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ABSTRACT

Concentrations of trichloroethylene (TCE) have been detected in

groundwater from wells in several areas south of Tucson, Arizona. A

two-dimensional finite difference model was compiled from hydrogeologic

data for an area of about 55 square miles, and was calibrated to repro-

duce historical water level data and compute seepage velocities for the

period 1952 to 1980. The model uses the method of characteristics to

solve the advection-dispersion equation.

Contaminant sources were imposed at a group of TCE disposal

sites at an industrial facility. Changes in concentration in the upper

zone of the regional aquifer were simulated for the period 1952 to 1982.

The model successfully reproduces TCE concentrations measured in ground-

water from the upper zone in the area of the facility and northwest of

the facility. Results for 1982 indicate that the 10 ppb contour of TCE

concentration extended about 4,000 feet to the northwest of the

facility.
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INTRODUCTION

The occurrence of the industrial solvent trichloroethylene (TOE)

in gfoundwater samples from water supply wells in several areas south of

Tucson, Arizona, has resulted in a series of investigations by both pri-

vate industry and government agencies. A data base is being established

for evaluating the distribution of TCE in the regional aquifer and de-

signing remedial measures to protect the quality of the public water

supply. Low concentrations of TOE in drinking water, on the order of

five ppb (parts per billion), are associated with risk of an increased

incidence of cancer (U. S. Environmental Protection Agency, 1981).

Investigation of subsurface conditions was initiated after con-

centrations of TOE as high as 4,600 ppb were detected in water samples

collected in March 1981 from production water wells at an industrial

manufacturing facility owned by the U. S. Air Force (the facility).

Reports on two phases of the investigation were released to public

agencies in June 1982 (Hargis & Montgomery, Inc., 1982a, 1982b). The

Phase I investigation established general hydrogeologic conditions in

the area of the facility, summarized historical waste disposal prac-

tices, and established the relationship between these practices and the

contaminated groundwater beneath the facility property. During the

Phase II investigation, additional monitor wells were constructed, and

the distribution of contaminants beneath the property was determined.

1
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Pumping tests were conducted to evaluate hydraulic parameters of the

aquifer. Soil borings were drilled and soil samples were collected

beneath historical waste disposal sites to further characterize contam-

inant sources. The reports provided an important source of data for the

compilation and calibration of the digital solute transport model de-

scribed in this thesis.

Investigations of the occurrence of TCE and potential sources of

TCE in other areas near Tucson International Airport (the Airport) are

being completed in an on-going cooperative effort between the U. S. Air

Force, the U. S. Environmental Protection Agency (EPA), the Arizona De-

partment of Health Services, the Arizona Department of Water Resources,

and the City of Tucson. Concentrations of TCE were detected in ground-

water samples collected in 1981 from water supply wells in several areas

near the Airport. Based on the analysis of data collected in the Air-

port area, it was evident that contamination was widespread, and ap-

peared to include three groups of contaminated wells (Arizona Department

of Health Services, 1982a). The greatest concentrations occurred at a

group of wells comprising three wells at the facility and City of Tucson

municipal well SC-7, located near the northwestern corner of the facil-

ity property.

Statement of Problem

The investigation at the facility indicated that TCE concentra-

tions as great as 2,000 ppb occurred near the northern facility bound-

ary, and that TCE had migrated in the regional aquifer an unknown

distance to the northwest. The contribution of past TCE disposal at the
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facility to groundwater contamination in the Airport area was unknown.

The problem was to estimate the extent of an area of off-site contamina-

tion associated with on-site sources of TCE, and to estimate TOE concen-

trations within that area. This thesis describes the compilation and

calibration of a digital model used to simulate the transport of TCE and

to estimate the degree and extent of groundwater contamination originat-

ing beneath the facility property.

Location and Setting

The model area comprises approximately 55 square miles near the

western boundary of the Tucson Basin, which occurs within the Santa Cruz

River drainage basin in southern Arizona (Figure 1). The alluvial floor

of the Tucson Basin is elongated in a northwesterly direction, and ex-

tends for about 50 miles between the Empire and Santa Rita Mountains to

the southeast, and the Santa Catalina and Tortolita Mountains to the

northwest. The Tucson Basin is bounded to the west by the Sierrita,

Black, and Tucson Mountains, and is bounded to the east by the Rincon

and Tanque Verde Mountains.

Rock types in the mountains surrounding the Tucson Basin include

crystalline igneous, metamorphic, volcanic, and sedimentary rocks and

range in age from Precambrian to late Tertiary. These rocks are gener-

ally of low permeability and provide effective barriers to the movement

of groundwater.
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FIGURE I . LOCATION OF MODEL AREA
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Climate 

The semi—arid climate of southern Arizona is characterized by

low humidity, a high average annual temperature, and low precipitation.

At the Airport, the mean annual precipitation is about 11 inches

(Sellers and Hill, 1974). From July to September, brief, intense

thundershowers are common and account for about 50 percent of the an-

nual precipitation. From December to March, precipitation is more

widespread, less intense, and longer in duration.

Mean monthly temperature at the Airport ranges between 51
o
F in

January to 86 F in July, and the mean annual temperature is 68 F

(Sellers and Hill, 1974). Potential evapotranspiration in the Tucson

Basin is about 42 inches per year (Buol, 1964).



HYDROGEOLOGIC SETTING

The alluvial floor of the Tucson Basin is underlain by a thick

sequence of basin fill deposits of Tertiary and Quaternary age. Par-

ticle sizes range from clay and silt, which are common near the center

of the basin, to boulders which are more common near the basin margins.

The alluvial sediments are interbedded locally with lava flow rocks,

agglomerates, and tuffaceous sediments (Davidson, 1973). The basin fill

deposits comprise a heterogeneous aquifer system more than 2,000 feet

thick.

Sedimentary Units 

The basin fill deposits in the Tucson Basin have been sub-

divided into four sedimentary units which, in ascending order are: the

Pantano Formation and Tinaja beds of Tertiary age, and the Fort Lowell

Formation and surficial deposits of Quaternary age (Davidson, 1973).

The Pantano Formation consists primarily of a red-brown silty

sandstone to gravel interbedded with lava flow rocks, agglomerates, and

tuffaceous sediments. This formation is estimated to range in thickness

from a few hundred to more than 1,000 feet (Davidson, 1973). The depth

from land surface to the Pantano Formation beneath the facility is un-

known; however, evaluation of drillers logs indicates that the unit was

not encountered by production wells at the facility, which were drilled

to depths of 600 feet below land surface.

6
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The Pantano Formation is overlain by the Tinaja beds. The Tin-

aja beds comprise primarily sand and gravel near the perimeter of the

Tucson Basin, and grade into gypsiferous clayey silt and mudstone near

the center of the basin. Maximum thickness of this unit occurs near the

center of the basin, and may be as great as 5,000 feet (Davidson, 1973).

At the facility, a sequence of clayey sediments, encountered at an aver-

age depth of about 200 feet, has been classified with the Tinaja beds.

The Fort Lowell Formation overlies the Tinaja beds, and consists

primarily of silty gravel near the basin margins, grading to silty sand

and clayey silt near the center of the basin. Maximum thickness ranges

from about 300 to 400 feet (Davidson, 1973). The Fort Lowell Formation

is generally coarser in texture than the Tinaja beds, and is the most

productive unit of the regional aquifer system (Davidson, 1973). The

Fort Lowell Formation comprises alternating layers of coarse- and fine-

grained sediments extending to an average depth of about 200 feet be-

neath the facility.

Surficial deposits comprise primarily gravel and gravelly sand

and range to several tens of feet in thickness. In general, these de-

posits occur above the water table and are not part of the regional

aquifer.

Groundwater Conditions 

Hydrogeologic conditions in the area of the facility have been

described by Hargis & Montgomery, Inc. (1982a, 1982b) based on data col-

lected from 24 monitor wells and four production wells at the facility,

and data collected from City of Tucson production wells in the vicinity
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' of the facility. The regional aquifer in the vicinity of the facility

comprises an upper unconfined aquifer zone and a lower semi-confined

aquifer zone, illustrated in hydrogeologic cross-section A-A' (Fig-

ure 2). The location of cross-section A-A' is shown in Figure 3. The

upper and lower zones of the regional aquifer belong to the Fort Lowell

Formation and the Tinaja beds, respectively, and are separated by a se-

quence of clay and sandy clay, which has been classified with the Tinaja

beds. The clay unit has a low hydraulic conductivity, and restricts hy-

draulic interaction between the upper and lower zones. At the facility,

this clay unit ranges in thickness from about 100 to 160 feet (Hargis &

Montgomery, Inc., 1982b).

The upper aquifer zone at the facility consists of alternating

layers of sand and gravel, clayey sand, and sandy clay. Water level

measurements in wells completed in the upper zone indicate that the

water table occurs at depths ranging from about 100 to 140 feet below

land surface and slopes generally to the northwest. The saturated

thickness of the upper zone ranges from about 40 to 85 feet, and the

average thickness is about 70 feet.

Transmissivity of the upper zone, determined from analysis of

pumping test data, averages about 30,000 gpd/ft (gallons per day per

foot width of aquifer at 1:1 hydraulic gradient), or 4,000 ft 2 /day (feet

squared per day) (Table 1). The transmissivity of the upper aquifer

zone at the facility was estimated based on pumping tests conducted at

18 upper zone monitor wells, and three production wells (Hargis & and

Montgomery, Inc, 1982b). Drawdown and recovery data from these tests



TABLE 1

SUMMARY OF PARAMETERS FOR UPPER AQUIFER ZONE

LONG-TERM PUMPING TESTS

TRANSNISSIVITY SATURATED
HYDRAULIC
CONDUCTIVITY

THICKNESS STORAGE
WELL (gpd/ft) 1

/
(feet) (gpd/ft2)Y COEFFICIENT.1/

HAC-1 25,000 70 360 0.09

HAC-3 40,000 75 530 0.001

HAC-4 30,000 85 350 0.09

SHORT-TERN PUMPING TESTS

TRANSMISSIVITY SATURATED
THICKNESS

HYDRAULIC
CONDUCTIVITY

WELL (gpd/ft) (feet) (gpd/ft )

M-3A 19,000 70 270

N-4 7,000 85 80

P1-5 50,000 75 670

M-6 18,000 35 510

M-7 15,000 70 210

M-8 70,000 65 1,100

N-9 40,000 70 570

M-10 40,000 70 570

M-11 20,000 50 400

M-12A 20,000 55 360

M-13 55,000 60 900

M-14 100,000 70 1,400

M-15 400 70 6

M-16 35,000 85 400

M-17 50,000 70 710

M-18 10,000 40 .250

M-19 1,000 70 15

M-20 15,000 40 375

!'Gallons- Gallons per day per foot width of aquifer at 1:1 hydraulic gradient.

2/
- Gallons per day per square foot.
3/
- Dimensionless; ratio of the volume of water released per unit surface area of

aquifer per unit decline in hydraulic head.

(Adapted from Hargis & Montgomery, Inc., 1982b)
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were evaluated using both log-log and semi-logarithmic graphical pro-

cedures for non-equilibrium conditions (Ferris, et al., 1962).

Water level data were compiled by Hargis & Montgomery, Inc.

(1982a) and used to construct regional water level contour maps for the

years 1952, 1960, 1970, and 1980. Water level declines as great as 70

feet occurred during the period 1952 to 1980 at the Santa Cruz wellfield

near the facility. Water level declines at the facility were about 50

feet during this 28-year period. Because declines were not uniform, hy-

draulic gradients varied with time in both magnitude and direction.

These changes influence the direction and rate of contaminant transport.

Concentrations of TCE in water samples collected in January 1982

from upper zone monitor wells ranged up to about 13,000 ppb (Hargis &

Montgomery, Inc., 1982b). Contours of equal TCE concentration indicate

a plume of TCE contamination elongated to the northwest, with concentra-

tions as great as 2,000 ppb near the facility boundary.

Some water samples collected from wells completed in the lower

zone at the facility contained low concentrations of TCE. Concentra-

tions detected in the lower zone were 86 ppb at production well HAC-1,

which is perforated in both aquifer zones. This well has provided a

route for the migration of contaminants from the upper to the lower

zone. The degree and extent of contamination in the lower aquifer zone

are small in comparison to the upper zone. The digital model described

in this thesis was compiled to simulate groundwater flow and solute

transport in the upper aquifer zone only.



SOURCES OF TCE

Contamination of groundwater beneath the facility property re-

sulted from the disposal of wastes into unlined pits, ditches and ponds

during the period 1951 to 1977 (Hargis & Montgomery, Inc., 1982b). The

most prevalent of the groundwater contaminants is TCE. Concentrations

of TCE ranging up to 13,000 ppb occur in groundwater beneath the facil-

ity.

The study of waste disposal practices, suspected waste disposal

sites, and sources of TCE has been an important aspect of the overall

investigation of groundwater contamination in the Airport area. Several

of the disposal sites at the facility, which are no longer used for the

disposal of wastes, were confirmed as sources of TCE. Other potential

and suspected sources exist north of the facility, and are presently

being investigated (Arizona Department of Health Services, 1983b). Only

sources of TCE at the facility are considered in this thesis.

Site maps and aerial photos, purchasing, consumption and dispos-

al records, and discussions with facility employees provided information

which was useful in estimating what wastes were generated, when wastes

were disposed, and where disposal sites were located at the facility.

Quantities of waste were difficult to estimate accurately. The follow-

ing summary is based on the description given in the Phase I report

(Hargis & Montgomery, Inc., 1982a).

1 1
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Wastes disposed at the facility included industrial wastewaters

and general industrial wastes. General industrial wastes included oils,

sludges, paints, solvents, metals, and various acids. The acid com-

pounds included sulfuric, chromic, hydrofluoric, nitric, hydrochloric,

and phosphoric acids. The metals included cadmium, chromium, copper,

gold, nickel, lead, and tin. The solvents included TCE, and smaller

quantities of 1,1-dichloroethylene (DCE) and 1,1,1-trichloroethane

(TCA). The solvent wastes were produced by the facility metal stripping

and plating processes, and were disposed into excavated pits during the

period 1952 to 1977.

Industrial wastewaters included treated rinse water from plating

processes, cooling tower blowdown, and some concentrated solutions of

chromium and cyanide. These wastewaters were released into a network of

ditches and ponds during the period 1951 to 1977. Industrial rinse-

waters may have contained quantities of TCE which would be small in

comparison to quantities disposed into excavated pits with general in-

dustrial wastes.

Waste Disposal Sites 

General industrial wastes and industrial wastewaters were dis-

posed into ponds, ditches, and pits at the facility during the period

1951 to 1977. Inactive disposal sites were located in the field by fa-

cility personnel, and locations and periods of use were confirmed by re-

viewing site plan maps and inspecting a sequence of aerial photos of the

facility area for the period 1953 to 1976 (Hargis & Montgomery, Inc.,
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1982a). This information was useful in estimating the probable loca-

tions and time periods of TCE disposal.

General industrial wastes, which included TCE, were disposed

into excavated pits during the period 1952 to 1977. Eight inactive dis-

posal pits were located on the property by facility employees. Inspec-

tion of aerial photos indicated about 10 additional pits that might have

been used for disposal (Hargis & Montgomery, Inc., 1982a).

Facility employees have identified four general areas at the fa-

cility that include pits which were used for disposal of general indus-

trial wastes, and which comprise TCE sources in the solute transport

model. One area, located in the southern portion of the facility prop-

erty, was probably used for waste disposal from 1951 to 1955. Several

disposal pits were located in a cleared area evident on a 1953 aerial

photo. The second area lies in the southeastern portion of the facility

property and was probably used for waste disposal from 1955 to 1966.

This disposal area appears as a clearing on aerial photos from 1960,

1967 and 1969, although the area was no longer used for disposal of TCE

after 1966. A group of pits located in the northern portion of the

property comprises the third area and was used for waste disposal from

1966 to 1977. Pits in this area appear as cleared areas on the aerial

photos taken in 1967 or later. Disposal pits in the fourth TOE disposal

area, located about 1,000 feet north of the third area, can be seen on a

1976 aerial photo. Disposal in this area reportedly occurred in 1975

and continued through 1977, when the wastewater treatment facility be-

came operational.
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Volumes of TCE

The estimated quantity of TCE in the regional aquifer beneath

the facility is much smaller than the estimated quantity used at the

facility between 1952 and 1977. Concentrations of TCE in groundwater

samples collected at the facility were used to estimate the quantity of

TCE which occurs in groundwater beneath the facility. The equivalent of

approximately 2,000 gallons of TCE occurs in the upper aquifer zone be-

neath the facility, whereas as much as 97,000 gallons may have been used

at an average rate of about 10 gallons per day between 1952 and 1977

(Hargis & Montgomery, Inc., 1982c). The large difference between esti-

mates of the volume of TCE in the aquifer beneath the facility and TCE

used at the facility may represent TCE which was salvaged and reused or

sold, losses due to combustion and evaporation, storage in the vadose

zone, and the quantity of TCE which has migrated beyond the facility

property boundary.

Records indicate that TCE was salvaged and sold after 1970, al-

though volumes are not known. U. S. Air Force firefighting training

exercises were conducted at several disposal pits, but losses of TCE due

to combustion are unknown. Losses due to volatilization may be the most

significant, but are also unknown.

Concentrations measured in soil samples from the vadose zone in-

dicate that the equivalent of less than 100 gallons of TCE might be

stored in the vadose zone beneath TCE disposal areas. Analyses of soil

samples from the vadose zone indicate TCE concentrations ranging up to

140 ppb (Hargis & Montgomery, Inc., 1982b). Concentrations generally

increase with depth. The highest concentrations tend to occur beneath
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disposal areas. At these locations, the average concentration to a

depth of approximately 100 feet is about 20 ppb (Hargis & Montgomery,

Inc. 1982b). The results of soil analyses are probably more useful for

qualitative assessment of TCE sources, than for quantification of TOE

mass in storage in the vadose zone.

Significant uncertainty exists in estimating the quantity of

TOE that has migrated to the water table. However, disposal locations,

time periods of disposal at each location, hydraulic parameters of the

upper aquifer zone, and the present distribution of TOE in the aquifer

beneath the facility are known with a high degree of certainty. Given

this information, the calibration of the digital model to measured on-

site concentrations provided a means of evaluating the quantity of TOE

in the groundwater, and the extent of off-site contamination due to TOE

sources at the facility.



DIGITAL MODEL OF SOLUTE TRANSPORT AND DISPERSION

A variety of techniques are available for the analysis of the

transport of TCE and assessment of groundwater contamination. In the

present case, a two-dimensional finite difference digital model was used

to simulate temporal and spatial changes in groundwater flow velocities

due to pumpage stresses, and changes in TCE concentrations due to the

processes of advection, dispersion, and dilution.

The model selected was developed by the U. S. Geological Survey

(USGS) for application to aquifer contamination problems, and is de-

scribed and documented in Techniques of Water Resources Investigations

of the United States Geological Survey, Book 7, Chapter C2 (Konikow and

Bredehoeft, 1978). The model simulates advection of solute mass at the

mean seepage velocity of flowing groundwater, the spreading of solute

mass due to hydrodynamic dispersion and dilution due to vertical mixing.

The model computes vertically averaged values for hydraulic head and

solute concentration, and is designed for cases in which vertical

variations in head and concentration can be neglected.

Parameters which characterize the upper aquifer zone were com-

piled for the model, and the simulated behavior of the groundwater sys-

tem was compared to the observed behavior of the system. The model was

calibrated to reproduce historic hydraulic head distributions between

1952 and 1980, and TCE concentrations in the groundwater beneath the fa-

cility area in 1982. The calibrated digital model provides a basis for

16
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evaluating changes in water quality in the regional aquifer due to TCE

sources at the facility.

Theoretical Basis and Major Assumptions 

The digital model employed in this investigation is based on

the two-dimensional advection-dispersion equation reviewed by Konikow

and Grove (1977). This partial differential equation describes the

horizontal advection and dispersion of solute mass dissolved in flowing

groundwater. The solution of the equation gives the concentration of a

dissolved constituent at a given time and location. In order to solve

the advection-dispersion equation, groundwater seepage velocities are

required. These velocities are computed on the basis of the hydraulic

head distribution obtained by solution of the groundwater flow

equation, reviewed by Pinder and Bredehoeft (1968).

The advection-dispersion equation for the two-dimensional

transport and dispersion of a non-reactive solute is presented in

Cartesian tensor notation by Konikow and Grove (1977) as follows:

D(Cb) 	9 3C;)	 (CV:0)	
C'W

Dt	 ax.. 	2-7 9x.	ax. 	6ax.. 	2 	 2

where

i,j = 1,2

(1)

xi and	 are the Cartesian coordinates,
• is ale time,
• is the concentration of the dissolved chemical species,

D.. is the coefficient of hydrodynamic dispersion,2e7
Vi is the seepage velocity in the direction of x ,•

is the saturated thickness of the aquifer,

C' is the concentration of the dissolved chemical
in a source or sink fluid,

• is the volume flux per unit area, and

6	 is the effective porosity of the aquifer.



18

This equation describes changes in the concentration of solute which

occur due to advection, hydrodynamic dispersion, fluid sources and

sinks, and dilution.

Advection represents the transport of solute mass through the

aquifer at a rate equal to the average linear velocity, or seepage

velocity, of the groundwater at a given location and time. Advection

is accounted for in the second term on the right side of equation (1).

The velocity depends on the hydraulic conductivity and effective poros-

ity at that location, and on the hydraulic gradient at that location

and time. Changes in solute concentration occur due to the arrival and

departure of solute mass with respect to a given location.

The second process is hydrodynamic dispersion, which results in

the spreading of solute mass as velocities of dissolved constituents

deviate from the average linear velocity of the groundwater. These de-

viations are due to aquifer non-idealities which can be accounted for

in the aquifer parameter dispersivity. The magnitude of hydrodynamic

dispersion at a given time and location in the model is proportional to

both the dispersivity chosen to represent the aquifer, and to the aver-

age linear velocity of the groundwater at a given time and location.

For an isotropic porous medium, dispersivity is defined by

Scheidegger (1961) in terms of a constant for the direction parallel to

that of the average linear velocity (longitudinal dispersivity, a i) and

a constant for the direction perpendicular to the average linear vel-

ocity (transverse dispersivity, a
t
). The longitudinal and transverse

dispersion coefficients are then expressed as follows:
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D = a /V/	 and

Dt =

where /V/ is the magnitude of the average linear velocity. These rela-

tions are used in the computer program to compute the components of the

dispersion coefficient. Dispersion is accounted for in the first term

on the right side of equation (1).

The third process comprises the introduction of solute mass at

fluid sources or removal of solute mass at fluid sinks. In the present

model, solute is introduced into the groundwater at contaminant source

areas and is removed at locations of discharging wells. Fluid sources

and sinks are accounted for in the third term on the right side of

equation (1). The removal and introduction of solute mass due to the

effects of chemical or physical reactions for reactive constituents

would be accounted for by an additional term in the advection-

dispersion equation.

The fourth process is dilution. The concentration of a dis-

solved constituent at a given location depends not only on the mass of

constituent, but on the volume of groundwater associated with that

mass. The volume of groundwater at a particular location depends on

the aquifer porosity and thickness, denoted by E and b, respectively,

in equation (1).

The groundwater flow equation and advection-dispersion equation

solved in the present model are based on the following assumptions

(Konikow and Bredehoeft, 1978):
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1. Darcy's law is valid and hydraulic head gradients
are the only significant driving mechanism for
fluid flow.

2. Gradients of fluid density, viscosity, and temper-
ature do not affect the velocity distribution.

3. No chemical reactions occur that affect the concen-
tration of solute, the fluid properties, or the
aquifer properties. Adsorption of solute onto
the aquifer medium is negligible.

4. Ionic and molecular diffusion are negligible contri-
butions to the total dispersive flux.

5. The aquifer is homogeneous and isotropic with re-
spect to the coefficients of longitudinal and
transverse dispersivity.

6. The porosity and hydraulic conductivity of the aqui-
fer are constant with time, and porosity is uni-
form in space.

7. Vertical variations in head and solute concentration
are negligible.

These assumptions are satisfied to a major extent by the hydro-

geological and chemical conditions in the model area. The flow of

groundwater in the alluvial sediments is considered to be Darcian be-

cause inertial forces are small in comparison to viscous forces. The

Reynolds number (dimensionless; ratio of inertial forces to viscous

forces) can be estimated for flow through porous media (Bear, 1972).

For flow in the upper aquifer zone, the Reynolds number would be less

than about 0.01, based on an average grain diameter of 0.2 centimeter,

a specific discharge of 0.0004 centimeter per second, and a viscosity

of 0.9 centipoise. Inertial forces become important, and flow becomes

non-Darcian, when the Reynolds number exceeds the range 1 to 10 (Bear,

1972).
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Because gradients of temperature and electric potential are

small, the hydraulic gradient provides the only significant driving

force for flow and Darcy's law can be used to determine the average

linear velocity at any location, given hydrualic gradient, hydraulic

conductivity, and effective porosity. Fluid velocities are not af-

fected by gradients of fluid density and viscosity because the total

concentrations of all dissolved constituents are low and, as a result,

significant density and viscosity contrasts do not occur.

The solute TCE is assumed to be a non-reactive, or conserva-

tive, contaminant in groundwater. As a result, the model does not

account for any decreases in concentration due to any chemical reac-

tions, such as the transfer of TCE mass to the solid phase of the

aquifer. The assumption that TCE is non-reactive may result in conser-

vatively high estimates of concentrations, and migration rates of the

contaminant. However, because of the lack of laboratory data indica-

ting otherwise, it is practical to assume that TCE is non-reactive in

groundwater.

Due to the relatively high seepage velocities which occur in

the alluvial sediments, transport is dominated by advection and mech-

anical dispersion, rather than molecular diffusion.

The effective porosity represents the fraction of a unit volume

of aquifer that is occupied by groundwater that is mobile within the

pore space and moves with the bulk motion of the groundwater. The ef-

fective porosity used in the model is a representative average for the

aquifer in the area beneath the facility and northwest of the facility.

Effective porosity and hydraulic conductivity are properties of the
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aquifer which can change due to any aquifer compaction. Aquifer com-

paction measured at City of Tucson well SC-17, less than one mile

southwest of the contaminant plume originating from the facility, was

0.036 foot during a 23-month period from January 1980 to December 1981.

This compaction was measured for a thickness of 815 feet of alluvial

sediments. If the same rate of compaction is assumed for the model

simulation period, 1952 to 1982, as for the 23-month period measured,

the total compaction would be about 0.5 foot. This represents about

0.05 foot for the upper aquifer zone, if compaction occurred uniformly

throughout the 815 foot thickness measured. The decrease in porosity

of the granular deposits, with these conservative assumptions, would be

less than 0.02 percent. Compaction of this magnitude would not have a

measureable effect on the effective porosity or the hydraulic conduc-

tivity.

Vertical gradients of hydraulic head are small, and flow

through the aquifer is essentially horizontal. The solute TCE is as-

sumed to be homogeneously mixed throughout the entire saturated thick-

ness. Stratification of the sediments in the upper aquifer zone may

limit the degree of vertical mixing and some vertical variations in

concentration probably occur. However, this assumption does not intro-

duce serious limitations if model results are interpreted as average

concentrations over the saturated thickness of the upper aquifer zone.



23

Computer Program

The sequence of computational steps employed by the computer

program has been summarized by a flow chart (Figure 4). For a given

time step, the groundwater flow equation is solved for hydraulic head

at each node in the finite difference grid (Figure 5). Hydraulic gra-

dients and seepage velocities are then computed. The program then pro-

ceeds through the method—of—characteristics solution for the advection—

dispersion equation. This is repeated for each time step until the end

of the simulation, when the results are printed.

In order to solve the groundwater flow equation, the partial

differential equation is replaced by a finite difference approximation.

The finite difference formulation for the groundwater flow equation is

presented by Konikow and Bredehoeft (1978). The finite difference

equation is applied to each node in the model grid, resulting in a sys-

tem of linear algebraic equations which is solved by the digital com-

puter for the hydraulic head at each of the nodes. This procedure is

repeated at discrete time intervals, and the resulting hydraulic

headsat the end of each time interval are used to compute the hydraulic

gradient and the velocity at each node, and at cell boundaries.

The numerical scheme employed by the program in solving the

system of linear algebraic equations is the iterative alternating di-

rection implicit (ADI) procedure. This method was first used by

Peaceman and Rachford (1955) to solve parabolic differential equations,

and has been used in aquifer evaluation problems by Pinder and

Bredehoeft (1968).
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The method of characteristics is used in the computer program

to solve the advection—dispersion equation. This method requires that

a set of reference particles be introduced into the model domain. The

location of each particle is computed at the end of each time step

based on computed seepage velocities. The concentrations associated

with reference particles which occur within the finite difference cell

for a given node are used to obtain the average concentration for that

node. The change in concentration at the node due to the effects of

dispersion, fluid sources, and dilution is then computed. The concen-

tration for each particle within the finite difference cell is then

adjusted in proportion to the computed change in concentration at the

node. The computations are performed at each node in the model area

for each time step until the end of the simulation period. The size of

the time steps for computing changes in concentration are determined in

the model based on stability criteria, and are smaller than the time

steps used to compute hydraulic head.

The differential equation used to obtain changes in concen-

tration due to the effects of dispersion, fluid sources, and dilution

i s:

dC	 1 a (:	 ac;) w(c—C') 
dt = d	 eb

1-

where variables are as previously defined. For a given time increment,

the finite difference formulation for this equation is solved explic-

itly for concentration at each node based on the previous concentra-

tions at nodes.
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Konikow and Bredehoeft (1978) indicate that when the transport

of solute is dominated by advective transport rather than dispersive

transport, the advection-dispersion equation is highly compatible with

the method of characteristics. This method results in a relatively

small degree of numerical dispersion in comparison to other finite dif-

ference methods of solving the advection-dispersion equation (Gardner,

Peaceman, and Pozzi, 1964).

Previous Model Applications 

In recent years, the use of digital models has become accepted

as a valuable tool in the analysis of hydrologic systems. Many well-

documented examples of the application of the method of characteristics

to solute transport in groundwater have been published, and a few exam-

ples are particularly relevant to this investigation.

The simulation of the transport of contaminants through the

alluvial aquifer underlying waste ponds at the Rocky Mountain Arsenal,

Colorado, was documented by Konikow (1977). The model used an implicit

iterative procedure to solve the groundwater flow equation, and the

method of characteristics to solve the advection-dispersion equation.

The main objective was to demonstrate the applicability of the method

of characteristics model to a problem of conservative contaminant move-

ment through an alluvial aquifer. The model was able to simulate accu-

rately the 30-year history of contamination of the aquifer.

The deterioration of the chemical quality of groundwater in a

shallow alluvial aquifer near Barstow, California, was also investi-

gated with the same model (Robson, 1974). The model was used as a
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predictive tool, and to evaluate measures which would protect the pub-

lic water supply. The contamination was caused by recharge of the

aquifer with treated sewage effluent. The model successfully simulated

the changes in water quality that occurred in the alluvial aquifer be-

tween 1946 and 1969.

A third application involved an artesian limestone aquifer near

Brunswick, Georgia, which was being contaminated by chloride

(Bredehoeft and Pinder, 1973). The source of chloride was believed to

originate from a lower aquifer zone which contained brackish water.

The quantity of upward leakage of brackish water was unknown. The

aquifer parameters of effective porosity and dispersivity were also

unknown. A satisfactory hydrologic model was developed by calibration

to measured water levels, and then leakage of brackish water and trans-

port of chloride were incorporated. The values for effective porosity,

dispersivity and leakage that resulted in the closest approximation to

the measured chloride distribution were used in the model for predic-

tive simulations.

Application of the method-of-characteristics model was a prac-

tical means of analyzing solute transport and dispersion in these field

areas. The aquifers at the Rocky Mountain Arsenal and at Barstow

comprise unconsolidated alluvium, and are similar to the basin fill

aquifer in this study. The aquifer parameters effective porosity and

dispersivity were determined by model calibration. In the application

to aquifer contamination near Brunswick, the rate of contaminant input

was also determined by calibration to measured concentrations, in a

manner similar to the procedure used in this study.
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Compilation of Data 

Data required for development of the model were obtained from

hydrogeologic investigations at the facility, published literature for

the Tucson Basin, well records obtained from the City of Tucson, and

data compiled by the USGS. The model area is approximately eight miles

long and six miles wide, and is subdivided into a finite difference

grid of 1,530 square cells, each 1,000 feet on a side, and arranged in-

to 34 columns and 45 rows. At the center of each cell is a node with

coordinates (i,j) referring to the column and row numbers, respectively

(Figure 5). The input data and output data associated with a given

node represent the average value over the area of the associated finite

difference cell.

Aquifer Bottom

The bottom of the upper aquifer zone was determined based on

lithologic logs for wells in the model area. These logs indicate the

occurrence of a thick sequence of clayey sediments which would re-

strict the vertical movement of groundwater. The bottom of the upper

zone corresponds to the top of this clay unit, which occurs at an av-

erages.depth of about 200 feet below land surface at the facility.

The saturated thickness of the upper zone ranges from about 40

to 85 feet at the facility (Table 1). About two miles north-northwest

of the facility, the clay unit becomes discontinuous and grades into

sandy gravels and gravelly sands. This lateral change in lithology

corresponds in location to a normal basement fault inferred by Davidson

(1973). In the northwestern part of the model area, where the clay
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unit does not occur, the model encompasses a greater saturated thick-

ness (Figure 2).

In the northwestern part of the model area, the bottom of the

aquifer was established as a sequence of volcanic rocks and cemented

conglomerate. Lithologic logs and geophysical logs from City of Tucson

exploration test holes and production wells, and lithologic logs for

monitor wells at the facility, were used to determine elevations for

the bottom of the aquifer. Elevations throughout the model area were

plotted and used to construct a contour map of elevations for the bot-

tom of aquifer (Figure 6). The finite difference grid for the model

area was overlain on the contour map and the elevation at each node was

determined by linear interpolation between contours, resulting in a

data array for bottom of the aquifer.

Water Level Elevations

Static water level elevations measured in wells throughout the

model area were plotted and contoured by Hargis & Montgomery, Inc.

(1982a), resulting in water level contour maps for the years 1952,

1960, 1970, and 1980 (Figures 7, 8, 9, and 10). The model grid was

superimposed on each water level contour map, and water level eleva-

tions were assigned to nodes, resulting in a water level array corres-

ponding to each water level contour map. The water level data were

used for both model calibration and preparation of data arrays for

saturated thickness.

Most wells in the model area are perforated in both the upper

and lower aquifer zones. Water levels measured in these wells are
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usually a good approximation to the hydraulic head in the upper aquifer

zone. At the facility, water levels measured in production well HAC-3,

perforated in both aquifer zones, were about three feet lower in 1982

than water levels measured in monitor well M-1A, located about 300 feet

east of well HAC-3 and perforated only in the upper zone. Water levels

measured in production well RAC-1, perforated in both zones, were about

one foot lower than those measured in monitor well M-3A, perforated in

the upper zone and located about 200 feet west of well HAC-1.

Measured differences between composite and upper zone water

levels are generally less than five feet at the facility. This dif-

ference in hydraulic head can be compared to the total head loss across

the model area in order to evaluate the magnitude of measured head dif-

ferences relative to the scale of the model. The difference in head

between the inflow and outflow boundaries of the model is about 200

feet. Hence, in relation to the scale of the model, uncertainty or po-

tential error associated with measured hydraulic head at the facility

is small.

Beyond the facility, composite water level contour maps may

not be as good an approximation to conditions in the upper aquifer

zone as they are at the facility. Interpolation between data points

during contouring introduces additional uncertainty. Regional water

level contour maps may indicate heads in some areas which are on the

order of 10 feet less than actual hydraulic head in the upper aqui-

fer zone. However, in general the regional water level contour maps

are a good indication of the direction of horizontal groundwater

movement in the upper aquifer zone.



Saturated Thickness

Due to the process of dilution, the spatial distribution of

saturated thickness of the aquifer at a given time directly affects

the computed concentrations of contaminant. Saturated thickness was

calculated at each node by subtracting the data array for the bottom

of the aquifer from each of the water level arrays, resulting in a

data array for saturated thickness for each of the years 1952, 1960,

1970, and 1980. Data for saturated thickness were used directly as

input for the model and were also used in conjunction with hydraulic

conductivity to prepare transmissivity data for the model.

Hydraulic Conductivity

The hydraulic conductivity (K) of the upper aquifer zone at

the facility was derived from transmissivity estimates obtained from

constant discharge pumping tests conducted at 18 upper zone monitor

wells and three production wells (Hargis & Montgomery, Inc., 1982b).

For tests at monitor wells, water levels were measured in the pumped

well during six hours of pumping, followed by six hours of recovery.

Pumping rates ranged from 5 to 77 gpm (gallons per minute).

Aquifer tests at production wells were conducted at dis-

charge rates ranging between 134 and 508 gpm for pumping periods of

three to four days. Water levels were monitored in the pumped well

and in observation wells during pumping and recovery. In order to

minimize hydraulic interaction with the lower zone during the test,

inflatable packers were installed between the upper and lower aqui-

fer zones in the production wells. Due to the greater rates and
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duration of discharge, and the use of observation wells, aquifer

tests conducted at the production wells probably yield more reliable

estimates of transmissivity than the tests at monitor wells.

Analysis of the results of pumping tests indicates that the

coefficient of transmissivity of the upper aquifer zone at the fa-

cility averages about 30,000 gpd/ft (4,000 ft 2 /day). The transmis-

sivity estimates at monitor wells range from less than 1,000 gpd/ft

(130 ft 2 /day) to 100,000 gpd/ft (13,000 ft 2 /day) (Table 1). At the

production wells, transmissivity estimates range from 25,000 gpd/ft

(3,300 ft2 /day) to 40,000 gpd/ft (5,300 ft 2 /day). Hydraulic conduc-

tivities were calculated from these results by dividing transmissiv-

ity by saturated thickness at each test site.

The estimated K of the upper aquifer zone, based on tests at

monitor wells, ranges from less than 10 gpd/ft2 , or 1.3 ft/day (feet

per day), to 1,400 gpd/ft2 (190 ft/day) (Table 1). At production

wells HAC-1, HAC-3, and HAC-4, K is about 360 gpd/ft2 (48 ft/day),

530 gpd/ft 2 (71 ft/day), and 350 gPd/ft 2 (47 ft/day), respectively.

The average K for most of the upper zone beneath the facility is on

the order of 400 gpd/ft 2 (53 ft/day), but tends to increase toward

the northern and northwestern portions of the site, where the aver-

age K is estimated to be about 550 gpd/ft 2 (74 ft/day). The initial

estimates of K for areas outside the facility boundaries were deter-

mined on the basis of lithologic descriptions for wells owned by the

City of Tucson.

The K for the portion of the aquifer penetrated by a well

represents a weighted average of the K for individual strata. The
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weighted average for strata occurring beneath the water table in

1952 was obtained by multiplying the estimated K for a particular

stratum by a weighting factor, and then summing the weighted K ob-

tained for each of the layers. The weighting factor used was the

ratio of the thickness of the individual stratum to the total sat-

urated thickness. The saturated thickness was the difference be-

tween the 1952 water table and the bottom of the aquifer or, if the

aquifer was only partially penetrated, the difference between the

1952 water table and the bottom of the well.

In order to assess the reliability of this method of esti-

mating weighted average K, estimates were compared to the K obtained

by analyses of pumping test data. Estimates were compared at wells

HAG-1 and HAG-3, for which both drillers' logs and pumping test data

are available (Hargis & Montgomery, Inc., 1982a, 1982b). At well

HAG-i, the K of the upper aquifer zone is about 360 gpd/ft 2 (48

ft/day), based on the pumping test conducted in 1981. The weighted

average K, determined by interpretation of the driller's log, is 280

gpd/ft 2 (37 ft/day). The K at well HAC-3 is 530 gpd/ft 2 (71

ft/day), based on the pumping test, and 690 gpd/ft 2 (92 ft/day)

based on interpretation of the driller's log. The calculated

weighted averages, obtained by interpretation of drillers' logs,

agreed with the K obtained from pumping tests within 23 percent at

well HAG-1 and 30 percent at well HAC-3.

Hydraulic conductivities obtained for wells throughout the

model area were plotted and contoured. The finite difference grid

was superimposed on the contour map, zones of equal estimated K were
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defined, and a K was assigned to each node. The resulting array for

hydraulic conductivity was used with arrays for saturated thickness

to obtain arrays for transmissivity.

Transmissivity

The coefficient of transmissivity is calculated for each

node in the model as the product of hydraulic conductivity and sat-

urated thickness. Water level declines, ranging from about 30 to

100 feet, occurred throughout the model area during the period 1952

to 1980 and transmissivities decreased in proportion to changes in

saturated thickness. The model does not adjust transmissivity for

changes in saturated thickness. The transmissivity used in the

model was based on the hydraulic conductivity distribution obtained

in the calibration procedure and saturated thicknesses for the years

1952, 1960, and 1970. The saturated thickness distribution for each

of these years was used to update the transmissivity distribution so

that a representative transmissivity distribution was used for each

of the periods 1952 to 1960, 1960 to 1970, and 1970 to 1980.

Coefficient of Storage

The coefficient of storage (volume of water released from or

taken into storage per unit area of aquifer per unit change in head)

is required for simulating transient flow. A storage coefficient

representative of the model area was estimated on the basis of aqui-

fer pumping tests conducted at the facility. Analyses of water

level drawdown data from three- and four-day aquifer tests in the
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upper zone indicate that the coefficient of storage is about 0.10

(Hargis & Montgomery, Inc., 1982b).

The specific yield (dimensionless; ratio of the volume of

water drained by gravity from an initially saturated sample to the

total volume of the sample) of the aquifer is a good approximation

to the long—term coefficient of storage needed to simulate transient

groundwater flow in the regional aquifer. The specific yield of the

regional aquifer has been estimated to average about 0.15, based on

porosity measurements and a specific retention of 0.10 (Davidson,

1973). A groundwater flow model developed by the USGS most closely

reproduced water levels in the Tucson Basin between 1940 and 1964

using 0.15 for the coefficient of storage (Anderson, 1972).

For aquifer tests in an unconfined alluvial aquifer, deter-

mination of a suitable value for the coefficient of storage might

require pumping for periods ranging up to a few years (Clyma,

Rebuck, and Shaw, 1968). The coefficient of storage indicated by the

early response of an unconfined aquifer to test pumping may repre-

sent water which is being released from storage by compaction of the

aquifer and expansion of the water. The specific yield can be ob-

tained once water is being released from storage only by gravity

drainage and after vertical flow components have become sufficiently

small (Neuman, 1972). Under these conditions, the response of the

aquifer to pumpage is consistent with the behavior predicted by the

Theis (1935) equation and a long—term storage coefficient can be

determined. The coefficient of storage indicated by aquifer pumping
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tests at the facility probably represents a conservatively small

value for the long-term coefficient of storage.

Boundary Conditions

The boundary conditions which can be imposed include two

general types: a specified flux condition and a specified head con-

dition. The flux across a discrete length of the model boundary can

be specified as any constant value, including zero. Hydraulic con-

ditions imposed along the boundaries were based on evaluation of

water level contours near the model boundaries.

Flow nets constructed for each of the water level contour

maps indicate that groundwater flow has been approximately parallel

to the northeast and southwest model boundaries. Small components

of flow into the model area along portions of these boundaries were

accounted for by assigning flux to some nodes along these boundaries

(Figure 5 and Appendix A). Flow is parallel to the aquifer boundary

in the northern corner of the model area (Figure 5). This boundary

corresponds to volcanic rocks which are a barrier to groundwater

flow (Davidson, 1973). Nodes occurring outside the aquifer were

assigned a transmissivity of zero in order to simulate the effect of

the boundary.

The underflow into the model area was simulated by specify-

ing flux at nodes along the southeastern model boundary. Flow net

analyses were used as a basis for specifying flux for each of the

periods 1952 to 1960, 1960 to 1970, and 1970 to 1980 (Appendix A).
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Underflow for the period 1952 to 1960 was estimated by con-

structing a flow net using the 1952 water level contours (Figure 7).

The flow net was used to estimate volumetric flow rates through the

upper aquifer zone in the vicinity of the southeastern model boun-

dary. The flow rate for each streamtube was divided among boundary

nodes occurring within the streamtube, and volumetric rates were

converted to specific flux for model input. The boundary flux for

the period 1960 to 1970 was estimated in the same manner by flow net

analysis of the 1960 water level contours (Figure 8). The underflow

for the period 1970 to 1980 was simulated by applying the flux ob-

tained by flow net analysis of the 1970 water level contours (Figure

9). Fluxes assigned to nodes along the southeastern boundary were

modified during model calibration runs, particularly for the period

1970 to 1980. Adjustments were required in order to more accurately

reproduce water level contours in the vicinity of the boundary. The

simulated underf low has been tabulated for each node for each of

these time periods (Appendix A).

Large changes in both gradient and head occurred along the

northwestern model boundary during the period 1952 to 1980. In or-

der to approximate average conditions at the boundary during the pe-

riod 1952 to 1980, hydraulic heads at nodes along this boundary were

specified during each of the periods 1952 to 1960, 1960 to 1970, and

1970 to 1980. The heads specified for each period are based on

water level contours for the end of each time period.
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Pump age

Based on data supplied by the USGS and the City of Tucson,

pumpage data were compiled for the periods 1952 to 1960, 1960 to

1965, 1965 to 1970, and 1970 to 1980 (Appendix A). The pumping

rates and distribution of pumpage were assumed to be constant during

each of these pumping periods. Irrigation pumpage was determined

indirectly by the USGS based on estimated water requirements for

irrigated acreage measured on aerial photographs. Irrigation pump—

age comprises less than one third of the total pumpage in the model

area, and is concentrated along the floodplain of the Santa Cruz

River. The total pumpage for the model area has ranged from a low

of about four mgd (million gallons per day) between 1952 and 1960,

to a high of about 11 mgd between 1965 and 1970 (Figure 11). The

pumping period 1970 to 1980 was extended to 1982 during the simula-

tion of solute transport.

Pumpage at the facility occurred from wells HAC-1 and HAC-3.

Well RAC-1 was pumped from 1952 through March 1978, and 1-TAC-3 was

pumped from 1954 through May 1981. Monthly pumpage records were

used to estimate the total gallons pumped and the average pumping

rates for the periods 1965 to 1970 and 1970 to 1980. An average

pumping rate at well HAG-1 was assigned for each of the periods 1970

to 1975 and 1975 to 1980. Pumpage records were not available for

these wells prior to 1964, and pumping rates could not be determined

directly for the pumping periods 1952 to 1960 and 1960 to 1965.

However, the average rates for the 17—year period during which
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records were maintained were used as estimates of the rates for the

periods 1952 to 1960 and 1960 to 1965.

Pumpage data for each of the wells in the Santa Cruz well—

field were compiled directly from City of Tucson monthly pumpage

records. Pumpage from this wellfield has had a major influence on

the water table configuration in the vicinity of the facility (Fig-

ure 10).

Wells 1-TAC-1, HAC-3, and wells in the Santa Cruz wellfield,

are perforated in both the upper and the lower aquifer zones, but

produce groundwater primarily from the upper zone (Hargis &

Montgomery, Inc., 1982b). Due to declining water levels, the sat-

urated thickness and transmissivity of the upper zone have de-

creased, and production from wells in the Santa Cruz wellfield has

decreased significantly (Gass, 1977). As dewatering of the most

transmissive zones occurs and well yields decrease, any component of

discharge derived from the semi—confined lower zone would represent

an increasing proportion of the total discharge. Pumping rates com-

piled for the model were decreased by the estimated proportion of

discharge produced from the lower zone. For the pumping periods

1960 to 1965, and 1965 to 1970, actual pumpage was decreased 25 per-

cent at wells in the Santa Cruz wellfield. For the period 1965 to

1970, the pumping rate was reduced 20 percent at well SC-7. For the

period 1970 to 1980, pumpage was decreased 25 percent at SC-7 and

all of the wells in the Santa Cruz wellfield.
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Recharge

Recharge to the regional aquifer occurs primarily as moun-

tain front recharge and infiltration of runoff in stream channels.

The Santa Cruz River, located approximately one mile west of the

facility boundary, drains a large area in southern Arizona and

northern Mexico, and flows only in response to precipitation events.

The average annual infiltration through the streambed of the Santa

Cruz River, along a reach passing through the model area, has been

estimated to be about 320 acre-feet per mile of stream channel

(Burkham, 1970). However, the average annual recharge to the aqui-

fer is less than the average annual infiltration because of losses

by evapotranspiration between flow events. Estimates of average

annual infiltration represent an upper limit for the amount of

groundwater recharge.

Average annual recharge from infiltration of streamflow has

been estimated based on an electrical analog analysis of groundwater

flow in the Tucson Basin (Anderson, 1972). The average annual re-

charge along the Santa Cruz River which produced the best match of

computed water levels to 1940 water level contours was 110 acre-feet

per mile. In order to simulate recharge in the present model, each

of 37 nodes along the Santa Cruz River channel was assigned a con-

stant recharge rate of 0.03 cfs (cubic feet per second) (Appendix

A). This corresponds to an annual recharge rate of about 100 acre-

feet per mile.
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Effective Porosity

The effective porosity is inversely related to the average

linear velocity of groundwater flow at a given location (Lohman,

1972). The effective porosity represents the fraction of a unit

volume of aquifer that is occupied by groundwater which is mobile

within the pore space and moves with the bulk motion of the ground-

water. The effective porosity is also used in the model to repre-

sent the volume of pore water within which solute is dissolved per

unit volume of aquifer. The volumetric porosity (ratio of volume of

pore space per unit volume of porous medium) provides an upper limit

for the effective porosity, and might be used as an estimate of ef-

fective porosity in some cases.

The average volumetric porosity of the Fort Lowell Formation

has been estimated to be about 0.30 (Davidson, 1973). This estimate

is based on an analysis of borehole geophysical logs for parts of

the aquifer comprising more than 50 percent sand and gravel. Anal-

ysis of these logs indicates the volumetric porosity ranges between

0.26 and 0.34 (Davidson, 1973). The average volumetric porosity for

the upper aquifer zone is estimated to be about 0.30. The upper

aquifer zone is included with the Fort Lowell Formation.

The effective porosity for alluvial sediments at a parti-

cular location in the Tucson Basin has been estimated by Wilson

(1971). A two-well tracer-dilution test was conducted in a hetero-

geneous aquifer medium comprising gravel, sand, silt, and clay. The

field data collected during the test were used to determine longi-

tudinal dispersivity and effective porosity. The best fit of
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theoretical curves to the field data was obtained using 50 feet for

longitudinal dispersivity and 0.38 for effective porosity. The rel-

atively large effective porosity probably corresponds to the well-

sorted, coarse-grained materials indicated by particle size analyses

of drill cuttings from the test site.

Specific yield provides a guide to the lower limit for ef-

fective porosity. Due to the volume of water retained by capillar-

ity, specific yield is smaller than effective porosity. The

specific yield of the upper zone at the facility is estimated to be

about 0.15. The effective porosity is probably much closer to volu-

metric porosity than to specific yield.

During calibration of the solute transport model, the

closest match between computed and measured concentrations was ob-

tained using 0.25 for effective porosity. Effective porosity used

in other solute transport models for alluvial aquifers range from

0.20 to 0.40 (Table 2).

Dispersivity

Dispersivity is a characteristic property of the aquifer

which results in mechanical dispersion of solute in flowing ground-

water. For an isotropic porous medium, dispersion at a given loca-

tion occurs both parallel and transverse to the direction of mean

flow and dispersivity can be defined in terms of these two direc-

tions (Scheidegger, 1961). Longitudinal dispersivity ((x i , feet)

controls the degree of dispersion parallel to the direction of flow,

and transverse dispersivity (at, 
feet) controls dispersion
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perpendicular to the direction of flow. The transverse dispersivity

is usually smaller in magnitude than the longitudinal dispersivity.

The ratio of transverse to longitudinal dispersivity is on the order

of 0.2 to 0.3 for most solute transport models for alluvial aquifers

(Table 2).

Although dispersivity can be estimated from analysis of

two—well tracer—dilution tests, the resulting estimate is dependent

on the distance between the injection and withdrawal wells and the

scale of sampling (Pickens and Grisak, 1981). The study of known

cases of aquifer contamination provides a more reliable method of

estimating the dispersivity at the scale of the aquifer (Bredehoeft,

et al., 1976). The longitudinal dispersivities used in model

studies of aquifer contamination range from about 70 to 200 feet

(Table 2). The magnitude of dispersivity for a given type of

aquifer appears to be related to the character and scale of aquifer

heterogeneities encountered by the migrating plume (Schwartz, 1977).

Recent studies indicate that longitudinal dispersivity increases

with travel distance and may approach a constant only after the

plume has encompassed a sufficiently large area (Gelhar, Gutjahr,

and Naff, 1979).

A longitudinal dispersivity of 100 feet and transverse

dispersivity of 10 feet were used in the present model application.

These estimates were based on calibration of the solute transport

model.
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Calibration of the Groundwater Flow Model 

Simulation of changes in water quality required that a

groundwater flow model be developed. Calibration of the flow model

required modification of hydraulic conductivity in areas where data

were sparse. Calibration was achieved by varying hydraulic conduc-

tivity until the model could approximate measured water levels dur-

ing the simulation period 1952 to 1980. Flux along the southeastern

boundary was also adjusted, particulary for the period 1970 to 1980,

in order to more closely approximate historical water levels in the

vicinity of this boundary.

For the purpose of model calibration, it was assumed that

regional water level contours are accurate to within 5 to 10 feet of

actual hydraulic head in the upper aquifer zone. It was considered

reasonable to calibrate the model until computed heads for most of

the model area were within 10 feet of heads indicated by regional

water level contours. Closer approximation, to within five feet of

heads indicated by regional contours, would be justified in the vi-

cinity of the facility, where measured differences between composite

and upper zone water levels are generally less than five feet.

The 1952 water level contour map was used to represent ini-

tial conditions for calibration runs. These contours do not repre-

sent steady-state pre-pumping conditions. Pumping in the area began

before 1952, and the 1952 water level contours represent a transient

condition (Figure 7). Calibration was accomplished by simulating

transient flow for the period 1952 to 1980, and comparing contours

of computed hydraulic head to the water level contour maps compiled
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from measurements for the years 1960, 1970, and 1980 (Figures 8, 9,

and 10).

Calibration Model Runs

The first calibration runs were conducted for the period

1952 to 1960. The transmissivity distribution was modified by ad-

justing the hydraulic conductivity in selected areas until computed

heads in the vicinity of the facility were generally within five

feet of heads indicated by water level contours.

The calibration procedure was then applied to the 1952 to

1970 period. Due to the increased stress imposed by pumpage during

the period 1960 to 1970, the computed heads were more dependent on

the coefficient of storage for the 1952 to 1970 period than for the

1952 to 1960 period. Computed drawdowns near some wellfields were

too large. This indicated that the coefficient of storage being

used was probably too low. The coefficient was increased from 0.10

to 0.15 to represent the long-term behavior of the aquifer more

accurately, and more closely approximate measured water levels.

Further adjustments were made to the hydraulic conductivity distri-

bution until the model could produce heads in the vicinity of the

facility which were generally within five feet of heads indicated by

1970 water level contours.

The accuracy of the model was further improved by accounting

for the merging of the upper and lower aquifer zones in the north-

western part of the model area (Figure 2). Groundwater flow in this

area was simulated by assigning fluid sources where the lower zone
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merges with the upper zone into a single hydrogeologic unit. Fluid

sources were assigned to nodes in rows 12 and 13 (Figure 5 and Ap-

pendix A). The specification of the fluid sources provides an

approximate means of accounting for actual groundwater conditions

and for producing a reasonable approximation to the water level

contours in this area.

A third simulation period, 1952 to 1980, was used for fur-

ther model calibration. The results for this period were compared

to the 1980 water level contour map. Further modifications to hy-

draulic conductivity were not necessary based on the 1952 to 1980

simulation period. Results near the southeastern boundary were im-

proved by modifying specified flux boundary conditions between 1970

and 1980 until the model could approximate more closely the 1980

water level contours near the boundary. The final distribution of

hydraulic conductivity used in the model is presented in Figure 12.

The calibrated flow model simulates water level changes be-

tween 1952 and 1980, resulting in computed water levels which ap-

proximate measured water levels for this period (Figure 13). The

difference between computed and measured water levels for 1960 is

between zero and five feet at about 66 percent of the nodes in the

model grid. The difference is between zero and 10 feet for about 85

percent of the nodes (Appendix B, Table B-1). In 1970, the differ-

ence between measured and computed water levels is between zero and

five feet at about 51 percent of the nodes, and between zero and 10

feet at about 77 percent of the nodes (Appendix B, Table B-1). At

the end of the 28-year simulation period in 1980, the difference
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between computed and measured water levels is between zero and five

feet at about 35 percent of the nodes, and between zero and 10 feet

at about 58 percent of the nodes (Appendix B, Table B-1). The dif-

ferences between computed and measured water levels are less than

six feet at more than 60 percent of the nodes in the area contamin-

ated by the plume originating from the facility (Appendix B, Figure

B-4). A complete account of the differences is given in Appendix B.

Differences between computed and measured water levels which

are greater than 10 feet occur primarily in areas where historical

water level data are sparse and water level contours are uncertain.

Large differences between computed and measured water levels also

occur in the northwestern part of the model area in a zone where

water level gradients are steep and difficult to simulate (Figure

10). The calibrated groundwater flow model simulates historical

groundwater conditions the most accurately in the area of the con-

tamination plume where water level data are more certain, and where

a closer approximation to water level contours is justified.

Sensitivity Analysis

An analysis was performed to evaluate the relative sensitiv-

ity of computed heads to the coefficients of transmissivity and

storage, and to specified flux along the southeastern boundary.

Each parameter was varied individually by 20 percent, and the re-

sponse of computed heads was evaluated. The sensitivity analysis

provides a basis for assessing the effects of uncertainties inherent

in estimating these parameters.
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Transmissivity. Computed water levels are relatively insen-

sitive to transmissivity. A 20 percent increase in transmissivity

at each node in the model grid resulted in drawdowns which were

generally about two percent less, based on the total drawdown be-

tween 1952 and 1982.

At the Santa Cruz wellfield, and upgradient of the well-

field, drawdowns were about 10 percent less. At the facility, about

a mile northeast of the Santa Cruz wellfield, the change in drawdown

was about four percent.

Coefficient of Storage. Computed heads are more sensitive

to the coefficient of storage than to transmissivity. Based on

total drawdown between 1952 and 1982, a 20 percent increase resulted

in drawdowns which were about 10 percent less over most of the model

area. At the facility, drawdowns were about 14 percent less. Draw-

downs were about 10 percent less at the Santa Cruz wellfield.

The magnitude of changes in drawdown due to the 20 percent

change in the coefficient of storage seems to be independent of

location. The magnitude of drawdown decreased about seven to eight

feet over most of the model area. The model is more sensitive to

the coefficient of storage than to transmissivity, except at the

Santa Cruz wellfield, where computed heads are moderately sensitive

to both of these parameters.

Boundary Conditions. Computed heads are moderately sensi-

tive to the specified flux along the southeastern boundary. A 20

percent decrease in the flux at each node along this boundary caused

approximately 14 percent additional drawdown at the facility between
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1952 and 1982. The greatest change occurred close to the southeast-

ern boundary where additional drawdowns were as great as 30 percent.

Near the center of the model area, drawdowns increased by about 13

percent.

Summary. The sensitivity analysis indicates that computed

heads are least sensitive to transmissivity, but are moderately sen-

sitive to the coefficient of storage and the flux imposed at nodes

along the southeastern boundary (Table 3). Sensitivity of computed

concentrations to these parameters is discussed in the following

section.

Calibration of the Solute Transport Model 

Simulation of solute transport required specifying contami-

nant input rates at historical disposal areas. Comparison of mea-

sured and computed concentrations for 1982 provided the basis for

evaluation of initial estimates for rates of contaminant input,

dispersivity, and effective porosity. Adjustments to contaminant

input rates and dispersivity were required in order to reproduce

measured concentrations of TCE in the groundwater beneath the facil-

ity.

Contaminant Input

The comparison of measured and computed TCE concentrations

in the groundwater was particularly useful in estimating the rates

of contaminant input at the four source area nodes. These nodes

correspond to past disposal areas and are illustrated in Figures 14
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through 19. During a given discrete time interval, the input rate

at each source node was assumed to be constant. The 30-year simula-

tion period, 1952 to 1982, was subdivided into six intervals so that

the rate and duration of contaminant input at each node could be

specified in some detail. Contaminant input rates were specified

for each of the time periods 1952 to 1955, 1955 to 1960, 1960 to

1965, 1965 to 1970, 1970 to 1975, and 1975 to 1982 and were modified

during the calibration procedure. The best approximation to mea-

sured concentrations was obtained by introducing a total of about

3,650 gallons of TCE into the upper aquifer zone between 1952 and

1982, at rates ranging from 0.04 to 0.5 gpd (gallons per day) (Fig-

ure 20).

Aquifer Parameters: Dispersivity
and Effective Porosity

Calibration of the solute transport model was accomplished

using an effective porosity of 0.25. The TCE concentrations mea-

sured in the groundwater in the upper aquifer zone could not be

reproduced using an effective porosity of 0.20 or smaller. The TOE

concentration in areas immediately downgradient of source area 4

were especially difficult to simulate because of the high concentra-

tion gradients (Figure 21). The concentrations measured in the

western portion of the facility property are relatively low and,

when assuming an effective porosity less than 0.25, were difficult

to reproduce while maintaining relatively high concentrations at the

nearest contaminant source area.
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Calibration of the model was completed by selecting longi-

tudinal and transverse dispersivities which improved the approxi-

mation to measured concentrations. The best results were achieved

using 100 feet for longitudinal dispersivity and 10 feet for trans-

verse dispersivity. Due to excessive widening of the simulated

plume, calibration could not be achieved using a transverse disper-

sivity greater than 10 feet. Longitudinal dispersivities larger

than 100 feet resulted in flattening of the relatively steep concen-

tration gradients measured near source areas 3 and 4.

Sensitivity Analysis

A sensitivity analysis was performed to evaluate the effect

of inherent uncertainties in model input parameters on computed

solute concentrations. The potential significance of parameter

uncertainty is related to the sensitivity of computed concentrations

to model parameters. Sensitivity of computed concentrations in

various portions of the plume was evaluated individually for hy-

draulic conductivity, effective porosity, and dispersivity. Simu-

lations for the period 1952 to 1982 were used to compare the changes

in computed solute concentrations due to a 20 percent change in the

parameters hydraulic conductivity and effective porosity. Disper-

sivity was varied by a larger amount to reflect the greater degree

of uncertainty in estimating this parameter. Locations 
considered

in the analysis are the leading edge of the contamination plume,

defined as the 10 ppb contour, and the area between the 1,000 ppb
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and 5,000 ppb contours where the concentration gradient is rela-

tively steep (Figure 21).

Hydraulic Conductivity. The hydraulic conductivity of the

upper aquifer zone was increased 20 percent throughout the model

area. This resulted in migration of the contaminant front, as in-

dicated by the 10 ppb contour, about 1,000 feet further to the

northwest. Due to the 20 percent increase in hydraulic conductiv-

ity, the 1,000 and 5,000 ppb contours occurred less than 1,000 feet

further down-gradient in 1982.

Effective Porosity. Sensitivity to effective porosity is

high because the parameter controls both the rate of advective

transport and the volume of groundwater available for dilution of

the contaminant. A decrease in effective porosity results in higher

rates of transport and higher concentrations. The effective poros-

ity was decreased from 0.25 to 0.20, which resulted in increases in

contaminant concentrations of more than 50 percent near areas where

concentration gradients are steep. This change also caused the 10

ppb contour to occur about 1,000 feet further to the northwest.

Dispersivity. The parameters of longitudinal and trans-

verse dispersivity affect the dimensions and shape of the contam-

inant plume. Although the range of reasonable values is relatively

large, the computed concentrations are least sensitive to this

parameter. The longitudinal dispersivity was increased from 100

feet to 400 feet for the 12-year period 1970 to 1982, which resulted

in decreases in contaminant concentrations at the facility ranging

from 10 to 20 percent. The largest decreases in contaminant concen-
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trations occurred at the contaminant sources. These reductions near

contaminant sources were compensated by increases in the width and

length of the plume. Due to the four-fold increase in this parame-

ter between 1970 and 1982, the 10 ppb contour occurred about 1,500

feet further to the northwest in 1982.

Summary. Solute concentrations computed by the model are

least sensitive to dispersivity and most sensitive to effective por-

osity. The range of reasonable values for dispersivity is highest,

however, and the range for effective porosity is lowest (Table 3).

Results of the sensitivity analysis indicate that the pro-

jected extent of the plume is most sensitive to effective porosity,

moderately sensitive to hydraulic conductivity, and least sensitive

to dispersivity. The highest level of confidence is assigned to ef-

fective porosity and hydraulic conductivity, whereas dispersivity is

the least certain.
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CONCLUSIONS

Concentrations of TCE estimated by the model for groundwater

in the upper aquifer zone are a good approximation to measured con-

centrations (Figure 21). The approximation is closest in the areas

west of production wells HAC-1 and HAC-2 where TOE concentrations in

groundwater have been measured at a relatively large number of moni-

tor wells. Concentrations are not as well documented in the south-

eastern part of the facility property, and the model reproduces only

the general features indicated by the data in this area.

The ability of the model to reproduce measured TOE concen-

trations was accomplished by calibration to measured historical

water levels, and estimates of contaminant input rates, effective

porosity, and dispersivity. Dispersivity was estimated during model

calibration based on measured TOE concentrations. During the cali-

bration procedure, this was a difficult parameter to evaluate due to

the low sensitivity of computed concentrations in the facility area

to variations in dispersivity. However, because large changes in

dispersivity are necessary to affect computed concentrations, the

model provides estimates of off-site concentrations which are not

sensitive to the uncertainty associated with this parameter.

In order to further define the off-site extent of the con-

tamination plume emanating from the facility, five upper zone
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monitor wells were constructed and sampled by the EPA in August and

September 1982. Concentrations estimated based on model projections

were compared to concentrations measured at these monitor wells.

The wells were constructed at locations where concentrations were

estimated to range between 10 and 100 ppb. Concentrations of TCE in

water samples from these wells ranged from 9 to 30 ppb (Figure 21).

The measured concentrations are in good agreement with concentra-

tions estimated based on the model.

The effect on the regional aquifer of TCE contamination at

the facility has been estimated by simulating groundwater flow con-

ditions and imposing contaminant sources. The results pr6vide a

framework for evaluating the contribution of past waste disposal

practices at the facility to the degradation of water quality in the

regional aquifer. The digital model indicates that the plume of

contaminated groundwater originating from the facility, as measured

by the 10 ppb contour of TCE concentration, probably does not extend

north of Los Reales Road (Figure 21).
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APPENDIX A

MODEL INPUT DATA
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TABLE A- 1

RATES OF DISCHARGE
ASSIGNED TO PUMPING NODES IN MODEL GRID

NODE
COORDINATE

(i,j) 1952-1960

	DISCHARGE RATE (ft 3 /sec)

1960-1965	 1965-1970 1970-1982

03,14 0.05 0.05
03,15 0.05 0.05
03,35 0.15
03,37 0.15
04,14 0.05 0.05
04,21 0.10 0.10
04,22 0.10 0.10
04,23 0.10 0.10
04,24 0.08 0.04 0.10
04,25 0.10
04,35 0.15
04,36 0.15
04,37 0.15
04,38 0.15
04,39 0.15
05,24 0.10
05,35 0.15
05,37 0.15
05,39 0.06
06,17 0.10
06,18 0.10
06,19 0.10
06,23 0.10
06,25 0.10
06,39 0.12 0.53 0.58 0.33

07,13 0.20
07,14 0.20 0.20 0.03

07,16 0.01

07,17 0.10

07,18 0.10

07,19 0.10

07,21
07,36

0.07 0.07
0.06

07,37 0.20 0.25 1.05 0.46

08,11
08,13
08,14
08,15

0.10 0.10 0.20
0.20

0.20
0.01

08,18 0.10 0.10

08,19 0.10 0.05

08,27 0.10 -r-
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TABLE A-1. (continued)

NODE
COORDINATE

(i,j) 1952-1960

	DISCHARGE RATE	 (ft 3 /sec)

1960-1965	 1965-1970 1970-1982

09,11 0.10 0.10
09,12 0.07 0.07
09,18 0.10 0.10
09,27 0.10 --- --- ---

09,34 0.90 0.57 0.50
09,38 --- --- 0.65 0.88
09,39 0.10 0.46 0.06 ---

10,08 0.10 0.10 0.20

10,09 0.10 0.10 0.20

10,10 0.10 0.10 0.20

10,12 0.10 0.10 ---

10,13 --- --- 0.20

10,16 0.10 0.19 ---

10,17 0.05 0.03 0.10

10,19 0.09 0.05 ---

10,26 0.09 --- ---

10,27 0.10 --- 0.08 ---

10,32 --- 0.80 1.00 1.00

10,33 0.09 0.94 1.54 0.88

10,34 --- 0.90 0.58 0.51

11,07 --- 0.20 ---

11,08 0.10 0.10 0.20

11,09 0.10 0.10 0.20

11,10 0.10 0.10 --- 0.01

11,15 0.10 0.10 0.20

11,16 0.10 0.10 ---

11,27 0.10 --- --- ---

11,31 --- 0.25 0.27 0.09

11,32 0.40 0.70 0.70

12,07 --- 0.20 --

12,08 0.10 0.10 0.20

12,09 0.10 0.10 0.20

12,10 0.10 0.10 ---

12,14 0.10 0.10

12,15 0.10 0.10 0.20

12,17 --- 0.10

13,29 0.01

14,11 0.06 0.06 0.20

14,12 0.20
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TABLE A-1. (continued)

NODE
COORDINATE

(i,j) 1952-1960

	DISCHARGE RATE	 (ft 3 /sec)

1960-1965	 1965-1970 1970-1982

0.16**

14,28
15,19
16,10
16,11
17,08
17,09
17,10
17,11
17,13
18,08
18,09
18,13
18,26
18,32
19,05
19,07
19,08
19,09
19,11
19,17
19,23
20,05
20,07
20,08
20,10
20,11
20,15
20,17
20,20
20,33
21,04
21,05
21,08
21,15
21,17
21,25
22,05
22,06
22,09

0.19
0.12

0.10

0.10

---
0.26
0.32
---

0.20
---
0.10
---
---
0.22
---

0.10
0.05

---
0.35
---

0.04
0.10
---

0.07

0.77
0.12
---

0.10

0.10

---
0.26
0.32
---

---
0.10
---

0.20
0.22
---

0.10
0.05

---
0.35
---

0.04
0.10

0.07

0.50

---
---

0.23
---

---
0.23
---

0.40
---

0.30

---
0.30
---

0.30
---
---
0.19
0.43
0.14
---
_-_

0.30
___

0.19
---

0.45
---

0.20
0.20
---
0.20
0.20
0.20
0.08
0.17
0.17
0.08
---

0.37*
0.05
---

0.20
0.20
0.17
---
---

0.05
0.34
0.34
0.34
0.17
0.06
0.13
0.04
0.47
0.05
0.05
---

0.06
0.13
0.21
0.05
0.05
0.04

*1970-1975
r 1 AO')
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TABLE A-1. (continued)

NODE
COORDINATE

(ifj) 1952-1960

	DISCHARGE RATE	 (ft 3 /sec)

1960-1965	 1965-1970 1970-1982

22,10 0.04 0.04
22,12 --- 0.02
22,13 0.02
22,19 0.12 0.12 0.12 0.05
23,02 0.05
23,06 --- 0.05
23,08 0.10 0.31
23,12 --- 0.04
23,17 0.12 0.12 0.12 ---
24,10 --- 0.05
24,12 0.04 0.05
25,05 --- 0.05
25,08 0.02 0.02 0.10 0.31
26,10 --- 0.08
26,11 0.08
26,24 0.14
27,03 --- 0.07
27,04 0.14 0.07

27,06 ___ 0.16

27,07 0.02 0.02 0.05 0.16

27,25 --- 0.14

28,04 0.14

28,07 0.05 ---

28,26 0.12 0.27

29,26 0.12 0.27

32,03 0.70 ---

32,04 --- 0.07

32,05 0.07

32,24 0.02

33,05 0.10 ---

Total
discharge rate
for model grid 6.67 11.62 17.90 14.58*

14.37**

*1970-1975
**1975-1982
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TABLE A- 2

RATES ASSIGNED TO SPECIFIED
FLUX NODES IN MODEL GRID

NODE
COORDINATE

(i.j) 1952-1960
	RATE	 (ft 3 /sec) 	

1960-1970 1970-1982

	UNDERFLOW INTO MODEL AREA 	

33,12 0.036
33,13 0.036
33,14 0.036
33,15 0.036
33,16 0.058
33,17 0.058
33,18 0.058
33,19 0.058
33,20 0.058
33,21 0.050
33,22 0.050
33,23 0.050
33,24 0.050
33,25 0.050
33,26 0.050
33,27 0.050
33,28 0.050
02,44 0.160 0.220 0.380
03,44 0.160 0.220 0.380
04,44 0.160 0.220 0.380
05,44 0.160 0.220 0.380
06,44 0.160 0.355 0.380
07,44 0.160 0.355 0.380
08,44 0.160 0.355 0.198
09,44 0.160 0.382 0.198
10,44 0.240 0.382 0.198
11,44 0.240 0.382 0.198
12,44 0.240 0.180 0.198
13,44 0.240 0.180 0.198
14,44 0.240 0.180 0.198
15,44 0.160 0.180 0.198
16,44 0.160 0.180 0.198
17,44 0.160 0.220 0.144

18,44 0.160 0.220 0.144
19,44 0.160 0.220 0.144

20,44 0.120 0.204 0.144
21,44 0.120 0.204 0.144
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TABLE A-2. (continued)

NODE
COORDINATE

(i,j)
	RATE	 (ft 3 /sec) 	
1952-1960	 1960-1970 1970-1982

	UNDERFLOW INTO MODEL AREA 	

22,44 0.120 0.204 0.144
23,44 0.120 0.153 0.208
24,44 0.120 0.153 0.208
25,44 0.150 0.153 0.208
26,44 0.150 0.153 0.208
27,44 0.150 0.230 0.240
28,44 0.150 0.230 0.240
29,44 0.120 0.230 0.240
30,44 0.120 0.110 0.240
31,44 0.120 0.110 0.240
32,44 0.120 0.110 0.240
33,44 0.120 0.110 0.240

	FLOW COMPONENT FROM LOWER ZONE

74

See Figure 5
for node

coordinates
0.05 0.05	 0.05

	 RECHARGE FROM SANTA CRUZ RIVER

See Figure 5
for node

coordinates

0.03 0.03	 0.03

NOTE: Model input requires specific flux (ft/sep). Total 
volumetric rate

at node must be divided by cell area (10 6 ft 2) to obtain specific

flux. Flux is into aquifer and must be specified as a negative

number.



TABLE A- 3

HYDRAULIC HEADS ASSIGNED TO
CONSTANT HEAD NODES IN MODEL GRID

NODE
COORDINATE

(i,j)
	HYDRAULIC HEAD	 (feet)
1952-1960	 1960-1970 1970-1982

14,2 2,375 2,360 2,299

15,2 2,370 2,350 2,298

16,2 '	 2,368 2,348 2,295

17,2 2,367 2,346 2,292

18,2 2,366 2,344 2,288

19,2 2,363 2,342 2,285

20,2 2,361 2,340 2,285

21,2 2,360 2,338 2,285

22,2 2,360 2,339 2,285

23,2 2,360 2,340 2,288

24,2 2,359 2,341 2,290

25,2 2,358 2,342 2,295

26,2 2,357 2,343 2,300

27,2 2,356 2,344 2,304

28,2 2,356 2,345 2,308

29,2 2,356 2,345 2,311

30,2 2,356 2,345 2,314

31,2 2,355 2,344 2,314

32,2 2,354 2,342 2,315

33,2 2,353 2,340 2,317

75



APPENDIX B

RESULTS OF WATER LEVEL CALIBRATION
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FIGURE B-1. Histogram of Water Level Calibration Results for 1960.
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FIGURE B-2. Histogram of Water Level Calibration Results for 1970.
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FIGURE B-3. Histogram of Water Level Calibration Results for 1980.
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