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ABSTRACT

A quasi three-dimensional finite difference numerical.I

f, groundwater flow model was developed to simulate the effects.
II
I of artificial recharge in a topographically-closed basin in

western Nevada. The basin was conceptualized as a two-Iayer
.I

groundwater system, an upper unconfined layer and a lower
1-

f' confined Iayer. components of the modeled water budget

t 
.include precipitation, subsurface inflow and outflow, and

f evapotranspiration. Other water budget components,

I groundwater pumpage and secondary recharge, were incorporated
I

into the model inplicitly. Stable water levels on an annual

I basis-, along with recharge and discharge components of the

water budget being nearly equal, indicate that the
I groundwater system was at quasi steady-state during the early

I 1970s. Accordingly, model calibration was completed using a
I.

quasi steady-state calibration process. Results of model

2 calibration were the initial conditions for transient

f 
simulations of artificial recharge. A11 sinulations indicate

I that artificial recharge adds water to aquifer storage and

I increases water levels.
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. INTRODUCTTON

The demand for qroundwater continues to increase in rnany

areas of the western United States. Because of the arid
environment, it is becoming more conmon for dernand and

subsequent extraction of groundwater to exceed groundwater

recharge. Various ways to replenish aquifers are being

studied., one of which is injecting surplus surface water into
aquifers. In western Nevada, surplus surface water is
sometimes available when runoff from snowmelt in the Sierra

Nevada Mountains exceeds. the maximum holding capacities of
surface reservoirs. Some problems associated with surface

storage are losses due to evaporation, and increased

suspended solid loads which occur during high flow periods.

I'ncreased levels of suspended solids increases the cost of
water treatment. rf suspended sorid loads are too excessive,

some treatment prants can not treat the water adequaLery for
human consumption resulting in a ternporary shortage of
drinking water. Storing water in underground reservoirs,
sometimes refer'red to as water banking, can eliminate
evaporation roses. underground storage will arso protect
stored water from additional accumuration of suspended

solids, and replenish aquifers.

The Artificial Recharge Dernonstration project is currently
underway in Lemmon VaIIey, Washoe County, Nevada. The

project will herp determine the feasibirity of underground
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storage in a topographically-closed basin typical of the

Basin and Range region of the western United States.

Purpose and Objectives

The purpose of this study was to investigate the effects of
artificial recharge on the groundwater system in the Central

Area of Lemmon Valley using a groundwater flow model. The

flow model witl help estimate the volume of injection water

that can be stored in the groundwater system. Intuitively,
most water entering storage will remain in storage until it
is extracted at some future time. The model wiII also
provide information on where and to what degree artificial
recharge will influence water levers. The objectives of this
modeling study are: 1) compile and use avairabre information
about geology, hydrogeology, hydrology, and climate to
develop a conceptual rnoder representing field conditions as

accurately as possible; 2) approxirnate the conceptual model

with a caribrated steady-state finite difference numerical

model; and 3) use the calibrated moder to simurate different
scenarios of artificiat recharge.

Modering goals can be reached more efficiently if setup of
the conceptual model and selection and irnplementation of the

numericar moder are approached systernaticarly. The forlowing
protocol is the guideline used during rnodel development for
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this study (frorn Anderson and Woessner, L992) z

1) Define purpose of modeling exercisel

2) Prepare conceptual model'representative of physical

system;

3) Identify appropriate mathematical (governing) equations;

4) Select a suitable model codel

5) Prepare model design (select boundary conditions etc. ) ;
6) Calibrate model;

7) Verify model;

8) Use model for prediction (simulation);
9) Present results.

Location and Hydrographic Subdivisions

The Lemmon varley hydrographic basin (Figure r-) is located.

approximately 7 miles north of Reno, Nevada along U.S.

Highway 395 (Figure 2). Lemmon Valley encompasses

approximately 93 square miles. Features of the valley
include mountain ridges, alluviar deposits (vartey firr), and

playa rakes. A previous study by Harrill (L973) concluded

that faults divide the basin into hydrographic subareas and

even smaller areas. A fairly extensive faurt', the Airport
Fault, traverses northeast-southwest and d.ivides the varley
into two subareas: silver Lake and East Lemmon valley. other
smaller faurts further divide the silver Lake subarea into
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Location rnap of
basin (nodified

the Lemnon Valley hydrographic
from Hadiaris, 1988).
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Demonstration Project is currently underway. The

Area encompasses abou E 2s #H$tSYf percenr of

the norlhern and southern .r".='while East Lemmon Valley,is
divided into the Central Area, Golden Valley, and Black

Springs. The focus of this study is on the Central Area of

East Lemmon Valley where the Artificial Recharge

Central

the land in
the East Lemmon Valley subarea. Figure 3 shows the

hydrographic subdivisions of East Lemmon VaIIey.

Previous Investigations

Lemmon Valley v/as previously investigated on several

occasions. fndividuals contributing to the understanding of

the Lemmon VaIIey groundwater system include F. Rush and P.

Glancy (Lg67), J. Harrill (Lg73), D. Shaeffer and D. Maurer

(1981), F. Arteaga (1984), c. F. Cochran et.aI. (1986), and

D. Mahin (L988). A brief description of what each study

revealed about the Lemmon V'a1ley groundwater systern follows.

Rush and Glancy (L967) conducted water-resource

reconnaissance studies for L1 valleys in western Nevada, one

being Lemmon varrey. Their study of Lemmon varley identified
water budget components and estimated each componentts

contribution to the groundwater system. components of the

Lemmon varrey water budget identified by Rush and Grancy are:

1) precipitation; 2) subsurface inflow; 3) subsurface



FIGITRE 3. Hydrographic subdivisions of the East Lernnon
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outflowi and 4) evapotranspiration (ET). Rush and Glancy

also described geologj-c structures and regional groundwater

gradients of the Lemmon Valley area. Harrill (1973)

conducted the second hydrology study of Lemmon Valley.
HarriII's study provides additional estimates of the water

budget, ET discharge areas, plant species and densities,
water-Ievel contours for natural (steady state) conditions,

witer-Ievel contours for conditions in the early 1970s, and

lithologic' descriptions of valley-filf material. Natural

conditions refer to conditions of the groundwater system

before human activities may have influenced the groundwater

system. Shaeffer and Maurer (L981-) completed a geophysical

gravity survey in Lernmon Valley. The geophysical survey

provides estimates of the thickness of unconsolidated

material and the depth to consolidated rnaterial (bedrock).

Arteaga initiated a hydrology study of Lemmon Valley in 1984.

Arteaga's study provides additional information on the water

budget. Specifically, Arteaga developed draft precipitation
and water yield maps of Lemmon Valley but did not prepare a

final report. Cochran et. aI.. (1986) conducted a study which

included modeling the groundwater flow system of Golden

Va11ey. Information on one component of the water budget,

subsurface outflow from Golden valley into the central Area

of Lemrnon Va1ley, is included in the Cochran report. Mahin

(L988) initiated a ground.water modeling study of Lemmon

Valley using a finite element code. His report includes

information on the quantity and distribution of recharge into
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and discharge out, of Lemmon Valley. The report by Mahin is
still in draft form.

Washoe County personnel have been conducting field work for
the. artificial recharge project since the early L990s

fnformation collected during the recharge project field study

has qreatly contributed to the conceptualization of the

groundwater systern of the Central Area: Work completed for
the recharge project includes: installation of 8 groundwater

monitoring wells and l- injection well; a 72-}:rour constant

discharge aquifer stress test on the injection well; and

measurement of water levels in approxirnately 40 welIs

throughout East Lemmon Valley on a monthly basis. Types of
wells being monitored include the recharge project rnonitoring

wells, U.S. Geological Survey (USGS) observation wel1s,

domestic welIs, and county municipal wells. Washoe County

personnel hav.e also injected water into the injection well at

various flow rates to determine the optinum injection rate
for the well. Lithologic and hydrostratigraphic information

of materials in the Central Area were obtained during

drilling for the recharge demonstration project. The 72-hour

aquifer test provided estimates of transmissivity, aquifer

storage coefficients, and the degree of connection between

shallow and deeper wells. Water-level measurements provide

data on the current groundwater gradient, and seasonal and

annual fluctuations of the water surface. Injecting water
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I into the injection well'provides initial information on how

water levels wiII change in the injection well and nearby

I monitoring wells during artificial recharge cycles.

I
r cEol,oclc SETTING

I Geologic Description And Features of Lemmon VaIIey

I Geology of Lemmon Vatley is described in reports by Harrill

I 
(L973), Cordy (Le85), and Cochran et aI. (1986). The

following section summarizes geologic discussions included in

I these reports.

I r.a \rr'l 't arr i o r {-anaaysnr^ i ^- r 1r, ^' ^^^r r^^^: - !,--: -Lemrnon Valley is a topographically closed basin typical of

I 
those in the Basin and Range region (Harrill, Lg73). The

valley is a structural depression filled with unconsolidated

I valley-fill rnaterial and is surrounded by mountains comprised

I ,;"::::",""-="],""".r."":"::T:"1;:"::"':::=l,i::':='' 
'

I 
granodiorite and quartz monzonite. The granodiorite is light
to dark 9ray, fine- to coarse-grained, consisting of

t equigranular to porphyritic hornblende and biotite.
Granodiorite is highry resistant to weathering (cordy, 1985),

I and highly fractured (cochran et. dr., L986). The quartz

I 
monzonite is pink to pale-gray, medium- to coarse-grained.,

and equigranular to porphyritic. cenerally, the quartz

t
I
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monzonite is deeply weathered'(Cordy, 1985) and more'friable

than the granodiorite (Cochran et. dl., 1986). Volcanic

rocks are Tertiary in age and classified as Kate Peak

andesites and tuffs. Kate Peak andesites are gray to
reddish-gray, porphyritic to glomeroporphyritic hornblende

and biotite, and are highly resistant to weathering (Cordy,

1985). Three formations of tuffs are located in Lemmon

Va1ley. The first tuff is the Nine Hills Tuff, which is
reddi-sh-purple to pale orangish-red, pumiceous, rhyolite
vitric tuff , and forms distinct ridges (Cordy, l-985). The

second tuff formation is Pumice tuff which is pale- to dark

9ray, with very pumiceous vitric-crystal: Pumice tuff
contains phenocrysts of sanidine and quartz, and is easily
weathered (Cordy, L985). The third tuff formation is Vitric
tuff. Vitric tuff is cream to yellowish-tan to pale-purple

rhyolite to rhyodacite and vitric to vitric-crystal.
Phenocrysts include sanidine, sanj-dine-smgkey quartz,

plagioclase-biotite, and biotite. Weathering of Vitric tuff
forms knobby outcrops (Cordy, 1985). The Peavine sequence

outcrops at the south end of Lemmon VaIIey. The Peavine

sequence is Jurassic to Triassic in age and is comprised of

gray- to gray-green meta-andesites with lesser amounts of
metamorphosed epi-clastic volcanic sedimentary rocks (Cochran

et. dI., 1986). The Peavine sequence is fine-grained and

resists weathering.
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Features other than nountain ridges in Lemmon Valley include

val1ey-fi1l deposits and playa lakes. Valley fill is
comprised of weathered material from the surrounding igneous,

volcanic, and metavolcanic rocks. Mineral constituents of
the valley fiII include quartz, feldSpar, and rnafic minerals

(Cochran'et. dI., 1986) . Val1ey fill consists of clay, silt, 
.

fine- to coarse-grained sand, and gravel. Generally, valley
fill is more coarse near the mountain ridges and becomes

fine-grained in the center of the val],ey near playa lakes.

Playa lake deposits are mostly clay, silt, and fine-grained

sand

The mountains surrounding and underlying the vaIley are

complexely faulted. Regional faulting gave the mountains

their large-scaIe size, shape, and relief (Harrill I Lg73).

The present topography of the basin is the result of erosion

and smaller scale fault structures. 'Figure 5 shows the

Iocations of faults in the Central Area of Lemmon Va11ey.

Elevations of the valley range from approximately 49LO feet
above mean sea level (amsI) at the East Lemrnon Valley playa

to more than 8200 feet amsl at Peavine Mountain. Topographic

slopes of varrey filr range from several feet per mire at the

playa lakes to 800 feet per rnile on the north flank of
Peavine Mountain. The playa in the Central Area covers

approximately 800 acres while the playa in the Silver Lake

subarea is approximately 430 acres in size.

I
I
I
I
I
t
I
I
I
I
t
I
I
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VaIleY.

in the Central Area of
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HYDROGEOLOGIC SETTING

Hydrostratigraphic Units of the Central Area

Evaluation of more than 7O drilling logs from Harrill (L973),

the artificial recharge project field study, and drilling
Iogs submitted by domestic well drillers to the State of
Nevada Division of Water Resources provided inforrnation on

the hydrostratigraphic units of the Central Area. Each

lithologic material and its associated hydrorogic parameters

for groundwater flow $rere evaluated to select the specific
hydrostratigraphic units of the Central Area. Three

hydrostratigraphic units were identified based on this
evaluation: 1) playa deposits; 2) valley-fill rnaterial; and

3) fractured bedrock. A summary of each hydrostratigraphic
unit follows.

Plava Deposits

Playa deposits are fine-grained materiars consisting of cray,

silt, and sand. The lateral and vertical extent of playa

deposits were estimated by evaluating drilling logs since

drirling logs describe the type and depth at which a specific
material is encountered. Based on drilling logs, the playa

unit is thickest near the center of the playa rake and thins
laterally. A distinct homogeneous unit is not present but
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clay is abundant to a depth of approximately 2OO feet in the

playa la]<e area. Zones of coarse sand, fine sand, and silt

occur at random intervals. Clay material has high porosity,

high specific retention, and low specific yield, resulting in
poor water yield.

VaIlev-FiII Material

The most productive zones of groundwater in Lemmon Valley are

found in valley-fi11 material which is comprised of younger

and older alluviurn (Harril1, L973). Lithology of valley-filI

material includes clay, silt, sand, and gravel. A

geophysical study was conducted in Lemmon Valley by the USGS

in the early 1980s (Shaeffer and Maurer, 1981). Results.of
the geophysical study lA/ere used to supplement data from more

than 70 drilling logs and estimate the total thickness of

valley fill in the Central Area. Based on interpretation of

the geophysical survey and drilling 1ogs, valley fill is
estirnated to be thickest underneath the playa lake. The

valley fill is estimated to have a maximun thickness of

approximately 800 feet and thins toward thd bedrock outcrops

around the perirneter of the valley. Valley fill has a wide

range of hydrologic properties since it i: . mixture of

materials.. The most productive water-bearing zones, coarse

sand and gravel, have moderate to high porosity, Iow specific
retention, and high specific yield (Heath, 1984).
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Bedrock

Groundwater wells in the northwest and southeast sections of

the Central Area are screened in bedrock since valley-fil1

material is thin in these areas. Groundwater is present in

fractures. Large fractures have the potential to transmit

water readily. Conversely, bedrock with few or small

fractures transmit little water. The vertical extent of the

fractures has not been determined in the Central Area of East

Lernmon Valley. Anderson and Woessner (L992) state that

imperrneable boundaries are sometimes designated when

hydrauli.c conductivity values change by two orders of

rnagnitude. Based on this statement, fractures were assumed

to extend approxj-mately 2OO feet below the water surface

where a two order of magnitude.contrast in hydraulic

conductivity could possibly exist. Bedrock units have a wide

range of hydrologic properties depending on the degree of

fracturing. Highly fractured zones will.have high porosity

and specific yieId, and low specific retention.

Drilling for groundwater monitoring wells and the injection
well provided specific data on the hydrostratigraphic units

in the artificial recharge area. The deepest drilling for
the recharge project was to a depth of 465 feet below ground

surface. The shallowest borehole was drilled to a depth of
65 feet below ground surface. Four materials were

encountered during drilling: clay, silt, sand, and gravel.



L8I
t,

I
t
I
I
n

I
k
ti
,l

Except for a surfac.e clay (playa deposit) layer and a deep

unit (greater than 400 feet below ground surface) comprised

mostly of sand, all four materials are predominately

intermixed.

. Typical Hydrologic Properties

The hydrostratigraphic units encountered in the Central Area

are typical to those found in many basins throughout Nevada.

Each type of material has different hydrologic properties and

abilities to transmit water. Hydraulic conductivity (K) is a

property describing the abitity a material has to transrnit
water in the horizontal (Kn) and vertical (Kv) direction,
expressed as length per tirne (L/t). Typical values of K5 are

summarized in. Table L (from Harrill, 1986).

TABLE 1. Typical values of horizontal hydraulic conductivity
or ll_EnoJ-ogLc macerLals round Ln cne central- Area

Lithologic
Description

Typical
Material

Typical Range of
K5(feet per day)

Playa deposits clay, silt
very fj-ne sand

0.001 - 0.3
0.1- 1.6

Lacustrine- fine-
qrained deposits

silt, c1ay,
fine sand

0.1- 0.5
1_4

Fanglomerate and
coarse gravel

silt, sand, gravel
sand
gravel

o.l_ 4
4 30+

20 150

for litholoqic rnaterials f ound in the Central- Area.t\

I
il

I
T

I
I
I
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t Information in Table 1 indicates that coarse-grained. material
will transrnit water more easily than fine-grained material.
Ku. values are typically much smaller than Kn values. Fine-\I

t) grained material may have K.,r. values one-hundredth to one-
It
; 

thousandth. times smaller than K5 (Harril1, 1986).

II:
.I

f: ":".::,"":':l:,:":l 
'":;T:"::,;::.=::T: :::-:":r wa,er a

,- unit will release due to gravity drainage per unit surface
r] 

area of aquifer per unit a""fir," of the water tabLe. sy
IJu area of aquit

f ranges from O.O1- for fine-grained naterial- to 0.3 for coarse
t
.\ materiaL (Freeze and Cherry, L979) . Storage coeff icient (S) ,

r defined as specific storage tirnes aquifer thickness, is the-)
,r storage term for confined aquifers. S is defined as the
f volume of water released from storage by compressibility of
tf the aquifer and expansion of water per unit surface area per
I' unit decline in the potentiometric surface. S typically
I - c---- A Ann Ar !- e tn- .^----t ranges from 0.00005 to 0.005 (Freeze and Cherry, 7979).ft

il
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WATER BUDGET COMPONENTS

'J

t 
Components of a groundwater budget can be categorized as

,--
f 

primary and secondary components. Prirnary components of a

rII groundwat,er budget are components that occur naturally such

I
t
I

as precipitation, surface runoff, subsurface inflow,
subsurface outflow, evapotranspiration (ET), and evaporation.
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Precipitation, subsurface inflow, subsurface outflow, and ET

are the prirnary components of the water budget for the

Central Area. Surface runoff and evaporation are considered

minor components of the system (Harrill, t973) so are not

included in the water budget for the groundwater model.

Secondary components of the water budget occur because of
human activities. The two secondary components of the water

' budget for the Central Area are.secondary recharge from

discharge of septic tanks and sewage treatment, and pumpage

or extraction of groundwater. The following section

summarizes each primary and secondary component of the

estimated water budget for the centrar Area. Figure 6 is a

schematic showing the generar locations of primary recharge

sources and discharge sinks for East Lemmon Valley.

Groundwater Recharge

Natural Recharge Frorn Precipitation

Precipitation at upper elevations is the primary source of
groundwiter recharge for Lemmon Varrey. A lesser amount of
precipitation farrs at lower elevations and has rittle or no

contribution to recharge. precipitation can enter the
groundwater system by direct infiltration where precipitation
falls or travel as surface runoff until permeable areas are
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FIGITRE 6. Schematic of
Central Area

recharge/discharge locations for the
of East Lemmon Va1leY.
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reached. Surface runoff i+'the Central Area occurs very

infrequently because heavy, prolonged precipitation events

seldom occur. Several factors determi-ne the amount of

precipitation that reaches the water table. These factors

are type and thickness of soil, topography, veqetative cover,

soil moisture content, intensity and duration of

precipitation, and meteorogical factors such as temperature

and hurnidity (Walton, 1988). The arnount of precipitation

reaching the saturated zone is described as water yield
(Arteaga and Durbin, L979) and is a percentage of total
precipitation. Surface water in streams or rivers is also

part of total water yield, however, there are no streams or

rivers in the Central Area of Lemmon Valley. Water yield is

approxirnated by the relationship between land altitude/nean

annual precipitation, soil types, and vegetation. Basically,
if soils have 1ow permeability or vegetation is abundant,

water yield will be low at that location. The quantity and

distribution of precipitation in Lemmon Valley are described

in a precipitation study of the Truckee River Basin

(Klieforth, et.aI., 1983) . The range of average annual

precipitation falling in the Central Area ranges frorn 8 to 16

inches. Figure 7 is the isohyeta] map for East Lemmon

Val1ey. Arteaga (1984) prepared a draft water yield map from

data in the Klieforth precipitation study report. Arteaga

developed and used the following equations to determine the

relationship between precipitation and water yield:
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FIGITRE 7. Isohyetal rnap for East Lemmon valley.
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rf10<P
rf27<P
rf31<P

where P is mean annual precipitation in inches;

y is mean annual water yield in inches.

Based on these equations, total water yield for the Central

Area is approxirnately 500 acre-feet per year (AFY). Harrill
(L973) estinated recharge into East Lemmon Valley using a

nethod developed by Eakin and others (1-951). The Eakin

method is similar to the method of Arteaga. Water yield is
estimated by dividing the area of interest into precipitation
zones based on surface elevations. Using the Eakin method,

Harrill estimated a recharge value of 5OO AFY for aII of East

Lemmon Valley, which includes the Central Area. Difference

in recharge values between the Arteaga and Eakin methods may

be attributed to the uncertainty in the estj_mation

procedures. Harrill also used a.precipitation map that was a

precursor to the map used by Arteaga.

Subsurface Inflow

Another source of infrow to the central Area is subsurface

inflow from Golden Valley (Cochran et. dl., 1996). The

groundwater moder of Gorden varley deveroped by cochran et.
ar. has approximatery 45 AFy of groundwater outflow from

t
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Golden Valley, into the Central Area. Water levels
in Golden Valley, supporting the direction of flow

Golden Valley into the Central Area.
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of

Secondarv Recharqe

Secondary recharge is defined as the arnount of water returned

to the groundwater system as the result of human aativities.
Sources of secondary recharge include: 1) irrigation of

Iawns, crops, ot golf courses; and 2) discharging of septic
tanks and treatment plant effluent. Not all secondary

recharg'e returns to the groundwater system, some is lost (or

consumed) by evaporation and evapotranspiration processes or

remains in the unsaturated zone above the groundwater

surface. Amounts of secondary recharge described in this
report are considered to be arnounts actually returning to the

groundwater aquifer.

No golf courses or crop-producing areas are located in the

Central Area, consequently, septic tanks and.treatment. plant
effruent are the only possible sources of secondary recharge.

Harrill made the assumption that secondary recharge in Lemrnon

Valley is a percentage of: L) total discharge from a sewag'e

treatment plant; and 2) total amount of water used for lawn

irrigation. Harrill did not estimate secondary recharge frorn

septic tank effruent presumabry because septic tanks were a
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minor contributot' of the water budget at the time of his
study. At the tirne of his study, most effluent in the

Central Area was discharged from a sewage treatment plant in
the southwest corner of the model domain. The effluent
originated in the Silver Springs subarea but was discharged

into the Central Area. Based on his assumptions, Harrill
estimated that about 40 percent of effluent and 3O percent of
Iawn irrigation water becomes secondary recharge.

Presumably, the percentages used by HarriII come from studies

of groundwater consumption conducted in basins similar to
Lenmon Valley. HarriI'I (L973) estimated the amount of
secondary. recharge in the Central Area to be approximately

22O AF in L97L.

Groundwater Discharge

Evapotranspiration

Evapotranspiration (ET) can reduce water infittration to the

saturated zone or r'emove water once it reaches tne saturated.

zone. There are many factors that control the level of
impact ET has on a water budget. Sorne of these factors are:

1) the plant species present; 2) densities and lateral
distribution of plants; and 3) depth to the saturated zone.

Two important cornponents of ET needed for a groundwater model

are the depth that plant roots penetrate (the extinction
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ET occurs along the perimeter of the playa lake in the

Central Area (Harrill, L973). Plants.species found'near the

playa are, greasewood, rabbitbrush, wildrye, and saltgrass.

These plants were mapped by Harrill and are shown in Figure

8. Harrill estimated the amount of ET in the Central Area

based on his rnapping of the plant populations. fn L97L,

there were approximately 2tOOO acres of greasewood and

rabbitbrush of high to low population density. Harrill used

an ET rate of approxinately O.25 AFY per acre and concluded

that these plant types remove approximately 5OO AF from the

groundwater system annually. A more dense population of
plants is located in the southwest portion of the stud.y area.

Harrill estimated the denser area to be approximately 1OO

acres of channel-bottorn vegetation (grass, willows, and

tules). The rate of evapotranspiration for this area was

estirnated at 0.8 AFY per acre, resulting in a relatively
small arnount of 80 AF being removed from the system annually

by the more densely populated plants.

The extinction depth in the Central Area is not known and

most like1y varies to some extent both regionally and

Iocally. Danskin (L988) states that ET studies for Owens

Va1ley have a wide range of estimated ET rates and extinction
depths. The ET rates for studies completed in Owens Valley

range from 5 inches to more than 31 inches per year (0.00L to

t
t
t
I
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FIGITRE 8. Phreatophyte areas of East Lemmon Valley
(frorn Harrill ' L973) .
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0.007 feet per day). Extinction depths range frorn 5 feet to
more than 30 feet in modeling studies completed in basins

similar to Lemmon Valley (Thornas et.al., 1989; and Danskin,

' '1988) .

Subsurface Outflow

Water-Ievel measurements from the early 1970s show a westward

gradient toward the Airport Fault (Harrill, L973). HarriII
estimates that approximately 22o AF of groundwater exit the

centrar Area al.ong the Airport Faurt annualry. His estirnate

was rnade by dev6roping a flow net near the Airport Fault and

using the following equation

Q=TIW
where Q is volumetric flow (Length cubed/time or Ls /t);
T is transnissivity (t? /E) i
f is the groundwater gradient (L/L) r- and

W is width of the flow field (t).

Harrirl used approximations for T, r, and w of the flow field
to estinate outflow at the fault.
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Groundwater pumpaqe ''

I

l' Municipal and domestic wells extract or pump groundwater at

t ^"": locations in the Central Area. The amount ot pumping

varj-es seasonally and from location to location, depending on

I the density or distribution of weIIs. Not all purnped water

is lost or consumed, some is returned as.secondary rechargb.

I Harrill estimated groundwater consurnption by assuming that
about 40 percent of totaL groundwater purnpage is actuallytl

t' consumed.. Presurnably, Harrill's estimate of groundwater

I 
consumption comes from studies of groundwater consumption in
basins sirnirar to Lemmon vaIley. Harrirr (L973) estimated

U that approximately 150 AF of pumped groundwater was consumed

I 
in the Central Area during LITL

l,'
Initial Estimate of the Water Budget

r

| "::'::: ::';:":=T:T:":"H":":::::,::=T::'::_:"*"i'ns

I 
contribution to the water budget of Lemmon VaIIey. Table 2

summarizes Harrill's estimated water budget for the central

I Area of East Lemmon VaIIey in LITL

I

t
I
t
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TABLE.2. Estimated water budget for the Central Area of
East Lemmon VaIIey in L97L.

Natural Recharqe
Subsurface Inflow

Secondary Recharge
Total Recharge

Evapotranspiration
Subsurface Outflow
Pumpage (amount consumed)

Total Discharge

5OO AFY

45 AFY

22O AFY

tat *"
580 AFY

220 AFY

160 AFY

960 AFY
rom Harr , eaga, 1984; a

Cochran et. dl. , 1986. )

The estinated groundwater budget has an imbalance of 195 AF.

Some of the imbalance may be attributed to the uncertainty
within the methods used to approximate inflows and outflows.

The largest error rnay be related to the.'ET process because of
the uncertainties of ET extinction depths and rates. It is
also possible that discharge did exceed recharge since water

was being purnped frorn the valley (ie., water was corning out

of storage). However, water levels were stable over most of
the study area on an annual basis in the early i-970s.

Consistent water-leve1 declines did not begin until the nid-
to late 1970s.
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GROUNDWATER MODEL DESIGN

t Conceptual Model

r Many types of input data are needed to conceptualize and
I

a represent a groundwater system with a three-dimensional-

- 
nurnerical model. Required input data are:

I 1) Horizontal hydraulic conductivity;
2) Vertical hydraulic conductivity;

' 3) Elevatj-ons of tops and bottoms of the model layers;

I 
4) Recharge estimates,'

5) Di-scharge estimates; and,
\l
I 6) Aquifer storage parameters if the model will represent

rr transient conditions.
-f

Numerous types of data were evaluated to develop the
I

conceptual model of the Central Area and choose model_ Iayers.
I
I As with rnost basins containing valley fifl, distinct and

I extensive layers are difficult to discern. Data reviewed to

- help designate model layers include drilling logs, aquifer
tests, geologic naps, precipitation and ET estimates, and

I
borehole geophysical logs. Conceptually, the three

t hydrostratigraphic units of the Central- Area were divided

into two model layers, dn upper unconfined layer and a lower

- confined layer (Figure 9). Layer selection was based on

I differences in water levels for adjacent wel1s (we1I pairs),
t

aquifer tests, and rocations of werr screens. The forlowing
r-

I

Ir
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FIGIJRE 9. Schematic of model layers for ttre Central Area of
East Lemnon ValleY.
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summary describes how rnodel layers were selected by

interpretation of the various data sets.

Differences in depth-to-water for weII pairs located in the

Central Area range from approximately 5 to 15 feet.
Generally, the deeper well of well pairs has a water leveL- at

a higher elevation. Differences in water levels for weII
pairs means: J-) the wells are separated by confining rnaterial

and their well screens are installed.in different aquifers;
or 2) the wells are screened in the same aquj-fer but there is
a vertical gradient within the aquifer. Since the materials
in the Central Area are intermixed and fine-grained material

is abundant, it is likely that the well screens are separated

by confining material and are located in what may be

considered different aquifers.

The 72-hour constant. discharge aquifer test. completed for the

recharge demonstration project revealed delayed or no

connection between the deeper pumping well (depth of 465

feet) and shallow monitoring wells (less than l-50 feet depth)

during the aquifer test period. Water levels in some shallow

monitoring wells initially rose during the aquifer test then

declined several feet as the punping period approached 72

hours, indicating delayed connection. One shallow well
(total depth of 65 feet) located within 200 feet of the pump-

ing well. did not show any water level decline during tne 72-

hour test, indicating no connection during the aquifer test.
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Drilling logs were also reviewed to help select model layers.
Based on drilling log descriptions, clay is abundant to a

depth of approximately 200 feet below ground surface,

especially in the vicinity of the playa lake and artificial
recharge area. In addition, most domestic wells are

typically screened in the upper-most water producing zone.

Most domestic welrs in the central Area are screened within
the upper 1-50 feet of the saturated zone. Municipal wells
are typically screened at greater depths where potential
water yierd is greater. Most municipal welrs in the central
Area are screened at depths greater than 200 feet. After
review of data from well pairs, aquifer test results, and

drilling logs, the bottom elevation of the upper layer was

designated to be approximately 150 feet below the water

table, rneaning the bottom of the layer was essentiarly frat
except at the south end of the moder area where elevation of
the water table begins to rise. Based on the geophysical

survey (Shaeffer and Maurer, l-981) and drilling Iogs, the
maximum thickness of varley firr is approxirnately 800 feet
below the playa lake and thins laterally. Figure 10 is a

thickness map for valley-filr material in East Lemmon valrey.
Both model rayers are at least partialry cornprised of valrey
firl. Layer 2 extends to the bottom of the valley fill and

incrudes fractured bedrock. rt shourd be noted that drilring
has not encountered bedrock in the thickest varrey filr area
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Thickness map of valley fill
VaIley.

in East Lenmon
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or at the potential sink arda along the Airport Fau1t, the

depth to bedrock along the fault is based solely on the

geophysical survey.

Perimeter and bottom boundaries of the modeled area are

conceptualized as specified flow. No-flow (specified flow

equals O) boundaries are associated with the contact between

Iow perrneability bedrock and higher permeability vaIley fi1I,
topographic dividesr oF fault barriers. Specified flow

representing recharge was introduced into the model at the

first cell inside the no-flow boundary at locations where

precipitation is presurned to infiltrate into the valley fj-ll.
Presumably, most precipitation witl infiltrate into the

higher permeability valley fiII and not the low permeability

bedrock that defines the no-flow boundary. Figure l-1 shows

where natural recharge enters the nodel area.

West, south, and northeast boundaries of the Central Area are

defined with no-flow cells along faults and a topographic

divide. Typically, fault zones are low permeability zones

that hinder flow of water in one direction and act as a sink

in another direction. A portion of the west boundary along

the Airport Faul-t has the lowest water levels in the Central

Area and is a potential sink (Harrill, L973). Several

discharge wells li/ere positioned along this boundary just

inside the no flow boundary to represent the sink and

reproduce the groundwater gradient for natural conditions.
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Natural recharge locations
of East Lemmon VaIleY.
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It should be noted that the surface elevations for some of
the USGS wells in the Central Area have not been accurately

surveyed, whj-ch influences the value of hydraulic head at the

well. .Since surface elevations influence the value of
hydraulic head at the wel1, more we1ls should be surveyed to
determj-ne the exact groundwater gradient.

The northeast boundary is a topographic divide also defined

as a no-flow boundary. Precipitation falling at the divide
will either flow away from or into the model domain.

ouasi Steadv-State Condi-tions

Water-leveL rneasurements collected in the early 1970s were

stable on an annual basis, but did fluctuate seasonally. A

groundwater systern with water levels fluctuating seasonally

but not annually is considered to be at quasi steady state.

One portion of the Central Area did have declini-ng water

levels during the early L970s (Harrill, L973). However, the

only available data supporting the decline of water levels
were water-level measurements collected over a 5-rnonth period

from 3 municipal wells. one possible reason for the decline
of water leve1s in the area is because transrnissivity and

subsequent water yield is low in the fractured bedrock where

the wells are located. Documents indicate that water yield

is low in the area of declining water levels since 2 of the 3
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wells were inefficient water prodrl".r= and were abandoned.

Thus, it appears that the declining water levels were a local
phenomena and did not represent the overall conditions of the

Central Area in the early l-970s.

Mathernatical Model

9*, o#) - Aay w"ff t . &, * "#1 
+ w= s "ff

where K is hydraulic conductivity in the horizontal (x.

and y) and vertical (z) directions (Length/time or

L/t) i

h is the potentiometric head (L);

W is a volumetric flux per unit volume representing

sources or sinks (L/E) i
Ss is specif ic storage of the porous material e/D i

is time (t) .

The flow equation along with values of flow and/or head

c6nditions at boundaries and initial head conditions of the
problern domain constitute a mathematical representation of a

Movernent of groundwater through a porous rnatbrial can be

I described by the following partial differential equation

I
I
I
I
I
I
I
t
t
t
I
t

(McDonald and Harbaugh, 1988):
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t qroundwater flow system (McDonald and Harbaugh, L988). Most

I :"..,:"::,:::::l:,T"::i::"-"=.'1""J.::-::::';:"': 'n"

L numerical method. MODFLOW (McDonald and Harbaugh, l-988)
I solves the partiat differential equation with a finite

I difference numerical method. Basically, the finite
difference method approximates the solution to the flow

I equation at discrete points in space and time, and determines

head values'at these discrete points. This is done by
I replacing the partial differential flow equation with a set

I 
of algebraic equations. Wang and Anderson (Lg82) give a

detailed description of how the differential flow equation is
I
I solved with the finite difference approach

I The equation described above is appropriate for layer 1 of

the model since the water surface will vary with tirne and the
I

vertical component of flow is needed. The flow equation for

I layer 2 is a sinplified version of the equation for layer 1.

Layer 2 is confined which inplies there is only horizontal
J flow, meaning the vertical component of flow is not needed.

The flow equation for layer 2 is (frorn Maclay and Land,
I

l_e88 ) :

I

I
I
I

t

I
I
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ftrr*#, -{rt+#u, **="#

where T is transmissivity in the x and y directions
(T? /t);

h is the potentiometric head (L);

S is the storage coefficient (no units);
W is a volumetric flux per unit surface area

representing sources or sinks (L/t); and.

t is time.

NI'MERICAL MODEL

Model Grid Configurati.on

The Central Area of Lernmon VaIIey was divided into distinct
cells or blocks with a nodel grid. Initially, each grid cell
was 11000 feet by l-r000 feet with L6 rows and 32 columns for
a total of 5L2 cells. The grid was later refined to 5OO feet
by 500 feet in the area where the existing artificial
recharge project injection well is located. SmaLler grid
spacing provides greater detail (more data points) of the
water surface in. areas with steeper groundwater gradients,

which is rikely to occur near the injection well. The finar
grid configuration is L8 rows and 34 colurnns consisting of
42O- 1,000 feet by I,OOO feet blocks, L76- t-rOO0 feet by 500
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feet blocks, and 16- 500 feet by 500 feet blocks. Figure L2

shows the final grid design. The grid is oriented'paraIIel
to the boundary along the Airport Fau1t. Cells for each

model layer were designated as being active or inactive. For

Iayer L, inactive (no-flow) ce1Is represent the low

permeability characteristics of bedrock outcrops. Inactive
cel1s in layer 2 are located around the perimeter of the

layer where valley fiII is 150 feet thick or l.ess and are

associated with layer.1-. Figures 13 and L4 show the active
and inactj-ve ce11s of each layer

STEADY-STATE MODEL CALTBRATION

Based on the water budget previously discussed and the

stability of water-level rneasurements on an annual basis

during the early l-970s, a quasi steady-state cal'ibration
process was performed. Water-Ieve1 measurements collected

from more than 20 wells showed little annual fluctuation frorn

L97L through L976. Some wells did show seasonal fluctuations
but returned (rebounded) to non-stress erevations during rate
winter and spring rnonths when water consumption decreases.

Some of the wells used for the calibration data set are

screened at sharrow (less than 150 feet) depths while others

are screened at deeper depths (greater than 200 feet). Thus,

the calibration data set includes water levels for both model

layers. Model caribration is a subjective process resurting
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FIGIJRE 1.2. Model grid configuration.
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FIGITRE 13 . CelI types for model layer 1.
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FIGITRE L4. CeIl tlpes for model layer 2.
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.t . in a non-unique solution based on Darcy's equation: Q= KAI , .

where Q is volumetric flow (Le /E);
I K is hydraulic conductivity (L/E) ;

t ,,"::";,""":::::,'"::"i:";;:;:" 
('r?); and

I
For example, an increase in K with Q held constant produces

I the same effects on the computed gradient and heads as a

decrease in Q with K held constant. Thus, it is possible to
I calibrate the model by adjusting only K, 'on1y e, or by

increasing K and decreasing Q simultaneously (Anderson and
I

Woessner, L992). Variables of ET can also be adjusted during

I rnodel calibration. Each variable associated with model

calibrat,ion for the Central Area is discussed in the
I following sections.

I

I Boundary Conditions

I Boundary cond.itions as initially conceptualized were

rnaintained throughout the calibration process. Specified
I flow bgundaries were placed along the north, south, and east

t boundaries at the groundwater recharge locations for the

model. Flows representing recharge were input using wells.
I About 40 wells were distributed around the modeled perimeter

at locations.where precipitation is believed to enter the
I groundwater systern. A werl was also placed in the southeast

I

I
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corner of the modei to input subsurface inflow from Golden

Va11ey. Figure l-5 shows the boundary conditions of the model

area.

During model calibration, a constant head boundary was placed

at the west boundary along the potential sink at the Airport

Fault. Approximating the west boundary with constant head

cells helpbd determine the volume of water exiting at the

fault since MODFLOW computes flow at constant head boundaries

and includes the computed value as part of the water budget

printout. The boundary was converted to a specified flow

boundary after the volume of water exiting at the fault was

determined. Specified flow boundaries allow the heads to
change at the boundary whereas constant heads boundaries do

not allow the head to change. The rnodel was run'under

steady-state conditions after the boundary was converted to

specified flow to assure that the final head distribution was

the same as when the constant head boundary was used. A

specified flow boundary was selected based on the assumption

that artificial recharge wiII increase groundwater gradients,

but not significantly over rnost of the modeled area,

especially at the Airport Fault boundary. Basically,
groundwater flow is dependent upon the groundwater gradient.

If the groundwater gradient remains relatively constant, flow

will also remain relatively constant. Thus, the specified
flow boundary at the fault becomes appropriate by using the

assumption that gradients wirl not change significantly. The
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following equation can be used to make an estirnate of how a

change in gradient will effect discharge at the sink:

Q: TIW,

where Q is volumetric f low (fio /u-)

T is transmissivity (t? /E) i

I is groundwater gradient (L/L); and

W is width of the flow path (L).

The change in Q resulting from a change in gradient can be

approximated by assuming initial and changed values for the

gradient and comparing Q values resulting frorn the different

gradient value's. For example, the calibrated quasi steady-

state model has a gradient of 0.0076 between the injection

well and the Airport Fault. If artificial recharge causes

the head near the injection well to rise 3 feet, the new

gradient between the injection well and the Airport Fau1t is
o.oo8l-. Having the head change only at the injection weII is

similar to placing a constant head boundary at the Airport

Fau1t since constant head boundaries maintain the boundary

head at a specified level. Comparing the Q value for the

quasi steady-state model and the transient nodet causing a 3-

foot rise in head reveals that outflow at the boundary will
increase by about 7 percent.

This example describes what may be the maximum increase in

outflow at the boundary based on the assunption that head

values will increase at the injection well and not at the

I
t
I
I
I
:l

I
I
I
I
I
I
t,

I
I
I
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Airport Fault, meaning the gradient will have a maximum

increase. In reality, head may also rise at the fault which

would cause a smaller change in gradient and a smaller

increase in outflow at the fault. P.lacing a specified flow

boundary at the Airport Fault represents the minimum increase

of flow since head will also rise at the fault and change in
gradient will be minimal. The consequences of using one type

of boundary versus another should be kept in mind when

results of artificial recharge simulations are evaluated.

MODFLOW represents ET as a head-dependent boundary (Anderson

and Woessner, L992). Head-dependent boundaries are used when

flow varies with head. ET occurs in the middle of the study

area and not at a perimeter boundary. Thus, ET is a sink or

interior boundary and not a perimeter boundary in this study.

Natural Recharge From Precipitation

As previously discussed, the quantity and distribution of

natural recharge w"r" obtained from a precipitation study of

the Truckee River Basin (Klieforth et.dl., 1983). It should

be noted that precipitation measurements lrere not collected

specifically in the Central Area. Data ior the precipitation

study were collected at stations near but not in the Central

Area. Arteaga (1984) prepared a draft water yield map from

precipitation data included in the Klieforth report. Based
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on water yield, the Central Area receives approximately 5oo

AFV. This value was used as a prelininary estimate of

recharge but was not held constant during calibratlot.

Harrill (L973) determined the'water-Ievel contours for quasi

steady-state (L97L) conditions in East Lemmon Valley. Water-

level contours give an indication of where recharge areas are

located, based on the assurnption that areas with highest

water levels are the recharge areas. Both the water yield

map of Arteaga and the water-level contours by Harrill
provided initial estimates for the distribution of recharge.

Distribution of recharge was shifted until the best fit was

achieved between field-measured and model-simulated head

values. A large portion of recharge was placed at the south

end of the model area in order to reproduce the groundwater

gradient for quasi steady-state conditions. This

distribution agrees favorably with a groundwater rnodel of

Lemmon VaIIey initiated by Mahin (l-988). Figure L6 shows the

final distribution of recharge.

Recharge From Subsurface Inflow

Groundwater enters the southeast corner of the Central Area

along the boundary with Golden Valley (Cochran et.al., L986).

A groundwater model of Gqlden Vatley prepared by Coctrran

et.al. has approximately 45 AF entering the Central Area from

Golden Valley annually. This amount of recharge was not

l
T

I
t
I
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adjusted during calibration. ,.Incorporating 45 AF int6 tfre

model of the Central Area helped obtain the final calibrated

head distribution.

Secondary Recharge

The arnount of secondary recharge was incorporated into the

groundwater model by adding recharge at the model boundary

where the sewage treatment plant discharges into the Central

Area. No atternpt was made during this study to input

secondary recharge at every potential seiondary recharge

Iocation (ie., septic tanks) since the rnajority of secondary

recharge appears to :"*: from. the sewage treatment pIant.

The model easily reproduced quasi steady-state conditions by

applying recharge at the model boundaries, and not in the

interior of the model domain where most secondary recharge

sources are potentially located.

Discharge From Evapotranspiration

ET in MODFLOW is represented by a d.epth-d.ependent function,

meaning ET occurs at a maximum rate when the water level is

at ground surface and dec.reases linearly until the water

level reaches a predeterniined depth (the extinction depth).

According to Harrill, there are two categories of plants in
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Eas,t Lemmon VaIIey: 1) greadbwood and rabbitbrush; and 2)

channel-bottom vegetation consisting of grass and willows.

Several other groundwater rnodeling studies were reviewed to

better understand ET rates dnd extinction depths (Thomas et.
dl., 19861 Danskin, L988; and Hadiaris, l-988). Plant types

and densities, precipitation patterns, and lithologic
materials in these other studieS are very similar to ttrose of
Lemmon Valley. ET rates range from 0.007 to 0.0003 feet/day

in the"groundwater studies cornpleted in areas comparable t,o'

Lemmon Valley. Thus, dD initial ET rate of 0.0020 feet/day
was used during calibration. The initial ET rate is similar
to rates presented in other studies (Thonas et. dl., L9B6i

Danskin, l-988; and Hadiaris, 1988). The ET rate was adjusted

slightly to O.OO28 feet/day during calibration in order to
reprod.uce the water levels of the early 1970s. The rate was

not adjusted significantly since the model is relatively
insensitive to changes in the ET rate. Model sensitivity was

tested during early stages of model calibration and is
discussed further in thd Model Calibration section of.this
report.

Extinction depths presented in other modeling studies are

area-specific, and nay change as the depth-to-water changes

during wet or dry periods (Thomas et. al., 1996; Danskin,

1988p and Hadiaris, 1988). Since the water surface was at
Ieast l-5 feet below ground surface in a rnajority of the ET

zone in the Central Area during the calibration periodr dD
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ex'tinction depth of 25 feetl approxirnately 10 feet below the

water table, was initially selected. The extinction depth

was decreased to 2L feet during model calibration to obtain

the groundwater gradient of the calibration period.

Discharge Frorn Subsurface Outflow

The sink at the Airport Fault wad maintained throughout the

model calibration process with a constant head boundary. The

boundary provided the final quantity of groundwater leaving

the Central Area since MODFLOW computes and prints out flow

volumes at constant head boundaries. Further discussion of

boundaries is included in the Boundary Conditions section of

this report. The water budget for the final steady-state

model includes approxirnately 260 AF outflow at the constant

head boundary.

Groundwater Pumpage

Groundwater pumpage and ultimate consurnption were

incorporated into the model implicitly. As previously

described, calibrating the rnodel to quasi steady-state

conditions eliminated the need to reproduce any changes (ie.,

effects of purnpage) of water levels through tine. It was

possible to calibrate the model to within the predetermined
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telerance level without defining each possible location of

groundwater pumpage

Horizontal Hydraulic Conductivity

Horizontal hydraulic conductivity (Xfr) values are derived

from aquifer constant flow tlsts, specific capacity tests,
and lithologic descriptions of well logs. Aquifer tests
provi-de estimates of transrnissivity (T) that can be converted

to K6 using the equation K5= T/b, where b is the length of

the screened interval of the weII. Tirne-drawdown data from

approximately L0 constant discharge aquifer tests were

evaluated to obtain Kn values using this method. The

drawdown data was collected frorn punping wells and monitoring

wells during aquifer tests.

Specific capacity and T can be estimated from the following
enpirical equation. The equation originates from a nodified
forrn of the Jacob equation (Driscoll, L986):
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Q=
s zeatouH!

where Q is water yield in gallons per minute;

s is drawdown in feet;
-T is transnissivity in gallons per day per foot;
t is punping duration in days;

r is the well radius in feet;
S is the storage coefficient of the aquifer; and

Q/s is specific capacity

The modified Jacob equation is valid vrhen t is sufficiently
Iarge (Drj-scoll, 1986) and flow into and out of the weII is
at steady state (Heath, 1983). Driscoll'states that if
typical values of the variables in the log function are

assumed such as t= 1 dayr t=.5 feetr t =,3O,OOO gpd/ft, and

S- O.OO1, then specific capacity or T ""rrib" calculated using

the equation T= 300 (Q/s) , where 3OO converts gallons per

minute per foot of drawdown to square feet per day (Driscorl,
L986). Presumably, Driscoll.rs typical value of t equal to 1

day is sufficiently large enough so the nodified Jacob

equation is varid. Arso, changing the varue for well radius
fron 0.5 feet to 0.33 feet (typical.of domestic and

monitoring werls) has minirnar effect on the specific capacity
value. Kh can then be found from the equation K5= T/b as

previously described. specific capacity tests are typically
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completed on dornestic wells. over 200 drilling logs for

wells located in the Central Area were reviewed to obtain

specific capacity results. Review of the specific capacity

data revealed that the duration of specific capacity tests
ranged frorn t hour to 48 hours. K values were estimated from

more than 30 24-hour specific capacity tests.

Lithologic descriptions summarized in drilling logs can be

interpreted to estimate K5 values if aquifer or specific

capacity tests are not available. The following equations

give approximations of K5 values from drilling log

interpretation (frorn Maurer, 1986) :

Kh = (Kc) (? coarse) + (Kf ) (A fine),

where K" is a typical value of hydraulic conductivity
for coarse-grained material;

Kf is a typical value of hydraulic conductivity for
' fine-grained material;

?coarse is the percentage of coarse-grained rnaterial in
the screened interval i

?fine is the percentage of fine-grained material in the

screened interval.

The percentage of fine- and coarse-grained material described

in each drilling well log must be estimated in order to

approximate K5. Kh values were computed from approximately

40 drilling logs using this method. Some of the computations

helped verify K values estimated from aquifer and specific
capacity test data.
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easea on the 3 procedures described alcove, estimates of K5 in
Central Area range from O.OOO5 ft/d for fine sedirnents to 35

ft/d for coarse sediments and fractured bedrock. The

estimated K values were input into the model at the cell
representing the drilling log location. K values for
remaining cells hrere derived with a contouring program which

uses kriging to interpolate between irregularly spaced input
data and create regularly spaced data points. Kriging is
based on the regional variable theory and the algorithm

assumes an underlying Iinear variogram (Golden Software,

Inc., L990). A11 estirnated K values were used initially and

adjusted during model calibration. Most adjustment was

needed for K6 values in the playa lake area. The final
distribution of K5 values for model layer 1 is shown in
Figure L7. Appendix A. of this report includes the final K1

values for each model ceII. Transmissivity (T) values,

defined as K5 times aquifer thickness (b), were used to
define the flow in layer 2. Discussion of T values is
included in the Transmissivity subsection of the Model

Calibration Section of this report.

Vertical Hydraulic Conductivity/Conductance

tithologic descriptioni summarized in well logs can be

interpreted to estimate vertical hydrauric conductivity (Kv)

values. The following equation can be used to compute
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FfGIJRE 17. Distribution of horizontal hydraulic conductivity
values for model layer 1.
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approximations for K.,, values from interpretation of drillingr
Iogs (frorn Maurer, J-986) :

.Kv= L/ (Z coarse/K" * Z fine/K6) ,

where K" is a typical value of hydraulic conductivity
for coarse-grained material;

Kf is a typical value of hydraulic conductivity for
fine-grained material

Z coarse is the percentage of coarse-grained material in
the screened interval;

Z fine is the percentage of fine-grained material in the

screened interval.

The percentage of fine- and coarse-grained material described

in each drilling 1og must be estirnated in order to
approximate K.r. Kv values were computed from approximately

40 drilling logs using this method. Based on the equation

described above, estimates of Ku. in central Area rang:e frorn

approximately O.OOOO01 ftld for fine materiaL to 1.0 ftld for
coarse material.

Ko. values are not input direct,ty into the MODFLOW program.

The modeler must compute a vertical leakance term (Vcont)

that represents the vertical flow between model layers.
Vcont incorporates vertical hydraulic conductivity and

thickness of. each aquifer Iayer. vcont varues are estimated

by summing the following two values.: 1) the nultiple of Ko.

for layer 1 times one-half the thickness of layer L, and 2)
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the multiple of K., for layer 2 tiJnes one-half the thickness

of layer 2. The MODFLOW program then nultiplies V"orrl.by

cel1 area to derive the conductance term representing

verticar flow between two model ceLrs. Adjustments were made

to the initial Vcont values in the playa lake area. Vcont

values were decreased from initial estimates in order t,o
reproduce the field-measured head values. Smaller values of
V"orrg dre indicative of an abundance of fine-grained

rnaterial, which is present in the playa lake area.

Decreasing Vcont values reduces the amount of flow between

model layers 1 and 2. Final Vcont values rangle from

approximately 0.004 to 0.0000001. Figure 18 shows the final
distribution of reakance after model caribration. Appendix A

of this report contains the final Vcont varues for each moder

cell.

Transmissivity

Transmissivity values represent the aquifer frow parameter

for layer 2 since the layer is confined and flow is
horizontal. MODFLOW calculates T values internally from

input data of K5, the top elevation of moder rayer z, and the

bottom erevation of layer 2. T values'generated by MoDFLow

were compared to approximately 40 r values from aquifer test
and specific capacity data. Most MoDFlow-generated T values

vrere in crose agreement with T values estimated from aquifer
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FIGITRE 18. Distribution of
laYers 1. and 2.

Leakance Values between model
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test,pnd specific papacity data. As with the K values, T

values needed minor adjustments in order to reproduce field-

measured heads values. The final distribution of T values

ranged from about 0 to 6,000 ggz/d and is shown in Figure L9.

Appendix A j-ncludes the final T values for each model cell.

CALIBRATION RESULTS

Comparison of Field and Calibrated Heads

Water levels from 20 wells were used to calibrate the model

to qlrasi steady-state conditions. Seventeen of the 20 weIIs,

or 85 percent, were calibrated to within 5 feet of field
measurements.. It should be noted that surface elevations

r,/ere selected from topographic contour maps for some of the

calibration wells. Accuracy of these elevations may be at

best within 5 feet of actual elevations for some locations.

other potential sources for inaccuracy in field measurements

can be from reading the water measuring device improperly or

recording the measured value of the water level incorrectly.

Based on these possible qrrcertainties, calibrating the

najority of heads to within 5 feet is appropriate. Since the

groundwater surface in a large portion of the Central Area is
relatively flat, wells should be surveyed more accurately to
determind tne exact groundwater gradient. AII 20 wells were

calibrated to within 10 feet of field measurements.
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I Calibration results were evalua.ted statisticatly by

I ::::"::::":;.;""";;:,'",1",-":"=:::::::";::,::"',n"""

I 
equations for these analyses are:

I t tw=|i th.-rr") 1

I zr*=*hlrn -h"),r

I
I 

3 ) Riu,s= , ** (h^-h,ti2l .,

where hm is measured head and hs is simulated head
I

I ME is the mean difference between hm and hs. The ME is

I ::::'"J:.:::":::':"::,:" ;,:::"::: :,:::":I"::.::"::="

I 
the mean and may cancel out the error (Anderson and Woessner,

Lggz). For example, if 'one simulated head is 10 feet higher

I than the measured head and another simulated head i; 10 feet
Iower than the measured head, the error between the simulated

I heads is zero. Hence, a smalt ME rnay not indicate a good

I 
calibration (Anderson and Woessner, L992). MAE is the mean

of the absolute value of the differences in rneasured and

I simulated heads. MAE is sim.ilar to ME except a numerically
positive error value is obtained (Anderson and Woessner,

I Lg92). RMS error is thought to be the best measure of error

I
t
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if the errors are normally distributed (Anderson and

r Woessner, Lgg2). RMS error is the average of the squared.

I differences in rneasured and sirnulated heads (Anderson and

I Woessner, L992).r
Statistical results for calibration of this study are: ME=

L.29 feeti MAE= 3.67 feet; and RMS error = 4.7O feet.
Figures 20 and 2L show the comparisons between field heads

and calibrated heads for each model layer. Contour maps of
the finar caribration heads are represented in Figures 22 and

23 for layers 1 and 2, respectively.

. Sensitivity Analysis

A sensitivity analysis identifies which input variables have

the most influence on model results. Once identified,
additionar data can be collected for the variabre(s) that
influence resurts appreciabry. The additionar data can be

incorporated into the model to improve accuracy.

Variables adjusted to deterrnine sensitivity include
horizontar and vertical hydrautic conductivity, recharge, and

the ET rate. Each variabre was doubred and halved whire alr
other variables were herd constant. Finar determination of
sensitivity was done by calcurating the RMS error between

computed and field measured heads for each sensitivity run
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FIGITRE 20. Comparison of field versus calibrated heads for
model laYer 1.
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(Anderson and Woessner, L992). Results of tfre sensitivity
analysis are summarized in Table 3.

TABLE 3. Results of the sensitivity analysis for the
calibrated qroundwater model of the Central Arwacer o a ea.

Simulation Root Mean
Squared Error
Results

Maximum Head
Value Above
Calibrated
(feet)

Maximum Head
Value Below
Calibrated
(feet)

Calibration 4.70 10 Lo

2xKr^ 8.54 6 23

0.5 x K; 5.02 L3 3

2xK, 8.89 Lt_ L3

0.5 x K-, 4 .63 8 8

2 x Recharqe 6.69 L2 o

0.5-x Recharge LO.7 4 7 27

2 x ET rate 5.31 9 L2

0.5 x ET rate 5.12 11 7

= caJ.1DraEed norJ-zont,al hyctraul-Lc conductLvLty: calibrated vertical hydraulic conductivity
= evabotransni ral- i nnapotranspiration

By interpreting the RMS error results, the sensitivity
analysis indicates that the model is most sensitive to a

decrease in rechafge, increase in Ko,, increase in K6, and an

increase in recharge. Decreasing Kv gave slight improvements

to the RMS error value when cornpared to the calibrated value.
RMS error shows that additionar information on recharge, Kh,

and K., could improve the model reliability.
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Final Quasi Steady-State Water .Budget

A summary of the final water budget for the quasi steady-

state model of the Central Area is as follows

INFLOW -
1) Primary and Secondary Recharge, and Subsurface

Inflow- 5l-,650 feeto or 433-AFY

OUTFLOW -
1) Subsurface Outflow and Pumpage (anount consumed) -

3L,l-35 feeto or 25L AFY

2) Evapotranspiration

20,608 feets or L73 AFY

MODFLOW calculates the percent error difference between total

inflow and total outflow of lhe water budget. Ideally, the

percent error between inflow and outflow should be fe.ss than

1 percent for a model calibrated to steady-state conditions

(Anderson and Woessner, t992). Error in the water budget for

this study was minirnal at 0.18 percent.

The overall budget. agrees reasonably weII with the initial
estimates from'Harrill (L973) | Arteaga (1-984), and Cochran

et.aI. (1-986). The calibrated water budget is approximately

6O percent of. the initial estimated water. budget. The

biggest difference between the calibrated and initial water

budget is in ET. The difference in ET between the calibrated

model and Harrill's estimate may be due to the uncertainty in
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extinction depths and rates. Water loss to ET is becoming an

important issue in many groundwater studies of the western

United States. Additional research is needed to better
understand the ET process in order to increase the accuracy

of.estimated water budgets that include ET.

MODEL VERIFICATION

Calibrating the rnodel to quasi steady-state conditions
prevents calibration of the aquifer storage parameters.

AIso, it is not known if the model wiII accurately simulate

transient conditions when additional stresses (purnping) are

incorporated into the quasi steady-state model. Model

verification helps establish greater confidence in the

calibrated rnodel (Anderson and Woessner, L992). A

verification test is performed using the catibrated model to
simulate and reproduce an existinci aata set representative of
transient conditions. The procedure to complete an ideal

verification test for this study would include: 1) using the

final heads from the calibrated model as the initial
conditions for the verification test; 2) input all stresses

acting on the groundwater system from the end of the

calibration period (early to mid-1970s) to the present

(L993); 3) add estimates for aquifer stordg€, specifically S

and S", to the nodel; and 4) run the model through time

starting with the initial conditions, additional stresses,
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and storage parameters, and attenpt to reproduce a data set

for current (1993) water levels for the entire model domain.

Presumably, additional or increased stresses on the

groundwater systern of the Central Area (since the quasi

steady-state time period) are: 1) increased groundwater

punpage; 2) increased recharge from septic tank.effluent, and

3) increased recharge frorn sewage treatment plant effluent.
If the model does not reproduce the known transient data,

model calibration would need to be repeated untit the modeled

results within the predetermined range of error tolerance.

Local Transient Test

A local transient test was completed instead of nodel

verification for this study. The primary goal of this study

is to estimate how much injection water will enter aquifer

storage. Since water levels are currentty declining in most

parts of the Central Area, it can be impli-ed that groundwater

pumpage and consunption are exceeding groundwater recharge.

However, it is possible to sirnulate artificial recharge

without incorporating additional purnpage of groundwater into
the model. For example, modeling artificial recharge without

additional pumpage or groundwater consurnption wilt reveal the

maximurn relative changes in water. leve1s and associated water

storage. Sinulations of artificial recharge without current
(real tine) pumpage will give an indication of the minimum
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quantity of water that rnust be injected to get the modeled

water levels. Conversely, there possibly will be less water

entering storage under current conditions because some

injection water will be punped out of the system shortly
after it is injected. Thus, model simulations were run

without current pumpage to estimate the maximum relative
chanqes in water levels rbsulting from artificial recharge.

A local transient test was performed to test the reliability
of the model. The local transient test was completed using

data frorn the 72-hour constant dj-scharge aquifer test on the

existing injection well and monitoring wells in 1991-. The

calibrated quasi steady-state model was set up to simulate

pumping from the injection well at the same rate as the

actual aquifer test, 420 galIon per minute or 8Or85O fta/day.
A storage coefficient of 0.003 was used for model layer 2.

The storage coefficient was derived during the aquifer test
conpleted in 1991 and is a typical value for a confined

aquifer comprised of sand and clay (Freeze and Cherry, L979).

A specific yield value of 0.L was used for model layer L, a

typical value for an unconfined aquifer also comprised of
sand and clay (Freeze and Cherry, L979).

After completion of the transient test simulation, water

Ievels for the 8 monitoring wells were evaluated by

calculating the RMS error between actual and simulated heads

at the cells representing the 8 rnonitoring weIls. RMS error
gives an indication of how well the quasi steady-state model



,[

I
t
il
fi

I
t,

I
T

T

I
ii
I:-\
t
t
I
I
T

1

78

reproduceg.transient data. RMs "tior was relatively low at ,

l-.90 feet. Overall, modeled drawdowns were less than actual

values. This is probably because MODFLOW represents pumping

wells as fully-penetrating and the'modeled stress is

dispersed throughout an entire model cell. Thus, stresses

applied to a fully penetrating well (ie., an entire grid

cell) will produce less severe gradients, especially in the

cell and model layer being stressed. The.local transient

test provides reasonable confidence in the transient rnodei

for the area where the injection and monitoring wells are

located.

Another check of the model was complet,ed by changing the

boundary type at the Airport Fault sink from'constant head to

constant flow. Simulated heads near the injection weII were

the same no matter which boundary type was used.

TRANSIENT ARTIFICIAL RECHARGE SIMULATIONS

Final head values from the quasi steady-state model are the

initial conditions f.or transient simulations of the effects
of artificial recharge. Transient nodels require additional
input data to simulate the effects of artificial recharge and

subsequent storage within the aquifer. Conponents of storage

are striecific yield values for the upper unconfined layer and

storage coefficients for the lower layer. The storage
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coefficient and specific yield values used in the transient

test (S: O.OO3 and S"= 0.1) I^/ere maintained for all

artificial recharge simulations.

Recharge frorn precipitation was added to the system uniformly

through time during each transient simulation, ds it was

during calibration. In actuality, artificial recharge could

take place during periods of littte or no precipitation (ie.,

summer tirne). If the time of year when artificial recharge

will actually occur is deterrnined, natural recharge could be

input into the model accordingly, resulting in simulations

more representative of actual conditions. For example,

artificial recharge could take place during summer months

when natural recharge is low. Model simulations could be set

up so that all natural recharge is input during winter months

and no input of natural recharge during summer months.

Currently, the tirne of year when artificial recharge will
actually take place has not been determined. AIso, water

will be injected into the lower layer of the model for all

simulations. This represents actual fietd conditions because

the existing injection well and Washoe County rnunicipal wells

are screened in the lower Iayer.

Finite difference models do not accurately simulate the

relatively large gradient near a weII source or sink unless

the model grid is the same diameter as the well since the

stress is distributed throughout the grid cell (Anderson and

t
I
t
t
t
I
T

T

,l

I
I
t
I

i



I
0

I
f'
t

t
!
I
t
t
I
t,

t

t
t,

I
t

80

Woessner,,L992). Anderson and Woessner state that head

values in model cells adjacent to the point source or sink

cells are representative of actual head values.

Consequently, one should look at head values at model blocks

or cells adjacent to recharge or discharge blocks when

deterrnining overall changes in head. Head values for post-

recharge (idle) periods can also be evaluated to determine

the effects of recharge without weII influences.

Each of the following recharge simulations includes 6 months

of injection followed by 6 months of idle (no recharge) time

each year. Tota1 duration of each sihulation is 5 years.

Extraction of groundwater was not simulated during any of the

artificial recharge sirnulations. Figures used to summarize

each sinulation show water levels innediately after the final

6-rnonth injection period, and are identified as the 4.S-year

time period. Figures representing water levels after the

final idle period are identified as the S-year tirne period.

Sinulation A

one possible artificial recharge scenario is using one welJ.

to inject 100 AF of water annually over a S-year period (500

AF total), at 6-rnonth intervals each year. This scenario was

input into the model with the injection well located at the

existing artificial recharge site north of the playa lake.

I
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The,water level ij tne model cells near the injection well
rose approximately L4 feet above the quasi steady-state value

during each 6-rnonth injection period.

Figure 24 shows the mounding effect around the injection weII

in layer 2 irnrnediately after the final injection period, the

4.S-year tirne period. Srnaller increases of head occurred in
the upper layer (Figure 251. Head in 1ayer 1 increaseil

approximately 4 feet above the quasi steady-state value

during each 6-month injection cycle. However, more storage

occurs in the upper layer based on the definitions of

specific yield and storage coefficient. The lateral extent

of changes in water levels was sinilar for both layers.

Net changes in- head were calculated by subtracting quasi

steady-state head values from the values of the final idle
period, the S-year time period. Figures 26 and 27 show the

net change of head for layers 2 and l- after 5 years of

intermitt,ent recharge, respectively. Heads in both layers i-

and 2 rose about 2 feet near the injection well... Lateral

spreading was similar for both layers but head increases were

Iarger in layer 2. Incr.eases in water leve1s occurred at all
portions of the model domain. Water-level increases at
perimeter locations are most likely caused by the build-up of

natural recharge water at the boundary. Since the amount of
outflow is relatively constant, injection water probably

contributes to the total volume of water'being discharged
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the 4.5-year period:
feet with one weI1.

levels for model layer 2 at
After injecting 5OO acre-
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(From florrllt, 1973)
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FIGURE 24.
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FIGIIRE 25. Net change in water levels from steady-state
conditions for model layer'2 at the S-year
period: After injecting 500 acre-feet with one
well.
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from the system. This means that less natural recharge water

flows out of the system, allowing natural recharge to
accumulate nearer to the natural recharge source locations

(ie., at the perimeter of the rnodel). Water budget data for
the five-year time period at the end of Simulation A reveals

that most injection water goes into aquifer storage. A

summary of the budget after 5 yeard for Simulation A is:
Water Entering Groundwater System -

Natural and Secondary Recharge : 2,158 AF

Artificial Recharge : 500 AF

Water Exiting Groundwater System -
Airport Fault Sink = 1,305 AF

ET = 929 AF

Wat,er Entering Storage = 544 AF

Water Released From Storage = 1L0 AF

The above summary shows that, MODFLOW considers water flowing
into and out of storage as part of the water budget.

Specifically, water accumulation in storage effectively
removes water from the flow system and water released from

storage effectively adds water to flow, even though neither
process, in itself, involves the transfer of water into or

out of the groundwater regirne (McDona1d and Harbaugh, 1988).

Comparing the quasi steady-state and Simulation A water

budgets reveals that some artificial recharge water is lost
to ET after entering the upper layer. The quasi steady-state

budget has ET accounting for L73 AF discharge annually, or
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865 AF over 5 years, The water budget aftei the final

injection cycle for simulation A has 929 AF lost to ET.

Subtracting the quasi steady-state value of ET from the

transient ET value for this injection simulation results in
64 AF additionaL dischar{e. Thus, approximately 436 AF out

of 500 AF or 87 percent of the injected water goes into

storage and potentially can be retrieved at some later date.

Sirnulation B

Simulation B represents injecting 2OO AF of water annually

over a period of 5 years (11000 AF total), at 6-rnonth

intervals each year using two injection wells located
I

adjacent to each other. Both wells are located at the north

end of the playa lake near the existing injection weII site.
Results of Simulation B indicate that water levels near the

inject,ion cells (ie., in layer 2) will rise about 2O feet
above the initial quasi steady-state vaiue during each

recharge cycle (Figure 28). As in Sirnulation A, the increase

of head in layer 1 irnmediately after each injection period is

less. than the increases in layer 2 (Figure 29). Head in
layer 1 near the injection wells increased approximately 5

feet above the quasi steady-state value during each injection
cycle. Final increase of head after 5 years is approximately

3 feet in the lower layer and 2 feet in the upper layer near

the injection wells ('Figures 30 and 31). As with Simulation
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(From tlorrlll, 1973)

4892-5Ei'rii.'lt u'nn
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FIGITRE 28. Contour map of water levels for model layer 2 at
the 4.S-year period: After'injecting 11000 acre-
feet with two adjacent l,rells.
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Contour map of water levels for model
the 4.s-year period: After injecting
feet with two adjacent weIls.
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Net change in water levels from steady-state
conditions for model layer 2 at the S-year
period: After injecting 110OO acre-feet with two
adjacent wells.

FIGI'RE 30.
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FIGIJRE 31. Net change in water levels from steady-state
conditions for model layer 1 at the S-year
period: After injecting lrooo acre-feet with two
adjacent wells
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r
- A, the increases in water levels extend to the model
I 

A, the increa

f, 
boundaries. The chanqes are not necessarily because

r injection water travels to the boundaries. The changes,r

probably occur because some injection water contributes to
I the amount of water remoVed from the system, allowing some

, 
natural recharge water to build up at the boundaries where

,_ 
the natural recharge source areas are located. The water

I budget after 5 years of injection for Sirnulation B is:
Water Entering Groundwater System -

f Natural and Secondary Recharge : 2,L72 AF

I Artificial Recharge = L, ooo AF
I

Water Exiting Groundwater Systern -
I
I Airport Fault Sink = l-,305 AF

r ET=991AF
II
I,
IJr Water Entering Storage = 1-1095 AF

Water Released From Storage = 220 AF
r

Comparing the quasi steady-state and Simulation B water

budgets reveals that some artificial recharge water is lost

to ET. The quasi steady-state budget has ET accounting for
L73 AF discharge annually, or 855 AF over 5 years. The water

budget at the S-year time period has 991 AF lost to ET.

Subtracting the quasi steady-state value of ET frorn the

transient value for Simulation B results in 126 AF ad.ditional

discharge. Thus, approxj-mately 874 AF out of IrOOO AF or 87

percent of the injected water goes into storage and

potentJ-a1ly can be retrieved at some later date.
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Sirnulat,ion C

The third simulation illustrates using 2 wells at different
Iocations to inject 200 AF annually over a 5 year period

(1'OOO AF total), at 6-month intervals each year. WeII l- is

located at the existing injection well site north of the
playa lake. WeII 2 is located at the northeast corner of the

model area. Both wells inject into the main production zone

( tayer 2) but layer 2 i.s relatively thin with a fairly large

Ieakance value near well 2, meaning water can move upward

into layer 1 more easily. Water levels in layer 2 rose about

16 feet near well 1 and 20 feet near well 2 during each

recharge interval (Figure 32'). As with Simulations A and B,

head increases in layer L were less than in layer 2 aE well i-

(Figure 33). Layer L heads near injection wells 1 and 2 rose

approximately 4 feet above the quasi steady-state value

lmrnediately after each injection cycle. Finat increases in
head, at the S-year tirne period, were larger in layer 2 at
well l- and sirnilar for both layers at well 2. Layer 2

increased approximately I.75 feet at well l- and 4.5 feet at
well 2. Layer 1 increased approxirnately 1.5 feet at weII 1

and 4.5 feet at weII 2. Total head increases for.each layer
after 5 years of injection are shown in Figures 34 and 35.
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FIGI'RE 32.
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FIGITRE 34. Net change in water levels from steady-state
. conditions for.'model layer 2 at the S-year

period: After injecting 1'000 acre-feet with two
wells located two uriles aPart.
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FIGITRE 35. Net change in water leve1s from steady-state
conditions for model layer 1 at the S-year
period: After injecting 1,ooo acre-feet with two
wells located two miles aPart.
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I
The water Uuaget after 5 years for Simulation C is:

I
Water Entering Groundwater System -

I Natural and Secondary Recharge : 2,a72 AF

Artificial Rechargle = 1r000 AF

t Water Exiting Groundwater System -
Airport Fault Sink = 1,305 AF

I
ET : 942 AF

I Water Entering Storage : 11159 AF

Water Released From Storage : 235 AF

I

The water budget shows most injection water entering storage.
I

I ;::'::':::":: ,:.:: ;: ::T;':::":::":,T"'il"::"1';".11"='
- 

enters storage and potentially can be extracted in the

I future. It appears that locating the injection well away

from ET areas eliminates loss of some injection water.
r

I
SI'MMARY AND CONCLUSIONS

t

t ::::'=::",":='::"T::"=.::,"::::.::";"";:::"::::j"='"
I

I Artificial Recharge Demonstration Project is currently
underway in the Central Area of the East Lemrnon Valley

I subarea. A quasi three-dimensional finite difference
numerical flow rnodel was developed to simulate the effects of

f artificial recharge in the Central Area. objectives to be

I
r
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existing geologic, hydrogeologic, and climatic data and

develop a conceptual model representative of actual field
conditions; 2) approximate the conceptual model with a

calibrated numerical rnodel; and 3) simulate different
scenarios of artificial recharge to determine the amount of

injection water going into aquifer storage, observe any

changes in water leve1s, and reveal which injection scenario

adds the most water to the groundwater system.

overall, data cornpilation and developrnent of a representative

conceptual model was accomplished. Numerous types of data

were compiled and a large data base was developed. Drilling
Iogs, geophysical data, and climatic (precipitation) data

were obtained from various agencies or found in.published

reports. Data $/ere evaluated and a conceptual model was

developed. Based on evaluation of available data, three

hydrostratigraphic units were identified in the Central Area:

1) playa deposits; 2) val1ey-fill rnaterial; and 3) fractured

bedrock. Hydrologic parameters inply that playa deposits

have low water yield while valley fifl and fractured bedrock

have the potential to produce relatively large volumes of

water. Except for the playa unit being comprised mostly of

clay, the valley-fill material is a mixture of clay, silt,
sand, and gravel. Consequently, the hydrostratigraphic units
vrere only divided into 2 layers for rnodeling purposes: an

upper unconfined layer and a deeper confined layer. A
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definite confining unit separatj-ng layer L from layer 2 was

not evident in any of the drilling logs. Thus, the layers

were separated usi.ng a leakance term, making the model quasi

three-dirnensional. The upper unconfined layer extends

approxirnately 150 feet below the water table. Most domestic

wells are located in the upper portion of the unconfined

Iayer. The lower confined layer has a maximum depth of

approximately 800 feet and includes valley fill and fractured

bedrock. Larger-producing municipal wells are located in the

deeper confined unit.

fn addition to hydrostratigraphic units and model layers, a

water budget is needed to represent a groundwater system

numerically. The prinary water budget components for the

Central Area are: precipitation, subsurface inflow,
evapotranspiration, and subsurface outflow. Secondary

components of the water budget include secondary recharge

from a sewage treatrnent plant and groundwater pumpage.

Initial estimates of the water budget were obtained from

previous studies by Harrill (L973) , Arteaga (1984), and Mahin

( r.e88 ) .

The second objective of this study, approxirnating the

conceptual model with a calibrated steady-state finite
difference model, was also accomplished.. The model was

calibrated to water-Ievel measurements representing quasi

steady-state conditions. Quasi steady-state conditions
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occurred in the Central Area during the early L970s when

water-Ievel measurements $/ere stable on an annual basis but

fluctuated seasonally. Secondary components of the water

budget vtere incorporated into the nodel irnplicitly since

model calibration was achieved by placing aII recharge and

discharge components at the model boundaries and at ET areas.

Previous field studies concluded that approximately 5OO acre-

feet, enter and exit the groundwater system under steady-state

(natural) conditions. This value along with estirnates of

hydrologic parameters were the initial values incorporated

into the numerical model. A summary of the final water

budget for the quasi steady-state calibration follows:
INFLOW

l-) Primary and Secondary Recharge = 388 AF

2) Subsurface Inflow : 45 AF

OUTFLOW

1) Evapotranspiration = L73 AF

2) Subsurface Outflow = 261 AF

A sensitivity analysis was completed to determine which

parameters have greater impact on model results. The

sensitivity analysis revealed that the nodel is most

sensitive to decreases in recharge and increases in
horizontal and vertical hydraulic conductivity. The model

was less sensitive to changes in the ET rate and decreases in
horizontal and vertical hydraulic conductivity. Thus,

add.itional information on recharge and K values could

I
I
I
I
I
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increase the reliabillty of the model.

Ttrree simulations were input into the calibrated model in
order to meet the third study objective, determining if a

specific scenario can potential'Iy put more water into aquifer

storiage. Aquifer parameters and final heads from the quasi

steady-state model were used under transient conditions to
simulate artificial recharge. A loca1 verification test of

the transient model .!'/as performed by sirnulating an aquifer
pumping test and c6rnparing the results with actual aquifer

test data from L99L. Verification tests help the modeler

decide whether the calibration process produced a model

adequate for transient simulations. The model reproduced the

aquifer test data set reasonably weII, sirnulated heads

rnatched to less than 2 feet of actual. aquifer test values

based on a root mean squared error calculation.

After the local verification test was cornpleted, the model

was used to simulate three artificial recharge scenarios.

AII three sirnulations produced increases in aquifer storage

and water levels. The lateral extent of.head changes was

similar for both layers. Increase in head values was greater

in the lower layer where the injection wells were placed..

The upper layer showed smaller head increase but rnore

storage, based on the definitions of specific yield and

storage coefficients.



I
I
I
I
t
I
I
t
I
t
I
I
T

I
I
I
I
I
I

103

Based on the assumptions made to prepare the model,

artificial recharge wiII nitigate declines in water levels

for the Central Area. A11 three simulations had increased

loss of recharge water by ET in addition to the loss for
quasi steady-state conditions according to the model water

budgets. Simulation c, which had two injection wells located

two miles apart, had less loss by ET because one of the

injection wells was placed several miles frorn the modeled

phreatophyte areas.

RECOMMENDATTON FOR FUTURE STUDIES

Future studies should be set up to provide additional
information on the components of the groundwater node.l

outlined in the following list. The additional inforrnation

could be incorporated into the groundwater model to increase

the reliability of modeL results.

1) Additional information on the distribution of
precipitation in the valley. is needed. The sensitivity

analysis conpleted for the study revealed that the rnodel is
sensitive to changes in natural recharge, more so to
decreases than increases in natural recharge. Current

approxirnations of natural recharge were estimated by

correlating land surface elevations with precipitation zones

and are not supported by data collected specifically from the
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Central Area of ,Lemmon Val1ey. Precipitation zones are

approximated using the assumption that higher elevati6ns

receive more precipitation (Arteaga, 1986). Collecting data

in the Central Area using precipitation gauges, evaporation

pans, and other devices may provide more reliable recharge

input values specifically for the model domain.

2) Performing constant discharge aquifer tests on shallow

wells witl increase c'onfidence in hydraulic conductivity
values and storage pararneters. The sensitivity analysis

completed for the quasi steady-state model indicates that the

model is most sensitive to increases in K5 and K.r. Most

values of K6 and K., input for layer 1 were calculated from

drilling logs and specific capacity tests. Aquifer

parameters are well defined in the artificial.recharge area

but are not well defined in other parts of the valIey.
Purnping tests witl provide more accurate K values in other
parts of the model domain and increase model reliability.

3) Performing engineering land surveys on aII wells used for
water-level measurements is needed to determine the exact

groundwater gradient in the valley. WeII elevations are

important because the gradient in the north part of the

val-J-ey is relatively flat. The model was prepared with
estirnates of land surface elevations for sorne of the

calibration welrs. rf these elevations are not accurate, the

field-neasured water levels would also be inaccurate.
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4) Installing deeper monitoring wells i.n several areas of the ''

valley could better define the thickness of valley fill and

depth-to-bedrock. Depth-to-bedrock along' the Airport Fault

and in the northeast portion of the valley is based on the

geophysical survey completed in 1981. Drillingr to bedrock

would verify the results of the l-981 geophysical study.

5) More information is needed on ET rates and extinction

depths. Transient sirnulations revealed that some artificial

recharge water is lost to ET, especially when the injection
well is located near the modeled ET areas. If the ET rate
and extinction depth used in the model are incorrect, it is
possible that more or less water can be lost to ET.

Collecting additional data on ET.should be considered since

ET is a important part of the water budgret. The biggrest

difference between the estimated water budget and the modeled

water budget was in ET.

6) More information is needed to better understand subsurface

outflow at the Airport Fault. Outflow at the fault is
dependent upon the variables of Darcy's law q= KAI,

where Q is flow;

K is horizontal hydraulic conductivity;

A is the cross-sectional area perpendicular to flow;

I is the groundwater gradient
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Whether or not Q will increase at the fault during injection

is largely determined by the values of K and I. It is
possible that K is a srnall enough value that realistic
increases in I resulting from artificial.recharge will"
produce only small increases in Q. Additional information

could be obtained by installing we1ls on both side of the

fault and performing an aquifer test to get a better

understanding of the K values in the vicinity of the fau1t,

and the horizontal connection across the fault.
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ARRAYS RHS AND BUFF I.'ILL SHARE I'IEFORY.
START HEAD WILL M]T 8E SAVED -- DRAI.IDONN C.ANNOT EE CALCI.'LATED

tO464 ELEI.I€NTS IN X ARRAY ARE USED BY BAS
TOq64 ELE}TENTS OF X ARRAY USED OUT OE 9OOOOO

o8cFa -- ELOCK-CENTERED FLgLt PACKAGE, VERSION e,7/t/9t INFUT READ FROr'l UNIT lr
STEADY-STATE SII.TULATION
HEAD AT CELLS THAT CONVERT To DRY- O.OoOOo
},ETTING CAPAEILITY tS NOT ACTIVE

LAYER AOUIFER TYPE

ao
IEE6 ELEI1ENTS IN X ARRAY ARE USED BY BCF

I T6?0 ELEI.IENTS OF X ARRAY USED OUT OF 9OOOOO
o!,fELt -- HELL PACIdAGE, VERSTON 1,9/1tf37 INPUT READ FROH le

llAxlflutt oF 4{, UELLS
176 ELEI.TENTS IN X ARRAY ARE USED FOR I"'ELLS

Itg66 ELENENTS OF X ARRAY USED OUT OF 9OOOOO
OEVTI _ EVAPOTRANSPTRATION PACKAGE. VEFSION I;9/I/A7 INPUT READ FROI' UNIT IS

OPTION ! .- EVAPOTRANSPIRATION FROI'I TOP LAYER
1836 ELE}IENTS OF X AERAY USED FOR EVAPOTRANSPIRATION

I37OA ELEI.TENTS OF X ARRAY USED OUT OF 9OOOOO
ostPl --.srRoMiLY IITPLIcIT PROCEDURE SOLUTION PACI.:AGEt VERSION

I.tAXtMUI.t OF EOO ITERATIONS ALLOI.IED FOR CLOSURE
3 ITERATION PARAI'IETERS

STOT ELEI.TENTS IN X ARRAY ARE USED BY SIP
t94O3 ELEI,IENTS OF X ARRAY USED OUT OF 

'OOOOOILE}4F,ION VALLEY STEADY-STATE.CONDITIONS
o

t,.IITH VARIABLE GRID

I. g/T/E" Ii.IPUT READ FFOM UNIT 19



t
t
f,

t
t
I
t
t
I
I

112

I
t
I
t
I
I

o

ru

o
ru

t
ru

{
(u

rft
ru

{
o
o|

q|

0l

o
N

6

o

F-

{
n

€

o

o

o

r

@

3\

{
n

--g-('
6(ll"('!

nr Ol
-('t

r6

U'

{l

=|l.o

z
(o

F
z
l
zo
A
<l
ut
tr
uli!
JJ
3

G
UJ

c
J
E
lt

cg
<t

Ecoz:o
lo

-i-jc'OglC'

-CoO

O--rrr-rr-OO

-ra<r-OO

- - - - -. O O

--<a---OOO

d-OOOO

O<I-OOOO

Or--a.----OOO

Oar--r<--OOO

Oai--<OOOO

o--a'oooo

O,< - - - -;.- - < r.O O O O O

Oa---<--r-OOOO

o6aOOOOOgOrO-o-OaOaO-O-O-o-Oo-O-O-O-

OOOOOOOOO OOOOO O 9<O-O-Oa,O-O-OO -o-Oror

OoOoOOo goOOoOoOoOoOoOoOO-Oroo-o-o-o-

o-q<odo-o-ooooodoooooooooo-oo-o-oror

t

t

- o o € n { F o o o: E I g.g: t I
goooooooooooooooooo



113I
T

t
t
t
I
T

t
0

I
I
I
I

8 :" o o o g o o o o o o o o o o o o o

S :o o o o o o o o o o o o o o o o o o

S :o o o o o o o o - - o o o o o o o o

t .O O -il.-oOO./
il :o o < - - d - o o o

I :o o - - r o o o

fr :o o - d - < - o o o

O .O < -ia.ooo

S:.o-
t :o o o o

I :o - r o o o

9 :o I - - < - - o o o

g :o o o o

I :o I - o o o .
o

: :" < - - r o o 
" i.z

lon ;" o o o o:
: io o o o o. lr,.o
ct .O o_OOOZ

.3
I :o - d - o o o o 3.t!

.I o::.o---ooeoz

9 :o o o o d
.F

" :o o o o o

t :o o o o o.o o,. :o o o o o o d.o.o{r..,O_OOOOOo
.o
.Fn :o r o o o o >.ul

ut

"S :"o-ooooooo<o:o-o-oro-o<o-o-oq ooooooour
.o

oE :ooooOOoOoOOOoooO-oio-oio-O-oO ooOOooOj
3aS :"oooooooo goooooooooo€iooo-o-oooooooooo

.<r.t!
-; :oooooOoOoooo.AooooOoOooooOo-oq ooOooool

.tr
, lrl"
,l!
:- o,l O € t) € t\ O O O -. (u ot a t) { F tr f!-'-;Eo 6 o o o o o o o o o o e o c o a o 8o

n
{

c
Etro
l!
ctz
6

z
=zo
o
lrl
G
UJ
B
JJ
3
0l

ITJ

cJi
clo!lr!
>l2rlil
tr!ci
>!c!
sizl3i
-!

I
I
I

t
I



114I
T

T

t
I
I
I

;;; ;;;;;;;;; i;;;;; ;;; ;;; ;;;;.ooo
.GGa>.9{'rt

.O6O

.DGG.t.'.{

.ooo
:s[$

.OOO

.DaG
:rt3'{t

.OOO

.GaD;ri'q

.ooo

.DoG.ci+

e8s

oro-o,

!.Fs

o{oiot

ntln-ol

o:ilS

elolcl

.l
ol
olcr

dlolr.|

999' d99 d9d iei dsid de'"' d:i"' "'e'"' ddd
Iss ss$ $5s $s$ s$s $e$ s$$ ss$ $$$

ded e'ee ded ee'; de'd ddd "'dd ddd dde
sss $5s s$s s$[ s$s sss Iss fts s$s

..

:

;;; ;i;, ;i; i;; ;;; ;i; i;; ;;; ;;;
I

;;; ;;3';;; ;;; ;;i 3s; ;;; ;;; i;; ;l
i

d9o' o'9d ddo' ddo'.do'd ddd ddd o'do' ddd di
sg$ [$[ s$$ g5s s$[ ss$ $sg g$$ iEi i!

o
o
c'
(D

€r
Eolr
oz
ol:

3
zo
o
l!
G
lrl
ao

J

3

G
ul

c
Eol!
oct!
)€
z

edeee edede dei;i;;ii;;;i;;;;;;;;;;;;;;i;;;i
$$ggsg9$$gg$!

o E fi I :9'd 9 d d e d e d 9 d 9 d d d e "'e 
d i 

"'d 
o' d d d d .t d .; d d d d d d ci ci c; ci .; r

:ss s[[es5ssf $g$5ggss$gligisif if isi5i6igi5i!
:

" E s s 
i;; ; ; i ; ; ;; ; ; ; ; ;; ; i ; ; i ; ;i ;; ; ; ; i ; i; ; ; i; i; ;; ; I
:

- : ; 6 
:;; ; ; ;; ; ; ; ; ; ; ; ;; ;; ; ; ; i i ; ;; ; ; ; i ; ; ; ; ;; ; ; ; ;; ; I
:

:- o ot {t n € F O -' G o -

I
I
I
I

I
I
I
t
T



I
T

I
I
l
t

115

ig e:e e:e eie e:e dee e'ed ded3s gs9 g$s gss $ss $$$ ss5 s9s

:e e:e ege ete eid ded eed deds$ gss $ss g$g $$s gss sss sss

dd dd; o'ed dd; d'eo' ;d; ddd ddd
55 ssg es5 5ts'f$$ iei isi i5i

j; ddd;e;;e'; ddd o'io'ddd;.i;i$ $5$ $es sgs EsC $5i iEi i5it
l

ie' ded dei eed idd ddd "ie.i "'ddte sgs sss $ts $$$ $ss 5$$ s$E

?e e'ed eed ni; ;;;;;i ;;; ;;iig gs$ gg$ gg

i;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;

i;; ;;; i;;;;;;;;; ; ;;; ;;;;;;;;;;;

i;;;;;;;;;;si;;;;;;;;;;;;;;;;;;

i;;;;;;;; i; ;;;;;;; ;;;;;;; ;3 i ;;;
ggg!:t9
oooooooo

I
I
I
I
t
I
I

T



I
t

116

o
o
o
@

c
E
G,o
lt
0z
ol

z!
zo
o
<lt!
E
UJo

t
0l

G
UJ

cJ
Eol!
q
G
w

)
F

z

l
t
l
I
I
I
I
I
I
I
I
I
I
I

e88

oGG

o(Do:o.

FFF

{oo

99
gg

OO
gg

99
$g

i;i i;; i;3 ;;; ;;iOO

5s

;;; ;;i;;; ii; ;;;

;;; ;i3 i;; ;;3 ;;i ;;;

o
Gt

o
D{t ;i;;;i ;;;;;i;;;

;;;;;i i;;;;i;;;
.,'

;;;;;; i;;;;i;i;
:

o
Fc

o
o{'

edeggg

n!g

:

o : il s 
: ; ; ; i i ; ; ; ; ; ; ; ; ; ; ; ; ; ; i; ;; ; i

:

'rss :;ii;;;;;;i;;;;i;;;i;;;;;i
:

i

'! s s 
: i ; ; ; i ; ; ; ; ; i ; ; i ; ; i ; i ;; ; ; ; i

:
:-:il; :i;i;;;;;;;iii;; ;4ii;i;ii
:

i' o, n' c n o

'o o o o o o

T



117I
T

;

I
I
t
T

I

i;; ;;; ;;; ;;; ;;; ;;; ;;; ;;i ;;; ;;; i;; ;;;

i;; ;;; ;;; ;;; ;;; ;;; ;;; ;;i ;;; ;;; ;;; ;;;

i;; ;;; ;;; ;;;;;;;;;;;i;;;;;;;;; ;;i;;;

i;; ;;3;;;;;;;;; i;i ;;i i;f;;;;;;;;; i;;

i;; ;;; ;i;;;;;;i ;;;;;; ;;; ;i; i;; ;ii ;;;

i;; ;;; 3;;;;; ;;;;;; t;; ;;; i;i;;i;;i;;;

i ;;;;;; ;;;;;;;;; ; ;;; i;;;;;;;; i;; i; i; i;;; i;; ; i; i;

F; ;;;; i;;;;;;;;3;; i;;;;; ;;;;;; i; i;;;;;;; f ; i;;; i;

H;;;;; i ;i; i ;;;i ;;;;;;;;;; i;; i; i; i3i;f ;; i i; i;ii;;
sOO-OrOO{rUt{tFO
looooooooooo

I

i;;;;;;;;;;;;;;;;;;;;;;;;;;;; i i;; ;i ;;; i;;; f ;; ;;;

I
f,

I
I
I
I
I
I
T



I 118

o
o0o

o
oao

989
g itEI
98q
gdg

q9
gg

€qtg -:3d8 6989 e

:
F
E
Ee8e Eg8g 2.rr- ;
:

cl
dlxl:l
-l
<tl
Etrolr
oz
(n
3

2)
2o
o
<t
lr,l
G
trl
lq

J

=
E,J
trlo

t
I

q:
ge

8.:
8t

6O

;s

9O
9d
gs

q9

eg

6O

gg

q9
o9OYov

qee 2

ssg z

f
gqq "t

sag 4

3
tr,la

qqgq
gggg

eqq9

sggg

co.g9

Eggg

eqgq

sEgA

.o'o
g

":
EHr4>2b
tsFE6EEE:o e
22 t ,

'-4Eg- o
E3=llo i
g|ll 

=+> JitIGtt
7o
=,o -.1

e=a3
5eatv,

8b
oaH

Qp
G,lrl >
OG

isH
rFoa=u!
GJll.
EaE
efh
EBe
Hud
r4Z
Eie
GrnE

3Es
E6Boo

I
I
I
I
t
I
I
I
t
I
t
I



119

o
o
('
o

E
g
lt

oz
Co-

z
l
z
Cl

a
ul
G
tr,
B

3

G
IJJ

<t

Go
lr.
o3
C'
G'

ozoJ
<E

ozoo
o

I
t
t
I
I
I
l
I
t
t
I

iq H q q H H H H

:Hee Hee H;e H:n Hse ee; Hqp gqq

i:ij :rj :;g ;r; :d; :r; :id :id
:q ? F H H H

ig:: ::::3: i:l EIl lIl E:$ [[]
:

i3:l:l::*; i33 !ir:33 Eil i::
iH
:ts; ::::5; i:l i3i:::::3 !5:

:!:: 3i; !t: Is; i:i::l i:: $:g

.H
i*:::::::;::i:*t ::t n:r lH;

988

oDG

o(!o<ol

r..l 
D

n Yt.n

oTfiT

oTfiE

ooor$!
-0lu

-:i6

qH
il;:i;;:l;I:ifi ;::ii:3:i:=3:::3::

o,.

ooooaoo

I
I
I
I
I
I
t



120I
I
t
T

I
I
I
I
I
I
t
t
I
I
t
T

t
I
I

?HH
Hgs Has Hga sss Bss Bee 8Ee gRs 8se gRR
fql 8':q :rl 9jq EJl :i: :ri qt: qj: qe:
d.t;." ri.t o.-t d-" d-" <j o o o

?

eE9 Hse e33 g8s 33s 888 839 88s 8e9 838o'Fn of.' or,< ?.:t !d": g;q gd: i::4::4!:1i": :d": :dd i=; ;.d j.* ; o o o

s3q q*q'q8q Ef;i ;qi fiqe $qq Iqq qqi tiq
olg'o 0JdD. oO'o olrO c-6 d-a d-o ol-o o<{ 0,1 -1,

OJod, ':

qgi cqq qnq iIq i3q qFq qqi qqq qqq q;&
odc odo ods cdo -do @dF n-n 3-c orn o-{

H

le: tq3 ei5 i33 ;F: qg: f;[: f;qi Eql :qg
Nr;- o<< oo'- nd- {d- €<j- {d<

??lrl td

FEqqF gqf; g gqfi EgqEf; qqFFEqSSFqFS;q3f; 8q;fi 3qg
-: j 

= = 
ni or 

E d d ; E d j : : d ; "i 
* .i j oi I d j': 9 d j : I d d d : d j oi ! o;

HHSi HH
l:::::;ig:! l3:;:ilt:*:;l[:*::ia::Hisll:g
????

r:r r * :s l:3 : 3 :3l:: $35 t s;n !!n: lEiii3;: i!r;
FqHr

csqqqHcqaet qec:eqE:qi:3q[fi lqqE:qegiqigiEd; jda;;ddi;d tr; jl;*;m;e:ild;in;*;:*; j:*;il;

::;::;;:::.

IFq FBq qFi aEB gqq ;qq gqe gie s3q riq
ddt .ddc . -do r-o d-. d-. d-t d" -rrr -r{



121I
T

I
I
I
I
l

t
t
I
I

is$ $$t E$t ass $$f $$$ e$$

ees aee ;$e Etc E$g $$e 8$s

all ase Fs; g$; *$a tle $$g

e$$ es8 esE 8$8 e$E 8$g est

;se esa a$; Ese e$a

ase Ele ase a$g E$a

:88

oGo

@@o<(u

FltF

{{t{
-ol

nlln<ot

"jfrfr

'9EE

'!SS

-oiFl

o
o
oo

<t
Etr

.tt
oz
@
f

2

zo
o
lrJ
G

ul
tr
J

=

E,
tr,l

c
J
ao
t!
tlol
ol
iDl

agesi ses;$*ei $g$ases

aeleases;$e$;$eli $es

teegEegei$8s;$$8E$s$

a*g$E$s$;$$$asscgsss

€11 {.Fo

ooooo

ie$8 $i8 es$

ies$ $sg Fsa

:

ie* s eeg*eeest

:

i ;$ $e; e le ;e*e
:

i ags8i ee8a $8e

i;eeeggeeaeee

:- .u n'

'o o o

I
I
I
I
I
l
I
I



122I
t
t
I
I

I
t
T

I
I
I
I
I
I
I
I
I

slr $ee l$r ss$ $*e rsr ss$ gl$ g*$ $es

elr esg ssg ss$ $se sse cf$ $$$ sB$ $*i

t$a eee g$E tst e$F $ea e$g ees gt* *$e

Fg*eFc$$E88EE$e8$8ss;$e8Fseessl$ges$g*se

tse es$ tse lte $$e ese ess $se e$a $$g

*$$ B$g t8"8 tts $$E s$8 s$i $s$ $$s $$$

asg ase g$s ese esg eei eei lee ees ege

i$$s;$e8asB$$8es8$8ges$se$e8eess$8*8$s$s

s * s$$ ss e aseeaes egss I g seegss$g*sees;erls t
D9,:Eg:3:19.
ooooooogooo

I
I



123

rF8
HHHil':
d.: j

8;8
gHH
9ilr
d,: j

o6o-ru

o
o
o
o

F
<t
I
tIo
lr.
oz
an
f

F
zl
z
ct
o
t!
G
lr,lo

3

g
l!
(t

tro
l!
(,l
q!
ulz
:ao

F

ozoo
o

E
ut

I
I
I
I
I
I
t
I
t

I
I
I
I
I
I
I

rgEigiiniE5iiiEiHg

:ls rng FFH Fifi FFH :g5 HFE

i:i isl gi5 F:i $fif, 53* fii:

g5g 
iHfi q8i 

F$H HH{ $HF HH$

lc$ Egg H:H FfiH $5$ Hq$ E:$

:88

ooo

FFF

€{{d0,

nutn

o:ilf,

'9EE

-(uo

om{'nor\o
o o -o o o o o

I
t



124

irt giF iEi iHq EHg !HF qHi i5i Efit 5:i

ini iqi Eii i:E iii t$i :Hi iHE 
g:i 

iHi

iHg iqi gHi F3i i$E i!E 5;q FEi FHE fiii
888 rg8 rE8 r88 sE8 Bt8 sF8 r€8 s€g iifl
Hqg fiq $f$ EHi Eqfr giq fiEH Hif HqE 8fr9
it, ddj dii d.ij a;oi i.:j F-- o-i ai-o ooj

fl?F F?? F?p ipF Hq$ E{B iip Fip Fie {?q

HHE H:i HHE lFi i:i Ei! Hi! HiE Fii iH!
i

r$s gBs sBg 3-3 sEs gEs e$g 8€r 8p3 
;EE

Hii iHI H:: liE :i: HHH li: l=l E:I i,:

c$tiii:ifr Ff, :E:E:i3E$iiiH!iiHi3iFgHiiE qti

:qrqii5iiEfif iEfii::IHIHiiiHi5:*iFi3i:iEI F

nliqiIfiqEiEFigf,F*HiHFfi i5I;iif, 3iqifi !iqEi!

HEi!H$iEiHlfi i!Hi:i5tE$fi itHHHHH:HHEHEHiHE

::;::;:::: "

I
t
I
I
I
I
t
I
I
l
I
I
I
T

I
I
I
I
t



125

o
c
@

<l
Eco
lt-
(!
z
o

z
zo
A
lr,
e,
lrJo

J

3
ru

&.t!

J

Eott
qt

=otr
oz
J

o

=anz
<t

I
T

I
I
I
I
J

I
I
I
I
I
I
I
I
T

I
s

t

;{:;;: !*d iss ga; sg; seq

g;gs;i Fs; si; isfr se; etl

gs: tgg ilfri$fr ire:l; EE; fi83

frrn rrn i:s;lE i;s ils ir;

;;3 ;3; ;;fr $;; em; F:; is;

;:g $s; is; :FE E$; gg; ii;

(Uo{'n.o

ooo00

,i:Q
:6sE

.6a6
a i':J
.ox.o.oho

rOgO
.{oQ
.@ii-

.o .o
:dRt
.@;a-.{:(u

.o .o
:o'3t
.€:q,
.@-o

eEB

o6o--ol

o@o

Fltr.

nrlnidt

cIilS

o9fiE

nr9S$

-oo

F

-o



126I
I
I
I
I
I
I
I
t
t
I
I
I
I
I
I
t
I
I

sr fi;i !s3 Eli;;ge;fr;;; frifr;f;;;r;

i*lEl:EEi:;i;:FF*:;l;:E*;:liu:;S jgmg;:

lt :;st:;ei:;s;:uei:;;;: g 3;:r*;:g$n:Isu:

;fi t:es:iet:grs:;gs::i3: l ;;:l!;:;il:;l*g
g : E I : :. : t I -
oooooooooo

jtg;sE;E3 ri5 lE3 !l:;i!lrl nsa;fri

:eI Es3 $E3 En3 Esi dE3 F$l;;fi 3frl;ll

fie tFn gfis isl $i;;i;;i$ $frs E;;;if;

fifr enfr Es; Esfr;sfr;r; e;;:frfi i;u afr;

efr qq; Eifr se; F;[;l; iifitfri fr;;;;;

nm : s s;:mg;:Fs; :;; m:: E;:; I;:$ im:; sm:; e fr:



t
2
3
4
5
6
7
I
9
to
lt
t?
t3
t4
ts
t6'
l7
t8
t9
ao
a1
?2
e3
?4
a5
?6n
e€
8
30
3l
3e
5g
34
35
36
g7
3€
39
.rO

4t
4?
43
44

I
I
I
I
I
I
I
I
I
l
I
I
I
I
T

I
I
I
I

4.r I{ELLS

127

SOLUTION BY THE STRONGLY I}'IPLICIT PROCEDURE

I.IAXIIIUTI ITERATIONS ALLOIIED FOR CLO!|IJRE . ./EOO
ACCELERATION PARA|TETER - t.OooO

HEAD CHANGE CRITERION FOR CLO€uRE - O.IOOoOE-OI
slP HEAD CHANGE PRINT(XTT INTERVAL - '999
CALCTJLATE ITERATION PARAI,IETER:; FROII IIODEL CALCULATED I.JSEED

STRESS PERIOD NO. l. LENGTH . !.OOOOOO

NU'IAER OF TIl.lE STEPS - I

IIULTIPLIER FOR DELT - !.OOO

INITIAL TIf'lE STEP SIZE - t.OoOoOO

RtlU cot- sTRgss RATE l.tELL NU.

I
t
t
I
I
t
I
I
I
I
I
t
I
t
t
t
t
t
1

I
I
t

!

I

t4
t.f
14,
t4
l4
t3
l4
t4
t5
t5
l4
t4
l5
t6
t6
t6
t6
t6
l6
t5
l3
l5
t6,
t?
t8
l€t
l3
la
11.
lo
9
I
5
?
I
7
I
?
?
3
I
I
I
I

! 9000.0
a 3000.0
3 lgOO.O
4 t500.o
3 1000.0
6 900.oo
7 500.oo
a goo.oo
9 300.oo
to 300.oo
lt 500.oo
le soo.oo
13 : aio.oo
t4 800.oo
t5 aoo.oo
t6 tooo.o
t7 laoo.o
ta 900.oo
19 900.OO
e? 800.oo
e3 roo.oo
24 IOO.OO
e5 too.oo
?6 too.oo
?? 100.oo
ea 100.oo

. aa 100.00
eB too.oo
?? 100.oo
30 too.oo
30 too.oo
30 too.oo
3l loo.oo
3t 300.oo
30 aoo.oo
30 eoo.oo
4 6000.0
3 6000.0.r I t OOO.

31 aOO.OO
t? -l loo.o
13 -4635.014 -19600.
15 -5AOO.O
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