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ABSTRACT

Tricloroethylene has been found in the ground water

in south Tucson, Arizona, contaminating several water supply

wells. The aquifer affected, characterized by water-table

conditions, is comprised of upper and lower zones that merge

in the northwest quadrant of the study area. A concealed

block fault trends north-south in the center of the study

area. East of the fault, the affected upper zone is com-

prised of sandy silts and silty sands; west of the fault,

fairly consistent slightly silty sands and gravels. The

lower zone, is comprised of weak to moderately cemented

sands and gravels west of the fault.

Regional hydraulic gradient is towards the north-

west. Inflow into the study area originates as mountain

front recharge from the south and infiltration from the

Santa Cruz River to the west. The tricloroethylene, orig-

inating from several suspected source areas, appears to be

following the general ground-water flow direction.
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CHAPTER 1

INTRODUCTION

A local, plume of trichloroethylene (TCE) and other

organic and inorganic contaminants has been found in the

ground-water underlying an area in south-central Tucson,

Arizona. TCE, a suspected carcinogen, is used extensively as

a surface cleaner in the aviation and electronics manufac-

turing industries, several of which are found in the region

contaminated.

As a result of the discovery of TCE and other sol-

vents in this region, as well as some elevated levels of

various trace metals, several hydrogeological and ground-

water quality investigations have been initiated by various

governmental agencies. The region affected was placed on

the "Superfund" (Comprehensive Environmental Response,

Compensation and Liability Act of 1980) list freeing federal

funds for investigation and cleanup of the contamination.

The U.S. Environmental Protection Agency (EPA), Arizona

Department of Health Services, City of Tucson (Tucson

Water), U.S. Geological Survey (USGS) and Arizona Department

of Water Resources are actively working together on separate

and combined remedial investigations to develop an accept-

able mitigation plan satisfactory to all affected parties.

1
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Tucson, Arizona, experienced phenomenal growth over

the past decade and is expected to continue to do so well

into the next century. The 1960 population, as reported by

the Census Bureau, was 212,892. In 1970, this had increased

to 262,933 people. The 1980 population was reported as

377,546 an 44% increase in ten years with a projection for a

similar growth through the 1980's. The 1980 population for

Pima County was 531,443 persons, most of which live in the

Tucson Basin. The region has an attractive climate with

year-round warm temperatures, sunny days, and scant rain-

fall. Rapid growth, and industrial and agricultural

development, have placed a strain on the existing water

supply for the city and its environs. Surface water in the

region is scarce, and stream flow is too intermittent pre-

cluding its use as a source of water supply. The region's

sole source of water, for all purposes, is from an essen-

tially single aquifer consisting of unconfined and semi-

confined zones of excellent to fair quality water.

Historically, water use in the Tucson basin has been

primarily for agriculture and mining. With the rapid growth

in population over the last few decades, the trend has been

to buy out proximate farmed acreage from outlying areas to

the west and retire the land for residential use. Per

capita use of water is approximately 200 cubic meters per

year (145 gallons per person per day) producing a strain on
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existing ground-water supplies. Due to the anticipated

limited supply of ground-water in the basin, Tucson has been

purchasing land to the west in Avra Valley for additional

water to supplement that from the basin. In addition, the

Central Arizona Project (CAP), scheduled to deliver water by

1991, is projected to supply the city with 10.6 million

cubic meters of water per year. However, the main source of

Tucson's water in the future will continue to be the aquifer

in the Tucson Basin. This water supply must be kept free

from any threat of contamination.

Location 

The area of interest investigated in this thesis

(henceforth called "the study area") is in south-central

Tucson, Arizona, near the center of the Tucson Basin in

southeastern Arizona (Figure 1). The basin occupies a

northwest-trending valley bounded on the southeast by the

Santa Rita Mountains, on the north by the Tortolita and

Santa Catalina Mountains, on the east by the Tanque Verde

and Rincon Mountains, and on the west by the Sierrita, Black

and Tucson Mountains. The study area is closest to the

slopes of the Sierrita, Black and Tucson Mountains. Its

southern boundary extends from Section 22, T15S, R13E to

Section 20, T15S, R14E (Figure 2, in pocket). Its western

boundary is the Santa Cruz River channel as far north as

Irvington Road. The eastern extent of the study area
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Figure 1. Map showing the topography of part of the
Tucson Basin and location of the study area.
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reaches to Country Club Road, north to Benson Highway, and

then northwest to Irvington Road. This follows Sections 20

to 5 of T15S, R14E, and includes Section 31 of T14S, R14E.

Elevations of the study area vary from approximately

2,600 feet in the southwest corner at Tucson International

Airport to approximately 2420 feet near Ajo road and Inter-

state 19.

Climate 

The Tucson basin is in the Sonoran desert, a semi-

arid zone characterized by scant precipitation and large

potential evapotranspiration rates. The mean annual

precipitation, measured at Tucson International Airport is

approximately 30 centimeters (11 inches). The surrounding

mountains to the north, south, and east receive up to 79

centimeters (32 inches) of precipitation per year, and

through mountain front recharge, is thought to be the pri-

mary source of recharge to the Tucson Basin (Mohrbacher,

1984). Precipitation is extremely variable from year to

year. The highest average monthly precipitation occurs

during the months of July through September, also charac-

terized by the highest evaporation rates. High intensity

thunderstorms produce locally large quantities of rain

during the summer months, and frontal storms produce wide-

spread and light intensity precipitation during the winter

months December through March.
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The mean annual temperature is 19.4 degrees Celsius

(°C) with a diurnal range of 16.7 ° C. Due to the high

temperatures, semi-arid climate and scattered rainfall, the

potential evaporation is far greater than that of the pre-

cipitation. Before the turn of the century, the Santa Cruz

River was a perennial stream; since then, extraction of

ground water has resulted in a continuous lowering of the

water table. Because of this, naturally occurring surface

water is uncommon.

Previous Investigations 

The geology and hydrology of the Tucson Basin has

been described in numerous studies. The work of these

investigators may be used for describing and correlating the

hydrogeologic properties of the study area of this thesis.

The earliest published paper on the hydrogeologic

aspects of the basin was produced by Skinner (1903). This

paper was followed by studies by Catlin (1926) and Smith

(1938). Catlin wrote about general characteristics of

ground water in Arizona; Smith (1938), the first to syste-

matically collect and analyze hydrologic and geologic data

in the basin, and describe the physiographic features of

several Arizona valleys. Feldman (1966) described the

chemical quality of water and its relationship to lithologic

and structural aspects of the Tucson basin. A detailed

report on the geology of the Tucson basin was presented in
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Pashley's (1966) dissertation. Smoor (1967), using these

data, published his dissertation of the hydrochemical facies

of the ground water in the Tucson basin. He used the hydro-

chemical facies concept to identify the origin of the chemi-

cal characteristics of ground water. The ground water in

the Tucson Basin apparently acquires its identifying charac-

teristics through contact with various rock-types in the

hills surrounding the basin prior to recharging the aquifer.

He went on to say that lithology of the sedimentary units in

the basin plays a secondary role in determining the overall

chemical composition of the ground water. After recharge,

the distribution of the dissolved constituents is controlled

primarily by flow patterns in the aquifer.

To date, the most comprehensive study of the geology

and hydrologic relationships in the basin was done by David-

son (1973). In analyzing previous work and studying well

logs throughout the basin, he identified three major units:

the Pantano, Tinaja and Fort Lowell Formations. His report

has been the reference base for most hydrogeologic reports

since its publication.

Local descriptions of hydrogeologic characteristics

in the basin were published by Martin (1980) and Mooradian

(1983). Both center their work on the ground-water quality

problems of the Cortaro region in the Tucson basin located

northwest of the study area. Mooradian (1983) also
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discussed the hydrology of the Cortaro area to the north-

west.

Closer to the study area, Cross (1984) described the

lithology and aquifer characteristics under the Hughes Air-

craft Company (HAC) complex immediately south of the city

limits. In addition, using a numerical model of solute

transport and dispersion designed by Konikow and Bredehoeft

(1978), he traced the flow path of a contaminant, TCE,

through an aquifer and predicted its future movement.

Study Objectives 

The scope of the study comprising this thesis

included the drilling of 34 monitor wells, in two phases, by

Tucson Water over a period of one year from the fall of 1983

to the fall of 1984. Figure 2 shows the study area, the 34

monitor wells drilled by Tucson Water as well as other

public and private wells. In addition, depth of well,

screened interval, and zone of aquifer screened information

is included as is the line of cross-sections and known and

inferred faults discussed later. The wells were sampled

periodically for major inorganic constituents and volatile

organic compounds. The objectives of this study are as

follows:

1. A detailed determination of the hydrogeologic

characteristics of the shallow aquifer.
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2. The identification of the three-dimensional

spatial extent of contamination under present

conditions.

3. Determine the effect of lithology in the study

area on the regional flow system.

4. The identification of possible source areas of

contamination based on aquifer recharge and

discharge relations, hydrogeologic character-

istics, contaminant transport mechanisms,

water quality analysis and temperature mea-

surements.

The planning, coordination and implementation of the

independent and joint investigations outlining the extent of

TCE in the south Tucson area was performed by the U.S.

Environmental Protection Agency, the Arizona Department of

Health Services, the Arizona Department of Water Resources,

the U.S. Geological Survey and Tucson Water. This thesis is

an independent interpretation of the data accumulated by the

joint governmental agency studies, plus data obtained by my

own additional research, and by analysis of additional

referenced literature. A cutoff date of November, 1984 was

used for incorporating data into this thesis. The project,

however, has continued beyond November, 1984. Additional

information may be obtained from any of the aforementioned

agencies.
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To be consistent with the gradual change from the

English to the metric system, metric units are used in the

text of this thesis with English units following in parathe-

sis. However, data collected during the drilling activities

was recorded in feet. To modify the drilling logs and

figures would lead to much confusion, so they are left in

English units, as are all linear dimensions.



CHAPTER 2

FIELD METHODOLOGY

Site selection for wells was based on previous

studies of the contamination problem. The initial group of

wells emplaced to the north and west of the HAC facility was

based on previous investigations by Hargis & Montgomery,

Inc. (1982a), and background research performed by the Ari-

zona Department of Health Services, including an initial

screening of the wells already in the suspected contaminated

region. These wells, designated TAS for Tucson Area Study,

were emplaced by consultants for the EPA. Results from the

11 wells were insufficient to determine the extent of the

TCE contamination. Monitoring wells of phases 1 and 2 of

the Tucson Water study, designated WR and SF respectively,

were drilled and constructed to further delineate the extent

of the TCE plume in the ground water and monitor changes of

ground-water quality and water levels. These 34 wells were

drilled and constructed in a manner such that no outside

organic constituent could enter the monitoring system with-

out discovery and thus contaminate the well water samples of

the sampling program.

11
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Well Drilling and Construction

The WR monitor wells were drilled exclusively under

the authority of Tucson Water. These wells, originally

scheduled to be drilled dry were instead bored using reverse

rotary water circulation method with the aid of water

supplied from nearby fire hydrants. The details of their

construction are tabulated in Table 1.

The reverse rotary drill method was used by Tucson

Water so that drill cuttings could be sampled and identified

as the unit they were derived from was being penetrated.

Cuttings were deposited in a three-tier series of 10 gallon

containers for the WR wells, or in a large catchment basin

allowing fluid overflow for the SF wells. Samples were

collected every five feet and taken to the Tucson Water

laboratory for grain size analysis and lithologic descrip-

tion. Cuttings being expelled from the discharge tube were

under constant observation by Tucson Water personnel for

formation/composition changes, and such changes were noted

in the log. A schematic construction diagram for the WR

wells is shown in Figure 3. Figure 4 shows schematic

construction details for the SF monitor wells.

Two wells were drilled at each of sites WR-54

through WR-59 (designated a and h) with the exception of

site WR-56, where three monitor wells were installed. A

deep well, usually about 400 feet below land surface total
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Table 1. Well construction.

Surface Well Length of Formation
Well Elevation Depth Screen Screened

(ft) (ft) (ft)

WR-54a 2552.70 128 20 Upper
WR-54b 2552.70 357 40 Lower
WR-55a 2535.72 372 40 Lower
WR-55b 2536.30 233 20 Upper
WR-56a 2527.00 400 40 Lower

WR-56b 2527.50 178 20 Upper
WR-56c 2526.70 131 20 Upper
WR-57a 2523.92 157 20 Upper
WR-57b 2524.00 373 40 Lower
WR-58a 2502.70 400 40 Lower

WR-58b 2503.30 144 20 Upper
WR-59a 2481.40 401 40 Lower
WR-59b 2482.10 141 20 Upper
SF-1 2571.09 190 80 Upper
SF-2 2544.84 190 80 Upper

SF-3 2574.89 190 80 Upper
SF-4 2532.62 400 100 Lower
SF-5 2553.10 190 40 Regional
SF-6 2461.27 400 100 Reg/Low
SF-7 2526.51 130 30 Upper

SF-8 2511.12 160 50 Upper
SF-9 2526.70 145 50 Upper
SF-10 2507.68 150 50 Upper
SF-11 2491.99 175 80 Upper
SF-12 2497.05 167 60 Upper

SF-13 2476.85 190 80 Upper
SF-14 2502.68 130 30 Upper
SF-15 2487.39 190 80 Upper
SF-16 2532.47 140 40 Upper
SF-17 2461.66 240 100 Regional

SF-18 2461.37 220 80 Regional
SF-19 2469.56 400 100 Lower
SF-20 2469.60 215 100 Upper
SF-21 2483.23 172 50 Regional?



PVC SOUNDING TUBE PUMP CONTROL BOX

ELEV. 2603.34 '

LAND SURFACE

WR-58b

SANITARY
SEAL PROTECTIVE

SHELTER

CEMENT

12' SURFACE CASING
DEPTH 25'

2 DROP PIPS

PERMANENT PUMP

GRUNDFOS

MO 0. SP 11.••

3 HP. 230 VOLT

3 PHASE

PUMP TESTED 1-17-64

DISCHARGE RATE 30.11 GPM

SAND CEMENT
GROUT PUMPED
INTO ANNULUS

STATIC WATER

LEVEL 62'

( OP SAND

CEMENT BASKET 84.6'

TOP OF SCREEN 124'

PUMP INLET 127'

SCREENED INTERVAL. • 20.

BOTTOM OF CASING 144 •

TOTAL DEPTH DRILLED 186'

Figure 3. Example WR well construction diagram.
(Diagram provided by Tucson Water)

14



FINAL CONCRETE VAULT

16 INCH SURFACE PIPE
20 FEET DEEP

o
o

CONCRETE GROUT

15

egall GRAVEL AND CEMENT GROUT PUMPED
i VIA TEMPORARY TREMIE PIPE

II %•
'

CEMENT GROUT SEAL
FROM TOP OF SAND TO
TOP OF SURFACE PIPE

FINE SAND

-
GRAVEL PACK	 -= E -=. r = = =

6 INCH PVC CASING
(THREADED ENDS)

6 INCH PVC SCREEN
.040 SLOT SIZE

(THREADED ENDS)

BOTTOM SEALED

CENTRALIZERS AT
60 FOOT SPACINGS

Figure 4. General well construction diagram for the SF
wells. (Diagram provided by Tucson Water)



16

depth, and a shallow well, 150 to 200 feet total depth, were

installed at each site. The deep wells were constructed

with 40 feet of screen at the bottom, the shallow wells with

20 feet of screen at the bottom. All WR wells were con-

structed using 6-inch ID Schedule 80 screen with 0.050-inch

slots.

The screened sections originally were designed to be

isolated from the surface using inflatable packers in the

annular space placed just above the screen. Wells WR-59a

and b were constructed in this manner. Approximately 3 to 5

feet of sand was placed above the packer. This was followed

by a sand cement grouting up to land surface. Due to com-

plications in the packer installation process, this method

was abandoned after the installation of wells WR-59a and b.

Wells WR-54 through WR-58 were constructed in the manner as

that of WR-59 with the exception of the packer apparatus.

Instead, a 'sand basket' was attached to the outside of the

casing just above the screened section. This basket was

designed to hold sand poured into the annulus, followed by

the pumping in of a sand cement grout to the surface. In

some of the wells, the basket did not entirely prevent the

movement of cement grout into the screened section. The

observation of cement pieces and water discoloration as

noted by field personnel, and fluctuations of pH and tem-

perature values during the sampling of wells WR-54b and
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WR-55b indicated that some cement entered the screened sec-

tions prior to setting.

Using the reverse rotary circulation drilling tech-

nique, well cuttings were sampled and logged at every five-

foot depth drilled. As the drilling continued downward, the

cuttings were continuously monitored for lithologic changes.

The samples were transported to the Tucson Water Campbell

Avenue laboratory, dried, acid tested, run through a wet

sieve analysis and described lithologically. Small vials of

unwashed and washed samples were saved for future reference.

The drilling operations of Phase 2 were coordinated

by the Arizona Department of Health Services, Tucson Water,

the Environmental Protection Agency and the Arizona Depart-

ment of Water Resources. Partially funded by the Environ-

mental Protection Agency Superfund project, 21 monitor wells

were emplaced to determine the maximum lateral and vertical

extent of the contaminating plumes. Designated SF (for

Superfund), these wells were drilled and constructed in much

the same manner as the WR wells. Three borings were drilled

dry to the water table in order to detect the possible

existence of perched water zones. At later dates all three

borings were deepened below the water table using reverse

rotary water circulation for the purpose of installing moni-

toring wells.
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The SF wells were constructed using a sand filter

pack in the annulus surrounding the screened section of

casing. This was covered by 3 to 5 feet of sand followed by

a sand cement grout to land surface. Screened lengths of

the SF wells were chosen based on the extent of the aquifer

penetrated, rather than a pre-chosen span as in the case in

the WR wells. For the shallow SF monitor wells, screened

lengths varied from 30 to 100 feet. Screened sections in

the deep wells are all 100 feet in length. Well construc-

tion specifications are given in Appendix A.

The WR and SF wells were developed using air-lifting

and bailing techniques. Using a 2- to 3- inch ID airline to

the screened section, air was jetted into the well producing

turbulence and lifting out settled fines from the surround-

ing gravel pack and formation area. The air was turned off

and on several times as the bottom of the air line was moved

throughout the screened interval. Water was extruded out of

the top of the wells, often cloudy and sandy at first until

it became clear. It was assumed that this method removed

much of the injected drilling fluid in addition to bringing

the gravel pack and surrounding formation to optimum flow

conditions.

Aquifer Tests and Sampling Program

Twelve-hour aquifer tests were performed on all TAS,

WR and SF monitor wells shortly after well construction and
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development were complete. The results of these tests are

discussed in detail in Chapter 4. Drawdown and recovery of

pumped wells were plotted in order to calculate transmis-

sivity values. Due to the low stress applied on zones being

pumped and/or the presence of intervening layers of low

permeability, nearby observation wells showed no effects of

drawdown during aquifer tests. However those wells located

close to one another were screened in unconnected water

producing zones.

Wells were sampled for major ions, trace metals and

tracer volatile organics. The Arizona Department of Health

Services will continue to periodically sample the wells for

TCE, and occasionally other organics over the lifetime of

the project. Additional water quality information is pro-

vided in Chapter 5.



CHAPTER 3

GEOLOGY

The description of the basin geology is based on

publications by Davidson (1973), Pashley (1966), and Feldman

(1966). The Tucson basin is part of the Desert Region of

the Basin and Range physiographic province of the southwest-

ern United States. It is typified by north-south trending

mountain ranges and valleys. Major landforms are controlled

by extensive normal faulting producing sharp relief changes

and subsequent thick alluvial sediments.

Surrounding Mountain Ranges 

Igneous, metamorphic and highly cemented sedimentary

rocks comprise much of the underlying basement complex and

mountains surrounding the Tucson basin. The Tortolita,

Santa Catalina, Tanque Verde and Rincon Mountains bordering

the northern and eastern sides of the basin are a crystal-

line complex of banded granitic gneiss, granite, and smaller

bodies of sedimentary rock. Their ages span the PreCambrian

to late Tertiary.

The Sierrita Mountains define the southwestern mar-

gin of the basin, and the Santa Rita and Empire Mountains

form the east and southeastern rim of the basin. They are

20



21

predominately composed of sedimentary, metamorphic and

intrusive igneous rocks, with minor amounts of extrusive

igneous rocks (Gass, 1977). The basement igneous rocks are

Precambrian in age with younger intrusives at higher eleva-

tions. Most of the other rock units are Mesozoic in age

(Davidson, 1973). Sedimentary rocks of Paleozoic age are

present locally. In addition, volcanic flows, tuffs and

agglomerates are found interbedded with the Mesozoic sedi-

mentary deposits. The Tucson and Black Mountains bordering

the west side of the basin are volcanic, and largely com-

posed of andesitic and rhyolitic flows, along with tuff and

agglomerates. The older formations comprising these hills

are of Mesozoic and Tertiary age with low to moderate po-

rosity and permeability. Locally, sedimentary deposits

cover the volcanics, but make up a small fraction of the

hills. Tumamoc Hill, Sahuarita Butte, "A" Mountain and the

Black Hills just to the west and southwest of the study area

are mostly comprised of volcanic and basalt extrusions.

Block faulting, consistent with that found in the

entire province, is common in the basin. The faulting places

controls on regional and local ground-water movement.

Sedimentary Deposits in the Tucson Basin 

The sedimentary units of the Tucson basin have been

extensively described by Davidson (1973), Pashley (1966),

and Smoor and others (1967). The units have been designated
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the Pantano Formation, Tinaja Beds, Fort Lowell Formation

and Surficial Deposits, in ascending order. A stratigraphic

column of the units is given in Table 2. Below the Pantano

Formation are found undifferentiated volcanics, mostly of

basaltic nature.

The Pantano Formation

The uplift of the surrounding mountain ranges during

the Tertiary period resulted in vast, thick alluvial depos-

its throughout the basin. Probably the earliest of these

basin deposits were the Pantano beds (Pashley, 1966).

Tightly cemented conglomerates, sandstone, siltstone and

claystone are the primary composition of the Pantano Forma-

tion. The upper portion consists of partially cemented

sands and gravels. Originally described by Brennan (1957)

around the Cienega Gap region in Pima County, the Pantano

Formation is generally assumed to be a well sorted, slight

to well cemented group of clays, silts and sandstone of low

to medium porosity and permeability. In the Tucson basin,

it consists of this group and other assorted poorly cemented

sands and gravels, especially in upper zones. The Pantano

Formation in the Tucson Basin varies in thickness from

approximately 1,000 feet in the center to at least 6,400

feet near Davidson Canyon (Finnell, 1970). In the southern

and western parts of the basin, gravel-sized detritus
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Table 2. Stratigraphic column of unconsolidated deposits
in the Tucson Basin. (After Gass, 1977)

Time	 Unit	 Lithology

Cenozoic Era  

Quaternary Period
Middle Pleistocene	 Surficial
to Holocene	 Deposits

Gravel, sand,
silt and clay

Early Pleistocene

Tertiary Period
Miocene to
Pliocene

Oligocene

Unconformity

Fort Lowell Fm.

Unconformity

Tinaja Beds

Unconformity

Pantano Fm.

Gravel to clayey
silt

Gravel to mudstone

Gravel to mudstone
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contains a high percentage of volcanic and sedimentary rock

fragments.

The Tinaja Beds

The Tinaja Formation unconformably overlies the

Pantano Formation throughout most of the basin, cropping out

only along the margins. Davidson (1973) described it as a

unit comprised of gravel and sand that grades to a thick

sequence of gypsiferous clayey silt and mudstone in the

center of the basin. Deposited during the late Tertiary

period, the Tinaja beds are up to 1,000 feet thick and may

possibly be as great as 5,000 feet thick in the center of

the basin. In the study area the Tinaja Beds grade from

coarse sands and gravels along the western section to clayey

silt and mudstone further to the east. Produced at a time

when the basin was probably subsiding and where drainage was

completely internal, the deposits are representative of the

nearest mountain masses (Gass, 1977). The Tinaja beds are

similar to the Pantano Formation throughout most of the

basin. This similarity masks the unconformable separation

of the two units.

The Fort Lowell Formation
and Surficial Deposits

The Fort Lowell Formation, ranging in composition

from gravel to silty clay lies uncomformably above the

Tinaja Formation. The Fort Lowell Formation is believed to
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be of early Pleistocene age and can be differentiated from

the Tinaja Beds by color change and degree of cementation.

Ranging in thickness from 300 to 400 feet in the center of

the basin to zero at the margins, the Fort Lowell Formation

may vary in composition drastically over short distances.

Also thought to have been formed in a closed basin, the

coarse deposits are likely to be of stream channel origin in

the center (Davidson, 1973).

The surficial deposits overlying the Fort Lowell

Formation also vary considerably in composition over short

distances. Changes are abrupt between thin clay beds, sandy

silty clay lenses, and thicker deposits of sand and gravels.

These deposits range in thickness from zero to approximately

100 feet in the basin.

Shallow Geologic and Stratigraphic
Features of the Study Area

Lithologic descriptions of borehole cuttings are

based on grain size distributions, degree of plasticity in

fine deposits, shape and size of grains of coarse deposits,

color and acid reaction. Identification of formations is

difficult due to the complexity of deposition in this allu-

vial environment. More important are the local changes in

lithology both laterally and vertically. The sudden transi-

tion of a sandy gravel to a dense, tacky clay will place a

specific control on the flow path of ground water and any
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contaminants being transported by ground-water movement.

Flow rates and patterns will be dependant upon porosity and

permeability of sediments as well as structural features,

such as faults that are common in the basin. In addition,

the change in water level conditions relative to the over-

lying units may alter TCE concentrations due to the volatile

nature of this organic compound.

Structure

The mountain ranges and valleys in this area were

formed as a result of the block faulting typical of the

Basin and Range Province. The Tucson Basin can be charac-

terized as a depressed block surrounded by the Santa Cata-

lina, Rincon, Santa Rita and Tucson Mountains that were

uplifted. Faults border the basin on almost all sides in

general north-south or east-west trends. The Tucson Basin

has several internal faults as a result of shifting during

the period of subsidence. For a detailed geologic map, see

Davidson (1973).

The description of the geologic structure in the

study area is based of the models of previous investigators

(Davidson, 1973; Davis, 1967) and on lithologic variations

that were discerned during the analysis of drill cuttings

and well records. Extreme changes in lithology as distin-

guished by cuttings from boreholes near one another were

used as the major criterion in judging the location of a
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fault. Faults are assumed to be near vertical for lack of

evidince indicating otherwise. Vertical displacements are

difficult to determine, but are of minor importance in this

thesis which is concerned only with relatively shallow

depths.

The study area is dominated structurally by one

major displacement, the Santa Cruz fault, that trends in a

north-northwesterly direction just to the west of Old

Nogales Highway, also called State Highway 89 (Figure 2).

Associated secondary displacements trend almost perpendicu-

lar to the Santa Cruz Fault shifting it to the east for

approximately one mile before picking up along its original

path (Davidson, 1973).

Well cuttings from the SF, WR, TAS and other bore-

holes drilled in the study area indicate that the Santa Cruz

fault is a bit further eastward than Davidson had plotted.

This may seem a minor point on a regional scale, but locally

could be important in contaminant transport.

The southernmost secondary fault as plotted in

Davidson's paper crosses through the middle of the study

area. However, well cuttings indicate that this displace-

ment either is minor, nonexistent, or exists only at depths

deeper than the 400 foot boreholes. Figure 5 (in pocket) is

a cross-section in a northwest-southeast direction across

the study area. There appears to be a displacement between
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wells WR-55 and WR-58. Either the Santa Cruz fault con-

tinues uninterrupted by secondary faulting as indicated in

Figure 2, or the secondary fault originates somewhere below

the vicinity of Sunnyside Junior High School, and heads due

northeast. A third option may be an abrupt facies change

occurring between the wells.

The northernmost of the two secondary faults, as

interpreted by Davidson, does not appear to exist in the

upper 400 feet of the study area. Like the southernmost of

the two, this fault does not appear in cross sections

(Figures 5 and 6, in pocket) or when comparing lithologic

descriptions of wells not included in the cross-sections

(Appendix A). Once again, this is not to say that the

displacement does not exist, but if it does, it is at a

depth of little concern to this study. In the future, the

presence of faults below a depth of 400 feet may become

important if the TCE should migrate down to those depths.

The Santa Cruz fault is believed to extend upward to

about 200 to 250 feet below land surface in the study area.

The contaminant plume is migrating across the study area in

a zone shallower than 200 feet, and therefore is unlikely to

be directly affected by the fault.

Geophysical Logging

Geophysical logs were obtained from personnel of the

Arizona district office of the U.S. Geological Survey in
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Tucson, Arizona. Copies of the logs are given in Appendix

B. The logging was performed to assist in correlating the

shallow alluvial deposits and in locating possible perched

water zones. Six logs were obtained on each well unless

otherwise noted. These included caliper, neutron, gamma-

gamma, natural gamma, 16-inch normal resistivity and 64-inch

normal resistivity logs.

Of all forms of drilling, rotary drilling with mud

probably produces the greatest disturbance in the environ-

ment near a borehole. The drilling operation may produce

temperature changes as well as resistivity fluctuations not

naturally present. It also may reduce the movement of fluid

between the borehole and surrounding medium and change the

porosity and permeability of the formation through distur-

bance and the injection of drilling fluids. This may affect

the radioactive logs used in this study. The circulating

fluid in the drilling project was kept as clear as possible

with a low viscosity maintained at all times. The only mud

entering the circulation path came from drilling through the

clayey and silty regions and was not artificially intro-

duced.

Caliper logs are useful for locating washed out

zones usually formed when drilling through a loose formation

such as gravels and sands with little or no cement. It also

may be indicative of poor drilling technique where excessive
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rotary movement with little vertical advancement occurs when

drilling with an inadequate drill bit.

The neutron log is used chiefly for measurement of

moisture content above the water table and total porosity

below it. Normally, a zone of low porosity is indicated by

an increse in neutron count. Clays, although relatively

impermeable, usually have greater porosity than most sands

or clayey sands.

Changes in gamma-gamma values, when used with

natural gamma logs, aid in determining porosity values. A

zone of lower total porosity tends to correlate with a

decrease in the gamma-gamma count. This can be seen in many

of the logs provided in Appendix B when compared to the

grain size distributions provided in Appendix A.

Natural gammma logs may be used in comparing sand to

clay ratios. In general, the natural gamma activity of

clay-bearing sediments is much higher than that of quartz

sands and carbonates (Keys and MacCary, 1971). However, in

the study area the natural gamma counts tended to be much

higher in those zones of high volcanic gravel content

(D.Pool, hydrogeologist, U.S. Geological Survey, personal

communication).

Resistivity logs were not as useful as the radio-

activity logs in correlating the logged boreholes. They did

show the water table, but these data are obtained readily
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from water-level measurements. Changes in lithology from

sands and gravels to clays and silts are reflected in some

rather abrupt changes in the resistivity logs, which serve

only to reinforce interpreted grain size analysis and litho-

logic description data.

Only logs from SF-1, -4, -5, -6, -11, -14, -19, -20,

and -21 were avail-able at the cut-off time of this thesis.

In wells SF-1, sharp jumps in the 64-inch normal resistivity

logs correlate with thick clayey caliche zones identified in

lithologic logs. Also, occasional marker-bed inflections

show up on some of the logs that often correlate with cor-

responding neutron logs, at approximate depth of 135 feet in

well SF-1, and at depth of 240 feet in WR-55. Unfortunate-

ly, more often than not, these marker beds do not appear in

nearby wells.

Thermal Gradient Measurements

Thermal gradient measurements in a well may be

useful in tracking the movement of ground water in the

saturated zone. An idealized vertical temperature gradient

for a saturated alluvial aquifer is shown in Figure 7.

Ground-water flow is assumed to be steady state and essen-

tially horizontal. Sudden irregularities from the straight

line can be an indication of vertical flow components within

the well bore. The change will be abrupt, even for small

vertical movements, and can be detected using thermister
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Figure 7. Idealized aquifer geometry and boundary
conditions. (From Simpson and McEligot, 1983)
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probes accurate to 0.01 ° C. Figure 8 is a graph showing the

relationship between depth and temperature for four cases of

vertical ground-water flow within a formation, and the case

of no ground-water flow. Vertical flow within the formation

do not show abrupt breaks in gradient, as in the case within

well bores.

An attempt was made to measure thermal gradient

profiles for six former production wells in the study area.

Due to blocked passages and probe hang-ups, only two were

successfully measured. Figures 9 and 10 show the thermal

gradient profiles obtained from wells SC-7 and 18 respec-

tively. In addition, drillers logs are included for com-

parison. The logs were recorded by the drillers at the time

the boreholes were completed and may be somewhat inexact.

Vertical flow components exist in both wells. The

zones represented by the near vertical lines in the graphs

generally indicates that cool water is migrating down the

well in those regions. This may be the result of water

entering the well (and probably the borehole) in the upper

portions of these zones, and leaving the well in the lower

portions.

The modal value for the thermal gradient in over 40

wells measured elsewhere in the Tucson Basin is approximate-

ly 2.8 ° C/100 m (Simpson and McEligot, 1983). The thermal

gradient is much less than 2.8 ° C/100 m in zones I and III
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Figure B. Graph showing relationship between depth and
temperature for four cases of vertical ground
water flow and the case of no ground water flow.
(From Supkow, 1971)

Line A shows that the thermal gradient is linear
for the case of no ground water flow. Lines B
and B' show that in the case of downward ground
water flow, the temperature profiles are convex
downward. B represents a velocity of 1 ft/yr
and B' represents a velocity of 10 ft/yr. Lines
C and C' show that in the case of upward ground
water flow, the temperature profiles are convex
upward. C represents a velocity of 10 ft/yr.
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in well SC-7 and the 100 to 195 foot, 210 to 280 foot, and

to a lesser extent, the 310 to 600 foot ranges of well SC-

18. However, the thermal gradient is approximately 2.7

° C/100 m averaged over the interval 280 to 580 feet below

ground surface in well SC-7. The thermal gradient in SC-7

appears to be consistant with measurements done by Simpson

and McEligot (1983). The thermal gradient in well SC-18

does not approach 2.8 °C/100 m, because of a region of very

steep gradient from 330 to the total depth measured 600

feet. If water is entering these wells at shallow depths,

and exiting at deeper depths, the potential for contaminant

transport from the upper zone to the lower zone exists.

The water-table temperature for well SC-7 is

considerably lower than that of SC-18. This is consistant

with water table temperature measurements previously made in

the area by Supkow (1971). This temperature difference

should eventually dissipate at deep depths which would give

the two wells slightly different thermal gradients. At a

depth of 600 feet, the temperature difference is only about

1 ° C as opposed to the 1.25 °C difference at the surface.

Stratigraphic Interpretation of Boreholes

Interpretation of stratigraphic changes in boreholes

was based on grain size distribution analysis, cuttings

descriptions performed during actual drilling operations,

lithologic descriptions of cuttings made in the laboratory,
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and geophysical logging. The histograms of grain sizes

provided by the United States Geological Survey Tucson

office were the most useful method in correlating similar

lithologic units. Grain size distribution histograms and

formation descriptions are provided in Appendix A. Cross-

section diagrams are presented in Figures 5 and 6. Geophy-

sical logs may be found in Appendix B.

As previously stated, a major fault runs through the

center of the study area in a general north-northwest trend.

Correlation across the fault is difficult. Correlation of

deposits on the west side of the fault is relatively easy

although individual interpretations may differ slightly.

However, east of the fault, a complex series of clay,

caliche, sand and gravel deposits makes correlation from

well-to-well difficult (Figure 6).

Figure 5 is a north-northwesterly trending cross

section of grain size distribution histograms of sediments

from borings west of the Santa Cruz fault. As mentioned

earlier, no structural features such as secondary faulting

are revealed in this view. The lower aquifer zone original-

ly was labeled the "Tucson Water Aquifer" by Tucson Water

personnel as a convenient title. My research indicated this

unit to be the upper Pantano Formation as described by

Davidson (1973). The upper Pantano Formation as seen here

is weakly cemented tan to reddish-brown clayey gravelly
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sand. Clean, quartz sand is the dominant constituent of the

matrix. The gravel is primarily of volcanic origin and the

formation is thought to have originated from the Black Hills

and Tucson Mountains to the west and northwest. The close

proximity of the study area and the nature of the matrix

comprising most of the beds makes these hills the likely

candidate to be the source of these deposits.

East of the fault, the Pantano Formation does not

exist at depths to 400 feet (Figure 6). This is the down-

thrown block relative to the west side of the fault and

boreholes drilled here show the Fort Lowell and Tinaja beds

to be much thicker, extending beyond the depths drilled for

the project.

Unconformably resting above the Pantano Formation

are the Tinaja beds. They are mostly sands and gravels near

the margins of the basin grading to thick clayey silt and

caliche beds near the center of the basin. In the study

area, west of the fault, the Tinaja beds are comprised of a

lower clay and silt unit about 100 to 120 feet thick and a

thinner upper sand and gravel with minor clay unit acting as
,

an upper aquifer zone in the system. The clays and silts

eventually pinch out in the northwest portion of the study

area.

The clayey silts seperating the lower and upper

zones of the aquifer range in color from reddish-brown to
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light brown with varying sand content. Occasionally a yel-

low to green or yellow brown silt lens appears to further

serve as a marker bed. In addition, a white, calcareous

clay lens often appears just above the Pantano, especially

in the southern region of the study area. Some sequences of

sand and sandy gravels appear from 2 to 12 feet thick. This

unit divides the upper and lower aquifers and inhibits the

downward migration of the TCE plume traveling in the upper

aquifer (Chapter 5). However, in the area encompassed by

Sections 1 and 11 of T15S, R13E, the clays pinch out allow-

ing direct contact between the upper and lower aquifer

(Figure 5). The pinching out of the clays can be seen in

correlations of boreholes throughout the study area west of

the fault (See Appendix A).

Above the Tinaja Beds is the Fort Lowell Formation

with an unconformable boundary separating the two. Sur-

ficial deposits are grouped with the Fort Lowell Formation

because of the extreme difficulty in differentiating them.

This zone is a conglomeration of interbedded sandy gravels,

gravelly sandy clays, caliche-mudstones and dense brown

clays, often pinching out after relatively short distances.

Because of the rapid changes over short distances, correlat-

ing the separate zones is difficult, especially east of the

fault where the formation extends to a depth of at least 200

feet.



41

In the HAC area, Cross (1983) places the contact

between the Fort Lowell Formation and Tinaja Beds at a depth

of about 200 feet. However, this contact is difficult to

identify even with the many grain-size histograms, geophys-

ical logs and lithologic descriptions available from the

study area.



CHAPTER 4

HYDROLOGY

As described earlier, the Tucson Basin has a semi-

arid climate, receiving about 30 centimeters (11 inches) of

precipitation per year. Most precipitation is evaporated or

evapotranspirated back to the atmosphere. Some rainfall,

upon reaching the sandy stream beds characteristic of this

region infiltrates into the ground. The Santa Cruz River is

the only major stream channnel in the vicinity of the study

area. It is an ephemeral stream of highly variable flow

rates. In addition, Airport wash trending northwest runs

straight through the middle of the study area draining the

airport and most of the area to the west and northwest.

The shallow aquifer system in the study area, until

recently, provided the needs of most domestic water consump-

tion. Depending upon location in the study area relative to

the Santa Cruz fault, the shallow aquifer system tapped as a

supplier of water for Tucson, may consist of surficial

deposits, the Fort Lowell formation, Tinaja formation or the

Pantano formation. For most of the south Tucson region the

Fort Lowell Formation has been the most productive unit of

the aquifer.

42
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Water Table Configuration 

The ground-water level contours for the upper zone

and combined regional aquifer in the study area are shown on

Figure 11 (in pocket). In general, the regional gradient

follows a northwest trend similar to the entire central and

southern portions of the basin. In both lower and upper

zones of the regional aquifer, ground-water levels generally

follow the land topography except in a more gentle manner.

However, by drawing contours to an interval as fine as 10

feet, some interesting features appear.

Along the same trend as the Santa Cruz fault the

flow turns westward. This may be attributed to slight

structural changes in the beds both at, and above, the Santa

Cruz fault, or to a fault-induced facies change. Davidson

(1973) pointed out that the fault does not reach the land

surface, and seemed to be absent in the upper 200 to 300

feet of alluvium in the study area. However, this depth is

difficult to determine in cross-sections and the fault may

possibly be closer to the surface, affecting flow in the

upper region. In addition, slight warping or alteration of

beds may be present in the deposits overlying the fault

producing a minor alteration in local flow patterns.

Another probable reason for the westward flow along

Old Nogales Highway (State highway 89) and corresponding

northerly flow path in the area just to the west, is the
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presence of the Santa Cruz stream channel. This ephemeral

stream has been identified as the major source of ground-

water recharge for the Santa Cruz well field just to the

south of the study area (Gass, 1977), and also may be a

significant contributor in the study area. Effects on the

shallow aquifer water table may be only short term, re-

flecting periods of stream flow with little recharge.

In the northwest portion of the study area, where

the lower and upper aquifer zones join, the water table

adjusts to levels characteristic of the combined regional

aquifer. Potentiometric surfaces in the wells in this area

are lower for wells screened at lower depths than those

screened at shallow depths, indicating a downward flow

gradient on the system.

Based on historical ground-water data, Hargis and

Montgomery (1982a) determined ground water levels to have

declined as much as 70 feet in some regions of the study

area. The declines were not uniform, and hydraulic

gradients varied in time in both magnitude and direction,

influencing the direction and rate of contaminant transport.

Hargis and Montgomery (1982a) reported the hydraulic gra-

dient to be about 15 feet per mile, or 0.0028, and that the

regional ground-water movement and hydraulic gradient have

changed little over the past 30 years. Hydraulic gradient

in the southwestern portion of the study area averages about
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25 to 50 feet per mile, or 0.005 to 0.01. In the northwest

region, the gradient increases to around 130 feet per mile,

or 0.025.

Aquifer Characteristics 

Davidson (1973) determined transmissivity values in

the Tucson Basin based mostly on short-terni aquifer tests

performed on 240 wells. Throughout most of the basin values

for transmissivity were commonly less than 625 meters

squared per day (m 2 /d), or 50,100 gallons per day per foot

drawdown (gpd/ft), although values of 2200 m 2 /d (179,500

gpd/ft) to greater than 3,700 m 2 /d (300,000 gpd/ft) were

encountered in regions along the Santa Cruz River and Rilli-

to Creek.

In the coarse-grained facies of the Pantano Forma-

tion, west of the Santa Cruz fault, the aquifer yielded up

to 40,000 cubic meters per day per meter drawdown (40 gal-

ions per minute per foot drawdown) according to Gass (1977).

Davidson (1973) estimated the porosity of these units to be

between 27 and 30 percent using geophysical logs. In the

Tinaja beds, values of porosity were calculated to range

from 24 to 35 percent.

The Fort Lowell Formation has been identified by

numerous authors as being the most productive part of the

aquifer in the Tucson Basin. East of the Santa Cruz fault,

the Fort Lowell Formation is comprised mostly of silts and
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clays with non-continuous local sand and gravel layers.

This is the zone of migration for the TCE plume. Based on

long-term aquifer tests, Hargis and Montgomery (1982b) cal-

culated transmissivity values for the Fort Lowell Formation

to range from 250 m 2/d to 500 m 2/d (20,000 gpd/ft to 40,000

gpd/ft). Hydraulic conductivities, calculated from transmis-

sivity and aquifer thickness relationships, ranged from 14

to 22 m/d (350 to 530 gpd/ft 2 ). In short-term tests of 21

monitor wells, transmissivity values ranged from 12.5 m 2/d

(1,000 gpd/ft) to over 1250 m 2 /d (100,000 gpd/ft) and esti-

mated hydraulic conductivity ranged from 0.25 to 57 m/d (6

to 1,400 gpd/ft 2 ).

Transmissivity, approximate hydraulic conductivities

and flow rates for each the 21 SF project monitor wells are

presented in Table 3. Transmissivities east of the fault

for the upper zone range from 38 m 2 /d to 1020 m 2 /d (3,000 to

82,200 gpd/ft) based on time-drawdown curves and 38 to 850

m 2 /d (3,060 to 68,500 gpd/ft) based on recovery curves.

West of the fault, calculated transmissivities from aquifer

tests performed on wells screened in the upper zone ranged

from 290 to 1170 m 2/d (23,500 to 94,500 gpd/ft) for drawdown

data, and 140 to 1,700 m 2 /d (11,400 to 137,600 gpd/ft) for

recovery data. Calculated hydraulic conductivities ranged

from 12.8 m/d to 75.9 m/d (314 gpd/ft 2 to 1,860 gpd/ft 2 ),

and from 7.5 m/d to 92.0 m/d (180 gpd/ft 2 to 2260 gpd/ft2)
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respectively. For the combined regional aquifer and lower

zone wells located west of the fault, transmissivities ran-

ged from 445 m 2 /d to 720 m 2 /d (35,900 to 58,100 gpd/ft) and

hydraulic conductivities from 6.7 to 34 m/d (160 to 830

gpd/ft 2 ).

Transmissivities were calculated using the Jacob-

Cooper approximation to the Theis equation (Cooper and

Jacob, 1946). Data for drawdown and recovery were plotted

on graph paper only for pumped wells since nearby observa-

tion wells were either nonexistant, or drawdown was not

significant enough for plotting. Neuman's (1975) delayed

gravity response method may have been more suitable for

calculating the transmissivities for the monitor wells, but

tests were of too short duration to positively identify

delayed gravity response conditions.

Hydraulic conductivity, a constant of proportionali-

ty reflecting aquifer conditions, was calculated by,

K = T/b (1)

where T is the calculated transmissivity, K is the hydraulic

conductivity, and b is the effective aquifer thickness. The

effective aquifer thickness was determined using well logs,

and was generally assumed to be the same thickness as the

coarse zone screened, usually slightly longer than the'

screened interval of most of the tested wells. Wells
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placed in the lower zone of the aquifer were only partially

penetrating resulting in questionable results from aquifer

tests performed on those wells.

Aquifer tests were performed in June and July of

1984, during the summer rainy season which could produce

recharge effects on the drawdown and recovery curves. Air-

port Wash, running diagonally across the center of the study

area (Figure 2) may have contributed short-term recharge

locally, affecting nearby wells. Infiltration from the

Santa Cruz River may also have affected a few of the tests.

Subsequent short-term aquifer tests were performed in Sep-

tember and October of 1984 in order to reproduce earlier

tests and collect additional organic and inorganic samples.

The results of these tests are presented in Table 3.

Because the highest priority of the project was to

construct monitor wells for the sampling of TCE, and not

necessarily for obtaining aquifer characteristics, many of

the wells were set in a manner conflicting with the basic

assumptions used in determining representative transmissivi-

ty values. This can be seen by noting screened intervals,

flow capacities, lithology of the zones screened and the

wide range of calculated transmissivity values. In several

wells, water levels dropped only in the first 10 to 60

minutes (including well bore storage) of pumping with little

or no drawdown thereafter. However, this is consistant with
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results from tests performed throughout the Tucson basin,

and probably is the result of delayed gravity response

features in the aquifer (personal communication, Dr. E.S.

Simpson, Professor of Hydrology, University of Arizona).

Recharge 

Mountain front recharge from surrounding ranges, and

discharge from canyons into heads of alluvial fans, was

determined to be a major source of water to the Tucson Basin

(Anderson, 1972; Mohrbacher, 1984; Olson, 1984). Recharge

along the mountain fronts occurs as runoff which enters

joints and other openings in the rock outcrops and gradually

finds its way to the sedimentary aquifer of the Tucson

Basin. Anderson (1972) estimated that 9.1 x 10 6 cubic

meters (7,400 acre-feet) of water per year is recharged

along the front of the Santa Rita and Empire Mountains, and

approximately 4.9 x 10 5 cubic meters (400 acre-feet) of

water is recharged annualy along the Sierrita Mountains and

canyons extending into the basin.

Streamflow through the major channels also con-

tribute to aquifer recharge in the basin. Burkham (1970)

calculated infiltration rates along the major streams in the

Tucson Basin. He determined the infiltration volumes along

the stream reaches by measuring stream discharge at each end

of the reach during flow events. Using Burkham's (1970)

calculated infiltration losses from the Santa Cruz River,
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infiltration along the western region of the study area

would be about 519 cubic meters per day, or 1.85 x 10 5 cubic

meters (150 acre-feet) annually. However, a significant

portion of this water undergoes evapotranspiration to the

atmosphere, never reaching the water table.

In the study area, the primary source of inflow to

the lower aquifer is underground flow from the southeast,

probably originating as mountain front recharge from the

Santa Rita Mountains. In the upper aquifer, the primary

source of recharge also originates from the southeast except

in the region adjacent to the Santa Cruz stream channel.

There, a significant amount of mixing of the ground water

and infiltrating stream flow occurs that also affects the

regional aquifer formed when the upper and lower aquifers

meet. This inflow could produce an additional diluting

factor in TCE concentrations for the northernmost region of

the plume.

Airport wash which runs diagonally across the center

of the study area also may contribute a small amount of

water to the upper zone during the summer and winter rainy

seasons. There are no data available citing infiltration

rates along this channel, but some perched water may appear

in areas adjacent to the wash.

Because of the presence of the relatively

impermeable upper surficial deposits, the high potential
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evapotranspiration rate, and the low annual precipitation,

infiltration from rainfall events directly over the study

area is small in volume relative to the mountain front

recharge and Santa Cruz river infiltration.

Discharge 

Water is discharged from the study area by evapo-

transpiration, streamflow, ground-water underflow, and by

pumping. Evapotranspiration and ground-water outflow

volumes are difficult to calculate, and streamflow discharge

is not important to this study. Until 1982 many of the

wells located in the study area (Figure 2) were still active

providing water for private and public supply. During the

early part of the study, wells SC-18, B-39b and those found

in Section 36 of T14S, R13E were occasionally pumped for use

in water supply systems. A few wells in the northern and

northwestern portions of the study area still provide water

for the City of Tucson.

The direction of ground water flow is to the north-

northwest following the direction of the Santa Cruz River

channel and ultimately leaving the basin in the area known

as the Rillito Narrows in northwest Tucson (Davidson, 1973).

The Effect of Lithology on
Aquifer Characteristics 

Because of the climate,	 infiltration into the

aquifer from the land surface is virtually nil except under
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artificial conditions such as the presence of man-made

ponds, lakes or by irrigation return flow. In those areas

where water is ponded fora time long enough for recharge to

occur, perched water tables are sometimes found. One such

zone exists under the former infiltration ponds on the HAC

site (Hargis and Montgomery, 1982a). The perched zones form

where a change in sediment texture occurs in the vadose

zone, the region between the water table and the land sur-

face. Wilson and DeCook (1968) utilized neutron logging

techniques to observe the mounding and dissipation of perco-

lating waters in areas where coarse sediments overlie finer-

grained deposits. Although monitored for a local flood

event, their observations indicate that perched water may be

temporary.

Dry drilling techniques were used to locate possible

perched zones in the study area. Wells SF-4, SF-5, and SF-

20 were drilled using reverse rotary air circulation. Bore-

hole SF-5 would be the most likely candidate to encounter

perched water; however, none was discovered in any of the

three dry-drilled borings. The perched water discovered on

the HAC site is confined to that region, and may dissipate

over time.

Perched water may exist in local sand and gravel

units close to the Santa Cruz River channel. The stream

provides enough recharge during high flows to enter the
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study area in permeable sedimentary units above the aquifer.

However, investigative work was confined to the TCE

contaminated region.

Upper Zone of the Regional Aquifer

West of the Santa Cruz fault, the region designated

as the upper zone is a relatively homogeneous sandy gravel

and gravelly sand with traces of silt. Here, the aquifer is

well defined and consistent, varies little in thickness and

gradually descends in elevation towards the north-northwest,

following the general trend of the land surface. Because

of the proximity of the study area to the margins of the

basin, the Fort Lowell Formation and surficial deposits are

comprised primarily of silty clays, mudstone-caliche and

sandy clays. The source of water to this aquifer is to the

southeast, probably originating as mountain front recharge

and canyon stream discharge into alluvial fans. This would

produce a confined (or semi-confined) system, but because of

heavy pumpage over the last several decades, the water table

has declined to the point where the aquifer is only partial-

ly full north of Valencia Road. Because of these condi-

tions, the zone is unconfined.

Additional recharge into the system is from the

Santa Cruz River. Lithologic logs from wells along the

stream channel reveal thick sequences of sands and gravels

in hydraulic continuity. This produces a turn in the
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otherwise northwesterly flow path of the ground water to the

north and produces a mixing of waters. Further discussion

is provided in Chapter 5.

Toward the Santa Cruz fault, the upper zone disap-

pears or changes radically in the region to the north and

northeast of well SF-5. In wells SF-1, SF-2, SF-3 and WR-

54a and b, this upper sand and gravel zone cannot be readily

identified (Appendix A; Figure 6). South of Los Reales

Road, the upper zone contains a slightly greater clay and

sand percentage than to the northwest. Here it takes on a

characteristic alluvial deposition by interbedding with

sandy clays and clayey silts. Cross-sections prepared by

Hargis and Montgomery (1982a) show the upper zone as a

sinuous and lenticular deposit of relative high permeability

interfingered and interstratified with less permeable, poor-

ly sorted silts and clays.

Lithologic logs and water-level data generally indi-

cate confining conditions should exist throughout the study

area. However, based on the distribution of contaminants in

the aquifer described in Chapter 5, the aquifer must be open

to downward percolation of ponded water, exess irrigation

return flow or leaky water and sewer lines.

The upper zone south of Los Reales Road and under

the HAC site ranges in thickness from about 60 to 100 feet.

Monitor wells perforated exclusively in the upper zone,
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indicate that the water table occurs at depths of about 100

feet below land surface there. Because of the sinuous

nature of the upper and lower boundaries in the upper zone,

flow is not horizontal and the flow path is somewhat tor-

tuous when observed on a macro-scale cross sectional view.

This would indicate an slower rate averaged over the mean

direction of flow, than if movement was in an essentially

homogeneous environment.

Although the Santa Cruz fault is not generally rec-

ognized as reaching elevations within 200 feet of land

surface, some effects may be felt in overlying depositions.

This may be the cause of the "kink" in ground water level

contours for the shallow zone as discussed previously. The

abrupt facies change following Old Nogales Highway in shal-

low deposits as indicated in Figure 5 may be partly the

result of the fault producing topographic alterations and,

therefore, affecting subsequent depositional patterns.

Some of the aquifer tests may be affected by ground-water

boundries such as the Santa Cruz fault.

The fault may permit additional flow into the upper

zone from lower water-bearing strata. Gass (1977) reported

that the Santa Cruz fault, and probably the northeast-

striking faults in the region may act as conduits, by which

deeper waters are able to travel up to higher localities in

the aquifer, resulting in anomalous ground-water quality
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characteristics. Based on Davidson's (1973) location of the

faults in the study area, some of the WR and SF wells may be

subject to this effect. Contradicting Gass' suggestion that

lower zone water may feed the upper zone by the fault, is

water level and temperature gradient profile data indieat-

ing a downward pressure gradient throughout the system.

The hydraulic conductivity may be used to

approximate flow conditions in an aquifer using a form of

Darcy's law. In Darcy's law, a volume of water per unit

time, Q, moving through cross-sectional area, A, is directly

proportional to hydraulic conductivity, K, and the hydraulic

gradient, dh/dl, for that area and distance traveled. Or,

in equation form:

Q = (-K) (dh/d1) (A)	 (2)

By letting:

q = Q/A
	

(3 )

where q is called the specific discharge, or the Darcian

velocity, equation (2) may be written as:

q = (-K) (dh/dl) 	 (4)

When calculating flow rates, it is important to take

into account the effective porosity (n) of the aquifer
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studied. This factor is taken into account by modifying

equation 4 to:

V = (-K) (dh/d1)/n (5)

where V is the average pore velocity, or seepage velocity.

Monitor wells SF-1 and SF-3 are located east of

Tucson Airport and have not been actively discussed because

this thesis is concentrating primarily on the area of the

major TCE plume. Yet these wells play an important role in

the project, for they are an aid in delineating a smaller,

contaminated area in the southeast portion of the study

area. The upper zone of the aquifer here is comprised of

less coarse deposits than in the western section of the

study area (Appendix A). However, the two monitor wells,

screened at depths from 110 to 190 feet below land surface

in what appears to be mostly sandy clay to clayey sand do

produce sufficient volumes of water for both sampling and

performing aquifer tests. Transmissivity (T) values, calcu-

lated from drawdown and recovery curves of the pumped wells

are presented in Table 3. They are calculated using the

Jacob-Cooper approximation to the Theis method as are all

the calculated T values in Table 3. Transmissivities

generated from drawdown curves of tests on SF-1 range from

440 m 2 /d to 570 m 2 /d (35,300 to 46,100 gpd/ft). A trans-

missivity of 380 m 2 /d (30,700 gpd/ft) was obtained from
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recovery data of the 12-hour aquifer test on July 23, 1984.

Calculated values of T for SF-3 were quite similar. For the

12 hour aquifer test on July 19, 1984, the calculated trans-

missivity for drawdown was 390 m 2 /d (31,500 gpd/ft) and for

the recovery, a bit lower, 130 m 2/d (10,300 gpd/ft). The 3-

hour test on October 2, 1984 produced a T value of 300 m 2 /d

(24,100 gpd/ft) for SF-3.

It is difficult to say precisely what the aquifer

thickness is for these two wells, as it is ill-defined in

this portion of the study area. The screened sections for

both wells was 80 feet in length. Based on the lithologic

logs, depth to water and screened interval measurements, the

thickness can be approximated at 90 to 93 feet. Hydraulic

conductivity, sometimes referred to as permeability, may be

calculated using equation (1):

K = T/b (1)

Using the approximated thicknesses for b, hydraulic conduc-

tivities for SF-1 range from 13.9 to 20.9 m/d (340 to 510

gpd/ft 2 ). For SF-3, calculated K values range from 4.5 to

13.8 m/d (110 to 340 gpd/ft 2 ).

Assuming the medium is isotropic and homogeneous,

and the hydraulic conductivity and porosity values are a

reasonable estimate of the system, equation (4) may be used

to approximate local average pore velocity. Using Figure
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11, the hydraulic gradient (dh/dl) may be roughly approxi-

mated between SF-3 and the contour line representing the

2470 foot elevation for the water table. The hydraulic

gradient is approximately 0.0033. Assuming the porosity to

be 25 percent, and ignoring cross-sectional area and verti-

cal components, the average pore velocity, V, in the vicini-

ty of well SF-1, ranges from 67 to 100 meters per year (72

to 330 feet per year) and 22 to 67 meters per year (72 to

220 feet per year) near well SF-3. Average local pore

velocities for other wells are presented in Table 3. It i s

important to note that the porosity of the formation and

most of the T and K values for the SF wells are approximate,

and are only useful in presenting a general idea of the flow

rates of the aquifer. Porosity values used in the calcula-

tions are probably larger than effective porosities, which

are more representative of the flow system, but incalcul-

able. Therefore, the velocity values presented in Table 3

only serve as general representations of the flow system.

The Lower Zone and Combined
Regional Aquifer

The lower and upper aquifers are separated by the

lower Tinaja Beds in the southern portion of the study area

producing semiconfined conditions in the lower zone. In the

northern portion of the study area, these clays pinch out

along a northeast trend that follows a line drawn from wells
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and that after recharge, the distribution of the dissolved

constituents is controlled primarily by flow patterns.

Hargis and Montgomery's (1982a, 1982b) investigation

of subsurface conditions on the HAC site involved the

construction of several monitor wells in the perched water

zone found on the HAC site and in the upper zone of the

regional aquifer. Ground water in the perched zone was

derived from the infiltration of wastes transported or

stored in several ditches, pits and ponds. Analysis of the

major inorganic ions revealed this water to be a sodium-

sulfate and calcium-sulfate type. Calcium and sodium are

the principle cations, and sulfate is the priciple anion in

solution. The total dissolved solids content of water

samples collected from the perched zone ranged from about

400 to 1200 mg/l. The perched water is probably slowly

migrating downward to the upper zone of the regional aqui-

fer. Extremely high levels of chromium, iron, manganese and

zinc were found in samples collected from the perched zone.

Levels are reported to be as great as 0.21 mg/1 for chro-

mium, 0.13 mg/1 for iron, 1.10 mg/1 for manganese, and 1.80

mg/1 for zinc.

Well SF-5 was originally drilled dry to investigate

the occurrence of perched water in the south-central region

of the study area. Perched water was not encountered in

well SF-5. The distance separating SF-5 and the wells
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encountering perched water, where recharge is known to have

occurred, is approximately 2.5 miles.

Water quality in the upper zone of the regional

aquifer in the study area was found to be of much better

quality than that of the perched zone on the HAC site.

Total dissolved solids (TDS) values generally were less than

500 mg/1 except in certain contaminated wells. This is

generally the case for offsite wells screened in the upper

aquifer. The recommended concentration limit of TDS in

drinking water as set forth by the U.S. Environmental Pro-

tection Agency (1975) is 500 mg/l. Based on this standard,

the water in the upper zone is generally of good to moderate

quality. High values of TDS are found in wells WR-54, TAA-

9, and SS-23 (Table 4). As discussed earlier, well WR-54a

and WR-54b are known to pass through a zone containing a

dense, oily black substance, possibly diesel fuel.

In addition to the aforementioned wells, 3 small

regions of high TDS values were encountered. The first is

found in T15S, R13E, Section 13 and included the wells SF-9,

Nichols and SF-7. Values here are higher than the norm with

levels ranging from 482 to 532 mg/l. The second area of

high TDS, centers around Mission Park including wells SF-11,

TAS-9, SF-21 and Mission Park. TDS values range from 515

mg/1 in TAS-9 to 1230 mg/1 in samples collected from the

Mission Park well.
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The third region, better identified in observing

assorted major inorganic ion analysis data, centers around

the northeast region of section 12 in T15S, R13E. TDS

values in this region range from 490 to 681 mg/l. An inter-

esting feature observed in this spot of the study area

appears in the water-level contour map (Figure 11). A

sudden shift in the otherwise fairly smooth contours occurs

in the area identified as the third region indicating a

possible recharge of the aquifer from the surface, or a

depositional or structural feature.

These three regions also stand out when examining

concentration levels of other major inorganic ions. Sulfate

levels are generally good when compared to drinking water

standards except in wells TAA-9, WR-54a and b, and again in

the three regions identified previously. Whereas values of

SO4 concentration generally fall in the 60 to 100 mg/1

range, values in the Mission Park region range from 155 to

387 mg/l. Wells in region 2 fall in the low to upper 100's,

and in region 3 range from 156 mg/1 in the Korte well to 320

mg/1 in the Koudel well.

Chloride levels are low relative to standards set

forth by the EPA (Table 6). Values in the upper aquifer of

the study area mostly fall in the 20 to 30 mg/1 range.

Again, the individual wells TAA-9 and WR-54a and b are

rather high, but the only other high area is in region 3
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Table 6. Drinking water standards. (U.S. EPA, 1975)

Constituent
Recommended

Concentration Limit
(mg/1)	 (a)

Total dissolved solids 500
Chloride (C1) 250
Sulfate ( 504 ) 250
Nitrate (NO 3 ) 45	 (h)
Iron (Fe) 0.3
Manganese (Mn) 0.05
Copper (Cu) 1.0
Zinc	 (Zn) 5.0
Boron (3) 0.05

Maximum Permissible
Concentration

Arsenic (As)
Barium (Ba)
Cadmium (Cd)
Chromium (Cr 6 )
Selenium (Se)
Lead (Pb)
Mercury (Hg)
Silver (Ag)
Fluoride (F)

0.05
1.0
0.01
0.05
0.01
0.05
0.002
0.05

1.4-2.4 (h)

(a) Recommended concentration limits for these constituents
are mainly to provide acceptable esthetic and taste
characteristics.

(h) Limit depends on average air temperature.



83

including the Felix, Lupton, Korte, Koudela, Emery, Gallop

and Denault wells where chloride concentrations range from

40 to 72 mg/l. Although these levels are not unsafe, they

are not consistent with concentrations found in surrounding

wells.

Nitrate levels, reported as NO 3 concentrations, were

also analyzed as part of the ADHS routine ion analysis

(Table 4). As in other routine cation-anion analyses, most

levels were well below the EPA drinking water standards.

The same zones containing ground water high in TDS as

described earlier are once again observed in the nitrate

analysis. Only the Mission Park well contains nitrates near

the recommended drinking water standard of 45 mg/l.

As mentioned earlier, difficulties were encountered

in construction several of the wells. In some, cement has

appeared to accidentally enter into the screened portions of

the wells causing water extracted to be quite basic. In

addition, the cement would artificially lower the bicarbo-

nate and elevate the carbonate results of the chemical

tests. This can be seen in the anomolous values of bicarbo-

nate/carbonate for some wells in Table 3.

A trilinear diagram was prepared to identify spatial

trends in the quality of the ground water in the upper zone

(Figure 12). Only project wells designated TAS, WR and SF

were used in preparing the diagram for reasons of clarity
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Figure 12. Trilinear diagram for the TAS, WR and SF
wells.
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and consistency. The relative proportions of cations (cal-

cium, magnesium, sodium and potassium) and anions (chloride,

sulfate, bicarbonate and carbonate) can be determined from

the position of the points plotted. Wells screened in the

lower zone of the regional aquifer were included in order to

further define flow characteristics for the study area as a

whole. The plot is crescent-shaped with the majority of the

wells falling on one side. The plot can be divided into

three distinct groups (Figure 12). These groups can be

identified based on proximity to the Santa Cruz fault and

selected depth screened.

Group I contains the majority of the project wells.

The water procured from these wells is of a calcium sulfate

bicarbonate nature where calcium is the major cation con-

stituent and the anions sulfate and bicarbonate comprise

most of the anions. Wells found in this region are general-

ly screened exclusively in the upper zone are mostly found

west of the Santa Cruz fault. These wells characterize the

upper aquifer and are generally of good quality excluding

organic contamination.

At the other extreme of the crescent is group II

containing wells producing a sodium sulfate water. Wells in

this region are generally screened deep and are of moderate

to low quality of assorted inorganic constituents. Three of

the four wells in this group are screened only in the deep
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aquifer, and one, WR-54b is known to be below a point source

of contamination.

Excluding group II from the trilinear plot places

group III as an end member. Samples from these wells are

calcium sodium bicarbonate in nature. Those wells with the

greater sodium to calcium ratio (approximately 3:2) are

mostly deep and close to the Santa Cruz fault. Wells WR-

58a, WR-55a, TAS-10 and TAS-2A make up this group. The rest

of the wells plotted in group III, with a lower sodium to

calcium ratio (approximately 4.5 to 5.5) are mostly screened

in the upper zone and are located close to the fault.

The rest of the wells fall between groups I and III,

and generally show characteristics of both groups. These

wells represent a mixing of waters from these two regions

and are mostly screened in the combined regional aquifer in

the more northern and western portion of the study area.

The cation-anion charge balance was calculated for

all inorganic chemical analysis. The percent difference

between total cations and anions, as calculated in millequi-

valents, is presented in Table 7. The accuracy of the

chemical data for each sample may be checked by the cation-

anion balance. For an analysis to be acceptable, the percent

differences should be within 1 to 2 percent (Hem, 1970).

Several of the analyses report percent differences exceeding

2 percent. The large percent differences generally arises
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Table 7. Total cation-anion imbalance as a percent
difference.

Well Date Percent Difference

SF-1 7/23/84 1.46
SF-2 7/17/84 1.97
SF-3 7/19/84 -.27	 (a)
SF-4 7/09/84 2.38
SF-5 7/03/84 5.15

SF-6 7/27/84 3.67
SF-7 7/05/84 4.28
SF-8 7/02/84 3.90
SF-9 7/20/84 1.11
SF-10 6/29/84 3.66

SF-11 7/25/84 6.12
SF-12 6/28/84 3.83
SF-13 6/26/84 3.35
SF-14 6/22/84 1.90
SF-15 6/21/84 3.45

SF-16 7/11/84 5.46
SF-17 6/13/84 2.94
SF-18 6/11/84 4.49
SF-19 6/05/84 4.75
SF-20 6/07/84 3.37

SF-21 6/19/84 0.93
WR-54a 1/18/84 0.53
WR-54b 12/22/83 1.86
WR-55a 1/19/84 2.73
WR-55b 1/19/84 2.10

WR-56a 1/19/84 1.78
WR-56b 1/19/84 3.05
WR-56c 1/19/84 2.54
WR-57a 1/18/84 2.08
WR-57b 1/18/84 0.77

WR-58a 1/17/84 1.30
WR-58b 1/17/84 1.41
WR-59a 1/16/84 2.37
WR-59b 1/17/84 1.67
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Table 7--Continued.

Well
	

Date	 Percent Difference

TAS-1	 11/22/83	 0.27
TAS-2	 11/22/83	 7.66
TAS-2A	 11/22/83	 1.32
TAS-3	 11/01/83	 -.69 (a)
TAS-4	 11/01/83	 0.33
TAS-5	 11/01/83	 -.86 (a)

TAS-6	 11/22/83	 1.17
TAS-7	 10/31/83	 1.58
TAS-8	 10/31/83	 1.26
TAS-9	 11/22/83	 0.26
TAS-10	 10/31/83	 2.36

(a) Indicates a greater cation concentration resulting in a
"negative" percentage.
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from laboratory error, or the incomplete reporting or analy-

ses of cations or anions.

Cation-anion and trace metals analysis also was

performed on all the project and many of the domestic wells.

Levels for trace metals were generally low with the excep-

tion of arsenic. Several concentrations came close to or

exceeded the safe drinking water concentration of 0.05 mg/l.

Wells WR-54b, WR-55a and SF-4 were found to contain arsenic

at levels of 0.048, 0.56 and 0.50 mg/1 respectively. Others

with high levels are SC-18, WR-57b, SS-1, SS-15 and the

Carranza well.

Chromium, reported as total chromium, showed levels

above normal in several wells. A normal level for this

aquifer would be less than 0.01 mg/1 (Laney, 1972). Some of

the greater concentrations were found in wells WR-56c, TAS-

9, SF-4, SF-7, SF-8 and SF-12. The greatest concentration,

0.037 mg/1, was found in well SF-7.

Trichloroethylene

TCE was the only organic contaminant where signifi-

cant levels were measured warranting a full-scale study.

Other volatile organic carbons, notably dichloroethylene

(DCE), trichloroethane (TCA) as well as TCE appear sporadi-

cally in EPA priority pollutant analyses for selected sam-

ples. DCE and TCA were found only in wells also containing

TCE, hence, only TCE was routinely monitored.
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TCE sampling, initially confined to wells on and

near the HAC site, first began in January of 1981. All

wells in the study area have since been sampled at least

once, and those in the designated plume area are periodi-

cally sampled and will continue to be until cleanup of the

aquifer is completed. TCE concentrations and their date of

sampling for wells in the study area are presented in Table

8. For consistency, TCE sampling performed by the ADHS and

analysis performed by the EPA designated laboratory are used

most often. Where data are not available from these two

sources, other analysis is provided with identified sample

collector.

A contour map of TCE concentrations is presented on

Figure 13 (in pocket). Contour lines of 1 microgram/liter,

or parts per billion (ppb), 10 ppb and >100 ppb are used

for clarity and greater ease in drawing. One major plume is

readily identifiable with the maximum levels exceeding 400

ppb. The Carranza well has consistently high concentrations

with the maximum collected by the Pima County Health Depart-

ment on September 30, 1982 reported as 409 ppb (Table 8).

Most of the ADHS collected samples from the Carranza well

have reported concentrations ranging from approximately 300

to 350 ppb. In a more recent study performed by Hargis and

Associates (1984), a TCE concentration of 440 ppb was

measured in a sample taken from well M-36 from a sample
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Table 8. Concentration of TCE in water samples from wells
in the study area.

Maximum TCE
Concentration

Well Date pg/1	 (ppb)	 (a)

SF-1 7/23/84 42
10/02/84 43
10/11/84 43

SF-2 7/17/84 0.94
10/02/84 1.9

SF-3 7/19/84 -.6	 (h)
10/02/84 -.3

SF-4 7/09/84 -.5

SF-5 7/03/84 39
10/09/84 39

SF-6 7/27/84 -.6
10/12/84 -.5

SF-7 7/04/84 170
10/09/84 240

SF-8 7/02/84 80
10/10/84 85

SF-9 7/20/84 5.8
10/09/84 5.4

SF-10 6/29/84 3
10/10/84 33

SF-11 7/25/84 1.3
10/05/84 .82

SF-12 6/28/84 34
10/10/84 21

SF-13 6/26/84 9.1
10/12/84 5.6

SF-14 6/22/84 .84
10/05/84 1.2
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Table 8--Continued.

Maximum TCE
Concentration

Well Date pg/1 (ppb) (a)

SF-15 6/21/84 71
10/15/84 68

SF-16 7/11/84 56
10/03/84 54
10/11/84 44

SF-17 6/12/84 1.8
10/06/84 1.3

SF-18 6/11/84 29
10/06/84 33

SF-19 10/12/84 20

5F-20 6/17/84 38
10/04/84 39

SF-21 6/19/84 13
10/04/84 13

WR-54a 12/23/84 -.6
2/29/84 -.6

10/23/84 -.5

WR-54b 12/22/83 -.6
1/18/84 -.6

10/23/84 -.5

WR-55a 12/20/83 -.3
1/18/84 -.6
1/19/84 -.3
2/27/84 -.6

10/23/84 -.3

WR-56a 12/10/83 -.6
1/19/84 -.6
2/28/84 -.6

WR-56b 12/12/83 17
1/19/84 13
2/29/84 16
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Table 8--Continued.

Maximum TCE
Concentration

Well Date pg/1 (ppb) (a)

WR-56c 12/13/83 130
1/19/84 14
2/28/84 91

WR-57a 12/19/83 36
1/18/84 41
2/21/84 41
8/27/84 49
10/23/84 42

WR-57b 12/16/83 -.6
1/18/84 -.6
2/28/84 -.6

10/24/84 -.5

TAS-4 2/22/83 25.9
12/21/83 28
3/27/84 27

12/06/84 40
7/31/84 26
9/13/84 26

TAS-5 2/22/83 26.4
12/21/83 39
3/27/84 39
7/06/84 40
7/31/84 40
9/13/84 42

TAS-6 2/23/83 40.7
1/31/84 44
3/27/84 33
7/31/84 30
9/13/84 30

TAS-7 2/23/83 1.0
10/31/83 2.2

TAS-8 2/23/83 -.6
10/03/83 -.3
1/31/84 -.6
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Table 8--Continued.

Maximum TCE
Concentration

Well Date pg/1 (ppb) (a)

TAS-9 2/23/83 43.1
7/31/84 56

TAS-10 2/23/83 0.5
10/31/83 -.6
1/31/84 -.6

B-39b 10/31/83 -.3
2/02/84 -.6
8/01/84 -.6
9/25/84 -.5

B-66 9/12/83 -.3

B-74 9/12/83 -.5

B-84 8/01/84 -.6

B-85 10/31/83 -.6
2/02/84 1.1
8/01/84 1.6

B-86 10/31/83 1.5
2/22/84 1.6
9/25/84 1.8

B-88 9/12/83 -.3

C-62a 11/30/83 81.9

C-62b 11/30/83 84.2

C-68 9/12/83 0.5

C-77 9/12/83 -.3

C-78 9/13/83 -.5

C-81 9/12/83 -.3

SC-18 8/01/84 -.6
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Table S--Continued.

Maximum TCE
Concentration

Well Date pg/1 (ppb) (a)

SC-10 10/31/83 -.3
8/02/84 -.6

SC-11 8/02/84 -.6

B-84 10/31/83 -.6
2/02/83 -.6

Cates 2/01/84 34
2/22/84 37
8/01/84 51
9/25/84 55

Apollo 2/02/84 2.0
2/23/84 1.3

Carranza 8/24/84 330

Col.-2 2/01/84 1.6
8/01/84 2.7

DeWolf 8/02/84 -.6

Denault 8/01/84 .71

Felix 2/01/84 3.3
8/02/84 4.7

Francis 10/31/83 -.6
8/01/84 .75

Guard 2/02/84 8.9
2/23/84 7.2
8/01/84 7.5
9/25/84 11

WR-58a 12/14/83 -.3
1/17/84 -.6
2/27/84 -.3

10/23/84 -.5
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Table 8--Continued.

Maximum TCE
Concentration

Well Date pg/1 (ppb) (a)

WR-58b 12/15/83 37
1/17/84 29
2/27/84 34
8/27/84 32
10/23/84 30

WR -59a 11/29/83 -.6
1/16/84 -.6
2/27/84 -.6

10/23/84 -.5

WR-59b 12/06/83 22.4
1/17/84 19
2/27/84 22
8/27/84 21
10/23/84 15

TAS -1 2/21/83 38
2/22/83 33.1
7/06/84 34
7/31/84 38
9/13/84 40

TAS-2 2/24/83 6.7
3/27/84 6.1
7/06/84 14
7/31/84 16
9/13/84 21

TAS-2A 2/23/83 -.3
12/21/83 5.7
3/27/84 -.4
7/06/84 .8

TAS -3 2/22/83 18.1
12/21/83 22
3/27/84 19
7/06/84 23
7/31/84 26
9/13/84 36
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Table 8--Continued.

Maximum TCE
Concentration

Well Date pg/1 (ppb) (a)

Jack 2/01/84 7.0
2/23/84 8.2

C.	 Kest. 8/02/84 -.6

Moon 2/02/84 -.3

Lord 2/01/84 -.6
8/01/84 -.6

Lupton 8/02/84 -.6

Manor 2/02/84 .8

Morgan 2/01/84 2.1
8/01/84 2.1

Narcho 2/01/84 26
2/23/84 27
9/25/84 47

Nichols 2/01/84 1.0
8/01/84 2.2

Noriega 2/01/84 46
2/22/84 52
8/01/84 62
9/25/84 54

Park 8/02/84 -.6

Ricke 2/01/84 28
2/23/84 27
8/01/84 19
9/24/84 15

Ries 10/31/83 -.6
8/02/84 -.6

Stratton 8/01/84 -.6
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Table 8--Continued.

Well

Vinall

Maximum TCE
Concentration

Date
	 pg/1 (ppb) (a)

	12/21/83	 8.0

	

2/01/84	 6.2

	

8/01/84	 8.4

	

9/24/84	 7.4

(a) pg/1 is micrograms per liter, ppb is parts per billion
(h) less than detectable limit denoted by negative sign
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collected on July 7, 1984. A replicate sample analysis has

not been reported at the time of this writing.

The plume follows the general ground-water hydraulic

gradient to the northwest. The maximum extent of the plume

reaches north of Irvington Road. Here, well B-85, screened

in a large portion of the aquifer, reports a level of 1.6

ppb. This well, as well as many others in the vicinity are

drawing water from a thick screened section of the aquifer

thereby diluting levels of TCE which has been found to stay

on or near the water table.

Levels of TCE in wells south of the study area, on

the HAC site often are found to be greater than 100 ppb and

have been reported as high as 16,700 ppb in the upper zone

of the regional aquifer. The HAC facility is a known source

of TCE and heavy metal contamination and is thought to be at

least a partial contributor of TCE in the upper zone in the

south portion of the study area.

Two other zones of high TCE concentration are appar-

ent in Figure 13. One, just north of Tucson International

Airport (TIA) includes high levels recorded in the Guard

well and in monitor well SF-2 and the domestic well, Vinall.

Although TCE concentrations are low, these values indicate a

source probably located on or around the Air National Guard

property. Detectable levels are also present in wells in
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Section 11 of T15S, R14E which probably correspond to the

higher values just to the south.

The Lower Zone and Combined Regional Aquifer 

Water quality data exclusively from the lower zone

of the aquifer are lacking except from the WR, SF and single

TAS wells selectively screened in that portion of the aqui-

fer. Water in the lower zone is generally of good quality

with no individual inorganic constituent above recommended

drinking water levels. Hargis and Montgomery (1982b) report

the lower zone water to be a sodium sulfate to sodium bicar-

bonate type for the water below the HAC site. Total dis-

solved solids were reported to range between 250 and 400

mg/l. Significant concentrations of fluoride and arsenic

were detected in two monitor wells which tap the lower

aquifer zone. However, similar concentrations of fluoride

and arsenic have been reported from other wells penetrating

the lower aquifer zoned in other areas of the Tucson basin.

Data from the lower zone of the aquifer is insuffi-

cient for determining trends or patterns. TDS values range

from 276 mg/1 in TAS-2A to 464 mg/1 in WR-55a. Chloride

levels are consistently low, in the 10 to 30 mg/1 range.

Sulfate levels are as low as 62 mg/1 in WR-58a, and as high

as 145 mg/1 in WR-55a with many in the 70 to 100 mg/1 range.

Bicarbonate levels also vary considerably. A concentration

of 65 mg/1 was reported for SF-4, but WR-59a has a level of
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257 mg/l. Some of the higher levels may indicate nearby

contamination or may be due to local dissolution of aquifer

materials. Monitor wells WR-55a and WR-54b have consis-

tently high levels of most common ions, which may be attri-

buted to artificial conditions. WR-54b is screened several

hundred feet below the diesel-like substance found in the

vadose zone at that site.

TCE concentrations of wells screened in the lower

aquifer are generally below the detectable limit for the EPA

laboratory equipment. Most of the wells tapping only the

lower zone have reported TCE concentrations of <0.6 ppb or

none detected (Table 8). Hargis and Montgomery (1982b)

reported significant levels of TCE found in two wells on the

HAC site screened exclusively in the lower zone of the

aquifer. Samples of water from wells M-12B and M-3B con-

tained TCE concentrations of 2 and 86 ppb, respectively.

Therefore, TCE has migrated into the lower zone on the HAC

site. The EPA monitor well TAS-2A has not been reported to

have levels of TCE greater than 0.6 ppb. Monitor well SF-4

located about 1 mile northwest of TAS-2A is the only other

nearby deep well.



CHAPTER 6

SUMMARY AND CONCLUSIONS

The regional geology of the Tucson Basin is a com-

plex system of alluvial deposits laid down over a period of

tens of millions of years. Structural modifications pro-

duced by nearby volcanic extrusions, uplifting of the sur-

rounding mountains and concurrent faulting in the basin

further complicated the depositional history and altered the

facies of the sediments. As a result it is difficult to

correlate lithologic descriptions obtained from borings, or

accurately describe ground-water flow characteristics.

Flow Characteristics--Lithological 
and Structural Controls

The Vadose Zone

The lithology in the vadose zone in the study area

varies considerably depending on location. In the region

where the aquifer is seperated into two zones by the clay

aquitard, the vadose zone ranges from 80 to 100 feet thick.

The water table is closest to the land surface near wells

SF-11 and SF-12. In the northwest region of the study area,

the vadose zone is much thicker, generally 150 to 200 feet

102
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thick. This is probably due to greater drawdown from heavy

pumping in an area incapable of sustaining high yield.

Flow conditions in the vadose zone are much dif-

ferent than under saturated conditions in the aquifer. In

unsaturated flow conditions, the voids in the soils are only

partially filled with water, the remainder of the pore space

being taken up by air.

In unsaturated flow, hydraulic conductivity, K, is

dependent on the moisture content of the soil. For a given

constant hydraulic gradient, the specific discharge, q,

increases with increasing moisture content. In the arid

environment of the Tucson Basin, evapotranspiration rates

are extremely high, and moisture in the soil near the sur-

face tends to be "pulled out", primarily through diffusion

into roots of plants. In addition, the upper surficial

deposits throughout most of the Tucson Basin are composed of

large amounts of caliche and hard packed clays (Davidson,

1973). These deposits inhibit the infiltration of water and

promote rapid runoff during precipitation events. However,

if water of sufficient quantity is permitted to remain on

the surface for an extended period of time, a portion of the

water will seep into the ground. This may occur in shallow

ditches, trenches and ponds when water is allowed to accumu-

late. It also occurs under stream channels, ponds, and

reservoirs.
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An impermeable deposit below the surface will in-

hibit downward flow forming perched water zones. A perched

water table is a local feature that gradually dissipates

unless replenishment is available. Also, if the impervious

or semipervious zone inhibiting downward movement is concave

upward, or lateral movement is not permitted due to the

presence of an additional structural feature, the water in

the perched system will remain, unless it is close to the

surface.

No perched water tables were found in the study

area, although one may exist in the regions around the WR-54

wells and the private wells Korte, Neal and Emery further to

the north. The upper zone water levels are distorted con-

siderably in these regions, possibly due to excess water

from an unidentified perched zone (Figure 11).

A perched water table on the HAC site was reported

by Hargis & Montgomery, Inc. (1982a, 1982b). It occurs

below a region formally occupied by drainage ditches, pits

and ponds used by Hughes Aircraft Company for discharge of

liquid and nonliquid wastes generated by the facility. Con-

centrations of common ions, several heavy metals, and VOC's

are extremely high indicating direct recharge of wastes from

above. The perched water table probably does not extend off

the HAC property.
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Structural Features

The general topography is represented by a gradual

decline in elevation to the northwest. Most of the under-

lying deposits generally follow this pattern indicating a

source primarily from the south-southeast. However, a por-

tion of the underlying deposits may have originated in the

west. A considerable amount of erosion occurred during the

period of volcanic extrusion and uplifting of the Tucson and

Black Mountains. The Fort Lowell Formation was deposited at

this time and probably is the direct result of these events.

In addition to the general depositional pattern, the region-

al hydraulic gradient of the entire aquifer follows the

topography closely. This is primarily a function of its

source location.

A major block fault, the Santa Cruz fault, slices

the study area in half (Figure 2). Originally plotted by

Davidson (1973) using gravity anomaly data, its location has

been slightly modified in this paper based on lithologic

cross-sections and geophysical logs. The fault appears to

be continuous, running a few degrees west of north following

Highway 89, Old Nogales Highway. It is believed to extend

only as high as the Pantano deposits, generally one to two

hundred feet below land surface. However, correlation of

even shallow deposits across the fault is difficult which

may be fault induced or just attributed to the complex
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alluvial environment. Overlying deposits may be slightly

offset due to topographic effects of the fault, or differen-

tial compaction of units on each side. This may have an

effect on flow patterns in overlying deposits. Water-level

contours in Figure 11 change direction considerably along

the fault trend.

The Santa Cruz River may have once been located

further east than its present location, possibly in the

region of the Santa Cruz fault. This could explain why the

upper aquifer zone is more distinct west of the fault.

During the course of moving towards its present location it

may have left behind the deposits comprising the upper zone.

The upper zone west of the fault is a slightly clayey sandy

gravel to gravelly sand. It is rather continuous from the

present stream channel to the fault, but changes radically

further east indicating a facies change that may be directly

related to the fault. East of the Santa Cruz fault, the

upper zone of the aquifer is a clayey sand and gravel with a

much greater clay content than to the west. Furthermore, it

interbeds with sandy clays and silty clays interfingering

considerably. The flow path through this deposit is not

neccesarily linear, but rather tortuous when observed in a

large scale cross-section. This may be seen in Hargis &

Montgomery's, Inc. (1982b) cross-section from the HAC site

into the study area.
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Upper Zone--Flow System

The composition of the upper zone varies moderately

west of the fault. East of the Santa Cruz fault, the upper

zone deposits change significantly over the extent of the

study area. Transmissivities, and corresponding hydraulic

conductivities calculated from aquifer tests of the pumped

wells in the upper zone varied considerably (Table 3). A

significant portion of the large range in hydraulic conduc-

tivities can be attributed to well design problems (i.e.

screened intervals, construction difficulties) and the lack

of stress applied to the aquifer during the tests. Many of

the aquifer tests produce drawdown and recover curves simi-

lar to those tests performed on wells throughout the basin

(Dr. E. S. Simpson, Professor of Hydrology, University of

Arizona). Hydraulic conductivities fall in the ranges com-

monly associated with silty sands, sands and gravelly sands

comprising the upper zone. Using information from Table

6.1, page 164 of Hydrogeology (Davis and DeWeist, 1966), the

hydraulic conductivities of clayey sands to fine sands range

from 10 -6 to 10 -3 cm/s (10 -3 to 1 m/d), and for clean sands

10 -3 to 1 cm/s (1 to 10 3 m/d). Hydraulic conductivities

calculated from wells located west of the Santa Cruz fault

in the upper zone range from 9.0 to 76 m/d, or 220 to 1,900

gpd/ft 2 (Table 3). Based on estimated effective aquifer

thickness, hydraulic conductivity in wells SF-1, SF-2 and
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SF-3, all east of the Santa Cruz fault, were in the range of

1.3 to 20 m/d (32 to 490 gpd/ft 2 ).

South of the airport, on the HAC site, transmissivi-

ty values calculated from long-term (3 to 4 days) aquifer

tests on the upper zone ranged from 310 to 500 m 2 /d, or

25,000 to 40,000 gpd/ft (Hargis & Montgomery, Inc., 1982b).

Hydraulic conductivity values are reported as 14 to 22 m/d

(350 to 530 gpd/ft 2 ). Short-term aquifer tests (6 hours of

pumping) were performed on 20 shallow monitor wells in order

to determine local tramsmissivity values. They ranged from

12.4 to 1,240 m 2 /d (1,000 to 100,000 gpd/ft) with conduc-

tivity values from 0.2 to 57 m/d (6 to 1,400 gpd/ft 2 ).

Transmissivities increase to the north and west portion of

the HAC site.

Water-level contours in Figure 11 indicate a region

of high transmissivity, or flow capability in the aquifer.

This is where the water level contours appear concave to the

northwest. Flow lines converge here indicating greater

hydraulic pressure and corresponding increasing velocities

in water movement. The zone roughly follows the trend of

the fault, but is not correspondingly linear, instead

weaving as a stream bed might. This maybe due to the Santa

Cruz channel historically being located here, generally

following the fault trend and depositing coarse stream bed

sands and gravels. These deposits are in hydraulic
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connection with the upper zone east of the fault resulting

in continual lateral flow to the northwest.

Wells SF-10, SF-14, and SF-15 are located in the

area where flow lines converge. Transmissivity values for

the SF-wells in this region (also the area containing the

larger TCE plume) vary considerably. They range from 100 to

1,150 m 2 /d (8,000 to 92,500 gpd/ft). Hydraulic conductivity

values range from 9.2 to 75.0 m/d (230 to 1,840 gpd/ft 2 ).

The large range may be attributed to the nonhomogeneity of

the aquifer, or one of the several well construction or test

performance difficulties described in earlier sections of

this thesis.

The major contributor of water to the upper zone is

mountain front recharge from the southeast, mostly from the

Santa Rita Mountains. This results in a regional hydraulic

ground-water gradient to the north-northwest. Recharge from

the surface is minimal. The Santa Cruz River also adds a

significant volume of water to the western portion of the

study area. Water-level contours in Figure 11 indicate the

potential for flow to enter the aquifer along the Santa Cruz

stream bed which adds an additional northward component of

flow through the study area due to the increased pressure

from the west.

Direction of flow may be influenced by the Santa

Cruz fault. West of the fault, flow direction is generally
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northward with water level contours east-west. Along the

trend of the fault, the contours shift to the north.

However, the contours are not straight, instead weaving as

they trend northward, probably due to formation induced

controls. Water-level changes have been minimal over the

last three years since most of the production wells have

been disconnected. A few, in the northwest portion of the

study area, were on line as recently as the summer of 1984,

but quantities pumped were small relative to past pumping

history, and water levels were generally not affected except

locally. Because a generally constant flow situation

exists, anomalous water levels and the locations of contami-

nants are no longer affected by pumping. As an example of

pumping effects, when well C-78 was turned on in the early

1980's, the TCE plume formed a bulge in the direction of

that well (James Angell, ADHS hydrologist) Pumping of the

production wells has not been halted long enough to remove

all irregularities from artificial water removal, but anoma-

lies caused from pumping have been smoothed out.

Lower Zone and Overlying Confining Layers

The deposits immediately below the upper zone are

composed mainly of sandy clays, silty clays and sequences of

soft to stiff, cohesive clays. These deposits interfinger

with the upper zone east of the Santa Cruz fault making

water flow in a rather tortuous route to the northwest. The
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beds, thought to be the lower Tinaja, are of low permeabili-

ty. They form a semiconfined layer above the lower zone

forming a partial barrier to vertical flow. The contact

between the semiconfining clays and the underlying Pantano

Formation is abrupt. West of the fault, the contact between

the upper zone and the top of the clays is nongradational

and abrupt. In a northeast trend along the center of the

study area, the clays gradually pinch out producing direct

contact of the two zones forming the combined regional

aquifer. Here, the upper and Lower zone waters mix.

The top of the lower zone ranges from a depth of

330 feet below land surface at monitor well TAS-2A to about

110 feet below land surface near Irvington Road in the

northern portion of the study area. Taking into account

land surface elevations, the top of the lower zone is higher

in the northwest than in the south. This is probably due to

the rising of the west block of the fault, the combining of

the two zones giving a sudden increase in elevations to the

combined aquifer, and the possibility that the source of the

deposits originated from the west as indicated by drill

cuttings.

East of the Santa Cruz fault, the lower zone is

composed of clayey sands with minor gravel. It is a poor

producer of water with low specific capacities for wells

tapping it. West of the Santa Cruz fault, on the upthrown
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side of the block, the formation is a weakly cemented clayey

gravelly sand, rather homogeneous. This extends well below

the maximum depth of the SF and WR monitor wells, 400 feet

below land surface.

Water levels in the lower zone are lower than those

in the upper zone indicating a downward flow gradient in the

system. This is also seen in temperature gradient profiles

(Figures 9 and 10) which indicate downward vertical flow

components in wells SC-7 and SC-18 both screened in large

portions of the regional aquifer. These and other wells may

act as conduits allowing water from upper reaches of the

aquifer to enter into the lower sections. The hydraulic

gradient of the lower zone generally follows that of the

upper, although sufficient data points are not available for

a detailed analysis. The Santa Cruz fault may permit water

to migrate from the upper zone to the lower. However, water

quality and Chemistry data does not indicate that upper zone

water is seeping into the lower zone.

The source of most of the water in the lower zone

originates from the southeast, probably as mountain front

recharge from the Santa Rita Mountains and in alluvial fans

at the base of canyons. Stream channel infiltration is

minor except possibly in the northwest section of the study

area where the lower zone is in closer proximity to the

ground surface than elsewhere. The water level contours in
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Figure 11 are representative of the combined regional aqui-

fer in the area encompassing Sections 1, 2 and 3 of T15S,

R13E, Sections 35 and 36 of T14S, R13E, and Section 31 of

T14S, R14E. The hydraulic gradient is rather steep in part

of this area possibly due to low transmissivities combined

with historical heavy pumping of wells. However, since most

of the wells in this region have been turned off, water

levels have changed little, indicating that overpumping of

the aquifer is not the cause of the steep gradient. In the

far northwest corner of the study area, the gradient sudden-

ly declines sharply. Further investigative work is required

to determine the reason for the steep gradient in the north-

west section of the study area. A downward flow pressure

exists in the combined regional aquifer. Wells screened in

the upper portion of the aquifer have higher water levels

than those screened exclusively further down.

Calculated transmissivities for aquifer tests done

on SF-4 range from 310 to 420 m 2 /d (24,900 to 33,800

gpd/ft). Hydraulic conductivities ranged from 6.7 to 9.1

m/d (160 to 220 gpd/ft 2 ). The well is only partially pene-

trating leaving the aquifer test results subject to ques-

tion. Actual values may be smaller.

Further to the northwest, transmissivity values in

deep screened wells SF-6 and SF-19 could not be calculated

due to insufficient drawdown. SF-18, screened in the upper
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portion of the combined aquifer produced T values of 570 to

720 m 2 /d (45,800 to 57,900 gpd/ft) and corresponding K

values of 27 to 34 m/d (660 to 830 gpd/ft 2 ). However, once

again the aquifer was only partially penetrated and actual

transmissivities and K values are probably lower. On the

HAC site, Hargis & Montgomery, Inc. (1982b) estimated the

hydraulic conductivity of the lower zone to be about 0.04 to

0.4 m/d (1 to 10 gpd/ft 2 ). The lower zone in the HAC

region differs from that area west of the fault. It con-

tains significantly more fines and is apparently more

cemented.

Water Quality--Controls on Transport
and Contaminant Sources

The soil is a complex and dynamic system in which

physical, chemical, and biological reactions continually

occur. The rate of interaction and the dominance of one

reaction over another are controlled by specific soil con-

stituents. Constituents and constituent levels vary

spatially with changing factors such as management, climate,

vegetation, parent material, time and topography. Factors

such as temperature, moisture, structure, texture, aeration,

kind and content of soil minerals, and pH interact to pro-

duce a specific quality of natural leachate for any given

soil site. Differences in rainfall and depth to the water

table further complicate leachate quality and quantity.
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Identification of attenuation mechanisms in soils

has been a subject of intense study in the soil sciences for

decades. An actual detailed analysis of sorption/desorption

and attenuation characterstics of TCE and the heavy metals

found in the study area aquifer are beyond the scope of this

paper, but a general description of the movement of the

contaminants is presented. The study area was once a highly

productive part of the basin supplying excellant quality

water to businesses and residences. Most of the wells have

been now turned off due to elevated levels of chromium and

organics such as TCE, TCA and DCE.

Common Inorganic Ions

The general ionic nature of the ground water in the

study area has been "fixed" as it enters the ground along

the margins of the basin. Water infiltrating along the

Santa Cruz river channel may be locally representative of

the stream flow. Water in the upper zone west of the Santa

Cruz Fault are a calcium sodium bicarbonate type, with a

calcium:sodium ratio of approximately 4.5 to 5.5. Deep

wells near the fault are of a similar type but with a

calcium:sodium ratio closer to 3:2. A sodium sulfate water

type of water is found in deep wells at scattered location

of the study area. Water in the combined regional aquifer

appears to be a mix of upper and lower zones, as would be

expected.
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The water type of the lower zone, a sodium-sulfate

to sodium-bicarbonate type, is typical for the Pantano de-

posits in the Tucson Basin. An indication of the lack of

hydraulic connection between the upper and lower zones is

their distinct differences in water type. However, the

clayey sequences separating the two zones may provide for

some leakage, from the upper to lower zones, especially near

to and east of the Santa Cruz fault, where units are not as

well defined. The lower zone has been described as a semi-

confined aquifer by Cross (1984).

Relatively high concentrations of assorted in-

organics are found in three regions of the study area. The

first includes wells SF-7, SF-9, and Nichols, centered

around Elvira School. The second centers around Mission

Manor Park and includes wells SF-11, SF-21, TAS-9, and

Mission Park. The third is in the northeast region of

Section 12 in T15S, R13E. The wells near Elvira school are

in a region affected by organics and trace metals. The

second and third regions, however, indicate local sources,

possibly septic system or sewer pipe leakage, or illegal

discharge of contaminants.

Trace Metals

Arsenic and chromium were the only heavy metals

found in numerous domestic and monitor wells at unnatural

levels. Although zinc and iron concentrations were slightly
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elevated in some wells, their presence can be explained by

well construction details. Steel casing, often galvanized,

is commonly used in domestic and production wells. After a

sufficient period of time, and under correct water condi-

tions, chemical reactions at the surface of the casing will

release zinc and iron into solution producing relatively

high levels in steel cased wells. Arsenic is found at

moderately high levels in scattered areas of the Tucson

Basin (Laney, 1972). Chromium, on the other hand, is not

natural to the ground-water environment in the study area,

is not usually introduced into the environment in normal

well construction, and so is an indicator of contamination

from industrial waste.

The mobility of trace elements in soil, and hence,

their chance of reaching the aquifer is mostly dependent

upon the soil clay content, the content of hydrous oxides,

the content of lime and the surface area per unit weight of

soil. Fuller (1977) studied the relative mobility of 11

heavy metals in selected soils and classified them into

three basic groups. Chromium, mercury and nickel were found

to be the most mobile in specific soils. Lead and copper

were in the group considered least mobile and arsenic,

beryllium, cadmium, selenium, vanadium and zinc's mobility

varied with the conditions of the soil.
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High chromium levels were found almost exclusively

in the region of the major TCE plume. It would appear that

the two contaminants are traveling the same general paths.

However, their flow characteristics are radically different.

Although listed in Fuller's (1977) paper as generally mobile

under specific conditions, chromium is well attenuated in

the unsaturated zone, where sorption plays a strong role.

The vadose zone is relatively large in the study area,

ranging from 80 to 200 feet thick. In addition, like most

heavy metals, chromium migration is dependent upon rates of

isomorphous substitution, or coprecipitation with minerals

or amorphous solids (Freeze and Cherry, 1978). The concen-

trations of chromium reported in samples taken from wells in

the study area are quite varied, which can be attributed to

the complex controls placed on heavy metals in the soil

system, and the liklihood of several sources.

Trichloroethylene

Significant concentrations of TCE have been found in

numerous ground-water wells located in and to the south of

the study area. Although DCE and TCA have been detected in

several of these wells, the lack of spatial continuity in

concentration results make these organics unsuitable for

ground-water contamination analysis in this area. TCE has

been found in the ground water in a large portion of the

study area. This region is located primarily to the west of



119

Old Nogales Highway extending from the southern boundary of

the study area to at least Irvington Road in the north

(Figure 13). In addition, two distinct, separate plumes

exist in the eastern half of the study area. One is found

just to the north of Tucson International Airport in Section

7 of T15S, R14E. The other is located just to the east of

Tucson International Airport in Section 17 of T15S, R14E.

It is apparent that there are several possible sources

contributing to the TCE problem.

The movement of TCE through the unsaturated and

saturated zones has been the subject of numerous recent

studies. The general indication is that TCE and other

organic compounds may be quite mobile

through overlying unconsolidated material

relatively unattenuated (Kreamer, 1984).

Pennington (1982) discussed the

fluencing the mobility of halogenated

and pass readily

to enter aquifers

factors most in-

organics in the

ground-water system including the unsaturated zone. These

factors--sorption processes, biodegradation, volatilization,

dispersion, dilution, and concentration of solute--are all

particularly important for determining the movement and

ultimate fate of organic compounds. Anthropogenic

compounds, particularly halogenated organics such as TCE,

are generally refractory in character accounting for their

persistence in the environment.
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The retardation of a contaminant is often partially

controlled by sorption capabilities of the medium the con-

taminent is introduced into. The distribution and frequency

of clay layers and organic-rich zones result in directional

differences in movement of organic contaminants through the

soil. The amount of an organic contaminant which is sorbed

is determined by the specific aquifer retention capacity

related to the partition coefficient. The specific aquifer

retention capacity is defined as a measure of the concentra-

tion of the contaminant sorbed to aquifer material after

equilibrium is reached.

Knowing the migration capabilities of organic con-

taminants is critical to investigating the extent and magni-

tude of contamination. There is increasing evidence that

TCE and other similar organics pass through the vadose zone

into the aquifer relatively unattenuated. Wilson et al.

(1981), in a study involving the mobility of several halo-

genated aliphatic hydrocarbons, found that soils of low

organic content exhibit minimal adsorptivity of organic

pollutants. Using mass balance calculations after concen-

trations of the compounds reached steady state, the

researchers concluded that many halogenated aliphatic

hydrocarbons moved readily through the soil. In a study by

Reinhard et al. (1979), TCE was found to have a low poten-

tial for retardation on aquifer materials. Under anaerobic
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conditions TCE can possibly undergo biotransformation

(Wilson and McNabb, 1983), but this is unlikely under

aerobic conditions.

An important factor controlling the movement of TCE

in the subsurface environment is its affinity for

volatilizing out of the ground water. High levels of TCE

have been found in soil gas samples taken from several

locations in the study area. Thompson (1983) mapped a

vertical profile for several organics from land surface to

the water table on the Carranza property. An increasing

gradient to the water table was found for TCE, and a method

for determining approximate levels of TCE in the saturated

zone by taking soil gas samples at shallow depths above was

proposed.

Marrin (1984) mapped TCE concentration contours of

soil gas samples taken in the study area just north of the

HAC site. The soil gas contours were found to parallel the

TCE concentration contours in the ground water, apparently

reflecting the predominance of vertical rather than lateral

diffusion of TCE in the vadose zone. In addition, he con-

cluded that the lack of TCE decomposition products in the

soil gas samples indicated that bacterial degradation of TCE

at the site was probably not significant.

TCE is sparingly soluble in water and may not follow

the same gradient as that of the ground water. In addition,
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it has a greater density than water indicating that it

should move downward in an aquifer. However, field observa-

tions indicate that the TCE is staying near the surface,

either at the water table, or in the overlying capillary

fringe region. Monitor well SF-16 and the domestic Carranza

well are located within 200 feet from one another. The

Carranza well is screened to just below the water table so

that samples should represent water taken from near the

water table. SF-16 is screened from 100 to 140 feet below

land surface. Pumping the well is producing samples from at

least the water table down to 140 feet. Concentrations of

TCE in the Carranza well are greatly elevated relative to

SF-16 indicating TCE at high concentrations near the water

table. This phenomenon is also found in adjoining monitor

wells SF-19 and SF-20 and other pairs in the study area.

Some former production wells screened throughout the

aquifer may act as conduits allowing water to flow from the

upper zone to the lower. This has been directly observed in

well B-87, screened in the lower zone, located in the north-

west corner of Section 1 of T15S, R13E. Cascading water has

been observed entering this well through breaks in the well

casing indicating a direct connection of flow between the

upper and lower zones. Other former production wells may

also act as conduits. Wells C-62b, C64b, SC-7 and SC-18 all

have a potential for allowing rapid downward migration of
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TCE than the natural system due to being screened in both

the upper and lower zones of the aquifer. Well SF-19,

screened deep in the regional aquifer 300 to 400 feet below

land surface reported levels of TCE in the 30 ppb range.

This may be due to the cascading water in well B-87. Well

B-87 is upgradient of SF-19.

A TCE contour map with contour concentrations of 1,

10 and 100 ppb is presented in Figure 13. Where time series

samples were taken, the maximum value was used. For wells

with multiple sample analysis, the highest concentration was

plotted in order to depict the maximum extent of TCE con-

tamination and to insure that all sources of contamination

were identified. If a maximum concentration appeared anoma-

lous with the other results in multiple sample analysis, it

was not used.

In the study area, TCE is confined to the upper zone

and combined regional aquifer. The area of greatest TCE

concentrations covers the central portion, stretching from

Los Reales Road to Valencia Road of T15S, R14E, Section 13.

The greatest levels are reported in well M-36, Carranza, SF-

7 and WR-56c. All are greater than 100 ppb, with M-36

reporting the highest level, 440 ppb. The only other well

with concentrations of TCE greater than 100 ppb is SC-7,

located just off and directly down-gradient of the HAC site.

The contaminated region appears long and narrow following a



124

continuous northwest trend masking the complex flow regime

below the surface. A control from the west may be the

influx of water into the aquifer from the Santa Cruz River

channel. This could produce a gradient, forcing the ground

water to move in a strong northward direction.

Sources

Figure 13 can be used to generally locate areas

where TCE may have been introduced into the ground water.

The 10 and 100 ppb contour lines aid in locating relative

source areas, the relative concentrations and volumes of

each source and the extent of migration of the plumes.

Hughes Aicraft Company, of Tucson, Arizona has been identi-

fied as a major source of contamination of the ground water

with the organics TCE, TCA, DCE, and the trace metal ion

chromium, both in hexavalent and trivalent form (Hargis &

Montgomery, Inc. (1982a). TCE is a major constituent of

solvents used for degreasing and cleaning of aircraft and

other industrial machinery. Chromium is found in waste

products produced by plating, heat treatment processes and

painting activities.

Disposal of general industrial wastes and industrial

wastewaters involved a network of ditches, ponds and pits

first constructed when operation of the facility began in

1951. Ditches were used to transport industrial waste-

waters, and were often unlined. Ponds, some lined, were
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used to store the wastewaters until evaporation or infil-

tration removed the fluids. Pits were used for general

industrial waste (Hargis & Montgomery, Inc., 1982a). Most

on-site disposal of TCE was halted by 1977.

A perched water zone with extremely high levels of

several organics and heavy metals is found directly under

the former ponds. In addition, high levels of TCE, chromium

and other contaminants have been discovered in the upper

zone of the regional aquifer below the MAC site.

Two other separate TCE contaminated regions appear

in Figure 13. These are the result of smaller, local dis-

posal sites. The contour map is useful here to locate the

general source areas, as the TCE has not yet had the chance

to migrate great distances. The first region, just north of

Tucson International Airport, probably originated on the Air

National Guard property of the Tucson Airport. The other

contaminated zone, further east, may have 'originated from

the land currently occupied by International Business

Machines or Burr-Brown plants, both high-technology indus-

tries, that may have used TCE in their manufacturing of

electrical components.

Several other possible sources have been outlined by

the ADHS (Eberhart, 1983). They are presented in Figure 14.

Some, or all of those located on the west end of Tucson

Airport are likely contributors to the large plume and may
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be the only contributors to the area contaminated north of

Valencia Road. The location of possible sources numbered 5

through 11 are all upgradient of the plume. Based on water

contours only, movement from sites 6, 7 and 8 all could

contribute to the heavily contaminated area described

earlier. The ADHS (Eberhart, 1983) has also proposed that

unknown quantities of TCE (and other toxic compounds) may

have been introduced into the aquifer through surreptitious

dumping throughout the 1960's and 1970's. Several personal

statements have been filed with the ADHS attesting to this.

And finally, leaky sewer lines may play a role in the intro-

duction of contaminants into the aquifer. This may explain

the local high levels of assorted inorganics, especially

nitrates near Mission Park and along Old Nogales Highway in

the central part of the study area.

Numerous variables all contribute to the complex

nature of the flow system in this region of the Tucson

Basin. Several possible sources have been identified as

contributing to the contamination of the aquifer, and the

movement of the water and contaminants in the system are

controlled by several factors. The Santa Cruz fault and

Santa Cruz River affect flow paths, and the lithological

features of the aquifer produces a flow system as unique as

any other. The actual cleanup operations are still being

discussed by all the participating government agencies and



128

private firms and can be expected to commence within a few

years. By taking into account all the controlling factors,

the proper steps involved with removing the contaminants may

be completed in the most efficient manner possible so that

Tucson can continue to rely on this area as a source of

future water consumption.
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Grain Size

Distribution
Description of Motor a Is

1 75

Location: (D-15-14)17bbd
	

Dote Drilling Started: 7/5/84

Ground Elevation: 2571.09
	

Dat• Drilling Completed: 7/6/84

PER
 50	 100

20-25', Clayey, gravelly sand with caliche.

25-30', Soft, light brown sandy clay.

30-45', Sandy gravel with occasional brown clay.

45-66', White clay interbedded with caliche; some
gravel and sand. Changing to white and brown
sandy clay interbedded with caliche.

66-77', Sandy gravel.

77-96 , , White and brown sandy clay interbedded with
caliche.

96-100', Sandy gravel.

100-122', Brown, gravelly, sandy clay.

122-130', Sandy gravel with some clay.

130-194', Brown, sandy clays with occasional gravel
and increasing sand from 146-150', and again
from 178' to 185'.

130

Appendix A.1. Lithologic log of monitor well SF-1.



131

Location: (D-15-14)17bbd	 Date	 Drilling Started:	 7/5/84

Ground	 Elevation:	 2571.09	 Date	 Drilling	 Completed:	 7 /6/84

Grain	 Size

Distribution
Description	 of	 Materials

Remarks:

Total depth of borehole:	 194'
Bottom of casing:	 190'
Top of gravel pack: 96'
Screened interval:	 110'-190'
Zone screened: Upper
Centralizers placed at 70',	 130',	 190'
Static water level: 99.11' on 7/17/84

95.47' on 10/2/84

No sand was placed between gravel and
w cement in annulus.
0
4
W
M
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0

0
Z
4
J

0
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1-
al
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Z
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Appendix A.1--Continued.
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Location: (D-15-14)07dcc 3 	Dote Drilling Started: 7/2/84

Ground Elevation: 2544.84 	Date Drilling Completed: 7/2/84

Description of Materials

20-29', Light gray, calcareous clay and caliche
interbedded with sandy caliche and thinly
interbedded with coarse sand and fine gravel.

29-66', Mostly sandy gravel with occasional clay
and thin streaks (56'-599 of soft, sandy clay.

66-73', Stiff brown clay.

73-94', Stiff, calcareous brown clay with caliche.

94-101', Brown, sandy gravel with thin clay layers.

101-128', Very clayey sand grading to fine, - sandy clay.

128-139', Caliche and calcareous clay with sandy layers.

139-165', Silty clay with trace of fine sand and
gravels.

165-176', Interbedded clay and silt with occasional
gravel.

176-180', Clean sand and gravel.

180-194', Interbedded clay and caliche.

Appendix A.2. Lithologic log of monitor well SF-2.
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Location: (D15-14)07dcc 3 	Dote	 Drilling Started: 7/2/84

Ground	 Elevation:	 2544.84	 Date	 Drilling	 Completed: 7/2/84

Grain	 Size

Distribution
Description	 of	 Materials

Remarks:

Total depth of borehole:	 194'
Bottom of casing:	 190'
Top of gravel pack: 88'
Screened interval:	 110'-190'
Zone screened: Upper
Centralizers placed at 60',	 120',	 180'.
Static water level: 86.97' on 7/17/84
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82.85'	 on 10/2/84.
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Appendix A.2--Continued.
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Location: (D15-14)07dcc 3 	Dote	 Drilling Started: 7/2/84

Ground	 Elevation:	 2544.84	 Date	 Drilling	 Connpleted:7/ 2 /84

Grain	 Size

Distribution Description	 of	 Materials

Remarks:

Total depth of borehole:	 194'
Bottom of casing:	 190'
Top of gravel pack: 88'
Screened interval:	 110'-190'
Zone screened: Upper
Centralizers placed at 60',	 120',	 180'.
Static water level: 86.97' on 7/17/84
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82.85'	 on 10/2/84.
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Appendix A.2--Continued.



Location: (D-15-14)17bdc	 Date Drilling Started: 7/3/84

Ground Elevation: 2574.49	 Date Drilling Completed: 7/3/84

Description of Materials

20-32', Interbedded hard caliche, soft fine sandy clay,
and sandy gravel with increasing gravel near
bottom.

32-47', Light brown hard calc , slay interbedded with
caliche and brown clay, gradating to cemented
clay, mud and caliche.

47-60', Interbedded soft, dark brown clay and light
brown clay with caliche streaks @ 55' and 57'
and sandy, fine gravel @ 47-49'.

4
60-66', Fine, sandy clay with occasional gravel.
66-72', Sandy gravel.

0
0	 72-84', Brown, sticky and stiff clay with interbedded.
4	 caliche turning to sandy brown clay with

minor gravel @ 82'.
84-89', Interbedded clayey, sandy gravel and soft

0	 brown clay with some sand and gravel.

10	 89-112', Soft, brown clay with some white caliche
turning to stiff, brownish-red sandy clay and
thin lenses of white caliche 43 101'-112'.

112-139', Varying ratios of sandy clay with alternating
colors from brown to white with caliche to

m 12 	 grayish-brown stiff clay to soft white clay.
0

139-143', Gravelly, gray sand.

143-195', Mostly sandy clays with some gravel.
Alternating colors from brown clay to sandy
gravel @ 159-162' to gray-brown sandy clay
to reddish-brown sandy clay and some gravels
to grayish-brown sandy clay in the bottom 15'.

175

15 0

134

Appendix A.3. Lithologic log of monitor well SF-3.
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Location:	 (D-15-14)17bdc	 Date	 Drilling Started: 7/3/84

Ground	 Elevation: 2574.49	 Date	 Drilling	 Completed: 7/3/84

Grain	 Size

Distribution
Description	 of	 Materials

Remarks:

Total depth of borehole:	 194.5'
Bottom of casing:	 190'
Top of gravel pack: 98'
Screened interval:	 110'-190'
Zone screened: Upper

-	 Centralizers placed at 70',	 130',	 190'.
Static water level: 99.37' on 7/19/84
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96.87' on 10/2/84.
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Appendix A.3--Continued.
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Location: (D-15-13)13dbd 1 	Dale Drilling Started: d-4/27, w-6/26/84

Ground Elevation: 2532.62	 Date Drilling Completed: d-4/27, w-6/27

Description of Meter.  a Is

15-40', Poor sample, mostly alternating white
(caliche?) and red dusts.

40-45', Sandy gravel with some clay.
45-54', Sandy, silty clay with minor gravel and

caliche,

54-97', Sandy clays, occasional gravel. Clay changes
from reddish-brown to light brown silty clay,
then to light yellow-brown to very light
brown, some white and then to dark red-brown
sandy clay near bottom.

97-145', Primarily sandy gravel with interbedded
sandy gray clay at 107-109' and again at
119-123'.

145-164', Slightly fine, sandy stiff clay with the
appearance of occasional gravel at 156'.

164-186', Very sandy gravels and cobbles with thin,
soft sandy clay stringers below 170'.

Appendix A.4. Lithologic log of monitor well SF-4.
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Location: (D-15-13)13dbd 1 	Date Drilling Start•it w-4/27, d-6/26/84

Ground Elevation: 2532.62	 Date Drilling Completed: w-4/27, d-6/27

Grain Size

Distribution
Description of Materials  

PERCENT
0	 50	 100

186-218', Brown, firm slightly calcareous clay with
occasional gravel lenses and interbedded
caliche gravel lenses thicker downwards.

218-247', Tan-brown, hard silt interbedded with green
pale yellow silt, white calcareous clay and
brown sandy clay with White clay streak at
243'.

247-406', Upper Pantano Formation.	 Mostly clayey
gravelly sand of varying percentages. Clay
lenses of varying colors, from-white to
brown to pale green. Cobbles get large in
the high 300 foot range. 

Appendix A.4--Continued.
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Location:	 (D-15-13)13dbd 1 	Dote	 Drilling Started:	 1

Ground	 Elevation: 2532.62'	 Date	 Drilling	 Completed: 1

Grain	 Size

Distribution
Description	 of	 Materials

Remarks:

1.	 First drilled dry on 4/27/84 to 140'
drilled wet: 6/26/84-/6/27/84

Total depth of borehole:	 406'
Bottom of casing:	 400'
Top of gravel pack:	 289'
Screened interval: 300-400'
Zone screened:	 lower
Static water level: 	 207.57 on 7/9/84

203.68 on 10/11/84
w
uaw
m

Circulation problems ocurred throughout
the drilling process.	 Fit had to be
mucked out at 320', drilling fluid thick.
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Appendix A.4--Continued.



Location: (D-15-14)19bbb	 Dote Drilling Started: d-4/26, w-6/25/84

Ground Elevation: 2553.10	 Date Drilling Completed: d-4/26, w-6/25

5-45', Silty, clayey sand with trace gravel.
Caliche layers in 35'-45' range.

45-55', Calcareous, gravelly, silty fine sand.

' 55-70', Interbedded gravelly, sandy clays and
gravelly, clayey fine sand.

70-126', Slightly sandy gravelly red-brown clay.

126-129', Light gray , sandy clay.

129-135', Stiff, dark brown clay.

135-145', Very fine sandy silt.

145-150', Clayey, sandy gravel.

150-195', Interbedded sandy gravels, minor clay with
clayey sands and sandy clays and gravels.

195-202', Brown, dense clay.

139

Appendix A.5. Lithologic log of monitor well SF-5.
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Location:	 (D-15-14)19bbb	 Date	 Drilling Started: 4/26/84,	 6/25/84

Ground	 Elevation: 2553.10	 Dote	 Drilling	 Completed: 4/26/84,	 6/25/84

Grain	 Size

Distribution Description	 of	 Materials
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Remarks:

Total depth of borehole: 202'
Bottom of casing:	 190'
Top of gravel pack:	 145'
Screened interval:	 150'-190'
Zone screened: Regional
Centralizers placed at 65', 	 125', 185'.
Static water level:	 103.85' on 7/3/84

103.00 , on 10/9/84

Originally drilled dry to 125', then wet
to 202'.	 Water struck at 120' during dry
drilling.	 65'-70' sample lost.

•

Appendix A.5--Continued.
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Location: (D-15-13)02aaa2	 Date Drilling Started: 7/10/84

Ground Elevation: 2461.27	 Date Drilling Completed: 7/10/84

Grain Size

Distribution 1 Description of Materials   

PERCENT
o	 50	 i00

20-33', Caliche and clayey gravel

33-44', Gravel with sandy clay lenses.

50

44-89', Sandy gravel with trace clays.

75

89-112', Assorted color clays with sand and gravel.
Clays vary from brown to white to grayish-
grown.

t 125
0

112-404', Upper Pantano Formation. Assorted gravelly
sands with varying amounts of brown, reddish-
brown and white clays.

25

100

150

175

Appendix A.6. Lithologic log of monitor well SF-6.
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Location: (D-15-13)02aaa 2 	Dote Drilling Started: 7/10/84

Ground Elevation: 2461.27	 Date Drilling Completed: 7/10/84
Grain Size

Di stri but ion Description of Materials  

PERCENT
0	 50	 100

upper Pantano Formation (continued)

Remarks:

Total depth of borehole: 404'
Bottom of casing: 400'
Top of gravel pack: 297'
Screened interval: 300-400'
Zone screened: regional (lower)
Static water level: 154.75' on 7/27/84

149.25' on 10/12/84
Unusual odor of possibile gas or pesticide
derivitive reported at 280'-295'. Some
circulation problems at approximately 95'.

Appendix A.6--Continued.
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Location: (D +15-13)13bdd	 Date Drilling Started: 6/22/84

Ground ElevatIon: 2526.51	 Date Drilling Completed: 6/22/84

Distribution 	I Description of Materials

PERCENT
0	 50	 100

Grain Size

20-43', Sandy clays and caliche predominating with
lenses of sand and gravels, and clay-caliche.

43-64', Clayey, gravelly sand and gravelly clayey
sand.

64-70', "Sticky", brown clay with sandy clay.
70-73', White, sandy clay and gravelly sand.

73-84', Brown, tacky, sandy clay.

84-127', Interbedded gravelly sand and sandy gravels.

127-145', Yellowish gray sandy clay changing to
reddish brown tacky clay.

Appendix A.7. Lithologic log of monitor well SF-7.
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Location: (D-15-13)13bdd	 Dote	 Drilling Started:	 6/22./84

Ground	 Elevation:	 2526.51	 Date	 Drilling	 Completed:	 6 122/84
Grain	 Size

Distribution
Description	 of	 Materials
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Remarks:

Total depth of borehole: 145'
Bottom of casing: 130'
Top of gravel pack: 90'
Screened interval:	 100'-130'
Zone screened: Upper
Centralizers placed at 85',	 145'..
Static water level: 92.30 on 7/5/84

92.15 on 10/9/84

Appendix A.7--Continued.



Location: (D- 15- 13)12cdc	 Dote Drilling Started: 6/20/84

Ground Elevation: 2511.12	 Date Drilling Completed: 6/20/84

Distribution	 I Description of Materials

20-42'; Slightly sandy, gravelly clay with caliche
starting @ 32'.

42-48'; Sandy gravel.

48-54'; Brown sandy clay.

54-69', Clayey sand.

' 750
O 76-82', Brown, plasticky clay interbedded with
z	 clayey, sandy gravel.a
..1	 82-93', Sandy gravel.

100

x
O 93-103', Brown sandy clay.
-10
0
,-
0
0
u.	 103-132', Sandy gravel finely interbedded with
z

125 1 0

Or Adl,
& 132-141', Brown, tacky clay, changing to sandy gravel0
0	 @ 133', changing to brown-gray clay @ 135'.

/ . 
019
A 141-155', Brown clay interbedded with sandy, coarse

' 	 , 	 gravel.
4 FO

155-160', Clayey, gravelly sand.

69-76', Brown plasticky clay.

tacky, slightly sandy clay.
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Appendix A.8. Lithologic log of monitor well SF-8.
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Location:	 (D-15-13)12cde	 Dote	 Drilling Started:	 6/20/84

Ground	 Elevation:	 2511.12	 Date	 Drilling	 Completed:	 6/20/84

Grain	 Size

Distribution Description	 of	 Materials

Remarks:

Total depth of borehole:	 160'
Bottom of casing:	 160'
Top of gravel pack:	 103'
Screened interval:	 110'-160'
Zone screened: upper
Centralizers placed at 40', 	 100',	 160'.
Static water level: 86.72' on 7/2/84

86.58' on 10/10/84

Screened section a bit low because water
w
m4w
cc
=
m

table originaly estimated at approximately
105'-110'	 foot range.
Some circulation difficulties around 50'.
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Appendix A.8--Continued.



Location: (D-15-13)13cdb	 Dote Drilling Started: 7/9/84

Ground Elevation: 2526,70	 Date Drilling Completed: 7/9/64

1 Des cription of Materials

147

Grain Size

Distribution

PERCENT
0	 50	 100

20-28', Sandy gravel with hard caliche.

28-43', Calcareous clay and caliche.

43-50', Fine sandy clay with occasional gravel; with
sandy gravel lease @ 45'-50'.

50-65', Stiff brown clay.

65-74', Very fine sandy brown clay.

75-119', Sandy gravel and cobbles; with clay lenses
@ 83' and 92',

119-143', Brown sandy clay gradating to light brown
sandy clay and gravel with white clay
lease @ 141'.

143-151' Reddish brown clay and sand.

Appendix A.9. Lithologic log of monitor well SF-9.
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Location: (D-15-13)13cdb	 Date	 Drilling Started: 7/9/84

Ground	 Elevation:	 2526.70	 Date	 Drilling	 Completed:	 7/9/84
Grain	 Size

Distribution Description	 of	 Materials

Remarks:

Total depth of borehole:	 151'
Bottom of casing:	 145'
Top of gravel pack: 90'
Screened interval: 95'-145'
Zone screened: upper
Centralizers placed at 58',	 98',	 158'.
Static water level: 87.90' on 7/20/84
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88.28' on 10/9/84
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Location: (D-15-13)12ccb	 Dote Drilling Started: 6/12/84

Ground Elevation: 2491.99	 Date Drilling Completed: 6/14/84

Distribution	 1 Des cription of M at er 1 a Is

20-34', Coarse sandy gravel interbedded with fine
lenses of caliche.

34-38', Brown, calcareous, silty clay interbedded
with sandy clay.

38-53', Brown, calcareous, silty clay interbedded
with white to brown sandy clay.

53-58', Clayey sand

58-103', Sandy gravel and cobbles with brown gravelly
clay from 88'-90'.

103-116', Brownish-gray sandy clay.

116-124', Clayey sand.
ILI 1250

150fi	 124-171', Gravelly, sandy brown plasticky clay.

175 171-176', Clayey, sandy gravel.

Appendix A.10. Lithologic log of monitor well SF-11.
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Location: (D- 15 -13)12ccb	 Dote °rifling Started: 6/12/84

Ground Elevation: 2491.99 	Dote Drilling Completed: 6/14/84

Grain Siz•

Distribution
Description of Materials

Remarks:

Total depth of borehole: 176'
Bottom of casing: 175'
Top of gravel pack: 95 ,

Screened interval: 95' - 175'
Zone screened: upper
Centralizers placed at 60', 120'.
'Static water level: 75.90 , on 7/25/84

75.50 1 on 10/5/84

Appendix A.10--Continued.
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Location: (D-15-13)12bcd	 Date Drilling Started: 6/18/84

Ground ElevatIon: 2497.05	 Date Drilling Completed: 6/19/84

Grain	 Size

Distribution 1 Description of Materials

PERCENT
50	 100

20-25', Sandy gravelly clay alternating with cemented
sand and gravel.

25-38', Mostly caliche with mixed sand, gravels and
clay. Solution channels in caliche-rock
from 36-38'.

38-69', Mostly clay with some caliche changing to
sandy silty clay with sand and gravel from
56 -58'.

69-112', Sand and gravel with clay lenses at 79'
and 102'.

112-129', Clay with minor sand.

129-140', Predominately clay alternating with sand
and gravel streaks.

140-158', Sand and gravel.

158-170', Brown sandy clay.

Appendix A.11. Lithologic log of monitor well SF-12.
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Location:	 (D-15-13)12bcd	 Date	 Drilling Started: 6/18/84

Ground	 Elevation: 2497.05	 Date Drilling	 Completed: 6/19/84

Grain	 Size

Distribution
Description	 of	 Materials

Remarks:

Total depth of borehole:	 170'
Bottom of casing: 168'
Top of gravel pack:	 102'
Screened interval:	 108'-168'
Zone screened: upper
Centralizers placed at 48',	 108',	 168'
'Static water level: 87.08' on 6/28/84

86.52'	 on 10/11/84

Loss of fluid circulation between 36'-50'
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Likely due to solution channels in fractured
caliche layer.
Drilling halted for borehole to be cemented
from 32'-52', then resumed in slightly
hardened cement.	 Circulation difficulties

0
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continue to 55'.
Some lower samples possibly contaminated
from upper gravel zones (appx.	 125' depth).
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Location: (D-15-13)11aab 	 Doti Drilling Started: 6/7/84

Ground El•v anon: 2476.85 	 Dots Drilling Complet•d: 6/8/84

Grain Size

Distribution I Description of Materials   

20-26', Calcareous, fine sandy clay.

26-35', Brown, calcareous clay interbedded with
hard caliche-mudstone.

35-44', Fine, sandy clay.

44-85', Mostly sandy gravel with cobbles and brown
sandy clay 0 69'-70'.

85-110', Brown, plasticky clay grading to white and
brown sandy clay to dense plasticky brown
clay.

110-130', Upper Pantano Formation; beige-white
clayey sand.

130-202', Upper Pantano Formation; beige-white
clayey, gravelly sand.

Appendix A.12. Lithologic log of monitor well SF-13.
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Location:	 (D-15-13)01cac	 Date	 Drilling Started: 6/7/84

Ground	 Elevation: 2476.85	 Date Drilling	 Completed: 6/8/84

Grain	 Size

Distribution
Description	of	Materials

Remarks:

Total depth of borehole: 202'
Bottom of casing:	 190'
Top of gravel pack: 106'
Screened interval:	 110'-190'
Zone screened: upper
Centralizers placed at 60',	 120',	 180'.
'Static water level:	 162.72' on 6/26/84

156.14'	 on 10/12/84

Some circulation problems at 53'.
w Occasional fluid losses from 53 , -59 ,

4.)
4 and again from 71'-75'.
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Grain Size

Distribution
Description of Materials

25

15 0

175

155

Location: (D-15-13)01dcc

Ground Elevation: 2502.68	 Date Drilling Completed: 6/11/84

PERCENT
0	 50	 100

Date Drilling Started: 6/11/84

20-24', Sandy clay with minor gravel.
24-28', Sandy gravel with increasing clay and caliche

near bottom. Cobbles @ 27.5-28'.
28-41', Fine grained gravel, sandy brown clay inter-

bedded with mudstone-caliche.

41-52', Sandy gravel.

52-80', Silty sandy clay changing to soft tacky sandy
clay with 2' fo sandy clays and gravel @ 57'.

80-87', Sand and gravel.

87-103', Clayey sand and gravel.

103-128', Sand and gravel, occasional sandy clay lenses.

128-165', Dense reddish clay with occasional sand.
White clay streak from 153'-155'.

Appendix A.13. Lithologic log of monitor well SF-14.
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Location:	 (D-15-13)01dec	 Date	 Drilling Started: 6/11/84

Ground	 Elevation: 	2502.68	 Date	 Drilling	 Completed: 6/11/84

Grain	 Size

Distribution
Description	 of	 Materials

Remarks:

Total depth of borehole:	 165'
Bottom of casing:	 130'
Top of gravel pack: 92'
Screened interval:	 100'-130'
Zone screened: upper
Static water level: 96.7' on 6/22/84
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94.43' on 10/5/84
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Location: (D-15-13)01cac	 Date Drilling Start•d16/6/84

Ground Elevation: 2487.39	 Dat• Drilling Completed: 6/6/84

1 Description oDistribution	 f Materials

Grain Size

157

25

25-67', Clean sandy gravel with interbedded fine,
sandy clay in bottom 17'.

67-91', Clays, switching from brown tacky clay to
white clay to tan, slightly sandy clay to
dark gray-brown sandy clay.

91-110', Clean gravel and sand with 3' of gray,
fine sandy clay CO 97'-110'.

•
w 125	 110-161', Sandy gravel with cobbles and interbedded

brown and gray clay layers. Cobbles up to
4" size.

15 0

161-173', Clay and brown clay with minor sand and gravel.

175
173-195', Upper Pantano Formation; Coarse sand and

gravel with white calcareous clay. Changing
to brown, gravelly clayey sand .
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Appendix A.14. Lithologic log of monitor well SF-15.
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Location: (D-15-13)01cac 	Dots Drilling Started: 6/6/84

Ground Elevation: 2487.39 Oats Drilling Completed: 6/6/84

Grain Siz•

Distribution
Description of Mat•rials

Remarks:

Total depth of borehole: 195'
Bottom of casing: 190'
Top of gravel pack: 105'
Screened interval: 110'-190'
Zone screened: upper
Static water level: 102.71' on 6/21/84

101.80' on 10/5/84

Water loss at 164'.

Appendix A.14--Continued.



Grain Size

Distribution
Description of Materials
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150
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Location: (D-15-13)13dbc 3 	Date Drilling Started: 6/27/84

Ground Elevation: 2532.47	 Date Drilling Completed: 6/27/84

PERCENT
50	 100

20-41', Brown sand with gravel and fragments of
indurated caliche.

41-56', Brown clay and white clay interbedded with
calcareous mudstone-caliche and gravelly,
clayey sand.

56-92', Varying amounts of brownish to brownish-gray
sandy clay with gravelly sand and occasional
caliche. Sand lense 83 14-85'. Soft green-
ish clay in upper 80' range.

92-115', Sandy, clayey gravel. Gravel coarser with
depth. Boulders around 110'. Clay @ 107',

115-120', Brown, slightly sandy clay.

120-138', Clayey, sandy gravel

138-144' Greenish-gray clay interbedded with sand.

Appendix A.15. Lithologic log of monitor well SF-16.
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Location: (D-15-13)13db03 	Dote Drilling Started: 6/27/84

Ground Elevation: 2532.47 	Date Drilling Connpleted: 6/27/84

Grain Size

Distribution
Description of M at •r I a Is  

Remarks:

Total depth of borehole: 144'
Bottom of casing: 140'
Top of gravel pack: 96'
Screened interval: 100'-140'
Zone screened: upper
Static water level: 92.65' on 7/11/84

92.41' on 10/11/84

Lost sample 1L5'-13D' due to stuck gate
on sample catcher. Circulation lost
occasionally around 130'-140'.  

Appendix A.15--Continued.
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Location: (D-15-13)02aca	 Dote DriHino Started: 6/5/84

Ground Elevation: 2461.66	 Date Drilling Completed: 6/6/84

Grain Size

Distribution Description of Materials   

PERCENT
o	 so	 loo 

20-32', Caliche and white clayey sand with gravel.

32-42', Sandy clay.

42-69', Sandy gravel with occasional clay ball.
Gravel 1" maximum.

69-78', Clay grading to sandy clay.

78-230', Upper Pantano Formation; Alternating
sandy gravels and gravelly sand with
clay lenses it 96'-98', 150'-155' and
170'-175'.

230-245', Formation becoming more clayey.

Appendix A.16. Lithologic log of monitor well SF-17.
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Location: (D-15-13)02aca	 Date Drilling Started: 6/5/84

Ground Elevation: 2461.66	 Date Drilling Completed: 6/6/84

Grain Size

Distribution
Description of Materials

Remarks:

Total depth of borehole: 245'
Bottom of casing: 240'
Top of gravel pack: 135'
Screened interval: 140'-240'
Zone screened: regional
Static water level: 153.10' on 6/13/84

147.20' on 10/6/84

Appendix A.16--Continued.
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Location: (D15-13)02aaa	 Dote Drilling Started: 5/31/84

Ground ElliVatiOn: 2461.37	 Date Drilling Compl•ted: 6/1/84

	Distribution	 I Description of Mat•ri o is

PERCENT
0	 50	 100

20-30', Clayey, sandy gravel.

30-40', Griviel with sand.

40-45', Coarse sand.

45-77', Gravel with sand and cobbles.

77-89', Alternating clean sand with sandy gravel.

89-99', Dense, plasticky clay with minor sand.

99-110', Gravelly clay.

110-160', Upper Pantano Formation; Sandy gravel
with clay. Appearance of caliche at 113'.

160-206', Formation changing to coarse gravel with
dense tacky clay.

Grain Size

Appendix A.17. Lithologic log of monitor well SF-18.
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Location: (D-15-13)02aaa
	 Doti, Drilling Started: 5/31/84

Ground Elevation: 2461.37	 Date Drilling Completed: 6/1/84
-

Grain Size

Distribution
Description of Materials

Remarks:

Total depth of borehole: 226.7'
Bottom of casing: 220'
Top of gravel pack: 135'
Screened interval: 140'-220'
Zone screened: regional
Static water level: 155.67' on 6/11/84

149.68' on 9/6/84

Appendix A.17--Continued.
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Location:	 (D-15-13)01bcb2 	Date Drilling Started: 5/14/84

Ground Elevation: 2469.56	 Date Drilling Completed: 5/16/84

Grain Size

i stri but Ion Description of Materials  

PERCENT
50	 100

25
20-45', Insufficient sample, mostly tan dust

(clay and caliche?).

45-55', Sandy red clay and gravel.

55-90', Sandy gravel with occasional clay.

90-119', Mostly dense, silty clay and dense tacky
clay with occasional sand. Medium fine
sand layer from 97-105'.

119-136'. Upper Pantano Formation; Coarse gravel
and sand.

150

136-145', Formation changing to brown, gravelly sand
with minor clay.
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o
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175

Appendix A.18. Lithologic log of monitor well SF-19.
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Locoflom (D - 15 - 13)01bcb2 	Dote Drilling Started: 5/14/84

Ground Elevation: 2469.60	 Date Drilling Completed: 5/16/84

Grain Size

Di st ri butio n
Description of Materials

PERCENT
0	 50	 10 o

Remarks:

Total depth of borehole: 405'
Bottom of casing: 400'
Top of gravel pack: 292'
Screened interval: 300'-400'
Zone screened: regional (lower)
Static water level: 161.00 on 6/5/84

155.25 on 10/12/84
Circulation difficulties from 110'-140'.
Sample depth and geolograph off by 8' at
end of drilling. Values described set by
geoligraph may be off by this 8'. Discovered
at 185', rectified at 230'.

Appendix A.18--Continued.
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Location: (D15-13)01bcb 3 	Dote Dri111119 Started: 1

Ground Elf1V01/011: 2469.60'	 Dote Drilling Conmpleted: 1

Distribution	
f Description of Materials

PERCENT
o	 so	 100

Groin Size

0-45', Mostly gravelly sand, minor clay with
traces of caliche.

45-55', Reddish, silty clay with sand.

55-90', Sandy gravel.

90-120', Dark brown clay to reddish clay with
thin sandy clay lenses in lower portion.

120-135', Sand and gravel in clay.

135-140', Sandy, silty, light brown clay.

140-221', Upper Pantano Formation; clayey, sandy
gravel.

Appendix A.19. Lithologic log of monitor well SF-20.
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Location: (D-15-13)01beb 3 	Date	 Drilling	 Started , 	1

Ground	 Elevation:2469.60'	 Date	 Drilling	 Completed:	 1

Grain	 Size

Distribution
Description	 of 	Materials

Remarks:

1.	 Originally drilled dry to 145' on 4/26/84
then drilled wet on 5/21/84

Total depth of borehole:	 221'
Bottom of casing:	 215'
Top of gravel pack:	 115'

'Screened	 interval:	 115'-215'
Zone screened: regional (upper)
Static water level:	 121.87'	 on 6/7/84

116.13'	 on	 10/3/84
ta Water originally struck at 140' when
u
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drilled dry.
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Location: (D-15-13)12 dbc i

Ground Elevation: 2483.23

Dots Driliing Start•d; 6/12/84

Oats Drilling Compl•ted: 6/12/84

Grain Size

Distribution
Description of Mat e ri a Is

PERCENT
0	 50	 100

20-23', Sandy caliche.

23-48', Alternating beds of sandy gravel, minor clay
with sandy gravels and sandy clays with oc-
casional cobbles.

48-64', Brown hard clay grading to brown, sandy clay
with gravel grading to gray-green clay 0 58'.

64-94', Mostly sandy gravels with some clay and clay
fragments (caliche?).

94-103 , Clayey, gravelly sand.

103-126, Soft, sandy, tacky clay. Occasional bits of
hard, red clay 0 103-110.

126-148', Gravelly sand. Changing to sandy clay at
148-161' with a white clay streak at 157'.
Becoming clayey, sand and gravel at 161-175'.

169

Appendix A.20. Lithologic log of monitor well SF-21.



Location: (D-15-13)13dbc 1 	Date Drilling Started: 6/4/84

Ground Elevation: 2483.23	 Date Drilling Completed: 6/5/84

Grain Size

D i stributio n
Description of Materials

Remarks:

Total depth of borehole: 175 1

Bottom of casing: 172'
Top of gravel pack: 121'
Screened interval:
Zone screened:
Centralizers placed at 45', 105 1 , 165 1 .
'Static water level: 99.19' on 6/19/84

98.69' on 10/4/84.

170

Appendix A.20--Continued.
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Appendix B.4. Geophysical logs for monitor well SF-6.
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Appendix B.6. Geophysical logs for monitor well SF-14.
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