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ABSTRACT

The usefulness of stable isotopes of dissolved sulfate (634S and 6 180) as well as

sulfate concentration was evaluated in four cases of study in southern Arizona. In Tucson

basin, they have been used to determine the sources of sulfate in the groundwater, to

delineate groundwater flow paths and recharge process, and to identify the groundwater

domain. In Sonoita Creek near Patagonia, in combination with hydrochemical analysis

and other environmental isotopes they were used to identify the sources of sulfate in the

groundwater and surface water, the groundwater residence time, the interaction between

groundwater and surface water, and the sources of base flow in Sonoita Creek. In the

Patagonia Mountains, they were used to investigate the oxidation mechanisms of sulfide

minerals. In evaporite deposits, 6 34S and 6 180 were used to determine the sources of

sulfur, and to estimate the contribution of different S sources.

This work shows that 634S and 6 180 of sulfate are excellent tracers of sulfate sources

in groundwater, surface water, acid mine drainage and evaporite deposits in southern

Arizona. The distinctive isotope compositions of the sulfur sources permit a clear

identification of sources in aqueous environment, and quantification of the contribution

from respective sources in one case. The results demonstrate the lithospheric origins of

sulfur in the aqueous environment and evaporite deposits, and with Permian evaporite the

most important source of sulfate.
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CHAPTER 1 INTRODUCTION

The origin and the fate of sulfate in groundwater has concerned hydrogeologists for

many decades. On regional and even global scales, sulfate as a component of acid rain

captured scientific and public awareness in the 1970s and 1980s. Subsequently, intensive

research programs on the effects of atmospheric sulfate deposition on terrestrial and

aquatic ecosystems were initiated (Krouse, 1980; Krouse and Grienko, 1991).

For the delineation of various sources of groundwater sulfate, the application of stable

isotope techniques has proven most useful. This approach has been particularly

successful when both the sulfur and oxygen isotopes in the sulfate were determined.

Stable sulfur isotopes are mainly used to determine sulfur sources, while sulfate oxygen

isotopes can provide additional information about the sources of sulfate and about the

geochemical environment in which the sulfate is found (Pearson and Rightmire, 1980).

Groundwater sulfate can be of atmospheric, pedospheric, and lithospheric origin. In

addition, sulfate derived from anthropogenic sources, such as industrial wastes, fertilizers

and soil amendments, can also provide an additional source of sulfate. Commonly, their

distinctive isotope compositions allow one to clearly distinguish the S sources in the

groundwater and surface water.

Sulfur compounds from these various sources participate in the geochemical

evolution of groundwater. They also contribute to groundwater salinization. Some of the

applications of sulfur isotope geochemistry include studies of the cycling of sulfur in

agricultural watersheds, the origin of salinity in coastal aquifers or sedimentary strata,
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groundwater contamination by landfill leachate plumes, acid mine drainages, the

delineation of groundwater pathways and the interaction between different aquifers. 634 S

and 6 18 0(SO4) in groundwater have proven informative in a wide variety of projects

throughout the world (Pearson and Rightmire, 1980; Caron et al., 1986; Krouse and

Grienko, 1991; Dowuona et al., 1993; Clark and Fritz, 1997; Mitchell et al., 1998; Krouse

and Mayer, 1999; Moncatser et al., 2000).

Sulfate is commonly the most abundant anion in the groundwater in semi-arid and

arid basins of southwestern USA, but little work has been done to determine the sources

of sulfate by using 6 34 S and 6 180(SO4) as well as chemical compositions. In contrast to a

large number of studies in the groundwater hydrology using 818",
U 6D, 3H, and 14C (Cook

and Herczeg, 1999 and references therein; Clark and Fritz, 1997 and references therein),

only a few studies of 634 S and 6 180(504) in groundwater exist in arid and semiarid areas (

Yang et al., 1997; Dogramaci et al., 2001; Eastoe et al, 2004).

Recent developments in continuous flow isotope ratio mass spectrometry (CF-IRMS)

have enabled the measurement of sulfur and oxygen isotopes in sulfate in a more efficient

way, with high throughput, short turn-around time, and better economy. This technique

allows determination of 534S and 6 180(504) in small samples, and a relatively large

number of samples can be analyzed in a given project. This will permit greater

refinement of S and 0 isotope distribution both among S species and better delineation of

temporal and spatial distribution of sulfur in groundwater and surface water, and thus
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providing more detailed information to identify sulfur sources and groundwater flow

paths.

The mountain ranges surrounding many alluvial basins in southern Arizona have

contrasting geology, resulting in potentially distinctive sulfate concentrations and its

isotope compositions in recharge waters. Therefore, detailed studies of isotope

composition of sulfate in groundwater and surface water can provide extremely useful

information about the origins and fate of sulfate in the aqueous environment. This work

is, to our knowledge, the most detailed environmental isotope study in the aqueous

environment around the world.

The research presented in this dissertation is the product of seven years of field work

and laboratory experiments. Five papers resulting from this research are included as

appendices to this dissertation, and each one displays the unique contribution that sulfate

isotopes could make to understand the local geology, hydrology and hydrogeochemistry.
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CHAPTER 2 PRESENT STUDY

The methods, results, and conclusions of this study are presented in the papers

appended to this dissertation. This chapter introduces the objectives and a summary of the

most important findings in this study.

The present work will use four case studies in southern Arizona as examples to

demonstrate the usefulness of S and 0 isotopes in solving hydrological, geological, and

environmental problems, with each case having a unique focus.

The objectives of this work are combining 634S and 6 180(SO4) to determine the

sources of sulfur in the groundwater, surface water, acid mine drainage and sulfate

evaporite deposits in southern Arizona; to study groundwater flow paths and groundwater

origins using isotope information; to study the interaction between groundwater and

surface water and then determine the flow component of surface water base flow; and to

examine the possible oxidation mechanisms responsible for the formation of acid mine

drainage and its environmental impacts.

The specific objectives of the present study are:

(1) Tucson basin:

(a) investigate the isotope composition of sulfate in rainwater and its sources;

(b) map the spatial distribution of dissolved sulfate and its 634 S and 6 180 values in

the basin aquifer;
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(c) identify the major sources of SO4 in the groundwater, and possible

geochemical processes that might affect the isotope composition (834S and

8 180) of SO4 ;

(d) investigate the applicability of 634S and 8 180so4 as tracers of recharge

processes, groundwater flow paths, and mixing of different groundwater

bodies in the aquifer.

(2) Sonoita Creek basin near Patagonia:

(a) characterize the chemical and isotope composition of groundwater and

surface water;

(b) determine the origins of dissolved sulfate in the groundwater and surface

water using hydrochemistry and environmental isotopes;

(c) investigate the source of base flow in Sonoita Creek perennial flow and the

possible interaction between groundwater and surface water;

(d) study the environmental impacts of acid mine (rock) drainage (AMD) on the

aquatic environments.

(3) Patagonia Mountains:

(a) investigate the chemistry and isotope composition of AMD;

(b) study the possible mechanisms and environment of sulfide oxidation;

(c) study the transport pathways of AMD to the aquatic environment and

mechanisms controlling low pH in the stream water during the summer

monsoon season.
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(4) Sulfate evaporite deposits:

(a) study the isotope compositions of sulfate in the evaporite deposits;

(b) determine the sulfur sources of these evaporites;

(c) estimate the contributions of different sources to the S budget in evaporite

deposits.

These four cases are interdependent in the following ways: (1) Study the isotope

compositions of sulfate evaporites can help to determine the sources of sulfate in the

groundwater in the Tucson basin and Sonoita Creek basin. (2) Study of the chemistry and

isotope compositions of AMD in Patagonia Mountains can contribute to the

understanding groundwater pathways in Sonoita Creek and the interaction of

groundwater and surface water. (3) Isotope compositions of AMD in the Patagonia

Mountains can provide a present-day analog of contribution of sulfur from porphyry

copper deposits and their cap rocks to Miocene-Pliocene evaporates in southern Arizona.

(4) The isotope composition of dissolved sulfate in Sonoita Creek illustrates the mixing

of sulfur from Permian evaporite and Laramide igneous rocks, such as appears to have

taken place at the time of evaporates formation.

This study shows that 634S and 6 180(SO4) are excellent tracers to indicate the sulfate

sources, groundwater flow paths, water origin, and groundwater mixing in the aquifer;

they are also good indicators of groundwater-surface water interaction in the Sonoita

Creek basin, and useful in determining the sources of sulfur in sulfate evaporites in

southern Arizona.
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Abstract

634S and 6 180(SO4) values were analyzed from Tucson basin rainwater, surface water,

groundwater, and rock sources. The isotope compositions indicate that rainwater sulfate

is mainly from anthropogenic activities (ore smelting and coal-fired electric power

plants). Both 634 S and 6 180(SO4) show a wide range of variation in the groundwater: 634 S

varies from —1.9 to 21%0; 6 180(SO4) varies from —0.8 to 16%o. Coupled 634S and

6 180(SO4) data as well as SO4 concentrations identified at least six sulfate sources in

groundwater, among which the most important are (1) the dissolution of evaporites

(mainly gypsum) in the Pantano Formation and Tinaja Beds, and (2) sulfate derived from

mountain-front recharge and streambed infiltration. Anthropogenic sulfates are identified

in floodplains of Rincon Creek and Catiada del Oro, as well as two wells downgradient of

a major golf course in the northeastern part of basin.

An improved version of groundwater zonation is presented, and a new groundwater

domain is identified in the northeastern margin of the basin. Groundwater in this domain

has high concentrations of sulfate and fluoride, and low 6 18 0(H20) in the groundwater

implies that groundwater is recharged by high-elevation precipitation; low 6 180(SO4) in

dissolved sulfate indicates that sulfate is from oxidation of pyrite rather than from the

Pantano Formation.

Groundwater in the regional aquifer is chemically and isotopically stratified in two

locations.
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The major sources of sulfate correspond well with the recharge sources of

groundwater in the basin. 834S and SO4 concentrations are good indicators of

groundwater mixing in Tucson basin.

1. Introduction

Stable and radioactive isotopes (8 180, 6D, 3H, and 14C) have been extensively used to

identify sources of groundwater recharge, delineate flow paths within aquifers, and

estimate the groundwater residence time (Clark and Fritz, 1997; Coplen et al., 1999).

Isotope data could provide a record of the source, movement, and age of groundwater that

may not be readily apparent from more traditional hydraulic analysis relying primarily on

water-level data. This is especially true in areas where groundwater levels have been

affected by pumping (Izbicki, et. al., 2004).

In contrast to a large number of studies in groundwater hydrology using 8 180, 8D, 3 H,

and 14C (Cook and Herczeg, 1999 and references therein; Clark and Fritz, 1997 and

references therein), only a few studies of 834S and 8 180(SO4) in groundwater exist in the

literature so far, especially in arid and semiarid areas (Krouse, 1980; Krouse and

Grinenko, 1991; Yang et al., 1997; Dogramaci et al., 2001; Gu et al., in prep a). Sulfate is

commonly the most abundant anion in the groundwater in semi-arid and arid basins of

southwestern USA, but little work has been done to determine the sources of sulfate by

using 834S and 8 180(SO4) as well as chemical compositions. Stable sulfur isotopes are

mainly used to determine sulfur sources, while sulfate oxygen isotopes can provide

additional information about the sources of sulfate and about the geochemical
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environment in which the sulfate is found (Pearson and Rightmire, 1980). Furthermore,

they can augment other isotopic parameters (6 180, 6 180, 3H, and 14C) in delineating

groundwater movement, flow paths, and groundwater mixing, either between different

water bodies in the same aquifer or between aquifers.

This research is part of a broader project in which environmental isotopes have been

used as tracers to study groundwater recharge processes, movement, and its geochemical

evolution in Tucson basin (Eastoe et al., 2004). The main objectives of this study are: (1)

to map the spatial distribution of dissolved sulfate and its 634S and 6 180 values in the

basin aquifer; (2) to identify the major sources of SO4 in the groundwater, and possible

geochemical processes that might affect the isotope composition (6 34S and 6 180) of SO4,

and (3) to investigate the applicability of 634S and 6 180s04 as tracers of recharge

processes, groundwater flow path, and mixing of different groundwater bodies in the

Tucson basin aquifer.

2. Study Area

2.1 Location

Tucson basin is a large northwest-trending alluvial valley, and it occupies an area

about 30 x 40 km within the watershed of the Santa Cruz River in southern Arizona

(Figure 2.1). The basin is bounded by mountain ranges of crystalline rock, with altitudes

up to 2900 m in the Santa Catalina, Santa Rita and Rincon Mountains, and up to 1400 m

in the Tucson Mountains. The basin floor lies at elevations near 800 m above sea level.

The climate of Tucson basin is semiarid, with hot summers and cool winters, and the
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mean annual temperature is about 19.6 °C. Rainfall at basin levels averages

approximately 300 mm per year, and mainly occurs in summer and winter seasons. The

summer monsoon, which occurs from late June through September, is of short duration

and high intensity, and individual events are limited in areal extent. Winter precipitation,

occurring from December through March, is of long duration and low intensity, and is

regional in scale. Summer rainfall accounts for slightly more than half of the total annual

precipitation. Annual potential evapotranspiration in the basin is large, approximately

1066 mm (Boul, 1964); and currently far exceeds precipitation in the basin. Precipitation

increases towards the mountains with elevation; and mean gradients are 114mm/1000 m

for summer, and 151mm/1000 m for winter precipitation (Wright, 2001). Snow is

common above an elevation of 1500 m in the mountains during January and February.

The natural vegetation of the basin floor and lower mountain slopes is Sonoran desert

species, and the higher mountains are forested mostly with Pinus ponderosa trees.

The Tucson basin drains to the northwest. Major streams include the Santa Cruz

River, Rillito Creek, Tanque Verde Creek, and Pantano Wash. All of these streams are

currently ephemeral. Most stream flows occur in direct response to precipitation and

runoff events.

2.2 Geology

Tucson Basin is situated in the Basin-and-Range Province, and was formed as a

result of Neogene regional extension, expressed as detachment faulting followed by high-

angle normal faulting and rapid deepening of the central part of the basin (Davidson,
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1973; Anderson, 1987; and Dickinson, 1999). The mountains consist of igneous,

metamorphic, and sedimentary rocks of Precambrian to Tertiary age. The crystalline

basement consists of granitic gneiss derived from Proterozoic and Eocene protoliths in

the Santa Catalina and Rincon Mountains, and of Paleozoic and Mesozoic igneous and

sedimentary rocks in the Tucson and Santa Rita Mountains.

Sediment filling the Tucson basin derived mainly from the erosion of the crystalline

and sedimentary rocks in surrounding mountains. Three Cenozoic stratigraphic units are

distinguished: the Pantano Formation of Oligocene age, the Tinaja beds of Miocene and

Pliocene age, and the Fort Lowell Formation of Pleistocene age (Anderson, 1987). The

total depth of alluvial and lacustrine sediments can be up to 3000 meters in the central

graben. Holocene alluvial deposits are largely restricted to active flood plains. Gypsum or

anhydrite evaporites occur at depth, particularly in the Tinaja beds and the Pantano

Formation.

The Pantano Formation, the oldest basin-fill unit, is at least 2000 m thick and consists

of conglomerate, sandstone, mudstone, and gypsiferous mudstone interfingered in places

with volcanic flows and tuffs (Anderson, 1987). Outcrops of the Pantano Formation are

found adjacent to the Santa Catalina Mts. north of Rillito Creek, and in the foothills of the

Tanque Verde and Rincon Mts., and other outcrops are found in the Tucson and Sierrita

Mountains. Outcrops of the Pantano Formation are highly faulted and tilted.

The Tinaja beds are weakly cemented to non-cemented sedimentary deposits of

gravel, sand, and mudstone of probable Miocene and Pliocene age. The thickness of the
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Tinaja beds ranges from 100 m along the basin perimeter to 600 m in the basin center.

The unit unconformably overlies the Pantano Formation, and is a major part of the

aquifer in the Tucson basin. Anderson (1987) further divided Tinaja beds into three

unconformable units: the upper, middle and lower Tinaja beds. The Tinaja beds grade

from a fine-grained facies in the central fault-bounded depression to a coarse-grained

facies between the depression and the surrounding mountains. The fine-grained facies is a

reddish-brown sticky silt or mudstone in the lower part and a light-reddish-brown clayey

gravel or clayey silt in the upper part. The mudstone is gypsiferous in places (Davidson,

1973). The Tinaja beds consist of detritus derived from the surrounding mountains and

were deposited in a closed basin. Outcrops of the Tinaj a beds occur in the foothills of the

Santa Catalina and Rincon Mountains, as well as the Santa Rita and Sierrita Mountains.

The Pleistocene Fort Lowell Formation underlies most of the basin surface and rests

unconformably on the Tinaja Beds. It was derived from the surrounding mountains and

was deposited in alluvial fans. The Fort Lowell Formation is from 90 to 120 m thick

through most of the basin, but thins towards the mountains. The Formation consists of

unconsolidated to consolidated sand, gravel and clayey silt. Overlying the Fort Lowell

Formation is a veneer of Pleistocene and Holocene alluvial sediments, consisting of

undifferentiated alluvial-fan, sheetflow, and stream channel deposits (Anderson, 1987).

These deposits are predominantly coarse-grained and permit significant recharge along

stream channels (Kahn, 1994). Anderson (1987) also suggested that the Fort Lowell

Formation accumulated after the development of through-flowing drainage conditions, as
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opposed to closed basin drainage conditions during which underlying formations had

been deposited. Eberly and Stanley (1978) suggested that the exterior-drainage systems

began developing in southern and western Arizona between 10.5 and 6 million years ago.

2.3 Hydrogeology

Except for perched aquifers of limited extent near the major flood plains, and some

limited areas in the center of the basin, such as the Park-Euclid Superfund site near

University of Arizona, and a small area west of Tucson International Airport, the

groundwater in the Tucson basin makes up a single, regional aquifer, unconfined except

at depth, hosted in alluvial sediments and spanning most of the basin. The Fort Lowell

Formation is the most productive unit of the aquifer, having a hydraulic conductivity

ranging from 6 to 29 m/day, and an average porosity of 30%. The Tinaja beds have a

hydraulic conductivity ranging from 0.4 to 16 m/day, and a porosity ranging from 24 to

35% (Davison, 1973). Most wells producing water for domestic and industrial

consumption draw from the upper 250 m of basin sediment, namely from the Fort Lowell

and the upper Tinaja beds. Wells completed in the Pantano Formation supply water for

small-scale domestic use only, near the basin margin. In the basin center, the Pantano

Formation has been penetrated by only a few deep oil exploration wells.

Groundwater in the Tucson basin flows towards the northwest, generally in the

direction of the present surface outlet (Figure 2.2). The groundwater levels have been

strongly modified by decades of pumping beneath central Tucson, where levels declined

30 to 60 m between 1940 and 1995 (Gelt et al., 1999). Along the Santa Cruz River and
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Rillito Creek, groundwater is generally within 30 meters of the land surface, and along

some reaches it is within 10 meters of the land surface. In the central part of the Tucson

metropolitan area, water is 30 to 100 meters below the land surface. The decline in

groundwater levels has resulted in the disappearance of perennial surface water from the

basin, except where the Santa Cruz River is supplied with treated municipal effluent, and

where Cienega Creek crosses an andesite sill in the southeastern corner of the basin.

Groundwater recharge in the Tucson basin includes mountain-front and mountain-

block recharge, infiltration through stream channels, and underflow into the basin.

Groundwater discharge generally occurs as mining of the groundwater, flow out of the

basin to the northwest, and evapotranspiration.

2.4 Previous geochemical and isotopic studies of Tucson basin

Laney (1972) and Davidson (1973) conducted early hydrological and hydrochemical

studies of Tucson basin. Gallaher (1979) conducted a survey of the oxygen-18 content of

groundwater in the Tucson basin, and zones of mountain-front recharge were identified

by isotopic gradients in groundwater. In the absence of data on altitudinal fractionation,

he suggested that winter precipitation is most significant in recharging the Tucson

alluvial aquifer. Thorne (1982) studied the groundwater chemistry of the east side of

Tucson Mountains, and Merz (1985) investigated the groundwater in the Santa Rita

Mountains and adjacent alluvial fans. Olson (1982) and Mohrbacher (1984) studied the

mountain-front recharge and stream infiltration in the foothill areas in the Santa Catalina
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Mountains and Tanque Verde Canyon. Both flow-net analysis and groundwater

geochemistry analysis were used in their studies.

Using tritium as a tracer, Lindquist (1992) observed that the Rillito Creek is a

significant source of recharge to the aquifer. Lewis (1996) studied the chemical and

isotope composition of groundwater in Green Valley, and also illustrated the geochemical

evolution along five different flow paths using NETPATH. Detailed isotope maps (180,

6D, 634s, 6 13c, i4c) of the northern third of Tucson basin, along with limited information

on tritium, 537C1 and 6 180 of sulfate (Kahn and Long, 1994; Kahn, 1994) revealed basin-

scale distribution patterns, and showed that, except on the western side of the basin,

mountain precipitation was the ultimate source of groundwater in the study area.

Cunningham et al. (1998) analyzed 5 180, 5D and tritium for springs and wells in the

Santa Catalina Mountains and foothills, and found that modern recharge waters migrate

downgradient from the Santa Catalina Mountains into the Tucson basin aquifers. Pasilis

(1999) conducted a groundwater chemistry and isotope study along Cafiada Del Oro, and

found mountain-front recharge is the predominant source of groundwater recharge in that

area. Coes et al. (2000) studied the groundwater quality in the Upper Santa Cruz basin.

Their study indicated that groundwater quality is affected by natural factors and human

activities. The natural factors that have the most effect on groundwater quality in the

basin are depth in the aquifer and distance from major faults.
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Eastoe et al. (2004) conducted the most comprehensive isotope study in the Tucson

basin so far, and provided detailed infoiination about the groundwater recharge,

groundwater domains, and flows in the basin, both at basin-scale and at small scale.

3. Methods

Nineteen bulk rainwater samples were taken from the sites around University of

Arizona for major precipitation events from 1997 to 1999. In addition, one rainwater

sample each was collected in 2000, 2001, and 2003. The rainwater from year 2003 came

from the remnant of a Pacific coast hurricane, the only such event during the time span of

this study. Part of each sample was filtered and analyzed for sulfate and chloride. At least

12 L of water was concentrated by evaporation so that sufficient sulfate could be

precipitated as BaSO4 for isotope analyses.

Groundwater samples were taken from both municipal and private wells at locations

shown in Figure 2.3. Water samples were taken from sufficiently purged wells. Tucson

Water provided the results of chemical analyses for all of their production wells, and a

small set of samples from private wells was selected for chemical analysis, in most cases

for sulfate alone. Surface water samples were taken from the major streams in the basin.

Samples for major ion analysis were filtered in-situ using 0.45 pm cellulose acetate

filters, and one aliquot of filtered water (125 mL) for major cation analysis was placed in

a sterile acid-rinsed polyethylene bottle and acidified to pH <2 with ultra-pure HNO3.

The aliquots collected for anions and environmental isotope analysis (834S and 3 180

(SO4)) were filtered but not acidified. Analyses of SO4 and Cl were performed by ion
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chromatography, and cations were analyzed by ICP-MS at the Soil, Water, and Plant

Analytical Laboratory, University of Arizona.

Upon return to the laboratory, the water samples were heated close to boiling point

and 30 mL of 1N HC1 was added to each sample. Then sufficient 10% BaC12 solution

was added to precipitate all dissolved sulfate as BaSO 4 . The precipitate was then filtered,

rinsed thoroughly with deionized water, and dried overnight in an oven at 40 °C.

Three pyritic schist samples with jarosite staining were taken from Proterozoic

Pioneer shale at the top of the Santa Catalina Mountains near the headwater of Sabino

Canyon (Shride, 1967). Evaporite (gypsum and anhydrite) samples were taken from

gypsum pits (GP1 and GP2) and well cuttings (A31, SC15, and SC19) (Figure 2.1).

Pyritic schist samples were soaked in dilute NaOH solution to dissolve jarosite. Gypsum

and anhydrite were ground and dissolved in warm dilute HC1. Thereafter, sulfate was

precipitated as BaSO4 using the same procedures for the water samples.

Stable isotope analyses were conducted at the Laboratory of Isotope Geochemistry,

University of Arizona. The BaSO4 was ground together with Cu20 and quartz powder

and reduced to SO 2 by heating at 1150 °C using the method described by Coleman and

Moore (1978) for 8 34S measurement. 834S was measured on a modified VG602C gas

isotope ratio mass spectrometer. For certain samples, a split of the BaSO4 precipitate was

analyzed for 8 180 using a continuous-flow isotope ratio mass spectrometer (CF-IRMS,

Finnigan Delta X plus). Values of 8 34S and 8 180(504) are reported relative to Canyon

Diablo Triolite (CDT) and VSMOW, with precisions of 0.13%0 (1 a) and 0.9%0 or better
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(la), respectively. All stable isotopes are reported in the usual 6 notation, where 6 =

(R„inpl e RST D --1) * 1000 , R„mpte represents either 180/ 160 or 34 S/32S ratios of the samples,

and RSTD is the isotope ratio of the respective international standard.

4. Results and discussion

Eastoe et al. (2004) presented a large body of S isotope data from Tucson Basin

groundwater, but in that article 6 34 S was used only in combination with 6 18 0(H20) to

deduce a basin-scale zoning pattern related to water origin. There is much more

information in the 6 34 S data set. In this paper, we are providing some extra 634 S values, as

well as 6 180(SO4) and chemical concentration data, and extending the study area to the

margin of basin. We will apply the data sets to discuss the following topics: sulfate

concentration, sulfate isotopic variation, and its sources in Tucson rainwater; the potential

sources of sulfate in the basin groundwater; the distribution of sulfate and its isotope

compositions (634S and 6 180(SO4)) in the aquifer; groundwater zonation; anthropogenic

effect on the groundwater sulfate; and identifying groundwater mixing.

4.1 Sulfate concentration and 634S variation in rainwater

SO4 , Cl, 634 S, and 6 180(SO4) in rainwater from Tucson Basin are given in Table 2.1.

Samples from 1996 and part of 1997 were collected and analyzed by Kayaci (1997).

Values of 634S for three dust samples are also listed.
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4.1.1 SO4 and Cl concentrations, 6 34S, and 6 18 0(SO4) values

Sulfate is the principal dissolved anion of bulk atmospheric deposition in Tucson, its

concentration varying from <0.2 mg/L to 10.4 mg/L, with an average (volume-weighted)

of 2.2 mg/L. CI concentration varies from <0.4 mg/L to 3.2 mg/L, averaging 1.0 mg/L.

Tucson rainwater has a 634S range of 2.1 to 8.0%0, averaging 4.0%0, with most values

between 2 and 5%0; while 6 18 0(SO4) ranges from 8.4 to 12.0%0, with an average value of

10.2%0. Three dust samples gave 634S values of 6.9, 3.6 and 6.4%0. Values of 8 34 S are

comparable to results from other inland areas of North America. Commonly-quoted

average 834S values for aerosols and rains in central and eastern North America fall

between 3%0 and 6%0 (Caron, 1986; Nriagu et al., 1991; Wadleigh, et al., 1996). Only a

few precipitation sulfate 834S values are available for the western United States. Popp et

al. (1986) reported 834S values of 2.7 to 4.1%0 in central New Mexico; and a range of 1.8

to 6.6%0 was obtained in precipitation collected on Mount Evans in the Colorado Front

Range (Mast et al., 2001). Mast et al. (2001) found that average annual 634S values at

individual sites in Rocky Mountain snowpacks ranged from 4.0 to 8.2%0. Bao and Reheis

(2003) investigated the water-soluble sulfate in bulk atmospheric deposition from the

southwestern United States, and their results showed that average sulfur and oxygen

isotope compositions are 5.8 ± 1.4%0 (6 34S) and 11.2 ± 1.9%0 (18—),u respectively. No

correlation was found between 8 34S and 6 180(SO4) in their study. Present-time oceanic

dissolved sulfate has a constant 8 18 0(SO4) value of 9.5%0 (Lloyd, 1968). No correlation is
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apparent between 6 18 0(SO4) and 6 180(H20) in Tucson rainwater from the limited set of

-18O(SO4) data. There is also no correlation between 6 34 S and 6 180(SO4) in rainwater.

4.1.2 Sources of rainwater sulfate

Sulfate in rainwater can be derived from natural sources such as sea-salt aerosols,

biogenic emissions and dust particles, and anthropogenic sources such as fossil-fuel

combustion and nonferrous metal smelting. Anthropogenic sulfur input into the

atmosphere is in the form of sulfur gases (i.e., SO2, H2S, and dimethyl sulfide (DMS))

from fossil fuel burning. These sulfur gases are readily oxidized to form sulfate once in

the atmosphere.

Values of SO4/C1 (weight ratio) in Tucson rainwater vary from 0.9 to 7.8, with an

average (volume-weighted) of 3.5. The weight ratio of SO4/C1 in seawater is lower, 0.14.

If Clin rainwater is assumed to be exclusively from seawater, then we can calculate the

percent sea-salt (PS S) sulfate in rainwater according to following equation:

PSS = [(SO4/C1) seawater/( 504/C 1) rainwater)] x 100%

The calculated PSS ranges from 1.8 to 16.2%, and most values are less than 6%,

indicating that the seasalt-derived sulfate accounts for only a small percentage of total

sulfate in Tucson rainwater.

In southern Arizona, biogenic sources of sulfur are presumably not important

considering the semiarid nature of this region. On a worldwide basis, net aeolian

transport of soil sulfate may contribute as much as 8 x 109 kg/yr of S, equivalent to about

7% of annual fossil fuel emissions to the atmosphere (Ivanov, 1983). In the desert
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southwest USA, gypsum or anhydrite in sedimentary rocks, dry lakebeds, and soils is

most likely to contribute sulfate-rich aerosols to the atmosphere (Popp et al., 1986;

Schlesinger and Peterjohn, 1988). Schlesinger and Peterjohn (1988) measured 6 34 S of the

water-soluble sulfate from arid regions of southwestern United States and reported

median values of 6.2%0 for soils and 7.5%0 for dry lakebeds, while the median 634S value

of precipitation was 3.9%0. Comparing ion ratios (Ca/SO4 and Mg/SO4) and 634S in soil

and precipitation, they concluded that wind erosion of undisturbed desert soils was not a

major source of sulfate in precipitation in southwestern deserts.

Given that marine aerosols, biogenic sources, and terrestrial dust do not appear to

contribute significantly to the sulfate composition of rainwater, it seems reasonable to

conclude that anthropogenic sources are the major contributors of sulfate to rainwater in

Tucson basin, as in the northeastern US where more than two-thirds of the atmospheric

sulfate is of anthropogenic origin (Seinfeld and Pandis, 1998).

Smelters are the largest source of sulfur emissions in the western USA (National

Emissions Report, 1985), especially in southern Arizona. Electric power plants account

for two-thirds or more of the remaining anthropogenic SO 2 emissions in the region

(Yuhnke and Oppenheimer, 1982). However, most copper ore smelting activities in the

immediate vicinity of Tucson ceased by May 1999, except for two smelters (Cananea and

Nacozari) in northern Sonora. SO 2 emissions from smelters and coal-fired power plants

decreased in the 1990s (http://www.epa.gov/airsdata). Smelter SO2 has a 634 S value

similar to that of the sulfide ore being smelted; in porphyry copper deposits in southern
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Arizona this varies from —1.9 to 2.5%0 (Cook, 1994; Enders, 2000). Coal has highly

variable 634S values worldwide, but in a specific region its 634 S seems to have a narrow

range (Krouse and Grinenko, 1991). To our knowledge, no 634S measurement of SO2 or

coal from coal-fired power plants exists for this region. Eastoe and Artiola (2003)

measured a 634 S range of 7.6 to 8.6%0 in gypsum from gas desulfurization sludge from a

power plant that burns Colorado Plateau coal. If the isotope composition of non-sea-salt

sulfate in Tucson rainwater is calculated, it has a range of —0.6%0 to 5.6%0, except for one

sample, which has a 634S value of 7.7%0 (8/15/96). This range overlaps the anthropogenic

sources and dust in this region. For comparison, the range of 634S values for

anthropogenic sulfate in northern hemisphere precipitation was reported to vary from —3

to 9%0 (Krouse and Mayer, 1999).

Oxidation of SO2 to SO4 may occur within a combustion stack at high temperature (z-;

450 °C) or at lower temperatures after emission of SO2 to the atmosphere. The former is

termed "primary" sulfate and the latter "secondary" sulfate. Two principal pathways have

been identified for low temperature oxidation. These are the aqueous-phase or

heterogeneous reactions in cloud and fog droplets and the gas-phase or homogeneous,

photochemically initiated reactions (Jamieson and Wadleigh, 1999 and references

therein). Therefore, 6 180 values of rainwater sulfate derived from oxidation of SO2

depend on those of the water and oxidants, as well as the mechanisms of oxidation.

Primary sulfates are the most 180-enriched (6180> 40%0) (Holt et al., 1982). The isotope

composition of secondary sulfates formed through homogeneous oxidation of
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anthropogenic SO2 is dependent on the composition of the oxidant (02, 03, H202, and

OH). Secondary sulfates tend to be more enriched in 18
0 than those formed

heterogeneously (Jamieson and Wadleigh, 2000). The 6 180(SO4) values in Tucson

rainwater, 8.4 to 12.0%0, are consistent with a secondary origin for most of this sulfate.

4.1.3 Variation of SO4 concentration and 6 34S in the rainwater

Sulfate concentrations in Tucson rainwater have decreased since 1996, excluding the

precipitation event on 7/3/1999 (Figure 2.4A). This event was the first of the 1999

summer monsoon, approximately 3 months after the previous rainfall event, so that soil

dust may have been unusually abundant. Closure of smelters and decreased emissions of

sulfur oxide from some existing smelters and coal-fired electric power plants as a result

of more stringent regulation are responsible for a regional decrease in the sulfate

concentration in rainwater during the past decade (Niles and Conley, 2001).

The 634S values in Tucson rainwater decreased gradually from 1996 to 1997, and then

increased slightly after 1997 (Figure 2.4B). Three rainwater samples, 7/9/96, 7/30/96, and

8/15/96, had both higher SO4 concentrations and higher 634 S values than other samples,

perhaps as a result of a dry and dusty summer, or a vigorous monsoon transporting

marine sulfate. The former hypothesis is more likely, since the calculated PSSs for these

rainwaters were smaller than those of most other samples (Table 2.1). The rainwater

taken from the hurricane remnant on 9/24/2003 had a relatively high 6 34S value (6.2%0),

and may have had a higher PSS.
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4.2 Potential sulfate sources in Tucson basin groundwater

Sulfate in groundwater may be naturally derived from the dissolution of soluble

sulfate minerals, the oxidation (and solution) of reduced sulfur (organic S and sulfide

minerals) or from a variety of atmospheric and soil sources which are combined in

recharge to the groundwater system (Krouse and Mayer, 1999; Moncaster et al., 2000).

The 634S and/or 6 180(SO4) of the potential sulfate sources in the Tucson basin are

listed in Table 2.2, and discussed below.

4.2.1 Rock sources

The rocks of the Santa Catalina and Rincon Mountains are primarily banded gneiss,

granitic gneiss, granite, and schist. In addition, some sedimentary and meta-sedimentary

rocks exist in the central and northern part of the Santa Catalina Mountains (Force, 1997).

The Tucson Mountains comprise mainly basalt, andesite, rhyolite, and monzonite (Nicoll,

1992). The major rock units were not collected for isotope analysis because of their

generally low sulfur concentration. However, springs (wells) issuing from these rocks

generally derive their dissolved sulfate from the rock, and therefore their 6 34S and

6 180(504) values reflect those of rock sulfur. 6 34S and 6 180(SO4) values in the springs

(wells) from the Santa Catalina and Tucson Mountains will be discussed below.

Sulfate from three jarosite-staining pyritic schist samples (Proterozoic Pioneer shale,

Santa Catalina Mts.) have (634S, 5 180) values of (17.8%0, —1.3%0), (18.3, —2.4%0),

(25.1%o, —0.1%o). Pyrite from the schist gave a 634S range of 25.7 to 25.9%0. The low

6 180 values in jarosite and similarity in 634S values between jarosite and pyrite suggest
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that jarosite is derived from in-situ pyrite oxidation (Gu et al., in prep b). Pyrite with 634S

near 20%0 is common in Proterozoic sedimentary rocks (Hayes et al., 1992). The

Wilderness Suite leucogranite may have assimilated a large volume of Pioneer Shale,

combining magmatic and assimilated sulfur to give the granitoids a positive 634S value.

This sulfate source, along with sulfur present in the rocks distributed in the mountain

ranges, might dissolve in spring water, surface water, and fracture mountain-block

recharge in the basin margin, and ultimately reach the regional aquifer.

634S values of gypsum samples from the outcrop of the Pantano Formation near

Marsh Station (GPI, Figure 2.1) range from 11.3 to 12.6%0, and 6 180(SO4) values vary

from 14.1 to 15.8%0. Gypsum samples from an abandoned gypsum mine in the Pantano

Formation in the Catalina Foothills (GP2, Figure 2.1) have lower 634S and 6 180 values

compared with those from GP1; 6 34S values range from 6.8 to 8.4%0 and 6 180 values

have a range of 8.3 to 11.6%0. Gypsum (or anhydrite) from well cuttings in the Tinaja

beds near the center of basin has 634S values ranging from 5.6 to 8.4%0, while 6 180 values

vary from 7.1 to 11.6%0. Measurements of 634S in Tucson basin soils (< 3.3m) gave a

range of 2.9 to 6.9%0, with an average value of 4.7%0 (Kayaci, 1997); the range is similar

to that of rainwater. One gypsum sample from the Permian Epitaph Formation in the

Whetstone Mountains gave 634S and 6 180 values of 11.7 and 12.8%o, respectively.

4.2.2 Groundwater in the Santa Catalina and Tucson Mountains

Most spring waters from the Santa Catalina Mountains are sulfate-deficient, and their

634S values vary from 4.2 to 9.2%o, except for one spring (Pontatoc spring), which has a
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value of —6.1%0 (Barger, 1996; Gu, unpublished data), and might derive its sulfate from

nearby mineralized rocks. Pashley (1966) and Schloderer (1974) reported the existence of

pyrite in the gneiss, although the abundance and distribution of this mineral have not

been established. A jarosite sample, taken from the waste rocks of an abandoned mine

near Pontatoc Canyon in the Santa Catalina foothills, has a 634 S value of —5.1%o, which is

similar to the spring water. The 8 180 of sulfate in spring waters has a range of 4.3 —

10.5%0. Most spring waters have finite tritium contents, indicating a short residence time

and possibly a short flow path (Cunningham et al., 1998). One spring water in the

Catalina Mountains (not shown in Figure 2.3) has 834S and 8 180(SO4) values similar to

those of rainwater, with a low sulfate content, possibly implying that it mainly derives

dissolved sulfate from rainwater.

Groundwater from the Tucson Mountains generally has a high sulfate concentration, a

834S range of 1 — 3%0, and a 8 180(SO4) range of 2 — 7%0 (Table 2.2). These waters

contain tritium below detection levels.

A group of springs and wells in the northeastern corner of Tucson Basin near the

Catalina detachment fault, has a distinctive chemical and isotope composition, and will

be discussed in detail in later section.

4.2.3 Surface water

Surface water from Rillito Creek and Tanque Verde Creek has a low concentration of

dissolved sulfate (<20 mg/L), while Cienega Creek, Pantano Wash, and the Santa Cruz

River have a relatively high sulfate content, with sulfate concentration ranging from 220
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to 309 mg/L, 68 to 218 mg/L, and 18 to 160 mg/L, respectively (Laney, 1972; Tadayon

and Smith, 1994; Tadayon, 1995).

Surface water has a wide range of 6 34S and 6 18 0(504) values. The main streams and

their tributaries have the following 8 34S values: Rillito Creek: 4.2 to 7.6%0; Tanque Verde

Creek: 4.5 to 7.2%0; Pantano Wash: 3.5, 12.8%0; Rincon Creek: 3.6%0; Santa Cruz River:

3.9, 5.0, and 8.5%0; Cienega Creek (perennial): 11.7 to 14.1%0. 8 34S values in two

northern tributaries of Rillito Creek, Sabino Creek and Agua Caliente Creek, have ranges

of 4.5 to 6.2%0 and 3.5 to 4.4%0, respectively. Relatively few 8 18 0(SO4) values are

available for surface water. Individual samples from Tanque Verde Creek, Rillito Creek,

and the Santa Cruz River have values of 9.6%0, 7.3%0 and 9.5%0, respectively, while

surface water from perennial Cienega Creek has a range of 12.3 to 13.5%0. Cienega Creek

has the highest SO4 content, 6 34S, and 8 180(SO4) values among the major streams in

Tucson basin.

In general, surface water might ultimately derive its sulfate from rainwater, soil

water, and oxidation of sulfide minerals in bedrocks, and dissolution of evaporites present

in the basin sediment and mountain ranges surrounding the basin. Therefore, their 8 34 S

and 6 180(SO4) may reflect the overall isotope characteristics of the watershed. The

differences in 634S between drainages indicate that rock sulfur sources, not sulfate from

precipitation, govern the 834S values of surface water in Tucson basin.
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4.3 Groundwater sulfate: spatial distribution, isotope compositions, and sources

Variations in the isotope composition of SO4 in groundwater are due to contributions

from different sources of SO4 . Further modification of those isotope signatures by SO4

reduction in anaerobic groundwater environments can result in a large range of S and 0

isotope compositions of dissolved SO4.

Tucson basin aquifer, like other aquifers in the Basin-and-Range Province, is an oxic

sedimentary environment, where dissolved oxygen is ubiquitously present in groundwater

accessible to sampling (Winograd and Robertson, 1982; Rose and Long, 1988). No

sulfate reduction is generally expected in such an oxygenic environment. Once SO4 ions

reach the saturated zone of the oxygenated aquifer, no change in the 634S and 6 180(SO4)

value occurs unless there is addition of SO4 from oxidation of reduced sulfur or

dissolution of sulfate minerals. Oxygen isotope exchange between SO4 and 1120 is

extremely slow at conditions encountered in the basin (Lloyd, 1968; Chiba and Sakai,

1985). Under groundwater conditions (25°C, pH = 7.5), the extrapolated half-life for this

exchange is more than 500,000 years in contrast to residence times that are less than

10,000 years for accessible groundwater in Tucson basin (Kahn, 1994). Therefore, the

isotope pairs (634S and 6 180(SO4)) are good indicators of the sources of dissolved sulfate

in the groundwater, and can also provide evidence of the sources of recharge water in the

Fort Lowell Formation or other alluvial units that contain little rock sulfate.
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4.3.1 Spatial distributions of SO4, 6 34S, and 6 180(SO4) in the basin groundwater.

Table 2.3 displays SO4 concentration, 634 S and 6 180(SO4) values of the groundwater

samples from the Tucson basin. Figures 2.5, 2.6 and 2.7 show the spatial distribution of

SO4 , 634 S and 6 180(SO4) in the Tucson basin groundwater, respectively.

(1) Sulfate concentration

The dissolved sulfate concentration in groundwater varies by more than two orders of

magnitude, from 3 to 933 mg/L (Table 2.3). In general, the areal distribution of dissolved

sulfate in the groundwater is related to groundwater domains of Eastoe et al. (2004). The

following spatial distribution characteristics can be clearly identified from Figure 2.5: (a)

Groundwater in the northeastern half of the basin has low concentrations of sulfate (< 50

mg/L); the low-sulfate groundwater is distributed along Canada del Oro, Rillito and

Tanque Verde Creeks, Rincon Creek, and Pantano Wash and extends approximately 5 km

into the basin across the direction of groundwater flow. The water is contained in

deposits composed chiefly of gneissic and granitic detritus derived from the Tortolita,

Santa Catalina, and Rincon Mountains. (b) Groundwater along the Santa Cruz River has a

high sulfate concentration, which is generally greater than 100 mg/L and can be up to 930

mg/L (Table 2.3), exceeding Secondary Maximum Contaminant Levels of the U. S.

Environmental Protection Agency. Laney (1972) attributed these high concentrations to

(i) upward migration of groundwater through faults from gypsiferous mudstones of

Tinaja beds and (ii) the dissolution of relict salt in the Santa Cruz floodplain. (c) A zone

of high sulfate concentration extends from southeast (near Vail) toward central Tucson in
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the direction of groundwater flow. This zone seems to be disturbed by groundwater

originating from Rincon Creek, a feature that will be discussed in the later groundwater-

mixing section; (d) Along the northeastern margin of the basin, a group of wells and

springs also have a high concentration of sulfate, ranging from 150 to 350 mg/L; and (e)

In the southern part of the basin, there is a small area with groundwater of a low sulfate

content. This area lies between the Santa Cruz River high-sulfate zone and the northwest-

trending high-sulfate plume.

(2) 634 S

The groundwater 8 34 S map shows several basin-scale features (Figure 2.6). The most

prominent feature in this figure is a zone of groundwater with 8 34 S > +10%o, its axis

parallel to the predominant flow direction (cf Figure 2.2), extending from the southeast

corner of the basin toward Santa Cruz-Rillito confluence, and almost identical in areal

distribution to the high-sulfate zone (>100 mg/L) shown in Figure 2.5. This

northwestward zone narrows and disappears about 6 km southeast of Santa Cruz-Rillito

confluence, possibly as a result of mixing between this water with groundwater of low-

sulfate and low-634S value. This zone can be further divided into two separate zones

differing in 6 18 0(H20) (Eastoe et al., 2004).

In the southwest part of the basin, especially in the area along the Santa Cruz River

and Santa Cruz fault, groundwater has 6 34S values of 5.0 to 7.5%o, and high sulfate

concentrations (generally around 100 mg/L), including the highest sulfate concentrations

in the basin.
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In the Santa Catalina foothills, most wells generally have the intermediate 834 S

values, approximately in the range of 7.5 to 10.0%0. Sulfate concentration in these wells

has a large range, varying from 11 mg/L to 381 mg/L. Madden well (site 246) has the

highest 634S value (21.0%0) among all groundwater samples in this area, and also has a

high concentration of dissolved sulfate (300 mg/L).

In a few wells, mostly located next to Rillito Creek, Tanque Verde Creek, and Rincon

Creek, groundwater has low 6 34S values (< 3%0). Most of these wells have a low sulfate

concentration (< 50 mg/L), although one well (site 11) next to Santa Cruz River has a

SO4 concentration of 499 mg/L, and another well (site 278) in the Rincon foothills has a

concentration of 134 mg/L.

(3) 6 18 0(SO4)

The groundwater 8 180(SO4) map shows characteristics similar to those of the 634S

map (Figure 2.7). A zone of high 5 180(SO4) (> 10%0) extends from the southeastern part

of the basin to the northwestern basin outlet and corresponds to the high- 634S plumes.

Most groundwater along the major washes has 6 180(SO4) values between 3 and 7%0.

However, eight wells (sites 47, 50, 225, 234, 235, 256, 275, and 280 (spring)) with lower

6 180(504) values (< 3.0%0) are found in the basin. Five of those wells (sites 25, 234, 235,

256, and 280) are located in the northeastern margin of the basin, and two (sites 47 and

50) are in the area between the Tanque Verde Creek and Pantano Wash, while another

one (Rincon Water Company well, site 275) is in the apex of Rincon Valley.
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4.3.2 Sources of SO4 in the Tucson basin groundwater

6 180(SO4) is plotted against 6 34S for groundwater samples from major flood plains

(Figure 2.8A) and central basin (Figure 2.8B).

(1) Floodplain groundwater

Relatively shallow groundwater samples from active flood plains were used as the

preferred indicators of time- and space-averaged isotope compositions of water

recharging the basin beyond the flood plains (Eastoe et al., 2004). In all flood-plain

groundwater, except those from Cienega Creek, the range of 6 34S is 2 to 7%0, and

6 180(SO4)U ) ranges from 4 to 9%0. Values of 634S in flood-plain groundwater generally

resemble those of surface water, as expected, but data ranges are narrower. Cienega

Creek water is clearly distinctive in its isotope compositions from other flood-plain

groundwater. The similarity of isotope compositions between sulfate in Cienega Creek

water and Permian evaporites (and its reworked equivalents) indicates that sulfate in

Cienega Creek originated ultimately as Permian marine gypsum, which crops out in

mountain ranges south and east of Tucson basin and has been reworked into lacustrine

evaporitic gypsum interbedded with alluvium in the Pantano Formation in this part of

basin (Gu et al., in prep c). Other flood-plain groundwater generally cannot be separated

according to 634S and 8 180(504), though the groundwater from the Canada del Oro seems

to have relatively low 8 18 0(SO4) values.

(2) Central basin groundwater
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-Figure 2.8B illustrates the relationship of 6 
34 S and 6 180(SO4) in central basin

groundwater; also shown are several possible sources of sulfate in the basin. It can clearly

be seen that 634S has a positive linear relationship with 6 180(SO4). Two major mixing

end-members can be identified from Figure 2.8B: one end-member with low 634S and

medium 6 180(SO4) value (6 34S: 4 to 6%0; 6 180(SO4): 4 to 8%0); the other end-member

with high 634S and 6 180(SO4) value (634S: 14%0; 6180(s-4,u ): 13%0). The low-6 34S and

6 180(SO4) end member is less precisely defined that the high 634S and 6 180(SO4) end

member (Figure 2.8B), implying that the former end-member has more than one sulfate

origin. The former end-member corresponds to the floodplain water of Rincon Creek,

Rillito and Tanque Verde Creek, and Caliada Del Oro; while the latter corresponds to

shallow groundwater from Cienega Creek.

Two clusters of data in Figure 2.8B are separate from the linear data trend. One

cluster of wells (springs) with 6 34S values around 8%0, but their 6 180(SO4) values are

distinctively lower than those of other groundwater in the basin. This sulfate is related to

fracture water that originated from high-elevation precipitation in the Santa Catalina and

Rincon Mountains, as will be discussed below in detail. In addition, two wells, Deer Run

Ranch (site 236) and Felter #1(site 267), might also acquire sulfate from this source. The

other cluster consists of only two wells, namely C83B (site 47) and C112A (site 50). This

sulfate is related to anthropogenic activities, also to be discussed later.

634S is also plotted versus 1/SO4 for all groundwater samples to help elucidate the

sources of groundwater sulfate (Figure 2.9). Four end-members can be seen from Figure
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2.9: (a) "Cienega Creek water": high SO4 (-1 00mg/L) and high 634 S (-14%0); (b) Santa-

Cruz River-recharge water: high SO4 (-100mg/L) and medium 634 S (5 — 7%0); (c)

mountain-front recharge water (Rincon Creek and Canada del Oro): low SO4 (< 10mg/L)

and low 634S (— 5%0) trending towards the field of rainwater; and (d) anthropogenic

origin: intermediate SO4 (z-- 40 mg/L) and low 634 S (z —2%0).

In summary, at least five sulfate sources can be distinguished from Figures 2.8 and

2.9, as well as the spatial distribution of sulfate concentration and its isotope

compositions in the basin. Most correspond well with the major water sources in Tucson

basin. These five sources are: 1. Cienega Creek water, 2. mountain-front recharge water,

3. basin-floor recharge water along the Santa Cruz River, 4. fracture water in the Santa

Catalina and Rincon Mountains, and 5. anthropogenie S, either from recent precipitation

or seepage water in the golf courses.

Source 1 supplies to the northwestern-trending plume of water with high SO4

concentration and high 634
5 and 6 180 (SO4) values (6 34S = 12%0, 6 180(SO4) = 12 to

14%0). These values are almost identical to those of Cienega Creek water.

Source 2 corresponds to surface water and the shallow floodplain water related to

major washes such as Rillito Creek, Taupe Verde Wash, Rincon Creek, and Canada del

Oro. This water has a low sulfate concentration (<30 mg/L), and its 634S and 6 18 0(SO4)

values range from 4.0 to 6.0%0 and from 5.0 to 8.0%0, respectively. This sulfate has an

isotope composition similar to those of spring waters in the Catalina Mountains and

surface water from the streams in the northern and eastern part of basin, and comes from
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mountain-front recharge. This water occupies a large area in the Tucson basin, implying

that mountain-front recharge plays a major role in the groundwater recharge, especially in

the northeastern half of the basin. This further confirmed the findings in the earlier study

(Eastoe et al., 2004).

Source 3 is localized along the Santa Cruz River. This sulfate is believed to be from

(i) dissolution of evaporite minerals (gypsum and anhydrite) in the Tinaja beds, reaching

the upper part of the aquifer where groundwater moves upward along the Santa Cruz

Fault, or (ii) a direct combination of Laramide igneous sulfur (porphyry copper deposits)

with Permian gypsum. This sulfate has intermediate sulfur and oxygen isotope

compositions (6345 = 5 — 7%0 and 6 18 0(SO4) = 6 — 9%0), and has an isotope composition

similar to that of the anhydrite samples from the well cuttings, which are from the Tinaja

Beds. Alternatively, the sulfate could possibly come from the dissolution of relict salt,

deposited in the streambed as a result of the evaporation of surface water. Prior to about

1900, most of the present-day recharge areas were discharge areas in the Santa Cruz

River floodplain and efflorescent salts were common in the streambed and its flood plains

(Laney, 1972).

Source 4 is from the fracture water originating as high-elevation precipitation in the

Santa Catalina and Rincon Mountains. This water occurs along the northeastern margin

of basin, is characteristic of high SO4 concentration (>100mg/L), with 634S values around

8%0 and low 6 18 0(SO4) (<3%0). This sulfate is likely ultimately from the oxidation of

sulfide (mainly pyrite) in the granitic gneiss, and will be discussed in detail below.



50

Source 5 is of anthropogenic origin, either from infiltration of rainwater or from the

seepage of irrigation water from golf courses. The filmier is evident in the floodplains of

Canada del Oro and Rincon Creek, with 634S values ranging from 2 to 4%0 and 6 180(504)

ranging from 3 to 6%0; the latter is represented by two wells in the area upstream from the

confluence of Tanque Verde Creek and Pantano Wash, with 634S values varying from —

1.9 to —1.7%o and 6 18 0(SO4) varying from 2.2 to 2.9%0. The detail will be discussed

below.

In addition, certain individual wells have sulfate from sources other than those

mentioned above. The sulfate source in Madden well (site 246) near Sabino Creek,

cannot at present be explained; this water has the highest 634S value (21%0) among all

groundwater samples. Its 6 34 S value is similar to that of sulfate derived from the Pioneer

Shale (17.8 — 25.1%0), but its sulfate 6 180 value (11.6%0) is much higher than that of the

latter (-2 — 0%0). Both values have been confirmed by repetition of measurement. This

well also has a very high concentration of sulfate (300mg/L). Another well, A39A (site

11), situated in the floodplain of the Santa Cruz River, has unusually high SO4 content

(499 mg/L), but a low 634S value (2.6%0), which is distinctive from other wells along the

Santa Cruz River. One possible source of sulfate is from the infiltration of sewage

effluent, however, sewage effluent has a much lower SO 4 content (80 —120 mg/L) and

higher Cl concentration (Esposito, 1993). Wendt well (site 278), having a high SO4

concentration (134 mg/L) and low 6345 (1.0%o), might derive its sulfate from the
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oxidation of sulfide minerals in the Paleozoic carbonate rock, in which it is completed

(Thorman and Drewes, 1981).

Several wells in a small zone between the Santa Cruz River high-sulfate zone and the

northwest-trending high-sulfate plume yield groundwater having 6 34S values ranging

from 3.4 to 7.5%0, and 8 18 0(SO4) values from 7.3 to 7.9%0. Values of .3 180 and 8D are

consistent with low-elevation precipitation; 634S is not consistent with values nearer to

the Santa Rita Mountains to the south (834S: 1.2 — 1.7%0) (Lewis, 1996), but is consistent

with average basin sulfate. The groundwater is remote from major washes, and might

have derived its low sulfate from direct surface water infiltration along small gullies in

the alluvial fans. This zone is essentially the same as the low 14C zone identified by

Eastoe et al. (2004).

4.4 Possible anthropogenic effects on basin sulfate as revealed by isotope data.

It was shown above that the main source of S in local rainwater is antlifopogenic.

Given the typical concentrations of SO4 in rainwater in Tucson Basin (2.2 mg/L),

atmospheric SO4 could not be a major contributor of SO4 to the groundwater, unless

rainwater is concentrated many times by evaporation. However, several lines of evidence

suggest that anthropogenic S, namely S derived from ore smelting and sulfur-bearing soil

amendments (sulfuric acid and elemental S) used in golf courses, could contribute to the

SO4 budget in the basin groundwater around several locations, especially in the

floodplains near the margins of the basin, where the groundwater levels are shallow.
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Pasilis (1999) noted that values of 634S in groundwater from wells in the floodplains

of the Canada del Oro, which receives stream-channel recharge as well as possible

mountain-front recharge, are lower than those in wells in areas farther from the recharge

zones. Lower values of sulfate 6 34 S seem to correspond with higher sulfate concentrations

and higher tritium in the groundwater (Figure 2.10A). This correspondence is also found

in the Rincon Valley (Figure 2.10B). Such a relation is not apparent between 6 180(SO4)

and tritium concentration.

The data suggest a 1ow-634S sulfate source that has existed for only a few decades.

High sulfate concentrations and low 634S values along the basin margins (floodplains)

may be a result of dry and wet deposition of anthropogenic sulfate resulting from the

smelting of copper ores.

In addition, two wells were found having 634 S and 6 18 0(SO4) values almost identical

with those of rainwater. One well draws water from a fracture in schist in the Santa

Catalina front range (site 248) and has 6 34S and 6 18 0(SO4) values of 3.8%0 and 12.3%0,

respectively. Another well sample taken from the headwater area of Sabino Creek high in

the Catalina Mountains (not shown in Figure 2.3) has 634S and 6 18 0(SO4) values of 3.2%0

and 11.8%0, respectively. Both wells have low sulfate concentration, and in fact the

Sabino well has a very low solute level and the sulfate content is only 5 mg/L. This

further confirms that the sulfate in recent precipitation can contribute to the shallow

groundwater.
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Another anthropogenic source of SO 4 in the groundwater is soil amendments used in

gardens and golf courses. Two wells, C83B (site 47) and C112A (site 50), situated in the

area between the Tanque Verde Creek and Pantano Wash have SO4 , 634S, and 6 180(SO4)

values of 46mg/L, —1.7%0, +2.2%0 and 42mg/L, —1.9%0, +2.9%0, respectively. The 634S

and 6 180(SO4) data suggest that sulfate in the groundwater might originate from

oxidation of sulfide and/or organic sulfur. However, if significant sulfide and/or organic

sulfur are present in the sediment in this area, then the groundwater chemistry should be

different from that of other wells nearby, which is not the case. These two wells are

situated immediately downgradient from a major golf course, which has operated since

1947. It is common practice for golf courses in southwestern USA to use sulfuric acid or

elemental S to lower soil pH and dissolve CaCO3 in the soil (www.turfgrasstrends.com).

In addition, fertilizers containing Fe, often in the form of FeS2 or FeSO4, are commonly

used. The water table in this area is shallow, generally less than 20 m, so that

contaminants can easily reach the ground water. The sulfate in the groundwater,

therefore, may be from the sulfuric acid, elemental S, FeS2, or FeSO4. A sample of H2SO4

used in pecan orchard near El Paso yielded 634S and 6 180(SO4) values of 1.8%0 and

18.2%0, respectively (Eastoe, unpublished data). Lawn and Garden® soil sulfur has a 634 S

value of 0.6%o. Ironite® amendment consists of pyrite from the Proterozoic Iron King

deposit at the Humboldt, AZ, where sulfide minerals have 634S values close to 0%0

(Eastoe et al., 1990). Both soil sulfur and pyrite would yield sulfate of low 6 180 value.
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Therefore, the low 634S and 6 180(SO4) values in those two wells most likely originated

from such soil amendments.

The anthropogenic effects on sulfate in groundwater are evident in the basin margins,

especially where the groundwater levels are shallow and susceptible to contamination,

and sulfate concentrations are low. In the floodplains of the Santa Cruz River, Rillito and

Tanque Verde Creeks, although tritium is detectable in many wells, this anthropogenic

effect is not evident. One possible explanation is that the effect is masked by relatively

high sulfate concentrations in those locations.

4.5 Origin of sulfate in the Na-SO 4 water associated with the detachment fault in NE

Tucson basin, and implications for mountain-block recharge

Several wells and springs in the northeastern margin of the basin (sites 225, 234, 235,

251, 253, 254, 256, and 280 (spring)) have 6 34S values ranging from 6.8 to 9.1%0, similar

to the 634S values of gypsum samples collected from the Pantano Formation in the

Catalina foothills (GP2); however, their 6 180(SO4) values can be further divided into two

groups; the first group (sites 251 and 254) has 6 180(SO4) values around 7.5%0, and the

other (sites 225, 234, 235, 251, 256 and 280)) has low 6 180(504) values, ranging from —

1.7 to 2.5%0. Both groups have a high concentration of sulfate, generally in the range of

150 to 350 mg/L. The sulfate isotope compositions suggest that the first group derives its

sulfate from the Pantano Foimation (6 34S: 6.8 to 8.4%0; 6 180: 8.3 to 11.6%0), in which the

wells are completed. However, sulfate in the second group has 6 180(SO4) values

significantly lower than those of the first group, suggesting a different sulfate source. As
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explained above, isotope exchange between water and SO4 cannot be invoked to explain

the low 6 180(SO4) values.

These low 8 180(SO4) values suggest that the sulfate derived from oxidation of a

reduced S source, most likely sulfide minerals in this case; when reduced S is oxidized to

sulfate, 50 to 100% of oxygen in the product sulfate is derived from local water, the

amount depending on the oxidation environments and pathways (Van Stempvoort and

Krouse, 1994; Gu et al., in prep b).

In the first group, groundwater is of Ca-HCO3 type. The second group is of Na-SO4

type, and also has a high fluoride concentration (6 to 10 mg/L). The second group

deserves more detailed discussion because of the unique chemical and isotope

composition and its geographical location.

The high sulfate content in the second group also provides evidence of sulfide

oxidation, and this sulfate is very likely derived from the oxidation of pyrite in gneiss or

other bedrock in the Santa Catalina Mountains. High sodium concentrations in the fault

zone are most likely due to alteration of plagioclase in the granitic gneiss.

6 180(H
20) values in the water are nearly identical, —10.1 or —10.2%0, which is lower

than that of most other wells drilled in the Pantano Formation or pediment alluvium in

this area. These low 180 values are similar to those of mean winter precipitation on the

Catalina Mountains (Wright, 2001), indicating that the water originated as high-elevation

precipitation. Olson (1982) also found that the Santa Catalina fault is a line source of

chemically and isotopically distinctive recharge water, which is isotopically light
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compared to ground water on both sides of the fault. The water samples fall on or very

close to Craig's global meteoric water line (Craig, 1963), indicating that recharge water

undergoes little or no secondary fractionation by evaporation after infiltration. The

identical 6 180(H20) values suggest that the recharge water originated at a similar, high

elevation on the Santa Catalina or Rincon Mountains and has a flow path common to all

occurrences (Olson, 1982; Mohrbacher, 1984). In addition, 14C data

(http://www.geo.arizona.eduiresearch/iso-geoch-lab.html)  further confirm that this type

of water has a similar flow path. Tritium is below detection in these waters. Three wells

(sites 225, 234, and 256) have nearly identical 14C contents of 30.3 to 31.2 pMC (percent

modern carbon). Two spring waters, Agua Caliente spring (site 280) and La Cebadilla

spring (near site 256, A. Leonard, unpublished data), have 14C contents of 45.1 and 45.7

pmc, respectively. The higher 14C content in the spring water than that of wells may

reflect the dissolution of high-pMC soil CO2 during the ascent of water to the ground

surface.

The wells are completed in gneiss in the footwall of the detachment fault, and the

springs in question are also located close to the Santa Catalina detachment fault. This

type of water is limited in areal extent (Figure 2.11A). The spatial association of this type

of water with the Santa Catalina detachment fault indicates that this water is possibly the

product of deep circulation through faults and joints in the gneissic mountain block. High

water temperatures (30 — 43°C) recorded in this group are further evidence of a deep

circulation flow path (Kahn, 1994; A. Leonard, unpublished data).
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Mountain-block recharge to the basin sediments is suspected in general in the Tucson

basin; for example, low 6 180(H20) and low-pMC water was found emerging along the

Santa Cruz fault (Eastoe et al., 2004). The groundwater in question here appears to be

ponded/dammed by the Santa Catalina detachment fault, and might be expected to breach

the fault locally, recharging basin sediments in the subsurface. Such mountain-block

recharge could potentially be detected using the low 6 180 of the sulfate, particularly in

areas where the detachment fault is covered by a relatively thin later of basin-fill

sediment, as in Rincon Valley. In fact, the evidence is sparse. In Rincon Valley, only site

267 (Felter #1) shows any evidence of low-6 180 sulfate. The groundwater clearly

breaches the detachment fault at Agua Caliente and La Cebadilla Springs. The nearby

Reinert well (site 253) is downgradient of Agua Caliente Spring and yields water with

low-6 180 sulfate.

4.6 Improved version of groundwater zonation and stratigraphy in Tucson basin

4.6.1 Groundwater zonation

Eastoe et al. (2004), using 6 34S values and 6 180(H20) to divide the Tucson basin

groundwater into six basin-scale domains with different origins, explained in detail the

origin of groundwater for each domain (Figure 2.11A). We can now add a new Domain

G, corresponding to the fracture-hosted water originating from high-elevation

precipitation with low 6 180(504). In addition, new data for sites 286, 287, 288, 289, and

290, allow us to place the margins of Domains C and D with greater precision near the

University of Arizona (sites 162, 163, 286 and vicinity, shown in Figure 2.11B), in an
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area formerly suspected to be a part of Domain B. Domain C (6 180 > —8%0, 6S> 10%0)

corresponds to Cienega Creek water. Domain D (6 180 < —9%0, 634S > 10%0) contains

mountain-derived water (6 180 _< 9%0), but has 6 34S values like those of Cienega Creek

water. No water with 6 18 0 < —9%0 has been observed in Cienega Creek baseflow;

therefore the Domain D appears to have derived from the Rincon Mountains and to be

flowing upwards at the southeastern extremity of the domain (Eastoe et al., 2004). The

water has a Permian sulfate S and 0 isotope signature, probably as a result of dissolving

Pantano Formation gypsum at depth in the basin-fill sediments.

4.6.2 Vertical stratification of groundwater as inferred by isotope data

In the Mission superfund site (sites 287-290 and vicinity, Figure 2.11B), two separate

aquifers, a perched aquifer and a regional aquifer, are depicted in Figure 2.11C. The

deeper part of the regional aquifer is confined, as evidenced by the fact that the

potentiometric head of PER-14 well (site 290) is higher than that of wells completed in

the upper part of the aquifer.

PER-14 has water chemistry that is quite different from other wells of Domain C in

this area, such as MLR-1 (site 287), UAM-1 (site 288), UAM-2 (site 289), and Huachuca

wells (site 162). PER-14 is of Na-SO4 water type, has a high concentration of sulfate

(417 mg/L) and Na (270 mg/L); while the other wells are of Ca-HCO3-SO4 type.

0 and H isotopes show a three-layer stratigraphy (Figure 2.12): evaporated water in

the perched aquifer derived from basin-level precipitation, less evaporated water of

similar origin in the upper part of the regional aquifer, and in the deeper part of aquifer,
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water derived from high-elevation precipitation. This, combined with the measured

potentiometric head and the position in the basin, suggests that the confined aquifer is a

southward extension of the zone of upwelling, old water associated with the Santa Cruz

fault (Eastoe et al., 2004).

6 180(SO4) is plotted against 6 34S for groundwater samples in the area (Figure 2.13).

The 634S and 6 180(SO4) data in the groundwater from the wells in the upper regional

aquifer are similar to those of other wells in Domain C. However, in the deep part of the

aquifer, the 634S and 6 18 0(SO4) values resemble those of gypsum from the Tinaja beds.

The high 634S and 6 18 0(SO4) values in the perched aquifer (PEP -il well (site 3 3 1): 634S

= 10.3%0, 6 180(SO4) = 12.1%0; PEP-19 well (site 3 32): 634 S = 1 1.1%0, 6 180(SO4) =

1 5.9%0) can be explained by bacterial reduction of sulfate supplied in rainwater; no

sulfate source with such high 8 34S and 6 180(SO4) is known in the Fort Lowell Formation.

Basin-fill sediment in the study area contains little or no organic carbon, so that sulfate

reduction is generally impossible. The perched aquifer, however, is polluted with diesel

products and volatile organic compounds including tetrachloroethene, trichloroethene and

dichloroethene in this area, providing an organic carbon substrate for sulfate reducing

bacteria. This area has been declared a Superfund environmental remediation site by the

Arizona Department of Environmental Quality (http://www.adeq.az.us).

4.6.3 Removal of Domain D water by pumping

Figure 2.1 1B shows a set of wells that had isotopic characteristics Domain D, but

have changed to characteristic of Domain A owing to groundwater pumping in this area
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between 1984 and 1997. Domain D has almost vanished to the SE of the University.

Domain D is or was clearly a thin layer in this area of the basin, presumably overlying

Domain A water.

4.7 Zones of mixing in the central basin aquifer

In several areas of the basin, groundwater mixing can be clearly seen from sulfate

concentration and isotope maps (Figures 2.6 and 2.7). This mixing can also be

demonstrated using plots of 634S versus 1/SO4. Two cases are cited here to demonstrate

the usefulness of 634S and SO4 concentration in delineating the groundwater mixing in

the Tucson basin. These two cases are: (1) mixing between Domain D and Domain A

groundwater; and (2) mixing between Domain D and Domain E groundwater. The linear

relationships between 5 34S and 1/SO4 clearly indicate mixing between two end-member

waters with distinctive SO4 concentration and 5 34S (Figures 2.14A and 2.14B). In the

second case, mixing is not as prominent as in the first case.

4.8 Groundwater residence times in Domains C and D

The estimation of groundwater residence time is very important for groundwater

management and future development, since it is a critical parameter for groundwater

budget. The presence of tritium in many wells in Domains A, B, and E indicates the

groundwater residence on average is short. Domains C, D, F and G probably have the

longest groundwater residence time in the Tucson basin according to 14C measurements

(Eastoe et al., 2004). Domains C and D are situated in the center of basin, away from

major streams, and also occupy a large area. The undetectable tritium and low 14C
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concentration in some wells in Domains C and D indicates that groundwater in those two

domains is older than that of other domains. Future research will involve using inverse

geochemical modeling to calculate the groundwater residence and compare it to the

results of hydrological modeling.

5. Summary and Conclusions

The detailed maps of sulfate concentration, 8 34S, and 8 180(SO4) distribution in the

basin, and the isotope compositions of all potential sulfate sources, allow us to clearly

identify the dissolved sulfate sources in the groundwater. This study helps us understand

groundwater recharge, flow processes and groundwater mixing in the basin. The

information obtained in this study also further support the findings and suggested

hypotheses in earlier study (Eastoe et al., 2004).

The following conclusions can be drawn from this study:

(1) 834S and 8 18 0(SO4) values in Tucson rainwater indicate that sulfate in rainwater is

primarily of anthropogenic sources such as smelters and coal-fired electric power plants.

(2) At least five sources of sulfate in the groundwater were identified in this study.

These sources include: 1. Cienega Creek water, 2. mountain-front recharge water, 3.

basin-floor recharge water along the Santa Cruz River, 4. fracture water in the Santa

Catalina and Rincon Mountains, and 5. anthropogenic S.

(3) A new domain of groundwater with low 8 180(SO4) values and high sulfate

concentration was identified in the northeastern margin of Tucson basin, where this water
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occurs along the Catalina detachment fault. The sulfate is from oxidation of pyrite, not

from the dissolution of Pantano Formation gypsum as early studies suggested.

(4) Limited data in this study indicate that groundwater in the western part of the

basin is stratified, according to chemical and isotope composition.

(5) 634S data show that a groundwater domain boundary has moved because of

groundwater pumping near the University of Arizona.

(6) 634 S and 6 180(SO4) data indicate that bacterial sulfate reduction occurred and/or is

occurring in the perched aquifer at the Mission Superfund site. At this site, isotopes in

sulfate provide evidence of groundwater stratification.

(7) 634 S, 6 18 0(SO4), and SO4 concentrations are useful groundwater tracers, and have

been successfully used to distinguish the sources of dissolved sulfate in the groundwater,

constrain groundwater domains, and identify groundwater mixing in Tucson basin.
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Figure 2.1. Location map of the study area showing the Tucson basin, the principal
surrounding mountain ranges, and the major streams and tributaries in the basin.

GPI and GP2: gypsum outcrops in the Pantano Formation; A-31, SC-15, and SC-19: well
cuttings in the Tinaja beds. UA: University of Arizona; TIA: Tucson International
Airport; DMAFB: Davis-Monthon Air Force Base; SCF: Santa Cruz Fault
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Figure 2.2. Map of static water level (1995) in Tucson basin, with flow direction.
Contours are in feet above sea level (1 ft ---- 0.305 meter), and contour intervals are 50 ft,
after Gelt et al. (1999).
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Figure 2.4. Variations of 634S and SO4 concentration in the Tucson basin rainwater.
(A) 634S; (B) SO4 concentration. The rainwater SO4 concentrations for samples from
years 2000, 2001, and 2003 are not plotted because they are below the detection limit.
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Figure 2.5. Spatial distribution of dissolved SO4 in groundwater
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Figure 2.7. Spatial distribution of 6 180(SO4) in dissolved sulfate in groundwater
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Figure 2.11. Map of Tucson basin showing groundwater isotope domains (modified after
Eastoe et al. (2004)).
(A) Groundwater domains; (B) The detailed boundary between Domain C and Domain D
in the inset area; and (C) Groundwater stratigraphy in Mission Superfund site. TOS = top
of screen; SWL = static water level
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Figure 2.12. Plot of 5 180(H20) vs. 61) in groundwater at the Mission Superfund site.
GMWL ---- global meteoric water line. I, II and III are aquifer designations from Figure
2.11C.
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I, II and III are aquifer designations from Figure 2.1 1C.
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Table 2.3 Sample locations, SO4 concentration and isotope compositions of groundwater

Location ID Well/Spring Name UTM-X UTM-Y SO4 534 S 5 1B0(SO4) 8, 180(H 20)
1 A3 503436.0 3568300.3 27 10.5

2 A5A 504245.6 3568900.7 27 8.5

3 A5B 504245.6 3568900.7 29 9.3

4 A08 505455.9 3570316.0 19 3.7

5 A9A 504647.5 3570308.9 22 5.0 4.3 -8.8

6 A31 502431.9 3569499.7 40 9.7

7 A32 501229.9 3570099.2 146 7.8

8 A_35 501827.7 3569096.5 76 9.2

9 A36A 503020.6 3571098.0 26 8.2 6.8 -9.6

10 A37A 501419.4 3571705.9 30 6.8

11 A39A 498234.6 3569535.2 499 2.6 8.8 -7.7

12 A53A 500227.5 3573328.8 28 9.8 6.8 -9.6

13 A55A 501219.1 3573323.8 13 7.9

14 B3B 505256.7 3565088.6 65 6.6 4.9 -9.4

15 BlOB 504849.5 3568699.9 31 10.0

16 B13B 506266.7 3564087.1 62 7.0

17 B19B 506472.2 3562678.6 104 13.6

18 B26 508454.8 3568918.3 34 6.8

19 B42B 506656.5 3566902.5 26 10.8

20 B43B 506653.3 3567497.7 24 10.0 7.5 -9.6

21 B44 506452.1 3568297.3 26 8.0

22 B45 506453.6 3568702.8 32 8.3

23 B46 507251.6 3568503.5 23 4.5

24 B47 507449.1 3568098.8 26 4.7

25 B48B 509470.8 3568107.6 22 5.1

26 B56A 508660.5 3566914.6 16 7.7

27 B57 508450.8 3567706.1 21 4.7 5.0 -9.5

28 B83A 502883.3 3559644.9 130 8.6 7.9 -8.5

29 B84 502685.6 3558835.5 88 6.6

30 B109A 497154.3 3581344.0 9 4.7

31 C3 506879.2 3561475.6 109 6.0

32 C7 509505.6 3562087.3 71 13.1 11.4 -8.4

33 Cl4B 508896.8 3562290.4 140 13.0

34 C15 508305.9 3560681.0 115 14.2 11.8 -9.9

35 C25B 513951.9 3564443.6 19 8.7

36 C30 509493.4 3565113.3 16 10.4

37 C32B 510303.5 3565116.5 8 7.3

38 C33A 509484.6 3565715.8 9 8.9

39 C36B 509091.3 3563494.7 63 13.0

40 C46B 511309.0 3565313.2 32 5.1 9.6 -9.8

41 C48 511299.6 3566710.4 34 7.6

42 C49B 511297.0 3567295.6 39 4.8

43 C51B 511504.6 3566116.4 31 8.3



Table 2.3 continued

Location ID Well Name UTM-X UTM-Y SO4 634 S 00(SO4 ) 8 180(H 20)

44 C69 506928.2 3555207.7 143 13.5 12.0 -7.7

45 C75B 521370.8 3566678.8 65 5.5 5.7 -8.5

46 C76A 518157.8 3566889.4 46 3.3 3.9 -9.3

47 C83B 517353.7 3567952.5 46 -1.6 2.2 -9.3

48 C85 519568.3 3566463.9 34 6.5

49 C107 517153.0 3570171.8 12 9.0

50 C112A 516158.7 3567948.0 42 -1.7 2.9 -9.3

51 C114 513747.4 3566262.6 31 7.9

52 C117 495951.9 3583363.4 9 7.0

53 C120A 497154.3 3583158.8 10 NA

54 C123B 516153.0 3569164.9 14 5.8

55 CT-01 521375.7 3536489.5 NA 6.6

56 DIA 512540.5 3563085.4 14 3.5 4.2 -9.9

57 D7A 515160.6 3559811.9 7 5.9

58 D16 514151.4 3563438.3 10 8.5

59 D18 514749.3 3564444.4 10 7.1

60 D21 514548.0 3565250.8 15 6.2

61 D30 515552.4 3563032.8 25 8.7 9.2 -8.3

62 D35 518370.7 3564847.2 34 8.6

63 D37 519572.0 3566054.8 44 6.6

64 D46B 521209.1 3568176.5 51 4.5

65 D51 517769.4 3564240.9 48 6.7

66 D60 520390.5 3568960.6 11 8.2

67 D65 521376.3 3565651.3 45 6.0

68 El 511951.0 3554006.3 160 14.2

69 E4A 519175.3 3562826.3 11 6.6

70 E7 518773.5 3563835.5 12 8.6 8.0 -8.9

71 E8 515765.4 3558200.2 6 6.1 6.1 -10.3

72 E 14 519978.4 3561821.7 12 7.2

73 E18B 521183.1 3563833.6 10 7.0

74 E 19 519975.9 3564441.3 10 6.1

75 E23B 523607.5 3564845.3 48 7.8

76 E24A 511954.2 3554409.5 177 13.9 12.7 -8.4

77 E25A 513964.2 3555403.6 68 12.5 12.1 -9.2

78 F6 514759.5 3552373.4 156 13.6 13.3 -9.0

79 GI 517982.5 3552968.1 11 11.7 11.1 -9.1

80 G2 517789.9 3551972.5 101 11.2

81 G3 519596.8 3551769.8 33 11.3 11.5 -9.0

82 134 519788.8 3553163.8 59 5.1

83 G5 521205.4 3551747.0 6.3 5.2

84 G6A 525630.7 3555566.6 17 3.1 4.0 -11.2

85 HI 519681.8 3540721.7 39 3.4 7.3 -7.7
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Table 2.3 continued

Location ID Well Name UTM-X UTM-Y SO4 534 S 8 160(SO4) 5 180(H 20)

86 H2 519888.9 3542540.5 100 11.7 10.9 -7.5

87 12B 507014.2 3596614.6 11 5.3

88 PF1 513476.8 3548212.8 86 11.7

89 RIA 502277.3 3556005.4 169 5.1

90 R2 502479.0 3556210.8 161 6.4

91 R5A 502881.7 3556415.8 100 9.2

92 R9A 502282.6 3558630.9 86 6.9

93 SC1OA 503882.0 3550154.5 82 4.6 8.5 -7.5

94 SC12 504011.7 3547853.8 115 5.9 7.4 -6.9

95 SC16 504011.8 3548527.3 110 5.3 6.0

96 SC18 503886.5 3554999.3 95 6.7

97 SC21 507032.6 3542324.6 111 5.6 8.5 -7.2

98 SC23 507003.9 3538284.4 119 5.3 7.9 -4.3

99 SC31 510849.1 3538696.5 45 5.9 7.5 -6.7

100 SC33 513260.6 3541903.6 49 7.5 7.9 -8.6

101 SS1A 501073.1 3558829.8 238 4.8

102 SS12 501072.2 3559033.0 179 5.5 6.0 -6.9

103 SS15 501274.5 3558830.3 103 7.7

104 SS18A 501259.9 3562856.1 264 3.6 7.5 -7.7

105 SS21A 501276.9 3557411.6 180 5.7

106 SS23A 501277.2 3557816.5 174 5.2

107 SS24A 501068.7 3559846.3 239 5.6 7.9 -7.2

108 WR54A 503886.8 3553983.6 933 10.3 8.5 -7.2

109 WR72 504691.8 3555202.8 NA 9.5

110 WR77 502879.0 3554380.4 110 5.8

111 WR80 502678.6 3555190.4 NA 6.9

112 WR85 502682.3 3557224.4 NA 10.0 8.3 -7.8

113 WR91 502278.9 3556822.3 NA 6.5 7.2 -7.6

114 WR123A 520785.4 3558192.5 9 13.3 11.1 -10.3

115 WR124A 520586.0 3558192.5 12 7.7

116 WR125A 520586.3 3557986.9 10 3.8 7.9 -10.1

117 WR126A 520985.2 3557986.9 11 3.8

118 WR177A 515552.6 3565049.4 14 8.3

119 ZI 497820.5 3572755.1 150 7.3 9.0 -8.5

120 Z2 498822.1 3573160.9 64 6.3 7.9 -9.3

121 Z5 497827.7 3573952.9 126 7.0

122 Z6 497233.6 3574354.3 82 7.6

123 Z7 496436.2 3575961.6 120 5.7

124 Z13 494217.4 3577761.8 121 8.3

125 Z15 495640.0 3576162.2 105 4.3 5.5 -9.4

126 Z16 496634.8 3574754.8 61 NA

127 Z17 494781.2 3579132.5 13 NA
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Table 2.3 continued

Location ID Well Name UTM-X UTM-Y SO4 es 8180(SO4) 8 180(H 20)

128 zia 494589.0 3579937.0 8 NA

129 Bell 501573.5 3577720.1 NA 4.5

130 Campo Bello E 501973.7 3581349.1 5 NA

131 Campo Bello W 501369.5 3581348.8 6 5.4

132 Ina/CDO wash 496347.0 3577743.4 10 5.4

133 Rasmussen 496348.0 3578734.3 4 NA

134 Meredith 497353.3 3578530.1 8 5.4

135 Marlene 496146.5 3578141.8 9 NA

136 Jensen 497153.5 3579129.1 14 NA

137 Matter 498754.3 3579526.7 4 NA

138 Ina/La Canada 500614.5 3577517.5 3 NA

139 Old Linda Vista 501163.6 3582357.1 11 NA

140 Tucson Nail E 498957.9 3580739.0 6 5.8

141 New Linda Vista 500357.6 3582353.8 11 4.4 4.8 -9.4

142 Hardy 500565.8 3580945.7 5 NA

143 Chapala 500568.8 3578323.0 3 NA

144 FW#59 501229.3 3569497.8 171 6.2

145 FW#60 501232.5 3569698.3 220 8.3 10.8 -9.7

146 FW#61 501224.8 3570901.0 63 8.7

147 FW#66 500232.9 3571720.3 60 7.6

148 FW#70 499836.9 3571527.5 202 7.0

149 FW#71 501222.8 3572112.3 17 5.3

150 FW#73 501420.4 3572516.6 16 6.3 7.2 -10.0

151 FW#75 500036.0 3571316.5 272 7.4 7.8 -9.0

152 AFB-2 513247,8 3559750.8 28 12.8

153 AFB-6 512150.6 3558623.9 58 13.0 12.9 -9.3

154 AFB-8 518981.1 3554168.4 6 5.7

155 AFB-10 512858.9 3557318.8 43 12.5 12.5 -9.6

156 AFB-11 513158.0 3557017.9 51 13.4

157 Amphi High 502425.5 3570097.8 37 8.3 6.3 -9.5

158 Keeling 503438.6 3568899.4 61 11.2 10.6 -10.5

159 Nash 501825.3 3568492.8 303 10.4 8.9 -8.1

160 Rio Vista 504643.8 3571717.8 18 4.7

161 Christopher City 509070.8 3569935.0 21 6.1

162 Huachuca 504038.6 3565886.5 120 13.1 15.3 -8.4

163 N cooling plant 504643.3 3566496.1 NA 11.4 9.9 -9.9

164 umc south 505047.3 3566896.8 27 10.9

165 "University Well" 504643.3 3566496.1 87 12.3

166 2062 UA Farm 505753.0 3571626.7 27 3.6

167 2089 UA Farm 505453.7 3571323.6 19 5.4

168 3185 UA Farm 506052.6 3571328.3 32 3.5

169 TEP# I 508721.3 3558225.3 109 12.3 12.0 -8.1
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Table 2.3 continued

Location ID Well Name UTM-X UTM-Y SO4 6 34 S 5 80(SO4 ) 8 180(H 2 0)

170 TEP#6 509532.0 3558218.2 378 7.9 9.2 -9.7

171 First Av. Deep 503833.4 3572321.4 NA 4.9 5.7 -11.1

172 First Av. Middle 503833.4 3572321.4 NA 5.5 8.4 -8.1

173 La Cholla deep 498823.0 3573754.4 37 6.0

174 ASDB 500835.5 3566470.6 133 6.6 8.7 -7.5

175 Cabezon Equestrian 521484.1 3558696.0 NA 2.9 6.4 -9.5

176 Canyon Ranch 518152.2 3571373.7 NA 7.8

177 Cactus Country RV 522416.7 3547745.6 NA 10.1 10.6 -9.1

178 Cat. St. Park Eq. 507006.9 3587922.1 NA 7.4

179 El Paso NG Vail 518085.5 3547503.8 NA 14.6 12.9 -8.7

180 Hanson Concrete Products 516070.8 3554472.1 15 9.6

181 Lazy C Water Co. 494243.3 3570548.5 NA 11.0 7.2 -7.6

182 Madera Vet. Clinic 521813.1 3552950.8 NA 4.0 8.7 -9.7

183 Pima County Fairgrounds 520492.7 3545141.5 NA 14.1 13.7 -9.2

184 Sunward North 523605.0 3556989.8 NA 4.8

185 Sunward Resources 523614.2 3556587.4 NA 5.1 6.3 -10.4

186 Tucson Readymix 525455.4 3552952.4 NA 5.1 7.9 -10.2

187 UASTC MW 11 517986.4 3549739.7 83 14.1 13.4 -9.3

188 UASTC MW 15 515567.0 35519619 186 14.6

189 UASTC MW 17 516574.7 3552556.3 180 10.9

190 UASTC MW 19 518395.0 3550552.1 33 12.5

191 Vail Middle School 527302.5 3545734.7 125 7.5 10.9 -8.1

192 Vail School Admin 526695.9 3543128.0 NA 10.3 12.3 -8.8

193 VA #3 WELL 503579.1 3560558.1 87 10.2 10.1 -7.9

194 RV1 505402.6 3587325.3 10 6.5

195 RV2 504805.6 3587928.7 NA 6.0

196 RV3 505401.7 3587124.4 NA 4.9

197 RV9 505204.5 3590135.8 NA 7.4

198 RV19 503610.8 3588135.3 13 6.1 5.5 -8.8

199 RV20 504208.6 3587529.6 NA 5.4

200 CHI 503403.2 3586551.9 11 6.6 4.8 -10.1

201 CH4 503811.7 3583528.8 NA 6.5

202 CH6 502169.5 3584572.0 NA 5.4

203 cH8 503198.2 3583773.8 NA 3.3 5.5 -10.3

204 CH9 503209.4 3583371.8 13 6.7

205 cHit 505196.5 3585111.7 NA 4.6 5.8 -10.0

206 CH12 500558.8 3583965.3 NA 5.6

207 CH14 500157.8 3584364.8 12 4.7

208 CH15 504799.4 3584716.3 NA 3.8 5.1 -10.3

209 Fiesta 508799.3 3592533.9 NA 4.0

210 Lago del Oro 509200.1 3592736.3 NA 5.3 4.8

211 Wilds Rd 508199.2 3592733.9 NA 3.7
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Table 2.3 continued

Location ID Well Name UTM-X UTM-Y SO4 634 S 8 180(SO4 ) 6 80(H20)
212 LD01 508391.8 3595150.9 9 5.3

213 LD03 511204.9 3590930.5 29 3.8

214 LD04 511907.2 3600699.4 14 6.2 5.5

215 LD05 510020.2 3594554.6 21 3.7

216 LD06 510620.6 3596422.7 28 3.9 4.6

217 LD08 512275.1 3597043.1 27 4.0

218 LD011 511002.5 3591332.4 NA 3.7

219 LD013 507306.0 3594851.6 11 5.7

220 LD014 511277.4 3598682.6 16 5.7 3.4 -9.5

221 LD016 512299.0 3601293.0 NA 5.1 5.0 -9.3

222 LD018 510678.9 3599086.3 NA 7.5 4.5 -9.1

223 PMR-MW-3 503806.7 3541112.2 NA 4.4 6.7 -7.6

224 PMR-MW-4 503807.7 3541516.5 NA 5.3

225 Almquist 528740.5 3568915.6 305 8.4 2.0 -10.2

226 Baldwin 486087.6 3601625.5 NA 4.0

227 Baurlin 515310.4 3571571.5 25 6.7

228 Brown 507657.1 3571535.4 26 4.8

229 Celentano 508257.7 3571134.8 46 4.9

230 Childs 526212.7 3556556.4 NA 5.8

231 Christy 507256.6 3571536.2 NA 3.4

232 Croce 524239.2 3561423.0 6 9.0

233 Cross Creek Riding Club 518470,7 3569063.0 35 6.1

234 Cummings House 528639.4 3569014.3 300 8.4 0.8 -10.2

235 Cummings Remote 528837.8 3568814.3 321 8.3 -0.8 -10.2

236 Deer Run Ranch 505221.2 3577739.3 27 8.9 5.4 -9.1

237 Desert Fox Paintball 522009.0 3548723.8 37 9.1

238 Dryden shallow 527862.4 3566481.5 35 7.3

239 Escobar 519974.4 3567106.2 25 4.9 7.0 -11.9

240 Evans 530960.1 3568724.1 63 2.1 6.9 -7.5

241 Eynatian 506653.7 3571735.3 NA 5.9

242 Hager H 524423.1 3556596.7 28 3.6

243 Haskin 520579.3 3564239.0 22 7.8

244 Hix 517566.0 3569166.5 15 5.8

245 Lacey 523805.0 3566683.4 65 6.6

246 Madden 517928.0 3572995.3 300 21.0 11.6 -9.2

247 Marmis deep 507216.8 3578336.8 NA 7.3

248 Marmis shallow 507216.8 3578336.8 26 3.8 12.3 -9.0

249 McGrew 518215.5 3536440.7 NA 7.7 9.1 -8.7

250 011anik 520570.7 3567536.5 34 3.2 7.3 -10.3

251 Ormsby 524227.5 3568396.8 381 8.5 7.0 -9.3

252 Parker 518058.5 3570268.9 19 7.3

253 Reinert 526034.6 3570610.2 132 8.4 0.1 -9.4
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Table 2.3 continued

Location ID Well Name UTM-X UTM-Y SO4
534s

8 180(SO4) 5 180(H 20)

254 Small 520587.5 3569359.0 18 8.9

255 Sonderer 525845.6 3566475.7 41 2.7 6.0 -8.3

256 TVGR#2 530658.8 3567571.4 344 6.8 0.7 -10.1

257 Walden 522176.8 3566254.8 60 5.7

258 Wilson, Alex 501119.7 3573424.3 NA 2.5 5.4 -9.9

259 Wilson 523598.3 3566898.3 22 5.7

260 Windmill 539558.9 3533802.1 NA 16.6

261 131318dom 494439.3 3573353.7 NA 9.6

262 Barnwell 526247.2 3554351.5 NA 3.7 5.8 -10 1

263 Benstead 529909.7 3546327.0 NA 5.2 4.1 -7.7

264 CCMP #2 534895.1 3546712.2 NA 3.9

265 CCR 530708.4 3546523.0 24 8.6

266 Del Lago #1 530710.5 3544134.6 833 14.0 14.5 -8.1

267 Felter #1 530507.8 3546722.9 NA 9.2 4.2 -7.1

268 French 529459.4 3553747.1 NA 1.5 6.4 -10.7

269 Hufault 537299.8 3556185.9 NA 9.6

270 K Well 526244.0 3554551.0 22 3.6 5.5 -11.3

271 Pannell 527491.8 3548359.1 6 6.2

272 PPHA 527088.9 3548534.5 4 4.4

273 Posta Quemada Ranch 534293.8 3546090.1 NA 3.6

274 Rincon Ranch Estates 521588.9 3560001.8 24 3.9 8.5 -8.9

275 Rincon Water Co. 526643.3 3554746.5 57 7.6 2.5 -9.3

276 Saguaro North 528073.8 3553148.9 5 NA

277 Saguaro South 529463.0 3552340.1 5 5.2

278 Wendt 537256.9 3549340.0 134 1.0 4.7 -9.0

279 York 529462.1 3553148.2 24 2.6 5.7 -9.9

280 Agua Caliente Spring 525026.0 3571618.1 156 9.1 1.9 -10.3

281 Agua Verde Hills Spring 535303.0 3544131.2 NA 7.4

282 CCMP #1 (Arkenstone Cave) 534293.8 3546090.1 NA 2.5

283 Finger Rock 509070.5 3578933.1 NA 4.7

284 Posta Quemada Spr. 534895.1 3546712.2 25 4.4

285 Pontatoc 510086.3 3578332.1 NA 5.7 8.5 -5.0

286 Martin Ave. 505253.1 3565693.5 NA 13.3 13.8 -6.4

287 MLR-1 504246.8 3564474.2 94 12.0

288 UAM-1 504242.5 3565483.3 97 14.1 13.9 -8.2

289 UAM-2 504648.3 3565284.7 108 13.9

290 PER-I4 504246.8 3564474.2 417 7.8 9.0 -10

291 Pew 506649.7 3573347.4 NA 8.8 8.5 -8.1

293 Sabino 5.0 3.2 11.8 -11.2

294 Masek 507256.6 3571536.2 NA 3.7 7.7 -10.6

295 Ormsby 517636.2 3574312.5 NA 5.5

296 Immaculate Heart 515521.4 3570770.8 NA 9.2 7.2 -9.9



Table 2.3 continued

Location ID Well Name UTM-X UTM-Y SO4 534 S 8160(SO4) 8 180(H 20)

297 Kerley 499805.0 3533855.0 83 9.6

298 Kibbe 506318.0 3534545.0 86 5.9

299 Brown 505592.9 3535252.8 151 6.3

300 Cyprus MW- 1 6 497501.0 3521723.0 847 7.2

301 Country Club (CCGV) 501263.0 3526765.0 100 7.0

302 Shearer 501735.0 3519354.0 142 5.4

303 FICO NP-2 500929.0 3529541.0 127 5.5

304 FICO E-16 501715.0 3521518.0 163 4.8

305 FICO C-4 501680.0 3525138.0 110 5.7

306 FICO S-54 503256.0 3530816.0 85 6.3 8.1 -7.5

307 FICO S-51 503017.0 3535471.0 95 6.1

308 FICO s-48 504987.0 3537067.0 167 6.1 6.1 -7.4

309 WRIR-5 495032.3 3573954.4 120 NA

310 WRIR-6 494439.3 3573353.7 320 NA

311 WR1R-7 511695.4 3569334.4 30 NA

312 WRIR-8 501661.8 3562657.3 94 NA

313 WRIR-9 511568.2 3556832.2 100 NA

314 WRIR-10 524656.7 3558001.8 10 NA

315 WRIR-I 1 528256.0 3549325.9 5 NA

316 WRIR-12 504207.9 3546957.3 190 NA

317 WRIR-13 510430.3 3546333.8 44 NA

318 WRIR-14 527497.4 3547837.2 290 NA

319 WRIR-16 507039.4 3533841.5 140 NA

320 WRIR-17 516802.2 3537683.0 79 NA

321 WRIR-35 499621.3 3574535.8 19 NA

322 WRIR-36 506055.4 3570723.3 10 NA

323 WRIR-37 518165.2 3569566.2 11 NA

324 WRIR-38 519584.1 3560412.6 49 NA

325 WRIR-39 510950.8 3557428.9 120 NA

326 WRIR-40 525040.9 3554571.1 22 NA

327 WRIR-42 505199.3 3644134.9 220 NA

328 WRIR-43 527299.6 3545334.9 110 NA

329 WRIR-44 535716.6 3543338.0 53 NA

330 WRIR-46 509665.5 3533213.6 18 NA

331 PEP-11 504648.3 3565284.7 48 10.3 12.1 -6.4

332 PEP- 1 9 504246.8 3564474.2 140 11.1 15.9 -7.0

Data sources: Kahn (1994), Lewis (1996), Pasilis (1999), Coes et al.( 2000) and this study
Most sulfate concentrations were provided by Tucson Water; NA: not analyzed
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Abstract

Alluvial groundwater chemistry in Sonoita Creek basin is mainly controlled by the

dissolution of evaporites present in the surrounding ranges or their reworked equivalents

in the Tertiary sediment in the basin. The 6 180 and 6D data indicate that the groundwater

was recharged by low-elevation precipitation, and radioactive isotope data suggest that

ground water was mainly recharged after 1952 and has residence times of several months

to a few years. 6 34S and 6 180(SO4) data indicate that Permian evaporite is the primary

source of dissolved sulfate in alluvial groundwater, while in the basin margin, alluvial

groundwater may derive its sulfate from the acid mine drainage from the Patagonia Mts.

The base flow water in Sonoita Creek has 6 180 and 6D values similar to alluvial

groundwater. The 634S and 6 180(SO4) values of Sonoita Creek are lower than those of

alluvial groundwater. 634S and SO4 concentration data show that sulfate in Sonoita Creek

is from 3 end-members: alluvial groundwater, Patagonia Mts. water, and Temporal Gulch

water. Isotope mass balance calculations show that alluvial groundwater contributes 50 —

70%, with the remainder equally divided between by Patagonia Mts. water and Temporal

Gulch—type water during the base flow seasons. The contribution of alluvial groundwater

in greatest in the headwater of the perennial reach of Sonoita Creek, but it decreases

along the stream course.

1. Introduction

Riparian environments in the arid and semi-arid areas are extremely important in

supporting rare plants and animals, and preserving regional biodiversity. Hydrology is the
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primary forcing function in riparian systems and a critical element in wetland and

riparian systems. A clear understanding of surface and groundwater hydrology is

particularly important in riparian systems because surface water and groundwater are the

primary agents of mass and energy transport between uplands and downstream

environment (Dahm et al., 1998; Rains and Mount, 2002). Such an understanding is

critical for the restoration and management of wetlands and riparian systems (Kentula,

1996).

In southern Arizona, surface water is rare, and water used in the region is drawn

almost exclusively from groundwater. Sonoita Creek near Patagonia is one of a few

permanent riparian corridors in southeastern Arizona. Previous studies have examined the

hydrogeology and groundwater supply in Sonoita Creek basin (Feth, 1954; Halpenny et

al., 1964; Nasseriddin, 1967; Bradbeer, 1978; Montgomery & Associates, 1999), as well

as water quality issues (Feth, 1954; Condes de la Torre, 1970). It is generally agreed that

base flow accounts for most of the annual discharge in Sonoita Creek and is a critical

component supporting the riparian biota, but there is still disagreement regarding the

sources of the base flow (Montgomery & Associates, 1999). To date, little information

on the origin(s) of the base flow in Sonoita Creek, the chemical characteristics of surface

water and groundwater, and the spatial and temporal variations of water quality has been

available.

Potential sources of groundwater that contribute to base flow in Sonoita Creek

include: (1) direct infiltration of precipitation into alluvial deposits in and adjacent to
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Sonoita Creek; (2) infiltration of storm runoff in Sonoita Creek and tributary ephemeral

streams into alluvial deposits adjacent to Sonoita Creek; (3) groundwater underflow from

saturated alluvial deposits upstream from the perennial reach of Sonoita Creek; (4)

upward movement of groundwater from underlying saturated bedrock and basin-fill

aquifers; (5) dispersed lateral inflow of groundwater from adjacent bedrock and basin-fill

aquifers; and/or (6) localized lateral inflow of groundwater from adjacent bedrock and

basin-fill aquifers through one or more large and interconnected fracture or fault zones of

relatively high permeability (Montgomery & Associates, 1999).

Previous studies showed that dissolved sulfate concentrations in groundwater near

Patagonia and surface waters in Sonoita Creek and its tributaries are commonly greater

than 250 mg/L, exceeding the EPA secondary drinking water standard. The sulfate

sources, which were not established in the previous studies, promised to be critical

element in an understanding of local hydrology. Isotope techniques have been widely

used to investigate groundwater hydrology and hydrogeochemistry in the past three

decades (Clark and Fritz, 1997, and references therein; Cook and Herczeg, 1999).

Radioactive environmental isotopes are used to trace ground water movement and

estimate its residence time, while stable isotopes are utilized to trace the origins of water

and its dissolved constituents. In the alluvial basins of southern Arizona, the concurrent

application of multiple isotope systems has proved most useful in studies addressing

groundwater age and origin, and groundwater-surface water interactions because of
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altitude effects and the presence of distinctive sulfate sources (Harris, 1999; Eastoe et al.,

2004; Gu et al., In prep. a).

This study will address the following: (1) the chemical and isotope composition of

ground water near Patagonia and surface water in the perennial reach of Sonoita Creek;

(2) the spatial and temporal change in the chemistry and isotope composition in the

alluvial aquifer and surface water; (3) the possible sources of base flow in Sonoita Creek

and sources of dissolved sulfate in both surface water and alluvial aquifer; and (4) the use

of isotope mass balance equations to calculate the relative proportions of contribution of

water sources to the base flow in Sonoita Creek.

2. Site description

Sonoita Creek basin is located approximately 100 km southwest of Tucson, Arizona

in the semi-arid Basin-and-Range province, which is characterized by alternating

mountains and alluvial basins. Sonoita Creek basin is a narrow northeast trending alluvial

valley, and occupies an area of approximately 540 lan 2 upstream from Patagonia Lake. It

is bounded on the east by the Canelo Hills, on the west by the Santa Rita Mountains, and

on the south by the Patagonia Mountains (Figure 3.1).

The climate in the Sonoita Creek basin is arid to semi-arid, with mild winters, hot

summers and low humidity. Average monthly high temperatures range from 17.4 °C in

January to 34.9 °C in June. Average monthly low temperatures range from —2.9 °C in

January to 17.4 °C in June. Precipitation ranges from 250 mm to 760 mm per year with an

average of 470 mm per year. The basin floor has the lowest precipitation, and the annual
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precipitation increases with elevation towards the mountains. About two-thirds of the

annual precipitation in Patagonia typically falls during summer months (Arizona

Department of Water Resources Website: www.adwr.az.us). Mean annual

evapotranspiration in most parts of the watershed is estimated to be 420 mm, but may be

up to 1800 mm/year for the strip of riparian vegetation along the perennial reach of

Sonoita Creek (Ben-Asher, 1981).

The Sonoita Creek basin is filled with Quaternary and Tertiary alluvial deposits.

Basin-fill deposits overlie and are bounded by early-Tertiary and older sedimentary,

metamorphic, volcanic, and intrusive igneous bedrock. Principal hydrogeological units

present in Sonoita Creek basin include, from youngest to oldest: (1) streambed alluvium

of Quaternary age; (2) basin-fill deposits of Quaternary and Tertiary age; (3) volcanic and

sedimentary rocks of early-Tertiary age; and (4) undifferentiated sedimentary, volcanic,

plutonic, and metamorphic rocks of Mesozoic through Precambrian age (Montgomery &

Associates, 1999). Multiple intrusive bodies of Laramide age are associated with several

porphyry copper deposits and associated metal vein systems in the Patagonia and Santa

Rita Mountains.

The principal aquifers are the Quaternary alluvial deposits and basin-fill deposits of

Quaternary and Tertiary age. The Quaternary alluvial deposits, present in the current

streambed and old floodplains, are composed of unconsolidated silt, sand, and gravel

deposits up to 27 meters thick (Feth, 1954). Basin-fill deposits consist chiefly of weakly

to moderately consolidated gravel, sand, silt, and clay, with interbedded rhyolite tuff and



101

tuffaceous sandstone in the lower part of the unit (Menges, 1981). The thickness of

Quaternary and Tertiary basin-fill deposits in Sonoita Creek basin is estimated to be more

than 900 meters northeast of Patagonia, where the basin reaches its widest extent

(Menges, 1981). Most wells in the study area are completed in the alluvial deposits and

basin-fill deposits. The igneous and sedimentary rocks of the surrounding mountains are

irregular low-volume fracture flow systems. Very few wells have been completed in

these bedrock aquifers and most are low-yielding stock and domestic wells (Feth, 1954).

However, where faulted or fractured, these bedrocks are capable of transmitting moderate

to large quantities of groundwater, as in the case of Monkey Spring in the Canelo Hills

and Humboldt Canyon flowing well in the Patagonia Mountains.

Groundwater in the Sonoita Creek basin is used for domestic, irrigation and stock

purposes. The groundwater depth record in the Sonoita Creek basin is based mainly on

Arizona Department of Water Resources (ADWR) well registry database. The reported

depth to groundwater at most wells located near Patagonia is less than 15 meters. Many

wells near Patagonia produce groundwater from Quaternary alluvial deposits and

Quaternary and Tertiary basin-fill deposits. Due to the large transmissivity and small

storage capacity of the alluvial deposits, groundwater levels in these hydrogeological

units can change rapidly in response to changes in stream stage or precipitation.

Groundwater levels commonly vary by 3 meters or more from year to year (Montgomery

& Associates, 1999). Groundwater movement is from areas of recharge, chiefly in the
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north and east parts of the basin, toward the chief area of groundwater discharge, the

perennial reach of Sonoita Creek in the southwest part of the basin.

Sonoita Creek flows 48 km southwest through the basin from its headwater near

Sonoita to its confluence with the Santa Cruz River. Major tributaries of Sonoita Creek

include Harshaw Creek, Temporal Gulch, Alum-Flux Canyon, and 3R Canyon. Flow in

Sonoita Creek is mostly ephemeral in the broad, north part of basin upstream from the

town of Patagonia. About 400 meters downstream from Patagonia, Sonoita Creek

becomes perennial and flows 10 km to Lake Patagonia (an artificial lake) through a

narrow valley located between the Santa Rita Mountains and the Patagonia Mountains

(Figure 3.1). Other than the perennial flow downstream from Patagonia, most flow in

Sonoita Creek is runoff from local storm events and only occurs shortly after heavy rains

in the summer monsoon season and winter rainy season.

The USGS measured and recorded stream flow during the period from July 1931

through September 1972 at a gaging station (USGS Gaging Station 409481500) about 2.4

km upstream from Lake Patagonia. The reported daily flow rate for Sonoita Creek ranged

from zero to 56.6 m3/s, and the average daily flow rate was about 0.24 m3/s. This gaging

station no longer exists. On average, discharge rates for the Sonoita Creek are largest

during July, August, September, and December, the months of greatest precipitation at

Patagonia. Discharge rates and precipitation are least, on average, during April, May, and

June (Montgomery & Associates, 1999). During the period from 1979 through early

1997, Patagonia-Sonoita Creek Preserve (PSCP) personnel measured flow in Sonoita
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Creek near its confluence with Temporal Gulch, and the average for these measurements

is about 0.24 m3/s.

3. Methods

Groundwater samples were taken from both the alluvial aquifer and the bedrock

aquifer, while surface water was mainly taken from the perennial reach of Sonoita Creek

and from its tributaries (Figure 3.1).

Five domestic wells in the study area were selected for groundwater sampling. Prior

to collecting ground water, wells were purged until temperature, pH, total dissolved solid

(TDS), and electrical conductivity (EC) stabilized. At the Native Seed Search well (W1),

the Patagonia town well (W2), and the Nature Conservancy well (W5), sampling was

repeated 3 or 4 times to assess the temporal change of chemical and isotope composition.

Surface water samples were taken from 16 locations along the perennial reach of Sonoita

Creek and at different seasons (base flow season vs. runoff season) (Figure 3.1) in order

to determine the temporal and spatial variation of its chemical and isotope compositions.

One site, Sonoita Creek at Salero Road (site SC12), was selected as the principal

monitoring site for the inter-seasonal and inter-annual variation of flow rate and stream

water chemistry, since this site is easily accessible and located where the maximum flow

rate was recorded by Montgomery & Associates (1999).

Water samples were filtered in-situ using 0.45 jim cellulose acetate filters. One

aliquot of filtered water (125mL) for major cation analysis was placed in a sterile acid-

rinsed polyethylene bottle and acidified to pH <2 with ultra-pure HNO3. The aliquots of



104

water collected for anion and environmental isotope analysis were filtered but not

acidified. One liter of water was collected from each site for tritium analysis. Three wells

(W1, W2, and W5) were selected for 14C dating, for which 50-liter samples were taken

from each well, and stored in an air-tight carboy.

The pH, TDS, EC, and temperature (T) of water samples were measured on site. The

alkalinities of water samples were determined using the standard Gran method on a 50

mL aliquot of the filtered sample as soon as the samples were brought to the laboratory,

usually within 24 hours of sampling. The chemical compositions of water samples were

analyzed with an inductively coupled plasma mass spectrometer (ICP-MS) and an ion

chromatograph (IC). ICP-MS analysis was performed on filtered and acidified samples

for the determination of Ca, Mg, K, Na, Al, Si, and Sr concentrations, whereas IC was

used for the determination of SO4 and Cl concentrations.

Stable and radioactive isotope analyses were conducted at the Laboratory of Isotope

Geochemistry, University of Arizona. The 6 180 values of water samples were determined

using a Finnigan-MAT Delta S mass spectrometer with an automated CO 2 equilibration

method (0' Neil and Epstein, 1966) with an analytical precision of 0.08 %o (la). Water

samples for the analysis of hydrogen isotopes were reduced to H2 gas by reacting with Cr

metal in an automated sampler (Gehre et al., 1996). Then resultant H2 gas was

automatically measured on a Finnigan Delta S mass spectrometer, and the analytical

precision is 0.8%0 (1g) or better. Values of 6 180 and 6D are reported relative to the

standard Vienna Standard Mean Ocean Water (VSMOW). Dissolved inorganic carbon
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(DIC) was acid stripped on a vacuum line, and the resultant CO2 was measured on the

Finnigan-MAT Delta S mass spectrometer with an analytical precision is 0.1%0 (1a)

Tritium concentrations were measured by liquid scintillation in a Quantulus 1220

spectrophotometer after an eight-fold electrolytic enrichment of water samples. Tritium is

reported as tritium units (TU), where 1 TU equals to 1 tritium atom per 10 18 hydrogen

atoms. The detection limit is 0.7 TU.

For 14C samples, the DIC was precipitated as BaCO 3 immediately after the samples

were brought to the laboratory and then acid stripped on a vacuum line. The resulting

CO2 was collected and synthesized to benzene for liquid scintillation counting according

to standard procedures (Polach et al., 1973).

The dissolved sulfate in water samples was precipitated as BaSO4 for the analysis of S

and 0 isotope compositions. The BaSO 4 was ground together with Cu 20 and quartz

powder and reduced to SO2 by heating at 1150 °C using the method of Coleman and

Moore (1978). 634S was measured on a modified VG602C gas isotope ratio mass

spectrometer. A split of each BaSO4 precipitate was analyzed for 6 180 using a

continuous-flow isotope ratio mass spectrometer (Finnigan Delta X plus). Values for 6 34 S

and 6
180 (SO4) are reported relative to the troilite from Canyon Diablo Triolite (CDT)

and VSMOW standards, respectively, with precisions of 0.13 %o (1 cy) and 0.9 %o (1u),

respectively. All stable isotopes are reported in the usual 6 notation, where 6 = (R.pie

RsTD — 1) * 1000, Rsample represents 180/460, D —, 34 12tn. or - S/-- S; and RsTD is the isotope ratio

of the corresponding international standard.
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4. Results and Discussion

4.1 Water Chemistry

4.1.1 Surface Water

Table 3.1 lists the chemical compositions and other water quality parameters of

surface waters sampled in the main stream of Sonoita Creek and its tributaries, as well as

ground water taken from the alluvial aquifer and the bedrock aquifer.

The pH values of main stream surface water in Sonoita Creek varied from 6.56 to

8.50, with one outlying reading of 5.90 detected 10 meters below the confluence of

Alum-Flux Canyon (site SC11) during a wet El Nino spring, February 1998. Low-pH

surface water frbm Alum-Flux Canyon was discharging into Sonoita Creek, an

uncommon occurrence. At this time, the pH in Sonoita creek was 7.32 approximately 5

meters upstream from the confluence (site SC 10). Downstream from the confluence pH

increased rapidly, to 7.10 at about 50 meters downstream (site SC 12), and to 7.89 after

1.5 km (site SC13) (Table 3.1 and Figure 3.2A). A similar pH change was observed in a

second runoff event in April 1998. The temporal variation in chemistry for water samples

from Sonoita Creek near its confluence with Alum-Flux Canyon Creek indicates that

water quality in Sonoita Creek is occasionally influenced by surface runoff from the

Patagonia Mountains. Such water is characterized by high contents of trace metals and

sulfate, and low pH (Gu et al., In prep. b). During regular years, surface water in the

Alum-Flux Canyon flows into Sonoita Creek only shortly after heavy summer storms.

Most of the tributary water seems to disappear into the alluvium at the range front and
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might consequently become underflow to Sonoita Creek. Even during the runoff events,

water flows in the tributaries are generally much smaller than main stream flow in

Sonoita Creek. The high alkalinity gives Sonoita Creek a large capacity for neutralizing

acid, which is reflected by the rapid pH changes during the runoff events.

In general, pH values increase downstream in Sonoita Creek, whereas the alkalinity

decreases downstream (Figures 3.2A and 3.2B). Speciation calculation using PHREEQC

(Parkhurst, 1995) shows that pCO2 in surface water at the head of the perennial reach

(site SC1) in Sonoita Creek is about two orders of magnitude higher than that of

atmosphere (10 5 atm.), but it decreases quickly in a very short distance. The pH

increases rapidly, while pCO 2 and alkalinity decreases rapidly between 0 and 1 km

(Figures 3.2A, 3.2B, and 3.2C). The decrease in alkalinity and increase in pH values in

Sonoita Creek are most likely caused by the degassing of CO2 to the atmosphere. Influx

of low-alkalinity groundwater and underflow tributary water is also partially responsible

for the changes in water chemistry. Choi et al. (1998) found that TDIC and pH in Pinal

Creek, Arizona were controlled in similar fashion by the mixing of groundwater with

stream water and CO2 degassing.

The surface water type in the mainstream of Sonoita Creek is Ca-HCO 3 -SO 4 . Surface

water in Temporal Gulch is also of Ca-11CO3 -SO4 type, whereas Alum-Flux Canyon has

a Ca-Sat water type (Table 3.1). In comparison with Sonoita Creek water, surface water

from Temporal Gulch has relatively low alkalinity and low TDS. In contrast, surface
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water from Alum-Flux canyon water has a low pH, high TDS, and high trace metal

concentrations.

The TDS of the surface water in Sonoita Creek ranges from 0.210 to 1.033g/L, and

the EC is in the range of 0.440 and 1.211 mS/cm. Unlike alkalinity and pH, both TDS

and EC do not show any trend along the mainstream in Sonoita Creek. The chemistry of

mainstream surface water generally remains constant with time during the base flow

seasons (Table 3.1), though it does show slight inter-annual variation. Dissolvpd sulfate

concentration in Sonoita Creek also changed downstream in this perennial reach, and will

be discussed in detail below.

4.1.2 Groundwater

Groundwater generally has a pH range of 6.80 to 7.70, similar to that of surface water

except for one well (W6), which has a pH of 4.50. This well is located in the Patagonia-

Sonoita Creek Preserve (PSCP), in sulfide-bearing bedrock. The water is characterized by

high sulfate and high trace metal contents, and the well has been plugged because of poor

water quality.

Groundwater in the Sonoita Creek basin near Patagonia has ranges of TDS and EC

similar to those of surface water. The water type for groundwater from wells completed

in the alluvial aquifer (W1, W2, W4, and W5) in the study area is Ca-HCO 3 -SO4, the

same as surface water. Water types from wells that discharge from the Tertiary and older

bedrock in the Sonoita Creek basin are Ca-SO4 (W6), Ca-Na-SO4 (W7), and Na-SO4
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(W3), respectively. In Tertiary and older bedrock aquifers, sulfate is usually the dominant

anion.

The groundwater chemistry in the alluvial aquifer at Patagonia is relatively constant

with time (Table 3.1), even though variation in SO 4 and Ca contents can be recognized in

a few wells, e.g. W2.

Relatively high Ca, HCO3 -, and SO4 concentrations suggest that the dissolution of

evaporitic gypsum may control the chemistry of both groundwater and surface water in

the Sonoita Creek basin (Hem, 1985). Evaporite dissolution is also reflected by high Sr

contents; Sr contents in alluvial groundwater and Sonoita Creek are generally greater than

1.0 mg/L. In contrast, Sr concentrations in surface water from Alum-Flux Canyon and

Temporal Gulch are less than 0.5 mg/L (Table 3.1), where little or no gypsum evaporite

is present.

4.2 Environmental isotopes

4.2.1 6 180(H20) and 6D

6 180 and 6D data for all samples are shown in Table 3.2 and Figure 3.3. The 6 180 and

5D data for the surface water mainly plot along the global meteoric water line (GMWL).

The 6 180 and 6D ranges in the surface water during the base flow seasons are narrow,

with 6 180 values varying from —9.2 to —8.3 %o and 6D values ranging from —64 to —59 %o.

There is a slight increase in the 6 18 0 and 6D values along the stream course, which is

possibly caused by the surface water evaporation effect (Table 3.2). Increasing degree

evaporation corresponds to increasing 6 180 and 6D. In the runoff event of July 1999,
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surface water in Sonoita Creek had a much lighter isotope composition than that of the

base flow surface water. 3 18 0 and 3D values ranged from —12.0 to —9.6%0, and —86 to —69

%o, respectively. Unusually low 3 180 and 5D values were also observed in some

rainwater samples in the Tucson basin during that month (Laboratory of Isotope

Geochemistry, University of Arizona, unpublished data). For instance, rainwater had

6 180 and 8D value of —16.3%o and —120%0 (July 6, 1999), —11.4%0 and —86%0 (July 7,

1999), —11.4%o and —86%o (July 10, 1999), and —9.2°/00 and —63%0 (July 14, 1999),

respectively.

The 6 180 and 3D data for groundwater are almost identical to those of base flow in

Sonoita Creek (Figure 3.3). The average 6 180 and 6D of groundwater are —8.5%o and —

61%o, respectively. The isotope composition of groundwater in this study area indicates

that ground water was mainly recharged by low-elevation precipitation. In Tucson basin,

groundwater recharged by low-elevation precipitation has a mean 5 180 of —7.5%o (Eastoe

et. al., 2004). Considering that the elevation of Patagonia is about 500 m higher than that

of Tucson and taking the altitude dependence of —0.16%0/100m for 6 180 in Tucson basin

(Wright, 2001), the calculated mean 5 180 for Patagonia should be —8.3%0, which is in

general agreement with the mean 5 180 of measured values. Water from Well W7 has

relatively lower 43 180 and 3D than that from other wells, and it is situated at the contact

between Tertiary bedrock and alluvial deposits. Its lower 6 180 and 5D values indicate that

there is mountain-block recharge to the alluvium.



111

4.2.2 Tritium

Tritium is a naturally occurring isotope of hydrogen having a half-life of 12.43 years

(Unterweger et al., 1980). It is a part of the water molecule itself and is not affected by

reactions other than radioactive decay. Therefore, tritium is an excellent indicator of

groundwater ages and tracer of the movement of ground water recharged less than 50

years before present. Tritium is produced naturally by cosmic radiation, although much

greater production accompanied the atmospheric testing of nuclear weapons beginning in

1952 (Michel, 1976). Natural tritium levels in precipitation are very low and represent a

characteristic mixture of marine and upper atmosphere moisture. Very few measurements

exist of natural, pre-bomb tritium in precipitation (Clark and Fritz, 1997).

(a) Tritium in precipitation in southern Arizona

Bomb-derived tritium had been removed from the atmosphere by 1992. Individual

rain events in Tucson basin from 1992 to 2000 varied between 2 and 12 TU. The annual

mean tritium content of precipitation, weighted for precipitation amount, has increased

slowly between 4.3 and 6.7 TU from 1992 to 2001 in Tucson Basin; a similar range is

likely for pre-bomb rainwater, in which tritium would now have decayed to less than the

0.6 TU detection limit of our laboratory (Eastoe et al., 2004).

From 2000 to 2003, seasonal mean tritium concentrations in Babocomari Wash, San

Pedro Valley were: winter 3.3 to 4.2 TU, and summer 4.7 to 4.8 TU (Coes and Eastoe,

unpublished data). In October 2000, precipitation in Tucson basin had a monthly mean of
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5.3 TU (Eastoe, unpublished data). One rainwater sample (7/4101) from Patagonia gave a

tritium content of 4.9 TU, which is identical to the summer mean of Babocomari Wash.

(b) Tritium in groundwater and surface water in Sonoita Creek basin

Tritium contents of the Sonoita Creek water and ground water from the local alluvial

aquifer are in the range of 1.3 to 5.2 TU. Two wells from the bedrock aquifer (Well W6

and W7) have tritium below detection (< 1 TU). These results suggest that base flow in

Sonoita Creek and groundwater in the alluvial aquifer consists of some proportion of

water recharged after 1952, while the ground water in the bedrock aquifer was recharged

before the 1950s.

(c) Tritium time series in groundwater

Tritium contents in the alluvial ground water varied with time (Figure 3.4A). Tritium

in Well W1 increased from 2.3 TU in 1999 to 4.6 TU in 2001, and then decreased to 1.3

TU in 2003; while tritium content in well W2 increased from 2.2 TU in 1999 to 3.5 TU in

2002, and then decreased to 1.3 TU in 2003. In contrast to Wells W1 and W2,

groundwater from Well W5 has a constant tritium content, within error. The increase of

tritium content in alluvial groundwater upstream from the perennial reach of Sonoita

Creek in 2001 was most likely due to the heavy rains in October 2000, when more than

150 mm precipitation fell. Shortly after, Sonoita Creek started to flow continuously about

2 km upstream from the town of Patagonia. This regime persisted until May 2001, after
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which the flow reverted to the original state. The water level in well W2 rose about 3

meters during this time span.

(d) Tritium time series in surface water

Tritium concentrations in Sonoita Creek also varied as a function of time (Figure

3.4B). In 1998 and 1999, tritium contents in the surface water were constant, within a

range of 1.6 to 2.5 TU, compared with 2.0 to 2.3 TU in groundwater from alluvial

aquifer. After May 2001, the tritium contents in the surface water increased dramatically.

Tritium at the head of the perennial reach (site SC1) increased from 2.2 TU in 1999 to 5.2

TU in 2002, and then decreased to 2.8 TU in 2003. At site SC12, tritium content

increased from 1.6 TU in 1999 to 3.2 TU in 2002, then it decreased to 2.4 TU in 2003. In

2003, the head of the perennial reach was located at about 230 m downstream from the

original location, probably owing to the drought conditions in southern Arizona,

including this study area, for the prior 3 to 4 years. The tritium content at the new

location was 2.8 TU.

(e) Implication

Perennial base flow is essentially identical in tritium content to the local alluvial

groundwater, and that this is consistent with alluvial groundwater as the source of base

flow. Alluvial groundwater contains less tritium than rainwater, and therefore must be a

mixture of pre-bomb and post-bomb water. Furthermore, the presence of about 2 TU in
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both perennial base flow and groundwater suggests a consistent mixing ratio of pre-bomb

and post-bomb waters, and a short residence time for the post-bomb component.

The peak of tritium concentration in the surface water appeared about 7 months later

than that of alluvial groundwater (W1). Variations in tritium contents and water levels in

alluvial groundwater indicate that it has a very short residence time.

4.2.3 14C and 6 13 C

Groundwater 14C content ranged from 88 to 102 percent modern carbon (pMC),

which is similar to that of surface water in Tucson basin (Eastoe et al., 2004). The high

14C contents in the alluvial groundwater and the presence of tritium further indicate that

the alluvial groundwater has a very short residence time, probably from several months to

a few years.

6 13 C values range from —9.4 to —10.4%0 for ground water, and surface water has a

range of —9.6 to —11.0%0. These values reflect the interaction between the dissolved

inorganic carbon (DIC) and carbonate in the aquifer sediment. The increase of 6 13 C

downstream in Sonoita Creek (from —11.0%0 to —9.6%0) is consistent with progressive

degassing of CO2 from surface water as discussed earlier.

4.2.4 634S and 6 180(SO4)

The 634S and 6 180(SO4) data are shown with sulfate concentrations in Table 3.2.

Groundwater 634S varied —6.8 to 13.8%0, while 6 180(SO4) ranged from 2.6 to 13.7%0.

Surface water in Sonoita Creek had much smaller ranges than groundwater: 6 34S from 5.9



1 1 5

to 12.0%0, and 6 18 0(SO4) from 8.0 to 12.5%0. Main tributaries of Sonoita Creek,

Temporal Gulch and Alum-Flux Canyon, had 634S values of —1.2%0 and —2.7%0, and

6180cY_) ) values of 2.7%o and —0.1%0, respectively.

4.3 Origins of dissolved sulfate in groundwater and surface water

4.3.1 Sulfate sources and their isotope compositions

Dissolved sulfate in the groundwater and surface water in the perennial reach of

Sonoita Creek may result from a number of sources and processes, mainly (1) dissolution

of evaporites, (2) oxidation of pyrite and other sulfide minerals during weathering, and

(3) meteoric precipitation. Anthropogenic origins, such as industrial effluents and

fertilizers, do not appear to be important, therefore are not considered in this report.

No occurrence of Permian gypsum has been reported in the ranges immediately

bordering the Sonoita Creek watershed, although water taken from the Cave of the Bells

in the part of the watershed in the Santa Rita Mountains has a 634S of 1 1.3%0, consistent

with the presence of Permian marine sulfate in that area. Sonoita Creek basin forms part

of a larger basin in which a low topographic divide separates three sub-basins raining

south (Sonoita Creek), north (Cienega Creek) and east (Babocomari Wash). The larger

alluvial basin is bounded by ranges bearing Permian gypsum, and it is possible — indeed,

suggested by the S isotope data — that sulfate reworked from Permian gypsum is present

in basin fill throughout the larger basin. A gypsum sample from the Permian Epitaph

Formation from Whetstone Mountains gave a 6 34S value of 1 1.7%0, and a 6 180 value of
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12.8%) (Gu et al., In prep. c), within the ranges of reported Permian evaporates

worldwide (Claypool et al., 1980).

Acid mine drainage is present in the Patagonia Mts. and in the headwater of Temporal

Gulch in the southern Santa Rita Mts., and could affect the Sonoita Creek basin

groundwater both as the surface runoff (occasionally) and mountain-block recharge (Gray

et al., 2000). These acid waters have high sulfate contents, deriving from oxidation of

sulfide minerals in the base metal mines and sulfide-bearing bedrocks. The isotope

compositions suggest that acid mine drainage is characterized by low 6 34 S and 6 18 0(SO4)

values; 634S ranges from —6.2 to 0.1%0, and 6 18 0(SO4) ranges from —1.8 to 1.8%0 (Figure

3.6) (Gu et al., In prep. b)

Rainwater in Tucson basin has the following average compositions: 6 34S +4.0%0,

& 80(SO4)) +10.5%0, and 2.5 mg/L of sulfate. The rainwater in the Sonoita Creek basin is

assumed to be similar to Tucson rain.

4.3.2 Origins of dissolved sulfate in the groundwater and Sonoita Creek

634S is plotted versus 1/SO4 for all water samples and acid mine drainage in the

Patagonia Mountains (Figure 3.5), and a plot of 6 34S vs. 6 180(SO4) is shown in Figure

3.6. Figures 3.5 and 3.6 show that 634S and 6 180 in dissolved sulfate in alluvial

groundwater have similar values as the Permian evaporites, suggesting the source of

dissolved sulfate in the alluvial aquifer is primarily from the dissolution of Permian

evaporites or reworked equivalents. Figure 3.5 shows that alluvial groundwater A can

evolve in various ways by mixing: (1) A--> B by mixing with water from Patagonia Mts.
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or similar sulfide-mineralized rocks, (2) A---> C by mixing with water from Temporal

Gulch or other northern tributaries, and (3) A —› D by dilution with rainwater. All three

probably occur, but AB and AC vector are particularly evident in Sonoita Creek stream

water, while rainwater has the minimal impact (AD vector) because of the low sulfate

content of rainwater. No stream water is equivalent to groundwater A.

Figure 3.6 clearly shows a linear relationship between 6 34S and 6 180(SO4), which also

exists in the Tucson Basin and some other basins in the southern Arizona (Gu et al., In

prep. a and c). There are at least four mechanisms that can cause the linear relationship

between 6 34S and 6 180(SO4): (1) mixing of two waters with SO 4 of different isotope

compositions, (2) crystallization of sulfate minerals, (3) adsorption of SO4 by sediment,

and (4) sulfur redox reactions (Krouse, 1987). In this case, the linear relationship is very

likely due to the mixing of end member waters with different 6 34S and 6 180(SO4):

Permian evaporites with higher 634S and 8 180(SO4) values, and acid mine drainage and

Temporal Gulch type water with lower 6 34S and 6 180(SO4) values. Three other

mechanisms can be excluded as significant influencing processes, since crystallization is

insignificant processes in this area and there is no significant isotope fractionation of

sulfate sorption in soil and sediment (Van Stempvoort et al., 1990). Sulfate reduction is

not occurring, because no H2S was smelled in groundwater and surface water samples,

and limited data show that dissolved oxygen (5 — 7 mg/L) is present in both groundwater

and surface water.

(a) Groundwater
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Alluvial groundwater derived sulfate mainly from the dissolution of gypsum from

Peunian evaporites or reworked equivalent. However, exceptions were noticed. One

alluvial well (Well W4) has very low 634S and 6 180 values and a high concentration of

sulfate (413 mg/L), indicating its sulfate derived from the acid mine drainage (AMD) in

Patagonia Mts.. Sulfate in Well W7 can be explained by the mixing between alluvial

groundwater and mountain-block recharge, which derives its sulfate from Patagonia Mts.

AMD.

(b) Surface water

The 634S and 6 180(SO4) values of surface water in Sonoita Creek are generally lower

than those of alluvial groundwater (Figures 3.5 and 3.6). Sulfate in the Sonoita Creek

derives from at least three sources: (a) alluvial groundwater, which is ultimately from

dissolution of evaporites, (b) acid mine drainage (AMD), both by mountain-block

recharge and surface water discharge, and (c) water like that from Temporal Gulch. The

low 634S and 6 180(SO4) values in Temporal Gulch (base flow: 634S = —1.2%0, 5 180 _

3.9%0; runoff: 634S = —1.6%0, 6 180 = 2.7%0) indicate that its sulfate may derive primarily

from acid mine drainage or natural weathering of sulfide-bearing rock in the southern

Santa Rita Mts.

4.3.2 Variations of SO4 concentration, 634S, and 6 18 0(SO4) in groundwater and

surface water

(a) Groundwater
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Groundwater in the alluvial aquifer shows temporal variation (Figure 3.7). In the

Native Seed Search well (W1), sulfate concentrations were virtually constant (ranging

from 295 to 307 mg/L), and 634S and 6 180(SO4) values increased slightly (from 11.7 to

13.8 °/00, and from 10.5 to 13.7 %0, respectively) from 1999 to 2003. This well is situated

upgradient of the confluence of Harshaw Creek and Sonoita Creek, and thus is not

affected by the acid mine drainage from the Patagonia Mountains.

In the Patagonia town well (W2), there is a clear temporal variation in 6 34S and 6 180

(SO4) values, and a steady increase in sulfate content from 1999 to 2003 (Figure 3.7). The

temporal 634S and 6 180(SO4) variations reflect a marked change in the sources of

dissolved sulfate in this well. In terms of the three main end-members (Figure 3.8), the

sulfate source began as mainly A + C; then evolved to a mixture of B + C, then back to a

mixture of A + B + C.

The variations of SO4 concentration and its isotope compositions in Well W5 have

the similar overall trend with W1 and W2, with disappearance of a small original

component of sources C in favor of source A.

(b) Surface water

During the study, 6 34S and 6 180(504) varied strongly in Sonoita Creek mainstream

water. 634S has a range of 5.4 to 12.5%0, while 6 180(SO4) has a range of 8.8 to 12.5%0.

Both 634S and 6 18 0(SO4) decrease downstream in the perennial reach of Sonoita Creek,

while sulfate concentration generally increases downstream (Figure 3.8, 6 18 0(SO4) is not

shown). The spatial trends suggest an increasing input of water from the Patagonia Mts.
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superimposed on the general mixing of alluvial groundwater with Temporal Gulch-type

water. As mentioned early, water from Patagonia Mts. is affected by acid mine drainage

and has high SO4 contents and low 634 S values.

Figure 3.8 shows that 634S and SO4 concentration also changed with time. The only

runoff event sampled in this study, July 1999, had lower 6 34S and SO4 concentration than

those of base flow, indicating a significant component of water was from Temporal

Gulch.

4.4 Sources of base flow in Sonoita Creek

Upward movement of groundwater from underlying saturated bedrock and basin-fill

aquifers was shown to be unlikely by Montgomery & Associates (1999). The direct

infiltration of precipitation into alluvial deposits adjacent to Sonoita Creek is not

important, even if it is likely, since the direct recharge from precipitation in the basin

floor in arid and semi-arid areas can be neglected (Edmunds et al., 1992; Eastoe et al.,

2004). The infiltration of storm runoff in Sonoita Creek and tributary ephemeral streams

into alluvial deposits adjacent to Sonoita Creek seems to be important only in the runoff

season. During the base flow season, tributary ephemeral streams mainly contribute to the

mainstream in the form of underflow, and are a very important contribution to Sonoita

Creek as indicated by seepage measurements (Montgomery & Associates, 1999) and the

isotope mass balance calculations that will be discussed below.

The perennial reach of Sonoita Creek starts where the Sonoita Creek basin narrows

considerably and likely force the water flow upward to the groundwater surface.
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Geophysical anomaly maps point to a ridge of magnetized rock spanning the Sonoita

Creek basin at the location of the headwater of perennial reach (Gray et al., 2000). The

similarity of chemistry and isotope composition between the surface water and ground

water indicates that the Sonoita Creek basin alluvial aquifer upstream from the perennial

reach is a major source of water to the base flow of Sonoita Creek.

Using a simple isotope mass balance equation, the relative contribution of the Sonoita

Creek basin alluvial aquifer to the base flow of Sonoita Creek can be calculated. Because

of the narrow range of the oxygen and hydrogen isotope composition in the water

samples of this study area (except for July 1999 runoff surface water in Sonoita Creek), it

is not feasible to use 0 and H isotopes as tracers of water mass mixing. Sulfur isotope

compositions in both ground water and surface water have a larger range of variation,

making them useful for mixing cases. When using a solute isotope (634S) as a tracer for

the calculation of mixing ratios, however, special care must be taken. Water isotope

composition (6 180 and 6D) is a signature of the water itself, and thus can be used in

mixing calculations and as a tracer of water flux. However, isotope composition of

solutes is a signature of the solute, and does not necessarily reflect the signature of the

water flux. Therefore, solute isotope content should not be used as a tracer for the water

flux unless the concentration of the solute is considered. The product of the solute

concentration and its isotope composition provides a parameter entity that can serve as

the signature of the water body (Lee and Krothe, 2001).
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As shown in Figure 3.5, Sonoita Creek water is mainly from mixing of alluvial

groundwater with at least three other types of water, namely Patagonia Mts. water,

Temporal Gulch-type water, and rainwater. The end-members considered and their

isotope compositions are (1) alluvial groundwater (Well W1 : SO4 = 307 mg/L, 5 34S —

+13.8%0), (2) Temporal Gulch type water (TG1 (base flow): SO4 = 142 mg/L, 6 34 S = —

1.2%0), and (3) Patagonia Mts. water (Well W4: SO 4 = 413 mg/L, 834S = —6.8 %0). The

isotope mass balance calculation results are shown in Figure 3.5. In base flow seasons

about 50 to 70% of Sonoita Creek water is from alluvial groundwater, and the remainder

consists of subequal portions of Patagonia Mts. water and Temporal Gulch water. In the

only runoff event (July, 1999) about 70% of water was from Temporal Gulch and the rest

is mostly from the alluvial groundwater, with little Patagonia Mts. water present.

Rainwater has the minimum contribution, especially during the base flow seasons, and is

not included in the calculations. The calculated percentages of water from alluvial

groundwater are the largest near the headwater of perennial reach and decreases gradually

downstream.

5. Conclusions

The following conclusions can be drawn according to detailed major chemistry and

isotope composition study of surface water and ground water.

(1) The water type of alluvial groundwater and perennial surface water in Sonoita

Creek is Ca-HCO3-SO4. The high Ca, HCO 3 , SO4, and Sr concentrations in the water
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samples indicate that the chemistry of ground water and surface water in this study area is

primarily controlled by the evaporite dissolution.

(2) The pH of surface water generally increases down stream in Sonoita Creek, while

pCO2 and alkalinity decrease along the stream course. Degassing of CO2 is considered

the major process controlling the pH and carbon chemistry in the perennial surface water.

(3) Tritium data, and rapid temporal variation in S and 0 isotopes in sulfate in the

alluvial groundwater suggest that a large fraction of groundwater is young, possibly

recharging after 1952, and has a residence time of several months to a few years. This is

also confirmed by the variation of groundwater levels and the high 14C contents in the

wells sampled.

(4) The 8 180 and 8D data imply that the ground water was recharged by the low-

elevation precipitation. The base flow surface water has very similar 8 180 and 8D values

with the ground water.

(5) The sulfate isotope compositions (S and 0) in the alluvial aquifer suggest that

Permian evaporite is the major source of dissolved sulfate in groundwater.

(6) Sulfate in surface water in Sonoita Creek has three distinctive sources: (a) alluvial

groundwater, (b) Patagonia Mts. water and (c) Temporal Gulch type water. Isotope mass-

balance calculations show that 50-70% of surface water derived from the alluvial

groundwater, with the rest from Patagonia Mts. water and Temporal Gulch type water.

The alluvial groundwater contribution is the largest in the headwater, and decreases

downstream.
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(7) Variations in sulfate isotopes between 1999 and 2003 indicate diminishing

contribution of Patagonia Mts. and Temporal Gulch-type waters, consistent with the

effects of an intensifying drought.
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Figure 3.1 Location map of the study area and sampling locations of ground water and
surface water samples.

PSCP: Patagonia-Sonoita Creek Preserve; W: well, SC: Sonoita Creek, AF: Alum-Flux
Canyon; TG: Temporal Gulch.
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Figure 3.2 Variations of pH, alkalinity, and pCO2 in the perennial reach of Sonoita Creek.

(A) pH, (B) alkalinity, and (C) pCO2. 0 km represents the head of the perennial reach
(site SC1).
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Appendix C Chemical and Environmental Isotope Compositions of Acid Drainage in

Patagonia Mountains, southern Arizona
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Abstract

Mine wastes and tailings in many abandoned mines in the Patagonia Mountains

continue to affect local surface and ground water quality. Acid drainage and neutral

groundwater were collected and analyzed for their chemical and isotope composition.

The water samples have a pH value ranging from 2.6 to 7.1, with most having a pH value

less than 4.0. The trace metals, Al, Fe, and Mn concentrations generally have an inverse

correlation with pH values, and mine adits have the highest concentration among all

water samples. SO4 is the most abundant anion in all water samples, and Ca is the

dominant cation in most samples. Groundwater generally has low dissolved oxygen (DO)

content, indicating an anoxic subsurface environment. Efflorescent salts play a significant

role in controlling the surface water chemistry, especially in the monsoon seasons.

Laboratory dissolution experiments indicate that these salts contain high concentration of

SO4, Fe, Mn, Al, and base metals (Cu, Zn). The hydrolysis of iron is recognized the

major process to maintain low pH values and high trace metals in the creek water during

the wet seasons.

6 180 and 8D values plot close to or right on the global meteoric water line (GMWL),

suggesting a meteoric origin for the groundwater and spring waters. The surface waters

are relative enriched in the heavier isotopes than groundwater and springs, and they fall

on an evaporation line. Tritium concentrations indicate that most groundwater have a

major component of modern recharge water.
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634S values range from —6.2 to +1.7%o, and sulfate 6 180 values vary from —1.8 to

+1.6%o. 6 34S and 6 180(SO4) data indicate that sulfide oxidation is the main source of

dissolved sulfate in the acid drainage. An isotope mass balance model revealed that 60 —

73% oxygen in the dissolved sulfate is from water oxygen, these percentages along with

the A 18 Os04-1120 values suggest that the sulfide oxidation process occurs in the submersed

environment, which also confirmed by the low DO content in most groundwater and

spring samples.

1. Introduction

Patagonia Mountains are located approximately 100 km southwest of Tucson,

Arizona (Figure 4.1). They lie within the Basin-and-Range Physiographic Province,

which is characterized by block-faulted mountains separated by sediment-filled basins.

Copper, lead, zinc and silver were mined in the Patagonia Mountains intermittently from

the 1600s to the mid-1960s, mostly from small high-grade veins and carbonate

replacement deposits. The deposits lie within a well-known belt of porphyry copper and

associated base and precious metal vein deposits extending from the Nacozari-La Caridad

area in Sonora, Mexico to the Sacaton deposit in central Arizona.

Although mining activities have been discontinued, numerous abandoned mines in

Patagonia Mountains continue to affect local surface and ground water quality. Mining

produced large amount of waste rocks and tailings, much of which was dumped along the

stream banks or directly on streambeds in this study area. The oxidative dissolution of

reactive metal sulfides (mainly pyrite) in mine waste rocks and tailings leads to the
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formation of acid drainages - acid mine drainage (AMD) and acid rock drainage (ARD),

if there is an insufficient quantity of acid-consuming minerals (such as carbonate,

dolomite) to neutralize the acidity. The acid drainage commonly has a low pH value, and

carries very high concentrations of dissolved sulfate, iron and manganese, as well as toxic

heavy trace metals such as Al, Cu, Pb, Zn, As, Cd, and Ni. Acid drainage may cause

serious environmental damage to aquatic system at a distance from the formation site,

e.g. lowering of pH and consequent release of dissolved metals and sulfate into surface

water or groundwater. Metal loadings from acid drainage make far greater environmental

impact than the effects of its low pH values. Consequently, acid metal-rich drainage from

hard-rocking mining has become recognized as a serious environmental problem around

the world in last two decades (Moore and Luoma, 1990; Nordstrom and Alpers, 1999).

This environmental problem is especially critical in semi-arid southern Arizona, where

water resources are scarce and important in maintaining biodiversity and sustaining

human activities.

In addition to acid drainage related to human activities, natural acid springs and

surface drainage as well as acid groundwater is also found in Patagonia Mountains. These

acid waters are associated with sulfide mineralization and mostly related with joints,

fractures and faults. Most springs and surface drainages have low flow rates, and the low-

pH, metal-enriched, and high-SO4 waters are confined to an area within the Patagonia

Mountains during base-flow conditions. Nevertheless, during the monsoon seasons, such

waters can be transported downstream and impact a much larger area (Gray et al, 2000).
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Many studies have been conducted to study acid production, metal release, and acid

neutralization mechanisms in acid drainage from base and precious metal mines (Blows

and Ptacek, 1994; Ribet et al., 1995; Al et al., 2000; Nordstrom et al., 2000; Yanful and

Orlandea, 2000). It is well known that acid mine (rock) drainage forms when mining

activities expose sulfide minerals to the near-surface environment and oxygen-rich water.

Two principal geochemical processes affecting the migration of dissolved metals in mine

waste dumps and tailing impoundments are sulfide oxidation and acid neutralization.

Field observations suggest that metal mobility depends on the pH of pore water in the

mine waste (Jurjovec et al., 2002). The transport and fate of dissolved constituents in acid

rock (mine) drainage also depend on some other physiochemical properties (Kimball et

al., 1994; Broshears et al., 1996), such as hydrogeology, flow rate, dispersion coefficient,

rate constants of various reaction, transient storage capacities etc.

Only a few environmental isotope studies of acidic mine (rock) drainage exist so far

(Van Everdingen, 1985; Mayo et al., 1992; Hamlin and Alpers, 1996; Ghomshei and

Allen, 1999; Wanty et al., 2001). Environmental isotope studies can provide valuable

information which chemical analysis alone cannot achieve in many situations. By

measuring the oxygen and hydrogen stable isotopes and tritium of acid rock (mine)

drainage the following information can be obtained: (1) the origin and the recharge

elevation of water and (2) the residence time. In addition, sulfur and oxygen isotopes in

dissolved sulfate of acid drainage may provide insight into sulfate-forming processes and

then metal-release mechanisms, determine the sources of dissolved sulfate in acid
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drainages, and characterize the sulfide oxidation environment and possible oxidation

pathways. Furthermore, they can determine whether or not bacterial reduction has

affected sulfate transported away from the site of formation.

Here we present and interpret the geochemical and environmental isotope data

obtained in Patagonia Mountains between 1997 and 2003. The main objectives are to (1)

investigate the geochemical characteristics of acid rock drainages in the semiarid

southern Arizona, where very few studies have been carried out, and (2) to identify the

most probable sources and formation mechanisms of acid rock (mine) drainages, as well

as the sulfur transformation processes that might be involved.

2. Study Area

2.1 Hydrological and geological setting

Elevations in study area range from 1120 m at Patagonia Lake to 2160 m at the

summit of Mount Washington in the southern range near Duquesne. Vegetation consists

of oak-juniper woodland with grass and mountain brush covering many hillsides. The

climate is semi-arid, with mild winters and hot summers. Mean annual precipitation in

the study area ranges from approximately 430 mms at the base of the mountains near the

town of Patagonia to more than 640 mms at the highest elevations (Sellers and Hill,

1974). This precipitation occurs mainly in two seasons: a summer monsoon season and a

winter rainy season, with most precipitation occurs during summer. The monsoon season,

which extends from July through September, is characterized by intense and highly

localized convective storms capable of producing large amounts of precipitation. The
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winter rainy season, from December through March, is characterized by more gentle

frontal storms accompanied by widespread precipitation.

Sonoita Creek and its tributaries consist of the major stream network in this area.

Temporal Gulch, Harshaw Creek, and Alum-Flux Canyon are three of the largest

drainages in the area. Surface water is ephemeral in the summer and winter rainy seasons

and is absent at other times in most stream reaches. Surface water that emerges from

mountain canyons on to alluvial fans in Sonoita Creek basin gradually disappears into fan

sediments. Perennial base flow from natural springs generally disappears beneath the

surface when streambed changes from exposed bedrock to alluvium. Perennial flow in

Sonoita Creek begins about 400 m downstream from the town of Patagonia from a spring

on a north-trending fault (Halpenny et al., 1964; Nasserreddin, 1967) and continues as far

as Patagonia Lake, is approximately 18 km downstream.

The geology of Patagonia Mountains is dominated by a large Laramide-age intrusion

of quartz monzonite to granodiorite composition (Simons, 1971; Drews, 1980) that is

about 8 km wide at the international border and narrows northward over a distance of

roughly 19 km. The oldest wallrocks of the pluton include Precambrian biotite quartz

monzonite and hornblende diorite, on the east side of range, along with biotite-

hornblende quartz monzonite and hornblende gabbro along the west side. Middle

Cambrian to Early Permian Paleozoic rocks, representing near-shore marine

environments, occur in two areas on the east side of range. Mesozoic rocks, principally

Triassic to Jurassic silicic volcanics, lie unconformably over Paleozoic units. Late
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Mesozoic rocks are predominantly igneous and include intermediate to felsic volcanic

tuffs and flows and intrusive rocks. Widespread deposition of volcanic rocks with lesser

sedimentary rocks occurred in Late Cretaceous time. Volcanism continued into the early

Tertiary (Paleocene) with deposition of andesitic to rhyolitic lava and tuff, and

volcaniclastic conglomerate. Much of the mineralization in the Patagonia Mountains

occurred during Late Cretaceous-Early Tertiary magmatism, e.g. the porphyry copper

deposit at Red Mountains and associated veins and replacements.

Basin-and-Range topography developed as a result of Neogene tectonic extension,

and was accompanied by the deposition of thick alluvium in the basins. The alluvium in

Sonoita Creek basin is Pliocene to Pleistocene in age (Drews, 1980), and consists of

moderately consolidated gravels of the Nogales Formation, overlain by unnamed, poorly

consolidated alluvium.

3. Data and Methods

3.1 Sampling and analytical techniques

Water samples were taken from the Alum Gulch - Flux Canyon watershed (Figure

4.2), where most of the large abandoned mines (Trench Camp, Humboldt, January, and

World's Fair Mines) are located, and where waters have the lowest pH values and highest

metal contents in the Patagonia Mountains. This watershed has an area of 26.4 km2 .

Thirty-two water samples were collected from streams, springs, seeps, adits, and wells.

Electric conductivity, total dissolved substance (TDS), temperature, and pH were

measured in the field. Conductivity, TDS, and pH meters were calibrated prior to
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measurement, and measurements were automatically compensated to 25 °C. Samples

were filtered in-situ using 0.45 1..tm cellulose acetate filters. One aliquot of filtered

solution (125m1) for major cations and trace metals was placed in a sterile acid-rinsed

polyethylene bottle and acidified to pH <2 with ultra-pure HNO 3 . The aliquots of water

samples collected for anion and environmental isotope analysis (6 180(H20), 6D, and 3H,

634S, and 6 18 0(SO4)) were filtered but not acidified. All samples were stored in a dry-ice

cooler. For some neutral spring or well water samples, alkalinity was determined by

standard titration method within 48 hours of collection. But for acid water samples,

alkalinity is known to be very low and was not routinely measured. In addition, 10

surface salt samples were collected at different locations, mostly from the streambed

(Figure 4.2).

In order to test the effect of dissolution of efflorescent sulfate salts on surface water

chemistry, we carried out laboratory dissolution experiments in which 4 grams of salt

were dissolved in 200 mL DI water at pH 6.8 at room temperature.

Major cations and trace element concentrations were determined by inductively

coupled plasma mass spectrometry (ICP-MS), while anions were analyzed using an ion

chromatography (IC). Major ions have precisions less than 5%, whereas trace elements

are better than 15%. The detection limit for most trace elements is 0.1 .tg/L. Stable and

radioactive isotopes were analyzed in Laboratory of Isotope Geochemistry, University of

Arizona. Oxygen isotopes were determined using a Finnigan Delta S mass spectrometer

with an automated CO2 equilibrator (O'Neil and Epstein, 1966) with an analytical



150

precision of 0.08%0 (la). Water samples for the analysis of hydrogen isotope were

reduced to H2 gas by reaction with Cr metal in an automated sampler (Gehre et al., 1996).

The resultant H2 gas was automatically measured on the Finnigan Delta S Mass

Spectrometer, and the analytical precision is 0.8%0 (la). Values of 6 180 and 6D are

reported relative to the standard Vienna Standard Mean Ocean Water (VSMOW). Tritium

concentrations were measured by liquid scintillation in a Quantulus 1220

spectrophotometer after an eight-fold electrolytic enrichment of water samples. Tritium is

reported as tritium units (TU), where 1 TU equals to 1 tritium atom per 10 18 hydrogen

atoms. The detection limit for tritium analysis is 0.7 TU. Dissolved sulfate was

precipitated in the laboratory as BaSO4. The BaSO4 slurry was allowed to settle

overnight, then filtered, rinsed thoroughly with DI water, and dried in oven at 105 °C.

BaSO4 was converted to SO2 by the method of Coleman and Moore (1978), and 634S was

measured on a modified V0602C gas isotope ratio mass spectrometer. A split of each

BaSO4 precipitate was analyzed for 6 180 using Continuous-Flow Isotope Ratio Mass

Spectrometer (CF-IRMS, Finnigan Delta X plus). Values for 6 34S and 6 180(SO4) are

reported relative to Canyon Diablo Triolite (CDT) and VSMOW standard, with

precisions of 0.13%0(1a) and 0.9%0 (la), respectively. All stable isotopes are reported in

the usual 6 notation, where 8 = (Rsample I RSTD —1) * 1000, Rsampk represents either 18 0/160 ,

D/H, or 34S/32S, and RsTD is the isotope ratio of respective international standard. The

mineralogical characteristics of salt samples were determined by X-ray diffraction

analysis in Department of Geosciences, University of Arizona. Water compositions were
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modeled with PHREEQC (Parkhurst, 1995) to determine speciation of trace metals and

saturation index of various mineral phases.

4. Results and Discussion

4.1 Chemical composition

Physical characteristics and chemical compositions for all water samples are listed in

Table 4.1. The pH values range from 2.6 to 7.1, and most samples have a pH value less

than 4.0. SO4 is the predominant anion in all samples, while Ca is the dominant cation

except in Flux Canyon flowing well (site 19), in which Na is the most abundant. Most

water samples are of Ca-SO4 type, and Flux Canyon flowing well is of a Na-Ca-SO4 type.

No correlation between pH and SO4 concentration exists for water samples. As

expected, mine adits have the highest concentration of major elements and trace metals.

At World's Fair adit (site 13), for instance, Fe, Mn and Al contents are 65 mg/L,

117mg/L, and 38 mg/L, respectively. Cu, Pb, Zn, Cd, Co, and Ni also have the highest

concentration at World's Fair adit (Table 4.1).

A group of water samples noteworthy to mention are the ones taken from the

Humboldt Canyon tributary section (sites 1 to 8). These are located in a northeast

trending area of pyritization enveloped within a broader area of porphylitic alteration. All

water samples taken in this section have an unusual chemical composition:

concentrations of major cations are very low, with Ca, Mg, K and Na all less than 7.0

mg/1; SO4, Al, and Fe contents are high. Trace elements, such as Cu, Zn, and Ni, are

present in the samples in relatively high concentration as well. Al is the most abundant
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cation, and SO 4 is dominant anion. The water type is Al - SO4 , different from other water

samples. It suggests that oxidation of sulfide has occurred in a volume of rock almost free

of Ca, and aluminum sulfate salts most likely control chemical compositions of both

groundwater and surface water.

Trace elements concentrations vary by three to six orders of magnitude among the

samples. The pH is inversely correlated with trace metal concentration, in other words,

the concentration of these trace metals decreases as pH increases (Figure 4.3). At pH 7,

most of trace elements are close to the analytical limits. There are two trends for Fe, Zn,

Ni, and Cd (Figure 4.4); trend A corresponds to the samples from wells and reclaimed

wetland for January Adit which have higher pH values, and trend B is for the rest of the

samples, which generally have low pH values.

In two localities (site 12 and 15), both runoff and base-flow water samples were

collected from the creeks and analyzed for chemical composition. The pH values for

runoff events remain low, and are only about 0.5 pH unit higher than those of base flows.

Trace metal concentrations are also slightly lower than those of base-flow condition, even

as the flow rate increased several orders of magnitude in the runoff events. This indicates

that the rainwater (or background runoff water) does not have a significant dilution effect

on the trace metals and acidity in the creek water, and it implies that there are near-

surface sources of metals and acid nearby. Keith et al. (2001) reported that in Boulder

creek at Iron Mountain, California the efflorescent sulfate salts have a significant impact

to the creek water chemistry.
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In the study area, efflorescent salts are commonly found in the streambeds of Alum

Gulch downstream from the junction of Humboldt Canyon and World's Fair Mine Road

and around the toes of mine waste rocks and tailings. The colors of salts range from white

to yellowish to ocherous. Ocherous salts are found only in mine adit portals (January Adit

and World's Fair Adit) and along a stretch of streambed downstream from Aztec spring.

Eight salt samples were characterized by XRD. Fe-sulfates, including jarosite

(KFe3(SO4)2(OH)6) and bianchite ( (Zn, Fe)SO4.6H20), and Al-sulfates, including alunite

(KA13(SO4)2(OH)6 and alunogen (Al2(SO4)3 . 17H20), are abundant in the salts. In

addition, gypsum (CaSO4-2H20), hexahydrite (MgSO4.6H20), and epsomite

(MgSO4.7H20) are also abundant. Quartz and montomorillonite ((Mg, A1)3Si4010(01)2)

are present in several salt samples as well. Even though ferrihydrite, goethite, and

gibbsite were not detected, they are predicted in some of the water samples according to

PHREEQC models. In samples of ocherous material from the January adit and World's

Fair adit portals, XRD failed to identify any minerals, indicating amorphous forms.

Bigham et al. (1996) studied ocherous sediments and associated solutions from twenty-

eight mine drainage sites, and their results showed that precipitates at pH 6.5 or higher

were composed of ferrihydrite (nominally Fe 5H08.4H20) or a mixture of ferrihydrite and

goethite (a — Fe0OH), whereas those precipitated from waters having pH values in the

range 2.8 to 4.5 were predominantly schwertmannite (ideal chemical formula is

Fe80 8(OH)6 SO4) with trace to minor amount of goethite. Solutions of intermediate pH

values produced mixtures of ferrihydrite and schwertmannite. Based on the pH values of
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January adit (pH = 5.78) and World's Fair adit water (pH = 2.66), the ocherous

precipitates in the former site might be mixtures of amorphous ferrihydrite and

schwertmannite, whereas amorphous schwertmannite might dominate in the World's Fair

adit portal.

Keith et al. (2001) mentioned in their study that sulfate salts have a very high content

of Cu and Zn. They also found that these salts have high concentration of other trace

metals, which are generally adsorbed to and (or) co-precipitate with Fe-sulfates and Al-

sulfates. Their study showed that these salts are a potent intermediary source of acid and

metals, and the primary mechanism for the release of acidity from salts is the hydrolysis

of Fe34- .

Laboratory dissolution experiment results are shown in Table 4.2. Values of pH

dropped to <4.0 instantaneously except for sample 02PATL-8, which had a final pH of

5.14. Solutions filtered after 15 minutes show that all the salts provide ready sources of

dissolved sulfate (>1480 mg/1), Al, Fe, Mn, and base metals (Cu, Zn). Because the study

area is semi-arid and most stream courses are dry during the most time of the year, large

amounts of salts accumulate in the streambeds and tailing toes because of strong

evaporation. Therefore, when the monsoon season comes, the salts dissolve immediately

and release their trace metals and sulfate into the stream water.

In one runoff event (August 23, 2000), a series of surface waters were sampled along

the Humboldt Canyon tributary and Alum Gulch between Jauary Adit and World's Fair

Mine. Major ions (SO4 , Ca, Mg), Fe, Al, Mn, and trace metals (Cu, Zn, Ni) increase
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rapidly downstream (Figure 4.4). This further supports the conclusion that the dissolution

of evaporative salts is the principal control of surface water chemistry. Except for small

quantities near seeps or springs, we found almost no efflorescent salts present in the

Humboldt Canyon.

Iron exists primarily in the form of ferrous iron when it first emerges from the

groundwater or mine adits (Wanty et al., 2001), and rapidly oxidizes to ferric iron as the

stream water flows along the course. Wanty et al. (2001) found that the Fe concentration

in the Worlds' Fair adit portal was 130mg/L and 99% of Fe is in the form of Fe2+ . But Fe

concentration decreases rapidly, its concentration is only 6mg/L about 300 meters

downstream with only 5.5% present as Fe2+ . Our study shows that the dissolved 02 in the

adit portal water is 1.5 mg/L, but its value increases to 9.0 mg/L in a distance of

approximately 30 meters downstream. All these results suggest that iron hydrolysis (Fe3+

+ 3H2 0 --> Fe(OH) 3 + 31-0 is the major process keeping the low pH values of stream

water both in the monsoon season and in the dry season, since this is the only major

process that releases protons in this system.

4.2 Geochemical Modeling

The chemical behavior of base metals in natural water systems is mainly influenced

by pH, redox potential, and the presence of various complexing agents. PHREEQC

model indicates that most of the metals are present in the waters in the form of free ions,

and metal-sulfate complex is the second most important form, which is to be expected

considering the high concentration of sulfate in most water samples. In order to determine
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which minerals might be precipitating, the saturation indices were calculated for a

number of minerals using PHREEQC. The saturation index (SI) is defined by the

following relationship: SI = log (IAP/Ksp), which TAP is the ion activity product

calculated from the chemical analysis, and Ksp is the theoretical solubility product for the

mineral. A zero SI indicates the solution is in solubility equilibrium condition, a negative

value means undersaturation, and a positive value indicates supersaturation. The

formation and dissolution of secondary minerals affect chemical composition of the

drainage water.

PHREEQC model predicts that the water samples with pH less than 4.5 are generally

saturated with AlOHSO 4 , alunite, and diaspore (A100H). In three samples, gypsum is

also slightly supersaturated, with SI values range from 0.03 to 0.17. For samples with pH

values around 7.0, ferrihydrite (Fe(OH) 3), gibbsite (Al(OH)3 ), goethite (Fe0OH), K-

jarosite (KFe3(SO4)2(OH)6), Na-jarosite (NaFe3(SO4)2(OH)6), kaolinite, montmorillonite

and quartz are predicted to precipitate.

4.3 Environmental Isotope Compositions

4.3.1 6 180 and 6D

The 6 180 and 6D values of annual means of precipitation throughout the world fall on

a straight line with a slope near 8 and intercept near 10, which is known as the global

meteoric water line (GMWL) (Craig, 1961). The 6 180 and 8D value of water relative to

meteoric water line provides a record of the origins of the water. Precipitation occurring
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under cooler conditions (generally at higher latitudes and altitude) is more negative in 6

values, while precipitation under warmer conditions is generally less negative in 6 values.

Waters have been partly evaporated plot to the right of the meteoric water line along a

line generally with a slope between 3 and 5, the value depending on the local relative

humidity. Such lines are known as the evaporation trend lines. The lower the humidity,

the smaller the slope of line (Clark and Fritz, 1997).

Table 4.3 lists the isotope compositions of water samples. The 6 180 and 6D data of

the acid drainages are plotted in Figure 4.5, which also includes some results from Wanty

et al. (2001). Both 6 180 and 6D show a very wide range: 6 18 0 values for all waters range

between —3.9 and —9.2%0, while 6D values vary from —26 to —72%0. Ground water

(including adit water) and spring water have a smaller range of —7.6 — —9.2%0 for 6 180

and —54 — —72°/00 for 6D, and they generally fall on the GMWL, indicating that these

waters are recharged by meteoric water with no indication of evaporation. Figure 4.6

shows no correlation between altitude of sample collection and 6D values. This result

confirms the findings of Cunningham et al. (1998) that no correlation between altitude of

springs in the Santa Catalina Mountains and their 6D values was identified. Coplen et al.

(1997) also noticed that the altitude effect is often not seen on mountains interior to a

continent and on the lee side of mountains. The result of this study indicates that the

seasonality of recharge is more important than altitude of recharge in determining the

isotope composition of recharge water in this study area.
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Surface water samples have a much greater range of isotope composition , and are

plotted mainly to the right of global meteoric line. During base flow seasons, the springs

in the streambed downstream from January adit and the World's Fair mine adit water

provide almost all the water to Alum Gulch downstream. Especially downstream from

World's Fair adit (13), the adit water accounts for the predominant source of water to

Alum Gulch. The perennial water flows in the stream course for about 1.5 km, and finally

disappears either because of evaporation or because of seeping into the a thin layer of

stream sediment. A trend of evaporation can be clearly seen for the surface water,

indicating they have undergone evaporation, as indicated their 180 and 2H enrichment.

Figure 4.5 also indicates that the surface water generally has higher 8 180 and 5D values

than those of ground water and spring waters.

Three surface runoff samples (1, 2, 3) taken in Humboldt Canyon in October 2000

have unusual 8 180 and 8D values. The data reveal that these waters are relatively

enriched in heavier isotopes, but the samples show no evaporation effect and plot close to

GMWL. This may reflect the rainwater amount effect.

4.3.2 3H

Six water samples were collected for tritium measurement; tritium contents range

from below detection to 6.3 TU (Table 4.3). Humboldt well (site 4), January adit (site

10), and two spring water samples (sites 11 and 22) have tritium contents of 6.3, 6.3, 5.6,

and 5.2 TU, respectively.
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Individual rain events in Tucson basin from 1992 to 2000 varied between 2 and 12

TU. The annual mean tritium content of precipitation, weighted for precipitation amount,

has increased slowly between 4.3 and 6.7 TU from 1992 to 2001 in Tucson Basin; a

similar range is likely for pre-bomb rainwater which would now have decayed to less

than the 0.6 TU detection limit of our laboratory (Eastoe et al., 2004). Seasonal mean

tritium levels (from 2000 to 2003) in Babocomari Wash, San Pedro Valley are: winter 3.3

to 4.2 TU, and summer 4.7 to 4.8 TU (Coes and Eastoe, unpublished data). In October

2000, precipitation in Tucson basin has a monthly mean of 5.3 TU (Eastoe, unpublished

data). One rainwater sample (7/4/01) from Patagonia gave a tritium value of 4.9 TU,

which is close to the summer mean of Babocomari Wash.

The high tritium levels in the groundwater indicate that groundwater was mainly

recharged after the 1950s. Ground water may recharge primarily through the faults and

numerous fractures, as is the case in many bedrock aquifers. For instance, Humboldt well

(site 4) is a 1500m deep exploration well and is also an artesian well. Its high tritium

level (6.3 TU) indicates the ground water is very young and water must infiltrate into the

ground water through preferential paths.

World's Fair mine adit (site 13) and Flux Canyon flowing well (site 19) have low

tritium levels. World's Fair mine has a total 4500 meters of drifts, tunnels, stopes, shafts,

and winzes during its developments (Gray et al., 2002). Its low tritium value may reflect

the mixing between ground water with different ages and elevations. Flux Canyon

flowing well is situated near the contact between the bedrock and regional alluvial
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aquifer. Its below-detection tritium and low 6 180 values imply the ground water has a

long flow path and may recharge at a very high elevation.

The residence time of ground water in this study area might be on the order of years

to tens of years according to the tritium values.

4.3.3 634 S and 6 180(SO4)

Biological and abiological oxidation of sulfide minerals such as pyrite may produce

very small negative sulfur isotope fractionation, but generally oxidation products have

very similar 634S values to those of source sulfide minerals (Toran and Harris, 1989). The

lack of sulfur isotope fractionation between sulfides and the sulfate produced during

oxidation is consistent with complete, layer-by-layer sulfide oxidation process. Therefore,

S isotopes are a particularly useful tracer for the source of sulfates in acid rock drainage.

Shanks and Lichte (1996) analyzed the sulfur isotopes for 4 Metals Mine in the Patagonia

Mountains, which is located to the southwest of our study area. They found that 634S

values of dissolved sulfate in mine drainage and in secondary salts on tailing are

identical. Similarly, sulfate in the mine drainage (-1.1%0) is the same as primary pyrite (—

0.8 to —1.3%o).

Our study shows that 634S values of dissolved sulfates in acid rock drainage in Alum-

Flux Canyon watershed vary between —6.2 and +1.7%0 and there is no direct relationship

between 634S values and sulfate concentrations. Humboldt canyon section generally has

lower 634 S values than the other localities in this area. Humboldt Canyon flowing well (4)
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has the lowest 6 34S value (-6.2%0), which has exactly the same isotope composition as

two salt samples taken in the wall of Humboldt mine entrance (-6.3 and —6.1%o).

Few oxygen isotope studies of acid mine drainage are available. Van Everdingen et

al. (1985) studied the oxygen and sulfur isotope geochemistry of acid groundwater

discharge in Canada. Taylor and Wheeler (1994) made a detailed review of field and

experimental study of sulfur and oxygen isotope geochemistry of acid mine drainage in

the western United States. They used the 6 180 values to determine the oxidation

environments of pyrite, whether is aerobic, sub-aerobic, or anaerobic. Wright and

Nordstrom (1999) used oxygen isotopes and dissolved sulfate to distinguish natural and

mining-related dissolved constituents in upper Animas River watershed, Colorado.

Oxygen isotope exchange between sulfate and water at normal near surface

temperatures and at pH > 2 is a very slow process. Experimental data (Lloyd, 1967;

Chiba and Sakai, 1985) indicate that the half-life of oxygen isotope exchange between

SO42- and H20 is on the order of hundreds to thousands of years at natural temperatures

and pH values. Therefore, the oxygen isotope composition in dissolved sulfate can be

preserved for significantly long period of time barring any sulfate reduction process.

The sulfate 8 18 0 values in the study area range from —1.8 to +1.6%0, except for Flux

Canyon Flowing well (site 4), which has a value of +3.4%o. 6 34S and 6 180 values for

dissolved sulfate indicate that the marine evaporites are not important sulfur sources for

acid rock drainages, since all marine sulfates have much higher 634S and 6 180 values

(Claypool et al., 1980). Instead, these isotope values, as well as the chemistry data,
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indicate the main sulfur source is from oxidation of pyrite and some other sulfide

minerals. The low 6 180 values of those dissolved sulfates reflect the uptake of oxygen

from water with negative 6 180 values during the oxidation process. These results also

suggest that sulfate reduction probably did not take place after the forming of acid mine

drainages.

Two unidirectional reactions commonly used to describe the overall oxidation process
of pyrite are:

FeS2 + 7/2 02 (aq) + H20 ---> Fe2+ + 2SO42- + 2H+ 	[1]

FeS2 + 14 Fe3+ + 8 H20	 15 Fe2+ + 2 SO42- + 16 H+ 	[2]

The second reaction is rate-limited under acid conditions by the following reaction

(Stumm and Morgan, 1970):

Fe2+ +1/4 02 (aq) 14+	 Fe3+ + 'A H20	 [3]

Reaction [3] is greatly accelerated in the low pH environment by the action of

Thiobacillus ferrooxidans (Ehrlich, 1981). From the stoichiometry of the reactions, we

could find that in reaction [1] 87.5% of oxygen in sulfate is from atmospheric oxygen and

12.5% is from water, whereas in reaction [2], 100% of the sulfate oxygen is derived from

water. Because of the big difference in 6 180 value between atmosphere oxygen (+23.5

Yoo, Kroopnick and Craig, 1972) and ambient water (either groundwater or surface water),

these two reactions will produce sulfates with very different 6 180 values.

These two reactions, however, are assumed to represent the extreme overall pathways

for pyrite oxidation. Some likely intermediate steps produce intermediate species like

sulfite or thiosulfate, depending on the environmental conditions.



163

The following equation can be used to calculate the contribution of reaction [1] and

[2] to the sulfate oxygen

6 180, = f *(6 180w cw) + (1- 0 [0.875 (6 180a + sa) + 0.125 (6 180w + c,)] [4]

in which f is the fraction of sulfate produced by reaction [1]; 6 180s, 6 180a, and 6 180w

representing the oxygen isotope composition of sulfate, atmosphere oxygen, and water,

respectively; 6 180a = +23.5%0; s a and sw represents the kinetic isotope effect for

incorporation of oxygen from atmospheric oxygen and water, respectively. ca = —8.7%0

and Ew = 0.0%0 (Lloyd, 1967). Equation [4] is also regarded as the stoichiometric isotope-

balance model (Taylor and Wheeler, 1984b).

The equation for the isotope composition of sulfate oxygen Os can also be written as

6 1805 _ f (6 180w + ew	 0 _0 (6180 a +
 Ca)

 [5]

where f represents the fraction of Os derived from water; other terms are the same as

in the equation [4].

Equation [5] is referred to as the general isotope-balance model, which provides a

slightly higher estimate for water-derived oxygen than does equation [4] (Taylor and

Wheeler, 1984b). The calculated fraction of oxygen in sulfate derived from water-oxygen

ranges from 60.4 — 72.9% excluding the Flux Canyon flowing well, where the percentage

is 48.1 %. These percentages (60.4 — 72.9%) are comparable with the results from Taylor

and Wheeler (1994)'s study in the acid mine drainages in western United States. The data

are consistent with dominant oxidation by Fe3+
, which means that equation [2] is the
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dominant process for pyrite oxidation. This percentage lies in the range of overlap

between biological and abiological oxidation mechanisms (Toran and Harris, 1989).

Figure 4.7 shows that there is no correlation between 6 180s04 and 6 180H20. The

oxygen-isotope fractionation (A 180so4-H2o = 6 180s04 - 6 180H20) between dissolved sulfate

and water in this study is mainly less than 8%0. The 4 180s04_H20 values in this study are

primarily determined by the variation of 6 18 0x20, since the 6 180so4 data have a very small

range (-1.8 to +1.6%o). This is in contrast to the results by Taylor and Wheeler (1994), in

which they found that 6, 180s044420 values are mainly controlled by the 6 180s04 values.

Figure 4.8 illustrates a lack of correlation between pH and A180so4-H20. Low values of

A lsOso4-(120 correspond generally to the range of experimental fractionations measured in

submersed, sterile environments (Taylor and Wheeler, 1994b).

In summary, the pyrite oxidation process most likely occurs in a submersed and

anaerobic environment, which is confirmed by the fact of low dissolved oxygen and large

percentage of Fe2+ in the groundwater and adit water. Detailed combined investigation of

the isotope composition and microbial species are necessary to obtain more information

about the influence of microbial activity on the oxygen isotope signature of sulfate from

sulfide oxidation.

For the Flux Canyon flowing well, its low percentage of calculated fraction of oxygen

in sulfate derived from water-oxygen (48.1 %) and high A 180s04_1420 value (12.6 %o) may

reflect that (1) the environment of sulfide oxidation is quite different from the others and

(2) mixing with other sources of sulfate. This well is situated right at the contact between
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Tertiary bedrock and alluvial deposits, and is artesian. Gu et al. (In prep.) showed that

groundwater from this well derives from mixing between Patagonia Mts. water and

Sonoita Creek basin alluvial groundwater.

5. Conclusions

The following conclusions can be drawn from this study:

(1)Most water samples in this study are characteristic of low pH, high sulfate, Fe, Al,

Mn, and base metals. The pH has an inverse relationship with sulfate concentration and

trace metals.

(2) During runoff seasons, efflorescent salts play a very important role in controlling

the overall chemistry of creek water and its low pH, and iron hydrolysis is the major

process releasing protons into the surface water, thus maintaining the low pH values in

the surface water during the monsoon seasons.

(3) The oxygen and hydrogen isotope compositions, as well as the tritium contents,

indicate that the water is recharged preferentially through fractures and faults, and the

groundwater residence time is relatively short, most likely on the orders of years to tens

of years.

(4) 634 S values range from —6.2 to +1.7%0, and sulfate 6 180 values vary from —1.8 to

+1.6%0. Sulfur and sulfate oxygen isotope values indicate that sulfide oxidation is the

source of dissolved sulfate in the acid drainages. By using a general isotope-balance

model, 60.4 — 72.9% oxygen in the dissolved sulfate is from water oxygen, these
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percentages along with the A 18 0s04 _1- 20 values suggest that the sulfide oxidation process

occurs in the submersed environment.
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Figure 4.1 Location map of the Patagonia Mountains study area (after Gray et al., 2000)
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Figure 4.2 Map of Alum Gulch-Flux Canyon Watershed showing sample locations of
water and salts.
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Figure 4.3 Graphs of trace metals concentration vs. pH in water samples.
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4

3 -

2 -

o

o
g	 o

o	 o
o

o

1

-9	 -8	 -7	 -6	 -5

8180(H20)

178

Figure 4.7 Plot of 8 180s04 vs. 8 180H2o



2 -

179

1

0	 1	 2	 3	 4	 5	 6	 7	 8

pH

Figure 4.8 Plot of A 180so4-mo vs. pH



o_ McoMocl000mM
66666

,N00,00000
MCOMMN00O380
N0N,OVOM
6666646,646

-

0000 .NCO

mnnoon.-mom
1-6.-mamcaooca
66666666.-, O

o

o<
co,

'4 6 cl

coca
cD

c‘jr.
NN

±-

mocaocomonmo 00000
	004,,M 00000
0000000000 e-e-.00,-
6666666666 66666

oNooarcocaracom 000vco
r_- e- e- NN,MONM
00000001-00 '82868
6666666666 66666

,- LONNMe- 0000 00,QM
00000.-,-N,-, Q0000
0000000000 0000e-
6666666666 66666

.4-000.000 -:rc. PN9-92
•-o?N‘tmommo. viaie:O0

0,0000N,MN M"C.10N
666.-, 6OO666 6,1,7i1 66

ononom000 .-6-a ,M
co

e-,
ONMVNMNM,--
,-,-,-,-N.,--Ne-A-

NNO
NNO

OM
00

e-0
1-0

666666666 666 66 6.7
o

Ngtocoo.-mom MON 0 MM
COL,,,,,M0,-,,oNm,.---,,,o
666666666

,WO--o
666

_JO
m o

6
0,
oo
66

0,0NOMe-QN ,N 00 WM
ON,NOMMNO
0000Ne-e-,-e- 000

00
00

Me-
0.-

666666666 66 66 66

0	 Q	 ON,	 0 NO
0_10..J00,JM
N<W<COOM<M
N	 V	 n.m

00M

*NICSi

NO
00
66

NO

66r4v,1

;7,00000,q00 on 0,13

00,-ON,0N0c 000vos.-.-
666666V66

00-,
oo M
66

-, -,MM n
6E;
66

ocaoc-on-a	 M
om.--mo6m_i
NON0e- MN< -

oom
WOO
,NO

cm,
00
00

66
;17.

e-000v-,-e-	 • • •	 .n.- (71 66

n	 cow	 6
cciecn.7('
N	 0	 VM

wo=
66°
arca6

oca
66

mo

^"NN

0 	0 n 0 0

0<,,,,<NC6M<Oim N0

NOM

0,6 00

NO
N0

0 m Q 0 n ,O

NNN 00

180

noo .
co -??F-

00800 0000
MO NOONMW ,OM ON 08N (27,2	 .0.,m000momno ..-N.N MO N-

00N 0 0 M.-e-NO,MCON 7 0 < 00 el-
clioj 0s0	 .66666666 caco z 	-ivi	 '.-ai,

0000c01-e-MN 00

nOCo	 000N
NNN00,0,V °

NN	 N	 N

varnm000mo'4'
1,7,48 p..0 0001-0,0,-0 ONO,NVNMOVO
VVV,g

, NNO
.0 (0
01-

.-.-wooncr

0/MCO M '- V M T-M "e-N0

N00
00N
	

OCO

nst000mm-.-a.co oNoaca
ui,e‘ann

00.,V,00,-0, N7,-00

NniO444NO0n N-6660arommo

, 0
mpgig6400 7:06g Nc6

Z.7) 0 :lich222(

<<<<<<<<<< <<<<< <<<<<<<<< << a, • •< <6
zzzzzzzzzz zzzzz zzzzzzzzz zz	 z zz

2".9-w"-"4114	 Z2)",	 ',322VY,,T;;S9g4 	 0)0) Z,7!:
6666666666	 ..	 .	 666 66 66

000000,000 00000 000000000 000 e-O OM
WMM,0 00,-MNNIOV, OV, ,0

1- Ne- MNMN0MM N,000 e-e-e-COMOMMO ONM
666666.-66 caca666 c.i66N66N6.,

.7,928ga22 Ag.3 ggOe P.:2 2°.2 VVP2t3 22%1 7-;,- 2.1';
6666carac.injra0 4000ai 666666666 cacacci naj 66

e- 0000001-0)W ,NNM, NNO0,0,N0	 mo Ne-
64-406.anoiOn	 64.606nosoin ooz 66 COCO
NNNe- ,NNe- NN	 NNe-N	 t- en N0	 t- en

000 	6-6 ED- 4.c cac	 17-c6c6'
E5.c.5..s tt g 00 ssc3,.._a,4mcemce

-55-6,13 AA.5-5	 -5 -<706 2 -5	 E-5.,"77,g -5-5 -515

=mix
222 mm m22 g 3V, 22 mu ..

000 M, MOO 007,-.--M 0 0 0000 ,	 00mm M,M WM MM
0008008000 00000 0	 0,	 om MmM MM MMOMOmMO000 m 0M m 000 00000,	 MmM MM MM

Q 47.z	 ,155

NN
.-Bcom	 .78,7,5 0 ,0mco	 07,7,,7_(-60	 - 0 	mr- al

N0,000,00N NMe-NW ,,MMM1-MNg .-Va MN

WW««<<<a« a<	 «<«<<<< <<<
aaaaaaaaaa aa00a aaaaaaaa, ,a, a, aa
00000,0000 oozzo 0000r-000 m 	com coo
0000000000	 00000000m m o m o m coo

m 000,- NN00,VONM	 OM 0e-
e- e- 	NN



r‘i
- ct

▪

 i ,4	 s

ca. N CO N.1- 0
ON 0'1 CD •-• •-••
• c•-; 4 v-; ni

00 0 0 0 o
o 00 VI 0 1,1" Lo

•Çr	 tr-, 1--- rei1- ,,,,, ,_, C•1 Nn-

cl•	 CC r-
;zr

▪

 .1- 6
r.-n c;	 a=;

6 6 6 6 6

▪ ,0 a, Q N
N CC
0 0 0
6	 ci 6 66 

<

CO r--
N	 •.,1•

c;	 6 6

r•-
n-•-t

• N

	 ON n0
C. CD

6 6 c:; 6 6

CC C., 01N CD
N N	 ,r)

Q. 	. 0 0 0
OD

ON Os rn
VI	 r•-•

6

•-•	 01
CC	 C;

4r)	 ,r)

181

cn

C.)



'20

C7
Cf)

cl)
ca

ca
c/)

1n4

C.)

rn

vD 1,1 '4:1	 ^n v0 CN	 VD	 CN	 r- rq	 Cg
• c.4	 vn vn Tr Tr vn Tt	 vn	 vn r- Tt o

	1111111	 I	 I	 1	 1

CN	 ,t CD CD Cn VD	 VD 	e r  r'  oo
rn 4 4 oe r-: r Cr- .1?
11111 n 11

un VD 00 r- r- oo	 oo	 cr
6 6 6 6 6 6	 6 en 9 9

V' TT C0 Cg Tt rn C0 Tt	 rn o CN CN oo r, CN r-

Un C0 C0 (0 (0 CD	 VD
(-4 Tr Tr 't	 en r VD TT C (0 un VD 't rq ..ar rqC0 CD et CN	 00 r-	 r-
V0 r- VD	 00 V0 rn VD un on	 CN

TT V0 C1'1 "d'	 •—• 	 I--
TT rq TT TT TT r4	 r V

TT C0 on f•-• VD et Un Un	 00 'COO CN on TT un CD
Tt rn rn TtOC OC rn 	 r- TT TT rn r CN rq un
ro; ro; ro; on tni N ("1 wr;	 rn rfl fr; fr; C,1 n0	 rr;

c) c) c) "." 
,,,,, rn en Ni cr cr r,,,c, c, c, CN CN CD CD CN  CD

C0C0
C0 c, \ c:N c, '—'<, <, CD C0 <, C0 CD	crs  <D <D CD C0 	 CD C'C0 0 CD CN CN CD CD 	rU f V rg CN CN(-4 rq r4	 cq cg	 r ,1 r‘,1 ,„ ,,	 TT ... N F,3

...„
en en en	 rn rn -- r-- rn 't 't
clcl cl Q	

,.., „

	

rg cl rq -- cl -- -,	 c.1 c.1....._ ........ 	 -, VD VD '..-- -'

	

00 00 --.  
	 T.

'CD TT	
.-.. rnI 1n1	 V')

00 00 00	 00 ••n1 lw.1 ln-•	 CN

C0 rn	 Tt C0	 Tt	 Tt C-
r-- et	 CN CN	 VD	 ton C0

rn cl,—, ....	 T. ...	 —.	 —. .-.

I-n 1-1 4.	 6. I-.	 I-. I-.	 s-•	 I-, Lo

t.) Q.) 0 S..	 1) t.) "

	

y 0	 1)1) " a.)	 t, ..6„) ci..)
tcl cd ;11 	',cil) 	'&1-> cd V,	 al cd ?7,.1 cd	 •1-' cd cdcd

'''' ....
C.) 	11..) "1:10 0.) a) "cl	 a) CL) 1:3 6.)	 'LI a.) a)

0 a) 0 = bl) c..) c.) = dl) u 0 z c.) 6.0 = c..) c.)
cd cd cd	 = cd cd = g a a a o , ei . g , . co 0

4-, I.--n I.-4	 • ,-.1 4-, c.1-.	 • .. I... 4-1 
s-.	 $-/	 1-.	 0	 I-«	 I-.	 I.-,	 CD	 I..	 i..	 $-,	 CD	 I-.	 ta 0	 I...	 1-.
0 0 0 %-1 0. 0 0 1-. 0. 0 0 S.-, 0 0. ,-. 0 0
ch cn ch 00 ch ch ch 00 ch v) ch 1:10 cn ch 1)1) th cn

(/)
.=.44)
4)	 --, (-,4

q•-, ,..0 cl- Cr, '''' en N..--' en r-- c 1- m kn .--, ,--, rn '7
rq c.) r q VD L.) r? rq :i5 t-t. rl	 4 W.,

.3	
C? 9 'cr)
› >" 't.ziE-. E. F. E.. e3 H H.	 .- H E. F. F. F. E.

< < < < -c3 « 0 < < < « < 0 <
PI. a, o+ o+ g, a. a., 2 z 0, 0,.. 0. la., a., 0, z. 7›.' ..s,
c, 0 c) 0, - c, cr, d. en 0 enen en ON 01 en ,..... cd
G> CD c) Cl 	c) c) .-, c) c) c) c) c) Cl Cl CD CD 04

G> TT cv c.1 en vn	 CN tni enT. c.1 m	 r- CO 	  rs1 rg

182



l 83

Appendix D The Origins of Sulfur in Cenozoic Non-marine Evaporites in the Basin-

and-Range Province, southern Arizona, USA

Ailiang Gu, Christopher J. Eastoe, and Austin Long

Department of Geosciences, University of Arizona

Tucson, Arizona 85721

To be submitted to Chemical Geology



184

Abstract

Cenozoic evaporite (gypsum and anhydrite) samples from five basins in southern

Arizona were collected and analyzed for sulfur and oxygen isotope compositions.

Overall, 634 S values for all sites vary from +5 to +22%o, whereas 6 180 values range from

+7 to +18%o. No systematic spatial trend of evaporite 634 S and 6 180 distribution is found

in this region. The isotope compositions showed that evaporites are lacustrine in origin,

implying that evaporites were deposited in playa or perennial saline lake environment

with internal drainage. The sulfur originated mainly from the recycling of marine

Permian evaporites and oxidation of sulfide minerals in bedrocks surrounding the basins.

Sulfur from porphyry copper deposits may also play an important role in contributing S

to the evaporite deposits. Atmospheric sulfur, namely from marine sulfate (sea-salt and

marine biogenic sulfur) and rainwater, is an insignificant source. Sulfate reduction may

explain the higher 634 S and 6 180 values in Safford basin.

1. Introduction

Sulfate minerals, in particular gypsum and anhydrite, are the most common evaporite

minerals occurring in terrestrial and marine sedimentary environments. They usually

occur as bedded deposits associated with limestone, shale, clay and halite, but are also

commonly present in the surface and subsurface desert environments. The nature of the

environment, its climate, location, topography, and geology, control the supply and

enrichment of solutes and will determine the type of precipitates formed in-situ. The

limiting element in the formation of gypsum is usually sulfur. Hence one needs to
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understand the sources and pathways of sulfur within a particular region in order to

account for the origins of evaporites (Eckardt ; 2001). One of most important aspects of

evaporite research centers on the their potential use to record the information of seawater

chemistry, tectonic setting, palaeoclimate, and palaeohydrology. Sulfur and oxygen

isotope compositions are unique tools to identify the sources of sulfate and to infer the

geochemical environment of the water in which the sulfate is present (Pearson and

Rightmire, 1980; Krouse and Grinenko, 1991).

The 634 S and 6 180 age curves in marine evaporites (Claypool et al., 1980), along with

87Sr/86Sr, have been extensively used to date marine evaporites of unknown age and to

determine either marine or non-marine origin of sulfur sources in the evaporite deposits

around the world (Utrilla et al., 1992; Allia et al., 1995; Palmer et al., 2004). For instance,

634S and 6 180 have been successfully used to determine the origin(s) of sulfur in the

evaporites in Paris Basin, France (Fontes and Letolle, 1976), southern Australia (Chivas

et al., 1991), Namib Desert, Namibia (Eckardt and Spiro, 1999).

The distribution of non-marine evaporites is more limited in time and space than that

of their marine counterparts. Holser and Kaplan (1966) found that many Cenozoic

evaporites have been preserved in closed interior basins, but nearly all older evaporites

are of marine origin, reflecting the poorer preservation potential of lacustrine sedimentary

rocks. Non-marine evaporites generally have lower 634S values than marine evaporites

because of addition of the light sulfur to the non-marine evaporites from rainwater,

oxidation of sulfide minerals and soil organic S, volcanic sulfur, and terrestrial biogenic
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sulfur. Non-marine evaporites abound in problems of significance to climate, hydrology,

tectonics, sedimentation, geochemistry, and mineralogy (Eugster, 1980).

1.1 Origins of sulfur in non-marine evaporites

In non-marine basins, numerous sources of sulfur, and numerous pathways of sulfur

supply, depending on the local hydrological cycles, are possible. Rainwater, surface

water, and groundwater can all transport the sulfate from source areas to the lacustrine

environments where sulfate evaporites form. The possible origins of sulfate in

groundwater and surface water are: (1) atmospherically transported marine aerosols

(cyclic salts) and dimethysulfide (DMS); (2) dissolution of pre-existing evaporites in

sediments within the drainage basin; (3) sulfate in connate water or dispersed in non-

evaporitic marine sediments; (4) weathering of sulfide-bearing rock; (5) organic and

biogenic S; and (6) anthropogenic S, including fertizers and combustion products.

In a given basin, evaporite sulfate can be from one dominant source, or from the

mixing two or more sources. In modern playa lakes of southern Australia, Chivas et al.

(1991) found that modern sea-salt sulfate is the dominant source of sulfur, and that the

proportion of sea-salt contribution decreases inland. A secondary source was also

airborne, and derived from volatile biogenic sulfur compounds (DMS) of largely marine

origin. Sulfur derived from rock weathering was a minor component, except in areas

where bedrock contains abundant sulfur. The 634S values of a variety of gypsum types

showed little relationship with underlying bedrock types or the 634S values of the bedrock

sulfur. Eckardt and Spiro (1999) also found that sulfate in the Namib gypsum deposits



187

originated from the atmospheric oxidation of marine DMS in the early Miocene when an

upwelling ocean-water system locally provided a rich population of phytoplankton and a

high DMS concentration in the atmosphere. A significant proportion of S in soil sulfates

in the dry valleys of Antarctica is of atmospheric origin (Bao et al., 2000). Recently,

Michalski et al. (2004) showed that between 30 and 100% of the Atacama Desert soil

sulfate is from atmospheric sources on the evidence of mass-independent oxygen isotope

compositions (A 170). Dowuona et al. (1992) indicated that pyrite oxidation and

subsequent hydrolysis of natrojarosite is the major source of sulfate in the salt crusts in

Saskatchewan, Canada. In the non-marine Cenozoic evaporites in the Ebro, Tajo,

Calatayou, and Teruel basins, Spain, Utrilla et al. (1992) presented evidence that

recycling of Triassic evaporites provides the predominant source of sulfate. Palmer et al.

(2004) also found that marine evaporites were the principal sulfate source of non-marine

evaporites in several Miocene deposits in Turkey.

1.2 Occurrence of evaporites in the Basin and Range Province, Southwest USA

In southwest USA and northern Sonora, Mexico, evaporites form an integral part of

the Cenozoic stratigraphy in many basins of the Basin-and-Range Province.

Synextensional Cenozoic evaporites are common in many basins of Southern California

(Death Valley, Saline Valley, Searles Lake, and Bristol Dry Lake etc.), Nevada (such as

Virgin basin), Arizona (Hualapai basin, Detrital basin, Luke basin, Picacho basin,

Chandler, Tucson basin, Safford Basin, San Pedro Basin, and Douglas basin), New

Mexico (Tularosa basin), Texas (Hueco Bolson), and northern Sonora, Mexico



188

(Magdalena and Tubutama basins) (Pierce, 1976; Bohannon, 1984; Faulds et al., 1997;

Miranda-Gasca et al., 1998). Limited exposures have generally precluded detailed

research on the buried examples. Furthermore, gypsiferous soils are common in this

region owing to the arid and semiarid climate (e.g., Fisher and Mullican, 1990; Buck and

Van Hoesen, 2005). The distribution and origin (marine vs. non-marine) of these

evaporites has significant implications for the Cenozoic paleogeography of the western

Cordillera (Faulds et al., 1997).

Arizona has the thickest documented Cenozoic evaporites in the Basin-and-Range

Province. They consist mainly of halite and anhydrite, and stretch from southeastern

Arizona to the Lake Mead region (Figure 5.1). This group of evaporites includes 1800 m

of anhydrite in the Picacho basin (Peirce, 1976), >800m of gypsum and anhydrite in

Chandler basin (Eberly and Stanley, 1978), >320 m of gypsum and anhydrite in Tucson

basin (Eberly and Stanley, 1978; Anderson, 1987), >690 m of gypsum, anhydrite and

halite in Safford basin (Harris, 1997), >1200 m of halite in the Luke basin (Eaton et al.,

1972), and >1280 m of halite in the Hualapai basin (Pierce, 1976). Some of these

evaporites have economic value, and are considered ideal locations to store nuclear

wastes and natural gas (Dean and Johnson, 1989).

Evaporitic basins are hydrologically closed; that is, evaporation must exceed inflow.

This condition presupposes an arid to semi-arid climate. However, evaporite deposits can

form only when a sufficient supply of solutes is available from various inflow sources.

These two seemingly contradictory requirements are reconciled in local orographic
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deserts, where high mountains provide a rain shadow for the basin floors and also act as a

precipitation catchment (Eugster, 1980). In this regard, the Basin-and-Range province in

Arizona has ideal conditions for the formation of lacustrine evaporite deposits. Most of

the thicker known evaporites in this region appear to occur near the margins of the Basin-

and-Range, proximal to the Transition Zone bordering the topographically elevated

Colorado Plateau.

Deposition of great thicknesses of evaporites in short time intervals is well

documented. High evaporation in arid regions permits optimal accumulation of sulfates at

rates of 1 — 40m11000 years and halite at 10-100m/1000 years (Schreiber and Hsu, 1980;

Bobst et al., 2001). At such rates these thick evaporites in Arizona could form in a

relatively short time, e.g., the anhydrite deposit in Picacho can be formed in 45, 000 to

1.8 million years.

1.3 Aims and Objectives

This article is an evaluation of the potential sulfur sources responsible for the gypsum

and anhydrite accumulations in the southern Arizona. One means to assess the relative

contribution of the various sources of sulfur to the evaporites is through the use of sulfur

and oxygen stable isotope ratios. Isotopes may be used as source tracers if(l) the isotope

compositions of the sources are known, (2) the isotope composition of various sources

are distinctive, and (3) the isotopic changes that occur during physical, chemical, and

biological transformations are understood.
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The main objectives of this study are: (1) to deteiniine the sulfur and oxygen isotope

compositions of sulfate in the evaporites in southern Arizona, (2) to examine any spatial

and temporal isotopic zonation in these evaporite deposits, and to evaluate the possible

mechanisms, and (3) to constrain the origins of sulfur in the evaporites using available

isotope data for the sulfur sources in the region.

2. Geological Setting

All basins investigated in this study lie in the Basin-and-Range geological province of

southern Arizona, which is characterized by sharply-rising mountains of moderate relief

separated by broad alluvial basins. The topography is the result of the Basin-and-Range

structural disturbance that occurred 15 to 6 Ma ago (Shafiqullah et al., 1980). The

mountain bedrock consists of metamorphic, granitic, and volcanic rocks of mid-Tertiary

and older age. The basins are filled primarily with Neogene sediments derived from the

erosion of the crystalline and sedimentary rocks in the surrounding mountains. Coarse-

grained to fine-grained alluvium, lacustrine sediments and minor lava and tuff are

present. In many cases, the basin-fill sediment is several thousand meters deep.

2.1 Picacho Basin

The mountains surrounding the Picacho basin are mainly bedrock composed of

metamorphic, granitic, and volcanic rocks of late Tertiary and older age. Gneissic and

granitic rocks occur in the Picacho Mountains, and granitic rocks occur in most of the

mountains on the west and north margins of the basin and underlie the basin sediments in

the northwest region of the basin. Faulted and tilted Tertiary volcanic rocks compose the
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mountains at the south margin (the Silverbell Mountains) and underlie the basin

sediments in that region. Flat-lying basalt flows of late Tertiary age overlie the granitic

rocks in the S antan Mountains and may underlie sediment in the extreme northern part of

the basin (Pool et al., 2001).

The detailed stratigraphy of the basin sediment was described in Pool et al. (2001).

Picacho basin is one of several basins in central Arizona that collectively are known as

the Gila Low (Pierce, 1974). The Gila Low, a region of closed drainage during the early

stages of the Basin-and-Range structural disturbance, contains more than 3000 meters of

alluvium and evaporites within three major basins (Oppenheimer and Sumner, 1981).

Picacho Basin is filled mainly with continental sediments that accumulated during the

Neogene period under restricted or closed drainage conditions. Fine sand, silt, clay, and

evaporites were deposited in playas or ephemeral lakes in topographic low regions. The

Exxon State (74)-1 well penetrated slightly more than 1800 m of massive anhydrite

containing only minor interbeds of shale, tuff, halite, and limestone nodules. The thick

evaporites are of middle to late Miocene age, 14.9 Ma to 10.5 Ma (Eberly and Stanley,

1978).

2.2 Tucson Basin

The surrounding mountains of Tucson basin consist of igneous, metamorphic, and

sedimentary rocks of Precambrian to Tertiary age. The crystalline basement consists of

granitic gneiss derived from Proterozoic and Eocene protoliths in the Santa Catalina and
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Rincon Mountains, and of Paleozoic and Mesozoic igneous and sedimentary rocks in the

Tucson, Sierrita, and Santa Rita Mountains.

The basin-fill sediment is divided into three stratigraphic units: the Pantano

Formation of Oligocene age, the Tinaja beds of Miocene and Pliocene age, and the Fort

Lowell Formation of Pleistocene age (Anderson, 1987). The depth of alluvial and

lacustrine sediments is up to 3000 meters in the central graben. The Pantano Formation is

at least 2000 m thick and consists of conglomerate, sandstone, and gypsiferous mudstone

interfingered in places with volcanic flows and tuffs. The Tinaja beds unconformably

overlie the Pantano Formation, and grade from a fine-grained facies in a central fault-

bounded depression to a coarse-grained facies between the depression and the

surrounding mountains. Sediments of the unconsolidated Fort Lowell Formation

unconformably overlie the upper Tinaja beds, are up to 120 meters thick, and consist of

gravel to clayey silt. Holocene alluvial deposits are largely restricted to active flood

plains. The Pantano Formation and the Tinaja beds crop out only at the margins of the

basin where high-angle faulting has not displaced these units downward. Outcrops of the

Pantano Formation are highly faulted and tilted as a result of early low-angle normal

faulting. Gypsum or anhydrite evaporites occur in the Tinaja beds and the Pantano

Formation, both at depth and at the basin margins. In Exxon's State (32)-1 well the

interval 546 to 686 m contained an abundance of gypsum and anhydrite crystals (Eberly

and Stanley, 1978; Anderson, 1987).
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For the Pantano Formation, gypsum samples were taken from outcrop at Marsh

Station at the southeastern margin of the basin, and from a disused gypsum quarry at the

northern margin. Gypsum samples from the Tinaja beds were obtained from cuttings

from three drill holes near the center of the basin.

2.3 San Pedro Basin

The gypsum samples from the San Pedro basin were collected from two locations: a

gypsum quarry near Mammoth in the Lower San Pedro basin and a gypsum outcrop near

St. David in the Upper San Pedro basin.

The study area in Mammoth is bounded on the west by the Black Hills and Santa

Catalina Mountains, and on the east by the Galiuro Mountains. The Black Hills

Mountains are composed of Precambrian granite and late Cretaceous to early Tertiary

andesite and conglomerate. The north face of the Santa Catalina Mountains consists

primarily of Proterozoic Apache group and Paleozoic sedimentary rocks, and Laramide

and Mid-Tertiary granitoids. The Paleozoic sediments bear Laramide sulfide replacement

deposits. The Galiuro Mountains are composed of Tertiary basalt, andesite, and tuff (cf

Rice, 1991). Porphyry copper deposits occur on both sides of the basin. The gypsum

deposits occur in the Redington Member of the Quiburis Formation, a unit of fine-grained

alluvium and lacustrine sediment deposited during late Miocene to early Pliocene times,

about 7 to 5 million years ago (Dickinson, 1998). The Redington Member is believed to

have formed following damming of the San Pedro basin by volcanic rock. A lake formed
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behind this dam, and fine sediments gradually filled it (Rice, 1991). In the gypsum

deposits, gypsum is mostly present in a massive form.

The study area near St. David lies between the Whetstone Mountains on the west and

the Dragoon Mountains to the east. The Whetstone Mountains are composed primarily of

Paleozoic and Mesozoic sedimentary rocks, as well as Middle Proterozoic and Early

Tertiary to Late Cretaceous granitic rocks (Graybeal, 1962). The Dragoon Mountains

consist of Proterozoic and Jurassic granite rocks, and Paleozoic and Mesozoic

sedimentary rocks (Drewes, 1987). The gypsum outcrop occurs in alluvium of probable

Pleistocene age, about 8 km southwest of St. David. Several small washes originating in

the Whetstone Mountains drain this area.

2.4 Safford Basin

The Safford basin lies between the Pinaleno Mountains on the southwest and the Gila

Mountains on the northeast. The Pinaleno Mountains are composed mainly of Proterozoic

granitic and metamorphic rocks as well as Tertiary granitic rocks, while the Gila

Mountains consist primarily of Tertiary volcanic rocks. Seismic reflection profiling

(Kruger, 1991; Kruger et al., 1995) has revealed the basin to be a half-graben, with the

southwest side of the basin down-faulted along a secondary breakaway fault. The

northeast side of the basin is not bounded by a typical Basin-and-Range major normal

fault (Harris, 1997).

Harbour (1966) simply divided the sediments into the Lower Basin Fill of Pliocene

age and Upper Basin Fill of Pleistocene age. Recent work has revealed a more complex
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stratigraphy in the Safford basin, the lateral and vertical changes in the basin-filled

sediments reflect a combination of factors, including climate changes, different

subsidence rates in different parts of the basins, changing sediment sources as erosion

exposed older rocks, and inflow of water and sediment from outside the immediate basins

(Harris, 1997).

Four basin-fill units have been recognized in this basin (Houser et al., 1985; Houser,

1990). The oldest unit, the Miocene-Pliocene Midnight Canyon conglomerate, is a

proximal fan deposit containing only clasts of volcanic rock. Conformably overlying the

Midnight Canyon conglomerate is the Pliocene Sanchez unit, consisting of silt and

conglomerate. In the center of the Safford basin, the Sanchez beds are 250 m thick and

consist of clay, gypsum (or anhydrite) and salt. The Sanchez beds thin and pinch out

toward the northeast side of the basin.

Above the Sanchez beds are the Pliocene 111 Ranch beds, which include lacustrine

and fluvial facies. The fine-grained lacustrine facies of the unit consists of silt, clay,

limestone, and diatomite. The 111 Ranch beds attain a thickness of about 520 m near the

center of the basin and thin toward the Gila Mountains (Houser, 1990). The Bear Springs

Wash beds interfinger with the 111 Ranch and Sanchez beds in the southwest part of the

Safford basin. The unit consists of fine-grained lacustrine sediments similar to the 111

Ranch beds interbedded with coarse-grained alluvial fan deposits. Above the Sanchez,

111 Ranch, and Bear Springs Wash beds is Pliocene-Pleistocene alluvium of the ancestral

Gila River. The alluvium is similar to modern Gila River sediments, with clasts of
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volcanic rocks, quartzite, granite, and chalcedony (Houser et al., 1985). Capping the

section is a layer of Quaternary alluvium. Along the Gila River are modern alluvial

sediments of the flood plain.

A 1971 drill hole (Tenney #3 State well) about 32 km south of Safford, encountered

700 m of gypsum and anhydrite evaporites below 366 m and terminated in evaporites at

1068 m. The full extent and thickness is still unknown (Harris, 1997). The

gypsum/anhydrite samples were taken from cuttings of Tenney #3 State well, Claridge

well, and City of Safford well. In addition, lacustrine sediments containing abundant

gypsum crystals were collected from several locations at the foot of the Pinaleno

Mountains, especially from Spring Canyon, Frye Mesa. These lacustrine sediments

belong to the Bear Springs Wash beds, and are of Pliocene age.

2.5 Unnamed basin, Douglas

The unnamed basin is located about 8 km east of Douglas. This is a small sub-basin

of Sulfur Springs valley, adjacent to the Perilla Mountains. This basin is bounded by the

Perilla Mountains on the north and east, and by D Hill on the south. The Perilla

Mountains are composed primarily of Cretaceous to Upper Jurassic sedimentary rocks

and Tertiary to Cretaceous volcanic rocks. D Hill consists of Paleozoic sedimentary rocks

and Tertiary volcanic rocks, and casts of coarse pyrite crystals are clearly visible in

outcrop of altered Paleozoic limestone.
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Irregular lenses of light buff to white gypsum and gypsite up to 2 m thick occur at the

surface overlying Cenozoic clay and shale, which may be of Pleistocene age. This

gypsum deposit has been quarried for plaster and use in gypsum block.

Most of these deposits have been interpreted as nonmarine in origin on the basis of

regional relations (Peirce, 1976). The terrestrial Cenozoic setting of the province

indicates that most of the evaporites accumulated in isolated interior-drainage basins,

mostly likely in environmental settings like modem playas and saline lakes (Pierce, 1976;

Faulds et al., 1997). Lacustrine conditions ended between 10.5 and 6.0 Ma (Eberly and

Stanley, 1978).

3. Previous geochemical and isotope studies of nonmarine evaporites in southwest USA

On the basis of low bromine content (2-6 ppm) and other data, Eaton and others

(1972) concluded that halite in Luke Basin (late Miocene) is probably of non-marine

origin and was probably deposited in a saline lake. Longinelli and Craig (1967) reported

that the 8 180 values of sulfate ions from modern perennial saline lakes in the western

USA range from +13.3 to +23.2%o.

In the Bristol Dry Lake basin, California, the 834S values of 60 surface and shallow

trench samples (<2 m) of gypsum, anhydrite, and celestite all fall with a narrow range of

6 to 9%0 (average +7.7 ± 0.7%0); while 12 samples from cores (286 to 517 m) have lower

834 S values in the range of 0 to 4%0 with an average of +3.0 ± 1.1%o (Rosen, 1991).

Faulds et al. (1997) analyzed anhydrite samples from Hualapai basin, and found that

one intercalated layer yielded 834S and 8 180 values of +6.8%0 and +5.9%0, respectively.
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The anhydrite cap has 634S and 6 180 values of +11.3%0 and +11.5%o, respectively. The

634S values of the intercalated and capping anhydrite are significantly lower than those

documented for Tertiary (+17 to +21%o) or other Phanerozoic (>+12%o) marine sulfate

deposits (Claypool et al., 1980). The depleted 634 S and 6 180 values of the sulfate indicate

a non-marine, fresh water source for the evaporites in the Hualapai basin.

Yang et al. (1999) analyzed the 634S and 6 180 values of sulfates in a 186-m core

(spanning the past 200,000 years) in Death Valley, California. The results showed that

634S values vary from +5 to +22%o, while sulfate 6 180 ranges from +9 to +23%0. The

6 180 values of sulfates in Death Valley probably reflect the lake water status (changes in

lake level or extent of reduction plus re-oxidation) and/or the crystallization temperature

of the sulfate minerals under the condition of evaporative saturation. Dry, warm, shallow,

and ephemeral lake conditions result in precipitation of sulfate with lower 6 180 values

reflecting the inflow water source. Wet, cold, stratified, and perennial lake conditions

result in precipitation of sulfate with high 6 180 values because of reoxidation of S -2

formed by SO4 reduction in the lower water or bottom mud.

4. Methods

Gypsum/anhydrite and evaporite salts were collected from well cuttings, gypsum

mines, and drill cores in several basins in southern Arizona (Picacho basin, Safford basin,

Tucson basin, San Pedro basin, and the unnamed basin in Douglas), as discussed in

previous sections.
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Approximately 300 mg of gypsum/anhydrite or evaporite salts was dissolved in warm

1N HC1. The warm solution was filtered to remove any solid residues, and then 10%

BaC12 was added into the filtered warm solution to precipitate all sulfate as BaSO4.

BaSO4 was then filtered, washed thoroughly with deionized water, and dried in the oven

overnight. 15 mg of BaSO4 was then mixed with 60 mg Cu20 and 60 mg Si02,

combusted under vacuum at 1100 °C, and the resultant SO2 was cryogenically purified

(Coleman and Moore, 1978). Isotope ratios in SO2 gas were measured on a modified VG

602C gas source mass spectrometer. For 0 isotopes, 1 mg BaSO4 was analyzed using a

continuous-flow isotope ration mass spectrometer (Finnigan Delta X Plus) coupled with a

thermal combustion elemental analyzer. 834S and 6 180 values are reported relative to

Canyon Diablo Triolite (CDT) and Vienna Standard Mean Ocean Water (VSMOW), with

precisions of 0.13%0 (I a) and 0.9%0 (la) or better, respectively, these figures obtained by

repeated analysis of laboratory standards. Both 634S and 6 180 were analyzed in the

Laboratory of Isotope Geochemistry, University of Arizona.

5. Results and discussions

5.1 Sulfur and oxygen isotope compositions of possible sulfate sources

The possible sources of sulfate considered in this study include: (1) ocean sea-salt and

marine dimethysulfide (DMS), (2) rainfall, (3) bedrocks surrounding the basin (including

evaporites of older geological age), and (4) porphyry copper deposits and their host

Laramide volcanic rocks. The isotope compositions of various potential sulfate sources

are discussed as follows.
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5.1.1 634S and 6 180 of marine sulfate

(1) sea-salt sulfate

Cenozoic seawater 634S values have a small range of values, +17 to +22%0 (Paytan et

al., 1998). 6 180 values of Cenozoic seawater vary from +7.3 to +10.6%0, however data

from the Cenozoic era are sparse (Claypool et al., 1980). The 834S and 6 180 values of

dissolved sulfate in the modern seawater are remarkably constant, with a 634S value of

+21.0%0 and a 6 180 value of +9.5%o, respectively (Lloyd, 1968; Rees et al., 1978).

Sea spray is derived from the well-mixed reservoir of oceanic sulfate, and

insignificant isotope fractionation is involved in the formation of spray from dissolved

oceanic sulfate. The isotope composition of sea-salt sulfate is therefore assumed to be

the same as bulk contemporaneous seawater.

(2) marine dimethysulfide (DMS)

Marine dimethysulfide (DMS) is a by-product of protein synthesis by phytoplankton

(Andreae, 1980). DMS derives ultimately from the transformation of seawater sulfate.

The overall fractionation between seawater sulfate and non sea-salt sulfate via a DMS

pathway should be between —1 and +7%0 (Calhoun et al., 1991). Therefore, the predicted

634S range for modern marine biogenic sulfate (mainly derived from DMS) should be

from +14 to +22%0. Isotope measurements performed on Pacific marine and North

Atlantic coastal aerosols led to values covering the theoretical range (+15.6 ± 3.1%o

(Calhoun et al., 1991)) and +22%0 (McArdle and Liss, 1995). The sulfur isotope signature

in shallow Antarctic ice cores indicated that 634S of marine biogenic sulfate (mainly
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DMS) has an average value of +18.6 ± 0.9%0 (Patris et al., 2000). The 6 180 values of

marine-derived biogenic sulfate are not well defined, but should be relatively low, partly

depending on the 0 isotope composition of ambient water. Bao et al. (2000) obtained

6 180 values of —10.5 to +2.8%0 from the soil sulfate in dry valleys in Antarctica, where

most of the sulfur is thought to originate as marine biogenic sulfate.

5.1.2 634 S and 6 180 of dissolved sulfate in rainfall

(1) Present rainfall

The sulfate budget in the present-day atmosphere is dominated by anthropogenic

sulfur emissions, which, on the global scale, exceed the natural sources. According to

recent models and inventory estimates, anthropogenic emission accounted for about 75%

of the global gaseous sulfur emissions, and it reached 84% in the Northern Hemisphere,

during period 1980-1990 (Bates et al., 1992; Spiro et al., 1992). In the southwestern

USA, copper smelting and coal-fired power plants are the major sources of anthropogenic

sulfur in the atmosphere.

There are only a few isotope data for dissolved sulfate in rainwater in southern

Arizona (Gu et al., in prep. a). The rainwater samples were collected in the Tucson basin

between 1996 and 2003. Rainwater sulfate in the Tucson Basin has a 6 34 S range of +2.1

to +8.0%0, averaging +4.0%0, while 6 18 0(SO4) ranges from +8.4 to +12.0%0, with an

average value of +10.2%0.



202

(2) Pre-industrial rainfall

The pre-industrial rainwater sulfate might have an isotope composition different from

that of recent rain. Sulfur released to the atmosphere by volcanic activity and biological

activity may be the major source of non sea-salt sulfur in nature. Estimates of natural

emissions to the atmosphere in the northern hemisphere show that volcanic sulfur may be

as large a source as marine biogenic emissions (Bates et al., 1992). In addition, in desert

regions like the southwestern USA, wind-blown dust may play a significant role in

contributing sulfur to dissolved sulfate in rainfalls. At present the terrestrial biogenic

sulfur component in eastern North America is thought to average less than 2% of the total

annual S emissions, anthropogenic included, with the exception of a few localized

wetland areas (Nriagu et al., 1987). We can assume that terrestrial biogenic sulfur

contributed only a minor fraction to atmospheric sulfate during the Cenozoic era.

The isotope composition of sulfur from volcanic sources can be quite variable,

depending on what crustal rocks have been assimilated into magma and whether sea salt

sulfate has been incorporated at depth (Lein, 1991). Total volcanic sulfur entering the

atmosphere has an average 834S value between 0 and +5%o (Nielsen et al., 1991).

Terrestrial biogenic sulfur has a 834 S range similar to that of volcanic sulfur, with a larger

local variability (Newman et al., 1991). For example, in remote areas of Canada, the

biogenic sulfur 834S is estimated to be —2.4%0 (Nriagu et al., 1987).

Only a few sulfur isotope data exist for pre-industrial precipitation sulfate, all from

the polar snow and ice. Patris et al. (2002) measured two sulfate samples in the central
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Greenland ice core and gave a 634S value of —+1 0.9%0. Sulfur isotope measurements over

a complete glacial-interglacial cycle in east Antarctic ice core showed a range from +9.5

to +1 5.4%0 (Vostok) and +10.1 to +13.4%0 (Dome C) (Alexander et al, 2003). However,

the isotope composition of pre-industrial continental rainwater sulfate might differ greatly

from that of sulfate in ice cores in Greenland and Antarctic, since marine biogenic sulfur

(DMS) dominates (-90%) in the latter (Patris et al., 2000). Even though there are no data

for pre-industrial precipitation sulfate in the southwestern USA, there is a distinct

possibility that desert varnish sulfate may contain a proxy record for bulk atmospheric

sulfate in the past several to hundreds of thousand years. Desert varnish sulfate in the

southwestern USA has average values for 834S of +7.9 + 0.9%0 and 8 180 of +6.4 + 1.1%0

(Bao and Reheis, 2003). In contrast, the sulfate in the modern bulk atmospheric

deposition has average 834S and 8 180 values of +5.8 + 1.4%0 and +11.2 + 1.1%0,

respectively (Bao and Reheis, 2003). The data suggest that the anthropogenically

dominated atmospheric sulfate has higher 8 180 and lower 834S values than those of the

pre-industrial natural background. We shall assume that the isotope composition of the

desert varnish sulfate represents atmospheric deposition when the evaporites were formed

in this region.

5.1.3 834 S and/or 8 180 of sulfate in the bedrock and porphyry copper deposits

Table 5.1 summarizes the sulfur and oxygen isotope compositions of sulfate and/or

sulfide samples collected from various bedrocks and porphyry copper deposits in this

region. Sulfate collected from springs or wells drilled in bedrock is assumed to represent
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the sulfur sources in the bedrock. Both 834S and 5 180 in the bedrock have wide ranges.

Values of 834S vary from —6 to +25°/00, while 6 180 ranges from —2 to +13%0.

(1) Bedrock

The bedrocks important in this study area are as follows:

(a) Mid-Tertiary felsic volcanic rocks and associated granitoids: low in sulfur content,

no S isotope data are available; however, the 834 S values are expected to be low.

(b) Mylonitic granitic gneisses of the Catalina and Rincon Mountains: low in sulfur

content, 534S ranges from +3 to +9%0, and 8 180(SO4) ranges from +4 to +11%0 in the

Santa Catalina Mountains.

(c) Laramide intermediate volcanic rocks and associated granitoids with porphyry

copper deposits: Porphyry copper deposits and overlying cap rock (represented by Red

Mountain) have high concentrations of sulfur. For example, wells drilled in these strata

generally produce groundwater with a high sulfate concentration; 834S ranges from +1 to

+3°/00, and 6 180(SO4) varies from +2 to +7%0 in the Tucson Mountains. In the Patagonia

Mountains, wells, springs and acid rock drainage generally have high concentrations of

sulfate, a 534S range of-6.2 to +0.1%0, and a 6 180(SO4) range of-2 to +2%0 (Gu et al., In

prep. c).

(c) Mesozoic sedimentary rocks: generally have low sulfur contents; Erj avec (1981)

analyzed the Cretaceous Rocks in this region and reported a sulfur content range of 30 —

285 ppm. Gypsum beds interbeded with limestones and shales were also reported present
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in Apache Canyon Formation (Cretaceous), which occurs only in the Empire Mountains

(Schafroth, 1968). No isotope data are available so far.

(d) Paleozoic marine strata: The oldest known evaporite gypsum-anhydrite in

southern Arizona was deposited in the Permian Epitaph Formation which crops out in the

Empire, Whetstone, Sierrita, and Santa Rita Mountains (Graybeal, 1962). The basin was

restricted and transitional between marine and continental environments.

A gypsum sample from the Whetstone Mountains gave a 634S value of +11.7%0 and a

6 180 value of +12.8%0. A sample of gypsum from the Permian Kaibab Formation in

northern Arizona yielded a 634S value of +13%0 (Lang et al., 1989). These data are in the

range of Permian marine evaporites from the western USA (Claypool et al. 1980). Pyrite

from the Paleozoic sulfidic limestone on D Hill near Douglas has a 634S range of +3 to

+21%0. This limestone is heavily altered, therefore, the pyrite might be secondary.

(e) Proterozoic Apache group- Pioneer shale: the average sulfur content of three shale

samples is 2710 ppm (Erjavec, 1981). Two pyrite samples from the top of the Catalina

Mountains gave 634S values of +25.7 and +25.9%0, respectively (Gu et al., in prep. a).

(f) Lower Proterozoic strata and intrusions in southern Arizona: these units generally

have low sulfur contents.

(2) Porphyry copper deposits

As a metallogenic province, southeastern Arizona is characterized by large copper

deposits, mostly of porphyry type, formed mainly in the Laramide time interval (Late

Cretaceous — Paleocene). Porphyry copper deposits are present in the vicinity of each
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basin studied in this study. Sulfide minerals are abundant in these deposits, and sulfate of

both hypogene and supergene origins, is also present in abundance. Hypogene sulfate is

mostly anhydrite, and supergene sulfates include gypsum, alunite, jarosite, and Cu-Fe

sulfate minerals. Supergene sulfate is generally considered to derive from the oxidation

of hypogene sulfide.

The 634S and/or 6 180 values of sulfide and sulfate in the porphyry copper deposits are

listed in Table 5.1. Values of 634S in sulfide have a range of-2 to +3%o, and 634 S values

for supergene sulfate range from —3.6 to +5.8%0. These values are consistent with sulfides

in most porphyry systems, which vary between —3 and +1%0 (Ohmoto and Rye, 1979).

One hypogene anhydrite sample from Sierrita Mine gave 634
5 and 6 180 values of +9.5

and +8.0%o, respectively; while in Mission-Esperanza Mine the values are +1 5.2 and

+1 1.5%o, respectively. In comparison, hypogene anhydrite from Mineral Park has a 634S

range of +12 to +23%0, and a 6 180 range of +9 to +20%0 (Lang et al., 1989).

For many porphyry copper deposits in this study area, 634 S values were only available

in the literature for sulfide minerals, not hypogene sulfate minerals, which makes it

difficult to estimate the 534S for total S (ES) for porphyry deposits. If we assume that the

mass ratio of sulfur contained in the hypogene sulfate and sulfur in the hypogene sulfide

is 1: 2 in the porphyry copper deposits in southern Arizona (E. Seedorff, personal

communication), and that 634S(sulfide) is 0%0, and 634S(hypogene sulfate) is +12.4%0

(average of two values), then the total S leaching out of porphyry copper deposits would

have approximate 634S values of +4 %o. The total sulfate would have 6 180 values around
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+3.6%o, if we assume that 5 180 in the sulfate originating from sulfide oxidation in the

altered rock of Red Mountain could represent that of the sulfate from the porphyry copper

deposits in southern Arizona, which has an average of +0.5%0 (Gu et al., In prep. c). Field

and Gustafson (1976) estimated that in El Salvador porphyry copper deposit 6 34Szs =

+2%0. Although wall rock sulfur can contribute sulfur to porphyry copper deposits,

magma is thought to be the predominant source of sulfur in that study area (Field, 1973).

At present, we do not have a clear idea of the amount of S in the porphyry copper

deposits and their capping rocks. Erosion of every exposed porphyry copper deposit was

probably preceded by erosion of rock like that in Red Mountain.

There is evidence of supergene enrichment (and therefore erosion) in porphyry

copper deposits in southern Arizona in the Mid-Miocene at 13 Ma (Cook, 1994; Enders,

2000). Enders (2000) found that most of the enrichment occurred from 11 to 7 Ma and

coincides with Basin-and-Range extension in the region, which is also contemporaneous

with the formation of deep evaporite basins and deposition of massive evaporites.

5.2 Sulfur and oxygen isotope fractionation

Considering the pH and temperature conditions of surface water and groundwater,

there will be essentially no oxygen isotopic exchange between SO 4 ions and water in the

saline lakes and/or playas, in which evaporite sequences deposited (Chiba and Sakai,

1985). Thus, any sulfate, once introduced into the water, will preserve the 6 180(SO4) and

534S of its sources unless it is partially reduced.
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Two processes can alter the isotope signatures of sulfate: (1) isotope fractionation

during crystallization of gypsum, and (2) reduction and re-oxidation processes. In the

process of gypsum crystallization, there is isotope fractionation between the precipitated

gypsum and coexisting dissolved sulfate. 34S and 180 are enriched in solid phases

(gypsum) and relatively depleted in the residual brine. Therefore, if the sulfur pool is

small, early-deposited gypsum has higher values of 834S and 8 18 0(SO4) than those of

later-crystallized gypsum. Thode and Monster (1965) calculated the fractionation factor

for 834S between gypsum and brine to be +1.65%0, while Lloyd (1968) estimated that the

enrichment factor for 8 180 is +3.50%0 between gypsum and dissolved sulfate at ambient

temperatures and pressure. Gypsum dehydration to anhydrite does not involve significant

isotope fractionation or diagenetic redistribution of sulfate in the subsurface (Worden et

al., 1997).

Partial sulfate reduction enriches the remaining sulfate in heavy isotopes, and during

sulfide re-oxidation the sulfate oxygen isotope composition depends on 8 180 of both

atmospheric and water oxygen. In addition, several other factors play a role in

determining 8 180(SO4), including sulfur oxidation rates, dissolution of mineral sulfate,

and transport and mixing of SO4(aq). The amounts of sulfur species involved in the redox

reactions might be limited, but 834S and 8 180 in the brine and the resultant gypsum,

however, would be affected significantly (Lu et al., 2001).



209

5.3 634 S and 8 180 of evaporites in the study area

The 634S and 6 180 values of evaporites are listed in Table 5.2. Except for well

cuttings from the City of Safford well and outcrop from the Bear Springs Wash beds

along the northeastern flanks of the Pinaleno Mountains, 834 S values for all other sites in

the Safford basin vary from +5 to +22%0, whereas evaporite 6 180 values range from +7 to

+18%0. However, for individual sites, both 634 S and 6 180 values cluster in much narrower

ranges. The gypsum deposit from the unnamed basin near Douglas has the highest 634 S

(+19.6 to +21.8%0) and 6 180 values (+17.0 to +18.0%0), and gypsum from Tinaja beds in

Tucson basin has the lowest 634 S (+5.6 to +8.4%0) and 8 180 values (+7.1 to +11.6%0).

Most evaporite 834S values are in the range of +9 ± 2%0; and 834S of many other

evaporites in the southwestern USA also fall in this range. Figure 5.2 is the histogram of

834S values in evaporites in this area and 634S values of other basins in the Basin-and-

Range province in southwestern LISA.

The variation of 834S is small for most vertical profiles of evaporite deposits (Picacho

basin, the Tinaja Beds in the Tucson basin, Lower San Pedro basin, and Safford basin).

There appears to be no systematic 834S and 8 18 0 variation in the vertical profile except

for the Tenney #3 State well from Safford Basin, in which two separate gypsum layers,

according to 6 34S and 6 180, appear to be present; this layering will be discussed below in

greater detail.
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Overall, 634S and 6 180 show a positive, linear correlation (Figure 5.3). Gypsum and

sediment from the City of Safford well and the Bear Springs Wash beds have

anomalously low 634S (-28.2 to —4.9%0) and 6 180 values (+2.4 to +9.2%0), consistent

with formation of sulfate by oxidation of sulfide minerals.

5.4 Sources of sulfur in the evaporites

The values of 634S in all evaporite deposits in the study area are considerably lower

than those of sulfate in Tertiary marine evaporites, which have 634S values ranging from

+21 to +22%0 (Payton, 1998). These values indicate that the evaporites are of non-marine

origin, which provides new evidence to support the conclusion drawn by early geological

studies.

The linear relationship between 634S and 6 180 (Figure 5.3) can be explained as the

result of mixing two sources of S. This linear relationship is also found in Tucson basin

groundwater and Sonoita Creek water, where it was explained by two end-member

mixing (Gu et al., In prep. a and c). As shown in Figure 5.3, these two possible end

members are (1) old marine evaporite, especially Permian gypsum in this region (634S —

+1 1.7/00, and 6 180 --= +1 2.8%0), and (2) bedrock sources such as Laramide volcanic rocks

and associated granitoids with porphyry copper deposits (low 6 34S and 6 180).

The cluster of 634S values around +9%0 for most evaporite samples in this study, and

the linear relationship between 634S and 6 180, suggest that 634S of evaporites is mostly

controlled by these two sources. At present, the Santa Cruz River and its floodplain

groundwater have 834S values ranging from +5 to +7%0. Sonoita Creek water has 634S
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values varying from +5.4 to +12%0. Both ranges are similar to those of evaporites in this

study area, and fall between the two postulated end members. These are two present-day

examples of drainage from areas in which Permian and Laramide igneous sulfur are

present in outcrop (Gu et al., In prep. a and c). Pre-industrial precipitation sulfate has a

mean 834S value (+7.9%0) similar to that of most evaporite samples from the study area,

but the sulfate concentration in rainwater is very low, generally less than 2 mg/L in

modern precipitation (Gu et al., In prep. a). In addition, sulfate from playa salts

(including drill core samples) in Death Valley has been shown to have no 170 anomaly

(Bao et al., 2001), indicating atmospheric sulfur is not a significant contributor. This

could also be true in many basins in the study area.

The variation of 834S in the vertical profile of evaporite deposits except for Tenney #3

State well in Safford basin, is non-systematic and less than 3%0, indicating the relatively

little variation in the ratio of sulfur sources during the evolution of each basin. In Tenney

#3 State well, both 834S and 8 180 values increase towards the surface (Figure 5.4). There

is about a 7%0 change in 834S values across the 640 m level. It seems that the evaporite

can be divided into two layers, corresponding to the Sanchez unit and Pliocene 111

Ranch beds, respectively. The Claridge well evaporite sequence may be equivalent to the

upper section of Tenney 14 3 State well (above 640 m), and its evaporite isotope

compositions are in the same range as the former. The data seem to indicate a change of

sulfur source ratios.
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The volume of the deepest and biggest evaporite deposit in this study area, the

Picacho basin, is estimated to be between 50 and 100 lcm 3 according to the geological

sections described by Pool and others (2001). The density of anhydrite is 2.9 g/cm3

(Dana, 1965), and porosity is assumed to be 10%, so that the total sulfur stored in the

evaporite is estimated to be between 18 and 36 billion tons. Safford basin is estimated to

have 12 to 24 billion tons of S according to the spatial distribution map of evaporites in

Harris (1997). Other basins have a much smaller volume of evaporites, and the calculated

S would be much smaller as well. For example, we estimate that total sulfur in the Tinaja

beds evaporites in the Tucson basin is in the range of 4 to 8 billion tons according the

cross-section maps in Anderson (1987).

The total mass of sulfur in porphyry copper deposits and their capping rocks could be

large. Enders (2000) calculated that 6.5 km 3 of primary ore must have been efficiently

leached and eroded to account for all of the contained supergene copper in the Morenci

district. If rock density is taken as 2.52 g/cm3 , and average pyrite and chalcopyrite

content is 2.5% and 0.6% in hypogene ore (by weight), then the sulfide S in the leached

rock would be calculated as much as 0.24 billion tons. Taking the ratio of sulfide to

sulfate as 2:1, then the total S would be 0.4 billion tons. Gustafson and Hunt (1975) have

indicated that up to 1 billion tons of sulfur may have been originally deposited in the El

Salvador porphyry copper deposit.

S in sulfide minerals in most porphyry copper deposits is estimated to be less than 1

billion tons according to the recorded production and reserve (Titley, 1982), and the total
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S potentially leaching out each deposit would be less than 1.5 billion tons, if we assume

the ratio of sulfate to sulfide is 1:2 as discussed earlier. However, comparable quantities

of S may be fixed in the altered rock overlying the actual ore deposits, and might have

been eroded during the Miocene. This suggests that porphyry copper deposits can

potentially provide a very large amount of sulfur to form evaporites in the alluvial basins.

If we assume that effectively all bedrock S (other than marine evaporite S) is from

porphyry copper deposits, with a bulk 634 S of +4%0 as discussed earlier, then we can

estimate that more than 50% of sulfur in the evaporite deposits is from Permian gypsum

by isotope mass-balance calculation for the two end members. In Picacho basin, for

example, the amount of S from bedrock sources (other than marine evaporates) is 9 to 18

billion tons to account the total S budget. This corresponds to 9 to 18 giant porphyry

copper deposits, or perhaps half as many giant deposits with cap rock. Such a number of

giant deposits in the watershed of a single basin seems improbable, nor does the erosion

of non-mineralized Laramide andesite appear likely to solve the problem. One km3 of

andesite, with a density of 2.7 g/cm3 and 60 ppm S contains 1.6 x 10 5 tons of S. each

billion tons of bedrock sulfide would therefore require erosion of 6250 km3 of andesite,

which corresponds to a 79 km square of thickness 1 km.

If the sulfate concentration in the prehistoric rainwater is assumed to be the same as

modern rainwater, which is approximately 2 mg/L in Tucson basin, and the annual

precipitation amount is 300 mm/year over an area of 2300 km2, then the mass balance

calculation shows that the total rainwater S accumulated in the Picacho basin is 2 billion
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tons in the period between 14.9 and 10.5 Ma ago, when the massive anhydrite deposit

was formed. This is less than 11% of the total S contained in the anhydrite in Picacho

basin. The sulfate concentration in prehistoric rainwater is possibly overestimated,

because modern rainwater sulfate is mainly from anthropogenic sources.

A similar problem applies to the amount of Permian sulfate required. At present, there

is little Permian evaporite exposed on the mountains around the Picacho basin. There are

two possibilities to explain the amounts of marine evaporite sulfate required: First,

Permian evaporites that are no longer in evidence were eroded during the Miocene to

form the evaporites in the basin. The second possibility is that the evaporite is originally

derived from the Colorado Plateau, where great thickness of Permian evaporite and

carbonate (the Kaibab and Supai Formations) are present (Peirce, 1976). At this stage,

from the isotope compositions we cannot tell which possibility is more likely, since 834S

values for both Permian evaporite formations are similar.

In summary, the similar 834S values among the evaporite deposits suggest that the

same factors appear to govern most evaporites in the region, and weathering of Permian

marine evaporite contributes most S to the lacustrine evaporite beds in the alluvial basins

in this region. Bedrock S sources, including porphyry copper deposits, also play a

significant role.

Some exceptions, which cannot be explained by the two end-member mixing as

discussed earlier, are discussed as follows:
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5.4.1 Unnamed basin near Douglas

634 S and 8 180 values in gypsum from this small deposit are much higher than those

of other evaporite deposits. 8 34S varies from +20 to +21%0, and 8 18 0 varies from +17 to

+1 8%0. Gypsum 834S values correspond to the 834S range of pyrite (+3 to +21%0) in

Paleozoic sedimentary rock on D Hill, which bounds the basin to the south. In addition,

sulfate leached from sand or gravel in several small modern washes draining to the

evaporite basin yielded 834S values of +1 5 to +17%0 and 8 180 values of +10 — +1 3%0.

Such sulfate samples are good indicators of average S supply from D Hill. One

groundwater sample upgradient from this gypsum deposit has a 834S and 8 180 value of

+14.3 and +1 5.3%0, respectively. To our knowledge, no other sulfur sources with such

high 634S values are present in the surrounding mountains in this basin. Therefore, sulfur

in the gypsum is very likely derived from the oxidation of pyrite in limestone on D Hill.

When pyrite is oxidized to form sulfate, the resultant sulfate derives oxygen from

both atmospheric oxygen and ambient water. Atmospheric oxygen has a 8 180 value of

+23.5%0 (Kroopnick and Craig, 1972), and water oxygen has a large range of variation,

depending on the geographical location and climate. 8 180 values in gypsum in this

deposit are higher than those of sulfate produced from the oxidation of pyrite elsewhere

in southern Arizona (Gu et al., In prep b.).

According to the stoichiometry of pyrite oxidation, the maximum proportion of

oxygen derived from atmospheric oxygen is 87.5% (Taylor et al., 1984a, b). In this case,
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pyrite was oxidized at the surface, and dissolved oxygen from the atmosphere is

continuously replenished. Therefore, the oxygen could be mostly derived from the

atmospheric oxygen. The kinetic isotope fractionation effect for incorporation of

atmospheric oxygen into the sulfate is —8.7%0 (Lloyd, 1968). However, even if 100%

sulfate oxygen is assumed to derive from atmospheric oxygen, which is not quite

possible, the resultant sulfate would have a 6 18 0 value of +14.8%0.

Therefore, the high 634 S and 6 180 values in this gypsum appear to be a result of

several cycles of dissolution and recrystallization, or of partial reduction of the sulfate.

Considering the shallow depth of the deposit, bacterial reduction seems unlikely.

5.4.2 Tenney #3 State well, Safford basin

In the shallow strata penetrated by Tenney #3 State well, the 6 34S and 5 180 values are

also higher than those of most other evaporite deposits, such as Picacho and San Pedro

basins. As discussed in an earlier section, the increase of 634S and 6 180 from deep to

shallow depth may be due to changing S sources. Another possibility is that redox

process might play a role, as the depositional environment may have changed. We do not

have enough data to identify any high S sources around that basin, nor do we have

enough evidence to conclude how much redox processes affected the isotope distribution.

5.4.3 City of Safford well and the Bear Springs Wash beds, Safford basin

Gypsum slivers from City of Safford well have 634S values ranging from —5 to —19%0

and 6 180 ranging from +3.5 to +8.8%0. 6 34S of gypsum and water-soluble sulfate in lake
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beds in the Bear Springs Wash beds (Figure 5.5) in the foothills of the Pinaleno

Mountains is also low, ranging from —10 to -29%0, while its 6 18 0 having a range of +2.4

to +9.2%0. In addition, ochre layers and nodules are abundant.

These low 634 S and 6 180 values clearly indicate that the gypsum and dissolved sulfate

in the lakebed sediment derived from sulfide oxidation; the sulfide minerals in sediments

may ultimately derive from reduction of lacustrine sulfate. This suggests that a reducing

environment was present during the time when Bear Springs Wash beds formed.

The low 634S and 6 180 in the Bear Springs Wash beds have tectonic implications.

These values suggest that the results of early studies, which showed Bear Springs Wash

beds interfinger with the ill Ranch and Sanchez beds in the southwest part of the

Safford basin (Houser, 1990; Kruger et al., 1995), might not be true. Instead, our results

show that the paleolake in which the Bear Springs Wash beds were deposited, was

separate from the lakes in which 111 Ranch and Sanchez beds formed. One possible

scenario might be that the movement on the basin boundary fault at the northeastern flank

of the Pinaleno Mountains created a deep lake along the flank of the Pinaleno Mountains,

and that the lake mainly received sediment and inflowing water with low concentrations

of sulfur. Stratification of the lake water produced a reducing environment in deep water,

where sulfate reduction occurred and sulfide minerals were deposited in sediments. Late

breakaway faults and continuous subsidence of the basin exposed the sediment to the

atmosphere, where sulfate and gypsum and iron oxide formed. The main evaporite
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deposit of Safford basin is in the 111  Ranch and Sanchez beds, and had different

depositional environments. The two lacustrine systems appear to be unrelated.

6. Conclusions

The major conclusions that can be drawn from this study are:

(1) The 634S values of Cenozoic evaporites in southern Arizona are mainly in the

range of +9 ± 2%o;

(2) Sulfur in these evaporites in southern Arizona is of lithospheric origin, and

atmsopheric sulfur is insignificant in contributing to the evaporite formation. Recycling

of Permian evaporite contributed most of the sulfur to the deposits.

(3) Overall, 634S has a positive, linear relationship with 6 180, and the 634S value

could be explained to be mixing between end-members: Permian evaporite and bedrock

sources such as Laramide volcanic rocks and associated granitoids with porphyry copper

deposits.

(4) The Cenozoic evaporites in the southeastern Arizona are non-marine in origin.

(5) In a given basin, the sources of sulfur are essentially remained constant for the

duration of evaporite deposition.

(6) In general, sulfate reduction is not an important process in affecting the isotope

compositions in this region. But there is an exception, in the west part of Safford basin, in

which the Bear Springs Wash beds were deposited.
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7. Suggested future study

Many questions remain unanswered by this study, e.g.: (1) what is the isotope

composition of total sulfur in the porphyry copper deposits in this region; and what is the

total sulfur content of a typical porphyry copper system? (2) Why are some basins

dominated by halite and have little sulfate (such as Luke and Hualapai basins), while

some other basin are dominated by sulfate with almost no chloride (such as Picacho

basin)? (3) What mechanisms separate the sulfate and chloride in basins during the

process evaporite deposition? (4) What is the sulfur content and sulfur isotope

composition in certain major bedrock units in this region?
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Figure 5.1 Sample locations and major evaporite deposits in Arizona.

Major evaporite basins: 1. Holbrook basin, 2. Detrital valley, 3. Hualapai basin, 4. Luke
basin, 5. Chandler basin, 6. Picacho basin, 7. Tucson basin, and 8. Safford basin. Star
symbol (*) represents porphyry copper deposits. (Modified after Pierce(1976))
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Figure 5.2 Histogram of 634 S values of sulfate in the evaporites in southwest USA.
Data sources: this study; Rosen, 1991; Faulds et al., 1997.
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Figure 5.5 Outcrop area of Bear Springs Wash beds and locations of well cuttings in
Safford basin. Rectangle: outcrop area of Bear Springs Wash beds; 1: Tenney #3 State
well; 2: Claridge well; 3: City of Safford Well. (After Houser, 1990)
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Table 5.2. Locations, 534S, and 5 180(SO4) values of evaporites

Sample ID Sample depth (m)	 es (%o) 	6180(s04 )(1.0) Sample description
Exxon State (74)-1 Well (Picacho basin)
Pica-1 762.5-915.0 7.8 7.8 anhydrite
Pica-2 915.0-1067.5 5.6 anhydrite
Pica-3 1067.5-1220.0 6.0 anhydrite

Pica-4 1220.0-1372.5 6.4 anhydrite

Pica-5 1372.5-1525.0 9.5 8.5 anhydrite

Pica-6 1525.0-1677.5 7.6 anhydrite

Pica-7 1677.5-1830.0 8.2 anhydrite

Pica-8 1830.0-1982.5 8.9 anhydrite

Pica-9 1982.5-2135.0 7.8 12.3 anhydrite

Pica-10 2135.0-2287.5 8.9 anhydrite

Pica-11 2287.5-2440.0 9.2 13.9 anhydrite

Tenney #3 State Well (Safford basin)
Saffl -1 396.5-457.5 13.1 15.5 anhydrite
Saffl -2 547.5-518.5 12.4 anhydrite
Saff1-3 518.5-579.5 15.0 anhydrite
Saffl -4 579.5-640.5 16.2 12.0 anhydrite
Saff1-5 640.5-701.5 9.7 anhydrite
Saffl -6 701.5-762.5 9.8 anhydrite

Saffl -7 762.5-823.5 9.4 8.3 anhydrite
Saffl -8 823.5-884.5 8.2 anhydrite
Saff1-9 884.5-945.5 8.4 8.9 anhydrite
Saffl -10 945.5-1006.5 8.7 anhydrite
Saffl- I I 1006.5-1037.0 9.2 10.1 anhydrite

Claridge Well (Safford basin)
Saff2- I 329.4-364.5 13.6 16.6 gypsum
Saff2-2 364.5-396.5 12.9 gypsum
Saff2-3 396.5-428.5 12.5 gypsum
Saff2-4 428.5-460.6 13.1 gypsum
Saff2-5 460.6-483.4 13.3 gypsum
Saff2-6 488.0-523.1 11.1 14.7 gypsum
Saff2-7 523.1-555.1 11.5 gypsum
Saff2-8 555.1-587.1 11.5 gypsum
Saff2-9 587.1-623.7 11.6 gypsum
Saff2-10 623.7-655.8 12.5 gypsum
Saff2- 1 1 655.8-683.2 13.5 gypsum

City of Safford well (Safford basin)
Saff3-1 95.5-131.5 -15.8 4.7 gypsum
Saff3-2 131.5-163.8 -13.9 gypsum
Saff3-3 187.3-231.5 -18.8 gypsum
Saff3-4 231.5-262.9 -4.9 8.8 gypsum
Saff3-5 262.9-299.2 -13.5 gypsum
Saff3-6 299.2-331.5 -13.0 gypsum
Saff3-7 331.5-367.8 -18.0 3.5 gypsum

Spring Canyon, Frye Mesa (Safford basin)
Saff4-1 1.0 -10.8 gypsum
Saff4-2 1.5 -26.7 2.4 gypsum
Saff4-3 2M -23.7 sediment
Saff4-4 2.5 -26.8 4.0 sediment
Saff4-5 3.0 -28.2 sediment
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Table 5.2 continued

Sample ID Sample depth (m) S34S(%0) 8180(SO4)(%0) Sample description
Saff4-6 3.5 -27.2 3.1 sediment
Saff4-7 4.0 -23.1 sediment
Saff4-8 4.5 -24.9 5.9 sediment
Saff4-9 5.0 -18.3 sediment
Saff4-10 5.5 -27.2 5.2 sediment
Saff4-11 6.0 -22.3 sediment
Saff4-12 6.5 -17.0 9.2 sediment

Mammoth (San Pedro basin)
SPI-1 0.0 8.6 10.5 gypsum
SPI-2 0.1 9.0 gypsum
SPI-3 0.2 8.7 gypsum
SPI-4 0.3 8.9 10.2 gypsum
SPI-5 0.5 8.4 gypsum
SPI-6 0.7 8.6 gypsum
SPI-8 1.0 9.0 9.7 gypsum

QG 7.6 9.3 gypsum

St. David (San Pedro basin)
SP2-1 11.1 12.8 gypsum

Pantano Formation (Marsh Station, Tucson basin)

Pantano No. 1	 surface 12.0 15.0 gypsum
Pantano No. 1 Vein surface 11.3 15.6 gypsum
Pantano No.2 surface 12.6 gypsum
Pantano No. 4-1 surface 12.1 15.8 gypsum
Pantano No. 2 Vein surface 12.1 gypsum

Pantano Formation (Catalina Foothills, Tucson basin)
Cat-1 surface 6.9 11.6 gypsum
Cat-2 surface 6.8 gypsum
Cat-3 surface 8.4 8.3 gypsum

Tinaja Beds (Tucson basin)
SC-19 Well
SC- 19-1 472.8-475.8 6.2 gypsum
SC-I9-2 533.8-536.8 7.6 9.2 gypsum
SC-I9-3 625.3-628.3 6.0 gypsum
SC-19-4 747.3-750.3 5.6 7.1 gypsum

SC-IS Well
SC-I5-1 244.0-247.0 6.1 7.3 gypsum
SC-15-2 305.0-308.1 6.0 gypsum
SC-15-3 366.0-384.3 8.2 10.0 anhydrite

SC-15-4 457.5-475.8 7.5 anhydrite
SC- 15-5 518.5-536.8 8.4 10.2 anhydrite

A-31 Well
A-31-1 262.3-265.4 5.9 9.1 gypsum
A-31-2 280.6-283.7 7.4 gypsum
A-31-3 295.9-298.9 5.8 gypsum
A-31-4 308.1-311.1 6.4 11.6 gypsum
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Table 5.2 continued

Sample ID Sample depth (m) 534S(Y00) 8180(SO4)(56) Sample description

Unnamed basin (Douglas)

Doug-1 surface 19.6 gypsum
Doug-2 surface 21.8 17.0 gypsum
Doug-3 surface 21.0 18.0 gypsum
Doug-4 surface 20.8 18.0 gypsum
Pyrt-1 surface 21.2 pyrite

Pyrt-2 surface 3.8 pyrite

Pyrt-3 surface 10.9 pyrite

Sed-1 surface 15.5 9.8 sediment

Sed-2 surface 16.3 sediment

Sed-3 surface 16.8 12.6 sediment

Others
Willcox Playa, Arizona 5.4 dissloved sulfate
Animas Playa, New Mexico 4.6 dissolved sulfate

Playa Guzman, Chihuahaa 7.3 dissolved sulfate

Salton Sea, Califomaia 5.6 dissolved sulfate

Colorado River watera -0.2 dissolved sulfate
San Pedro River, Arizona 2.8-6.3 dissolved sulfate
White Sands, New Mexico 12.6 gypsum

Fort Hancock Fm. a 5.9, 7.4 gypsum

Magdelena Basin+ Tubutama Basin, Sonorab 4.1-10.6 gypsum
a: Eastoe, Unublished data; b: Miranda-Gasca et al. (1998)
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The Origins, Ages and Flow Paths of Groundwater in Tucson Basin: Results of a
Study of Multiple Isotope Systems

Christopher J. Eastoe, Ailiang Gu and Austin Long

Department of Geosciences, University of Arizona, Tucson, Arizona

Detailed maps of 8 180, 834S tritium and 14C indicate distinctive basin-scale
domains of groundwater in the upper 140 m of the Tucson basin. Water in each
hydro-geographic domain has isotope characteristics relating it either to recharge
in the flood plain of a major stream entering the basin, or to a zone in which deep
basin groundwater moves vertically upwards Infiltration of surface water occurs
rapidly into flood-plain sediment in major washes, yielding flood-plain ground-
water that is distinctive in 5 180 (according to catchment altitude) and 634S
(according to catchment geology), and contains tritium similar to that of contem-
poraneous precipitation events. In Tanque Verde Creek flood plain, recharge with-
in 3 km of the mountain front yields groundwater with the isotope signature of
small (< 10 mm) precipitation events. Groundwater flow from flood plains to
adjacent basin sediments is greatest south of Rillito and Tanque Verde Creeks and
east of the southern part of the Santa Cruz River. Other reaches of major streams
contribute little groundwater to the regional aquifer at a time scale of decades.
Tucson rain since 1991 has contained 5-7 TU of tritium, representing natural cos-
mogenic production. Bomb tritium in Tucson rain was augmented by industrial
tritium releases in the 1970s. Recharge at sub-basin scale, i.e. between major
streams, is evident in the data, but is of minor importance as a source of ground-
water.

INTRODUCTION

Tucson is one of several major urban areas reliant on
basin groundwater in the Basin-and Range province of the
semi-arid southwest USA. In all cases, population is
increasing and water levels are declining rapidly. The City
of Tucson has until recently relied exclusively on ground-
water from the Tucson basin and Avra Valley, west of the
city, as its source of municipal water. Recycled effluent is
increasingly used for irrigation, and supplementary water

Groundwater Recharge in a Desert Environment:
The Southwestern United States
Water Science and Application 9
Copyright 2004 by the American Geophysical Union.
10.1029/009WSAl2

from the Colorado River became available in the 1990s,
reducing the need for groundwater for the present. The cur-
rent urban population is near 800,000 and increasing rapid-
ly, suggesting that groundwater will remain necessary as a
major water source in the long term. A clear understanding
of the hydrology and hydrogeochemistry of the basin is
important for future management of the resource, and for
designing any new artificial recharge facilities. Issues relat-
ed to population growth and planning future water supplies
in Tucson are discussed in Gelt et al. [1999] and Kahn and
Long [1994].

The usefulness of groundwater isotope studies in identi-
fying water types in Tucson was shown by Kahn and Long
[1994] and is emerging in other urbanized basins, e.g.
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Albuquerque, New Mexico [Lambert and Balsley, 1997],
and El Paso, Texas [Anderholm and Heywood, 2003].

Stable isotopes and radioisotopes of H and 0 in water and
solutes in water provide valuable information about ground-
water age and origin. Stable H and 0 isotopes are particu-
larly useful where water sources are of different altitude or
latitude, or are subject to evaporation. Sulfur isotopes are
useful in distinguishing waters interacting with distinctive
sulfate sources (or in detecting the results of bacterial sul-
fate reduction), but are less commonly applied. Tritium (3 H)
has a half-life of 12.3 years [Lucas and Unterweger, 2000],
and is useful in distinguishing pre-bomb from post-bomb
infiltration. Carbon-14, with a half-life of 5715 years
[Holden, 2001], can be applied to the dating of pre-bomb
groundwater.

Over the last sixteen years, our laboratory has undertaken
an isotopic study of the Tucson basin, with the goals of
improving the understanding of groundwater  origin, age and
movement, and of demonstrating the potential of concurrent
application of multiple isotope systems in a semiarid basin
in which urban development allows detailed sampling. In
this paper, we present isotope data for groundwater in the
central part of the basin (Figure 1A), and interpret them in
relation to recharge and groundwater flow. We will address:
1. The isotope composition of Tucson precipitation; 2. The
relationship of recharge to seasonal precipitation; 3. The
isotope character of water recharging the aquifers in active

flood plains; 4. Use of isotopes to map domains influenced
by recharge from each major stream in the basin, and areas
influenced by upwelling of deep basin groundwater;
5. Relationship of groundwater domains to geomorphology;
6. Location of zones of high replenishment from flood-
plains to adjacent sediment; and 7. The relative importance
of recharge from major streams and from the areas between
them.

STUDY AREA

Location

The Tucson basin occupies an area about 30 x 40 km
within the watershed of the Santa Cruz River in southern
Arizona. The basin floor lies at elevations near 800 in
above sea level. The basin is bounded by mountain ranges
of crystalline rock, with altitudes up to 2900 m in the
Santa Catalina, Santa Rita and Rincon Mountains, and up
to 1400 in in the Tucson Mountains. The Tucson metro-
politan area occupies the northern half of the basin. The
climate at basin elevation is semiarid, with hot summers
and cool winters. Rainfall at basin levels averages 305 mm
annually and is equally distributed between a summer
monsoon with brief, localized convectional precipitation,
and a fall-winter season of longer-lasting, widespread,
cyclonic precipitation events associated with Pacific cold

Figure 1. A. Location map of study area (patterned), showing major streams of Tucson basin. VC = Ventana Creek,
SC = Sabino Creek, ACC = Ag,ua Caliente Creek, PC = Pima Creek. Precipitation collection sites are show as black cir-
cles: UA = University of Arizona; PRS = Palisades Ranger Station. B. Contours of static water level, in feet above sea
level [ Gelt et al., 1999].
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fronts or tropical depressions [Gelt et al., 1999]. The nat-
ural vegetation of the basin and lower mountain slopes is
Sonoran desert. Precipitation increases with elevation, and
the higher mountains are forested. Mean gradients are
114 mm/1000 m for summer, and 151 mm/1000 m for
winter precipitation [ Wright, 2001 1 .

Geology

The basin lies within the Basin-and-Range physiographic
province, and formed as a result of Neogene regional exten-
sion, expressed as detachment faulting followed by high-
angle normal faulting and rapid deepening of the central
part of the basin [Davidson, 1973; Eberly and Stanley,
1978; Anderson, 1987; and Dickinson, 1999]. It is filled
with alluvial and lacustrine sediments of Oligocene to
Holocene age, with a maximum thickness of 3000 m in the
central graben. Gypsum or anhydrite evaporites occur at
depth. Holocene alluvial deposits are largely restricted to
active flood plains. The crystalline basement consists of
granitic gneiss derived from Proterozoic and Eocene pro-
toliths in the Santa Catalina and Rincon mountains, and of
Paleozoic and Mesozoic igneous and sedimentary rocks in
the Tucson and Santa Rita Mountains.

Geomorphology

The principal features of the basin surface are a number
of alluvial fans and active flood plains along the major
washes. A series of Pleistocene terraces rises to the south of
Rillito Creek; these record the progressive erosion of allu-
vium that once filled the basin more deeply than at present
[Klawon et al., 1999]. For this study, the relevant geomor-
phic features (Figure 2) are the flood plains, the Jaynes and
Cemetery terraces, and a large alluvial fan that radiates
across the southern part of the basin from the point of entry
of Cienega Creek. The course of Cienega Creek passes east
of the fan at present; it appears to have been captured by a
Rincon Creek tributary to form the drainage known as
Pantano Wash.

Hydrogeology

Except for perched aquifers of limited extent near the
major flood plains, the groundwater in Tucson basin makes
up a single, regional aquifer, unconfined except at depth,
hosted in alluvial sediments and spanning most of the basin.
Static water levels generally decrease to the northwest, in
the direction of the present surface outlet (Figure 1B). They
have been strongly modified by decades of pumping

Figure 2. Topographic contour map of Tucson basin, with geo-
morphic features relevant to this study indicated thus: A. Holocene
flood plains; B. A large alluvial fan originating where Cienega
Creek enters the basin; C. Middle and late Pleistocene river ter-
races, the Jaynes and Cemetery terraces [Klawon et al., 1999]
south of Rillito Creek; D. Present course of Cienega Ck (upper
Paritano Wash).

beneath central Tucson, where levels declined 30 to 60 m
between 1940 and 1995 [Gelt et al., 1999]. The decline in
groundwater levels has resulted in the disappearance of
perennial surface water from the basin, except where the
Santa Cruz River is supplied with treated municipal efflu-
ent, and where Cienega Creek crosses an andesite sill in the
southeastern corner of the basin. Most wells producing
water for human consumption draw from the upper 250 m
of basin sediment.

PREVIOUS ISOTOPE STUDIES OF TUCSON BASIN

Detailed isotope maps (o 130, 8D, 834S, 8 13C, 14C) of the
northern third of Tucson basin, along with limited informa-
tion on tritium, 837C1 and 5 180 of sulfate [Kahn and Long,
1994] revealed basin-scale distribution patterns, and
showed that, except on the western side of the basin, moun-
tain precipitation was the ultimate source of groundwater in
the study area. Other contributions include 8 180, 8D and tri-
tium data for springs and wells in the Santa Catalina
Mountains and foothills [Cunningham et al. , 1998], tritium
data for Tucson groundwater [Coes et al. , 2000 1 , and data
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showing a tritium front in the aquifer south of Rillito Creek
[Lindquist, 1992]. Additional data cited here are from the-
ses and dissertations of the University of Arizona [Kahn,

1994; Esposito, 1993; and Pasilis, 1999] . For this report,
we have increased the density of sampling points in the
Tucson urban area, and have extended the area of coverage
outward in all directions.

THE DATA SET AND ITS LIMITATIONS

Sample Sites

We have accumulated data from over 400 sites, which are
numbered (Figure 3) and listed with well names, locations,
depth information and the isotope data at the URL:
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Figure 3. Sample site map. Numbers refer to the data table (http://wwwzeo.arizona.edu/research/iso—geoch—lab.html).
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Figure 4. vertical cross section A-A' of Tucson basin (see Figure
1 for location), showing static water level (swI) and well-screen
bases. Site numbers (Figure 4) are in boxes.

http://www.geo.arizona. edu/research/iso—geoch—lab .html.
Details of analytical methods are also given. In all cases, we
sampled existing production and monitoring wells. A sam-
ple therefore gives a flow-weighted mean value of each iso-
tope parameter for the screened interval of the well. Well
depths and screened intervals vary depending on local needs
and conditions; municipal wells in the basin center are
deeper and have longer screens than private wells in flood
plains (see Figure 4 and URL cited above for details).
Nonetheless, static water levels (Figure 1B) indicate a
basin-wide aquifer, with the exception of wells near the
southwest end of the section in Figure 4, where a perched
aquifer exists, e.g. at sites 131 and 148. Screened intervals
lie within 240 ni of the surface in most cases; a few screens
extend to 300 ni. Our data in general represent bulk ground-
water in the upper 240 m of sediment, or generally the upper
140 m of the regional aquifer, across a 30 kin width of basin.
We have little information about vertical isotopic variation
within that interval. We did not obtain samples from sever-
al areas of the basin, notably near downtown Tucson, where
no production wells are in use.

Time as a Factor

The Tucson basin aquifer is a dynamic system in which
change will be observed, given enough time between meas-
urements at a given site. For this study, we have accumulat-
ed data over a period of 16 years; this raises questions about
the validity of isotope maps containing data from different
sampling campaigns. We have repeat measurements of 5 180
at 13 sites and tritium at 32 sites with separations of sever-
al years (see http://www.geo.arizona.eduiresearch/iso-
zeoch—lab.httnI). Most of the 5 180 data show only small

shifts. For sites 1, 16, 27, 101, 103, a set of manual equili-
bration data from 1989 may be about 0.5%0 too high
because of analytical error, on the basis of comparison with
SD data. In the case of tritium, injection of Central Arizona
Project water (14-15 TU) in 1993 affected sites 56, 65 and
68; for these sites, only pre-1993 data will be shown on the
tritium map. Three wells south of Rillito Creek (sites 29, 30,
175) also shifted to higher tritium between 1992 and 1998,
an observation discussed below.

TUCSON PRECIPITATION

5D and 5 180

Our laboratory has functioned as an observatory for SD
and 3 180 in individual precipitation events in Tucson since
1981. We possess a smaller data set for Ito 2 week aggre-
gate samples representing all precipitation between 1995
and 2000 at the Palisades Ranger Station in the Santa
Catalina Mountains [Wright, 2001]. At both sites, SD and
5 180 vary widely among individual events, seasonal
means and annual means. Summer monthly local meteoric
water lines (MWLs) have slopes between 5.7 and 7.7, and
winter monthly local MWLs have slopes between 5.2 and
8.5. Slopes less than 8 are consistent with evaporation of
falling raindrops, which is characteristic of arid regions
[Gat, 1981]. The mean isotopic altitude effects are
per 1000 m for 3 180, and 11%0 per 1000 in for ciD [Wright,
2001].

Tritium

Bomb-derived tritium had been removed from the atmos-
phere by 1992 (Figure 5). Individual rain events from 1992
to 2000 varied between 2 and 12 TU. The annual mean tri-
tium content of precipitation, weighted for precipitation
amount, has increased slowly between limits of 4.3 and 6.7
TU from 1992 to 2001; a similar range is likely for pre-
bomb rainwater which would now have decayed to less than
the 0.6 TU detection limit of our laboratory.

Tritium in seasonal-aggregate precipitation samples from
1968 to 1991, corrected for decay, has been compared with
a predicted bomb tritium curve for southern Arizona rain
[Doney et al., 1992]. Samples from the 1980s lie beneath
the predicted curve. Precipitation samples from 1968 to
1977 depart radically from the curve (Figure 5), with values
as high as 1100 TU. These correspond in time to the opera-
tion of the American Atomics factory, a manufacturer
of self-illuminating signs, that was closed in 1981 for
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Figure 5. Tritium in Tucson rain, 1950 to present, showing a
model curve [Doney et al. , 1992]. Annual, seasonal and Santa
Cruz river water tritium values are actual measurements, weight-
ed for amount of precipitation in the case of annual and seasonal
means. Thin dashed lines show the slope of radioactive decay
curves. The thick dashed line (1950-1955) shows estimated pre-
bomb rain tritium.

unauthorized releases of tritium into the atmosphere and the
city sewers [Wasserman and Solomon, 1982]. The rain sam-
ples were collected from locations 1.5 to 4 lcm from the two
sites used by the factory.

Carbon-I 4

The 14C content of CO, in Tucson urban air, measured as
percent modern carbon in deciduous or annual plant mate-
rial, has decreased from about 112 pMC in 1994 to about
107 pMC in 2002. A single measurement of 179 pMC was
made near the peak of bomb 14C in April 1965. Rural air,
which is not as strongly affected by combustion of fossil
fiels, is 0 to 2 pMC richer in 14C than urban air (Figure 6).
Rainwater (not measured because of the large sample vol-
ume required) would contain the same or lower pMC val-
ues, depending on the relative proportions of carbon from
dust and air.

5345

Sulfate precipitation occurs in rain and as dry fallout.
Values of 534S in rain samples over one year (1996-1997)
show an apparent seasonal variation between 2.1 and 8.5%0,
with higher values limited to summer [Kayaci, 1997]. Three
dust samples gave 8345 values of 6.9, 6.4 and 3.6%0.
Variation of 534S in rain may reflect variability in the ratio
of sulfate contributions from aerosols and from anthro-
pogenic sources such as sulfide ore smelters and power
stations.

RECHARGE AND SEASONAL VARIATIONS OF
0 AND H ISOTOPES

Figure 7 is a plot of 51) vs 5 180 for all groundwater sam-
ples at basin elevation, with weighted mean values for
mountain and basin precipitation shown for comparison.
The groundwater data fall within the range of precipitation
data and close to long-term means [Wright, 2001], indicat-
ing minimal evaporation during recharge despite the semi-
arid climate [cf. Mathieu and Bariac, 1996]. Assuming that
5 180 of groundwater represents an average isotope compo-
sition of precipitation from a single season or longer period,
we can deduce that both mountain- and basin-level precipi-
tation contribute to basin groundwater. Groundwater corre-
sponding to mountain precipitation clusters between the
winter and overall means for mountain precipitation.
Likewise, groundwater corresponding to basin precipitation
clusters between the winter and overall means for basin pre-
cipitation. These observations confirm the observations of
previous authors that winter precipitation is a more impor-
tant source of recharge than summer precipitation [Simpson
et al. 1970; Kahn and Long, 1994]. The extreme negative
points in Figure 7 correspond to flood-plain groundwater
samples (sites 258, 361) that contain finite tritium and
appear to be strongly influenced by individual precipitation
events.

SURFACE WATER AND FLOOD
PLAIN GROUNDWATER

In this study, we use relatively shallow groundwater sam-
ples from active flood plains as the preferred indicators of
time- and space-averaged isotope compositions of water
recharging the basin beyond the flood plains. Ephemeral

Figure 6. Carbon-14 content of Tucson's atmosphere (measured
on annual or deciduous plant material), rural air from southem
Arizona, surface water and flood-plain groundwater samples.
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surface water varies widely in isotopes, particularly 61) and
6 180, presumably reflecting the temporal variability of
these parameters in rain and the potential combination in a
given sample of water from a variety of events, altitudes and
locations. A process of isotopic averaging begins in surface
water, continues in flood-plain groundwater which is gener-
ally very young (see evidence below), and culminates in
water that infiltrates from flood plains into adjacent sedi-
ment (see example of 0 isotopes in groundwater near Rillito
and Tanque Verde Creeks, Figure 7).

5 180 and 3D

Groundwater from the flood plain of the Santa Cruz River
and that emerging in the perennial reaches of Cienega Creek
has 6 180 values > —8%0 (Figure 8). Both drain extensive
basins at low elevations upstream of Tucson, with a relative-
ly small fraction of the catchment area at elevations above
2000 m. Rillito Creek and its northern tributaries, by contrast,
have small catchments with large portions at elevations
greater than 2000 m in the Rincon and Santa Catalina Mts.
The common occurrence of 6 180 values <-9%0 in groundwa-
ter from the flood-plains of these streams is consistent with a
predominant water input from high altitudes. Flood-plain
groundwater is isotopically homogeneous (6 180 —7 to —8%0 )
in the case of the Santa Cruz River, but changes to —8 to —9%0
downstream of the effluent discharge points of county waste-
water treatment plants.

In Rillito and Tanque Verde Creeks the 6 180 range of
flood-plain groundwater is broader. A longitudinal set of

Figure 7. Plot of 31D vs. 6 180 for all available groundwater sam-
ples (black diamonds, n = 360), and mean precipitation at basin
elevation and in the Santa Catalina Mountains (white squares with
vertical lines). The dotted polygon encloses >99% of measure-
ments on individual rain events at basin elevation. Grvrw-L= glob-
al meteoric water line, 81) = 86 180 + 10 . S = summer, W = win-
ter, A = all data. Bold lines below graph give 3 180 ranges of
groundwater from Rillito-Tanque Verde flood plain (RTV-FP) and
from basin sediments immediately south of the flood plain (Rv-s).

Figure 8. Plot of 6345 vs. 6 180 in flood plain groundwater. The
empty ellipse corresponds to groundwater compositions not repre-
sented in flood-plain groundwater.

samples taken on June 21, 1997 in the Tanque Verde Creek
flood plain has 6 180 values decreasing from about —7%0
near the range front to —12%0 just east of the confluence
with Sabino Creek, then increasing at the confluence
(Figure 9). This pattern could be explained by: 1. evapora-
tion of shallow groundwater, 2. preferential recharge of
summer precipitation near the range front following heavy
pumping during spring, or 3. preferential recharge after
small precipitation events yielding low runoff volumes near
the range front. If evaporation from shallow groundwater
were the cause, samples from the highest water tables
should have the highest 6 180 values; at sites 354, 355, 376,
384 the water table is at its shallowest, near 7 m below the
surface; the 6180 range is —9.6 to —7.4%o, indicating no such
relationship. For the year prior to sampling, the weighted
mean 6 180 values of winter and summer rain in Tucson
were —8.1 and —8.8%0 respectively. The weighted means for
large (>10 mm) and small (<10 mm) precipitation events
were —8.4 and —4.8%0 respectively. The 6 180 data therefore
suggest that water from small rain events infiltrates prefer-
entially near the range front. Weighted mean values of deu-
terium excess, which are respectively 16 and 4 for large and
small events, also support this conclusion. (The deuterium
excess, defined as d = 6D-85 180, is an indicator of evapora-
tion, in this case of falling rain; d = 10 corresponds to the
meteoric water line, and lower values indicate evaporation).
Figure 9 shows a general correspondence between high
6180 and low d in the groundwater. The increase in 6 180 at
the confluence with Sabino Creek may arise from small
runoff events in Sabino Creek.

Tritium

Groundwater samples from flood plains all contain finite
tritium (Figure 10), indicating that they are young water. A
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Figure 9. Plot of 6 180 and — d-parameter in groundwater from the
flood plain of Tanque Verde Creek, sampled on June 21, 1997, vs.
distance from the mountain range front.

few samples containing more or less tritium than contempo-
raneous rainwater are mixtures of recent rainwater with pre-
bomb or bomb-pulse water. Groundwater with 10 to 30 TU,
the highest values found in the basin, was sampled in the
Santa Cruz flood-plain north of downtown between 1993 and
1999, and may represent residual contamination from
American Atomics or from disused landfills along the river.

5 34S

We possess a few measurements of 834S in surface water:
in the Santa Cruz River, 5.0%0 [Lewis, 1996); Sabino Creek,
6.2 % and Tanque Verde Creek, 7.2%0 [Barger, 1996); and
5 measurements from the perennial reaches of Cienega
Creek, 12 to 14%0. In all flood-plain groundwaters except
those from Cienega Creek, the range of 834S is 2 to 7%0. The
834S and 8 180water data for flood-plain groundwater and
Cienega Creek surface water, plotted in Figure 8, fall into
distinctive fields that will be used below in the interpreta-
tion of other groundwater of the basin. The empty field
marked by the ellipse in Figure 8 corresponds to groundwa-
ter compositions not represented in the flood plains. The
differences in 834S between drainages indicate that rock sul-
fur sources, not sulfate from precipitation, govern the 834S
values of surface water in the field area.

Carbon-I4

The 14C contents of surface water samples are plotted rel-
ative to atmospheric 14C in Figure 6. Values ranged from
atmospheric (>100 pMC) to 85 pMC, and may change rap-
idly following rain events. Samples from a single runoff
event (August 31, 2000, following rain the previous day)

gave values of 89 pMC in Sabino Creek, and 107 pMC in
Tanque Verde Creek near the range front. The flood-plain
groundwaters plotted in Figure 6 all have >3 TU, and, with
one exception, fall at or below atmospheric 14C values. The
exception, 115 pMC, is from site 374 in the Tanque Verde
flood plain, and consists of water that effervesces CO, as a
result of mesquite root respiration. On the evidence of the
data for surface water, samples with as little as 85 pMC (and
possibly lower) are ambiguous: they may be recently
recharged rain water, pre-bomb rainwater, or a mixture of
pre- and post-bomb waters. Where no tritium is present, pre-
bomb water is indicated.

CENTRAL BASIN GROUNDWATER: LARGE-SCALE
ISOTOPE DISTRIBUTION PATTERNS

We now focus on groundwater beyond the flood plains In
this section we present four detailed maps of environmental
isotope distribution in the central part of the basin: for 8 180,
834S, 3H and 14C. The 8D map recapitulates the 8 180 map,
and is not presented. Each of the maps shows features at
basin (5 to10 km) scale. In this section we outline the basin-
scale features and their implications for origin and age of
water. Smaller-scale variations can also be observed on the
maps, and some of these will be considered in the following
section.

8180

Plate lA shows a basin-wide boundary between siso val-
ues predominantly >-8%0 to the northeast (surrounding
areas of high elevation), and <-9%0 to the southwest.
Groundwater northeast of the boundary derives dominantly
from mountain precipitation; southeast of the boundary it

Figure 10. Comparison of tritium content of individual rain events
and flood-plain groundwater samples. The group of wells marked
Mower Santa Cruz" is from the Santa Cruz flood plain north of
downtown Tucson.
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Plate 1.A. Map of Tucson basin showing 8 180 values of groundwater. B. Map of Tucson basin showing 834S values of

groundwater. Orange linear features are major faults
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derives principally from basin precipitation. The zone with
8 130 < —9960 encloses washes draining high elevations, but
extends far beyond them and is not clearly related to them.
A secondary feature, with 5 180 < —10960, lies within that
zone, adjacent to the terminus of Rincon Creek Two small
zones with 5 130 between —9 and —8%0 occur south of Rillito
Creek near Pantano Wash (possibly representing recharge
from small runoff events in Sabino Creek), and east of
downtown Tucson.

334S

The 534 S map of groundwater (Plate 1B) shows a basin-
scale feature with 534S > 1096o, its axis parallel to the pre-
dominant flow direction (cf. Figure 1B), extending from the
southeast corner of the basin toward the Santa Cruz-Rillito
confluence. Groundwater in the area surrounding the feature
has 534 S values between 3 and 10%0. The ultimate source of
dissolved sulfate with 5 34 S > 10%0 is Permian marine gyp-
sum, which crops out in mountain ranges south and east of
Tucson basin and has been reworked into lacustrine evapor-
itic gypsum interbedded with alluvium in the southeastern
part of the basin.

Tritium

Outside the limits of active flood plains, a threshold of 1.5
TU serves to distinguish basin-scale features (Plate 2A); the
implications of a scatter of samples with very low tritium
levels within the zones of <1.5 TU will be discussed below.
Five zones with tritium >1.5 TU are distinguished: 1. south
of Rillito Creek, extending 2-3 km from the active flood
plain except near the Santa Cruz-Rillito confluence; 2. south
of Tanque Verde Creek, extending 2-3 km southwest from
the flood plain toward Pantano Wash; 3. east of the Santa
Cruz River in the southern half of the study area, extending
1-2 km from the flood plain; 4. at the confluence of Pantano
Wash and Rincon Creek; and 5. a thin band of samples in
the basin center. The first four zones indicate areas where
natural flow of groundwater has introduced bomb-pulse or
younger tritium to the upper parts of the basin from the adja-
cent flood plain. The fifth zone does not correspond with a
major wash, although a storm-water drainage channel with
a large retention basin is present at the upgradient (south-
east) end. This zone coincides with the two addresses of the
American Atomics factories during the 1970s, and is most
likely a plume of tritium contamination, introduced either
from the retention basin (which would have collected runoff
from the southern factory site) or through the 50-65 m
vadose zone beneath the factories.

The zone of recent recharge south of Rillito Creek (Figure
11) lies beneath the Jaynes and Cemetery river terraces
(Figure 2), occupying the entire width of the terraces at the
eastern end, but tapering westward to intersect Rillito Creek
near site 175, at the point where static water level contours
indicate the change from south to north in the direction of
recharge from Rillito Creek (Figure 1B). In 1991, the lead-
ing edge of the tritiated water coincided with the base of the
trough in static water-level, as shown in cross section X—X'
(Figure 12). In 1996 and 1998, we re-sampled several sites
straddling the tritium boundary and found that sites 29, 30
and 175 had changed from undetectable tritium to > 1.5 TU
(Figure 11). The boundary appears to be moving slowly
westward, filling the permeable river terrace sediments, but
not yet penetrating south of these terraces.

Carbon-14

Samples with <40 pMC appear to be the oldest accessible
water in the basin. Two linear zones with pMC <40 are par-
allel to the Santa Cruz river, and approximate the trace of the
Santa Cruz normal fault. Water as old as 6,000 years on the
basis of NETPATH modeling [Ken and Long, 1994] is pres-
ent in such areas. Other instances are at sites 251, 253 and
254, also associated with a normal fault. These features are
evidence for upward movement of old, deep basin ground-
water into the upper part of the regional aquifer, and into the
perched aquifer adjacent to the Santa Cruz river (sites 45,
151, 152). Zones of high-sulfate water parallel to the Santa
Cruz river were cited as evidence for upward movement of
water along the fault [Laney, 1972]. Aside from these linear
zones, groundwater in the central part of the basin shows a
general zonation of 14C content, the lowest values occurring
in the parts remotest from major washes.

Only 8 of 117 14C data points have <30 pMC, and of
these, 7 are associated with normal faults. The accessible
parts of the regional aquifer unaffected by upwelling there-
fore contain water less than 10,000 years old (most likely
much less, even in the oldest instances), with evidence of
older water below. No Pleistocene water appears to be pres-
ent in the upper 300 m of sediment. The upper part of the
aquifer has been efficiently flushed during the Holocene.

Kahn (1994) modeled flow times between streams and
selected wells using NETPATH. Flow-paths that are plausi-
ble in light of the understanding gained from the current
data set include stream (Tanque Verde creek in each case) to
site 93 (285 years); stream to site 86 (231 years); stream to
site 27 (1043 years); site 87 to site 16 (4617 years); site 90
to site 27 (1045 years), site 87 to site 27 (638 years). Site
numbers are shown in Figure 3, and the paths cited span the
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Figure 11. Map of tritium distribution in the Jaynes and Cemetery terraces south of Rillito Creek. Sites marked
-changed" increased from < 1.5 TU to > 1.5 TU between 1991 and 1998. Sample sites numbers correspond to the data
table. Most sites were sampled in 1991; sites numbered > 200 were sampled in 1998.

basin from the northeast to the center. The flow times are
consistent with efficient flushing as suggested above.

Groundwater Origin and Flow Paths

Each isotope system considered above contributes to the
identification of a set of basin-scale groundwater features
(Figure I3A). The existence of basin-scale features is con-
sistent with predominant recharge from basin-scale sources,
e.g. the major washes. The combined 5 180 and 534 S data
reveal a set of six groundwater domains (Figure 13B), each
differing from adjacent domains in at least one of the two
parameters. The domains can be compared with the charac-
ter of adjacent flood-plain groundwater (Figure 8). Domain
A (6180 <_9%0, 534s< 10%0) corresponds isotopically to
Rillito and Tanque Verde Creeks. Domain B (6 18 0 > —8%0,
534 S < 10%0) corresponds to the Santa Cruz River, and the
eastern domain boundary is present also in the tritium and
carbon-14 maps. Domain B may also extend as far north as
downtown Tucson; this would account for the high 5 180
(>-9960) and finite tritium values at sites 238, 242 and 246.
Domain C (5 180 > —8960, 534 S > 10%o) corresponds to

Cienega Creek. Domain D (8180 < _9%0, 5.34s > 10%0) does
not correspond to any known surface water; it is represent-
ed by the empty field in Figure 8. Domain E (5 180 <-10%0,
534 S < 10%0) corresponds to Rincon Creek. Domain F (5 180
> —9%0, 534S < 7.5%0) is distinguished mainly by low pMC
values, and may not be distinct from domain B. Figure 13B
therefore shows which parts of the aquifer are supplied from
each of the major drainages entering the basin.

The spatial associations between domains and drainages
are straightforward except for domains C and D. Domain D
contains mountain-derived water (5 180 < —9%0), but has
534 S values like those of Cienega Creek water. No water
with 5 180 <-9%o has been observed in Cienega Creek base-
flow; therefore the domain D water appears to have derived
from the Rincon Mountains and to be flowing upwards at
the southeastern extremity of the domain. The sulfate 534S
values are best explained as deriving from lacustrine gyp-
sum which may exist in the subsurface in that area, an inter-
pretation consistent with high sulfate content in water in this
area [Laney, 1972]. Surface water from the Rincon
Mountains is at present flowing into a small karst east of the
study area; this is a potential source for Domain D water.



A. Tritium
• <1.5

1.5 to 5
• 5 to 10

riA • > 1 0

B. Carbon-1 4
• <40
• 40 to 55
• 55 to 80
• 80 to 100

NA 0 > 100

228 ISOTOPES IN TUCSON BASIN GROUNDWATER

250

Plate 2. A. Map of Tucson basin showing tritium content of groundwater. B. Map of Tucson basin showing 14C content

of groundwater in percent modern carbon (pMC). Orange linear features are major faults.
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Figure 12. Vertical cross section X—X' (Figure 22) showing static
water levels and tritium content of groundwater. SM. = static
water-level, and pwl = pumping water-level. Site numbers are
given in boxes.

Domain C groundwater follows an old course of Cienega
creek across alluvial fan B (Figure 2), and clearly does not
follow the present surface-water course, upper Pantano
Wash. Domain D appears to interrupt the two areas of
Domain C. Given the sampling density in this area, it is pos-
sible that the connection between the two areas was missed.
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However, it is also possible that no connection exists at
present, that domain D water has displaced domain C water,
and that water from Cienega Creek is finding a new flow
path.

Our data set gives no indication of whether groundwater
from Rincon Creek currently follows present surface
drainage (Pantano Wash between Rincon and Rillito
Creeks). The distribution of 14C in Domain E (compare
Plate 2B and Figure 133) suggests that groundwater from
Rincon Creek has, at least in the past, flowed west of
Pantano Wash, a path inconsistent with present water sur-
face contours modified by pumping (Figure 1B).

Flow From Flood Plains to Adjacent Sediment

Figure 14 indicates that groundwater in broad areas of
the central basin derives from major drainages. Recharge
of surface water into flood-plain alluvium occurs rapidly
and visibly after precipitation events. Subsequent flow
from flood-plain sediment into adjacent, more consolidat-
ed sediment undoubtedly occurs from every flood plain in
the basin to some extent, but is concentrated in certain
reaches, as indicated by the spatial age distribution of
groundwater. The tritium and 14C maps show that the age
of groundwater adjacent to flood plains varies greatly from
place to place. Three cases can be distinguished where suf-
ficient data exist (Figure 14): 1. Post-bomb water present
(finite tritium, pMC >100); 2. Younger pre-bomb water

Figure 13. A. Map of Tucson Basin showing basin-scale isotope features from Plates 1 and 2. Areas with > 1.5 TU are
numbered to match the text. B. Map of Tucson basin showing groundwater isotope domains and flow directions.
Domain designations are explained in the text.
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Figure 14. Map of Tucson basin showing age of groundwater
adjacent to major Tucson basin drainages. Each rectangle enclos-
es the interval of wash to which the age estimate applies. No esti-
mate is available where there is no rectangle.

present (> 80 pMC, no tritium); 3. Older pre-bomb water
with < 80 pMC present. A much greater density of tritium
and 14C data adjacent to the major washes would be
necessary to provide more detail.

SMALL-SCALE RECHARGE

Recharge at small spatial scale (less than the 5-10 km fea-
tures described above) almost certainly occurs from small
drainages or between them, but its importance relative to
basin-scale recharge is unclear. Evidence for small-scale
recharge may be found in the scatter of data inconsistent
with certain basin-scale isotopic features. It is possible to
evaluate the relative importance of basin-scale and small-
scale recharge sources in the following cases: 1. In the
basin-scale feature with values of 6 180 less than —9%0, local,
small-scale recharge could add water derived from basin-
level precipitation with a time-integrated 6 180 value
between —7 and —8 %0. 2. In the basin-scale feature with tri-
tium below detection, small-scale recharge in the last 40-50
years could add detectable tritium.

Figure 15A shows the frequency distribution of 6 180 in a
set of 85 sites. Excluded are flood-plain samples and sam-
ples defining the features with 6 180 > —9%0 (Plate 1A). As
explained above, a few 5 180 measurements may be 0.5%o

too positive; these are distinguished in Figure 15A.
Nonetheless, the distribution remains bimodal, with at least
10 sites composing the minor peak. About half the sites are

in the area between Tanque Verde Creek and Pantano Wash
(Plate 1A), where groundwater is less than 30 m below the
surface (Figure 5). The minor mode (-8.5%0) corresponds
with mixing of sub-equal proportions of the major mode
(-9.5%0) with integrated basin-level precipitation (-7.4%0),
including both summer and winter rain.

The tritium data are more difficult to represent as a his-
togram because measurements are close to the detection
Limit, which has changed over time. For low-counting sam-
ples, it is customary to distinguish finite values (>95% prob-
ability of being distinct from zero) and apparent values (67-
95% probability). Of 37 sample sites defining the basin-
scale feature; 7 have finite tritium, and 6 have apparent tri-
tium (Figure 15B). Only two samples with 1.8 TU approach

Figure 15. A. Frequency histogram of 6 180 values of groundwa-
ter in the basin-scale feature with 6 180 < —9%.. Data marked "sus-
pect" are 1989 measurements thought to be approximately 0.5 %o
too high. B. Frequency histogram of tritium data from the basin-
scale feature with <1.5 TU. "Apparent" and "finite" data are
explained in the text.
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the 2.5 TU that would result from rapid mixing (< 1 half-
life) of equal proportions of 5 TU rainwater with 0 TU
groundwater. The degree of mixing indicated by the remain-
ing samples is much lower (<20% 5 TU rainwater; less for
rainwater containing bomb tritium). If the 6 180 data indi-
cate the prevalence of 50-50 mixing, then the tritium data
imply that such mixing has occurred over many half-lives.

DISCUSSION

Relative Importance of Large- and Small-scale Sources of

Recharge

The water in the upper 140 m of the regional aquifer orig-
inates predominantly from large areas of recharge such as
major washes and major fracture systems conveying water
from the basin depths. In domains where mountain-derived
water predominates, basin-level precipitation is also avail-
able for recharge, yet 8 180 data indicate its presence in only
12% of the group of 85 wells. Many of the affected wells are
in an area with groundwater within 30 ni of the surface, in
contrast to the rest of the basin where groundwater is usual-
ly about 100 m below the surface. This observation suggests
the possibility that small-scale recharge of basin-level pre-
cipitation is more common than shown by this study in areas
with deeper groundwater. There, the recharge may be too
slow to keep pace with the decline of the water table (as
much as 60 m in 55 years), and water resulting in part from
past small-scale recharge may already have been pumped
away.

Dynamics and Anthropogenic Effects

The long interval of sampling in this study has permitted
us to identify one case in which an isotope boundary is mov-
ing: the tritium front in the Jaynes and Cemetery terraces
(Figure 11). The rate of movement of the boundary is diffi-
cult to measure given the spacing of sample points, but may
be 10 to 20 in per year. The relationship of the boundary to
the trough in static water levels (Figure 1B) poses the ques-
tion: does the movement of post-bomb water into this area
represent a local change in groundwater flow direction as a
result of pumping-induced depression of the water table?
We do not have enough 14C data on the west side of the
boundary to indicate whether recharge yielding >80 pMC
and undetectable tritium was occurring prior to bomb
effects; the two sites available (224 with 30.5 pMC, 230
with 24.6 pMC) appear to belong to a different, linear iso-
tope feature as explained above. We can conclude that pre-
bomb recharge in the area was insufficient to mask this fea-

tare. The groundwater flow field is such that there is upward
movement of water along the linear feature and limited
westward movement of groundwater originating in Rillito
Creek, both pre- and post-bomb. About 5 km east of the
confluence of Rillito Creek and the Santa Cruz River, the
trough in the water table crosses to the north of Rillito Creek
(Figure 1B); pre-bomb recharge occurred on the north side
and almost certainly pre-dates the effects of pumping.

Upward movement of deep basin groundwater water has
been suggested in two linear isotope features (Plate 2B) and
at the origin of domain D (Figure 13B). Could such move-
ment also be caused by pumping-related disturbance of the
aquifer? In the case of the linear features it is not possible to
tell from the available isotope data. In the case of domain D,
pMC values range from 79 pMC near the point of origin to
40-50 pMC at the northwest limit of the domain, suggest-
ing that domain D has existed for at least several hundred
years. This observation, and the lack of severe pumping-
related disturbance of the aquifer near the point of origin,
suggest that the upward supply of domain D water pre-dates
pumping.

Practical Implications for Tucson Basin

Most of Tucson's municipal wells in the central part of
the basin yield water with tritium below detection, and
water levels have declined 30 to 60 m since 1940.
Groundwater levels are declining even where tritiated water
is present near Rillito Creek. Viewed at a time scale of
decades (the time scale of city growth), natural replenish-
ment is therefore relatively slow compared with water con-
sumption even where the tritium data .indicate that surface
water has moved into the regional aquifer since the 1950s.

Does all of the water recharging flood-plain alluvium
reach the regional aquifer, or does some, perhaps most,
leave the basin laterally through perched aquifers in the
flood-plain alluvium? Few sample sites are located in
stream beds. Transient perched aquifers form in response to
rainfall in Rillito Creek [R. Marra, Tucson Water, pers.
comm.]. In this study, we observed a permanent perched
aquifer at about 10 m depth at site 278 (Pantano Wash at
Rincon Creek. In both areas, tritiated water is reaching the
regional aquifer, but the data do not preclude lateral water
movement.

Artificial recharge by way of infiltration through the beds
of the major washes has been proposed as a method of
recharging the regional aquifer. Water placed in flood plains
will rapidly recharge the flood plain alluvium, and part
might move laterally to flood plains downstream. Our tri-
tium and 14C data imply that the flow of water into adjacent
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sediment will vary greatly from place to place. The best
replenishment could be achieved south of Tanque Verde and
Rillito Creeks, and east of the Santa Cruz River in the south-
ern part of the basin. All of these reaches except Tanque
Verde Creek are compromised by industrial pollution or
landfills.

Implications for Recharge Studies in Other Basins

As noted above, the accessible parts of the regional
aquifer in Tucson basin are well-flushed with minimally
evaporated water up to a few thousand years old. Flow
events in the major drainages appear to contribute most of
the recharge, which is strongly localized. All of the
drainages rise in areas with higher annual rainfall than
Tucson basin, either in the adjacent high mountains or in the
uplands near the Arizona-Mexico border. Another relevant
factor is the predominance of sand or coarser sediment in
the upper levels of the basin (Anderson, 1987). Other semi-
arid basins in the southwest USA that are supplied with
surface water from areas with higher rainfall might be
expected to recharge in similar fashion. Basins or parts of
basins with little surface water supply during the Holocene
provide the contrasting case. Basin floor precipitation is the
predominant source of recharge, which will be broadly dis-
tributed rather than localized, and small in quantity. Such
basins will contain relatively old water. Where clay pre-
dominates at the surface, recharge will be slow and surface
evaporation high.

Every basin is unique, and isotopic techniques that are
effective in one may not be useful in another. Where altitude
differences or evaporative effects are relevant, 0 and H iso-
topes provide a rapid and cost-effective first evaluation. S
isotopes are now also an inexpensive tool. They are effec-
tive in Tucson because of the isotopic contrast between
Permian marine and other local sources of sulfate. S iso-
topes are less likely to be effective where local rock-types
provide no contrasting sulfur sources, unless bacterial
reduction (not important in Tucson basin) is present. Tritium
and radiocarbon are slower and more expensive measure-
ments, best used after a first evaluation. Both are effective
in well-flushed basin, while radiocarbon is more useful in
other cases.

Limitations of This Study

Commonly in earth science investigations, the higher the
density of sampling, the greater is the degree of complexity
revealed. The number of sample sites available from this
study is unusually large. Nonetheless, certain complex

water interactions remain poorly resolved. This is true par-
ticularly in the area immediately southwest of the conflu-
ence of Rillito Creek and the Santa Cruz River, where,
groundwater converges laterally from domains A, D and
probably B, and upwards along the Santa Cruz fault. A
higher sampling density (unavailable) and consideration of
water chemistry in conjunction with isotopes (to be present-
ed in a separate article) could help resolve the details of
water movement.

Another consideration of interest in the context of
recharge is the identification of water replenishing the basin
aquifer through fractures in the mountain block (as distinct
from recharge of mountain-derived water at low elevations
through major stream channels, as is indicated by our data
set). The present data set gives no basis for distinguishing
the two pathways, or estimating their relative importance.

CONCLUSIONS

1. Multiple isotopic parameters in combination with a
large set of sample sites enable us to map detailed fea-
tures of the aquifer. In the central part of the basin, dis-
tinct groundwater domains exist, and can be associated
with large-scale sources of recharge from drainages, or
with water moving upward in major fracture systems.
Present flow paths of groundwater are strongly influ-
enced by Pleistocene geomorphology.

2. Smaller, local sources of infiltration have been detect-
ed, but are of secondary importance in supplying water
to the regional aquifer.

3. Winter precipitation dominates basin recharge, and
evaporation during recharge is minimal

4. 0 and H isotopes in flood-plain groundwater reflect
mountain precipitation in Rillito Creek and tributaries
draining high-altitude areas, and basin-level precipita-
tion in the Santa Cruz River and Cienega Creek which
have dominantly low-elevation catchments. Mountain
precipitation is the source of groundwater beneath most
of the urban area.

5. Runoff from small precipitation events preferentially
recharges the Tanque Verde flood plain closer to the
mountain front than runoff from large events.

6. Bomb tritium had "rained out" of Tucson precipitation
by 1991. Rain since 1991 contains 4.7 to 6.7 TU, the
level increasing slowly with time. Contamination from
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the American Atomics factory augmented bomb tritium
in Tucson basin in the 1970s. Tritium in flood-plain
groundwater is largely consistent with tritium levels in
contemporaneous precipitation.

7. Groundwater flow from flood-plain alluvium to the
regional aquifer varies greatly from reach to reach of
the major drainages.

8. Urban air in Tucson still contains bomb 14C, which had
decreased to 107 pl1/44C by 2002. Rural air is 0-2 pMC
more enriched. Surface water reaching the basin at
present contains 85-107 pMC.

9. Artificial recharge would be efficient in flood-plains;
from flood plains into adjacent basin sediment the
process would be less effective, and feasible only in
limited areas not compromised by the presence of land-
fills or other contaminant sources.
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