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ABSTRACT

The Upper San Pedro River Basin (Arizona, U.S.A.) contains one of the few remaining
desert riparian areas in the Southwest. This study characterizes and quantifies the water

sources that contribute to riparian groundwater and sustain river baseflow using a suite of
geochemical tracers including stable and radioactive isotopes and anions. Results indicate
that of the possible sources, basin groundwater from the west and local recharge of
monsoon floodwaters are the most significant water sources to the riparian system. Using

a simple two end-member mixing model, riparian groundwater varies from 10 to 90%
basin groundwater whereas baseflow ranges from 0 to 55%; the percentage is well
correlated with gaining (basin groundwater dominated) and losing reaches (monsoon
dominated). These results highlight the importance of monsoon floodwater recharge as a
water source for desert riparian systems, a fact that future water management decisions
need to address.

9

INTRODUCTION

Water managers throughout the southwestern United States are faced with balancing
growth-induced increases in water demand against preservation of natural groundwater,
surface water, and ecological systems. In order to manage the water resources of a basin
in the best manner possible, they must balance present and future human needs against
the safeguarding of these resources. To do this, water managers need to have an estimate
of the magnitude of future growth as well as changes in per capita water use.
Additionally, they must have a comprehensive understanding of the dynamics of the
hydrologic system in their basin, especially the quantity and location of recharge and
discharge.

Understanding of basin hydrology is also necessary for legal reasons. In Arizona, the
legal system is one of acceptance of safe yield, since safe yield became the tactic
mandated for Active Management Areas by the Groundwater Management Act in 1980
(Jacobs and Holaway, 2004). Although safe yield has been defined as the amount of
water that can be withdrawn from a basin without producing an undesired result (Todd,

1959), legally safe yield limits the amount of annual withdrawals from the basin to that of
the annual rate of natural and anthropogenic recharge (Arizona Revised Statutes 45-561).
However, operating under safe yield can still lead to groundwater mining (reduction in
groundwater storage within an aquifer) and a surface water body can still be depleted

(Bredehoft, 1997) because the response of an aquifer system depends on the placement
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and magnitude of both withdrawals (Bredehoft et al., 1982) and recharge (Phillips et al.,

2004).

Subsequent to the introduction of safe yield groundwater management goals, the idea of
sustainable yield was posed. A basin that operates under this initiative limits withdrawals
in a basin to an amount that will not have a long term environmentally or socially
deleterious effect (Alley and Leake, 2004). Sustainable yield considers the spatial
variability of recharge and withdrawals as well as the amount of water needed for
sustenance of surface water bodies and phreatic vegetation, and also is limited by the
amount of hydrologic change that will be tolerated by stakeholders within the basin.
Because of this, the sustainable yield of a basin is almost always significantly less than
the natural rate of recharge. If the health of surface water bodies is not of importance to
the stakeholders, then the actual sustainable yield of the basin will be equal to the
maximum amount of water that can be captured (Bredehoft et al., 1982), where capture is
the total amount of increased recharge and decreased discharge that can be created. If the
maintenance of surface water discharge and phreatic evapotranspiration is important to
stakeholders, then the sustainable yield will be lower than the maximum amount that can
be captured.

Riparian corridors in the semiarid Southwest are rare areas of flowing surface water and
as such provide valuable habitat for many migratory and non-migratory species (Rojo et
al., 1998). In basins that support a riparian system, the maintenance of resources is
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especially important for ecological diversity. Loss of these habitats could mean the
elimination of several sedentary endangered species as well as abandonment by the
numerous bird species that use these areas as stopovers on their annual migrations
(Glennon, 2002). Loss of biodiversity can have impacts that range beyond the
ecological; the local economy can be reduced by the loss of tourism often associated with
desert riparian areas (On and Colby, 2002).

Before a sustainable yield can be defined for a basin, the quantity and locations of
recharge must be defined. Unlike other components of the water balance, such as
evapotranspiration and precipitation, recharge remains poorly constrained because it
cannot be directly measured (Phillips et al., 2004). Within alluvial basins typical to the
semiarid Southwest, basin-scale recharge is estimated through inverse modeling (e.g.
Tiedeman et al., 1998, Lakshmi and Rastogi, 2001) or using empirical relationships (e.g.
Maxey and Eakin, 1949, d'Agnese et al., 1997); these methods yield errors between 50
and 100% and give us assumed quantities of recharge without providing complete
understanding of the processes involved (Simmers, 1997). Before a recharge estimate
can be of real use to water managers, it must provide not only an accurate quantification,
but also an understanding of the spatial and temporal dynamics of recharge. Likewise to
maintain the health of the riparian area, first we need to know how much water the area
needs, but just as important, we need to know the source of this water so that we can
minimize pumping impacts.
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The goal of this study is to identify and quantify the sources of water that maintain
riparian groundwater levels and support baseflow to a perennial desert stream. Only by
estimating these components of the hydrologic budget can we define the system
sufficiently so that management decisions can be made in the context of sustainable yield.
In addition, the results of this study will help to calibrate an existing groundwater model.
To achieve the goals mentioned above, we have employed a suite of natural and
anthropogenic geochemical tracers that include stable isotopes, radioactive isotopes, and
major anions.

Combining the geochemical tracers we can characterize basin hydrology from recharge
areas, groundwater flow, and discharge zones. Specifically, we use oxygen and hydrogen
isotopes to determine the relative inputs of seasonal precipitation to basin groundwater
using. Using basin groundwater as one end-member along with monsoon floodwater as
the other end-member, we employ a simple mixing model to determine their relative
inputs into the riparian aquifer. This procedure has allowed us to determine the sources
to baseflow (the water that sustains flow in the river between precipitation events), and
how these sources vary over space and time.

Tracer Background

Stable isotopes of oxygen ( 18 0) and hydrogen ( 2 H) in precipitation vary with temperature,
humidity, and moisture in the source area. We can use these tracers to differentiate
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between winter frontal and summer convective precipitation inputs into the groundwater.
Southwest summer monsoon moisture originates in the tropical Pacific and moves north
into the area whereas winter storms originate in the temperate Pacific (Wright et al.,
2001). Summer storms are enriched in 18 0 and 2 H compared to winter storms, due to the
higher humidity and temperature in the tropical Pacific versus the temperate Pacific.
Stable isotope compositions can also change depending on elevation, with precipitation
that falls on higher land surface elevations tending to be more depleted in the heavy
isotopes ( 18 0 and 2 H). These characteristics have been used to identify sources of
recharge (e.g. Bortolami et al., 1978, Davis and Coplen, 1987). Because 18 0 is enriched
to a greater degree than is 2 H during evaporation, evaporatively enriched waters plot on a
line with a lower slope than the Global Meteoric Water Line. Evaporated samples plot
below the GMWL, which we can use to identify evaporative effects on groundwater prior
to recharge (Allison et al., 1984).

Radioactive isotopes of hydrogen ( 3 H) and carbon ( 14 C) decay into stable daughters over
time, providing useful age tracers from which we can determine mean residence times in
the saturated aquifer. Tritium, 3 H, has a relatively short half-life of 12.32 years (Lucas
and Unterweger, 2000), and, when coupled with measurement of its daughter product,
3

He, is most useful for giving residence times of short-flowpath and recently recharged

groundwater (e.g. Solomon et al., 1993, Stute et al., 1997). Tritium is a relatively
conservative tracer because the tritium atom is part of and moves with the water molecule
(Solomon and Cook, 1999). In contrast, radiocarbon has a longer half life of 5,730 years,
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and is generally used to date groundwaters of greater ages (Kahn, 1999). After recharge
various processes, such as mixing with other waters, dissolution of carbonates, and
fractionation during deposition of carbonate minerals (Kahn, 1999) can change the 14 C
activity in groundwater. Thus, these processes must be evaluated so we can properly
compensate for them. Once corrected, activity of 14 C can reveal the mean residence time
of a groundwater (e.g. Robertson, 1992, Kahn, 1994, Plummer et al., 2004b) using
changes in atmospheric 14 C activity over the past 24,000 years (Stuiver et al., 1998) for
calibration.

Ion chemistry can help delineate flowpaths (e.g. Plummer et al., 2004a; Herczeg and
Edmunds, 1999) and allow derivation of groundwater source areas. If solutes are
conservative, the groundwater chemistry in recharge zones can be used as end-members
for mixing equations to determine the relative inputs of different zones to the
groundwater of a basin (e.g. Arad and Evans, 1987). In this study we use the ratio of
sulphate (SO4) to chloride (Cl) to help identify source areas for groundwater and
baseflow. In addition to differences in the chemistry of recharge sources, post-recharge
processes can affect this ratio in groundwater. Increase of Cl and SO4 in groundwater
may indicate dissolution of evaporites deposited in the subsurface. The ratio also seems
to be affected by a lowering of the SO4 concentration in waters that have spent more than
a few years out of contact with the atmosphere.
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STUDY AREA

The Upper San Pedro River Basin in southeastern Arizona (Figure 1) is an example of a
semiarid basin that supports one of the last remaining riparian areas in the southwestern
United States, as well as a small but rapidly growing population (up 13.5% from 1990 to
2000) tied to the city of Sierra Vista and the Fort Huachuca Military Installation. The
riparian area, which bounds the San Pedro River, houses the majority of the regional
biodiversity (Krueper et al., 2003). Because this basin is not part of an Active
Management Area, the mandate of safe yield does not apply; however, Congress, in the
National Defense Authorization Act for 2004 - Section 321, gave congressional
recognition to the Upper San Pedro Partnership and its continuing efforts to restore and
maintain sustainable yield of the regional aquifer by 2011. The Upper San Pedro
Partnership is a consortium of 21 agencies and organizations working together to meet
the water needs of area residences while protecting the San Pedro River. As such, this
basin provides an excellent example of a system where water managers must balance the
needs of the riparian area against the demands of future growth on the water resources of
the area.

The Upper San Pedro River Basin is structurally similar to others in the Basin and Range
province of the Western United States. It is an extensional basin bounded to the west by
the Huachuca Mountains and to the east by the Mule Mountains, whose elevations range
from 1,525 to 2,925 and 1,525 to 2,250 meters above mean sea level (asp, respectively.
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1: Map of the study area. Sampling locations are noted by symbols. The river is divided into wet
and dry reaches using data collected by the Nature Conservancy in June of 2003. Additionally,
Figure

information on condition classes, dividing the riparian area into gaining and losing reaches (Stromberg
et al., in press), is included along the river. Blue areas are gaining, and green areas are losing; the outline
of the reaches corresponds to the extent of the San Pedro River National Conservation Area. Note the

Palominas surface water sampling site in a losing reach, whereas the Hereford, Highway
90, and Charleston sampling sites are located in gaining reaches.
presence of the
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Depth to bedrock in the basin is up to 1,675 meters below land surface (bis) (Gettings and
Houser, 2000). The Huachuca Mountains consist mostly of Precambrian igneous and
Paleozoic to Mesozoic sedimentary rock formations. The Mule Mountains are made up
of Paleozoic to Mesozoic sedimentary rocks with some Mesozoic igneous and
Precambrian metamorphic formations (Drewes, 2002). The sediments in the basin range
from Oligocene to Holocene in age, with the youngest deposits along the San Pedro River
and ephemeral tributaries (Gettings and Houser, 2000).

Precipitation in the San Pedro River Basin has bimodal temporal characteristics, with
more precipitation falling in the summer and winter. After the winter wet season and
before the monsoon season, there is a period of extremely sparse rainfall regionally.
Based on precipitation gauging station data collected in Tombstone from 1897 to 1997
(Hereford, 1993; Pool and Coes, 1999), total average annual precipitation is
approximately 353 mm, with 244 mm falling during the summer monsoon season, 81 mm
during the winter season, and the rest falling throughout the rest of the year. The summer
wet season runs from mid-June through mid-October or early November, with most
precipitation during this season falling during a monsoon season that lasts through early
September. This moisture is monsoonal in nature, and is characterized by convective
storms with moisture originating south of Baja California (Wright et al., 2001). Monsoon
storms are short-duration, high-intensity rainfall events that produce surface runoff
(flooding) in channels that otherwise may not flow throughout the rest of the year. Many
ephemeral channels in the region flow almost exclusively during the monsoon season
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(Goodrich et al., 2004). The winter wet season lasts from early December until late
March, with most winter precipitation falling as part of frontal systems moving east from
the Pacific Ocean (Sellers and Hill, 1974). Winter stoinis, in contrast to those during the
monsoon season, are longer in duration and lower in intensity, likely allowing greater
infiltration and less surface runoff In the mountains much of the winter precipitation
falls as snow, melting and becoming runoff several times throughout the winter. El Nif-loSouthern Oscillation (ENSO) affects the timing and amount of winter precipitation. A
positive ENSO generally increasing the amount of winter precipitation received, whereas
a negative ENSO usually has the opposite effect (Webb et al., 2004).

Recharge in the Upper San Pedro River Basin occurs within the mountain block, along
the mountain front, through ephemeral streambeds in the basin floor, and as losses from
the river into the riparian aquifer. Pool and Coes (1999) calculated total net inflow to the
Upper San Pedro River Basin at 20,200 to 26,700 afy (254x10 -4 to 329x10 -4 km 3 /yr)
(Table 1). Mountain block recharge (MBR) is the recharge of water through the bedrock
of the mountain range (via fractures and other permeable conduits) to the aquifer past the
range front. Mountain front recharge (MFR) occurs as surface water drains out of the
mountain range, being recharged to the aquifer upon reaching the more permeable
alluvium or range-front normal faults (Wilson and Guan, 2004). MFR and MBR together
represent 45 to 75% of total recharge (Pool and Coes, 1999). Mountain block recharge

(MBR) and mountain front recharge (MFR) within the San Pedro Basin are addressed in
detail by Wahi (2005). Surface water recharge in the basin floor mostly occurs through
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Table 1: Net inflows and outflows of water to the aquifer in the Upper San Pedro River
Basin circa 1990, from Pool and Coes (1999).

5

-

cf)

o

MFRJMBR
Ephemeral Channel Recharge
Groundwater Inflow (from Mexico)
Artificial Recharge
Stream Capture

Riparian Evapotranspiration
Stream Baseflow
Groundwater Outflow (to north)
Well Withdrawals

afy
12,500-19,000
1,000
3,000
2,000
1,700

km3/yr (x10 4 )
154-235
12
37
25
21

afy
7,500
5,900
350
15,000

km 3 /yr (x10 4 )
93
73
4
185

20

ephemeral channel recharge, where floodwater is lost through the highly permeable sand
and gravel beds of ephemeral channels. Although ephemeral channel recharge is poorly
quantified, Goodrich et al. (2004) estimated that during wet years it can comprise
between 15 and 40% of the total annual steady state recharge based on the annual basin
scale recharge estimated from groundwater models. In contrast, during dry years no
ephemeral channel recharge may occur, thus the actual average annual ephemeral channel
recharge is likely much lower, and highly localized near channels. According to
estimates in Pool and Coes (1999), ephemeral channel recharge makes up only 4 to 5% of
the total basin recharge.

Within the basin, the San Pedro River flows north from its headwaters in Cananea,
Sonora, Mexico to its confluence with the Gila River at the town of Hayden in Pinal
County, Arizona (Figure 1). Starting in the 1870s to the 1890s, the channel of the San
Pedro River became entrenched, part of a regional trend of arroyo formation in the
southwestern United States and Northern Mexico. This entrenchment was probably the
result of a mixture of overgrazing and associated vegetation changes with a period of
drought followed by flooding (Turner et al., 2003). In the study area, the San Pedro
River entrenched between 1 and 10 meters vertically (Hereford, 1993), with deposits
subsequent to the entrenchment only a few feet thick at most (Pool and Coes, 1999). As
a result of entrenchment, the width of the active floodplain decreased from up to a mile
wide to anywhere between a narrow channel to approximately 150 meters wide, with
most post-entrenchment widening happening prior to 1955 (Hereford, 1993). Coincident
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with entrenchment, the vegetation surrounding the river transformed from a grass wetland
to a riparian gallery dominated by woody species such as cottonwood and mesquite
(Turner et al., 2003).

Within the study area, the San Pedro River was historically perennial, but has become
intermittent in parts (Lawler, 2002). In many places, the river does not flow during the
dry season. Flow in the river also has short-term variations dependent on the amount,
duration, and intensity of precipitation. For this reason, flow is greatest during the
summer monsoon period, often connecting the river throughout the study region. Flow is
lowest in the spring dry season, at which time many parts of the river are dry (Figure 1).
In addition to normal yearly changes in precipitation, the interannual increases and
decreases in precipitation associated with El Nirio and La Niria events can cause
associated increases and decreases in flow in the river (Webb et al., 2004). Pool and
Coes (1999) documented reductions in both baseflow and floodwater volumes over the
period of record, 1936-1997.

Coincident with changes in the flow in the river, the character of the hydraulic connection
between the river and the riparian aquifer has changed. This connection now varies along
the length of the riparian area, with some sections losing water to the aquifer and others
gaining from it. Gaining and losing reaches have previously been classified based on
vegetation type and growth, groundwater hydrology, and frequency of stream flow in a
separate study by Stromberg et al. (in press). The area from Hereford to Charleston
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(Figure 1) is generally gaining because of a bedrock high present just north of Charleston
(Pool and Coes, 1999). This creates a gaining reach in the river due to the reduction in
vertical thickness of the aquifer available to flow, as the bedrock is highly impermeable
compared to the basin fill deposits.

Presently, groundwater withdrawals approximate natural recharge (Pool and Coes, 1999;
Table 1). At 15,000 afy (185x10 -4 km 3 /yr), well withdrawals by users in the basin easily
come in under the total amount of recharge (20,200 to 26,700 afy, 254x10 4 to 329x10 4
km 3 /yr), meaning that this basin, circa 1990, was operating under safe yield. However,

when the amount of riparian losses is included, natural recharge and total actual basin
withdrawals do not meet sustainable yield conditions in this basin. Total riparian water
loss is estimated at about 13,750 afy (170x10 -4 km 3 /yr), giving a total output in the basin
of 28,750 afy (355x 111 4 km 3 /yr), an amount that outstrips estimates of natural recharge
by approximately 10 to 40%.
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METHODS

Sample Collection and Field Analyses

We focused sample collection on a study area that stretches from Palominas in the south
to Charleston in the north, and is bounded to the west by the Huachuca Mountains and to
the east by the river (Figure 1). We chose this study area because the Huachuca
Mountains constitute the highest range in the area, and the basin west of the river has the
best well coverage in the area. We sampled groundwater, surface water, and precipitation
at sites throughout the study area. For each surface or groundwater sample, we measured
the temperature, pH, electrical conductivity (EC), and dissolved oxygen (DO). If the pH
and EC could not be measured in the field, they were measured in the laboratory. Care
was taken during field sampling and analysis in the laboratory to prevent evaporative
enrichment of analytes.

A total of 54 precipitation samples were collected at a readily accessible site within the
City of Sierra Vista (Figure 1). Located at an elevation of approximately 1,400 m asl,
this site is representative of basin floor precipitation. The precipitation collector used
typically contained a coating of mineral oil to prevent post-precipitation evaporation.
Precipitation samples were only analyzed for stable isotopes of hydrogen and oxygen.
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We collected a total of 52 surface water samples at 15 sites: nine sites along the San
Pedro River, one tributary to the San Pedro River, one ephemeral stream near the river,
and four sites in the mountains (Figure 1). Sample sites were chosen based on
accessibility, presence of long-term United States Geological Survey (USGS) stage and
chemical monitoring, or proximity to sampled wells. Elevations of the river sampling
sites varied from 1,200 to 1,285 meters as1; elevations of other sites varied from 1,225 to
over 2,040 meters asl. Four San Pedro River sites (Palominas, Hereford, Highway 90,
and Charleston) and one mountain site (Garden Canyon) had multiple visits and were
sampled throughout the year under conditions of baseflow and floodwater. Mountain
surface water chemistry is discussed in detail in Wahi (2005). All surface water samples
were analyzed for 6 18 0 and 6 2 H values, and anion concentrations. Selected samples were
analyzed for 3 H and 6 34 S.

We collected a total of 71 groundwater samples, 27 from springs in the mountain block
and 44 from wells throughout the study area. The analysis and interpretation of the
springs, mountain block wells, and mountain front wells are detailed in Wahi (2005).
Nine basin wells, with elevations varying from 1,305 to 1,445 m asl, were selected to
characterize basin groundwater and evaluate chemical changes along the groundwater

flowpath between the mountain front recharge zone and the riparian area discharge zone.
When possible we attempted to pair wells with nearby shallower wells to analyze vertical
differences within the aquifer. Fifteen riparian wells at elevations ranging from 1,200 to

1,295 m as1 were chosen at regular intervals along the riparian area and where possible at
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locations with multiple vertical levels in the aquifer. Prior to collecting a sample, we
purged at least three well volumes if a well was not continuously used prior to the site
visit. In addition, we monitored pH, electrical conductivity, temperature, and dissolved
oxygen in the purge water; samples were collected only after these parameters were
constant, insuring that the collected sample represented recently purged groundwater.
Groundwater samples were analyzed for 6 18 0, 6 2 H, and anion chemistry. In addition
selected samples were analyzed for 6 34 S and 6' 3 C values and activities of the radioactive
isotopes 3 H and 14 C.

It is likely that some waters sampled underwent evaporation during contact with the
atmosphere prior to sampling. During evaporation, 18 0 is enriched to a greater degree
than is 2 H. Evaporative enrichment has a lower slope than does the Global Meteoric
Water Line, so any evaporated samples plot below the GMWL.

Laboratory Analyses

Sample preparation, sample extraction, and measurement of all analyses reported here
were conducted at the University of Arizona. Anions (F, Cl, Br, NO2, NO3, SO4, and

PO4) were analyzed using a Dionex Ion Chromatograph located at the Department of
Hydrology and Water Resources following the methods described in Dionex (2004). The
detection limit for anions was approximately 0.025 ppm, and 0.10 ppm for PO4.
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Precision was 5% or better for concentrations greater than 1 ppm and 10% or better for
concentrations less than 1 ppm. Every tenth sample was analyzed in duplicate.

Stable isotope 6 18 0, 6 2 H, and 6 13 C values were measured on a Finnigan Delta S gassource isotope ratio mass spectrometer located in the Stable Isotope Laboratory of the
Department of Geosciences according to the methods outlined in Craig (1957) and Gehre
et al. (1996). 6 13 C was measured on a split of the CO 2 sample prepared for 14 C analysis
by acid hydrolysis of dissolved inorganic carbon. Precisions are ±0.9%0 for 6 2 H, ±0.08%0
for 6 18 0, and ±0.15%0 for 6 13 C. For quality control, 10% of samples were run in
duplicate for 6 18 0 and 6 2 H.

6 34 S was analyzed on a Finnigan Deltra PlusXL continuous-flow gas-ratio mass
spectrometer, with a precision of ±0.15%0 or better in the Stable Isotope Laboratory of the
Department of Geosciences according to the methods outlined in Coleman and Moore
(1978).

Tritium was analyzed on a Quantulus 1220 Spectrophotometer located underground at
the Department of Geosciences according to the methods described in Theodérsson
(1996). After distillation, samples were put through an electrolytic enrichment stage, in
which about 2.5 grams of Na202 pellets were added to the sample in order to increase
conductivity. After this, a current was applied to the sample for between 9 and 20 hours.
The detection limit for tritium was 0.5 TU, and the precision 0.18 to 0.37 TU.
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I4

C was analyzed according to the methods in Polach et al. (1973) on one of two General

Ionex Accelerator Mass Spectrometers, either 2.5 or 3 MV located in the Accelerator
Mass Spectrometry Lab, shared between the Departments of Geosciences and Physics.
This analysis has a detection limit of 0.2 pMC and a precision of 0.1 to 0.9 pMC.
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RESULTS

Precipitation

Precipitation in this area generally occurs in two seasons, winter (October through April)
and summer (April through October). Although there is precipitation in the area outside
of the summer monsoons and the winter frontal storms, the amount of rainfall associated
with the summer (69% of yearly total) and winter (23%) storms far outweighs the amount
of precipitation that occurs during other parts of the year (8%) in this region (Hereford,

1993). Stable isotope values for these two periods of precipitation are distinctly different,
with summer rain more enriched in stable isotopes (Figure 2).

Our event-by-event data fall along a line with the equation

= 7.38 IF 0.21x 18 0- 5.10 I 1.82
-

(average ±145) with an r2 value of 0.936. This equation has a lower slope than the global
meteoric water line (GMWL, slope = 8.20±0.07, Rozanski et al., 1993), indicating that
evaporation of precipitation and subsequent rainout of this evaporated vapor are
important processes in the region. Summer precipitation falls along a meteoric water line
with the equation

2H =

0.53x 18 0- 5.18 -1- 3.46

whereas winter precipitation exhibits a significantly higher slope, with the equation

=8.27 ± 0.31x e'0- 16.56 .LE 3.59
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Precipitation that falls in the winter has a higher slope, indicating that evaporation is less
important to the isotopic composition of winter precipitation than it is in the summer.

In addition to our precipitation samples, the USGS has collected precipitation at
Greenbush Draw (elevation 1,350 m as') and the Upper Babocomari River (1,300 m asp.
Precipitation was collected twice yearly for three years as composite samples from midApril through mid-October and mid-October through mid-April. To determine average
summer and winter isotopic values, we volume-weighted our event-based precipitation
data and combined it with the USGS 6-month composite samples to determine volumeweighted average values for stable isotopes in precipitation (Table 2).

Groundwater

This research focuses on basin and riparian wells to resolve flow path and surface watergroundwater dynamics in this large basin. Springs, mountain block wells, and mountain
front wells are considered an input into the basin groundwater system based on the results
of Wahi (2005).

The range of stable isotope values for basin wells (average -9.6±0.2%0 6 18 0 and -67±1%0
6 2 H , Figure 3) is narrow compared to the total variability in the region based on
precipitation (Figure 2). In contrast, the riparian wells tend to be both more variable and
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Table 2: Chemistry of the three end members for mixing calculations. For stable
isotopes, precipitation end members are the volume-weighted averages of all single-event
and composite samples ±1a. Winter and summer precipitation SO 4/C1 ratios are based on
runoff data. For summer, values are from Goodrich et al. (2004), from monsoonresponse runoff at Walnut Gulch Experimental Watershed northeast of the study area
(n=52). For winter, this ratio is based on winter floodwater samples collected during this
project (n=8). Basin groundwater averages are the means of all basin samples ±1a. Data
for groundwater from Mexico and from the Mule Mountains are from Pool and Coes
(1999), except one groundwater sample from Mexico collected during this study.

Basin Groundwater
G1
=
(Mexico, n3)
Basin Groundwater
G2
(Huachuca Mountains)
Basin Groundwater
G3
(Mule Mountains, n=2)
Summer Precipitation R1
Winter Precipitation R2

6180

62H

SO4/C1

-7.710.6%0

-55+4%0

1.711.1

-9.410.4%0

-6613%0

1.210.4

-7.810.4%0

-5610.4%0

2.111.7

-6.211.0%0
-10.813.0%0

-4118%0
-74125%0

17.2116.6
6.213.8
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more enriched in the heavy isotopes (average -8.1±1.0%0 6 18 0 and -56±5%0 6 2 H) than the
basin wells.

Radioactive isotopes reveal information about the mean residence time of groundwaters
throughout the study area (Figures 4 and 5). In the mountain block, most waters are quite
young, with radiocarbon activities often above 100 pMC and tritium activities up to 10
TU. In contrast basin wells vary from a high of 2.1 TU near the mountain front to below
detection in the middle of the basin. In addition these wells have radiocarbon activities
ranging from 33 to 90 pMC, again with the highest values near the mountain front
(Figure 5). These results indicate not only that groundwater flows from the mountains to
the river, but also there are no significant inputs of very young water along the flowpath
from the mountains to the river, as this event would cause detectable tritium or elevated
radiocarbon activities out in the basin. As with the stable isotopes, there is greater
variation in the radioisotopes in the riparian wells. Riparian groundwater in some places
is tritium dead, but often has detectable tritium (as great as 5.2 TU), with different
vertical gradients in different parts of the riparian area; some areas, like Palominas, the
highest level of tritium is found in a medium-depth well, about 20 meters bls, while in
other areas such as Cottonwood, the highest tritium activity is found in the shallowest
well, about 5 meters bls (Figure 4). Radiocarbon is sparse along the riparian area, but
varies from as low as 11 pMC up to 83 pMC. Converting pMC to uncorrected,
uncalibrated ages (thus representing maximum ages), basin groundwater ranges from
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Huitcteica

Lewis Springs
15-20 ft - 1.0±0.25 TU
43-48 ft -<0.4 TU
Vista

Fort Hue:Mica

•

•
Cottonwood
14-19 ft - 2.4±0.28 TU
58-63 ft -<0.7 TU
193.5-198.5 ft - 0.7+0.30 TU

•

ilereford
25-30 ft -<0.5 TU
48-53 ft - 0.7+0.24 T11
118.5-128.5 ft - <0.8 TU
Pa lom mas
15.3-16.3 ft -2.6±0.25
2.6+0.25 TU
63-68 ft - 5.2±0.31 TU
193.5-198.5 ft - 0.5±0.18 TU

Tritium activity (in TU):
•
Below Detection SA 3 -'
•

0-1

iDA 4 - 5

•

I 2_

5-6
l

• A 2-3

IMI=1n111111n111
5

O

5 Kilometers

Figure 4: Map of tritium in the study area. Tritium activities are highest near the
mountains and along losing reaches along the river. Tritium is very low to
undetectable in wells within the basin and in gaining areas of the river. Tritium
activities for clusters of wells screened to different vertical levels of the aquifer are
noted next to the well clusters along with the screened interval of each well. Tritium
activities in the mountain block and mountain front are explored in detail in Wahi
(2005).
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Cottonwood
193.5-198.5 ft — 10.94.1 pm.

• •
Hereford

118.5-128.5 ft — 58.6±0.3 pmc

Palommas
63-68 ft — 83.3+0.4 pmc
191.5-198.5 ft — 29.4+0.2 pm c

14 C

activity (in pMC):

• 10-20

•
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0 70 - 80
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0 90 - 100

0 loo- 110
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Figure 5: Map of Carbon-14 activities in the study area reported in percent modern
carbon (pMC). Activities are highest near the mountain front and in losing stretches of
the river. Activities are lowest in the basin and in gaining stretches of the river.
Carbon-14 activities for well clusters are noted next to the well clusters along with the
screened interval of each well. Carbon-14 activities in the mountain block and
mountain front are described in detail in Wahi (2005).
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modern to roughly 18,000 years. For details on correction and calibration of residence
times, see Wahi (2005).

In addition to stable isotopes and radioisotopes, solute chemistry and ratios provide a
potentially useful fiowpath tracer. We evaluated Cl/Br but found that it did not vary;
basin wells average 115+43 (n=7) and riparian wells average 99+15 (n=13). These
values are typical of a precipitation source for chloride (Davis et al., 1998). In contrast,

SO4/C1 exhibited significant variation. In general, chloride and sulfate are greatest in the
mountain and riparian wells (7.4+4.1 mg/1 Cl and 28.7+27.0 mg/1 SO4), and lowest in the
basin wells (4.8+2.2 mg/1 Cl and 5.9+3.7 mg/1 SO4, Figure 6). SO4/C1 ratios are highest
in the mountain wells, decreasing to the lowest values in the basin wells (1.2+0.4), and
increasing again in the riparian wells (3.5+2.1). Averages represent the mean of all
samples +16. Other analytes did not show significant or patterned differences between
the basin and riparian groundwater.

34
Basin wells have an average 6 S value of 6.1±1.9%0 (n=6), whereas riparian wells

average 6.3±2.7%0 (n=12). 6 I3 C shows some variation, with basin wells averaging —

7.6±1.3%0 (n=8) and riparian wells averaging —9.4±1.6%0 (n=4). 6 I3 C also seems to be
high within the mountains. The low 6 13 C values in the middle of the basin are likely
indicative of carbonate dissolution along the groundwater fiowpath as carbonates have a

6 13 C value around no.
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•

Lewis Springs
15-20 ft —2.8

43-48 ft - 2.2
Sieira Vista

Cottonwood

14-19 ft — 2.8
58-63 ft —2.l
2.1
193.5-198.5 ft— 3.5

o

Hereford

25-30 ft — 1.9
48-53 ft — 1.8
118.5-128.5 Si— 2.6

Palominas
15.3-16.3 ft — 8.4
63-68 ft — 7.9
193.5-198.5 ft —2.8

rn
SO4/0: 0,6.

o
•
•

5-6

o-t QA 6-7
1-2 OA 7-8

in111n1
o

5 Kilometers

2-3 0 8 - 9
OA 3-4L 9- 10
OA 4-5A 10-11

Figure 6: Map of SO4/C1 in the study area. Circles represent well samples, and
triangles represent spring samples. SO4/C1 values are highest in the mountains and in
losing reaches of the river. The ratio is lowest within the basin, and in gaining reaches
of the river.
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Surface Water

The chemistry of surface water varies greatly both temporally and spatially. Stable
isotope values and SO4/C1 ratios have similar patterns of spatial variability (Figure 7).
Both are highest at Palominas, lessening along the river to Charleston, where both are
lowest. The amount of temporal variability changes depending on the sampling site. At

Palominas, there is a great deal of variability in 6 18 0 values within the year and between
years, and this variability reduces northward to Charleston (Figure 8). Low temporal
variability may be indicative of a well-mixed groundwater source contributing to

baseflow, whereas high variability may indicate a short-flowpath local source for
baseflow.

Surface water samples average -7.4±l.4% 6 18 0 and -53±1l°/00 6 2 H. While their range of
variability is high (Figure 9), these samples are generally more enriched than the basin
groundwater. Baseflow has a large degree of overlap with riparian groundwater, as
would be expected if these two types of water are well-connected. Baseflow from the
four sample sites with repeat visits average —6.8+0.8%0 6 18 0 and -49±7%0 6 2 H. Of these
sites, baseflow at Palominas has the heaviest isotopic values (-6.2±0.6%0 6 18 0 and -

45±6%0 6 2 H), followed by Hereford (-6.9±0.4%0 6 18 0 and -48±')/00 56 2 H), Highway 90 (7.2±0.7% 6 18 0 and -51+6%0 6 2 H), and Charleston (-7.5±0.4%o 6 18 0 and -55±2%0 62H).
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Figure 7: River baseflow chemistry at four sampling sites along the San Pedro River,
and riparian groundwater chemistry along the riparian area. Diamonds represent
average chemistry of baseflow samples collected from 1994 to 2003 by the USGS,
and 2003 to 2004 in the course of this project. Ranges are equal to +la. (A) .3180
values at each site. Ranges of riparian groundwater in losing and gaining areas of the
river are noted along the right side of the graph. (B) SO4/C1 for each of four sites.
Range of SO4/C1 in monsoon recharge is from data collected at the Walnut Gulch
Experimental Watershed near Tombstone, just north of the study area (Goodrich et al.,
2004).
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Floodwater is more variable than baseflow. The average for all four sites is -8.1±2.3%0

6 18 0 and -57±20°/00 6 2 H (n=6); adding chemical data from USGS sampling from 1994 to
1996, floodwater averages -7.9±1.9%0 6 18 0 and -57±16%0 6 2 H (n=16). The limited
number of winter floodwater samples (-8.6±1.7 6 18 0 and -61±17 6 2 H, n=6) indicates that,
as expected, it is more similar to winter precipitation than is summer floodwater, which
averages -7.5±2.0 6 18 0 and -54±16 6 2 H (n=10); however, there is not a great degree of
separation between the two seasons chemically.

Average SO4/C1 ratios in baseflow over all river samples at the four sites with repeat
visits are 7.9±3.4 mg/1 Cl and 35.7±28.5 mg/1 SO4, with a SO4/C1 ratio of 4.6±2.6. In
contrast, floodwater samples contain 5.2±3.7 mg/I Cl and 20.7±11.8 mg/1 SO4, with a

SO4/C1 ratio of 5.3±4.8. Cl and SO4 are diluted in floodwater compared to baseflow, but
the SO4/C1 ratio is higher in floodwater than in baseflow.
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DISCUSSION

Riparian groundwater and baseflow have five possible sources. These sources are: lateral
inflow of basin groundwater from the Huachuca Mountains to the west, lateral inflow of
basin groundwater from the Mule Mountains to the east, lateral inflow of basin
groundwater from the Mexico to the south, local recharge of monsoon precipitation, and
local recharge of winter precipitation during flooding events (Table 2). Before we can
quantify the relative importance of each of these sources to the riparian waters, we must
describe them chemically. To do so, we use two sets of analytes that respond to different
processes; 6 18 0 and 6 2 H vary with both elevation and seasonality of precipitation, and the
SO 4/C1 ratio changes in response to processes along the flowpath of water. Because the
processes affecting these analytes occur to different degrees for each water source, the
end-members have specific chemical signatures.

Basin Groundwater Sources

Basin groundwater enters the riparian aquifer as lateral or upward flux from the regional
aquifer. Considering the geology and hydrology of the basin, we have identified three
possible basin groundwater sources: flow north from Mexico (G1), flow west from the
Huachuca Mountains (G2), and flow east from the Mule Mountains (G3). Groundwater
flowing east from the Huachuca Mountains (G2) is considerably different chemically
from G1 and G3, which are similar to each other (Figure 10).
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Groundwater flowing north from Mexico (GI) is typified by low SO 4/C1 ratios (1.7±1.1)
and mid-range isotopic values (-7.7±0.6%0 6' 8 0, -55±4%0 6 2 H). The source of this water
is precipitation that falls on the headwaters of the San Pedro River; the lower elevation of
the headwaters (compared to the Huachuca Mountains to the west) contributes to the
heavier isotopic compositions. The low SO 4/C1 ratio, typical of basin groundwater in the
study area, is caused by a lowering of the amount of sulfate in the water, the reasons for
which will be discussed later. Groundwater of this type is not well described due to a
lack of data; its chemical composition, while tightly constrained, is based on only three
data points, only two of which have stable isotope values. One of these wells was
sampled during the course of this study whereas the other two were described by Pool
and Coes (1999).

Groundwater that flows east from the Huachuca Mountains (G2) toward the San Pedro
River is a mixture of mountain block recharge, mountain front recharge, and ephemeral
channel recharge. Because most development is on this side of the basin, there is a large
amount of chemical data available. Groundwater on this side of the basin (11=8) has a low
SO 4 /C1 ratio (1.2±0.4), and lower isotopic values (-9.4±0.4%0 6 18 0, -66±3%0 6 2 H). The
light isotopic composition of this water is partly due to the higher elevations and is also a
result of increased winter precipitation inputs to mountain block and mountain front
recharge from the Huachuca Mountains (discussed in detail by Wahi, 2005). Ephemeral
recharge occurs along channels that are dry most of the year, and only flow as a response
to intense monsoon storms (Goodrich et al., 2004). If ephemeral channels provided a
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large input of recharge to the basin aquifer, the chemistry of the groundwater in the basin
would become more similar to monsoon precipitation with distance down the flowpath.
There is no correlation between distance from the mountains and groundwater chemistry,
indicating that ephemeral flow does not provide a significant portion of the basin
groundwater on a long-term basis. While this is true for the basin overall, there may be
localized areas of high ephemeral channel recharge. In fact, at a nearby site Goodrich et
al. (2004) found that ephemeral channel recharge can contribute 15 to 40% of aquifer
recharge at the basin scale during a relatively wet year. In contrast, during a dry summer
no flooding, and thus no recharge, may occur, so on a long-term basis the actual
contribution of ephemeral channel recharge is much less.

To evaluate the seasonality of basin recharge, we performed a simple mixing model using
summer and winter precipitation as the end-members. We used the precipitation data
from the three gauges described in the Results section. However, because elevation
affects the isotopic composition of precipitation, we had to correct these values to a
reasonable recharge elevation. Assuming that this elevation is about 1,500 meters asl
(the approximate elevation of the alluvium-bedrock interface on the surface), we applied
the lapse rate of Wright (2001), calculated for the Tucson area. According to this lapse
rate, stable isotopic values decrease by 0.16%0 6 18 0 and 1.1%0 6 2 H per 100m of elevation
gain. Applied to our data, we find that amount-weighted average winter and summer
isotopic values are approximately -10.9%0 6 18 0 and -74%0 6 2 H and -6.3%0 6 18 0 and -42%0
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6 2 H, respectively. According to our mixing model, we find that G2 is primarily
composed of winter precipitation (between 65 and 80%).

Mule Mountains groundwater (G3) is chemically similar to GI. It exhibits a low SO4/C1
ratio (2.1±1.7) and mid-range isotopic values (-7.8±0.4%o 6 18 0, -56±0.4%0 6 2 H). This
isotopic composition is also indicative of a lower-elevation recharge source area than that
for G2, although there may also be a greater percentage of summer precipitation in both

G1 and G3 than in G2. Water on this side of the basin, like GI, is poorly described,
using only two data points from Pool and Coes (1999). However, for both samples it is
clear that G3 differs significantly in chemistry from G2.

Local Recharge Sources

Basin groundwater is not the only input to the riparian aquifer. During flood events, the
stage in the river increases, creating a local gradient away from the river. At this time,
water may recharge to the alluvial aquifer. This water can be broken up into two general
sources, summer recharge (R1) and winter recharge (R2). To characterize this recharge
source isotopically, we use the isotopic values determined for summer and winter
precipitation at our gauges and the USGS gauges; in this case we employ uncorrected
values as precipitation samples were collected throughout the basin floor, the contributing
area for ephemeral flow. The isotopic composition of summer floodwater closely tracks
that of the individual monsoon events, with very little evidence of post precipitation
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evaporation (Goodrich et al. 2004). Likewise, monsoon flood water samples we
collected from the San Pedro River do not exhibit an evaporative shift off the LMWL,
affirming that evaporation does not seriously affect monsoon floodwater before it
recharges the aquifer. Given the lower temperatures during the winter, we assume the
same would be true for winter floods. SO4/C1 for floodwater cannot be determined using
values for precipitation, as sulfate is increased in floodwaters due to dissolution of
soluble surface salts bearing sulfate. In runoff SO4/C1 ratios average 17.2±16.6 (n=52;
Goodrich et al., 2004) and 6.2±3.8 (n=8) in summer and winter, whereas precipitation
averages 4.4±2.1 (n=12) and 3.4±2.2 (n=6).

R1 is isotopically heavy (-6.2±1.0%0 6 18 0; -41±8%0 6 2 H), and has a high SO4/C1 ratio
(17.2±16.6). R2 exhibits the lightest isotope composition in the entire system (10.8±3.0% 6 18 0; -74±25%0 6 2 H), but like R1 has a high SO4/C1 ratio (6.2±3.8). The
SO 4/C1 ratio of both R1 and R2 is much greater than in any of the basin groundwater
sources. This ratio is similar in the two end-members and is highly variable, precluding
its use in a quantitative mixing analysis. However, the elevated level of this ratio in all
floodwater samples may be valuable for differentiating floodwater and groundwater
sources.

The SO4/C1 ratios of the floodwater and water near the mountains may be increased as a
result of two different processes. Both of these ideas are based on the fact that waters
with low SO4/C1ratios also exhibit low radioisotope activities (r 2 value of 0.66 for a plot
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of SO 4/C1 vs. 3 H). First, waters that have been out of contact with the atmosphere for
some time might be expected to enter a reducing environment; under such conditions SO4
may be reduced to hydrogen sulfide gas, thereby lowering SO 4 concentrations in the
water; however, it takes a very low Eh to accomplish this reduction (-150 to -200 mV).
As such, a water capable of reducing SO4 would be expected to have gone through
several other reduction reactions, such as loss of dissolved oxygen (DO) and
transformation of NO 3 to NH 4 (Langmuir, 1997). There are many groundwater samples
with low SO 4 concentrations, and hence low SO4/C1 ratios, that have high NO 3 or DO
concentrations, thus indicating that reduction may not be the controlling process.

The second possibility is that the actual input of SO 4 into the system has changed over
time, especially since the open-pit copper mine was opened in Cananea, Mexico. The
process used to extract copper from the porphyry deposits in the area historically emitted
a large amount of SO, compounds. Circulation patterns in the area during the monsoon
season would likely push emissions north into the study area, where they would be rained
out. In areas of young waters, such as along the river and near the mountains, we would
be able to detect the increased sulfate emissions as an increase in the SO 4 /C1 ratio of the
water. In contrast, waters of advanced age, such as those in the middle of the basin,
would have been recharged prior to the regional increase of atmospheric SO 4 , leaving the
SO 4 /C1 ratio low. Precipitation samples collected in the course of this study have an
average SO 4 /C1 ratio of 4.1±2.1, higher than basin groundwater but lower than
floodwater. Because we do not have pre-mining anion data for precipitation or data for
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precipitation contemporary to mining, this theory cannot be thoroughly tested and we
cannot say with certainty the exact mechanism for sulfate change.

Qualitative Assessment of End-Members

Using SO4/C1 ratios and 6 18 0 values (Figure 10), we can see that almost all of the riparian
wells and baseflow samples can be explained by a mixing line between G2 and RI. No
other source seems to have a dominant input to the riparian system. Before we can
evaluate mixing of these two sources we must analyze the possibility of input by the
other three end-members, as well as the causes data points that lie off the main mixing
line.

First, there is nothing to indicate that winter floodwater (R2) constitutes a significant
recharge input to the riparian area. If it did, riparian groundwater samples would be
shifted toward a lighter stable isotope value, and would likely look similar to mountain
block or mountain front groundwater. Well samples with similar isotopic values but
slightly higher SO4/C1 ratios relative to G2. Additionally, age tracer data indicates that
this water is quite old (Figures 4, 5), suggesting a basin groundwater source. Because
winter floodwater would recharge locally, we would expect an area with a significant
input of winter floodwater to have a chemical gradient between G2 and R2, with the
shallowest wells exhibiting the greatest amount of R2, and the deepest wells the most G2.
There is no such gradient present here, making R2 input unlikely. Instead, the slightly
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increased SO 4/Clratio in these wells may be indicative of dissolution of gypsum or a
similar sulfate-bearing evaporite.

If groundwater from Mexico (G1) were an important source to riparian groundwater, we
would see its greatest input in wells throughout the southern part of the study area, with
its input present but lowered to the north. Because of the low-permeability silt and clay
layer beneath the shallow riparian aquifer at Palominas (Pool, personal communication),
the groundwater sampled from the deep well here (59 m bis) is likely representative of
GI . The shallower wells here (5 and 20m bis) fall within the range for R1, indicating
that G1 does not manifest in the shallower aquifer here (Figure 10).

The first well north of Palominas, at Kolbe, might demonstrate the inputs to water
flowing north from Palominas. This water falls completely outside the triangular region
formed by G2, GI and G3, and R1, indicating that these end-members may not be
sufficient to describe the shallow (5 m bls) groundwater here (Figure 10). Of the endmembers, the Kolbe well is most similar to G1 and G3, indicating that this well may
represent input of GI or G3 to the alluvial aquifer.

The wells at Hereford, which are the next wells further north of Kolbe, show that GI
ceases to be an input source before this location. The deep well (38 m bis) at Hereford is
very close chemically to G2, with a slightly higher SO 4 /C1 ratio. The two shallower wells

(8 and 15 m bls) lie almost directly on the mixing line between G2 and R1, indicating that
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only these two sources contribute recharge to the groundwater here. Therefore, GI must
not be a significant input to the riparian system anywhere downstream of Hereford.

Groundwater from the Mule Mountains (G3) may have an effect on the chemical
composition of riparian groundwater (Figure 10). However, the contribution by this input
may not be possible to quantify, due to the fact that it falls nearly directly on the mixing
line between G2 and Ri. In addition, the low number of samples (n=2) available to
characterize G3 and the lack of samples obviously drawn off the G2-R1 mixing line by

G3 introduces a large amount of uncertainty into our mixing analyses, an uncertainty that
cannot be justified based on the lack of samples obviously drawn off the G2-R1 mixing
line by G3. We can only make a qualitative assertion that G3 must represent some input
to the riparian aquifer, as groundwater discharging on the east side of the river at Lewis
Springs is chemically very similar to G3. However, the actual amount of groundwater
flowing into the riparian aquifer may be limited by the low hydraulic gradient east of the
river (Pool, personal communication).

Another difficulty arises because G3 and R1 are similar isotopically, and only different in
terms of SO4/C1 ratios. A well with an isotopic composition similar to G3 and RI but
with a lower SO4/C1 ratio may be indicative of mixing with G3, but it also might indicate
groundwater that is fairly old; as discussed previously, older waters tend to have lower

SO4/C1 ratios, whether through reduction or through a change in the input of these
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analytes over time. A lower SO 4 /C1 ratio, therefore, could be either the result of mixing,
or of age and we cannot differentiate between the two with the available data.

A final complexity in the problem is the difficulty in differentiating between monsoon
floodwater recharged within the study area and that recharged to the south, that then
flows north into the study area within the shallow riparian aquifer. These two types of
water would be chemically similar in all respects aside from radioisotope activity, with
locally recharged monsoon floodwater having a lower activity. However, radioisotopes
cannot be used to differentiate between the two waters because decreased radioisotope
activity due to greater residence time could be mimicked by increased mixing with the
older basin groundwater. Aside from Palominas, there are no areas of the riparian aquifer
that show both an advanced age and dominance of R1 as an input source, a combination
of factors that would imply that a large amount of monsoon floodwater flows north into
the study area. This indicates that this process is likely not significant in the riparian
aquifer at the timescale of the radioactive tracers.

Quantification of Sources of Riparian Groundwater

The wide range of stable isotope values in riparian groundwater results in a great deal of
variability in the importance of the two sources; the mixing analysis indicates that
riparian groundwater ranges between 10 and 90% G2 basin groundwater (Figure 11).
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Given the large variation in water source it is critical to evaluate the temporal or spatial
patterns of this variability so that we can consider the processes causing this variability.

To evaluate temporal variability in the riparian aquifer, we compared our results with
data collected by the USGS between 1994 and 1996 and reported in Pool and Coes

(1999). Several wells described in Pool and Coes were sampled during the spring dry
season and the monsoon season of the same year, and show very little variation between
seasons. Wells completed in the post-entrenchment alluvium (n=2) showed a slight
decrease from the spring dry season to the monsoon season (-0.28%0 6 18 0 and -0.5%0

6 2 H). Pre-entrenchment alluvium wells (n=7) showed a slight increase (0.41%0 6 18 0 and
1.5%0 6 2 H) over the same time period. This change between seasons is barely greater
than the error of the analysis, and thus can be ignored.

In addition to annual variability, we checked the same USGS data (as well as one sample
from our own analysis) for inter-annual variability in two wells that were sampled
repeatedly in the summer from 1994 to 1996, with one sample in 2004. The first well,
which was sampled four times over 11 years, shows no increase whatsoever over the
period of record. The second well, with two samples taken over two consecutive
summers, shows an increase of 1.8%0 over that year. With the limited data available, we
can only state that there may be a slight long-term increase in the isotopic value of the
riparian groundwater.

56

In contrast to the limited temporal variability in water sources for the riparian aquifer
there is significant spatial variability. Water source in the riparian aquifer is clustered
with some areas dominated by monsoon floodwater, whereas other areas are dominated
by basin groundwater. Given the clear spatial patterns it is likely that the isotopic
composition reflects gaining (basin groundwater dominated) and losing (monsoon
dominated) reaches. To test this we compared our results with an independent measure
of gaining and losing reaches.

Stromberg et al. (in press) assigned a condition class to each reach of the San Pedro River
using vegetative and hydrologic indicators that relate to whether it is gaining or losing.
First the river was divided into reaches using sinuosity, intermittency of baseflow, and
floodplain width; our study area contained parts or all of seven reaches. Each reach was
then assigned a condition class based on the type and amount of vegetation in the
floodplain of the river, intermittency of baseflow, depth to groundwater in the floodplain,
and, if a reach is intermittent, depth to groundwater beneath the channel. Numerical
values for all these factors were used to calculate a condition class value; a value of less
than 2.5 indicates a losing reach of the stream, whereas 2.5 or greater indicates a gaining
reach (Figure 1).

Comparing condition class values to the water sources within wells of the same reach
(Figure 11), we find that all riparian wells dominated by basin groundwater (<60%) are
located in reaches with condition classes greater than 2.5. All wells located in reaches
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with condition classes less than 2.5 contain 70% or more monsoon recharge.
Additionally, in all reaches there seems to be some increase in basin groundwater fraction
with increased well depth, although this is not a strong correlation. Because of the
agreement with the condition class analysis, we can say that the distribution of the
riparian water sources correlates with the hydraulic gradient in the riparian aquifer near
the river.

A potential complication to the mixing analysis is the effect of pre-recharge evaporation
on the stable isotopic composition of the recharged water. Evaporation would have the
effect of shifting the stable isotope values of the samples below and to the right of the

LMWL. It seems that riparian groundwater has undergone some evaporation based on
the position of the riparian well samples (Figure 3). To evaluate the effect that
evaporation has had on this system, we must quantify the isotopic shift that samples have
experienced. In a system with low humidity such as the San Pedro River Basin,
evaporative enrichment of stable isotopes follows a line with a slope of about 4 (Clark
and Fritz, 1997). Extrapolating samples along this slope back to the LMWL, the degree
of shifting reveals that the amount of evaporation is likely 10% or less. The isotopic shift
of the samples averages 0.6%0 6 18 0 and 3%0 6 2 H, with maxima of 1.5ôo 6 18 0 and 6%0

6 2 H. Figured into the quantitative mixing analysis, this equates to an average error of
15%.
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The two exceptions to agreement between the isotopic approach and the condition class
are both in gaining reaches of the river, but contain 60 to 70% monsoon recharge. This is
likely explained by local hydrologic variability. The first is in Kolbe, located
approximately halfway between the Palominas and Hereford surface sampling sites
(Figure 1). It is located in a gaining reach that is bounded on the north and south by
losing reaches. However, several parts of this reach do not flow the entire year. The
Kolbe well is shallow (6 m), and very close to the river channel, making it probable that
recharged monsoon flooding mixes with shallow groundwater, directly affecting its stable
isotope composition. The continued presence of the low-permeability silt and clay layer
beneath this area likely precludes deep water from Mexico from discharging to the river.

The other well is the northernmost well sampled during the study, and is located close to
the Charleston surface water sampling site. This well is also approximately 6 meters
deep, and about 6 meters from the river channel. The well here is probably also affected
by shallow mixing of monsoon recharge. In addition, as mentioned before there is a
bedrock high just north of this area resulting in hydrologic gradients up into the river,
creating a gaining reach. Alternatively, it is also possible that the composition of the
Charleston well is representative of northward flowing, shallow monsoon rechargedominated groundwater subflow that moves through the riparian aquifer itself.

Two deep well samples in or near the riparian area are similar to monsoon recharge in
their isotopic signatures, but exhibit very low

14C

activities. These wells are located near

59

Palominas and northwest of Hereford, both toward the south end of the study area (Figure
5). Given the age of these waters it is likely that they are hydrologically separated from
the river by a relatively impermeable silt and clay layer. Therefore, the groundwater in
these wells is not provided by monsoon recharge in the local riparian area. As mentioned
previously, the well at Palominas is likely dominated by deep groundwater flowing north
from Mexico. The other well is not likely to be dominated by this water as it is northwest
of Hereford, an area dominated by G2. The location, depth, and chemistry of this well
are not congruous with any other trends in the basin, and is therefore not classified as
either a basin or riparian well because it does not seem to be connected to either system.
The well is likely screened in a lens within the low-permeability silt and clay layer, and,
because the water is so old, may be indicative of processes different from those occurring
today (Pool, personal communication).

Analysis of SO 4 /C1 ratios confirms the quantification based on oxygen and hydrogen
isotopes. Taken together, riparian wells average 3.5±2.1 (±1a). However, wells in losing
reaches average 4.7±2.9, and in gaining reaches 2.7±0.9 (Figure 10). In addition there is
a correlation (r 2 = 0.22) between the SO4 /C1 ratio and 6 18 0 values. Wells that are similar
isotopically to basin groundwater generally, though not always, have similar SO 4 /C1
ratios, and the opposite holds for wells that are isotopically similar to monsoon recharge.
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Quantification of Sources of Baseflow

Spatial variability in baseflow mimics variability in the riparian groundwater, indicating
that the aquifer and the river are well connected at all locations except where the less
permeable silt and clay layer separates them. We examined spatial variability at the four
river sites with repeat visits (Figure 1). Based on the classification of Stromberg et al. (in
press) and our analysis of the riparian groundwater, the Palominas site is in a losing reach
and the other three are located in gaining reaches. The gaining sites all exhibit perennial
flow, although the Hereford site is bounded on both ends by losing reaches. Examining
SO4/C1 ratios and 6 18 0 values for the baseflow samples, we observe that samples from
the losing site are most similar to R1 values whereas those from gaining reaches of the
river plot toward the G2 end-member. Charleston, a site of groundwater upwelling at a
bedrock high, plots most similar to basin groundwater (Figure 9).

Using the end-member isotope values for G2 and R1, we can quantify these inputs to
baseflow at each site, based on USGS data collected from 1994-1996 and samples
collected during the course of this project. Palominas baseflow is dominated by monsoon
precipitation and contains from 0 to 60% basin groundwater, but averages just 20%.
Highway 90 and Hereford average approximately 29 and 40% basin groundwater,
respectively. At Charleston, basin groundwater input contributes 21 to 60% of baseflow,
averaging about 45%. In general we see a progressive increase in basin groundwater as
the river passes through gaining reaches, however baseflow composition exhibits a

61

greater percentage of monsoon precipitation in all areas than co-located riparian wells.
This could be indicative of shallow groundwater discharge, which even in gaining
reaches could be highly affected by recharge during monsoon flooding (Figure 11).
Therefore, if baseflow is provided by shallow groundwater, it is not surprising that its
composition is more similar to monsoon floodwater than the deeper groundwater in the
riparian aquifer. Additionally, while there a certain amount of ambiguity in the
quantification of riparian groundwater sources, there is no other source aside from R1
that can explain the chemical differences between baseflow and co-located riparian
groundwater.

Compared to riparian groundwater, evaporation seems to be a more important process
affecting the composition of baseflow (Figure 9). Using the same analysis as was used
on riparian groundwater, with an evaporative enrichment line with slope of 4, the average
enrichment for baseflow is 1.0%0 6 18 0 and 4%0 6 2 H, with a maximum for any one sample
of 2.5%0 6 18 0 and 10%0 6 2 H. The possible evaporative shift introduces an average of
23% error to the analysis. The maximum shift equates to an evaporation of about 20% of
the sample (Clark and Fritz, 1997).

In addition to the spatial variability of baseflow, there is also some degree of temporal
variability. The SO4/C1 ratio of river flow samples collected during monsoon flooding
(Figure 12) are highly variable and thus we limit our analysis to baseflow samples
collected during the rest of the year. Again, we only employed two end members in our
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mixing equation for baseflow. The sources that are possible are the same as for riparian
groundwater. Baseflow chemistry has a similar downstream trend to that of riparian
groundwater (Figure 10). Baseflow samples at Charleston are highly consistent
throughout the year, and are composed of a roughly fifty-fifty mix of basin groundwater
and monsoon precipitation. In contrast, at the Palominas sampling site values of SO 4 /C1
are higher, indicating the dominance of monsoon precipitation as a water source, and
there is greater variability throughout the year. Samples from Hereford and Highway 90
are intermediate both in end-member composition and in variability.

Implications

The results of this study have several implications for the management of this and other
semiarid basins as riparian areas, such as that found in the San Pedro Basin, are
increasingly rare, but not unique. Throughout the rapidly growing semiarid Southwest
water managers are increasingly faced with balancing growth against riparian
sustainability. Our results, as well as our methods, can therefore be applied throughout
the Southwest and in similar climates worldwide.

First, this study has demonstrated the importance of monsoon floodwater recharge as the
dominant source of water year round to baseflow, constituting 45 to 100% of baseflow in
the river. In order to maintain the health of the riparian area, therefore, it is important to
maintain flow of monsoon floodwater to the riparian area for continued alluvial aquifer
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recharge. Pool and Coes (1999) have documented a significant decrease in monsoon
flooding (414 acre-feet per year) over the period of record, 1900 to 2000. Over the same
period there has been a small decrease in precipitation (0.25 mm per year), however this
decrease is not large enough to explain the drop in flooding. Pool and Coes attribute the
decrease in monsoon flooding to an increase of capture of precipitation and flooding
through increased evapotranspiration, recharge, and diversions, as well as a decrease in
intensity of monsoon precipitation. A continued decrease in monsoon flooding could
decrease local recharge. This could then reduce the availability of this important water
source for riparian vegetation in the shallow aquifer, as well as the amount of water
available for the dominant component of baseflow even in gaining reaches of the river.

This is not to say that basin groundwater is unimportant. Our second implication is that,
because gaining reaches are also those where the river flows throughout the year,
groundwater pumping, especially if located near the river, could easily convert these
areas from gaining to losing reaches by reducing head beneath the river (Bredehoft et al.,
1982). Contributing anywhere from 10 to 90% of riparian groundwater and up to 55% of
baseflow, it is also a significant source, especially in gaining reaches of the river.
Groundwater pumping between the mountains and the river captures water that might
otherwise flow toward the river, and over time may decrease the contribution of basin
groundwater to baseflow. Because many riparian plants rely directly on groundwater to
sustain transpiration, reductions in head would drastically change the ecology of the
riparian area, both in terms of the vegetation and the animal life that depends on it; this
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can be seen already in ecological differences between gaining and losing areas of the
river that exist today (Stromberg et al., in press).

In order to minimize impact to the riparian system, the importance of where the pumping
takes place in the basin is well recognized (Bredehoft et al., 1982). It is just as important
to be careful with placement of any retention basins or other artificial recharge structures.
Placed between the areas of greatest pumping and the river, artificial recharge could serve
to lessen the eventual impact felt on the river from well withdrawals. In addition, the
placement of these recharge structures would determine the dominant season of
usefulness. Basins placed in ephemeral channels, which flow almost exclusively during
the summer wet season, would be useful for recharge of monsoon flows. Basins placed
in more established channels near the mountain front such as Ramsey Creek or Miller
Creek would increase the recharge of winter floodwater and spring snowmelt.

Third, the basin groundwater budget must be closed before the basin can be managed
properly. Because monsoon floodwater remains in the riparian aquifer and ephemeral
channel recharge represents a minor input, water recharged at the mountain front and in
the mountain block makes up nearly the entire basin aquifer west of the river. The
discharge of water from the basin aquifer is equal to the proportion of baseflow and
evapotranspiration made up of basin groundwater from the Huachuca Mountains.
Baseflow and riparian evapotranspiration together make up 13,400 afy (165x10 -4 km 3 /yr;
Pool and Coes, 1999) and, if we assume that at least 50% of this baseflow is local
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recharge, then recharge of monsoon flooding contributes at least 6,700 afy (83x10 4
km 3 /yr) to the basin water budget, far more than the 1,700 afy (21 x10 -4 km 3 /yr)
previously estimated for stream leakage in the basin (Pool and Coes, 1999). This shows
once again that monsoon floodwater is more important to the sustenance of the riparian
area than previously thought.

Finally, this study shows the value of stable isotopes and other geochemical tracers to
differentiating basin groundwater and locally recharged groundwater sources in a riparian
aquifer. Based on the source water one can determine which reaches of the river are
gaining and which are losing. If there are future reductions in monsoon flooding or basin
groundwater discharge it will be reflected in the isotopic composition of baseflow and
shallow groundwater. Thus with repeat analysis of groundwater and baseflow, stable
isotopes could be utilized as an early warning sign for reaches of the river that may be
shifting from a gaining to a losing situation long before changes in baseflow volumes or
vegetation are detected. Chemistry could be used as a sort of a "canary in a coal mine" to
keep track of changes in the riparian system.
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CONCLUSIONS

In basins supporting riparian areas like the Upper San Pedro River Basin, water resources
are increasingly managed to maintain the health of the riparian area, valuable due to its
rarity, ecological diversity and economic benefit. However, growth among communities
in the semiarid Southwest is also valuable from an economic standpoint. Water resource
managers in this basin need to balance these two demands in planning for future
management of the basin. Water managers need to know not only how much water is
coming into the riparian system, but also the source of this water. In our study area there
is an approximate equilibrium between natural recharge and well withdrawals, but if we
include riparian evapotranspiration and baseflow out of the basin, the total discharge
from the system is much greater than the approximated recharge rate.

There are two significant water sources for the riparian zone: local basin groundwater
discharge and local recharge of monsoon floodwater. Groundwater discharge from the
south is a locally important input to the riparian aquifer, but does not seem to have
significance north of the gaining reach at Hereford. Analyses of basin groundwater
indicate that it is made up of 70% winter precipitation, and that this groundwater is
recharged almost entirely at the mountain front and mountain block. This groundwater
exhibits a low 50 4 /C1 ratio due to decreased concentration of sulfate in the aquifer,
indicating the possible deposition of sulfate minerals, removal of sulfate by reduction, or
through changes in the input of SO 4 in recent recharge. In contrast, monsoon floodwater
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exhibits heavier isotopic compositions, and higher SO 4 /C1 ratios, allowing us to quantify
these two sources.

Our mixing analysis shows that riparian groundwater is highly variable in source and
composed of between 12 and 90% basin groundwater. However, there is a relationship
between the gaining and losing reaches and the amount of basin groundwater contributing
to riparian groundwater in a reach of the river. In gaining reaches, basin groundwater
contributes 60 to 90% of riparian groundwater, whereas it only contributes 10 to 40% in
losing reaches. While we used 6 2 H and 6 18 0 values to determine contributions from
different sources, our analyses of SO 4/C1 ratios exhibit results in agreement with those
given by the stable isotope anlyses.

Baseflow water sources were quantified at four sampling sites along the river. At the
southernmost site, in a losing reach of the river, monsoon recharge dominates,
contributing 90% of baseflow. Further north, in gaining reaches of the river, basin
groundwater plays an increasingly significant role in baseflow in the system, contributing
24 to 42% of baseflow. In all parts of the river, there is more monsoon recharge in the
baseflow than in the riparian aquifer, indicating that a large part of baseflow is discharge
of shallow groundwater recharged locally during monsoon events.

The results of this study indicate that both monsoon floodwater and basin groundwater
must be managed carefully in order to sustain both riparian health and economic growth

69

in the area. Additionally, stable isotopes represent a valuable tool for both assessing and
monitoring semiarid basins and their associated riparian areas.
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