0.)~ O.J5 

03 O.J 0.~ ()] 

5 10 20 5 

culatcd Modcl l. wuh an anisotropy rallo ot fi\'c, dncs not calibr.nc 
wcllto hc:uJs. with RMS crrors of\).6 cm for thc LJUa<;i stcady·qatc 
calibration and 7.8 cm fur thc transicnt calihr:.~twn (Tahlc 31 

Uccau!:.c of thc puor cahhrat10n tu head,..,, llhiJcl 1 ,.., rcJcctcd e ven 
though thc cahbrauon to thc ob~ervr.:J Jlowp.1th L!:- rci:JII\'Ciy good 
íF1gurc 6bl. 

Among moJel-.. !. 2. and 3. rmxlcl J. wlud1 h.L ... ~~ rcl:.~tivcly h1~~1 

amsotropy r.itio of 20. 1.'> hcst c;.iilbrJ!cJ 10 ht:.!lh (fahlc 3) ll1c RJ\..'lS 
error 1.s only 3.7 cm for the quasi stcady·statc .sunukuion amJ·all of 
thc hc.ad diffcrcncc r.uios are rclativcly closc to one cxccpt Oetwecn 
K 1 and KR9 (Figure 6a). The simulatcd fl(lwp:llh. hnwever, is dif
fcrcnt lrom thc ob .... crvcd flowpath (F1gurc !1hl MoJel 2 similarly 

------ ·--·-------· 
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Figu~ S. Comparisons of simulaled to observed heads In fin wells. 
Obs<rvrd heads are lrnm lhe LTER daLa base (LTER 1995). SimuLated 
head.s arT rrom modcl4. 
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ftgurc 6. (al RatiO\ of oh .. cn·cd lo !>imulatcd hcad dHTcrcnccs (,1!1) 

~tv.ccn .sclcctcd "'el! pairs for model'i l. Z. and 3 for thc qua\i stcad~ · 
tate ~imulat10n for "h1ch ¡ero rt'Char¡:!c and lakc lt·vcb mca .. urcd on 

U!.!U'ot 25. JIJ9J. \\Cn: a .. .-.umcd. lh 1 SmlUiatcd nu""paths for ;ncraj,!C 
<,lcady-... t;)tc mudd' l. Z. and J. AH'r.Jgc rct·h;H'l!C r.Jic 12h.2 cm/~r~ and 
<Hcr;¡gc lal-.e lt'\Ch ¡ .. U.Y m fur Cr~...,t~d l.ah.e and 41.X 111 ror lltJ! 
.\lu.o.h.cllungc La he! ut.·n.· a_,-.unll·d. 
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mndcl.\ :! and J are rcJCCtc:d. 

Compan.-.on ol iht.: Jlw>4 pJ!h .... tn Ft!!urc {Jb :-.IHt"-'.' 1/lJI ;,¡' 
!~1~· JOI.\Oiropy f:.l[Hl \\ Lkt.:rC:..t\CJ ( lfO/Tl ~{) 10 Ohk..kJ J \U rt\l' tn 

tn1xJcl 1 ). thc .\lnlUIJtcd !lo\1, p:llh approachco;; thc nh,crvcJ Whcn 
~ amsotropy rJUU 1.\ ft\'C 1 moJe] J) '!.he no\lo palh l\ OC:.lfly thc \.,Jn)C 

.lhc ob::.cncd. In moJd ..+, 'oolohcn: thc ant,olwp) r..1t1o t\ ahu cyu.t.l 
!u ftvc. the m:crall caltbrailon 1~ mu..:lnmpro\-CÚ rclauvc tu muJ· 
cb l. 2. and J The R.\1S erro~ are 3 2 cm for thc qua\t .. tcad~·,l.ltc 
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Figure 7. (a) Ratios o'r obscrved to simulated hcad difTe~hces (Mf) 
betw~n sclected well pairs for quasi stcad~-slatc and transient runs 
ofmodl'l4. Zcro n.-char¡:;c and thc lakc leHis on Augusl 25,1993, wcrY 
as.surul'd for the stead)-·-stalc simulation. Thc t.-an~icnl re!iull~ are for 
Au¡:::uo;;t 25. 1993. in a simulation lhat ust•d aur:.a¡:::e mnnthl~· rcchargc 
rato and lakc le" el" for thc pcriod 19~1Y9.l. (h¡ Simulated n,mpalh 
for a' cra¡.:c !1\cad)--!llatc modcl ..¡_A "ero~j.!c rcc harcc rale tl6.l cm/)' r) 
and oncro~gc lakc lc,·el.!t C-'~.9 m for CryM4ll LaJ...c and -'1.8 ril for Uig 
Muskcllungc LakcJ \\'Cre a\.o;;umc-d. 
----------- -- ---------

Tablc ~ 
Tra' el Times in \'cars fmrn Cf')·stal La k e 10 Sclected Piezometcrs 

!Wcll~ ~hniA'n In lile tabJc are Joc;l!ed dtl~C 10 thc \tOlUJated nowflJ.Ih 
c.alculatcd h't m<xiel4 [FoJ:u~ 7hj. E.o;tomale~ ¡,, Bullen el al. ( 19961 

Wl!'rc ha\Cd un tnllum analy'c' l 

K87 K70 K71 K77 KS 

f,.j.,JcJ 1 J.:.' 11.2 1: 5 17.1 24.1 

f>hxJcl :.' - - - - 40 7 

M•"ld 1 - - - - 97.8 
·"h>Jc¡ ..: ' ' 111:.' 1 ' - 166 2J.h 
llulkn ct .,¡l !IWl'>! 1 1 7" -- 13' JO' 

•\l~••urrmcn¡ low lo.. 11· o.('r t •ji!Uir : .. fnr ¡,,.,·JotiiWl 

~iolrf"'"<'d lntc.l•ur~mc:nt 1\ lhc .~ .. cn,:e lnt .,_112 and ¡..,_~, .,..r ''lE"~ la fur kx;ahon of 
~~~; 

Morcovc:r. thc rallo~ of hcad dtrfcrcnccs hctwccn point!i are e lose 

to onc (Ft~urc 7a) ami thc simulatcd llov.·path is closc to the 

oh-..crvctl thgun: 7b). Companson bctwL-cn \tmulatcd a.nd mea'iurcd 

hc.ads during the pcriod 198-l lo 19'13 "al\t> good !Figure 5). allow
ing for lhc facl thal hbscrvcd hcad peak." duc 10 ratn stonn events 
are not captured by lhe model becausc thc slrc."i." pcriod used in the 
stmulauon was one monlh. Scatter plots of .\lmulated vs. observed 
hcads (Ftgurc 8) al,'•o .ndJcalc a good calthr~tltHI. 

. i. 
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F1¡..'1Jrc H. Scaltcr plnl'l of o;;imulated ,s, nhscned hcad'i for mndcl4 for: 
lat qua.<.i stc:.ld)·St.atc modcl; thJ transient modcl. 

Thc trans1cnt calibratcd modcl (mcxlcl4) was uscd to stmulatc 
cnhanccd d1.;;pcrswn of an m.ygcn isotopc plumc from Crysta\ 
Lakc (Ktm ct :.ti. 199(}J. Enhanccd dtspc~:;ton i.s cau.s.ed by tr.lnsicncc 
mlhe tlow !ic\J a.-. a rc~ult of nuctuauon~ m rcchargc and lakc le v
eis Ktm et Ji. (19YYJ found that tt1c dtppmg bcdding plane layers 
tn mcxkl 4 wcrc essentt;,.ll to stmulatc thc obscrved sprcadmg of thc 
p!umc. prov1dtn~ addttH.malevtJcncc tn -.upport of modcl 4 

Travel Timc.s 
Travel t1mc~ (Tahlc 4 J wcrc csumatcd from thc average 

stcady-statc modcb u"tng thc PATH3D parttclc tracktng codc 
(Zhcng 19891 Pontclcs wcrc bock-u-ackcd from each of the wclls 
h.c;tcd in Tabk ~. Thco;c wc\lo; are loc:Hcd along thc llowpath dcltn· 
catcd by moJel~ (F¡¡;urc 7b) Thc rcsults frorn rnodcl...t .<.how th<lt 
it takc!-1 ncJily 2~ ycar:. fur a particlc frum Cry~tal Lakc to rcach 
wdl K5 Tr::tvcl tn11c:- reponed h~ Bullen et al. ( 1996) from tnt1un1 
analy ... c.s (T...1\1lc ..¡ 1 tnd¡catc that thc traveltunc to K5 a...\ calculatcd 
by modcl ~ "' too low hy a: kast ~¡x. ycar:- Ongumg work m col
labor:ltlon WJth the L.S G'~tllo¡;ical Survcy D1~tnct Officc 111 

Middlcton. \\'¡-.con-.tn. v. h~~.:h J\ ;,umcd al Jclmc;.¡tm!-= thc luwcr fl'.'T· 
11on of thc ob-.encJ lluwpJth .\hown 111 F1~urr may hclp 

resol ve th¡:, dJ:--.·:-::-parh:y and kaJ hl furthcr rct"mcnKJ ... ,,f lhc fh1v. 
modcl 

Modcb 1 anJ ~- v.hh.:h match lhc ,,h:-cncJ Ouv.p...1tll. ~i\C -.¡m. 

tla.r travcl urnc' lron1 Cry:,t..d Lak.c hl KS tT.1hk -l 1 hc,;;.¡u'c uf 
thc¡r SHnda: n(lv. f'l;.¡llb ;.¡nd '1011Ja; ll\C'f;¡\l ht•,¡d !=taJJC!ll'- J.nJ COil

JuclJVliY \'J.]UC.\ ;¡J¡JO_!: tht' n,,wp.tth ~h-.kh 2 ..UIJ .\ ~1\'C tr.JVcllJiliC\ 

lhat are 101.1 l. m~.,\.., t'\fX'dt.."..;. tr;t>t'ltnllc, ..lit' :-.cn-.IIJ\'t' IP p<~th 

lcngth-. JnJ path !cn~th-. .m: Jq-..":,Jcnl 1111 thr :llll'lllrPpy r~1111 

(Fl!!UfC~ hb .1n~: i\1t 

Summary and Conclusions 
M u \tiple callhr.JIJtlrlt.tq::ct.-.-n .. .uncl~ ... tc.¡Jy--.t.Jtc anJ tran,Jcnt 

hcaili, h~J ¡;.ro.~Jic.:nb. anJ llt1Wp~lh mlortn.J.IIun-'"".:re u-.cJ lo CJI· 

1bratc J twn·JJmt·n,tnnal f¡n¡tc·dtflcrcnc.:c moJel. fuur !-ICL!-1 uf 

naramctcr valuc-. 1 ·¡,,hlc .2 J wcrc tc~tcJ Jurmg thc cal!hrJ.IHHl. 
'I\'CrJ.IJ fliPlki ~o'.J.llhr.J.IIllll W~' lllU!.:h 1111pf11\CJ ~llcn Jo(~[ 

amsotropy I.:Ju:-cJ h~ 'tra\ICJI.:atwn ol thc.: .uppcr :-.and unH ~,~oa.., 

SJmulateJ J¡rc.:...:tl~ v.¡th J¡pp!n~ !ayer" ol lo~,~ocr pcrmcJbiiLty 
(nh-..k\41 Trawltunl'" lfll\11 C'ry,t.d l..l.,t' hl ~,~odll\.~ '-'Crc cll

culi.Jtc<.llr: :c~ulb \ll C.h.:llult.hc.: hllllllltldc\-. \\llh t.lh: ;ud \ll ¡¡ p.u. 

t¡clc liJ.d.m~ codc. Travcl umc~ to wclll\.5 (l.tblc ..t¡ ran¡;c frum 

:4 ycJ.J:. ( m1xkl-. l anJ ..¡) 10 9S ~·cJ.J:. (moJel ) 1 a.nJ JIC Jcpcndcnt 

on thc kn~th olthc.: 11Pwp;,¡th. wluch 1:-. :o.t'll'•lli\'t' 111 thc .IIIJ,tll!tl!'~ 
ratio (Figure-. 6b anJ 7bJ . 

Our rc!">ult~ im..l!e<llc that calthrati,,n wllh multipk tar:;c.:t-. . 
C!">pcctally usm:; flm,•p;.¡th·informatlon. h hclp!ul in iJI..'nlll~ · 
thc.hCo;t c.1lihration iutmng a \.Cl of J'Xl!">o;.ihlc cahDrai!Oil\ \V11I 

nowpath ~nformat&on .. ·madcls 2·or 3, which gave acccpti..lbk K~l..). 
crrors in hcads (Toblc 3)-,,mrght na•e been accepted as ··~hu . 
Ncither of thcsc models. howevcr. was able to reproduce thc now· 
path dclineated fmm ftcld <bta (Figure 6b) or !he obse:ved dispersmn 
of an oxygen isotopc plome (Kim ct aL 1999). Obtaining a good cal
ibration to hcads rcquircd J larg.e anisotropy ratio in thc uppcr 
sand aqutfer. as in models 2 and 3. In moJel 4, we Slmulatcd 
antsot.ropy tn thc uppcr sand aqUlfcr dm:ctly hy mscrting dippmg 
layers of low pcnncahility. The improveJ .:alihration provided hy 
moJel 4 Jndtci.Jtcs that such bcJdmg planc laycrs cffcctl\'ely s1m· 
u late thc ovcrJ..!I am~otropy ami abo prc!">Cr\'c thc anglc of ani!-~Olropy 

obscrvcd tn Lhc ficld. 
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Characterizing Three-Dimensional Hydraulic 
Conductivity Distributions Using Qualitative and 

Quantitative Geologic Borehole Data: 
Application to a Field Site 

by Zhihui Zhang" and Mark L. Brusseaua.b 

Abstrae! 
The focus of this papcr is thr characteril.ation of threc-dimernional hydraulic conductil·ity di.<itrihutions using qualilative and 

quantit.atiYC gt·ol~c borcholc data. \Ve ilht'itratc an approach lhat entails a thi"'Cí'-Step pmccdure. whcre lithoiOJ..,..¡C infnmwtiun rcportcd 
in thc borcholc IOJ:!S is flrst cl~ificd into texture class~. Represcntative hydraulic conductivil)' \'alues are thcn cakulatcd for ca eh 
tcxture cla~s using a corrclation rclatin¡.: mcasurcd litholo~ic and h),.draulic data from corc samplcs. Thc J!l'ncn•li!.Cd kernel csti
mator mcthod, "hich can Wkc full ad\'antage of thc d•ar-dctcristics nf horcholc lag dala and i't applicuhlc tn s~tio.,til·all~· rwn-.tationar)· 
systcms. is uscd thcrcaftcr to gcncratc lhc thrct·-dimcn~ional distributimL"' of h~dr~ulic conducthit~·. An olppliration u~ing horcholc 
d.ut~J fnm1 a trichlomcUu:nc fTCEH:ontaminatt.:d Supcrfund sitc in Thc.,on, Arimna, i'l pn.~nll'<f and llo,(,'l.llo test U1t' pnJJ)IN'<.I mcthod
ology. Thc simulatcd h)draulic l·onducti\'it~ dbtribuliúJL~ 01ppcar rcas<mable and thc simulated pcm1cabilit)· distributions for: SC\'
eral cross scctions agrcc wcll with thc hydmgcolo~ic cruss-sectional maps. Thc use of mean pcrmcability indkaturs for diffcrcnti
atinJ! 7.oncs of high and low pcrmcahility h abo irncsti~atcd. 

lntroduction 
f1ydr.::~ullc prnpcn1cs of ::~qu1fcr; vary srJtiJily a." a rc~ult ofthc 

":nmpk.\ gcolu~ll" procco;;<;.co;; through v.lw.:n th..-y are formcd ¡¡nJ 

~ht·rcJ. Spat1:1l v~1.nability of thc hydr.mllc propcn1c-" lc.¡J, to 'r:'· 
(¡;IIly \ ;mahk porc water vchl<.:liiO. wh¡ch can ~~~ndlcantly m!lu
cncc contaminan! trampon m the ~uh ... url~ICC Numcrou, lll\'C\IÍ· 

¡;atnr .... havc commcnteJ on thc 1n1portance ol lnt:orporatJnf' 
hctcrogcnclly mto $lUÚtC<;. of !;':round w;,¡tcr llov. ;,¡nd cont;nnmJnt 

tr:m~p·.m te g .. r..bthcron anJ Jl' ~1ar'd~ J()SO: Gclh.tr and t\"<.nc" 

IY:-\:1. Guvcn ct aL JCJX6: Bru,'-CJU Jt)l)..¡¡ Ch.lrJctcnnn:: tht' :-.pa· 
¡¡;JI J¡,trihut•on of hyt.lrault¡,; conductl\ ny ¡, t:fi!K¡¡I ltl tllc ;,¡ccur.¡tc 

rcrr~· ... t·ntauon (lf now ;:JnJ tran,pon. Unfnnun;.llch. CtlrllplctL', 

ll\rt·:.·-J¡mc!l~lonJIJnioml:lllon ahout.h:;.dr.Jul•t" nmUucll\'1\\' 1'- not 

,_.a,!ll: avad..tblc a: thc ÍleiJ -"t"ak lllerclurc. tht· 'P·•!I:JI J¡\!nhu· 

11nn' .1rc cstlm~tcd U'-lnf: whatcvcr lunncú d.11.1 are ¡¡v:::~d.thk te f .. 
<:·.:"í'·~lc horcholc log.\. pumptn!! IC\1 ú.1t.• .• Hld gcllrh~'-lt".d lo~"L 

\: nl0-"1 \IIC-". tlw pnm;_¡f;. 'uur ... r, nt nllnrm.lllllfl lor 'uh,uí· 

l.k~· :1\Llr.Jtlllc prLlpcrtie' ~e gL'ulu~t~· t"ldrcholl" IP,!!" ~111d pumru1~ 

'l'''' J'umpmf \C\1'- rnl{ju.,:c \:lluc:-. th.il ;¡re ;1\t'r:Jg\.'d 0\Cf a rciJ· 
lt\'t•l: l~ge verti-Cal and ~cal extent anJ are. lhcrcfun:. uf hmitcú 

U"l' 1,1r charat:tcnnn!! thc 'PJII=.!I van.lhtll!~ nf h~tlrauh ... t"tllh.iul'· 

Dcrartmenl of Sud. Water. and En\tronrncntJI St·tcnt"c. Thc 
Unn rr'-11) ol Anlnn.1. T u..:'>l.m. AZ ~57~ l. E·m,::ul l.Iuhud .. n•u .UWlH.J n1u 

~lkpJnrnt:nt uf H)Jrulof~ JnJ Wa1cr Rc .... ourcc-.. Thc L'ni\Cr'll~ 
uf .-\n¡nn:J. Tuc~on. AZ S 57~ l. E·rn::Jd hru\-.c::Ju<e J¡; antnn.J.cJu 

Rccc¡vcJ Ma_rch !997. Jcccr1cú Dcccmhcr 19'J7 

t1vity As discusscd by Ali and Lall (1996). cx1stmg pumping,test 

mcthodolog¡c<;. alonc are mappropri<.~tc for thc Jt.lcnllficauon of 
\Ub~url-aCC hctcrogcncJIÍCS bcc.:aUSC thcy fOCU.\ Oll thC c .... umation of 

J:¡rgc-scalc a\ cr.::~gc hyt.lrauht: paramctcr-.. and tlic :1quifcr rc~ponsc 

tu ptlmpmg t'- dampcd and smoothcli o· cr thc t.ll,t"ontmu!IICS in thc 
hydr.Julic conductivny. Howcvcr. pumpmg tc:-.t data are uscful for 
calihratHlf: thrcc-d11ncn~ionJI hydrauilc ·;ondu~...·t¡,·ity Ói\lributions 

uht.tmcd U'-tnf: othcr approac.:hc~. 

Burcho!c log data, whKh are gcncrally ;.¡v~ulahlc for any sllc. 

t".m prondc !lA JI ~tratip.r<.~phlc tnfnnnatum of ;:¡ thrcc-dirncnsmnal 

nJturc Howevcr. horchulc logs are u .... ually qualitJ.tlvc. providmg 
tnformat!On on IC.t:lurc rathcr than hydrauhc conducti~~ity. Severa) 
mcthoJc; bascC un corrcla!lom hctwccn hydraulic conductrvlly 

•. mJ tc,;ture are J\'ailahlc to tr.m~fonn thc qu;t!Hat¡vc mformatlon 

uhtJJned frorn horcholc lof:' mto rcprcscntJII\"C hydraulic con

tlul·t¡v¡¡y data. h)r cxarnplc. Urna ct al. ( I'JX' 11 prcscnted a new sta· 

11'-IJt:JI frJJO·\J/C mcthotJ fur cv::~/ua!ln~ thc hytJr;-¡ulic conducttv· 

11y of f!rJnular al.JUIICr\ TI1c c4uat1tm " of !he fonn K = Cd 10: 
tl"nlf,c..: 1. v. h1rh 1~ Similar lo thc wcll-~nnwn Kozcny-Cannan 

cquallon (Carman 1937). Howcvcr. in tht"' ca"'c.thc coefficicnt C. 
v.hll'h l-" nomlally takcn a.' a con~lant. i~<; found lo he a variable that 

tlcf"".'nd' on thc nalurc of thc gcolog1t: cuvmmmcnt h was cstab-
11'-hcd that C = 6J) for Ufl(OO....OI!JJtCJ ani.J poorJy CCmented sandy 

m:.~tcna.l!-1; e= J K for modcratcly con.~·.olu .. hJICtilt"CiliCntcd mcks; and 

C ·= 2.0 for fa1rly well compactcd <Jnl..l ccmcntcd rocks. lt was 

rqxmcd that thc csumatcs obtaincd from th1~ mcthod compared 

favorably wilh thosc dctcrm1ncd from pumpmg tcM mcthods. 
Sc:veral olhcr c~amples are also availahlc (Ma.<;.eh and Dcnny 1966; 

~j¡shra et al 1989: Temples and Waddcll 19~(>1. 
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e ~1cdrum "cll 
e H.C"rhar¡,:c "el! 

A!-. notcJ. borchuk lot:" :md purnpm:; tc.:'t' ..1rc tllL pnrnary 
soun:c.' of mforrnaoun fur :-.ub,urfJlC h~Jr.lUII .. : pn,pc:rtiC.' TI1c ma!!· 

nuuJc anJ JJ\tnnutuJn nf h~Jr.lUli,: I..IITH.Ju.:I!VII~ at ..1 ~n·cn horc

holc loc:Hmn cm he 1.kri\CJ h~ .:nmhuun¡; thc lrlhHITI.JIIon m 

horchui: lo¡;' WLt:l hyJraub.: ._.mJuctJ\11~ \ .. tluc:-. mca...,ureJ-fur 

eme .... unptc .... llthc d:J.LJ are 'ul(•._.¡cnt. thr!:~.:-J¡m~n,,onJ. l"tnl'l· 

Ut1on<> of h:·•Jr;.¡ui".: conJu~.:t•' ~~~ .... ~an tx· ~t'n!:ro~tcJ u'•nt: .1 .. .1ppm· 
pnatc \IU~h.1~dlo... Hll!:rpu!Jlllll\ ll\Cthu..J Jn th1" p.l['K:L \Uo...'h JO 

appro;.u.:h wdl tx· .!ppllcJ IP.! ,:O,ufXr1unJ "'lt' 1n ru.._·,on. An¡una.to 

ch.t:.actcnz.c h~·dr.Julu.: (unt.Ju~.:lt\ 11~ d1 \l!tbutam~o. U!<> lO& qu.Jittauvc 

amJ quantltJIJ\C ~cologt( horch(llc Jata. 

Field Sitr 
The aqutfcr "Y"tcm ;.¡¡ thc ~o.¡tc ¡.., ~.:ompn..,cJ 1.1t ;.¡IJU\!Jllonn.J· 

tium. that are hctcrogcncou.., tn thc ventea! ..mJ hon/onwl~..!tro..:tiUn.\ 

The systcm can he J¡,·¡t.JcJ tnt11 f11ur rq!Jon.d h)Jrog¡:ulo¡;h.: uml' 

frorn !Opto bottom a.\ ~ho\ol.n m Ftgurc 1 {ilo~rc.:t!'> .md Munt~orncry 
In.: 198~). (1) 3n un::,aturatcJ ,,,me ntcnJmf tolht• "-..tlcr tJ.b!c, 
lv .. :atcJ ;.¡¡ J-1 to ..10m o~.:hn~o \;.111d .. urt.,~~· tBLSt. f~1 .1n urrcr 
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Fi~re 3. llydraulic conducti\:ily di.strihution dctcm1incd fmm pump
ing test data. 

aquifcr cxtcndtng 61 to 67 m ULS; (3) an aquitard untl cxlendtng 
lo about 107m BL5; anJ (4) a lowcr ayu¡fcr. Thc uppcr aquifcr. m 

which a trichloroethene (fCEl plume rcs•dcs. conststs of gravelly 
sand wtth sorne clayey sand and sandy clay lt~ saturated lhickness 

ranges from Jcss than 15 m to more than 23 m. Thc lowcr aquifcr 

is composcd of lcnscs of sand and grave! mtcrspcrscd within ciJycy 

sand and sandy clay. Thc aquitard unll 1' cnmpnscd of a thtck 

!ayer of clayey scJimenl'.. In thc un!'>atur;ttc-J zonc. a 6 to 12m thicl-

latcrally cxtcnsivc clay or sandy clay unu. locatcd at :!3 to 26m DLS. 
m·crlies lhc uppcr aquifcr. This unll 1~ laq;cly discontinuous and . 

whilc tl confines thc uppcr aquifcr at somc- locauons, ground \\1;

occurs primarily undcr unconfinct.J cond11Hm\ in thc upper aqu 

Ground water 1s undcr confincd conJIIIOil!'> m thc lower aquifc1. 

Potcnliomctnc hcaJ m thc lowcr at..¡u1fcr i~ 18 lo 37m lower than 

thc water lcvcl mthc uppcr aquifcr (M~~~..·k ct al. 1985). 
figure 2 shmn thc localion of thl' :- () gcolog•cal borchole~ 

wttlun thr! süc houndanc!'>. Most of thc ¡,, ·. c-holcs ( 144) wcrc com· 

plctcd mthc uppcr ..14U1fcr. anJ are ahout 61 m dccp. So me of thc 
horcholc~ (89) wcrc complctcdtn thc vaJosc z.onc. and are about 

3U m dccp. 1l1c rcmammg borcholc!<> ( 17 J pcnctratc mto thc lowcr 

ayu1fcr and are about 1:2 m Jeep Eadt horchole Jog contains thc 

borcholc namc. thc dcpth mtcrvab. matcnal dcscripttons. and the 

corrc!'>rxmúmg Unued Sml Cla..v.-iliL:atwn .System (USCS) fom1at1on 

ClX..Ic!<> A~1ut M5';(, of thc borchulc~o. ~1rc l11l:J.tcd bctwccn thc two 
t.Ja<;hcJ lmc~. <.~n are-.~ for wluch mort· accuralc strnulalions are 

npcctcJ. Also !<>llown 111 thc tigurc are thrcc gcological cro~s sec· 

l!Ofb th.Jt will he u ... cd hl hclp cv-.~Juatc thc simuiJ.tcd dJ.stribution!o.. 

l'umptng tc~b wcrc conduL:tcJ tn ahout 80 wclls m thc upper 

JljUIÍCr 1l1c hyJrauiK conJw.:llnty vJluc~ dctcmuncd from thc~e 
tc't-" ran~c bctv.ccn 1.1 >. 10 4 and Y.5 x 10 :·c-nVS.Cc:-with a mc;tn 

\..tluc ot 2 X>< lO : t:nv\c¡,; l:i~hty-tivc ¡x:rccnt of thcs.c v:lluc-' ar~· 
\\oith•u/.1.0>:.. IU '. lJ.Il:..: 1(1·~¡ ~.:m/!'>c'-· (Ftgurc 3). For thc lowcr 

í11.4Utlcr.lhc hydro~ulu: conductiVtty valucs span a rangc of 1.1 X 1~ 
to 1.1 X IO·:cm/:>cc. with a mean valuc of2.2X Jo-lcmJsec.lt is 

'-·lcar lmm Ft¡;un: lthat. at mo ... t hM...Jtum~o.. thc pcrmcabihtic-' m thc 

Uj1f1CT <l(jUifcr ;¡re h1¡;hcr th.Jfl liliN' 111 thC )OWCT aquifcr. 

Approach 
Thc approach for charactcri7H1~ lhrce-dimensional hydraulic 

conductivtly da<;lflbution<; using qu.dttati\'C and quantitativc gcolugic 
burchnlc dat<~ at lhc MIC'con!'>i't!'> of !'>Cvcra!Mcp~. Ftrsl, thc litho
lugiCalmf~mn.Jtum nmtanu:J mthc b·nrt·holc log" are cJa.,_..tflcd..Jnlo 
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F•cun· ~- Calculatcd tu~m¡.: Equation ll n. mca.,uf"T'd h~drauhc nm· 
durt1111~ fnr rort' o,ampl~ tcorn."lation ('IJ«"ffinenl r: = O.X7L 

• 

: 2 :~-¡- .... · ... cnt:l\1\ r.: tC.\turt.' ~.:!:1-.-.c,, v.1th c .. 11.:h cl..t-., a'"'t:nr.:J .J L'SC\ 
~·lld; a·p~t.'\l'tlttn~ :1 l.'t'rl.JI/1 r:~rt:-:k·\J/.l' lÍI\tfiOU!Illfl ( Snd 

{ 'j;¡,,¡ ¡"¡¡,;.JIIt•ll t I.UhJ~ -...~~ 11),'\{¡) ~l'I,_'OflJ . .J yu.J/lillJII \ (' Tt.'J,Jl¡t lJI\J¡¡¡I 

¡,ch~·.:~:n hyJr~ul1..: l'llnJu..:tt\'IIY Jnd t~·,turc ., JC\clurcJ U'-lllt: 

J.1t.L nh¡~un~.:J lrnm corc' colll"\.·tcd fmm thc f1cld sHc. Thml. lhc ~cn

era!J!t.'d ~cmclt.'\\Hil.ltor mt.·th¡lo.J ,_.. u'cllto ~encr:uc thrcc-dnncn
'*";1,~; lt~d~.IU]¡, llllldu~,.·t¡\ t!~ J¡'>lflhU!IOO\ U\lnf thc lf;HJ,(¡lfllll'd 

r .... líL':: .. Ic j¡)e: d.Jl.l ·.lh: L'\[JIJ\:JIL'd n~Jr .. ulu. condu~.:UvHy \~luc .1! C .. l~h 

1'- J¡lfllll'J ,¡, .1 J¡'¡,:;¡J \\Ci~htt.•t.l J\l'fJ:;_C ofthe J.\'Jil~hk lf,ifl'· 

.d hydr.wl¡~,.· ..:unJul!J\'Jt> \'Otluc' th.Jtltc Wtlhtn :.111 J\Cr,Jt:Hl~ 

lfHCna] of thc r111111 

,\' J¡<>eU\.\Cd rrcvHJu.\1~ .. 1hundant txJrchulc log d.at.a are .a\;.ul
ab!e for thc SJ!C Howcvcr. thc horcholc Jo~ d.lu pruv¡dc nnly a 4U3l· 
ii;Jt¡vc Jcs .. :nrt•Pn of thc 1omut1<1n matcnals w•thin certa1n mt-:r· 
val.\ o/ J corc :md 11\ fonll:tllnn codc. wh1ch ¡.;, ba\Cd on thc lJSCS 

Tablc 2 
· Summaryur Lilhulo~ic and H)drdulic J);¡t:l frum Cnn· :'\ 1-'7 .\ 

.:-.amplt 1)1(-pth DI .. ~ Part!CW Wri¡!htl'tro.•nlacr • ";- 1 ! h 
1\umhl·r lml 0.) Sil< Sand Gnucl ll'tU.iM'Cl 

R' :ló9 18 " 49 ' 1 \k-ti 

SJ J7.:! 12 40 48 o ::! Oc-:" 

D 37.R 9 22 69 o J.Od 

u' 38.4 9 IS 64 12 I.Oc-6 
\'3 39.0 20 42 )7 o :!.Oc-) 

WJ 39 6 JI 53 16 Ji 'Hle-7 

XJ 40 5 22 ¡,.¡ 14 (l 
1 

2111.·-tl 

Y1 41 1 1) Si 30 o 
1 

2 Oc-.'i 

V 41 X 2J 5<> 21 11 1 2 (k.(l 

AH 42.1 16 JJ 51 11 1 Hlc-5 
' A.tÜ .t~ 2 25 :n " 11 ¡.¡ Oc·(l 

A.tM .t2 .t 1' 19 "" h 70,.-..'i 
A.tL 425 "' 1<> "' S J lk.'·(l 

11-H .t2 i 14 12 1>7 " 1 Oc·.'i 

B.tl.j 42 8 14 11 69 ~ 

1 

J Oc-.'i 
U.tM 4),0 2 " 29 (,_"'\ 4 Oc-.' 

B.tL 4.1 J J 5 51 .1<1 'J.Oc -5 
C4 .t l,J ' 11 N> ,, 4 111:-.' 
[).lU 4.l o J o SJ 4' Q Oc-l 

D4L ~' 3 o· X2 15 2 0l'·.' 
F' .. ~2 2 3 41 SJ :!.Oc-4 
¡:.¡ 4-H ' 4 29 (>2 1 (k.•-l 

Ci-lU 460 S ' 77 11 1.\l!.'-l 

(;.JM -16 ~ ' o "" ,- .1\'Jco.J 
C.JL 4óS J 15 '" 42 :u_;.(l 

1 

ll.tLI 4ó,(l 12 p 41 1 < 60c-7 

H4L 46 7 12 37 46 5 J.IA··h 1 

" -l(l Q 17 J() 52 ' 5 Oc-7 

jJ 47 5 IJ )7 49 11 .1 Oc-5 
1 

'Y"It.'lll. i\n J¡rcr.::r mrormJiion on thc PJ.rtldl'·\Íf.C dl.\11 ihullons ¡, 

~" .11lahk Th1-' prohlcm J.\ cm:umvcmcJ hy !!roupm!! thc litho· 
~~~~~L· ..-h.¡r;lt.IL"rllJtion.\ mto 12 rcprc.;,cnt:.Hiv..: cl;1"l'' (Tablc 1). 

Wllh l'.l..-11 dJ\\ hcmg :1,".\lgncd J. CCf1JJn WCJgt { [X'I'L'COtagc or cJay, 
,J!t, ,,11\J and ~r~JVCI accon.Jing lo thc USCS lnllll:tllOil ~.:odc Jcfi· 
II!IJu/1\ IStld C'!a.\,lllr.:attun Handhook IYX(J) V;lrttJU\ numbcr .. ol 

cl."'c" wcrc t.'\JluatcJ .tnd 12 cla~~c.\ wcrc founJ tu be opumal. 

U''"!! le, ... tlun 12 tc:uurc dasscs prov¡Jc.s msullicicnt l:harat:tcr-
1/.l!ltm. whcrca\ 11 hccomcs dtflicult to dtstmgul.\h among largcr 
numhcf'\ of da."-.c;c..\. Once thc rorm:ltion dc..~nptlOI\.\ havc bccn lr.lll.!.· 

1onncJ. an CLJuatwn relating hydrauhc conducuvity 10 tcxturc can 
he .applicd tu thc 12 da.\SC.s tu caJculate t.hctr rc ... ¡)('cli ve lugarithmic 
h~Jr;JUilr.: nlfldUL'Il\llte.\ 

1ltc hydraultc C<lflducllvity-tcxturc cnrrci<HHlll cquauon wa$ 
nhl..Uilt'I.J U.\lll!! p.ut¡,;JC·.\IZC di.\lnbUtJUn.\ anJ ....atur.ttC:J nydraulic COil· 

dudl\ 1111:' mc.l.\Urcd for JO samplc~ ohtaLncd lro_rn a ~.:ore col
h:llcd v.llhmthL' uppcr f.lljUIIcr al thc .\IlC. A \UIIIIllary nlthc rnca
'urcJ data l\ l!J\Cfl In Tablc 2 Thc rollowing nonlmcar rcgrc~~iun 
CLJU.allon wa.' obtamcd for thcsc daLa: 

lt>;; 1, !...: = 1 1'i ".J -<¡(..JO Y 10 ~·(CL~)- 5.lJJ(, :--: 1 O ••cSL?r l0 ' 

-3...17X>, 10 :•tS1)';;¡-4JlJ(J>: 10 1 •¡(j\'lif·)11 ~ ti) 

"l•cr~.: J¡t~ 111 1\ 1' thc l.'llmmon ¡,,!!anthm of hydr.Julll.' conJuctiVII"f 

tn ~.nlf":o.Cr.:. Cl.r,i, SL~O. SOrk . .1nd GV7o are wéit:lll pcrccruagc~ or 

d..~ y. \di .... anJ. and gravcl, rc~pcctivcly. Thc othcr factors that may 
affect the magnitudc of hydraulic COOdUCI!Vity, .\UCh a.\ fXXOSil)' and 
hull.. den'll). are not cxplic!tly .\hown ¡n !he CLJuatum. but are 
unrliculy mcorpor;:¡¡eJ hccau<:oc thcy Jrc abo rcla~t.'d to tcx.turc. 

) 
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Fi:.,:un.· ~- Simulatcd thrcc-dimcrt."iinn~l di .. trihutiun of h)'draulk ron
ductt\11\ in !he doma in. 

A SGJ\Icr graph o! cakulatcd vcrsu.-. mca..,urcd hydrauhL con
ductl\'11~ \..Jiuc., inrJtLalc., that ~uation 1 prtl\'HJc.,¡~-.t.,onahk c:-.11-
matc., of hydraulic (lmJucttv!l~ Clo:-.c tn.,pcctuln 1lf ¡.:¡~un: 4. 

· iHlWC\'Cr. rcvcab trcntl.., tn tht: n: .... tduab ¡.:ur 111\hl PI thc ltm-pcr
mc:l:· ·.·v (log 11 , K< - ~ un/:-.cr.:¡ :-.amplc.\, thc L·alculatcd ... duc., are 
ffCat~· lll:.lll lile !lH.'a,\UfCd Cnn\'Cf\CI). for rlHhl of thc hl~h rc:r
meah!llly (Jn,:: 1,. K> -) cmJ\ccl.-..:unplc..,_ thc calculatcd valw.:~ are 
."lll..Jilcr tn:u: tnr.: mc.\ .. un:G Thb m:..ty be L'Ju.-.cd hy thc IHllllllllfunn 

di'\Ulhutlon ui' tr1c \,unplc:-.. i.c .. thc rnaymty ufthc \31llpk., f..J!!inltl 

thc htgh-rx-rmcJht!ny r .HJgr.:. Equ:.~tion 1_ 1:-. con,tdcrcd ~lppllr.:.thk to 
thc othcr horchok lt 1p b~l.\cJ on thc ..,¡1111lant~ of dcpo.,llltlllal 
Cll\ tronnH.::nt.~ 

Thc !-'Cnc:-:dtll.'d J...crnl'l C\lllllJtor mctht"-.1 ~~ :1ppin:d 111 L''tun:ttl· 

!h..' dJ\IJtÍ1ll!HJ!1 llf !JydJ.tlll!L 1..\llldUr.:ti\'J!~ \:tllll'\ l111 th•: ,¡Jl' 

t4i'\/"?,·:..;~;,::_._ !."'~m'). U\lll~ a SI 1:1 <:-11m·_; 111 p1d ::u~ 

SO'JTHWEST 

• 
,.,~ 

' •·lll 

(a) 

lllCihi,J j., a 1111.Jilic.atio11 of thl.' 111 if_lll.J! 1-..l'l n .. ·i ,_·-.Utll,lhll llll..'llh \.~ ¡'; ,·. 
~cntcd hy Ali ;.md Ulll ( Jl)t}(l), wllh.:h \\ ;¡, dnciP['L'llltlf "lth . .'h.t-.¡¡,· 

'uh ... urfoliX r.:homx:tcrii..<UIOII h.a~J HU l..t..-,ncl 1um·tu111 ~,_·,tnn.llh't 

l"lll~ horchnlc jo~.infunnatwn. P:tr:nnt:tl.'J l,:;tkul.ltH.lll..!IL',tch 1.'"11-

JUallon JXllUI-i<;. fonucJ _á._, a ·local \\'Cightcd ,¡ \"1.'1 ~I~L' of o_ih1..'l \ t:J 
p;uamctl..!r value~ thatlic withm an a\l.'r.1gmg. intcrv:ll ol fhl..' pouu 
th.,lll_;! ~ kernel function. Oh-'Cf\'aiHHh cJo,Cf IP lhL' point ,ll<..' 

\\CJglncJ hi¡;ht:r. whcn.:a:-.tho:-.c fullhl'r aw.t~ :u e wL·i~htcd k"- Thc 
:Jwr:Jgmg :-.tratcgy ¡., dc..,igncJ tu :JcL·onHnot.i<.ttc thc 'JX'CJ:il .Jttnh

utc' olthc t~xeholc data (u: .. contmlHIY in thc \'L'T1ic •. ll dtrcction :mJ 
sparstly m thc horizontal) ThJ!--IllCthnJ tal-..c ... Jtill :Hh',llltagc ofthc 
spatial t.:har.Jctcn.sttc.s of the borcholc lo,t. d.u:t ;md no a.s.-..umpllnn 
of .statJ:-.tlc<il .stallonanty i!-- madc tn 11~ dcvclnpmcnt 

Thcrc are two major J¡rfcn:IH.:c:-. hctwccn thc nHx.hficJ rncthod 
ami thc orig1nal kernel csttrnator mcthoJ \Zhang and Bru:-.:-.eau 
11}96). Fma. unlike lhe ongin;_¡Jmcthod. whKh can only takc hinary 
mput data. thc modified mcthod can acccpt :1ny p<.~ramctcr valuc. 
Sccond. thc data can he cla.\slflcd 11110 any numba of catcgoncs for 
thc mod1ficd mcth ... comrarcd lo thc hmary ..:I:J,:-.ifiL·atwntJ-.cd m 
thc ungmal mcthoJ Wtth thc~c two ncw feat\HC\, thc ~Cill'J:JtiLCd 
kernel c .... timator mcthod can be u .... cJ to ~CiiCJatc thrcc-dunt:n
:-.Jonal Jt...,tnhuuon.s of hydraul1c cnnducttvl!y ll'-tn~ t.....lrcholc lo~ d~lta. 

Rcsull~ and Discussion 
Thc ~Jmulatcd thrcc-dnncn:-.wn;JI dt,IIJbulton of hydrauhc 

conduui' tty IS shown in Figure. 5. whi..:h '' u ... dul for v¡:-.uaiiztng 
thc strJI..J mthc !--ystcm and thc1r vanatton' 111 .-.pace. A largc dc~rcc 

ofhctcrogc_nc!IY can be ob .... crvcd for thi:-. allunafa4uifcr ~~t.c.m.. 
llll'Jc ¡,a dJ.I.Unct laycr uf high pcnncahility lUH.l!l'atcJ hy l1ght .shad
lll~l ~t-... .-;ncd hl;twecn 7.20 m am.!750 m tp/(¡() m ;¡hove MSL Th1-" 

:, llll' ~L''["M llld' lt, t!tc u ppcr a4u 1 !t: r So lile d 1 -.contmuutl\ lt m -1"11.: J· 

tnc.t~ _. kn'-C:- (mdtr.:JtcJ by dar~ -"hade.\! :u. ";t'X'ddcd within tl11., 

SAHO ANO GRAVEL 

Cl.AYEY SANO 

AY ANO SA.NOY Cl.A-'1" 

NORTHEAST 

A' 

FIJ!un: fla. CnmparL'"" or lhc simulalcd hydraulic conducln 11~ da .. lnbuliun and thc- hydrogrological map alonJ: St:cltun A·A' sho\4-n m Fi!i!!Ul"r 4 .., taJII\rlrnt.:t·oloc•r:~l m:1p. . 
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Figure 6b. Comparison of thc simulated h~·draulic conducth it~· dis
trihution and thc h)dro!i!eological map along scclion A·A· shol'n m 
Fi~urc :!. lbl Simulated di.o;;tribution. 

layer. A !.htck layer of low pcnncabdity can be obscrvcd bctwccn 
680 m and 720 m 10 730 m abovc MSL. 1l11S corrcsponds 10 lhe 
aqunard unn ~eparating thc uppcr and thc lowcr aquifers. Thc 
rc3ulL.., at thc nonhcast stdc .:md ~outhwest comer uf the domam 

snou!d be ncwcJ with cauuon bccau.1.c thcre are msufltcicnt borc

holc log'> 1n thc'>c an.:a.-. 1 F1gurc ~ J to obtain re hable mform..~uon 
To cxammc if lhc stmulatcd thrc.~-dtmcmJOnal spaual dJ.stn

hut!On ofhydr.mlJC condu.:ttvtt~ J\ an accur.llc n:rrcscntatton of thc 
3Jtc. dtstnbuuon.-. along thrcc eros" sccoon.s A-A'. B-8'. <md E-E' 

íFtgurcs 6b. 7b, Se, ;.md Sd¡ are cum.rJrcd to the corrc.sronOmg 

hydrogcol0gtcal cro"~·'\CCttonal 111:1p.s dcvclnped hy H:1rgt., anJ 

r\s<;OCIJtc.s In.:. ( 1985J (Ftgurcs 6a. 7a. :Sa. am.l HbJ Thc lrx.·atton~ 

of lhc thrcc cross .sc.::tton.s are .shown m f\¡!urc ~. Thc thn·c rnJr' 

wcre made ba.scd on rhc hyJrogcologt~l.,· ~ntcrprctatum o1 thc 

borcholc Jog data and thc1r um.kr:-.t . .Hldtng of thc gLolugH.:al anJ 

hydrogcolog¡cal condittom. at thc sJtc. E"ammatmn of F1furc' h tu 

~ rcvcal~ lhat lhe Simulated cro<;s-.scctlonal hydrauhc .:~mJucovu~ 
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dt .. lribUtHllh COillJl.ll L' r:t\ \lr;¡[\Jy \\ Jth 111:..' ._·\ ll J •> \'' 'J:J 1 ::;. h) dt II.=:L'

OIOg_ical cro,,·~L1mn.d map' 

ln"fl'."Ciitm e JI' Fr~III"L''- (, 111 S l't"\'C':JI" h1;.:h-pcm1~':1hr In)' m:LIL'Il,JI 

:ti :J ccrt;.~in depth for Olll' h x:<llwn.alk.l h m·- fX"tm~~lhd rry moucn;•l ;n 

tht!.s.ame .O..:.p1kJor ~Ulothcr lv.:ation. lt i~ Jinicuh hl Jj._L,imm;¡tc ~L'I )

log¡c l<.~yc1" m ~uch a complcx hch!rogcnL·ou' '-lll,,urfJL'C 'Y~IL'nL 

Howcvcr. bycr difkrenll~ltlon is rcLpurcJ Junn~ tilL· Jc,i~n ol :1 
rcmcdiation ~y~tem. ~~ nccc~s;uy for conccptualiL:llion of lotycrL·d 

moJel~. o:~nt..l" u~dul for VL'11i~.:o:~l t..lonJ:uH-t..li~LTCiit •• UIOil for lll:ilh

ematical modehng. _For cxamplc. 1t 1s not good practicc lo loe<.~! t.: an 

clcmcnt acro~., Jilk1cnt la~cr;.. hcl.;IU'-l.' !he hydr,Hih .. : prPp~o.·ny m thc 

ckmcnt i~ suppo~cJ tn he cnlhtant 111 ;_¡ nunJcrt.._;ll mPJcl 

Thc corrcspondcnce among thc uses formauon codc. partJ

cle wc1ght pcrccntagcs, rcprcscntali\"C hydrauh(' conductlviuc:-., 

and penncabdHy tndJcator~ for Lhc 12 classc.s uf matcrials are pre

sented m Tablc 1. Hydrauhc conduclivil¡es range from 1o-.'i to 

1 ~ cm/sec for high-pcrmcability matenal (i.c .. sand and grave!). 
are about 1()-6 cm/scc for .sil t. and about 1 o-~ 5 cm/!'cc for clay. A 
thrcshold valuc of lug.lll K= -5O cm/:-.cc can he u~cJ to .scpar.~.tc thc 

12 classcs of matcnab into two catcgoncs: tho'c v.llh log 1 ~ K> 
-5.0 cm/sec (h1gh pcrmeability, indicator = 1 l and !hose wilh 

Jog 10 K < -5.0 cm/scc (low pcrmcahillty. >nÚJcawr = Ol. Thc pcr
meability indJcators dcvclopcd in this manncr can be u~cd to quan

titativcly discnminatc gcologK bycrs. Tili.s hmary data ,classifica

tion se heme "' consi.stcnt with onc of thc ~e heme., prCsentcd by 
Johnson and Drc1ss ( 1989). which 1.s h:.~~cd on Jnicrprctations of thc 

USCS S)'S!Cm for thc hinary da .... sificatH1rl of h..lrCh\ 1k da~; lOtO high 
and low hydrauhc conducllvity rcg10n~. 

Thc mdicator mcthoJ is apphcd to thc ~ulx.lumain (boundcd by 
da.shcJ hncs l shown 111 F1gurc 2. SJmuiJtcJ hydraulu: COJH.Iuctivl

ttcs are comidcrcJ more rch:.Iblc v.:ithill thc ~uhdomam IJccJusc of 
rhc grc~Hcr Jcn.1.11y or borcholc logs. Thc v:.~luc of thc pcm1cability 

tndlca\ur tctthcr O or 1) at c:.Ich grid pornt m thc subdomain is 

J..\\l1_:ncJ accorJmg to thc cslml<llcd hydrauhc conductlVIty valuc at 

thc fl'.lltl( u~mg Lhc thrc.shold or log.IO K::;: -5.0 crnlsrc. Thc indi

cator~ ror allthc ¡:'X.Jinls al o spcc1fK clcvauon are thcr, analyzcd to 
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FiJ:UrT 7a. Compari.wn or thr'simulated h)draulic conductJut~ di.stribution and the hydrogf'Oiogical map along seclion fi-8' shown in Figure" 
1. tal U~dro~ffiioJ!lcal map. · 
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drstance (m) 

(b) LOQ pq _,• ··.==-~, iii!IB< 

Figure 7b. Compari..,nn or thc .simulutcd h) dr;Julic cnnducti' ity di<i
tribution and thc h)drogt•ologic:.ll rnap alonJ! :-t·ction B-B' :~ohuwn 111 

FJ~urc ::.. (bl Sunulatcd d1~trihution. 

dclcmllnc thcir mean and .st:.md:mJ tkviaunn The vanatwn of thc 

mean pcmlcahdit~· tndJC:HPr. :md thc com.:::.pondin,b dcvtations. 

v. ;~h dc·.attt11l are "hlmn 111 Ft¡;un.· 9 :\ I.Ir¿:c mean mdJr.:ator mdt
catc.s lha: gcncrally h•;;h-¡-x:nncahillty 11\J.tcri.d-. are Jommant at th1:-. 
ckv;Hion. ::tnJ 'JCC \'LT,.L :\ dL'' ¡atJun \lllallcr than thc mean mdt

c;_¡tor int!Jc:Jtc:- .1 k-"' hctcruf:cnou.-. t.OLH.: :.11 tht.: ck\ation. whcrcas 
a Jargcr Jcnat1u:1 ¡nJL-:.llc:-. ,¡ more hctcrut:cn!.!ou" ¿onc. 

NORTHWEST 

E 

&00 1 
1 

h.;.:urc., L·l.._·:tl'l~ -.11"'-:' 'L'\'-"t.d :;·--""'::-'''- 1.1_\,·¡, :rl llll' "11: . .' 

\ih.I0'-1.: /OIIL. U[1pLr .tl]tllkl. .tqUH,m[ UlllL ;utd [nwct .l.i.[Uih't 'llt,· 

vad••"-1.: /Ptlt' .llll! iht• aquJI;tr,/tuut .tpJII.',Jl ¡,, h,· llhi!L llch'n•;.:cn~·· 

llwn lht· up¡x·r .utd lowl'r ;tqnikr" lnil'IC.'-IIIl~ly. lwu r~·l.111\ <'t\ 

¡Jcrnh;;rhlc J;ryL:J' .'-I.:P<II Úi~:tl h~ ••trt: h,:,, pL'trrtt:;rhk J.¡yc;r .ul· ,¡h ''' 11 

\\.ithrn tlrc up¡x:r .u¡u¡lc;r .. TltL'Y o•rl~'-JM!IId ltl thc up¡x-r :uhl ltn\'l't 

tone~ olth~ uppcr ;14uikr. .111d thc lm:~ll nmllrun~ layt:r ¡,~,_'t\\l.'l'/1 

thcm {h~urL' 1 l Tire fX'IIItL';thrlny olthL·up¡x-r /.tlllt: '' '-htm nlo h.· 
hr~hcr than th~ll tJf thc ltlWI.'r ttlllc. lllL':>.C n.: .... ull' ar L' ccm'r~IL'Ill wttlt 

thc avallahk hyJrogcolugiL· e Jo:-." \t:l'\Hlll'- ;rnd pum¡11n~ IL''\ d;r\;¡ 

A~ ~hown prcnou .... ly. tht: <~quifcr :-.y!--tt:nt atthc ~He con"r'h 111 

~C\'Cral ¡;.cologi..: l.rycr~. lltmcvt:J. 11 r" ck.rr thn·u~h thc ptt.'VIllU!-

Jiscus~run that c;.Kh /ayer~~ no\ untfonn 111 t:ttlllpll\Hron. for c>..;un

plc. grave!, ... aml. and claycy ~and are donun.IIH 111 thc uppcr ;tqurfcr. 
In whtch lcn .... c!'- tlf da~ anll :-..mdy ~.·by ;.~re unhcddn.L ){¡~h-pcr

mcahilrty bycr. rnay rncrg.c. hccomc tlrmncr. ore ven dJ~appcar at 
~omc locatum:-. Thc!->C !ayer!'> control thc nugratron of thc TCE 
plumc Coll\'l'r"cly. thc Jpw-pcrmcahilll~· lcn.SL'" proy¡Jc rctcntum 

llomain~ fnr TCE anJ. thcrdorc. are lrJ...cly to bccomc lon!,!-ICrnt 

:-.oun.:c~ (ll Lllntaminatum JurtnJ; thc opcrauon of thc rcmct.liation 

syc;tcm~. In Frgurc lJ, a low-pcrmcabrl11y Jaycr can be obscrvcd 
bctwecn thc Yaúo:-.c zonc and thc up¡x:r aqurll'r. Su~.:h a laycr could 

~hrdd lhc a4uJlcr from contammanb 111\rnduccJ on thc land !--Uri'acc 

or into thc vaJosc 1onc. Howt.•vcr. cx:tmln:llton nf Figure~ h to X 
rcvcah thc prc-.cm:c uf "wtnJuw"" llf ht!-!h-lx:rmc;rhtlity wllhrn 
ttu~ bycr .TI¡c,c prcfcrcnti;d pathw~¡y, may han· hccn panially 

rc!-.pon~iblc for th~ dcvclopmcm of thc ~round water plume. 
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Figure 9. Mean pcrn1cabilit~· indtcator and standard de\ iat1on "'S. 
clc"ation. A: HtdO:SC z.onc: U1: upper zunc in lhc upper aquifcr; H!. con
fining laycr m thc uppcr aquifcr: B,: lm~er 7onc m lhc uppcr aquifer; 
C: aquitard unit: D: loMcr aquifcr; E: unkno~n tno dat.a auilablel. 

Conclusions 
G\."ologtcal borehoic Jog data and pumpmg test dai.J are thc pn

ma.ry sources of mformatJOn for sub .... urfa.:c hyt.lrauhc propcntc.\ For 
sitc<; whcre pumpmg tC.\1 Ja[¡i are :-.can:c. thc bon::holc log.\. are thc onl~ 
ha\15 for !->ltc chJ.r.1ctcn/.J.twn anJ for modcl callbr.llHln T~ pac.lll~. ht m
e ver. they :1re not mcd fully hccJU.\.C of thc1r qu:..duatz\l' n~nun: and 

thctr unce:-· ·mty m thc mlcrprctJtHJn of hyJr.tUII ... pr(lpcniL'" FPr 
cumple. t;.;~\."ho!c !uf Jat.:J ma! be U-"C:J for nu~.kl Ltlfll"C."[,IU:..ilua
llon. hu: thc~ are no! dtrct.:tly 1ncorpor.ncd int(l num~..-rJc.d IIHk.kl.., 

An appro.:Jch for f:Cncr;¡l!nf. thrcc-JJOJc:n,uHl.Jl ll\Jr.IUIIC Ctm
Juc\1\ ny dJ\InhutiOm m1n~ quJhtatJvc :JihJ quantJt.um.: hurchulc 
lu¿.: dat.J v.a..,¡JiustratcJ m t/11'> pape:-. Sc\Cf.ll ,¡~..·p, :1rl· Hl\uhcd 111 

th1:. Jppro<:~ch Lnholu~ll" mlnrm.ltJon rcpon~J m lh<..' t-.. ··~·hPh.' lo¿.:' 
¡.., f¡rst das,~.if1cd mtu tc.\tur...- cJa..,..,c, KcprL''l"l1t.tt1\~ h~dr.IUJ¡.._ 

conductivuy \'Jiuc' an: Ulcn cakui.:JtcJ for L'.JLh t~..·,tur~· ...-!:1" u'm;..: 
,¡ corrc!auon rcbttnf :·. :.1,urcJ ttlhPiu¡;IL' :m...! h~dr.t:llh..' J:JtJ. lnHn 
rore s:tmplc:.. Thc ~r.~~·~.JI¡¡cJ ~eme! C\ltfll..lll'r r:: ·¡¡1\J ¡, u..,cJ 

thcrc.:Utc~ 10 gcner.1tC thc thrcc-d.Jmcnwllul J1'1I1hutH '"' 1 1f h~ l.H~tUih. 
l'IIOdUC[I\'lly. 

CI;L\StfJCJ.t.ion systl'fll\ other than thc uses L.Ul tx· ll'-CJ 111 lhl· 

t"1r\l stcp. sw.:h as thc •\STM (Amen.:.J.n s,..._ICl! lur lc\1111!-= Jth! 
:--.ta!cna].<;,¡ <;ystcm. ~h: .. t-" quJtC sumlar tu L"~C~ 1-·l'IH' tl"\tUrl· 

l'i.:J..,..,e.., appear to he ~ult"tCicnt for LlllfcrcntJJI'"'..: furlll.tlillll .. !le· 
r1JI' lor J :.eJJmcntar: .<;,y.<;,tcm DtffJLult~ t:. J.\\1~/Hnt; p,~n,~.. k 
\~Light po.:rccntagc.' to C.JCh tn.wrc cla:.<; rnJ! J.f¡,¡; JI mor~.: d.l''-'.:' 
an: u~d In dcnvm~_lhc rci.IUUn~Jup bctwccn hyJ.r.1uht..: cunJut..:tJ\ 11! 

.:md tcx.türc from corc samplc mca..o;¡urcmcnL"i m thc ~conJ ,h.·p. 11 

~~ dc~Jr.Jblc that corc s;;unplC!> ~talen lwm \ai'HlU\ hurchuk' 
.md JI J¡ffcrcnt dcplh:-. to Jc:..-~\C thc un~..·cn.ltnr~ ~~~!he ~·,1rrl-l.lil•'n 
C~U..I[IUil 1! 1\ pr\."ICr~h!c IP U'-C diiiCfCnll~lrTd..llh•ll t"411.1[tolh l11r 
dtlllrcíll arca.' m !.he dum.;un tf sufT~t..:JCnl d:ll..t :lfl' a\.1.1.1hlc r~1r e:.., h 

arca Thc ¡::cncrahtcd kernel C!olunator mc:thti\J. rathcr th.tn ~n~mt:. 
'' uscd lo gcncr.::ttc hydraulic conductl\ JI) dt~lllhuutm' hcc..~u-.c t.h..
kcmel csttmalor mclhod t'\ specrftcally tJestf:nCd 10 a.:L:ommi.x.Jatc 

thc specta.l attnbutcs of bon:holc Jog dJ.t.1. anu occau..,c u '-" applrl
ablc to statJsticall~ non,tatJDOaf)o· sy~1em~ 

ApplicatUJn ol"thc appro<.tch to ;.,lil'id '!ll' 111 Tu. .. ·..,,,n :t¡,[X",Irl'J 

lo produce satisfactory result .... For l\.illlpk. tlw hydrauhL· ~.:nn

lluctivity lllstnhutiono;; ~cncrntl..'d lor1h\." thrcc no" '-l't.:lt\ln' Wllh11 

thc -swdy arc.a matched thc corrc~pontlm:; i1~dn ·~L"'' 1h~rc.tl '-'""'" "l'l". 

.tmn ruaps. "fbc..G,Qocc.pt ofthcnle.OUl flCnlJC«bÜIIY.J.A<.Ú~tor woa.' UM:J 

to quantitativcly dtfTercntiatc gcolo~ic J;¡ycr~ iu tlu, cumple>. hct
crogcncous subsurfacc ~y .... tcm. l11CM: otppulachc~ shoult.l provc 
use fui for planning rcmcdtation activi11cs and for dcvclopmg math

emaucal modcls at thts and oú1cr sites . 
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Modeling Sea-Water Intrusion with 
Open Boundary Conditions 

by Francisco Padilla and Javier Cruz-Sanjulián' 

Abstract 
The present stud)· concerns the application of a new numerical approach to describe the fresh-water/sea-water relationships 

in coastal aquifers. Essentiall), a solution to the partial differential equation gol'erning the regional motion of a phreatic surface 
a.nd the resulting interface between fresh water and salt water is analyzed by a Galerkin finit~lement formulation. A single-phase 
stead~· numerical model was applied to approximate. with simple triangular elements, the regional behavior of a coastalaquifer 
under approprialc sinks, sources, Neumann, outflow face, and open boundary conditions. On the one hand, outflow open 
boundaries at the coa~tline wrre no e treated with other classical boundary conditions(Dirichlet or thr outno\o\- fa ce approach). but 
instead ""1th a formal numerical approach fqr open boundaries inspirrd in this particular case by the Dupuit approximation of 
horizontal outflow at the boundary. The solution to this numerical model, together with the Ghyben-Herzberg principie, allows 
the corrcct simulation of fresh-water heads and the position or the salt-water interface for a steeply slopin¡:: coa~l. Although the 
solutions \-\-ere precise and do not present classical numerical oscillations, this approach requires a previous solulion with Dirichlet 
boundar)'· condit10ns at the coastline in arder to find a ~ood convergence o( the solution algorithm. On thc othcr hand, the same 
precise results were obtained with a more restrictive open boundary condilion,similar in a way lo the outlow fa ce approach, which 
required less computer time. did not need a prior numerical solution and could be extended to diffcrent coa~tlinc cunditions. The 
slcad)'-~late problem was ~oh·ed for diffrrent hypothehcal coastal aquifers and fresh-water usage lhrough threc t~·pes ofnumerical 
lesh. Calculated frcsh-""ater heads. interface positiom and discharges sho"': ver) precise resulb throughout thc domain arid 
c~pcciall.' al thc coa'\lline ""'hen compared to analytical. experimental, and numerically correct solution~. Therdore, interface 
positions. fresh-water heads. and dischar~es ori~inatinJ! from lhe sleady regional behavior of coastal aquifer'i can be precise!) 
predicted b~ numerical modeling when open boundarie~ towards the sea are properly treated for the likely conditions of the 
coastlinf. 

lntroduction 
Coastal aquifc:r5 are maJar sources of dnnk1ng watc:r and 

agnculturai 1rrigat10n m many countnC5. ;-..:cvcnhclcs!\. scJ
v.:atcr Jntrusion lOto such a"iu1fc:rs i~ oí grcat conccrn whcn 
asscss1ng total amounl.\ of av;:ulablc: frc~h water. SaJt and Jrc!-.h 
v.:;.ucrs Jrc m1scthlc Outds. Thc salt conccmratwn \"afiC\ 1n a 
transition 1.0nc bctwccn trc.\h and sal! ground walcrs Whcn 

trcsh-watcr dtschargc acros'i thc coa.stltne l\ rclattvcl!'lmponanl. 
tfl:: znn:.: o: trans1t10n can be 4unc narro.,., 1n comp.Jnson "11!1 

thc ovcr.tll thJck.ncs::, of thc a4udcr. For thc sa!...c ol cnmput.l· 
t1unal slmphcll~. tlu.~> lOnc 1~ usuall~ cum1dcrcd a.\ a sharp 

.- Interface. In thc case of aqulfc:rs uf Jar!!C honzontal c.\tcnt, · 
comparcd lO thc1r th1ckncss. it may be assumc:d that thc: vana
ttons of thc ground-water hc:ad 10 a vc:n1cal din:ct1on are so small 
that thc~ can be l!!norcJ. Although tha~ approa~.:n ¡, far frum 

• Instituto del Agua, Unm:rsidad de Granada, Rec1or López 
Argueta ~In. 18071 Granada, Spa..in 

Recci\'ed Apnl 1996. rCViSCd Oclober 1996, accrr'l!ed ~ovc:mhoer 
1996 

'"bc:ing ngorous, it seems to providc;. sausfactory results when: 
modcling the horizontal Oow of fresh ;,atc~::t"\;<Hf¡-mensional( 
modcls of coastal aquifers with sea-water intrus10n (Bear and \ 
Vcrruij<. 1987). · 

.... Scvcral types of horiT.ontal numcncal models wnh a sharp 
imcrlacc approximauon for coastal aquifcrs have bccn devcl
opcd dunng recen! ycars (Shamir and Oa~an. 1971; Pindcr and 
f'a~e. 1977, Wilson and Sa da Costa. 19M2; Vcrruijt, 1987; 
Ledo u< Cl al , 1990; Essa1d, J990a and h; H uvakorn ct al., 1996). 
Thcsc modc:ls consKic:r two cquatiOnS fur thc stmuttancous now 
offrcsh "atcr and sal! water with a sharp mlcriacc bctwccn both 
l14U1d~ assumcd lo be imm1sciblc. lt1s custumary to sol ve thc two 
scts of equations for transicnt prohlcm!> involving an initially 
known mterfacc or sea~watcr hcads, and inflow or outflow 
amounts of salt water at thc coastlinc. Both thc:sc typcs of data 
are d¡fficult to mcasurc: m thc: flc:ld. The samc gocs for thc ncc:d to 
know thc thickness of thc sccpage facc and thc total and locaJ 
dischargc:s-of fresh water from thc: coastal aquifcr at the edge of 
thc sea. Thesc du;chargcs are ·also very d¡fficult to establish along 
thc coastlmc: of a two-dimc:nsional aquifcr whose fresh water 
nows horizontal! y. Therefore, the watertablc iS often imposcd al 
thc: coastlmc: lo sea lc:vel (Dirichlct boundary conditions) or thc 
boundary is pfe5cnbed by a nux condlllon based for instance on 
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hcad dependen! lcakancc functions (Essaid, 1990b) or on analyt
ical solutions like the more extended outflOw face approach 
Tflcar'and Dagan. 1964: Huyakorn ct al., 199ó). lt rcsults 1n thc 
wc ·:nown hrnitations.of th'c c-J.Iculatcd dcptii·. of thc frcsh

:wa._, .·salt-watcr intcrface_ncar ..the coastlinc .. Th.csc limitations 
are a direct consequence of usmg prescribed fresh-water heads or 
flux cond1tions at the coastline based on analytical solutions 
which do not always properly consideí actual coastal aquifers 
with d¡ffercnt typcs of coastlines. fresh-water recharges, and 
usages 

In thts papcr, a steady two~Jmcnsion~l vertically averaged 
íimtc-c!ement mode!, based on th~ assumpuon of horizontal 
frcsh-watcr flow, is essentlally developcd for unconfined coastal 
aquiíers. The Ghybcn-Hcrzbcrg principie was used to csttmate 
thc posiuon of thc sharp frcsh-watcrfsalt-watcr mtcrfacc for thc 
prcsent smglc-phasc numerical approach. lnstcad of other 
numencal modcls. outflow opcn boundarics at the coasthne werc 
tr:;ated with the help of rccently dcvcloped open boundary con
diuons (Pad11la ct al., 1990: Padilla ct al., m prcss). 

On the one hand. thc present open boundary conditions for 
sea-water intrusion problems were mspircd from the Dupuit 
approximauon of horizontal outllow at a coasthne with a very 
stcep coast. This allows thc numencal modcl to consider in the 
solution procedure the fresh-water dtscharges and seepage 
conditions of thts type of coastlinc. J\umcncal tests show that 
frcsh-water heads and steady mterfacc dcpths, as evaluatcd by 
thc Ghyben-Hcnberg pnnciple. are correctly and prectsely 
cak:::ated by the rnode! tn the aqUlfer and in prmumity to 
thc coastlme. J\cvcnheless. thc solution algorithm GMRS 
cmployed did not preve very cfficient in solving an clhpuc prob
lem of this type for thc rcccntly developcd opcn boundary 
condiuons 

On the othcr hand. a much more cffictcnt flux typc 
boundary conduion was íound. snowmg 1denucal rcsults to thc 
opcn boundary condltion bascd on the Dupuu assumpuon. 
which was succcssf ull~ app!Jcd and extended to scvcraJ charac
tenstlcs of the coa.st!Jnc For thrcc diffcrcnt numcLcal tcsLS. 
companson of tnc rcsult~ of :mpilcauon o! th1~ and othcr flu" 
type boundary condnioru w1th analyucal. cxpcnmcntal, and 
numencally correct <;oJuttons shows only advantagc.s 10 appl~1ng 

thc latest ·numencaJ approach ior th1s typc of opcn boundary 

Theoretical !\lodel 
Flow tn phreattc coastal aqutfers that ha ve a large honzon

tal extent. cOmparcd to thc1r th1ckncss. may be 3..\~umed to havc 
vanallons 10 the pound·~ .\::.:r hcJ.d m a vcrttcal d1rect10n so 
~mal! that they can be tf.:. ·.J. .• a.\sumptlun lc.td:. to thc 
two-dimcnstonal avcragcc :..'1uatt1w of lrcsh-u.atcr flou. m a 
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horizontal planc. Add itionally, hy con~idCilll!! salt w~ta m c-q u•
librium ·With sea ·¡cvcl and thc existcncc of a sharp frcsh

.. watcr/salt-watcr uttcrfacc bclow a les.' d~lt.'c irt:~h water. tiK 
two-dimcnsional cquatiort ( 1) govcrnmg thc motton of tlll' 
.Phrcatic surfaa:"'in a coastal aquifer can be writtcn a..c;; follow:
(Shamir and Dagan, 1971 ): 

ah as a ( ah ) 
nr-- n,- =- K .. (h- s) -

at at ax ax 

+ ( 
ah ) a ( ah ) K,,(h-s)- +- K.,(h-s)-

ax ay ay . ax 
a 

+ a (K,(h-s) ~) + Q 
ay ay ( 1 ) 

where, taking a."' rcferencc thc sea leve! (F1gure 1), h is thc 
fresh-watcr head (positivc above sea leve!); s is the levcl of thc 
salt-water mterface (negative below sea leve!); nr and n. are thc 
effecuve porosities for the movemcnt of thc phrcauc surface and 
the interface, respective! y; Q IS the net source {positive) or sin k 
(negative) from the surface of the aquifcr in volumetric now of 
water per surfacc unit; and K,1 IS the hydraulic permeabihty 
tensor m the fresh-watcr zone. 

For unconfined coastal aquifcrs. thc Ghyben-Herzberg 
principle.approximates the poslt1on of thc salt-water interface 
in equihbnum with the sea-water Jevcl by thc following rela
uonship: 

Pr 
S==- h if (s = -Gh) > p 

p,- p¡ 

S= p if (s = -Gh) :S p (2) .. 

~ hcrc G = [Pr f(p,- pr)]. pr and p, are thc dcns1ties offresh and 
::. •. llt waters, respccuvely; and p ts thc he1ght of the impervious 
substratum ofthc aquifcr (below or abovc sea level, correspond
mg to ncgativc 0r positivc valucs. rcspccuvcly). In the case of 
phrcatic coa.stal aqUlfcrs, thc govermng par11al different1al equa
tton can be obtamcd by substuutmg (2J m ( 1) as follows: 

ah a ( .Jh ) (n.- n,G)- =- K .. (h- s) -
at dX ax 

a 
( K .. (h- s) ~) + 

a 
(K,, (h- s) ~) ... 

ax ay ay ax 
a ( ah \ . _,_ K .. (h- s) -,-· "- Q if (s = -Gh) > p (3) ay O) 

ah ; 
(K .. (h-r¡ ~) n, = 

at 0.\ ax 
a (K.,(h-p)~)+ a 

(K,.(h- p) ~) + ax ay ay ax 

a 
(K, (h - pl :: ) .,. +Q if (s = -Gh) < p (4) ay 

Thus. thc mathcmaucal modc: ··' reprcsented by equation (3) 
whcn sea-water mtrus10n interacts venically with fresh water, 
and by equation (4) otherwi.Se, that is. when only fresh ground
water now as vc:nically averaged. In othcr words, the position of 
the toe of thc mtcrfacc dctermmcs the domatn or apphcability oC 



equation (4) whcre only fr~h water can be vertical! y found, and 
of equation (3) whcre venicilly thcrc is both fre~h water and sall 

water. . 
lt 1s unportant lO note that thc abovc baste c:quauom cor

rcspond lO a dassical rcgiofl.íll model of sea-wat.er intrusion in 
c:quilibrium with the sea-water rcgianal1evcl (Bcar and VerruiJl, 
J987). What wtll not be classtcal are the boundary condaions 
that will be used to sol ve them numerically. 

Boundary Conditions for Sea-Water lntrusion 
V./hcn solving steady-state problcms, severa! types of 

baundary conditions are posstble on the boundanes r = rl + rl 
-i-r, -i-r. ofthc wholc domam n The propcrchoice ofthe typc 
of boundary condttwns rrÍust also take tnto account the type of 
problem in arder to optimtzc the convcrgcncc, stabllity. and 
accuracy of the soluuon. 

Prescribed Solution.s (Dirichlet Boundary Condition) 
Fresh-water heads can be ¡mposed on the boundanes r 1. or 

e ven within the flow domam n. when these boundaries represent 
a conunuous so urce of surface water (la k es. permancntly flowmg 
nvers, etc.). 

on rl or on parts of n (5) 

Often thc Dtrichlct boundary condaion !S also prescribcd 
on outflow open boundanes. like on the coastline of sorne 

sea-water intruston modcb. Thts has considerable mconve
mences (Bear and VcrruiJt. 1987). Ftrst. Jt prcvents theGhyben
Herzberg principie irom corrcct!y calculating thc depths of thc 
salt-water interface a~ equiiJbnum in .thc proxJmlty of the 
coastlme. Second, fresh-water dtscharges nced to be known 
aiong the coasthnc-a \'ery rare and almost impossible task-lO 
allow the prescnpt!On of thc sea leve! somewhcre else off thc 
coasthnc. ThLrd, two trans!c:nt pantal d1fferenual cquauom
one for fresh water and another for sall water-nccJ to be sol ved 
tn order ro gtvc thc m:un responsibilny of thc posiuon of thc 
interface ro the unstcady movcment of thc: sal! water mto the 
phrcatlc aquifer (E.ssa~d. 1990a and b). In th" la.>t case. thc 
classicaJ model rcqlllrcs a knowlcdgc of salt-water llu.\ anJ muta! 
salt-water heads along thc coa.!.tilne wh1ch are \'Cry unu!luallield 
data. 

Pr~scrib~d Flux (Srumann Boundar.1· Conditwn) 
The flux o! \4 ..tlcr cary norm.:dl~ he prc~cnbcd on mtlow 

boundanc~ f; 'ol.!lh rccharge oflre~h \loatcr.th.!ll~. -whcrc cntnc~ 
of water commg irum nc1ghbunn,¡; \o\.Jtershcd~ are wcll-kno\o\n. 

) n. - ( ¡; .. 1 h - s 1 ah ) n. = 4: 
O) 

. on 1': (61 

where: q1 LS thc prer.cribcd flux off resh water. and ( n,. n,) are thc 
difC:Ctlon COSIOCS of !he OOrrnaJ pO!OliOl; OUI\Ir,Jfd~ tu the 
boundary r: Thc O.Jtur •. t! conJilllJn 1::0 p\Cn for 1mpcrmcab!c 
boundanes by thc hornogcncou,:., ver,:.,ton of equauon (6). q: =O. 
Neumann cond1l!ons can be applicd LO outflov. boundancs whú, 
steady or transicnt ground-watcr dtschargcs are lnown aJong the 
boundanes; howcvcr. thcsc dischargcs are m fact rarcly t..nown . 

Dirichlet boundary conditions (tmposed frcsh-water heads) 
must not substitute tni1ov. or outOo"' boundane:s unless the 
boundary rcprestnt.s a pcnctratmg and contmuous sourcc of 

frcsh water. OthCIWI~C. lhc moJd h nut L'om;~,·riy .tpphL·J. 1:1 
panicular. ouúlow boundaries are bcttcr rcpn::-.entcJ by \)UU1u\~ 

. facc or apeo boundary conduwru. a.-. delim:J he re. hclov. 

·l'rescribedGr&dit!nt-or Hrad-~ndent Flux (0111/fo,.. Facc 
Boundary Condition) 

This head-dcpcndcnt nux typc boundary conduion C.Hl 
takc different forms, depcnding often on cxpencncc. numencal 
approx¡mations, or analytical solutions for thc hypothctical 
hydrogeological characterisucs of thc coast. Thc forms that tht~ 
type of boundary conditJOn takc can changc depcnding on the 
assumptions. but in general. the ground at thc coa.o;t is considercd 
to ha ve a gen tic slopc and the gradicnt or thc (rcsh-.watcr hcad 1!
prescnbed indtrectly. 

.A lea.k.y, hcad-dcpendcnt boundary cond1t10n can be uscd 
to rcpresent coasthnc boundarics (Essatd, J990b) with the form 

flux = lcakancc (h, - h) (7) 

The leakance term. as uscd by E.ssaid ( 1990a and b). docs 
not ha ve a very clear physical meaning as a boundarycondition. 
For applicauon purposes. the leakancc is fixcd togcther wllh the 
head value hJ at the coasthnc. Thus, as thc calculatcd hcad h in 
the aquifcr changes, the nux across thc bour1dary changcs. 

In another approach, it is assumcd thal the fresh-watcr 
d1schar,ges into the sea are dctermincd by an analytical exprcs
swn such as that used bv Huyakorn ct al. ( 1996) and"dcnved by 
Bear and Dagan (1964). 

-(K .. (h- s) ~) n,- (K,(h- s) a, 
-(K.,h) n,- (l;,,h) n, 

~)n,= 
ay 

(8) 

Thts cquauon is not very di~similar to exprc~~10n (7) and works 
numcrically m an analogous way. The outnow face·boundary 
condttlon 1s still ngorous for a nonhncar clliptic equation of this 
typc, in thc sensc that thc calculated hcad~cpendcnt nux at the 
boundary is suffic1ent for thc numencal model to converge 
toward~ thc solullon sought, thus cvaluating the thickness ofthe 
sccpagc facc for thc correct fresh-water dtschargc at the coast
hnc. Ncvcnhclcss, thts outnow facc approach has thc obvious 
ilmJtation of uswg a vcry spccific soluuon (analytical or with a 
prcscribcd gradtent). to asscss thc d1schargc al a coastlinc. asan 
cxtenstvc solutwn to actual aquifcrs with diffcrcnt coastal char
actcn::.llc.". f rcsh-""'atcr rcchargcs, and water managcment. 

1\'onpr.scribed Flux (Open Boundary Condition) 
In ordcr to cstablish thc fca.,ihiiH)' of the so--callcd opcn 

boundary condit1ons (Pad¡IJa ct al., 1990: Padilla ct al., in prcss. 
lkar. 1972J. 11 can be a."isumed that at permeable outOow opcn 

boundarics { f • ), thc flux ""'Jthin thc domain nccds lO be equal lO 
the flu• outstde it. The latter can be dcscribed, [or a stccply 
slopmg coast, by the Dupuit approx1mation which considcn 
honlOOiaJ flow and the IOlCriace pOSiliOO a.\ also bcing horizon
tal In thc proxtmily of the COa.\tlinc 

-(K .. (h-s) ~)n,-(l;,(h-s) ~)n,= ax ay · 

. (arh->)) ( ach-s)) 
-K.,(h-s) .n.- K,(h-s) n, ax . ay 

.... on r. (9) .' 

. ... 
't; 



Nevcrthelcss, a lrncar treatmcnt ·of opcn boundarycondi- required boundaryconditions(Lap1dus anJ Pmder. !9S:!) mea:-:~ 
uons is.necessary in arder to numcrically find thc correct sol u- that care must be taken to avoid so urce!' t'f error !'uch as e.,ce:--
twns resultmg from the grmmd-watcrdi-'charge"\ tit 1 he coastlinc · '.t sively largeelcmcnlS and mesh ani.sotror· ncar th;:- t'toundan;:'~ 

as a tConsequencc of thc s1mulatcd comlitinns: For·sca-watcr In gcncraf,-:parabolic-systcms with opc:·, houndilr: condltJt1l:~ 

·tntrusion problems, :thc .rcsult.ing opc.n · boWldary condit.ion . win be more stron,gly influenccd by thc atnwe-mcnt1oned sourct:>~ 
bccomes: of error. 

-(K .. (h- s) ~: ) n,- (K,(h- s) ~)n = 
ay ' 

( 
1 • a(h- s)') ( 1 

- - K.. n,- - Kn 
2 ax 2 

a (h - s)' ) 

ay 
n, 

. on r. (lO) 

Tlus kind of boundary cond1tion is far from bcing rigorous 
and u can be totaJly momtored ú trcated hnearly by thc numen
cal resoluuon proccdurc and it 1s formal! y incorporatcd into thc 
formu!auon and mto thc numencal soluuon schcmes rclatcd to 

thc fmitc-elcment method. Th1s mcans that when the slope at the 
coast IS quite steep. as in th1s particular case. thc coasthne can be 
treated w1th this kind of open boundary condaion. and thus the 
fresh-water discharges and heads become part ofthc soluuon of 
thc numerical modcl. Calculated fresh-water heads along and m 
the pro>.1m1ty of the coastline do not need to be thc samc as thc 
sea-water leve l. andas a result, the thickness of the scepage faa: is 
dctermined. Hcncc, for examplc~ a salt-water mteríace deeper 
than thc sea-water leve! could occur at this coasthne, as calcu
lated by the Ghyben-Herzberg principie of equihbrium. as a 
conscquence of calculated positive fresh-water heads resultmg 
from thc apphcatwn of thc numencal model when positive 
ground-water balances or di~chargcs takc place in thc aquifcr. 

In arder to avoid part of the above mconvenienccs cncoun
tcred wncn modchng reg10nal sea-water mtrus10n. nc1thcr lnltlal 
salt-watcr head~. nor frcsh-\ltater and salt-watcr hc~1d~ and Ou>. 
nced to be prcscribcd atth1s coasthnc. lnstcad, th1s t..md of opcn 
houndar;.· condillon can be apphed for a steeply slop1n~ r.:oa. .. t m 
numcrical modcls dc..'i.cribing sea-watc:-- intru~1on u1 coasta! 
a~u1fcrs 

Finite-Element Approximation and Solution Strateg) 
For thc stead:·-statc probkms treatcd 1n th1~ pan¡r.:ui.H 

rcsearch. a ~tandard WCJ.f!tHeO rcsidu:tl appro.u.:n V.Jth (ialt.:rk.tn 
t.yre wc¡ght1ng functlons 1.\ u.,c¡J w dctermlllC Jppfll.\lm:ttc ~nlu
tJons to equat1om (JJ or {.1) undcr thr .tpprtlpn.tlc houndar:
condJtiuns In thc fmllc<lcmcnt methoJ. thc r.:tnnpulat!on.il 
doma1n and thc un..,nov.ns are repre~cntL·J nn an Hre!!ul:H !!r1J 
comp.1seG of a Cm1tc numt>cr of sub(JomaJ!l'> o: ~1m pie p:om•.:tr1· 
eJ.! shapr.:. CJl!ed thc f¡n¡tc ciernen~ 

~turc Oet • .11!.. of 1hc 1nvoln:d f¡nite<icmL·ntlormul.til\lll.IIIJ 
how opcn bnundJ.r) conditJOm are dcalt v.¡th can be tound 1n 

·Padilla ct al. ( 1990 and m press). lt is wonh notmg that m arder 
to formally incorpora1e opcn boundaf} condilium. al! thc clc
mcnt!l of thc dom.11n hav1ng at lcast one nodc at tn:: bounJary 
v..ill contributc to thc tcrm ot thc cyuat10n accountm~ 1or upcn 
boundancs m thc ftnJte-elcmcnt formulat10n Forrncr roearch 
(Padilla et al. 1n press) showed that the applicat1un of opcn 
boundary cond1t1ons to linear hypc:rbohc and parabolic advcc
t¡on-d¡ffus!On flows 1n two dimc:nsions. wcre much more stable 
and precise than when usmg thc: suggcsted Dinchlet boundary 

Id ilion for testc:d anal~11cal cases. Nevertheles.s. whcn solvm!! 
C!>-'>Cntla!l~ parabohc problems. thc necd for an mcrca.\c tn the 

In order to improve computing cfriciency, "e selected a 
linear element fulfilling the minimal global and local continuuy 
requirement, the triangular first-order Lagrange element wuh 
three nodes (T3). This elcment permils analytical integration of 
!he terms ofthe elementary wcak form and suppresses the loop 
over the quadrature points.leading toa more efficient and better 
vectorization of the computer codc (Secretan. 1991; Pick.cns et 
al.. 1979). When considenng point sourccs and smks. thc surface 
affected by thc water injcctcd or abstractcd dcpcnds on the type 
of elcmcnt uscd in the numcrical discrctization. In the case of 
lmear triangular elements. this surfacc is equal to 1 f 3 of the 
surface oftheclements connected to the nades where the sources 
and sink.s are prescribed. 

The aJgorithm of the solution for the numcncal system of 
equations is the generahzed mimmal residual GMRES (Saad 
and Schultz, 1986). This iterative method ha' been applied suc
cessfully to nonhnear systems (Brown. 1987). 1t docs not need 
computation and storage of the global matnx. and therefore it is 
very suitable for mesh rcfincment. 

Numerical Simule·'""' 
Conditions of Sim: . ion 

Sorne theoretic<!.. implications of thc proposed conditions 
of simulat10n are worth noting. The prc.scnt numerica) applica
tlons consider simulation condtttons for the ~tcady-state vcrsion 
of equaoons (3) or (4), depcnding on the prcsence of sea-water 
mtrusion m the simulatcd aquifer. The rclcvant cquation would 
be m cvery case nonlinear and mamly elhptic (Lapidus and 
Pmder. 1982). Ncverthelcss. a strong nonhnearity is associated 
wnh cquallon (3) wh1ch govcrns thc frcsh-water movement asso
Ciatcd with sea-water intrusion. 

As wc have alrcady mentioncd, thcre are three types of 
appropnate boundary condiuons at thc edge of the sea for the 
considcred numerical simulations of an actual phreatic coastal 
aqutfcr. l'icumann boundary condiuons for inflow boundanes 
whc:n fre~h-watcr Oux of rcchargc commg from neighboring 
watcrshcds ~~ well-known. outflow facr houndary conditions for 
coa,~;ts ~o~.¡th fa1rly gentle slopcs. and oren boundary conditions 
for coast.s wnh stccp slopcs. Othcr externa! sources and sinks of 
frcsh water could be mfiltration from net ramfall and irrigauon 
ret urns. a_\ wcll a.s abstrct.ctions from pumpmg wells. When using 
thC:.\C type'i of boundary conditJOns as well as sources and sinks 
of ire!>h v.atcr. thc total water balance in the aquifer will corrt
spond tu thc wtal fresh-water dtschaq.: f the aquifer. This 
fre•h-water d15Charge will be distributed ah.cg the coa.stline if the 
model correctly simulates the ground-watcr processcs. 

h 1s 1mportant to note that elhptic part1al differential equa
tn·· requirc more rigorous boundary condittons than hyper
buuc and parabolic ones. Moreovcr. the present quasilinear 
problcm enhances the diffocultocs a.ssocoated woth the application 
of open boundary conditions on OutflOw boundaries (Padilla et 
al., 1990 and in press). Th~refore, for thos type of problem, 
speciaJ care must be taken when using thc numerically soft open 
boundary condition on the coasthne, tnstead of others numeri
cally more severe like the Dinchlct or the nux '':pe boundary ..1 



condit1ons. This is beca use vcrydcformcd or anisotropic mes heS. 
a.~ well a-; excessivcly large elemenLS atthe rclcvant boundary,are 

.- pilnicularly likely lO add to thc c>.._i:..ting nomcrical crrors . 
.• ·. Anothcr rcsult of th~c d ifficultic..\ wa:. that l.hc con.<.u.kr.cd 

·- -simulations Urd not ha ve a ~nique !iiolution for differcnt miual ... -
-- -.conditions used in the iterativc algorithm or thc solution of thc 

steady-statc elliptic problem. lnstcad. thc sunulations necdcd to 
be exccuted in two steps. The first step calculates the soluuon for 
Dinchlet boundary conditions imposed at thc sea leve! on thc 
coa.stlmc. The second step takcs thc solut10n of the first stcp as 
thc innial condiuon for thc itcrauvc algonLhm of solution ora 
different numcrical model where opcn boundary conduwns are 
u sed J.t the coastimc 1nstcad. Rcsults preved to be satisfactory for 
thc correct frcsh-watcr dischargcs at thc coa.stlinc or thc phrcatlc 
aqutfcr. Allth1s can be vcnficd by thc nurnencaltcsts wh1ch are 
dc~.:::r.bcd bclow. 

Steady S ea- Water 1 ntrusion in a Rectangular Phreatic A quijer 
with Precí'pitatwn 

To verify the precision and stabi!ity of this formal finite
element approach for open boundaries in regiOnal sea-water 
mtrusJOn problems. a simple nurncrical test has bcen concc1ved. 
Thc aim of th1s testls to find out whethcr th~ prcsent nurncrical 
approach 1s correct for asscssing fresh-watcr d¡schargcs at thc 
coastline and. as a dircct conscquence. to corrcctly pred1ct sea
water mtrusJOn and thc reg10ñal bchav1or of coastal phrcallc 
aquifcrs. 

Tne present numcrical test conslSts of a ca as tal aquifer 2 km 
long and l km wide. The aquifer lS surrounded by impervious 
boundancs exccpt at thc left-hanq side ( 1 ~m long) whcrc the 
coa'itlinc is at sea leve!. An lrnpervJOus substratum undcr thc 
aqu1fcr JS 20 mercrs bclow sea leve!. Thc saturatcd medium has 
an cf!ccuvc porosn~ of 20% and a hydrauhc conducuv1t~· uf 
0.0045 m. s SmlUlauon conduJOns cons1dcr that irc~h ~alcr 

comes only frorn nct prccipJtauon. 2 hm 1iyear (2 >-: JO~ m ',ycar 
or 3.!7 :< lü-~ m;/m~ · sJ, wh1ch is homogcncou~l~ Ut.\trJhutcd 
mcr thc suríacc of the phrcat1c aquifer. ObvLOU!>Iy. a.\ rcg.HJ" a 
StCa<J! -!>:ate solution. the f resh-watcr dLSChargc at !he cJgc oJ 1 he 
sea IS known for a coast wh1ch slopc~ stccpl~. Tn1~ di!>Char~c 
(6.34~ ;..: 10-! m 

1
/m · s) can be Uistributcd honw~CilL'OU\l~ ..1ltHI~ 

thc coastlinc. 1 J.. m lonf. anJ will curre~ponJ h! thc !>:Jmc 1\Ttal 
a:noun: of ne: prcc!pit:Jtlon ovcr thc ~uri.L<:L' (Jl\f1:: J.t..¡l.:L!Cr t.::·, 

JO~ n~J/ycar) WLth rcgard tn thc ~fl..!ltal r'inLt::-cl::mcnt Llt~..:rcti/,J
liOO of thc at.¡u:fcr, a !>ymmctrLc mc!>r. n: '<nlfliC lrL..Ltlfuiar C!('

mcnb ha.\ bccn ClHKCIVCJ ( hgurc ~l kcfLncmcnt u! 1 hl' ml''h ~~ 

cnhanccd at thc co<UtiLnc m arder to allo"" thc nw.Jcltu rrcct'd: 
calculat:; ground-watc:r lJ¡~char¿:c~ Tnl· lrl''h v..11c~ !rum nct 
ra1nf..L:; ~a... mtroduccd a." a rc-chargc h: ur.1t ,,f .\urta~~ JI thc 
mtcnor nudcs of thc 5pa~¡a.Jt~ J¡~rc~~.cd ..1~ utlc~ 

Tiucc difícrcnt typcs of twundary condLt1un' -....ere com¡J
c:rcd at thc coastlinc m arder to vcnfy the fc<Utbduy and thc 
prcetston attatncd b~ thc: prcscnt numcrical appr1l..1ch Thc fir,t 
ooundJ.r) condtlwn com.ldcrcd thc scncrJII:, ll:(ll:llnlcnJrJ 
prcscnbcd solutn>n (Dmchlct boundary ¡,:nnJ1tnmJ at \l'.J !cvcl 
(takc:n at O meten) TI1c sccond boundary condllLun u:-.cd ~ 

prcscnbcd flux of water ( :"'-icumann boundary cunJLtlonJ currc
spondmg to thc: total amount of thc dischargc J..nuwn fur th1~ 
parttcular case:. Thc: th1rd stmulatiOn condllJOn trcatc:d thc opcn 
boundary of thc: coasthnc: with thc: abovc dc:ftnc:d o~n houndary 
condillOn. Comparison of thc: rc:sults frorn thcsc thrcc !)pes or 
s¡mulatJons ~ ould ob\ tously .<.how thc m.:nn dlffcrcncc~ bct v.ccn. 

·/ 
/ 

first. the dassacal modcllng approach whcn: tlu; moJel j._¡¡J~ tu 
prcdict correct ground-watcr hcal.ls and J¡!>.;hargcs m prll.\Hlllly 

-lo thc coa..o;;tlinc: sccond. tllc numcricaliy corrcct ,n!u!Lon wht:Jc 
thc amounLS ofthedL~argc an: wcH-known ... a.s in tlu~ parlKui.IJ 
test for a steep coast:and tfnrd, thc ~olut 1on o-btamcd witcn U!>ing 

. opcn boundary condiuons at thi!'> coastlinc for thc normal ca. .. cs 
wherc thc discharges of frc...-;h water _are not known hut can 
formally become part of the numcrical soluuon. 

The classicaJ and first modcling approach (with Dinchlet 
boundary conditions) fails to predtct corrcct ground-watcr head~ 
and dischargcs at thc coastlinc for stcady conJ1tions. In fact, th1s 
kmd of solution is by dcfinnion not C<;rrcct whcn modcling 
regional and horizontal ground-watcr flow. Thc computcd 
fresh-watcr dischargcs are zero at thc cnastiLn:: Occausc of thc 
prescribcd fresh-"-atcr hcads at ~ca leve! and conscqucntly no 
thJcknCSS 3\-aiJabJc for fresh-watcr dtSChargcs can be JUSllfied 
followmg the Ghybcn-Hcrzbcrg principie of cquilibrium along 
thc coastlinc. Obviously, thc total water dtschargc along the 
coasthnc needs to. be e qua! to the fresh-watcr balance. if known 
bcforehand. 

A numerically correct solutJon (sccond approach) as whei-1 
the locaJ discharges along thc coastlinc are prcscribed as bound
ary condltions of thc Neumann typc bccause they could be 
known a pnon. This sccond approach \S only posstblc: hcrc duc 
to thc conceivc:d charactcnsucs of thc prcscnt numcricaltcst (nct 
ramfall ovcr a rectangular aqu1fcr surroundcJ hy lmpcrmcablc 
boundarics cxccpting at the stccply slop.mg coast). 

Model rcsults for opcn boundary conduions· (third ap
proach) are theorctically considered thc bcst becausc neithcr 
fresh-watcr hcads nordischargcs nccd to be prcscribcd along the 
coastlmc for the modcl tO calcula te thcm rrccJsc\y as part of thc 
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Fie. 3. (al ,'\1ar ncar thc coast nf stcady-c;talc su-water intruc;wn 1n a 
rcctomguiar phrcat1c aquifcr for a ncl prtcipttallon ratc of: ~~m ·¡~ur. 
Interface pusitJon for ~rumann and Dirichlel boundary cou,htion' al 
thr coa\thnc. (b) Map ncar the coa"'! of !>ltad~-stalt sn-,...atrr mtru· 
\IOn in :.1 rcct.anJ:,ular phrraiJC aquifrr for a net precapilation ratc uf~ 

hm '¡' ear. 1 ntcrfacc po,itiun for ·" cumann and open boundiH) cund•· 
tiom al thc coac;thnr 

numcrica! solutton Obv10uslj. a satL~f.tetory compan~on he· 

tv.ccn thc rc~uJt, of thc ~ccond anJ thtrt~ :..~pproachc~. :1.,!) wcll a.'> 

hctwccn tnc prc\tou.~ol;>lnown frL·.-.h-\Atatcr hJ.!ancc ..1.nd thc tutJ.! 
J¡~chart:c. c:llcub:c~ tr1ln1 loe..~! d1~char~c~ by th~· :h1rd 
arproacn. ~,.~,, .. ·.cnl> 11' ,-.,¡J¡J¡t~ anJ thc prcCI~Jon rco~ch~.:u tl~ thc 
:nlcquatc trc: .. Hmcnl ,¡, an npc:1 hounJ...~r~ of .J SIC:Cply slop!llf 
l'd.i.\1 

F1gurc J sho~,.~,·, tht: m:1p uf trcsh·\lo.atcr;s.J.ll-watcr ¡ntcrfa~c 
posJIIOOS ncar thc L'•lJ..St a..o; cakuiatcd by thc modelm rclatlon to 
sea levcl for thc thrcc sclcctcd typc..\ of boumlM)' condltlon<. 
Figure 4 shows :.1 cro~\-SCL'IIOna! \:1ev. of thc ahovc-mentwncd 
s1mulatcd rcsult.:, a.\ curnp:ucJ tll thc corrc,:,pondulf anaJ)'11C..tl 
~olut!On of S trad. (1976) íor hort/ontal nov.. ~¡gn¡f¡cant d¡[Jcr
cnccs ca:-~ be ob,:,crvcd bctwccn thc solutions ;.:alculatc. whcn 
apply1ng Dmchlct boundary cond1tion.s and thc soluttoru of thc 
numerically corrcct approach ""hcn the boundary condll¡on 
talo..cs into account thc lo..nown dischargc (Neumann boundary 
cond:tion). A companson of thc results clcarly shows that an 
e:\cc!lcn: prccJ:-. :: 1:- otn;.uncd 'whcn us1ng opcn boundary cond1-

llons on opcn boundarics ata stccply sloptng ~..·oa.'t in sea-\\ a ter 
mtrusion numerical modcls. lt is also impnr1J:1t to note that lnr 
the prescnt spatial discretization. rcsuiL" obtalncd whcn W•ln!! 

open boundary condilions .are numerical~- more stable than 
thosc· obtained whcn using Ncumann boundary conditions. 

. · espccially·in the proximity of the coastline (oscillations are prcs
cnt in thc numerical results when applymg r\eumann boundary 
conditions). In this respect. allthe numerical stmulat10ns. whcn 
apply1ng opcn boundary conditions, gave a total error of less 
than 0.01% for the total fresh-water discharge at the coastline. 

"J'everthelcss, this kind of problem requires a prior solution 
with Dirichlet boundary conditions at thc coastline to be used as 
an initial solution for the itcrativc algorithm solving thc problcm 
with opcn boundary conditions at thc coastlmc. This proccdurc 
pcrmits thc itcrative mcthod to attain convcrgcnce towards the 
correct numencal soluuon. To sum up, we nced 10 -.olve the 
r:-ublem twice in two different steps, the first \'.··h Di,.:hlct and 
the sccond with open boundary conditions at ::1:: coasthnc. Thc 
computer time for thc second numerical solution to converge 1s 
'wanable and depends on each case but, in general. Il is longcr 
than for the fir.;t. 

When verifying whether the outnow face boundary condi
tion was suitable lo simulate prcciscly thc abovc-ment10ned 
numencal test, idenllcal results to those found whcn using open 
boundary conditions were obtained with a mnrc rigorous bound
ary conditiOn of the nux type defincd by ·te hcad-<lcpendent 
cquauon (8) multiplied by a factór of ~- Tnc:sc rcsuus are vcry 
cncouraging because the convergcnce of thc numerical algo
rithm IS greatly improved, and there is no longer a need for a 
prcvJOUS SJmulauon with Dirichlct boundar:--' cond1tions bcforc 
applymg opcn boundary conditions at a steeply sloping coast. 
Furthcr justi_ficat10n eoncemmg this IJ4 factor on the head
dependcnt equation (8) for its use as a ncw outnow facc 
hou ndar:--· eondllion f or this partiCUlar pn ~ole m ~,.~, . :lC subject to 
thc two othcr numcncaJ tests and the concludinf. remarks. 

.'úc·udy St>a· JJDtt'r lntrusion in a Rt'clangular Phrt"alic A quifer 
•·ith a Pumping W•ll 

This numcrical test dcals with sea·watcr mtrusion in a 
rcc:.--¡~ular unconfincd aqUlfer with a pt:·npmg wcll near thc 
roa.-:::nc Th1s test c~c is identical to that uscd by Huyakorn et 
.. d ( /1}1/tl)to vcrify thc outflow fa~c ooundary condit1on on thc1~ 

·:¡ . ·-7-- ~--~,:-;:---·-.:.-.-
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Fir:. 4, Cross·stctional Yiew nnr tht coa,.t of ,ltady--stal~ sn-water 
antrus10n m a rrclancular phrntic aquif~r for a ntl prrcipitation rat~ 
or 2 hm ~, ytar. Frtsh·wat~r heads and intrrfact posillons for anal y ti· 
cal solulion, ., wrlla, numerical results for l"oi rumann. Dirichltt, and 
opcn boundary condilions al thr coastlinr. O 



Fif:. 5. N onuniform f:rid discretiz.ation of a r~ctangular coastal aquiftr 
41..m of coastlint and J km inland for a pumpirlg well at 0.6 km from 
th~ coasl. 

sharp interface fimtc-elcment modcL Upcomng of underlying 
salt water occurs whcn thc wcl! withdraws pan of the frcsh-watcr 
rechargc. S trad. ( 1976) den ved a two-<hmcnsional anal)1ical 
so!uuon which was ba:-,ed on thc assumption of horizontal no"'" 
andan arcally scmHnfinue aquifcr. We havc ngorously followed 
H uyakorn 's guidehnes concerning thc application of this numer
¡cal test and uscd thc samc parameters and main condiuons of 
stmulation. in th!S rcspcct. a nonumform tnangular gnd was 

used on a rectangular aqu1fcr with 4 km of coasthnc and 1 ~m 
widc. Thc follow¡n¡; paramctcr~ wcrc u~cd m vcrifying thc 
numerical moJi::! 

lnland frcsh-watcr rechargc 

\Vcll pumping ratc 

Wcl! location 

Hydr~whc conduct1\ Jty 

1 m'!d (at x = 1000 m. 
-2000 m :S y :S 2000 m) 

400 m'jd 

(x = 600 m. y =O m) 

70 m/d 

Depth from sea lcvcl to aquifcr base 20m 

Thc nonumform grid for thc whole domam. cons1stmg of 
399 uodcs (2 1 ro'-' S b;. /9 columns). has an 1dcntical noJcdcmlt;. 
and s1milar pattern of discrcuzauon to the symmctnc uppcr half 
planc of Huyakorn's apphcatlon (scc Figure 5) Thc only diffcr· 
cnce JS that wc uscd a fincr clemcnt near the co;ut m ordcr to 

propcrly com1dcr upcn boundary condlllon' ..tt thc coa.~¡tJmc 

Constan! frc:-.h-'-'atcr m:iu.\ w~ spcc¡ficd at :nc m!..md boundar: 

1 

! 

" 

1 

~--------·---
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Fiz. 6. Study-state profil" of th~ mt~rlace and •ater tabl~ simulated 
for a coastal unconfined aquifer with a pumpin¡: •ell. Anal)'lical and 
c.aJcuialed re,ull~ for optn boundar) cond&llom al tht coa.sthne. 

(x:::;. 1000 m) Othcr boundarics wcrc con'\¡JcrcJ unpcrmcahk·. 
Stcady simulated profilcs of thc water tahlc and thc interface 

.along thc ·X axis. are illustratcd m Ftgurc (l lugcthcr \\¡th tlll· 

.anal:·mcal solution. 
-tt must be noted that in arder lo makc1hc compari~ons. thc 

analvtical·and.calculated frcsh-watcr hcads must be idcnucal at 
thc ~dge of the sea (thts value bcing a constant in thc analytical 
soluuon of Strack). The main diffcrence from the rcsults of the 
H uyakom 's model, which employs thc outnow facc boundary 
condition for a gently sloping coast, Iics m thc thickness of thc 
s<:epagc facc at the cdge of the sea. Evcn <hough thc prescnt 
simulations ar:e more correct for vel)' stecp coasts. wc find thc 
comparison of results excellent. This is mamly bccause. first, 
solutions are very precise and nonoscillatory whcn applying the 
Galcrkin finue-clement mcthod; sccond, a \'Cr)' coarsc gnd was 
used, and third, thcrc was no necd for mc~h rcfmcmcnt and 
strcamline upwind or upstream wcightmg mcthods m arder to 
av01d numerical oscillauons or to improvc the precis10n of 
results as in Huyakorn's model. At the samc time. wc found that 
by usmg thc outllow facc boundary cond1110n l head-<.lcpcndcnt 
flux equation (8)] in our present spallal discrctization. which 
only has a column of smallcrelemcnts near thc coast. noooscilla
tory solutions can be simulatcd {Figure 7). For thts reason. wc 
found no justification for usmg smcarin!= mcthods and mesh 
rcfinemcnt to improvc the rcsults of thc Galcrk.m fimtc-clcmcnt 
approach (Huyakorn ct al., 1996). Thus. accuratc rcsults and 
nonoscallatory solutionS can be found wuh a head-dependent 
flux boundary condation if a smaller clcmcnt 1s cmplÜyed m thc 
prox1mity of the coasthnc. Whatas not qUJtc su re is whether thc 
outllow fa ce boundary condiuon, as exprcsscd bycquation (8), as 
suatablc to rcprcscnt precise! y actual sccpage faces and interface 
posiuons at thc cdge of thc sea and m thc proximity of t.he 
cnastlinc. i·he followingcxpcrimcnt and numcricaltcst will hclp 

us to danfy thas unccrtamty. 

Strady S~a· Wat~r lntrusion for a Hele-Shaw Exp~riment 
In arder 10 establish the possibilitics of prcdtcting seepagc 

facc~ ncar a coast in whach sea-water mtrusion problcms cxist, 
two Hck-Shaw cxperiments (Bear anJ Dagan, 1964) wcrc 
!->Clcctcd for s1mulation w1th thc prc:,ent ~tcady-state numcncal 
approach. Thcsc cxpcnmcnts wcrc analyzcJ in thc past by other 
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Fi~. 7. Sltady-stal~ profiles of the inlrrfacr and walrr tablt simulated 
for a coutal unconfinfli aquiftr wilh a pumpin2 well. Analyticaland 
calculaltd rtsults for ouiOow fac~ boundary condilion~ al tht 
coa.sthnc. 7 
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Fig. 8. Hcle-Sha" experimental observalions and simulated results of 
thc stead~·state interface po!!ition fur fresh-water specific discharges 
of (1) 3.9 cm=/s. and (2) 19.1 cm=/s. 

numcrical models (Shamir and Dagan, 1971; Essaid, 19'l0a and 
b). 

For this purpose. we have chosen two stcady condtttons of 
thc Hele-Shaw expenments reahzed by Bcar and Dagan ( 1964). 
The expenments were made for a prefiJe of a hypothetJcaHy 
confined !ayer (2i cm thick and 200 cm long} covered up to the 
edge of the outflow boundary by an impermeable and honzontal 
bcd located at the salt-watcr leve! and ncar a coast assumed to oc 
almost hon:z.ontal. In these two experimcnts. thc: fresh-water: 
salt-water mterface attains fixed positions. respectively, which 
are maintamed by two·different constant frcsh-water dischargcs 
(3.9 cm'ls and 19.1 cm'/s) The pcrtincnt data for the prcscnt 
steady numerical srmulauons are. 

Thickness of thc satu;atcd !ayer 

Hydraulic conducuvity 

Salt-water dcnsltJ-

27 cm 

O 69 mts 

1.029 ~r 'cm 
1 

Sham1r and Dagan (!971) failcd to prcdJct stcady-statc 
CX!JC:-lmcntal ~olutions presumabl]- u~mg a boundary condJt10n 
Similar to thc hcad-dcpendcnt cquation (8) as su~cstcd m thc1r 
rcscarch Thus, they used the stcady expcnmental valuc~ of thl· 
interface posit ions a. e; inlt!al cond itions to 1m rro\ e t hc1 r t ransicnt 

Slmulauom Thc calcu!Jtcd mterface po~1tion" ~howcd lmpor
tant C!screpanCICS v.¡:h thc ::\pcnmcntal oh'>l'rY;J{Hlm. e onccrn
ing thc stcady-statc s1mulat:om of b.~a¡J t l'i~la and h!. a h~ad
depcndcn: boundaf! condl110n such .1..'-. that th:C¡m·d bJ- thc 
exprc.<.'>;on (7 l v. a.. .. U!'>Cd 1 ur a h1~h lc..i).an.:c \:lluc i .\ 3 ~ 1 l and a 
rero hc .. uJ m thc 0\crlymg a~u11rr \\'¡th thJ'> rwnJu::.tlt'Jah!c :.md 
adJUStablc boundaf!· condJtllln thcH rc .. uJt, are acrcrtahk fnr 
thc ob ... crved posltJons of thc f:rst n.~nmcn~. nut O<ll for thc 
c;~cor1c~ EssaHJ alw rcCofni/C' thc cJ¡fCKu!tn:' c:n..:uuntcr::d 1:-. 
rc:ailst::-ally rcprnc:HU1f. :nc: ~ccp.lt!C houn,l..H! l..'unJ:<Jor. ;,¡¡ tlH.· 
outflo,\ facc. 

t\·~ a comcqucncc of thc rcsults of our rc-.carch. upcn 
boundary condi!Jom. are nPI aJcquatc for ~.:orrc:l't!~ modclm~ thc: 
~ecpagc facc of thc:~c c:\pcnmc:nts ln...tc:at! \I.C U\CJ ;_¡n out!h1"' 
facc boundar:-- con~u10n a_o.. thc onc dcf¡nct! b~ thc hcad
dcpcndcnt equat10:1 (8}. sultabk for ~cntl~ ~lllrm~ co.1.5tlinc.\, 
muluphed 1n th15 ca..s.c b) a factor of ( 1 i 2) 1

-:. he: u re 8 dlustr .He~ 
expcnmcntal and SJmulatcd stcady mtcrfacc posJIJOns corrc
spondmg to thc two selcctcd Helc-Shaw exrcnmcnu lt snould 
be noted that the expcnmcntal obser-....-atlons are takcn graphl
cally from thc ¡IJustratJons of thc expcnment;, puhhs.hcd hy 
Sham1r and Dagan ( 197!) We fmd that'thc f~1ctor ( 1 .'~l1.: mult1-

plymg thc hcad-dcpcndcnL equat10n 1:\J c:\plain:- both cxpcn· 
mental obscrvations quite wcll. 

We found justif1cation for thi., factor ( 1 ~l: : aftcr assunm 
- -that frcsh water will obviously rca1asn immiscible with salt v..atcr 
-· ouL•ide thc·outUow boundary too. Th~ tf a parabohc Dupmt 

approximauon of horizontal Oow is madc between_ the outflow 
boundary and thc distance (L) where thc fresh-watcr table will b< 
zero outside the boundary, the averaged fresh~water thickness 
(Gh) outside the boundary can b< written as follows: 

Gh = G[h2
- (h2

- h~) (x/L)J'" = 
G[h'- (h'- 0) (1/2)] 11

' = Gh(l/2)'1
' 

whcrc h is the frcsh-watcr hcad at thc outflow open boundary. 
Thus. th1s type of boundary condJtJon ior the unconfmcd 

aqUtfcr can be dcfincd m the x direction by 

q. = -(K .. Gh ~) n, = -(K .. Gh(l/2)'" · ax 
h - h L ) _ ( , , , ¡;; h ) -- n,-- K .. Gh(l¡_) -- n, 

L L 

which aftcr assuming that Gh = L (Bcar and Verruijt, 1987), 

q, = -[(1/2)'" K .. h) n, 

The abovG devclopmcnt probably cxpl~lJO:-. thc good resu!ts 
obtamed when u.Smg this last cxprcss10n a._<; a head~ependcnt 
outflow facc boundary condit10n whcn s1mulatmg the conditions 
of cquillbrium of thc two Hclc-Shaw C:\pcnmcnts. 

Concluding Remarks 
The prcscnt numerical approach to describe regional sea· 

water intrusion problcms in phrcatJc 3LJU11crs IS mainly based on 
thc dcvclopmcnt and applicatJon of opcn boundary conditaons 
for stccply sloping or subn ... rtical coast:.. Thc nonhnear problcm 
can be trcatcd lmcarly for this typc of L'O..I.St aftcr considenng that 
thc Oupuit approx1matJOn 1s appropnate 111 its proximity, whcrc 
thc posit1on of thc mtcrfacc bccomcs hori1ontal and equal to its 
po..,ltJon on thc boundary. as calcuiated hy the numcrical modcl 
for thc corrcct frcsh-watcr dischargcs 1nto the sea. Two numeri
cal test~. ~me WJth prcclpitalion and anothcr wuh a pumpmg we:l\ 
ncar thc ClJast. show vcry stablc and precise rcsults throughout 
thc dom~un and cspcc:ally m thc proxm111y ofthe coasthne: whcn 
comparcJ to analyt¡cal and numcricall;· corrcct solutio1 ·'· Thus. 
frcsh·watcr head.., a'> wcll as the po~1tlon of thc fresh-wate:rjsalt
"atcr mtcrfacc at Cljuilibnun,. a.' prcd!ctcd by the Ghyben
Hcubcr~ pnnclplc. can be prcc!scly caku!ated m arder to obtam 
corree\ !rc.\h-watcr d15chargcs along !'>ubvcrtJcal or very stecp 
coasts Ncvcrthclcss. opcn boundary condiuons are ve:ry loase 
condJtJons in solvmg nonlmcar elhpt1c problems. As a canse· 
qucncc. thc prcsent numcncal approach requircd a pnor solu
tJon \,I,J\h Omchlct boundary condllwns at sea levc:lto be used as 
an m1tlal soluuon to thc llerauvc algonthm solving the ste:ady 
problem w1th open boundary condnions at thc: coasthnc. Thc 

computcr t1mC of convcrgcncc of thc ~ccond numc:ncal solution 
1s vanablc and oftcn iongcr than thc f1rst f!UmcricaJ solution. 

A more rigorous outnow facc boundary condition was 
found that gives idc:ntical Tesults to thosc obtained whcn using 
opcn boundar:--· condit!ons. Th1s outnow boundary conditio9 
wa.s obtamcd whcn usmg a factor of 1,~ on a hcad-dcpcndcni' 



equation (8) defincd asan analytical solullon for subhorilontal 

or gcntly slopmg coasts. Thcse rcsults are vcry cncouraging 

bccausc thc convcrgence of thc numcrical algori:hm ts grcatly 

·¡mprol'"cd and thcrc is no Jonger any nced to rcalizc a prcvJOus 

·.simuiauon with Dirichlct boundary cond.iuons beforc .applying 

oren boundary conditions at steep coasts. Morcover. thts factor 

(!/.) could represen! thc transition from horizontal to vCrtic.al 

coasts. An cxprcssion for thc transition bctwecn both types of 

coasts would be very useful as a boundary condition in numcri

cal modelm¿:. The factor (!i4) was found aftcr deriving sorne 

cxpresstons for thc transitton bctwccn thcsc two typcs of coasts 

or typcs of outfiow houndanes; ncvcrthclcss, wc havc no defini

tJvc num~nca!. analyttcal. and experimental vcnficat10m. so far. 

11m ts !he ohJect of our ongomg rcscarch. 

Corr~c~ nur:1cncJ.! rcsu!ts conccrnin¡; thc two Hclc-Sh.::tw 

cxpenmcnts on a stcady mtcrfacc for constant frcsh-watcr dJs

chargcs showed a factor of ( 1 / 2) 1'-:: wiuch multiplicd thc outfiow 

facc boundary condillOr. dcltncd by thc hcad-dcpcndcnt cqua

uon (8) !:1 th1s rcspcct. wc havc den ved ajustlÍICat¡on that sccms 

lO us to be adequatc. ;\'cvcrthclc:ss. transJent numcncal Simula· 

tions for thcse samc c:xpenments would be of grcat mtcrc:st in 

arder to vcnfy whcthcr thc dcscribed outflow facc boundary 

condiuon can 1mprove thc trans1cnt solut10ns of rcccnt two

phasc numcncal models for actu:.~l sc:.a-wa~cr lntrUSIOn problcms 
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. : Effective Parameter -Optimization for 
-Ground-Water Model Calibration 

by T. N. Olsthoorn' 

Abstrae! 
This paper shows that the Levenberg·Marquardt method, modified to limit the parameter update steps to within a 

specified range, dTectively optimizes a seto( parameters in a ground·water model. In doing so it performs better than more 
complicated conjugate gradient algorithms. 

The method has been appüed to the synthetic ground-water problem of Carrera and Neuman (1986b), which has been 
used previously to test calibralion method performance. The descent ofthe error criterion and the simultaneous approach of 
the parameters to their optimum values are smooth. both with perfect and erroneous he.d observation data. 

lt is shown that least·squares optimization can be done dfedively in a simple manner and that it can be easily integrattd 
with practica) ground-water modeling. No changes have to be made lo the model code. This ease of implementation is 
emphasized by !he fact that all modeling presented here was done using an ordinary spreadsheet program on a PC. 

lntroductlon 
Model calibration is one of the most intriguing prob

lems of modern model-based ground-water hydrology. h lS 

considercd dlflicult. and conscquently much literature ex1sts 
on the subject[sce for instance the reviews of Y eh ( 1986) and 
Carrera ( 1988)] Thc theorwcal development has culm•
nated m three sound and extens1ve papers by Carnra and 
1\euman ( 1986a, b, e). 

However. beca use of 1ts compleXJty. most pracuuoners 
still n:ly on "tria! and error" methods throughout the world. 
Though such methods exploit !he mSight of thc hydrologiSl. 
they are nc¡ther cxhaustlve nor reproducible. A sound and 
comprchensible mcthod thatls also easy 10 ¡mplemcm may 
help to more systcmatJcalJy and reproducibly opumu.e 
ground-water model!:o. Dcvelopment of su eh a method t~ thc 
goal of thL'i paper. 

Thc problem of o pum al parameteru.alion of a model. 
i.e. wh1ch paramctcrs to choosc and ha 'ti.' many. 1!> an Impor
tan! problem by 1Lsclf. but is not discu.sscd hert Fnr th1s 
aspect, the user should rcfer to exccllent papers by Ych and 
Yoon. 1981; S un and Y eh, 1985: and Carrera and Neuman. 
1986a. b, c. Here we conccntrate on the core of calibration, 
i.e. the optimizat¡on or model parameten by minmuz.ation 
of sorne error cnterion, and that in an effectivc and s1mple 
manner 

• Arruterdam Water Supply, Vogelenz.angs.eweg 21.2114 BA 
Vogelcnz.ang. The Nctherlands. 

~ived August 1993. reviSed April 1994. acc<p<ed April 
1994. 

To prove its efTectiveness the sample synthetic model 
first used by Carrera and Neuman ( 1986c) lo show their 
callbration pc:rfonnance is recalculated and compared. 

The algorithm is outlined and dcscribed, as is its 
implementation in daily modeling practicc. Thc method is 
implcmcnted without changes to cxist1ng ground-water 
models. 

Optlmlzatlon Methodology 
In this paper the thcon:tical background of ground

water modcl parameter optimizauon ts taken for grantcd, 
because H has becn profoundly developed by Carrera and 
Neuman (1986a). From it, we s1mply conclude that the 
vanous thcoreucaJ approachcs, such as Bayesian or maxi
mum-hkelihood. all lead lo a problcm formulation tn a 
least-squares fash10n (e.g .• Peck et al., 1988). We wiU then:
forc focus on thlS least-squares problcm which is the mini
miz.ation of a squared, and possibly wcighted, error vector. 

Without loss of gcnerahty, we focus on ground-watcr 
hcads and a stationary now situation. The deviations 
(errors) r, are in general the weighled differena: betwecn !he 

calculated head h1 and the measun:d head h1 al each Obsel'\'a
llon weU j: 

r, = ,¡;;; (h, - h,) J f 11 .. m) 

Hen: "'i is the user-speciJied weight. (The roo! disappean in 
!he error criterion defined below.) Choosing weighu is no! 
discussed in this paper. The hydrologist has lo find his/ ber 
own rationale accordíng to thc studied ground-watcr systcm 
and the distribution and quality or lhe available obsel'\'a-
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tions. In theexamples presented here, all weights are takcn 
equalto l. 

. Lct us rlcfinc thc error cntcrion F u, be mimmizcd ao; 
follows: 

m 
F=r"f= l w¡(h,-h,)' 

¡=J 

A single underscore denotes a vector, a double underscore a 
two-d¡mensional matnx. The superscnpl T denotes the 
transposc of a vector or a matrix. 

The error critenon F depends on thc n modcl parame
ters to be optim1zed. Thcy are contained m the parametcr 
vector p. Paramctcrs m ay indude anything innucncing thc 
hcads ai obscrvauon pomts. 

To arnve at a valid solution the problem must be 
regularized; the number of paramcters must be limlted and 
be substanually fcwer than the number of obscrvations (Y eh 
and Yoon, 1981; S un and Yeh, 1985). 

An cffective step to íurther regulanze an optimization 
problem is to work with the logarithm of physical parame
tcr.; to be optlmized (conductivities and transmissivities). 
Th!: parame.ters are thus guaranteed to remain positive 
during thc itcrative calibration preces~. Furthermorc, il 

rnakes changcs to different pararncters comparable, as a 
fixed change madc to logarithmlC parameter vaJues 1s equiv
aJent to a certain rclativc change of the actuaJ parameters, 
¡rrcspectlvc of thcir magnitude 

Beca use ncither thc error cnterion F, nor the heads ~ 
vary hnearly with thc paramcters e_ (c.g., Carrera and 
Neuman, 1986b). a Taylor expansion may be used as an 
approximat10n of thc !!rad1cnt of vector~ ofF w1thin thc 
(iog)-nc¡g.hborhoud óp of the currcnt (log)-parameter \'CC· 

tor r· 

H 1s the (n X n)· Hcss1an matrix. thc ~cond dcnvative ofF 
~p. lgnoring the h1gher ordcr terms, denotcd by O( .. ). and 
chÜos1ng a óp such that thc rcsulting approx1matc graJient 
vamshcs. wCobtain 

wh¡ch 15 the Stdndard multldlmens¡onal ~C\Io10n·Raphson 
rclation to Cind thc m1mmum of a lunct¡on.mthts case ofF 
Th1s equat10n can be sol ved for 6p ¡f !:! ( p) and g ( p 1 ;_¡re 
given and if H ( p J,s nuns¡ng.ular~Thc ürdated p;-ra~t.'lcr 
vector then bccomc~ ( r ~ 6p) 

Ekcausc 1n lcast·s-quarcs mimmu.allon the funcuon F 
has thc~ spec¡a) form r' f. it can be differcntiated (O obtain 
expressions for the grad~nl g. and thc Hess1an matnx !:i (s.cc. 

for mstancc, Jcnnmg) a.mJ ~1cKcown, 1992) -

~=2~'~ 

!;! = 2(~·~ + !!> 
where lis the Jacobian (m X n)-matrix (>a: list of symbols), 
and Bls the fJ-we1ghted su m of the m second-order deriva
ti .. ·e ~atnces of the deviauons r, (sec li.!.t of symbols and 

Jcnnings and McKeown, 1992, p. 336) . .!! . represents thc 
. nonhnearity·of thc Ncwton-Raphson cquátaons: 

<JTJ +8)•(-óp)=-JTf 
== ·= - -=-

Note lhal 1he firsl matrix in !! , r J. is positive (semi)
definile beca use ofits form. Thisls gcrierally no11he case for 

second malrix in !! , !! . But .!! becomes zero when lhe 
calculated heads match lhe obServed hcads exaclly, i.e., 
when f, = o for al! j. !! is lherefore normally neglecled, 
yielding th.e standard G'iuss-Newton relation. 

Neglecting-ª amplies that when the paramctcrs are far 
from thcir optiiñum or when the model is mcapablc of 
matching thc obscrvauons closely enough. ( :C"..:!.) is only a 
crude approximat10n of thc Hessian matrix !f3ñd may yield 
incorrect parametcr updates if applied in añ unconstrained 
manner. 

111-Conditioning and Pai'ameter Updates 
Thc unconstraincd Gauss-Newton parameter update 

formula 

Óp = -(JT J r' JTf 
- == =-

demands nonsingularily oflhe malrix r l· This is diflicull if 
not impossible to guarantee under pr.leilcal circumstanccs. 

An effecllve mcthod lo deal wilh this kind of problem 
stems from Levenberg and Marquardt (e.g., Jennings aod 
McKeown. 1992). They add a positive definite diagonal 
matnx .u! to ~T~ to obtain: 

Óp = -(.IT J + ¡d f' JTf 
- == = =-

"he re.! is the (n X n)-identity matrix, and ¡.¡ is a scalar >O. 

-1_11_1s positivc scmadefinite due to its fonn. Hencc its 
cigen~lucs A are subjected to Ama1 ~ A¡ 2: Amin ~O. By 
adding thc ~atnx .u! to Lrl.. its condition number, i.e. 
A~,fA~n. changes lo (A.,:+ ¡.¡)/(A..,n + ¡.¡). For ¡.¡>O 
th1.s guarantces all thc new eigcnva.Jues to he positive and so 
prcvent5 nons1ngularity. lt funher shiHs thc condition 
number towards uni~y and so improves the solution procc:s.s. 

The larger ¡.¡ is chosen, the larger ¡.¡.! becomes relative 
lO .1 1 J . óp willlhen beco me smaller aod smaller, while allhe 
sa~c:::tamc pomtmg more and more into the direction of 
~tcepcst dcscenl. Hence any positave value of~wresulu in a 
~tep óp valucd bctwccn zero and that resulting from uncon
stramcd Gduss-Newton updatmg and pointing into a direc
tion between that of the stec:pesl desccnt and lhal dictalcd by 
the unconstraincd Gauss-Newton formula. 

A ncat and robust descending minirnization is obtained 
by limiung the paramcter vector change óp at each stcp to 
withm a cc:rtain trust hypersphcre (with radius .1, around 
thc currcnt paramcter vector), each time Gauss-Newton 
suggests parameter updale steps beyond it. From !he above 
it follows thatthiscan be done by increasing ¡.¡as nec:dcd. Al 
the samc time, the farther the Gaus.s-Newton calculated 
parameter vector updale is beyond the hypersphere, and 
hencc the more the actuaJ step si.Zt': c5p is limated by increasing 



p., the more Íl will roint into thc dm:diun of thc stt:cpcst 

grad1cnt. 
Jennings and McKcown ( l'N2. r. 344) SlfltC that tlw, 

method has as·a disadvllntage that thc Gaus::.-Newton cqua
tJOn has to be sol ved for severa! JJ.-Values dunng cach Jtera
tion. However, this JS of no importancc for the calibration uf 
ground-watcr models, where thc computational work to 
sol ve the Gauss-Newton equation is almost negligible corn
pared to that of a smglc model run. This is dueto the usually 
small dimensionaJ¡ty of the parameter vector, typically in 
the arder of5 to 50, as compared to that ofthe ground-watcr 
mode!. for wh1ch tens of thousands of cquatJons may have 
to be sol ved sJmu!tancously. Moreovcr, J.l vanes only gradu
ally frorn ¡tcratwn lO Jtcrauon (sec algorithm). so that in 
practice only about two such matnx invcrs10ns are needcd 
per parameter vector update. 

The LMS Algorithm and lis Jmplementation 
We abbrev1ate the algorithm lO "LMS" (Levenberg

Marquardt with lim1led step size). !liS dc:scribed below and 
outlined m Figure l. 

The algorithm flrsl takes user-speciJicd values of t, il, 
1'· and StopStep. 

• t is thc relauvc change to which each parameter 1s 
subjected m order lO calculale the Jacobian (see below) lt 
should be srnall as it rneasurCs the sensitivny of F at the 
current pararnetcr vector. Five pcrcent was applied he re. but 
becausc loganthrnJc parametcrs are used, t = log( 1.05). 

• ~ is the rad1us of the trust hypcrsphere, the maxi
rnum stepsize for the parameter update vector óp in any 

iteration. 1t should not be too large, while too srnall a valuc 
would ncedlessly slow down the convergence. Wc choose 
50% of iLS current length. Becausc of the loganthmJc 
parameters.:. = log( 1.5). 

• StopStcp 1s the parameter vector update stcp· 
size. 1 óp l. uscd as a critcnon to stop the algorithrn. Wc 

choosc StopSrep = 0.000 l. 
• pis the multiphcation factor of the 1dcntny matnx 1n r l,; + J.l !_. Any small val u e will be good. beca use thc 

aiiQnthm-adJusts Jt contmuous!y 10 thc •nncr loop. Once a 
proper value JS found, 11 changcs only shghtly from onc 
tleration to thc ncx.t. 

Thc above .. -.~Jucs work wclt for thc cx.amp!c.\ 10 th1.~ 

paperas for thc b1¡; MODFLOW ground-wa1cr modcl m 
~by thc Amsterdam Water Supply. 

The algoriíhm 1s gwen m mathematJcal ter m' 10 ordcr 
to kccp 1t as clcar and cumpact a.\ poS.)iblc. lt ha.\an outcr 
andan mncr loop. The outcr loop def1nes thc ucrations; thc 
inner loop only hmits thc parameter vector updatc: '6p The 

outer loop f¡rst caJculatcs thc Jacobian.:! and the grad1cnt of 

the err?r cntenon f Thc 1nncr Joop-thcn ca\culatcs thc 

paramctcr updatc vc,tor óp Whilc the outcr loop decrcascs . 

ll at cach llerat1on '" orde7to sh1ft the aJgorithm towards a 
pure Gau.ss-~ewton a.lgorithm, the mner loop incrca.ses J.J 

untilthe lcngth of the u'pdatc vector 1S les.s than the rad1us of 
thc: trust hypc:rsphcre .l. Thc outc:r loop then obtams thc 
update vector 6p from thc: mner loop and uses 1t to compute 
thc new parameter vector p -r 6p. lf thc lcngth of thc 

paramctc:r update áp is iesS than thc val u e StopSIC'p. u sed <L" 

(:(lll\.'crgencc criterio o, the rmal ~olutwn 1~ ohtamcd. OtllCr
wi~c a.nQt jtcration stcp is carricd out. 

Calculalion ol the Jacobian 
The Jacobian can be computed in severa! ways. 

Because it 1s not the focus of this papcr. the most simple 
method is adopted hcre. (For more advanced methods see. 
for instance. Carrera and Neuman, 1986b; Sykes, 1985; and 
S un and Y eh, 1985.) 

The Jacobian. as computcd here in thc ou.tcr loop, 
requ1rcs n + 1 runs of thc ground-water modcl. n being thc 
numbcr of paramcters to be opt1mized. Thc first run is done 
wtth thc current para meter vector. In thc othcr n runs thc 
value t is added to each parameter in tu m. Each time the 
ground-water rnodel 1s run to compute thc heads at thc 
observauon points. This yields n + 1 'vcctors. each with m 
calculated heads. 

From these vectors the measured hcads are subtracted. 
These deviat10ns are then multiplied by user specified 

we1ghts, -./w, if wc¡ghts are used at all. Th1s way n + 1 

dev1ation vectors ~ = ( -./w )1 
( h~ - ~) are obtained; 

1 ::::: O .. n. The indcx i denotes the penurbated parameter. 
i =O denotes the current. unpenurbatcd paramctér vector. 

Thc· Jacobian, thc m X n-matnx that describes the 
scnsitivity of the error criterion F towards parameter altera· 
tions, is now calculated. column by column, from: 

i = 1 •. n 

w1th t thc size of thc parameter alteration (the same for all 
log-transformcd paramcters). 

Jmplementation 
Easc of tmplcmentation is demonstrated by the fact 

that al! thc calculauons for th1s paper, including the finite· 
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Fig. 2. Synthe'tic modclaccording lo Canera and Neuman ( 1986) 
as used in this paper. -

diffcrence model itself (e.g., Olsthoom, 1985). wcrc implc
mented m an ordtnary Lotus 1-2-3 spreadshec:t program on 
aPC 

For more complicated modcls, a sprcadshect may be 
used to tmpiementjust the optimi.Z.3t!On algonthm and work 
m conJunction with a separate ground-water modcl The 
80 X 80 matnx capacltles of Lotus 1-2-3, for examplc, limtt 
the Jacobian to th1s size, allowmg a maximum of 80 obscr
vauons and theoretically 80 parametc:rs to be opumized 
Slmultanc:ously. 

Forthe 37,000c<IJ MODFLOW implcmcnlcd ground
water model of thc: Amsterdam dunc: arca. thc mathcmauc..U 
matnx. package MATLAB 1s usc:d to implcmcnt thc opt1m1· 
zauon algonthm. Th:: J.lgonthm g¡ven in F1gure 1 translates 
on an aJmost onc to onc ba.slS into M ATLAS and l.SJUSt as 
compact. 

Opumization of model parameters m MATLAB. m 
conJUOctiOn Wllh a model such as MODFLOW. v. 1~k.s a.\ 

follows: 
• In each itcrauon MATLAB gcncratc~ thc n -t 1 

parametcr vecton nceded to compute thc Jacobtan lt wntc~ 
lhcsc lo a fue and stans a FORTRAN program. 

• This FORTRAN program rcads thcsc parametcr 
vcctors and genera tes a new tnput file: for MODFLOW, one 
parameter vector ata ume. For each vector it runs MOD· 
FLOW Each time afler MODFLOW has fmishcd 11 collects 
the hcads at the observat10n pomts from the MODFLOW 
output and writes thesc toa file. Fmally n + 1 vectors with 
calculated heads at observation pomts are thus obtamcd. 

• MATLAB then regains controL 1t reads the calcu
lated heads and uses them to compute the Jacobian matnx 
and the parameter update vector. 

• As long as convcrgcnce -has nnt bccn ach1cvcd . 
MATLAB calculatcs ncw paramctc1 \'CCtor~. anJ rcpcab 
lhc dcscribed loop. 

Effectiveness of the Melhod 
The effectiveness oflhe LMS mcthod will beco m pared 

with the approach of Carrera and Ncuman ( 1986b, e) who 
applied severa! conjugale gradient methods (see Table 1) lo 
minimize the error criterion F for the synthetic cxample 
shown in Figure 2. The goal of thc optimiza.tion is to find 
simultaneously the transmissivit1es ofthe nine shown zones, 
starting from different initial 'values, for the statwnary case 
and assuming allllow .. data .known. First wc assume the 
availablc head data of the 18 observation points to be exact 
(i.e., equal to the heads at the observation points calculated 
by the model with the .. true .. transmissivity values, sec Fig
ure 2). 

Table 1 compares the performance of our simple LMS 
algorilhm with that of the various conjugate grad•ent algo
rithrns used by Carrera anc Neuman (1986b), in simulta
neously calibrating the ninc zonal transm1ssiviues of the 
g•ven problem. lt shows that lhe LMS mcthod converges in 
all cases and with fcwer iterations. 

Figure 3 shows thecourse ofthe error cntcrion and.that 
of five of the nine transmissivities during our optimization 
runs. In ail cases the error cnterion, expresscd as .JF. is 
reducxd to about 0.0001 m in a smooth manncr. Further
more, the final transmissivities are indcpendcnt ofthe initial 
values and were equalto the .. true"valucs within at least two 
decimals. [Note that thc course of thc error criterion in 
Figure 2 can be directly compared with Figures 9 and 10 on 
pagc 221 m Carrera and Neuman ( 1986b)]. 

lmponant is the bchavior of thc algorithm in the more 
practica! case, wherc heads are corruptcd w1th error. 
Carrera and Neuman ( 1~86c, p. 230) prescnl lhe calculated 
transmlSsJvaties for the sarne initial values but with Gaussian 
error w1th a standard deviation of o= 1 m added to the true 
hcad va.Jucs. Thc samc exercise was carned out here; its 
results are ¡;.ven in Table 2. 

Table 2 shows that neghgible differcnccs ex.,·. Delween 
:he fanal transmlSSivities found for the various initial values, 

Tablt l. Tht Numbtr or lten.tions Required to SimultaneousiJ 
Optimazc tht Nine Zonal Transmlssivitit5 in Ficure 2 

Mt'rlwd Ts ~ 1 7• = JO Ts = 100 Ts -100 

F >39 K6 Failed >80 
8 >60 53 fa1led Failcd 
p Failed Failed Faaled Failed 
1'-8 59 51 51 >39 

LMS 55 31 32 41 

Four optamtzatton runs were made using umforn. nut diiTerent 
tnitaa.J transmissivilies [Ts(m1/d)], .. Faaled"' mcans thal no con· 
vcrgence down to the error critcrion occur~ed within 100 itera· 
taons. Thc uppcr four rows ha ve breen copicd from Carrera and 
Nc:uman ( 1986b, p. 220). Thc last row shows the resultl of the 
LMS aJgorithm used here. F = Actchcr-Reeves; B = Bro)'d~Jn~ 
p = Flc:tchcr-Powc:IJ; f·B:;;;; joint F and B. LMS = Levenberg
Marquardt + limtted stc:p Icngth. 

4 
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Fig. J. Coursr of tht error criterion and the indicated transmissiviti~ during optimization of the model in Figure 2 by the LMS 
algonthm, starting from four ~ifferent uniform initialtransmissiv1tics. 

as was thc case with Carrera and Neuman ( 1986c). The 
differenccs betwecn the rcsults ofCarrcra and Ncuman (last 
column in Table 2) and the LMS algorithm used hcre, are 
attributed to difierent e:rrors at the: mdividual observauon 
pomts. The mdividual errors used by Carrera and Ncumai) 
( 1986c) are unknown to us, just the overall standard dena
ti;:m of thc 18 obscrvauon pomts as thc samc, 1.e., Gaussaan 
with o = 1 m. From thas we concludc that the LMS has 
elfecuvely the: same rcsults as Carrera and r-.;cuman, but at 

does so in lcss uc:rauons. 
F1gure 4 shows the behav1or of thc LMS algorithm 

dUnng thc: opumiiation of thc: nmc transmissiv1t10 w1th 
umform inH1al transmJSSI\J:·:~ of 100 m:/c.J anc.J :.1 Gauss1an 
error wnh o= 1 m (sc:c: column S ofTablc ~). Clcarly. ahout 
30 itc:rations wcrc necdcd The f1~ure furthc:r shov.~ thc sizc 
of thc: paramctc:r updatc vector. In accorc.Jancc v.ith thc 

algorithm, its value is limited to the uscr-sct maximum of 
1 dpl :S log( 1.5) = 0.176. Whcn the optlmum is approached, 
this stc:psize is reduccd automatically by thc algorithm (Fig
ure 1). 

F1gure 5 shows thc performance of the algorithm in the 
case that arca) rechargc is optimtzed togcthcr with the nine 
transmtsstvities. This is onc parameter more than Carrera 
and Neuman ( 1986) calibratcd. Perfcct obsciY•tions ha ve 
bccn uscd to prove thc: rctncval ofthc angina! vaiues.lnitial 
values for a11 transmissiv1ties are 100 m2/d. Carrera and 
Ncuman ( 1986c) used two areal rechargc values in their 
model: 0.274 and 0.137 times 0.001 m/d (sce Figure 2a). We 
used as start values 0.274 and 0.137 times x, where x = 
0.0015 m/d and opt1m1zed x (w1th opumal value 0.001) 
togcthcr wllh thc ninc transmassivJtJCs. Figure 5 shows that 
thc 10 paramctcrs are optimJzcd WJthm about 30 iterations. 

Tablc l. Oplimiztd lun.mm .. ,.vitit-5 Whcn thr 18 Hud Value Hne • Gauui..n F.rror with Standard Deviation o= 1 m, 
Lun.: lhc l.MS Ophmu.ation Al.:~rithm and Uniform lnilial Tunsmlssivities fTs(m 1/d)J 

Zonr Trur 7 7 J - r~ ;::: Jo Ts - /00 Ts = }()() Ts = /()() 

1 150 104 104 104 109 148 
2 150 28K 28K 288 288 177 
3 50 39.1 39.1 41 39.1 19.3 
4 150 110 110 170 170 154 
l 50 50.~ 502 50.2 50.2 50.3 
6 ll 17 . .l 17.3 17.3 17.3 16.6 
1 50 4l.9 48 l 4l.9 4l.9 53.3 
8 ll ll.l ll.l ll.l ll.l 15.0 
9 l 4.9 4.9 4.9 4.9 4.9 

Carrera 71 54 57 90 57 
LMS ll 32 30 40 

Thc last column show~ tbc rcsulu of Carrera and ~cuman. 1986c, p. 230. Thc daffc:rence with our results is due to diffcrcnt crrors at 
mdP•adual obscrvatJOn potnU 

--· ' 
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log-parameter vector step sizr 1 ~ 1 that is limited by lhe LMS algonthm. 

Conclusions 
Thc goal of th1s paper 1s the developmcnt of a sound. 

comprehcnsiblc, and easily Implementable method to en
able systcmauc parameter optimization m daily ground
water pracucc. Tn1s paper pul.~ forward thc Levenbcrg
Marquardt algorithm augmented by a preset limllatwn of 
thc length of the parameter updaJe vector (LMS). 

Thc syntheuc problcm first used by Carrera and 
Neuman ( 1986a, b, e) has bcen apphed 10 compare the 
method w1th cxisung optlmJzauon algorithms. Thc LMS 
mc:thod was shown to behave smoothly, reproduCibly, and 
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Fic. S. Simultantow optimiution of ninr trs.nsmW.h·itin 
tocether with precipUition. denotrd by Pr (= arnl recharzr m 
Ficure la). Unilorm initial transmu.sivitic:s of 100 m 2/d are uwd. 
Prrcipitation i.s npres.ud u x 11m es the numMn 0.27o4 and O.IJ7 
shown in Ficurr 2a. Thr factor x is oplimiud. its initial n.lue is 
0.0015 m/d, iL~ "Piimal value 0.001 mjd. 

to perform computationally better than more sophisticated 
conjugate gradient approaches used by. among others, 
Carrera and Neuman ( !986). The method is e as y to imple
ment bccausc it is simple and no changes are made to 
cx1stmg modcl codes. 1t 1s indepcndent of thc (ground
wJtcr) modcl, and may be uscd m othcr d1sciphnes as well. 

h is hoped that practitioners are encouraged to make 
more use of parameter optimiza.tion for ground-water 
modc:l cahbrauon, instcad of JUSl relying on trial and error 
method' 

list ol Symbols 
11' T a.1 superscript means transpose of vector or 

matnx. 

11.11 Smgle undcrscore denotes vector, double under-
= scorc, matrix. 

ParameJer mdex, 11 ... , n }. 

Observalion wcll mdex, 11 •.. , m}. 

n Numbcr of parameters. 

m Numbcr of observation wells. 

h,. h1 Compu1cd head, mcasu~ head. 

f, Dev1aUon at observation point f1 = ..¡;;; (h,- hJ)· 

'"' 
F 

Weight, in this paper w¡ = 1, j E 11, ... m}. 

Error criterion: 

m 
rr r = I 

j= 1 
f·',- m " . ' -.. {w, (h¡ - h1) ). 

¡=1 
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p, lip (n X 1)- (log)-parameter vector and its update 
- - . from one iteration to the next. 

t ·. ·. ·:Preset, •log-parameter ·perturbation to;ca.Jculate 
.. gradient- g of-F numerically- and ~mpute -!he 
Jacob1an.-

.:l Maximum size of log parameter update óP in any 
iteratiOn. 

g 

H = 

B 

(m X n)-Jacobian matrix and its (n X m)-transposc: 

ar, ar, _ ar, 

ap, ap, ap, 

J = 
ar, ar, ar, 

ap, ap, ap, 

arm arm afm 
ap, ap, ap, 

(n X l)-grad1ent ofF, with elements [(af)¡(ap;)]_ 

( n X n )- Hessian matrix ofF, WJth eléments [(a' F)f 
(ap,ap,JJ-

(n X n)-1denuty matnx. 

Lev_enbcrg-Marquardt coefficient, scalar > Q_ 

m 

'" 
j= 1 

coeffJcients are [(a' f1)/ (ap, ap,)], k, 1 f 1, __ n_ So B LS 

the sum of m (n X n)-matrices, of which the :;::1h 
represcnts the second derivative of the dc\'iation f¡ 
with rcspcct to the parameters, weightcd by the 
de\1atJOn f¡ 1tsclf. 
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Modeling-a Complex Multi-Aquifer Systen1: 
The Waterloo Moraine 

by PJ. Martina.b and E.O. Frind• 

Abstrae! 
The Regionall\lunicipality of Waterloo in Ontario, Canada (popÚiat.ion 250,000) depends on ground water for most of its water 

suppi~·. The ground water is extracted from thc \Vatcrloo f\..1orainc, an cxtensivc and complex glacial aquifcr systcm extending over 
a 400 km:: arca. A methodolog_v is bcing dcvcloped tu inventory thc ground water rcsourcc. lo define its susccptibility to contam
ination, and toe reate the basis for optimal managcment and protcction strategies. A kcy component ofthis methodolog_,· is a thrce
dimcnsional conceptual hydrogeologic modcl bascd on thc gcologic characteristics of the multiple-aquifcr J\1orainc s~·.\tcm. Thc 
steps in the development of the modcl include screening of the largr databa•e. interp,..,tat.ion and interpolalion of the data to define 
thl' variable hydroslatÍJ!raphy and to gcneratc consistent hydraulic conductivity runctions. and modcl calibration. Thc numcri· 
cal ba.<c' ''a fully th=-dimensional fmite elemenl model that provides flexibility and adaptability in "'prcsent.ing the naturdl bound· 
arics. thc highl)· irregular stratigraphy. and thc numcrous wcJUicl<h. The modcl has lhc capability to automuticall~ flnd thc loca
tion of thc \\atcr tahlc consistcnt \\ilh ginn rcchargc and pumping condilions. and to direct rcchargc from low-pcmlcahility arcas 
to highcr-pcrmcahiliry arcas. C¡]pturc zon~ gcncratcd by thc modcl are found to be highly sensitivc with rc.-.;pcct lo thc J.!Cologic 
structurc, in particular thc pre\cnce or abscnce of \\indows in thc aquilard uniL'\. Professional judgmcnt is found lobean esscn
tial componcnt of thc modeling process. 

Introduction 
Thc Rcg10nal Mumcipality of Watcrloo. cornpnsm.g thc CJilcs 

of Kitchcncr, W: . .ucr!uu. and Camond¡;c. Ont.1no. with an urban pop
ulauon of about 250JXXJ. den ve." ahout 90~ o(1L" water supply frnm 
f!round \Valer. Thc water 1~ cxtractcd from a complcx mulu-aquifcr 
system of glactal ongtn. the Waterloo Morame. whtch C\tcmh 
ovcr approx.nnatcly 400 k.m::. A!Ulough lhc Mor..Unc ha.\ ht~toncally 

providcd a plcntiful supply of cxccllcnt water wtlh !JIIIe nccd for 
coorJ tn<.~ted cxplorat10n. thc Uramatlc growth of thc rcgum tn 

recen: dccadc~ ha.li provtdcJ a mouvauon for obtamm~. a. .. a ha~~~ 
for !:>U."tlunable u~c. a sounJ unlla~tandmg of tht~ vtt..1l rc..,oun.:c. 11!1 
cap.1~..:it). <~nd tb !lu~ccpubilny w contamm.won 

Thcrcforc. thc rcgwn a.s cnnJu.;ung an e.lí.ten~•vc rc:..o;;c.an:h pw-
- &ram 10 mvcnwry thc ground 'ol.atcr rc.soun.:c and tu Jchncatc weJJ. 

hcaJ protccuon arca<.. Frorn c.lfllcr .stuJ1c" ot thc numcruu~ md1· 
\¡Ju.J~ v.cllfteiJ.., v.nh1n thc .~1oratnc. 11 wa~ clcar that a kc~ 
comf'l)ncnt of thc prog.ram mu.st he a conccptu.1.J ~cologtc mndel of 
tlll' cnt1rc complc.\ "~"tcm Thc moJel would mtc¡:::ratc thc C\tt:n· 

\J\t: !llH fragmcntcJ J .. !laba.\.1.'. rcprc~ntlllc cnnncciHJn hctwccnt.hc 
m.m~ ..:omponcnu. of thc ~ptcm. and provtdc a linl bctween thc 
\.1:dlfiL'Ids and lhc éorrc.. ... ('l(mdmg rcchaJ'I:c 3IC.\.. Bccausc futurr wciJ. 
hcaJ prutc<.:tton .wne:-. ...... tllhc lur thc flll"l part wtthm urban and .. uh-
urh.Jn arca~. rcilabtltt~ ~~ C~\Cn\J..J] 

•Dcpanmcm of E.:mh Scicnccs. Unr\·crsny of Watc:rioo. Watcrloo. 
Ontano. Canada N2L 3G 1. E.m;ul: fnnd@.'uwatc:rloo ca 

b¡-.;"ow at W¡Jicrloo Hydrogeologte lnc:. E-mail: pmart¡n@ 
nowrath.com 

Rccetvcd May 1991). accertct.l Dcccmt>cr 1997 

Vol. 36. f'o .t.-GROL1;-;D 1\'.\TER-Jui~-Au~ust i99R 

Thrs paper describes lhe mcthodology uscd to. develúp lhe 
Watcrloo Morame model and to overcome the challenges raiscd by 
thc cx.traordinary complcxtty of thc glacial aqutfcr ~ystem. h also 
Jt..,cu<>scs some ofthc key charnctcnsttcs ofthc systcm rcvcalcd by 
thc modcl. including thc controlling influencc of thl' mod~l struc
turc on thc capture zone predictions. The samc mcthoJology is cur
rcntly abo bctn!_: applied m the study of other aqutfer systems in 

O mano 

Rcview of Aquifer Modcling Literature 
Aqutfcr moddmg hao; cxpencnccd an explosJve growth within 

thc b...littwo dt:G11Je.!. Wc will bndly rev1cw sorne recent hteralurc 
rl"lrvant ro Jluv. Jnd capture zone modeling of complex three

JuncnsiOnal grnunJ water flow sysrcms. focu.-.ing on three key 
a.' pe.: L.., that an.-.c u1 tht~ contcxt. ( 1) the tmponancc of thc: geologtc 
~~ru~~IUrc. (~ 1 pa.rametcr csumauon and model calibration~ and t3) 
tc •. :hmyuc" for thc JclmcatiOn of thrcc-dimcmional capture zonc!-. 

Thc llltponan~.:c uf thc gcologic structurc 1.\ convincingly 
Jcmon~tró..ltcJ m a classic paper by Fogg (19X6). who describes 
pound water Jlow m a complcx s.andstonc: aquifer consisting of 
rTlJn) J¡~:omtnuous bod1e~ of sands. silts, and clay~ He found thal 
J1pw 1' not so much conlrolled hy thc hydmuhc conducuvlty of rhc: 
more pcnncablc unn.s. but by thc1r conunuiry and intcrconnccted
nc.\~. pamcularly m thc venical direction. He concludes rhat geo
lo!!tcal mstght and tntcrpretat~o'!.~ crucial!Y_tmportant, and that 
Jndced a conceptual model of the system based only on hydraulic 
data cfor cxamplc:, by contouring transmissivny daLa from pump
mg tests) would havc becn incorrect and misleadJng. He aJso noted 



1[1..11 for complcx u4uifcr ~yMcms thc thrcc-Jum:n~ional rcpn.:~cn

t;ttton as important since lhc vertical intcrconncctcdncs~ would be 
.ltJ~tm ;tt\o\u-dimcn~ionalmodel. He fU11her tound c;dihr.ttron witll 

.rcspcct lo hc;.¡<h. in.d thrce-Jimcnsional.mudcl to be d!ITicuh ~incc 

.heóld,.::trc not net.--essarily scnsit1ve to the degrec of hydrauhc cun

nccuon. Looking al the same problcm from a ditfcrcnt anglc. 

Andcr!->on ( 19S9) points out the use of hydrogeologiC facies moti
el~ to dcltneate la.rge-scale Lrends in hcterogerieity and lo providc 

mput mto ground water flow 'and Lransport modcls. 

Thc ~ubject of paramcler cstimation (also kncwn as in verse 

mcxlc!tng) and moJel calibration has bccn cxplorcd by numcrou!-. 
authors. Poctcr antl Hill ( 1 997) givc an ovcrvicw uf thc statc of thc 

an and !-.ummJ.rizc thc requtremenLo; and bcncfits of thc approach. 
The lflhcrcnt dtfficul!y of tnvcrse modelin~ is brought out hy. 
Jmonf: othcrs. Poctcr antl Hill ( 19Y6) 111 a gcncric study lil\'oivm¿:. 

a hctcrogcncous aqutfer. which showcd that opumizmg thc hydr.:J.UIJc 

paramctcr.; can Jcad 10 unrcali!-.tlc resu!L<:.. but that thc~·can ~ uscJ 

to advant.:lf:C to dcvelop a bctter conceptual model. A ~mular 

approach w::Is uscd by d'Agnesc ci al. (1996) 10 calibrating a thrcc

Jaycr rcgtonal modc!. thc authors concludcd that th~ problcm of 
nonumquencss is ne\·er complete! y climinat~. but. thal s~bsi;ñ!T~i' 
cnnstr .. unLo; c::m be dc\'elopcd on lhe basis of the geologtc fr.unework. 

Thc \ame conclusJon wa.;, rcached by Olsthoom and i\.amps ( I<.Nfl) 
v. hll u sed an automauc tm•crsc routinc to callbrate a Jarge-~alc 

thrce-tiimcm!Onal finuc diffcrcnce aquifcr modcl. :t:JJ found that 

thc mo~t amponant role of thc mvcrsc model WJ!-. to allow the 

¡tJcntJC;.:auon of unrcJiistlC pararnetcrs. Opllma.l cahbr.Hum wa.;, al'o 

app!tcd toa rcg1onai qua.,i-threc-dmlcnsJonal finllc clerncnt mtxkl 
by LCJJO!'>c and Pastuors ( 1996). thc approach wa' ~uccc,,ful 

bccau~c thc numhcr of paramctcrs to be optrnH/.CJ WJ' rc\tnctcú 

to Jbout 10. rcsulttnt: m a scvcrcly simpllrlcd conceptual moJel In 
an msJghtful pape. Yount: ct .JI ( 1996) dcscrihc t.hc Jcvclopm¡;nl of 
a lim.:c-dnncmJonai aqu1fcr modcl for a complcx aqutfcr 'Y~tcm cnn· 

tarnrng a TCE plumc. findm~ that an carller applacatwn o! ;m autt~· 

m..Jth.: lll\'Cr\c tcchntque h:tJ produccú ml'k:.JJin~ roult!-. L'\l'll 

thuu!!h thc calcu!atcJ error wa~ lov.·. In the samc \t.:tn a' f·oe;~ 

tl9X6l. thco;c authur:-. qrc!-.' tnc 1mponance of ..1 rc:tlt!-IH.: thrcc· 

duncn,umal \.:Oni...'cp!Ual moJel ba.,cd on gcolo~n: JUdpncnL lll.lk

Jn~ J COO\'IIlClll~ (.";t'C !(lt thl' ,CJc\..'11011 of J finlh.' dC/1\t'lll !llt)I.Jt•f IP 

;t]Jow :H.:curatc rcprc,cnt.l\lllll nf1h1n dcl(lrlllCJ la~t'r' r\ (rnrtt· e k· 
me m mrxJc l alnn~ "1t1~ tna! -anli-crror calihratum "'-'a.' al" l,u'('d hy 
Mcr~¡:.~ anJ Kcl!y ilY\;~¡ 10 1mxJchnf: a rq:um;,¡l,H..¡utkr 'Y"em. 

Tncrc ¡;, .U'o a.11 C\tcmtvc txxJy of lncr..Jtun: t~n Ul(' tnp11.: uf "'el! 
c;:ptun.: wnc tlelrnc:.JtHm tcchnu . .¡uc.,, but mtcrc\1 m thrcc Umx_·n-.tnn' 

h.1.~; a,.,;,en oniy rc~.-c:ntl~ Comprchcn\t\ e l)Ver.tcw, of two-dm~t·n

'Jon;¡J and thrcc-Jum·n,JonJI an.J.i:O'ItlJI 'olut1on<.. fnr \IC..Jd~ -'ta:L' 

C.lpturc 1.onc!-. 111 hmnn~cncou\ J4U1Icr <..y<..tcm' are ~r,cn h~ 

1\.m¡c\h.l..::h ct al t 1 rrJ:: 1 anú S~.:ha.fcr ( 1 l."f-)(¡¡ h)r more et 'lllpk' "Y'· 

te m~. thc 'tanJard mcthnJ J' h) tra~.:kmg pan u: le' upf!ruJ•cnt Jnnn 

a "-CIJ to thc: "atcr tahlc. thu\ dcfmmg thc ~(m thc 1,:mund !-Uf· 
facc that contnbutn thc rcl..'ha.rgc to the well. Thc "C'm•anJ\ylic..JI 
mcthoJ dc\·clopcJ h:o P~1llu.:k ( llJX~) for recL1nl!ul:u ~nth 1' v. ¡Jet y 
uscJ for lJ'w. purpu\C i\.uuclhach ct al. ( \~)2) poull PUl th~•t lor (llfll· 

ptcx aqUifcr-aqullart.J "Y~Icm~. thc 1.onc that contri hUle' thc rcch:JJl!c 

and !he zonc that ~hould he pr01ected from contanun.Jttun ;uc nnt 

nccessarily thc ,;,ame. thc !alter po~c;ably bcmg lar~cr 1f thc·no;;~ nf 

spills of Jcn:.:e nonaqucous l14utds is mcludcd. Uncenain1ic,.., m thc 

dcfmu.ion of the aqu1fcr ~tructurc can hJ\'e J rtlJJor dfccllln thc cap
ture zonc predtctiun. as c~plamed by Kmzclbach c1 <~i. ( J99fl). 

"h0 rccommcntl thc strx:ha.,ttc approach for ~cncr:Jttnc: capture 
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Fil!urc 1. Modelinl! study arca. 

7one.' m ca\e~ of sca.rcc data, but slrC!-.\ Lhc ncc.:d for the dctcmlin

ISlu.: idcntificallon of larg¡.>scalc ft.:aturc~. :\n ~ltcrnativc approach 
tolhc !!Cncrallon of wcll capture 1.onc.' 1." thc nH .. ·thod hy Wll,..,on an1· 

L1u ( 19Y5). who ohtam a prohahili."llc wcll L':lplurc zonc by !-.Oh 

rng thc ;.¡Jvct.:tlvc-dt~rcr,;,lvc transpon cquat•on m thc up,;,trcam 

JtrL'L'IHlll frum thc wcll. 
From th1s rc\'ÍC\.\, it 1\ cv1dcnt that a thrt'c-dimcnsional Con

n·ptu.JlmPUcl ba.-.ed un thc gcolog1c Mructurc i!- csscnt1al for a valttl 

dclrnJllnn of the Oow ficld. and hcncc fnr crcat1ng a crcdible basi!-. 

!11r ddmc;Hm!! wcll capture lOnc.\. Although optnnal caltbr.uion tcch

lllljut:\ prc~cntcd mthc rcccnt IHcraturc are promising. constraint~ 

\tlll cxi\t m thc numbcr of variables that can be rcaJi,;,tically han

tlkú In rcal-world applications. optml;tl ~.:alihrntion aprears tn 

h •• ,c hccn U\Cd mainly a'\ a toolto supplcrncnt gcologic omd hydro

t-:colo¡.!IC JUÚ~mcnt. rathcr than an automatcd 1cchniquc fnr pcncr

JllllJ.! hyt...lrofC'olo!!JC par.1mctcr:-. Wilh rc!-.pcct tn thrcc-dm1cns•onal 
L .. IJllurc 1unc delinca! ton. !-.Ullahlc numcricaltechniquco;; ha ve N:-cn 

Jc,·clt lJlCU. out a.o;; yct thcrc 1s no clcar way to ovcrcomc unccrtamt1c' 

111 thc a~.Judcr ,;,tructurc which can control Glpturc lOflC"i. 

(;colo¡.:_v and Hydrogcolog.y of thc Waterloo 
~ lorainc: Prnious S ludies 

ll1c \tudy arca (F1gurc 1) uf appro~unatcly 750 km2 encom

ra.'~" thc Wau:rloo Moraine and surroundmg areas. and includes 
lht· cH•c~ of Watcrloo and Knchcncr as wcll a.c; portion~ of nclgh
hormg lov.no;haps. 1l1c Mornine. locatcú on thc casacm nm of the 

MJdHJ::Ul ha.,m. wa.;, m.appcd hy 1\.oumw ct al. ( 19lJU).lllc study arca 

,, dr.uncd hy thc Gr.:md Ri•ocr and its mhutarics. thc Nith and 

Conc,tu!!l' l<1vcr.- Thc topogr.1phy 1s charactcnsllc of a moramc. 

v.-1th an undulal!ng !lurfacc and 1!-.olatcd s"'ampy arca..'i and pond' 

whcrc thc water tablc intcrsccL'i thc ground surfacc. 1ñe gcology of 

thc Murame ts a 4uatemary kame and kettle complex formcd by 

mtcrlobatc glac1al acuvuy dunng thc late Wisconsin stage. The 
¡;lactal ovcrburden consi~ts of a varicty nf nlatenals mcluding2 
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Fig-ure 2. H~drostrat¡g:raphlc la_vermg schcmc. 

el.:!. y, mtcrbcddcd ti lis, fine sanJ. sandy grave!, and coarsc gravel, 
and rangcs 1n th1ckness from 30 to > 100m. A dctailcd de..c;criptton 

of<hc glacial geology IS given by Chopman and Putnom (1984¡. and 
1\.:.¡rrow ( 1993 ). Thc eh mate JS scm1humid with an average annual 

prwpuatJOn of 780 to 1000 mm (Karrow 1987). 
Thc slraugraphy JS cumplcx wHh a hctcrogcncous d1stribut10n 

of hydrauJ¡c conductl\t¡ty. Dc_c;puc llu:-. hctcrogcneity, threc rclauvcly 

continuous till unit~. the Pon StJnlcyffavi.stock. Maryhill. and 

Catfi~h Crcck u!Js havc bccn 1dcntified throughoUt the Moramc 
(fo\Jrrow 1993). Thc youngcst of thi::-.c. thc Port Stanlcyffa\'ic;toclo.. 

·u.¡.., found ncar thc surfacc O\-crJy,ng larf!c portiom ofthc uppcr 

JUI(cr Thc ncxt youngest. thc MaryhliJ till. 1~ a clay-rich.low-per-
mcabliity unllly¡n¡; hcncath the uppcr aquifer.ln many arca!'. thi.s 

un1t acts a~ an mfil!ratton ~md contamtnauon bamcr for thc undcr

Jymg ~qutfcr...: howcvcr. wmdnws of high-conductlvlly rnateri::~! ha ve 

hecn ob~crvcú ur mlcrrcd m recen! ~tuJic.<-. TI1c Catír..,h Crcd.. till. 

lym,t: hdow tiH.' Ma.ryhill till. b a dcn,c . .<-tony ~ilt tJ!J cnntatntn_!: ror

ttPn\. thJt acta~ ar. aqUJfcr (f\arrow 1993: Pctrie 19X5 1. lkTaU\C nf 

ti11\ vanabtltty. 11 has appcarcd ro he dJ:-.cominunu.., ata hx:al \I,;.Jic 

A tourth dJsconunuous 1111 unu. narncd thc Pn>Catfi . ..,J¡ Crcd. tdl. 

1\ round localiy 0\'Crlym[: thc bcdroc:k Thc hyt.lrllqrJII~raphll' 

rc!:JtJOn.shJp<; are shnwn Sl'hcmatJ.:~dly tn Figure~ 

GlacJOnuvtJ.] .<-and and _!:r:Jvcl t.lcp..l\11\ locatcJ lx:twccn thL' 

m;:~jor tdl un1t.'. fom1 the m:JJOr aqui!L"r" tn thc ")'\tcm Th~ uppcr 

a~UJfcr (Aqutfcr 1 J. thought tu be rcwnrj.,cU ~1ar)·hJllll!J. JS thc rnmt 
e-\tcn:-.tvc :1nd reg10nally contmuous untl. H 1.<- a]<;o thc 010\l pru

dt~.:li\'C sourcc of water Thc I"'-O lov.cr aqudcr\. ( Aquifa.., 2 and 3). 

-.~ :11:.::h often are found a5 pod .. cL<; of dt....contmuous ~1ruJ and ~;r.~.vcl. 

..!7~ prcxJucuve ICX':Illy The undcrl) 1ng bcdrucj., con•~t .... l.'. uf thc 

.S.dtna Forrnat10n. a Sdunan dnlotlliU( limcstone m the westcm ror
t:~~n of thc rcg10n. or the Guc:lph Fonllallon. a S1lunan ltmc ... tonc m 
·,:H~ CJ..\tcm port1on of thc region (1\.arro-.... llJS7. ll}t}J). Thc 1:-ocJnx::k 

ha ... bcen ob.scrved to be fractured 111 Lhe top few meters (Tcrraqua 
1<>95). and is also thoug.ht to act ac; a relauvely contmuous aquifer 
wrw:h prundc..c; a hydraulic conncctwn bctwccn dt.\(fCic pod,eL~ of 

t!:c lowcr confmcd aquifer 

Thc: abundant and htgh-Gualll~ water resource providcLI by the 

Jr.:une has been U!.ed sanee lh.c late IBOOs. As a rcsult uf Lh1:-. abun· 

da.ncc, an understanding of the capacity of lhe resourcc was not 

import.1nt unul thc mdusrnaJ boom of Lhe 1960s. Senous exploratton 

thcn commenced to defme the resourcc and to prov1de a ba.s1s for 

cxpandtn¡; use. Onc of the first comprchen"ivc studies wa.., con

du.::tcJ hy Dtxon ( 1973). who conceptuahzed the quatemary dcpo<;ilo;; 

Table 1 
.. · Wcllficlds aud Pumpin¡::: Ratc.·-. 

f'umpin¡.! Pt'rctnl 

. .t\amc .w.u. .. -.A.quiferis) •. Ratt' lm-Vsl .• of.TGLal 

Munnhc101 Wc~t 4 1 .163 16.8) 
M.annhcm1 E.ast 7 1 .14t 14.56 
Parkway 5 ) .129 13.3:! 

G~enbroo~ 7 ~ anLI J .1.:'6 1~.96 

Walmot Center 1 1 09: 9.50 

Erb St. ) t .07<J 8.12 

William St 4 2 and lkdroc~ 0/l\ s.m 
Strangc SL 4 1 and 2 00:' 7.t7 
FOI'\I.:ell 7 J and BcJrcw.:l.. ()J.! ~ 47 

Baden 1 1 .025 2.60 
Waterloo North 2 1 .02-1 2 4S 

New Dundec 2 1 .00.2 0.25 

Heidelberg 2 3 .002 0.21 
Welleslcy 3 .3 .002 0.20 
St Clements 2 1 .0012 0.12 

Ros.eville 1 3 0008 O.OR 

S t. Agatha 1 1 .000: 0016 

Total .970 

into the lhree aquifcr groups (lowcr, middlc, uppcr). scparated by 

three panly discontinuous till unit" (Figure 2). a groupmg that is still 

acccpted LOday. although the details ha ve chant:cLI Tilis early work 
al so mcluded the fina attempt to modclthc cntrrc aquifcr systcm:l.."f· 

usmg a two-dimensional finite elcment modcl. lrnportant contn- · 
butions to the underst:1nding of Morainc hydrostratigraphy wcre 

mode by Rudolph ( 1985). Forvolden et al. ( 1987): Rudolph and 
Farwlden f 1989); Wocller ond Farvoldcn ( 19891: Poloschi (19931: 
anJ Terraqua (1995). thc lattcr prnvidtng comprchcnsrvc large-

.... ~..-a!e ~traugr;¡phH.: ¡ntcrprctatrons throughout thc corc and flanks of 

thc w~ucrloo Moramc. Thesc studJCS general! y ~.:onfinned Dixvn's 

{ JQ7)J characterizallon of thc Morainc straligraphy as a thrce

J.LjUifcr. thrcc-aquuard !\ystcm. wrth rclativcly continuous aquifers 

Jnd cv¡dcncc of latcr~li connccuons bctwecn wellfields. Local 

v.cllficiJs v..rthtn thc Morainc ha ve bccn !-tudtcd m dctail in the pa.st, 

p;ut¡cularl) <he Gn:cnbrook wellfield (e.g .. Forvolden and Weítzman 
IYSO; Wocller 198:!. Rudolph 1985: llcland 1977; and Loumer 
1985). usmg field methods as well as a vancty of models includ

rng a quasi-three-dJmcnsional model anda two-<.hmensional radi

ally syrnmctnc mcxJcl. 

Thc wellfields .supplymg the water for thc cities of Kitchener 

and Watcrloo e.~tlract water frorn allthrcc of thc Moraine aquifers . 

whlie thc rural communllics surroundmg thc cllies aie sup'phcd 

mostly from the shallow aquifcr. Wcllficlds. pumping rates, and 

pumped oqu1fers ore: lísted m Tablc l. 10c most 1mponanl welllields. 
includíng Mannheim Easi/West with 31% of production, Parl<way 
w1th 13%. Greenbrook wíth 13% (idcntificd 1n Figure 1 ), and oth
c:n, are located wrthm thc Cltles of Kuchcner and Waterloo or JUSt 

beyond their boundanes. Most of thcsc wcllficlds consist of severn.l 

wcll5. ami sorne tap two aqu1fers. 

Rechargc to thc Moramc systcm 1s bchcved to en1er mainly 

through sand hills along the éore arca of thc Moroine. with estirmted 
average recharge cates belween 15 ond 25 cm/yr For the Maryhill 
tiiJ on <he nanks of the morainc. lcakagc rates ha ve been found lO 

be 6 lo 8 cm/year on thc bos1s of 1nt1um profilcs through the till 
(Russell1993l Undcr thesc condiuons. e ven o 10m thick till unit 

.; 
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would rL·~ult in ll:di.II~L'II,l\~o'l tltliL'' ni al k.•,¡ 12:' ;car.. Howcvcr. 

mum~tpal pnx.ltH.'IHHl \\'CII' 'LTCcrn:d mthc ltl\\'t:r aqutft:r lhrough-
t 1111 !he lbnk, , 11 thL· i\ \t l!'.ttlll' ,¡H m· ~..·k\. o~lt•t ltrtl rutu k' ds (fcrr..klua 

t9Y5l. 'U~f:L''llllf f1il't-I 1J.'i.\ lL'\."Ii.•':...:: .. · .• ChhJritll.' ori~inatmg from 
ro;.u.Lsaltiug ..tCJ.t\'iliL':-.. \da~h ix.'t.:..tlll~~t.glllfiWIJiunly m thc IY50~ 
provalcs funhcr cvtdcn~:c: uf young w~tlcr in lile lowcr-aquifcr. 
Tht.s young water •~ bcltcvc<.J 111 he n.:ch~tq;cd by way of window~ · 
m thc aquttard:-.. tracturc:-. wnh111 thc ti!! fabnc. or both. 

Figun: J. Lucauun ur !>dcctcd lmrchulc.<. o.nd h,\dnl'\lf'2lJgraph1C Cros.<'i 
scctiun:-.. 

A frcqucnt problcm cncnuntL·rcd tn L'.ll !y nuxkltn~ ,¡udtc' PI 

local wcllfic:ld<; wa.~ lhC' ddilllll<lll or v:tlid hounJary conJJiitllh 11\ 

a ht~hly hciL'nlfL'IlCtttt' rnuhtou¡lllkr '~'tcn1 htNill~ m~my \\clll"t~..·ll 

in do:-.c proxtnuly. ll11~ pt ovttkd tite 1111JX'Ili' tt 1r thL· Jt"vchlptncn¡ 
uf regional rnoJcls:nlC: first-srcp in rhis dirc."tion wa' thc worJ... o/ 

Rudl>iph anJ Sudid.y ( IY90). who UcveltJpcd<t qtaa,i~lhrcc-JtlllCil· 
sional ~ubreg10nal modcl.cncompassing the mar!l wc:llficld:,. fol
lowe<l by FilZpatrick ( 1993), wh0 modeled the aquifcr system 
withon the urban area of Kitchenc•- ',\'atóioo. M "!'(in (1994) devel
oped a detailed model of the normcrn pan of lhc: Moraine, the 
Laurel Cn:ek wat=hed; this model became the pr-ecurror of the pre
sent Waterloo Moraine model. A recent contribution was madc by 
Callow (1996). who studied options to ortirruze production in the 
Greenbrook wellfield using three-<limen><• •nal modclong with both 
MODFLOW (McDonald and Harbaugt• 1988) and WATFLOW 
(Molson et al, 1995). Callow extractcd tus boundary conditions fmm 
the regional ~1orame modcl. 

Onc of the key conclu~aon!' o" ·';evwus hyJrngeologic studtcs 

i!' that thc grounci water flow sy· appcar . .:-. to he at stcady statc. 

Dixon (1973), Wocllcr (!9R2), Loomer ( 19X5). and Rudolph ( 19H51 

aJI found ponions of thC grounJ WJ.IC~ n:~w sy-.tCill [O he al steac.Jy 

SLatc, orto quickly rcach stcady st;:Hc whcn strc~~cd. Wocllcr and 

Farvoldcn ( !9H9) concludcd that thc flow -.y:-.tcm as in cqutlih

rium throughoul thc cntirc rcgion. This oh,crv~uion ¡., al.o;;o ctm:-.1~· 

tent wnh the rcchargc of young water to thc lm~cr aqutfcr. 

Dcvelopment of the Conceptual 1\lodcl 
On thc basas of prcscnt knowlcdgc uf thc v.:~terlno Mor.:unc. 

a:.. wcll a." thc latcraturc tpar1Jcularly fog& .1 YS(l), ttJs clcar that in 

ordcr to havc crcdtbtltty. thc conceptual moJel must be thrcc· 
duncn:-.¡onal and incorporatc a..., mu~:h ol thc gculogu.: structurc as 
'" a\;ulablc. lf thc ohJCCttvc wcrc lo lfl\'l.''ltgatc aquifcr ysciU. 
whcn.: lhc quantily of mterc.\.1 i.s tl11..' towJ water re..~ching a wcll, wuh
out rcgartl of ti\ nrigin. a :-.unplcr moJel (:-.uCh a:-. a quasi-threc· 

dmH:n:-.aonal mcx.lciJ mig.ht be com,¡dcrcU. Un thc othcr ~and. whcn 
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thc kcy objccuvc 1~ thc dcliniuon of cJ.pturc zonc~. and when thc 
ongm of thc water rcaching a wcll 1.s 1mponant, a fully thrcc
LhmcnsJonal rc:prc:-.cntauon 1s c..">::.cnua1 Thc following LS a bricf out-
1m.: of thc proccJurc u~J for tr.m.sfonnmg t.hc cxtcn:-.Lvc ba.-.c uf rJ" 
daw mto a ::.clf-con::.istcnt thrcc-Jm¡cnsJonal com:cptual mo<.kl 

Thc Provmcc of Ontario rcquircs by law lhat all dnlhn¡; lop 
OC f¡[c,;J wtth thc Mm1.stry of thc Ennrunmcnt: a.•;; a rr.::-.ull, more th.m 
4500 borcholc log!'- cx1st for thc ~tudy arca. Thcsc dat.L mdut.lc lop 
prcparcd b) wcll drlilcr::.. profc::.sional hydrogcolog¡~t:-.. anJ 

rc..<>earchcrs. Bccause uf thc uncvcn quality ami rcilabiluy of thL'liJW 
from 1.1lc:-.c vanou:-. :-.ourcc::..., scrccnmg and íUl.l quaiLl) ~.:omrol~ "en: 
c~scmial Ln thc Jc-.. clupmcnt uf thc dJtJ.ba::.c. Of thc ong¡n.d .-.ct (lf 
borcholc lup. 20·W wcrc ::.clcctcJ a.' rchahlc Jltcr .-.~.:rccnmt: anJ 
adJUStmcnt. Gruup::. of thc.-.c Yocrc hn~cd mtu 317 lot.:.lJ-,calc ero, ... 
~CtJons (FLf:U!C 3 1 to allov. conllnuou:-. mtcrprct.auon of U1c .-.tratJ¿: · 
r.1phy. F1¿:urc 4 J.'o a typKal ero~~ ~t:uon (~e Fl¿:urc 3 for h-....:JtJun; 

'howmg Ulc h:-oJroslratt~r.J.pluc mtcrprctatlon of thc borchulc t.t.U~. 
Cons¡Jcrahlc h~ Jru¡;cologH: JUUf!CHlCOl wa..~ nc<.:C.\.'oai)' tu rroJu<.:c 
mcanmglul. rcprc.,cnt~l! ... -c cro~s :-.ccuons ant.l c::ILnun~tc ur corru:t 
crruncous b<.lrcholc lo~.-. 1l1c ILthulogJc:-. of c.Jch huk wcrc thcn 
gruuP'=J 11110 17 catcgunc~ a.~ Jcf¡ncJ by Martm ( I'N4). J.nd n:p
rc::~ntatn-e hydraulu.: conductivtly ·•alues for each catcgory wcn: 
idcnuficd from thc htcraturc <FrcCzc and Chcrry 1979) a..~ 1.1.CI1 a.' 
from prcvJOu:-. pumpmg J.th.l .'olug tc~t rcsult ... m thc ~.~oclJf¡cJJ arca,. 
lllc~c valuc.\ are :-.hov. n 111 Tablc 2. WhiCh alsu ~hu ........ thc fuul~o:.ll
lbratcd valuc.-.. 

Thc mc::thoJulogy for dcvc::lopmcnt of lhc:: conceptual m0Licl1:-.· 
schcmallca11y illustratcd m Fagurc 5. Thc cross-scctiona.l J.nalyst.\ 
resultcd m a numbcr of strat¡graph.Jc uniLS rcprc.~ntcd by strall
graphic segmcnl5 for each boreholc, with each scgmcnt cont.ammg 
severa! ILtholog.¡c unns. For each of the defined'hyt.lrusl.r.llJg.raphtc 

segmcnts. honzonw.l and \C::ruc~ hydraulJc conduclJvtty va1ucs, Kh 

!ntC11't'~~<l!C 

E¡..,\lah::.n' 

1 
JO Coooeolua ¡ 

Mode' , 

Figure 5. Methodolog.v for conceptual model dc,·clopmenL 

and ~· werc cJ.Iculated a.<; the arithmcuc and harmonic mean val
ues. respecuvely, of the hydr.mlic conductivitie.s of thc individ.ual 
hthologic umL'I conta.tned in each scgment. This proce.."s rcsultcd in 
spot obscrvauons of lhe elevations of the surfaces delincating the 
aqu1fer hydrostrattgraphic units, along with estimates of the 
anisotropic hydraulic conductivities of thesc unas. To obtain IJ.terally 
continuous e)evatioris and hydraulic conductiviucs throughout thc 
domam. the spOl elevations and conductivitie..<; werc intcrpolated are
ally using universal kriging (Davis 1986; Joumel and Huijbregts 
1978). Kriging assumes that the variable in question ts normally dts
tnhuted throughout the domJ.in and provides estimatcs of thc most 
prohablc value, as wcll as thc variancc. of thc vJJiablc at any spec
Jficd point for J. givcn distribution of known or mcasurcd neigh
bonng values. The procedure J.l!ows for J. dctenmnisuc componen! 
and a random componen!. both of which are nccdcd for ttiC descri~ 
t1on of f:.CO!ogic dcposits. Sincc thc natural lag hydraulic conduc
tivilv of gcologic dcposiL<; is usually considcrcd to be nonnally di~i' . ~ 

tributed (Sudicky 1986; Boman et al. 1995), the hydraulii: 
cont.luctivity distrihutions Kh and K.,. wcrc intcrpolatcd in tenns of 
thcrr natur<.~l logarithmH.: valucs. The kriging. using a rou.tine con
t:llllcd m thc flnite clcment pn::procc.~'or GRID 8 UILDER (MeLaren 
1995). prnv¡dcd scts of hydrostratigraphic surfaccs and hydraulic 
c-onductrvrtlc' dcfining thc vanous units 1n thc conceptual model. 
Martm ( 1994) gives J. full dcscription of tllc proccdure. Varianccs 
of thc krigcd variables betwecn the obscrvJ.tlon points are also 

nb¡aincd; thcse are not u sed in thc prcsent version of the modcl. 

Thc Ground Water Flow Model 
Thc numcn~al modcl choscn for thl!:> study, WATFLOW, IS a 

v..cll-provcn lhrcc-illmcnstonal fimtc clcmcnt ground water flow coJc 
dcvclopcJ at the Umversity of Waterloo (Molson et al. 1992, 1995). 
h 1.-. b..L.d un thc gcncr.U thrcc-dlmcnsional furrn of the goveming 
d11Tcrcnu.U cquauun for trans1cnt satur.ucd ground water flow in hct
crof_COU)ll' am~p1c media (Bcar 1979 ), anJ 11 U!<tCS tnangular pri!r 
malle fm¡tc clcmcnt~ wh.ich allow lhe gmJ tu be dcfonned to fit irrcg
uLH or slup1ng ::.tratJgr.J.phy and vanJ.blc laycr th1cknesses, and 
..,., hKh allow efficrcnt grid rcfmcmcnt m. critica! ílf~ such as well
foehls. The flmte elcmcnt grid is generated automatically in the 
two-dimcn>~onal plane usmg the pn:procC-\sor GRID BUILDER 
(f\kLlfcn 1995). amJ pro;cctcd in thc vcn1cal to forma lhree
Jtmcn:-.ronal gml. Thc modcl allows the u:-.ual Dlnchlel (specifled 
hcaJ¡ and Ncuman (specilied flux) boundary condiuons. Thc top 
boundary of Lhc satur.J.tcd modcl domain ~~ thc water table. which 
cJ.n be rcprcscntcd eilher in tcrrns of s.pccificd hcad or spcc1ficd 
rcchargc; in the latter case, the location of thc water table is dclcr~ 
mined 1terativcly by saustying the criterion of z.ero pressure head at 
the water tablc. The interflow mechanism that would occur if thc 
water tablc is located m a low-pcrrneability laycr is approximated5 

.1)!; 



hy m~;.~n:-. of a thin r~dtar.;c 'pn.:~11.Jin:; l.•y-=• til.¡tumduct:-- r.:¡,;har,;;.: 
lrom lnw-K arca-" 10 higher-K arca.; ;,¡hk '" ••ccert thL' rcchar~c 
\l.'ilhout cau ... ing cx,_, ... ¡,c moundlll::= \VL'll '-LIL'o..'H" .u e 1Lfl!C..,cnlcú 

·by onc-.duncn~una •.. :~.: clcment~ (SuJil:"'-_\' ct ;d 11)')5 J S!n;;:un.., :m: 
· .. rcprc..\l!lllcll as spcc.Ute.U hcad houniliuic. ... .in ÚJC.JJJlit Lh..1t ~~ iwcr..c;t;tcJ 

hy the stream. For mass balance cnlculation ..... thc mllow/outllow 
fluxc .... at thesc stream boundarics are obtamcd dircctly fmm the par
tltloncd global finne clcmcnt malllx equauon. Sincc ll1c moJel¡_... fully 
lhrcc-dimension:~ lcaky aqunard or nvcr bottom ht.HP1dary condJ
tlons are automa . ..:ally reprc.\l!nlcd. 

Thc mat.rix cquat10ns arl! sol ved for nodal hcaí.h u....mg an cffi
CICnt precond!tlOned conjugatc-gradient matnx solver w1th a blocl
linc-relaxallon procedure dcsigned to effic¡cntly managc h1gh hor
izonta.l-to-vcnical aspcct ratios (Bracss and 1\.blllg JYlJ5J. From ÚlC 
noJal hcJd.-.. elemental vclocily componcnt.-. are c.Jicula!Cd 111 thc 
standard way by mca.ns of thc Darcy cquJuon. WATFLOW contam!' 
a po.st-procc~sing parucle tracktng rouunc, \\'TC-TRAC. which is 
u~·-·:J to dchncatc wcll capture zone..\. Th1::. rouunc USC.\ thc clcmcnt
w¡~c constan! vclocHy vectors calculaletl on thc ba:-.1~ ofthc Oarcy 
cquauon. and advccl!vely tracks swarms of paruclc.\ bac"'- wan.l 
from a wcll. m thc upgradJ!.!nt dJrcclion.lhrougll thc thrcc-O•mcn
SJonal vcloc!ly vector field. Thc panJC!C'- can c!lhcr be trad.cd for 
a spec1fied Jcngth of lime lo generate a specillc isochronc. or 
tr:J.d.cd until a recharge boundary is reachcd. 

WATFLOW was comparcJ tu MODFLOW iMcDonaiJ anJ 
Harbaugh 1988) by Callow 1 1996¡, who applícJ both mudcls tu a 
subreg10n of lhe Watcrloo Mommc. lhe h1ghly complcx Grccnbrook 
wellficld which conL1ins muluple wells. In bmh modcl~. the lop 
boundary was spccdicd 111 terms of rechargc. and tllC' gnd wa.o; 

rcfincd m thc VJCJnily of lhc wells. MODFLOW rcqu1rcd ;_¡ IOLal of 
about r:70,000 cells tof wh1ch about l5,(X)() wcrc JOJ~tlvc Jo ver 17 
laycrs. g1ving a 10-m dJscrctiz.auon ncar thc wclb. whd~o: \\'AT
FLOW usc.d about 11 S.OC>O nades for thc .!.ame nurnhcr ol J;_¡ycr~. 

achJcv¡ng a di!>Creuzallon of 0.5 to 1 m ncar thc "-Cib. (Jllow 
encounlcrcd a number of problem~ m usmg MODf-l_QW. Ulc mo...l 
scnou::. one bt.:ing a J¡fficulty to converge toa staLlc .-.ulutum dut.: 
to somc ce lb o~illaun~ bctwecn drammg and rcwcttmg t.:onJ¡¡¡on.' 
wht!c ¡tcraung to locate lhc water 1ablc corn:spondmg tu a flVC'Il 
rechargc. He also reponed Jargc amount.., of unrcah ... IK w.un ¡,¡hlc 

mounding tn Jow.rx;rmeabdll¡: lOilO. Accordmg h C..Jilm ... tll:l't· 
cultJc:-. a.lso aw'iC duc to lhc !~e vanatJOJl\ mlavr~ lht..:knc"-..c" and 
Jarf:C COOlfa.<;L<, 111 thC f>CrTI1CJh¡J¡¡y of lhC J;:¡ycr.! up hl <.,(\ Cll Clfdl'r\ 
ot rnagnnudcl Nonc o( thc:-ol' prnblcn~ ·-.currcd w¡¡IJ \\'r\TI1.C )\\. 

v. h..:h h::mdlc~ largc pcrmcJhJIJty cnn:: ... ~t.'. •rrc~ul.u ... tr:Jll!=r.•rh~. 
and thtcJ..ncso;; van<~.LJons cfficJcmly. clunmates thc moundm¡; rroh
lcm hy mcans of the rcchargc srrcadm!= !ayer. and ha' .l mnvm!= 
WJicr lJble boundary Exccutlon llnlC'> for MODFLOW r.JII!=Ct1 
lrom hour;; toda y.-. on an IRM 60001~(-.() mJChJnC. "'hdr tho ... c'tnr 
W-\TFLO\\' avcr<:~gct.! ::mout 20 rnmutc' on thc <.,Jlllo..' lll.tdunt' 
Uottl moJel~ u-.e a prccondiiHJncd conJugatc gr.lll•cnt \.i.lh-cr, but tJ¡¡: 
WATFL.OW ~llver 1s opttm17..ed for l~c pcrrneatlllity contraq~ In 
tcnm of SC!·up t1mc. Callow n:ron' an cxpcnduurc of thrcc month.., 
tnr ,\fODF!.OW. whdc onl~· two d.···" wcrc ncct..lcJ 111 prc~~.Ju,:l· !he 

r1r-1 "u..:ccs.. ... ful run w¡th WATI·l..O\\ Ba.-.ct.i on Callo..-.\ n¡--.:ncn •• :c. 
MODR..OW wa.o;; r"t constdcred to Oc apprupriatc for thc W.Jtcrlon 
Morame stuJy. 

Model Architecture and Calibration 
Thc boundmco; of lhe model doma1n follow natural fcaturc .... 

such as nver.\. crce~s. and swamps. mcluding thc Nith R,, .. cr m thc 
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Figure 6. Finitl' clemcnt l!rid in hnriwntal planc. 

wcst and the Grand and Conestogo R1vers 111 the cast. which fonn 
gmund water d1vides for lhc ovcrbunJcn aquifcr.- <F•!=urc 1 ). In many 
loc..IliOn-". thc..-.c nvcrs havc cut through mud1 of thc mcrburdCn (par
ticular! y Aquifcr 1 ), and m thc snuthcast comer of thc study arca, 
thc Grand R1vcr is in dircct hydrauh~ conncction with thc hedruck. 
Thc northcm boundnry wa~ locatcd mo.\tly ;.ilnn¡; tnhutary streams 
fonc hcing Boomer Crcek). whilc thc 5outhca"icrn boundary was 
placcd at thc R.oscvillc Sw:Jmp, n natural !;fOUnJ water discharge 
locauon. VcnJcally.the hydrn~tratigraphy ¡o; d1\'1dcd into 121aycrs 
a.; shnwn m F1gurc:! (thrcc fnr Aquifcr l. two tor cach of Aquifer.; 
~ anJ ). :md onc for cach of thc oth~r unit..,l Th1" vertical dis
crctlt.;ltion was considcrcd to be thc nnunum for an adequatc 
Úlrcc-Ji¡J¡cn!>.Umal n:prc.<;cntatlon on thc r:_·gional -"Cale under steady
..,!JIL' condtuono; (futurc subrcgional mPdcls wlll U!>.C a finer veni
~·..~J dJ..,CfC'Ilt..;._¡llonl In :JddttJnn. thc rcchargc sprcad~ng laycr. which 
rcroutc:-. rechargc from Jow-K ¿onc.'l in thc surf¡~,_·¡.JI !ayer lo highcr
lo\ tone,, 1 .... Jr.lfle.'d ovcr thc cnt1rc nHxJcl Thc fin1tc clemcnt grid in 
:he hnntontal pl.mc. !!rncr:llcd automaiiCjlJy. ha\ clcmenrs r.:mg-

írum =10m at thc wclb In a rnaxmmm of ~(X) m in more remole 

:a. .. fFJfurc 6) Thc vc:n.cal prnjen1: •:1 ofthc planar ,g:nd onto thc 
J l.1ycr mlcrfaL·cs rcsuhcJ 1n a total uf aOout JI h,OOO nodc!ll and 

2IO,(X'Xl pn ... matu: clcmcnL<; Cf-i!!un= 7). Thc hoond.uy condtuon ovel
lhr tnp 'urlaLT t<., thc rcch.trgc nux. cxccpt at ... ucam or opcn-watcr 
hounJanc' ..-.hcrc a con~tant-hcad hounJary cond¡tlon is spcci
fJed. lmllally, the top surface of the modd" locatcd at !he ground 
..,urlacc; Uunng c:x.ecution th1s suríacc is moved .Jutornatically to the 
wa1cr t.Jhle that ¡o;; cons¡stcnt w¡th thc flVCn rcchargc. Thc Jowcr 
~quilcr. havc later.ll no-flow houndanc~ on thc ;L,_..,urnptlon Ükll thcy 
dt~har~c to thc ovcrlymg .\trcarn!>.. TI1c bottom boundary is the 
unpcnnco.~ble bedrock. S1ncc: all layef5 are continuous. aquitard 
windows are repr~sentcd ;o- hJgh<onducuvity 'zonc!>. and aquifcr dis
contmuitic.s as low-com.iL. :1v1ty zoncs in thc respective umt"i. Thc: 
amsotropic hydraulic conducti~ty varics clcmcnt-by-element 
withtn each !ayer. llle elcmcnt.al poros u y wa..., c!>.llrnatcd on thc basis 
of the horizontal hydraulic conduct¡vity valuc uo;mg thc mcth~ of 6 



Figure i. Thrcc-dimcmional "·ic" uf fanilc clcmcnl¡!rid rinitial con
ditJOnJ. 

)omenicn and Schwanz ( 1990l Thc modciJ.s dcs1gned so Lhat sutr .• 

.omams of pan11..:ular 1ntcre:.t. such J.!\ arcas surroundwg wcl!

flclds. can be ca..\ily t::\trJ.ctcd along wlth thc.:Jr bounda.ry condnions. 
Steady-sratc flow condltJOn<-. are assumcd for thc reg10nal 

mcxJcl on thc ha ... i~ of flcld nb~crvation:.. (Loumcr 19X5·. Wodlcr and 

Far·.:oldcn l9SlJ J Wt: do not ruk out thc rx)~'>ibihty th •. n aqu¡wnl.., ma: 

be undcr lransicnt condJtJon.~ lu..::ally. ttm. uption will be pursucJ :Jt 

a latcr stagc. 8i.!G1U.'>C nf thc hctcr.Jgcncuy nf lhc sy.'>tcm. a.-. wcll a.-.. 
geocherrucal cvidcnce. H wou!J appcar thatthc aquifcr.. ;,m: ro..:harp:J 

prcdommantly by flow through hq;h-pcnncabiln~ w¡ndu"~· whilc 

lclage thmugh Jow-pcmlcabiiH: matcnal play-. a lc.'>SCf rule. UmJcr 
this mcchani.sm. thc stcaJy-'.\tatc a.-. ... urnptllln 1:-. rnsonJ.blc. 

For calibrat10n undcr '-tcaJ;. -~tate conJit1nn:-.. a tutal llf )Ll~ 

monnonng wcl!s "ere Jd~.:ntJ(u.:J v.h!.:re me.L'Iun:J hcad:-. can be run

~Jdcred SuffJCICOtly JCCUfJ.IC anJ rern:,cntaiJ\'C uf prc~nt purnpm¡.: 

com.huon.'>. Thc m:.Jjont~ uf Ulc:-,¡,: wc!J, .1n.: .\l.:rccncJ m lhc uppcr t1.1.0 
J4u1'fer:-. S mee hc:.Jd:-. :.JhlllC an.: 011t ,u:(¡,.:¡¡,:nt fur a un14uc ca!Jhr:J

tJon unJc~ :-tc;~J~ _,t:ttc ..;.mJI!nln' 1 ~~ ·' .tluc:- can lx' mult!phcd h~ 
an: COO\{J/l[ [(1 ,!!1\C t!Jc !\ •. 1/J\C hc.1~ JhtrJOUillln). C.\(JIIl..ttCJ /le[ 

.tvcrat:c rc..:narp: r.tiC" '""t·r:: .Jl ... ,l m,:lur.JcJ m tht· t".J.!Jhr:.JtJon. v.tulc 

rump1n~ r:.Jtf.::- at '~cllllclth prtn Jdl't! ÍJ.1.ct..l con:-.tr . .unh Strc:JJJJ 
h.c.cflov.!., whcrc :.J\.Jil..Jhlc. Y.Crc-rc ... cr.cJ fur u-.c m ~ub:-.cyucnt 
water balance cah.:ulatlon .. ltl hclp v..J.liJ..ltc ~moJel. 1h: cahbr.ll.JtXl 
wa...<; done hy lnal ..1nJ error hcc:.Ju!'>c tiK numtxr of VJJI:ihlc.\ woult.l 
ix: too lar~e for autom:.JtJC cJ.ltbr.ttJon u-..Jn~ C:.\1:-.tm¡; 1\Klb Aho. ll1c 
,¡:cologK ami h~drugcult¡¡;¡,_ -..Jn.J...tun: h.tt.l f.llrc;,¡Jy bccn ...,clll.lc\l:l

lpcd. mak1n1; calihrat!Un ;_¡ rci.JtJ\CI~ straightfoNan.J ta'i~ ant.l 

.t!lowmg for adJU!.tmcnt:-. tu be ba.\CJ un juJgmcnt 1n v.c¡ghwg 

thc credibility of thc va.nuu:-. data t)'pc!.. Sck..:uvc adjustmcnL" 

wcre applied to the hy·dr.Ju!Jc conductivny values in str.J.tc:g¡c loca

tions. whcre needed.to tmprove thc match betwcen s1mulateJ Jlld 

observcd hcads For thc mo.'>t pJ.r.. thc calibrateJ hydrauhc con

ducuvay value:-. are wn.tun onc arder of mat:nitudc of ob~r.cJ lidd 
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Figure 8. Assessmcnt of modcl calihration (n = .o.tmulard de' iation. 
3\ ~([) = 3\'CraJ:C crn1r, a\·¡.:lrl = 8\CraJ!l' ah..,oluh' 'ahw nf t•rrnrJ. 

valucs. but m pon1ons of sorne till aqllltarJ un u.-.. thc hydraulic con
duct1VIty had to be Jowercd hy onc 10 two on.Jcrs of magnitudc tn 

decrcasc lhr intcr.:J.ction bc1wccn thc aquifcr unll'-. TI1c rcchargc w,l_, 
vaned fmm ·18 cmlyear along thc tlanks to 22 cm/year in the corc 

area of thc Mor.:J.inc. and toa high of 31 cm/ycar m thc 1mmcdiate 
~icinity of thc Mannhcm1 sand hills. giving an arc¡_¡-weighted avcr:.-': 

agc nf 20 cm/ycar. or 22% of thc total averJgc prccipitalton of about ·, 

90 cm/ycar. whKh 1s wJthin thc 15 to 25 cm/ycar range. 

The final cahbrated value~ ofhorizontal and vcnical hydrauhc 

conductivlly for thc vanous lithologic catcgonc:-. are shown in 

Tablc 2.. andan a..~·•.cs.,mcnt of thc calibrJIJon :-.huwing sJmulated ver

su ... oh-.crvcd hcads 1:-. g¡vcn in F1gurc H. 1l1c hcaJ rcs¡Juals are uni

fomlly di:-.tribUicd ovcr thc sy.stcm. Sorne of the fC.'>IduaJ scancr scen 

m thc plot can be cxplaincJ by thc unccnamty Jn thc ele\'ation of 

thc Olca.surcmem poinL<; (borcholc clcvauons and observed hcad vaJ

ucs). dJ.t;,¡ that are not rcprc!'>cntatlvc of cxJstmg water levels. and 

local-scak hctcrogcncuics bclow thc leve! of discretization. 

Unccrl..Jillty 111 clcvatJon:-. i:-. cs[lmatcl.lto be approxJmately 5 m. thc 

cuntour mtcrval of thc tOfXJ¿:rapluc maps u..,cJ tu cstimatc borehole 

clcvatium. t.Im .'>OUn:c of error can only be cllmmated by accurately 
..,urvcym~ all horcholc clcvat1ons Thc c..thbrauon will be refmcd m 

thc ncJ..t \la!!c nf thc .'>tudy f(X:U.\cJ on individual wcllficlds. 

A' an oamplc of thc hctcrogcnclly of thc systcm. F1gure 9 
!>.how.\ thc cahbr:JtcJ hyJri.iullc ¡:onductJvily fldd" of Aquit.ard 1 and 

''4u1kr 1 1Kh for ;u.¡u1fcr. K, fnr aquitarJl TI1c aquifer plot·al~o 
-.huw" thc v.:clh cnJ1nf: 111 tfu ..... unit. Bcc:.~u-.c thc aqu1tard contain:-. 
hJgh-conJu~.:ti\'Íty ronc\ (wintlnws) wh1ch actas part of an aquifc:r. 
wh1lc: Lhc aquifer conlalns low-conducuvity 1.ones which locally act 

J.\ an J4Uilard. thc rangc uf hyJraulic c.:onducti\'Íty 1~ Similar for all 
urut~. and thc '\ame rangc uf gray....calc wa.-. U.'>Cd for both plot:-.. 
Aqu¡fcr 1 '¡:-, thc tluckc~t and mo.'>t con.\l~tcnt ayuifcr, wah contin

uou"' high-conductivuy Lunes thmughout thc central por110n; 1t 

~upphc:, abuut óifh> uf Lhc tut.al pruJucuon. A4u1tard 1 provtde.s,pro

tccllon to Aqu¡fcr 1 ovcr most uf thc arcalhrough its extcnstve low

K, rones; it a!;o allows re<:harge through windows that appcar as 
tugh-K, zoncs. For example, the large h1gh-K, zone m the south thin:J 
of Aquuard l 15 a wmdow t.hrough wh1ch thc z.une of Aquifer 1 con-
tammg t.hc Mannhem1 West wcllficld ¡,.., cxposcd. 7 
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Figure 9. Calihratcd h~draulic conductivity distributions ror AquiLard 1 and Aquirer J. 

Tablc 3 
\\'atcr Ralancc at 1\ith and Grand RiHr Boundan~ 

O~nt'd Smmlatnj " 
1 

~trc.am Ha.w Hu"' tm.lf..,¡ Hase fo'luw tm-'1~1 Error 

~ah R1\cr Uú 1.5! . .1 ~r; 

Grar.J Rncr J ... , J ~: •. 1 ~" 

TI1c rt:m:'..Jnlnf aqUJfcr\I.JquH.mb (not .\hownl 'ho" 'unil.u hct· 

c~ogcncity p..!:tcm.\ AL!u1fcr 2. wluch ,<,upplu:.\ .Jhout 2U'7r of pn•· 
ducuon. is th1nncr th:lfl Aquiil-r 1 hut al\(1 n.b l'llntmuou' /.IHll''

hlf:h con,JuctJ\11]. lt ¡, prolc..:tcJ h;. ALJUlt~J 2. thc f..Ltr:hd! TI!. 
(F\e.urc 2¡, w!11ch i<.. a fJ1rly cnnJ¡nuou.;; tdl :-.hect \.I.Jih ;¡kv. "In· 
~. ' Aqu: . tnc l!WlllC.\1 of tht: thrct: .. H¡udcr.\. 'upphco;; atltJUI 

'ro\(()'.. II.Ju..:tiUrl :\ljU:t.uJ :. thc CatÍJ.\h (red Ti!! v.hldl 
ovcr!IC.\ A~r::J;.:r :. ~'- Jc, ..... ntu1unu' anJ h,t, \o;:·· 

J11W~ pa:-u~ul.u!) m tht• arc.J of thc P..u~"·..l: "cll(:~ 
L:tl'f:l' "tn· 

.11 !11\.1. Lflt-: 
rL'ChJ.r.¡:c hl :\~.;u:Jcr .~ ·\qutt.ud _. ~~ .1 rathcr tillll Jt:-. ... 1•." .111uuu~ tdl 

... hect "htdl !~~o.:..~!l.\ 'l'P.li'.JIO A~udcr) from the hcLJn)I.J, .Jqutfcr. 

The bttcr ~urrhc~ ahuut y;-¡ of tutal productwn. 

\Va ter Balance and Water Budgct 
Strean::lowo;; at a \matl r. ··c:r of loc:Hiono;; wnhm thc '\luJy 

are;>. :~.re mea$urcd rq:ularl~ Water Survcy Can.1d.1 anJ thc 

Grand R¡vc· ,-onserva110n Autnonty. Ba..'\.e flow~ c;r;.tractcJ from 

the.o;.e data. and U!'-.Cd m water balance calculat10ns. providc thc 

only indcpendcnt data av:ulahle for modcl vahdation at th1.\ ttmc 
(Eventual!: selected local models to be developcd m the near 

fururc w!l! be valldated .J_!!am~a envtronmentaJ rraccr dal.l ) Fmm thc 
strcamOow record\. ha...,c Oow cnntnhuoon<> were e<>ttmated from 

summcr low.flow condJttons. In thc case of thc Nith R1ver, a 

bounJary stream with two gauging st.:lllon-; con\'cnicntly Jocatcd on 
thl· moJcl·boundary. upstrcam flows wcrc suhtractcd from down

"'rcam Onws and thc differcn~o.:c dtvidcd hy two tassummg one-half 
oi thc hase flow 1:-. den ved from the ,¡~¡Jy arca l to obtain thc base 

n. 1',\ contnhutum from thc wcstem h,\, \)f thc Moraine. A Similar 
r: .cdurc was uscd for the Grand R1vcr. which fom:·, pan of thc 
c..L-..Il'm txJundary but ha.•:; gauging station., located sorne distancc out

'IJc lhc modcl boundanes. rcquiring mtcrpolation to obtain base 
flow contribution" _·onsistcnt Wilh thc model boundanes. 

Currc:-.rondmg sJmUJ .. >cd base flows werc dctcmuned by integral· 

1n~ thc modd d1scharge/recharge alonf!_ thc ::·i"'ropriate ponton of 
thc \lrcam boundaries ·:·;le observed and <>imulated basenow_, for 

thcM.' tw<~ -;treams are _ ven in Tablc 3. The mass balance e·r,lr:>. 
¡¡,Jmui.Jicd - ob'>Cf\'l'dllobscrvcd) of -3.2% and +3.5%, rc..,¡.,cL·· 
IL\ ·-1~. are '-''l'il w1thm thc margm of error associated Wlth thc data. 

,". .~ h.ti.Jrh.'C.\ wcrc also calculatcd for <>cvcral smallcr stn:ams 
._.1thm thc ..,tudy arca for which base flow data wen: availahle: thc 

error' hcrc wcrr about :::.200( The Jarg.cr error 1s mamly due t•· ·¡e 

,,:ale or !he reg1onal modcl bcmg too large to allow adequatc .- 1d 
rcfmcmcnt m thc vicmuy of thesc streams (this aspect will be 
adJrr..,'-Cd 1n future smaller-sc.a..lc subregmn simulation.'i). 1ñe arith
mctlt' .\Urn of allthc ma"" balance error.\ (recognizing the ~agns) is 
nc.:rh 7cro. Thu~. thc modcl can be con.\idered vahdatcd wuh 
rc.\pt.'l·t tu ma!l' balar .. ::. 

To pul thc ha.o;c r · valucs mto conte~t. we may also com.1der 

thc othcr contnbuuom to thc totaJ water budget. 0n thc basis of thc 

nc1 average rccharge of 20 cm/year, lhc amounl of water rcchargcd 
d1rcctly to t.he ground water system ovcr the 745 k,m2 study area is 

apc"tlx.malcly 1.49 X JO" m3/year. An additional 0.57 X 10" m3/ycar 
re ... :1es thc ground water syslem through influcnt streams.. asan 'nc:Js 
rcc.:1 form of rechargc. g1ving a total of 2.06 X J()ll mlfycar that 
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h¡;:un_• 11. IJorÜunt..aJ·p\.&0<' pniJl'\1100 Of flOM-p.;.ilh.' ¡,md l"\lllll.th'li 'Ur• 

facc capture 10nC'!\. 

I"C~.:harges thc gruund water !>)'~tcm Thc: J.\Cr.1gc C.\lr.l1.:t•vn r;,¡tt' !nnn 

allwcllftc\J~ (Table 1 J i~ O 97 m 'ls or O.J 1 X 10~ m 1/yc...u. ClJUL\ J· 

lcnt to about 15% of the toul rcchargc. llus lea ve.... a nct dtfkrcn(c 

of appro.l.tmately 1.75 X 1~ m3/yc.ar, or H5'k ofthc t(¡¡aJ recha.q;c. 
to !cave thc study arca 3..<, ~tream ha.<:.e now. Of thL\ tut .. li, Lhc ¡\Jth 

R.tvt'r CJrflC'- J~out ~77r Jnd thc GrJnd. wtth ll'- tnhut:~r: thc 

Concstogo. carne.<> the rcmaimJcr. ·nlis c~Lk:ul:ninn 1..ltx:.-. tHlt con.-.JdcJ 

stonn nows. The total amount of w;,.Her emcmlf! thc nvcr sy-.tcm 

lrum Lhc SIUdy arca con ... l!->1:-. tll thc ground \\,Jil'l dl .... dl:H,t:l'. tl1c "'''1111 

runofT from the 745 km~ l;md1oourtac~. and thc rctunh~tl ltl'<liL'd 

· wastc wata;whidlt~ccounisfor a largc pan of thc watú extril'l.~~J 
by pumping. On·b.alancc,. moM ol thc water that would entcr thc 
nvcrs under natural conditions aJ:-.o cntcn; under pumping conditioJK 
Thus, thc effect of lhe ground water extraction on thc nvcr systcm 
1s small, although local streams within the study area can he 
affectcd signif1cantly. lt should be notcd that budget contributwn' 
other than ground water are cxtemalto thc motkl anJ are providL·J 
only to put thc ground water componcm intn contc\t. 

Flow and Capture Zone Simnlation 
F1gurc JO shows thc hydraul1c hc<Jd dl,trihutuln at thc w.IIL'I 

tahk. produccJ hy thc calihr;llet! mndc! undcr '-IL'o~dy pumplll~ 

contl!tlon ..... u ..... Jng thc pu111p1n,:.: rJIL'' .-.hcl\\'11 JIJ.Iahlc l. A!-> cxpcctcJ. 

f:rüUild W<J(Cf now IS f:CilCf<JIJy [fll[ll llOr1hwc....¡ [ll -.outhcast <lh11l~ 
thc corc of thc Mor.Jinc. anJ tow<.~rd tiK· Nnh anJ Gr<.~nd R1vcr" 

Somc 1mpact on lhc water tahlc duc lll pump111~ ~~ notJccahle atthL· 

Mannhcim \Ve.st. Erb SL. Wilham St.. and \VJtcrion Nonh wdlficiJ, 

(compare F1g.ur~ 10 anJ 1 ). hut on thc wholc thc nnpact" are suh
ducJ bccausc the pumped <.~quifcr.; for thc mn~t pan are covcr~tl hy 
a'1unards Thc hydraulic hcad d1strihution" in LIK ;1qudcr.-.lhcmsclvc..., 

(nnt !:!hown) follow a smula.r n:g1onal trcnJ hut are mud1 more trrcg

ular duc to hetcrogcncltJC:... Thc exccut1on of thc fully threc-dimcn
SIOnal model with about 116.000 nodal point.s. running in steady
statc modc, rcquired about 30 nunutcs on a PcntiUm-200 PC 

Thc partJcle tr.Jckmg routJnc \\'TC-TRAC \\'a" apphcd to g;n"
cratc csumatcs of thc stc<.~tly-:..tatc ~urfacc capture zqncs for all 
wcllficlds in the Moraine arca. Horizontal-plane projeqions of the 
thrcc·dJmcnsional flowpalhs, w1lh thc arcas cncompassed by thesc 
Ot1\I.PJthS shadcd. are shO"-'n in Figure 11. 1bc majar pan of the east
cm tlJnk. of thc \\'atcrloo Mor;,¡mc, w11hm thc city boundaries of 
\\'Jtcrloo and Kitchener, zs covcred by thcsc potential protectmn 
Jonc ..... For sorne weiHiclds, the actual rccharge zones ·may be 

.~om ... illcr !han !he rones cncompa.'\sed by lhc nowpaths; however, thc 

prutcctJon zonc for a wcll should compnsc thc complete projection 
of thc.: thrce~dmlcns1onal tlowpaths onto thc ground surface to 
account for thc possibility that dcn:-.c hquzds could penetrnte from 

thc ground surface to reach lowcr-lying tlowpaths (Kmzclbach et 

al. 1992). Thc panicle tr.>vel umcs from !he wells lo !he water tibie 
rangc frnin < 1 year for lncally rcchar!!cd water to >100 ycars for 

"atcr rc .... llar~cJ witlun thc t.·orc <.~re~ of thc Morainc. The shoncr 

tra' el 1unc' .Jll' con._i,...tcnt with ob~crv<.~uon .... o! young (post~ 1953) 
..., Jtcr \1, h11.:1l m.1y ha ve reachcd thc <-~Ljui!cr" through wmdow.\, 
..., luk thc lollfCr Lr..Jvcltlmc" .... ugt.c'l that lcak;J!!C through low--con· 

JucliVII~ IJ~cr.-. may a1'-4.) play·;,¡ 'l!!fllfiL'ant rt1lc. 1bcse capt~ rones 

c.,llm;JtC!->. ubumcJ wllh thc Cllan.C regional grid, will be: n:fmed 111 

thc nc.ar futurc, woing more dctailed lucalthrcc-dimensional mod
cl\ of thc individual wcllfic\d~ lf pumpmg ratcs changc. thc cap· 
turc zoncs w¡IJ changc acconJmgly 

In ordcr to dcmonstratc thc :..cn~uivuy uf thc tlowpaths (anJ 
henl'C thc capture z.oncs) with rcspcct to thc gcologic structurc. wc 
cun~1Jcr Lhe GrccnbnXJ~ <.~rca whH.:h ¡, ~nuwn lo be gcologicall)' 

complc'-. F1gure 12 is an enlaq;emcnt uf Lhc arca upgradient of lhc 
Grecnbroo~ wcJif¡c(d, showmg a plot of vcnzcal hydrauhc con

ductivl!y of Aquit.ard 2, and a cross scctmn through the systcm 
placcd appro,zmatcly along thc upgr..Jdicnt Jmxt1on .. Th1s wellfíeld 
h:ls wcll' scrccncJ 111 Aqu1fc.:n. ~ami·' \\e '-Cicct a wcll endmg ¡¡( 

., 



Plan VleW of Aquitard 2 

VertJcal Cross.-Section 

Fi~urc 12. Scnsith·ity or nowpaths. Greenbrook wellrield: Plan view 
shO"onn~ Aquitard 2 h)dntulic conducti,·it) distribution (K,..J; and \cr
tical cros.'i scction upgradicnl or "cll. 

Plan vk!w or Aqurtard 3 wrth w1ndow near well closed 
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Figure IJ. Scnsiti" it). or no" paths, Greenbrook wcllfield: Plan view 
showin~ Aquit.ard 3 h)drauhc conductivil) di..'ilrihullon (K,.) with 
window nur pumpml! "rll cloM:-d; and '·ert1cal cnl"\.\ \C'C'tion upJ:ra
dicnl o( "CII. 
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Figure 14. Scmilivity of nowpaths, Grccnbrook "''cllrield: Plan vlew 
showing: Aquitard 2 "ith a\o·crag:cd hydraulic conductivil)' distribu· 
tion (K.I: and cros..'i ~ccticm up¡.:radicnt uf "cll. 

Aquifcr ) to dcmonstrau: thc Jcwlllplllent of thc C<lfllurc zoñc. 

Particle.., an: m:-.cncd .ununJ thc wdl -...:rccn anJ lrad,cd m thc upgrJ
U!cnl dntTIHm untd thl'y mtcr~c;.:t the watn t:1hk. ll1c ero ... ~ ~ctinn 

~h~~w' thc thn:c-l.hmcn..,lon.il p.1rt11.-lc tr.H.:J.,, projcctcd ontn lht·. 

planL· 111 thc ero..,.., \CCIHHI, whtlc tllc pl.111 \'tcw .... hows a proJcclion 

of thc paruclc trad .... ollltl tht· pl;mt• ni Aqun.m.l ::. Thc intcrsccti(m 

potnt..., o( thc pan~~:k trJck.., wuh thl' w:llt·r tahle !!~ncrally he off thc 

ero ... -. ..,cctton. Thc Í1gurc: lllu .... tratc:-. :1 typt-:.11 rcchargc condtllnn 
wht·rc rcchJ.r_!=L' tu thc wcll ha-. a ltw,:;LJ contptlncnt which cJpturc.., 
water mfiltr:llul!! ncar thc v.cl!. ami .1 re~ton.Jl cornroncnt. wh1ch 
Gtptun.·, \l.:ilcr trom lanher alicld "lltc hl\._·,d Lomponenl rcachc~ thc 
\ol.dl Um:Ltl~ thruufh wmdtlW\ ncar tlH: wcllm hoth Aquitard.<> 2 anc.l 
3. wt11k lile rr.:~umal cnrnponcnr p.l ... ..,c, _through Aquifcr 1 and 
throu~h rclat1vcl~ h1t;h-J\. tone~ m AyuuarU 2 A numbcr of palh
lmc~ ha~c 1ra~clumc' of <JO yci..lr.<.. wtth thc \honesttravc;¡ u me!\ 

{closc.<.l 10 thc wc!IJ hc1ng < 1 ycar. Thc p:.tn~t:lc tracks in AqUifcr 2 

are general! y ca.'.t·wc::.t: upon rcaching Ayulfcr l. the direction 
ch:.tngc .... abruptly tu northcast-.<.outhwc~t 

\\.e now clo.<.e thc small window tn Aqunard 3 just we.'it of the 
well hy dccrca.\ing thc aqunartl hydri..luhc conductivity tu appm:~~;i

matcly tJlJ.t uf lhc ~urruunJ1ng aqultan.IJI'latcn..li (Figure 13).11Us ~ 
re\Cnt~ thc condn1on th.Jt would an..,c 1f thc wfomJal!On mdacaung 
thc C.t.lslencc of lhc winc.Jow 1 a ''nglc bordtolc logJ had not hccn 

avaJ!ahle. Thc water l..thlc changc.'l only \l!ghtly as a rcsult of th1s 

changc; the modcl wa.o; thcreforc not rccJ!ibr.:ucd. The Changc has 

C<luscd lhe local recharge componen! at lhc wdl to vanish. Parucles 
now pass lhrough the relauvely high-conducuvtty zonc in Aquttard 3 
over J wider area. and then lhmugh a wmdow m Aqunard 2. The sur

facc capture zone bascd on thcse flowpaths 1s ahout 1.5 km longcr 

./ 
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th:tn til;ll ohtaincd \\ ilh thc WÍndrtW prC~CII[. :mrJ thl' 701lC l'Oil

lnbUUil~ thc rcchargc ¡,. now phys¡cally separ.ned fmm thc wcll H-.clf. 

!\c\.t. w.: chall~l..' :he variabk vci1Jcal hydraullc L·onducuvity 

ln.,\qull~ud 2.·upfrttdicnt of thc v..cll. w an avcr;.tge \·aluc of. 

w-' mf:...- ~d11ch J::.o .rcpLCSentauve of thc arca (Figure 14J. Tlw. 

· ch;mgc cnuld reprc~cnt an attempt 10 simphfy thc modcl by using 

a\ crag.e conductivity values. Although the wmdow in Aquuard 3 ha..<;; 

bccn rc~lOrcJ. thc change has again cau~ed thc local rechargc com
ponen! lo \':lllish. and rccharge ts now drawn from a larger area. 

Pantdc:-. ra ... s through thc rclatJvcly high-~ zone m Aqunard 3 
urgradu:nt of thc well, and lhen through the thmne:-.( pan of 

Aquit.ud ~ on 1ncir way ro thc water tablc Thc surface capture zonc 
now bccomc1. sprcad out and 1s much larger than bcforc. 

Thc:-.c rcsult~. although obtamcd wtth a coar:-.c gnJ. tllustratc 
thc hi~h :-.cn:-.Hivity oft.hc capture zonc:-. wtth rcspcct tu thc !;CO!ogi.:::: 

structurc Aquaard wmdows havc a comrolhng influencc on the cap
ture zonc Jclmc~ltlons. and cvcn sm~lil but str::J.tq!lca\ly plo.ccd 
v. 1nduws can cau~c largc changes in thc c::J.pturc zoncs. Also.lhe!-!C 

w¡nJtlW<. tenJ·to focus thc capture zones, and corwer~cly. an 

ab!'ocnce of wtndow:-. w¡!J cause the capture zones to spread out. 

Whiie thc cfíect of wmdows on the c::J.pture zoncs 1S profound. thc 

cficct nn thc water t.Jblc 1s sma!l The rca..'\on for thrs bchanor is 

otwious f ro m considerallon of thc mathcmaucs: partlclc tracks are 
bascd on vdocJt¡c:-. wh!Ch are detcrrnincd by diffcrcnüation of 

hcaJ..,: thc d1ffcrcntiatton magntfies small changcs m thc hc.1d!'- to 

givc larfc ch:mgcs in thc CJpturc zonc!l. 
11m. confinns the statcment made prevmusly lhat the gco

logic structurc mu!-.t he dctcrnuncd as accuratcly a:-. p<.l.S!-.Iblc 111 
ordcr to ohtain crcJthk capture zoncs. Usmg lhc hc:-.t availablc data. 

sourcc:-. o( uncc:-tainty rc::.td1ng m lhc gcologtc structurc should be 

c\plorcJ by mean" of ~cenan o and sens1tl'v11y anal y se!- of thc ty¡x 
<.lwwri IH.:rc Thc ctTcct of :-.malkr-scalc hctcrogcncHtc' L·oulJ he 
nplor•.:li cnhcf by ~upcrirnpo,tng o. stocha....,tic componen! ontn !he 

JctcrmmJ.\11;.· h¡drault-: ~.:onduLtlvtty d1~tnbuuon uf :m indl\tJu;.¡[ 

unlt. or ny U\In~ thc mcthnJ o! \\ d$on and Lw ( 1 995l. v. lu ... :h t.\ 

ha.-;cd on :-.oh· m¿; thc trJn.sport cquJtlon for capture probabduy 

Conclusions 
Th:~ work l\ :t m:JJur llllk,tonc 111 lhc cvnluwm 11~ tlt~ unJcr

$tand!llf ot th-::- ~ompl::' W~Hcrlt'o .\1nrJJn:.: .1.yqcn: Tnc tlucL·· 
d1mcn<.ion:d cun...::cp:u.¡J mck .. kl contatn'i all thc infornlJIJon .:J\JJI. 

able tn lll.: c\tC:l~J\C JatJ.ba..,c·,¡¡ rcrre.I.Cnl~ a crcdtblc "-lrut:turc o/ 

thc complc' 'Y<:.tcm. and n provJde' J u,eful <ilar111lf. r<11n1 h1r thc 

dcvc!opmcn: o~ manJf:Crncnt and protccl10r. s!r::J.tq~IC" tnr th:.· 

rc!'our:.:c Thc mcthoJulot::· ío~ L·onccptu.1l model Jcn:ltlprncn: 

m...:lw.ltnf ú:lt.!ha'~: 'crccnlnt;. "tratJfrJph!c and lll.llolop...:: Iritcr

prctJtlon:lntcrp..>iatlon. mWcl ca!Jbrauon. :-.cn'iJ!IVII] anJ.lv,~.~, and 

capture zon:: úchncat1on ¡, n.ICn'it\C t'lut nccC\\.li'). Thc C\Cf.:t'~ 

of geolog¡c and h~ Jru~cologtc JUdgcmentts an cs .. \Cnllal comP'mcru 
of thts mcthoJolo¡;¡ TI1c moJel provtdc5 a baste unJcr;tandtn~ of 
!hC COmpJC\ nov. \~ \\CIIl. lhC tnteraCtJO/lS bctwCCil thC \'.lf\OU\ 

untL\. and thc rcchJffl" rncchJntsm oí thc ~Y~Icm. Furthcr rcftnc

mcnt:-. are nt.'Ce'".lC: to morl· dcímlltvely delmeatc caplurc /Onc' 
Thc rcsult.l. dcmon.....tr:uc that the geolopc Hructure ha' a con

trOlling mflucna on lhc C:lpturc zune delmeauom. \\"mJo\o\' tn thc 
confinmg ...14utw.rd'i ncar wclls can ret.hrect Oow p.alh.., anJ , .. Ul t.hcre

fore sub-.tanttally changc the capture z.one deltncatrons. Thc rrcs
encc or ::J.h~.cncc of wmdow~ JS thcrcfon:: a m.:lJOr sourcc of uncer
!Jlr.t\" Tht: cffc.:t of tht.l. uncci1Jlnt] can be C;w;plorc(!. hut not 

eliminated, by sensitivny ~nalyscs in,~:--tl,::.tttn.;: .: 1..:;1.::~· 1't JUdl· 
ciously selected ~enanos. 

Tilc ncxt stage of the ovcrall stud~. '' hh.·h \\ti: ~·\ t~nJ \" cr th~· 
ncxt few year.,, ca11s for thc developmcnt ni dct~1ikd ...:JpturL· znnc 
models for the local wellfields.·with calihrationf,·aiid;ltton JgJ.In:-.1 

· ·environmental traccr data 1ñc regional Mor.1ine lll('IJC'l pro,·ides thc 

basic sLrUcture as well as the boundary condition~ for the~c local

~calc thrce-dimensional models. Further work '' ill mdudc thc 
dcvelopment of optimal calibrmion techniqucs and of critcna f~)r thc 

optlmallocallon of new data points Thc methnJnlog~ 1\ currently 
bcing apphed to other glacial aquifer systcm" 111 .;.outhem Ontario 
whcrc ground water rcsourccs are bcmg thrca:cncJ b) urbaniz.atJon. 
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Assignment of Boundary Conditio~ in En1bedded 
Ground Water Flow Models 

by S.A. Lcakc•, Pctcr W. Lawsonh, Michacl R. Lilly<·d, and David V. Claar" 

Abstract 
Many small-scalc ground water models are too smallto incorporare distan! aquifcr boundaries.lf a largcr-scale model cxisL• 

for thc area of intcrest. now and head val u es can be spcdfied for boundaries in the smaller-scale model usin~ ,-alues from thc largcr
SC::Jie modcl. Flo" componenl\i along rows and columns of a lafJ!e-scale block--centered finite..<fifTcrcncc modcl can be inlcrpolated 
to compute horizontal flo" acr~ any segmcnt of a ~rimctcr of a small-scalc model. Hcad al ccll ccnters of thc largcr-scalc modcl 
c;.¡n he intcrpolatcd to compute head at points on a modcl pcrimcter. Simple linear intcrpolation i'i prop<Kl'd for horizontal intcr
pol<.~tion of horiluntal-flo" romponcnt..;. Bilincar intcrpolation i.~ proposed for horirontal intcrpolation of hcad \alues. Thc mcth
ods nf intcrpol¡_¡tion prm idcd satisfactory huundar)· conditwns in tests u."ing modcls of h)·pothetical aquifcrs. 

Introduction 
Sorne ground water n10dcls are focused on relauvcly smaJl parts 

of largc aquifcr <;ystcms. Such dctailed studtes are common for 

analys1' of wcllftclds. invcstt~ations of contammant tnnspon. and 

dclinca[]on of rcch:u-gc arcas fur pumpin}; wclls Mcxlcl tx)undanc' 

should. if possiblc. cmnctdc with hydrolo~JC aquifer boundanes. 
hnwcvcr. a..:curatc ">tmulatiOn of phystcal hydrolOf:IC houndanc!-. 
oftcn ., not possiblc for small-scalc !-.ludies hccau~ lh$tJ.m.:c.., lo thc.: 
houndanc." are brfc m rclatton 10 thc dimemton' l'f thc \ITlJ.Il·-.calc 
modc\ Prcvtous mvesttgatof" (Townlcy and Wdo;.on 19KO. Bu-.lon 
and Reilly 1986: Milkr a.nd Vo,, 19X7. Ward et ;1! 19H7l ha ve uscJ 
la.r¡;cr-<\CJ.Jc ~round wa:cr Oow modcJ<\ lrl dcfmc liflCCificd nov. anJ 
<.ipcciftcd hcad bound:uy conditum' fc~r o;,mallcr·"-CJ\c mCIJch Tht.., 
proccss tS rcfcm:d to a.o.; ''tclcy.coptc mc...,h n:fmcmcnt" hccau<;,e 11 can 
tl!: appllci.J ~ucce\~t\cly to ~m•.d\cr moJch wnn c.Jch lar¡:cr moJel 
pnwu..itnf. hounJ.JT~ ~,·ondllt'Hl' h1r thc nt'\1 ... m .. dlcr cmhcddcd 
tnotkl 

Th1~ parcr C\ ... du:llc!-. mctiH-.J.., lhJt can be u~t:d tu tnll'rpolalc 
\lll.illcr·~..:Jk lllt~o. .. h:l·bounJ.i.T) OllY.\ anJ hc..uJ.., lroni l.u~t:·....._·J.It' 

hJo¡;l..-¡;cntcrcd llnHc-Jdf¡;rcn..:c mulkJ, ~u..:h .J\ ~1UUFI.O\\' 

(:-.\d)unalJ a.11d H..lrt1...1ugh llJ:SSJ Smallcr·....:<..~k moJd~ lll.JY u ..... c.: 

fmuc-Jttfcrcncc.: or f~nttc-clcmc.:nt mcthud~ and h.J\C pcn.mctcr:, 
that are not ncccs~l) com..:¡Jc.nt with ccll walls or ccl\ ccntcr:. of 

lhc b.rgcr-M:a.lc mPJcl TI1c <,.(~~re of thts anaJy..,,!-. m..:ludc.~o honwnwl 
mtcfTXllatwn uf honwntJ.I·Ouv. componcnt- J.nJ h~.uj Mcth<"-h 

•c.s Gcolog~~.:al SuT'\c). Tuc~on, AZ 85719. 
'CI12M Híll. Reddon~. CA %1l0 1 
el! S Gc:ologJCal Sur-.e). F.urhank.:r., AK 99775·5170 
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Rece1ved Jul) l'f97. accc:ptc:d November 1997 
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presentcd in this analysis have been succcssfully uscd in the past for 
problems such as parucle Jracking and are mod!fu:d hen: for the apph
cauon of cornputing boundary condiuons fur smallcr-scale rnodcls. 

1\lcthods 

Spccified-Flow Boundaries 
Thts anaJysi" prescnl<;; a general ~thod of computing horil..ontal 

now across any line scgmcnt within thc dornain of a finite-differ

cnc.:c modcl.. With th1s mcthod. specifted nows can be detennincd 
for !-.maller-scalc model grids that are nol orthogonal lo larger
'(:J.k moJel grids. For Lhis discusston. an arbitrary horizont.alltne 
sc¡;mcnt 111 a mOOcl domain is denoted as l. the x axis is parallclto 
m ......... anJ lhc )' a:<.IS ÍS para\Je) lO coJumns of a finite-differt:f'!CC gnd 
<h~urc 1).. Only mterpolatJon oftlow components from stcady-state 
Mlluuon' w!\1 he consit.Jcrcd; ho..,.·cvcr. thc same mcthod could he 
apphct.J lO liafl!-ICOI modcJs by interpoJattng now COrnponcntS for 
c.H.:h tHllc step .. 

MODr-LOW computes fiow across all faces of finitc-diffen:na: 
n:JI, P.u11Cic tr.Jd.tnf: an~ s.olutc transpon pmgrams such as MOD
l'ATII1 Pollud 1994) ano M OC 3D 1 Konikow et al. 1996) use !m
ear mterpolation of cell waJI now tenns to compute ground water 
velocity anywhere m thc model domaJn. Linear interpolation re~ 
rc.\CnLo;; vcloc¡t¡es m thc x and y dtrections, V • and V v· respec-
11 ,·el y. as V, = [(' 1 and V. = f(y ). Accordmg to Goode ( f990 ). thiS 
appnlJ.ch ¡s cons1stcnt wilh bas1c a~umpuons 1n the block-centercd 
fmltc-dJtlercncc modehng approach. Strnplc linear interpolation of 
now componenLo;. is U..~ in thts anaJysts to compute horizontaJ flow 
at any point m lhc: model domain Bthncar intapolatiori of flow com
ponenL' was not tested; however. Goode ( 1990) discusses the mer
tts of bilinear mterpolation of veloclly. 
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Figure J. Variables used in development of method to compute now 
across linc seJ!ment 1 and com·ention for right-hand rule. 

Valucs of ccll wall flow for an individual ccll in modcl row i 
and column J are deno<ed here as Q,U- 1) and Q1U) for flow along 
rows andas Q1(i) and Q¡f•-1) for now along columns (F1gure 1). 
Thesc quantiues are posltive if water is moving in the d1rections of 
arrows crossmg ccll walls in F1gure l. This analys1s uses a nght
hand rule in wh1ch flow crossing a hne scgmcnt 1:..: positivc in lhe 
dircction of thc extended thumb with the right hand posit1oncd a.r;,; 

shown in F1gurc 1 
To compute honzonr.aJ flow acroS.."i linc segrncnt l. divide 1 into 

n cqual subsegmcnl<> of lcngth ~1. compute flow componento;; m the 
x and y duecuons at the center of each subsegment. and su m lhc now 
components for all subscgmcnts to compute Oow for lhc cnt1rc 
lcngth of l. For subscgmem p m ccll iJ. com¡xmcnl!:. ol nnw Ox and 
Ov can be computed as 

_ ¡o,ú- J)- ~t¡ro,ú> ~-O,ú- ~r] 6 , 
ó Y( ' ) . 

[
Q1( i) ... ~IQ,(, - 1)- Q1( i )])

6

, 

. <lX(J) 

where óx = 1>1-x1)/n, t.y = (y1-y1)1n. and other vanables are 
defmed in F1gure l. The compon·ent of flow normalto lts lhe su m 
of Q, and Q,. for all n subsccuons llm resul< "corree< for bo<h 
ismrop1c cases (hyl.l; Juhc conducllvuy or transmiSSIVJty a long 
rows and columns are equal) anJ amsotroptc cases 

Values for n can be selec<ed by mal and error. As n ts incrused. 
compu<ed flow acros.s a segmen< will no longer change s•grufican<ly 
wn.h funher increase.s 1n n. For segments that are contamed w1tl11n 
a few model cells. values of n in <he range of 1 to 5 are appropri
ate. For scgments that span many model cdls. values of n rn 1~:.· hun
d.reds may be requ1red. 

? --
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Figure 2. Variables used in bilinear interpolalion or head. 

Specified-Head Boundaries 
For this analysis, bilinear interpolation is used to compute 

head anywhere in the model domain. Bil1ncar interpolation results 
in a continuous function, h,=f(><o.Y0), over <he domain·. The me<hod 
was chosen because it works well for most model-generated heaci 
surfaces. which commonly are smoothly va.rymg. Also, the sirr 
plici<y of the method makes i< casier to apply <han highcr-order inter
polation methods. In arcas where adJacen< pairs of ce lis have large · 
differences in horizon<al hydraulic conductance, the slope of the 
wa<er leve! surface will change at <he cell boundary. For these 
cases. a me<hod that incorpora<es the hydrauhc properties nugh< be 
bcuer <han bihnear in<erpolation. 

For finite-difference models. b1line.ar Jnlerpolation is a ~imple 
procedure <o interpolate heac n,. a< coordinates X,.,.Yo (f¡gurc :1. 
F<rS<. fmd <he group of four cclt .:enters <ha< surround x,.,.y0 wi<h noad 
vaJues denoted as h1, h2• h3, and h4• Use l1ncar interpolation 1n the 
x or row directwn to detenmne head valuc, h,. between h1 and h2, 

and to detenmne head value. h,. be<wecn h4 and h3• Ftnatly, use lin
ear mtcrpolation in the y or coJumn dJrcctiOn lo caJculate ho from 
h. and hb. · 

Application in Single-La~ cr Model 
A rwo-<limensJOnal model of a hypo<hetical aquifer system wa< 

constrocted co test methods of extracting flow and head values 
(Fip: J ). The re ::angular now domain is 10,000 m and 12,000 m 
m <he ' and y dm.cnsions, respective! y, and is subdivided with an 
inegular grid of 15 rows and 13 columns. Head in row l. column 1, 
JS Sd ata constant 500 m and head in row 15, column l.is set atO m. 
Wi<h a transmissJvi<y of 5000 m2/d (along rows and columns) and 
a rcchar¡;e ra<e of 5.5555 X JO"' m/d, the steady-state head dJstri
bution computed by MODFLOW is <wo-<llmensíonal and non
symmetrical (Figure 3). lnflow from the upgradient constant-head 
cell is 496,220 m3/d. and outflow to tl¡e downgradient constant-head 
cell is 1,151,800 m3/d. 

The procedure for compoting flow across line segments was 
f<rs< <ested usir.c segments 1-2, 3-4.4-5. and 5-3. The area upgra
daent from sefJaent 1-2 is 5.8 X 107 m~ (not inciuding the area el 
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h¡.:u~ 4. Cl¿mputcd hcad (rum lt~r¡:e- and !>nt<lli-\Calr modeb 1n arca 
uf embnldcd modt'l. 

te con5~t-hcaJ ccll J anJ thc total rt'(haJ1!C on lhl!~ an:J 1' .322.~ 1 G 

m3/d. That rcch.ugc plu!\ .J91í.220 m 1/d of mflow from thc comtant

ncad a:IIIS thc toLa! of 81 K.~.W mJ/d th.Jt Cr<J'\.-.e..\ scgmcnt 1-1. u~mf_ 

500 subscgmems. Lhc total computed flo"" across ~cpncnt 1-2 1~ 

K 1 H.4óS m 'Id. wh1ch ~~ w11h1n O.Cú·F.t- of thc truc valuc. Se~menL'\ 
:¡_..;_ ..t-5. am! ~-J dcí1nc a tnan~lc wuh an arca of 1J>.J(Y' m=. 

Arca/ rccharge of 5.5555 >~ w··; mi<J tothl' :n~..·.l t~..·-.ulh 111 a\ t 11u

mctric rJIC of 50.0()0 U1 1/t.J. B~~ . .-~HI~C ilmv ¡, ,¡~,_•:tdy. thc llCI llP\\ 

:tcrov .. ~tll thn:c ~tdc~ .nru~ ~ -50,000 111 1/d. u-.m~ thc '-l,;!ll lllll· 

.vcntion that·lluw 0.1.11 nf-thc re.;mn·i~ nc:_..::uiv~,.·: ll-.ing lhc llll.:tlh\.1 
prcv¡uu.,Jy-Uc~~:ribeiJ with 40(h .. ub~e_gnh;n~:o. IC~utts in !lo\\'.' ni 

-3~3.071; 375.3S5; and -42.222 m'id, rc.,pccllvcly. for lile lince 

si de.' of the triang.lc. Summing thcsc valucs rc!'ouh~ in a nct llm\ of 

-49,908 m 'id. which is wilhin 0.2% oflhe corree! value of -50.000 
m 1/d. In a scparate test with transmissivity varying from 500 to 

25.000 m2/d m and around thc triangle. thc net tlow across the sirles 
is -50,186 m'id. This rcsull shows !he mclhod also works wilh hcl

erogeneous propcnies .. 

~or another test of the mcthods. thc srnallcr-!'ocalc cmbcdded 
modcl shown 10 Ftgurc 3 was cnnstructcd using 20 rows and 20 
columns of 150-m squarc ccll.s ami gnd !me~ ata 30·dcgrcc anp:lc 
fmm gnd !mes in thc largcr mndcl. Boundar)·.now valucs wcrr s~c
ificd around thc entire pcnmctcr. cxcept at the ccll sh;:¡Jcd black 

wherc a hcad valuc of 240.86 m was specificd. That value was C::JI
cui::Jtcd hy bilinear mtcrpolatwn of surrounding hcad va luce;; rn thc 

largcr modcl. Flows acro~s thc outsrdc cdgc.s of al! othcr bouruJary 
ce lis of lhc smallcr·!-.ealc modcl wcrc calcu/atcd u:-.mg thc proccllurc 

prc.scnted in thts pafXr. Following edgc sep:mcnt~ aruund thc rcg10n 

in a clockwisc drrcction rcsult~ m thc propcí 'if:n convcntum of 
sourccs and smlo..s for MODFLOW. Thc tran!'omtS\Ivlly along rows 

and columns wa~ sct at 5000 m:!fd ~ltlll n.:charg~.· was !-.Ct at 
5.5555 X ID-' m/d. Nu1c lhal MODFLOW couiJ nnl ha ve bccn uscd 

for lhc cmbcddcd modcl wlth a 30-dcgrcc rotation anglc if thc 

systcm was anisotropic. Computcd hcad valuc:-. In thc embcddcd 

mude! are ncarly thc samc as calculatcd by thc largcr model (Fig-7~ 

urc 4) For spcc1ticd-now houndary ce lb. a mca .... urc of error is thc'· 

diffcrcncc bctwccn thc cnmputcd hcad in thc cmbcddcd modcl 

and mtcrpobtcd hcad fmm thc rcponal moJel al corrc!'opondulg loc-a· 

11um. For spcciflcd·head boundary cclb. a mcJ.-.~Hc uf error is the 

d1ffcrcncc bctwccn computct.l .... pccificd-hcaLiuutllow and interpo· 
l.ucJ fluw m ú1c rc~1onal modcl ~.:ros.' m~ cJ~c~ uf thc specifietJ.hcad 
l'<lUrtdary ccll.s. Por tJu .... an;1/ys1!-.. thc r.1c;m ab.sulutc error m hcad 

al 75 ~pt:Ciflcd-llow hount.lary ~.:e lb i!-. O 44 rn and thc maximum 
ah"-llutc cmJr 1., 1.07 m.11u: maxunum cmJr 1~ 1 lfi, of thc tota.l hcad 
\ . .tnatiPn m thc cmbcJdcJ moJel. At thc ~pcctlict..l-hcad ccll, com

putcd outllow in thc emhcJdct..l modcl1s :n .5X6 m 1/d and intcrpo

I:JteJ no"" a~..-ro" rh two outcr :..cgrnents ¡.., .:n.R78 mJ/d, rcsulting 
1n ;:m ab.\olutc t.J¡ffcrcm.:~: uf 292 m1/ó. 

Applicalinn in Mullilayer Mndel 
A lhn..--c-lllmcn'\ional ~mund water now mndcl wac;; constructcd 

h~ Rcllly and Pnllod. ( 199~) tn s1udy arca.~. contnbuling rccharge 

t<~ rumrmf wclh m a hypothctn.:al shallow :-.trcam-at.~uifer system. 

Thc1r rnodd w;1' u'cd ,,, thc h.-."i' for a largcr·scale model in 

wtHch a o;;rn;dkr·!-.C<Jic fmtlc-clcrncnt modcl " cmbcddcd. Thc 

largcr-!>Calc modcl will be callcd lhc MODFLOW modcl. Thc 

overall geomcii)' of lhc MODFLOW modcl ¡,!he sorne as was use<! 
hy Retlly and Poli oc k ( 199~). hut d1men'!onc; and elcvalions ha ve 

hccn ..... .-alcd hy a factor of ).21' "o that thc nn~mal values infectare 
rntcrp~1cd for th1c;; study to he m meter.;. Abo. ·othcr modcl param

clcrs ha ve tx:cn changcd Thc MODFLOW modcl has 54 rows and 

ó9 column" of J25·m squarc ce lis m thc horl7:ontal directions. Six 

modcl layers with appm~imatc thicknes'\cs of 25 m each are used 

to s1mulate steady·state flow rn the aqu1fcr Thc uppc:r laycr (!ayer 

1) mcludc!'i a nver wuh stage varyrng frnm 1 ~4.R m m column 1 to 

150 9 m in colurnn 6CJ and wllh a rivcr hcO conductance of 15.000 3 
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Fi~ure 5. Finite-elcmcnt model cmheddcd in finitc-differencc model. 
Perimetcr finitc-elcmcnt nodc.-. in allla)cr... a~ spccificd·no"' exccpt 
for thc spccified-hc.ad nodc in uppcr !ayer. 

m~:¡d for cach rivc:- cdl A unifom1 arc.JI rcchargc ofO.OO 15 m/J JS 
appJ¡ed 10 lhc surfacc of ]Jycr l. Jnd an addiuonal 1nnov.: nf 1:25 

m)/d ts spccificd m !ayer 1 to cach ccllm rows 1 and 5..:. A wcll in 

!ayer 1, row 30. colunm ..W, pump~ 5000 m '/U. LJycr 1 ~~ stmu!JtcJ 

with a hcad-dcpcndcnr <>atur:.ucd thid.ncss u ... inf: i.l bJsc clcvatton 
of 125 m In thc Jowcr fivc !ayer\. \aturatcJ thi!..·k.ne~s 1:-. not hL·aJ 
dcpendcnt Thc modcJ has .l""(l ZOOC\ of hyJr.JUILL' rropcrtic\~ 

z.onc 1 includcs row" 1 throu~h ~4. Clllumn' 1 thmu!!h 6<J. anJ ];1:- . 

crs 1 thrc 6: z.onc 2 m.:luJL'., rnv.:. ~5 thmu~h 5.;, ¡;o]unm., 1 

through 6'1 .... nJ !ayer. l 1.hnn1¡.:h 6 In 1nnc l. h:Ur.JUlll.' conduL"tn·H;. 
m !ayer 1 ¡s 20 rnld. tra.mnU\..\1\ ti~ m !:1;. cr.:. Uut'u~h t1 ¡., SOO rn~/t! 

and VCrtiL"al lca~ance hctwccn ¡,![] !ayer ... JI, () 2 u- 1• In 7.one 2. 
hydraul1c cunducttvtt: 1n la;.er l 1., 50 rn/J. tr.lm!TlJ\.SIVJty m la:· 
cr:. 2 through 61:. 1250 m:/J . .1nJ \Cr1;.: •. d Jc.U...am:c bctwccn alll.1:· 
cr<; 15 0.5 d' 1 

To tc~t t/11.: mctht¡J.., Lk'l..llr"lt'J 111 tln' p.!rl!.:r. an cnlhL·dJnJ 

iJnllc-e!crncnt modcl v..~ ... L"tlll'tru...tcJ U\11\f thc llnnc-clcmt.'nt 

model progr.1m M11.:ro-h:m ¡Hcnü .. cr and Ntp-.tcn 1 Y9ó). Tha!-. 

model w¡Jl be callcd lhc MtL"rv-h:mmodcl. The M~~.:ro-Fcm modcl 

Jncludcs laycnng. rccharg~.:. pun1p1n~. and .1'-1Uifc..·r pn1¡JCrttC.\ lh.Jt are 

cqutvalent tu thc MOD!'LOW nul\_kl A tl>t.J.I uf o07 noJc., ..u-e 

mdudcd 1n cach !ayer ( h~urc 51. Pcmnctcr mxlc!-. an: Lomcadcnt 

w1th cen1crs of MODFLOW ccll w•lh. thcrcby allu~>.m~ la1cr•l 
boundary flo~,~o·s to tx spt.'(:¡(¡cJ Clthc:r al(mg an approx.1matc stcppcd 

pcnmctcr using MODH .. OW ccll wall flow tcnn:-. or a!ong thc 

actual pcrimcter us1ng thc mtcrpolatwn mclhods dc.scnbcd hcrc. 
Sizes of thc tnangular clcmcnt cdgc:-. are .1s largc a:-. 1 ~5 m on lhe 

pcnmctcr anJ a... sm:.~l! a.-. 1Om .J.Iound thc wcll. 

-

Tahlc 1 
Water RudJ:eto;; fur 1\IODFLO\V Simui:.ltiun fnr An·a. .. \\'ithiu 
Appm-.:imat~:: and Admd Pc-ritnC"Iel" of Small~"-:alc- ~lndl'i 

1 V.\1111..'' ;¡n.: j¡¡ cuh~e lllL'Il'l' rx·r d.tyl 

.:Appruximatc .-\ctu;ll 
l<low componcnt Pcrimctcr' 11crinH'h:r! 

lnfiow 
Hor1zontal llow, !ayer\ l-t1 15.1YI 1 ), l.ll} 

Recha~t= tl";'IQ M:27 

Total lnllow ::1.7)0 J9.S76 

Oulflo"' 
Horizontal nm~. la)Cr. J-f1 16,730 I~.S75 

Pumpmg 5000 .'H)I )() 

Total Outnow 21,730 1ti.R7:" 

lmbalance (¡nOow~outno .... l o 1 

tno"' uiUOC"< an•lmm MOill! 0\1. u·U .,.;,llll""'' 

1¡ 1,.,.. >liuc.t. .,., tlll<'<r-•l.unl """~ n,..t!~,.¡~ m clu• /"-'!" t 

Bcforc constructing thc M1cro-Fcm moJel, water hud!,!Cl!-. 

wcrc calculated for subrq!lons 10 thc MODFLO\\' modcl dcfincJ 
by lhe approxirnate stcpped penmctcr anJ thc actual pcrimcter of 

the Micro·Fcm modcl. Thc buJgct for rhc :.tpprox¡matc penmetcr 
was calculatcd using MODR...O\V ccll walltcnw .. with i.lppropna!l·· 

adJu~tmcntc; <rf signs 10 denote inflow or outflow. Thc budgct for thc 

actual pcnmeter was calculatcd using honLont;.~J .. flow intcrpolation 

methods describcd eariler. Budgcts using both mcthods balanr:.· 

ncarly perfectly (Table 1 ). Honzontal mflow and outflow com¡ 

ncnts for thc ílpproxunatc pcrimcter. howcvcr. are more than 1 u·:c 
hi!,!hcr than for thc actual pcnmctcr. Thc total:. are h1~hcr bccausc 

summing ccll Wi.lll inflow.s anJ outflow~ ~cparatdy docs not can

ce! out flow tcm1~ to !,!CI a nct flow fnr boundJ.ry rcat.::hc.c; whcrc adja· 

Ct:f1! ~CL'i nf ccll wall Jlow tcmts (:J!ong mw!-. and columns) alternare 

1> :.:en mflow and outflow. For cxampk. 'uppo!-.C that the com

r~ . :11 of flow norma! 10 a diagonal hound.1ry scgmcnl IS 100 

m '1d croS~IIlf. into a rcg10n. Supposc abothat !50 mJ/d crosses an 
.1prrux¡m;.¡tc 'itcppcd houndat)· mto Lhc rcg1un ;!long modcl mw!-. and 

.~!' :n'/d cro~.se~ thc !-.ICppcJ houndary out of thc region along 

m .::.:1 ~.:ulumns. Thc d10crcnec is thc corree! valuc of 100 m 1/d for 
th . .1Ctu;.¡J ~cgmcnt. howcvcr. includ1ng 150 m~/d ac; an mflow 
tcm1 and 50 .rn 1/d a o; .m ouúlow tcnn m an ovcraJI hudgct for a reg10n 

rc:-.uh:-. zn \'aiuc!-. of total Jllflov.· and total.outtlnw that are too h1gh. 

Fur thc Mtcro-Fcm mcxlcl. houndary ~nnú1t1ons werc assigned 

frum thc MODFLOW mtx..icl a~ Jollows (1 1 at thc spec1ficd~head 
mi\Jc m l:.tyer 1 shnwn 111 h~urc 5. hc;.¡d w¡¡, L"omputcd u.smg btlin

car mtcrp(llatum of hcaJ al thc ccntcr~ .urroundmg MODR...OW 
ccll,·. anJ 12 l JI i.lll ¡llhrr p..=nmctcr nl'-ll'' 111 alllayerx. a simulallon 

wa, maJe m wh~eh llov.: ~,~o·;.¡, computcr.l t~•r cach clcmcnt cdgc 

betwcen adJacent penmetcr nades usmg hori7..ontal-flow interpo
lauon tcchniquc.c; descnhcd carhcr For c .. 11 cdgc. half of lhe cross-· 

mg now wa.' J.'i...\lgncJ (O m -..le .. on thc CllU¡tomL ..... Anothcr szmulatlon 

.,.. .. a~ madc m whH.:h hon1untal mllow w~, takcn from MODR...OW 
ce; JI y.a.JJflow ICml!-. aCTOS'\ thc approXIIIlatc j)Crimeter. 

Computed hcad from thc M1cro-Fcrn modcl using interpo

lated penmetcr flows is nearl y the samc- a" head computcd by 
MODFLOW (Figure 5 ). For 79 vanablc-hcad nodes on the pcnme-
tcr of thc Mzcro·Fcm model. the average absolute difference 
between compuled hcad •nd inlcrpolalcd MODFLOW-computed 
head is 2.6 cm and lhe maxmJUm abwlutc J¡fTcrcncc 1s 6.4 cm. Thc 4 



~0mputed -inflow at the specificd-head cell is 33 m3/d and the References 
··, 0 flow interpolated-.from .MODFLOW cell wall fiow terms is .Buxton, H .. andT.E. Reilly. 1986. A techmque for an:~ly,¡, nf !=r<"~lm~l·\\:ncr 

n Vd· Computcd .head from the Micm-Fcm modcl·using the ~ ·systems at.regional and ¡uhreg~nfkll.,cak·.;; arrhc:d ~<• L,•n:: t .... J.md. 
/DPI~OW ccll wall flows.al~o 15 ncarly 1hc same as hcad com- - ·· Ncw Yorl. U.S. Geological Survcy \\'atc1-!'lu¡)pl~ l':•p~·1 :.; llt. J ~9-

J42.. 
rutcd by MODFLO\-V . .Thc average. absolute diflercnce bctwcen. ,..:..<Joroe.~Dj:--+99G:"Particle-..-elocny iAWr~-m.hlu..:l-.cen¡¿:n:Jiuutc 
lomputcd hcad :H the perimeter nodes and interpolated MOD- - . difference ~roundwater now models. ~ter Rr.Hmln".\ R1•.\edn·h 26. 
FLOW-computcd hcad is 2.9 cm and the maxirnum absolute dif- no. 5:925-940. 
fcn::m:c ¡, 8.4 cm. Thc computcd innow at Lhc spccificd-hcad cell Hcmker, CJ .. and G.J. Nijstcn. 19%. Gmundwatcr Oow modclmg uo;m~ 

15 55 m3Jd For this problem. cithcr method of compuung lateral flow Micro-Fem: Version 3. Amsterdam, The Ncthcrlands. .. Heml...er 

1S acccptablc for thc small-scale model. Use of flows across the Geohydroloog. 
Konik.ow, L.F., DJ. Goode, and G.Z. Hombcrgcr. 19'16. A thr~c-dJmen-

actua! pcnmctcr rnay be prefcrable for many modcls, however, sionaJ method-of-charactcrisucs solute-lranspon moJel <MOC30). 
bccau.'>C thc small-scaic modcl does not ha ve ro be constructed U.S. Geolog1cai Survey Watcr-Rcsources lnvcstJ_!:!at~nm Repon 96-
wilh pcrimctcr nodc> on MODFLOW cell walls. 4267. 

Conclusions 
lntcfl)olation mcthods a.llow caJculation of flow and head val

ucs fur boundary condiuons m sma.llcr-scaJe ground water now mod

els cmbcddcd tn largcr block-ccntcrcd finitc-diffcrcnce flow mod

els. For modcls of hypothctical oqlllfcr systems, the rncthods 

allowcd calculauon of boundary condiuons for grids that were not 

al1gned wilh largcr-scalc modcl gnd.<.. Resulls from cach small-scalc 
modcl wcrc ncarly thc samc as rc.sults m the corrcspondtng subre
gton of thc largcr modcl. Thc abtlny to extract flow and head val

u~ !rom any locauon withm a larger-scalc rnodc! a11ows grca.ter flcx

tbilny m dcs1gn of .'>mallcr-.'>calc modciS. 
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\\'Jtarccharge c\·aluation ... wdy \1/th~· l'•••:;tun,:.: PI. un. :1u11cd :1t ILL

n~nlzmg and quanlifym~ tht.' Jomin:mt •cch:1r:;c cnnlfl'~.ncnt...,. 
. Pn:.~.ilt:tmn '' t11 qH~IIltll~ tl1c IC'I'I\111'-.L' ul th.:: 'Y:-.l~/11 \tllllilJJL' 

l'\'L"Ii\" Tht"'prcdictlllll nw,.kl '" JUil \\Jih .. :~ddn.1tcJ valuc:-. for 
-paraUlctcr.\ auU sucs::.c=s. cxt:qJt t'or tllll.-..l' .... tn.: .... ,c:-.1 wata 4LIId L'll\'¡

tonmcn!al protr.:coon rr.:qutrcmcm....¡ th.t! arL c\pcct~d 10 clwngc 111 
thc luturc Eso mates and analy!-!J,.,ofthl' futurL' ,...,trc:-."c" an.: nccJ~.:J 
111 ordcr to pcrform thc d1ffcrcnt cxplunauon .... unulauon ..... ccnanos 
of thc managemcnt modcl, such that an optimal groum.l water 
·o¡Jnagcmcnt program t!'! dctcrmJncd VJa m;m;1~cmcnt pl:.tnntn~ 

Jnd synthcSJ"- cvalu.:wnn. 
The mJ.tn obJCCIJ\'C" of thts rrc!untnary t:round water modcl 

can he summ~zcd as: 
l. lo C\ alu:.nc ground w:llcr occun cncc . .¡qutfcr char;.~t:Lcn'IIC!-1. 

¿:round water rcchJrg.- anJ grnunJ w.1JCr t.•,plnll;llnH\ 

2 To prL'p:.trc au inventor:· of thc fflJU!H.l wat·.:r "Huation 111 Lhc 

!-!luJy JICJ. In nrJcr LO iJcnttfy thc problcm' duc h'~ human aCll\'llll:" 

3. Tu C5tab!Jsh a conccptu;.¡J nwJcl of grou .!ter bch;tviur 
~- To dcvclop a tramJcnt. nur:1·.:ncal f_roun.... :cr modcl 
5. To pro\'tdc dccJston-m:.ü .. cr,..., wnh a too! 111 l'\'aluatc ~lnd 

prcdJct thc wflucncl' nf \'J.nou .... v. atn-u ..... c !-CL':J.:: tos un thc cnvi
ronment 1111.'~ rcsults v.·t!l givc a fr:Jflll'\l..ork. fu: ":wrc n:...,can.:h un 
a pracucaJ DSS (Dcct!'!ton Support S~!\IC!lll f11f ftound w:.Itcr nun

;.~gcment 111 tnc PHlflUn~ Pl:1Jn. 

Physiographic Dcscription 

Geomorphology 
Thc Plnf:lun:; PI~Hrl ¡<, locatcJ 111 lile "outhwc\tcrn p~lrl of 

T::uwan It incluJc ..... mo<.,t of Ptngtunf: fLtcn :md !»llii\C uf t\atlh'lun~ 
Hstcn. and CO\Cf'- an arc:1 of 1210 k.m: lt ~,.., hounJcd tnthc zwnh 
by low htl! ..... b~ f()(ltht!l~ ly:nf_ ah•:;;.: thc n~h: h:mk. nf thc 1-....Jnptllf 
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Gt."'IOg_\ 
TilL sub,urf.J.:L' ~cDltlf! o: l'•n¡.:t. 

:lfCJ hJ..\ t'l<:cn C\piPf~'l! h~ L'\;Jnll!lltl_:.: Pllh t•'lh ,lll,J ll\lt'r¡'l:...'l\ll~ li1·: 
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r . .nnlall 111 th.: c.uduncnl. r~unlall char:t..:tcrl',lt<:\ :.m: thc m.un cnn· 

tmllm:.= f.Ktur for w.ltcr rc.<.uurcc availah_illty ¡nthc plam (F¡gurc ()) 
llll' }\..¡¡1[110~ R.1vcr. wJth a call.::hmcnt arc;1 of ~omc 3~57 km: 

.mJ ;¡ kn¡.:th 11f 171 krn. JS thc su:mu.J lun~cq rivcr 10 Tatwan Atthc 

1-\,¡npm;..: nK!L'tlrohJ~H.:al ~tation 0\.aopin~ Bndt-:cl avcr.~gc annual dl'•
..:h.u¡..: .. ·lur !ht.• pcnnd I'J~I-IlJ<J() wa.~ 7.¡ X \(}" m'lycar: thc high
L''-l J¡,~_:h.Lffl' w.1-. )S X 1 O" 111 '/month 1n Scptcmhcr 1 '190 anJ thc 

hl"-l'"l o~; x ¡o~ m 1/month 111 Fcbru;1r: 19X4. Ramrall cKcur .... 
m .. unl~ 1n lhl· pcnv"J :-...1ay to Scptcrnhcr: prcupltation fur lhc~ fivc 

llhlrlUL-. t1•t.d-. .. li'lllllltXl pcn.:cnt of thc 25! i mm ;1vcra~c for thc yc . .u 

A ÜJIIl ¡-. pl .. umcd 1n thc up:-.Lrcam rc~,;h:..~r~c arca. wtuch wdl h:..~vc a 
"l~ndil·anttlllf"'K.1 nnlhc g:munJ·watcr rq;unc in~ whulc plain. nu-. 

'bhk 1 
ll~c..lrolu¡.,:•l-'1 Cumpon('lll' ur thl' Pmctun~ l'lam Catchrncnt 

l .Jirhna·nt r\rc.a lh"'h-'rJ!l' J.tamfall J.tunofT Cocfficicnt 
t.._m 1 ¡ no• m 1/~('ólr) tmmlycar) Perrcnl 

I\.J•lr1n¡; R1'cr ::02~7 7• ~517 90 
Tun¡::kan~ RI\Cr ·172 9: "06ó 94 

l.t!lílLCn R1\Cf 
'" 1 ~ ' 3\)6 79 



I.IL l\ •1 \L di nccJ tn h.: t.d-.. cn lll\! 1 cnthttkr.lltun JuttllS thc JlfPjll"-t:d 
1nt:~!.I!L'd "m !:te~·- .tnd ~rnum! \\';-tiCr nwn:t~cmcnt ;.;tudy 

·¡ h·_· T:ln~f .. m:..: Hn'l'r 1" !!IC:!I.:d .. nt!lhL·;p.¡p(¡!Jr 1-\aopin~ HrLCI 

.i::,:·¡¡¡,,¡¡¡ PI lht.: Llll[llt:!l Rt\'1..!1'. h h th~ 1110'-l nnponJnl ... uri.JCL' 

rC'-P:II,:·.: tnt onrnc<.:~tc water surrly :md Tndu~1rr.t!tt:-.c mthe nct~h

¡,,¡¡ 111; Lit: lt h:t'> a Gllchm~nt arL':Itlf •. dlllUI .f7~ h. m: <.~nJ t.'- -1.-l h.rn 
111 k11~;h Thl.' h1~h~"' J1..,ch:u¡;c \\':..t'- !l.) X [()/\ lll'lmonth 111 Jul:
! 1.l7 2 and th:..: [(lwc.<..t wa ... U) X 1 (}'m ;/monlh m Junc 19Sü. A\'Cr.Jf:C 

:m:w:d dh..:har~~ [or thc Tun&bn,; Rtvcr (H.<.mhu:-tpu Statlonl i:
\l 2 X JO' m'tycar i !lJ(J~-!990) ~lean annual ratnf:-tll ::1 thc Oow 

:•t·:;¡<..u:-tllf' .'>1!:: ¡ ... 2(bó mm. that fi.Jr thc up<..trc~un. mHJ.;;rrcarn atH.l 
\i.1wn<..tr:..:J:a ar.:.t<> :tr~· ~J!J~. 20t'"l6 J.nd 1700 mm rcspcctivcly. 

T::·.: Lin¡l¡~·:1 l<m:r ¡ ... l11C;H..:d m thc <..nuth of thc <>tuJy rq:1on 
.. lr .. i n .. h J c::tcn:-:~-.:nt ;¡~c.~ n:- abnut ~-L' t... m= Avcr~1gc Jnnu:.:l J¡<..
..:ilar;:-.: 1ur th: L1np:~·¡¡ RI\'C~ (! \:-..Jn¡x-:1 St~Jtton 1 t"- S.5 X 1 (}~ m 1/ycar 
¡Jll-:-2-!SlS21 Th.: m.t\lmum J1:-.chJrgL' \\J.~!) 4 X 10' m'/nwnth 
111 :\<l_;:U\1 JtJ-:-:. ll1L' lllllllrnum \~J" 2 o X 1~ m'/mon!h u: Junc 
l ' 1'\lJ ·\:101U ... d r..:::::.t!! ¡, .1:-.uutl! 5fl mn1: thc hifhcq monlhly r:-tin
;::1: \1! 1 !2:. m111 P..:-~u:n:J 111 Junc ]Q/7 :mJ lh-..: lnwcst v.:..t~ t) J mm 
1 i1 ,\l. u ~·j¡ !9S\J Th..: .Jt-.1 1\ ._. 111 !orm;¡¡ IU!l l ... !'>UilH11Jflt.CJ ror 0.::1'-:- rci'
l';•:nv.: 1:: T:JÍ'~I~· : 

(; rnund \\':iltT ~-\ '>ll'lll 

T¡,.._. !'tn:.::u:1;: P!:n:. ~~ <..:..:~rPunJ..:J to thc L'aSt <.~nJ north h\ 
nH•~It\t,unnu, .J!L.J, .In,;¡., tiL' \\l'\1 ny h".lthilh Tlh.''-C IJl(llJnt:unnu" 
rl':.-'h'll" uHnrn'c r(l~·t .... P! bJL'l'llc-Oh~<l<.:cnc .1_;;:: anJ lorm a tlu;.h. 

rain 
1 i! 
1' ,. ' S EL.. 1~·,.1 

:;------proximal tan----. 

so -E 

"L?-lJUC/lCC ofh!ach. !'>LHc lllll'IL-.d.Hcd \~t[[¡ hL·,:, ,1; .._,>.ll,l" 111 lJilL'· 

~r~11ned quaT?oo:oc ~mdstnnc Thc ('hlf0'-11\ p¡' th: .. ~ 11~· , .. \L'I:- h'~\ 

ami he.nt.:cool~ local fomt<; illlll dc:t\',t~c ... UL' .1\·.nb:<: ¡,1: w,¡¡,·¡ .. ¡,•: 

a~c. Mt)~¡ .of thc prcclpttaunn hccoJlJC-, ,¡¡; 1 :k~· 1 U!ll ,fl. Jln\\'111:; 

11110 rhc M.reums aml·lhu.<. acro.<.' thc pl.un 
Thc uncon ... olidated scJimcnl:- Ull1.krlyw~ thL· Pin~llln:; Pl:1in 

are o! Quatcmary ilg.c anJ fonn lhe m.un .Jqu¡fer !(Ir grmmJ \\ :llc: 
111 thc pJ.un arca.Jn gcncr:::tJ. grounJ water 1" Jcri\Cd rnnc1paJJy fnllll 
d1rcct prcclpit.1tlon onto tht: plau1 and pan! y frPm h'k.·al inllucnt. a~ 

infcrrcd from thc nvcr sc.cpage. Thc ground water L'nntour mar 1" 
shown m Fl.!_!urc 7. and surfacc v.atcr rc.-.ourcc ":-:-.tcm d1:1&r.ull 1~ 

<>hown in Figure 6. Thc rcdurgc derive<.. lll.:J.Inly irt'lll dircctlnftl
trJtiOn through uncomoiJdatcd dcpo ... tt.<> alon~ thl· ¡\,(lthdl hl'lt<.. to 
thc nonh and ca.\! and from JnfiilratHm of nvcr-.. ;n tk upper p:m 
ol thc platn. Ground wa1cr gcncrally m<l\'C'- \\·~'"1\\;trJ tP thc 
l(at'~flln!_! and Tungk.ang rivcrs ami southwc:-tward \1.1 thc <..CJ 

Conceptual i\lodcl of thc Ground \Va ter Systcm 

Schcm:ltilA.Ition of lhc Aquifcr S)·stcm.<t 

An llllpt.lrtanl h)tJ! u.<.cd to characlcn!c tlll· .Jqu!l;.:r are h~drP
f_t:ologJcal proftlc!'>. From cros~-:-ccuon (Fif:Urc ~J. Ít ;.,.: .. Hl'J a:-. 'hO\\ n 
t~n Fl!,:Urc 7. thc aqu1fcr systLm C..ill he cl.J-.-,ilicd 1!11(1 thrcc 1nnc' 
hy thc ..:har:..~ctqisllcs t>f ryplcal alluv¡;ll .<..tnt..:tuTL' Tk· rnn:.unaJ.f,ul 

nm-..J<..I.'- PI C\JJ.r'c !=ravcl with roorly :-Pr1l'd pl'i'l'k". cohh!c-.. anJ 
htJuldL·r:-. ThJ.) ZtlllC IScon:-.JJcrcd a;.. thc uppcr UllL•'Il! .. tncU aljuilcr 
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FiJ,..'llrt' 9 . .\lar \ho\o\ln).! the pmJX'rti~ of natcr-lx·.:Hing nmtcnal" in lht· 
Pinc:[un(! Plam (aftcr TP<;DB II.J6 1 l. 

Th.: ntiU-L.Hl 1:> compo:-.cd o: moJcr.JIC \llC rcbhk'- \~ llh tilln i.t~. 

e~ ,1f :.anü J.m.l c!Jy. Th:: t.lt:-t:d-t;,u¡ 1~ m~unl:, an ;_¡ccumul.ttlllfl of cl.1;. 

\tlt .Jnd bbd ... and From liJe m¡J-!Jn hl Jt:-IJI-t.ul Jn t!l!CrL .. d.JtJDn 
o: .:!ay v.¡t.Ji a UJJcJ...nc......,,_ o( 10-~() 111 1k..LUr:-..ll1.: m.un '-L'll\1·1,.\10\Úlllll_:.: 

c!J> !<.Jycr C.14U11arJJ lunn:- lh:..· ~colo~1~al huunu.~r: r>~.:tv.ccn thc 

uppcr and luwcr aqUJícr:-
Thc f:nJUnJ watc~ ba~tn ~~~ tllL" :-tud> :HL'.J ¡¡... d!l...,~·~L'Lilon 

IFifUfL' 81. C..Lil tx: !>ChL'illJ¡IlJ.Ih. :-ubJl\H.J!:d !!Hu lJHCL' ll·.Jr~~e:cll

luf.:Cal bycr' li:J: Cllllletí.l:..' V.llll Ull.' \\CII f~t:iJ 111\'l'lltur;. h;. thc 

JcftncJ Jcrth .... !0-)0 m .>1 H..l 1m. anJ ~hn\ ¡,O rn 1 T1nJ.: 1 •rJ2¡ llll' 
ur¡'lCr \Jycr. lhC thh.:~nC\\ V.tllCh ~ • .iflC" lflllll !ll-flll¡l\,1' J'-'-Ullll'J 
111 be Jn unulnt"1ncd aqutl:..:r. 11.' thc tr.HhiiH"t\tl\ \.!fiC'- v..ll!t 

-.aturatc~ tht ... knc!.'- Tnr .J4lltll'r nl lh1.· llu' 1 • .d d:..'fl•"'th 111 thl· 
h,ltJU]I<; (drl!ll'-b Di ._O .. L""'-' ......:UlJ :Uld ¡.:1.1\Cl dl''-1\.'.L'Ill)..: 111 ~1/!..'l<~....._:llJ 

l!l ;..t d11\\ll'-lfCJ!11 í.llfl'C!ltll\ Wll!l J !hld,/11..'"' tlll'Hl'"' 11! ::!ltlll!tlC 
·II''""L'r f!oun:..l~ll") (1[ lit•: ''·1...,¡11 ll,t, 1111! >l't h• • .'l'll ll.'.t.._hcd !'\ drtl!ltlt: 
nltt t:\tcnJ,_ 1<1 a t..leru1 ,11 :tt k;_¡..,¡ !)() n1 ¡~¡~~..., \C.J lc\dl Th..

tmJJlc !~:cr. a..':-umel.l to he ~Cilll~n·1ou:-. ¡..., .1 t-:coltl~II..:JI furm:..~

ttnn ..,.h1cll ha.' a \Cf') IPv. tran .... llli...,,n¡¡~· .._·urnpart·d to tr1e a~uiÍt'f. 

'-"tlh .lthtcJ...nc'' of at)<lUt :o m tllli:J~ ;_¡¡¡J ..... m,h Ll.t\ Stn ..... ·tht' 
i.i\cr J,w.::.nul Cl..t\1 111 thc prP\IIll.tl·!.t!l. ht~h •cnt....d uHlJu:..t.lllu: 
\ :duc:- are J~:-.umeJ Thc h1u cr l.tyn l\ ._¡~,umcJ tt' tx· tm:..on(mcd 
:r. the urpcr rcaches l>f tnc.J.fca Jnl..l.:onrmcl.l lrom thc nnd-IJn. thc 
'tl>rJ~C coc0-KJCnt I11JY t.hu' altcmatc hctwccn cnnr¡ncd and Unlon

fincd VJ!ucs The aqu¡fer; Me rcch.ugcJ Úlrt:ltl;. ~y r • .~~nt .. ill. hy t.hc 
nvcr:-. a.nJ by ~uhsurf:JCC m nov. !rom thc northcm upstrcarn rJ.I1 uf 
th:: :lu\i::d-fJr. TnL· \lud;. are~¡¡<, h;.JrauiJCall> hl.tut11.kJ tn thc 
<>IIUlh n: thc ~e:: tTJl\\,tn Str.u: 1 

Aquirer Char.at:tt·ri ... tic..., 
Thc m;,¡g:nuudc .md :-.pattal tlt~tnhtllHlll 11/ :1qtttfe1 dur.t:..:lcrh-

11:..:..' nt.·cd. to lx ..... ¡-x·c¡tlclliA·¡...:nchn~ on 1111..' I~TW.: ul .H¡ui¡'..-r. th~"·-' .. :har
~ICh.:n'LI.t:"- Dore~ hyúr.wlil.' C(JOÚUl.'ti\'Jty. K. or !l.m .... llll"-'1' ll}. T: \\llr. 
;ro~c cc>ettil,t.."fll. S:-~lx=Óiic y1cld. )J <.Jnd verttc.d conl.ioe1;mcc. V~.: -"" 

;_¡ re:~ult o! annly~c~ fll;JÚt: ol thc samplr.::-. lllltll te...,t hoh: ..... anJ C\Í"-1· 

ing wcll IPg ..... thc Pmgtung Pla111 IS miiÍ~¡IIy J¡v¡dcJ mto tour suh
zunc~ w1th rc,<,pcctto thc idcntificJ gcologic:..~l fonnation~ (Figure 9). 

Boundary Conditinns 
Ground water flow m thc main aqu¡fcr laycrs is f:.OVcmcd by 

condH1ons at thc houndaric' ofthc rcgiUnal.systcm. In th1.s aquifcr 
study threc types of boundary cond1tions are dcfincd: thc specificd 
head boundary. spccit'icd llu\ boundary and thc hc~1J-dcpendent flu\ 

· hounda.ry For prcscnt study thc multibycn·d ~HJlllfcr ~ystcm hJ.s. for 

pr;.¡cucal purposcs. hccn mo<.lclcd as a twn-JayercJ aqUJfcr sy~
tcm an upper phrcatic aquifcr anda lowcr scrmeonflned aquifer. 
:-.cparated from thc uppcr aqu¡fcr hy a drscontJnuous scnuconfining 
bycr.ln thc \owcr plam, thc ur¡lCr unconfincd aquilcr bccomcs C0/1· 

tincd by ~urtic1al e la y laycrs. 

!l)·drological Stress 
Tncre are thrce types uf hydrult)!!Jcal :-t.rc...,~c~ \~ h1ch nccd to be 

con.s¡Jcred ior SJmulatton of ground water fl11w 111 !he plain·TI1c~c 
are ;u-cal rcchargc. cvapotran:--.plralion. and ab:-.trJcttun. 

!'umerical Modeling of Ground \\'a ter Flow 

Modd Struclurc 
Thc computcr nHxlcl ~tODFLOW is w¡dcly applicd in hyJrll

~Cill\lJ;Jlal pr.tt:IIL'C for \lrllUiatmg f:fOUild \\'J.ll'f now. Thl" ¡,<, <1 

Jllodular thrcl'-dJmcn:--.Jtmal finJIC JiffcrciK.l' ~ftlU/ld water llo·w 
11111Jcl t~kDunaiJ .1nt.l ll.irh.JU_¡;IJ I~XS¡ \\·]nch ~imulatc~ tran

·'-t:..'nLÍ\IL'Jll>' f:fOUnJ w;llcr n1l\\ 111 ;¡ C\ll11jllt:..J!t.:d grounJ WJ.tcr 
h.l"ll\ \\lth \:.lfHJU:- nJtura! hyJrulogH.:;d prp .. ·c"c" and/or artJfiCJa! 
JClt\ ti H.'\ 1! ha~ bccn u~cd fur nHiltt.Jqullcr-~lncntcd nHxJcimg: for 

nampk. lo :-.imulatc lhc rc ... ¡"'l.ltl,<,.e ut aqUJil·r ·"~ .... tcms lo gmund water 
re.-.our:..·c Jcvclllrmcm :...:enano...,_ 11 can abo he u:-.cd fur full thrcc
dillll'll"lnnalmoJchng In Jddllnlllto thc JctenmnatJOn of grounJ 
u._¡tcr he.1J J¡:-.inbutJon Hl :-.pace anJ time. ~IODFLOV./ c;,.¡n caku

I:Hl' !111\\ tlu\C' acro:-~ ccll hnundanC\. In thi-. <;tudy MODFLOW 

w:l'-. arrltt't! for 1hc rca .... on' rncnuoncJ ahnve and. morcovcr. 
t''ll:cau-.e \he rrngrJm ( 1,11"- wcll Jo:..:umcntcJ and m public domain 
u k.k. anJ 1 ~ 1 thc program h.t' hc~..·n J¡v¡Jcd 11110 a main pm!,.'r.lm ami 

J ... ene' tlf mJl'pcndcnt <,uhroutnlc"- callcd nHx.lulcs. The module,<, 
h,I\C, m lu~n. hccn ~rPupt·d tlllll p.iLJ...~t~L':- Fnr cxamplc. thc 
R. .. • ... ·h.tr!=~· •lJllllln 'lmul.lln lhL' cllt' .. t ni r.Jtllhll anú thc 'oil rnfil
tr.llton rr ... ·har~C' l'(X"fÍICtl'lll. tllL' RIV(.'f r:tl k.:i!!l' ;rmulatc.<, thc cffcct 
uf .1 n-..cr c11.· Th1' katurl' n1.1J...e, the U'\L' ni thc modcl vcry flexi
ble. 1llc la.\t rca.wn i.s tha1 fUiurc stud1c.' may n:addy eouplc the prn

~r.un wtth MODMAN (GenTrJn..., lnc. Srcrlin!!. Vtrginia) and GIS 
!m optun~J! Fround water nun:1~cmcnt 

1 h'cn·tir..atinn 
BJ,cJ on JJta Jvad...~hilny anJ hyúnl~L·ulo!!H.:al condtttons. rn 

thc ca!.c o:,tuJ¡cd hcrc thc two aqu1fcr ~y~tcm was dtvidcd rnto :!3 
culumno:, and 63 row~ for ~unuiJtlllg grounú water flow, gnd spac
mg m both thc J. and y dtrcl'tllln' wa.<> JCXX) m and lhc grid cclls tot.aJ 
IJ..liJ CF1~un: IUL A~am ba.,cú un <.J;,¡¡;¡ av.Jtbtultty and thc dynamic 
hchavwr o! !!ruunJ w:.ttcr k\'Cl a llllHlln ~~ :..ho,cn a' thc pcruxJ 



LEOEND 

... • COS8!'V•Ion _-¡ tor 
m::xlllli caJ•t:M'&liOI"l 

'" 00S81"11S:Io<" ~~ 
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u·:.t•a.t condltlcns 

• • OCI5WV&:ton ~. 
used IOt llm!l 
ile"le8a.r.&j~5 

1, • sub· re.Q•Ot1 

Ft¡,_'lJrt' 10 Fmltt dtrTtn:nn· !.!rtll tnchratin¡:: uh'l'r\,Jlmn "'l'H' and ~uh· 
IT¡::trm di\i,mn\. 

w1thm wh1. J!i hyUnll11:;::.:.J! ~rr,.: ... ,c:- Jrl' ~~'Uilh:J l"lln~un: L1d: 
strc"" penoJ 1' u,, tJed lllltl\\\tl ltlnt~ ·,ter', .. 11h n:...rc ... ·t ll1 th~· IHTI· 

in~ t)f calcul;¡trd .Jllt~ :m·.: .. urt:J :=r· ..... ! w:ttl'r !e' d 

lntlial Condit10n' antlllt,l•lfll'.tl (,ruund .\\,¡tn l.nl'l' 
For n.::t,nn' n: ,:,,:,t ::-..~d.Jh;iJt: •. 1'1:-.:-. ''·1' ,·t¡,I,L'n ¡,, .... dd•r.JI·.: 

ll::: muuc: T" ... :.1:·. tt:; ,.\:.:L:l.Jit.•th ,111,: mu< ldlil\\ :nc t:::tJ.Jl 

}:1\•\Jfl¡J V..J[I.;~ ht',¡J tht••U¡_:!l!IU: \1)~' ll,¡o,¡1J 1 1 1 f ;¡)¡, runl\l't' ._,,,.,,>U~ 

!Il.lfi" of ~ruunJ \\,JIL': Jc,._.¡, !.1: 

Í! I~U~C J]¡, h.l\CJ u:: llll',l'\1' 

~···L·~ w;_¡:cr In e!, 

.,...,, .J,Jlllh.l\ 1\,t\:.: [lo..'o..'l\ Jt:fl\l'\1 
lr"tllll!ht'f\.llt•l!l \\c!J .. :u;,] 

Be.:JU\t' 11; ;n.hk. 1,:.t:·. ''··:~·: t.1hi~ r\·~··1~;, l•11 tllL' .. :Jo~,l•'•' 

.t.¡urtr.:r rn 11\t' Prn:_:lu11;: lll"lllh•rLrr:..: nll\'<•1).,, lllt.'.t,urt·ntcnl .. .JI 'C\ · 

cr;d local pu111p111!,:. \~od], .J.It: .. al'" u'-\.·J ¡J-¡~urt· IUJ h1r IIJICtT~o.liJtlllll 

.Jil..; plottrnt: TI1c nunll-....:~ ol ,,h~ ... ·n.ttuHr \\di' \\:J' :.:n:.Ht.'r Jur tht' 

d~'C[' .Lljlltft·r th.ml••r !lt~' '~:.Jt:.,,\ .lcJlllil'l .u\J tlrt· tll('.hllft'llll'!ll .....:nt'' 

¡, J]\11 J,m¡.:t·r Jnr:1.!! !-=IPUJ:,I \\,¡¡,·¡ k1t'!' l•lf lllt" l\1•' .Jljlll;l'f\ .Hl 

C\{tlllJt~d hlf J!l ~,.;;Jl, Jr,ltil th.· ._·,11\l••ur rn.rp' 

~l<>dd lnpul' 
Thc mode! rn¡1uh m,:luJc h:·Jflltt.:ulv~ICJ.l PJfJ.f11t:!cr' .:t.:JI 

rc..:hargc. cv.Jpvt.ran:-.rJr:Jtllln . ..~h ... u-,¡ ... ·trun. n\t.:r mnucnt:c .mJ hounJ
ary CondrtltJnS E.a~h of tht.:o.,.c h~ Jn¡]¡ l~¡c;¡[ rhcntHliCn~ l\ <.,¡mulatcJ . 
1n MODH .. OW hy <~ r.cr.1ratc r..r ... ·)...a¡.:c 

1o11~ • ) loU1 • .,_¡ OHI• • & Stl.l.¡ 1 )1~ 

~· 

~ ' ¡,.... \ \ 1 ¡--:~:-! 
' ~~~~~~:;] 

' ' ' ·-¡! 
\ 1 i: '~ ~, i 

1 1¡ ..... ~- =¡ 

....... fiJ' loiA,l. 1.'> C(¡!•. 1 S-CAi._' 1 li!IIDJ 

~-

Fii!UIT lla. tlcfit Cuntnur map of U1c initial ,cn1und \\:Jil'r ll''"' for !ayer 
ltlk'1.'l'mht:r llJXit and fhl Cnntr1ur map of thc initi.1l ¡_:nllllld \\alt'r lc,cl 
ror la~l'f Z (l>t.·n·mht·r 19S7J. 

lfydrogcological Paramcter.\ 

Phrt.:~lll StnrJ¡.:!.' r~ctor, )J. 1''> a char:LCICfl\lh prureny of thc 
uppcr .tqurt'cr BJ,t.:U on prev1ou' 'tuúrr:' CTPGDH JL)flll fl1Uf <;;Uh· 
rq:rnn' h:t\'.: tx·cn crcatcJ anJ inJiiJ.I )..J valut.:' !>-pcctfLcJ \Vtth thc 
:u m hctn:: !tl IL''I thc t:nnccptu;_¡J mot.kl. \l. hrd1 ha' alrcady hccn 
Jn tJcJ JI\\1J 1\l.tl at¡ulkr' (urpcr laycr :md lov.cr !ayer). cight :-.uh

fL'~to:·. d 1 .1) ,.IJ.II 1.111 1.111 ~.1 V 1. \loCfl' mtroJuccú ll1c muiaung val
uc.., v.cr~· t~J...c:: 1rolll prn~nu:-. !>-lluJ¡c:-, (TPGDB IIJt1l: \VR.PC 14:-\2 . 
• md T .... H, Jll•tj ¡ 111 \l.hrch four 'uhrc~Hifl'> \l.'Cfl' ;¡J,o con<;¡dcrcU 

111!-=llft' '11. 'illl'~C v;dut.:\ :tf!.' thU\ ,1\\UillClilll he approrn<HC ror prC· 
lttlliii:Lf\ t".thfli,JII\111 PUf'Pil'C\. 

lr.ur,mr,..,t\1!~. T. lor ~ confincU aqlllfcr of th!Cknc'' h ¡.., 
Lkrrncd ,¡, ·¡ = " x h. whcre t\ '' thc hyJr:.~u!lc nmduct1vity. m an 
Utk·,,nl.lncJ :JlJtnlt'r lr:Jil\llHV•rvny '' nut a' wcll dcflncJ hut can stdl 
tx· .tppr''":n..Jt::...! !iiiWC\Cf. tn thc lattcr Ct\l' b ¡, thc !\aturatcJ 
.tqutlcr thl~~rh:..,, In lhc P1n!=tun~ Pl.nn t\~o aqudcr...,·arc dJ,Itn-

.::11.:11 
l.J\Cf .tn· thcrl'l•lrC t.''llrlt:JtcJ JmhvtduJlly lrum thc lhrckn; : thc 

:.tljullcr .tnd th~ hyJr:IUiic conduct¡vily. For thc uppcr unr.:ullftncd 
~qu1: · h .... t.t~t'n ..¡, thc mrt1:LI "-.lluratcd thll'~nc:-. .... In ~cncral. to 

rdk. :~ntlr tll·..: ,cJnncnt.u:- 'ltuatmn wllh rc,pcct lo thc alluv¡al 

.nJUIIn lnr thr.: mrw.kl :lrcJ ~nJ prcv10u' pu111pint: IC\1' 1n thc plarn 
1 WR1~c 1 ~-nN J. thc T valuc" tlccrcJ.;;;l' tn a <.hJwn..,trcam dtrcct1on. 

El:L'IL(' Stura~l' (PclrH:ICnt, S Thc storagc cocffiCICnt for a :-.<11· 

ur..rtcJ l'ttnfmcJ aqUifcr of tlucJ...nc~' b c.Jn he Jcfincd as thc vol u me 

uf""' at,.:r that :.m aqu1fcr relea <.e.\ from stor.I!!C ncr un u surfacc arca 
of a4u1fcr pcr unr1 dcclmc rn thc cnmponcnt uf hydraulic hcaJ 
normal to that ... urf:t.c. In thc <;;tudy are;¡ thc'c va1ucs dccrcasc 



!Hl!llllllli-fan lo Jj..,ral-fan bccn~>-o: or :r rc:ductron rr1 J>Pl·: .... ::,· ,1nd 
m.:n .. :.1~rng. confinemc:nl. Thc: "uhr~grom Jor :-.torauvity :u~ rl11: s.rr111..' 
·'" ihu~c Jcrncd for lrarhlllr~..,¡,_.rl\·: rniti;,rl \:duo: .... h.n~· n~·L'Il!.d,,·r, 

J ~~ 1111 th¡; -..une ...tbt n:c ... tudtc.-. íTl'(iiJB I1Jr 1 1 . 1 JJr:-: 1 •N :. . . u 111 J .... u 1 

J'JlJI J ; 1nd .u e \lmwnrn hgun; lJ. 
Vcni-.:al cunLiuctarH.:c. Ve. for J ~cmi-corrl n.rin~ bycr l'- lh.: Jlncd 

• r ... h:'/b'. wlrcn; ~· and b' are n:!-!pcctrvdy \'CT1rcal hyJraullc Ctlll
duUÍ\ tt: and llud:nc.s.<. of thc .<.emr-pcrviuu.<. J.¡ycr. h\L' .... uhrc
~ion'> lor "~are u~cd lrllhe study: thc inrll;,.¡l valuc:-. a.~:-.c ........ cJ !Iom 

;r;·uro¡;culoflcal charactcnsllc.<. are .shown Frgurc S Sin...:c tlrL' 
fliO\IrnJi-(;m r:- a tlrrd ... unconfincd aquifcr otcnd1ng to !he mrd
!:ul .t:-c~L thc .... cm1-pcrvrou::. horizon docs not exr:-.trn the funncr. A 
h;~!:::< '. :Jlu·..' ~ .... thcrdorc a.;;<.,umcd. so th:rt rt repiC.'.l'!lh .1 phy·.i...::Jl 
ur .... .:lli1tlnlllt:; 111 thl,_' nwdcl 

lwcraction H'ilh Rircrs 
R1v::r:-. ;md qrcam" cithcr cnntnbutc tn ~round water or Jr:un 

w.¡J:.::~ frllill ll. dc·rcnJing o.n thc hcaJ ~rJdicnt bctWCI._'lllhc m cr .md 
f:: .~~nH.i w::r:.:-r .... yc..tcm TI1c rurpn:-.c of thc Rn cr pJcl-..:i~c íR.I V l r ... 
W o.,i¡~¡uJ;:n:..· th~ cffcct." Of Jlow bCtWCCll Surfacc WJtcr fl' .. IIUfC:'> ~111J 
~rnunJ water'>:- '\te m:-. Todo th1.s. J nvcr or .... trc.un rs Jiv1dcJ lllW 
rclthc:-- :-.o that C.J:.:h ¡:-. comp!ctc!y L:onfincd hy J smglc ccll Strc:un
;¡qulfc .... ccp:'.~C 1" ::.irnu!:ucd for c~tch rcad1 withlll thc moJI..'] ccll 
th.1: u'n:~!ll1'- th.r: rcJch 

RJ'.C~ -.urf:.rcc ::nd bcd clcvJtton~ Jnd nvcr ¡...,trc:url) hcJ (..t111-
dt:u:mc-.: :Jfl,_' cnn:J.rncJ tn th1::. package. RI\'Cr wJt~..·r ('k\·~¡¡¡p¡¡c., :uL· 
c.licui:J:cd ior cJch month u.<.ing strcam Jischargc:-. ami fi\Cr ero"" 
~·~·ct¡on !T1n¡;. J 992): !->cvcral pornts ha ve bccn 111tcrpubtc~ \\';Jtcr 
.... urfacc ck\':H10n.s for thc L1npcrn Rivcr wcrc ba..,cJ on thc 
1072-1 fJS~ r::::-o:-dcd d:.1ta. Rrvcr OCd conducta!KL' wJ:-. dcrl\·cJ 
l:(lJOl n'·dn,~c()ll'.St:..':.li propcr11cs and v..a:-. suhJCCtl.!d [(l c.rl1hr.lltnn 
pr1;,...:duo::' ·¡\) ... umpktc tn:.:: pn)(C.\S of c:..dcul:.itulll" ti!;; R.I\'I.E.\E 
pr•'~r.:;:· \\;,, ...:·~·\:..:!opi._'J r'or c;_¡..,¡n m~nrptr!.Ut\lll Pllth: d.:L1 ti l .. · 

·\rL'al UI'Char¡.:e 

Trk· 1\.:: ... :tl:.lr~:...· [1..1...:b~l,_' tRECl r:-.dl''lfiii._'J 1t1 ,¡¡nui.JL.: .:::...ti J,,. 
1<:! 1 1!1'-'~ r:...·...:h.lf~l' [(l ti\.: ~f(llJlld W~lCr n(l\\ 'Y'-Il'lll ~~¡¡o,¡ <..1'111· 
101111\i:- .• !~C.l: r:: ... ·h...tf,t:l' 1" frurn JlfC.:CI rrcCJrJt.llHlll lll(Jii:.I1Jo>l:. 1,1,.' 
H.= '' X !'.\\):::o:...· R h .lrcJi rcd1:.1r~c.:. o i~ th~ mfdtr.!llo•n rc...h.tr;.:L· 
l'IX.':I-l:...'IC!ll .111d fl 1:0. f1f..:'Clp:l..lllllll 1\ ._.,~.., ~llll\\ll \flll\! ,1 Jlll'".lli\1" 
\\,J[L'f fC"'lHL'L'" quJ~ tir .. Lt .llll\U;¡j f('dlJf~l._' tlllllll' pl.111; 1" .ljl!HP\ 

.ln.u:...·J: .. 1.o pc¡~·:...·nt u! :Jnnu ... ti prc ... ·:rHJtton (l!'(J!l!l 11IJ¡i, lhll'l•· 
:!1c ~!:'-l~Oi1lliú: ~·::.t~.J ... ·t::o nf tr:·~· TI'CDB "tud~ lhh fr~:n~· 1" 11ni1.dh 
¡¡.,!,_'~ \,,; :...•1!11;1,\~.l'ti\'C PllfTk.I"C" .u1d \tl tl'"l lllL' r"nu .. ltll'"' ,,¡ :~1.: 

lihl~kl lk .. :.ll!"L ut l!ll' ,JrtkrL·nt ..,(,¡j p!P[)I,_'flJ:..."'-. t::...·¡.J,,:..:,,.d ,h.II.J. 
:L'~hlk'. ~.:.:;..:c:.1:r.lft. r:nnf.Jll!OtL·n ... uy ..1nd phrl._'.till. v..:r.t:...·: t.thl:. e: ... 
".,!:-~ Hl:- · .. :,u~·, :~:.t:· t"L' :...h.:i"i\¡_',: tn; c.r~·t: !l: ¡tJ,· ~:::: .. ·::...·:;: .. ;;t,;v 
·:11::- !:: I!!L' ~:l' .. L'::: .. ;·u.l:- '-1\ qrhrq.:11l!h .:::...· dr'-lln¡.:u,,i¡,·,: :,,,,L·.: 

,.;, :rr:...· .:i'P~:...· n;:...:.:,¡on: .. ! '!Ud\ In h:rc:. :h·::~·r .. t: t:~JJ.J::..:: : ... :::< 

:-.IJt:l,lll'd 1•: !J:: "JI'lii)H rtll'!lli~!. tlu' '' ¡Jr,·n ll"t'd 111 t·.dJi•;,llt' l~h 
ill<llli..'l .rnd .. rc..,ulh Jin.dl: -.::n;;~.~cd a¿!.lllh! tho"-C lrun¡llr~..· \\,tlL'I huú· 
,:.: ~·: llll' llrl )~: 

·¡ ::: 1\J.t\lllhJnl t'!ll'L!J\l' '!re"' lnr thc fl.J~..·i-..t:.:·: , ... rirt· prc~·IJ'' 

;,¡[¡,l;: ,J:OlillJI\: lill'.J,.'Jl'-Uilfl'~l<l!l,!l .. Jil'.! ,1" uhl.Jllll't; t"l:, 1!1•.' ·¡¡lll'"""-1\ 
f ...... liY!-'Pil !lli..'lllik..! :\r;.:-... 11 :th"lr..l._·tlllll \\,L.., U/ldunnJ~ J¡c..tJIÍIUIL'"l! \\ 11h111 
L' ,¡...· h mJn ¡,iu.d pni ~ ~u1: lllL' 1nrrltr .Jtlun rcdur~c u 1\..' 1 (,, 1c::t 1, ,m· 
appnl\lrll .. tt~· \.Jiu:: .. urJ ¡, h...t .... ,:d on rh;; J'txi\C q~tcd _1,¡, ~r.L'llt 11: 

prc.:lfllt.Jlill!l, tlll'- pcrcent.I_¡;c ¡.., thcn di~lfibutl'd rn t:...tdl ptd~~nn. 
lhOU!=-h l\ lli:Jy he ch:.ln!!ed dunng thc CaJrhrJtion rrlll...t''-" thc 
H.[CI [.'\E pro!=-ram h:J." hecn t...le\clopcd hlr Ca'-\ ~._·:d:hr.ll~o•n 

.·\nd:.:r ... on :1n~~ \VdC-"'-Il::t ( 199~1 han ~t:.llcJ thJt .. 1 UIIJ\I.:I.., •. dl:-

he t..lc\1:-.uJ. G1ven lhc.'L' unct.~rt .. ttnrt~.· ... lh~· 11:.·.".:i :...',\!lll:ilt''- nf 

:-:rlllllld watcrn..·t:h:u:.:L· h~t\t..' IX'l'll L·.z¡,:Jtlll\ ,_:: .... ·.:.· .t:.'.llll..;ttt~<k· 

['ll..'lldcnt-IC'-tllt:-. J mm lile \\ ;ucr h.ud:.:t:tnr:.: .Jr~<: .. 11 !· '· .... · n:.1 ...... h; . .d:lnL ~.· 

llll't!HH.h !Tm~ antl Un:rnur-; ~'N.'iL A tUi111L'i ~.·~i:i:l.liL' ulth-.· rnfd~ 

Ll auon Jl..'dl:rr¡;l.! cocfliL·icnt "·a.' t.kl '' ~..·d 111. 11111 ... · •,'1'1:...'" .IJJ:rly"t'-. ¡¡ .... 

prc::-.cntcd inl111g. t 19Y3. J\)9(ll. 

AbJtracliun 
Tite Wcll packa~c 1." tlc:-.l,t:llL'd 10 ..,rmubtc th~· inrlow oroutOm\ 

through rcchargmg or pumpm~ wdl .... \\'el!" .u--· IU:ic.!~~..·J in thl..' pacJ...
agc hy :-.p..:-cif:mg thc lo~:atJon of l,_'ach '';;ll.md lt• <.ll:.::. Q Ncgativc 
\'aluc,<; llf Q are u....cd to indi..:aiL' wdl di .... dt.lf~L·. \\ hti:...· ¡"'"111\;; Q lllth
~.:atc.., a rcchar~c wcll. 

Thc pac~:.1~c Joc~ not JCClllllilHlJ.LtL' \\'1.'11" "-llr ... ·h are t1flC11 In 

more than onc IJycr of th~ nrodcl. HllWC\'Cr. a \\el! of thr" typc..' can 
tx: rcprc:-.cnted a.." a group of singk-laycr wdlo.,. c.!...-11 opcn lo onc of 
thc bycr~ and havrn¡; an indivtdual Q tcrtn "rc~..·iflcd for cach 
SI! l._' :O." pcnod. lf th1s approach is u:-.ed thc dr:-.du;~c trom lhl._' mul
tilaycr wcll must be dividcd among th(' grnur ,,¡ .... ¡n::k-laycr wclls. 
proponronal to thc Jayer tr~m:-.mJ:-o<.,J\'Ille" 

More than 20 thousand pnv~11c :d'l"'f.lrtul!i ''L'II" ami hun
drctl-. of pumptng. statrnns <~re \-ituJtcd in til:...' pl.11:1 1 \\'RPC 19H9) 
f~a:-.cd on thc r.:onccptu<~.l modcl Jc:-.cnhcd .. ll't'' e anJ thc wcll ficld 
in,·crHory,. thc sh.:~llow wcll.\ are Jcftn~·J. ¡'~ri._'Ctpttatlon 1\llllU" 
ah-.tractrnn 1\ r.:aJcuJateJ and lf..ll\:o.lati._'J 1\l lht• IL" ... ·h.t:·:.:~· pack.tgC The 
rc.::-.Jdual ah .... tracllon arnount::. are ~ISSI!!Ilcd 1n 1l11 \\l,_'!lccll~ (a mude/ 
lunJtatron) reprc.seming thc wcll ficllh u-.l.'d f(lr aquaculturc. Each 
t.k.<.,J~nJtct.l wcll ccll rcprcscnts h)tal pumpagc 1 rntn rhe actual wcl!.s 
in lh:tt cell Thc progr<Hll \VELL l.EXE wa~ ;rlc.,n dc,·clnpcU 

/:' l'{ltllranspiration 
Tll:: [\ .rpotr.m:-.pir<liJon pach: .. 1gl' ( ET ¡ ,¡mu!:ttc:. thc cfkL'h 

11! rll;¡:¡•, \r,llhplf~llioll vi:.1 c.:Jf)iJiary r]..,¡; ffnlll!IIL' ..... llU;".llL'J Llllll._', i.C. 
JIIL" .. :tl: lrurnthl· water tahk Evapotr:Hl"Jllr.lllllll tr~llll\hc un . ..,atu
l.ltcd l•Hit' 1'- nrclu:...kd 111 the rcdt.II~L· "''llljl••n:...·nt ET -.uhrq;~tm:-. 
:u:...· lile ...... 111\l' a" fm REC. In tlll .... p;td.a~;; liK !11.1\lllllllll ra.te or L\'J.(l
Pll:ill ... plr.:lll\l[l, ~urfa..:c ckv.rtlllll amJ tk'L'\llth.lltlll JLpth ncl..'d to be 

Lkru¡~._·J 11m !lh.JJd nllnponcnt rcprc~L'lll" ''111) ...t nunor part uf th~ 
t.'\ :lf"->II:.Ul'Pir:i\lllil 111 thc phrcati..: .tri._' a v.IK'IL' ti k' \\ Jll.!f w.blc 1!\ do:-.c 
11, !he ..,ur1.1Ll' A lrn;;ar rciJliOII'hrp tx·¡,,,.(..'l'Jl L,, .nrJ En 1:-. a~\umcJ, 
dqx:nJrnt: PI\ thc ~rounJ WJ\l'r Jcpth. \\1111 L., tcnJrng to z.cro lur 
t:r~'und wall'r lkrth .... appru;~ehlll~ -1 :' rn 

Sun.11x dn .Jirrl/1 1\ Jcnn:J fnmr tlll._' e k\ .1lU11l nf wclllt-.:alitnt:-.. 
h~<tll tlll•. d .... url...tl'L' dcv.rrtoncnntour lll.IJl 1'- plottcd andan c:<I11K
I11lll dcrth 11! J:; lllctcr..., h .. 1 .... cd on .\od prnpc111~..., r-. a-.~umcd With 
111(,· .nllllti,J!h,v.. l'..J'-Y mantpu!.llton ofii1L' d.11.1 Ji k. thc ETRI.EXE 
r,r,,::r.wl \~;¡,,¡J...,\, dcvclopc..'J lur thr:-. p.td .. r;_:l' 

lioundury (ol/dllionJ 

lk.u.l·lkpcnJcnt Flu\ Bound.IJ! Th~· ( ICllcral·hcaJ hounJary 

t ( iiiB ¡ p.td,a¡;c '·" u~J tu :-.tmulatc antcr.~l.'trPih t-..:t\\ c:cn thc Kaupmg 
R.1\l'l anJ thL· urper ayuikr Th:...· t...l.l!J rcyutrL·d ~are thc :-.ame as for 

lllt.' i{ 1\ L'r r:td~a~l', 1 C , [1\ t.'f ... ur(,l(..'"(,' JJld lxd l'il'\ ;.J\1011\ anJ fiVCr 
t ~~.:d 1.1 nrJud.an:...:.:. ~llllllarl y. thc p1 t 1t.r.un ( ;¡ !B l EX[ \\'a,~ Jc:vdopctl 
tnr ~,· .. ~..,~ J.11..1 U'-l' !>ccJu...,c uf !he la~~ o! 111h u 11\.llaun on thc Kaopmg 
kr\ :...·r hcJ conJuct~ncc. \ alur.::-. wcrc Jcnv:...·d lrom thc hyrJrngc:o
lt't!ll·il prPpcntC\ u .... cJ fur th~ Ada~o H.tVL'r R.avcr bcJ -.·onLiu~..:

t.uh:c 1.., thcrdorc subjcct to calrbratlon 
Spc..:ifiet..l ficad Bound.ar) .Uccau~ thc arca adJOIOS thc Ta1v.·an 

Str;ul anJ pan uf thc: Ud :JI nvcr. thc rclc1. .rnr htlunrJary ccll\ wcrc 
a""lt:IICJ ~..t.m-.tant hc;.rd..., fur thc phrcat¡...· ,tqut!;;r In thc uppcr con· 

7 



·fincd aquifer in the lower arca. wuh .111l!,L.Ln t.:h.Lr,LL'1LTL,lLL~. a con
stan! hcad·bourrdary as repre'\cntcd by th~: ~rnund w:LIL"L tablc. 

LatcraHntlow BoundJry. A llux lluou~h 'll!lh.: ol lhc t.XII" 111 

thc tooúulls w.as<a!-..sumed.to !low downw:ud, 111 lhL pi.LLil T!Jc,c 

ccll v.alucs wcr.c...iw..ually dcciarcd a;, havHJ~.t..cJO llux bclmc G.J.!J
bratton. 

Duc 10 the complex input format<> anJ rcvL~~d fa¡;tor!-. for thc 
ETR. REC. \VEL. RIV and GHB pad,agc~ mthc prc;,cnt !-.tudy. fivc 
input file programs wcrc dcveloped for thc<>c pac"-agcs: il is ca.sy 
to ad_¡u:.t thc factors dunng calibratton. Thc final data file was 
hencc imponed 10 a ncwly devclopcd procc\stng prograrn (Chiang 
and Kinzclbach 1992). cal!cd PM. fOí MOD!-LOW :.tmu!Juun 

i\lodd Calihration 
Thc modc! must f1rst be cailbr..ltctl hctorc H c;m t~ uscd \!\ ¡;cn

cratc water hcad furcca:.t.s. that 1:0.. modcl paramctt:L;. are adju:-.tt:U 
untll th:.: :-.imulatton is con.s¡stcnt wnh thc an;..dy~t·.s unt.krst:.~nJmg · 
of thc !;LOUnd water systcm and all availahlc da1.1. ComputcJ \al
uc.s of hcad ~hou!d closcly match t.hc~c mca:-.urcJ at ~ckct~ .. ·U pomt~ 
(ob;.crvatiQn wciLs¡ in thc aqulfcr (Fif:Urc IOt llu;. mcam, that J sct 
of hJ.qoncal data 1s u.scd to compare wtth tllc gcncratcd w:.~ter 
hcads den ved by :::.tmulation Anal y;.¡::, of thc ddkrt:nce bc1wccn 
mcasurcd and computcd hcads 1=ives an IIH.liGHion a' to whcre 
aJJU';tmcnt of output p.Lrarnctn~ rnay be nccc..,:-.ary 111 nrJcr tn 
mmnmze th1~ diffcrcncc 

In most hydrof::colugJCal :-.ctting~. ~uc:· .~. .... 111 thc arca of th1s 
study. tt ts mappropnatc 10 a.-.~ u me ~tcad~-, :e condttton~ bccau"t: 
of largc seasonal fluctuauons m water le\'cb. ~tcady-statc data 
ma~ abo not be ava.dable (AnUCI'$011 .. mJ \\~-.= ......... ncr ISJY21. T1lcrc are 
ba'>tcally two rncthcxb of moJel c •. dthr.ltton: tn.tl-anJ-crrnr ~LdJu"t
mcnt of paramcters anJ automatcJ p.1r.tmctcr optlllll/..:IILon 

In thc prc:-.cnt quJy ~~~ ca!thíatt:d pcrtoJ 1" Lultl.try t1' 
Dc:.cmbcr !9SS, Junnt -...hk·h l:1r_:;c ... t:.l\IH1Jl Jlu...:tu:lltlllh 1n \\:Ltcr 
leve! occur TransLcnt ca!Jhrall<lfl .tnd tn:t!-;md-crrt~r pru• .. 'L'durc" 
are U"-Cd. 

Calihration ProccdureJ 
In tnal-and-crrorca!Jhratlon (F¡pm: l~llflLtÍ;.Ll p.tr.tmctcr \JI· 

uc" are a.sstgned to e.J.~h ccll. ComputcJ .md rnc¡L.,un.:d '.Llut'', ~r hc...1d 
ar:: ~omp;:ued and moJe] paramCICr" .LJJU'tCJ {PtlllpTI!\~' lill' f¡¡ 

TI1c following 1npu1 p:u-.trn..::¡cr-, h.l\t' n .. ·~..~..·~-.~·~t p.ut~o..ui~Lr ;Liten· 
lt\ln Uunng thc Llltll.Jl cahbr:tlt\Hl 

• Phrcat1c ~turagc t .t\.'ltlf 
• Tram.ml:-.SJVH) O..t;.cr:-. l anJ ~¡ 

:'--•IJ ,.,_, 
: ac·o..Lc, i j 

1 1·-

--
Ficurc 1:!. Trial-and-(:n-or c.allhn~tmn pmcc-dun: tarkr ,\ndt·Ntn and 
\\oe~ .. <;ncr I99Zl. 

• Vcrtlc:LI conducta no.: tht:I\\'I..'L'll uppt't .111d ¡,,.,\ ~·r ~.,·l.f\ i 

• Elastic storagc cndi'Lciclll 
• lnfiltr;Hton rccha~c coclll~ . .-it'!lt 

• F.Ktor lor poiCJllJal 1-:T 

• J 1 ydr.Luhc cunJuctanc~ of 11 \'L.! intc1 ct HJIIL'L't tlllh 
• Conductancc hctwccn thc extt.:rn~ll '\ourcc anJ cell 

lt will OC clcar that with optlfllii:Ltion u"mg c1ght par.unt:tcr~ 
thc rhysical mcaning of tht: mo~.kl ¡, !tmut:J. 

TI1c acccpteJ gcncrJliuc~ (lf tran~tcnt calihr.ttHlll art'· ( 1) Ttl flrst 
changc thc tnput paramctcr:; for th'l"C noJal arc.1" \\hl'rL' thc largc"t 
dcvtations occur; (~) To chan~c nnc !y pe of 1nput p. u .unctcr m c;Kh 
run. and (3) To Uctcnmnc whcthcr any ch:mgc of lllfHll p.1ramctcr 
m onc noJal arca will havt: f'W-1'\lll\'C nr ncgatl\'C c!Túh 111 11thcr noJal 
arca~. 

In thc prc~cnt study 10 ~hallnw .Uld J 1 Jeep v..clb ¡hgu1c 10) 
wcrc :-.clcctcJ a' thc fitting v...::IJ.., a!tc1 coll"tLinalton of thcLr J.ll..l 
ava!labilny and J¡~tribullon in L~IL'h rcgion.lllL' pn~~L:llll FIT (Zhou 
1 Y9J b) ,.., u;.cd to ~!cct cumputcJ '.Liuc:-. of h~1d 11 um thc ,llllui:Jt¡on 
nHxicl output at locat1om for whKh oh'l..'l'\'cJ v:LltK'.., \\ t:rl' ,t\ .lli;Jhk 
;n .1 calculatc thc1r diffcrctKC~. Tht:'\L' Ji!IL'rt:ncn fl\'C thc error 
\. ;po~IIIYC or nt:gallvc¡ v.lud1 nccd" to 1-x: llllll!lll!/cd Junn~ tht: 
pn.¡.,:c~.s of calibratwn. 

V.,"nh thc obJCCIJ\'C to f;un a bcltlT in~ifhl h 1 tllc trl'nJ llr thc:-.c 
Jdlcn:nl'cs. Úlc_crror va.luc." wc1c nm\()ur~,.·d lw tlll· l\\1, .u.pnfcr~ :-.cp
arJtcly. Pmlll\'l' valuc:-. 111U11..·;¡¡.._· that thl' llJt:.l..,ut,·d l!L'.Ld.., wcrt: 
grt:..~tcr r.han tlm"c ~:omputcU To mcrca'\C th1..· ~,.·orn¡mtL·~J hcad'> in lill'> 
~ubn:g1on, e1t.hcr thc tran ... ml"~'\'tty wa" J~..·crca"L'd u: thc mflltration 
rc..:hJrgc coctT!c!ciH wa..., mcrca--cJ ur r~..·Ju~,.·L·d :md l.l!L'r:ll innow frum 
thc foothdl:-. v.¡¡s incrca."ed. ·n1c nq;..1tt\l' cJI\11 \ ;lluL'' \\t:rc trcatcJ 
convcr-cl;.. 

••• l 

E 

~ 1 --·. 

1-•cun·IJa. Calihratl·d \l'f"Sll\ hi,lnru::ll cruund ~'alt.·rlcvcl 
¡() \\'.111101 
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FiL•un.- L\h. Calihratcd \'Cr>U\ hi,lnncal J.!mund ~:tler ll·vd 10.\\'.1030). 
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T~1hlc l 
· Rcsult~ nf l'aramctcr Calihr.alinn 

11,¡r.mH·Icr l 1hrc:JIH' 'J ran,.mi~.,¡,.¡t) 

:O,uhn·:.:•m• ~tnr.tll\'it~ ¡.1 T 1 onZ/1)¡ 

1, (] 1 1 I.WO 

1- 0.12 3000 

1, () 12 2200 

0.12 2200 

11 O.OS5 1000 

!li¡ o (I(J.ll 200 
¡j:. U.IXIII 200 
]\ 11 10 600 

mil • \ ~·ur: 

" " " " 
...:.._~ ~ ~ 111m1 me 

l•:.:urt' l~l· .'\ut~-rn.~•·mal·lran,nu,\1\ÍIIf". rT!r. 

Ht·,ulh 

( (JllbrcJicd \ ·, ll11tonr al \\(/ter l . .n·rl~ 

,\Jp~¡ nt th~· ~.dltl!.!il~>l\ l·ll, "~-~~- n:.J..,on.Jhk ~1\t'lllhL' •l!lh 111.11 

;.:trl.dl; .Jd~·~.nt.•t·.: ,;,¡: .• :rP!ll th1' rn.onn.tl.,...,llh.:c 'ltHh 1 •1r IJ~<.: 

,~,.·i;,.·...:-t~J 1 >L"f\,LIJill\ \\L'Ji, uw IIJIO. 1030.9110. l)l-ltl.'Jii'll. 

'JI9U.'J-:_]!¡,IJ2.\lJ.'J\nJ.u¡d l'\\'-l2.-lS.8iJ(h!,!Url'' !lJtu ]l[r lhL' 

diJ)t'fL"IIlL'' h1..'l\\L"l"Ji ..__¡j¡h¡,Jlt'd ;111\,]lllL',I'lHL'd \;duL'' '-'l'll' V.l\11111 

2 f1l 1 l 1m r 1 L' r. r L' 'lll i , ¡' •1 \~ ~-1 i, 1 J 1 7t J. 1) 2.\l 1 .md 11 \[ ~ 1 ¡, ~o._ .11 ~ d 111 1 J¡~· 

•,..._>thdh 1h1r j,~o._,¡ll•lll' ,.._·..,: h~urc ltl). \ho\1.- ttr,1l Jdkr.._·n~~-, l'\~L·l·d 

111. Tn¡ ... \llU.!llllll rc:l-...-~ ,, ttrc l;u~L' ... Ca<;onal nu •• :tu.JI!Illh rn V. J(L'[ 

k-1cl., ;_¡flcdcJ by lu~t1 tr.lll\1111,\l\'rl! and arc;d rcdJ.tr~c 

H'aur Lc~·d ContnurJ 

¡\flcr ca\;,;u[:lltn¡; thc W,lll'r icv(j..,_ l'llll(Ollf mar' for h(l!h 
3l{UIIC 1 ;¡nJ = \~(fl' p[¡l[\L'I.~ U'lll(.: thc SUR.FER. rad .. ..!fl' lllt' 

\crlll'.JI l•],, .. tit• '11 ,111'1111 .. ,¡ \ 11 1 

{ 4).lul \, ou/D l Sl.ur-Jiinty ,..., 1 : •n•=/n 1 

1 1 0.075 .:'tlOII 

1.1 U.IU _\_')OO 

1 1 (]lO 1 JtMl 

1 1 (] 111 Jt)t)(l 

(] 111 O.IXKl-l 1600 

[) 00-l 0.1 XKJO-l !.')(){) 

o 001 (] ()(1()(11 !00\) 

(] 115 (] ()()())) l."i()(l 

Cai1!Jrated vs rneasured heaas ''¡-,--==-:: ___ -
t 10i---~-

I ISf----L---- ¿_~ -, . ----~------~1 

] T 
~ lO~----·--

~ ~ 
-------- - _] 

~ ~ -OJ2i6' ¡ 034/6 L 1 1 
r1 - o ge: 

'-'------ 1 

, r ---r-- ------~------ ~ --- -~l 

·5 1 1 

~' 5 10 15 20 15 
Callblllell 1\ead (m) •J 

F1cun: lt1. Sl:~lll'r plut ami lim·ar rc~rc.o...,wn anal~,¡, nr ml·a-..url·d "· 
lll',¡(¡.., :q.:.1i1hl calihratt·d hl·ad~. 

l'lll!lll\H 111.qh .Lfl' :-.hm~n 111 h~urc:. 14.L aml h. \dllliltnJ11.:atc th.n 
tll'..' llL'Ihl 111 ~~~~und W.Jlcr 11\0\'Crncn! wa.., .d1111t: th~ arttfll'J.dly 

llldtti.'L'd IJ'Illlljllrl_:: ... trc-..'1 :---lopc 1n a nonhc.¡,¡¡,¡ 'outh\\C-..1 dtrc •. :
lll'll 

( 'althratrd l'aramctcn 

kL·,ull.., ln1111 thc p;_¡rJrnctcr calibr.ttlon are prc-..cntctl•n l~1hlc 
~ .1nd he:urc' l~.J 111 15c. Thc glohal mean c1ror .-.. -0.10~ 111 antl 
;:[,lh.tl rlll'.ln .1h"dute nror ¡, 0.579 111 Thc !,!lohal root mean 

'qu.u,·d rt~<ll '' !l -.l(l_'i 111. whllc thc glohal mean rci.JIIVC cm1r ...,Jc.,..., 
tlJ.ul ~ ¡x·r'-1.'\ll ·\ ,.._·allcrpl•ll ¡¡nJ a rcgrc...-..iun :1naly:-.•s uf thL· IIIC.J

'tiiL",I hc.td -•::-1111'1 tht..· ..:.dJhr:.ItcJ h~aJ-.. .... ~¡ven 111 F1gur~ \(¡, 

'' 111, l1 ,,Jl\ ¡..._. ILYil~lli/L'J ~~ n:.a--.on.thlc fit hctwc~n thc.-.c 1wo d;1t.1 ......:1.., 

\\ara U 11 d t:t' t ( 'al!tfJOIH'" 1 ~ Jrum ."iim u Jatum R r.\ uJis 

1\~·,ul! ... 1111 ''·lll'l hu<~e:ctL~IIIlP•IIl~llb dn1vcd fromlhL· ... :aii
I1J,Ltl·d llltll,k[ .lll' J11L''L'I11L'll 111 T;¡hJc J. 

(hc!npl,lil.tll•llll' cnúcnt. "IIIL'C ahout 1._)() pcrccnt ofthc total 
::n,und v. •• tct rcd1:ug·c ''o'n'umctl hy wcll cxtrJctum.llw~ .abnn

ln;.: 1'1;-:IIIC t'llljlh: .... I/L'' tllc IIL'CJ for J \ound ¡;round V.OJtcr m.ma¡;c· 
1 lll'TII j)lljl, \ 

~t·n,iti' it~ Anal_\..,¡, 

'Jh.: d~\TI1.1pmcnt of a mathcmati~:alnhkkl f11r mult•plc aqUifcr 

,~·..,¡cm-.. .... .J Uilllcu!t ta.,.,_ 1r1 that ~lKh ... y-..tcm:. are cnmplcx. 
lnt~rprctatum ol ftciU :.mll lahoratory data u~cJ m thc rcgumal 
ptlUf\J V...!IL'f ntiW llhXJcJ a[<;() fct¡UifCS CIHl\JJcrabJc profc"'lOflJJ 

juJe:cm~nt A \.Cmi!Ívlt)' ~m..1ly~•' 1.\ thu:-. a11 e-..-..cnll..!l .... tcp m all mtx.l-

• .' 

" 

11 
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Fi~un· !.5:.J. Suh-recmnal Phn·a11c Storage F:.H.:Inr 1~1. F1¡,:urr 15h. SuiJ·rcgional Tran.o;missi' itics (T1 ). 
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~.:die ytc!ú.tr;\!1'-llll'-'1\'lly. 'l(ll,J~c ._,,dlt, ¡._·n, .111d \L'Ilt...'.t! l'Oitduc
t;mcc. phi'-' thc n,lluraJ :o.lrt!S'- pnX.'C'-'•L' pf llllflll~llltlllll"dl.J(_gl" Cocr

ffcicnt and thc factor tnr c.v.apol r.ll~'-!11 1 .11 1"· · 

A .:'11 rcn .. '"l:lll incrc;L'-C/dct.:rco.J'-t' l4ll til<..' ;¡hcl\'L' ctlihr;ucd v:t!UL.:' 

are tnlltally a'signcrJ in order lo ,~,,-,.;..,, iH•w 'cnSlllvc dt1Jcrcnt 
pans or lhC aq~lfá ::li"C lO dC\'IíHÍUil' [hJllllhl" tb.t~ll:JIL'd V..tJUC.S whcn 
parí..lrnctcrs í..lrc chí..lngcd drí..l,tically. Thc ... ub:-.equcnt ~tagc is to 
compJ.rc thc sunu!Jtcd ;.md htstorica\ gruund wata elcvation~. 

Scllslfn·uy of Parameters 
Thcrc ar~ f1vc major pararnctcr- IP analyzc wllh rl'spcct to scn

sHivH:· phrcJ.IlC ~toragc facwr )J. tran~llll'St\'HH.:~ T 1 and T2• stor

J.f:e co .. ~fflctcnt S and ventea! wndu:.:t;m~..·c \- Thc~c \ alu~s are dt'· 
tr:hu:cd wtthm thc etght .-.uhrcgtnn.d are as 11• \~ 1 ¡. 1~. 11. 111 1 lll~. 

1\', a.-. mdtcatcd m Ftgure 10 

Phrcalic Storagc Factor: TI1c )U ¡x:rccnt mcrcascJJccrcasc in 
~ causcd largc chant=c~ in hydraultc hcad uvcr mo.-.t of thc arca 
(Ftgurc 17::~.1. noubly m c..ubrcgl(m 1\' Titl'• ¡, thc arca with thc inw
C.\1 ~rounJ water tablc m thc phrcattc aqu!!cr :.HH.Í hcncc thc markcJ 
chan~c may he duc toa htghcr spcciíi.: yicld 111 thc Ji o;; tal phrc;ltic 
zonc In gcncr::!l, ¡i t'> thc most scn.-.iti\'L' of alt thc paramctcrs lll thc 

un~:uur:Hed z.onc tur thzs stuJy. lt:- valuc 1.-. not only aiTcctcd hy cli

m.ztc. but ~~abo tnflucnccJ by thc ~cdt!llLill ..1nd ~oil pro[X:rt!C.\, tm
f:Jtlon and f:round water <..kpth J¡ L'- thu" onc p( thc unpon..tnt 

componento;; of ground water recharge wluch ~hould he cmpha.">i7..cJ 
during future 111\'CStlgauono;; 

Transmis.o;,;i .. ·ity A stmdar cxcrcz~e was carncJ out wuh an 

incrca.-.cJJec.:n:a.'e 1n the callbratcd \alue' lor tr.Hl\1111~~1\ ily wtthin 
i"hnh aquifcr.-. lt~ \'aluc 1.-. founó to he k" 'cn,itt\C th:m !or phrcattc 
~~~):attvny Subn:gton 1; :.•.: i~ thc llll>\l ~n,t\1\'l' tnth1' n: .... ¡x·.:t. _,lill'l' 

Ti anc~ T2 are of grcJ.tcr magmtuLk tn:zn h!llthl \!l: t!lhL·r 'uhrc~lllll' 

(l'lfUrc-. 17h and 17c) 

El~t-.tic Sturdgc Cocfficit•nt: f1ptrc i itl \U~~l'\h th.l! thc "',. 
te m !l.trc!y rcach to largc changc.-. m.-.tnr.lll\ ll\ ·nll· rc.~ ... on tor th1, 
Jn:t\' f'\t: thattlll: ,.-ocffJclenh are \lll:llk~ ¡¡¡..._,,n;p.trt ... !lll v.ttlt 111!tcr 
p.lf.tlllcter-.. 1nvul\'cd tn thL' water h.d.uK~·. ,tn,l l!t:t: ¡¡¡~· 'L .• l,4lfl.ll \;ut

í..lliiHl'> i:1 water hud~ct maznly aflcL"tlhL' rttrc.tttc l.tyrr. 

\'t·rtical Conduct.ancc ~e ~.:h.ul~L·, ~1\l' tk ...;une '-rll.ill dd· 

krcncc' a.' found tor thc storJ~~ (\)('li't, tcni. th•llt~h tilL' dt.Ul,t.:L·~ .u e 
more 'l!=fllfll':Jnt 111 LTIJ, dll'-l' In ltl•: fl\(.f' r IIL' r ... ·,ult' .tfl' 1ur1hn 

1 n!hu:nccJ t"l~ thc dlt1CIT"nLc be:'~ l'l'll r 1' L·: 'ur: .1 • .__. dn .tt1nn ;¡nd that 
lo: t!tc '-'•ate~ tah!c lfthe dJ!IerL'fiLt' l' -.rn:!lh:~.tttcn !llc -'L'll\lll\11> 

t'> al-. .. le'\ Ft~urc 17e prc,cnh ;.¡ ).'Ct~<.:: .ti,,, L'f\ tcv. 1 1! Lile .lll.tl~ 'l\ 

Ir~ \UITilH:!.f!.lhc IT111'-( '-l'll~l:nc ~l.t:-.trn~·:.__· ..... tr: tlw rllrL'.JIL.: 'li!f· 
:t~t' :-.1~ \O~ tr:.Hl'tlll"-1\ lllt:' T ¡ ;¡¡;,~ r: .. Llh! l:l•: ,¡,r.t::L· .... ( ...... t(¡._•¡t'lll 

lh·;r~~· ,J \lll,di ,ll!llf"-!1\l'll:. \l'rlt,.lllo'lhl,:,;,¡¡;,;._ ¡, l!ll' J.-,¡-.! 'tll'l 

11\C p.tr.uneter 111 .lll> '-llhrc).'t1Hl 

Scmttil·it)· uf u_,·dro¡;t>olo¡:ical Str~Ht'.\ 

Scru,itnil~ of ,\n.-aJ HC'Char¡,:c and lh-.chars..:t· ll1c tnfdtr.tiiPll 

rcch:tr).'C co<.·1t"t.:lcnl v.ht._h '' rcl..ttc.:J ¡,. d:r,·,t ¡•rCdJlll.lltl!ll ¡, thc 

n111'>t !>('fl\lll\L' ll! J!l '>UL'"' !:Jt..·tur-. o\cr th..: 1"1.!1 .!fl".t t!u' u..._trt...tL'lli 

~houh.!. 1n l..lt..'l. be .:un\JJcrcd to~cthcr \~tlltllrL ,¡,,r.t¡.:t' l.h:lor 'Tltl' 

.:,,mrxmcm L 1· 1 t:\ ..líX>li .m-.ptr..l!H)fl J J\ lllUllJ !l 1 rx· k-., ......::n,Jtt' 1.' U un 

thc mftllf..ltton rcdl.lf);!C c.:octt"Jctent, dcpcnJcJtt c1l \,!lUf'e tlll v.hctltcr 
IL'> mtlucncc ~d1e.-. t.hc water t.1blc m tÍle llllhtJonl ,uhrcftun llu; 

cffect 1:0. comtder::~hlc in arcas "'-ith ;:¡ 'h:dluv. w:llt.:r t:..hk l~tcr;.zl 

mnnv. llJlUrJIJy hJ~ nlllfC mnuence Jr1 ,IJt'.l' 1\C,If thl' fC.:cll.tr~lllt-: 
rt\er': 1or cx;unpk. O \\'9.\CXJ. 9170. <J2.~(1,tthi 1010 "I111\ mc..lll'> 

.. ' 
l 

< 
; ... 
;¡ -· _,. 
~·· 

t· 
'"·- 1 

o 

Ft!.!urc 17c. \cr1tcal Conduclancc ( \'r l for \H'II P. \\'.X9. 
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Figure 17f. Infihration Rcchar~l' CHcffincnl (ct) for "cll O.W.IUIO. 
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Tahlc J 
JCIX.'\ C:ruuncl \\':1lt.'l" H;,tlann· for· Pm:.,:lun:..: I'Lim1IH·· 111

1
1 

LatcTilltntlow IHml mmut!.IIJJ~ ~.1 "' 1' 2.\tl llllll 

lnll1tW lttunttvcr k:.!l.,at:l' ¡_; {l(l llll !1 

KL'I,;h.tr~c lttllll r,,¡;:/.111 .mU mt.:,::llitlll 5~2 -1."0 111111'> 

lt•t.JIItllluw 1))() 71}() ttl!ll 

Rt\Cf dr;.!Jnagc lti JJ mm 

b apt>lr;m~ptratmn frorn v. ::Jtcr t:~blc ,-
- ' )O mm 

\\cll ub,tracunn ~") 790 mm 

Tntal outfiuv. 1 () 1 {¡ ~su mm 

Stora&c chJng.-: --{¡{¡ 5." 111111 

' 11 .)urf:JCC "-atcr tmr:Jtton rcLhJ.r: · ., ntot cxpliltlil trk·ltakJ h~ thc 
Howevcr. ·, 11 and 1:. rnr>Uc-1 prn.~,,,,¡~ tncludc r:~n pJ tht\ u>rnpo-

m•:¡l tnrou~h the cJ.bOroliiOn v.h:cn ... nuiJ npiJul thc rathcr htph \Jlul'' 
1:'Tr11' \Jiuc ~~ tor ::k .... hok ofme Ptntur..o:' !'lo~tn Ji llh: rnrcJ.IIC J.fc."J 1' 

nnt:. 511 rcn.:cnt un:n thc rnh.u¡:c tn H1a: MC.t ''di 0\: arrrtl\trn.ud~ 
9()(Jmm Thl' ~eerm rJihtr hrgh hu! t0uld a!~n mdudc rech.1r¡:r from 
'un .. u:r v.atcr rrn¡:.11run lnor C\nhcrll~ umo...JuL'CJ t•: l/ll' lll•'<k!J 

cl1ng Jrrln.:atton' '~h~r~ ~althrat1un nHxkl JtffL·¡~nc~" a:~ Du.,cd 

b;. unccnamucs tn CS!l01J.Unf: thc aqutfcr rarJ.IIlL'lL.:f'-. ThJ'\ 1:> r·lf
tu.:ularly so whcn many ofthe par<Hnc!cr~ han~ lx-en opttnli!cd h:· 
thc calibr;.tllon. Dtifcrcnt .\Ct:. uf Jat:J may 111 f.tL·t prnJucc túc!ltl..:~ll 

rcsult" 
hr.\t C.\ltmatcJ hyJro~~ulli);.!L"..ll p..lr.Hllctcr' 111 Pul~! un:; l'bin 

\.l.'crc dctcnmncd ror thc ;_¡:-:.UlllL'lÍ tn!.d thrL·J...nc.,, oi lh~· h.r\111 and 
nccd aJ.,n tn be ·"~cllicd !m thc 11H.ltv1Ju.d :t~U1lcr., TllLTC!11rc. lnr 

nampk. thc t:OJH.luctl\'11: f\. \~;¡, r:tku!:llL"d h,· dr\ tdlll!-= T In thL· 

thJL knC.\.\ of C.Jci• .J"--UII C~ k f\ Cí tx·,j l'1 llli.lU-.."[:lllL L' ú'] J \·,duo [1 •; tilt' 

\J.nou~ rcJchc .• \\en: Htlc:-r~d fro:;¡ !llL' rek\'..l!l: ~CIIlt•;.:.~o.::~l ch:tr

JL'tcn\tlC'> rn cach ¡,;el! t\r•.:.1l fL'O...:kJr~L· r.JlL' w;¡, rnrtJ.dly a''>urm·d t1• 

he 3tl ncrccnt of thc ;_¡vc;::~c annu.1l preupllatuHl !or tht• total .l~t':L 

Actu.JI e\arutrJmp¡ratlon frorn thc \~Jtcr :ahle m lile phrt:.Jll • ." .1rt::1 

wa, cakul:acd m thc moJel u'11l~ .1n C"<tltll.Jti.:J I.J(lPr. f trr11c~ 

m::.J,urcJ l'\,lpor.Jtlllll Jrurn .1 lrL't' \~.J:L·r 'u:J.~o..c rhl· d~·p;¡¡,,; ll'J•• 

(",Jf)(.l[fJll,,:''":t!JOO !lU), W.i.' 3.\'\Urlll'd lo• fx• _; ~ lll /h.'lHt'l..'ll IIK '>lll 

IJcc .mJ -l .. ; :;1. a lmc~ rc!::J.lwn,hrr tx·tv.L·cn LJ :md L .. ¡,· u .. .:t; \tlth 

f ucrcndmt; on V..Jtcr LJ.hk Jcpt11 ·nll, ~~ rh•l ver: :ll'LL:r.Jtl'. t)ut nni:
arrlrcs to ~rn:.ill arca\ whcrc th~· v..t:cr ubk· lfl !he [111!-.'.J:J'~ ..ll'-'.J 1' 

eh~ to thc !-.wi.Jt'C Thc cc•mroncnt ;h.:t1•unt' !•Jl (lfll' .tf'l'fll\Jnl.tlL'I\ 

) rx:rccnt ul tot.tl cvJf"'l.>li.m~rtr..ltt~Hl 11w l ..... rtJ\lll 1>! .1-JtJl!L'r r-..luit.J

~:::' ..ll !he h1•fÚC~ \IJ \IH,' ll\llUOlJlll f.l:l:.::l· .Jfl .. JI\11 IL'll· ', ,]¡n • •r,kr 

¡., '\X:l'rly trt..: ,¡¡e .1nd 'll,lf".: 1•\ tnc :•:,•t•rt'J:: ,],,m.:::. r:. llll' :':·:,e::: 

\itJd:•. lhl' L':!Cl'l\ Pllllt' J:"I\1\L' U:ltL'n.u:iil.'' .lllt; llln..J., ,l'>'>lill;¡,i:olll• 

"';t]¡ R:~jll'C!lll ,1\.lUIIL'f hl.lunJ.tnt.::>, rt.:dl.l!~C Jlfl'-l'V...¡,,:, :111J 1.'\lliii,Jll'd 

par:Jmctcr'. h~t.lrolu~¡¡,;al 'i.lre''· Cll ¡nJII..'.JIC' th.11 the Jcrl\ed 

rr,u\¡..., lk'l'd to i'-..:- c;,¡rclulh n.du.rtnl h\ .'l'll,rii\JI\ Jn.tl~-.r· 

11ll' nJ:JIJl ObJCClJ\'l'\ 1•! 'u-..t: ,l' .lll.lt\'>1' 10 ¡;¡,_• pn:""'-=111.:!!1'¡-; .Ul' 

1 ¡ J lo gam hcttcr lrl\l~hll\1 :nr.: ¡nliL::n .. ~· ~~r th.: \.Jflou' t:~ur~•.::l·"· 

lo~KJ.I paramctcr.-. ;.mJ h~Liro! .. _::~>. . ..ll ,¡rc"c:~ ~11hw ;1¡~,.· a41111t'r 

~~\!cm' on ~rounJ ~Jlcr hcal.!. ;¡nd ¡ 21 111 Jctt·nnuK · · rnu't "'-·n· 
!>lb k par;.¡mctcr valuc' !or funhcr V.1Jf~ 

Pmccdurcs 
lt l\ tÚ'~! nct:c.-. .... :u;. lll rt.'\'JC:v. al! thl' .l"-llllll'J .md t•-.:.:n .. unl ,,¡J. 

uc\ fur thc \tudy arcJ: tht: h~drof:t'ulu!=IC:JI ..:h;,¡ractc:¡~.::...., 11! 'rx:-

Figure 17a. Tran.smtssh·ity (T 1) for "e JI ()_\\',9170. 
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¡!J,Ii j,I[Cf=JI 1!1!lOV.'l\ t!JC pnllCI[).d flrtlLl'\\ 111\!li\L·d 1!1 ~H!IIIId \'.,IIL'I 
rcch:lrfe along thc fnothdl\. Thc on:r~dl IL'\tdb .1rc llitl\l!ah:d 111 

Fl!-'urc-.. 1'71 ~mJ 11~ 
:-;cn..,ativJty to Rivcr Lcakat!C J ilL· rnllucnCL' o! 1ncr lx:d ~·o¡l-

1ju,:tanu..: ..::m b-.: compJ .. n~J \\lth !nat Ju¡ aqu1ll.'f hyd1.1ulr .... L'IIUduv 
¡1\ 11y O \V Y 1 JO .. l) 1 ](¡ ~u1d 1 O 10 IJJ\ e ..1 ~11:;_!11 ~cn-.Hivlly tu CiHB 

-..tr..::un LOnJuci..llll"C .. b~m~ locat~d clu~cr In thc Kaopm_s Rr\L'l 
¡¡1,m ;nc othc~ wcli" Thcrc ..1rc IHJ ~u1tablc ob~crvation wclb alon~ 
thc r)\cr to con:lrrn t!Hs .. but Jny ccl! ncar ::1 nvt~r C'Jil he c!Hhcn 10 

cncck th::: \t:ll..~t:i-. n: of th1" fJctor (f\;;un: 17h). valut:-. are founJ 
lll h·.: 11. :.h-.: .SJ:Tl~ 1JfdCr o: m:J_snituJc J.\ thn:-.c for vcni(Jinmtluv 

[)i,cussion 

.\Jode! Strucwrc 
Tí1:: prt::-.t:nl stuuy ~L<;<,umc:-. ¡v.,¡ tlmc step' anú l-.!41} iJcnt1c.ill~ 

,.;¡?cd cdb wcrc srccitlcC lt 1:-. nf cour~e de~1rahle lo u~e "m~dl L·dl 
sp: .. r:Ínf Jtd :1mc: :-.tcps ~o rhat thc nurnerical rcprc!-tcnwtmn hctter 
af)pro'(.!nl.J.t~:- t:t.~ p:.ull;:t~ diffcrcnti;:¡J cquJt!on .. Howc,·cr. grounJ 
\\Jtc~ r;:,bk k, e[ ... wc:-c oniy meJ~ured om:c a month. wh1ch ¡.; 
Mn rou"i:- in.wff1C1L'nt tn '-Jmpi:: the con~1dcrable ~cason::~l lluctu
Jt!On~ in thc xc.1 SJ.mp!tn~ frcqut:nc: shouiJ thu\ ht: rc:b...C'i'-CJ i(lr 

fu:un: rc.v:.Jr.:~ .. '-'"ílC~u!l~ in thc foothdl" rcch:.J.rgc arcJ (fHlf. 
!99:;¡ C::l! ~í!lJ 'M": .)bxJ!J : .. tiw be n:Jt.:ccú ior thc cu: .. btal aqlllfcr-.. 
111l>rucr [¡1 pnxJucc U1~ IJ..:tJI! reyuitcJ lor calculatm& the dleL·h o! 
lo..:-al !.1nJ -"Ub\h.icn'-·c anJ ~ca water mtruslon. 

inJtiJI conJ11iom r:.::!Jtc lo thc J¡~tnbution of hcat..b 111 tht: 
dnmam J: !he he,pnnt!lf n! '-irnul.!\lOn In th1s re<;pcc..·t thc f:munt..! 
WJ!cr h:\t'l ~ene' v:c:rc !t:)" aJequJIC for thc: uppcí Jl]Uifcr 111 llll' 
quJy are~~ ur.m tuo thc corrc,¡xmdlnf. iowcr aqu1fcr \,tlue'i. thc C,II
JhrJt!On prr1o..:cdurc thu.-., tool-.. com1úcrJb!e lime m ort..!er 111 11\.J\I..:h tht' 
oh ... cnc:) .Jnd C!l!l1)1Ull',l h\Jn,f:r.tph' BounJar: cnmhtl•l/1-.. .m.· 

cnmrno:1l:- 'ckct•.:J 111 a.._h¡cvc J JynJmJ.._ J\CrJ~c \lC.H.Jy .. ,tatc t.1l· 
lhr~lllll:l. w:~j.__.n l\ :b:n Lhl'..; ,J\ thc llliii.Ji CIHHJJ\IIlll !llr lr,llhll'!ll \l!ll· 

u:;J!Hlll !JurHlt: thc lllltl.d ._.ddn.JlHlll. <Jb-.,<.:f\'.JIIun w~o:!l-.. !P ... Jini JI 
thl· cd~c (\¡" thc ~~~o¡r;¡]j, :.!l!l\\l..'tl JhnomiJI nuclUJIH11l~ Ttl( ft'J ... LIII 
1'- heltcvcJ tu he Uuc 1<• lnl· 1111ponJn<.:e of ont· o: tfw ntcrn.J! 
<,\fCSSt:'• LJlerJi lfl:i(I'J. lrnrn lhl· up\lrC.llll .lfC.IIl\[LL thc rl.ltrl \~J' 
í...'ll:-1\IJcn:J ¡-Ir\: :.Jrh: 1:1~· t•t:..: ... b :"t\ltll thc \r)O, .. ·,_¡f¡ ... ·J J1u, l'hlltlhl.lr~ 

cciJ... werc tran .. :Jtcd 111 111~· ll\pntr1CIJc.J!I~ a·in.u11 :t'Lh.m:r "di 
cdJ~ Thc f1u\ tr.lll\IJll'\1 .1-.. l'\!"'l'....tCd JnJ tk ft"\Uii tx"ltn r111k· !ll\· 
lonc~:d hc.¡J, !: "t:w, :r;1¡'i1~1~ !!1.1\ t'<~t:n,:.~."' ~•lllJHIIlll' ,l!'_' :.Jl\n 
Ull(CflJIIO!I;..'\ \\[i\..'1'. !:t<"-:~·¡111~ 

H ~~~~~-~ :Hh! ¡, 1-., ... -~ í~-~~ .t::lt'<~r' .... cr·: ,t"':nncd h1r t:Jdl ¡>.¡.._ i...1_:.::..· 
\;¡¡\e tht" [l',ll rtl\ ~: .... d t\•>tllld.l[l(" ""'':fL flLli :ct Jl•f¡rlc,j tn [tJt' 

!lAS p.¡.._·~-..l~L·. t:¡-..,·r~·: 1/,¡11• •n '1) U1c 1111 .... k 1 d. •11\.Lill ...., J.' h.J'-4,'11 '•n ¡t¡, ', 

,\l!l,"l'¡l(ll,¡! 1111"-k! \;":, ,)•,¡;~~ 1!\il!,.: ,¡;¡d booulld.tf\ LL11\di!ILIII' .111•: 

tht· lil\,:rcii/:.JIJ••I: .~: ::r:ll' ::,J'< tw..·cn J¡,...-u,-..c,J .Jt"-1\•· .. 1 Pr 111\.' HC! 
jl..J.:l.~e:c, U le rrn l<'LJ' l • •ur -..u:lrt"t:ll •n.d .u-t:.L-.. ""'t'fl' t' \fl..lll<kJ l11 1..:1!!111 
Thc RJ\' anJ GHB p>.J ... i...J¡.:c-.. u1nccmm~ \lrc.JII\ hcd cPnt..lu .. :t..JnL"C 
i.1..:~cJ C\~rHlJ(nl .. d J.n.: !IL'""'l'vcr. thc~ illJJ .... Jit'J 1h.1t L'\fX'fl· 
mcnh PI. ::¡:"dtr.:itl';; :: .. ¡:¡ :~ll" ri\L'f -..llPu]J he !he th:u-..1 .. : !ur1ht·: 
[:._"._(,1!1..:: j¡;(J!<:..J:IIl!\ [•~'.,_1\,i/~'- '''l..'f(¡.,_¡CJl[-.. J!hl Y,JitJt"' f¡L[ lhl"llh ... kl 
ET l...1.:1•1: ..~re un¡...,1:~.Hrt -..::..: ...... p.uJnH:tcr\ lk.:.Ju'c 11: ...1 1.1~;., 1d 
C\pcnmentJI J..JIJ h•r liK'C .. a pounú V.Jtcr rcch..~r~c C\.tlu.11ron 
study for thc.: Prn~tunt= l'l.un 1:...~-. hecn t·~rnctl out 1T111~ J.nd 
Ü\'Cm\:10. 1 tJ95) 10 urdt:r (U .:-.tJbil~h ~n :.túeyuJ!C mfonn.llhlll hJ.:-C 
for de\clormcn~ o( J nh1~c prcCI~e v.;,:¡ter rc"ource ... mJnJ.~cment 
nwJe! 11( thc Jrc~~ 

:\f¡u/d (.alibrmum 

Dunng tht· lr.m:-.ient calihmuon flh;¡,¡_: tÍlc 11\Pdcl w,¡, L·:dr-
1\l.ltc,J \11 w:JtL·r lcvcl~ tli-,...L•rvctl in thc pcm•~i l:1nu.n: h• f kccrJJht'r 
I~Ji'iS llllht· lllliJ;¡J runthc c;;tilhr.uzon JlltlLC"" wt~-.m:Hnly lu~·¡¡..,l'd 

·1111 J¡yJ.itl;u)j,¡J_gJL-ai p.ar.um.:tcrs;.hncraltllnt,w Jr.:rivcd fn1111 UJJ-.,tiC.IITJ 
hl n.:chargc thc :..~quilcr al1lllg the l"oothdJ.o.. mtht: ca .... _tcrn p.1n 11! tllt
plalll wa:-. 1111\ yet tak.en m tu con~u..lcrauon .. Although the rc:-.ull\ tit
tcJ rc.~-..nnably wt:ll. it wa:- ubvious lhatthe paramctcr 1nput valuc~ 
wcn:: h»~J IHgll comparcú Wllh prcv10u~ C\plnr.l!JtHl rcsult-. (TPWDB 
19b J) anú c>.cecd thc r•m~c of actu:.tl hydrogt:l•ll,f'tcal ch:.tractens
tic:-. .. Further. from thc cmnputcd water bal;uh:c 11 \\ .1s ~ccn that lat
ero.~! inflow to the pbmlmlllthc northca\1 comnhute.-.. appro..\1matci: 
30 pcrt.:cnt of total 1nput (Tahlc 3J. The paramcters. eo;;pct:Jaliy 
lr:::msmio;;¡;¡jvny. were thus Jccrea..-.cd for .... o me l1 ~o.:~IIIPflS In add11iun. 
hydnllll~lcai ~tressc~ such as thc lnfiltrat10n rcdtargt' cocffi¡;:¡cnt in 
thc n.:ch.Jf.!;C p:.H.:J...a!_:e wcrc al~o amcndcd: thc cocllicJcnt w;¡o;; ini
u:..~lly -.upprcsscd 10 note thc cn·cct on computcd hcad<; .. :\ prcVJOU\ 
study lln lhc plain ~hnweJ that grountJ water rechargc for lhc total 
arca" approl.:imatcly 36 perccnt of annual precrruauon (TPWDB 
11.)61 l. The quc..o;;uon thu5 remains whclhcr thc rn!lhration rcchargc 
cocfftcJent !>hould be 36 pcrccnt for each subrq:ion Ground water 
rcchart:t' 1s inf1uenced by diffcrcnt sud prnpenJc\ .. !he gcologll"al 
cha.racterio;;t•c~. vegetal ion. rJinfall inlcnsny <md Jcpth to the phrcauc 
water l:lblc. etc .. ll1e infiltration rcchar&e nxffiL"!ent with respcct to 

~¡lCc1f1..· y¡c]ú ur phrcatiL· ~tor.1l!vity. ~. for ead1 -.uhrq:1on W<L" thu-. 
oht.J.JllL'd hy appllcation <lf tune scm::..." anal y~~~ (Tm~ 1 ~6) Although 
thc va!uc." of o and ~ both havc uncertaintJe:.. th1~ rnx.:cdure allea..<;t 
reúucc~ thc rangc.: ol cstunatcs 1n thc cailhr.llHlll work .. In generaL 
thc c.drhr:Jtlnn C\ern .... c resulted m a hcttcr undcrstanding wllh 
ropcct 111 thc hydr:..~uli~.: bchaviour of thc aLJuitcr sy<;tcm aitd 
tmprnvcd mfunnation conccmmg its phy..,1cal prnpcnies 

.A tnal-antl-crn)r calibralion mJ.y pn:x.iucc m m-umque soluuon~. 
and 1" .11 ... 11 i11llucnccJ f,y thc nuxlelcr's cxpcn1"c and prcfercncc\ 
v. hcn d1 rlert·nt comhinat'Jom nf p.aramcter.-. ytd.J L'.'-'cnually thc \ame 
hc.1J d1-..tnhut1on. Funher rc-.cJ.rch 1~ thu' rctpmcd U\lllf! ;;tuto

'rn.llnlln\Cf\C llltw.khn~ My cllher J direct {lf :..~n md¡rect approach, 
!ol],n\n! h~ c;¡rctul c;1lihratJoll cv:..~luatHHT and monllonng TI1c 
¡¡t'J¡CL"II~l' 111 quanti!"Jcd cailhration is lo minimi.le thc average error 
h\' tllc \ll·L·alkd t';dihr<Jl1on critcnon .. Thrce \l.-ay~ of ex.prc~~ing thc 
,J\t'f,l!=t' dlil·L·rcn..::c hctwecn ~mlUbtcU anJ mca~urcd hcaJ~ ;.uc 
u>nHI~L,nl: U\l'\.i. mean error.. mean ah ... olutc error and standard 
dn t.!II~>Il 1 :\lldt'r'•ll1 anú V..'t>e\<;ner llJ<)2J In add1t1on. an error 
1n.q, 1' .1hk ¡n mJ1c:1tl' wht:rc :..~quifcr p:.1ramctcr adJustmcnt 1\ 
rcqulrt·d or dl.lllf:t'' tothc a....,...umcd hydrolu~!t:.d strcs~ are nccded 
¡¡,,., C'\ cr. 11 kv.cr mca,urcd t..lat<.t are avail:lhlc, Wilh anlerpol.1-
l1111l' tx·t\\Ct'll d1 ... :.lnl uh-.cr\allon welb. thl' m.1y g1vc m¡o;;Jcadmg 
tt'\1·1:, l•11 p.tr.LI1K'Ic_r c~lthla!Jon. For C\a!Tlpk .. :.ti pre!'>cnt lherc are 
•11h ,¡, ,,!•-..cn.IIIP!I u.dJ, ..JV.u!Jhk mtlll' phrL'.lt1C ayu1fer for tht: 
\'lh•l~· ..11'111.!1[\ .. 1n -.,udl .1 ,\IIU.llltlll 11 i:-. t"x:tter to compare thc 111J1-
\ 1Ju..JI ~lliii..:"{II.1Ut..lut¡; valuc~ fron1 !he lowcr ayu1fcr. 

.\('Ir { it1 ,-iry A nnf.~'\Ú 

:-.~·IJ\Ill\'11~ ;m.d~ '1' 1\ typ~e~!ly pcr1Prn1Cd hy cbanging ont: 
¡ur.IIIK'll'r \,duc :1t <JIHTlt' inthe ... ruJy arL'.L 1-romth•~ an:..ti}'J\, thc 
Jnlilu ... i:IIHJ_ rt·ch.lr~c cndlit:1cnt fur pounJ water rcchargc wa\ 
-.h11""'n tu h...· tht' mo-.t,..,cn.-.111\C parameter..llK' rca\<JO fur d11~ es thc 
bctthal J1rc1.1 prt'cipHaiJon rnfiltration lo l!rounJ water i~ thc m~un 
V.J.!Cr habncc componcnt.. Uoth úte infiltr~t10n rcchargc c-ucffi
CICIII (o 1 antJ phn.::JtJc \loragc factor(~) are unccrtain parametcrs. 
thc1r v:J!un "l::ndicantly affcctin¡; thc an1ount of ground water 



rcchargc. Compar.J.Il\"C c:-.timatH>Il by tune .... cno.::-- :m;Jiy:--~" w;,.., :tl"n 

pcrformcd (fing IIJ<J6). Promth1s ll c:~n he ~rcn th~11 lor thc pro\~ 

unal a.lluvi;ll lan. lor C\;unpk:. ;n wcll 0:\\ 1}1(¡(/ thl.' JnfdH.tlton 

rcd1.u~c r.:.ocJiicrcnL. n. '" .thout O .. 'D~(J XS¡t ll W111dd "L'L:IIl llllllllk 

·-'~tuJy th¡¡t·!·.a.lisf.u.:tory rc..-.ull .. • .. could Lx.: ohlamuJ 11 ;U lc.J.\t om: l)ltht.: 

coclllcicnL-; werc bcttcrddincd. h 1\lhcrdnrc ¡,;ondudcd that "Jll..:~ 

ctfic valuc!' are n:quired bcfore real-time modelmg t:.. l'Olllr.:m~ 

platcd. Thi!-> dcmant..h adUttinnal fielc.J cxpcnmcnt!->. 

Conclu.sions and Rccommcndations 
TI1c fol!owm¡; ¡;cncr..1l conduswns anJ rccommcml..ltton:~ ;ur.:. 

dr;:¡wn from Üll." ongowg rc~carch progr<tm to rJ.ttc: 
Tlu:.. sturJy w,1., lntllalcrJ to imptovc ~nowlcd¡;c ur 11!..: hyJHI

¡;culog¡cal SllU.J.Irorr rn 1hc Plllgtung l'iai11 intHdcJ w m.tr," dtlucut 
managcmcnt of lile water rc:..nurcc.-. pos:..ihlc. 

Prcv10us Mul11cs on thc use uf ¡;rounrJ w;¡tcr rcwurcc~ 111 thc 

Pm¿:!lung Plam h;Jvc bccn Jcvclopcd on Jn <.HJ hoc ba.,ts anJ !cw d;JtJ 
wcrc avadablc Tllt.\ rc,.c:Jrch wa.<, thcreforc b::l.\Cd on a :..1111plc 

Cl l:;ccrtua) moJe). v.¡tJJ m:my :JqUJfCr rmf1Cr11C.." .\UCh a. ... tJlc phrc..tlH.: 

.\ll•t.lgc f.1c\or. tr.lll"llli\"'VJty, ,<.loragc cocfiJc¡erH .mJ nvcr cnrl

th:t:l.liiLC h;l\lll(: lll he C"llllla!cd. ·nlc IIHILa] IC"II]h j¡,¡\'C Jliii\'Cd 

crJcour:JgJn~. hov.l.'\Cr, .mJ h;.¡vc cvrdinncJ th;Jl thc nccJ lur ullc

fTJtcU mana_!;cmcnt of both surface and ¡;round W.Jtcr 1.\ utt:cnt 1l1c 
tb:..a ha.-.c has bccn :..q;ntJ"tc.mtly cnh:U1ccJ. lhough thcrc 1.\ ~tJii ;¡ 111.;cd 
fur more cornrlct:.: mformatlon to unprove and vcnfy thc uutrJI 

moJel and caltbr.JiiUII Tu thz~ cnJ, ¡j\'ailablc u.~w un hyUro_!;cology 
should be or¡;JJH/.'..'Li anJ II.)I..Alicd wnJun onc autllority and aJdHzon.JI 
rtc!J expcnmcnt:.. .\houJJ be cm-tcJ OUllO bcl!cr !->[')o.:Cify the llllpüf

tant h;.Jrologi...:.d p.tr.unctcr.... 
Thc prc...,cnt cr!Jlnatton cxcrcJ!->C and sen:..H•vtty analy'>.c . .., h.1vc 

¡;rvcn tx:ucr lllSif::ht lo thc hydraulic bchaviour uf thc aqu1fcr "Y"
ICI!l aml hav:.: Jtllj)l(lVCd 111:.: ~I<JlC uf knowlcJ¡;c rcl:.J!Jng to 11~ rJ¡y..,

tcai ¡-nopcrtJC.<. 'Ji a.: "Cil'\lllYily <Jnaly~cs abo dc.niy :..how lh.!i !he 
Jnril:r.Jl!On rcch.uc::.: (.ncfrl¡,;¡cnt J!-> a dumino.nt hyJrolog1cJ1 !->lfi.:~" 

compuncnl, f!fOlllhl w;Jt~.:r rcd¡ar¡..:c n.::..c.tr...:h l!> tJru.., .111 Jlllj)(ll1,tnl 

1.-!->UC fG~ thc \'1ll~'IU1l~: \'\;un 
T\11... numt.:rr .... d IIHH.Jcl MODFLOW W..J" u..,cJ lo "'IIJLJl.ltl' 

¡;wunJ v.o.tcr llP-.~. liluut:h rcquacJ ..:un,u.kr:illk ...:.lhhJ..Jllun cll11!\ 

j¡r ordc: 1o .Jffl\'~.' .11 rcali...,tH: hydrugcolut-:IC.Il po.~r.JIIIClcr" :~nJ 

.)t; • .)!->.:.'-> :l.c: c,¡,¡l;;,¡Jr,:.l r:diJrfC :r~urc .... m;¡¡,:!J rJlhcr v.:.:ll v.¡lh 

rc ... ~.r:~. ~~u¡¡1 ·~.- · .. J:..:. ~HJ .';e: c_:,:·JI~~ro¡¡.., T11 f.¡,_·dll.Jtc fullhcr 

·~ •• ::l comprdl('ll">l\l' l'<lllliHllcr Jo.~\,1 b,¡..,,- "l¡uu!d be C">l.Jb!r ... ho..:J 

;~ .. ,1\thc \\'.1tn l·:t···"llfl t'"> 1 h·p.ulnK'nlli"r th·· ... tt>r.\:_:C ,m.] PI"· 

Ll:">">lll¡_:. lll .,¡,.,,·¡ •.>l>•H> ol.l\,¡ .llhi hH \"ll'llll~lloHI .. ; ,¡ nd, ·•¡:11\'ol 

1=ruunJ v..ttcr l:hlllllo•rlnt,: ~y\ICIII ll1c \l,lndo.~rd uf ut)"CI\.Illoll 

\4 cJJ.., .111J lhc 1 •l N.:r-.. ,JI nm.., thcmo.,cl \C.\ \houid be lil'f""''" tcJ rq:ul.ll !_\ 

. . 
A e know lcd gmcn t 

Surpon of lile \tuJy '14a:.. rc.:c1"cJ frolllthc ~Jtton.li ~LlCIILC 

Councal ::md N.lllllllnl Pmgtung Pulytcchmc ln!>IIIUIC tor thc rm.l 
Julhor un h1" J,.._Jl•r:JI rc ... c.uch program. 1111~ ~upporl '"' };f:l!C
fully ad.no\4 lnJrcJ 

,. 
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Relationship Between Pumping-Test and Slug-Test 
Pa:ran1eters; Scale Effect or Artifact? 

by James J. llutler .Ir.", and Jnhn l\1. Hcalcy• 

Ahstract 
In most ficld invc.<;tigations. information aOout h~·draulic conducti'"·ity (1\:) is ohtaincd through pumping or slu¡: testo;;. A con

_..,idcrahil- hody of dat:J ha'> IR·cn arna~o,cd tlwt indicatc.\ that thc K cstimatc fn1m a pumping test is. on an·ragl', considcrahly largcr 
than t!Jl'.J,'~Itmat~!Jtaincd_ from a !'!l'rk~ of ~~u~ IC..<il\ in lhc samc furmation. Although thcsl' chtta could he inlcrprt'tcd a!'! indical
ing a natural undc~~·ing scak dcpcmJcncc in~ an altcrnatc c\planation ¡_.., that thc ~lug-h.~l K¡_.., artifidally low a" <1 n·~ult ofÍIH'fllll

plctc \\1..'11 dcHiopmcnfund. toa nwch 11!\..-.cr e:\ ten t. failurr to account for vertical ani~tmp)·· lncnmplctc "cll dc\'clopml'nl will oftcn 
n.·.-,ult in (HJI~ the most pcrmcahlc znnL~ bcing de¡] red uf drilling dchris. "ith m u eh of thc scn-cnl'<.l intcn·a) n.·nwining undl'\'clo~wd. 
i\lure cu~ory dc\'clopmcnt can lc<HC a I0\\-1\. ~k.in along lhe entirc ~crccnl"<l inter\'al. Failurc tu rc(.'ognilc .\Uch nmditions can rcsult 
in a 1\. c."'timatc frorn a slu¡.: test that ¡.., much hmcr than thc 3\'Cragc 1\. ofthc furmatiun in thc .. -icinity of lhc "cll. By rontrast. nci
thcr a !<!hin nor \'Crtical anisotropy willlunc a sij:!nilicant impact on K ~timatl'."' from pumping tcsl~ whcn .scmi-log anal~·-~c~ and/nr 
nh~cn ;¡!ion wclls are u~cd. Ho,,c .. ·cr. a rcasonahlc estimatc of aquifcr thick.nc.'""' i!-. n•quircd lo com·crt lhc tran."'nlis..,i\'ity calculatcd 
from a pumping test into an a\'cragc 1\. for thc o1quifcr. Prim:!_i! ÍO\'oking a natural M'alc dcpl'IHicnCl· to cxplain tia· rcsuiLo; of dif
fcrcnt t;~c!-1 of h~draulu.: tc.'IL\, hcad data should b-:_ closcly cxamincd and scriow._<-'Oil!<iidcr::ltion gi..-cn to alterna!<-~ cxpl~n-~t~u~~: 

lntroduction 
Pum;:nn:; anJ ~.,Jug tc.sL" are th:.' pnmary mc<In"- hy whKh hydw-

nation for th1s w¡Jely ob.scrvcd diffcrcncc. Wc show that it is dif
ficult w thc{lrcu~:~lly :-.uh:-.tantJatc thc Jnlrcqu~:rlt-l:onduit hypothc-

,t:t:Dlt lf-1"-h tlhl.Jltl 111 ,¡tu C\1 llll~tc .. ot thc tr.lll"-!ll!''!\'t' prn¡x·n ¡e, 1 1f "'l.,_ ln:-.tcaJ. wc pry¡:<_l:-.t' th.1t _th_c ~llkrcm:c 1:-. pr i m.lrlly a f unctum 
.1 r'onn:Jiltlll 1 1\.ru:...cman anJ Jc RtJJcr l1r>tl. Butkr JlJlJ7) ~mcl.' thl' 11t' tnt'tl!nplctc wcll dt'\'l'hlplllcnt <.~lld. 1t1 :.1 11.':-.'l'r dcpcc. unccJ1amty 
dur.llnm or tno"t purnrm~ tC<..,I\J~ nn thc mJcrot iluur<..,tPdJ}:-..thc l'l~tJu:.rnm:; a~.tu'¡lcr thJch.nc:-..., and vcnicll ani:-.lllf\1)1)'· Uoth hypo-

lt,nn.tllllll \¡l]urm: th.J! 1.\ aJlcc!cJ hy thc :1\Cr.J~C [lU!llf11!lr [C.\ll\ Cllll· thClLC:.lll.'\:.ullplc\ <.11\J f¡cJJ Jati..I.UC li:O.Cd !11 ,\llflJ"II.ln our C:<planation 
'Ldcr;~-~.::.__bu;cr ltl .. Hl lh;_¡t :.~ffcctcd hy ..1 ,]u¡; tc:-.t. Citvcn thc J¡fft:r- Wc W.Jnt ltlClllpha .... itc thatthc pnmary purpo-..c ol th1s papcr JS no! 

en¡ furrll:JtJnn \'O!UnH::..,mvolvcJ.It ,.., not ... urpn:-.mf. th.Jt ;j¡c-.c tc<..,h to J¡..,putc thc CX.J~tcJKC: of a natural undcrlymg ~cale: dcpcndencc 
CJn y Lcld Ji 11 crcnt p:Jr:.~mctt'r c\1 1 m:Jtt'" whcn ¡x:r(Pnncd :.~t tl_1c m h~dr.IUiic ~...-onJucllvHy. Rathcr. thc purpo~c ¡_... to úcmonstralc how 

.... amc v.dl. l_n many gcohlfÍt.: -.ci\Ln~"· une llll).!ht C\f"..'tl tl\.Jtthc :.1\'l'l~, hc:.~J d:Jt.J lnun hyJt:.~ulit· tc:-.l.\can he u.\cJ lll a.\CCr1am whclhcr an 

,t~c v:~l~t· tlhtaJncJ frorn ...~ ¡m,¡;r;tJll tlf ,Ju:; tt·,¡., \\tHJ!d t.:tlll\CI"_;c 1111 ·~ _...· llh,t·r .. ·cd .\C.Jll.' dcpcmkncc ,., ..1 proJuct o/ n:.Hural pnx:cs~_... ur an 

thc c'lllll.Lic ohta1ncU lrnrn :1 !.Jr~c--.. •. :.Jk runlplw.· te..,¡ .1 .. thl' nu111- , ;.¡ndart of hun1.111 aL"tlvity anc.l :.~n~1l)'~l'; mctlllxlology. 

ix·í and 'Jl.tli:Jl L"ovcracc tl1thc ,¡U!.: tc't-.. llh.Tt'.t-.Ld •ltmt'\CI .• J lan..:c' 
---- --- - -- - - - J 

boJ y Ol f¡ci¡J (.JJ\J !lldJGliC\I!l:Jilhl' h~JrJu!J~ llillJUdJ\'1(\ (1\ 1 C\tl· 

Jll.Jlc oht.tLncd from a <..,ene-.. nf ,¡u~ tc<..,t',., nn .1\Cr~;.:c. Ct'll'tJcr
.tbly lov.cr th.mthat oht.nncd trllfll purnrm:.: tt·,¡, 111 thc ,,JLllt' 1or

:n;ttllllltl' t' .. Br.1dt'lur: anJ ~1uiJ,._,n 1'}1)0_ k.t\IIL' 1 1 >-)1.1\t~\l'} .m,~ 

C'tH.:n ... aun 11N) 1 k.cccml~. Rtn n ,md Clh·rk.tut·r 1 I 1J'J"- 1. .lllh'll:.' 

~>lht·r-... h.nc llltt·rprctcd :tlt"'l' d.ll,¡ ..t" mdt~·alnl_!: .1 n:Jillr:d unllcr!: · 

111:: "~:~!~t¿f"CmJnKc m r.. Thl'll n.~"ll h:r"·'ult'"'" ~~ th.1t ·' pumr)
HJ~ te''" ''ronf_l~ .llfccJcd h:-- mfrt·qucnl-iii·"P·•ll.' dl.trillt'l' tum

dutt:-.J oliCI.Jtl\'cl! hi~h K. v..hdc .1 .,¡Ul! tc-..t r.1rd~ "'-'lllPk" -..udJ 

··c:\trciTicly rarc" hc!cro~cnctiLC" 

In thl\ rarcr wc C\~10\llll' thl' rd.LIItln\htp l'x'IWl'Cn purnpm~

lt''>l ~¡nJ ..,¡U!=·IC\1 pJrarnctcr., 111 ;m ;¡llcmptto ul1cr JnuttJcr c:..piJ-

'Kan'i:t\ Geolog1cal Sur\C). 1930 Constan! Ave. Camru~ Y.est. 
Un1vcr.;i1y of Kansas. u .... rcncc. Kan~a~ 6f.047 

Rcce1ved Ma~ 1946. acccp1etl Juh· 1997 

Y<>l. )(,, l"o. :-GKOUND WATER-March-Apnl I'NX 

E:~.amination nr thc Jnrrcqucnt-Cnnduit Hypothcsis 
Butlcr :Jnd L1u t 1 V9 l. llJ9.\) Ucvclnpt:tl a !-.~ncs of sermana

l~tlc::J.I "111/UtH•n, h•Jnvc_...t,p11c the ctfcct.., pf lateral heterogc:ncltic~ 

on pumr1n¡;·ulducc.:J drawJown 111 HJ~o:alucd non-uni~'Jrm furma
tum" l'hc"l' '~une.: 'olut¡on' can Oc u~cd 111 a..,..,c..,, thc innucnce of 

•nfrt·yucnt iuth·"'- nmdull' on para meter c:-.lunalc~ obtained from 
pumptn~ lt''h h~ur~.:_... 1 a ;mJ 1 h ~how ~Wtl '1mplc modcls of lat
crJ.I hctcrogcncitJc~ in whu.:h a h1~h-K zonc (;,m infmuc strip in 
hgun: 1 a and :1 l'Jh:ular J•'"- 111 Fi~urc- 1 h--i.Jhclcó K 1 in both plots) 
'" crnhcJdcJ ¡na uniforlll matrÍ\ of lowcr K (lahcled K~ in both 
ph)t\J Although dcarly uJcalit..r.:J. lht:!<IC conÍif.Ur.llion~ cnablc con
'H.Jcrablc m"'!ght to be ~;~¡ncJ conccmmg pumpmg-induccd draw
Jnwn m hctcrogcncou~ formation~ m v.·h1l'h thc maJOr elc:mc:nt of 

hctcrogcncity i~ a di~crctc Lunc of much h1ghcr K than lhe sur

roundmg mcd1um. 

F1gurc 2 d1splays thc dcpendencc of pumpmg-induced draw

down on lhc magmtudc of lhc contrJ!-ot bctwccn the conductivuy of 



a) lnfinite Strip Case 
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b) Circular D1sk Case 

Facurc l. tal Conr11 . .:uroa1ion t·omi,lml! of an mfinitc "trir t"adth=dl 
rmhcddt·d in an u: ··nq,c unirurm fuanmtiun lpumpua¡.: "'di lct<'atrc.J 
al,,,.. )

10
,.1; lh) l ·· .:,:uralum '""'1'1111 ,,(a nn·ular dl"h. lrddiU .. =:..J 

cmheddt·d in an uual·n'l'l' unifnrm for ... alaon tpumpm~ "'clllocatcd 
al r , ... fJ, .. : on¡.:m al t l'lllt'r uf da'~ t. 

t11c ~tnp t 1\. 1) anJ th.Jt of 1t1c 11! .. 1!1 t\ (K: t ft,r th~· -..a-.c uf ..1 rumpm~ 

wdl hx:J.tn! ;1 ver: .. n~~rt d ... t.ut..c !U.)J¡ tmrnthc ,¡nr of h~ur~: !J 
1'\utc th.Jt ua.:rt' .1:,· tll!t't' .. c:_::"··rH ... n1.ukcJ un llac Jr.Jv.Ju....,n cur.'C 

!ron! u! thc con:.: ni 'Jcrrc, -~-·n P·•"c' th: ·u~h thc n~ht-h .. mJ 

to.•unJ.u; ollhc ,¡np . ..1 (nnp:r-J,¡, .. ph x:nu-1")- .trt.al~"'' tCoopcr .mJ 
J;...:ob [1}-l(l, t\.ru....:m;u1 .Lild de 1-\a,!dt·r \1J'JI:I¡ lll U11" mtcrv.U v.¡IJ )LdJ 

thc 1\. L•~ :tic mJtrL\. Sq:m~..·n¡ B rclk~.:t.\ l.."mu.JHLom. a..o;. thc lrunt ul 

thC COIIC of t.krn:v .. Ltlfl r,\V•-t'" thruÚ~h thC '-lnp lf J ,¡r,.llghtiiOC C.lfl 

hl.' H.knllfLcLI f¡lf th1' ["'ll.:fHkl .1 ('oo¡x:r-J..H:tJh .m.Jl!"•' wdl y¡c]J ,1 

t1ydraul•c cotiUuctL\Lt;. lfi.Lt L" .111 Jrlllllllt:tt.: .. ,a .. !=-~ ul thc ''nr anJ 

m.llflX K (Strl.'lt"''\·1 ]'),\~¡ Sc!=-tlll.'lll e rdk.:t... lhl..' l.tf!!C-Iln\1.' 

hch..tvlor ollhl.' ~y\tl'lll A Cnu¡x:r-JJ,'Lib .uwl)'l' ul tlu:.. -.cgrncnt ""·11i 
Y•l'ld a 1\. ct.¡ual tu tll.Jl ol t.J1c fll..ttn:\, !->lni..:C thc ch.u1~c., m dr.Jv.t.lu...., n 

JI JJI~C tune.\ JJC llldcpcnJcnl uf thc prnpcn¡c, uf thc :,tnp ( Butlcr 

and Lw J 991 ). lt 1\ LrllJ")(In~H hl cmpha.\1/..C Lhat only dunng Lhc u me 

mtcrval dcnotcd a.' ~q:rncnt B .JIC l.'h.tngc!-> 10 Jr.Jv.-Juwn <.1 funcllon 
of thc propcrtLC\ ¡¡J thc \!np 
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Figure 2. Dimen.~ionJes.o;; drawdown (4nK1bs/Q, "here bis formation 
lh1ckness and s is actual drawdown) \'Crsu"' the J.o,:: of dimensionles..-. 
Lime {4K2liS ... ..dl) plot for the ca...e of a pwnping "'dllcKated a ver)· short 
distance from lhe Strip (A¡rw = 05<J,) P'" = 0.0; Spt_-cifiC Stor~e Of the strip 
and formation assumcd cqual; oll.scnation "'cll loc~lled bctwcen 
pu1:ming wcll and strip al position (O..Jd, 0.0); intcnals A, U, and C 
del.. :d in tcxtl. 
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t-rs:u~ 3. J)i~~~¡ drawdo\o\'11 W~"i thc log ol d.i:rnc:fNon~ tJmt 
plut a-. a fundinn of thc di,lancc llt-1'-'«n lht pumpinJ: •~11 and lhc 
!olnp (t\.1 = IOOK:: Spt-<:afic .\IOrdi!C or thc stnp and formation RS.'\Umed 
cqual: olr..cnation "'di hx:atcd bct"'l"Cn pumpm~ "cll and strip al~· 
tmn Í',.-- 0.2d, O.OjJ. 

F1gure 3 !Jlows how t.J1c rclatiomlup' uf f·-¡gurc 2 dcpcnd on d1!1· 

tancc from thc stnp. C!clJ!y, th·~· influcn¡;c of the stnp dimm1shcs 
qu1c~ly as IL\ d.Jstancc frum ~ pumpmg wcllmcreases. At l~c: nor
m<.~IL/.cJ d1~1ancc~. thc :,tnn-1nduccJ Jcv¡atJOn from lhe scmi-log 
stra•t:ht lmc ol thc umfonn Ca.\C will·c..,,.cnt¡ally be nc:,gliglblc In 



Circular Disk Case 
Dependence on D1sk l_occ:tion 
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Figun• .. t Dimcns10nles..c; drawdo\\n (·ktK1bs/QJ nrsu.s thc loJ,! of 
thmcmio':Jic~s lime (4h::lfS,1 a~J plot as a function of thc dist;~ncc 
hctY.ccn thc pumpinJ! Y.Cil and thc dblo. (1\. 1 = IIHJh::: spccific 'ilor:l¡::C 

of thc dbk and formatlon aS$umed cqual: obscrvatJOn "elllontlt•d on 
ra:o connccting pumping \\el! and dislo. at radial pmition r
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Jo1j!Urc S. ~ormahu.-d hcad (11(1\/lf .. w~~ litO i.o, mca,urrd dc,ialion 
fmm static and 11. is maJ,!mludt or tht initial di.'iplactmtnl t Hrou.•• 102 
timt' plot ora se-ries or ~u e: leslS ptrfonnnt at "tll 1 of momtonnJ! 'ill(' 
18 in StafTurd Counl), Karua.\.. 

:pr.1cticc. if lhc strip is much lurtha 1h:m a normalm:J Ji~tarh.:c nf 

· fivc.from the pumptn~ wcil. thc moJcr:ill· 111 lar_;!C'·IllllL' dL'\'I.IItnn 

· pru<lJJCl."t:i hy thc slnp "''ollld undouhlcdly he <..'tlll!t.tlktt:d :..t hound

~try dfcc1. íU1Ú thc K c.. ... tin¡;,uc wnuh.J he tlht;rint:d fmm .dll' c;¡rJI~·r- .· 
,incar dara-segment. Fmm thc~ re."iulls. tt"fs dJtÜcuh·H"I"iC'C' hnw an 

mlrcquent htgh-K cmH.Juir (c.g .. a hunc-d ~trC.nn channcl in a fincr

gramed matnx. a zonc of in tense fractunng m an otheN·i~ spar.-cly 

fractured fonnatJon, an igneous d1kc intruding a less-pcnncable 

country roe k. etc.) would ha ve a s1gmficant cffcct on par.~mcter csti

matcs m thc general case. 

Figures 2 and 3 dtsplay result.'\ for thc o .... C' of a h1gh-K stnp of 

infinttc Jength. lf thc h1gh-K zonc is of finJtc c:-..tent. lts tnflucncc 

can be cnnsidcrably lcss. Figure 4 di~rl<l)'~ rcsults analogous to 

Figure 3 for thc circular disk configuratwn o;;hown m Figure 1 h In 
tlu" ca"c. ifthc circular disk ts more than :1 Ít:\\' radi1 (a) away frnm 

thc pump1ng well. tlS influcnt.:c is insi,¡:!nificant. As shown hy Bmlcr 

and LJU ( J9í)J). a Coopcr·Jacoh analy!--1" of thc laJl!C·timc drawdown 

wrll agam yrcld_the K ofthe matrix. Tims. a rclauvely equi-dlmcn

sronal h1gh·K zonc of hmitcd extcnt wrll h~1\'c v¡rtually no 1mpact 

on pumpmg-tesr K esumatcs unlcss 11 L" largc and clase to thc 

pumpmg and observallon wells. 

The conclusion of this simple analysi" JS th:J.t. in general. 

infrcquent zoncs of rclativcly h1gh K will h;1vc httle unpa.ct on pump

mg·induccd drawdown. Ir such a 7.onc doc .... play a SJgtuficant role 
m J. partiCular pumpmg tc!->l. that suuation should Oc clcarly revealcd 

on a semt-lo~ plot of thc drawdown tbta. lf pumpmg-induccd 

drJwdown d!'\play thc ideal hchavtor prnl!ctl.'d hy thc homogcncou"

aqu¡fer modcls of the wcll-hydraulics litcrJturc (c.g. Coopcr and 

Jacoh 1946: Hamush 1964). then onc can he vrry confident that the 

rcsultmg K cstimate is not sigmficantly affcclcd by a zonc of 
annnwlou~ propcrtiCS. Ba.o,cJ on tlw .. analy~J .... onc would cx.pcct that 

the hydrauhc conductivity csumatc oht:uned from a scnc~ of slug 

test<; would. on average. he quue clo!->c to 1hc estímate obtaincd fmm 

a la.r!!C·"cale pumpm~ test in forrnal!on" rn wh1ch the major elements 

ol hctcmgcnclly are mfrcquent zonc..., or' rci.Jtrvcly high cnnJucuvity 

lln1". thc mfrc4ucnt-comlull hypo1..hc.."1" t.il-c!-> not appcar 1:1 be a con

\'trKtng e'\planauon for rhc widcly oh ... cf\·ed diffcrcncc- bctwccn 

pumpmg-tc..,¡ and ~lug-tc~t paramctcr!'-

A n Alterna ti ve Hypothesis 
An altcrnatrvc to the mlrc4ucnt-cunJu11 hypothc'\ÍS is lhat 

h~JrJullc cotH.Ju.:ttvlly estimates obtarncd from slug lests are anr

f¡n:illy lnw a~ a rcsult of rncomplctc weilde-;clop~lC!l!_and a ~ad~ 
un: w ~H:count for vcn1cal anJ~otrup~. hoth of whJCh have rcla

trvdy lrttlc mllucncc on K cstlmatt:!'- ohtamcd from pumplflg tests 

lntlu' 'L'dlon. c;u:h of lhc clcment:.. ot th1' altc~atc hypothe.-.1'\ are 

Pncll~ Jc-.cntx-J anJ a numerical c~;unpk 1!'- prc ... cntcJ to dcmon

'ILIIt: thc m •. qor pornt.\ of the di-.cu-. .... ,!111. A ficiJ mvc~llgallon "' 

Jc.'o('ntx-J m t.he followmg sc..:uon 1<1 pm-..·tt.Jc furthcr support for Lhts 

hypothe(IÍS. 

lncumpletc \\'cll Devclopmcnt 
ln~omplcte well dcvclopmcnt 1" thc fallure to rcmovc the 

maJonty of dnlhng-rclatcd debn!'- (C.~. remnant drillmg nuads, 

frnc matcnal crc.atet..Vmobili~~-hy thc_ dnll1ng Pr:t_JCc:ss. etc) and/or 
p-roduclo;; of human··mdu~~ bwchcr;,ucal acuon frn~-(h~ -near-well 

portrons of the fonnatJon. Sincc slug tc"t" are C\trcmcly scn(lltlvc: 
lo near·wcll condlllons (c.g .. Mocnch and Hs1eh 11.)85). mcomplctc 

wcll devclopment can rc:sult in ..,Jug-te"t e.\ttmatcs that are more 

rcOt.-ctJVc of lhc altercd (lower pcnnc~hiln~ ¡, ncar-wcll material (wciG 



:-.k.Lal lhanthc fonnatLon JL-.cl!'. B;.t\CJ ,,¡¡ ¡_¡ i.u~c LlllllLÍlL:L ol .... tu~ t¡;"t" 
per/ormcd by Kan!'a'- G<:nln•,:;H.:.d SUJ\l'\ l "GSJ r)l._'f' .. ¡IJHlL'I.lllL'OlH

[lkil' d~\'Ch1p111CIH appt:;Lr\ 1\1 [¡~·,ti:,· ,:11 ltl_·t.l lllJ;:JlHIIl "ll:l.ilhlll 

E.\anLplc:-. Jrawn fnun rcL·¡;nt ¡.....~·-" JI1'., .... H;,:.•LL1lll\l;U1 hl· u"nll~· 

dlu:-.\I:Llc !he typc ol conthhon" lh.Ll ;tt~..·oth.'H l'ouml1111hc f1cld 
Ftgurc S l.hspl;,¡y:-. nonnaiizcd he:n.J lklla IHHn a "LT!e ..... ol .... tus 

te"l~ pcrformctl on thc :-.ame tlay .11 :1 \Lie 111 St.Liford Coullly. 
1\..msa.,. In .tll thrcc tC!:>t~. thl! :-.lug-Lnllllí.:cJ Lll:-.turhanec pwUuccJ .1 

!lo\1. oí w;~tcr out of thc wcll \lllto thc lormatLonJ. The Jata lrom 
thc\C tesl'., can be: comparcd u .... mg T,,.thc b.L'-LC time l:tg (Le .. the tLme 
Jt \l. m eh a norm:.llL!.Cd hcad of 0.37 i~ oht..lLncJ [ H\ {)rslcv llJ.51 J J. 

wh¡ch 1~ mvcr~cly propomonal 10 thc hyJrau!Jc cum.luctJ\'llY c'-otL

m;.H:.:: In lhh :-.ene<> of test~. T 0. and tllU' _me c.'>!Hll..ltcJ K. \'.JflL'J hy 

;¡ t.J..:tor nf 2.3 1l11:-. largc van.ItLon m C.\llfll.JtcJ K bct\\'LCillL\h pcr

!orrncJ L·omccutt\Cij nn thc .s.unc Jay ¡..,JI\ cxampk ol wh.tt 
8utlcr e! a! ( 1996_¡ t.::rm Jll "C\·olvin{' or ··Jyn..lmi~_·" :-.k.111 

App..~rcntly, fine m<~ tena! i~ mobdl!J.::J b) thc slu¡;-mJue¡;J Jr~tur
hancc ;::111d nHlvc:-. rn ;_¡ mJnncr that produce.., largc ch.InfL" 111 

hyGrJullc conduCttvny cstimJtc~ bctwccntcsL" Thc tc:-.t:-. siHlW/1 rn 

Frgurc 5 v.crc done ;_¡ftcr 1hc wcll haJ bccn cxtcll\IVt:ly Jcvclo~J 

;n late 1 ()')-t. A :-.lu~ IC.'-ot pcrtormcJ at ti u:-. :-.ame wc!J ~honly alter 
mqallatron tapproxrmatcl~ 1-l ycar-. carhcr¡ and alter n:lati,ciy In
tic dl'\Ch1pmcnt yrciJcJ a T 0 c:-.LLLH<Hc ~1f nvcr :20.000 :-.cconJ,. 
1l11" Jratll<LlLL Lltflcrcnc~ rn Tl 1 ( IXS \'t.:r"u" {l\L'I 20.()(XJ¡ r:-. .1 graph1l' 
rl!u:-.\rJtJon of 1h:.: cnuc;_¡l nccJ for-propcr wcll Jcvclopmr.:n: prHJr 

lo t.hc pcrlnm1ancc of siug lt::-.t.\. Al:iwugh thr.; wcl! Uc\clopmcnt 111 

l:.Hc !9()..¡ :-.Lgnrficantl;. unpro\cJ conJrtion\ al thc wcll.thc dynarmc· 

sk.m dfccts ob:--.crvcJ m thc 1c.1;L<; \hown on Fr~un.: 5 mdLL:lh.' that ~1111 
t"urthcr dcvclopmcnt JCIL\ i1ie:-. \HJu!d he bcncf1C1..1! Thts wa:-. \ cr

rlicJ by a latcr tc:-.t Jt Lht" ,<;;_¡me \\t:ll th;¡¡ haJ ;¡ T 11 valuc of Jt:..,,¡]l.m 

s:~ ~c.:und .... 
Thl· '-l'll.'>lll\ tty of :-.lu~-IC\l rc..,pumc' In Jh.:~rr-\l.cll ... unJtll{lil' 

L:m he Junh::r Jcm\Hhtr;_¡¡cJ \\Lill d;tl.! l1um :t tll\HHt•Htn,:.: \\L'llrrr 
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Fi~un: 6. l\omt.allLcd hc.ad 'cr.u .. ~~~tune plotur ól "'-'rll ........ ur ,Jur.: h ..... l~ 
pcrlortlll'd durinJ! Octobcr and .'\ti\CIIIIH.·r J•n:- 111 a 111Hilllt•r1n1-: "di 
m Trt~o Counl\, 1\.:m~'-

llc~oCuUlll). t....an,;h. ILllhc -.eL Jo..:' ot ..,Ju:; 1nl-. p:..'lltHlllcJ ,l[ lhh 
'\\di. :1 "uh-.ct tll wh1d1 .lfl' J11l'"...._'llll"d 111 r:,~un: t•. T<~ \';111L'(i hy clo .... c 
¡,, 1\\,, tlltlt-1 .... , 11' Ht.:~mtu•lt'. Ti k' tl·~¡..., bhck.! "m .. \\ .._·¡ L' l."Oilllf!llll'd 

...... ,¡[¡,,¡tire :-.hr~-lthluu·d dL"-lrub.nrcc J'11Hdttt.:l'"1i .t !lo\\ ol "'<"ICI mln 

lhc "·dl. wit1k: lhc k:\1-Ml~kd "ow" w;t"' __ ·untigtiiL-'Ú :-.u ~h.u .th~: di~
llll h:mcc pn 1\luccd·;¡ !11m· t )j w.IIL'J' out t ,¡" 1i1c ..,..:clltrnl• 1 : i1c fonn.I

ILlHI) Thc Jrl!t.:TL'nu:.\ :-.ccn <JillOtlf lhL·tr.:'t"lahdcd "m" wcrc a_;!~un 
comLdeicd lo tx: ..111 cx;Jmplc ol a Jyn.llliLL' :-.k.m. Thc Jilfcrcn..:c:-. 

hctwccn thc tC.'-1.'- lahcled "1n" and thc ll''-l lahclcll "out" werc 
aLLrrhutcd to rlw hui IJup nf a h:JCterial/oxylryJr { l\ tdc "mat." \dm:h 
1" thou~ht tu ~'lllSI~t of 1run anJ mang:~ne~~.:- h.IL'll'rla. a:-.:-.n~talcd 

hypnK.lucts, anJ ll.\yhydro.\ILk Jcpns1t:-.. TJu, m;tt. which i:-. mo:-1 

li~e!;. hutld111_g up 011 thc wdJ 'creen. C\\Cilti,¡]J;. :¡.._·!_..,J.\;_¡ chec~ 

\',d\'C, ll{l\1. IO\\'arJ thc WCJI JlU\hl'" t!Jl' 111.1\llll\l lhl' wcJJ. \1. hdc llo\1. 
lHI\ PI thc \\Cl! ru~hc .... 11 into the .... creen;_¡¡¡,] ¡[¡e f,f:I\'C] p.LCJ... Thr.: 
re,ult ¡.., th..11 flpw into lhe wcll 1~ mueh le:-:-. Hllp:.K·tcd by thc 
buiiJup th..111 llow m thc uppo:-.¡tc diu:cllon. r\ ~omcwhat .'-lmibr .\tl
UJ\Ion could :.d~P he proJuecLI hy a buriJur al tlll' mtcri·acc bctwccn 
thc ~rJvcl p.1ck. and ihc Jurm;:I\Ltlll. HowC\L'I. :ur Jllhlrphous hlack. 
lll;Jtcnal. thnu~hr to cnnst:-.1 pnrn~mly of non anJ rnang;JilC\C oxy

hyLlroxiJc de¡-xJ'-li.S (\Vhrttcmorc 199) J. wa ... rcpcatcJly J'ounJ m b:ul
cr:-. thJt werc l<m·crcd to thc hottom pf thc wcl! "{' thL· wcll scrcen 
1" cnn,idcrcd thL· flHJ>;\ lr~cly lncatiPll lor thc buildup 

Thc~;c ficld cxamplcc:. cle.trly :-ohm\ th.ll ..,Ju_:;-tc:-.t cstunatc~ 
mJy tx: hca\'ily inOucnccd hy altercJ. ncar-\\L'Ill·onditions. BascJ 
on our cxpcnen~c. un le~:-. :-.pect..1l r.::1rc ~~ t.rh.~o.·n 111 wcll installation 
anJ Jcvclopmcnl. thc conJ!L"IIl" illu:-.tr;Jtcd 111 thc.\c cxamplcs may 
wcll tx· thc norm. anJ not ¡iJ.._· cxceptHHL h '·" thcrcforc crit1cal 
th:Hihc ,Jc,¡~n. pcrfonnan..:c. anJ analysL'- of ,[u~ tests be d1rcctcd 

at thc ¡Jcntlrtc.J!H11l o! .\uch conJL!toll\ Butkr ct .rl ( ]1)')(,) and Butlcr 

~ 1 \){)/ 1 propo"(' apprnachc" IP he lp a"e"" 1 hL· p1 e-"Cnr.:c of a low- t\. 
.... ~m ll"lll~ ,¡u~ IC\1'- Hutlcr { j{}97) cmph;t .... t/C..,Ihat hyJraulu.: con

du...trvn:- l'\llt!latL'" oht.rlneJ \~llh thc Jh·t,r'>k\ ( 19)1) or Bouwcr 
and R. tú' ( 197()1 mctlhlLI~ w¡]J he p.Inrcu!:ul~ \U)ncrahlc to thc 
cltl· ... ·¡, 11! ;¡ low-1\. \\di '~in. Althou~h prc,·u,u-.lli:-.cw,_..,ion ¡mplic:
th.rt L"l"'c a~rLcmcnt hL•¡,.,.·cen TH v.iluc" lrtHll rcpcat ~lug tests 
\.\Ptild k .t JL'Illon:-.tr.Ltinn of a propcrl~ dcvelopcd well. ~uch 
.L!=fl'l'llll'lll Jnc.' IJ()\ ctL...,ulc tlrJt IL''-1 rc"rPrhL'-" are unaffcctcJ by a 

lo\\ .J\.. ... ~1/l Thu ... _thc rrdllJll!lary "L'fl'L'Illll;.: :tpprnach UcM:nbcd hy 
Hu1kr 1 1 'i'l/1 '>hPtL!d lll..· u-.cJ 111 .di ca'e" :, ··~''e" the adcqua~.:y of 
\I.C!! lk\'l'hlpllll'rll rrlltf (tl fttrtll.ll <lll.L]y,¡ .. 

\l·rt1cal Alll"olrup~ 

l.;nct.:il.LLm\· ,,j-l¡,u¡ VL'r1Lcd .Lill'-'lln,rv ( 1\.
1
<1\.h. whcrc !\.. anJ 1\.h 

.tn.: tltL' 'l'nt~·.d .u1d ht lrJ/tHH:•lnH11J.,_ llll'LH ~ 1 t\ hyJr..1ulrc cunt.luctiVII)', 

1\''f\CLII'l'h 1 c.tn .t]-.n tnlrodun· entlr ntt11 .... Jug-tcst csllmatcs. 
lhdl'r ct ;d tl'l'l-.lJ.mJ 11;-dcr .mJ Hutlcr 1 !IN.'ll show that farlurc 
¡,,.~. .... ,,uní l•tr lile prr.: ... cLtl'e 11! \'l'llh.:.Jl :mL\tllrt'PY can JcaJ 10 an 
utld,'L·¡Hcd,.._¡¡,,n ltt 1\. th.tt tH,ty hl· ,,, Ltr~c ~1-" ,¡ factor nf thrce 

:\lth,,u~h But!L·r et ..1l 1 1\J'J.\¡ and Butler 1 J<N7) dcmunstralc a 
rap1J '1-('rcc:lllll~ arpmach lo ;L,\.C~\ if \l[!lllfiCant VCrtica) amsotropy 
1 t\. .. 1\ 11 1 1:-. prc:-.cnL yuarlllfiC..llHHl of th.JI am\otropy will not be 
P'"''Lhk u"1r1:; :-.m~k-wl'll ,¡u~ te"h B., ... cd on our expcnence. 
IH•V.L'\l'f \L'rlll'.d .mr..otropy Joc:-. not L"PilllllOill)' appcar to be an 
unptlnanl control on ~lu!!-tc<.,L rt.:.\j'l<Jmc .... lt L" mo't likcly to be srg
nLfr..:o~ntrn \trongly <;tratJf¡cJ '!''lCill\ w~th lrcqucnt low-K layen;. 

lmpacl on E..o¡limatcs From Pumping Tc."ot\ 
Hydraulic conductrvity cstlmatcs from pumpmg tests, m con

lr.1"' to lhmc lrom slu~ tc~t-". are not hcavtly impacted by ncar.wcll 
t"nlldtiHHh or \CrliCJI <liii"Ptrop) A .... o.pbrncJ hy Dutlcr ( 19<J0). 
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~cmr-iot:. mcthDJ tll remo\ e !he ctlct:t!. of ncar-v.cll ~.:nndrl•on' 

frorn }\ c:-.tLm.Jlc:-.. Tht' :-.L'nH-io~ mcthnJ wdl aJ,o rcrno\<.' lhc 

cffccl.., (li \Crt.lcaJ.u\l\Plft1p! tf !he pumpm¡; wcJJ onJ~ p.mr,¡il~ r'CII· 

C(fJIC\ thc JL!UI/cr ( 1\.ru\Cil\.:Hl Jnd Jc f{¡JJcr JIJ<)()¡ Jf JtlOh\Cr.,J

IJ()/1 wcll JI "lllllC JL<.!Jncc lrom thc pumprn~ wcJJ¡, u,cJ. ¡,1v.-}\ 
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Fi¡.:un- S a. l'lot of drawdn"n .atthe di!.char¡.:l' \1 rll 1 cr>.u..,lnj:! of !Ün 
for lht.· pumpm¡.: lc.'it ¡..jmulatcd in lhc la~cn·d ;.u¡uifl•r nf FLI!LH'1.' 
l"cll and aquifcr par:m1ctcn. dcfincd in 'J'¡jhk 1; <..) = :!72.6m'Jd 
duraliun uf pumpinJ,!; 2-1 hr; intenab A :..nd B ddincd in tnt l. 

<Hli\Oiropy. w!l! havc J very _lumted mlpJCl tHl pdrJmctcr e..,¡r 

mate ..... rcfardlc,.~ of thc: mcthod cmpltl)'L'd 111 ;m.tl: 1c thc dra\\ dtlWJ 

J.11a ffi.Jntu .... h IWJ-4: Butk-r Jl)l)(})_ Thu'. \lll~·l· lllt"'l lat~L'·':·~¡Jt 

pumptn:; IL'~t:-. uttltl.c t.!r.JWÚilWII fron1 uh"l'I\'.Jitun wr.:lh :tnll/n 

,Lrl' an.1l~ 1cJ \\ rth thc (\lorcr-Jactlh .'>t:lllt·hlt: nJLIÍHlll. h: c'>tltlhÍic· 

lr•lfll pumptn~ \t:\1 .... arl' genera!! y not altl',:ll'd h nl',tr-wcrl Ltltldt 

tr1lll' tlt 't'nLl':tl ani:-.tltn'r~ 

~umt'rk~l Dcnwn.'ilration 
:\ h:- pt1thctrcal c·c..~mplc c.:an Oc U\l'd 111 dlu"ir.llc many of tlll 

r- lJilt.., ut thl' prrl·cJint: t.!r:-cu..,~ion. A cyl 1 nJr11.:al -coordrn:IIL'. thrL'L'· 

dtmt'rt..,LPn.JI. fulitc-JrffL-rcm:c moJel dt'\'l'lopcd ~11 tht· h:an,..,a~ 

( il.'ll!t l!!ICJI Sur\'cy ft•r thc analy:-1'> of h! dr:wli~.· test .... f Butlcr t'l :1l 
1'-N..ll \\.J~ u ... l'd tn ... unulatc pumprng anJ :-.lut: rc....ro;; 111 !he l.'tlflfit:

ur.llrllll ... Jwv.-n 111 Flf_Urc 7 TIH\ r~nrcu!:Jr conCJfllrauon w;¡~ dlO· 

"L'nl•l dl'tlltlJJ\IrJtC !he rnnucncc of rncomplc!c wcll~.kvchlJHlll'llt 
I.Jycnn~-tndtKcJ an¡:-o.ntrnp). aJJJ part1al pcnclrJlJon on tes! c.\lllll:~tc .... 
ll1t.' 1111 1dd p.tr.lrncrcf"'\ u~J rn th1-" cxamrlc W'l' grvcn m Tahlc 1 A:-. 

..,¡l\IV.!l rn Ft~urc 7. thc low-1\ ~J...In complete! y blocb all hut !he 

"ht;..:ltl'r }\"l,¡~cr opro .... t!C thc wcll \t:rccn. whll'h J\ a"llllll'd IP h.: 
~~rol~ ¡,.rnr.!lh hh~o,_-~etl fdc"!f.ll.JtcJ a ... "p.LnL:dly hlo~ .. J...cU /.out.'" 111 

'l.rhlc 1 J 1 hr.., would he the cxpcr:tcd :-HuJtton un les<; a vcry c.:on

ll'nt·,lt· r l 1 1n w.r ... m:Hk tt 1 Jn:t:lop dr,crctc rnlcrvals a long !he v. <.'ll 
'>dL'l'lliC.trnplx·!l.uuJ l.chr JIJ7), 1\rll [1)1)()) 

¡·Jt:un:.., :-\.1 anJ Xb Jr .... pl..~y thc drJ.,..Jown anl.i rccovcry. rc'pcL'· 
trvcl~. Jrom thc dr....chaf};c wcll for a 24-hour. conslanl-r.:lle pump

rn¡.: ll'\1 \Jrnubted 111 thi' hyrothcllcJIIaycreJ "Y"tcm 1l1c l;lfl!t' h<.'all 
dl.HlZ.:t' J/1 the Jnil'rv...rl marJ...cd A on hoth rhll ... ,.., ;¡ rroJucl of Wt'll
hore ... wr;r¡;c. thc Jow-1\. :-.~m. thc laycnn~. and thc pan rally pcnl'
[(,Jilll,¡: n.Jturl' of !he wcll fpanral pcnctrallnn ., c~;.accrbatcd hcrc h:-.

lhc Jnv. .¡..,: ... ~m) TI1c rJtc of hcad changc in thc mtcrval markcú B 

on ht11h plot_... '"' much lc!-s anJ r\ lhe re<;ult of thc fulllhrcKnc..,.., of 

thc aqurfcr contnhutmg to llow 10 lhc wcll A Coopcr·hcoh :-.cmL

IIl_¡.: an.dy''' of thr<; intcrval on Figure X.t ytcldcd a 1ransmr~"'ivny 
c .... trmatc ol SO."\ m~Jday. whllc an anJJy<;¡, of thrs inlcrval on F1~urc 

hh U\lnf thc \tandarJ surcrp).;;itinn-h:t'>t."d .rpproal·h ( Kru-.crnan and 

'•' 
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Figure Sb. Plot of rc.<>idual drawdown at the discharJ!C '-'Cll ,·ersus the 
log of the r.Hio of the total t.Jme smcc pumping be¡:an m·er the tlmc smce 
pump "a" cut ofT for thc pumping test simulated in the layered aquifer 
of Ft:!urc i 1"-cll and aquifer parametcrs defined in Table 1: Q = 
17:.6 m.l/d: duratwn of pumping =U hr; intenal<>A and H dcfincd m 
tntJ 

,~ormolized Mece for Simulated 
Slug Test 
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h¡:u11 ~. Lo¡,: normalitrd ht:ad \l~f'ou\ hmt> plut uf Lht' 'luc h''l 'irn
ulall'•: :n tht• la~cn.'d a4uifn ,.f h¡.:un: i l'·•ell and ó14Uifcr paranll·l· 
ddimtl 111 Tahlr \1 

de R1dJcr i990J vJddcd a tr::m<.mt~SIVII! c~llmatc of 7H X m:/day 
!kHh c\tllll::JIC' .trc \Cry Llo~c tu lhc actual moJel tr..!n\tlll,~t\Jty pf 

SO O m:/d,1> Thc""-' fl'\Ult~ dcmon\lrate that t.hc lullltll~ i...tH."" PI thc 

a1.1ul ter mu't tx· u,cJ h 1 C1 m' cr. a transmt-.\1 v¡t >. c."tltll..!IC 1 r1 ,m ..1 
pumpu1!! lt' tntP an J\-Cf<l!!C K for thc allutlcr. rc!!::Jrdk'" 11\ 

v.hcLhcr thc pumr'lln~ wcl! lu!ly or part1ally pcnetr;.¡tC\ tnc un11 

Ftgurc 9 dl' .. pJ.¡~·., thc rcsullS of a slu~ · .:.st smJUI.Hcd 111 t.hc \ame 
conft~urauon FulilJwm~ standard pract;. :s. thc Hvor.lev mcthod 

tsh:J.pc factor I.S that for cas~ 8 of Hvon.lev 1951 J was u.scd 10 ana
lyz(: thc '\mlu!J.tcd rc.spon.s~s As i.s often thc case wnh slu!! tc<;~.s, 

thcrc wa, con~Hkrahlc unccrlatnty about what quantily tn employ 

-/ 
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Fi~urt' 10. ta) Location map for thc Trego Counl~ monitorin¡:: well 
(lahell'd Tregoland two nearb) petroleum "'cll"; tb) NaturalJ<:amma 
log." for Tre¡::o County monitoring "'·cll and t"'u nearhy petwlcum 
'-'l'll'i 1" ale is in depth tm) belo"'· land surfacc (l!<oO; Schaus ~has 
h1ghcr 1 .- elc\'3lion than other \\CII': depth to '-'<ltcr apprn\. Ul m 
hclov. hf; nominal screcnrd in ten al l'i 29tl.:-;!tj.U( m bclm\ bf; J!ran•l 
pad, mtenal is 279-JOO m belo"· lsf; t¡uartcr o;;cctions are approxi
m<~td) 402 mona side). 

for the effccuve screen length. If thc nommal scrcen length 1s 

u\.Cd, thc rc ... ulung K e.<;;Umate (3.3 m/d) 1" cons¡dcrably les.s than thc 

;_¡,·cra~c valuc obtamed frorn the purnp1ng teo;;t as well as thc aver· 
<.~¡.:.e 'dluc of thc laycrs adjaccnt to thc .-.creen (8.0 m/d 10 b?th 

(.i.o;;c~¡ Onc mtght be tcrnptcd to follnw thc ~.:ommon pracucc of 

U\ln~ thc icngth of the grave! pad. for thc cffccuvc scrc~n lcngth, 
hc..::au~ tnc !!ra\·cl rae~ IS consu..kr ..1hly mure pcnncablc than the 
h,ml.i!Jnn Tlw •. howcvcr. wnuiJ proJulc 3 much lo...,cr K est1matc 
¡¡_..¡ m/J ¡ lf onc couiu somchuw rc~.:opllll' that vmually all ofthc 
tln\\ '' llHJVJn!! mto thc a4u1fcr v1a thc ''!u¡;hcr K" !ayer oppo'\HC 

!he ""el! ... creen. 1hcn an cffc~o:tlvc ~rccn lcn¡;th ol une meter would 

he u\CJ Allhough thc rc~ulllng 1\. (5.1 m/t..lll." largcr than thc pre
VttJUo;; c"timates, it is sllll much les.~ than thc K for that layer ( 15 mld) 

kcau-.c of thc cffect of thc mcurnplctc wcll dcvclopment and lay

rnn!-'--mdu~.:cd amo;;.otrop; Unfonunatcly. a.., 'hnwn in th1~ cxamplc. 
1.:Pmmonly mct ficld conditions can rl'wlt 1n J ~lug tc~t only txin~ 

Jbk IP prov¡dc a rough c~t•matc of thc transnll.-..s¡ve properttes ol 

thc formatwn m the VJCJOJty of thc wcll ~creen. Nutt: that 1f a 

"h1gh~r K" laycr had not mtcr.,.cctcd thc .scrccned mtcrval in th1s 
cxampl~. the K estimate from thc ~lu!! test could have been con· 
.sidcr;¡bly lowc· Thus. th1s examplc mu<;l he considered a rather con

servall\o'C dcmonstrauon ofwhat m1g.ht be found m actual applica
t•on~. 

6 



.Thc general conclu~ton of rhi)., hyputhcucal cxarnplt: t).. Lh<.JI 
rtJnlptng lC3lS can yi~JJ r~t~onabJc CSllllla{C).. of thc <.J\'CfJ¿!C 

·.hyJrau!Jc condua.ivity of an ~tyutkr. e ven Httht.: pn::-.~ncc o/mud

mvatlcJ Loncs. parti<.JI pcnctr<.ltton. and laycnn&·inducctl.;.mi ... otrupy. 
as long as the luli thtckrrcss ot thc aqmfcr t.s used to convcn the tmm
Jm~.sivuy C3tlmatc mto an average hydraultc conducuvny for thc ~ys
tcm Howevcr. slug tests (at lca~t as conventwnally performed by 
hydrogeologtsts) should not be expected lo ytcld estunatc.s of the 
.samc quahty. Undcr condiuons suntlar to those constdered hcre. 
h~draultc-conJucuvtty csurnarc.s obtatncd from·pumpmg tesL' wi!l 
\ u1ually alway~ be con~tdt..-rJbly brgcr !han t.ho~ obt.:.uned frorn !-!lug 
tests. 

In thc p:-eccdmg cxamplc. mud inva'\ton was a.ssumcd rcspnn
.stblc íor the altcrauon of thc ncar-wcl! portmn.<. of thc fonnatton 
Alt110uf:h mud mva.<.ton t.s probably thc worst-ca.sc !'!Ccnano. tl t.s 
tmport.wt to empha.'illC thJt mo~a dnlltng tcchnolog:tcs wdl cn~~te 
con.<.idcrablc quantittc.s of dn!lmt: (.kbri~ le:;. .. fine matcnabJ th~t 
can produce a slluJ.IHlll vcry :-.nntlar to that shown tn F1gurc 7 
(:\llcr ct al 1989) Thus. 111 v¡nual!y al! suuat1ons. unremovcd 

-dnlllng debn'. v..i!! undoubtcJiy havc an cffcct stmilar to that 
shown herc. BmchcrnJcal actttm. tn:lppropnatc stzmg of thc gravcl 
pad,, etc wll! only funhcr worscn th1s cffcct 

.Ficld Example 
In ,\1a;. 1 YY..;, a 1\.GS mon!lunng v.. di wa:- JnlleJ tnto a sanú 

boJ y in !he DJ.ko[¡l Fonnauon m Trcgn Coumy. Kan"a.' 1F1gure JO¡ 
In Jul:- 199-l. a 21.5-hour. con .... tJnt-ratc (Q- 53 1;pm- 2{j() m 'IJ¡ 
pumpmg test wa:- pcrú1rmcd U\tn¡; thJ'\ wcll a:-. ht>tll thc pumptn~ 
and ob.s~.:nauon \\Lil (Butlcr anJ Hcalc;. 19lJ5J Rct..·o\'cr~ d.IIJ 
wcrc cmplnycJ to c.>tJmatc trJn:-.nH,~i\'tty u.smg thc "tand.ud :-.u¡;cr
¡,o:-.itton-na ... cJ apprnach thru~cman anJ tlc RHJJcr l 1N()¡ h_;::urc 

ll.s di~pl.tv~ thc l·ornrktc n:cnrd \ll fL'I.:lHL0 JJ!a. wlltlc ftf:Urt..' llh 
¡-.,a clo:-.•.:up of tf':: tntcr.ai of ;m:tly~1" :"-'ntc th:!! tht..' \llllii.In!JC'
t>ctwccn F1~urc ! la anJ r-tf:urc Sb c.tn he mtcrprctcd J" ntJ~>.:.J!IIl_t.: 
thJt w~JI-l•orc stnrJ~C. p;1n1.1! f""'COCtrJ!ton. J.nÚ ~1\.\ihl;.. ,¡]nv.-K ~~!Jl 
a:c unpnnant contml' nn drawdm\ n <1! tht"- v. Lll FJ~ur:..· 1 J h "h•m' 
thJt the dJIJ. J¡o;;;plJy UlC largc-trmc lrrH.:ar rci.Jitilrl\lllp Uur v.uuiJ rx· 
prcdrctcd frnm thcory. An an.dy\t\ llf tlll\ lmc,t~ \l't:JIIl'lll rru • .lu~cd 
.t tran~mJ~'\1\'tl~ c~!Hll:Jtc (11 ~LJ.! m~IJ:t;-· 

BecJu.sc thc purpn"c pf tht" IL'"1 \\,!' 111 nt•t.un .rn t·~rrJn;!l,· ,,: 
lile ;J.\'CfJfC h~Jr;_¡uJil· t"Pnt.luctr\11:· 11{ th·~· D.tt.11:,r ~.rlh~.tht' t: .. !ll'-· 

:-:u:-,\t\'iiY caku!Jtcd fror-:1 thc r:..- ... rnn' J.r:.~ n~'t'lit'J tu hc Ct>fl· 

'-Cr1Ct.l rnt11 :m J\CfJf:C K lnr thc ":Hid to .... h ln•lttkr ¡,, rn.t~c-t!lt'
'-1lf1VCr:-tnrl. !he thtd.no' ll! Ült' <..,rnd unr'. h.h~ ¡,, nc t:\lll!l.tlL'd 
¡ r1-=urc IOt'> <..hov.<.. n:.HurJI !=·Hnm.: h•;:' lrtHn tll~· IJhlflrt,lrHl¡= \\di 
rl,¡h('[cd 'írCf.l'··r ar~...: ,\\ti n:::;..~r:o:- r-. .. :11Pit.."um ,.,dJ, \,•ll lll..r! Urr 

:;q . .:t' we!l w:J'- tn .. r.t!k,! n~ trJ·_· ~:¡¡~~.·; f"-'nr11': ,.: :t;l·!J.~k.,r.t \,tnd' 

,,, rl 1'- irllí'll\\thk tn t..'\IIJ\l.Jl~· ":lthÍ tJud,Jlt'~' lrl'lllltll'- \H'Ii .dti!K 

The IV!=" from thc: ... c tnrc:c v.cll~ JnJrt...JIC the prc:,l..'nlt' nt J"'~,.urr

tmuouc;; c;;halc lcn.-.c\ tn thc Dalo..01..1 -..anJ, lf Lhc m:J¡or \hJic len\ ncai 
-:10m m thc Conncr 1 [,1:; r" u'cd a~ th¡; ]t>V.t..'r l"lllunú.m nt rhc ...,md 

ur~rl an ;t\'t'fJf:C' tllfhÍUl!S\ ti\ t'\ltJil:Jil" n~ 21 h rnlll ¡, l'hLunL·,! 
l111' v;uuc v.ouiJ t:cn.ttr.l~ f'ot' un tlll' h1:-=h t..•nd u! ll\,];,¡ulJ~ ~,_o¡¡ 

1lJL"IS\'1t~· C\IJnJ;J[('\ oht:llnl•d lpr'lh~· ]),t~tl[;t ~:JIIll" lfl t\.,111'-.l\ 

.~b¡,:larlanc ct al. 1 tJ'JOJ. lf thc ~rrro,nn:.~te thK~nl'"~ 11! thc 1t1t,d 
~Jnd tntcrval for bt>th thc ComH:r 1 and Sl'h.JU\ 1 1(1~~ J\ u"cJ 
(..!~m). a more rca.sonablc c~llm.J.tc ol 1.1.5 m/J ¡-r, ohta¡ncd ( )nc 
mtf_ht he tcrnrtcJ 10 u ... e the lcn~th PI thc c;;crccncJ mtcrv:.~J,)r rhc 
_!::rJ\ CJ rJC~ for thc aqutfcr thlC~Ol''\\, ff thC ntJJlJJO:I] \Creen kn_l:':h 
ni"~ 51 m 1" crnplPyed i(lf thc <;;md thJdnc.s .... an ;¡\cr:J;:c )1-..drault~· 
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h¡.:un.· llh. l''lut of ra.edu.al dr-o~"do"n and thc IM.':'il-fil st~hlliM rur 
lh(' int('nal u~t·d in thc rt'Cmcr~ anal~"''" 1() = 2~ m'ld: duralitm uf 
rumrmC = ~15 hr: nl('a\Un'mCnl'i nhl.:tincd n1lh an Cltclric tape). 

lonJu ... tt\li! ¡¡f J.l() m/d l.' ¡lhtawcJ. an nltmJil' that coultl ht: 

ltlrl\iJl·rcd l]l';lr !he h., lUJJd\ uf plr~ 'll al rJ.Ill\lhJIJt Y ft)r thc !'>CI111·U 10 · 

\{lltJarcd l>:.~~o!J :-.anJ t\n c'timatc h:l'-Cd nn thc lcngth o! thr 
!=rJvcl pacl... ( ~ 1 m) wouJJ al\l.l proJucc a \"aluc (2}\.2 m/d) th:.ll woulJ 
be cnm•dcrctl quite h1~h for thc Dakota ~.mJ 

Tite ahovc <lnJI}''\J~ ... tJOw' th.J.t lht..· C\lrrn::ttc for thc avcra!!c 
h~·drauhc conJucttvHy of thc DJI...ota \.Jnd (.tn ,·a.ry m·cr J con.., Id· 
crah!c ran~c tlcpcmJin~ nn what \·aluc '" ;¡""t;:nrd for sand tiJJd-
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ncss. In Lhi~ particular case. thc apparcnt J¡scommuous naturc of the 
. '\hale lcnses. m conjunction wuh the·slmularion.rc..'\Ull'\ of the pre

v¡ous :-.c..:uon. suggc~t th~H'a K of amund 14 nVd is pmbably thc most 
n!J.<>onab\c csumatc for the.<tvcrilgc.hydr<.~uhc conduclivlly of thc 

Dakota sanJ. Becau~e 1h1s estlmJte :was ohtained usmg the total 

thtckncss of thc :-.anJ intcrv;:ll, it clc<.~rly 1:-. vcry ncar thc lowcr 

bound for the sand-hody K. 
Butlcr and Healcy 1 1995) descnbc thc senes of slug tests per

fonned at thts well F1gurc 6 shows a subset of Lhe tests from thts 

~enes Thc test IJbclcJ 1 0/:!5 Test l. thc fina slug test at this well. 

wa\ thc most rap1d tc~t uf the senc~ (all other slug test'i pcrfom1cd 

at tl11~ wcll had T11 \al u c.'- grcatcr than 30 scconds). lf data fmm th1s 

te<;t are :malyt.cd \'>llh th~ Hvorslev mcthod (case 8 of Hvorslcv 

195! ). tht: nom1nJl "creen lcnf:th 1s u~cd for thc cffcctive scrccn 

k11gt:l. J.nd J~otwpt::: condtuon:. are assumed. a K cM.imatc of 6 7 m/d 

i" obtamcd BccJu~e wc ~u~pect ÜlJt slug te:..t:-. at th1s wcl! Jrc 

bcmf' affcctcd by :.t dynarmc :-.h. m and thc buildup of a bJctcnaVoxy

hyJroxtdc tnJt. :..tnJ that thc cffcctivc scrccn Jength is lcss than thc 

nommalscrccn lcngth for thc rca_<.;om, illustr.lled in F1gure 7. thc esti
mare ohtatncd from th1s test must he considcrcJ a Jowcr bound for 

thc avc:ragc K 0f the 1ntcrval oppo:-.nc lht: ~creen. 

Althouf'h tnc Jpwc~ bound:.. for thc pumpmg-te~t and slug

tcst K csum3tcs only dtíft:r by J factor of tv.o. thc rc.'\uiL.;; ofthe Trq:o 

Count! ficld te\t" dcrnon"tratc JUiit how casily a much larger dif

fercncc betwccn rur:Jf1Ínf!-!C~t and :-.lug-tcst c.stJmates can he 
obtamed. If test:.. nad unl] bccn pcrformcd m thc !..:onfiguratton 

labeied "ou;" c_)n Ft~urc 6. thc slug-le.o:;t cstimatc wouiJ hJvc undcr

prcdicted thc íomlJllon f\. by ovcr twn ordcrs of magnnudc E ven 

whcn thc C0nflt:urattnn !ahckd "m" on F1gurc 6 wa:.. uscd. al! test" 

J!tcr thc f1r.-.t: teldcd K e ... timatc"i that wcrc two-thmJs or lcss of tha: 

dctcrmincd fror:1 lllt: fir.q tc'>t t !0/25 tc:-.t 1 J. AJdttJonJIIy. tÍ the 

lcnp:1 o! lll\..' f~:n~: p.tch. ur th;Jt ui thc :-..:reencJ imcrva! wa" u,cJ 

to curncn me t~.lll\1111''1\ tty t:l.tlll\Jtl' trom tt1c r~.:cnvcry an.tl)'\1\ IP 

an .nTraf't' comJulll\ tty tnr thc \JnJ bod:. the pumrll11~-tc~t 1\. 
c:-.tllll:ttc \~ouid tl;J\ L' lx-L'Il .1 f.tctur o! 1\\'o tn .1 l.~o.:tor llf ten Ltrfl': 

lhan thc v.JIUL' t:rnriPycJ ht:rl' Clcari~. inromplctL' wd! JcvciPprncl1:. 

lll C<m]UnCliCJll \\ l!Íl Ulli..'Crl~lllll! rq:;trdllte= aqUtlt:r [llid,nc:-.:-., rl.l\'\ 

a vcry tmpon;.u¡¡ wk 111 prtxhll'tll~ thc ClHTinHml! ob,crvcd J¡ltcr

cncc ht:tv.ct:n pulllfllll.).:·tt:\1 anJ :-.lug·tt:\1 p.tr.unetcrl. 

Conclusion' 
F1cld l!:lt.l from nt.Hl: J¡ffcrcnt 'nurcc' h,t\'C lihnv.n th.tl thc 

hydr.Ju!Jc-~.:onJudl' 11 ~ C.\\l!liJic ohlaJ11cJ 1 rt 1r11 .1 pu1:1rm¡; te.\t ¡, con· 

\ttkrahl~ l.up:r t;J.u: tht: J\l'l.tf:C Clllldu~,.¡¡\¡ty l'-'ltlll:ttc llhtJ.Jncd fnHn 

a pro~r;J!ll !l( ,Jut= IC\(' ¡x:rh•rlllcJ 111 thc '-Jfll:._' lllr!ll.lllUil. Thc rn· 
111.1ty purf"''L' 11: 1111, p.qx·r ~..~.1 .. ¡,, n.ilu,llc f'l"'1hk t:'pl.m.Ht~tll' 

for thl\ .,.,¡JcJ: Pl--hl'r\Cd dllll'll.:lll' 11JC fC\U)[, of (/¡¡, C'\'J\u:ltlPfl 

1.:a11 OC \Uilllll.li!/,.'J ,¡, lu[J,¡\~<,. 

l. lntrc~ucnt tll·-.p,¡~..·c /lllll'' ul lt:l.ltl\d~ ht¡;h hydr;.~ultc con· 

..:u¡,;uvny wdl. 111 ¡.:cncra!. ha ve J vcry hmitcJ unpact on paTa

meter C\lllll.l!C' oht.uncd lrum pump1n¡; tc:-.1:-.. Thu~. 1t ¡, ~.Jtf

ftcult IP t."l,pl.t!ll thv J!lkrcncc t'Ctv.1.:t:n purnp1ng·IC\I Jnd 

~IUf!·lt:\1 r.li .. Hllt:lcr' llfl thl· h.l\1\ o! thc C\l,ICilCC ol Llllfl'· 

qucnt l:!!,:n-1\. ~o.PnJu1l:-.. 

lf ¡nfrcqucnt-lll·\f1.1~o.c ¡onc ... of rclatncl)· ht~h hyJrauil.: o.:on

duct1VIl! Jo hJ\C .1 "tfntflt.:antunpact on thc drawdov.n from 

a paniCula; pumpHlf. tc:-.l, llll!! should be clcarly rcvcalcd on a 

SCffiL·Iot:: JrawJ,n.t.rl versus u me plot. 1f pumpiO[:-IIlduccd 

dr.Jwdown dt-.pl.t~~ t.hc ¡Jea! hchJv1or prcdtctcd b)' thc homo

fCtlCilUI.-,H¡uJJcr muJch uf tt1c wcll-h~dr;;u¡¡¡_~ ht.craturc. thcn 

onc c.an be vcry confidcnt that thc rc:-.ultln_!.! K cst.Hll;tll' 1:-. not 

·: slgnilicantly aiTccrcd by a zonc of anoma!ou:-. propcnie~ . 

J. Slu!! tcst~-are ex(remc!y scnsitlvc f¡l altcrcd:nc.ar-wcll c~1 

. UOJL'i. ~\·-K slt.:ms.can.producc ~lug-tcst e~unatc.'\ thJt m;¡ y h...· 
· ·orders:of :magrritude:10'W'Cf-thrm :thc <rVer.Jge ·hydr:solt~ con. 

Juctivuy of thc·fonnation in thc vicinity of the wcll -.creen. 

Eslimates from pumping tests. however. will be unaffectcd b~ 

low-K skms if the Cooper-Jacob semi~log methoJ and/ur 

obscrvallon wells at a d1stance from thc pumping wcll are 
u sed. 

4 Failurc to account for ven1cal anJ.som)rY tn the analysis of slug

tcst data can lcad toan undcrcstimatJllll llf hydraulic conduc

tivJty of up toa factor of threc. Estimatc.1. from pumping tes Lo:;, 

howevcr. will be unaffectcd by vcrtic.: amqnropy if thc 

Coopcr-Jacob semi-lag mcthod andlor ob~crvation wclls ata 

d1stance from the pumping wcll are uscd. 

5. The fulllhickness of thc aquifer wíl\ contribute tlow to thc d11i

charge wel\ 1n J pumpmg test. regardlcs!- nf whethcr that wcll 

f~lly or parually penetrares thc umt. Thu!>, a rca.'onablc c.."timatc 

of thc Jquifer thicknc.•;.s 1s rcquircd to .:nnvcn thc transmissivJty 

calcuiatcd from a pump1ng test 1nto an a\ erage K for thc 

aquifcr. Error can be mtroduceJ in tht:-. convcrsmn a:-. a rc!'-ult 

ol unccnatnty alx>ut thc actual aqlllfcr tlud.ncss. 

6 1l1c cffcctl\c screcn lcngth. which 1:-. requircd for thc anJ~YiilS 

of a ~lug t~st. may be d1fficult 10 c\tullatc in practicc. U:-.c of 

thc nominal .screcn length or thc lcngth of thc grave! pack m;; y 
introduce considerable error into thc slu,l!-ICst K estimate if ,~ 

wdl ha.li not bcen thoroughly devc\C'Ipcd. Unccrtainty about 

quantuy \\'tll have no cffcct on K esttmatcs from pumpmg te,_ 

if thc Coopcr-Jacob scmi-lll~ mcth<xl ;¡mi/or obscrvat1on wclls 

ata Uistan.:c from thc pumpin& v.cll <lre used. 

Tllt: ovcra!J conclus•on nf th1~ wor~ 1'- that thc commonly 

oh,cr.·cd dtflcrcn.:e bctv..-·ccn pumpmg-te\t and slug-tcst paramctcr.s 

1:-. much n10rc lt~cly 10 be an artif;.~ct mtroduccd by cffect\ rclated 
-tu wcll imtallation anJ devclopment than 10 be a product of a nat

ural unJt:rlymg :-.cale Ucpcndcncc in hyJrauilc conductlvity. Fun.her 

cfiPr1.' to a<.,:-.e'" thts rclallonshlp shouiJ thcrcforc focus on identl

fytn,¡.: anJ rcmtn·m~ thc cllcct., of drillmg-111Juccd disturbancc.s frum 
,¡u~-1~:-.1 c:-.timatc3. Thc use of appropnatc procedure3 for wcl! 

ucvoJ,,pmcnt tc.g .. Campbcll anJ Lchr 1973: Aller et al. IY89. 
1\.11! ! ''¡'JOl tn wcll-. in wh1ch slug tcSLii are to be pcrformcd cannot 

he o\TJ-cmpha...,J.ted. E.<.,LJmate." obtamcd lmrn slug tesL'\ m wcll:-. tl1at 

b.J\ e undt:r~un¡,; lunitcd JcvclorrncrH wdl. al bcst. be quite rough 

c~tunatc~ uf thc average K of thc lormatwn in thc \IICinlty of the 

..,.,el! In alrno~t al! .:a:-.c:-.. thc!-.e c:-.l!rnates will cons1dcrably Undcr

prt:Jil't thc av¡,;rage hydrau!Jc conductiV1ty of thc mcdiUm. 

hn..~lly. 11 ¡<., unrortant 10 strc:-.s tha:. uthcr than dcmonslrallng 

1hc tn.tppropn;.~lcnc!t~ of thc '·jnfrcqucnt-conduit hypothcs1s. tht.s 

wor~ doc.\ no! reach any conclu!<.ions ahoutlhc possibility of a nat

ur;.il unJcrlymg ~cale dcpendcncc 1n hydraulic conductlvlly 

Ahhou!!h a thcorctical . .malys1s hy ~cuman ( 1994) Ca..<;;Lcc, doubt 11n 

tht: ot,tencc nf an underlymg :-.cale dcpcndcncc m thc vcrticallv 

Jvcrat:cJ K of an aqlllfcr. furthcr fickl and LhcoreLJcal investigatu 

are ncc.JcJ. Jr par.uncter esumatcs frum slug te.\ts and pumpmg te.-.. 
are to be U!'-cd m thcsc mvcsugauon5. thc rcrfonnance and analy

SIS of Lhcsc tests must be done quite carcf ully. Q_~ly. thc_ r}&o.rgus 

evjlluai.Jon of possible ~aJmg relauonships can onli bCdone whcn 

both types of hydrau!Jc tests are providmg representauve estimat.cs 
of thc transm1'\SJ .. 'C naturc of the mcd1um 

8 



Acknowledgments 
\Ve would likc lO thanh. -John Ftu. ~lich~tcl (;unpbell. :Jnd onc 

;¡nonymou.-. rcvtt.:wcr Jo¡ ¡Hu\·idm;,; lHrtUtt..:llL'- thdl .'>LSillfrl::.lllll)' 

llltpnn·.c.J Ihc tina! ~ten. Ion of tlw-.,¡nllHU..,t.:ltpl 

Refcrenccs 
Al le~. l. T W Bcnnctt, G. fi..Ickc!l, R.J PcU). J.H Lcbr, H Scdons. 

D M Ntcbcn. and J E Dcnr1C [<)1{9 Hundhook of.wgpcstcd prac
ucn fnr thc dr.H(!n and Jnftallorum of gnnauf-wa/f'r monlfnnng 

11 c!ls Dubhn. Oluu i\auon:.d Water \\"di As~ociatton. 
Bouwcr H .. and R.C Rtcc. 1976 :\ slu¡; 1~<.1 for dctcrmin1n¡; hydraultc 

conJuctl\ity nf unconfincd aquifcr, Wtth cnmrktcl~ or panially 
rcnctrdllll~ wct[\ H,acr Rcwur. Un 12. nu )· -L2.'--l2h 

Br.uftmr).}.,: R .. :Hld ,\1 A ¡\tuiJm)J] 111'}() HyJr,t~Jitl condlll.:tlvlty Jctcr
rnm.ltiUrl\ 111 unlllhtftcd t:I.!CI:.d .tnJ tlu\t,d m.ucn;.¡ls !11 Gmurul 
\\atrr aru! ~iulrnc ,\fm:ttflnru:. cJ D ,\1 1\'H;-I\t:ll and A.l Jt>hll!>Uil. 
U.S-151 AST~1 STP !053. Phir.lJclphi,¡ Amen.;;_¡n Se...:. fur Tcsun,¡; 
;¡nd ~1J.tcri:1b. 

Butlcr. JJ. Jr. 1(}<.)0 Thc ruk of numprnf IC'\L\ tn ~nc rhar.JC!t:n?..at10n· Somc 
thcorcucal con'\idcr;Hron.<. Gl(}unJ Huter 2R. no 3. J~-l-40~ 

Butlcr. J J Jr 1997 Tite JcsH;rr pcrynnnancc. and wwlnn ojslug rrHs 
Boca Raton Lcwr.'. Publrshcr.\ 

Butlcr. JJ J~ and J t>t Hcalc¡ J!N5 An:~ly\1~ of 1994-95 hydrau!tc IC\L\ 
a: TrCfO Count~ monitorrn!= \IlC. Kan1.a" GcologH.:al Suney Opcn· 
f-ile RcpL 95-66. L.:lwrcn..:::e. Kall\J~ 1-\.GS 

B utlcr. J J h .. and \\'.Z LJU 1 ~N 1 Purnprng tcsh rn nonunrfoml a4urfcf'; 
Th:" Irn:::.1r qrrr eJ.~::: lrmr of 1/dm!o~'\ 1 '2S. tJ\).ll";l 

Butler. J J. Jr. :.rnd \\' Z Lru I 9()_\ Pumprn!! te\!' rn nonunrlorm aqurfcrs 
Tnc raJ¡a]h a.wmmctnc ca.~c \\{ztcr Re mur Rn 29. no 2 259-269. 

Butkr, J.J. Jr.. "wi. Lru. and D.l' Youn~ 1993 Anal~~·' of October 
199.' s]uf teSt\ rn S¡afiorJ. Prau. anJ Reno counlrC\, ~oulh-ccn!ral 
1\.Jn~a.<; 1-\.:msa.\ Gcoiopcal Suf\cy Opcn-hk· Rept. 93-52 L:mrcn..:c. 
1-\.an\a~ f\.GS 

Jlwkr. J J Jr. e D. ,\\...[1\\l'L' .Jill! \\' z Lru ]04(\ lrnprtl\ rn~ !h·~ qu'JI
il~ nt p;u~mctcr ~~trrn.rtc~ llht;JI!K'J lrt\111 \lu¡.: lCI.h (,'n'l•n,/ \\,¡trr .\4. 
no Y 4:-\() • .¡t¡() 

llutlcr. J 1 Jr. G.C .B<.1hiLn!-=. 7. IJ:"Jcr. anJ CD ~1..:Eh~occ 1'>4~ TI1c u~.c 
oí \iU!: tc~h ¡o dc~~-:-;lx' \Cr.rcr! \',ltl..Jlron' rn !l•Jr.JUir,: ~unLlu..:::lr\ 1!\ 
Jour :~Í /1\,irulop_l ! ){¡_ L~7 ·1!1~ .. . . 

Campbell. M.O_ and J .H. Lchr. ! 97.1 \-l.Q¡cr Jt'!'/l ¡¡·('/molo},,'_\. i\ew ) tlrl.. · 
McGr.Jw-Hill. 

Coopcr. H.H. Jr., :mtl CE. J.r..:oh. 19-Hl A. ,!.!C"IIl'l.r 1 r/l'\1 ~r.aplw.;.J:t mctJ¡p..J 
lorc~'.alu<tlin!! fomkllKIII cunstnnt~.ami ~UIUIII.IriZJnf wel~licld JH,· 
tory. EOS Trmu. AGU 27. nu -l. 52h-534. 

Hanru!>h. M.S. 1 1)64. Hydrauiit.:~ .of wclls In Ad1w1ccs 1n HyJillsncncr.l, 
vol. l. ed. V. T. Chow. ~X 1--U:!. 1\'ew Yorl· Acadcmrc Prcs1. 

Hvorslev. M.J 1951. Trmc lag and -.oif pcm1eahliu) in grounJ-wa¡cr 
obscrvauons. Bullctrn nu 36 \\-'atcrway!>. E.,rcr Sta. Corp" of 
Engr!>.., U S. Army 

Hydcr. Z .. J.J. Butler Jr. C.D f\.1\.:Eiwcc. and W.Z L1u. 1994. SI u¡:: test~ 
in panrally pcnetratmg welb H.ua Rr.wur Rr·1 :10, no 11: 2945-
2957. 

Hyder. Z .. and JJ. Butler Jr J9l}5. Slu_¡:: test .. rn uncnnfrncd fonnatinns: 
An a!.'\CS~mclll of !he Bouwcr ;wJ Rrcc techr¡¡quc, Gru1md H!arr :n. 
no J lh-22 

Krll, D L. 1940. Monllorrng wcll dncloplllCil! - \\'hy J.nJ hnw In 
GrourrJ ~\',urr turd ~~~du.\C Mo1uton11¡:. cd D.M. 1\rcJ.,cn .. rnJ A. l. 
Johrrson. 82-lJO. ASTJ\t STP 105.\. Phrl:.r.Jclphra· Arncm:an St>.: lor 
Testlllg and Matenals. 

Kruseman, G.P. and ~A. de RrJJcr. 1990. Anal\·~~~. .md evaluation of 
pumpmg te~t data. ILRI publrcatron 47 1 he- Nc!hcrland~ ILRL 

Macfarlane, P.A., DO. WhtHcmorc. M A Town-;cnd. J.H Oovcton. V.J 
Hamrl!on. W.G. Coylc Hl. A. \\'.Jdc, G L Macpher'\on. and R. D. 
Black. J9Q(} The Dakota A4urfcr l'n,gram. Annu.1l rqxm. F'I'H9. 
Kan~ Geolugtcal Suf\·c_:. Üfl('n-hk Rcpt. 9(J.:7. l.::iwrcnce. Kans.a.c;· 
KGS 

Moench, A.F .. and P A. fhrch J 9~5. Analy'r' nf ~!u).: tc~t d.1ta in a wcll 
w11h finrlc·thid.nes~ st...m In 1\tcrnurr' of thc 17111 lnL Cong onthc 
Hydrogculog) of Rod .. ~ of Low Pcrmc.Jhrht~. \Ul 17. 17-~9. 

Ncuman. S.P. 19Y4. Gcner.JIJ7cd '..:t~lrn~ of pcrmcahrlitrcs. Validation 
and effect of suppon ~c.1lc c~·,,,,¡,l .. flca/ Rc~,,,,,-ir l.rrrers 21. no. 5: 
349-352 

Rayne. R.W. 1993 Vanabilrty of hydr:JUirc cnnduLirvtt~· in sandy till· Tili 
cffcc;L"i nf sea le anJ mcthoJ !'h.D. Jr<;\ , Dt·rxJnrrlCJ\1 nf Gcology and' 

__ ___Qcoph_y~r~._!!~_r_v t]f \Yr!>.c al ,,üJr.\on, ~l.1dri.PII, W1sconsm 
ki;'VC~. e\\'- JI. anJ D.S Chcr~.l\IL'J !WJ~ Sea k dqx·nJcm:y o! hyUra~ 

nmJuctr\ rly mc~~urcrncJII\. Cmund \\il/1'! :;_;_ nP 5: 769-780. 1 
· Strc!t"l\.J. T.D 14XS 1\(-lf¡nwr.~· tnlrrt~·,o.S:l'III'OtH ÚJm/11/ttiiU. Ncv. York 

Juhn Wdc~· anJ Son~ 
WhntrnHlrc. l()lJ5. lnten~e·" h~ ~u!hor. Nu\Cfllhcr 1995. Lawrencc, 

1\.Jn\J\ 

,, 



FA.C::ULT.AD DE INGENIER.IA. U_N_A._I\II_ 
DIVISION LO€JRS()SJ~5J CONTINUA. 

XII CURSO INTERNACIONAL DE 
CONTAMINACIÓN DE ACUÍFEROS 

MODULO 111: MODELOS MATEMÁTICOS EN 
GEOHIDROLOGIA Y CONTAMINACIÓN DE ACUIFEROS 

TEMA 

ON THE STRATEGY OF ESTIMATING REGIONAL
SCALE TRANSMISSIVITY FIELDS 

EXPOSITOR: DR. ADOLFO CHAVEZ RODRIGUEZ 
PALACIO DE MINERIA 

OCTUBRE DEL 2000 

Palacio de M•neria Calle de Tacuba:; Pnmer p1s.e> Deleg Cuauhtemoc 06CO'J Me lOco, O.F APDO Postal M-2285 
TeiBtonos 5512-8955 5512-5121 552i-7335 5521-1987 Fax 551D-0573 5521...t:IJ21 AL25 



On the Strategy o-f Estimating Regional-Scale 
Tnm:smissivity Fields 

b)· Stc<lll Christensen' 

Abstrae! 
A ca.\e study of a leaky fluvioglacial aquifer c~ncentrates on methods of estimating the zonated log10-trammissivities of a 

rc¡:!ional-scale ground-water mude! coH.•ring 450 hm·. Mainly three estimation methods are discu!oo!ICd: (a) krigin¡::: hased on local 
mca<,urcmcnt~ and prcdictions, (b) hydrologic im·er.'!ion (i.c .. non linear regr~ion) based on hcad data, and (e) h~ drologic im'ersion 
ba ... cd on hcad data and on prior estima te.'! from kriging.(a) Duc lo lhe ~horta:;:e of data which is usual in hel_t:EQ,gt,;!lCous aquifers, the \ 
prc.'!e~_t ~tud)· qy_e~tions the_practical \aluc uf forminf! Jor~~l hriging es_~imates ~ro~_l~)~_a} data whenevc~ _~tiinates are to b~ u~cd asan · / 
input to ground-\\oater models.ln \o me parí.\ of the homogencou~ a4uifers lOcal data are ~ufficient tu make su eh estimales. (b) In this t 

stud) 'ú)nal hydrogeolü~icifparameters can be e!-Jtimated b) in' crsion based on head dala. Howevcr, inaccuracic~ in head dala m ay -
~eriously damagc lhc reliabilil)' of estimated parametcrs and, a~ a consequencc, the gruund-walcr modcl. (e) üsinj! Ional kri¡:::inJ: 
estimatcs a!:. prior information in thc re¡!rc ....... ion reduces thc \\-idth of thc cunfidcnce intervals of lhc parametcr~ with prior 
information b~· up tu 75%. The siUdy indicatc~. ho\\-eHr,that using prior information in the estimation of the h)drolugic model 
parameters onl)· minimall) reduces the unccrtaint)' of the prcdicred hydraulic head~. . 

For thi~ spccific case, thc re.\ulls suggc\1 that in ordcr to parameterize and identif)' the parametcrs of thc ground-water model 
une should concentrare on qualitathe mappinl! ofthe h)dro¡::eolug), on sampling accurate head data and on suhscquent estimation 
uf the 10nal parameters by in' er~ion (or manual calibration). 

Jntroduction 
The most bas1c parametcr ficld of rc¡pon~l-sca!c gruunLI

;atcr flow modcls ¡s thc tran::.mi~SIVÍty ficld.ln practJcc.Jue tn 

.helad.. of data. thc transmiSSÍ\'Íty ficld of such moJel:.. hJs to t'>t,: 

sJmpldlcd, c.g by assum1ng con::.tant transml.~!lJvHy v.Jtiun J¡~
lJnct LOnC!l o( ten~ or hundn::d.~ of ~~u~1rc .,_ilnmctt::J" Jn t11c 

rrcsc:-11 pape:-. :he meJn transmiS\IVIt~ ol \uch a /\lllC (lf doma1n 

1:-. tcrmcd J wnal (~;'~~~(~. v>hcrcas thc tran~nw,.,t\ ¡¡~ 1:1 thc 
nCJnlt~ ·oí-;~CII 1S tc~mcd a loc~Y tr'ansnu~!-tvity ·Ihc 1.on.d 

trJmmi~.SI\··¡iy can be cst¡matcd In vjnom way~. "uL·h a' .tn;tl~ .,l., 
of long durauon pump1n!! tc:-.b w1th rnult1"cli 1Jh-,c1 \Jtlon-. 
wJthin thc lonc. cstJmJIIOn uf thc tona! mc.111 lro111 iPl'.tl tr.lll'-

mi::.stVJIJC!l. or hydrologJc invcr!-1on 

The transmJ~SJ\'Jt~ CJ.n be c~ttmatcJ hv flUnlfllll¡.: t~·,¡ .tn.d~ · 
~~~ 1.~. Jrom a long-JuratuJ!l tc~t fnr /tlnJI tr.t·n-.nii"J\ 11: ... 1n...! 
lrom a ~hOn~Ufauof1~ tc~t-fÜr !ol' •. d tr~m~nll:-.\1\';t~. lnllt~rllJ· 
natcl)·~tn~;-c .. lCSt~ ~re rarC!;· -~scJ txc~~~C !tlC~ are J.dhmuu .... anJ 

C \flenSI\'C j¡ 1~ .t hus allrJCII \'C 1 O \Uflfllc me nt \UCh C\ 111: l.ill'\ V. 11 h 

tr~msmt~stVJtv preJtct.aHl'í madc lrom corrc!J.tcJ p.!r.JI!lt::tcr" 
1 IcrmcJ •·rrcd~CWr~::J~tuch J.fl' (lrJtau1abk 1n pc.il nunwn:. Ji 

~\nucos:. hJ~ ¡n~tancc. thc.: rn.:J¡((¡n;: oi lrJrl\nl\"1\ll~ ¡;,l;\1 t!l:.: 

'-pcc:fic l'.lp:JCil~ o( v.dh ll.J..\ tx·:.·n (<lmnl<Hl flí.hllu·J••r l;:.·cHk' 

~~ ¡;. Thn:-ct al..l9td.lklhommc. ll)/..t) llounn. ( ·nrl-.tcmcn 

ll':i95a) shows that thc yuahty ol the prcdll·twn vanc~ ~trnngl:: 

J7offi aqudc.:~ to a~.:~u1fer 
In mus< ~ituat1om. th:: tran.,m1~~I\ 111c' L'\IJm~llrC lf\lfll 

pump1n~ te~ t." or prcd1:.:tcli lrLHll wcll dJt.Jar:.·lll,:.IItr.ln,:lll''l'· 1· 

t1cs loc~t1matc thc Jona! tran~m~~~Int~ from !u~.: .ti tr.tll\rm~~i.,l· 

• Depanment o( Eanh Sc!encc!>, Aarhus Un¡ven1t~. r:Knmar~ 
Recc::1vcd ~13) 199), rni!>Cd January /996, accq~tcJ ,\1arctJ 1'/So(J 

liCS onc can us~ knging (Joumcl and Huíjbrc¡,~s. 1978). Thís 
gives an unb1ased est1matc with mimmum variancc from a linear 
combinatJon of thc local transmissivu¡cs Clifton and Ncuman 

( 19S2). among othcrs. uscd this mcthod to c~tJmatc zonal trans
miSSI\'Jttcs of a ground-water model. 

Duc to thc dcvclopmcnt of m verse proccdurcs 11 is posstblc 

tn e:,l!matc thc hydrogcologica! paramctcr:- ul ground-water 

nwdcb from ob~crvatJons of hydrauhc hcad. etc . for instancc by 
non!wc.H rq:rcss¡on (e.g .. Ncuman anú Y:..~~owllz, 1979; and 
Cooley ;.md 1'\aff. 1990). lt follow~ ttlat ¡n ordcr to achieve 

llhJL'CtJvc cst1matc:, hy mvcrsion JI is dc~Irahlc to wC;ght the head . 
mca~urcmcnt~ indiVIdually m tcrms of thc1r rciiabahty. Thas · 

rclJabil1ty dCpcnds oñ poss1hlc crrors tn thc meas u red heads as • ·f 
v.dl a.., un tho~mall-=scalc variance of thc truc hcads (see bclnw~
·\ tew ca ... c :.tudJcS-r1uhTishCd iñ thc htcraturc havedcmonstrated 
tll:.tl the par;¡meters of large-scalc ground-watcr now models can ¡/ 
De e~tmJ.J.tcd by mvcrsJon, e.g., Coolcy ct al ( 1986) and Clúton 

and ;...-cuman ( J9r;2). 
A hydrogcologist who ¡s modchng rq!Ional-scale ground

-....ater nu-....· can thu:. sclcct vanous data .~oamphng_g_rategae_s to 
C\ttmatc thc zonal transmiSsJvatJe~. -~-or Instance, one can con

ccntratc on lon~-Jurat¡on pumpin~ tcsb, wh1ch may be very 

o.pcn~¡vc Onc can use zonal est¡mauon ba.\cd on local predtc

tJOm. but thas may also be expens¡vc or Ú1accurate. One can use· 

hydrologJC inversJOn based pnmarily on hydraulic head mea

~urcmcnts. and thcse measurements can be obtamed by methods 

rang111g 1 ro m mexpcns¡vc and inaccuratc lll ex pe:nsive and accu-
r .1tc. Fanally, one can comb1ne al! of thesc stratcgics. T~~y~-~~\ 
¡!eolog¡~t ~atura~ly ~~~-~_!~use thc strategy that gives the best ·/ 

rcsu~_i._~_!~_a!__min}~_iz~_L_the unce_fl:~Int¡cs, WJlhtn the gtven j 
eConomtcal restnctJOns. Which strategy 1s the best will depend ·. 

- on thC: ·act-UaJ hYd~~~otagicaJ candiuons. so wc neect quantita-· \ 

tJYC expenencc of thc es_r_i~~~ion_potcnttal of yarious ~-~mpl~g \ 
st~a_!~8JC:-: u!lder !:.~ifi_ed condit.wns. 

o 



Tht~ study prcscnts a ~pc:c:lli..: Cd~l· ... wuy DI th..: polc!lli.tl ol

thrcc altcrnauvc rncthods of c'\tJmatlng nmal tran~mlssiviuc.s 

to:-: rathcr. I.onallngl .. -trans¡m~~~\llll'" v.lnch arl' mnrc appro

p:-tatc, Ncuman. 19X0l. n;uncly· (A¡ c~llm:ttwn ha ,;,:-j on d1rcc:t 

mcasurcments: (B) csumatinn hy hyllrologt..: mvcn.totl. .i::!.lltl 

(C) estJmation by--combining thcsc mcthod~. Thc papcr gocs on 

to d1scuss thc bcst data samplmg stratcgy for cstlmating thc 

zonal transmiss1vit1es of the aquifcr studicd. 
Thc study of thc aqutfcr was conductcd. fir.stly bccausc the 

hydrogcology IS typtcal for largc parts of Northcrn [uropc and 

sorne parts of l\orth Ame rica, and scc:ondly bccausc thc dcnstty 

of data m this are;_¡ 1.'> rc!a!tvcly largc.-lt ¡,_ thcrcforc cxpcctcd that 

thc conc!u.<,¡on.'> can be transfcrrcd to arcas of simtlar 

hydrogcolot::•. 

llydrogcology and Problem Formulation 
Thc stud1cd aquifcr ;.., located tn tite \\cstcrn part of thc 

Damsh island o~ Zcabnd (F1gurc 1 ). Earhcr dctatlcd studtcs of 

thc hydrogcolog! a11d hydrnlogy 1n thc arc~1 formcd thc hasts for 
thc hydrologtcal modcl of Christcnscn (!Q9.ta) \l.hich covcr~ an 
arca of 450 t... m= (hgurc 1) Thc rrcscnt stud~ i~ panly ba...,cd on 

th1s work anC p.Jrti:- on more rcccnt ~upplcmcnwry data on 
gcology a11d trammiS~!VIty. 

Thc scm¡:;onfincd aqutfcr 1s m a !ayer of Quatcrnary lluno
glacial dcposlts whicn 1s ovcrla1n by ~cnHpcrmcablc gbc1al till 
a11d undcrla1n by JnlpCr.lOU~ Tcrttary clay (Chnstcn.scn. j{j94J.) 

In thc 110rthca5tern, cemra!. and southcrn-ccntral parts of thc 

area, the fluvioglactal sa11d and grave] are 10-30 mctcrs thtd. and 

forma rcg10nal. rathcr homogcncous. aqutfcr With transmissJ\'1-
ues betwecn !0-' and 10-: m=;s. In tnc rcmam1ng arca.<, thc 

fluv10g!aciallayer ts hetcrogcneous w1th transmtsstVIliC!!> bctv.ccn 

10-~ and 10< m:.'s. and thc transmt.'>SIVJty Vi.HIC~ w11hin short 

dtstanccs (Chnstcmcl1. l9lJ4a). In arca.\ around Slagcl.sc anJ 

Hong lhc fluvwgiactal dcpostt.s are ab~c11t and !:>Ub~tanual por

tions of Tcrttary cid y are m1xcd tnto thc tdl. L1thulogic:al 111Íor

matwn from wclls shov.s that thc thicknc.ss of thc tdltaycr \-JnC" 

.hcn.o,.ccn 10 and 80 mctcrs and tnc vcn¡cal hydrauhc cunJt:ctn 11:. 
1!:- about 8 · 10-~ m1:. (Cilnstcn~cn. 1944a). 

A phrcauc aqu1fcr 1:. lound in thc mure pt:rmc:thlc urrcr 
zo11e of thc tilL Thc v.:atcr tahlc t5 lucatcJ a ln~o meter .. tx:tov. 
ground Jcvcl anO tnc no\\'1~ ddffilfl,ilCd nv llC:tr·\U~l.llT hnr:/1111· 
tJ.! flm~ wward., th:::: \trcJ.nn Hov.cn:r. tr1crc 1, '>1~:11;-;c;¡nt \Cr\1-

ca! 0ow 10 !he !LlJ,.tnd thl~ J\ o! ma¡or llllflilr\Jn~,.T 111 tht' il\'l'f..t!! 

~o~.atcr balance of bl1:h thc til! and thl' ur11.Jrrh '"!-= !hrvltl,!!i;lrt..t! 
aqutícr In hl!=h-1!111~ arca~. thc v.;¡tcr l:..d·)ll' 1n thc td! '" hl,!.:hc: 

than thc hyJraui:c hc:1J 111 thc !lu\ 1og:a..:1..1l auullc: :lfld l::;d..a~~·t .. 

düWn\.o..lrd. wncrca'> ¡¡ '" urv.ar~ 1n arca .. v.1th l11v. dC\,Il~<,,h 

.'>uch il.'l ~trcarn \-.tltn~ and \."ll:.l.'ll.tl arca~ 1 he \lllllrl.i!HlO' n: 

Chn5tcnscn ( lqi..I.¡JI!>nll'-1. th<.~t .J6 mm \ Jr.:,¡.,, tP thc Jlu,u,~l.rcr.IJ 

JLjUIIcr tn thc rcCh..lr~c arcas Ju~t undcr hall ol tlll" rn .. h:lfi-!C. ~(1 

mm 1 )'. ,1s Wtthdra'-l.n Jrom thc aL¡utlcr llH con~umrt1on and 

irngat1on purro~c5. \4 h1lc mo\t of thc rcmar11dcr d¡-.chargc" h.JCk 

to thc phrcat1c ayulfcr (2-l mm·!) Only ~mm \ tr.lk'> tn Lile \CJ 
((hmtcnscn. I~.JJ¡ 

Ba.sed partl! 011 pumpm~ test analy~c" ( hpm .. · 1 1.1nd p.1rti: 

on gco!ogica! tnformauon. thc lluvroglacral;t~..¡u¡lc: ""a~ d1V1dciJ 

tnto the transmt5SIV1t)' Tones shown 10 f-"tgurc .2 l hr ... /on.tllon 

dúfers slightly from that us.cd tn Chn~lcn.scn ( I'N4J) bccau...c 

a~dllronal data were used. Zo11es JO to 17 represen! thc homo

fCI!Cous pan of thc aquifcr .z.onc5 1 to 5 ..1ni.J 6 tn 1 rcprc .. cnt arcas 
\· ,~,..:~: :nc .tquiÍcr 15 nctcro~cncou5, and 1nnc-. ¡., anJ I.J rcrrc~cn: 
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T.ahle l.l\1ethud' l 1\Cd lo E,timltlt' Zouall.o¡.:¡.,-Jrammi,...,¡,¡¡~ 

Cast• EHmlaltotl mc1hod 

(Al 
.(81) 
!H2J 
(CI 

From local-.-.calc pumrmg lt~t.:> (:~vcragmg by kriging). 
lnvcrswn bascd o'n accuratc hcad.mcasuremcnts 
ln\ICrsJon.bascd OR·Inaccurate Ju!ad mca.surcmcnts 
lnvcrs1on bascd on accuratc hcad mcasurcments and pnor mfonnatlon t rom 11\) 

Table 2. A'11ilable Data on Log 10- Transmissivity (Y) 
and H~draulic Head 

.".o nflocaf No. of local A' o of head 
Zom: } -csumarcs Y-prcdiCIWns measurrmcnls 

4 5 

' 1 1 o 
4 o E 

4 o 1 ' 5 _1 10 ' 6 J 21 !_1 
1 JI JO 8 
S o o o 
9 o 8 8 

JO ' 5 4 

11 ó 20 9 

1' 6 8 8 
! 3 o ' 1 
14 4 2 6 
15 ' J J 
16 2 2 4 

17 !S 25 1~ 

utsidc modcl arca ~7 11 

Total 90 JJQ !00 

thc e :~treme! y hctcrogc ncous S lagclsc arca v. 1th local sand IJycrs 

(zonc 9J surroundcd by tdl (7onc 8} Thc followmg para!!raphs 

consid~r how wcil cach of thc m~thods listcd in Table l CJn be 
uscd tu cstJmatc thc logw-trammi~SJ\Ityofthcsc 1onc..., ThcdatJ 

uscd for c:sumatlon are summan!Cd 1n Tablc 2 a~ v.cll ~ 1n 

F ~g:u res 1 and 2. 

Estimation from Locai-Scale Pumpin~ Tests 
Constant-rate pump1ng. tests wcre earncd out 111 63 wcJ!~ 

\I.Jthin thc stud~· arca anJ 1n ~¡ v.clls ¡u.st out~tdc the are: a! h_?urc 

IJ Thc test dur .. itlom ranccJ trom half an nour 10 sncr:1! á..J\''> 

J ,j'.;~,¡:) .. : St r;..u~ht -lJrÍc :-Úc th;J ".t.-.·.~f;r;¡~~d-tu e~ ~-~~ate t ran::;;,...,~~\ · 
Jt;:·, trom !he te.'.! roult.'. Thc llnc.'. ..,.ere f:ttcd to thc t·Jr\1 !tnc . .H 

r:1n olthc drav.JO\~ n 1.. ur-o ( ~~ p1cally alter J(J mJnute\lthat are 

rwl affccteJ hy WCJI hon: •.tnra¡;t·, r.lrtl.J[ fX"IlClfJIJOn or lÍJ\I..illl 

b.)undary condHJons ( Kru..,e~1an and de Ku.Jr.Jcr. 19'-XJJ FPr all 

tnc testcd v.dls. thc c.-.umatcd trJn!'>nll.biVIty rcp~nt' thc loc..tl 

Tablt J. f..stimatrd \'anan('ts uf Mrnurrd Head\ ¡m: 1 
. (Standard DrHallon m Parenlhesis) 

it'l of n~ad 
mt'a.Jurtmenrs 

(81) 
(821 

Ui.-1/ 1ymbul m flx¡_¡r¡• .... 
o • 

1.0(1.0) 
5.0 1'.21 

4 J !2 11 
7. 7 (~ 81 

aquifer transmissivitv wtthin (at lcast) a fcw hundrcd mc:tcrs from thc weiC ___ .- ---·-·---- ---- . ··- ·-·-

Specdic capacity and lithology data wcrc a\·aJiahk for 2~9 

wells WJthJn and JUSt outsidc: thc studicd arca! hg:urc 1 ). i\i¡ncty 
of thesc wclls werc pump-testcd. 

Chnstensen ( 1995a; 1995b) ca m pared spccJf1c capacJtJcs. 

hthology and pump-tcst dcnvc:d transmlsSJVIIICS USI.lJg rcgrc~
sion. and showcd that using specif1c capaclty gwcs· fa¡c'prcdJc-..., 

tions of logwtransmlssivflYfnlhC hCte;·~gc·n-CoUSpmsOithc ~ 
aqüiíer: WhefC'iSS¡:)eclfic· capacit)· -a n-a lilholog}· should be uscd ~,. 
j()JñiTfto predict logw-transmlssivny in thc homogcncous pan of ' 

the aqutfer (Christensen. 1995b). The pred1ction modcis only 
cxplamcd about ~% (hc:terogcneous) and 40'S'[¡ (homogcncous) 
ofthc obscrvcd vanancc. and thc lattcr transmJ.SSÍ\'11)' prcd1ctlon.s 

wcre obviously biased. Thcreforc. thc prc~cnt study Joc~ not use 

prcdic~~_9_log 10-transmissivities m thc ti~ITwgcncou~ part of thc 
aqu¡fcr. In thc hcterogcneous arcas spec¡fic capJ.CJIY wa'i uscd to 

pr-cdici thc local·scale log10-transmissivity at wclls without pump 

tests. 1 

In case (A). kri¡;ing(Joumcl and H uijbreg". 1978) was uscd 
to cstJmate thc: 'zÜnal)logHt-transmiss¡v¡ty from thc local-scalc 
valucs. for this purposc: two scmivariograms of log 1o· 

transm¡ssivJty were c:stimatcd: onc for thc hnmogcncous pan of 

thc aqu1fcr and onc for the heterogcncous pan~ ( F1gurc 1 ). Each 

var10gram was esumatc:d from local Jog,o-transmissiVItics. 

dctcrmmcd exclusJvcly from pumpmg tes: analyscs (1.c .. at thc 

.'.Jte~ m<Jrkcd with sohd cJrclcs in F1gure 1 ). usmg thc method of 

S amper and ~euman ( 1989) Thc esumatcd o;enll\dnograms are 

!lhown wtth thc1r expcnmental countcrpans 10 F1gurc: .3 Thc 

rcat.icr JS n:lcrrcd to Chnstcnsen ( 1994b) for f unhc:r informatJOn 

nn thc actu<d csumatJon of thc scmJ\<Iriograms. 

Thc 1onal c:sllmators were formcd by combmmg local kng
Jn~ c~t1rn<Hc~ (Journcl and Hu1jbrcgts. 1978. pp. 320-324: sce 
('hn<;tcmcn. 1945c. for spcc1fic dctailsl E<Jch local esttmate 
1errc~cnt.-. ...1 )00 :•: 500 m: su harca of t.hc a4u1fcr. which com· 

r.lrC\ rnu~hh Id thc <lfC3 mnucnccd hy.the pumr ICSl!l Zonal 

C\ltmat1on V. .J.' nnlv cJrned out for~JX lOOC\((l, 7, 12. 14,lfl.and 

¡7¡ WLthm \.l,tuch therc w~ (subJccti\'cly and optsmlstJcally 

llld~cd 1 Jn ~1dcu u ate n umbcr of local! ran!:.m Js.-.¡vJt y csumatc.s or 

rrcdLCIIlH" ·¡he ~~x. zonal C!ltimatc~ and thc1r approximatc 95% 
¡;onfldcncc mtCfV.iiS' (csuñlátc. ± two standard errors) are shown 

m. FigUre 4 The cstimated v3J~cs are w1thm thc cxpccted ranges. 

Thc unccnamty of the zonal esl!mates are mamly duc to covan

ancc het~ccn thc local kriging cst1matcs that form thc lOnal 

e>limat"' (e f. Joumcl and HuiJbrcgts. 197X, cq V.l9). Thccovan
ancc tcrm ha.o;; thc grcatc:st innuc:nce on. the unccnainty of thc 

cst1matc~ of thc: hetc:rogenous zones 6 acd 7, which therefore 

have the wJdcst mtcrvals. This ind1cates that thc: number and 

locatJOn of data withm thcse zones m ay be madcquatc for mak

lng propcr kngmg estima tes. 
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Fig. J. Seml\"anograms for log¡o-lransmi~hil~. 

Hydrologic ln\·ersion by i\ onlinear Regression 
Supnosc that sorne of thc hydrogcological paramcters m a 

ground-\' ;:;~r modcl are considcred to be modcl parametcrs that 

have to be eslimatcd from measurcments ofhydraulic hcad. Thc 
modc! parametcrs thcn can be cslimatcd by minJmlllng thc 

lcast-squ;nes cntcnon (c.g .. ~cuman and Yakowttz. 1979: 

Coolc\" and \af'. 1990. or Hill, 1992) 

Sib) = [h'- h(b)j' v;'[h'- h(b)] + 

(1) 

where b ts the vector of model paramcter~ to be estimated: h• is 
the vector of mea\ u red hydrauhc heads. h(b) 1s thc corrcspond
tng vector of predtcted (modelcd) heads at thc measured -"~ens 
usiilg···lhC-parametCr~--b;\ :15-th~- covanancc matnx of thc 

assumed Gausstan dtstrtbutcd uncorrclatcd true errors in head 
resJduals. h•-h(b). b• ts thc vector of pnor csumatc~ of thc 

paramctc:r:-.. and \'~ 1~ thc cm·anancc matrix of thc truc crrors of 

b•. In tht~ study a modliled vcrston of thc USGS pro!!ram 

,\10DFLO\VP ( Hill. 1992) w;L' used for thc: mtnlmtl3lJun of 
-- equauon (IJ The rnodlficd ver~wn allow~ lora Jull wct~ht 

matn.\ on thc: pnor mformat1on. as ts needed becau.\e the prwr 

are corrc:lated t5cc: prevtou.-.. sccuon) 

- Thc \I.CJghtmg of hc..td Jata and thc: chotee of modc:l 

parametcrs must alway~ be comtJcrcd v.hc:n u:-.tng nonilnc.Jr 

rcgrcsston to c~ttmJIC ground-\l,a~cr modd paramctcr~ Thc 

considcratLon::. maJe m ÜlC prcscnt study are: hncíly dL~cussct.: :n 

thc fulluw1ng 

W~i~htmg ll.~·draultc-11 ~ad I>_ata 
Thc hc.u.J rc.-..Jduah. h•- hlbJ. are iun~.:tJOn:-. o:" thc error.-.. n: 

l!lcasurL·<.J hC..lí.h. h• . .tnd o: th~· error\ o: tr1c muJdcJ hc.JJ'. 
h(b). 

Error::. m h• .1rc normally caus.ed by maccuractc5 m thL· 

measurcmcntc4Uirmcnt or h~ rcadmgcrrors In practicc thcn: t!'> 
a funhcr sourcc of crrllr~. namcly crrors duc t~l-inan:curatc nr 

.' · ~rOñ!_!.lñiCrp-rctatinm ;1·r' \1, h.u has actuaily bCCn- rñca.,urcd :\ 

WrOñg'.inicrprc:tatLOn \l,dl. fÓr lnslancC·: ansc if a mea..-. u red hcaLl 

ts assumed to be tn thc ¡nvcsttgatcd aqutfer but actually rcprc· 

sents thc hcad m anothcr hydrogcolog¡cal unít. An ·-·.tccuratc 

mterprctatJon \1.111. for mstancr. anse ú thc heads meas u red m a 

number of v.e!ls are assumcd to rcprc~nt a qua..-..t·Statmnary 
- slluatton but wcrc actual!~ talo.cn dunng a pcnod w1th systcmaoc 
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(b) Hctcrogcncous ilUlJI(cr 
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Fig. 4. Estimated parameters and 95% confi(,jcncc intenals. 

changcs in hcad Such maccuratc or v. ron¡; as!->umptJons are 
common 

Errors in thc modclcd heads. h(b). a.; .c. ( 1) from thc facJ. \ 
that thc ~olvcd 0ow cquation :" l)VIdCS al hc~t only 30 apprOXI· 

1

\ 

mate dcscription oftruc aquifer rx:hav1or: (~) trom the numcncal t. 

dtscrclll.allon of thc: now cquation: and (J) lrom thc dlscretiza- \ 

11on of the hydrogcology (i\cuman and \ Jkowitz. 1979: and 

Ped ct al.. J9S8). A typc ( 1) error wlil an~c if llow IS assumcd to 

·be hor!lUnta!. wherea5 thc truc Oow i~ :tlrec-duncnsional. Thc 
thrcc-<.JimensJonality will tlc rcllcctcd h\ : nc mcasurcmcnts if thc 

mcasured wclls scrcen d1ffcrcnt pary!-> llf thc aquifcr Typc (2) 

crrors can he reduccd by choosing a ~uttahlc numcricai dlscrctJ

/Jt!On.lypc (J)crrors anse from thc scan.:Lty officld data so that 

tmronant hydrogeolog¡cal propcrt¡c<; may not even be recog

ntted or. tf su eh propcrllcs are rccognt!cd. ficld obscrvJtions are 
only !lufítL'tcnt tn l'q¡mate a hmllcd nurnhcr uf modcl paramc- _ 

tcrs Onc thcrc\~.nc has 10 ·nccntratc on thc cstimatlon of a 
rclauvcly .;;maJI numbcr of ~cy parametcrs. for mslancc by using_: 

paramcter 1onation. Thc first and th1rd ~1nds of model crrors are 
common tn prac!Lcc and thc conscqucnct.· ~~ that thc modcl can 
only prcdJCI lhc \arge·SCaJe V3rÍattnns ('•t he Jr¡ft ••) of thc ground · 

water headtnm.~o· ficld. but not ll~-- 'mal\-scalc vanabilitics. 
Wc thus havc to acccpt that thc ground·watcr modcl JS at ¡· 

~st a model of the drift of .thc truc .hcad f•cld, and that ·ti1C:~
\a nance ofh• frorn thc dnft drom now un termcd thc measurcd 

hcad \-"anancc) is thc su m of the vanancc uf h• mentioned abovc [ 
and thc srnall-scalc vanancc of thc truc hcad field. 



Objcctl\'C weighting of thc hcaú rc~JÚU..tl:... ft•- h(h). 1n · 

ct.fuatJOn ( 1) rcqUires that V 11 cnntain~ thc mca.\urcd hcaJ vari

anccs. Fnr thc·following cases such v.triancL~ wcrc cstllnatcd by 
Chnstcn~cn 1_/995d) through an ... dy~l'" n! Jc:-.idu.d-. ·n~..·&wcrn an 

cslimatcJ drift and thc mca~urcd hcaJs The ana/y:-.J~o showcd 

that thc meas u red .hcad variancc diffcrs bctwccn two typcs of 

-;;uh:.ucas· it is rclat¡vcly small in thc homogcncous part of thc 

aquifer and in thc coastal areas: but larger in thc hetcrogeneous 

pans of thc aquifcr (F¡gurc 2) 
Two scts of hydraulic-hcad data from thc 100 wells within 

thc modcl arca (Figure 2) are used m thc following: 

(B 1) 1\ccuratc mcasurcmcnts. whcrc thc dcpth to thc water 
tahk o: wc!ls "-JS mcasurcd by electric sounding during 
:-..o\cmbcr J9S~ and thc wclb wcrc lcvcllcd Thc tyr)Jcal mca
:.urcmcnt error of hcad 1~ thcrcforc w¡thJn a fcw ccnumctcrs 

(82¡ Rough measurcmcnt~ from thc \\Cll databasc of thc 
Gcoiagical Survcy of Dcnmark and Grccnland IGEUS). 

For thc bacr s~t of mca.suremcnts the depth to the water 

t.Jhlc was me .J..'> U red by thc dril!Jng con tractor al thc u me thc wcll 

wa5 dnllcd As thc wclls with1n thc model arca wcrc constructcd 
m e:- a pcnod of occadcs thc hcads ha ve vancd consJdcrably 

dunng thc mcasurcmcnt pcnod {scc hydrograph 1n Chnstcnscn. 
199-ia} Thc ground leve! refcrcncc of (82) Wa.!:. cst¡matcd from 

! .25()(}(} maps with a 2 S m wpographical conrour mrcrval Thc 

prCCJ.SJOn of thc contour.s ts withtn O 5 m W¡th thc addi!ional 

unccn~.unt: frorh unprccJ:-.c po.<:.iu_on¡ng of thc wcll on thc m<~p. 
tn~ typjcal error of (~iüund lcvc!.rcfCrCn-cc wlll.bC ~nc -to rwo 

m~h-c typtcaJ error· of thc mcaS.uiéd hcids of ( B~) ·;~ th~~ 
c~tcd to be .scvcrai mctcrs. 

Thc cstim.:ItcC meas u red hcad vananccs are ltstcd m Tablc 3 
Thc \'O.ílancc Jncrca.'>cs \l. 11h thc hctcrogcncn~ of thc aqu1fcr as 

wcll as WJth thc mcasuremcnt unccnaJnty Thc C.<:.l!rnatcd \<Ifl

anccsufthc accuratcl~ meas u red (Hl) hcads Jsonc to t.,n ordcr.s 

of rnagnnudc brg::r than thc C:.\pcctcd medsurcmcnt \anancc 

í ro m abovc. This 1s m.:unl~· duc to small-scalc vananc': oí thc true 

hcao.<:. (nonzontally a.~o wcll a., \'cnicallyl 

,\Jode/ Parameurs 
A numbcr of h~Jrogcolog¡¡,;al r..uamctcr.<:. ffiU\l n-.: k:wwn 

or csumatc:d m arder to modcl tnc stcady ~rourH.l-\\;Jtcr llo\.1. m 
thc stud1cd lcaio..y aquJÍcr In thc prc~cnt ::.tut.h tn:: auu1tt:r tran'
mlSSJvll y and tnc vcrt JC J\ cond u-..:!1\ 11 v of thc ..:on(¡ rtJn¡.: la~ cr v.crc 
C51lrnatcJ by nonl!nea~ rq:rc.<:.'\Jon. wtlcrc..t.-. thc th1c~nc'~ o! thc 

confin1n~ iaycr. tn~ hcaJ ol thc (1\'CrlyJnt: J~uJ:Cr, anllthc Wllll· 
drav.ai r.ttcs lrom th(' 3.J...!Ullcr wcrc ~sumctlto he lnnv.n Thc 

Jat!Ci rararnct~f~ \4CfC IJ~CO lf1.Hll !he prC\'JOU\ v.ork o: 
Chn~tcn-.cn ( !1,1~4~1),., no c:Sil!llatcd thc conf¡n¡n¡.: la~cr tlnc" OC\'

lrom iltnohJ~Jcal Jat.l. m~.x.Jt:icd thc h~Jraullc llcJJ, o! tnc p\'CJ· 

l\lllt: ,I\.1UI~C'f JOJ C\:J:n,J!C~ !f1C V.J!hdf,I',I,Jj r;Lil'\ Jrom J,Jld !111 

t nc an n u.J! WLI hd r J v. .11\ I nc rnnJcl nnu nd M~ 1 f-J¡.:urL' J¡ .md t he 

modci gnd are ¡JcnlJCJ.l to tho::.c Jn Chru.tcmcn 1 I~Ja¡_ 

Thc zonation of transmJSSJVIltes and thc J\o'3Jiabk hcad 

mca...'luremcnts are ~hov.n Jn F1gurc 2 and dc-.crJt-.cd ahmc. h!!· 
u re 2 .tnJ 1 .tblc ~ ~nnv. th.:~: J.J!.t Jrt.: \C.trcc 111 1••m·, ~ 4. and l J 
and ratflcr .scarcc 1n zunc ~ f·unhcr, thc ~eJwarJ ¡.:rounJ-..,....ttcr 

now throu¡.:h lOncs 4 and) !S \m;tll (C'hn\lCmcn. /'iGJa) and thc 
hydrauhc grad1cnts wuh1n thcse lonc'i are al'io 'imall ll1c~c 

círcumstancc~ are consistcnt with the dJscovcr;.· that thc cst¡ma
tJon of !ogw-transmi~J\"ll y by nonlinc:ar rc:gress10n ~~ \ cry unccr
tain 1n thc...'ie fuur rones. To stahi!Jzc the cstJmatJon. pnor ¡nJor
m.lllon from thc lithology oh~crvcd when dnliln!! wa. ... u..cd lor 

t!JC~C log¡.,·lfdi1:0.1111~..,J\llJC:.. JI\ !IIL' tlllllJlllJ/,Jtlllll Cli!I.:ILOJ\ CLJU.L· 

. t10n ( 1 ): for zonc 2 thc.: pnor c:-.llmatc 1'- -JO w11h a :..t:.wdarJ 

error of0.5: for zonc,<, 4. 5. 4tnd 1.1 thc rnor l"'-i:m.l!C i:--3.0 \l. 1ti~ 
.a .\.tandard error nf 0.5. Thc prior inlorm~lllt.lli from ~nh .. )lo~::. 
wa.li asswued tu he uncorrclatcJ. Furthcr. cst1mation ~wwcJ 

thal the log,o-transmissivitics ofzoncs4 and 5 cou/d be comb1ncd 

into one paramctcr. Thcse pnors, bascd on hthology. wa...;; uscd m 

the threc cases B l. B2, and C. 
The d1stribution of vertical hydrauhc conductivitie.s of thc 

confining !ayer was d1vidcd into thrcc rq::inns. ( 1) a reg1on 
conta1ning the transrnisstvity zonc.s 1 to 5 ( Fifurc ~):(~)a· rcgion 

eontammg thc transmisSJ\'liY 7.oncs 6 to 9. and (J) a region 
conta1111ng thc transm1ssivuy zonc!-> ]{) to 17 U:-.Jng altcrnauvc 

conductlvlly rcgwn~ m thc regrc~~ion shm\L'd that JC\.I.'Cr rcg10ns 
lcd toa poorcr modcl lit LO data. whcrca~ more than thrccdJd not 
improvc thc fit. U.sing as many as si.\ eonducuvity rcgions lcd to 

signúicant paramctcr corrclationS. 
\Ve thus end up wllh 19 modcl paramctcrs to be estimated 

by rcgrcss1on. namcly 16 zonallogw-transmls::.J\'Itics (Y 1. Y l. 't'1. 

Y. 1s. Y e. .... YJ7) and J regwnallog1w-conJuctJ\'IIJCS (Z 1 -~. Z.-Q, 
and zll)-17) 

Results 
For case (81 ). only measurcmcnts 1n hcad data sct B l are 

used. Thc estimatcd pararnctcr::. and thCJr approx1mate 95% 
confidence intcrvals (cstimatc ± two stand.Jrd crrors) are shown 
1n F1gurc 4 (e.g .. Coolcy and Naff. 1990. cyuat10ns 54-13 for the 
calculation of standard error). Thc wc1ghtcd rcstduals are nor

mally d1stributed wuh a variancc of 1.09 (- ). and thcy do not 
ind1catc any bias. 

The cstimatcd logw-transmlssivitlCS are gene rally within the 

cxpectcd ranges cvcn though thc csumatc of Y b lies slightly 
outs1dc thc confidcncc mtcrval for thc corrcsponding estimatc 

found by kriging (Figure 4) Thc width of thc confidence mter· 

\als for Y t>. Y~. Y 8. Y Q, and Y 11IS bctwccn half and one, whereas it 
i.<:. betwccn onc and two for thc rcmainmg logw-lransmissivities. 

Thc largcst eonfidencc 1ntcrvals occur in z.oncs w1thin which the 
hcad obsc:rr.Hlons are scarcc (e.g zones 2 and 13) and (or) the 

hcad grad1cnts are small (c.g. zoncs l. J. 4/5. and 15). In thc 
homogcncou~ part of thc aquifcr. thc confidence mtcrvals are 
large for thc: estimatcs m zoncs with small head gradaents. Con
trary 10 thJs. thc mtcr.<~b are small for c~llmales m thc eastcrn 

hctcrogcncou~ pan of thc aqu1fcr wherc head gradients a-re 
SJgntúcant, 

Compann~ thc confidcncc mtcrvals of thc regression estJ

matcs to thll~c of thc ~ng1ng esttmatcs ( F1gurc 4) shows that they 

are sJmilar lor Y~ and for) :-.1.c In thc hcterog:eneous part ofthc 

a4u¡fcr. v.tlcrca.<, thc rcgrcsswn 1ntcn:ah are three to four times 

.,¡Jcr thJn tnc krt~Jng one~ for Y1:. Y1 •. Y,e., and Yn m thc 

homol!cncous pan of thc ayUJfcr 

Thc esumatcd logw-...::onductJVIllcs of the confining tilllayer 

(Figure 4) corrcspond quite wdl to Christcnscn (1994a), who 
( ound an average val u e of -H. lO for thc modcl are a as a wholc. 

Howcvcr. accordJng to thc preo;cnt ~tudy thc \"alue ts somewhat 
lower 1-8 46) for z...,., The confldcncc 1ntervals ofthc est1mated 

logw·<onducuvitJc~ are allt..¡uJte narrow comparcd to tho.sc ofthc 
1 og 10-tr ans m1s.si VItae.\. 

The predicted hcads and thc cuircsronding approximate 
standard crrors (calcul.atcd as givcn b) Coolcy and Naff. 1990, 
cyuauons 5.7-8) are contoured in FJgurc 5. Thas figure shows 
that the standard error of pred¡ctcd head.\ 1s Jcss than 1 m in the 
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fig. S.ta) Predicted he.ads {m J. and (b) standard error of predicted he.11.ds (m] in case (81}. 

homogeneous pan of the aqutfcr. and general! y lcss than:! m tn 

thc heterogcncous par1 lt ¡:,notable. howcvcr. that thc error ts up 

105m wnhm zone 2 duc to thc grcat scnstti\'lty oithc hcad to th::" 
local parametcrs. whtch havc largc vanancc5 Furthcr. thc ~tan

dard error !S 2 to 5 m arnund wcll ficlds 1n thc hctcr0f.Cncou-. 
zones at Slagclsc. whcrc thc strcs<; u! Oow t.s Jargc A rc.\ult o! tht~ 
IS that thc prcdJctcd hcad 1~ n:ry ~cn~tli\'C to thc csttm:.~tcd Inca! 

paramcters. espectatl: thc conducuvuy of thc confinm~ !ayer t\ 

stmilar observation was madc and c:<:plaincd hy Coolcy (1~'1~) 

In case (82). thc Jnaccuratc hcad ~.L.Ha .-.ct f B~l t'i U'>cd. lf C.L~oe 
(B::!) !S comrared to ca.~oc ( H 1). thcn one can ~occ trom h¡.!:urc 1• 
that the C\ttmatc:d Jo~-tramflll\,J\'Itlc:-. ch.lll~l' 'l~niÍll.Hltly (:e 

hy more th~n !Y..o standard error."~ ol t11•.: l".L'>C IJJ c,t¡m:.JtC:-.1 m 
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Fit. 6. f.stim•ted par1meter.o 1nd 95% conlidencr interval\. 

thrcc arcas: arounJ SIJ.gclsc (1.oncs 8 anJ Y). in the northeastcrn 

arca (7onc 11 ). and m thc are~ of zonc!> J, 16. and 17: 
!;: ca...,c (H.2), thcre IS rractlcaily no diflcrcnce betwccn thc 

C!ltim~tcú Y~ anJ Y<~ Jog-trammJSSJ\'ItJC!I, which is inconsistent 

v.¡th thc g.cologl'.::al mformatwn Hl th1' arca. Thc unrcalistic 

C~tlm.ltC\ rC!>Ult Jrom thc f~ct that thc ln3Ccuratc hcad obscrva

ll(lns 1r1 thc Slagcbc arca do not ~how thc ;¡ctual dramatic local 
vanatlom m hcad. 

Both thc csumatcd mean of Y 1: and its standard error are 

I<Hgc. wh1ch 1S bccau.<.c thc hcad' ob.<.crvcJ in case (H2) withm 
anJ ad¡.1ccrH to 1onc 12 vary ran,:<Jmly ant! show no distmct now 

dtrect1on ., he c~llrnatcd mean u! 'r 11 1s \l'fY small bccausc thc 
obscf"\ cd hcads with1n tlus lonc (by coirK¡dcncc) show a steep 

grad1cnt. Duc to thc lnw csumatcd transmt!\SÍVitV of zone 11. the 

csttmatc of thc ad)accnt y 11 IS larger. Thc .standard error ar y tJ 15 

smallcr than m thc prev10us cases becau\c sorne of the heads 

uhsef"\·ed w1thm zoncs 6, 11. and 12 are more sensitive to th1s 
paramctcr than m thc prev1ous cases. 

The esumatcd mean of Y 1 ts vcry small, and Y 16 ts also 
rcduccd, beca use the observed hcad grad1cnts in thesc zones are 
largcr m ca.c;•: r R2) than in ca'ic ( B 1 ). To compensate for the 

reduccd cst¡: .... :c of Y u •. Lhe cstimatcd mean of Y n increases in 
e.1.>C (H:). 

F1gure 6 shoY..!I that Z1o--11 has wcreac;cd significantly from 

ca.;c IHI) to ca.;c (82) Thts JS prob&bly bccause the observed 
hcads wuhtn these zoncs on average arcO.J m largc:r in thc: lattc:r 

case than m thc: former. which tends to reduce the predicted 

lc:a.kage. An tncre~c of Z1o--n wall balance this tendency. 

Dueto the large data unccnamty 1t is not surprising that 

case (Hl) has widc confidence mtervals (Figure 6). Most of the 

--/ 



c~umatcd iog-transnussiVItlcs have vcry w1dc mtcr•ab. whcre.L'> 
the intervals for thc log-<:onductivitics are still quite narrow. 
Thcrdorc. 1n outlinc. thc-estimated transmi.ssiVIUCS ·are vcry 
unccnam-while the:verucal conduct!VIlles of the confinmg !ayer 
scem to bc.-wcll.,.determined 

Figure 7 shows.a map of the predictcd heads m casc(82). A 

companson with thc head prcdictions in case (B 1 }. F1gure 5. 
shows that the hcads differ significantly Within threc arcas: 
firstly, thc prcdicted heads in case (82) have increased by up to 10 
m m zoncs 2 and 3~ secondly. the hcads around Slagcise havc 
changcd hy up to 5 m and the local variations are less dramat1c 
than m case (B 1 ): and thirdly, the predicted hcads in zone 11 ha ve 
¡r.crcased as wcilJ..'i dccreased locally by up lo 3m. Th1s is dueto 
thc m~nt1oncd chan_f!CS in thc esumated transm¡ssinucs of thesc 
arcJ..'i. 

F1gun.: 1 also shows that the standard error of prcd1cted 
head 1n ca.\e (82) 1n general has increased by 0.3 to J .O m 

comparcd tocase (BI), Figure 5. Th1s mercaseis dueto tln.: 
general increasc of the model pararneter vananccs. Thc error 1~. 
howcver. rcduccd by up to 1 m wnhm zonc 2. and by up to 2m 
wnhm thc S.iagdsc arca. 

Christensen ( 1995d) also used a set of head mcasurcmcnl5 
of moderare accuracy toes u mate the studicd model parameters 
Thesr heads wcre mcasurcd almost simultaneously m wells 
who~e ground leve! was estlm::ned frorn 1:25000 maps. In th1s 
case somc of thc csumated parametcrs changc by up ro tv.o 
standard crrors compared tocase (81 ). and thc cor.fidcnce intcr
\almcrca.o;;c~ for allthe paramctcrs. The conscquencc 1'\ that thc 
standard error of thc predJctcd heads gencrally mcrcao;;c by O 1 to 
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Inversion·witlr Prior lnformation·frnm Pumping Tests 
• 1f pnoro~Diormatwn on Jogw-.transmLS.S.l\"llY ~ a\-a!Labk 

.· from pumpmg tests. this infonnation can be used in the nummi
zation criterion. equation ( 1}. In this studysuch information was 
available (see above) for Y6 , Y1, Yi:. Y1 •• Y1ó. and Yn. Thesc 
parameters were est1mated by kngmg of local-scale transmLssivi
ues cva.luated from pumping test data. The knging covanancc 
between these estimatcs was calculated from Chnstcnscn ( 1995c) 
equation ( 12). which is similar to thc zonal vanancc equauon 
(V.I9) in Journcl and Huijbregts ( 1978). In thc rcgrcss1on. thesc 
covarianccs were containcd m \'~ of cquatmn ( l) 

Thc regrcssion in case (C) was thus bascd on thc pnor 
mformation from pumpmg tests and on thc .sct of accuratcly 
meamrcd hcads from abovc (ca.o;;c Bl)., Rc.sJdua! ana!ys1s mdi
cates that the weightcd res1duals are normal!~ diStributcd wllh a 
vanance of 1.11 {-). which LS Similar to thc prcnous cac;;e (81). 

Thc prc:d1cted heads of the two cases gencrally dificr hy lcss than 
0.1 meters. Howcver. 10 a part of zonc 6. at thc model boundaf)'. 
the head of case (C) is up to 1.5 m h1ghcr than the hcad of case 
(BI). No doubt th1s is dueto thc dccrcascd c.stJmatc of Y t.. Head 
measurcrnents are sparsc in thts arca. yct 1t m1ght ind1cate a wea~ 
bias eithcr in the Oow model or m thc knt::ng estímate of Yt- : 

Figur·: 4 sho~s that no paramctcr cstJmatc~ deyiatc sigmú
cantly frorn those that were esumated without prior mformatlon 
f ro m kn1:;ing. The conridcncc ¡ntervals are narrowcr in thc zones 
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Fig. 7 (•l rr~diCt~d hud~ lmJ, •nd (b) it•ndard rrror or prtdiCitd hud\ ¡m¡m Ca\r (81). 



whcre knging estm1ates werc uscd. cspccially for Y 1;. Y, ... Y 1n. 

and \' 11. For thcsc csttmates the 1nterval width is about thcsamc 
a$ ·for thc kriging cstimatcs. On (he wlwlc· thc ''-'idth of thc 
confidcnce intervals is.unchangcd for parametcrs wlr..;rc no pnor 

information is-USed.. 
Figure 8 shows the n::ductlon of •thc.~standard -error of 

predicted heads from case (8 1) lo case (C) duelo the introduc
tlon of pnor zonal estimates based on pumping tests. The stan
dard error ¡S rcduced by le~<; than 0.1 meter within most of thc 
arca. and the rcduction on1y cxceeds 0.2 m m a few small arcas. 
The largcst reductlons occur in zoncs wherc thc Jog10- · 
transmissivit y csumauon \'<lriance IS significantly reduccd through 
the use of pnor csumates. Thc gene rally small standard error 
reductions ma~ sccm surpnsmg when campa red to the reduction 
of sorne of the estirnatwn varianccs. However. thc slgmficant 
rcducuons of cstimation variancc occur m thc high-transmissi\'C 
zones. and the pn;¡,iJcted hcads are rclativcly Insensiuvc to thesc 
transmissiv¡tJes 

Discussion and Conclusions 
Thc lona! logwtransmJSSJVltY can be estimatcd ( 1) by anal

ys¡s of long-d uratJon pump1ng tests wJth muJl¡well observations, 
(2) by combJn1ng (averag¡ng) locallogw-transmissJVJty f'StJmates: 
(J) by hydrolog¡c invcrsion based on head data. or (4) by hydro
logJc invers1on based on head data a:1 · n:; pnor mformation 
from pump1ng tests 

( 1) The zonallog 10-transmiss¡vity can only be esumated by 
analysis of long-duratlon pumping tests with1n confined and 
semiconfined aqU!fers It JS laborious and expcnsive and the 
tesung causes mconvcmence to other ground-v. a ter dcvclorcrs. 
In practicc such tcst.1. are thcrcforc only c::~rned out at a fcw 
scJectcd SIICS 
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Fig. 8. Rtduclion in sllndard trror of prtdicttd hydnullc hud\ ¡m¡, 
from u~m~ prtor tnform1110n &n lht nonlinur rct:rtuion. 
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(2) Forming zonal estimare~ hy comhtntng loc.d ~-.·:-tilll.ttl·:-. 

req.uircs closely spaced local data from thc cnt1rc 1onc Tlu:-. fact 
makcs. it attractive· to supplemcnt accur.ucly c:-.ttmatcd local 

.log¡o·lrammissiviries with predictions madc.from sproficrapac-
H: and .Jithology. bolh .of which .are obtaiRablc at low rost 
Ho.v;ever,·for.tho prodicli<>rHnodello rn-od wce unbras<Xf predic
tions requires quite a lot of accurate transmtssivity data for 
estimating thc parameters ofthe prcdiction model. That is. good. 
predictions can only be made in arcas where one 31rc~dy __ h~s 
cons¡dera~le knowledge of thc transmissivity rield. Furthcr. thc ...,.. 
s: ·:Jies ofChristensen ( J995a: 1995b) ind•catc that in so me sllua
uons it is difficult (or practically impoSsiblc'.1) t~ ~{¿; .. ~:"data a<; 

1 

p~rs when the transmiss1vity o.~l?' va_::~s v,¡thin onc to two ~· 
orders of magmtude. 
---,ñ thc present papcr the zonal cstimatcs wcrc formcd by 

combining local kriging estima tes. lt is important to note that ¡f 
kngmg is used,logw-Hansmissivity data, prcfcrably from pump
mg test analyses, are required to estima te thc semn'ariogram. In 
the prcsent case this is f ul(illed for the h1'·~~ogcncous parts of thc 
aqUJfcr. whcrcas 11 is quesuonablc whctllL'r thcrc are adcquate 
data for thc hetcrogcneous parts (compare for instancc the 
thcoretical and the expenmcntal sem1vanograms of F1gure Jb) 

In a heterogencou~ 7.one, wlthJn wtnch the log 1o
transmissivity is-;hJ.i-aclC-rized h-~;a_ largc vananc~-and a small 
correlation sea le, a largc amount ofdata i.s nt.:cdcd tC.) ~s{¡-~atc the 
semr\'Jriogram andtO-PrOdUCe. a zonal unhtascd esum·a-¡c~fron·r 
kngmg -ü'rtTOriunately; it is oftcn difficult to gct'such data in 
ñelerogeneous arcas. bccausc wclls are se arce (sce for mstance, 
Figure 1). Further. if the logro-transmis!-.Ív¡ty vanancc is largc 
then the zonal va nance m ay still be comparahk to. ore ven largcr 
than, thc corrcsponding \driance of an estímate madc by hydro
lopc mverswn from hcad data. In thc prc~cnt study. the mvcr~ \ , .. 
~1on estimate (m case Bl) of log 10-Lran:-.m1~~~vnv WJthin such ',+ 
hctcrogcneous zones ~a~ .better thaf'! .t~c /on;..¡J ~;;,-g~~i;mate, i 
and the width ofthe confidencc intcrval o·r thC ·¡n;,ersion cst1matc -

. was only reduccd molle; ..1icly by usmg thc ~nging cstimatcs as 
rnor mformat1on. E ven though thc dat;..¡ ;w: too scarcc to dr.!._ ..... 
firm condus10ns. thc prcsent stud y lcad~ t;!~.: 1 ~) Jo~bt .(he pra~ ~ l
eal \~Jiue of forming l'?na) ~rjgmg esumatc.-. fro~·,-l~ald~ta m 
hctcro!!c.~CO~s-·aqu:;~~ _if_the.~~l~~alc~ ~·~e to be ·uscd a~ an mput 
for-grot:· .~atcr modcls - J 

· 1;:. ,1gcnc;;~~~;cs. wherc the logw-transmJSSJvlly van
ancc !S .s;n,il! and the co~lation scalc 1~ largc.,ít is ·po~sible to-

.. s.tmplc thc Ja(J i7-;-Cstlmate thc scmlv<trlO!!rám and to form 
unh~oJ..\Cd 7onal csttmatcs In thc prcsc~l\ ca:-.c Mudy the ,,,;:fi
d_t'!lcc mt<;,r.¿tls of thc zonal krig1ng cstrn~.Jtc~ of thc hon~oge
ncou., tones v.Ci""Cthrcc Oi fulli-timcs narrm~:cr than the mtervab 
uf thL' corrc:-.rondrng csumates maJe h;. hvdrologtc anvcrston. 

~ 1 he tunal hyd rogcological par ..1 111ctcrs c.tn be csumatcd 
dLrcctl .• !rom obscr.<JtJons uf hydrauiLc hcad by nunhncar 
rcgres.ston. lf the purposc of zonal Jog 11'"'transmtsSivity esuma
uon lS to produce wput f9r a hydrologtc mudcl thcn mvers~<Jn is 
an attracuve esttmauon mcthod....Thc prc.\cnt case study of a 
lcaky auuifcr dcmonstratcs, howcver, th<.tt maccuracics in thc 
hcad :.!;.t may s~r1ously damage thc rcir..Jhihty of thc ~s_timatcd 
paran:...:tcrs and, as a con~cqueilcc. of thc ground-water model· 

Us1ng accurate hcau Jata (case BIJ. the cstJmated zonal 
parametc:rs ( 16 logto-lransmtssivittes and 3.1og11r<:onductivJtics 
of the confining laycr) werc within the expccted ranges, whereas 
thc corresponding confidencc mtervals wcre both smaller and 
lar~er than the mtervals of the zonal c~trmatcs produccd by 

7 



kriging (mcntioned abovc). The standard error of prcdictcd 

headS 15 gencrally betwecn 0.2 and 2 m. 
Thc estlm.<Hcd transmissJvitic.~ are vcry unccrtam whcn 

rough hcad ·.rncasurcmcnts are u:.cd (case U2J. Thc.:estimatcd 

transmiSSIVity wlthin thrcc suharcas diffcrs significantly Trom 
case (81) and somc of thcsc est1matcs are incons1stent with thc 

documented hydrogeology. Funhcr, thc cslimatcd conductivity 

o( thc scmJconfmmg !ayer incrca'iCS sign¡f¡cantly withm large 

subareas. Thc consequencc of using rough mstead of accurate 

measuremcms is thus that thc prediCtcd hcads dcviate strongly 

írom thosc of case (8/) and that thc standard error of thc 

prcdJcted hcads general! y Jncrca'\es by 0.3 to l m 
(4J When zonal k.nging cstim.:ues werc u sed in thc Jnverston 

. as pnor informauon on 6 out of 16 logw-transmiSsJvit¡es. thcn 

thc wJdth of thc confidcncc Jntcr.ab of thc paramctcrs WJ!h pnor 

mforrnauon W<l;SJC~uccd by up lo 75<,'( Thc prcscnt study and 

thc stud;. of CJ¡fton and r\cuman ( !982) both 1ndicatc, howcver. 

that usmg pnor inlormation in thc esllmauon of thc hydrologic 

rnodCr parameters hardly reduces thc uncena1nty of the pre

diciCd-ri)~diaUliC heads. For mstance. m thc present casi: the use 

o~ mf~i'ri;áuon · reduccd the standard error of predicted 

hcad by iess than 0.1 m with1n rnost of thc arca. and the rcduction 

o:1iy excccds 0.2 m 10 a fcw smal! arcas. 

For th1s spcculc case the rcsults suggest tha.t. g¡ven thc h1gh 

costs of sampiint: thc necessary local log,c-transrnissivJty data 

anc! oí forrning th!: zonal estima tes. one should concentrate on 

qua.lit~tJ_ .. :e maP.ping of the hydrogeoloiD:.-on sampiing ac::ur~te 
he :id d~ta and on subsequcnt C!itlmation of the zonal parameters 

,~;~~~ers10n (or- crianual caJ¡bra'OÜn). Long-dur~tion pumping 

;sts at a fcw k-ey locauons may be used to vcrify thc cst1mated 

hydrologJC modcl. or at a !ater stagc of the im·cstipation. lo 

reduce modcl unccrtaJnttc:-.. Whcthcr or not thcse site-specific 

conclusJOns can be cxtcn<.kd to otllcí fic!d ~1tc~ may dcrcnd 

upo;¡ thc cconomic consJOcratJons and thc dcgrcc (lf hctcrogc

neit:. o: th: aqulÍcr unocr con!-.Idcrallor. 
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Simulation of Regional Flow an~ S_alini!Y Intrusion 
in an Integrated Stream~Aqtiifer Sy,stem 

in Coastal Region: Southwest Region ofBangladesh 

by N. Nobi andA. Das Gupta' 

Abstrae! 
A numerical model for simulation of the regional flow and saltawater intrustion in an intel!:ratcd stream-aquifer S}'Stem in 

coastal rcgiom, 1~ de'"·eloped, considering the dynamic interaction between the streams and the aquifer. The strearn-aquifer modcl 
comprised of a two-dimensional depth-average finite-element model of the aquifer .system anda quasi-slead) nodc and reach 
mude! uf the rinr network. The applicability of the model was demonstrated, through simulation of the spatial and temporal 
distribut10ns of flo\\ and salinity in the estuaries and in the underlying aquifer.of the Southwest Region of BanJ!Iadesh. The 
1mportant rnanagemcnt a~pects of water transfer and additional pumping and their effects on the system wcre e\8luated. The 
interact10ns bctween the streams and the aquifer significantly innuenced the nol"f· and sall·water intrusion in the aquifer and the 
riYer nctwork. An incrcascd abstraction of ground waler in the area caused a significant increase in the estuarine salinit). Thc 
!->alinit~· intrusion in thc estuaries of the area. except in the southwest corner, could be reduccd significantl) b) dí,·erting the 
a\ailable water from thc Ganges through the boundary rinr Gorai. 

Introduction 
Tne goal of water resources plannmg and management is to 

mect the water dcmand of diffcrent uses In a rnost effcctivc 
manncr. Onc of thc prcssing environmental problems in thc 
managcmcnt of water rcsources is to ensurc adequatc water 
supply of acceptablc qualuy. As the developmenl of all the 
possihlc sourcc!> pro¡;rcss wuh time, it becomes irnportant to 
utdizc al! the sourccs m an intcgratcd manncr. Thc simulation 
modcls alonc or in conjunctwn with the optlmization techmques 
(hy crnbcddmg or extcrnally producmg the systcm responses) are 
w1dely uscd to anal;ac thc optimal developmcnt and m:magc
mcnt problcm!> of thc water rcsourccs systems. 

A typical coastal stream-aqUlfcr system consi.Sl5 of a com
plex nvcr nctwork hydrauiically connected with the undcrlymg 
composue aq01fer system (mixcd confmed and unconfined con
d!lJOns) (Figure 1) Both surface and ground water play an 
Important role in meeting the domestic, mdustnal, and agn
cultural water dcmand Dependmg on the hydrolog¡cal condJ
tLOn!>, thc strcam-aquifcr Intcract¡on plays a s•gnLfLcant role m 
pla.nnmg and rnanagcmcnt of water sourccs m thcsc system~ Thc 
aqu1fcr anJ thc nver net""orl... are hctcrogcneous m charactcr, 
and tnc !>ystem mputs li)...c ramfall, runoff. rccharg.c, and thc 
water d:.:mands al~o vary spatLally and tcmporalty. Both systcms 
are bounocd b~ thc sea along thc coa.st calC:oJng sah-watcr tntru
SLon \Vatcr rcsourcc\ managcmcnt 1n such a systcm rcqu¡rc\ 
prcdJctLon oftnc combmcd cftcct:, ofnow from thc upstrcam .. wJ 
udes gcncratcd ;.¡Jong thc coa.st on thc surfacc- and ground-watcr 
systcms , 

Simulai!OO modcls for ¡ndq)endent proccsscs such J.!> no"' 
and salute transpon In aquifcr systems and in nvcr nctwor~s. 

'Water Enginc:c:nng and Managc:mc:nt Program. Schoo! of C1vll 
Enginec:rin~. Asian lnst¡tutc: ofTc:chnology, P.O. Box 4, K long Luang 
12! 20, Thailand 

Rc:cc:tvc:d ~0\cmber 1995. rC:\'tsc:d August 1996, accc:pted 
Septemhcr 1996. 

salt-water intrusion, and strcam-aquifer intcract10n have been 
developcd. However, the simulation of th~ regional Oow and 
salute transport in a hydrauiically conncctcd strcam-aqUtfcr 
systcm has rcccivcd vcry httle attention. Reilly and Goodm-an 
( 1985) rcviewed thc historical advancemcnt in the quantitative 
analysis of sea-water intrusion m aquifcrs. N u menea! models are 
bascd on the approximation of the transition :t.onc bctwecn fresh 
water and sah water as a sharp interface (Volkcr and RushlOn, 
1982. Lcdoux et al., 1990; Essa~d, 1990), as well as on thc concept 
of a dispcrscd transition zone (Scgol et al.. 1975, Huyakorn el al., 
Jl)Si. \'oss and Souza. 1987). Thc arca! tlt!-Úibution of water 
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\\-'Jthtlrawal and rcchargc and th~ir inllul'ncc:-. on thc arca! sah 
<.Jistnbution are the key ¡ssucs for managcml'nt of coastal aqui
fcrs (Anderscn ct al., 1981'). From thc rracuc,d poin1 of vicw a 
rcgwnal analysis dcaling WJth an arca! two-dimcnsional d!spcr
sivc model would be adcquatc for managcment purposc (Lcdoux 

ct al., 1990). Numcrical modcb. havc .tb.o bccn rlcvcJopcd for 
~wmi.Hion of mst.antaneous fluctuatlng tlow and salute trans
pon m a nver network (Shen, 1979, Suppalaratarn, 1990; Choi 
and Molians, 1993) However, duc to thc mhcrent computa
twna! compiexuy of thc av<ulablc hydrodynam1c modcls, cspc

cially whcn associatcd with the managcmcnt modclmg, it is 
ncccssary to dcvclop a Simp!Jfied rivcr nctwork modcl to couple 
with thc optimization aigonthm. 

Th1s paper, thcreforc. dcais wlth the dcvclopment of a 
Slím:Jauon model for the rcgwna/ Jlov. and ::.olutc transpon in a 
coa.<>ta! stream-aqu1fcr systcm. Th1s modcl can be uscd for the 
analy~Is of rnar.;Jgcment problems wJth the conJunctive use of 
surfacc an~ ground water as wcll as fur thc control of salt-water 
mtrusion. Th-;: rnodel compnsed o[ a two-dJmcnsJonal dcpth
a\·cragc íinitc-demcnt modcl of thc aqu1fcr system anda quas¡
stcady nade and rcach modcl for thc mc:.m now and salt trans
pon in thc nvcr network Thc model." of thc aquifcr systcm and 
th:.: nvcr net worJ... are coup!cd. through thc dynam1c exchangc of 
nov. and salt betwcen thc aquifcr and thc nvcrs. and are sol ved 
Jt-.:rat!vcly. The dcvelopcd modc! is appiied to ~imulatc thc arca! 
dJ::.tributJons of Oow and salJnJty m the nvcr nctwork and thc 
undcri;nng :.1qutfcr systcm oí thc Southwcst Rcgion of Bangla
dcsh. lmponant managcmcnt a<>pccts of thc water rcsourcc~ 

dc\elopmcnt ofthc rcg10n are analyzcd. The simpliíicd form~ of 
th~ model, part¡cularly for thc nvcr nctworJ... (for mean Oow and 
salute conccntrallons rathcr than thc mstantancou~ Ouctuauons) 
are uscd wHh thc objccttvc that thc model can be couplcd w¡th a 

non!Jncar opumtzation tcchmquc tu obta1n thc optimal water 
rc:-.ourccs dc\c!opmcnt poJ¡cÍcs for thc sy.\tcnl (:'\'ohJ, JlJ")4) 

The Stud)· Arca 
Thc study ar~:;¡ crwcrs Jó. 195 J... m: in thc Southwc~t Rcgu111 

o: Bangbdcsi1 a.'> .-.nov.n 1n Ft~urc :. Thc .ncaJS buundcd hy thc 
nvcr Gangcs m tnc north. fl\er GuraJ-ModumatJ-Bak~""ar tn 
th~.: cast. thc Ha;. of Bcngaltn the ~outh. and by thc llltcrn.HJon;,.d 
b(lrdcr bctwccn Bangladcsh and lmk1 1n thc v.c:-\ Thc w;,¡tcr 
rc\ources 1n thc are a cons1st ola complc>. rJ\'Cf nct\l.or~ wi11ch J\ 

hvdraullcally conncctcd to thc undcrJy¡n¡.: ..tllli\JJ! atfUJÍCr ~:'· 
tcrn. In thc wet scason v.ncn thc nvcr<; are Hl h1gh ~lJge, thc fl\ cr 
~~~tem rcchargcs thc Ji.iUJicr ..tnd 1n thc dr~ \t'a;.on ..1' ti'.~ rt\Cí 

Sl.lf.::.= dccJ¡nc~. V.:.I(C:" 0¡)\lo.~ lron; thc ~H.jlllll'í [(l ~nc fl\Cf' a.' 
!lccragc no\1, Thc avai!ablc dat..J J¡l( an..~l~ \j:-, (ilífC'rund (¡• -l J 

~~nund-watcr le\ e] l1h.\cr.:Jllon '.l. e!:'. l' potHld·\\,1!0 qt;.Jitt\' 
n,, I!HLunng ~t:.JtJom. b nvc: !!aupn~ !>!..JI atn'. 5 rt'.cr flpw mc.üUI-
1~;.: ~tauons, a;u~ !) fJ\'..:~ '.J...J:c l{U..Jht;. mon¡tonnt: ~t.JIHHI' 

( F:¡.:urc ~) 

Thc study arca 1s 1n a hunud cl1mate wllh an annual ramf...all 
r.in!!tng from 1'500 to 2100 mm: abuut ~(-uf thc <.~nnual ramfali 
occurr1ng 1n thc \.I.C:I sc:a.-.on (\1a\-Scpt) Input to thc ayUJicr 

~:.,:c;-¡1 occurs mawl:; a.' nJt'JrJ! rcchar~c lrom r<.ttnlal! and 
Jr:q;Jttor. Exccpt for thc buund.H~ nvcr Gorat-\h~<Jum.JtJ

Balcs..., ,1r along th~ east boundary of thc arc...a . .ill uthcr nvrr:. of 
thc sy~tcn ongmate withm thc rcgJOn. lnpul'i to the nvcr syo;¡tem 
are thc mtema.l runoff, secpagc flow. and mOow from outs1dc 
through the off-takc of thc nvcr GoraJ, ~1adanpur lkcl routc 
(MB routc), and Sarupkath: tF1gurc 2J Thc l.mJ slopc uf thc 

rcg10n is from north to south. Foll<n\ m!! 1\lfhlfí~trn~. 1hc 11 11\\ ¡;; 

the aquifcr anJ thc nvcrs 1:-. toward:- thl' H.~:, ,\:· fkn~.!l 111 t11.: 

south. 

Alongthccoast. salt water from lhc H:t~ u( H::ngal ull.rudt'' 
into the aquifcr and thc rivcr ~ystcm anJ degrade~ thc \\atcr 
qu.ahty. Tbc,.¡o<ald1ssolved•olid (TOS) concentration in ground 
water varies from O. J ppt (parts pcr thousand or g;l) in the nonh 
of the arca lo 1.7 ppl in the south (along lhe coast) of the are a. 
About 60% ofthe area has the TOS concentrauon more than 0.5 
ppt. The TDS concentration in thc rivcr fluctuares seac;onally 

depending on thc amount of fresh-water Jlow. Dunng thc dry 
season the extcnt of 1 ppt concentratwn 1s about 120 km from 
thc CO<Llit. 

Hydrogeolog}' 
The hydrogeological .system of thc south\.,·cst rc¿::ion ha.'> 

becn invesugated by thc Ground \Vater Hydrology C1rcle 
(GWHC) of Bangladesh Water Ocvclopmcnt Board (BWDB). 
through shallow and dccp holcs and pumr test~ at d1ffcrcnt 
locations. Altogethcr 41 hydrogcological scctwm (horc logs) 
and 33 pump test rccords wcrc availablc from GWHC. Thc 
SUbsurface formatJOfl COOSIS(S of a top siJt Jaycr (2-40m thick) 
followed by a mixcd fine and mcdium sand bycr (20-100 m 
th1ck) lyinE on a relatJvcly coarscr !ayer of med1um and coarse 
sand (30-140 m thicJ...). Th1s co.trser !ayer t.\ undcrla1n by a fine 
sand and cla.y laycr.lnformauon fordecper strata hclow thc bed 
of thc lowcr coarscr !ayer are vcry Ji mued \\ 1th1n thcsc dcpth · 
rangcs, laycr3 of clay, silt, and very fine sands are al.so obscrvcd 
1n sorne borc logs. Most of thc shallow wcJJo;¡ pump from the 

uppcr fine and mcdJUm sand !ayer, wh1lc thc dccp wclls are in the 
lowcr coarser !ayer Both thc upper (mtxcd fine and medium 
sand) and rhc lowcr (mcd1um to coarsc ~and) watcr-bcanng 

laycrs are hydrau!lcally conncctcd 
In tlus study thc systcm has been conccptuaillcd as a com

posllc a4uifcr lymg on an impcn.•tous !ayer. Thc rcprcsentative 
thickncss of the concrptuali1cd compos¡te a~u1fcr ata location 
dcpcnds on the thickness of thc finer and coarser laycrs. The 
hydrau!Jc conducunty and spccific yicld valucs for thc aquifer 
wcrc a\<J.Jlablc from pump test reporu.. Th;: ayu1fcr thickness 
vancs from /RO m mthc north to 60 m 10 thc ~outh ofthe arca. 
Thc max1mum th1ckness of the top s¡Jt la _ver~~ about 40 m in the 
mJddlc, and the m1nimum thJCkncss is about 1 m m the north of 
thc are<.~ Thc hydrau!Jc conductiVIIY and ,<.,pcclfic yteld values 
\~H} from 70-t\} /XO m/d and from O 001 tn O .2, respective/y. The 
rq:ton..tl lltstnbutwns of thc th1cl<.nc~.\ of the ayu1fer Jaycrs and 
.. u..¡uJ/::-r p..Jr<.~mctcn. <.~re c~umatcd through hlud. kriging of thc 
,1\~llbhlc Jal~. 

!\lethodolog) 
Combintd Stream-A quijer ~lodtl 

Thc hydrauhc conncct10n and cxchangc of llow between 
strcams and aqutfer s¡gnilicanlly tnflucnccd the dtstributlon of 
nov.- and sol u te cunc.:cntratwn 1n thc nvcr and the aquifer sys
tcrn::,. Tht: fl\'Cr and thc aquifcr systcms wcrc thcrcforc analyzed 

JntcractJ\'cly. Thc ratc of Jlow cxchangc hctwccn thc stream and 
t·hc aq ud cr ...,·as cunstdcrcd dependen! Ji ncarly on t he hcad d ¡ffcr

cncc bctl'een the aquifcr and the stream (Herbcrt, 1970: Morci
Sc)1oux, 1975; Morci·Seytoux and Daly, 1975; Besbcs ct al., 
1970) 

Q, = Cr~h· ( 1) 
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where Q,. lS the exchange now from strcam to ayuifcr: j,h' = 
(h- H) 1s the head d1ffcrcn~ bctwccn the strcam hcad (h) and 
thc aquifcr head (H) m the v1cinity of thc strcam: and Cr 1s 
destgnated as the strcam rcach transmis:-.Jvlt) v.h¡ch dcpcnds on 
thc stream ~d charactcnst\cs and thc sharc of thc stream cross 

secuon. Cr was cxpresscd m a stmphftc:d form as Cr = K, L.~ 
whcrc: K. JS dcfmed as thc conduct¡vuy or leakage factor of the 
reach, and L. is the lcngth of thc Strcam rcach. Only the advective 
transpon of salute by thc exchangc flow (t.e., Q.C.,) was con
sidc:red as thc soiutc cxchangc hct wcen the strcam and Jhc 



r,,,r: Stcos ol Rr11er Nctwork Srmulat<nn 

Fi:::. ·'· Sta::::crcd time schemc fur 'olution or thc comhincd .'ltrcam
aqmfcr mude!. 

Ft~ 4. Dcfinition sketch of dtscrctiz~tion or thc integrated stream
aquifcr ~)~tem. 

aquJÍcr o\. stand:. for thc c.xchangc now bctwccn thc rivcr and 
thc aqurfcr Y.htlc C,.: rcprescms the conccntrauon of strcam
aquifcr Oow exchangc de; -ibed as the concentratJOn m thc 
systcm (nvcr or aquifcr) fro:. ••,:hich water is Oowtng to thc othcr. 

Thc now and salute transpon m thc aquifcr systcm (mtxcd 
confincd and unconfincd condllton) wa.- describcd by a dcpth
avcragc. two-JnncnsJOnal finnc-elcmer: nodcl For thc rivcr 
nctwork. a quasr-~tcddy r .. ·.: and reac;1 modcl wa.o; u.o;cd to 
SlmU!atc tllc nov. and ~olutc t. .lll~port. Thc cxchangc of 0LlW and 
salute hct wccn thc t wo systcms was tncorporated through nodal 
1nf1ov.s or WJthdrawals 1n thc aqu1fcr modcl and thc rrvcr nct

work modcl Thc f:Ovcrnm~ cyuauons for thcsc modcb are 
prov1dcd m thc Appcndtx Smcc the mtcraction bctv.ccn thc 
al!ulfcr and thc nvcr systcm -.~·as dynamtc dcpcndtn¡; on thc 'Ita te 
(h:.:.~d) o! both systcms. thc a4utfcr mude! and tht: nvcr nct"'ork 
mo\..lc! v.cre mtcrdcpcndcnL 

Thc nov. and .c.olutc transpon rnodcl fm ·.: two .<.v~tcm.c. 
alonf wtth thc Lntcractton bctwcen thc systems conslltutcd thc 
comb1ncd strcam-a~utlcr modcl. Tu JI.PLd thc cornputatJonal 
cff or:. hl ~ sL multancnu\ ~olut 1on ( LICrat JI.C 1 of t he nonhnc :H aqUI

ícr modci and tnc rL\Cr nct'' --... modd. a swg,ecrcd schcmc wa..;; 

cmp!oycd to ~olvc thc rnodt .:tcrnatn·ely v.uh ..1 :ag nf nall tLmc 
stcp ( Ftgurc )) ·y he nvcr nctwork and thc ..LL!UJ!er s~qc:-11 v.crc 

dtscrcttn·d tntc~r:ilcdl~ v.1th . .u1 aqulfcr noJt: tal c0rre,pond1n~ 
to cach ni thl' rr'cr nodo (r) (Ftft:rc -l). At n'" tmlc ~ter thc 

exchangc nov. wa.' approx.1matcd m thc aqutfc:r modcl as Q~ = 
K.L.[h:·'::- ¡¡¡;·' -;- H:)/2]: wher< the subscnpt a denotes 
aqUtfcr nodc corrc,pundtng to thc river nodc r Thc C\Ch.m~c 
nows (Q,. at dtffcrcn: r1t1dc~) computed at n 1 ~ tLmc stcr v.crc ll\cd 
as known \:..ducs 1:1 thc rt,er nctv.or.._ stmulatLon attn-- 1, ~~ t1mc 
stcp 

Conaptual Systtm and Associaud Data 
The aqUlfcr systcm v.-as dJscrctizcd into 586 clcrncnts WLth 

653 nodos (Ftgure 5). A vanable element si1e (4.5-7.5 km) was 
uscd wuh fmcr dLscrcttJallon near thc coast. For thc rcg10nal 
strnulation. thc compic.\ nvcr systcm of thc area wa.o:; conceptual-

izcd wllh a simplified network of totallcngth l52S h. m l hgurc~ 2 
. and 5). In this conccptualization rivcr coursc .... in cll)-"C pr1ntmi! 
of one. ·another wcrc lumped ·to~ethcr and sma!l crcd.~ an 

--:-.channcl~ wcrc ignorcd. Thc riv.cr .networ.._ w.a_.., dtscrctl!cd trlhl 

-1.73 reachcs (reach.length vanes.from 5 to 20 km as shown m 
Figure 5) with 170 rivcr nodes, each of which corresponded toan 
aquifer nodc for the cornputation of river-aquifcr mteraction. 

The cross-sectiona1 data of rnost of the rcachcs {water are a. 
hydraulic rad!US, channel width at diffcrcnt dcvatwns) wcre 
avadable from the South-West Are a Water Res o urce Managc
ment Project (SWAWRMP) of Bangladcsh Govemment. Cross 
sections of the intcrmediate rcachcs, for whJCil ; " data werc 
avatlablc ·· esumated by l1near intcrpo!atJon o! ~:; ·stream and 
downstrc:1: .:ctJonai propcn¡es (Travcr and Millcr. 1993). For 
efficient computauon, the cross-sccttonal arca and hydraulic 
rad1us of thc river sections wcrc approximated by parabolic 
rclation of the form p = a(H - c)b; whcre p stands for the 
cross-secuonal ar~a or hydrauiic radius; H is t he water e!C\'alion; 
e the lowest bed elevat¡;·:. at that scctwn, and a and b are 
cur.stants (different for differcnt reaches). Thc parabohc relation 
for a11 cross sect10ns had a correlauon cocfficicnt (R~ value) 
ranging between 0.84 and 0.99. The water surfacc arca and thc 

volume for individual nver nade werc also computcd from the 
cross sections of thc connecting reaches and wcrc approximated 
with the paraboltc ~xprcsston. 

n-te 1 
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boundaq or thc cuncrptual slream-u¡utrrr 'Y"'Icm. 



Boúndary Syslem and Conditions 
Thc aquifcr <,ystcm and th:.: ;wcr nctw1,r1 \~ere hydraulr

~,.·.J:!y CPilll~ctcd ¡n thc Ray of B:..·n:,:~rl in <:r: ·;.Hr:h ·¡he nrncJcl 
h. l\HhLtr y \~,¡...,e.\ tcrhil·J rn tllc :.olH Ir 111 cst:rhlr ... lr ,1 :.e ..J. hnurH..lar~ 
1 1\;;urc 5l. t\ time dcpcndcnt hc:.td and solutc conccntr;rtron 
(T[)S¡ wcrc dcfincd along thc ~outhcrn houndary lor both thc 
aquifcr and thc river ~ystcm. Boundary valuc!l wcrc spccificd as 
thc monthly water leve! and TOS conccntrat10n at Pathargata 
and monthly TDS conccntration at Hironpoint (statlons mdr
cat~d rn Frgurc 2). Thc monthly innows through thc offtake of 
thc Gora1, MB routc. and Sarupkathi wcrc u.scd as time depcn
dcnt nux houndar: for the n\Cf systcm. 

Thc <H.jlJJier was hounded by the nver Ciangcs to thc no:-th 
,., umc dependen! hcad boundarv condruon. specrfreJ hy thc 
water icvel" of the fl\'Cr G:.m_h:e~. wa.<, defincd for thc :.tqUtfcr a long 
tn~ Gangcs. Along thc castern boundary of thc s~stem the 
nhscrn:J water icvcb of thc Go1 <li-Modum;..¡tr-Ba!e~war and thc 
~round-watcr lcvcls ::r thc vic1mty ofthc ri\'cr indicatcd tiwt thc 
rl\Cf) ;Jnd aqu¡fcr wcrc hydraullcal\y connccted. No lateral nu.\ 
aCíoss thc Jquifcr boundar: was a..;;sumcd along thc GoraJ
~1odumatJ-Baie.swar nvcrs. Thc wcstcrn boundary ofthc modcl 
wa..:; a long thc mtcrnJtional boundary of Ban¡;ladesh and lndJ:.t. 
Tir:.: rnfornutmn ofthc aqlllfer system bcyond the wcstern bound
:r:-Y v..a..\ no: a\ailab:c Thc ooscrvcd grounJ-watcr lcvct.s alílnl; 
tnc v..cstcrn bounuar:, vaned from 1.0 w 1-i.ú m w¡th an average 
annua! lluctuatinn o!= 0.75!0 ~.0 m ;\ srgndicant /lo\1. varyrng 
'ii1atially and tcmporally v.as c:xpcctcd acro.ss tlllS boundar:· (~L~ 
rc!lcctcd by thc !:>rmubtJOn rc.'!ults, wrth a total average rnllow of 
- 11 ::: ~l ',.s andan av:::r.:tgc annuJ.l íiuctuauon of:: 1~.9 nr ;h.l :\' 

SUCh. a lÍ:lK' dependen! íiux COOdltJOO wou]J he appruprr:.ttC !or 
tnc wcstern boundJr:· Howevcr, thc houndary nuxe~ u.cre nnt 
~ nown ThL· ~ystcrn u. ;J.'!. thcrcforc, callbrated wl!h thc c'\lim.Ltcd 
\~;uc~ leve]..., \\)h\:.tlncJ b;. kr:g1ng on ohscrvat¡oml ;¡~ trm~· 

ocrcndcn\ hcaC houndar:· \aluc::. along thc WC!:>tcrn Cd!=C Tht: 
a\'cragc monthly houndary íiow) (\985-1990). fnr each v.c'\lcrn 
hnundary nnde, ohtaLncd from srmulation with l..nown huu11d· 
ar: kvC[<;; V.CfC CO!lli!Óered J." k.nown lime dependen! 0U\ (\lOdJ
{JOO:-. along thc western boundary for preJrctLcHl 11: ~~ .... tcrn 
hcnav¡or rn response to future devclopment sccnarrP'I 

Input.\ and .\'trrnes 

Thc m0n:hlv runoff and naturai rechart!~· ¡)f :ndL\ 1dual 
dr:.un<t~~· ~uhba.s1n~ (F1gure 2¡ for thc pcnud 19:-;)-i•·Nil v.crl· 
a·.:ulah!o:= Ir o m tire v..1!er balance stud: of SW:\\\ K \11' (!'N~¡ 
.1nd v.crc .ts"umcd un1form!y J¡..,trJbuted ovcr the \Uhh..J.. .... Ln.'. Thc 
::wnth!:· V.lthdr.twals of surfacc water for md1vrJu:tl \lihh.t,ln 
.!iL'J werc C\!JmJtcJ ha...,cd on !frlb:.tllon·v.Jtcr reuu1rcnH:nh IIK 

nlllí.th!:. t:round-w:ll::r ah:-,tractJon (totJl o:· :t!=ncu!tur.d lrll!u .... -
:rL.rl. an~ Jumc\t!CJ nl rndl\Jdual ~uhh.u.1m for tnc p~..·r¡oJ JQ;-..). 

J91jU v.-ere dVdilahlc (SWAWRMP, 199~) Dcpcmhn~ on thc 
thrd-ncs<; of thc top silt layer, 10 to 20 pcrccnt of thc trn!!aiLPn 
w;¡¡cr v.a, cunsidercd J..'i 1rnga11on rechargc 111 thc :.tquilcr Tt1c 
TI>~ cnnccntr.!tlnn Ln thc surf:.tcc runoff wa .... con\LUL'rcd tero. 

anJ a TDS conccntratwn 0f O ! ppt v.as comLJcreJ Jnr thL' 
h11Undar:- mf1l'WS to rhc rl\cr sy~tcm (as mea.-; u red at h.im.!rl..hail. 
nt1dc 92) Thc salimty of thc soi! of the southern par1 w.1.-. 
relatrvcly h1gh wh1ch m1ght he aunbutahle to thc capdlary n.se of 
thc saiLnc ground water (SWAWRMP, 1993) Thc rechargc v. a ter 
lcachcd thc top soLI and the solute cona:ntratron uf thc rcchargc 
water was constdered rangmg from O 1 to 0.5 ppt \'af'}lflg unL· 
iormiy frnm the nonh to the south of the area. 

-; 

Results 
Calihration 

· The model cahhrat1nn consjMt.:d of aditr~tmcnt l1f thc modcl 
paramctcrs until thc modcl acccptahl~ r.:produccd thc ob~eneJ 
seqttencc!' of ground-watcr lc\cb and conccntr • .Llinni. anJ rncr 
lcvc;ls, nows, and concentrations. Thc adJUStahle paramcters of 
thc strcam-aquifcr model wcrc hydrauiLc conduCtl\'ily. spcctfic 
yrcld, and dLspcrsLon paramctcr uf thc aq uifcr system: roughness 
cocffic¡ent (Mannmg's n). longitudinal JispcrsLon paramctcr. 
and tidal vclocity of thc river nctwork; and lcak.agc factor of the 
stream-aquifer rnteracuon. 

Conunuous scqucnces of mputs, strcssc~ te g surface 
runoff. rcchargc, and suriacc- and ground-watcr abstractions), 
boundary valucs for a given period along. u. 1th thc obscrved 
sequences of water leve l. f1ov.. and salinny·wcr:.: nceded for thc 
calibratíon ofthc modcl. A long ;cqucncc ( 1965-1990) of runoff. 
rccharge. and boundary valucs wcrc availablc (S\VA\VRMP. 
199~). Howcver. thc water abstraction data and observatron 
rccords wcrc avallablc for a short pcnod ( 19X5-1990'l A simula· 
tíon penad from Octobcr 19H5 to Scptcmbcr 1990 1 wtth 6() lime 
steps of one month cach) wa" thcrcforc consrdereJ for calibra
tron of modcls Thc obscrvcJ water le veis and ::.olute conccntra
tions of Scptembcr 1985 (kngcd over thc wnolc domain) were 
u:.cd a." thc mtial condltrons 

Thc ground-watcr !e veis showcd a uni!orn1 :.ca. ... onal Ouctua
tron (rangc 2 to 5 m). rcachrn¡; a minrmum !cvcl 1n thc dry 
months (March-April) and recovcring witlr rcchar!!C. toa maxi
mum leve] at.thc cnd of tire wct sc~on (Ft¡;urc 6). Thc spatial 
distribuuon of s1mulatcd grountl-watcr k\'d:-, 111 thc arca during 
Apnli9S8 m.1tchcd salisfactonly with tlu:: ob\L:rvcd tlistnbuuons 
(Ftgurc 7). Thc m·crall root mean squarc error (RMSE) of thc 
grounJ-watcr leve! calibrat1on was O.tl-4 m\\ 1th a 90% confldcncc 

Groundwater Leve! (m) 

<0--------------------------------. 
- S1mulated ... Observed 
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' ' . \ o¡j_J ~ ·,_ 1 ,_ 

1 '-- j' . - --
1 \¡ -- --

2- Ob•s. Well KH·l 9 ,, 
Node 283 / \·.¡ . ' • 
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Fit. 6. Computson of tht simulaltd and lht hio;lorical ground·waler 
h)drotrapho; for ultc1ed locations. 

' 



o 50 100 150 

ag·L'Ja'E 
1 

L~c;'cnC 

j '" 
Stmulatcd 
htstorical 

150 

100 

Fig. 7. Simulated ground-luter levels compared with obstrved le veis 
in April 1988 (ievels in m abm·e mean sea levtl). 

tmerval of::: 1.05 m. Tnc ca!Jbrat¡on error was rc:latively htgh 
\I.Jlh RMSE of 1.46 manda 90% confidencc interval of 2.4ó m at 
nade 46 (KT-38): however, the error wa; locahzcd. In the 
abs~nce of observed lime series ofTDS conccntr.Jtton. thc stmu
latcd dJStnbuuon!l of TDS conccntratton m aqu¡fer wc:re ca m

pared Wtth obscrvcd valucs during Apnl 1990 and a good agree
ment was found (F,gurc 8). No ob~cr.·auon statlon was av.ulabk 
wtthm 20 km oí thc coast to properly Cd.hbratc the modcl for 
salt-water mtn.lSlon 

There ""as a very good agrecmcnt bctwec:n the observed and 
thc stmulated nvcr Jcvds and Oow hydrographs (Ftgures Q and 
10). Thc RMSE and 90C:c conftdcncc mtcil.-al of the ovcrall nvcr 
leve! cahbrat10n wcn: O J5 m and ~ 0.58 m. respectlvelj Thc 
ovcrall RMSE of nver flow cahbratton wa<, 137 63 m 1/s. hn-w· 

cvc:-. h1ghcr crrors wcre a.ssoc¡atcd w1th h1gh flows. and rclauvc 

error wa.<, quite !c.s~ ll1c moJel SJmulated thc d~tnbutwn of flow 
in thc nvcr networl.. adcquatcly Ol.scrcpanctes betwecn thc 

obs.erved and the stmulatcd results of the monthly average TOS 
concentrations tn nvcr water were not stgnificant (Figure 11) 
The 0\erall R MSE ofTDS cahhratJOn was O. 95 ppt Thecahbra
tiOn crrors wcrc shghtly htgh for sorne Jocattom However, the 
esttmauon of monthly average values from the observcd monthly 
maxtmum records (availabic) might mvolvc unccnatntJes. 

Thc cahbratcd hyd raulic conducuvn y of thc aquifcr rangcd 
from 70 mld 1n thc south of thc arca to 180 m/d in thc north Thc 
spec!f>e yicld '"ricd from 0.001 to 0.18. Thc calibratcd channcl 
roug:hness cocfíicJent ( M.annmg's n) was tn the range 0.02 to 
0.039. S mee tnerc wa.s no íic!d measun::ment for stream-aquifer 
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FiJ:. 8. Simulated and obsernd solute concentration (in ppt) in 
ground water during April. 1990. 
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Fig. 10. Comparison of the stmulated and the histori~.:al river no.,. 
h)drographs at sclecred 'itatiom. 

leakage factor. inaw.ll~ thc leakage factor was estlmatcd as 10<70 
of the hydrauiic conductivity of thc undcrncath aquifcr. Thc 
calibratcd !cakage factor rangcd from 0.5 to JO m/d: rathcr a 
htgh valuc beca use of :Jccounting for lcakagc from the numcrou~ 
small crccb and nvcrs whtch wcrc ignorcd tn thc conceptual 
nvcr nctv-.orlo.. of thc rcgtonai modcl. Thc t1dal vclocity of dtffcr
cnt rcachc~ wcrc c~ttmatcd from thc tldal volume (vnlumc of 
water Oow through a nq::- scctlon ovcr a half tidai cyclc duc t0 
!ide only) of d1fferent reaches (SWAWRMP, 1992¡. The !idal 
velocities were tuncd wlth othcr parametcrs to adJust the modc! 
rcsults ( river TDS conccnt rauon) w1th the obsc::r•cd rccords. Thc 
udal velocity of thc nvcr highly influcnccd thc solute conccntra
t\On of nvcrs hc!J mc:3...o;urements of effectt\.·c pornc;.¡ty. anO 
dispcrsion paramctcr~ oí aqwfcr and nvcr.. wcre not a-.-ailah!c 
For thc aqu¡fcr $~stc:m. an effc:cttvc porostt~ of 0.~ vo~th lon!-!1-
tudinal and lateral dtspc~tVIIY a.\ J50 m and 100m TC\pcct¡vdy. 
wc:rc adoptcd for a ~.Jli\I.Jctn.~ moJel respon<>c. Thc long1tU<.Ünal 
dtspcrstntv of n\'cr:-- v. a.' takcn .!..'> 8 m 

S~ruiti~·ay Anal_no 
The effec~ ol changcs 1n modc:l parameter valucs and 

boundary valucs on stmulated rcsults were evaluated through a 
s.c:nsltiVllj' analys1s For sclccted observatton statlons, thcse 
rcsults '-'"'llh rc..<ipccl to dc:finc:J ba..<ie c:ondllton..o; are pr(l'. 1ded 1n 
Table l. A O 5 m ch.1n~c 1n water lcvel along thc western hound
ary resultcd tn a changc: of 0.05 m 1n water leve! al a dtstancc: n( 5 
to 15 km from the boundary The obscrvation wel! J E41:i (noJe 
118) (f¡gurc ó) was clo;e 10 thc castcrn boundary and thc well 
KG-19 (nodc 283) was 6 nodcs (35 km) away from thc wcstcrn 
boundary. Water lcvels al these wells were not s¡gmficantly 
inf1uenccd by thc westcrn boundary cond1tion and rc:prcscnted 
thc systcm·s performance 

Rtver Solute Conc~ntrat1on ir:Hl 
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Fi~. 11. Simula red monthly avera~:e solulr conrenlrations (in ppl) in 
nvcr water compared "ith observed \'J.Iue\ al d1fferen1 locations. 

Thc ch.anges m K valuc, strcam-aqwfer leakagc factor. and 
Manning's n afícctcd thc cxchangc !1m\ betwccn:aquifer and 
streams. Also. changcs 1r1 ttdalvclocity aflcctcd the river salimty. 
H owevcr. thc cxtcnt nf vanability wtth rc~pcct to ba.-,c conduions 
wa..<; not stgmflcant. Thc ground-water vdl)cJtics in thc !"Cg10na! 
modcl werc comparauvcly low. and thc nwdel was found to be 
lcss sensltJve to the d1spcrsion para meter of thc aqUlfer. For thc 
ranges of parametcr valucs cons1dcrcd, thc model response wa~ 

found to be stable. 

Discus...sion 
Strram-A qUijt'f /ntuaction 

Tha strcam-aquifcr exchangc !1ow and thc flow across thc 
boundancs of thc ayUtfcr of the systcm were Si mulateO for thc 
penod 19X5 to 1990 ( F1gurei 12 and 13). The strt:am-aqu¡fer 
Jntcractton '" thc system was qullc sigiHficant. In facttn the dry 
sca..•;;on therc wa.., no surfacc runoff. and thc dry season !1ow of 
thc m terna! nvcrs wa.o; ma1nly thc secra!!e flow from the aqu~fcr. 
Tne ~trcam-ayuifcr cxchangc now of thc systcm fluctuatcd ~ca
sona!ly l.n thc "-CI scason. whcn thc nver stage was htgh, water 
!1ow was from the nvcr to thc aqu¡fcr. In thc dry season as the 
river leve! droppcd below lhc ground-water lcvels, the flow 
cond¡tlon was rcverscd (from aqulfer to nvcr) The ratc of Oow 
c:<chan~c was lughcst &mmedJatcly aftcr thc wet season as thc 
nver leve! dropped qu1clly and after that the ratc of cxchangc 
!1ow rcduccd gradual! y as thc river and thc ground-watcr lcvcls 7 
became closer. 

Eva/uation of ~lanag~mtnt Aspects 
The water resourccs managcment m thc area mainly 

m volved oplimal allocation of surfacc water and ground water 
(to max.tmizc thc bcnefiLS) as well as controlhng thc salt-watcr 
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Jnlrusion m the estuaries and aqú1fer (SWAWRMP. 1993). The 
leve! of salimty 1n the estuaries was qutte high and lt was de
strablc to reduce the saltmty 1ntrus10n. At thc same time thc 
irngation aostract10ns in thc arca were rnuch less than that 
required fur full agncultural dcvclopri .·:H (Nob1. 1994). lt was 
thcrefore, pr:-:·_·,ablc tr -:;tract more · ..... ttcr for lrngat¡on. ifthc 
rcsourcc wa-. .~·.ailablc ,¡) thcrc- was a seo pe of divcrtlng water 
from thc Gangcs throu¡;l1 tnc nvcr Gora1 (F1gurc 2l to control thc 
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salinity intrusion in the estuanes (SWAWRMP. 1993: Nob1, 
1994). To find the cffect of additional flov.. in the river nctwor~ 
andan increascd abstraction of t,:round water from thc aquifc;-. 
thc calibra~cd modcl was f4r1her appllcd to simulate (for t.'"'::: 

period 1985-1990) two condillons (a) wilh an add1tional Oow of 
250 m3¡s (duringdry months Jan.-May) tlirough the Gora1. and 
(b) with .a 30% incrcascd ground-wJtcr :..tbstraction. \Vith th 
incrca.sed ground-watcr abstra.::tion. a_.;¡ thc ¿:round-water leve. 
dcclincd, the strcarn-aquifer ._ ·.changc n(m (from aquifcr to 
nvcr'¡ reduced sigmficantly (Figure 13). Cnmcquently. thc salin
¡ty in thc rivcr estuanes incrcased (F1gurc 14). Thc cx1sting 

f;low frum River lo Aqurfer (m 3/s) 

>r-----------------------------~ 

o Jl 

_, 
-

-JO . 

• Normal Condrtron _, 
O 30°/o lncreased GW Abs 

-20 ( Month Aprd) -

Rtver Reoch 

Fi~. 13. Chanlc:s in now nchang~ for diiTtrtnl condilion.s. 
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abstraction of ground water in the southern part (near the coast) 
of the regían was very low. and a 30% 1ncrease m the abstracuon 

of gro u nd water, theref ore. d id not change the regional d1stribu· 
tion ofTDS conccntrauon m ground water sigmficantly. How· 

cvcr. an mcrcascd abstractJO;l ncar thc coast induccd sahnity 
1ntrus10n 

An additional now of 250 mJ.'S throug:h thc Gora¡ Slgnifi· 

cantly reduccd the sahmty m cstuancs (F1gure I4J, as addllionaJ 
now f1ushed salmity towards thc sea. In thc dry s.casoíl. 9<Y;(' of 

the naw of Gora1 passcd through thc rivers Pussur and Sibsa. 

and the additional Oow thercforc sJgnlficantly reduccd thc sahn· 

1ty in thc Pussur and Sibsa cstuanc~ (1n thc m1ddk of thc 

southem boundary, F1gurc ~). Thc cffect uf addlt1onJ.l f1ow wa.~ 

comparatively much lcss on thc Kobadhak estuary (nodc 60 In 

the southwcst corncr. F ¡gurc 1 ~ J anJ Go!)iuk.halL ( nodc :.~.m thc 

southcast comer) lt "a.<. not fca..\1bic ltt control thc sahn1ty 

intrusion m the h.ooadhak estuary by an add1t11.malllov. throu!!h 

Gora1 Howevcr. thc effcct o[ Jncrca: .. cJ Jhstractlon "a..\ rcl~

IJ\'cly highcr on thc 1\.ob.H.lh~.d .. C\tu..lnc ... 'ltnJ~.thc s.1iln1ty 1n thc 

cstuanc~ could he controlkJ ur tu J ccr:.t;n cxtcnt 111 ccrt.tJn 

~cctions by ÓI\Crtln¡;. addltlona! no .... lfl)ffi the Gangcs through 

thc nver Goral. Thc cffccLS oí aúdlliOOal now throu~h Gora;, 
and the 1ncrea."ed groumJ·watcr wuhúr.t ....... d on thc rq!IOnal 

dtstnbuuon of sahmt~ 1n thc c~tuanc!) are sho..,.,n 1n F1~urc JS 

ConcJusions 
Conjunctive use of surface and ground \l.atcr tn coa.stal 

stream-aquifer systems is one of the most significan! strategJcs 
for optimal development of water resourccs mamtaJnJng the 
salmity mtrusion leve! within thc dc.sirablc ilmJI. Tim rcquircs an 
assc.ssment of now and salinc-watcr mtrus¡on m thc nvcr net· 

worb. a.\ wcll a." i11 thc a4uifn :..y:..tcm UIHk! dyn:11n:~ ullhlill-'ll' 

Thc modc!s prcscntcd hcrcin tn :..mndatc thc rcgulll.ll !ltm and 

thc extcnt of salimty tntrusion are ctlmrni:-l...'d l': ;¡ t\\t'· 
-dimensional depth-avcragc fimtc~lemcnt mndcllor .1 L•lmro:-.H~,.' 
.-aquifcr systcm and a quasi-stcady nade and rcach moJel for thc 

· ·-mean Oow and soh.rte trn.nsport in a coa.'\tal nver nei\4o0r~ Th(' 
aqÜifer model and the rivcr network modcl are couplcd and 
sol ved interactively to account for the dynamiccxchangc ofOow 

and sol u te transport bctwecn the strcams anq thc aquifcr systcm. 

Simulauon of the arcaJ dtstribution of Oow and sahnity in 

thc river nctwork: and in thc underlymg aquifcr systcm of thc 

Southwest Rcgion of Bangladesh during thc pcriod 1985-1990. 
through propcr calibrat10n of modcl paramctcrs. dcmonstrated 
the practica! applicabiiity of thc modchng approach. The 

dynamic intcraction bctwecn the rivers and thc aqu1ier system 
· significan ti y ¡nflucnced thc naw and the Saiinity Intrusion 10 both 

systems. An incrcase in ground-water abstracllon rcsulteJ in a 
reductwn of strcam·aquifcr cxchangc now (from a4uifcr to 
nvcr) anda consequcnt mercase in sahnuy lcvcJ¡n nvcrs. How· 

e ver. with thc dJversiOn of addit10nal now through thc Gora1, thc 

salin1ty mtrusion in thc arca could be controllcd tn a SJgndicant 
extent. The cxtent of ground-watcr U!-.C m thc southcrn part of 

thc reg:ion was VCf)'iow. anda margmal incrca.sc in ground-water 

abstraction or nvcr f1nw d1d not change apprcctably thc regional 

dJstributlon ofTDS conccntration m ground v. a ter. Thc simula
uon models. thus dcvdoped, providc a uscf ul too! for as,sessmcnt 

of any water managemcnt schcmc pnor to Impicmcntauon. . .. 
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Fi~. 15. R~¡:ional distribution ofsolute conc~ntration (in ppl) in rh~n 
for diffuent now conditions dunn¡: April. 1990. 
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Appcndix: Mathematical Modcl 
A quifer !-,)•stem 

By combimng the momentum cquauon with thc mass bal
ance of the fluid pcr unit horizontal arca of thc aqutfcr, the 
cquallon for thc dcpth-averagc Oow JS dcscribed a'i 

aH 
S,-- v(BK'VH) = Q, a: (i\.1) 

where H (x. y. t) 1s thc total encrgy head abovedatum (L). B ¡S thc 
saturated thickncss oi tlow (L)· constant for confined condttwn 
and approximatcd a..;; (H-Z) for unconfincd condition. Zp .. y) 

bcmg thc clcvatJon of thc aquifcr bottom abovc thc datum (L). 

K(,, y) !S thc h\·draulic conductivity (LiD: Q,(x, y, t) IS thc nuid 
IOJCCtcd (-ve ior w¡thdrawal) pcr unit arca of thc auu1fcr 
(1/tL:Tj: S,(x, y) t'i thc spcctfic y1eld for unconltncd cnnJ¡ttnn 
a:1d storatJVI!Y forconfmcd condnion: and t is thc t1mc 1T) Thc 
tlu1d velocit~. V(.\, y. t) IS defincd a.<; -KVHjt (L/T¡, tn wh1d: 
t (.\.y) 1s thc porosa y 

Thc salute mass balance pcr unit arca of thc ;.u. . .¡utfcr m 

con_1uncuon w1th thc flutd ma.<;\ balance 1s g¡vcn by (\'o~.., and 

Souza. 1987; :\obi, 1994) 

ac, 
,B- + •Bv'VC,- v[,BD'VC,] = Q,(C,'- C,l 1:\.cJ 

at 
wherc C,tx. y. t) !S thc <;O]ut:: conccntrat¡on (M.¡' M). c.·(.\. y.!) 
1\ thc conccmratwn uf thc salute 1n ,')O urce or ~líÜ. r ~1.i ~1 ), DI\, 
y. t) 1~ thc d1spcr~JC'In cocffic¡ent tensor. dd,r•cd f11r 1'-0irOpH.: 
porous mcd1a 1n two J;mcnslOnS a,<., (Schc¡dcggcr. !9td) 

[) = 1 u .. ¡ 
D .. 

D .. 
D .. 

D .. 
1 • ' 

=- (OL v; + Qy\'() + 
1' 1 

D.; 

1 ' • 
= -. -. (a 1v,· ...... alv,') ...... 

1 \': . 
D •. 

1 
-(aL- or) "• v,, and 1 v J = (v," + v/) 11; 
1 V 1 

1 :\ J 1 

whcre Dm is thc molecular dúfus1on cocfficient of thc solute 
( L ;/ T); aL( x. y) 1s thc long; 1 ud mal d!spcrs!Yit)' ( LJ. o r ( x. y) 15 thc 

transvcrse dispersiv1ty (L): v,(.\, y. tl 1:-. thl·' .. :\llllf11111t'lli 11¡ th.._· 
vclocity v (L/D: and v~ ( x. y. t) is thc y en m p(l n: 11! 1 1( t 11: , l·!. ,, : • ... 

,. (LiT) 

Thc Galcrkm WClghtcd rcs1dual ÍJ:lltl"·L'k·mL·Ilrtc ... !lnlqu: 1, 

.. uscd lo -gcneralC appFOXJmating-cquauon:-. for thc ground-\\ atL'J 

Oow and salute transport cquations. For dctail fornwl.llion. 
rcference can be madc to Voss and Soula (1987) and \oh1 
( 1994). 

River Network 
For the regional-water managcmcnt 1n an mtcgratcd 

stream-aquifer system, the me.an tlow. mean water Jcvel.s. and thc 
average salinity (daily. weekly. or mont h ly) i il t he n\'er nct \\ or )...:-, 
are importan! rather than thc 1nstantanct1U:> flul'tu;¡t¡ons of Jlow. 
water levcls, and salinity. This implics that thc ph~stcal bchavwr 
o[ thc surfacc-water systcrn m thc hydrauhcally conncctcd 
strcam-aquifcr systcrn 15 rcprcsentcd by a ~1111plifit.:J nctwor).. 
rnodcl for mean flow and salt transpon. 

The hydrodynarntc charactcnstics of a ri\ cr nct work can be 
dcscribcd by thc followinf .Jauons 

aA ao - +-- Q, =O (contmult\) at ax - (A.4J 

ao a o' ah - - - (a - ) + gA - = at ax A ax 
gn'Q!QI 

- ~, (rnorncntum) 
AR' 

(A.5) 

whcrc A is thc water arca (L:}: Q 1s thc rivcrdi~l'hargc (L 
1/n: Q1 

1s thc latcralmflow (L3/D: n 1s thc Manning roughncss cocffi-. 
c¡cnt: R 1s thc hydraulie radius (L): and h 1s thc llydraulic hcad 1n 
thc nvcr (L) 

Cons1dcnng a qUaq-stcady-statc cond!liOil, the average 
~al¡n¡ty u ver a udal jl'.!flod ora muhiplc of 11. can he dcscribed by 
;1 time <n-cragc onc-d¡mcnswnal dJsp~.r.swn cquat10n {lppen, 
¡l)(,(l) 

a c. 
-+ at 

(A.6) 

\ol.hcrc Ur(\,1) IS thc frcsh-watcr vcloclty (L/T}; c.rx. t) is the 
.i\Crag:: salm1ty (ur salute conccntratJon) 1n thc river water 
1 ~f./ M J. and D. is the d1spers10n cocfr,c¡cnt 1 L 1/D. 

ln thc modclmg process. the rivcr nctwod .. 1s conccptualizcd 
a' a numbcr of nver rcaches by nodc~ /\11 lateral inflows or 
out !low~ 1 runnff. w¡thdrawal, now exch.wgc \l.'Jlh aq Ulfer. dtvcr
!HHl lrom externa! suurccs} from thc nctwork are considcrcd 
unly at thc nut..lc~. anJ thc Oow in an indJvJdu.tl rcach is as~umed 
tu he qua.\1-stcady and dcns1ty mdcpcndcnt Thc fluid rnass 
balance (A.4) for an individual node IS exprcssed as 

.lh. 
Al\:,-= 

.ll 
Q .. - Q .. - Q..,, + Q¡, (A. 7) 

whcrc h, 1s the watcrsurfaceelevatiDn abovc datum at nodc 1 (L): 
Al", ¡s the nod.al arca of node i ( L 2 

); Qn 1s thc 1nflow lo thc nodc i 
from node r (L1/D; NR, as thc sct cont.Unang nodes that are 
conncctcd to node i; Q. is thc water wuhdrawal from nodc 1 

(L
1/D. Q.., 1s thc exchangc flow between the rivcr and the aquifer 

at node 1 ( L1/D: Q1. 1s the mflow (boundarv now, rucoff, di ver~ 
s1on from externa! sourccs, etc.) to nodc 1 ( L 1/D 
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W1th thc assurnption of a quasi-stcady llow. thc momcntum 

cquation for an individual reach is reduced to Manning's cqua

non as 

Q., = Wn(h,- h,)/ 1 h,-11.1"' (A. S) 

whcrc subscript ri stands for thc average value of thc associated 

p;..¡ramctcrs of the reach be:tween nodc r and i: Wn:::::::: AnRn213/ 

n, L.0 ~ JS thc reach factor; and L, is the lcngth ofthe reach ri. By 
¡ncorporating the boundary· conditions and cxprcssing thc 

temporal dcrivatives by an implicit finite~iffcrencc approxima

uon. thc rcsu!ting non linear system of equations Í5 sol ved itcra

tivcly. cmploying the i\e\.\'lOn-Raphson mcthod wJth the cmpiri

c;::il rcbxauon scheme as in thc aquifcr modc!. Paramctcrs of the 

nvcr cross secuons (such as arca. hydrauhc radius. rop width. 

etc) are approx¡matcd in tcrms of water dcpths wnh parabohc 

cxprcsswns íor cffictent computauon (Nobi, 1994). 

In the conceptual nver nctwork. sa!t conccntration ~~ 

as:.umed to be uniform throughout an individual nodc (i.c .. 

v..cll-mixcd condlt10n). The salute rnass ba!Jnce (t\.6) for an 

Jt1J1v1dual nade JS dcscnbed as 

. K .. c .. - e, . 
\",--= '" Q.,Cm+ AIID, 

'" rt~R L.. 

Q.,C., Qlf:,cl,l:, + Q,.c,. (A.9) 

where V, 15 thc vol u me of water in nade i (LJ): AnlS the average 

water arca of reach ri (L 2 
): Dn !S the dtspersion cocffic¡ent of 

reach n (L:!TJ. (:"' ts the concentration of advcctivc tlux dc

scnbcd as thc concemrat10n of the upstream nade of t_he rcach 

(LC .. the nade from which water is Oowmg) (M,/ MJ, c'ot, 15 thc 

conccntratlon oí stream-aquifcr tlow exchange de.scrihcd as thc 

conccntrauon tn thc systcm (river or aquifcr) from whH.:h v.. a ter Js 

llowtnt: tn thc othc-r (M,/ M J. and C 1s thc concentration of thc 

!;lt~rJ.! m!Lowtng v..atcr (M./ M) 

The d1spcrswn proccss a.<isociated m a cnaswl ;¡ver nctwnd .. 

l'; conccptuahzed a.<. thc combincd cffcct 'of thrcc dtffcrcnt pro

ccs..,cs. \'Jl ... ( 1 J molecular dtffuswn. (~) longnud1n;..¡i dtspcr~1on 

a u:: \l) írcsh-water now. and (3) udal dtspcr::,ion or nli."\Jfl¡.! duc lo 

w.lal fluctuauons. Thus the m·crall d1:.pcrs10n cocfftctcnt !or thc 

u me-average dispcrs10n modcl tS dcfincd a_.., 

(A./OJ 

v. he re D..- ts t he molecular d tff uswn cocff1ncnt ( L: · TJ. D:, ts t he 

lon!_!Jtudmal dtspenLon cocflictcnt for rcach n :;;;=a 1 U,, 1 ( 1.: 'T). 

10 which li". 1s the lresh-watcr vcloclly 1n rea..:h n. ¡¡nJ o ,., th.: 

!ongHudJnal J¡~pcrs1\lt)"~ anJ l)¡, ts thc t1dal J¡spcr<;IQn cnc~!i

nc n t i or reach n ( L: 'l) W~th in thc lldal 1onc. tLJ:.tl m1 \1 "!! ¡., t he 

rn .. un dL~pcrsLon proccss. Thc uda! mu1ng i~ accourllcd m thc 

umc-avcr:Jgc J 1spcr~Lun cq u:Jt¡on {A 91 hy Lncorporat mg 1 he nct 

.Ld\·cct¡vctramponoft¡dallluctuat¡om.a.\[A.,(C,.- ( .. )(\¡,

Ur,)/~~-n thc dtspers1on coefflc¡ent, where v 1, ~~ thc average 

ud;d vcluctty ovcr half tidal cycle 1n reach ri (LIT) 1 he tid..tl 

aJ-..cctLVC trampon rc~ults from thc d¡frcrencc of tr;m.,rnrt Jur

Lilf onc-half of tnc t1dal cyclc from thc downstrcJrn nodc of a 

rcach to thc upstrcam and thc transpon from thc upc:;trcarn nndt: 

to thc downstrcam dunng anothcr half of thc udal cydc Thu, 

thc tidal dispers10n coefficJent JS describcd as D 1n == L.,(v 1 , 1 -

u,n)/2::0:0. 
Ry approx.imatmg the temporal denvat¡ve wuh an 1mp!JcLt 

finLtc-d¡ffercncc scheme and mcorporaung the specif1ed cuneen-

tration boundary condilJOn 111 (t\.9). tiK Ll'\U!tLng lln.:a:· ~ystcm 

of equations are solved by thc Gauss1an t:hmtnauon rncthoJ.. at 

every time step after thc solution of thc !11m mndcl 
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Efficient and Responsible Use of Prior Information_ 
· jnlnverse Methods 

• 
by Richanl Weiss" and Leslie Smith• 

Abstract 
Prior infonnation on p~r::lmc~crs such as hydraulic conducthity or ground water recharge rates is ortcn u~cd to stahilizc the 

im C!'C ;Jr:Jh;cn~ in para meter cstimation. A cautious use of prior infonnation is adl"isahlc. ho"'cnr, beca use ir m a.'· he hia..\cd (Ir 
unrcprc~cntati,·c of thc modcl paramctcrs and/or it m ay not significantly stahililc thc paramctcr cstimatcs. Pn)('cdun-s aro: f!Í\'cn: 
( l1 to idcntifv the nwdcl p<.~ramctcr:s for "'hich prior informatirm ma~· best stabilizc thc paramctcr set; and (2) lo idcntif.' thc modcl 
paramctcrs for which erro~ in thc prior in~ormation lead to thc smallcst possiblc crrors in the final sct of paramctcr c._,timatcs. The 
fir:st GL~C i." rdcrred lo as thc cfficicnt use of prior information: thc second case is refcrrcd toas thc rcsponsihlc u~c of prior infor
ma tino. Thc procedun~-" :..~re ba,.,ed on an anai)Sis ofthc modcl paramelcr spacc using rcspon.'iC surfaccs, multiparamctcr confidcncc 
rc!!ions. and cigcnspacc analysi.". Thc ¡:!Uidclines lc4.1d to thc sclection of prior infonnation on thOSl' p::orc~mctcrs "ho"c a\cs are most 
dosel y :::digncd Y.ith thc Jon¡!cst axis of thc par.~mcter confidcncc n.-gion. Simple synthctic examplcs are uscd to cxplain thc conccpt~. 
Thc ad,antacc.'l gaincd in scn:cning the model parametcrs to idcnrify rhosc paramctcrs for which prior infonnation will be most 
cfficient and responsible 1n dctennining the final values of thc parameter cstimates are demort"trated in the calihration of a 

und \\a ter no" and sol u te tr.msport model for the San Juan Uasin. 1\cw i\.1e.\icO. 

Introduction 
The m verse problem m ground water hydrology is thc ba..•;is for 

form.:~hzed rur.J.mcter est1mauon. but it is generally i~l-posed 
(Yako\ntz anC Duckstern 1980) Thrce maJOr issues resul! from t.he 
¡Ji -po~cd n.:uure of the mver;e prohlem · uníqueness. 1Jc:ntlfJ.J.bíl!t). 
ar.d st.:Jhdll~ (e f .. Carrcr.J. anJ ¡'\;cuman 1986a. Mcl....aufhlm JnJ 

Townley IY96J. A snlu11on to thc 1nverse problcm ¡._ umquc Jf:ht.· 
<;e! of cstlm~ucd paramctcr~ 1:-. tnc only sct wh1ch SJ.t¡<.,f¡o thc con
d;:;0nl. to be .J. StllutJon (Tar:mw!J and Valcllc 19S~J A moJel 
p.1:-amctcr 1<\ nnn-Hkntdiahlc ¡f ;h(" model output 1" nn1 <.,~n~H¡vc IP 

th:u ~.J.r.J.mctc~cmf979) Fnr msL1ncc. in a onc-tlimcnsJonal 
mcx:ci wnh p:-cscrit-.cd head boundanes. thc hydr.wllc cnnductJ\
¡t~ ¡~; non-¡dcnufiablc uo;;¡ng: onl~ hydraul11.: hc:ad dat.a Whcn .:~11 

nw ... ..!cl p.lf'ametcrs. ¡ncludJn~ lhosc dc~nbmg thc boundary con
ditJCli1). are c.stJmatcd u::.1ng: onl) h)·drdu]H.: hc.Jd d.:n.a. lhc ~ct of 
nl!>...i::-l pa..r.unctcrs i~ non-tdcntiflablc lc.g .. C(X>IC'y and ""aff IIJ'IO) 
,\, .~ .:nn\cqucn...:::. i: ¡o;; cnmmon pr.lC!JCC to C\tJm~UC' only a ~ub\c¡ 
11! t.h·.:- modcl pararnctcr:'. u<.,u.JIJ~· lhc mtcmal n)(_-.Jcl p.:u:ul'ICICI'"' !1-uLh 

as hyarauhc conduct¡v¡ty or rccharge. Parameter anstabduy ()(cu~ 
when small errors in the data lead lO Jar¡;e errors m thc estimated 
rar:lrnctcr; Bcc-JU\C error; m thc dat~J are: unavOJdahlc. IJIFC error.. 
!fl t"<;;!J:ll.:ltt"t..! p.l."'.J:Ilé'lL'r:. a!": Cllnl!IlOn In unsLJb]c rroblcm1. Un\Whlc 

"ocranmcnt of F .• :mh ;md OccJn Sctcncc!i. Gcolof!tCJt Enpncc-nn¡; 
Prn~r;I:'n Um,er~ll~ ¡,f An1i1.h C11/umhtJ Vancouver. B_C. CanJd.J 

Rece1 \ cJ J3nu.Jr> J ~~~ :'. J.u. cpteJ Scptcmber !997 

\'ui. '-'. '" i-GROt;:--.;[) '\'ATT.R-Jant~Jr'\-·Frhrt:·tr\ 199:-: 

parameter sets also lead to large uncertainttes in lhe values of the 
estimated parameters. 

lndependcnt infonnalion on the estimatcd pa.ramcters (called 
prior mformauon) has becn recogmzed as vaJuablc in stabilizing the 
¡n\ e r.-e problcm (C.f: .• Cooley 1982). A cautious u~ of pnor infor
rnatmn 1~ adns.ablc. howcvcr. for two rcasons. ftrSL pnor informalton 
m~ y not s•gnif1cantly sL1b1hzc the parametcr C!--llmates. There is ht· 
Llc ad\'anC;lgc to OC gaincd in ohta.ining pnor inforrnauon about a par:~-

. meter that w¡JJ not be eiTccuvc in stab:J;zing lhe model parameter sct 
We deftnc lhe cffiCLCnt use of pnor mfonnaUnn as thc 1dentification 
of thr'J'<.C pararnc1cr.; for whzch pnor in!"ormatmn WJIJ stabllu..c the para· 
meter~~ 10 thc p-eal c.~ possible cxtenL Second thc pnor irúormation 
m.J.y be unrcprcsenL1tive or b1ascd with rcspcct 10 lhe model para· 
meter vaJuc..<; Prior mformat.Jon influenc.e:s n01 only thc final estimates 
t 1f Lho-.c parame1crs wilh prior mformat..ion. but al so lhc esUmatcs for 
11·, 1ther modcl par.>mclers. Small error.; in pnor mformation may 
J·.. lt' ~rcatly ma~mficd error.:. an Lhe final co¡;tJmates for other 
nHk.lc:l p.uamcters Thc re.<;ponsible use of pnor informarion i~ 

dcfmcd m terms of lhe 1denuticauon of how errors in tht prior 
informauon will1nfluence lhe final parameter esumates. The most 
n:'pomthlc par.llnctcr.. fm prior mformauon an: lhu~ parametcn; for 
"hKh crron m thc pnor mformauon ha ve lhc lc.ast mflucnce on thc 
ftnal p.u:ImcLcr estimares. Note thar. no mor.U connot.auon is anached 
hl lhc u5-e of lhc !crm re.<;ponsible, rathcr 11 s1mply reflect.s a prudenr 
dccJ\JOn bascd on prior information. 

Severa! factors may cause the pnor informatlon to be biacoed 
or m error wnh rcspect to thc model paramctcr values. First. pnor 
mformaoun IS oftcn obtamcd ata scaJc that 1s dJITercm from lhe scaJe 
that applies lo a zone ,n thc s¡mulauon modcl, wht.;h can create a 



consistent bias in the prior infonnation relative to the values that 
· apply a! !he model scale (e.g., Beckie 1996). Second. pnor infor
mation is sometimes ex.trapolared from measurements taken outside 
!he modeled region. and may no! represen! paramen:r ,·alues wilhin 

. !he modcl domain. Tiurd. pnor.infonnalion may.be:obtained in 
Tegions lhat are nor representative of the entire u.niL ln low-per
meabihty unlts. hydrauhc conducuv1ty measurements are often 
obwned m highcr permeability lenses "ilhin !hose units. lf !he orior 
infomlJ!JOn ¡s obtaincd from tests 11ear the outcrop of a hydroge· 
olog¡cal un !t. H rnay not represe m lhe parameter values for the same 
unH at dept.h 

Procedurcs are givcn in this papcr to ident1fy those parameters 
ior wh;c;--, p-:1or míormauon will most effic1cntly st.abilize thc para· 
meter seL and to 1dentify those parameters for which errors m the 
pnor mloíl11atio;¡ iead to thc srnaJlest possiblc error.) in thc fmal parJ· 
m~icr ::s:un.:Hcs. S1mplc 1\~ü·par::un::tcr cxamplcs are used lo 

dcrnonstr.~tc thc conccpL'>. wfuch are lhcn apphed toa muluparametcr 
r~oblcm FmJ!Iy. thesc concrpts are used in the cahbrauon of a 
ground v.atc~ flow modcl oi thc San Juan Basin in Ncw Mcxico. 

Concepts of Parameter S pace Anal~'sis 
In thl:- ·;k thc imers~ problem 1s solved usmf a nonhnear 

r~t"rt:SS!On :~prroJch J.nd J moJ¡fied Gauss·Ncwton mct.hod. fol
Jv-.~ lilf Coolcy JnO: ~:!;:" ( 1990) :mJ Hill ( 1992) Thc non linear 
rc~r~s::.1on apr:-oach r:un::-nucs Jn objccuvc funcuon S(b) w esu
m.Jtc ihc P:Jr::unetcrs b. wnh the resulung parameter esti~ates 
dcCtneG a.s b. For a par<J.Jnct~.::r cstJmauon problcm using hydraulic 
hcJd J.nd rrior Jnfor;nJltOn on moJel parametcrs, thc objcCII\'C 
functton ¡<; 

S(b) =(Y- f (b1i' V,;' 1 Y -1 (bJ¡.,. (b,- b)7 \'~ 1 (b,- bl ( 11 

whert= t.hc modcl Js rcrrc5-cnted by the rciauonship f(b 1 and Y is thc 
sct of h:•drau]¡c hcJ:.l mc.J..'ourcmcnts (i = 1 .n). t-.1mrix \' h defines thc 
CO\'JfJJIICCS among thc hy<iriluhc head data Vector br rcprc..o;;enLc; Lhc 
p~or informauon on modcl pJ.ramerers. and matn.\ \':- dcfwcs thc 
CO\ anJ.nccs amon¿: the pnor wlurmauon. 

TI1t: pJ.r.lmeter spJ~c t"or a m<..xiciJs lh.e p-dJmen31onal sp.acc th.:ll 
com.:lJns al! possible combJnatwns of parameter va!ues. whcrc p 1.s 
thc numbcr of modd fJ3fafl)e:ters E.:lch model paramctcr JS rcpre· 
~cntcd by an aJ.J~ m par<Jmctcr spacc Valucs of lhc OOJCCU\'e func-, 
t1on S(b) can be rr.Jppcd 1nto thc pararm:tcr space. and lhcse .. ·aJucs 

dcfme 3 p-dlmC:nSlOn<Ji \Urfacc caJ!ed lhe rcsrxm~ su:face (Of lhc 
ubJeCU\C: funcLwn sunacc:J.1ñe global nun1mum 1n Uus respon~c 
..,urfJ..:c J..-:fmc.-. thc seto( lhc p...u-ametcr e5tlmatcs b. ~'hcn only 1wo 
modci paranlCicr:. are csttmatcd. a map of !.he response surfacc can 
hr: con.structed am.1 \ ~~u.il!lt~d U\lnf a contuur plot (e g. Pocter and 
lilii 1997¡ 

P...~.rJ.rnctcr spacc .UlJ.h ~~~ 1~ a' aiuabic too! m undcrstandmg ant! 
cahbraUn!= s¡mu!at10n mcxiels. Th1s tech¡,¡quc nas been us.ed to 

undersUnd parameter esumauon 1ssues m ramfaJ!-cunoff models 
<Soroosh1an and Dracup 19XO. Sorooshian and Atfi 1982; Kucz.era 
J0SJ. Soroosh1an and Guota 1';.10); Soroosh1an and Gupta 19S5: 
GupLJ anJ SonJo'>hiJJl 19S)J. 10 shov.· that Jog-IIamfomlatJon of 
n;. .. HJuhc cur;Ju.:t1nty !=encrati: n:sull'> in bener-condLliOned par<J
mc.:ter es.wnatc-. fur grounJ v. a ter models (Cam:ra and Neuman 
19S6a). and 10 cva.luatc thc tnflucnce of rwo data rypc.s on par.unc1cr 
estmutes m un.saturatcJ !lov.· e.\f>Cnmcnts CToorman ct al.l99~) In 
th1s pape:r we demon:..tr.Jtc how an analys1s of t.he paramcter spacc: 

· CJ..1 be u.scd to gu1de ln<: clfic1c;H and responsible use of pnor 
mfunnauon 

By !he likelihood ratio melhod. contour.; of !he res¡xln' ·.u--
face represen! boundaries of !he confidence region for !he par.uneter 
estirnates (Ralkowsky 1984). For large n. and under !he assumptions 
!ha! !he uncenainties in !he data are normally dlsUlb<ucd. known aru 

. included in v. and Vr; and !ha! model error is negligible. an approx
im.ate (1- a) 100% confidence región for the parameter set is 
given by: 

S(b) - S(b) 
1 

s pFa(p.n - p)_ 
s-

(2) 

where F(p.n-p) denOieS an F distribution with r a~d (n-p) degrees 
, S(b) 

offreedom (Dunn and Clark 1974). and s· = --·
n - p 

lf !he response surface is ploned usmg val u es of (S(b )-S(b))/s'. 
contours of thc response surface rcprescnt (onfídcncc ref!IOns. 
F1gurc l ill -trates a response surface and confidcncc regions for 
a two-par-1 .. ter system. Thc paramctcr axes b1 and b:! are scaJed 
by thcir esumatcd valucs. so that the paramctcr srJcc rcprcscnts the 
re!ati\'e uncertatnticS in the parametcr "!stimatr:.. J'ld r.o! jt:s! dif 
fercn..:es m paramcter values. Scahng paran1cter spJ.cc is eqUJvalem 
to cofnp2.í ·~g cocff~elcnts of variation rathcr tbn conif,aring para· 
meter\... :e.s. Bccau~ of lhc scalmg. thc pomt m paramctcr space 

b, 
·~·r~~,_--,-----~·~·_,--_,----~·~~ 

!11 Jolnt COl~ c. 
~totb,·bo 

Fieurt 1. Hespon.~ suñ.a~. uni,·ariate confi(lrnce inknaJ andjoinl 
confidenC'f' I'T'J!ion for p.arameten; b1 and b1. 

at b 1=1.0. b:=I.O reprcscnts thc paramctcr esumates. For large n. 
a umvariatc confiJcncc mtcrval on Cllhcr h 1 or bz at onc: st:.ndard 
dcvJallon (68.6% confldcncc leve!) is calculated from lhe 1 .O con
wur 1bc jomt confiJcnce rcgion for both parametcr.; ata 68.6% con· 
fidencc Je, e; IS gl\~en by lhc 2.3 con tour. 

1ñc: confidencc: n::gion dcfmed by thc n:soonsc surface reflects 
Lhc: true nonlinearity of model parameters. lt is oflcn convenicnt lo 

work w1th a lineariz..ed approximauon to this non linear confidcnce 
ret:ton. The hneanzed confidencc: region can be dc:fincd as: 

(b- bi' X' v·' X¡b- b) s ps'r.(p.n- pi ()) 

where X 1s lhe scnsiuvuy matrü evaluatCd at lhe paramctcr esu-
- aif(6l), . 

mate; Th< elemen!S of X are a6, . wherc f (b), is !he model esti-

mare of lhc 1lh data value and bJ is the jth pJ.rarneter estimate The 



lttU ~-lis the inverse ofthe total covariance matrix. The bound
; of the linearized confidence region given. by Equation 3 fonns 
~Jiipsoid in parameter space centered on b. 

The cllipsoid jn p·dimenswnal space is d!flicult.to visualizc .. 
s more convenient.to calculate its maJor axes: The lcngthand ori
tation of these axes can be calculated from the approximate 
'!:ISian mamx (XTv-1X) using singular vaJ;.1e decomposiuon 
\'D J to obtam thc CÍfcnvaJues and eigcnvectors. The square root 
the m verse of the eigenvalues are thc lcngths (L) of the axes of 
: elilpso¡J The as~o..:iated eigenveclOrs are unit \'CCtors (U) 
f¡n¡ng thc onenLJtlon of thc a.xes of the clhpsoid w¡th respcct to 

: par~unete:- :Lxes. Tnc bounda.ry of this clltps01d 1s calculated to 
1ncJdc with lh::- 1 O contou:- of r.he rcs¡xmsc surfacc. Thc toLJI cocf
Jcn: of vanat10n fa:- cach paramctcr. C\'

1
• can be cakulatcd 

•rn thc a.xc:. of lOl' confiucnce ell1p~01d as. 

1 = l.p (4) 

Conceptual! y. thc projecuons of each 3.).IS of thc confidcnce 
:10n J in t.he dJrecuon of lhc pa.::uncter 1 are squarcd and summed 
e tol..:.ll C\' i~ tnc ~yu;,ue ruoi o\ thJ::. ::,u m. Tne mformauon ne-cJcJ 
:akubte thc ma_¡or J.\ eS of thc cl!ipsoJd can be detcnnind from 
:a routlnely avail3blc from the common nonhnear rcgre~sJon 
Jes uscd In In verse modeiJn~ 

Tnc rauo of tne kh,gth of thc longest ax1s to the shortest a.\1!-. 
lhe confidence refiOn is termcd the condition numbcr(CN; for 
· paramc<cr cs<ima<es (Soroosh1an and Gupta 19851. Thc Ct\ is 
~asure of thc stabilay of the parametcr cstimatcs. As the param

mensJon tncrcJ.<;;e:::.. C0 wil! JOLT~c. so no abso!ute sca.lc c:m 

.,stgned to the mJ.gnnude oí CK. 

Ticient and Rcsponsiblc Use of Prior lnformation 
Par.:uncter spacc ana.Jysts can be usc.d to deve!op guidc!ines for 

JCJcntly 311d rc..s¡:-. .. msJb!y st.abilwng thc mvc~ pmblem U...'\Ing prior 
onnat1on. A Simple rwo-dimcnsionJ.!. stcady·.statC flow mcx.icl JS. 

:d w ¡]Ju.>trate the concept:::. TI1c synthelic flow system JS 6 ._m 
6 ~m. and contams two transmissinty zones. om: zonc uf 

unce.d recha.rge. and rwo ccnst.lnt head boundat)' zonc.~ (F¡gure 
The rema1n1ng modt:l bounoanes are no-tlow ooun~Janc~ 

tc-.:n obscrval10n pomt.s are used Ob~rved values of hydraulic 
1d art' simulated by running a forv.·ard Simulallon u.SJOf: !he truc: 
-amctcr valucs and cJicu!atlnf: thc data valuc.s al t.hc s.1mphng 
Jtwns. Ram.!om Gau.ss1an errors wnh .. st.1níilrd dc:v¡atJon of J m 
addcd to thcse valucs to fCncratc t.hc obser..·e.d dat.1 \alucs Ftvc: 

'JHlClC:r5 des.cnbc lhe flov. ."i)SICffi. l\11.0 lraO'\ffiiS~I\'11~ lOOC"i (T1 

l T:l. one rccharge zone íR). and two s.pccified hcad zones <H: 
! !i:l Fo; ea<;c m present1nf: response suriaces.. only tv.o par<.~
tc:-. wtll be e.sumated at one ttmc. Th: Olh..r thr.x parJmcter; ~e 
ed at thc1r truc vaJue5. 

Fa!u.re 3 shows the ~s¡xms.c surlacc for estimaung panmeters 
an~ R.1be rc.sponc:.e swíacc is piO(ted a..c; (S(b}-S(b)Ys2• so thc con
Ir\ represen! the he1ght of the reo;;ponsc surface above thc mm l
. ..., Becaus.e the parameter space IS s.caJed by the pJIJmeter 

.res. the paramctcr eo;;t¡n1Jtcs are :11 1hc pomt T 1 = 1 O. R = 1 O 
J.if'J.metcr s.pace The response surface contains a long. narrow 
le~ The ax1s of this va!lcy '" oncntcd such that it m;ü:cs a 

1ch "mallcr anglc w¡th rcspcctto thc R paramctcr J\IS thJn thc 
para meter :t.·us. 

The conf¡dcnce c:lilpse 1s a bne.:mled p!Cture of the reo;;pon~ 
fJcc Jnd c:..Ln be charactcn¿cd hy IL" maJar axes. calculateJ 
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Fi~rc .2. S~ nthctic flow system used ror simple nampb •. The num· 
bers identif~ mea.~urcmcnt locations . 
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Table 1 
A.\.~ of Conlidcncc Ellipse for T 1-R Parouuclcr Sct 

Unil \('('Ion u ' lj: 

T 1 a \1\ - (j_"}..¡ - (J.J~ 

R a~~~ 0.32 () "}-l 

L.cn~ltl\ uf A.r.c\ L 1 = 0.0077 l: =U 11Y 
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Figure 4. Responst surfact for T 1 - R param~trr ~~ for lal prior mform<~tion oa T 1 onl)'; (b) h)'draulic head and prior i.nfonnation on T,;' 
1 e J pnor mfonnation on R onl)·; (d) h)drauhc head and pnor information on R. 

frorn SVD decomposltJon of the scaled H~1an matru. at the par.J
rnl:'ter e<.umate\ T:1blc 1 g1vc:s thc axes ofthc: conf¡dence elllps.c: for 
:~:.-, param~ter se:. L: ar,j L: are the lenf:t.hs of lhe two ~C.\, and \ 

JnG C~ are lhe unn vectvrs dcftnmg the onenLJuon of lhe .u.~. Tt11.. 
(¡\' ior lh1" pa.rameter set ts 16.8. Jndtc.atlng lhat a:us 2ts about 17 
limes lonf:'i.::-lhan ax1c; 1 8oth the response surface and thc: a.xc:s of 
th~ confidcnce elhpsc md1cate that along lhe dirccuon of a.x1s ~ thc 
rc.,ponsc 5urfJcc ¡s rciJ!Jvcly !l..! l. Ax1.s ~ 1s lhc OlJJOr contnbutor 
W tnC UOL"Cr1Jtnly tn both p~JnlCICrs (f the lcnf:th Of J.\1\ ~Can tlC 
rr-duccd. thcn thc unccnamt~ tn both parame1cr e.<;;tunalc.\ would t"l<.· 

dccrca.o:.cd. and thc ~tJhillly of thc paramc1cr s.et CJJl be incrcased 

EITidl'nt Use of Prior lnformation 
In arder to 5t.lbtlil.C lhJ:::. par.unetcr !!.el, pnor mfoml..JUon ¡.o; u<;;CJ 

lo a!!er thc IOfX)Iogy or thc rcsronsc surfacc:. Ftgurc: 4a illustrate'i 

lhe res pon~ surface for pnor information on parameter T 1 only. 

where the scaled pnor value equals 1.0 with an uncen.ainry of 2%. 
Thc: ¡ot.JJ rC:~fKJns.c surface for ~ydrauhc head and prior information 

on T 1 1:-. shown in F1gure 4b. The s1ze of thc confidence region 15 
SlmJiar Jo thar usmg hydraulic head daLa only. Prior infonna~on on 

T 1 does not reduce the siz.e of the confidence region or increase the 
stabd,ry of lh< par.unerer esumares SJgnif1cantly. F•g= 4<: iJiustr.UQ; 
thc response surlace for prior tnformauon on paramettr R onJy, 
whcrc the scaJc:d prior value equals 1.0 w1th an uncenaimy of 2%. 

Thc total response surfacc: for hydraultc head and prior informauon 
on R 1s shuwn in Figure 4d. The size of thc conf¡dence regían is s1g· 
nlficamly rc:duccd. and the parametcr 5et 1s more stable than using 
hydrauhc hcad dat.1 only. Pnor mformat10n on R 1s more effic1ent 
because 1t reduces lhe size of lhe conf1dcncc reg10n the most for a 
given quahry of pnor mformauon. Prior mformatíon on the para-



meter whose axis is most closely aligned with the valley in the 
respon5e surface is the most efficient parameter to stabilize the solu

·on. 
: '¡nis graphical approach can.be formalized.using the axesnf 

lhe confidem:e region. Prior.information on the parameter with the 
largest elem-.nt of the longest axi~ of the confidence region reduces 
the uncenain~· of the remaining parnmeter estunates most efliciently. 
The parnmeter with the largest element of the longest axis of the con
fidence region is the parameter whose ax1s is most closely ahgned 
wnh the longcst ax.1s of the confidcnce region. From Table l. axis 
.2 IS thc longest ax1s. and paramcLer R has the largest eiement of that 
axiS !0.94). 

Cono;equcnccs of Errors in Prior lnformation 
If errors ex 1st in thc prior mfomtatJon. tnese error!' influence 

thc estJm3tcs of the remaimng parameters The conscquences of 
crrors ¡n pnor míorm:nlon can be illustr.:Hcd usmg lhe rwo parametcr 

sct T 1·R imroducc.d abovc \Vhen pnor mformauon is u~cd onl! on 
p:L-.l.inctcr T 1• and the prior estimate r:of T 1 ;s S't"c greater than 1LS true 
valuc. U:e resultmg paramcter esumate for R is 13% grcater lhan u~ 
tme value A ~mal! error in the pnore.\tJm:lle ofT1 results in a SJg
ntficantly Jargcr error ¡n thl.! esumat.: of h.. C:on\'et:.cl:h whcn privr 
mfonnauon 1s uscd onlJ on pararneter R. and thc pnor estJmate o!" 
R IS SS""c ¿:rcatcr than iL'> L--uc va!uc. rhc rcsulung paramcter estimatc 
forT 1 JS only 2C:c greatcr than JL'i uuc valuc. Errors m lhe pnor esu
matc of T 1 result m poorer paramcter esum.:ues than similar crrors 

1n thc pnor csumate of R. 
To cha.ra..:tcnzc th1s bcha\'IOf. an error ratio is dcfincd as thc 

J of t.hc scaJcd error 1I1 the csttmated parametcr value ro thc scalcJ 
.ror in the Pnor parameter value. Errors in lhe pnor value ofT 1 lc.ad 

to erro:- r.:Hios of 2.5 fur R. mcamng that t.he erran m lhe esumates 
of R :!IC nc.:uly 2 5 u mes largcr than thc onginal error 1n thc pnor 

\'aluc..: u:· T 1 Erro~ 1n tile pnor \"J.! u e o( R icad to error r.wos of 0 . .! 
for T 1• meanwg LhJ! the errors 1n t..hc estimares ofT 1 Af~ only 0.4 
11mcs as largc ~ the ong1nal error 1n the pnor \'a..lue ofT 1 

Thc effcct of errors 1n the pnur paramctcr values 1~ shown 
grapm..:ally 1n F1gure 5. The parametcr es u mates result1ng from a 
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Fi¡.rurr 5. Locat10n or par.:tml'lrr ~tirnatl'S ror T 1 and H m parametrr 
spacr. !'oho .... m¡:: con .. r-qur-ncr' or 5 '7r rrmrs m pnor paramrtrr e-s ti· 
mate!>. 

5% error in the prior parameter value are ploned in the scaled T1 - R 
·. parameter space. a1ong with the response surfacc. Thc true para· 

meter values plot at T 1 = 1.0. R = 1.0. A S% error in .the prior 

-value ofi1 Jeads.to par.uneter estimates tha.t plot much furthcr from 
. U.,.lrue.pararucter .values. tban.lhe.parameter estirnates.n:sultmg 
·from a 5% error in R. Figure 5 illustrates that the parameter esti· 
mates resulting from errors in the prior infonnation plot along the 
bottom of the valley in the response surface. Th1s valley in the 
response surface is also the tr.J.Ce of the longest axis of the confi· 
dcncc regmn. Thc orienta[Jon of thc val ley m thc response surfacc 
defines how errors in the pnnr infonnatiofl r~;¡ ... ,JJtc 1ntn erwr; m 
the estimated pardmeters. Pnor infonnatJOn on paramcters who~e 
axes are closely ahgneC with the longest ax1s of thc confidencc 
region result in relatively sm~JI_error ratios. Prior infonnation on 
paramcters whose axes are oriented nearly pcrpcnd¡cular 10 thc 
longest ax1s of the confidf"ncc rcg10n rcsult in rclatively largc 
error :-atios.lncorporating prior infonnatior on paramcters whtch 
lcad to small error rauos is a responsible mcthod of usmg pnor 
infonnation. 

The error rallo is d1rcctly related to thc shJfX' and onen!Jtion 
of thc parametcr confídencc reg10n. f-or a nnnlJnc:tr paramctcr 
confidcncc rcgion. thc error ratiO changc:. wn!l thc magnillldl.' uf 
error rn thc prior parametcr \'aluc. for rcbuvcly :,mal! crrors. or 

ncarly linear confidencc rc~ions. a hncarizcd appro\rmJIIon can be 
u:;;cd. The error ratio can be constructcd graphrc.JJJ:; from~the con·' 
fidcncc rcgion: or it can be calcuialed from thc axcs of thc hncarizcd 
pJiametcr confidencc clhp~e (Wc1ss 1994 ). l1lc error rallo ts 

" [u u 1 ' i ER = .... ~.,.~,P .k ,~'--'\ 1 
•J cv; (5) 

whr.:rc ER,, 1'~ lhc lincanz.cd crrnr rauo for an crmr m the ith e.'\timatcd 
p~amctcr'. g1vcn an error in thc jth pa.ramctcr with pnor infonna
tlun CVJ "'lhc IOta! cocfficJcnt of variauun for the paramcter with 

pnor mformatwn, dcfincd rn Equat10n 4. 

Error Ratios for Prior lnformation ~ith Unccrtainty 
The lrneariz.ed enor ratio detined m EquJuon 5 is ba.sed on pnor 

rnfonnauon wilhout unccnainty. In tcrms of thc error r.J.lJO. the main 
dJffcrcncc berwccn using pnur rnfonnatwn w¡th uncc.umty and 
pnor mforma~oo without unccrtainty hes m how close the final par.:~· 

meter e.,timatc ts to Lhe pnor esum.ate. Two factors dctcnrunc how 
clo...c lhc frnaJ esumatc WJII be to thc prior eslimate. (l) the assrgned 
unccn:.unty m the prior tnformation; anó (2) the shape of lhe 
re,r-.m.~ ~urfacc bcfore pnor mfonnauon 1s mcludcd. Uthe uncer
ta . .mty as.-.1gncd w the pnor esumatc ts small. t.here is a large penalry 

rn nll)\ Jllf away from thts pnor esfmlJ.lC::. and thc final estimate w1ll 
he clo.-.c lO thc pnor C.'\Umatc. 1f the rcsponc;c surface usmg only 
h) drauhc head data n:necL< a poorly-conduioned problern. the 
fmaJ esumate will be closc to Lhe prior est1mate. A poorly-condi
t•oncJ parameter sct is char.lctenz.ed by a valle y w1th a nat bonom. 
Thc pnor ¡nfo~atiOn, e ven if 1t ha" a lar~e unccnainty, w¡JI pro· 
dut:c a defm1tc m1mmum m the vaJiey at !he value of prior estimate. 
nl~ fmal es!Jm.atc WIII be very clos.e to thc pnor estimate. If the 
rc,rwm:.e ~urface usmg only hydrauilc hc.;..H.J d.:~ta 1s well condi
twncd. thc mmimum dcfincd by thc hydraulic h_cad data will ha ve 

a lar~t· mllucncc on lhe final par.Jn1ctcr c~llm3tc~. rcgardless of the 
unccna1nty in the pnor infommllon. 

\Vhcn prior tnformauon JS <l!.si¡::ncd for more lhan onc para· 
mcrcr. tnc rclauonsh1p bctwccn thc pnor and final cstJmatc JS more 
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Figure 6. MuJtiparam~tn S)"ni.Mtic Oo"' ~nn adaptrd from Cal'T'Cra 
anrl :".t'uman ( 19X6bl. Thr upr:cr plot show" tht tr.m.'imL~i\il~ zonc.<i 
tm:Jda) !, thr lower plolthe n·char¡;:e rono.. 

compliCJted In add1uon to lhe factl>l3 dcscn''\:d abovc. U1:: f1nal C-\U
rn.1tcs al so depcnd on !.he rclauonsh.Jp bctwccn !.he onent..:ll.lon o! lhc 

dat.a response surfacc and lhc locauon of th,: -,mtmum and shapc 
of rhc rcs¡xmse surfacc usmf: pnor inforr: . .. ihc::.c rc!J.uonstups 
are too complicatcd to form any spec1fK condus10ns In !!cncral. 

we fmd that for 3n 1nvcr~c problcm that 15 111-condJtJoned bclurc 
addmg pnor mform~Hion. one or more of the f1nal par.uneter csu

matcs wll! be strongly con,·· JJncJ by JlS pnor esumatc. lf the final 

csllmatc is m error. 11 willmtroJuce errors m thc fmal paramctcr C.'\lJ

matc!' of thc othcr pa.ramctcr'>. Thus. for an JJI-condHIOncd or non
¡JcntifJab!c 1nvcrsc problcm. the fmal paramcter C!-llmatcs wdl be 
el use 10 thc: pnor cstJmatcs. rc:gardless e:· ":.: ass1gned unccrtamty 

in the prior estimates. The error ratio method will be valid for 
determining the effa:ts of errors in the prior infonnation, For a well
conditioncd problem, the fuiaJ estimates may not be close to the pnor 

estirnates. and the error ratios may be less than !hose calculated 1 
the lin=ized 'error ratios, 

ThroughouUhe above analysis;linear appmximations to the 
·contidence regions are used to calculate the lint::.:iz.ed error ratios. 
In severa! examples not presented in lhis paper. indications of 

non-1inearity are apparent. Lines in parameter space retlecting the 
trace of the Jonge~t axis of lhe confidence region are curved. and 

error ratios are nm always constant.. as thcy would be in a linear sys
tem. Beca use the analysis is based on the orientation of the para

meter confidencc region. the l1ncar appro\imat1ons are generally 

robusr. The true error rauos may differ from the hnearized error 
rauos. but the conclusions based on Lhe lincanzed error ratios are 
sull vahd. Thc parameters th;lt result in t.hc smalics1 error rauos w1ll 
gcnerally be the same even if the non-Jineanty were t..aken into 

account. 

Use uf Prior Information for a Multiparamcter 
Meter System 

To demonsrrate the applicauon of thesc guidclJncs for t·._· 

use of prior mfonnation in a more complcx problem. a synthctic 
example taken from Carrera and Ncuman ( l 'JS6b) ts considered 
(Figure 6) The dat.a consist of 18 hydraulic hcad mcasurcmentr; Wilh 

uncc:na¡n{¡es of 1· m (ser Carr;;ra and Ncurnan 1986b for Lhe loca· 

uons of the measuremcnt pomts). TI1e pararnctcrs to be estimated 
includc nine transmtsstvity zones. two rcchargc zones. one spcc¡

fied fiux boundary and one specified tead boundary Without pno, 
mformalion. thts inverse problem tS non·idcntifia!Jie if all the 

model p.:rramctcrs are csttmated. 

ldentification of Ellicient and Responsible Parameters 

for Prior lnfonnation 
Befare inciuding prior infonnation to st.abiliz.c this problem, the 

shape and onentation of Lhe parameter confidcnce rc:gion should be 
und~rstood. The axc..r; of the paramcter confidence region are given 

m Table 2. wluch are thcn used to caJculatc thc linearized error ratio 
marnx (Tablc 3) Thc longest axts of thc conf1ü~·ace region is axis 

1 l which 1s 75 u mes longer than any other ""'·" The val ley in the 
mult.Jdimcnsiona.l response surface is oncnted in the direction of this 
ax1s. and. 1~ vcry long and flat. leading to high correlations between 

any parametcrs that conuibutc to thts axis. Examining lhc unit 
vector that corresponds to axts 13, all paramcters except H (the spec-

1r1cJ head boundary) ha ve a contribuuon m the du-ection of ax1s 13. 
Thl..' a1.c~ of paramc1crs F. R 1 and R1 are most closely aiJgncti wilh 

J.'J~ 1.~ Thc J:\1'- nf pa:-amrtcr T ~ha" thc largcst component tn !.he 
du1·\:tion ot a.\.1~ 13 of allthc lr.ln!-missJVJt)' par.JITl.:ters. Ax1s 13 con· 
tnhutc:~ nearly all !.he uncenamty to e1o·cry parameter except H. lf 
a).l\ 13 could be shonened,lhe uncenainly in all parameters excepc 
11 v.nulll be rcduced. 

TI1c hneanzcd error rallo matnx. (fahle 3) shows that crrors m 
pa.ramc:tc~ R 1• RJ· and F lead to small error r<JlJOS for the other para· 
mctc:rs. Errors 1n Lhc transmissivJty zoncs lead to largcr error r.1tios 

for thc other paramctcrs. wuh T q lcadmg to the ~mallcst error V 

ratio'> among the transmiSSIVtly parametcf'l>: Errors m the hydrauilc 

hcaJ txlundary valuc lcad to thc largcst error ratios. 

Threc groups of p;u-amctc:-s are appa.rcnt from thc paramclcr 
spacc infonnation. Thc hyd_rauhc head buundary valuc can be 
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Table2 
. .Ans of Parameter ConfJdence Regioo for Multip&nllllder Problem 

A xls Lengths 0.002 0.008 ·o.OIO .. 0.022 0.025 .0.027 . 0.1138 . ,Q.OS6 JI.OII3 .11.20 .{).22 .I).J .2l.J . 
Unit Vectors u, u, u, u, u, u, u, u, u, u,. u, u" u" 
. T, -{) 30 008 -{).24 0.18 -D.08 0.68 -{)_44 0.22 -D.06 0.28 0.09 -{).01 0.10 

T, -D.I2 0.03 0.00 0.01 -D.02 0.15 -D.02 0.15 0.83 -{).49 -D.05 0.02 0.11 

T, -{)06 -D.OI 0.08 -D.IO 0.06 -D.I3 0.09 -D.I8 0.50 0.79 -D.04 0.19 0.10 

T, -0.20 -{)_07 -D.54 -D.02 0.10 0.10 0.10 -D.77 ·o.oo -D.I5 003 -{).04 0.10 

T, -D.IJ -0.14 -D.09 -{).32 -{).07 0.39 0.77 0.26 -{).12 0.03 -D.06 0.10 0.14 

T,, -D.II -O 24 0.17 -D.70 0.45 0.05 -{) 37 0.00 -D.09 -D.09 -D.08 0.06 0.:!2 

T, -{) 15 -D.06 -{)66 0.04 0.25 -{).48 -D.02 048 0.00 0.05 0.05 005 0.13 

T, -{) 11 -{).35 -D.OS --0.24 -D.81 . :-0.21 -0.21 --002 --{}_()4 -D.03 -D.02 0.19 0.~2 

T, -{) 1 o -{)66 0.24 0.5• 0.23 0.01 004 -D.03 -{).06 -{).05 0.00 0.28 0.30 

R, 0.20 0.50 o 02 0.02 0.02 0.00 -{).02 -{).05 -D.I3 -D.I3 0.11 0.64 0.50 

R, o o; 0.12 0.00 0.11 -{)_()4 -{)_()4 -{) 02 000 -{)_Q6 0.05 -{) 76 -{).38 0.49 

H o 86 --0.29 -D.31 -{)_Q6 0.01 0.24 -{)09 0.03 0.12 O.Có 000 U.OI 0.00 

F 0.01 -O Oi 0.13 -{)_<).l -{)_()4 -D.06 0.07 0.00 0.03 0.04 0.63 -{).53 o 53 

Table 3 
Error Ratio 1\!atrn for Synthetic J\lultiparamctcr Systcm 

Estimated 
Sredliet.l Parameters 

Paramett.-rs T, T, T, T, T, T, T, T, T, R, R, 11 F 

T, l,(,(l o 95 ORS 1.04 o 72 o 47 0.78 0.47 0.33 0.21 0.22 40.2 o:~.1 

T. 1 0:" IOC 0.92 1.09 o 76 o 49 0.8~ 0.50 0.33 0.22 0.23 39.8 0.23 

T, 1 1' l. OS lOO 1.18 o.s::: 0.53 0.89 0.54 0.32 0.24 0.25 39.8 0.25 

T, o 96 0.9: 085 1.00 0.70 0.45 0.75 0.46 0.32 020 0.21 40.0 0.21 

T, ;. 3~ 1.32 1.22 144 1.00 0.65 1.08 0.66 0.41 0.30 0.30 49.2 0.30 

T, " " ..... IJ 2.03 1.87 2.21 L54 1.00 1.66 1.01 0.59 0.46 0.40 70.1 0.46 

T, l.~ 1.2: 1.13 1.33 0.93 060 1.00 0.61 o 41 0.27 0.28 49.2 0.28 

T, 2.11 2.01 1.86 2.JQ 1.52 099 1.65 1.00 0.59 0.45 0.46 702 046 

T, 3 03 J()..l 3 JI 3 1~ 2 .r; 1 69 :.w 1.68 1.00 062 OM 101. o 57 

R, 4 t¡ 1 .:.~IJ 406 479 3 _l) 2!b 360 2.19 1.63 1.00 1 00 124 . 1.00 

R, .: td 4 J~ 406 4 /lJ J.J.' :::.lb 3.00 2.19 1.62 100 1.1.1\J 124. 1.00 

11 o (1) 0()1 o()') ow o ()1 000 000 000 0.00 0.00 O.!XI 1.00 0.00 

F .! ti: ~ :09 4.06 4.79 J..:• 2.16 3.60 :!.19 1.74 1.00 1.00 125. 1.00 

Tab.'~ -· 
Paramtltr l::.sltmation Result.s ÜSln~ Pn'1r \l"'fornl'lion on ~lf:cteod Paramtltrs 

(Pa..r.uneten .... rth J.¡.-¡e compone m~ of l.,.,. ;u-e mort clo~l) ahgncd .... -uh the longest a..us of th.: c~mfidcnce reg10n. The condttton numiX'r 
repre!.enl.~ :he sub1ltty of the conftdcncc reg1on. and thc: avenge CV represent.s l.he unceruJnty of thc: par.uneter est1mates.) 

FuU 
Pantmettr ~~ Pnor T1 PnorT, PriorT, Prior R1 Prior r Prior H 

Componen! of l,.,._. ,-..;/A 0.10 0.14 o 30 0.50 0.53 000 

Condtuon f>.;umbcr 'l'j()Q_O 1181.9 973 6 413.2 274.0 295 o 8944.0 

AH:r:J[:C: C\' 5 51 o 6) 0.51 o 24 0.17 o 19 5 49 
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identitied quite well using hydraulic head data only. Prior infor
mation on parameter H will not reduce the ill·amditioning of the 
parameter set significantly. However. errors in the prior infonna
uon for H would cause very large errors in the other parameter esti
mates. Prior information for parameter H would be a·poor choice, 
because it is notnecessary, provid<-s.no advantage inidcntifyjng tho 
other parameter es ti mates, and leads to large error ratios. The f!UJI. 
boundary valuc and the recharge parameters all have large com
ponent.s of the un11 vector associated with the long axis ofthe con
fidence reg10n. These three parameters also have the smallest error 
rauos. Any of these three parameters are good cboices for prior infor
m.:nJOn because they efficicntly reduce the ill-conditionmg of the 
r:.t.":l!Tlcter sct y. tu!~ reducmg the influence of any errors in the pnor 
Informauor.. Thc u:msrrusSI\1ty parameters ha ve smalier but still Sig
mficant componcnts of tne una vector assoc1ated with the longest 
a.\JS of L~c coriiJence repon. Pnor mfonnauon for any of these para-. 
meters w¡IJ reduce thc ill-ccmdniomng of the parameter ser s¡gnif
Jca.rltly, but .:ll thc expense of potentially magntfymg ar:y errors in 
th~ pno;- vaJue.s of Ll-¡c P3..-::tmcters. These resu!:..-; need to ~ chcckerl 
... ~..~_¡n.stth;;: actu.:d modcieJ rcsu!ts 

Comparison "ith 1\lodelcd r:esuJt.s 
\\'e fir.st C\Jmml' thc issuc of wh¡ch parametc::rs mos1 effi. 

CJcnt!y st::Ibdm: tk Jn\'e;-sc problem. T::1ble 4 g1ves the C!' and 
average C\' a:· :.he p3IJ..meter estima tes wncn using pnor mforma
uon on the f:Jven p::I.r..unclc~. where prior mfonnao.on is mcluded for 
onc pJ.r.:L-:-~etcr ata tnnc wnh 3.Jl uncena..m(!· in the prior tnformat.JOn 
of ::25!'lc of ti-¡e prior \'J.Iuc The componc::nt of the longest a.x.is for 
cach p;1.ouncter 15 aJso l!S!eJ. Prior mformauon on R1 3.nd F results 
m lhc most stable paramete; esumates with the lowest uncerta.mtJes 
of any par.l.IllClCfS. Of thc transmiss1viry pa.rameterS. prior mforrnaUon 
on T,. resu!L" 1n thc bes: p:1r:une!cr csumatcs Pnor informauon on 
those paramcter:-. wnh the largc~a elcments of thc unu vector a._<;;so
Cl.Jtcd wJt.il t:1c lon¡;cst a.'\i::. of thc confldence reg1on an: mas! effec
tJve m sLJbd;z¡ng thc paramcter sct and reducmg '.he aver.1gc CV 

To dct("m\lne u1c re.."pün\iblc parameters for use of pnor infor
mauon. error r.1Um. can r.c caJculated. Pnor informauon 1s includcJ 
for onc pa.-J.metcr Jt a umc. whcre lhe pnor vaJuc JS 25tte grcatcr 
than !he t:Ue \aluc. T;,¡bh.; 5 p\'es lhe calculate.d error r.UJOS. Bec.all!>C 
thc dat.1 conwn error:.. !he calculated error rauos an: not cxactJy thc 

same as the linearized error ratios from Table 3. However. the cal
culated error ratios do follow the trend of the lincanzed error ratios 
estimated from the parameter space. For instance. when T 1 is spec

ified, the erronatios for T t through T > are near one, T 6 through T a 
are belween one and two, T 9 isGbove two, and the recharge and fluX 
parnmeters are·much higher:The calculated·error ratios forprior 
infonnation on recharge and f!UJI. parameters are muen lower thaiÍ 
the error ratios for prior infonnation on transmissivities. No error 
ratios for H are calculated, because the parameter set is so ill-con
ditioned when using only prior information on H that parameter esti
mates could not be reliably esúmated. 

Because the parameter set is ill-conditioned without prior 
infonnation, the fmal estimates do not depend on the uncertainty 
assigned to the prio, infonn'auon. E ven if the prior mfonnation is 
assigned an uncerta.inty of J 00%, the final cstimates are idcntical 
to those usmg prior informauon without unccrtainty. Tablc 5 is 
unchanged for any reasonable unceJtainty in the pnor information. 

If pr.:or iaformalion is provided for more than one parameter, 
the siruaUon becomes more compl!cated. The rei::ItJonshtp bctween 
the location of the prior esumates in parameter spJ.ce, the rela[Jve 
uncerta.inues of the prior estimares, and the locatlon of thc val ley 
'" parameter s?ace determine the final paramctcr esumates For 
ms[ance, when prior informauon on F. R1 and R~ JS provided, and 
a1!t.hree pnor estimates are :!5% greater than tlc1r true vaJue, the 
final parameter estímate for R 1 and R~ are approx.tmately 15% 
greater than thc:rr true values, and the fmaJ esumate for F is approx
Imately 35% greater than Its true value. In anolhcr example. when 
the pnor estimate ofF 1s 25% less than lls true value, and the 
pnor estimares of R1 and R~ are !5% greater th3.Il their true vaJues. 
then aU three final estimates are w1thin 5% of thc true parameter val
ues. Thc errors m the prior estirnates are aver.1gcJ, and the final esti
mares do not reflect the errors m lhe pnor est.imatcs. 

Effi..:-ient!Responsi~le Prior lnfonnation \'S. L1ncertain Prior 
Infonnation 

In arder to stabiliz.e this problem, lhe paramcters F. R 1 and Rz 
wcrc found to be the most eff¡cJent and respons1ble paramc:ters to 
sc!ect for pnor information. Practically, thesc three parameters 
may be the most difficull to meas~ m arder to obtam the prior 
mfonnJuon. lt 1S dtfficult to estimate the valuc of a flux boundary 

Table S 
CaJculatt-d Error Ratios Dut to 25% Error in ~ Prior Paramtttr Estimat.t 

ECTOr Rauo Out to ECTOr in Prior Paramettr Estimatt 

Paramet.er. P·nor T 1 Pnor T~ hlo: T. PriorT, Prior R 1 PriorF 
~ 

T, I.Oü o 8~ o)¡, 0.34 0.19 -002 
T; o 37 066 O.JJ 0.11 -0.04 -0.24 
T, 0.6) o 49 0.16 -0.07 -0.21 -0.42 
T, o 9~ -0.10 068 0.46 0.31 0.10 
T, o 9) 2 , ' ·- o 57 0.28 0.10 -O.t7 
T, ¡ .:b 1.59 0.97 0.57 0.27 -0.10 
T, 1 :J 1 :!6 o 8-l 0.55 o 37 0.10 
T, : J9 l 61 I.()J 0.57 0.27 -0.07 
T, ~ 5~ 2 ;¡ 1 67 0.97 0.5) -0.11 
R, 7 11 800 J 9) 2.01 100 -0.16 
R, 6 ~J 7.50 J 56 1.72 0.76 -0.35 
H -O o~ -0 07 -007 -0.07 -0.07 -0.07 
F 11 70 11 61 6 JO 3.81 2.50 1.00 
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:penden! of the mode! Rechargc is aJso a dtfficuil par.uneter to 
.,¡¡mate w1thout thc use of the model unless a deta.iled field mea

urcmcnt program1.s ¡mplcmemed Howevcr, errors m the pnor esu
,JJ\l'~ of t.hc.-.e pJ.r.liT1eter.; t.'"J.IlSlate mto relatively small errors m thc 
sum.:l!c~ oí trJ.IlSffiJSSJVlf)' par.llll(!tcrs. Pnor esUinaies on lhe:,c thrce 

1..":1"TICICG. e ven ¡f t.:-::::. are m error or ha ve largc uncert.J.inues. ma: 
e bcncr for rararnctcr esum.:nwn Lhan pnor 1nfOrmat¡on on lhc 

·an.sm¡so;ivuy paramcters A systemat¡.: underesumation of rnor 
.strmates on transmrssJvuy parameter,; may lead to large errur:; m 

1e esumatwn of lhe recharge and flux parameter.>. 
Should pnor 1nformauon on pararneters be used if it is h1ghly 

nccrta..Jn or has lhc potenual for s¡gnificam errors" Three factors 
ccd to be cons1dered. lhc condJuomng of the- para.metcr sct wJth
ut pnor infonnauon: the error rauo of lhe parameters w¡t.h pnor 
tfu:-rn.J.Uon; and thc d.Jsmbuuon of !he pnor mfOCT1'\allon. U lhe para
le ter s.et 1s lll<ondltJoned w¡t.hout t.he pnor mforrnat.JOn. t.hcn lhc 
no~ mformauon will constrazn t.he model paramctcr cstJmJtcs 

:ov.cver.1f the cmJr ra.uo L" I.1J'EC: for thc pa.r.unc.l.Cn \lo1th pnor mfor
JJtrnn. t.hcn crrors 1n t.hc pnor valucs may lead tu l.lfgC errorl rn 

1C C'>limJtcd valuc~ of t.hc olher paramctcr.>. Should thc pnor 
1ior.nat1on havc thc j'Xticnualto l)'Siemaucalty O\Cr or unJcrcsu· 
IJ.tc thc truc p.1.•.uneter vaJues. thcn the pnor informauon may lcad 

' «='mH~ in paran1cter estimare:> lf thc pnor mformation 1~ r.llldomty 

~tnbutctl about the lrue \al u e of t..hc pa.rameter csumatc. lhen thc 

1o: mforrnauon mJght not lcaJ 11.1 s1¡;ruf•cant crrors m lhc f¡naJ parJ-
• c.<>Umatc,s UnfortunJtcly. thc J..\sumpoon that pnor mfnrm.nwn 
¡Jomly d•~lnbutc:J aouut thc truc parametcr value 1s rJrcly fui

JkJ lfl rraClil:C. In lllis S) ntht:tll..: ~).\!Cm. ÚIC full [l.tramctcr ~~ IS 

-condJuoncd Y.'Ilhout pnor lnfonnatJOn. Paramc:lcfs R1• R~ anJ F 
aJ tu sma!! error raUos. but lhc~c are d1fficuh paramc:tcr:> to mea· 
1rc: md::rcndcnt of thc: modd Thc: lr.lnsnussivny paramctel;) lcad 
l.u~~-~ c:-hJr r.lt!os. but a.rc ca.. ... tcr tu n'JC.J..3ure m lhc fteld Hov.ncr. 

11 JS common fur prior informauon on transmissi\·11~ to be signif
tca.ntly biased, becausc of scahng diffcrcnccs bctwccn rh~ mea
SU! .:ment of transmiSSIVity in the ficld and thc modcl transr~ussJV· 
11y Onc soluuon 10 Úlis dilemma ts to prov1dc pnor Hlfonnauon on 
p:•r.1Il1cter T9. Ths pararneter lcads lO t.he sma.llc~t error rallos of any 

of !.he transmissiviry paramctcrs. &rors 10 t111s pJiamctcr valuc will 
not be mag:nificJ as muchas error.; m any of ú1c oúJcr transmissivily 
paramctc:"rs . 

Application to Calibrating a Model for the San 
Juan Basin 

Th1.!, scctwn describes the appilcation of pJ.ramc:ter space 

melhod.s for calJbratmg a reg10nal ground water now modcl for thc 

SJ..J1 Juan Ba.·'im, New Mexico. The data avrulable mclude hydr.J.Uiic 
hc.ad data. 1"C dat.a.. and pnor mformauon on parameter values. A 

cross-sect.JonaJ gmund water flow and salute transpon model in the 
""c .... t-centra.J poruon of thc basin as constructed. A JOlnt inversion 
s..·hcmc is u<>ed to anctudc informauon from t.hc 1-'C mea.suremenLS 
m th«=' c:sumat10n of thc parametcrs for thc ground water flow 
model (V.'e1ss and Smllh 1997) Only selccacd rcsults are p1c..:.entcd 
1n this papcr; a complete descnption of the model and applic.ation 
are conuined m Weiss (1994). Phillips el al. (1989) constructcd a 

qu.l..'.t-30 mot..lcJ of ground water nuw 10 thc uppcr permeable UOJL<; 
wtthtn thc San Juan Ba.sm. usmg a manual caJ¡bratJOn procedure to 

mfcr tran.mu<>s¡v¡ry values and vert.ic.aJ conducLJ.ncc using hydr.:JUlic 

kad mca..<;urt'mcnts and csumatcs of ground wJicr rc~•dcncc lime 
.h:1\.Cd on 1-'C data. 

Modcl Construction 
1bc San Juan Basm is a large as)'mmctnc structurJI deprcssion 

{77000 lm~) in northweslem New Mcxico anJ southwestcrn 
Colorado. F1gure 7 as a schcm.at¡c crm" ~cctton of thc uppcr 
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Cretaceous and Teniary unit» along the section that we model. 
Six hydrogeological units are included in the model; the Cliff 
House Sandstone. the Lewis S hale, the Picnued Cliffs Sandstone. 
the Kinland/Fruitland S hale,. the Ojo Alamo Sandstone. and the 

Nacimiento Formation. The location and thickness of all units 
were obtained from well data. The model extends from Chaco 
Canyun in the south to the San Juan River in the north. approxi
mately 75 km along the center of RIOW. 

The flow system is assumcd to be at steady state. A finite ele
me m mesh is aligned with the regional slope of the hydrogeolog
Jcal unns. Thc upper boundary of lhc model coincides with the ele
\ auon oí the water t.Jblc. and IS reprcsented as a specified hydraulic 
hcall bounda.ry using four specified hcad nodes. Thc valuc of the
hydrJullc hcad at cach of thcs.e r.odes JS esumated, and the hydraulic 
hcad alonf: lhe rest of the boundary 1s intcrp:>lated lmeariy bctwecn 

thcsc nodcs. Dunng model caltbr::~.tlon. thc upper boundary clcva

uons char.:·.:: and the finite clcmcnt gnd can a<!just tu reflectlhcsc 
ch.:J.ngcs ~: lowcr bv~.;ndaJ y L> represcn!ed by a no-flow hound
~· Ji thc ¡\kncicc Formation Thc northem and southem bound

ancs are both no-flow boundanes. rcprescnting ground water 

dJ\'Jdcs 

HydrJ.:.J!ic h-:Jd dJtJ.. :akcn irom Philhps et al. (1989). indicares 

rech:uge a long rh...- ourcrup:. and <.bcharge to lhe San Juan Rivcr. 

f¡{!y-st.\ wclh \~,-·irh hydr:lUlic hcad dJta located in lhe area Xtwccn 

f·: 'J\\" Jlld R ll \V from Cn.Jco Canyon w the San Juan R1 ver are u.,eJ 
in thc e- ''"·SCCtJonal modt:l F1gure i ~hows !.he m1dpoint of thc 
screenc..: Jntcr.·J! foral! wclis 111 the hydraulic head data !-.CL Tilc 

h:.:-ad dJta J.rc ass1gncd unccnainlles wh1ch dcpend in pan on thc 

!ength of scrcened mtcrval Jnd thc d1stance from thc wdl to the linc 

of s:::cuon. 

Thc IJC data are obtatncd from Phillips ct al (1989) ::nd S tute 

(1995). Carbon-14 samples have been collected in 18 wells in the 
ÜJO Alama and Nacmuento Fom1alions. Thc unccrta..inty a..ssigncd 

to thc ,JC da:.a :~ bascd on the rr.agnirudc ofthc 1-l(: concemration 

and Ü1c d1st::mcc of thc wcll from the !me of cross-sccuon Thc IJC 

c0nccntra11ons a.re as.sumcd ro be at steady state. An initial con· 

ccntratJOn ofS) pmc (Vogcl 1967) JS uscd at thc watcrtabk m thc 

fCflOn whcrc downward nuw irom lhc water la~lc:: occurs. A hor

IZOntal disperSJ\'H)' of 300m (Phd!ips ct a!.l989) 1S assumcd. 

These para.rnet~~ \·a.Jues are: unccruin. and thc conscquenccs of mcor

rc(tly speciiy::-::: ihe paramctcrs controllmg thc: conccnlrallon dts· 

tnbutJOn are exJ.mmcd below 

Direct informatton on hydraulic conductiviues is Lakcn from 

Stoneet al. ( 19831 and the model of Phlilif" an. ia.n.o;cy (19~ 1 nú, 
dtrcct mfonnauon can be U.'.Cd as c:nhcr pnor mformatJon on para

mcJcr values or lnJUal pMaf!lCtcr csumatcs for modcl ca..libr.luon pur· 

í'IO:.c.s Thc cffi...-1cnt ;.¡nd rc:-.¡xm"Lblc u:-.c of th. ;·nur mfonnatJon ¡~. 

JO\CSttgatcJ 

t\lodcl Calibration Stratc~· 

Thc rlo""' modcl dcscnbed above conta.ins 10 paramc:ters that 
nccd to be estJmated. fuur hydr.1u!tc head boundary par.unetc~ (thc 

11~ drJu!:c- hcad at ca...-h of ttlc iour nodes that dcfmc: thc uppcr sur

ÍJ.cc of thc mtxh:l l. ;:¡nJ :-.1\ hydrau!t::- conductlvJty pararnctc~. onc 

tm c:ach !ayer 1n thc moJel Thc hydr;tullc conductn Jites are 

dcnoted Cliff Hou\L' SJ.nd,wnc (1\..rhl. L.· .. '" Shalc (1\ 11 : ;.:-turr.:J 

Cl1ff:-. SJnJ..,tonc 1 Kr- l. t\1: t :.Lnd!Fnut!anJ Shalc (K k). ÜJn A lamo 

Sand,tonc ("',). anJ thc 1\;.h.:ulllcnto Fnmuuon (~).lOe am:-.otropy 

for c.1ch hydrauli( conJuctL\Jly zonc JS as.s1gncd a vaiuc of 100. ahJ 

Tablc 6 
Pa..ramf't('r Estimates and Uncertaintics for JO Parameler 

an:. Parameter Inversions for San Juan Ba-.in 
-- Cross S.Ction Model 

-.JO :··.:amrtrr lnvcnion 6 PararMte:r lnvnsioa 
.Pa,..,...r 'Estimatr 'Sumdan!Enur -F.stimalr .. St-taniEnw 

"" u 4.5 u NIA 

K 
' 

T.J9e-OJ 4.7 l.J~..();\ N/ A 

K¡., 7.00e-OI .5"2 7.00c-(ll NIA 

K, : .57c-OJ 0.26 1 .57e-U.' N/ A 

K. 5 67 O JS .'i.:H' 007.1 

K, 1.78c-OJ OIJ o'" o 066 

H, IStJ.l.O "21J.O IS1"2 O :21.0 

H: 1Q72.0 l.'ill 1975 (l 94 

H, 19560 7.9 l%lJU 6.0 

H, 1678 o 11.0 1677.0 11.0 

.subsequcntly thc cffcct of crrors in the spccificd valuc of amsotropy 

on thc paramcter esumates 15 dr.:tcm1mcd. 

T\\0 stagcs of modcl caubrauon rc.':>ult~ Llrl' prcscntcd. In thc 

first .st:JfC. all 10 modcl parJmctcr~ are cstJmatcú. TI1c paramctcr 

space f<'r lhe jomt data set is exammcd 10 dctcnmnc how to use prior 

information to efficicntly and rcsponsJbly stahiii7C thc paramctcr seL 

Ir J\ shO\\ n lhat pnor mfonna110n on thc hydra1· _ conductinty of 

the iO\\ C'r layers of the modcl stahdizcs thc par ;.¡meter spa-··;. and 

kads tu small error ratios for thc rcmallllllf. paramctcrs: In lhc 

seconJ stagc. prior infom1ation .s used lO spccify the paramctcr val

ues for the lowcr model laycrs. and thc relll<:!!ning paramctcrs are 

est1mated. The etT~..cLc; of possiblr.: errors in thc amsotropy ratio, 1"C 
sourcc strength. and di...--.ersivity are analyzcd using the parameter 

spacc dunng thr ··:OnL ·:tge of paramctcr cstimallon. 

ldcntilication of Efficient and Rcsponsihlc Paramew:-s 

fnr Prior lnformation 

Table 6 summarizcs thc paramctcr cst1mates and uncertainties 

for mcx:iel inven>iom based on the joint hydraulic head and 1-'C data 
!\.Ct.s. without incorporaung prior information on hydraulic con

tluctJvlly Thc t-._..-draulic conductivHy paramctcrs are prescnted in 

unll~ of mlyr. Sincc the invcrsion was pcrfomH~d using log-trans

fonnc...! h~·drauhc conducuviues, the standard c. -... rep:med are for 

log-tramfonned hydraulic conductiviucs. A s:.:::dard error of one 

1mph~ an uncerumty m thc paramctcr eslimate of one arder of mag

nJtuu. The hydrau!Jc hcad boundary paran1ctcrs and their standard 

cm1r :e both m l·::ul\ of meter.;, and are not transfonned. The para
meter~ "'h· K1 and ~ all have standard crrors near five orders of 

magnnudc Thc paramctcrs Kk. ~ and Kn all havc standard errors 

of betwecn 0.1 and 0.3. The hydraoolic head parameten; have stan- 1 O 
dard errors between 7 and 30 m. 

Table 71ists the axc:s ofthe confidena: region for the final para
mc:t~r esumates usmg the jmnt data set. l11c CN of the parameler 

!'p.lCC 1" approximatcly 43.000. meanmg thc longest axis is 43,()(X) 

11rnes a..;; long as thc shonest ax1.s. Axes 9 and 10 are the longest axes 

of thc confidcncc region lloth havc s1gmflcant com~ncnts from 

the :<:unetcr axcs ~11 and ~· but small compooenL~ from the otller 
paramc:ter a.xes. Thc th1rd longcst axis. aJI.is 8. 1s nearly parallelto 

parametc:r axe.\ K1. Thc founh and fifth longcst axcs, axes 7 and 6, 

hJ\'C lhcLr largc~t componcnts·from paramctcr a.x.e!\ ~ and Kn- The 
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Table7 

Axes or Confidence Region for Parameter Estimates Ba.sed on Joint Data Set for San Juan Basin Cross S«tion Modcl 

..s Lengths 2.6e-OJ 4.3e-Ol 6.2e-OJ Ue-02 4.4e-02 J.6e-OI l.le-01 .l.'le-01 l.lc-+02 1.3e+OI 

Parameters u, u, u, u, u ' u, u, u, u, u .. 

K,, 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 -0 97 0.25 

K 1 000 -0.01 0.00 ~.04 0.!4 ~.01 0.08 ~.9'1 0.01 0.06 

K,. 000 000 0.00 0.00 0.01 000 0.01 -D.06 -D.l5 -0 Q/ 

K • ~.01 ~-lO 0.0' -D !1 o:¡ 0.10 0.05 014 000 000 

r " ~.01 0.00 0.00 0.00 ~lO 047 0.87 o 05 000 000 

r 
~ 0.01 ~01 ~.01 0.00 -0.05 0.88 ~.48 ~.os 0.00 0.00 

ll, 0.01 0.0:: ~.03 ~99 -0 12 -0 01 ~.01 o 02 0.00 0.00 

H. O IS 0.91 -0.13 o 01 o 10 001 0.01 000 0.00 0.00 

11, 0.95 ~.1" 0.~7 0.00 ~01 ~.01 0.01 000 0.00 000 

H, o ~5 ~.18 ~.95 0.02 000 ~.01 0.01 0.00 000 0.00 

Table 8 
Error Hat1o ~fa tri\ for Pararnctcr E..c;timates Ba.c;ed on Joinl D:Ha Sct for .San Juan Ba.;:in Cms¡¡ Sectinn Modcl 

Paramclcn "'üh Prior lnfoónation 
Estimatcd 
Paramctcr.; "a ¡.; 

1 
¡.; 

"' 
K • 

,. 
1.0 -58.0 3.3 -700. 

-{)o 1 10 ~04 9.4 

"-, 0.2ó -15 o 1.0 -180. 

K 1 O.IY.l o m 0.00 1.0 

r 
" 

o ()(l 000 000 ~01 

L. 000 0.00 000 0.00 

ll, O C•J 0.00 0.00 ~.04 

H. O.IXl 0.00 0.00 000 

ll. O.O'.l 000 0.00 000 

11. 000 000 000 000 

:rru< rauo mJtnJ; (Tahle 8) showc; thc srna.llest error r.mos rc-:u!t from 

mor 1:1fomwuon on K-11 . v.·hJic lile so:ond sma.!le.'\t error rauo~ re."ul! 
:11r:1 rnrr 1nfonnauon on K,-. Pnor ¡nfonnatmn on any of lhc para
nct~r' r:,~. ~· K1. or K, rcsult m vc:ry small error rJ.tiO\ fnr lllc 
cr~'!J.:r:tr¡~ pJramc:tcr' ErTor;. 1n an:- othcr par.tmctcrs lead to vcry 
:tr!=~ C"i.•l~ ratzo\ for thc pa.r;;¡,mc:tcrs K-ct¡· KTY. and K1 Smcc thc"c 
1.1ía::1~·:~·r, havc· !ar~c unccrt~lln!JC<;. thc crroro:; duc to thr error 

:.Jlh · ::1.:". bt' v. llhlll m·.: p3.r ..lnlCtc:r unccrt .. .UntJcs. Howcvcr. pnor 
:Jilr.n.1t:on on Llll' p.1r.11ncter.. ~h· ~-· and K1 are lhc most re.;pon
lblc tx·cJ.u5-c thcy lc:ad f() thc smJ.llc:st error ratms 

TJ¡;:.·~.: ptHJp<; (lf para meter' can Oc dc:fmed h.l_.;ed on lhc pMJ· 

.J·..:tc:: ';'.1-:c Thc úr"'· pl•up lllnt.11m pJramctcr' ~M· K,.:. 1\, anJ 

.,. !':;\1: :n!(Jfil;atJun on ~~~ 1'• tht· JllU!-1 c!Tll"Jcnt m rcducmf: thc 
,, '.\~.J:nctr.:r urH .. l.'r:.J1n:: . ..1nJ k..1J, lll thc: .!-.mallc:,t lmcJiueJ 

:-n ... ,l::,h. Prior tnfmmJllun on an) of thc par.unctcn in th1~ 

·ruup \llll.rcdu";;"c thc unccrt.tlnty foral! thc paramctcn. 10 thc 
í0Uí) Tn.: .\Cl'O!hl ~ruup cunt:un ... t.nc p-1:-arnctcr!:> K

0 
and K" Pnur 

1lunn.lt1on on the'-< jl..ir:J.mctcr\ v. dl not reduce thc unccrt.a.Jnt~ uf 
ny o:' 1111.' p.ti:.HllCl('f\ !!l tll:.' rm.: puur. Pnl)f mfunnJlJUn un K.., (lf 

K. K, H, H, H, 11, 

64 10 2600 -2RO -680 14<Xl 

~04 000 -35.0 3.8 9.1 -1~. 

60 3 80 ó70 -72. -174 367 

000 0.00 -l.) 0.14 0.35 ~.73'· 

10 000 0.03 0.00 ~.01 0.01 

000 1 o 0.00 0.00 0.00 0.00 

000 000 1.0 ~.02 -{)04 0.09 

000 0.00 0.00 10 000 0.00 
o()() GOO 0.00 000 1.0 0.00 

000 000 0.01 0.00 0.00 1.0 

~ wdl mamly rt:ducc t.hc uncert.JJnly 10 thesc rwo parametcrs. The 
lh1n.i group conl.a.lns thc hydraul¡c hc.xJ par.uncte13. Pnor information 
un lhc h:·dr .. wlic hcad parame1c13 w¡JJ ~01 reduce t.hc L.mccrtainty in 
Jn~ of tht: hydrauhc conducuvily paramc1ers sign¡ficantly. Thc 
hnea.'i.lcJ c:rrur r.JIJO~ s.hov.·!.hat thc h)draul!C hcaJ paramctc:rs are 
0111 tllc mort: rcspon ... ible paramc:1crs for pnor mfom1a110n. 

BJ~J on lhc atxwc analys1~. Íl '" ~ffic1Cnl anJ rnpon~1blc tu 

u:-.c pnur 1nforrnatH>n to Jt:fmc thc paramctcr vak:• for Lllc ;ower 
four h)dra.L.:JC conducuvity paramcters. 1<-,:h. K~,·~· and Kk.1n thc 
sccunJ suge of modcl calibralion. thc:sc four parametcrs are spec
¡f,cJ U'IJOf thc c.-.wn~ues dcvclop!:d fwm thc 10-pJramctcr inver
:o.Jon ! v. h1.:h are very el ose 10 thc1r pnor valucs). and only SIX 
nh'loi..Jd p.lrJ.mctcr~ are estimated. Thc modcl paramc:tcr~ cstirnatcd 
are !h..: l"'o h:-Ur.tuhc coudu..:IJ\ 11y parJrnctcr!'>. 1\.o ;_¡nJ Kn. and thc 

fuur h: Jrauilc hcad pararnctcrs. Thc rc~uilmg paramctcr csumatcs 
anJ unt"r:rt;unues are pven in Tablc 6. For thc tv.u hydraulic con

Ju~.:tJ\ 11: parame1crs. K0 and K". thc paramctcr um:cnaint1cs havc 
dt:crea"·J .\l,!;.nLricantly from lhc IÜ·panmctcr 10\cr;..lun. w1lh astan
cL:J <.'m1r uf lhc log-r.r .. msfonncd hydrduli~.: cunduCII''llY uf les:, than 

:-~ 

" ' .. 

11 



Table9 
ErTOr Ratio Matrix for Transport Parameten; Using Param<ler Spaao llased 011 Joint Dala Set for San Juan Basin Cross s.ctlon Model 

Specilied.Transport l'aramelas 
. Estimated 
l'anmretcn; P, P, c.., 

K. o.ss 0.52 -3.6 

K. -0.79 -0.71 3.3 

H, 0.00 0.00 -0.01 

H, 0.00 0.00 0.01 

H, 0.00 0.00 0.00 

H, 0.00 0.00 -D.O~ 

0.1. The unccrtamtics in the hydrau!Jc head parameters have 
decrca"'cd only shghtly. This sl1ght decre:lSe is expected, smce the 

hydrau!Jc heaJ pararnetcrs are nearly uncorreiated WJth thc hydmu!Jc 
conductivJt)' paramcter.;. The CN for the parameter space is approx
unatciy 93. a rcduction of ncarly liucc orúc~ •lf ma:;ma;dL fr0n1 thc 
1 0-paramctcr invcrs10n. 

EITcct of Error.; in Othcr Paramcters 

In calibraung the above model. many parameters were nOl esti

matcd. Thesc par:J.meters mcludc the effective porosuy in each 
unJt. lhe amsotropy fm each unlt, the inH1al concent.r.:nion for 1"(: 

at lhe water t.1blc. and thc longirud:nJ.l a..-::.1 transverse dispcrsivn..ies 
(aL, ur) 1l1cse parameters were assigncd a specificd va1ue. lt is 

tmportant to determtne v.·hether errurs in lhe specified vaJues of these 
paramcters mfluence Ulc csumated paramet-:rs significantly. The hn
earizcd error rauo matrü~ can be used lO detennmc how potcnuaJ 

crror5 m these spec1fied values influence the esumated parametcn. 

The error ratio mat.Jix IS shown in Table 9. The parameters P0 

and P11 are the effcc~Jve porosny of Úle Ojo Alama and Nacuniento 

respccuvely. and An 0 and An 11 describe the anisouupy of the Ojo 
Alama and Nac1mientu. The parameters with sJgnificant error 

rauos are the hydraullc conductiv¡ty parameters as a resuh of errors 

m cmu· aL, and An 11 Errors m specifying the bounciary 1"C con
centrauon may be magmf1ed over three umes when esumatinb 
thc hydrauhc conducuvity pararneters. Errors m aL lead to largest 

error ratios for Ko and ~. while arors in o.r iead to small error ratJos 
for ~ and ~ Thc esumates of the hydrauilc conducuvny par.l
mctcr.:. are s.cnsitive 10 errors in thc esumate of aL. This ~nsJUvity 
c.:m cauo;e dJfficulty. sincc pnor mform:Hion on aL 1s dJfficult to 
obL.11n Thc pJ.r.l..ITlcter cstJmatcs are m~nSIIJVC to errors in the 

amsotropy of ~. but more ~ns1Uve to the amsotropy of K1l Thc~ 
error rallOS are COOSISICO(, bccause In the ÜJO AJamO, the flo~· 

dJrectJon IS dormn.lntlv a lo.,~ tj-le dlf' of the unit. and thr:n:::fnrc not 

\'cry scnsllJ\'C to Lh:: amsolropy of K1). In thc r\ac:m¡.:nto. thcrc ts 

J smaJI componcnt of vertical flow, and the anisolrOpy of the u~1t 
does aife<:t the now field. Ba..-.e<J on thesc lineariud error raiJOS, esti
maling both c,llll and aL along' with lhe flow parametc:rs for this 

modcl would be more rcsponsiblc: than simply usmg prior mfor
mation on these transpon p3.r.1mcters Usmg prior informauon for 

the other rranspon paramcters is rcsponsiblc. smce the lineari~cd 
error ratJos are smal L 

Bascd on lhc abovc error ratio anaJysts. parametcr estJmation 

for thc flow system was pcrformcd for cight pararnc:crs: thc sU flow 

pJ.r.lrneters and c,11 ,1 and nL For c,ru!' the fmal paramc1er c:stimatc ts 
79.5 pmc. ForaL· thc: final parameter estímate 1s 350m. Both of 

-
.aL ·-CIT An. ·An. 

-9.0 -0.30 -0.01 0.61 

11.5 0.86 0.01 -1.4 

0.02 0.00 0.00 0.00 

-0.01 0.00 0.00 0.00 

0.00 0.00 0.00 0.01 

0.00 0.01 0.00 0.01 

these parameter estimates are clase to thctr prior values. so thc esti
mates for lhe flow paramcters are similar to the parameter estimares 

using prior informauon on c,n~~ and cxc. Thc lineariz.ed error ratios 
show thc potcntíal for large crrors whcn using prinr infom,alion on 

..:,m1 ando. L. bul tlu·~\.:..' paiui' estinldtcs :u-e clo<..r to thc estima te.." usmg 
thc caltbr.mon data, ~o it zs probahlc that no largc error~ oc~.:ur. 

Concluding Comments 
Parametcr estimation problems are oftcn not 1dentifiablc or 

unstablc using only hydraulic head data. Prior infonnation.on 

sorne of thc paramcters may,:: used to .\tabiltzc thc paramcter sct 

for thc purpose of parametcr estimation GUidelines have been 
developed and dernonstrated for efficicnt and responsible use of pi 
mformation in parametcr estimauon. Thc rnost efficient parametl 

for prior infonnation are thosc with thc largcst element of the unit 
vector (e¡genvector) assocmted with thc longcst axis ofthe parameter 

confidence region. The most re..<iponsiblc par.uneters for orior infor
mauon are thosc that lcad to the smallest error ratios. The lm

ea.nzcd error r.nios can be calculatcd f rom the axes of thc parame
tcr confidcncc region. Thosc paramctcrs :.hat are the most efficienc 
are oficn the most responsiblc. Both guodchnes lcad to seloelillg para
rnetcrs whose axes are closely aligned wzth the longest axis of the 
parameter confidencc region. 

Parameter space analys1.\ was applzcd to synthetic and field 

examples with good results. Thc paramcters for which prior infor
mauon most efficzcntJy and responsibly sl.l.hzhzed the pararneter set 
werc correclly zdenttfied usmg the parameter spacc analysi&. The 

hne.mzed error !4Uos followcd thc pancm obscrved in the true error 

rauos Paramct.er space analysis may lead to selecung parameters 
ahout wluch re hable pnor informauon L' difficult to ob<ain. 1lx: rnod
elcr miL" make a judgment regardmg tloc rehability of the prior infor

mation aga.m~t Lhe potcntial cffccL" of crrors in Lhc prior estimare. 
Paramc1cr space ana.ly~i~ g1vc~ Lhc muJclcr a too! to judgc Lhe 

potcnual cfTect.s of crrors and uncenaiJltiCS in the prior estimat~. 

The error 141ÍO analysís ís aiso valuablc for judging the potential 
effects of errors 1n spccificd modcl paramctcrs. 
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Author's Note 
Rich Weiss died in a kayaking accident on the White Salmon 

River in June 1997, several weeks before the reviews of this manu
script were received. While obtaining h1s doctoral degree at the 
Umvcrsity ofBritish ColumbJa, he was'a!so a member of the U.S .. 
Olympic Whlle\\-ater Slalom·team. A·profe'5or could not hope to 
have a tiner graduate srudent than Rich. He is sadly missed. 
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_SIMULACION DE ACUIFEROS 

e LA SIMULACION DE UN SISTEMA 

ACUIFERO CONSISTE EN LA CONSTRUC_ 
CION Y OPERACION DE UN MODELO 
CUYO COMPORTAMIENTO SE APROXIMA 
AL DEL ACUIFERO REAL • · 

e EL USO DEL MODELO TIENE TRES 
OBJETIVOS PRINCIPALES : 

( 1) ENTENDIMIENTO 

(2) PREDICCION 

(3) CONTROL 

1 



MODELO DE SIMULACION 

e EL TERMINO MODELO SE REFIERE A: 

(1) LA TEORIA QUE DESCRIBE AL 

PROCESO BAJO CONSIDERACION; 
(2) EL CODIGO DE COMPUTADORA 

QUE SE USA PARA SIMULAR 
EL PROCESO; 

(3) LA APLICACION DEL CODIGO A 
UN CASO PRACTICO ESPECIFICO. 

e SE PUEDEN APLICAR CRITERIOS DE 
EJECUCION PARA. LOS TRES CASOS •. 

z 



MODELOS 

e FISICOS 

e ANALOGICOS ELECTRICOS 

e MATEMATICOS 

- DETERMINISTICOS 

- ESTOCASTICOS 

- COMBINADOS 



- MODELOS MATEMATICOS 

e CONSISTE EN 

- ECUACION (ES) DIFERENCIAL (ES) 
PARCIAL (ES) 

- CONDICIONES INICIALES 

- CONDICIONES DE CONTORNO 

e SE BASA EN 

- CONSERVACION DE LA MASA 

- CONSERVACION DEL IMPULSO 



MODELO CONCEPTUAL 

' ' ' 
'' 

MODELO MATEMATICO ' . 
' 
' ' 

' ' 

MODELO ANALITICO MODELO NUMERICO : , .. 

ECUACIONES QUE SE ~PRO_ 
· ECUACION SIMPLIFICADA XIMAN NUMERICAMENTE 
CUYA SOLUCION SE PUEDE RESULTANDO EN UNA ECUA_ 
OBTENER POR METODOS CION MATRICIAL QUE SE 
ANALITICOS. PUEDE RESOLVER POR 

COMPUTADORA. 



METODOS NUMERICOS 

e OFRECEN VENTAJAS PARA 

- AMBIENTES GEOLOGICOS COMPLEJOS 

-- HETEROGENEIDAD 

-- ANISOTROPIA 

- CONTORNOS IRREGULARES 

- PROCESOS NO LINEALES 

- PROCESOS ACOPLADOS 



,., 
o .... 

N 

AREA TO BE MODELED 

. ;. 



FINITE DIFFERENCE GAlO 
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FINITE ELEMENT MESH 

' ,., 
1 .... ' ... ' , 

' .. 

• nodal point 

o source/slnk node 



PROPOSITO DE LA MODELACION 

e ENTENDIMIENTO DEL SISTEMA Y 
DE LOS PROCESOS. 

- INVESTIGACIONES DEL· AREA 

- CONDICIONES PASADAS 

e PREDICCION 

~ CONDICIONES FUTURAS 

- ANALISIS DE DISEÑOS CORRECTIVOS 
- ANALISIS PARA CRITERIOS DE 

REGLAMENTACION 

e CONTROL 

- IMPLEMENTACION DE PROGRAMAS DE 
APROVECHAMIENTO O CORRECTIVOS 

- OPCIONES DE OPERACION 
- EXPLOTACION OPTIMA 

1 o 



IDENTIFICACION DEL MODELO 

e ·A LA DETERMINACION DEL MODELO 
TEORICO CORRECTO SE LE CONOCE 
COMO IDENTIFICACION DEL MODELO. 

• DADA UNA CLASE DE MODELOS Y 
UN PROCESO, EL PROBLEMA DE 
IDENTIFICACION CONSISTE EN 
DETERMINAR EL MEJOR MODELO 
EN ALGUN SENTIDO MEDIANTE 
OBSERVACIONES DE ENTRADA-SA_ 
LIDA DEL PROCESO •. 

• LA SELECCION DEL "MODELO MAS 
VERDADERO'' ES UNA TAREA SUB_ 
JETIVA QUE DEBE REALIZAR EL 
MODELADOR. 

11 



SELECCION DEL CODIGO 

e UNA VEZ QUE LA TEORIA SE 
IDENTIFICA, SE PROCEDE A --LA 
SELECCION DEL CODIGO. " 

e EL CODIGO DE COMPUTADORA- -
( PROGRAMA) ES UN CONJUNTO 
DE INSTRUCCIONES DISEÑADAS 
PARA RESOLVER EL MODELO 
TEORICO. LA MAYORIA DE LOS 
INDICES DE EJECUCION SE HAN 
DESARROLLADO PARA LOS 
CODIGOS DE COMPUTADORA, A LO 
QUE SE LLAMA VALIDACION DEL 
MODELO. 

• LA VALIDACION ES UN PROCESO DE 
PRUEBA APLICADO AL CODIGO DE 

- COMPUTADORA, DONDE LOS OBJE_ 
TIVOS SON : 

(1) VERIFICAR L-A EXACTITUD- DEL 
ALGORITMO COMPUTACIONAL EMPLEA-
DO PARA RESOLVER LAS ECUACIO _ 
NES QUE DESCRIBEN EL FENOMENO • 

(2) ASEGURAR QUE EL CODIGO DE 
COMPUTADORA SEA COMPLETAMENTE 12 

OPERACIONAL. 



SELECCION DEL CODIGO (CONTINUA) 

• SE DICE QUE UN CODIGO DE COMPUTADORA 
ESTA' VALIDADO' SI SE HAN EFECTUADO 
LAS PRUEBAS SUFICIENTES PARA 
DEMOSTRAR QUE REPRESENTA CON 
EXACTITUD AL MODELO TEORICO. 

• LAS PRUEBAS PUEDEN CONSISTIR EN: : 

(1) COMPARACION CON SOLUCIONES 
ANALITICAS. 

(2) COMPARACION CON OTROS CODIGOS 



FLUJO DEL- AGUA SUBTERRANEA 

MARCO FISICO 

e PLANO HIDROGEOLOGICO MOSTRANDO LA 
EXTENSION, CONTORNOS, Y CONDICIONES 
DE CONTORNO DE TODOS LOS ACUIFEROS 

e PLANO TOPOGRAFICO MOSTRANDO LOS 
CUERPOS DE AGUA SUPERFICIALES 

• PLANOS DE CONFIGURACION DE LA SUPER
FICIE FREATICA, DEL BASAMENTO, Y DEL 
ESPESOR SATURADO 

e PLANO DE TRANSMISIVIDAD MOSTRANDO 
EL ACUIFERO Y SUS CONTORNOS · 

e PLANO DE CONDUCTIVIDAD HIDRAULICA Y 
ALMACENAMIENTO ESPECIFICO DE LA 
CAPA CONFINANTE 

e "PLANO DE VARIACION DEL COEFICIENTE 
DE ALMACENAMIENTO EN EL ACUIFERO 

e CONEXION HIDRAULICA ENTRE EL 
ACUIFERO Y LOS CUERPOS DE AGUA 
SUPERFICIAL ES 

1 J.( 



FLUJO DE AGUA SUBTERRANEA (CONT) 

ESFUERZOS SOBRE EL SISTEMA 

e TIPO Y EXTENSION DE LAS AREAS DE 
RECARGA (AREAS IRRIGADAS, CUERPOS 
DE AGUA SUPERFICIALES, POZOS DE 
RECARGA , ETC. 

e BOMBEO DE AGUA SUBTERRANEA 
(DISTRIBUIDO EN TIEMPO Y ESPACIO) 

e GASTO EN CAUCES SUPERFICIALES 
(DISTRIBUIDO EN TIEMPO Y ESPACIO l 

e PRECIPITACION 

e EVAPOTRANSPIRACION 

OTROS FACTORES 

e CONDICIONES ECONOMICAS 

e ASPECTOS LEGALES 

e USO DEL SUELO 

., .. 

., ', 

'· 



APLICACION DEL MODELO 

• LA APLICACION DEL MODELO TIENE 
TRES ETAPAS PRINCIPALES : 

( 1 ) CONCEPTUALIZACION DEL SISTEMA 

{2) CALIBRACION DEL MODELO 

(3) PREDICCION 

e LA MAYORIA __ DE LAS APLICACIONES 
INCLUYEN .A LAS TRES ETAPAS, 
AUNQUE CON DIFERENTES GRADOS 
DE ESFUERZO. 

((, 



Mejore 
modelo 

concept 
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DETERMINE LA NECESI_ 
DAD DE UN MODELO -
NUMERICO. 

w 
RECOPILE E INTERPRE _ 
TE LOS DATOS DISPO-
N 1 B LES 

.¡, 
RECABE NUEVOS DATOS 
Y OBSERVE EL SISTEMA 

Conceptuollzocidn ~ Calibración 

PREPARE LOS DATOS PREPARE LOS DATOS 
PARA EL MODELO PARA EL MODELO 
USANDO LOS PARAM.E_ USANDO LOS PARAML ~ 
TROS ESTIMADOS. TROS ESTIMADOS. ' 

,. 

.¡, v 
COMPARE LOS RESUL_ f-

INTERPRETE LOS TACOS CON LOS 
RESULTADOS. DATOS OBSERVADOS. 

Resultados~ Bueno ¡y Molo 
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so ti sf octori os reproducción reproducclon 

PRUEBAS DE SENSIBILIDAD 

i' 

SE NECESITAN MAS DATOS~ 
• 

.V no 
.. 

PREDICCION 
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APLICACION. DEL MODELO (CONT.) 

• LA CONCEPTUALIZACION DEL SISTEMA 
INCLUYE LA ORGANIZACION DE LA 
INFORMACION SOBRE EL SISTEMA 

. ACUIFERO DENTRO DE UN MARCO 
INTERNAMENTE CONSISTENTE. LA 
CONCEPTUALIZACION INCLUYE LOS 
FACTORES QUE CONTROLAN AL 
SISTEMA DE FLUJO TALES COMO 
GEOMETRIA Y ESTRATIGRAFIA, CONDICIONES 
INICIALES Y DE CONTORNO, Y PARAMETROS 
IDROLOGICOS. ··· 

e LA CONCEPTUALIZACION DEL SISTEMA ES 
UNA TAREA SUBJETIVA Y NO SE 
DISPONE EN GENERAL DE INDICES 
CUANTITATIVOS DE CORRECCION . 



APLICACION DEL MODELO (CONT.) 

e LA REPRODUCCION HISTORICA O CALIBRA
CION DEL MODELO SE EMPLEA PARA 
REFINAR LAS ESTIMACIONES DE LOS 
PARAMETROS HIDROLOGICOS Y CONDICIO_ 
NES DE CONTORNO MEDIANTE LA 
.COMPARACION DE LOS RESULTADOS CON 
LOS DATOS OBSERVADOS. 

e LA CALIBRACION SE PUEDE EFECTUAR 
POR ENSAYO Y ERROR O POR REGRESION 
AUTOMATICA. PARA AMBOS, EL ANALISIS 
DE SENSIBILIDAD ES PARTE DEL PROCESO 
DE AJUSTE. 

e EL GRADO DE AJUSTE ENTRE LAS 
VARIABLES CALCULADAS (P. E. CARGAS 
HIDRAULICAS ) Y LOS VALORES MEDIDOS 
PERMITE JUZGAR EL PROCESO DE 
CALIBRACION • 

) 

1 'i 
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APLICACION DEL MODELO ( CONT.) 
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APLICACIÓN DEL MODELO CCONT> 

• LA PREDICCION ES POR LO CENERAL LA PARTE 

FINAL Y LA MAS CORTA DE LA APLICACIÓN DE 

UN MODELO 

• LAS PREDICCIONES SE BASAN EN LOS 

RESULTADOS DEL MODELO QUE UTILIZAN LA 

MEJOR ESTIMACIÓN DE LOS PARÁMETROS DEL 

SISTEMA OBTENIDA POR CALIBRACIÓN Y CON 

ELLAS SE PRONOSTICAN LOS EFECTOS DE UN 

CAMBIO EN EL SISTEMA. 

71 



USO ERRONEO DEL MODELO 

e LA MAYORIA DE LOS ERRORES DE 
MODELACION OCURREN EN LA APLICACION 
DEL MODELO; ENTRE LOS EJEMPLOS MAS 
COMUNES DE MAL USO SE TIENEN : 

( 1) SOBREMODELACION _..HACER EL MODELO 
MAS COMPLEJO QUE LO PERMITIDO 
POR LOS DATOS, O QUE LO REQUERIDO 
POR LOS OBJETIVOS; 

(2) CONCEPTUALIZACION INCORRECTA -
BASAR EL MODELO EN UNA CARAC
TERIZACION POBRE O INCOMPLETA 
DEL ACUIFERO; 

(3) .SELECCION INCORRECTA DEL MODELO 
~SELECCIONAR UN MODELO SIN 
ENTENDER BIEN SUS LIMITACIONES; 

(4) CONDICIONES DE CONTORNO Y /0 
.PARAMETROS DEL MODELO INCORRECTOS 

(5) PREDICCION INAPROPIADA- PRONOS - · 
TICAR BAJO CONDICIONES MUY 

- DIFERENTES A LAS EMPLEADAS EN LA 
. CALIBRACION; 



USO ERRONEO DEL MODELO (CONT.) 

(6) MALA INTERPRETACION INTER-
PRETACION HIDROLOGICA POBRE DE 
LOS RESULTADOS CALCULADOS. 

(7) APROXIMACION NUMERICA BURDA 
(IMPORTANCIA DEL BALANCE DE 
MASAS) 

'• 

(8) ERRORES NO DETECTADOS EN EL . 
CODIGO NUMERICO (IMPORTANCIA DE 
LA VALIDACION) . 



I1Nl'RO~DJUCC:IIO'N AÍL ~LO 
. ME)!DJUlA-R DE f·LUJJO mE 

AGUA SUBTERRANEA DEL 
U. S. G. S. 
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• Las modificacj,o,m.e:s s.e lim·iilloo. a: pa.:e:tes. 
Individuales . 

• Los pa.quetes se pl:leden incl'u'i'r o q~~itra!r 
sin dificultad. 

• Corre en varios Hpos de má'q,ui:nas. sln 

modificación. 

• Modelo en 1, 2 ó 3 dimens·lo·nes . 

• Relativamente fdci-1 de entender . 

• Muchas opciones. 

• Los formatos se pueden especificar por 

el usuario. 

• Calcula el flujo entre celda y celda. 

• Completamente documentado. 

·' )> 



VARIAS OPC~ONES PARA : 

• Condiciones de fl:t:J:j!O de Cl.C}.UO s.u:bf.erra.nea. 

• Términos fuente . 

• Métodos de soluci,Ón numé'rica . 

• Entrada y salida de da·tos. 

• Condiciones de con·torno. 

• Datos dependientes d·el tiempo. 



CONDICtoNES DE FLUdO DE 

AGUA SUBTERRANEA 

• Condidones freá:tica.s. 

• Condiciones pa·rcialme.nte convertibies de 
a:rtesia·nos a freótlcas· y vic·e.verso . 

• Condi<Ci·ones totc:llir:J\·ente con.vertibles de 
artesianas a freáticas y viceversa. 



TE RMtN€)S FUENTE 

• POZOS DE BOMBEO O llfl'\fECitON. 

• I:NTERACCION CON ~110S. 

• EVAPOTRANSPtRAClONt • 

• RECARGA DISTRI'I3UIDA. 

• FUENTES O SUMiiOEROS EXTERNOS. 



METODOS NUM,ER'ItCOS DJIE 

SOLUCtO·N 

• Procedimiento oltomen;t.e. im.plí:clt.o (SIP). 

• Sobrerrelojoción sucesiva por s.e.cciones 
verticales. (SSOR). 

? v 



ENTRADA 
• Grupos de datos separados se pueden manejar 

en archivos de datos distintos. 

• Formatos especificados por el usuario. 

• Sól10 lra:s opciomes selrecciom.ada.s entran al modelo. 

SALIDA 
e Carga,s hidráulicas.-

• Abatimientos. 

• Balance de masas. 

, 
• Datos de iteracion. 

• Datos de tiempo. 

• Cálculos de flujo celda a celda. 

• Opción de archivos en binario. 

• Selección de salidas para impresión . 



CONDICIONES DIE CONTORNO 

• Cargo prese.r:U·a· . 

• Flujo prescrito . 

• Flujo nulo . 

• Flujo dependi·ent:e de la ca:rga . 

-::,/ 



• Da.t.os- sobre la miC!Iilila, de d~lter.er.u~Los 
ffil:¡¡i:ta,s . 

• Periodos de esfuer~ e int-e•rva~os de tiempo. 

• Pará:metros del métroclo de res-ol:Ución. 

• Opciones . 

• Parámetros hidrÓtultiCO·S . 

• Condiciones de co.r:~:torn·o. 

• Términos fuente - sumidero . 



PAQ.UETE B:ASI1CO 

e Ta,r;na,no del mo.d:e:lo . 

• Co·ntornos. 

• Longi·tud de los j.r~,terva;l.os de Uempo. 

• Condiclone·s iniciale·s . 

• Sa,Hda. 

• Opciones ( Paquetes u.tiHzados ) 

REQUERIDO 



IUNIT 

El~ment 

Number 

IUNIT 

Element 
Number 

1 

2 

13 

1 

41 

2 

Assignment of Major Options to Elements 
in the IUNIT Array 

3 4 5 6 7 8 9 10 

Sample IUNIT Input Record 

o o 81 o o o 26 o 

3 4 5 6 7 8 9 10 

1 BCF Input ls on Un1t 13 
2 WEL Input ls on Unlt 41 
3 DAN ls lnact1ve 
4 AIV ls lnact•ve 
5 EVT Input ls on Un1t 81 
7 GHB ls lnact•ve 
8 RCH ls lnact•ve 
9 SIP Input ls on Un•t 26 

11 SOR ts lnact1ve 
12 Output Control Input ls on Unit 1 7 

11 12 

o 17 

11 12 

Figure 17.-Specification of ma¡or options using the IUNIT array. 
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Area Where 
Heads Vary 

( With 1'1me 

f.-_11 
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\ 

... ·""' 
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o o o -1 -1 -1 

L-~ 
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o o o 1 1 
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1 1 1 1 1 

1 1 1 1 1 

1 1 1 1 1 

1 1 1 1 1 

1 1 1 1 1 

1 1 1 1 1 

-1 -1 -1 -1 -1 

/ 
~ t'?? 
""-

1 1 1 

1 1 1 

1 1 1 

1 1 1 

1 1 1 

1 1 1 

1 1 1 

1 1 1 

1 1 1 

-1 -1 o 

/' 
Aquifer 
Boundary 

\ 

/ 

o 
1 

1 

1 

1 

1 

1 

1 

o 
o 

! 

; 

Ar ea of 
Constan! Head 

o 
o 
o 
o 
o 
1 

1 

o 
o 
o 

IBOUND Codes 

< O Constan! Head 

=O No Flow 

>O Variable Head 

F1gure 19 -Example of the boundary array (IBOUND) for a single 
layer 
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Head 

-

---.--------
1 
1 
1 

C.h"' 
I,J,k 

-- _1_ -;:;..~-

1 

1 1 
t-C.tm-1 

Time 

Exptanat1on 

tm time at end of time step m 

hm nead at node 1,j,k at t1me tm t,¡,k 

1 

1 

1 
1 
1 
1 

Backward d•fference approximat•on to 
slope of hydrograph at time tm 

Figure 6.-Hydrograph for cell i,j,k. 
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PAQUETE DE FlUJO 
CENTRADO EN LA CELDA 

• Lee los pa:rómetra.s de acuífero . 

• Calcula los coeflcientes de la:s ecuaciones 
de diferenci'as fhtita·s . 

REQUERIDO 



RESUMEN DE CONDICIONES DE FLUJO 
DE AGUA SUBTERRANEA Y DATOS REQUERIDOS 

Tipo 
CONDICION de 

REQUEHI:M.I.ENTO OE PATOS 
DESCRIPCION 

DE FLUJO Ca~a S S~ T K BASE TECHO VCONT 
Artesiano o Estrictamente tr no SI no no no cd 

confinado 

Freático 1 Estri,ctomente libre tr si 
. 

cd no no SI no 
, (sólo la copa ~uperior ) 

Parcialmente 2 T constante tr tr 
. 

cd SI no no SI 
Convertible (acuHero grl.leso) 

conversión S- S y 

Totalmente 3 Cooversión T- K tr tr 
. 

si 
. 

cd no SI SI 
Convertible Conv.ersión S -S y 

X 
, 

utilizado - Para metro -
no= Parámetro no utilizado 

tr = Parámetro utilizado en simulaciones en transitorio 
'' 

cd = Parámetro utilizado si existe una capa debajo 



J 

:: 
,. 

m-1 
h·. k I,J, 

Top .. k 
I,J, 

m 
h;,¡,k 1----------·-

• 
i,j,k 

} 

lnterval Over Which 
Confined Storage 
Coefhcient ls Applied 

} 
lnterval Over Which 
Specific Yield ls Applied 

Figure 30.-A model cell which uses two storage factors during 
one iteration. 
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PAQUETE DE POZOS 

• Lee datos de po2e.s . 

• Aiflade términos de ¡¡>ozo a· loo ec·t:lft·iones 
de diferencias fiil'iliiifias. 

• Condición de nulj¡O· prescri·to. 

• Pozo en el cemtro de la celd1a . 

• Conceptuotmen·te solo un pozo por celda. 

:. en la formulación las descargas se 
concentra:n. 

t(C 



PAQUETE DE RECARGA 

• Lee los datos de reca1rg¡a· . 

• Multiplica la taza de r&cC!l!rp: pc¡>:r e.l: 
orea de la celda . 

• Añade términos de re,cargo· a la·s 
ecuaciones de dife.ren·c·ias fi:n·i,fa·s. 

• Condición de flujo prescrito . 

'(/ 



Est•mateo 
Water 
Taote 

1 

v 

~ 

/ 
1 

,-1 1 1 ! i 

1 1 1 1 
1 1 1 1 1 1 
1 ! 1 1 1 

1 i 1 1 1 1 1 

La no 
Surlace 
/ 

<.. - ¡-.... 

'l-. 
1 
1 1 

1 1 1 

1 ' ' "-l ' 

1""' ~1 ' i ~ ' 

L 1 1 

Vert•cal Cross-Sec:.on Stmw•ng ¡:,etO 
S•tuat•on W•th F1n11e Odft·rence Gfld Supeflmposed 

a 

r:::. ¡:::: ,·~::::r::;r::: .¡: ,,,,. 
·":': :::':. '':·: ·::;:-

f.-

.,. :::,: : 

' 
1::·:: 

1 
Status of Cells 'lt End ol S•mutat•on 

b 

lx X 1 x_L X X X X X " 1 1 
1 1 
L 1 
L 1 

' 1 1 i 1 1 1 1 1 
1 1 1 ! 1 1 1 1 1 1 1 

1 ' 
Cells Wn•cn Rece•ve ~ecnarge Unaer Oot•on 1 

e 
j X X l. X 1 X X X X j_ X X 1 

1 1 : 1 X X 1 

' 
1 X 

! X 

1 1 X 

O Var•abte Heao 

~ Constan! Head 

@ tnact•ve 

Cetl Wh•Ch Rece.ves 
Recnarge 

Cell Wh1Ch Rece•ves 
Recnarge 

tnact•ve Cell Spec•l•ed by 
User to Rece•ve Recnarge 

1 1 ' Heavy L•ne Encloses Cells 

Cetts Wh1ch Rece1ve Recnarge UnOer 0Pt•on 2 

d 

X X X X X X X x¡x 1 

1 
¡ 

1 X X X 

1 X X 

1 1 X X 

1 1 X X 1 
1 1 1 1 1 

Cells Wtuch Rece•ve Recharge Under Oplion 3 

e 

1 

User Thought Would Rece•ve Recnarge 
Baseo on Est1mated Water Taote 

Ce\1 Wh•cn Rece.ves 
Recnarge 

F1gure 38.-Hypothetical problem showing which cells receive 
recharge under the three options available in the 

Recharge Package. 
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PAQUETE DE RIIO:S 

e Lee datos de rfo . 

• Añ<ll!d.íe: té.rmitRO:S. a la;s e.cu.aclo.At&.S: de 
dii'f'er-e:nc·iG's flRH·a·s . 

.~1 

• CoAdición de flujo dependiente d!e la carga: 

• FluJo vertical solamente . 

• El río es una fuente infiníta. 

0RIV = KLW 
M 

t 
conductancia 

( HRJV- HAQ) 



-

12 
' 

~ 8 

~ )7 

~ ·;6 
~ ~ 

9 

10 

11 

¡:,gure 32.-D,scretizat,on of a stream into reaches Some small 
reaches are ignored. 
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a 

Wat~r 

Lo;., Permeab1li~ ___;..-_..;( 
Streambed . 
Mater~al 

Cell 
Boundary 

Impermeable 
Walls 

R1ver 
Surlace 

Low Permeabll1ty 
Material 

Cell 
Boundary 

Land 
Surlace 

Head 

'" Cell 

Figure 33.-(a) Gros!; section of an aquifer containing a stream and 
(b) Conceptual representation of stream-aquifer interconnection 

in simulation. 
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Head in Cell 
hi,j,k ---1-1 

1-----.l:tó 

Head in Stream, Ri,j,k 

Concluctance usad to 
Represen! Stream-Ac¡uifer 
lnterconnection, CRIVi,j,k 

Figure 5.·-Conceptual representation of leakage 
through a riverbed into a cell. 
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Water 
Table 

Water 
Table 

Flow thrcugh 
Streamoed 

Fiow through 
Streambed 

A 

8 

Head at the bonom 
of the streambed 
ís equal to head 
tn the cell. 

Head at the bottom 
of the streambed 
ts equal te elevation 
of bonom of 
streambed !ayer. 

Figure 35.-Cross sections showing the relation between head at 
the t·ottom of the streambed layer and head in the cell. 
Heacl in the cell is equal to the water-table elevation. 
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Th1ckness 
of R1veroed 

w 
W1dth of River 

Streambed Conductance= KLW/M 

Figure 34.--ldealization of streambed conductance in an 
individual cell: · 
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-

QRIV 

Posít1ve 
QRIV 

lnd1cates Flow 
into 

Aqu1fer 

Slope = -CRIV 

o 
1 

1 ¡-

1 ' 

Negat1ve· 1 

ORIV 1 

lnd1cates Flow 1 
mto 1 

Stream 1 

1 

1 

1 
1 
1 

RBOT HRIV 

Figure 36.-Piot of flow, ORIV, from a stream into a cell as 
a function of head; h. in the cell where RBOT is the 
elev3tion of the bottom of the streambed and HRIV is 
the 11ead in the stream. 
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PAQUETE DE DRENES 

• Lee datos de drenes . 

• Ca·l'cu.la la filtración del dren . 

• Aifl·ade términos a tos ecuaciones de 
· d:if-e,rencios finitos . 

• Cond·ición de flujo dependiente de 
la carga . 

• Eleva·ción del dren - carga en el dren. 

• Flujo al dren proporcional a la diferencia 
de carga. 

• Factor de proporcionalidad =conductancia 
L2 /T 

• Flujo al dren solamente. 
/' .. 



(a) 

(b) 

Drain Pipe 

Open 
O rain 

-. -~ow '"m'"'''"> 
. · j. ;·· . ' . · . . Dram-bottom ~ . · '-:.._ · Sedíments 

Frgure 40 -Fac(ors aHecting head loss immediately 
around ·a drarn (a) burred drain prpe rn 

backfrlled drtch and (b) open drarn 
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' 1 \ 
1 1 ,,-.----

\ \ '-·--' 1 1 
\ ' / 1 ' ........ __ .... / 

' / ...... / ---

__ _ ___ _ __ Line of 

Equaf Head 

Figure 39.-Cross section through cell i,j,k illustrating 
head loss tn convergen! flow into drain. 
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h;,j,k 

1 
1 

- d;,¡,k 
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00 

1 
1 
1 
1 
1 
1 
1 
1 Slope = CD 
1 
1 
1 
1 
1 

o h 
d 

Figure 41.-Piot of flow. QD, into a drain as a function 
of head, h, in a cell where the elevation of the drain is 
d and the condt¡ctance is CD. 
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PAQUETE DE EVAPOTRANS_ 
PIRACION . 

• Lee datos de E T 

• Ca.l:cula la tasa de E T 

• A.ñade térmi.nos a las ecuaciones de 
diferencias finitas . 

• Cond:iclón de flujo dependiente de la cargo. 

-

• Fu n e I·Ó n 1 i n e a 1 . 

• Q=O si h < elevación especificada . 

• Q= ETmax 
h- elevaciÓn especificada 
profundidad de extinción 

• Q= ET max , para h < superficie • 

.:; 4 



R1ver 
1 

_! 

X 

Land Surface 
J 

r--
t'- ,_ r--..., 

t'- r-- "' ,...... 
~ 

Vert1cal Cross Sect1on Showmg Hypothellcal 
Field· Situation and Finite Difference Grid 

X 

a 

Sta~us of Cells al End of Simulated Period 

b 

X X X X X X 

Cells from Which ET ls Abstracted Under 
Option 1 

e 

...... r--
>~ f-

1\ 

Buried 
O rain 

Water 
Table 

O Variable Head Cell 

~- Constan! Head Cell 

k;:j lnactive Cell 

Cell from Which ET 
ls Abstracted 

1 1 11112223333444 
Layer lndicators Specified 
in the IEVT Array 

X X 

1 

X X X X X X 

X X X 

X X X X 

X 

1 

Cells from WhtCh ET ls Abstracled Under 
Optton 2 

d 

X X 

Cell from Which ET 
ls Abstracted 

F1gure 43.-Hypothetical problem showing cells from which ET 
will be abstracted under the two options available 

1n the ET Package. 
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Maximum 
ÜETM -------------------------- ... >----evapotranspiration 

oi.----...J.---------t------ h 
1 1 
1 1 
1 1 
1.-----d---- .. 
1 1 
1 1 

hs 

Figure 42.-Piot of volumetric evapotrar.1spiration, ÜET· as a 
function of head. h, in a cell where d is the cutoff depth 
and h5 is the ET surface elevation. 
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PAQUETE D¡E COJNifORNO 

GEN:ERAL DE CAR~.A, CGIMI&l 

• Lee da·tos de co.n,to.rno. g;en:exa:lt de:: c.a:r:g;a:. 

• · Calcula los flujos . 

• Añade términos a las ecua¡ciones d.e 
diferencias finitas. 

• Condición de flujo dependiente de la ca.rg,a .. 

• Función ·lineal. 

• Similar al dren pero flujo puede ser + ó -

- , 
::0 -



______ IT,b .. k 
I,J, 

--¡.- h k I,J, 

Cell i,j,k source 
and 

cell i,j.k 

Fogure 44.-Schematic diagram illustrating 
principie of general- head 

boundary package. 

11 -2 

Constant-head 
So urce 



Positive 
Ob lndicates 

Flow into 
Aquifer 

Negative 
Qb lndicates 

Flow into 
Boundary Source 

Figure 45.-Piot of flow. Qb, from a general-head boundary source 
mto a cell as a function of head, h, in the cell where 
hb is the source head. 
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• 
Aqu1fer Soundary 

Acnve Cett 

lnact•ve Cetl 

CollJmns (JI 

2 3 4 5 6 

Explanat1on 

7 8 9 

D•mens;on al Celf Atong the ~~ow D1rect•on Subscr•pt (J) tné1Cates the Numoer of !he Cotumn 

D•mens•on of Cell Along the ·:otumn D•rec!lon Subscnot (1) tnd•cates the Numoer ol !he Aow . 

D•mens•on ot me Cell Along Ir"! e Vert•cal D•rect•on Subscnpt (K) tnd•cates !he Number ol the Layer 

Figure 1.-A dl!;cretized hypothetical aquifer system. 
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C. e, 

c. e, 

Blaek-Centered Grid System 

Pa1nt-Centered Gnd System 

Explanatian 

@ Nades 

--- Gnd L1nes 

-·-- Cell Bau ndanes lar Paint 
Centered Farmulat•an 

Cells Assae•ated With 
Seleeted Nades 

Figure 2.-Grids showing the difference between block-centered 
and point-centered grids. 
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Equtpoten!Lals 

--~....,;... -. . . :---
. •' '· 

·--
-

Flow Ltnes 

-. --- -~--~ - Sand ~ ........ 

:--· - ... 
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. .. "" . 
. ..._. 

.--....; . 
. ........... . 

·-~ ........... . 

.......... . -... . · ............ ........ . -..... . . . ·. .. -.... 
·"":---." . . . ""'-• • . 

. ,._. ·.-...· 

Figure 1 0.-Possible pattern of flow in a cross section consisting 
of two high conductiv1ty units separated by a low 
conductiv'ty unit. 
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Layer 
2 

r1gure 12 -A cross section in which a low conductlvity un1t is 
represented by the concjuctance between model 
layers. 
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·.-

Layer 

2 
3 
4 
5 
6 
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.. 

Figure 11.-A cross section in which a low conductivity unit is 
represented by s1x model layers. 
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Ü) 

Well 1 100 GPM 
Well 2 O GPM 

Stress 
Penad 1 

T1me Trme 
Step 1 S1ep 2 

Well1 100GPM 
Wel! 2 400 GPM 

Stress 
Penod 2 

T1me 
S1ep 1 

D€11 (1)~ PERLEN•(1-TSMULT) 

l - TSMUL T 111 * NSTP 

Del! (m· 1) ~ TSMUL T • D€11 (m) 

Trme Trme 
S1ep 1 S1ep 2 

Well1 OGPM 
Well2 400 GPM 

Stress 
Period 3 

T1me 
S1ep 3 

T•me 
S1ep 4 

Specified by User 

PERLEN ........... Length of Stress Penod 
TSMUL T . . . . . T•me Step Mult1plier 
NSTP . . . . . . . . . . Number of Trme Steps 

m Stress Period 

Catcutated by Program 

Oett(m) ............ Length of T1me Step m 

Figure 21.-0rvistOn of srmulation time into stress periods and 
time steps. 

4-6 

e 
-o 
o"' 
u-"' e o 
w E 

Vi 

... 

" 

.. , 



. ' ;;•.;. .. : ~;.:: ·~v . . ; 

VOLUMETRIC BUDGET FOR ENTIRE MOOEL AT ENO OF TIME STEP 1 IN STRESS PERIOO 1 

CUMULATIVE VOLUMES 

1 N: 

.o 

.o 

.o 

.o 

L **3 

STOHAGE 
CONSTANT IIEAO = 

WELLS = 
ORAINS = 

RECHARGE = 
TOTAL IN= 

OUT: 

.l3608E +08 

.13608E+08 

STORAGE = .O 
CONSTANT HEAD • .43265Et07 

WELLS • .64800E+07 
ORAINS = .28010E+07 

RECHARGE = .O 
TOTAL OUT = .13607E+08 

IN - OUT = 303,00 
PERCENT DISCREPANCY = 

,. 

o.oo 

RATES FOR THIS TIME STEP 

1 N: 

STORAGE • 
CONSTANT HEAO 2 

WELLS • 
DRAINS • 

RECHARGE 2 

TOTAL 1 N = 
OUT: 

L **3/T 

.o 

.o 

.o 

.o 
157.50 
15 7. 50 

STDRAGE • .O 
CONSTANT HEAD 2 50,075 

WELLS • 75,000 
ORAINS = 32.419 

RECHARGE = .O 
TOTAL.OUT = 157,49 

IN - OUT • .34943E-02 
PERCENT DISCREPANCY = 

Figure 22.--Sa~Tple overall volumetric water budget. 
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1 

DATOS DE 
CAMPO 

SOUJCIONES 
ANALITICAS 

SELECCION 
DELCOOIGO 

1 

COMPARACION 
CON DATOS DE 

CAMPO 

DATOS DE 
CAMP o 

. PROTOCOLO DE MODELACION 

1 

f-

-

-

PROPOSITO 
¡· 

1 MODELO CONCEPTUAL 

MODELO MATEMATICO 

FORMULACION NUMERICA 

PROGRAMA DE COMPUTO 
1 

J CODIGO VERIFICADO? 
l NO 1 r 

0 
l-

l 1 
L DIEÑO DEL MODELO 1, DATOS DE 

1 CAMPO 

I 
! 1 

·¡ CALIBRACION * 
1 

l -
_l VERIFICACION 

1 '1 -

¡---- PREDI¿CION * ! 
l -------l 

1 PRESENTACION DE 1 
' 1 

1 
RESULTADOS j -------r --------------

--------- ---~----- ---------·--
1 

•' AUDITORIA i 
' ! i 
~--------- ___________________ e 

" INCLUYE ANALISIS DE 
SENSIBILIDAD 



PROTOCOLO DE MODELAC!I-GN 

l. ESTABLECER EL PROPOSITO DEL MODELO. 

EL MODELO SERA CONSTRUIDO PARA PREDICCION, 

INTERPRET ACION O ANALISIS GENERlCO? 

* e QUE SE APRENDER A DEL MODELO?, A QUE 

INTERROGANTES RESPONDERA EL MODELO? 

* 

* 

ES EL MODELO LA MEJOR MANERA DE OBTENER 

RESPUESTA A NUESTRA INTERROGANTES? 

PUEDE UN MODELO ANALITICO PROPORCIONAR LA 

RESPUESTA O SE TIENE QUE CONSTRUIR UN 

MODELO NUMERICO? 

. DETERMINAR LA ECUACION GOBERNANTE 

SELECCIONAR EL CODIGO DE COMPUTADORA 

¡_, ' 



TIPOS DE MODELOS EN TERMINOS DE SU 

APLICACION 

* PREDICTIVO: SE USA PARA PREDECIR EL FUTURO. 

REQUIERE CALIBRACION. 

* INTERPRETATIVO: SE USA PARA ORGANIZAR Y 

SINTETIZAR LOS · DATOS DE CAMPO, Y PARA 

ENTENDER MEJOR LA DINAMICA DE UN SISTEMA DE 

FLUJO. NO NECESARIAMENTE REQUfERE 

CALIBRACION. 

* GENERICO: SE USA PARA ANALIZAR RL FLUJO EN 

SISTEMAS HIDROGEOLOGICOS HIPOTETICOS. 

PUEDEN SER UTILES PARA FINES DE 

NORMATfYIDAD DE UNA REGION ESPECIFICA. NO 

NECESARIAMENTE REQUIERE CALIBRACION. 

G • 



2. DESARROLLO DE UN MODELO CONCEPTUAL 

DEL SISTEMA. 

. " ' . 

* IDENTIFICACION DE LAS UNIDADES HIDROESTRA-

TIGRAFICAS Y LAS FRONTERAS DEL SISTEMA. 

*- ORGANIZACION DE LOS DATOS DE CAMPO. 

BALANCE HIDRICO, PARAMETROS DE ACUIFERO, 

ESFUERZOS HIDROLOGICOS. 

* VISITA AL SITIO. INFLUENCIA POSITIVA SOBRE LAS 

DECISIONES SUBJETIVAS QUE SE TOMARAN 

DURANTE LA CONSTRUCCION DEL MODELO. 



3. SELECCION DE LA ECUACION GOBERNANTE 

Y DE UN CODIGO DE COMPUTADORA. 

* LA ECUACION GOBERNANTE DEBE DESCRIBIR CON 

PRECISION LOS PROCESOS FISICOS ACTUANTES EN 

EL SISTEMA. SE VERIFICA APLICANDO EL MODELO 

e A V ARIOS SITIOS ESPECIFICOS. 

* LA VERIFICACION DEL CODIGO SE REFIERE A LA 

COMP ARACION DE LA SOLUCION NUMERICA CON 

UNA O MAS SOLUCIONES ANALITICAS O CON OTRAS 

SOLUCIONES NUMERICAS. 

* LA VERIFICACION DEL CODIGO ASEGURA QUE EL 

PROGRAMA DE COMPUTADORA RESUELVA CON 

PRECISION LAS ECUACIONES QUE CONSTITUYEN EL 

MODELO MATEMATICO. 

... 
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4. DiSEÑO D.EL MODELO 

EL MODELO CONCEPTUAL SE ACOMODA EN UNA 

FORMA ADECUADA PARA LA MODELACION. 

INCLUYE: 

* DISEÑO DE LA MALLA. 

* SELECCION DE PERIODOS DE ESFUERZO. 

* ESPECIFICACION DE CONDICIONES INICIALES Y DE 

FRONTERA. 

* ESTIMACION PREVIA DE P ARAMETROS DE ACUIFERO 

Y ESFUERZOS HIDROLOGICOS. 



5. CALIBRACION 

* SU PROPOSITO ES ESTABLECER QUE EL MODELO 

PUEIDA REPRODUCIR LAS CARGAS Y LOS FLUJOS 

MED,JDOS EN CAMPO. 

* SE OBTIENE UN CONJUNTO DE VALORES PARA LOS 

P ARAMETROS DE ACUIFERO Y LOS ESFUERZOS 

HIDROLOGICOS QUE APROXIMA LAS CARGAS Y 

FLUJOS DE CAMPO .. 

* SE PUEDE EFECTUAR POR ENSAYOS Y ERROR O 

MEDIANTE CODIGOS . AUTOMATIZADOS DE 

ESTIMACION DE PARAMETROS. 



6. ANALl!SIS DE S.ENS:I;B:ILIDAD ~N CALIBRA

CION 

* EL MODELO CALIBRADO ESTA INFLUENCIADO POR 

LA "INCERTIDUMBRE" QUE S.E DERIVA DE LA 

IMPOS:IBILIDAD DE DEFINIR CON EXACTITUD LA 

DISTRIBUCION ESPACIAL (Y TEMPORAL) DE LOS 

\iALORES DE LOS PARAMETROS, ESFUERZOS, Y 

CONDICIONES DE FRONTERA. 

·' SU l'ROPOSITO ES ESTABLECER EL EFECfO DE ESTA 

INCERTIDUMBRE SOBRE EL MODELO CALIBRADO. 

7. VERIFICACION DEL MODELO 

* SU PROPOSITO ES EL DE INCREMENTAR LA 

CONFIANZA EN EL MODELO, UTILIZANDO EL 

CONJUNTO DE VALORES CALIBRADOS DE LOS 
- --

PARAMETROS Y DE LOS ESFUERZOS PARA REPRO-

DUCIR UN SEGUNDO CONJUNTO DE DATOS DE 

CAMPO. 



8. PREDICCION 

* CUANTIFICA LA RESPUESTA DEL SISTEMA HACIA 

EVENTOS FUTUROS. 

* SE CORRE EL MODELO CON VALORES CALIBRADOS 

DE LOS PARAMETR0S Y LOS ESFUERZOS, CON 

EXCEPCION DE AQUELLOS QUE SE ESPERA QUE 

CAMBIEN EN EL FUTURO. 

* LA INCERTIDUMBRE EN LA PREDICCION SE DERIVA 

DE LA INCERTIDUMBRE EN EL MODELO CALIBRADO 

Y DE LA IMPOSIBILIDAD DE ESTIMAR CON 

PRECISION LA OCURRENCIA Y MAGNITUD DE 

ESFUERZOS FUTUROS. 

·,· 



9. ANALISIS DE SENSIBILIDAD EN PREDICCION 

* CUANTIFICA EL EFECTO DE LA INCERTIDUMBRE DE 

LOS VALORES DE LOS PARAMETROS SOBRE LA 

PREDICCION. 

* SE SIMULAN LOS AMBITOS DE V A..dACION DE 

ESFUERZOS FUTUROS ESTIMADOS PARA EXAMINAR 

SU IMPACTO EN LA PREDICCION. 

10. PRESENTACION DE RESULTADOS 

* LA PRESENTACION CLARA DEL DISEÑO DEL 

MODELO Y DE LOS RESULTADOS ES ESENCIAL PARA 

UNA COMUNICACION EFECTIVA DEL ESFUERZO DE 

MODELACION. 



11. AUDITORIA 

* LA AUDITORIA SE EFECTUA DESPUES DE V ARIOS 

AÑOS. DE CONCLUIDO EL ESTUDiO DE MODELA

CION. 

* SE RECABAN NUEVOS DATOS DE CAMPO PARA 

DETERMINAR SI LA PREDICCION FUE CORRECTA. SI 

ASI LO ES, EL MODELO ESTA "VALIDADO" PARA EL 

S·ITIO ESPECIFICO DE APLICACION. 

12. REIÚSEÑO DEL MODELO 

LA AUDITORIA, POR LO GENERAL, APORTARA 

NUEVOS ELEMENTOS SOBRE EL COMPORTAMIENTO 

DEL SISTEMA, QUE PUEDEN LLEVAR A CAMBIOS EN 

EL MODELO CONCEPTUAL O EN LOS PARAMETROS 

DEL MODELO. 



ENFOQHES CONCEYfUALES 

ENFOQUE DE ACUIFERO: 

* SE BASA EN EL CONCEPTO DE ACUI:FEROS 

CONFINADOS Y LIBRES. 

* SUPONE FLUJO HORIZO;.;TAL EN ACUIFEROS Y FLUJO 

VERTICAL DE ACUITARDOS 

* LA C NDUCTIVIDAD HIDRAULICA SE INTEGRA E1'-l" 

LA :SR TI CAL PARA OBTENER TRASMISIVIDAD. 

* SE USA PARA SIMULAR FLUJO BIDIMENSIONAL DEN 

PLANTA Y FLUJO CUASI-TRIDIMENSIONAL. 

* LAS CARGAS HIDRAUUCAS SE CALCULAN EN LOS 

ACUIFl::ROS, PERO NO EN LOS ACUITARDOS. 

* SE INCORPORA EL ESPESOR Y LA CONDUCTIVIDAD 

HIDRAULICA DE LOS ACUITARDOS PARA CONECTAR 

LOS ACUIFEROS. 



ENFOQUE DE ACUIFERO · 

ECUACION GOBERNANTE: 

DONDE: 

h: CARGA HIDRAULICA, [m] 

T: TRASMISIVIDAD, [m2/día] 

S: COEFICIENTE DE ALMACENAMIENTO,(---] 

R: RECARGA (+)O DESCARGA(-), [m/día] 

L: GOTEO VERTICAL, [m/día], DADO POR: 

. hs-h 
L= -Kz -----

ti 

DONDE: 

IG: CONDUCTIVIDAD HIDRAULICA DE ACUITARDO, 

[m /día] 

b; ESPESOR DEL ACUITARDO, [m] 

hs: CARGA HIDRAULICA DE LA FUENTE AL OTRO 

LADO DEL ACUIFERO, (m] 

., 



ENFOQUE DE ACUIFERO 

SI EL ACUIFERO ES LIBRE: 

* SE UTILIZAN LAS HJ.POTESIS DE DUPUIT. 

* Tx=KxH y Ty=Kyh, DONDE K ES CONDUCTIVIDAD 

HIDRATJLICA Y h EL ESPESOR SATURADO DEL 

ACUIFERO. 

* S ES EL RENDIMIENTO ESPECIFICO. 

* L ES CERO, A MENOS QUE HA YA UNA FUENTE 

SUBYACIENDO AL ACUlFERO. 



ENFOQUE DE SISTEMA DE FLUJO 

* NO ES IMPORTANTE IDENTIFICAR LOS ACUIFEROS Y 

LOS ACUITARDOS "PER SE", SINO CONSTRUIR LA 

DISTRIBUCION TRIDlMENSIONAL DE LAS CARGAS, 

LAS CONDUCTIVIDADES HIDRAULICAS Y LAS 

PROPIEDADES DE ALMACENAMIENTO. 

* SE INCORPORAN LAS COMPONENTES HORIZONTA

LES Y VERTICALES DE FLUJO A TRAVES DE TODO EL 

SISTEMA. 

* APTO PARA MODELOS BIDIMENSIONALES EN PERFIL 

Y PARA MODELOS TRIDIMENSIONALES. 

' 



ENFOQUE DE SISTEMA DE FLUJO 

ECUACION GOBERNANTE: 

:x-- [Kx ~hxJ + -~- [Ky -~~1 + -~ lKz -~~ = Ss -~~ - R* 
u u ] by oyJ &x L ozJ &t 

DONDE: 

K: CO ~DUCTIVIDAD HIDRAULICA, [m /día] 

Ss: ALMACENAMIENTO ESPECIFICO, [11m] 

R*: VOLUMEN DE INGRESO (+) U UGRESO (-) POR 

UNIDAD DE VOLUMFN \ UNIDAD DE TIEMPO, [1/día] 



F!NlTE DlFFERENCE METHOD 

The governing partial di fferential equation 1s 

a ah) a ( ah ah 
fi (Tx fi + 'dj Ty ryl • S IT 

The f1nite d1fference equivalent of this equatior. is der1ved ~Y writing 

a rr.ass baiance expression for the rectangle t:.xt.y shown in F1g. 17: 

' 
/ 
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F1g. 17a. F1nite-difference grid, 
showing typical node 
connections {modified 
after Freeze and 
Cherry, 1979). 
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Fig. 17b. Water balance over a 
typical finite-difference 
block (modified after 
Freeze and Cherry, 1979). 
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Schemauc representalion of the boundanes of a two-dunensJooal reg1onal 
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Figure 2.9 
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Fmtte difference gnd for computer model of thc regional groundwater ftow exa:mplc:. 
Solid circles represent the problem dom.atn of Figure 1.7. Open circles represcnt 
ñctitious nodes used to specify no-ftow boundary condiUons. The fictmous node at the 
upper lefr-hand comer of the d1agram rcpresents 1 = L J = 1 



Fi9ufe 2.10 
Computer program for reg10nal How example using Gauss--Seidel neration 

l. e REGIONAL FLOW SYSTEM EXAMPLE 
2. DHIENSION H (13, 7) 
3. e 1NITIAL1ZE ALL H(l,J) VALOES TO BE 100. 
4, DO 5 J=1,7 
5, DO 5 1=1,13 
6. H(I,J) = 1011. 
7, S eONTINUE 
Bo e WATER TABLE BOUNDARY 
9. OX=2l!. 

1~. DO 11! 1•2,12 
11. 8(1,1) ~ 9oi!2*0X*(I-2)+100. 
12o 11! CONTINUE 
l3 o e KEEP TRAe K OF NOMBER OF ITERATlONS ANO OF LARGEST ERROR 
14. e Nü-FLOW BOUNOARIES NEED TO BE RESET WITHIN EACB ITERATION LOOP 
15. NOMIT = 0 
16, 35 AMAX = 11. 
17o NUMIT = NUMIT + 1 
18. e LEFT ANO RIGBT Nü-FLOW BOUNOARIES 
19. DO 20 J=l,7 
20. B(1,J) = H(3,J) 
21. B(l3,J) ~ H(11,J) 
22. 20 eONTINUE 

e BOTTOM N0-fLOW BOUNDARY 
DO 3~ 1=2,12 
H(I,7) = H(l,S) 

30 eONTINOE . 
SWEEP INTERIOR POINTS WITH 5-POINT OPERATOR e 

--· ·---------

).3. 

24o 
·zs. 
26. 
7.7. 
28. 
29 o 

3~ o 

31. 
32. 
33. 
34. 
35. 
36. 
37. 
38o 
39. 
4~. 

41. 

DO 4~ J=2,6 
004~1=2,12 
OLDVAL = H(I,J) 
H(I,J) = (H(I-l,J) • H(I+1,J) + H(I,J-1) + H(I,J+1))/4. 
ERR = ABS(H(I,J) - OLOVAL) 
IF(ERR.GT.AMAX) AMAX=ERR 

411 eONTINUE 
e DO ANOTHER ITERATION If LARGEST ERROR AFFEeTS 3RD OEeiMAL.PLAeE 

e 

50 

IF(AMAX.GT.0.0111) GO TO JS 
WE ARE DONE, 

PRINT 50 NUMIT,i(H(I,J),I=2,12),J=l,6) 
FORMA"r(/Í/lX,'NUMBER Of ITERATIONS IS',I4,///6(11F8.2///)) 

STOP 
END 

[35] 
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Octubre 2000 

AquaChcm Vcr.3.7 

AquaChem es un programa de visualización gráfica de resultados geoquímicos. 

AquaChem también cuenta con ina interace para correr el programa de especiación 

PHREEQC. Este programa calcula índices de saturación y modela la 

disolución/precipitación de minerales en agua.· 

Varios programas de saturación y especiación, incluyendo PI-IREEQC y W ATEQF4 son 

de dominio público y pueden ser obtenidos sin costo alguno del web de la USGS 

(http://water.usgs.gov/). 

Ejercicio 1: 

"i'J "i'J en el ícono de AquaChem 

"i'l cancel (en la venatna que aparece). 

"i'l File (del menú superior) 

"i'l New 

llame al nuevo trabajo: Ejercicio 1 

y "i'l en Save 

En la ventana que aparece seleccionar la opción superior "Copy an existing data base 

template", y "i'J en el ícono derecho que tiene los puntos suspensivos. Dar un "i'J en el 

archivo DEMO.MSK 

"i'l Open 

"i'J OK 
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-1'l Records (del menú superior) 

.1i'J Ncw 

Llenar la tabla que aparece con la información que aparece en la siguiente página: 

' 
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'1l SAVE (muy importante) 

'1l Close 

En la pantalla azul se verá el nombre de la muestra que se acaba de almacenar, y el tipo 

de agua ( cálcica-bicarbonatada). 

De la misma manera capture las muestras que aparecen en la siguiente tabla. Note que no 

es necesario cerrar la tabla (-11 Closc) entre muestras, pero se debe de salvar cada muestra 

(-1! SAVE). 

Muestra 11 Ca .. 2 Mg'' Na K' Hco,- so;' cr NO,- Fe pH 
mg/L m giL m giL m giL m giL m giL m giL m&'L m giL 

t 48 3.6 2.1 152 3.2 8 0.05 7 
2 144 55 29 622 60 53 0.3 7.4 
J 182 93 258 157 132 538 5 7.1 
4 40 22 0.4 1.2 213 4.9 2 4.8 0.24 6.5 
5 140 43 21 241 215 38 4.1 0.01 6.8 
6 3 7.4 359 2.4 950 1.6 71 0.2 0.15 6.8 
7 12 50 150 8 456 58 17 1.9 0.4 7.2 
8 120 115 413 4 355 73 1200 4 0.01 7.8 

'J 
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Debe de notarse que estos datos están en mg/L. Tambien se pueden dar los datos en 

mmol/L o mEq/L, solo hay que seleccionar el icono correspondiente. Para una muestra a 

la que ya se lan dado los datos, al escoger otras unidades se transformarán los datos a las 

unidades seleccionadas. 

Para ver las diferentes representaciones gráficas: 

"D Graphics (del menú superior) 

'11 New 

aparecerán las distintas opciones gráficas con que AquaChem cuenta, incluso las que por 

falta de Jatos no puedan representarse. Las gráficas mas comunes en hidrogcologia son: 

Pipcr, StilTy Schocllcr. 

80 100 . .,.------------, 

80 60 40 20 20 40 60 80 0.01 -1---+----l--+---+--..j 
Ca Na HC03 Cl Mg Ca Na+K Cl 804 HC03 

Na Cl 

Ca HC03 

Mg S04 

'( 



M. en e LUIS E. Lcsscr 
Octubre 2000 

Antes de ver cada gráfica aparece una ventana como la siguiente en el caso de la gráfica 

de Pipcr: 

~f' ... 'll • -, • ··~·-~~;.;.M-l·'!-k\ l' .-,:¡:r~~};¡-• ..,~.n~:;; ',.)il1Lh~r.~:;;;~ht~f¡¿\.1N~·{.:;¡¡-l:"J$~:X:.~};~cflM>.:vh~t~l''\ ·.'{% 1:~1 .-;-.: .... :.::: ~,;,:~·::-:,¡-·;.~-: •. :; --~~ 
~t.iSi~t/i] . .H -.a-~ ~~~~~~~;;¡(r~·-~·r.t)~] rn1~~cjl;;..~~::~-~l ~!i0)~~:¡(6)·ol~Oiwii~::: lt~l\q~ .. ~: ~-~QU~--~ G:f:TZ lf!~tL·-~~~:~~}~j 

En estas ventanas se puede modificar, si se desean, los parámetros de cada gráfica, o los 

factores relativos para representarlos. Por lo general estas gráficas tienen por default los 

parámetros y valores mas eomunmentc usados. 

'1J OK 

para ver la gráfica, o· 

'1J Apply 

si se hicieron cambios. 

Para seleccionar una sola muestra '1'1 en la muestra, y aparecera en un color azul marino. 

Para visualizar varias gráficas se pueden seleccionar varias muestras se puede utilizar 

<Shift> y '1l en 2 muestras distintas, todas las muestras entre esas 2 serán seleccionadas. 

Tambiéen se puede utilizar <CTRL> y '1l en varias muestras distintas, todas las muestras 

en que se '1l serán seleccionadas. 
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Para distinguir las muestras podcmas asingnarlcs distintos símbolos: 

"ee en cualquier muestra de la ventana "active rccords" 

"ee derecho en la muestra 

"ee assign to symbol 

escoger algun número/símbolo dando un "ee 

"ee assign 

"ee closc 

lhii\i§libllr:•:,.·~:~ ,,,,..:~~.;J~;,;~-.• ~~~'W.•':i.rr:tt'¿;,:~~~ii;!'0..~r.l?.t~.t~!t!~~.'f,\~j(rl~Wif~~:ütl~"1Wr~ZJ.0~·ji:};i;\7,7~Jt.'~-:IWZi~;;j 
l~•~F.J.:;j. ~· Ilr -i\. ~~~f':;íj~;(e: tf P] r mUlos:.\;/.;;;~! ~A~·A::r! ai~~ vi.i'!llral~"".a-. .::L:!:?~·::i.~~E;ú~ ~jl~ztt!~ ~ ;t·.~~.~ rtl 

Hacer lo mismo con cada muestra y vuelva a ver el gráfico de Pipcr o el Tcrnary. 

Para agregar una leyenda: 

"ee Graphics (del menú superior) 

"ee New 

"ee Piper 

en la ventana "ee en la pestaña de "options". 

Seleccionar "lcgend" haciendo un -1l en el recuadro 
e 



M. en C. l.ui'> 1:. LC!>!>Cr 

Oclubrc 2000 

-'el OK 

. •' ......... '•'" 
.---·-~-::-:..-;,--;·. --:-.~--.-· 

Nótese que se pueden asignar varias muestras al mismo grupo, si el propósito es separar 2 

tipos de muestras 

Para cambiar el tipo de línea para otros diagramas como el de Schocllcr: 

-'el Graphics (del menú superior) 

-'el Dclinc simbo! or linc 

-'el en la pestaña "conccting linc" 

aqui se pueden modificar los tipos de linea. 

Haciendo uso de estas opc10nes, se pueden modificar las gráficas para darles el 

terminado deseado. 

Para copiar las gráficas en reportes: 

-'el Edil (del menú superior) 
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-1! Copy graph 

Al hacer eso la gráfica se guarda en memoria. Si se abre Word, se puede pegar utilizando 

el comando '!'aste'. 

Otros resultados que nos da este programa se pueden obtener: 

.li'J Reports (del menú superior) 

.li'J General 

~6~1 ~7~1;¡-:n~~-~ ~-~~-~-~-- --:~~:~,~~·:;;_,·-~-"- ~~~:~:.~:~~¿~::~·~:~;:~~;~:'~~-:~~~~~~~:y:~:~)?~~~;~1-~t:~~s:i;:_r.;~~~->-,·~:-.~~~-::!~~· ~~: ~- -- ;. ':~~;: ___ ~ · ~ ·--- ----
••·m!: .•. l,.~--:~u.v-~;;...:.::..-~r:.;~;::.-;¿~:~>~~ú,= :\-: __ ~ ..... ....lCIL~[ 
-,~•.U 

s .... p1eiO 
Locatton 
Slt.t 

: Hu.nua i 

:;,..¡~Uno oau : l/1111626 
ceoloon 
llate<type : Ca-IICDJ 

Sua ot Anlomo taeqll) : 2.78J8 
Sua ot Ce.t.ion' taeq/11 : 2. 7845 
Balance: : 0,01\ 

C!ll.lculated TD:!tag/1) : 216.9 

Hudneu : aeq/1 •t •g 
Total hatdnn' : 2.69 13,46 7.54 
Puaanent. hudne'' : 0,2 1.00 0.56 
Tupou•r he.tdnen : 2.49 12.46 6,98 
Alhl1n1ty : 2.49 12.46 6.98 
(1 't • ID aQ/1 Ce.CDJ/1 1 'o • ID •1111 CaO) 

lla)o< ion coap031t1on 
ao/1 aaol/1 atq/1 

ao/1 CaC03 
134.6 
10.0 
124.6 
124,6 

--········-···--------------·--------------------------·-
••• '·' 0.091 0.091 1.634 

' • o.o 0.0 o.o o. o 
"~ 48.0 1.198 2.395 43.012 
.,~ '-' 0.148 O.Z96 5,316 
<>- o.o 0.226 0.226 4.059 
504·- '·' O.OJJ 0.067 l.ZOJ 
llCOJ· 152.0 2.491 2.491 44.736 

\. h- • , •••• ,~~ ~- . • • ·- -::-~~:::::; r:G. -.,;:~ :;: ,;:,A:.r; ::, .;' ~~ :~:_. ~;~ -;::~~:{~T?J.;J;·!~;-;;?;;~:F)SC~~3~'X·H~:.t\.~~IT;wz:t•;;.;:,{i~ ~~_:;:;::": ;~'[:-:..:·_\·, . ~: ;~ ·.:·_,¡~l;::?T::. 

:~s,.;t[ll-~ ~ro- ~-.~:[¿j-~ :r)--~\i:I-~Jrrt!usGs·~'"'.,¡~· 1 ~Rt~R~-1 MM~~w-;;·:u~~~..c.,.,. .. --~~;~·~¡;:~·::.;>:~?.;Jfiii~C~~:t52~.::! 

Aparece una ventana que da información general de las muestras. Incluyendo: 

• un balance de cargas, por lo general este balance debe de ser menor de 5% 

• Calculo de sólidos totales disueltos, dureza y alcalinidad 

• Se da un resumen de los datos gcoquímicos en distintas unidades 

Resultados de otras muestras pueden obtenerse presionando los íconos [ <] y [> 1· 

Comparación de la calidad del agua con estándares de la World I-lealth Organization 

(WHO) se puede obtener: 
8 
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'1l Reports (del menú superior) 

'1l Drinking Water Regulations 

fO."':E.~ -~......,.... .tlel!> .",•nt-·<"' ··,,.;,. 

"Dl~lel "''', ¡"''""'·· 
I:GI:Ct:· A· · -rr~sz!Giía~1-;rf.r-::.t;:; .. ~~. ,,>:~:--5~';:·~: .. ~:tttlil _._ld. ~·- -. 

...... 

3/11/1626 

DI1nk1nO V&tH Quality RequlaUona: 
Recou.tnd~d II.U:l.U. 

" '" < 200 

" ' " " •w ( 100 

" " '" "' m "' "' "' .. "' " 
Inlo:~atton ••tet: 
Sodlu. Ad.llotption Ratlo (5AR) 0.40 
txcbCI<;~Uble ncliua uuo f[!R) 0.09 
fta(lneU..._ hu.&td (1111) 33.62 

Esta tabla resalta únicamente los parámetros que estan fuera del rango sugerido por la 

(WHO). 

q 
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EJERCICIO DE AQUIFERTEST VER.3.0 

EJERCICIO 1: Planeando una prueba de bombeo 

Esta versión de Aquitest permite, además de interpretar los resultados provenientes de 

pruebas de bombeo. el planear la prueba antes de salir al campo. Esta capacidad de aquitest 

permite obtener sugerencias para los valores de caudal óptimo. la distancia óptima entre el 

pozo bombeado y los pozos de observación. Este ejercicio esta diseñado para aprender a 

obtener cual es el caudal necesario para la prueba de bombeo. 

El proposito de este ejercicio es estimar el caudal necesario para producir una 

abatimiento minimo (2mm=0.002m) en un pozo de observación que está a 10 metros 

del pozo de bombeo, en los primeros 2 minutos de la prueba de bombeo. 

l. CREAR UN NUEVA BASE DE DA TOS 

'1:---':i en el icono de Aquifer Test 3.0 

'1: File (del menú superior) 

'1: Create data base ... 

En la ventana que aparece accesar el directorio Exercises y nombrar al archivo Ejercicio 1, 

y '1: en Save. Una venatan aparecera confirmando que la base de datos ha sido creada. 

'1: OK 



"'File (del menú superior) 

"' Open project 

"' en el icono para abrir proyectos en la parte superior de la ventana 

Seleccionar Ejercicio! (el archivo que acaba de ser creado) y"' en Open 



1 

2. CREAR UN NUEVO PROYECTO 

En la ventana que aparece. seleccionar 

J[J Create project 

En el project na me escriba: Planeacion prueba de bombeo y J[J en OK 

En la ventana anterior que aun seguira abierta, J[i en open 

.··.' 



3. SELECCIÓN DEL SISTEMA DE UNIDADES PARA EL PROYECTO 

"''Project (del menú superior) 

"'' Units ... 

¡f 



JO OK 

3. CREAR UN NUEVO ANÁLISIS 

En cualquier lugar del panel izquierdo (donde se encuentra el menú expandido) hacer un "Ei 

derecho. De la venatana que aparece escoger: 

JO Expand all (para expander las opciones) 

'1J Analysis (cambiará de color) 

JQ derecho en Create Analysis 

En las opciones que aparecen a la derecha escoger Time vesrus Dradown plot con un JQ y 

aparecerá una figura como la que aparece en la siguiente página. 

,. 



.~ Aquder T esl - Planeac10n prueba de bombeo !fr;J EJ 

!11 Newwell 

5 C0 Pumping tests 

:=: ~ New pump1ng test 

fO Data 
3 QO Analysis 

E T lllle 'iS d!<:~wdown plot 

~ Slug tests 

JO Analysis (del menú superior) 

"'Method 

'1l Predicted (Theis) (al final de la lista) 

T¡me vs Or~wOOwn pto: 

Tane js} 

Por default, Aquifer Test mostrará una gráfica de abatimiento con tiempo a una distancia de 

1 O metros del pozo de bombeo. 

Nótese que no se a introducido al modelo ningún tipo de infromacion de abatimiento 

respecto al tiempo para ver esta gráfica. Aquifer test crea una serie de datos "sintéticos" que 

corresponde al abatimiento característico por Theis. 
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5. CAMBIANDO LAS CARACTER!STICAS DEL ANALISIS 

• Dlstsnce = 1 Om 

·' 

Storatrvity 

Las caracteristicas para la predicción de Theis observada en la última figura pueden ser 

editados para permitir hacer una evaluación de los efectos que pueden resultar en la 

planación de una prueba de bombeo. 

JO derecho en cualquier lugar de la gráfica 

JO settings 



• Distance • 1 Om 

Storat1>1ty 

Nótese que en "Test Conditions" se requieren valores de almacenamiento, transmisibilidad 

y caudal. Con información acerca del sitio de estudio se puede estimar el orden de la 

transmisibilidad y el almacenamiento. Con estos valores estimados, se puede entonces varir 

el caudal hasta que se obtenga el abatimiento deseado a la distancia establecida. 

En "Calculation" se define el número de puntos a ser calculados en la gráfica. Tambien se 

puede escoger entre estudiar la gráfica de abatimiento vs. Tiempo, o abatimiento vs. 

Distancia. Estas opciones permiten variar la distancia de los pozos de observación y el 

tiempo de la prueba de bombeo para ajustarlas a las condiciones reales del sitio. 

Por ejemplo, en la mayoría de los casos se utilizan como pozos de monitoreo, pozos ya 

existentes en el sitio de estudio. Un pozo de monitoreo puede estar a 25 metros del pozo de 

bombeo y no a 10 metros como lo sugiere el modelo. Se puede sustituir el valor de 1 O 

e 



metros por el de 25 metros. y posteriormente se podrá observar el abatimiento esperado a 

una distancia de 25 metros del pozo de bombeo. 

Asegúrese de que en ""Settings'' se ha seleccionado tiempo vs. Abatimiento (Time versus 

drawdon). 

En '·Test Conditions" cambie la siguiente infromación: 

Storativity: 0.0001 

Transmissivity: 0.01 m2/s (basado en K=I0-3 mis; b= 10m) 

Discharge: 0.001 m3/s (llps) 

En "Calculation": 

Distance: 1Om (al pozo de observación) 

End oftime: 300 seg (5 min) 

JQ OK 

Debe de aparecer una gráfica como la siguiente: 
,. 

.... 

q 



~ Aquifer Test Planeac10n prueba de bombeo Rfili:J 
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o 60 

00104 -----

Pump Test Pleimng 

Trne fs] 
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1 

1 
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o 0415 

Transm1ssív1ty 1 OOx10A-2 m'/s StoratiVJty 1 OOx10A-4 

• Dlstance " 1 Orr, 

Para agrandar la gráfica se presiona CTRL-E, para regresar al modo normal se vuelve a 

presionar CTRL-E. 

Deacuardo con esta gráfica, un caudal de 0.001 m3 /s, producirá un abatimiento de 

aproximadamente 4.3 cm a los 2 minutos del inicio de la prueba, en el pozo de observación 

localizado a 1 O metros de distancia. De esta manera. se satisface con este caudal el criterio 

que nos habíamos propuesto al principio del ejercicio. 

Analizemos ahora otra pregunta: que tan lejos llegará el cono de depresión despues de 2 

días de bombeo? Esto nos indicará si podemos llegar a tener interferencia con otros pozos 

de bombeo cercanos. 

Nuevamente haga JQ derecho en cualquier lugar de la gráfica y seleccione 

JQ Settings 

r e 



En "Calculation ·• JiJ Distance vs. Drawdown 

Min. Distance: (metros) 

Max. Distance: 50 (metros) 

Time: 172800 (segundos= 2 dias) 

JQ OK 

:~ Aquder T e•l Planeac1on pJueba de bombeo 1!!1~ El 

98 

Pump Test PIMmng 

Dls1ance !m) 
294 19~ 392 

' ·········· 
' ····· 
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•· 

• Trne •172BOOs 

En la figura se puede apreciar la extension del cono de abatimiento de nuestro pozo de 

bombeo. Como se puede observar.la prueba de bombeo produce muy pequeños efectos a 

una distancia mayor de 50 metros. si en este radio no existen pozos de bombeo, no existirá 

entonces ningun problema de interferencia. 

Tecleando CTRL-E regresa a la imagen de la gráfica en pequeño. 

Final del Ejercicio 1 

1 1 



EJERCICIO DE AQUIFERTEST VER.3.0 

E.JERCICIO 2: Analisis de una prueba de bombeo en acuífero confinado- Theis 

analisis 

l. CREAR NUEVO PROYECTO 

JQJQ en el icono de Aquifer Test 3.0 

JQ File (del menú superior) 

JQ New Project... 

En el project name escriba: Ejercicio 2: Analisis de Theis, y DESELECCIONAR la 

opciones de Well y Pumping test. Estas opciones las añadiremos mas 

JQOK 

2. SELECCIÓN DEL SISTEMA DE UNIDADES PARA EL PROYECTO 

JQ Project (del menú superior) 

JQ Units ... (asegurese que son las mismas unidades que el ejercicio anterior) 

JQOK 

3. CREAR NUEVOS POZOS 

JQ Wells (del menú izquierdo) 

JQ derecho Wells 

JQ New Well (del menu que aparece) 

Nombrar al pozo PW-1 (Well name) 

JQOK 

aparecera la siguiente pantalla: 

1 'O 
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Nuevamente 

4'1 Wells (del menú izquierdo) 

4'1 derecho Wells 

4'1 New Well (del menu que aparece) 

Nombrar al pozo OW-3a (Well name) 

4'1 OK 

agregar en: 

X coordinate: 12 (metres) 

(El pozo PW-1 sera el pozo de bombeo, y el OW-3a el pozo de observación) 

' 



:-.¡Aqulferl esl - [¡etclcao2 Thers Analsn: P-lfil E'i 

4. CREAR UNA PRUEBA DE BOMBEO 

-1J Test (del menú superior) 

-1J Create pumping test... 

En el nombre de la prueba (name) escribir: Prueba de Bombeo- Theis 

-1J PW-1 

-1J OK 



New pu•JNng lesl Ei 

Llene la forma con la siguiente información: 

Pumping Test name: Prueba de Bombeo- Theis (ya debe de estar automáticamente) 

Perfomed by: <Escriba su nombre> 

Date: <Escriba la fecha de la prueba de bombeo> 

Time: <Escriba la hora de inicio de la prueba de bombeo> 

Pumping well: Asegurese de que el pozo PW -1 esté seleccionado 

Discharge rate: seleccione constant, 1.5 m3/s 

' 2 

1' 



Wells 
111 PW-1 

-·!IJ_?W-.2~ 
~~!~ 
~ Slug tests 

New pumpJng lest Ei 

5. CREAR UN NUEVO GRUPO DE DA TOS 

'11'11 Prueba de Bombeo- Theis (menú izquierdo) 

-11 data 

-1! derecho data 

-11 Crea te Datalist... (del menú que aparece) 

'1l OW-3a (en el cuadro inferior, create data) 

-1! OK 
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Llenar con la información que aparece en la siguiente figura. Se puede utilizar <enter> para 

pasar al siguiente espacio de información. 

Nótese que estos valores son profundidades al nivel estático, que es el valor que 

generalmente se obtiene en campo en las pruebas de bombeo. 
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[1) PW-1 
[11 OW-3a 

~ Pump•ng tests 

~ Prueba de Bombeo The1s 
.::1 ~ D~ta 

. [lil ¡¡W.:¡¡; 
~ An~y;.;·-

~ Slug tests 

-1J derecho en cualquier lugar de la tabla 

'1 95 -- ~---·- -----
:2.65 

:324 
·385 

-1J Refresh graph (hasta abajo del menú que aparece) 

La siguiente gráfica aparecerá 

----- --- ; -

1 
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Esto también se puede hacer presionando la tecla FS, o el ícono de Refresh graph que está 

arriba de la tabla. Busque cual es el ícono moviendo el mouse por los diferentes íconos en 

la parte superior de la gráfica y leyendo le función que aparece, sin presionar el mouse. 

También, para poder apreciar la gráfica mejor, se puede colocar el el mouse entre el menú 

izquierdo y la porción de los datos y mover la separación cuando el símbolo del mouse se 

convierta en <o:>. Asimismo se puede ampliar el tamaño de la gráfica con respecto a la tabla 

con el mismo procedimiento. 

6. MODIFICANDO UN GRUPO DE DA TOS 

Un valor en la gráfica parece estar mal, de los íconos que estan arriba de la tabla, -1'1 en la 

flecha (select measurement values). 

En la tabla de valores, -1J en el valor con tiempo de 4180 segundos. 

-1'1 derecho en el valor. 

1 ~ 



"' Delete (del menú que a perece). 

La gráfica se modificará automáticamente. 

Ahora agregaremos el nivel estático al inicio de la prueba de bombeo. En Depth to Static 

WL escriba 1.2 (metros). 

Nuevamente haga un refresh graph con el ícono o con F5, y obtendrá una figura como la 

siguiente. Nótese, que los abatimientos han sido correguidos tomando en cuenta el nuevo 

nivel estático . 

. :"'11 Aqu1fer Test - E1CICICI02 J he•s Anabu l!!lfil t3 

111 PW-1 
·111 ow-3, 

8 ~ Pump1ng tests 
3 ~ Prueba de Bombeo· 

d-~Do!!to!! 
Ern'~-ld 

~ Analys1s 
~ Slug tests 

7. CREAR UN NUEVO ANALISIS 

---~ ...---
' ' S :-/-· ·-·-··-·-· ·-)-· ·-·-··-·-· 

1 
.§.4 .¡_ __ --------------------------;: t 
B ' 

2 -----------

o 50,000 
T•me(s] 

En el menú izquierdo, dentro de Prueba de bombeo- Theis. seleccionar: 

"' analysis 

"' derecho en analysis 

en Create Analysis, "' en Theis 

aparecera la siguiente gráfica: 
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1E-1 
1E•2 

1E+1 1E+2 1E+S , ... 
-- ,_, ______ _, _______ , ____ ·-- ------·-·---

1E+1 "T" ---r-;·-- --- -,--THBS" 1E+1 

S' 1E+O 

~ 1E-1 

:~::::;:::·- ~-,::::~:~::::~:::::::~::::::::;::;::::::::~:::: 1E+O ~ : F ~: ¡~ i~ ~ _ ~:: ::~- ~ ~: ~·: ~ ~: ~::: :: ~ ~- ;·: ~ ~: -.~ ~~ _;: ~ :-:] 1E-2 

Nótese que la leyenda aparece del lado dercho. para que aparezca en la parte de abajo haga 

un JQ derecho en cualquier lugar de la gráfica, -'O properties del menú que aparece y en 

Legend, seleccionar Bottom , y JQ OK. 

Nótese también en la parte inferior aparece la palabra '·message" 

-'O en el círculo verde, y -'O en details: 

! ¡' 1' 

-~ ! 



00 PW-1 
00 OW-3a 

~ Pumping tests 
:=: ~ Prueba de 8 ombeo · T 

3 ~Data 
·- Cilil OW-3a 

::: 1ft¡ An.alym 
' ¡;¡: l!t!EIS 

· ft¡ Slug tests 

Analysrs slale E3 

4 12x10"-2 

Este mensaje nos informa que no hemos dado un espesor del acuífero y por lo tamto no se 

calcula la conductividad hidráulica (K) sino únicamente la transmissibilidad (T). 

Recuérdese que K=T/b, donde bes el espesor del acuífero. 

"'OK 

En las pestañas en la porción superior derecha de la pantalla seleccionar: JO en Pumping 

test. En Saturated aquifer thickness, escribir: 5. 

Regresar a la sección de resultados dando un "' en la pestaña de Analysis. Esta vez verá 

calculada una conductividad hidráulica (approx. 4.3 x!0-2 rn/s), como se ve en la siguiente 

gráfica: 
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THEIS 

1/U 
1E-1 1E+O 1E+1 1E+2 1E+3 1E+S 1E+6 1E+7 

1E+2r---------------------------~----------------, 

1E+1 

S' 1E+O 

~ 1E-1 
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1E-3 
1E-2 1E-1 1E+O 1E+1 1E+2 1E+3 1E+4 1E+S 
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TransmiSSIVIty 213x10'-1 m'ls 
Conductlvlty 4 26x1 0'-2 mis 

Storat1vity 4 12x10'-2 

Nótese que ahor'! en la sección de mensajes dice: OK_ Existen 4 mensajes que Aquifer Test 

puede dar: 

Error (color rojo) 

Warning (color amarillo) 

Message (color verde) 

O.K. (color verde fuerte) 

Por los general los err~res son producidos por falta de información en algún menú. 

La gráfica puede agrandarse con <CTRL-E> o por medio del menú superior: 

"'' View 

"'' Enlarge graph 

y de la misma manera se puede regresar a la pantalla normal. 

' -



Aquifer test produce una estimación de la mejor curva de Theis para los datos basado en un 

método de cuadrados mínimos (least squares fit). 

Los resultados obtenidos deben ser aprosimadamente: 

Transmisibilidad (transmissivity): 2.13x 1 o·1m2/s 

Coeficiente de almacenamiento (Storativity): 4.12x 1 o·2 

Conductividad hidráulica (Hydraulic conductivity): 4.26x 1 o·2rn/s 

8. ZOOM 

Para hacer un zoom dentro de la gráfica se requiere pocicionar. el moúse en la esquina 

superior izquierda del area en que se quiera el zoom, JCJ y sin soltar el botón colocarse en la 

esquina inferior derecha de la que se quiere hacer el zoom. 

1E+1 1E+2 

-------------

TH8S 

·~ 1E+3 '1E+4 

' ' ' ' 

"'' -----------~-----:----- -~---~--~----~:-.! .-~-~-~-~: ~~-~-~-~~~--~-~--~-~--~~-~~-.!.~:.:--~,:-·:.:·.:.· ::.;· ·;;·.:..· ::.;· ·:o¡-~-1 -~;co·~-·r·l-

~,.o ~:::::.: ::::,:::::::::::::.:::::,:::::: ·: :: :'::.::_::':: 

Transm1ssi>1ty 2.13x10'-1 m'/s 
Conductl'.1ty 4 26x10'-2 m/s 

1E+1 1E+2 
tlr' [strn•J 

• O'YV-3!1 

Storat1>1ty 4 12x10'-2 

1E+1 

1E+O 

Para ver nuevamente todos los datos hacer JQ en cualquier lugar de la gráfica, y sin soltar el 

botón moverlo tratando de hacer un recuadro hacia arriba y a la izquierda, al soltarlo, se 

mostrarán nuevamente la gráfica completa. 

t, 

(/ 



• 

• 

9. AJUSTE DE DA TOS .. A MANO'" 

Por lo general es necesario ajustar los datos a la curva de Theis ··a mano·· tomando en 

cuenta el juicio profesional. Ya sea por que problemas durante la prueba de bombeo hacen 

más o menos válida cierta porción de los datos, o por que sencillamente. la calibración 

· automática no parece ser la mejor para los datos obtenidos. 

Los datos se pueden mover de arriba abajo y derecha a izquierda utilizando las flechas del 

teclado. Nótese que al mover la gráfica a la izquierda o dercha, únicamente se modifica el 

coeficiente de almacenamiento. 

'"• t. 

Presione <CTRL-E> para regresar a:una vista normal. 

1 O. OTROS ANALISlS 

Aquifer test pérrnite visualisar otro tipo de soluciones fácilmente. 

JO Select analysis 

i .. 

·' 

Aquí aparecen otros métodos de interpretación de pruebas de bombeo. Intente algún otro 

método y analise los resultados. 

10. IMPRIMIENDO DESDE AQUIFER TEST 

Pare tener una vista previa antes de imprimir de esta prueba de bombeo 

-'O File (en el menú superior) 

-'O Print preview 

O simplemente JO en .. el ic.óño de ~ista p~~via. 

Para imprimir: 

-'O File (en el.m~~iL~ul?e._rior) 

-'O Print ----:--..' .;·_; r~: 
O simplemente JO en el ícono de impresión 

'.1. 
¡' ;o 

1-- l -~ l -'· " . • 1 
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