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ABSTRACT

Allen Flat is a small, intermontane basin in

southeastern Arizona. The subsurface hydrology of the

region was characterized by integrating geologic,

hydrologic, and chemical data.

Three aquifer systems were identified. Mountains and

upland areas that border Allen Flat store ground water in

bedrock aquifers and perched aquifers along washes. Basin

alluvium constitutes the largest aquifer. Head measurements

and drilling records indicate that the basin aquifer is

semi-confined, heterogeneous, recharged near mountain

fronts, discharged largely as underf low, and in hydrologic

equilibrium.

Groundwater quality is generally good, with local

evidence of high fluoride waters and septic tank

contamination.

Major ion and stable isotope data were used to describe

the chemical evolution of both mountain-front and basin wide

groundwater systems. A qualitative and quantitative

analysis of these data provided better definition of

recharge zones and groundwater flow patterns, identified

distinct water-bearing zones, explained the dynamics of a

small geothermal system, and suggested regional

paleoclimatic changes.
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CHAPTER 1

INTRODUCTION

Location and Geographic Setting

Allen Flat is a small, intermontane basin in

southeastern Arizona. It is about 50 miles (80 km) east of

the city of Tucson within the San Pedro River Basin, Cochise

County (Figure 1). Important towns in the region include

Benson, Willcox, and Dragoon.

Allen Flat is rectangular-shaped, and covers an area of

approximately 125 square miles. The long axis of the basin

is roughly 25 miles in a northwesterly direction and 5 miles

wide. To the south, it divides into two arms, one trending

southwest toward Benson, and the other southeast toward

Dragoon.

The study area is bounded by three mountain ranges and

several hills (Figure 2). The Galiuro Mountains border the

basin to the north and west, and the Winchester Mountains

lie to the east. The former reach an elevation of 7650 feet

(2332 meters) above mean sea level, and are the heighest

peaks in the area. The Steele Hills and Gunnison Hills

define the southeastern boundary of Allen Flat and the

Johnny Lyon Hills rise to the southwest. The Little Dragoon

Mountains outline the southern boundary of the basin.

From the center of Allen Flat, the land slopes gently
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Figure 1. Location of the Allen Flat Basin, Arizona.
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toward the mountains and hills and is locally disected by

washes. Major drainages are Bass and Hot Springs Canyons to

the north and Kelsey Canyon and Tres Alomos Wash to the

south.

Previous Work

The geology of Allen Flat was first documented in the

Geologic Map of Cochise County, Arizona, published in 1959

by the Arizona Bureau of Mines. Later, Cooper and Silver

(1964) completed a thorough geologic study of the southern

half of the basin, focusing on the geology and mineral

deposits of the Dragoon Mountains. Most recently, Dickenson

and others (1987) mapped the structure and stratigraphy of

the southwestern Galiuro Mountains which bound the study

area to the west.

Prior to my work, the hydrology and groundwater

geochemistry of Allen Flat had not been examined in detail.

Heindl (1952) briefly described the hydrogeology of the area

in his study of the San Pedro River Basin. In a later

investigation, Putman and others (1987) summarized the local

surface and groundwater conditions as part of their

assessment of water resources in the Upper San Pedro Basin.

Objective of Study

The objective of this thesis is to further characterize

the subsurface hydrology of the Allen Flat Basin.	 The
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results of studies in geology, hydrology, and geochemistry

are presented and integrated. In Chapter 2, geologic data

are used to describe the bedrock, structure, and alluvium in

the area. A brief description of surface water conditions

is given in Chapter 3 followed by a more detailed discussion

of the hydrogeology in Chapter 4. The latter includes

sections on aquifers, groundwater movement and development.

Regional groundwater chemistry is addressed in the next

four chapters from analyses of major-ions and the stable

isotopes of oxygen, hydrogen, and sulfur. In Chapter 5,

major-ion data are used to classify types of ground water

and assess water quality in Allen Flat. This chapter also

reviews procedures used to collect and analyze ground water

samples. In Chapters 6 and 7, geochemical processes are

examined that affect the ground waters and offer a clue to

their origin and chemical evolution. A qualitative

description of these processes is given in Chapter 6

followed by a quantitative analysis in Chapter 7 that

incorporates chemical models. The origin of the ground

waters is further examined in Chapter 8 with the aid of

isotope data. Chapter 9 reviews the thesis and offers

recommendations for additional study.

The motivation of this work is to futher our

understanding of the geochemistry and occurrence of ground

water in arid regions. Allen Flat is well-suited for such a

study because it affords adequate sampling sites and yet
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remains largely unaffected by groundwater development. It

is hoped that this work will set the stage for future

hydrologic studies in the region and at least benefit

present landowners and potential developers by better

defining local groundwater resources.
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CHAPTER 2

GEOLOGY

Introduction

The Allen Flat basin lies within the Mexican Highland

section of the Basin and Range physiographic province

(Cooper and Silver, 1964). This section is characterized by

predominantly north-west trending mountain ranges that

extend from central Mexico north into parts of western New

Mexico and southern Utah and Colorado. The mountains are

divided locally by long, narrow alluvial basins.

The geology of the region is complex, and will be

addressed here only with reference to the study area. The

discussion that follows is divided into three sections. The

first section reviews the geology of the highlands that

border Allen Flat. In the second section, geologic

structures are described that were important in forming the

basin. The stratigraphy of the basin alluvium is reported

last.

Although the focus of this thesis is the geochemistry

and occurrence of ground water in Allen Flat, consideration

of the local geology is important for several reasons.

Structural features for example may help to define the flow

boundaries of the basin. Bedrock geology can be used to

infer the composition of the alluvium. The latter is

significant in interpreting the regional groundwater
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geochemistry, particularly the processes controlled by

water-rock interactions.

Geologic logs are available from several wells in the

study area. The locations of the wells are shown in Figure

3 and their logs are given in Appendix 1. Reference to

these data are made throughout the chapter.

Highlands

The mountains that border the northern half of Allen

Flat are composed primarily of volcanic rocks (Figure 4).

Thick beds of Tertiary andesites and rhyolites are exposed

in the Winchester Mountains to the east and along the

Galiuro Mountains to the north and west. Quaternary basalts

also crop out at the northern end of the Winchester

Mountains, but are less extensive. The only sedimentary

rocks in this part of the basin consist of a band of

Tertiary conglomerates, sandstones, and shales that flank

the western slopes of the Galiuro Mountains (Dickenson and

others, 1987).

The southern half of the Allen Flat basin is flanked by

a discontinuous belt of Mesozoic and Paleozoic sedimentary

rocks nearly 6000 feet thick. (Cooper and Silver, 1964). In

the Little Dragoon Mountains and Johnny Lyon Hills, these

rocks comprise a comformable sequence of sandstones, shales

and limestones that overlie Precambrian basement rocks.

Along the Steele Hills and north into the Winchester
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Figure 3. Location of wells with geologic logs.



LEGEND

Au	 Younger Precambrian and Cambrian limestone, shale,
quartzite and conglomerate

CDI	 Carboniferous and Devonian limestone, shale,
sandstone, and quarzite

Et	 Cambrian and Ordovician quarzite and limestone

gr	 Older Precambrain granite

Ks	 Cretaceous shale, sandstone, limestone

Ps	 Permian limestone, sandstone, and shale

Qb	 Quaternary basalt

Qs	 Quaternary gravel, sand and silt

QTs	 Quaternary and Tertiary clay, sand, gravel, and
conglomerate

rhy Older Precambrian rhyolite

sch Older Precambrian schist

Ta	 Tertiary andesite

Tgr	 Tertiary granite and related crystalline intrusive
rocks

TKs	 Tertiary and Cretaceous sandstone, shale, and
conglomerate

Tr	 Tertiary rhyolite
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Figure 4. Geology of the study area
(after Arizona Bureau of Mines, 1959).
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Mountains, the sedimentary sequence is partially covered by

Tertiary volcanic flows.

Geologic logs were collected from four water wells

drilled in the mountains. The logs provide an indication of

the thickness of the rock units described above. Within the

Galiuro Mountains, over 300 feet of layered rhyolites and

andesites were recorded in wells 8 and 29. Nearly an equal

depth of volcanic ash was reported from well 30 along the

southern end of the Winchester Mountains. Further south, in

the Little Dragoon Mountains, well 43 penetrated more than

300 feet of shales.

Structure

The bedrock surrounding Allen Flat is separated from

the basin alluvium by high angle normal faults (Heindl,

1952). Eberly and Stanley (1978) believe that these faults

were active during the Miocene period when, throughout the

southwestern United States, the crust was broken into series

of uplifted (horsts) and depressed (grabens) fault blocks.

Subsequent to Miocene time, large volumes of sediment

were shed from the uplifted areas, filling the valleys below

and covering over many of the faults. A few exposures of

the faults can still be seen within the study area. These

lie primarily in a north-northwest direction and are found

in the Galiuro and Winchester Mountains to the north and the

Steele and Gunnison Hills to the southeast (Cooper and
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Silver, 1964; Dickenson and others, 1987).

Little is known of the subsurface structure of the

basin. Gravity measurements have been taken in the study

area, but the available data are insufficient to make an

interpretation (Loy, 1988). General conclusions about the

region can nevertheless be drawn from investigations of

other alluvial basins in southern Arizona.

These studies have shown that many of the basins formed

within deep, intensely faulted grabens and half-grabens

(Pool, 1985). Less intesely faulted blocks usually flank

the grabens and extend stepwise into the hills and

mountains. Data presented in the following section indicate

that near the boundary of Allen Flat, the fault blocks drop

down sharply into the basin.

Basin Alluvium

The sediment fill within Allen Flat thickens rapidly

close to the edge of the basin. This is evident from the

geologic logs of four water wells ( 2, 19, 34, and 47 )

drilled along the eastern border of the study area.

Although the wells are all within a mile of exposed bedrock,

they encountered from 550 to 1180 feet of alluvium. Well

19, in particular, penetrated 1180 feet of conglomerate and

is the deepest well in the basin not to hit bedrock. The

total depth of alluvium is unknown.

Mapping from surface exposures, Cooper and Silver
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(1964) identified three stratigraphic units within the

alluvium:

(a) older alluvium,

(b) pediment gravels,

(c) recent stream deposits.

The older alluvium is probably Miocene to Pliocene in age,

and is overlain locally by Quaternary pediment gravels and

stream deposits (Dickenson and others, 1987). The lithology

and distribution of these sediments is addressed below.

Older alluvium

The older alluvium consists of gravels, sands, and

clays that lie unconformably on bedrock (Cooper and Silver,

1964). Thick deposits of the gravels have accumulated near

the mountain fronts and interfinger with finer sediments at

the lower ends of the basin. This sequence is observed near

the base of the Winchester Mountains, where over 1100 feet

of gravels were reported in well 19. About six miles to the

southwest, well 28 penetrated less than 100 feet of gravels,

but greater than 300 feet of sands and clays.

The composition of the alluvium is related directly to

the bedrock bordering the basin. Sediments were derived

primarily from two sources around Allen Flat - the volcanic

rocks of the Winchester and Galiuro Mountains to the

northeast, and the sedimentary rocks of the Little Dragoon

Mountains to the south. The sediments shed from these areas

interfinger in the southern half of the basin, roughly along
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a line between the Johnny Lyon Hills and the Steele Hills

(Cooper and Silver, 1964).

To the north, the volcanic sediments form outcrops of

well-bedded sand and gravel conglomerates that are

moderately well-cemented with calcite. Well data indicate

that at depth, the deposits are quite heterogeneous. Well

1, for example, was drilled into over 400 feet of gravels

and less than 10 feet of clays. Two miles to the southeast,

at well 2, more than 400 feet of clays were encountered.

The sediments at the southern end of the study area

appear to be more uniform. Thick beds of clays and boulders

were reported in four wells drilled here - wells 14, 32, 38,

and 48. These deposits may grade into lake beds identified

further south beneath the San Pedro River (Heindl, 1952).

Evidence of lake deposits or evaporites, however, are

lacking in Allen Flat.

Pediment gravels and stream deposits

The older alluvium is covered locally by thin beds of

unconsolidated pediment gravels and stream deposits. The

pediment gravels are usually less than 25 feet thick and

cropout near the hills and mountains (Cooper and Silver,

1964). At Kelsey Canyon, over 100 feet of these gravels are

exposed, probably shed from the nearby Johnny Lyon Hills.

Recent stream deposits are less extensive and are restricted

to washes that have been cut into the basin.
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CHAPTER 3

SURFACE WATER HYDROLOGY

Climate

The climate of the region is semi-arid, with hot, dry

summers and mild winters. Temperatures commonly rise over

35 °C during the summer and fall below freezing in the
winter. At nearby Benson and Willcox, mean annual

temperatures of 17.9 °C and 15.3 °C are reported,

respectively (Cooper and Silver, 1964).

Allen Flat receives much of its precipitation during

the months of July and August when intense, short-lived

thunderstorms are common. A rainy period also extends from

December to March, and is characterized by gentle rains and

cooler temperatures. The driest months are April, May and

June.

Figure 5 illustrates the distribution of precipitation

over the area. As expected, the greatest precipitation is

recorded near the mountains where up to 22 inches (559 mm)

falls each year. Annual precipitation for the lower sections

of the basin probably averages about 14 inches (356 mm).

Precipitation maps like that illustrated in Figure 5

serve as a valuable tool in locating regions of groundwater

recharge (Robertson, 1988). Alluvial aquifers in the desert

southwest are generally thought to be recharged along washes
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(after University of Arizona, 1965).
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near mountain fronts where precipitation is high. At lower

elevations, where precipitation is less intense, evaporation

is believed to largely restrict groundwater infiltration.

In light of this, Allen Flat probably recieves most of

its groundwater recharge along the Galiuro and Winchester

Mountains to the north and west, and along the Little

Dragoon Mountains to the south. The observation is

supported by water level measurements presented in the next

chapter and isotope data in Chapter 8. No attempt is made

here to determine the quantity of recharge entering the

basin.

Runoff

A drainage divide trending northeast-southwest extends

across the center of Allen Flat. North of the divide, basin

runoff is channeled through Hot Springs Canyon and

eventually joins the San Pedro River to the northwest (refer

to Figure 2). Runoff south of the divide flows into either

Kelsey Canyon or Tres Alamos Wash, both of which also drain

into the San Pedro Valley.

Most streamflow in the area is intermittent, and only

occurs after appreciable rainfall. In fact, to intercept

the periodic runoff, local ranchers have dug large pits

along washes as a means of providing water for their cattle.

Two perennial streams are found along the northern

boundary of the basin. In Bass Canyon, flow is perennial
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for several miles above its confluence with Hot Springs

Canyon. A stream in Hot Springs Canyon also flows

throughout the year, fed locally by springs. Both streams

are home to five species of native fish, including the

endangered Gila Chub. Plans have been made by the Nature

Conservancy, which manages a wildlife preserve in the area,

to begin measuring the streamf lows (Dummer and Nedeff,

1988).

An estimate of the total volume of surface runoff

leaving the Allen Flat basin each year was made in 1987 by

Putman and others. They calculated that annually about

3,600 acre-feet of water flows into the San Pedro River

Basin from the study area. Of this, 1,700 acre-feet is from

Tres Alomos Wash, 1,500 acre-feet is from Hot Springs

Canyon, and 400 acre-feet is from Kelsey Canyon. Values

were determined from an equation by Moosburner (1980) that

relates discharge to drainage area and average

precipitation.
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CHAPTER 4

HYDROGEOLOGY

Aquifers 

Ground water in the study area occurs in three geologic

units:

a) bedrock,

b) older alluvium

c) recent stream deposits.

Each unit is a source of springs and has been tapped by

water wells. The location of the wells and some important

springs are shown in Figure 6. A description of the

aquifers is given below.

Bedrock

The bedrock that borders Allen Flat stores a limited

amount of water in fractures and along bedding surfaces

(Heindl, 1952). Drilling indicates that the water is

locally under pressure. Artesian heads of 51 feet and 50

feet are reported in wells 8 and 16, respectively. These

values are based on the difference between the most recent

water level measurement and the elevation that the driller

first encountered water. None of the wells drilled into

bedrock is flowing.

Ground water is also discharged from the bedrock
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Figure 6. Location of selected wells and springs.
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through springs. Small perennial springs are common in

volcanic rocks along the northern boundary of the basin.

One in particular, Riggs Seep, is said by a rancher to have

begun flowing after a earthquake.

Older alluvium

The largest aquifer in the study area consists of the

older alluvium that fills the basin. Bedrock bounds the

bottom and sides of this aquifer and for practical purposes

serves as an impermeable boundary.

Drilling reports suggest that the alluvial aquifer is

semi-confined and extends below most of the surface of Allen

Flat. Water levels in wells 14 and 32b rose 29 feet and 4

feet, repectively, after penetrating the aquifer. Both

wells are in the southern half of the basin and pump water

from deposits of interbedded clays and gravels. Wells 1 and

47 also encountered water under pressure. These wells were

drilled into thick beds of conglomerates that produced

artesian heads of 31 feet and 47 feet, respectively.

Other wells in the basin discharge water from clays,

sands, gravels, and conglomerates. In the southern half of

Allen Flat, most ground water is removed from widespread

deposits of interbedded clays and gravels. In the northern

half of Allen Flat, the water-bearing units are less

continuous and pinch out locally.

A few springs issue water from the older alluvium.
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Three in particular occur in conglomerates along the

northwestern edge of the basin - Hookers, Warm, and NO

springs. The first two are thermal springs with water

temperatures of 51.5 and 32.5 °C, respectively (Mariner and

others, 1977; Swanberg and others, 1977). The third spring

is cooler (13 °C) and used to water cattle.
Each of the springs named above is near a fault, which

suggests their origin. In the case of Hookers and Warm

springs, faults may also explain how the ground water is

heated. The thermal water probably results from surface

water that drains down faults, is heated at depth, and

returns to the surface along other faults. Chemical data

presented later in this thesis indicates that the source of

these waters is meteoric.

Recent stream deposits 

Small, perched aquifers have formed in several washes

near the mountains and hills around Allen Flat. Water is

stored in unconsolidated sands and gravels that overlie less

permeable bedrock and older alluvium. The older alluvium

probably receives most of its recharge through these

deposits, although by themselves the sediments are generally

not an important source of water.

Ranchers have dug numerous wells into the washes and

report that water tables commonly drop during the summer

months. I visited two hand dug wells in the Winchester
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Mountains in late May and found both dry.

Where the perched aquifers intersect the surface, seeps

and springs have formed. A large seepage area exists about

a mile west of the Winchester Mountains, named

appropriately, The Seeps. Here, water drains from stream

sediments that cover older alluvium. Smaller seeps and

springs were also observed near the Winchester Mountains and

in the Galiuro Mountains to the north.

Perched aquifers further account for the perennial

streams found along Bass and Hot Springs Canyon.

Streamf lows vary here from season to season, evidence of

fluctuating aquifer levels. Where the aquifers do not

intersect the surface, long reaches of streambed remain dry

throughout the year.

Groundwater Movement

The piezometric surface was mapped to establish the

direction of groundwater movement in Allen Flat. Wells were

visited and water levels measured where possible with a

steel tape or an electric well sounder. Water levels for

wells not measured were obtained from files at the U.S.

Geological Survey in Tucson, Arizona and from the accounts

of owners and drillers. All of the water level data is

listed in Appendix 2, including information regarding well

construction and use.

Figure 7 is a contour map of the piezometric surface.
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Figure 7. Contour map of the piezometric surface.
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Contour lines have been drawn over the basin assuming that

the surrounding bedrock is impermeable. Elevations of

perched water tables and water levels in bedrock wells are

shown on the map, but have not been contoured.

Flow lines drawn perpendicular to the contours indicate

that ground water enters Allen Flat from the Winchester

Mountains, and to a lesser extent from the Little Dragoon

Mountains. This confirms the precipitation data described

earlier that suggested that recharge would be significant

along the mountain fronts. The only underf low entering the

basin occurs to southeast, between the Gunnison Hills and

Little Dragoon Mountains.

From the recharge areas, ground water flows to the

north and south and is discharged from the basin largely as

underf low. In the southern half of Allen Flat, ground water

is discharged through Tres Alomos Wash and Kelsey Canyon to

the southeast and between the Steele Hills and Gunnison

Hills to the southwest. In the northern half of Allen Flat,

ground water is discharged through Hot Springs Canyon. Much

of this water eventually reaches the San Pedro River Basin

to the west or the Willcox Basin to the east. The quantity

of water that leaves the basin as underf low is unknown

because the hydraulic conductivity and saturated thickness

of the alluvium have not been determined.

Additional ground water is lost from the study area

through evapotranspiration, discharge from springs and
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perennial streams, and development by man.

Evapotranspiration may be important along some of the washes

where phreatophytes are well-developed. Ground water lost to

springs and the perennial streches of Bass and Hot Springs

Canyons is considered minimal since this water mainly

infiltrates back below the surface. As will be shown in the

following section, groundwater development in Allen Flat has

also been negligible.

GroundWater Development

Water use in the study area has been limited to

livestock and domestic supplies (Appendix 2). Water is

obtained primarily from small wells and a few springs are

utilized as a source of water for cattle. Well yields

measured by the author ranged from a high of 31 gpm to less

than 1 gpm.

Because little ground water is consumed, Allen Flat is

essentially in hydrologic balance. This is evident by

comparing water levels in the region over the past 20 to 50

years. Table 1 lists recent and historic water level data

from selected wells.

Water levels in wells drilled into older basin alluvium

have changed little over the period, indicating a reliable

source of ground water. Water levels in recent stream

deposits have fluctuated more, and seem to be affected by

both seasonal and long term trends. Data are not available



Table 1. Recent and historic water levels from
selected wells in the Allen Flat area.

Elevation of
water surface	 Date of

Well Number	 (feet)
	

Measurement

Older alluvium

01	 4210	 06-24-42
4211	 06-04-88

09	 4208	 00-00-48
4223	 06-02-88

15	 4257	 04-17-68
4255	 05-14-88

21	 4221	 04-18-68
4216	 03-14-88

22	 4213	 04-18-68
4205	 05-14-88

Recent stream deposits

03	 5085	 07-00-51
5099	 03-12-88

11	 5012	 00-00-51
5026	 03-12-88

38
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to evaluate water level fluctuations in the bedrock.

The depth to ground water in Allen Flat is shown in

Figure 8. Contours have been drawn over the older alluvium

and show that the depth to ground water increases near the

mountains and most of the hills. Future groundwater

developers should be aware that deep wells will be needed in

these areas. Shallow wells could be drilled more cheaply

into the perched water tables along the washes, but they

would not provide as reliable a source of water.

The long-term yield capabilities of the aquifers have

not been determined. No aquifer tests have been conducted

in the study area, and considering the heterogeneity of the

water-bearing formations, assigning values to the hydrologic

parameters would be difficult. Heindl (1952), nevertheless,

estimated that the specific yields of the older alluvium and

recent stream deposits were 2 % and 15 %, respectively.

Transmissivity values were not reported.
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Figure 8. Contour map of the depth to ground water.
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CHAPTER 5

MAJOR-ION CHEMISTRY

This chapter describes the major-ion chemistry of

ground waters from the study area.	 The discussion that

follows is divided into four sections. The first two

sections review field sampling and laboratory analyses. In

the third and fourth sections, types of ground water are

classified and water quality in Allen Flat is assessed.

Geochemical processes affecting the ground water are taken

up in Chapters 6 and 7.

Sampling Program

Analyses of major ions and silica are available from 34

wells and springs in Allen Flat. Of these, 16 sites were

sampled either by Mariner and others (1977), Swanberg and

others (1977) or the U.S. Geological Survey before the

present study was begun. The location of sites previously

sampled are shown in Figure 9 and their chemical data are

listed in Appendix 3. Note that a few of the earlier

analyses are incomplete, lacking values for one or more

basic constituents.

Seven of the locations described above ( 9, 14, 17, 19,

37, 40 and 43) were resampled by the author, as well as 18

additional sites with no prior analyses. Field sampling was



Figure 9. Location of wells and springs sampled prior
to this study.

42



43

conducted during three periods; March 12-18, 1988, June 2-5,

1988 and November 11, 1988. Sample sites had been chosen in

advance to further characterize the distribution and

chemical evolution of ground waters within Allen Flat. The

actual number of samples that could be obtained was limited

by site conditions and access.

The location of wells and a spring sampled by the

author are shown in Figure 10. Eighteen samples were taken

from the older alluvium, four from bedrock wells, and three

from stream deposits in the mountain fronts.

Procedures used to collect groundwater samples and

conduct field analyses are outlined in Barcelona and others

(1985) and Wood (1976). Before samples were collected,

wells were pumped until measurement of three parameters-

temperature, pH, and conductivity - had stabilized. At

least three sets of these measurements were taken at five

minute intervals until the pH readings differed by no more

than + .02 . The same procedure was used before collecting

samples from windmills and a spring. Final readings taken

in the field are listed in Appendix 3.

Two of the wells visited ( 25 and 38 ) had pressure

tanks. Outgassing of carbon dioxide was observed in ground

waters from both wells, making it difficult to get a true

measure of pH. For these wells and several sampled earlier

by the U.S. Geological Survey, pH values were estimated by

the author where possible using data from nearby wells (see



Figure 10. Location of wells and a spring sampled
during this study.
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Appendix 3).

Following parameter stabilization, groundwater samples

were passed through a .45 Am filter and transfered to

polyethylene bottles for storage. During filtration, iron

residue collected on filters from five wells - 4, 5, 15, 19,

and 36. Rusted well casing probably accounted for most of

this iron and seemed particularly likely for two wells, 4

and 5, that had not been pumped for over 3 months.

Two filtered samples were taken from each site for

later analysis in the laboratory - one preserved with acid

for analysis of cations, and a second, unacidified sample

for analysis of anions and silica. On the first sampling

trip, a third filtered sample was also collected and

preserved with crystalline phenol for analysis of nitrate

and phosphate. On the second and third sampling trips, a

third sample was not collected. Rather, to prevent

biodegradation of nitrate and phosphate, the unacidified

samples were refrigerated after completion of each day of

field work.

Lastly, alkalinity titrations were conducted in the

field on filtered samples using a .018 N H2SO4 titrant, a

buret, magnetic stirrer and pH meter. Alkalinity values are

listed in Appendix 3. No other unstable constituents were

measured in the field.
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Laboratory Analysis

Groundwater samples collected for this study were

analyzed by the author at the University of Arizona.

Concentrations of major ions were determined at the

Department of Soil and Water Sciences and silica

concentrations were determined at the Department of

Hydrology and Water Resources. All samples were analyzed

within 1 month after field collection. The results of the

analyses are listed in Appendix 3.

Cations were analyzed on a Model IL951 Atomic

Absorption (AA) / Atomic Emmision (AE) spectrophotometer

with detection limits of .1 mg/1 . Operating procedures for

the instrument were outlined by Artiola (1988).

Sodium (Na) and potassium (K) were detected on the AE

mode using a double channel setup. The double channel setup

permitted both cations to be analyzed simultaneously.

Calcium (Ca) and magnesium (Mg) were detected on the AA

mode, also with a double channel setup. Before analysis of

the divalent cations, a 1% lanthanum solution was added to

samples to prevent matrix interferences. Filtered,

acidified samples were used for all of the cation analyses.

Anion concentrations were determined with a Dionex

Model 23201 ion chromatograph (IC). Several anions were

measured during each sample run - bromide (Br -), chloride

(C1 - ), fluoride (F- ), nitrate (NO3 - ), phosphate (PO4 3- ) and

sulfate (SO4 2-). Filtered, unacidified samples were used
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for these analyses and instrument operating procedures were

developed by Artiola (1988). Detection limits for the ion

chromatograph were .1 mg/l.

The first group of samples analyzed on the IC contained

phenol, added to prevent bacterial degradation of nitrate

and phosphate. The additive produced unexpected matrix

interferences, however, causing computed concentrations of

chloride and fluoride to be inaccurate. To correct the

problem, filtered, unacidified samples without phenol were

tested on the IC. This avoided the problem of interference,

and interestingly, concentrations of nitrate and phosphate

were found to be essentially unchanged. The results

demonstrated that little, if any, biodegradation had

occurred in the unpreserved samples after collection.

Nevertheless, as a precaution, the second and third set of

unacidified samples taken from the field were kept

refrigerated before analysis on the IC.

To evaluate the accuracy of the analyses described

above, charge-balance error, E, was calculated for each

sample. The charge-balance error is defined as follows:

E (%) =  cations (meq/l) - anions (meq/l) X 100 % (1)

cations (meq/l) + anions (meq/l)

Values of E that fall within + 1 - 2 % generally indicate

that an analyses is accurate and complete (Hem, 1985).

Higher values may be caused by either poor analytical

techniques, failure to analyze one or more important ions,
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or both.

Appendix 3 lists charge-balance errors for samples

collected in this study as well as those collected earlier.

In total, four samples had errors greater than 2 % ; 16 (-

3.78%), 18 (-2.97%), 29 (+5.62%), and 49 (-4.99%). Sample

16, collected by the author, was reanalyzed but the results

did not improve. The source of error for this and the other

samples was not determined. Still, because the errors

listed are relatively small and chemical data are sparse in

the Allen Flat area, these analyses will be included in

discussions that follow.

Silica is not included in the charge-balance

calculations described above because, at the pH of the

ground waters sampled, it occurs primarily as the neutral

species, H4SiO4. For this study, silica concentrations were

determined using a colorimetric procedure developed by

Strichland and Parsons (1968). Samples were analyzed on a

Beckman UV-Vis spectrophotometer with detection limits of .2

mg/1 Si02.

By summing the measured concentrations of Si02 and

major ions, total dissolved solids (TDS) was calculated for

each sample (Appendix 3). It is important to note that this

summation is an approximation of the total content of

dissolved matter in the ground waters. Additional analyses

of minor and trace constituents or sample evaporation are

necessary to obtain an accurate total. Nonetheless, for the
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purposes of this thesis, the values given are adequate.

Classification of Water Types

Based on the dominant cation and anion in each sample,

ground waters from Allen Flat can be classified in two

groups -calcium-bicarbonate waters (Ca-HCO3) and sodium-

bicarbonate waters (Na-HCO 3). The two groups are well-

distributed over the study area, although the former is

greater in number (Figure 11). Out of 31 analyses, 20 are

Ca-HCO3 and 11 are Na-HCO 3 .

To further characterize the samples, and perhaps

uncover a relationship between them, ground waters were

grouped into three classes on the basis of the location of

sample sites:

a) ground water in mountain-front areas,

b) ground water in northern Allen Flat,

C) ground water in southern Allen Flat.

Ground water in mountain-front areas includes samples taken

from washes and bedrock wells along the Winchester, Galiuro

and Little Dragoon Mountains (Figure 12). The remaining

samples were collected from the basin, and are separated

into two classes depending on their relationship to a

groundwater divide. The divide lies between the Winchester

Mountains and Kelsey Canyon, roughly perpendicular to the

long axis of Allen Flat (Figure 12).

Samples from the three groundwater classes are plotted
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Figure 11. Groundwater types based on dominant ions.
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Figure 12. Division of groundwater samples based on
site location.
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in Figure 13 on a trilinear diagram, as described by Piper

(1944). Trilinear plots serve as a valuable tool in water-

analysis interpretation. They can provide evidence for

mixing of ground waters between aquifers as well as identify

chemical processes affecting these waters (Cheng, 1988).

The latter is especially important in studying chemical

evolution of ground waters along flow paths.

Note in Figure 13 that with the exception of wells 30

and 41, samples taken from the mountain fronts cluster in

the left corner of the central field. This suggests that

similar chemical processes are affecting the ground waters.

Samples from northern and southern Allen Flat, on the other

hand, are more scattered in the diagram, and plot along the

lower left side of the central field. This could reflect

mixing between ground waters from these areas or indicate

that different processes are controlling the water

chemistry, perhaps along a flow path. In Chapters 6 and 7,

geochemical processes important to the study area are

discussed in detail.

Water Quality

Groundwater quality in Allen Flat is generally good

based on major-ion concentrations. Table 2 lists drinking

water standards for several ions that were analyzed. Five

samples did exceed the recommended limit for TDS. Four of

these samples were from mountain-front wells (3, 12, 16, 43)
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Figure 13. Trilinear diagram.
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Table 2. Drinking water standards for selected
constituents.

Recommended
concentration

Constituent
	

limit (mg/1)

Total dissolved solids (TDS)	 500

Chloride (Cl - )	 250

Sulfate (SO4 2- )	 250

Nitrate (NO3 - )	 45

Fluoride (F- )	 1.4*

* Applies to water consumption levels in Arizona

Sources:

Freeze and Cherry, 1979

Robertson, 1985
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where, as will be shown in Chapter 6, dissolution of

minerals is contributing to the dissolved constituents. It

should be noted here that a limit on TDS concentration is

mainly to provide acceptable aesthetic and taste

characteristics. The fifth sample with high TDS was from

well 31 and appears to be affected by sewage contamination.

Figure 14 shows the distribution of F- and NO3 - in

ground waters from the study area. Notice that most samples

had concentrations of NO3 - less than 10 mg/1; values that

represent natural background levels. However, four

noticeable exceptions were from wells 7, 25, 31, and 32A.

These wells are near ranch houses and are each within

75 yards of a septic system. In fact, two of the wells, 25

and 31, are less than 25 yards from septic systems

constructed in abandoned hand dug wells. When sampled,

depth to ground water at wells 7, 25, 31 and 32B were 154,

166, 50, and 154 feet, respectively.

As a result of close proximity to septic systems and

relatively shallow groundwater conditions, waters from the

four wells are probably contaminated by sewage leachate.

This would explain their high NO3 - content, and in the case

of well 31, the high TDS level. Only water from well 31

exceeded the drinking water standard of 45 mg/1 NO 3 - .

Still, if the source of contamination is sewage, each of the

wells may produce water that contains unacceptable levels of

bacteria, organic compounds, and trace metals.
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Figure 14. Fluoride and nitrate distribution.
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Unfortunately, these potential contaminants were not

analyzed. PO4 3- , another common constituent of sewage, was

analyzed but found to be below detection limits (<.1 mg/1).

The latter supports the statement by Todd (1980) that most

phosphorous from septic leachate is retained by soils.

Unlike high concentrations of NO3 - , which are usually

related to human activity, elevated F- levels can occur in

ground water under natural conditions. Robertson (1985)

measured F- concentrations in excess of 1.6 mg/1 in 25 % of

the ground water samples he collected from alluvial basins

in Arizona. He attributed the high levels of F- to the

dissolution of fluorite (CaF2) and to a lesser extent,

apatite (Ca5(C1,F,0H)(PO 4 ) 3 ).

Figure 14 illustrates the wide variation in F- content

of ground water from Allen Flat. The variation may be due

in part to local differences in the abundance of fluoride in

the basin alluvium and surrounding bedrock. Robertson

(1985) observed that fluorite occurs primarily in igneous

and metamorphic rocks, particularly volcanic rocks, and

along faults and fissures.

Two samples, 18 and 49, had F- concentrations above the

recommended limit of 1.4 mg/l. Both samples were collected

at thermal springs that issue from faults along the

northwestern edge of Allen Flat. F- concentrations above

1.0 mg/1 were also measured in samples from wells 23 and 25.

These wells were drilled along the edge of the basin and
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also near faults. Fluorite may have been deposited in and

near the faults and now contributes to the increased F- in

the ground water. It should be pointed out, however, that

each of the faults exist in volcanic rocks, which by

themselves could contribute F- to the ground water.

Nevertheless, other samples collected from volcanic bedrock

or alluvium had lower F- contents.

Up to this point, trace metals and organic compounds

have been left out of the discussion because they were not

analyzed. Due to limited development of ground water in

Allen Flat, one would expect to detect little, if any,

contamination from these constituents. In fact, besides

cattle ranching, the study area remains essentially

undeveloped. Still, as was shown above, local contamination

is occurring near sewage systems and may include trace

metals and organic compounds.
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Chapter 6

GEOCHEMICAL PROCESSES - QUALITATIVE ANALYSIS

Introduction

This chapter and the one that follows consider the

effects of geochemical processes on the major-ion chemistry

of ground waters in Allen Flat. The discussion presented

here is qualitative, that is, processes are introduced that

explain observed chemical trends. The approach of Chapter 7

is more quantitative. Chemical equilibrium and mass balance

models will be used to further analyze the processes

described in this chapter and determine which are

significant.

The motivations for studying geochemical processes are

many. Perhaps most important is the ability to reveal

details about the movement and occurrence of ground water.

For example, by analyzing geochemical patterns, information

about recharge and discharge areas, groundwater flow

patterns, aquifers systems, and leakage between aquifers may

be learned. In many cases, this information is not evident

from head measurements or aquifer tests alone. In addition,

depending on the rate that chemical processes occur, the

relative age of some ground waters can be assessed. And

finally, by studying geochemical processes, the mineralogy

and geology of an aquifer system may be better understood.
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A variety of chemical processes can affect a

groundwater system. A list of these processes is given in

Table 3. Whether or not a particular process is important

will depend on several factors. Among the factors are the

climate of the region, litholgy, contact area between water

and rock, reaction kinetics, type of flow system, and

residence time (TOth, 1984).

The remainder of this and the next chapter are devoted

to the geochemical processes that affect each of the three

ground- water classes defined earlier - mountain fronts,

southern Allen Flat and northern Allen Flat. Ultimately, by

considering the processes together, a model is developed to

account for the chemical evolution of ground water from

recharge areas near the mountains to discharge areas at the

ends of the basin.

Mountain Fronts

The trilinear diagram presented in Chapter 5 (Figure

13) suggested that mountain-front waters were influenced by

similar chemical processes. This became further evident

after mapping the distribution of sulfate in groundwater

samples. Figure 15 shows an isoconcentration map of SO 4 2-

for the study area. Note that the highest concentrations of

SO 4 2- are centered along the mountain fronts, particularly

the Winchester Mountains.

A possible source of this sulfate is the weathering of
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Table 3.	 Important processes affecting groundwater
chemistry.

Dissolution and precipitation of minerals

Sorption

Complexation

Oxidation - reduction

Mixing and dilution

Evaporation and volatilization

Biological controls

Membrane filtration

Isotope fractionation and decay*

Transport

Pollution**

*
Isotope geochemistry will addressed in Chapter 8.

**
Ground water quality was considered in Chapter 5.
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Figure 15. Isoconcentration map of sulfate.
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sulfide minerals. Pyrite, a common sulfide mineral, was not

observed in volcanic rocks that make up the Winchester

Mountains, but it probably occurs there in finely

disseminated form (Eastoe, 1988). Catalyzed by bacteria,

the oxidation of pyrite may create SO4 2- , according to the

following reaction:

FeS2 (pyrite) + 3.75 02 + 3.5 H20 = Fe(OH)3 + 2 SO4 2- + 4 H I-

(2) (Freeze and Cherry, 1979).

Although concentrations of dissolved oxygen were not

measured, mountain-front waters probably exist under

oxidizing conditions (Rose and Long, 1988; Dewald, 1984;

Winograd and Robertson, 1982).

Another source of sulfate is atmospheric precipitation.

Junge and Werby (1958) reported that sulfate concentrations

in rainfall over the United States generally ranged from 1

to 3 mg/l. Along the mountain fronts, evapotranspiration of

precipitation could concentrate this sulfate and account for

much of the sulfate observed in the ground water.

In the Little Dragoon Mountains, the source of SO4 2- in

ground water is less clear. Sulfate could come either from

oxidation of sulfide minerals, atmospheric sources, or

dissolution of sulfate minerals such as gypsum and anhydrite

that may occur in the surrounding sedimentary rocks. As

discussed in Chapter 8, however, a pyrite source is

suggested by the isotopic data.

The sulfate distribution shown in Figure 15 indicates
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that ground water stored in bedrock and washes in the

Winchester and Galiuro Mountains does not recharge the basin

aquifer. Note the large decrease in sulfate concentration

from the mountain front into the basin. If the mountain-

front waters were recharging the basin, 'excess' sulfate

would have to be removed down gradient by one or more of the

following processes:

a) sorption to mineral phases,

b) dilution by surface runoff,

c) precipitation of sulfate minerals,

d) reduction to H2S.

In view of the large decrease in sulfate concentrations,

sorption to mineral phases alone seems unlikely. If

dilution were responsible, one would expect to observe a

similar decrease in the Cl- content of the mountain-front

waters downgradient. The distribution of Cl - is shown in

the next section but strong evidence for dilution is lacking

(see Figure 21). Thermodynamic data presented in the next

chapter also eliminate precipitation of sulfate minerals as

a possible factor in the removal of sulfate. Gypsum

(CaSO4.2H20) was greatly undersaturated in all of the

samples collected from the study area. Finally, reduction

of sulfate to H2S appears unlikely in view of recent studies

which detected dissolved oxygen in several deep alluvial

aquifers in the southwestern United States (Rose and Long,

1988; Dewald, 1984; Winograd and Robertson, 1982).
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Based on the above conclusions, the basin aquifer seems

to be recharged by a source of water other than that sampled

in the Winchester and Galiuro Mountains. Modeling data

described in Chapter 7 suggest that storm or melt runoff,

infiltrating through alluvium at the base of these

mountains, could account for the observed chemistry.

Compared to the shallow mountain-front aquifers, where

evapotranspiration and favorable conditions for sulfide

oxidation are expected to persist, water infiltrating

through thick basin fill would probably be affected less by

evaporation and may encounter a less favorable environment

for bacteria that catalyze the redox reaction (Freeze and

Cherry, 1979). This could explain why the concentration of

SO 4 2- in the basin aquifer is much lower than in the

mountain-front aquifers.

The oxidation of sulfide minerals described above not

only generates sulfate, but also adds 114- to mountain front

waters (refer to equation (2)). Depending on the buffering

capacity of these waters, the addition of H -/- will lower

their pH and make them more reactive with some mineral

phases.

In general, dissolution by carbon dioxide (CO2), not

sulfide oxidation, is more responsible for the chemical

weathering of minerals (Freeze and Cherry, 1979). As a

result of respiration of plant roots and decay of organic

matter, partial pressures of CO2 (g) can reach levels as
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high as 10 -1 bar in the vadose zone. Ground water recharge

dissolves this CO2 and forms carbonic acid (H2CO3), which

then dissociates:

CO2(g) + H20 = H2CO3 , (3)

H2CO3 = 11 4- + HCO3 - (4).

Dissociation of carbonic acid lowers the pH of the water,

and along the mountain fronts, appears to contribute to the

weathering of silicate minerals.

A general expression for the chemical weathering or

hydrolysis of silicate minerals is given below:

primary silicate + 1.14- + H20 = clay(s) + Si02 + cations (5).

Notice that unless additional acid is added to the system,

as would occur by continued dissolution of CO2, the

consumption of H+ during silicate hydrolysis will increase

the pH of the product waters. This may explain why, even

though dissolution of CO2 has probably occurred, the pH of

ground water samples from the mountain fronts is not

considerably lower than other samples from the study area

(Figure 16).

Equation (5) also indicates that, during hydrolysis,

dissolved silica (Si02) and cations are leached from

silicates, leaving a clay residue behind. One would expect,

therefore, to measure higher concentrations of silica and

cations in ground waters affected by silicate hydrolysis

than those that are not.
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Figure 17 shows an isoconcentration map of silica for

the study area. As expected, higher concentrations of Si0 2

were measured in ground waters from the Winchester and

Galiuro Mountains, suggesting that silicate hydrolysis is

taking place here. Note also that like sulfate,

concentrations of Si02 are much lower in the adjacent basin

waters. If the basin aquifer is recharged by runoff, as

described earlier, infiltrating waters would be exposed to

CO 2 primarily near the surface of the alluvium and,

therefore, at depth have less capacity to dissolve

silicates. The mountain-front waters, on the other hand,

are shallow enough that additional dissolution of soil CO 2 ,

and therefore silicates, is possible. Mineral saturation

data presented later indicate that silica precipitation may

ultimately control the concentration of dissolved silica in

all the samples collected.

Along the Winchester and Galiuro Mountains, the silica

and cations in ground waters are derived primarily from

fine-grained feldpars and ferromagnesium minerals that occur

in volcanic rocks. Cations released from these minerals

include 10- , Na+ , Ca2+ , and Mg2+ . In Chapter 7 it will be

shown that by using measured concentrations of silica and

cations, the amount and type of mineral phases weathered

along the mountain fronts can be determined.

Interestingly, high concentrations of silica were also

measured in samples taken from Hookers (18) and Warm (49)
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springs. Both springs are related to geothermal activity,

which accounts for their elevated silica content (White and

others, 1956). In contrast, low concentrations of silica

were recorded in samples collected along the base of Little

Dragoon Mountains to the south. Recall that these mountains

are composed primarily of carbonate and clastic sedimentary

rocks. Davis (1964) observed that generally small amounts

of silica occur in waters from such rocks.

Before addressing the geochemical processes in southern

Allen Flat, one mountain front well deserves special

mention. Out of all the samples collected from the study

area, well 41 in the Winchester Mountains had the lowest

total dissolved solids; 125 mg/1 (see Appendix 3). When

compared to other mountain-front samples, this is more

surprising considering their dissolved solids averaged over

500 mg/l.

An explanation is that ground water collected from well

41 represented recent recharge. Unlike water from nearby

mountain- front wells, this water presumably had brief

contact with mineral matter and, therefore, had a low level

of dissolved constituents. The relatively high sulfate

concentration of the water (30.8 mg/1) indicates either

evaporation of atmospheric precipitation, oxidation of

sulfide minerals, or both.
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Southern Allen Flat

Past geochemical studies have shown that variations in

major ion chemistry can be related to the flow direction and

chemical evolution of ground water. To test this

possibility in the study area, chemical data were compared

from wells that fell along two groundwater flow paths in

southern Allen Flat. The locations of the wells and flow

paths are shown in Figure 18.

The same wells are plotted on trilinear diagrams in

Figures 19 and 20. Similar geochemical processes are

evidently influencing the ground waters along both flow

paths. In addition, the chemical trends correspond fairly

well with expected groundwater flow directions.

The relationship between chemical data and flow path

position does not, however, account for differences between

samples 14 and 38 and samples 32A, 37 and 42. The

difference between samples 32A, 37 and 42 may be the result

of mixing with recharge water from the Little Dragoon

Mountains. This hypothesis is tested with geochemical

modeling in Chapter 7. The difference between samples 14

and 38, on the other hand, can be explained either by

chemical stratification in the basin aquifer or separate

aquifer systems. Wells 14 and 38 are less than a half mile

apart and yet tap chemically distinct waters. The total

depths of well 14 and 38 are 644 and 427 feet, respectively.



Figure 18. Wells along two groundwater flow paths
in southern Allen Flat.
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Separate aquifers would explain the chemistry of the samples

and also why head measurements from the wells differed by

nearly 40 feet. The chemical similarity between sample 38

and sample 15, collected upgradient, suggests that these

waters were collected from the same hydrologic unit.

Apart from the discrepancies noted above, perhaps the

most apparent feature of Figures 19 and 20 is the decrease

in percentage of Na+ and 10- down gradient, and increase in

percentage of Ca2+ and Mg2+. By itself, the concentration

of 10- changes little from sample to sample and is generally

quite low (average concentration for study area is 2.9

mg/1). The trend observed on the trilinear plot is,

therefore, largely a result of changes in the concentrations

of Na, Ca2+ , and Mg2+ .

Due to the depth of ground water in the basin, the

decrease in Na+ concentration cannot be explained by

evaporation and precipitation of sodium salts. Some

decrease could result from dilution with recharge waters

along the base of the Little Dragoon Mountains. However,

head measurements suggest that this recharge does not extend

far into the basin. Moreover, available chemical data

indicate that the Na+ content of the recharge waters may be

greater than the basin waters, and, therefore, would not

cause dilution. Samples from three wells near the base of

the Little Dragoon Mountains, 22, 32A and 42, had lower Na+

concentrations than a sample from well 43, on the slopes of
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the mountains.

The loss of Na+ down gradient seems primarily a result

of ion exchange processes with clays. A simple equilibrium

expression for exchange of cations on clays is given below:

2Na l- + Ca:clay = 2Na:clay + Ca2+ (6).

Similar expressions can be written for other cations,

including one that accounts for exchange of Mg2+ and Na+ ;

2Na+ + Mg:clay = 2Na:clay + Mg2+ 	(7).

Although divalent cations generally have a higher affinity

for clay surfaces than Na+ , whether or not a particular

cation is exchanged will depend on the cation content of

waters entering a clay zone, other ions in solution, and the

amount and type of absorbed cations (Freeze and Cherry,

1979).

Na+ is the dominant cation in ground waters from the

upper half of southern Allen flat. It follows that if these

waters were to encounter clays down gradient, equilibrium

conditions defined in equations (6) and (7) could be shifted

to the right, effectively removing Na+ from the ground water

and releasing Ca2+ and Mg2+. Geologic data indicate that

clays are, in fact, present in the aquifer and could

contribute to ion exchange processes in southern Allen Flat.

Thick beds of clay and boulders were encountered in four

wells drilled locally. If ion exchange is occurring, it may

also explain why the down gradient decrease in Na+ content

is accompanied by an increase in Ca2+ and Mg21".
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Alternatively, the increase in Ca2+ and Mg2+ could be

attributed to mineral dissolution, as was observed along the

mountain fronts. Volcanic sediments fill much of the

southern half of the basin, and depending on the agressive

state of the ground waters, silicate hydrolysis could affect

the chemistry.

The addition of Ca2+ and Mg2+ to ground waters in

southern Allen Flat, whether by ion exchange or mineral

dissolution, may result in precipitation of carbonate

minerals. Jones (1966) found that precipitation of calcite

has an important control on the Ca2+ concentration of ground

waters from several alluvial basins in southwestern United

States. The same process could control the content of Ca2+

in ground waters from the study area, and to a lesser

extent, Mg2+ . Although kinetics may not allow precipitation

of dolomite (CaMg(CO3)2), coprecipitation of Mg with Ca in

calcite probably takes place here at the observed

groundwater temperatures (Davis, 1988).

Data presented in the next chapter indicate that all

but one of the groundwater samples collected from Allen Flat

were near saturation or supersaturated with respect to

calcite (CaCO3). This suggests, at least theoretically,

that calcite has or continues to be precipitated from the

ground water. Geologic data may support the conclusion.

Most of the alluvium that fills Allen Flat Basin is semi-

consolidated, held together by calcite cement. The source
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of this cement was calcite precipitation, perhaps from

ground waters.

If, in fact, calcite continues to precipitate from the

ground water, it should be accompanied by a decrease in

concentrations of both Ca2+ and HCO3 - , as indicated in the

chemical equilibrium expression below:

Ca2+ + HCO3 - + OH- = CaCO3(s) + H20 (8).

Figure 21 shows an isoconcentration map of HCO 3 - for the

study area. Note that from the mountain fronts where

dissolution of CO2 has produced high levels of HCO 3 - , the

concentration drops off considerably into the basin. This

is evident along the base of the Galiuro, Little Dragoon,

and Winchester Mountains. Comparison with Figure 7 shows

that the decrease in HCO3 - closely follows the expected

direction of groundwater flow, suggesting that calcite

precipitation is occurring down gradient. In the case of

the Little Dragoon Mountains, it also lends support to the

premise that recharge waters are entering the southern half

ofthe Allen Flat.

Between several wells in southern Allen Flat, however,

the concentration of HCO3 - actually increases down gradient.

Such an increase was observed between wells 38 and 37, 15

and 10, and 20 and 23. This can probably be accounted for

by mineral dissolution which, in turn, may contribute to the

down gradient increase in Ca2+ and Mg2-1". Variations like

these demonstrate that the geochemisty of the groundwater
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system is more complicated than can be described by a

qualitative analysis. A detailed explanation of the system

can only be obtained from geochemical and mass balance

modeling, as will be discussed in Chapter 7.

For some aquifer systems, the chloride content of

ground waters can provide a clue to their flow history.

Although exceptions exist, ground waters that are very old

or have travelled long distances along a flow path generally

have high concentrations of Cl - (Freeze and Cherry, 1979).

In contrast, younger ground waters, particularly those

sampled near recharge areas, commonly have low Cl - levels.

Figure 22 shows the distribution of Cl - in ground

waters for the study area. Notice that concentrations of

Cl - are generally low, and either do not change or increase

only slightly downgradient. This suggests that ground

waters in Allen Flat are relatively young and being actively

flushed out of the basin. Most of the chloride originates

from precipitation and dry fallout which is subsequently

concentrated by evapotranspiration in the vadose or

saturated zone (Davis, 1988). A lesser amount of Cl - may

come from fluid inclusions in rocks (Bentley and others,

1980). An exception is well 31 in southern Allen Flat, with

a measured chloride concentration of 181.2 mg/l. As

described earlier, this well and three others in the study

area are affected locally by septic tank contamination.
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Northern Allen Flat

The down gradient decrease in Na+ concentration noted

above is not evident in groundwater samples from northern

Allen Flat. Rather, between several sample sites, the

opposite trend is observed - Na+ content increases down

gradient and Ca2+ and Mg2+ content decreases. Figure 23

shows a group of sample sites in northern Allen Flat and

their relationship to a groundwater flow path. Their

chemical analyses are plotted on a trilinear diagram in

Figure 24.

Several explanations could account for the apparent

trend in Na+ down gradient. One explanation is that the ion

exchange process affecting ground waters in southern Allen

Flat are acting here in reverse. That is, Ca2+ and Mg2+ are

being preferentially removed from ground waters by ion

exchange, releasing Na+. This, by the way, would also

account for the decrease in Ca2+ and Mg2+ down gradient.

Alternatively, the increase in Na+ could be attributed

to hydrolysis of silicates down gradient. Sodium feldspar

is present in the volcanic alluvium that fills this half of

the basin and depending on the reactive state of the ground

waters, it could weather and release Na+.

Both explanations assume, of course, that the sample

points shown are in hydrologic connection and fall along a

single flow path. The groundwater flow system in northern



Figure 23. Wells and springs along a flow path in
northern Allen Flat.
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Allen Flat may actually more complicated than depicted and

contribute to the observed chemistry. Recall that geologic

logs presented in Chapter 2 indicated that water-bearing

units in this half of the basin are discontinous and pinch

out locally. If separate aquifers exist in these units,

their chemistry may be distinct and could be affected by

mixing with other aquifer waters.

Mixing could result from a small geothermal system that

feeds two springs in the area, Hookers (18) and Warm (49)

springs. Not surprisingly, the chemistry of these waters is

distinct from the other groundwater samples (Figure 24).

The elevated temperatures associated with geothermal

activity will affect which geochemical processes occur.

What is surprising about the thermal springs is their

low dissolved solids content. Compared to an average of 395

mg/1 for the study area, the measured dissolved solids for

Hookers and Warm springs totaled 284.2 and 259.2 mg/1,

respectively (Swanberg and others, 1977; Mariner and others,

1977). Usually the solute content of geothermal waters is

considerably higher than nonthermal waters (Hem, 1986).

Apparently, before much reaction occurs between water and

country rock, recent recharge is circulated to depth,

probably along fractures, heated, and rapidly returned to

the surface.

As the heated waters approach the surface, some may mix

with cooler ground waters from the surrounding basin
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aquifer. Figure 24 suggests that mixtures of the thermal

waters with water from well 5 could produce the observed

chemistry of NO spring (40). With these data alone,

however, one cannot demonstrate that hydrologic connection

exists between the geothermal system and the basin aquifer.

In fact, the geothermal system may be completely isolated

from the groundwater flow system of the basin. This seems

to be the case for Warm springs (49) and an unnamed spring

(39), which although are near each other, have far different

water chemistries. Analysis of isotope data in Chapter 8,

and chemical and mass balance modeling in the next chapter

indicate that the sytems are indeed isolated.

Modeling will also help to decide whether the observed

decrease in Ca2+ and Mg2+ concentrations down gradient can

be explained by ion exchange processes. Calcite saturation

conditions and the distribution of HCO3 - in northern Allen

Flat (Figure 21) indicate that calcite precipitation is

contributing to the removal of Ca2+ and perhaps Mg2+ .
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CHAPTER 7

GEOCHEMICAL PROCESSES - QUANTITATIVE ANALYSIS

This chapter is divided into four sections. The first

section provides a general explanation of geochemical

reaction models.	 The second section explains how these

models were applied to the study area.	 The results of

modeling are presented and discussed in the third and fourth

sections. The results of speciation modeling are given in

the third section followed by the results of mass tranfer

and pH modeling in the fourth section.

Background

The purpose of this chapter is to further evaluate and

quantify the geochemical processes described in Chapter 6.

Geochemical processes were used earlier to explain the

composition of mountain-front waters and to account for

changes in major ion chemistry along flow paths. To test

whether the processes are indeed occurring, and if so to

what extent, three criteria were examined:

a) mass transfer between the samples,

b) thermodynamic feasibility of the reactions,

c) pH dependency of the reactions.

Because equations that describe these criteria must be

solved simultaneously, computer programs have been developed

to reduce computation time.
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The approach outlined above, known as geochemical

reaction modeling, has been used successfully by several

authors to assess the chemical evolution of ground waters

(Plummer, 1977; Thorstenson and others, 1979; Plummer and

Back, 1980; Parkhurst and others, 1980). By identifying

chemical reactions along a flow path, reaction modeling has

also provided clues to the movement and occurrence of ground

water in some regions. Another application has been to

incorporate isotope data into models and thereby calculate

groundwater flow rates (Wigley and others, 1978).

In this study, mass transfer calculations were carried

out with the computer program, BALANCE, developed by

Parkhurst and others (1982). The only input required to run

BALANCE is the compositions of an initial (upgradient) and

final (downgradient) water and a set of reaction phases that

match the number of chemical species entered. The program

then calculates the amount of reaction phases that enter and

leave the solution to account for any changes in water

chemistry. Common reaction phases used are minerals, ion

exchangers, redox species and isotopes.

As might be expected, a problem can arise in selecting

which reaction phases satisfy the given chemical data. A

variety of processes occur which affect the chemistry of

natural waters (See Table 3). This problem is simplified

somewhat by considering the mineralogy and hydrogeochemistry

of the system. If this information is incomplete, however,
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or unavailable, the researcher is commonly left to decide

which chemical processes seem most plausible.

Once the processes are selected and incorporated into

the model, BALANCE guarantees to 'predict' the final

composition of the water. A serious limitation of this

method is that several, different combinations of reaction

phases may adequately describe the same change in water

chemistry. In other words, it is commonly impossible to

determine a unique solution to this type of problem by

considering mass tranfer calculations alone.

To limit the number of 'solutions' determined by mass

transfer modeling, one can test whether the reaction phases

chosen were thermodynamically feasible. In this study,

thermodynamic calculations were carried out with the

computer program, PHREEQE, developed by Parkhurst and others

(1980). Among its applications, PHREEQE was used here to

determine the type and concentration of chemical species in

water samples from the study area. This application, known

as speciation modeling, only requires data on the pH,

temperature and water chemistry. Taking equilibrium

constants from a data base, the program then solves series

of mass action and mass balance equations that satisfy the

required data.

An important result of speciation modeling is the

ability to calculate the degree to which a water sample is

saturated with respect to mineral phases. Commonly this is
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expressed by a saturation index, SI, defined as follows:

SI = log IAP/K

where IAP is the ion activity product for a mineral phase

and K is the equilibrium constant or value of IAP at

equilibrium. As defined, waters that are supersatuated with

respect to a mineral phase will have a positive value of SI

for that phase and if undersaturated will have a negative

value. Ideally, if a solution is in equilibrium with a

mineral phase, its SI for that phase will equal zero.

Given the results of speciation modeling, sets of

reaction phases used in mass transfer modeling can be

eliminated if they do not also agree with saturation data.

For example, suppose an upgradient and downgradient water

sample are both found to be undersaturated with respect to a

mineral phase (SI<O). If that phase is present in the

aquifer, the saturation data suggest that it may be

dissolving along the flow path and has not yet reached

equilibrium, or, due to kinetic limitations, is unreactive.

The saturation data also suggest that precipitation of the

mineral along the flow path would be unlikely. Knowing this

information, a set of reaction phases that requires

precipitaion of the mineral to satisfy mass transfer

constraints can probably be disregarded. Other sets of

reaction phases that indicate dissolution or no reaction of

the mineral cannot be disregarded on the basis of this

themodymanic data alone.
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As a second example, consider that the SI for a mineral

phase is approximately zero in both an upgradient and

dowgradient sample. If the mineral is present in the

aquifer, it may be in equilibrium with the water and not

reacting at all. Otherwise, if the waters are affected by

irreversible chemical reactions, the mineral may continue to

precipitate or dissolve along the flow path to maintain an

equilibrium concentration. In this case, either

precipitation or dissolution of the mineral would be

acceptable by mass transfer calculation.

A third example involves saturation indicies that rise

significantly above zero. This can result along a flow path

where irreversible reactions drive up the saturation index

for a mineral, but due to kinetic limitations, precipitation

of the mineral does not occur. The mineral dolomite,

CaMg(CO3)2, is a good example. Laboratory experiments have

demonstrated that under most conditions, dolomite will not

precipitate from solutions in which it has reached

supersaturation (Dreyer, 1982). Mass transfer models that

require precipitation of this and other minerals with high

SI values should be reexamined.

A final constraint on geochemical processes used for

mass transfer models is their effect on pH and Eh. Many

chemical reactions are pH dependant, and if they are 'added'

or 'removed' from an upgradient water, the downgradient

water should have a pH that is comparible to that measured
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in the field. If the match between calculated and measured

pH is poor, reactions used to simulate mass transfer between

the samples should be reconsidered. Eh can be used in a

similar way, but interpretation of field data is often more

difficult (Hem, 1985).

In this study, to test the effect of chemical processes

on the pH of samples, reaction quantities defined by mass

transfer modeling were added to initial and upgradient

waters using PHREEQE. Unlike BALANCE, PHREEQE is well-

suited to keep track of proton transfers that occur during

these reactions and therefore provides a check on the pH of

final and downgradient waters. BALANCE is suitable for

handling reactions that involve electron transfer, but with

no Eh data from the field, redox effects were not considered

here.

Before describing the application of geochemical

reaction modeling in Allen Flat, it is important to

summarize some fundamental assumptions of the technique:

a) upgradient and downgradient samples fall along the

same flowline,

b) chemical dispersion can be neglected along flow paths,

c) steady state conditions exist in the aquifer,

d) accurate analytical data are available,

e) thermodynamic data used in PHREEQE are correct,

g) reactions chosen are thermodynamically valid as well

as kinetically feasible in nature.
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Failure to satisfy one or more of these criteria may

complicate interpretation of model results.

Geochemical Reaction Modeling in Allen Flat

Figure 25 shows the location of samples from the study

area that were modeled. Note that the samples and labeled

flow paths are the same as described in Chapter 6. Samples

not shown here were not modeled for at least one of the

following reasons:

a) contaminated by septic systems,

b) not along a flow path

c) no pH data,

d) incomplete major-ion analysis.

Modeling began with mass transfer calculations on

BALANCE. The mountain-front samples in Figure 25 (16, 17,

30, and 43) were 'evolved' from rainfall by adding reaction

phases to pure water. Most of the basin samples were

evolved by adding reaction phases to the nearest sample

upgradient that was along the same flow path. The three

basin samples furthest upgradient (4, 10, and 19) were

evolved first from mountain-front samples and then from

rainfall. This was done to test whether basin recharge

along the Winchester Mountains originated from mountain-

front aquifers or directly from precipitation and runoff.

To determine whether bedrock aquifers in the Little Dragoon

Mountains were recharging the basin, sample 37 was evolved



Figure 25. Location of samples that were modeled and
their relationship to groundwater flow paths.

94



95

first from sample 38, and then by mixing sample 38 with the

mountain-front sample, 43. Finally, in northern Allen Flat,

geothermal water at Hookers Hot Springs (sample 18) was

evolved from basin samples, mixtures of basin samples with

rainfall, and directly from rainfall. The latter, it was

hoped, would provide evidence that the geothermal system was

in hydrologic connection or was separate from the basin

aquifer.

Reaction phases used in BALANCE are listed in Table 4

and Table 5 indicates which of the phases acted as sources

or sinks for the major ions and silica. The original list

of reaction phases was based on the qualitative analyses

described in Chapter 6 as well as minerologic data from the

study area (Cooper and Silver, 1964). This list was

refined, somewhat, after considering a review by Garrels

(1975) of plausible mineral/water reactions in nature. Sets

of reactions were taken from the remaining list and run on

BALANCE.

Note in Table 4 several assumptions made regarding

mineral dissolution and precipitation. Pyroxene, for

example, is assumed to dissolve congruently and biotite and

feldspar incongruently. It is also assumed that all of the

aluminum (A1 3+) weathered from the last two minerals is

incorporated into clays. Similarly, all of the iron

released during pyrite oxidation and hydrolysis of biotite

is precipitated as iron hydroxide. Considering the



Table 4. Reaction phases used in mass balance
modeling.

A. Incongruent Dissolution of Silicates

ga 3NA 7A11 . 3si2 . 708 + .2 11 2 0 + 1.3 e
Plagioclase (An 30)

.3 Ca2+ + .7 Na+ + .1 H4SiO4 + .65A1  25-i4210(OH)2
Montmorillonite

gA . 0.1 .5A11. 52i2 . 508 + 2.75 1120 + 1.5 H+ =
Plagioclase (An 50)

.5 Ca2+ + .5 Na+ + 1.0 H4SiO4 + .75Al2a4051211.4
Kaolinite

K . 5Na . A1Si308 + 2.0 H20 + 1.0 H+ =
Sanidine

.5 K+ + .5 Na+ + 1.0 H4SiO4 + .5Al2.4..i4010(0112
Montmorillonite

KFeMq2 Alai3g10 ( OH ) 2 + 1.0 1120 + 4.0 H+ =
Biotite

1.0 K+ + 2.0 Mg2+ +	 Fe(OH)3 	+	 .5 Al2514210121.112
	Iron hydroxide	 Montmorillonite

CaMaSi2Q0 	+ 2.0 1120 + 4.0 H+ =
Pyroxene (Pigeonite)

Ca2+ + Mg2+ + 2.0 H4S104

B. Sulfide Oxidation

FeS2 + 3.75 02 + 3.5 H20 = 	 Fe(OH13 	+ 2.0 SO4 2- + 4.0 H+
Pyrite	 Iron hydroxide

C. Congruent Dissolution

gAE2	 = Ca2+ + 2.0 F2-
Fluorite

CaCO3 = ca2+ + co 3 2-
Calcite

CaMa(CO312 = Ca2+ + Mg2+ + 2.0 CO3 2-
Dolomite

NaC1 = Na+ + c1

Si02 + 2 H20 = H4SiO4
Silica
* underline indicates solid phase

112CO3 = 1120 + CO2(g)
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Table 4. Continued.

D. Ion Exchange and Sorption

2 Na+ + Ca:clay = 2Na:clay + Ca 2+ (Na-Ca exchange)

2 Na+ + Mg:clay = 2Na:clay + Mg2+ (Na-Mg exchange)

2 IC+ + Ca:clay = 2K:clay + Ca2+ (K-Ca exchange)

2 K+ + Mg:clay = 2K:clay + Mg2+ (K-Mg exchange)

ca2+ + mg:clay = Ca:clay + Mg2+ (Ca-Mg exchange)

Na+ + K:clay = Na:clay + K+ (Na-K exchange)

SO4 2- + OH:clay = 2SO4:clay + 0H - (S sorption)

F- + OH:clay = F:clay + 0H- (F sorption)



Table 5. Sources and sinks used for major
ions and silica.

Sources

Na+ 	- Plagioclase (An 30, An 50), NaC1, Ion
Exchange, Atmosphere(?)

K+	- Biotite, Sanidine, Ion Exchange, Atmosphere(?)

ca 2 ÷
	

- Plagioclase (An 30, An 50), Pyroxene, Calcite,
Dolomite, Ion Exchange, Atmosphere(?)

mg 2 +	 - Pyroxene, Biotite, Dolomite, Ion Exchange,
Atmosphere(?)

C l
	 - NaC1 (from atmosphere and fluid inclusions in

rocks)

SO4 2-	- Pyrite, Atmosphere(?)

HCO3 - + CO3 2- - CO2 (g), Calcite, Oxidation of organic matter,
Atmosphere(?)

F-	- Fluorite, Apatite(?), Atmosphere(?)

H4SiO4	 - Plagioclase (An 30, An 50), Sanidine, Pyroxene,
Biotite, Si02, Atmosphere(?)

Sinks

Na+

K+

Ca2+

mg2+

Cl

so4 2-

- Ion exchange

- Ion Exchange

- Calcite precipitation, Ion Exchange

- Ion Exchange, calcite precipitation(?)

- Dilution and Mixing

- Ion exchange, sulfate reduction(?)

HCO2 - + CO2 2- - Calcite precipitation, CO2 outgassing,
methanogensis(?)

F-	- Ion exchange

H4SiO4	 - Montmorillonite, Kaolinite, Silica precipitation

98

(?) = Insufficient data to evaluate in study area
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relatively high pH values recorded in the field and apparent

redox conditions, actual concentrations of A1 3+ , Fe2+ and

Fe3+ are probably less than .5 ppm in the water samples.

Finally, the assumption is made that any calcite dissolved

or precipitated was pure CaCO3. As mentioned earlier,

calcite actually contains trace amounts of Mg as well as Fe.

The amount of Mg and Fe in calcite from the study area is

unknown but it is not expected to substantially affect

modelling results.

Three ions that were measured in ground waters from the

study area were not modeled. Nitrate was one. Several

processes affect the concentration of NO 3 - in natural

waters, including biologic controls and redox conditions.

Because data were not available to assess these variables,

NO 3 - was not included in mass balance calculations. Br- and

PO4 3- were also disregarded. The concentration of these

ions was below detection limits or not detected in all but

one of the samples. Sample 31 had a Br- concentration of

1.2 mg/1, believed to be related to septic system

contamination at the site.

Using the reaction phases listed in Table 4,

geochemical models were developed and run on BALANCE to

account for changes in the major ion composition between

samples. BALANCE determined the quantity of phases that

entered or were removed from solution. To check whether the

modeled reactions were thermodynamically feasible, mass
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transfer data were compared to mineral saturation indicies

calculated by PHREEQE.

To calculate mineral saturation indicies with PHREEQE,

the following data were input for each sample; major ion

composition, temperature, pH and Eh. Because no Eh data

were available, the assumption was made that all of the

samples from the study area had an Eh of 500 mV, indicating

oxidizing conditions. Detection of dissolved oxygen in

several alluvial aquifers in the southwestern United States

supports this assumption (Rose and Long, 1988; Dewald, 1984;

Winograd and Robertson, 1982). As further evidence, the

distribution of nitrate and sulfate concentrations for the

study area suggest that reduction of these species is not

occurring. Oxidation of organic matter and sulfide minerals

are probably the important redox reactions affecting local

groundwater chemistries.

The last step in modeling was to test whether the sets

of reaction phases that both satisfied mass transfer

constraints and were thermodynamically feasible were also

consistent with measured changes in pH. Using PHREEQE, the

major ion content and measured pH of an initial sample were

input into the program. To evolve the initial sample into

the final sample, major ions as well as protons were added

or removed from the initial solution depending on the

quantities determined by BALANCE and the reaction

stoichiometries specified in Table 4. The temperature of
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the initial solution was set equal to the temperature of the

final sample.

Output from PHREEQE gave the measured ion content and

temperature of the final water as well as a modeled pH

value. The latter was compared to the actual pH measured in

the field. If the modeled and measured pH values differed

by no more than .30, it was assumed that the reaction model

was plausible. Differences in pH greater than .30 could not

accounted for by analytical error or poor thermodynamic data

in PHREEQE, and the reaction model was eliminated.

Results of Speciation Modeling

The results of speciation modeling are listed in Table

6. Saturation indicies are given for three mineral phases

(gypsum, fluorite and calcite) that are known to dissolve

and precipitate in natural waters. Also given are

saturation indicies for two silica minerals, cristobalite

and amorphous silica, which may affect concentrations of

dissolved Si02. Lastly, partial pressures of CO2 (g) are

listed.

Note that all of the samples are undersaturated with

respect to gypsum (SI < 0). This suggests that if gypsum is

present in the study area, it could dissolve and contribute

Ca 2+ and SO4 2- to ground waters. Sulfur isotope data

presented in the next chapter indicate, however, that pyrite

oxidation, not gypsum dissolution, is the source of SO 4 2- in
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the samples.	 The saturation data further suggest that

precipitation of gypsum is not occurring and therefore is

not providing a sink for Ca2+ and SO 4 2-

Saturation data for fluorite suggest that, like gypsum,

this mineral is also not precipitating from solution and,

therefore, would not be a sink for Ca2+ and F. It may,

however, be present in the aquifers and act as a source for

these ions. Limited amounts of fluorite and other fluoride-

bearing minerals in the local bedrock probably explain why

saturation indicies for CaF2 remain less than zero in all of

the samples from the study area.

In contrast, all of the samples except 41, which may

represent recent recharge, are near saturation or slightly

supersaturated with respect to calcite. This indicates that

ground waters are in equilibrium with calcite, or that

calcite is precipitating or dissolving from solution to

maintain equilibrium saturation. The fact that the many of

the samples are slightly oversaturated with respect to

calcite may reflect one or more of the following:

a) difficulties in sampling and poor analyses,

b) inaccuracies in the thermodynamic data base of

PHREEQE,

c) kinetic constraints on calcite precipitation.

Kinetics may also play a role in the precipitation of

silica from ground waters. Of the two silica minerals

listed in Table 6, cristobalite is least likely to
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precipitate from natural waters, as reflected by its high

saturation indicies. Amorphous silica, on the other hand,

has been shown to precipitate from laboratory solutions

(Krauskopf, 1956) but probably does not precipitate in the

study area since it remains undersaturated in the ground

waters.

Figure 26 shows a plot of saturation indicies from the

study area for both silica minerals. Note the small scatter

in the saturation data. It seems that a silica phase,

intermediate in structure to cristobalite and amorphous

silica, could be in equilibrium with the ground waters and

providing a sink for excess dissolved silica (Bassett,

1988). This may explain why silica concentrations in the

study area, and ground waters in general, vary so little and

appear to be buffered (Davis, 1964; Edwards and Liss, 1973).

Table 6 also lists partial pressures of CO2 gas (pCO2)

in the groundwater samples. Mountain-front samples (3, 16,

17, and 43) have the highest pCO2 values, supporting the

premise that these waters are or were at one time in at

contact with a soil atmosphere. Samples from the basin, in

contrast, generally have lower pCO2 values, suggesting that

the basin aquifer may be largely closed to a soil

atmosphere. Notable exceptions are the high pCO2 values of

samples 31 and 32A in southern Allen Flat. Oxidation of

organic matter related to local septic tank contamination

may explain why these samples differ significantly from
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other the basin samples.

Not listed in Table 6 are saturation indicies for

mineral phases involved in irreversible chemical weathering

reactions. It is known that at low temperatures,

precipitation of minerals such as pyroxene, biotite,

feldspar and clays is kinetically inhibited. Dissolution of

these minerals is also kinetically controlled, but it is

assumed in the study area that ground waters have had

sufficient residence time to permit some dissolution.

Ion exchange and sorption processes, also not listed in

Table 6, are usually considered to be both thermodynamically

and kinetically feasible in groundwater sytems (Langmuir and

Mahoney, 1984). Unfortunately, thermodynamic data are

lacking for the processes likely to be active in the study

area, and therefore have not been incorporated into the data

base used by PHREEQE.

Results of Mass Transfer and pH Modeling

The results of mass transfer and pH modeling are

summarized in Tables 7 - 10. Table 7 quantifies geochemical

processes occurring in the mountains and Tables 8 - 10

quantify geochemical processes along the three ground-water

flow paths in the basin (refer to Figure 25). Listed in

these tables are changes in ion and silica concentrations

between initial (upgradient) and final (downgradient)

samples as well as the type and amount of reaction phases



Table 7. Results of mass transfer and pH
modeling of mountain-front samples.

MOUNTAIN FPC\TT SAMPLES

[Final Sample] - [Rain]

16 - rain	 17 - rain	 30 - rain	 43 - rain

Measured Change in Ion Concentration Between Samples (mmole/l)*

107

Ca	 +1.955	 Ca	 +1.513
Mg +1.144	 Mg +0.670
Na +0.862	 Na +0.748
K	 +0.044	 K	 +0.074
Cl +0.480	 Cl +0.222
S	 +0.405	 S	 +0.183
C	 +6.205	 C	 +4.653
Si +0.869	 Si +0.734
F	 +0.037	 F	 +0.021

Ca	 +0.417
Mg +0.707
Na +3.837
K +0.076
Cl +0.872
S +0.199
C	 +4.521
Si +0.286
F	 +0.034

Ca +2.897
Mg	 +1.531
Na	 +1.593
K +0.010
Cl +0.686
S +0.607
C	 +8.588
Si +0.306
F	 +0.028

Reaction Phases Added (+) or Removed (-) from Solution on BALANCE to Evolve
Mountain Front Samples from Rain (mmole/l)

Calcite +0.715
Pyroxene +1.058
An 30 +0.545
Biotite +0.043
NaC1	 +0.480
Pyrite	 +0.202
CO2(g)	 +5.490
Am. Si02 -1.345
Fluorite +0.018

16 (field) 7.60
16 (model) 7.44

Calcite +0.454
Pyroxene +0.522
An 50 +1.052
Biotite +0.074
NaC1	 +0.222
Pyrite	 +0.091
CO2(g)	 +4.198
Am. Si02 -1.436
Fluorite +0.010

17 (field) 7.37
17 (model) 7.61

Calcite -1.424
Pyroxene +0.555
An 30 +4.236
Biotite +0.076
NaC1	 +0.872
Pyrite	 +0.099
CO2 (g)	 +5.945
Am. Si02 -1.321
Fluorite +0.017

pH Data

30 (field) 8.67
30 (model) 8.96

Calcite +0.983
Dolomite +1.511
An 30 +1.296
Biotite +0.010
NaC1	 +0.686
Pyrite	 +0.303
CO2(g)	 +4.583
Am. Si02 +0.166
Fluorite +0.014

43 (field) 6.95
43 (model) 7.91

Temperature Data ( C)

16 (field) 19.0
	

17 (field) 15.2
	

30 (field) 20.3
	

43 (field) 18.2

* rain assumed pure water
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Table 8. Results of mass transfer and pH modeling of basin
samples (flow path A).

[Downgradient Sample] - [Upgraaient Sample]

10 -	 Rain	 15 - 10	 38 - 15
	

37 - (38 + 43)

Measured Change in Ion Concentration Between Samples (mmole/l)*

Ca +0.337	 Ca +0.382
Mg +0.263	 Mg +0.185
Na	 +3.155	 Na	 -1.441
K +0.064	 K	 +0.036

Cl	 +0.124	 Cl	 -0.020
S +0.087	 S	 -0.039

C	 +4.112	 C	 -0.144

Si	 +0.433	 Si	 -0.032

F	 +0.011	 F	 +0.004

Ca	 -0.145
Mg -0.193
Na -0.222
K -0.010
Cl +0.042
S +0.024
C	 -1.048
Si	 -0.015
• 0.000

Ca +0.422
Mg +0.482
Na -0.945
K -0.043
Cl	 0.000
S -0.023
C	 +0.661
Si	 -0.074
F	 +0.013
(10 % sample 43)
(90 % sample 38)

Reaction Phases Added (+) or Removed (-) from Solution on BALANCE to Evolve
Downgradient Samples from Upgradient Samples (mmole/l)**

Calcite -1.103
Pyroxene +0.135
An 30 +4.330
Biotite +0.064
NaCl	 +0.124
Pyrite	 +0.044
CO2 (g)	 +5.215
Am. Si02 -0.335
Fluorite +0.005

10 (field) 8.14
10 (model) 8.19

10 (field) 22.0

Calcite -0.443
Pyroxene +0.113
Na-Ca Ex.+0.710
Biotite +0.036
NaCl -0.020
S Sorp. +0.039
CO2 (g) +0.299
Am. Si02 -0.294
Fluorite +0.002

Calcite -0.480
Mg-Ca Ex.+0.193
Na-Ca Ex.+0.132
K-Ca Ex. +0.009
NaC1	 +0.042
Pyrite	 +0.012
CO2 (g) -0.568
Am. Si02 -0.015
Fluorite 0.000

pH Data

Calcite +0.403
Na-Mg Ex.+0.481
Na-Ca Ex.-0.009
K-Ca Ex. +0.022
NaCl 0.00***
S Sorp. +0.022
CO2 (g) +0.258
Am. S 102 -0.074
Fluorite +0.006

43 (field) 6.95
37 (field) 7.51
37 (model) 7.81

43 (field) 18.2
27 (field) 23.2

15 (field) 7.76	 38 (field) 7.72
15 (model) 7.74	 38 (model) 7.82

Temperature Data ( C)

15 (field) 20.7	 38 (field) 17.5

* rain assumed pure water

** exchange and sorption phases added (+) to solution indicate the reaction
specified in Table 4 proceeded to the right,

exchange and sorption phases removed (-) from solution indicate the
reaction specified in Table 4 proceeded to the left

***NaCl assumed conservative when mixing samples 43 and 38 to evolve sample 37
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Table 9. Results of mass transfer and pH modeling of basin
samples (flow path B).

BASIN SAMPLES - ;'LOW PATH B

[Upgradient sample] - [Downgradient sample]

19 - rain	 20 - 19	 23 - 20	 22 - 23

Measured Change in Ion Concentration Between Samples (mmole/l)*

Ca +0.352	 Ca +0.522
• +0.119	 mg +0.119
Na +2.763	 Na -1.131
F.	 +0.059	 K	 -0.003
Cl +0.130	 Cl +0.039
S +0.047	 S	 -0.004
C	 +3.462 	C	 0.000
Si +0.421	 Si +0.325
F	 +0.024	 F	 -0.003

Ca +0.234
Mg +0.017
Na -0.213
• 0.000
Cl -0.011
S +0.025
C	 +0.360
Si -0.102
F	 +0.031

Ca -0.230
Mg +0.403
Na -1.054
K -0.020
Cl +0.491
S +0.000
C	 -1.334
Si -0.132
F	 -0.031

Reaction Phases Added (+) or Removed (-) from Solution on BALANCE to Evolve
Downgradient Samples from Upgradient Samples (mmole/l)**

Calcite -2.295
Pyroxene +0.001
An 50 +5.266
Biotite +0.059
NaC1	 +0.130
Pyrite	 +0.023
CO2(g)	 +5.757
Am. Si02 -4.907
Fluorite +0.012

19 (field) 8.29
19 (model) 8.41

19 (field) 21.9

Calcite -0.183
Pyroxene +0.119
Na-Ca Ex.+0.585
K-Ca Ex. +0.001
NaC1 +0.039
S Sorp. +0.004
CO2(g) +0.184
Am. Si02 +0.087
F Sorp. +0.003

20 (field) 7.78
20 (model) 8.82

Calcite +0.110
Pyroxene +0.017
Na-Ca Ex.+0.101
K-Ca Ex. 0.000
NaC1	 -0.011
Pyrite	 +0.012
CO2(g)	 +0.259
Am. Si02 -0.136
Fluorite +0.155

pH Data

23 (field) 7.65
23 (model) 7.50

Calcite -1.415
Pyroxene +0.403
Na-Ca Ex.+0.772
K-Ca Ex. +0.010
NaCl	 +0.491
Pyrite	 +0.000
CO2(g)	 +0.081
Am. Si02 -0.938
F Sorp. +0.031

22 (field) 8.09
22 (model) 8.08

Temperature Data ( °C)
20 (field) 26.2	 23 (field) 21.0	 22 (field) 20.3

rain assumed pure water

** exchange and sorption phases added (+) to solution indicate the reaction
specified in Table 4 proceeded to the right,

exchange and sorption phases removed (-) from solution indicate the
reaction specified in Table 4 proceeded to the left.
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Table 10. Results of mass transfer and pH modeling of basin
samples (flow path C).

LDowngradient Sample - [Upgradien: Sampie]

A - rain	 40 - 4
	

5 - 10	 18 - rain

Measured Change in Ion Concentration Between Samples (mmole/1)*

Ca	 +1.011
Mg +0.959
Na +0.405
K +0.110
Cl	 +0.195
S +0.230
C	 +3.781
Si	 +0.758
F	 +0.011

Ca -0.469
Mg -0.440
Na +1.231
K	 +0.013

Cl -0.045
S	 -0.014
C	 -0.607
Si -0.230
F	 +0.032

Ca +0.382
Mg +0.218
Na -2.115
K +0.128
Cl	 +0.107
S -0.045
C	 -0.013
Si	 +0.013
F	 +0.013

Ca +0.025
Mg +0.000
Na +2.959
K	 +0.013
Cl	 +0.113
S	 +0.031
C	 +2.182
Si	 +0.765
F	 +0.105

Reaction Phases Added (+) or Removed (-) from Solution on BALANCE to Evolve
Downgradient Samples from Upgradient Samples (mmole/l)**

Calcite +0.004	 Calcite -0.281	 Calcite -0.581	 Calcite -1.242
Pyroxene +0.959	 Na-Mg Ex.-0.434	 Na-Mg Ex.+0.218	 Pyroxene 0.000
An 30	 +0.143	 Na-Ca Ex.-0.204	 Na-Ca Ex.+0.957	 An 30	 +4.050
K-spar	 +0.220	 K-Mg Ex. -0.006	 Na-K Ex. +0.128	 K-spar	 +0.026
NaC1	 +0.195	 NaCl	 -0.045	 NaC1	 +0.107	 NaC1	 +0.113
Pyrite	 +0.115	 S Sorp.	 +0.014	 S Sorp.	 +0.045	 Pyrite	 +0.015
CO2 (g)	 +3.777	 CO2 (g)	 -0.326	 CO2 (g)	 -0.428	 CO2 (g)	 +3.424
Am. Si02 -1.394	 Am. Si02 -0.230	 Am. Si02 +0.013	 Am. Si02 +0.337
Fluorite +0.005	 Fluorite +0.016	 Fluorite +0.006	 Fluorite +0.052

pH Data

4 (field) 7.73	 40 (field) 7.80	 5 (field) 7.56	 18 (field) 9.03
4 (model) 7.68	 40 (model) 7.81	 5 (model) 7.55	 18 (model) 9.07

Temperature Data ( C)

4 (field) 21.6
	

40 (model) 13.1	 5 (field) 19.5	 18 (field) 51.5

* rain assumed pure water

** exchange and sorption phases added (+) to solution indicate the reaction
specified in Table 4 proceeded to the right,

exchange and sorption phases removed (-) from solution indicate the
reaction specified in Table 4 proceeded to the left.
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determined by BALANCE that could account for these changes.

Also shown are pH and temperature values from the field and

pH values modeled with PHREEQE.

It is important to note that the reaction models listed

are not unique solutions to observed chemical changes in the

study area. Other reaction models were found to be

plausible and still others exist that were not evaluated.

Specifically, the effects of atmospheric input,

evapotranspiration, and soil reactions were not considered

here. These factors invariably have some effect on the

groundwater chemistry, particularly in recharge zones.

Along the mountain fronts, chloride and sulfate levels

suggest that concentration of atmospheric constituents by

evaporation is occurring.

The reaction models shown are, nevertheless, consistent

with available mineralogical and geochemical data and for

the most part provide a relatively simple explanation of

these data. Moreover, the models satisfy the results of

speciation modeling described above.

Mountain Fronts 

Modeling mountain-front waters largely confirmed the

quantitative analysis described in Chapter 6. As predicted,

silicate hydrolysis is an important step in the chemical

evolution of ground waters in the Winchester Mountains.

Pyroxene and plagioclase appear to be the major source of
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cations in these waters, with biotite dissolution

contributing little (Table 7).

The weathering of silicates is driven primarily by the

formation of carbonic acid, as evidenced by large additions

of CO2 (g) in the models. The models further suggest that

while pyrite oxidation may occur in the Winchester

mountains, this process plays only a minor role in silicate

dissolution. The presence of both processes, pyrite

oxidation and CO2 (g) dissolution, demonstrate nonetheless

that waters in the mountain-front aquifers are or were at

one time exposed to a soil atmosphere. The high pH of

sample 30 (8.67) suggests that this water chemically evolved

under more closed conditions where CO2 was less available.

In addition to being a source of cations, silicate

weathering also produces clays and releases silica into

ground water. The models indicate that in the Winchester

Mountains, some of the silica is removed from solution by

precipitation of Si02. As described in the previous

section, the silica phase precipitating is probably

intermediate in structure to amorphous silica and the more

crystalline form, cristobalite. Additional silica may be

removed from solution biologically by phytoliths and soil

diatoms (Davis, 1988).

The models further indicate that calcite dissolution is

occurring in the Winchester mountains. Although the

mountains are composed primarily of volcanic rocks, calcite
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may exist locally in soils as caliche and be dissolved

during infiltration events. This would help to explain the

chemical evolution of two of the samples, 16 and 17. The

chemical evolution of sample 30, on the other hand, appears

to have involved calcite precipitation. The latter is

supported by calcite saturation data and the premise that

this water evolved under more closed conditions than samples

16 and 17.

Calcite as well as dolomite dissolution were suspected

to control the chemical evolution of ground waters in the

Little Dragoon Mountains. Unfortunately, this could not be

verified by modeling. The results of modeling sample 43 are

poor, as shown by the large difference between modeled and

field pH (Table 7). Other models for this sample, not shown

in Table 7, were tested but also failed to match the

observed pH. Sample 43 apparently had a more complex

chemical history than could be modeled simply. Mixing of

water from different aquifers may have contributed to this

complexity. Comparison of water level data for wells 43 and

35, both in the Little Dragoon Mountains, indicate that

seperate aquifer systems exist locally.

Finally, ground water from both mountain fronts is

affected by the addition of Cl and perhaps to a lesser

extent, by fluorite dissolution. The former probably

accumulates in the soil zone from precipitation and dry fall

out and is periodically leached into ground waters by
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infiltration (Davis, 1988). Fluorite dissolution, although

plausible, could not be verified with available minerologic

data.

Southern Allen Flat

The first step in modeling basin waters was to evolve

the chemistry of samples furthest upgradient; samples 10 and

19 in the southern half of the basin and sample 4 in the

northern half. Attempts to model these waters directly from

ground waters sampled in the Winchester Mountains failed, as

indicated by poor agreement between modeled and measured pH

values. Subsequent modeling using rainfall as the initial

solution, instead of mountain-front waters, was successful

and the results are summarized in Tables 8 - 10.

These model results support the premise made earlier

that ground water in the basin aquifer is derived not from

mountain- front aquifers but rather from precipitation (and

runoff) at the base of the mountains. Further evidence will

be presented in the next chapter when the results of isotope

sampling are considered.

The evolution of upgradient basin samples from

precipitation involved many of the reaction phases that were

important in the evolution of mountain-front waters.

Dissolution of plagioclase and pyroxene appear to be the

major processes with minor additions of biotite, fluorite

and NaCl. Differences between the models may indicate
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mineralogic variations in the basin alluvium.

As observed with the evolution of mountain-front

waters, the models suggest that carbonic acid is driving the

dissolution of silicates in the recharge zone of the basin

aquifer. Most of this acid probably forms as waters

infiltrate through the soil zone, although certainly some

CO2 (g) is dissolved in precipitation before infiltration.

Pyrite oxidation was found to be even less important in

silicate dissolution here than in the mountain fronts.

The models further indicate that calcite precipitation

is a dominant process both in the recharge zone and along

flow paths further downgradient in the basin. Calcite

precipitation was modeled between all but three sets of

samples in the basin. One exception was the evolution of

sample 4 from recharge in northern Allen Flat. Models

developed in northern Allen Flat are considered in greater

detail in the next section. The other cases of calcite

precipitation were observed in southern Allen Flat and are

considered here.

Modeling showed that calcite precipitation in southern

Allen Flat is driven primarily by cation exchange reactions

where Ca2+ is released into solution from clays and replaced

by Na+ and 10-. Additional Ca 2+ and some Mg2+ is added to

the ground waters by dissolution of pyroxene and biotite.

The relatively small quantities of these minerals that

dissolve suggest that little carbonic acid is present in the
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basin aquifer.

Even though the amount of carbonic acid appears

limited, all but one of the reaction models in southern

Allen Flat indicate minor amounts of CO2 (g) are added to

solution. The source of this CO2 (g) is not known but it

could be an artifact of modeling. Alternatively, CO2 may

actually enter the aquifer from the oxidation of organic

matter, but at this time, no data are available to support

this. Interestingly, between sample 38 and 15, the reaction

model indicates that CO2 (g) is lost from the ground water.

This could be explained by the reduction of CO2 (g) to CH4

(g) or more likely by degassing of CO2 (g) from the aquifer

as waters go from more confined to less confined conditions.

Again, no data are available to support or refute either of

these explanations.

Additions of Cl - to basin waters downgradient probably

result from the dissolution of fluid inclusion in the

aquifer matrix or perhaps ion filtration processes. Between

wells 23 and 20 and 15 and 20, ion data indicate that a

small amount of Cl - is removed downgradient. Considering the

conservative nature of chloride, this probably reflects

mixing or minor inaccuracies in the chemical analyses and

not the removal of Cl - .

Before describing model results in northern Allen Flat,

a few samples in southern Allen Flat are worth noting in

detail. The evolution of sample 20 from sample 19 could not
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be modeled with available chemical data. Isotope data

presented in the next chapter as well as head data described

earlier do indicate that sample 20 is downgradient from

sample 19 and probably along the same flow path.

Nevertheless, the differences between field and model pH

were too large to accept any of the reaction models tested.

One of these models is listed in Table 9.

Water temperatures measured in the field may provide a

clue to the poor model results. Sample 20 is over 4 oc

warmer than sample 19, an appreciable difference considering

the small variation in water temperatures in the basin

aquifer (see Appendix 3). The increased temperature could

be evidence that well 20 is tapping aquifer waters that have

mixed with a deeper source, perhaps with a distinct

chemistry.

The warmer temperature of sample 20 may also explain

why between sample 20 and sample 23, calcite dissolution was

modeled. Although calcite saturation indicies for samples

19, 20 and 23 are all slightly above zero, the addition of

warm water into the aquifer could cause additional

precipitation of calcite. Downgradient, where ground water

becomes cooler again (sample 23 is over 5 0C cooler than

sample 20), calcite dissolution may occur to return waters

to a previous saturation level.

The second case in southern Allen Flat where calcite

dissolution was modeled was between samples 38 and 37. To
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evolve the chemistry of sample 37, it was necessary to mix

sample 38 with sample 43, the mountain-front sample

collected in the Little Dragoon Mountains. The direct

evolution of sample 37 from sample 38 or from rainfall gave

unacceptable results.

An option was used in BALANCE that modeled the mixing

of samples 38 and 43 and calculated the reaction phases

added or removed from the mixture to evolve sample 37.

Chloride was considered conservative during mixing and used

to determine the proportion of samples 37 and 43 in the

downgradient sample. The results of mass transfer modeling

are listed in Table 8. As modeled, the mixture contained

90% sample 37 and 10 % sample 43.

Unlike the Winchester Mountains, modeling suggests that

a limited amount of ground water is recharging the basin

from the Little Dragoon Mountains. Why any difference

should exist between the mountain systems may lie in their

geology. Recall that the Winchester Mountains are composed

of volcanic rocks, while the Little Dragoon Mountains are

composed primarily of carbonate and clastic sedimentary

rocks. Perhaps the sedimentary rocks are more permeable and

allow local recharge into the basin. Although isotope data

are not available to verify this, the result does support

head measurements taken near the base of the mountains.

In addition to ground water mixing, modeling indicated

that other processes are important in the chemical evolution
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of sample 37. Among these are calcite dissolution and the

exchange of Mg2+ on clays for Na+. Calcite dissolution may

be driven by the addition of CO2 (g), as was modeled. The

source of CO2 (g), if any, is unknown.

Northern Allen Flat

Modeling the chemistry of ground waters in northern

Allen Flat demonstrated the complexity of the hydrogeology

in this half of the basin. As described in the previous

section, sample 4, located furthest upgradient, was evolved

by adding reaction phases to rainfall. Attempts failed to

evolve this water into sample 5, located downgradient

according to head measurements. Further attempts to evolve

sample 5 from rainfall also failed.

Interestingly, sample 5 could be evolved from sample

10, located in southern Allen Flat. Although the samples

are not along the same flow path (refer to Figure 25),

sample 10 is upgradient of sample 5 and could represent the

chemistry of the actual upgradient water. As with the

evolution of ground water to the south, the evolution of

sample 5 involved calcite precipitation, the addition of Cl,

and the release of Ca2+ , Mg2+ and 10- from clays in exchange

for Na+. Degassing of CO2 (g) was also modeled as well as

minor amounts of SO4 2- sorption and fluorite dissolution.

The evolution of sample 40, downgradient of both sample

4 and 5, could not be modeled from sample 5, but could be
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modeled directly from sample 4. This suggested that samples

4 and 40 were taken from the same source, perhaps seperate

from the source of sample 5. And unlike the evolution of

sample 5, the evolution of sample 40 involved not the

sorption but the release of Na+ from clays in exchange for

Ca2+ , Mg2+ and K+. Other processes modeled include the

precipitation of Si0 2 and removal of CO 2 (g).

The evolution of geothermal water from Hookers Hot

Springs (sample 18), could not be modeled either directly

from or by mixing with rainfall any of the samples collected

in northern Allen Flat. The chemistry of this sample was

modeled successfully, however, by reacting rain water with

mineral phases.

The dissolution of plagioclase by carbonic acid appears

to be the most important process in the evolution of sample

18, accompanied by the precipitation of calcite. The latter

is supported by mineral saturation data and is not

surprising considering the temperature of the geothermal

waters.

The higher temperature may also explain why the

dissolution of S102 was modeled. The hot springs issue from

rhyolitic volcanics along the edge of the basin that contain

volcanic glass and minerals. At low temperatures, most

forms of silica, including volcanic glass, are largely

insoluble in water (Krauskopf, 1956). At higher

temperatures, however, silica becomes more soluble and
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probably accounts for some of the dissolved silica in sample

18.

Other minerals modeled as dissolving into the

geothermal water are NaC1, pyrite, potassium feldspar, and

fluorite. The small quantity of NaC1 suggests Cl - is

originating primarily from the atmosphere and perhaps

volcanics. Some sulfate may also come from atmospheric

sources. Note that a source for Mg2+ was not included. The

chemical analysis of sample 18 by Mariner and others (1976)

detected less than .1 mg/1 Mg 21-. The lack of Mg2+ in

solution is probably due in part to the coprecipitation of

Mg with Ca in calcite as well as the general lack of Mg-

bearing minerals in the rhyolite (Cooper and Silver, 1964)

In summary, reaction modeling in northern Allen Flat

suggest that at least two different aquifer systems exist in

this half of the basin. The geothermal waters are evidently

derived from a aquifer system separate from the basin

aquifer. The basin aquifer itself seems to consist of

separate water-bearing units as indicated by chemically

distinct waters. Samples 4 and 40 appear to be from the

same source, but are distinct from sample 5. In all, these

results confirm well logs discussed in Chapter 2 that

suggested that the subsurface geology of northern Allen Flat

was heterogenous and water-bearing units in the area pinch

out locally.
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CHAPTER 8

STABLE ISOTOPE GEOCHEMISTRY

Sampling and Analysis 

Stable isotope data are available from 17 wells and 2

springs in the study area. Figure 27 shows the location of

the sampling points and indicates which isotopes were

analyzed. For analysis of the stable isotopes of oxygen and

hydrogen in H2O, separate, unfiltered groundwater samples

were collected and stored in glass bottles. All but one of

these samples was collected by the author between March 12-

18, 1988. Sample 18 was collected by U.S. Geological Survey

personnel (Mariner and others, 1977).

Isotope ratios of 180/ 160 and D/H were measured in

Reston, Virginia at the Water Resources Division Isotope

Laboratory of the U.S. Geological Survey. Results are

listed in Appendix D. Analytical precision of the del 180

(SMOW) and del D (SNOW) values is + .15 0/00 and + 1.5 0/00 ,

respectively.

The same samples used by the author to analyze anion

concentrations were used for the sulfur isotope analysis.

In all, three samples were examined for their sulfur isotope

content; one from the basin (sample 38), one from the

Winchester Mountains (sample 16), and one from the Little

Dragoon Mountains (sample 43).



Figure 27. Location of wells and springs sampled for
their isotope content.
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Isotope ratios of 34 S/ 32S were measured at the

Laboratory of Isotope Geochemistry at the University of

Arizona. Results are listed in Appendix D. Analytical

precision of the del 34S (CD) values is + .3 0/00 •

Sulfur Isotopes 

Measuring the ratio of 34 S/ 32S can provide information

regarding the source(s) of sulfate in ground waters. Common

sources of sulfate are the oxidation of sulfide minerals,

dissolution of evaporite minerals, and atmospheric

contribution. The latter may be of natural origin (dust,

volcanoes, bacteria and sea spray) or anthropogenic (fossil

fuel combustion, smelters and other industries). If sulfate

derived from these sources is isotopically distinct, the

origin and history of a ground water may be distinguished.

In the study area, sulfate is available from three

potential sources - the oxidation of pyrite, dissolution of

evaporite minerals and precipitation. Pyrite is an

unusually common mineral and probably occurs in many of the

local rock types. Evaporite minerals are generally less

common but may be present in sedimentary rocks of the Little

Dragoon Mountains or occur in lake deposits within the basin

alluvium. Although evidence of the latter is lacking in

Allen Flat, lake deposits have been identified in the San

Pedro Basin to the west and the Willcox Basin to the east

(Heindl, 1952). Finally, some sulfate may originate from
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rain or snow and dry fallout over the region.

Prior to making sulfur isotope measurements, marine

evaporites in the Little Dragoon Mountains were suspected to

be more enriched in 34S than the other potential sources of

sulfate. Krouse (1980) examined marine evaporites ranging

in age from the Precambrian through the present and found

all were enriched in 34S. The degree of enrichment ranged

from a low of +10 0/00 to over +30 0/00 del 34S (CD).

The enrichment of 34S in marine evaporites is high

compared to the enrichment in pyrite and lake deposits from

the region. Eastoe (1988) examined pyrite from several

copper porphyry deposits in southern Arizona and reported

that del 34S (CD) values varied between -5 and +5 0/00 • He

also examined gypsum from Miocene lake deposits exposed in

the San Pedro Basin, about 10 miles southwest of Allen Flat.

The reported del 34S (CD) for the sample was 7  oo• Sulfur

isotope ratios of local precipitation are not known, but are

expected to fall within the range given for pyrite (Eastoe,

1988; Nielsen, 1974)

It was hoped that these data would distinguish the

source(s) of sulfate in ground waters from the study area

and perhaps provide insight into their origin. There was

particular interest in the sulfur isotope ratio of ground

water from the Little Dragoon Mountains. If this water were

isotopically distinct, perhaps it could be used to infer the

amount of recharge entering the basin from the Little
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Dragoon Mountains. Furthermore, if gypsum were dissolving

into basin waters from lake deposits, a change in sulfur

isotope ratios may be detected along a flow path.

Although only three samples from Allen Flat were

analyzed for their sulfur isotope ratios, the results were

useful. The del 34S (CD) values for sulfate in the samples

are listed below:

a) sample 16 (Winchester Mountains) + 2.0 °/ oo

b) sample 43 (Little Dragoon Mountains) + 4 • 3 (:)/ oo

c) sample 38 (southern Allen Flat Basin) + 3 - 8 0/00 -

All of these values fall within the range of pyrite isotope

values measured by Eastoe (1988), suggesting that the source

of sulfate in the samples was either the oxidation of

pyrite, atmospheric precipitation, or both. This conclusion

is based in part on the assumption that little or no

fractionation of sulfur occurs during pyrite oxidation

(Pearson and Rightmire, 1980).

In view of available chemical and mineralogical data

from the Winchester Mountains, pyrite oxidation and

atmospheric precipitation are the likely sources of sulfate

in sample 16. The source of sulfate in samples 38 and 43 is

more difficult to interpret. Both samples are slightly more

enriched in 34S than sample 16, suggesting their sulfate may

have originated from a dual source; pyrite and precipitation

depleted in 34S and gypsum (marine or fresh water) enriched

in 34S. Still, the relatively low concentration of sulfate
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in sample 38 (7.0 mg/1) seems to eliminate gypsum as a

potential source for this sample.

Alternatively, the slight enrichment of samples 38 and

43 could be the result of reducing conditions in the

aquifers. Studies have shown that the formation of HS - and

H2S in ground water from sulfate reduction leaves residual

sulfate enriched in 34S (Pearson and Rightmire, 1980). As

described earlier, however, ground waters in the region are

suspected to exist under oxidizing conditions.

Oxygen and Hydrogen Isotopes

Stable isotope ratios of oxygen and hydrogen in H20 are

an important tool in evaluating hydrologic systems. They

have been applied to a variety of problems including

atmospheric sources of ground water, identification of

groundwater recharge zones, the relationship between ground

and surface waters, leakage between aquifers, the origin of

geothermal waters, and the study of paleoclimates (Fontes,

1980; Truesdell and Hulston, 1980).

Several processes fractionate water isotopically and

explain why isotopes of oxygen and hydrogen have been so

useful in hydrologic studies. Figure 28 is a summary of

those processes and shows their effect on the isotopic

content of water relative to the world meteoric water line

by Craig (1961). Data from Allen Flat are plotted against

the world meteoric water line in Figure 29.
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Figure 28. Summary of processes that affect the isotopic
fractionation of oxygen and deuterium in water
(after Long, 1983).
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As shown, most of the samples from Allen Flat fall

along a local meteoric water line, parallel to the world

meteoric water line. Evidently, the source of ground water

in the study area is meteoric. Further examination of these

samples indicates an interesting relationship between their

isotope content and their location along flow paths in Allen

Flat (Figures 30 and 31). Note in particular how along both

flow paths in southern Allen Flat, the ground water becomes

successively more enriched in 180 and D downgradient. This

trend is consistent with earlier estimates of the flow

direction and chemical evolution of ground water in this

half of the basin.

At least two explanations could account for the trend

observed in southern Allen Flat. One explanation involves

what is known commonly as the elevation effect. Studies

have shown that the isotopic composition of precipitation in

a region is related to the land surface elevation. In

general, as elevation decreases, del 180 of precipitation

increases by .15 to . 5 0/00 per 100 meters and del D

increases by 1.5 to 4 0/00 per 100 meters (Gat and

Gonfiantini, 1981). Since groundwater flow paths are

usually perpendicular to land surface contours, the

elevation effect at first seemed to explain why downgradient

samples in southern Allen Flat would be isotopically

heavier.

However, there are at least three reasons why the
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Figure 30. Del 180 (SMOW) values from the study area and
their relationship to groundwater flow paths.
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Figure 31. Del D (SMOW) values from the study area and
their relationship to groundwater flow paths.
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elevation effect would not explain the data:

a) actual changes in elevation downgradient are not large

enough to account for the isotopic variations,

b) depth to ground water in basin wells is too great

(>300 feet) for direct recharge downgradient to be

important,

C) no indication from modeling major ion data that

direct recharge is occurring downgradient.

Perhaps a better explanation of the trend in southern

Allen Flat is a change in del 180 and del D content of

precipitation, and, therefore, groundwater recharge, over

time. As described in Chapter 3, southern Arizona receives

most of its precipitation during two periods - December

through March and July and August. Winter precipitation

usually originates over the Pacific ocean and is

isotopically lighter than summer monsoons that originate

over the Gulf of Mexico. As evidence, Strauss (1986)

sampled precipitation over a year near the Dragoon

Mountains, about 15 miles southeast of Allen Flat. Her data

are shown in Figure 32. Similar measurements of

precipitation were made over the Tucson Basin by the

Laboratory of Isotope Geochemistry at the University of

Arizona and are also summarized in Figure 32.

Given the isotopic variations in seasonal

precipitation, the trend observed in southern Allen Flat is

believed to be a record of changes in the source of recharge
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into the basin over time. The older samples downgradient

may represent a time when basin recharge resulted

predominantly from isotopically heavy precipitation

originating in the Gulf of Mexico. The younger samples

upgradient, on the other hand, may represent a time when

basin recharge resulted predominantly from isotopically

light precipitation originating in the Pacific. Other

climactic changes, besides the source of precipitation,

might also have contributed to the trend. Whatever the

reason, clearly the isotopic content of precipitation, and,

therefore, groundwater recharge into the basin, has changed.

The period of time over which this change occurred is

not known, but it is probably on the order of hundreds or

even thousands of years. Considering that groundwater flow

rates commonly range between 2 m/year and 2 m/day (Todd,

1980) and most recharge appears to enter Allen Flat along

the base of the Winchester Mountains, downgradient samples

in southern Allen Flat may be quite older than upgradient

samples. If so, the isotope data may be indicating climatic

changes occurring in the southwestern United States over a

long period. When these changes actually occurred and how

abruptly could be determined with 14C measurements. At

present, 14c analyses are not available.

Isotope data from northern Allen Flat provide further

proof of the complexity of the groundwater system in this

half of the basin. The data help to explain, for example,
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anomalous water level measurements at three local wells; 5,

7 and 25. Although these wells are less than a mile and a

half from each other, their water levels differ by as much

as 33 feet. Known head values for wells 5, 7 and 25 are

4224, 4201, and 4234 feet, respectively (See Appendix B).

One explanation for the differences in head is that the

wells tap distinct water-bearing zones under different

pressure. No geologic logs are available to verify this, but

the wells are known to differ in total depth and, therefore,

could intersect distinct sedimentary units. Total depths of

wells 5, 7 and 25 are 300, 250, and 200 feet, respectively.

The idea of separate water-bearing zones is consistent

with isotope and major-ion data which indicate that samples

5, 7 and 25 were derived from distinct sources (see Figure

29 and Appendix C). Of the three samples, sample 25 is the

most depleted in 180 and D and interestingly has a similar

isotopic and chemical signature as sample 19, located in

southern Allen Flat near the base of the Winchester

Mountains. Perhaps like sample 19, sample 25 represents

more recent recharge into the basin.

Sample 5, in contrast, is the most enriched of the

three samples and bears isotopic resemblance to sample 10,

also in southern Allen Flat. Recall in Chapter 7 that

sample 10 was used to model the chemical evolution of sample

5. The similarity of the isotope data is consistent with

the modeling results.
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The isotopic content of sample 7 is intermediate of

samples 5 and 25, and may suggest mixing of ground water.

This scenario was not examined with chemical modeling

because sample 7, as well as sample 25, are potentially

affected by septic tank contamination.

Sample 40 (NO Spring) was the most isotopically

enriched sample measured in northern Allen Flat and lies

regionally downgradient of wells 5, 7, and 25 (Figures 30

and 31). Comparison with isotope values from southern Allen

Flat suggest that this sample may be the oldest collected in

this half of the basin. It is clearly distinct from sample

18 (Hookers Hot Springs) which was collected about a mile to

the northwest. Sample 18 in contrast was the most depleted

sample in 180 and D measured in the study area. The

difference isotopically between samples 40 and 18, in

addition to chemical modeling data presented in Chapter 7,

suggests that basin waters are not the source of the

geothermal water.

The source of the geothermal water is probably winter

precipitation considering it is so depleted in 180 and D.

The fact that sample 18 plots slightly above the local

meteoric water line also suggests this precipitation may

occur as snow. There is no evidence that the geothermal

water is from a magmatic source or has exchanged

isotopically with silicates in the aquifer (see Figure 28).

The latter may indicate either that at depth water
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temperatures are not high enough to allow isotopic

equilibrium with silicates or that the residence time of the

geothermal water is too short. Without 14C data, no direct

measurement of residence time is available.

Note in Figure 29 that sample 18 falls near the end of

an evaporation line passing through three samples (3, 16,

and 17) collected from the Winchester Mountains. This

suggests that the geothermal water was derived from a

similar source (winter precipitation) as the mountain-front

samples, but unlike these samples, was unaffected by

evaporation.

Evaporation was expected to affect the mountain-front

samples in view of the shallow groundwater conditions that

exist locally and as a result, further distinguishes these

samples from the basin samples. Reported seasonal

fluctuations in water levels in mountain-front wells are

evidence that mountain-front aquifers are recharged by

recent precipitation.

Sample 30, also collected in the Winchester Mountains,

does not appear to be affected by evaporation and probably

represents mountain-front recharge that is older than is

occuring today. Recall that modeling in Chapter 7 indicated

that sample 30 was evolved chemically under a more closed

system than mountain-front samples 16 and 17. Sample 31,

downgradient of sample 30, is even more enriched in 180 and

D and indicates still older recharge. Comparison of these
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data with isotope data from southern Allen Flat suggests

that both samples may be quite old.
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CHAPTER 9

CONCLUSIONS

This chapter concludes the thesis by highlighting major

points from previous chapters and suggesting areas of future

study. To simplify the discussion, the chapter is divided

into two sections; a summary section and a recommendations

section. Each section consists of a list of points.

Summary

1) Allen Flat is a small intermontane basin in southeastern

Arizona, about 125 square miles in area. It is rectangular-

shaped and bordered on all sides by mountains and hills that

are locally disected by washes.

2) Mountains that border the northern half of the basin

consist of Tertiary and Quaternary volcanic rocks. Mesozoic

and Paleozoic sedimentary rocks border the basin to the

south.

3) Sediments shed from the highlands fill the basin. They

are separated from bedrock by high angle normal faults

formed during Miocene Basin and Range faulting. Driller's

logs indicate the sediments thicken rapidly toward the

center of the basin.

4) Three stratigraphic units are present in the basin

alluvium; late Miocene(?) older alluvium, Quaternary

pediment gravels and recent stream deposits. Older alluvium

is composed of partially-cemented sediments grading from
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coarse gravels near the mountains to fine silts and clays

downgradient.	 Geologic logs suggest that these sediments

are locally heterogeneous.	 Along mountain fronts and

washes, older alluvium is overlain by pediment gravels and

unconsolidated stream deposits.

5) The region is semi-arid, receiving most of its

precipitation from monsoonal rains during July and August

and light rains and snows between December and March. The

Allen Flat area receives the greatest precipitation in

adjacent mountains where up to 22 inches falls annually.

6) Intermittent surface runoff is channelled through washes

and drains into the San Pedro River Basin to the west. A

drainage divide extends from northeast to southwest across

the center of Allen Flat.

7) Ground water is stored in three hydrologic units;

bedrock, older alluvium and recent stream deposits. Each is

a source of springs and has been tapped by wells. Bedrock

aquifers store a limited amount of water under pressure

along fractures and bedding surfaces.	 Older alluvium

composes the largest aquifer in the study area. Drilling

reports suggest that water-bearing units in the basin

aquifer are semi-confined and pinch out locally.	 Small

perched aquifers exist in stream deposits along washes. The

latter supply water to two perennial streams in northern

Allen Flat.

8) Pieziometric head data indicate that the basin aquifer
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is recharged primarily along the western edge of the basin,

at the base of the Winchester Mountains, and to a lesser

extent from the Little Dragoon Mountains to the south.

Ground water is discharged from the basin largely as

underf low, eventually reaching the San Pedro and Willcox

Basins.

9) Groundwater development in the study area has been

limited to domestic and stock needs.	 As a result, the

region appears to be in hydrologic balance. Water levels

have varied little in the basin aquifer over time, changing

more in perched aquifers along washes and implying the

latter are a less reliable source of water. 	 Future

groundwater developers should be aware that depths to ground

water in the basin increase near the mountains.

10) Ground waters can be divided into two classes on the

basis of dominant ions in solution; Ca-HCO3 and Na-HCO 3 .

11) Major ion data indicate that the quality of ground water

is generally good for domestic and stock use. Out of 31

analyses of well and spring waters, five samples exceeded

the recommended limit for TDS and two samples exceeded the

recommended limit for F. High NO3 - levels were detected in

four domestic wells, suggesting local septic tank

contamination.	 Of these, only one well exceeded the

recommended limit for NO3 - .

12) Processes affecting groundwater chemistry were examined

by both qualitative and quantitative techniques. Reaction
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path modeling was the quantitative technique used,

incorporating mass transfer (BALANCE) and thermodynamic

(PHREEQE) models. Modeling results gave insite into

chemical evolution of ground waters, groundwater flow

patterns, aquifer systems, leakage between aquifers,

recharge zones, and aquifer mineralogy.

13) Analyses of geochemical processes suggested that ground

waters stored in bedrock and washes in the winchester

Mountains evolve chemically from rain water under a

partially open system.	 Hydrolysis of plagioclase and

pyroxene is the dominant process here, driven primarily by

formation of carbonic acid and to a lesser extent by

oxidation of pyrite. Other processes include formation of

clays and iron oxides, calcite (caliche) dissolution, silica

precipitation, and fluorite(?) dissolution.	 Evolution of

water from a bedrock aquifer in the Little Dragoon Mountains

is evidently more complex and could not be modeled. Note

that the effects of evapotranspiration, atmospheric input

and soil reactions were not evaluated directly.

14) Analysis of geochemical processes further suggested that

the basin aquifer is recharged primarily from storm and melt

runoff infiltrating through alluvium at the base of the

Winchester mountains.	 This water is chemically distinct

from ground waters stored in bedrock and washes along

mountain fronts.	 Limited basin recharge may occur from

water stored in bedrock aquifers in the Little Dragoon
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Mountains.

15) In the recharge zone, chemical evolution of basin waters

is similar to that along mountain fronts.	 Downgradient,

basin waters evolve under a more closed system.	 Here

calcite precipitation is the dominant process, driven by

exchange of Na+ for Ca2+ and Mg2+ on clays. Modeling

suggested that minor amounts of CO2 (g) are added to ground

waters downgradient, perhaps from oxidation of organics, and

are also lost, perhaps from degassing. There is no

indication that reducing conditions are affecting the basin

water chemistry.

16) Chemical evolution of ground waters in southern Allen

Flat closely follows predicted groundwater flow paths.

There is only local evidence of chemical stratification or

seperate water-bearing units. 	 In northern Allen Flat,

chemical evolution of ground waters is more complex,

supporting geologic data and head measurements that

indicated distinct aquifer systems exist.

17) Modeling results demonstrated that the geothermal system

in northern Allen Flat is hydrologically separate from the

basin aquifer. The geothermal waters seem to evolve from

rain water that circulates through fractures and is heated

at depth. Important chemical processes affecting the waters

include the dissolution of plagioclase by carbonic acid,

calcite precipitation, and silica dissolution.

18) Sulfur isotope data confirmed that sulfate in ground



145

waters from the Winchester Mountains originates from pyrite

oxidation and/or atmospheric input. The source of sulfate

in the basin aquifer and Little Dragoon Mountains is less

clear from the data. Evidence for dissolution of marine

evaporites and lakebeds is lacking, suggesting that pyrite

and/or precipitation is the source of sulfate.

19) Oxygen and hydrogen isotope data indicate that all

ground waters in the study area originated from atmospheric

sources. Mountain-front waters seem to have originated from

relatively recent winter precipitation, subsequently

affected be evaporation. 	 Evaporation distinguishes

mountain-front waters from basin waters.

20) Basin waters in southern Allen Flat become successively

enriched in 180 and deuterium downgradient, suggesting the

source of basin recharge and, therefore, the source of

precipitation for the region has changed with time.

Presently, winter precipitation originating over the Pacific

ocean is isotopically depleted in 180 and deuterium relative

to summer rains originating over the Gulf of Mexico.

21) In northern Allen Flat, the isotope content of basin

waters are distinct, supporting the premise of separate

aquifer systems. Geothermal water from Hookers Hot Springs

is clearly distinct from the basin waters and appears to

have originated from winter precipitation.
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Recommendations

1) Seismic-refraction data and additional gravity

measurements are needed to better characterize the

subsurface geology of the basin, particularly depth to

bedrock and basin-fill stratigraphy.

2) Aquifer tests should be conducted to evaluate aquifer

properties of the bedrock and older alluvium.	 Residual

drawdown data could be obtained from the following wells at

little expense; 1, 4, 7, 9, 14, 16, 19, 20, 25, 30, 31, 32A,

and 34. Results could be incorporated into groundwater flow

models to predict effects of future groundwater development

in Allen Flat.

3) Clay mineralogy should be examined in basin fill and

along mountain fronts to verify incongruent dissolution of

silicates and identify the medium(s) of cation exchange.

4) Groundwater samples already collected should be analyzed

for trace metals, especially aluminum, iron and chromium.

Wells affected by septic tank contamination should be

resampled and the ground waters analyzed for organic and

bacteria content.

5) Other wells and springs, particulary those in the

mountain fronts, should be resampled several times over a

year to determine the effects of atmospheric input,

evapotranspiration and soil reactions on groundwater

chemistry. Dissolved oxygen and Eh should be measured in

both mountain-front and basin samples to better quantify
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reducing conditions in local aquifers.

6) Additional oxygen and hydrogen isotope data are needed to

confirm observed evaporation effects in the mountain fronts

and further define basin recharge and seperate water-bearing

formations. Sulfur isotope content of precipitation and dry

fallout should also be measured to evaluate the contribution

of atmospheric sulfate to ground waters.

7) Finally, carbon isotopes should be measured in selected

samples to evaluate sources of dissolved carbon and the age

of ground waters. The latter could be used to calculate

groundwater flow rates, and in conjunction with existing

oxygen and hydrogen isotope data, may infer the time and

extent of paleoclimatic changes in the region.
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GEOLOGIC LOGS OF WELLS
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Sources of Information: Arizona Department of Water
Resources and the U.S.	 Geological
Survey, Tucson, Arizona.

Well 1 From To
(D-12-21 27CDA) (feet) (feet)

Boulders and black dirt 0 55
Red conglomerate 55 370
Sand and gravel, water 370 375
Yellow clay 375 380
Hard conglomerate 380 390
Sand, water 390 400
Conglomerate 400 410

Well 2 From To
(D-12-21 36CA) (feet) (feet)

Sand, gravel and lava boulders	 0	 200
Clay	 200	 565
Caving sand and clay	 565	 570
Clay	 570	 665
Hard lava	 665	 670
Sandstone	 670	 723

Well 8
	

From	 To
(D-13-21 20DDC)
	

(feet)	 (feet)

Light colored volcanic rock	 0	 125
Red colored volcanic rock	 125	 400
Water at 365 feet

Well 14
(D-14-21 25ABB)

Boulders and clay
Water at 240 feet

Well 19
(D-13-22 28BCB)

	From	 To

	

(feet)	 (feet)

0	 644

	From	 To

	

(feet)	 (feet)

Clay and boulders 0 27
Conglomerate 27 817
Water sand carrying 3 gpm 817 822
Conglomerate 822 914
Dry sand 914 1012
Conglomerate 1012 1175
Granite conglomerate 1175 1180
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Well 24
	

From	 To
(D-13-21 16D)
	

(feet)	 (feet)

Sand, water
	

170	 185
Red sand, clay	 185	 285

Well 28
	

From	 To
(D-14-21 14DD)
	

(feet)	 (feet)

Gravel, some sand	 0	 80
Sand	 80	 100
Clay, some gravel and sand	 100	 400

Well 29
	

From	 To
(D-12-20 11DAD)
	

(feet)	 (feet)

Red volcanic rock	 0	 90
Rhyolite	 90	 305
Red volcanic rock	 305	 312

Well 30
	

From	 To
(D-14-22 12CDD)
	

(feet)	 (feet)

Hard, red, very compact	 0	 60
volcanic ash
Small seep at 65 feet in pale	 60	 100
volcanic ash
Large multi-colored gravels	 100	 125
Compact red ash with small	 125	 170
cracks
Tight gravels, water	 170	 250

Well 32A
	

From	 To
(D-15-21 1BCC1)
	

(feet)	 (feet)

Topsoil	 0	 2
Boulders and clay	 2	 140
Boulder and gravel, first water 140	 146
Boulders and clay	 146	 200

Well 34
	

From	 To
(D-12-22 25ACC)
	

(feet)	 (feet)

Rocks and clay	 0	 20
Conglomerate	 20	 550
Porous lime rock	 550	 680
Lime rock (hard) 	 680	 700



Well 38
(D-14-22 30BCB)

Clay
Gravel, loose rock
Clay
Cobble and large gravel
Conglomerate boulders, sand
Gravelly clay
Clay
Clay, red shale
Sand, gravelly clay
Pink clay
Red clay, sand
Conglomerate
Coarse gravel
Sand
Gravel, sand, clay streaks
Hard sand, gravel

Well 43
(D-15-22 21BBA)

Red shale
Green shale
Red shale
Green shale
Red shale
Gray shale
Red shale
Green shale
Blue shale
Green shale
Green shale, fault gouge

Well 45
(D-15-23 33AAB)

Topsoil
Rock and rocky fill
Granite rock (?)
Conglomerate

From
(feet)

To
(feet)

0 2
2 15

15 40
40 70
70 88
88 110

110 307
307 343
343 358
358 360
360 370
370 395
395 407
407 412
412 420
420 427

From
(feet)

To
(feet)

0 10
10 35
35 65
65 80
80 105

105 135
135 140
140 165
165 225
225 285
285 305

	

From	 To

	

(feet)	 (feet)

0 2
2 30

30 500
500 600
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Well 47	 From	 To
(D-15-23 19BBB)	 (feet)	 (feet)

Gila conglomerate, cemented 	 0	 1048
boulders
Bedrock limestone, water	 1048	 1155
encountered at 727 feet



Well 48
(D-14-23 29DDD)

From
(feet)

To
(feet)

Soil 0 3
Clay with boulders 3 19
Gravel and boulders 19 50
Clay and small boulders 50 93
Hard rock, water at 115 feet 93 150
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DATA FROM SELECTED WELLS AND SPRINGS



FIELD
NUMBER LoCATION

	

4LTITUDE	 4LTITUDE
:EPTH	 oF LAND	 DEPTH TO OF WATER	 DATE OF	 SOURCE OF	 METHOD OF	 SEOLOGIC

	

3F WELL PUMP WATER SURFACE	 ',ATER	 SURFACE	 WATER LEVEL	 1ATER	 ',ATER LEVEL LOG DATA
4. EET)	 TYPE	 USE	 (FEET)	 FEET)	 (FEET)	 MEASUREMENT LEVEL DATA MEASUREMENT 	 'IN) PEMARKS

01 0 -12-21	 27CDA 410 PJ	 ST 4450 340 4210 06-24-42 JSGS REPORTED ES CURRENTLY
338.5 4211 06-04-88 BURTELL TAPE NOT	 IN USE

02 D-12-21	 56C4 7 2: 4 	ST 4880 570 4310 12-00-47 uSGS ;PORTED 10 ABANDONED
03 0-12-22 3108 20 W 	ST 5100 14.6 5085 07-00-51 USGS SOUNDER NO ABANDONED.

1.3 5099 03-12-80 BURTELL TAPE HAND DUG WELL
04 D-13-21	 02DCD 430 PJ	 ST 4650 :87. 4263 10-03-73 usGS SOUNDER 10

:73.7 4276 06-03-88 SURTELL TAPE
35 D-13-21	 IOCCD =00 A	 ST 4425 200.7 4224 10-03-78 OSGS SOUNDER
06 D-13-21	 16DCA 215 4	 ST 1360 :16.9 1213 07-00-51 ,JUGS SANDER lu
37 D-I3 - 21	 160CC 250 S 	52 4355 )54. 4201 07-00-51 JSGS SOUNDER 10
9 0 0-13-21	 2000C 100 8	 3 1550 :14 1 236 12-00-51 JUGS ;EPORTED 'ES
09 D-13-21	 2IA8A 2 3 0 S 	2 1395 4208 00-00-d8 JUGS ,.EPORTED

171.7 4223 06-02-U FURTELL . APE
10 D-I4-21	 02AAA 020 4 	ST 43 466.9 4226 36-02-88 BURTELL "APE 10 FPIOR	 PUMPING

5050
BEFORE MEAS.

!I D-13-22 064C8 42 4 33 5012 00-00-51 USGS REPORTED 10 HAND DUG WELL
23.9 5026 03-12-88 BURTELL SOUNDER

1 2 D-I2-21	 13CA8 50 U	 ST 5300 50.3 5330 UNKNOWN USGS SOUNDER 90
13 D-I4-21 22038 644 S	 ST 4775 040 4135 00-00-51 USGS REPORTED 10 ABANDONED(DRY)
14 D-14-21 25488 644 S	 D 4435 211.4 4224 04-17-68 USGS TAPE YES

238.6 4196 09-07-77 USGS SOUNDER
15 D - 14-21 HBO 415 W	 ST 4600 342.5 4257 04-17-68 USGS SOUNDER 10

333.8 4266 01-05-78 USGS SOUNDER
345.2 4255 05-14-88 BURTELL TAPE

16 D-13-22 05DAC 165 S	 D 5185 115 5070 12-11-76 DRILLER UNKNOWN 10
17 D - 13 - 22 09CAC 25 S	 D 5090 6.25 5084 03-18-88 BURTELL TAPE NO HAND DUG WELL
13 D-13-21 06AAC SPR D 4100
(HOOKERS SPRINGS)
19 D-13-22 28BC8 1100 Pi	ST 4990 550 4440 UNKNOWN OWNER ESTIMATED :ES
20 D- I3 - 22 33040 1440 PJ	 ST 4950 700 4250 UNKNOWN OWNER ESTIMATED NO
21 D-14-22 31ABC 644 W	 ST 4445 224.2 4221 04-18-68 USGS TAPE 40 ABANDONED

226.0 4219 09-07-77 USGS SOUNDER
229.2 4216 03-14-88 BURTELL SOUNDER

22 D - I4-22 348DC 430 W	 ST 4570 357.1 4213 04-18-68 USGS SOUNDER NO
364.2 4206 01-05-78 USGS SOUNDER
:65.3 4205 05-14-88 BURTELL TAPE

23 D-14-22 10AAC 630 W	 ST 4800 550 4250 UNKNOWN OWNER ESTIMATED NO
24 D-13-21 16D 205 U	 D 4360 170 4190 05-00-21 USGS REPORTED YES ABANDONEDILOST
25 D-13-21	 17ADD 200 S	 D 4400 165.9 4234 06-03-88 BURTELL TAPE NO
26 D-14-22 1288C 500 W	 ST 4710 150 4560 08-00-76 DRILLER UNKNOWN NO ABANDONED
27 D-14-22 18ACA 403 W	 ST 4610 1 403. 1 4207 06-04-88 BURTELL TAPE NO ABANDONED(DRY)
21 D-14-21 14DD 400 GW 4550 YES ABANDONED(LoST!
29 D-12-20 11DAD 312 W	 D 4.560 110 4450 11-00-50 USGS UNKNOWN TES ABANDONED
30 0-14-22 12CDD 250 S	 ST 4640 75.5 4564 06-04-88 BURTELL TAPE YES
31 D-14-23 18BCD 160 S	 ST 4560 50.3 4510 06-03-88 BURTELL TAPE NO
324 D-15-21 OIBBC 200 S	 ST 4367 150.1 4217 05-14-18 BURTELL TAPE fES
328 D-15 -21 0188C 160 S	 D 4367 144.7 4222 11-30-50 USGS SOUNDER YES

154.2 4212 09-07-77 USGS SOUNDER
33 D-15-23 05CCB 440 W	 ST 4565 400 4165 06-00-51 USGS REPORTED NO ABANDONED

154
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	ALTITUDE	 ALTITUDE
DEPTH	 LAND	 DEPTH TO OF WATER	 DATE OF	 SOURCE OF	 METHOD OF	 GEOLOGIC

FTELD	 WELL PUMP WATER SURFACE	 WATER	 SURFACE	 WATER LEVEL	 WATER	 WATER LEVEL LW DATA
lOMBER	 LOCATION	 (FEET)	 TYPE	 USE	 (FEET)	 (FEET)	 (FEET)	 MEASUREMENT LEVEL DATA MEASUREMENT	 .:/N) , EMARKS

:7	 D- 15- 21	 27BAD	 3:0 PJ ST 1130 2'90 5890 10-00-51 11,A REPORTED Io

:3	 D-14-22 :ORB	 427 S	 ) 1440 .1',1 4149 UNKNOWN TRILLER UNKNOWN .cs

32	 0-12-21	 :1AAC	 SPR 4040 SPRING Sox
10	 D-13-21	 05CDO	 SPR ST 1170 11FRING ao
NO SPRING)

41	 9-13-22 23BCA	 29 W S T 5325 5.55l5 .3 6-02-38 iURTELL 'APE 10 ABANDONED
12	 D-15-21	 :SSAA	 000 '4 1400 350 7.350 UNKNOWN ':SGS ,.EPORTED

13	 D-I5-4 21 58 A	 :05 W T .070 :30 4070 2 7-13-51 JUGS =PORTED
14	 0-15-22 2no	 , ,o '4 ST 1675 ;UNKNOWN ,SANDONE1L57

45 	0 -1E-23	 3: 146 	,:,00 S ST 4530 4050 3 2-10-82 1RILLER UNKNOWN
10	 D-15-23	 :ICBA	 1350 0 140 :40 1260 10-00-04 TRILLER UNKNOWN
4 -;	 D-15-23	 1 9 118	 11 5 5 S UT 1770 1100 19-15-76 TRILLER UNKNOWN
1 8 	D-14-23 2 0 DDD	 150 W SI 5 2O 5 5 .13-10-82 TRILLER UNKNOWN
1 9 	D-12-21	 31ACD	 SFR 4127 1 0110 S 	EX
(WARM SPRING)
SO	 D-I3-22 2813 00	 SEEP ST 1 9q0

THE SEEPS)
51	 D-I3-21	 07060	 SEEP ST 0520 SPRING EUX
AIGGS SEEP)

PO : PUMP JACK	 ST = STOCK
W : WINDMILL	 D z DOMESTIC
5 : SUBMERSIBLE SW : GAS WELL
SPR : SPRING
U: UNKNOWN
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CHEMICAL DATA FROM SELECTED WELLS AND SPRINGS
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ISOTOPE DATA FROM SELECTED WELLS AND SPRINGS
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