
QUANTIFYING MOUNTAIN SYSTEM RECHARGE 

IN THE UPPER SAN PEDRO BASIN, ARIZONA, 

USING GEOCHEMICAL TRACERS 

by 

Arun Kumar W ahi 

© Arun Kumar Wahi 2005 

A Thesis Submitted to the Faculty of the 

DEPARTMENT OF HYDROLOGY AND WATER RESOURCES 

In Partial Fulfillment of the Requirements 
For the Degree of 

MASTER OF SCIENCE 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

2005 



STATEMENT BY AUTHOR 

This thesis has been submitted in partial fulfillment of requirements for an advanced 
degree at The University of Arizona and is deposited in the University Library to be 
made available to borrowers under rules of the Library. 

Brief quotations from this thesis are allowable without special permission, provided 
that accurate acknowledgement of source is made. Requests for permission for extended 
quotation from or reproduction of this manuscript in whole or in part may be granted by 
the copyright holder. 

SIGNED: 

APPROVAL BY THESIS DIRECTOR 

This thesis has been approved on the date shown below: 

/). / J (; /0/) 
Date 

Professor of Hydrology and Water Resources 

2 



3 

ACKNOWLEDGEMENTS 

This research would not have been possible without the assistance of many individuals 
and organizations. I would first like to thank my thesis committee of Brenda Ekwurzel, 
James Hogan, and Thomas Meixner for their excellent guidance. Matt Baillie was an 
indispensable collaborator and a true friend. Harold and Ingrid Baillie graciously opened 
their home to me for several weeks during the field campaign. Chris Eastoe, Ailiang Gu, 
and Majie Fan performed most of the isotope laboratory analyses and patiently answered 
my many questions. The insights of Don Pool and Jeannie Bryson of the USGS helped to 
resolve key questions to keep the research moving forward. The Upper San Pedro 
Partnership enthusiastically supported this research by coordinating access to wells and 
providing valuable feedback as we presented preliminary findings. I do not have the 
space to thank all the individuals at the partnership's member organizations who went out 
of their way to assist me, but they are appreciated nevertheless. Likewise, I owe my 
success to the many private well owners who allowed me to take samples. Finally, I am 
grateful to the entire staff of SARRA, especially the students, who assisted in the field 
and the laboratory and helped in a hundred other ways. 

This work was supported by the University of Arizona, Technology and Research 
Initiative Fund (TRIF), Water Sustainability Program, and was also supported in part by 
SARRA (Sustainability of semi-Arid Hydrology and Riparian Areas) under the STC 
Program of the National Science Foundation, Agreement No. EAR-9876800. (Any 
opinions, findings, and conclusions or recommendations expressed in this material are 
those of the author and do not necessarily reflect the views of SARRA or of the National 
Science Foundation.) Daniel B. Stephens & Associates, Inc. generously furnished the 
time of Chris Fillwock, whose GIS and graphics expertise greatly improved the figures. 



4 

TABLE OF CONTENTS 

STATEMENT BY AUTHOR .............................................................................................. 2 

ACKNOWLEDGEMENTS ................................................................................................. 3 

TABLE OF CONTENTS ..................................................................................................... 4 

LIST OF FIGURES ............................................................................................................. 7 

LIST OF TABLES ............................................................................................................... 7 

ABSTRACT ......................................................................................................................... 8 

1. INTRODUCTION ........................................................................................................... 9 

2. BACKGROUND ........................................................................................................... 12 
2.1 Use of Geochemical Tracers .................................................................................... 12 
2. 2 Hydro geologic Setting ............................................................................................. 14 
2. 3 Prior Research in Regional Basins ......................................................................... . 18 

3. METHODS .................................................................................................................... 20 
3.1 Field Methods ........................ ......................... ......................................................... 20 
3.2 Analytical Methods .................................................................................................. 21 
3.3 Calculations and Interpretive Methods for Radioactive Tracers ............................ 23 

3.3.1 Interpretation of Residence Times Using Parent Nuclides ... ............................ 23 
3.3.2 Interpretation of Residence Times Using Both Parent and Daughter 

Nuclides .................................. ..... ................ ............................ ..... ...................... 27 
3.3.3 Avoiding Errors Due to Pumping ..................................................................... 30 
3.3.4 The Effect of Calcite Dissolution on Apparent 14C Residence Times ............... 31 
3.3.5 Calculation of MSR Rate .................................................................................. 34 

3.4 Calculations and Interpretive Methods for 82H and 8180 ...................................... 39 
3. 4.1 Seasonality of Local Precipitation ................................................................... . 39 
3.4.2 Regional Stable Isotope Data for Precipitation at Higher Elevations ............ .41 



5 

TABLE OF CONTENTS - Continued 

4. RESULTS AND DISCUSSION ................................................................................... .43 
4.1 Radioactive Tracers and Recharge Rate ................................................................ .43 

4.1.1 Spatial Distributions of Radioactive Tracers .................................................. .43 
4.1.2 Modeled Precipitation 3H Timeseries ............................................................... 47 
4.1.3 3H-3He Residence Times ................................................................................... 49 
4.1.4 Evidence of Calcite Dissolution and Its Probable Impacts on 14C 

Residence Times ............................................................................................. ... 52 
4.1.5 Interpreted MSR Rate ....................................................................................... 55 

4.2 Stable Isotopes and Recharge Seasonality .............................................................. 58 
4.2.1 Stable Isotopes in Local Precipitation .............................................................. 58 
4.2.2 Regional Elevation Trends for Precipitation .................................................... 60 
4.2.3 Determination of Seasonal Endmembers .......................................................... 64 
4.2.4 Recharge Seasonality from Groundwater Samples ...................... '. ................... 66 
4.2.5 The Elevation Effect Revisited .......................................................................... 69 
4.2.6 Climate Change ................................................................................................ 70 

4. 3 Solute Geochemistry ................................................................................................ 71 
4. 3.1 Major Anion Distributions ................................................................................ 71 
4.3.2 Evaporation and Transpiration ........................................................................ 73 
4.3.3 Sulfate and 834S ................................................................................................ 76 

5. WATER RESOURCES IMPLICATIONS .................................................................... 84 

6. SUMMARY AND CONCLUSIONS ............................................................................ 90 

FIGURES ........................................................................................................................... 92 

TABLES .......................................................................................................................... 102 



6 

TABLE OF CONTENTS - Continued 

APPENDIX A- SAMPLE LOCATIONS INFORMATION ......................................... 104 

APPENDIX B -PRECIPITATION SAMPLE DATA ................................................. .. 106 

APPENDIX C - ST ABLE ISOTOPES IN GROUNDWATER .............................. ........ 107 

APPENDIX D - MAJOR ANIONS IN GROUNDW ATER ......................................... .. 108 

APPENDIX E - RADIOACTIVE ISOTOPES AND 813C IN GROUNDW ATER ........ 110 

APPENDIX F- SURFACE WATER DATA ............................................................. ... . 112 

APPENDIX G-NOBLE GASES IN GROUNDWATER ............................................. 113 

REFERENCES ................................................................................................................ 115 



7 

LIST OF FIGURES 

Figure 1, Study area and sample locations ......................................................................... 92 

Figure 2, Radiocarbon in Upper San Pedro Basin groundwater ........................................ 93 

Figure 3, Tritium in Upper San Pedro Basin groundwater ................................................ 94 

Figure 4, Modeled timeseries for 3H in local precipitation and estimated initial 3H 
in groundwater recharge based on measured 3H and 3He .............................................. 95 

Figure 5, Stable carbon isotopes of DIC in Upper San Pedro Basin groundwater ............ 96 

Figure 6, Elevation gradients by season for 8180 in southeast Arizona 
precipitation ................................................................................................................... 97 

Figure 7, Seasonal mixing and 8180 in groundwater samples by land surface 
elevation ......................................................................................................................... 98 

Figure 8, Box plots of major anions and anion ratios ........................................................ 99 

Figure 9, Sulfate to chloride ratio by quartile in Upper San Pedro Basin 
groundwater ................................................................................................................. 100 

Figure 10, Stable sulfur isotopes of sulfate vs. sulfate in groundwater samples ............. 101 

LIST OF TABLES 

Table 1, Example age correction for calcite dissolution ..................... ............................. I 02 

Table 2, Major anion statistics by sample type ................................................................ 103 



ABSTRACT 

Use of geochemical tracers has improved our conceptual and quantitative 

understanding of mountain system recharge (MSR) in the Upper San Pedro Basin, 

Arizona. These isotopic, major anion, and noble gas tracers resolved the location, rate 

and seasonality of recharge as well as groundwater flowpaths and residence times. 

Detectable anthropogenic 14C and tritium revealed less than 50 years residence times for 

the fast fraction of flow on the mountain block and in riparian areas. Maximum 14C 

residence times of over 10,000 years occurred for basin groundwater entering the San 

Pedro River riparian area. Groundwater fluxes determined from 14C imply MSR rates 

between 2 x 106 m3 /yr and 9 x 106 m3 /yr. Stable isotopic signatures indicate that MSR 

has a 40-90% contribution from winter precipitation and a 10-60% contribution from 

summer precipitation. Geochemical data is recommended to help calibrate groundwater 

flow models and substantially reduce uncertainty in the estimated MSR rate. 
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1. INTRODUCTION 

Mountain system recharge (MSR) is frequently the dominant source of recharge to 

alluvial basins in the semiarid Basin and Range province (Kalin, 1994; Pool and Coes, 

1999; Manning and Solomon, 2003; Plummer et al., 2004; Wilson and Guan, 2004). 

MSR consists of mountain runoff that infiltrates at the mountain front (mountain-front 

recharge, hereafter MFR), and percolation through the mountain bedrock that reaches the 

basin via the movement of deep groundwater (mountain-block recharge, hereafter MBR). 

The acronym MFR has traditionally been used to describe both processes collectively; 

however, to avoid confusion with the fraction of recharge actually occurring at the 

mountain front, this study adopts the term MSR for the collective process 1• The rate of 

MSR can be estimated from an empirical water balance relationship ( e.g., Maxey and 

Eakin, 1950; Anderson et al., 1992), a Darcy's law analysis ( e.g., Maurer and Berger, 

1997), a chloride mass balance ( e.g., Dettinger, 1989), or inverse modeling of 

groundwater processes (e.g., Dickinson et al., 2004). None of these methods offer 

'Breaking with established convention ought to require a compelling reason; therefore, the following aside 
offers further justification for redefining MFR. Earlier usage of the term MFR in the broader sense may in 
part reflect an assumption that MBR is sma11 relative to MFR. Specifica11y, applying the mechanism for 
MBR as described above in basins like the Upper San Pedro Basin implies that it occurs across normal 
faults in contrast to the hydrogeologic intuition that many faults act as barriers to flow (Thomas et al., 
2003; Plummer et al. 2004; D.K. Solomon, University of Utah, pers. comm.). Of course, when MBR does 
prove a significant component of natural recharge, the implication for water resources management is that 
assuming only the MFR mechanism would substantially overestimate the rate of total MSR, since the 
timescale of percolation through the mountain block is orders of magnitude greater than that of infiltrating 
mountain runoff. Conversely, relying on surface measurements - as many empirical methods do - ignores 
MBR entirely as a recharge mechanism and thus underestimates MSR (Wilson and Guan, 2004). In one 
striking application, Manning and Solomon (2004) calculated a probable MBR fraction of 90% of all 
recharge in the Salt Lake Va11ey, Utah, a basin of similar geology and much thinner alluvial deposits. 
Therefore, along with any estimate of MSR, it is desirable to estimate the fraction due to MBR and to 
similarly treat MFR as a fraction rather than a sum. 
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sufficient mechanistic understanding of MSR, and they typically produce estimates with 

errors of 50 to 100% (Simmers, 1997; Sanford, 2002; Manning and Solomon, 2004). 

A large volume of research exists regarding water resources in the Upper San Pedro 

Basin in southeast Arizona ( e.g., Brown et al., 1966; Vionnet and Maddock, 1992; 

Anderson and Freethey, 1995; Corell et al. 1996; Pool and Coes, 1999; Goodrich et al., 

2004; USPP, 2005). Much of the scientific scrutiny is intended to address the 

controversy surrounding competing demands for water from a growing population and 

the riparian ecosystem along the San Pedro River. Glennon (2002) provides an excellent 

synopsis of the debate over the years, and Alaimo (2005) describes recent wrinkles in the 

ever-colorful story. The current regulatory framework, water resource management 

objectives, and a further review of scientific understanding of basin processes to date are 

presented in the USPP's (2005) report to Congress. Given the uncertainty in MSR (the 

largest input to the water budget), it is not surprising that controversy persists. 

This study employs a suite of geochemical measurements to improve conceptual and 

quantitative understanding of MSR associated with the Huachuca Mountains. The study 

includes isotopic tracers, anions, and noble gases in order to provide an independent 

evaluation of MSR rates, groundwater flowpaths, and residence times. The suite of 

measurements also addresses mechanistic questions regarding the seasonality and 

location of recharge. The versatility of the multi-tracer approach yields conceptual 

understanding far beyond that provided by previous research that relied largely on bulk 

hydro logic measurements. This advantage potentially extends the utility of the 

geochemical approach to many other basins in similar settings. The Upper San Pedro 
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Basin is an ideal laboratory in which to demonstrate the multi-tracer approach while 

taking advantage of lessons learned and filling a gap in geochemical data that is highly 

desirable from a water resources standpoint. Though outside the scope of this study, 

future research that employs geochemical data to calibrate MSR, within a detailed, 3-

dimensional flow model of the basin, may provide the most accurate accounting of basin 

water resources. A companion to this study (Baillie, 2005) analyzed a common dataset to 

quantify sources of riparian groundwater. 
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2. BACKGROUND 

2.1 Use of Geochemical Tracers 

Age-dating tracers such as radiocarbon (14C) or tritium (3H) allow calculation of the 

residence time between sample points along a flowpath, i.e. residence time is the 

difference of the corrected ages. Corrections are possible given concurrent measurements 

of 813C (Stuiver and Polach, 1977) and 3He, 4He, and Ne (Stute and Schlosser, 2000). 

Indeed, the combined use of 3H-3He data represents an "equivalent nondecaying tracer" 

(Solomon et al., 1992) that is widely used to calculate groundwater residence times 

independent of atmospheric 3H input (Schlosser et al., 1989; Solomon et al., 1992; 

Solomon et al., 1993; Ekwurzel et al., 1994; Aeschbach-Hertig et al., 1998). 

Estimates ofMSR calibrated with or derived directly from numerical models that 

invoke Darcy's Law are inherently subject to enormous uncertainties given that hydraulic 

conductivities are known to vary over several orders of magnitude (Section 2.2). Rates 

can be obtained from the residence times measured by radioactive tracers that incorporate 

substantially less uncertainty by avoiding the use of conductivity as a parameter. In 

essence residence time tracers integrate all the aquifer properties that influence water 

flow. Given basic hydrogeologic information such as the saturated thickness and 

porosity of the aquifer, a simple calculation can determine the net volumetric flux in a 

basin from the residence times ( e.g., Kalin, 1994; Manning and Solomon, 2004), and this 

flux is related to MSR by mass balance. 

It has been shown that flowpaths can be better constrained and MSR estimates 

improved by measurement of dissolved inert gases (Manning and Solomon, 2003; 
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Plummer et al., 2004). The solubility of gases in water depends on temperature and 

pressure; thus, assuming gas concentrations are fixed from the time of recharge below the 

water table to the time of withdrawal of a water sample, they provide a means to 

distinguish samples recharged at different elevations. Modem instruments allow 

simultaneous measurement of 5 noble gases (Thomas et al., 2003). This document 

focuses on the use of He and Ne for corrections to the 3H data. A full analysis of 

recharge elevations using all 5 noble gases will be presented in a future publication. 

As described above, measurements of 14C, 3H, 813C, and the noble gases provide 

insight into certain hydrogeologic questions; but analysis of multiple other geochemical 

tracers can greatly refine the conceptual model of MSR at a rather low cost. Stable 

isotopes of hydrogen and oxygen are widely used to explain processes affecting water 

molecules before and during recharge, since the ratio of a heavy isotope to a lighter one 

in a bulk measurement depends on thermodynamic factors related to phase changes 

(Clark and Fritz, 1999; Cook and Herczeg, 2001). In particular, these isotopes address 

the location and seasonality ofrecharge (Craig and Gordon, 1965; Simpson et al., 1972; 

Cunningham et al., 1998; Winograd et al., 1998; Wright, 2001). 

Common anions help to identify sources of water and exchange processes with aquifer 

minerals. For example, the conservative behavior of halide ions can be gauged by 

comparing chloride to bromide ratios in groundwater and atmospheric precipitation 

(Davis et al., 1998). Because plants sometimes take up bromide preferentially over 

chloride, shifts in the ratio might help to distinguish transpiration from evaporation 

(Dadakis, 2004), as do the stable isotope ratios of water. Since chloride typically is 



conservative, it may be used to normalize other anions for evaporation such that the 

ratios, e.g. sulfate to chloride, only reflect other processes like dissolution of gypsum or 

microbially-mediated reduction. 

14 

Other stable isotope ratios such as 813C and 834S help to constrain groundwater 

flowpaths by tracking different sources of solutes. For example, 813C differs greatly 

between soil CO2 in recharge areas and carbonate minerals in the aquifer matrix, and 834S 

differs between fossil fuel emissions and sulfate minerals, so the isotopic signatures of 

dissolved inorganic carbon and dissolved sulfate will reflect the entire history of 

processes contributing to the bulk solute concentrations as groundwater moves through 

the aquifer (Clark and Fritz, 1999; Cook and Herczeg, 2001). 

2.2 Hydrogeologic Setting 

This study is principally concerned with the Huachuca Mountains and the adjacent 

section of the Upper San Pedro Basin (Figure 1 ). The San Pedro River has its headwaters 

in Cananea, Mexico, and flows northward for about 225 km to its confluence with the 

Gila River, a tributary to the Colorado River. The San Pedro River Basin is divided into 

upper and lower basins by a geological constriction known as the Narrows. The Sierra 

Vista subwatershed occupies about 2460 km2 of the Upper San Pedro Basin between the 

U.S.-Mexico border and a bedrock high 42 km north near Tombstone (Pool and Coes, 

1999; Gettings and Houser, 2000). It is bounded on the west by the Huachuca Mountains 

and on the east by the Mule Mountains and the Tombstone Hills. The maximum 

elevation in the Huachucas is 2886 m (Miller Peak), compared to maximum elevations 

below 2260 m for the Mules and the Tombstone Hills. The San Pedro River slopes 



gently from an elevation of about 1310 mat the U.S.-Mexico border to about 1150 mat 

the gauging station near Tombstone. It has ephemeral and perennial reaches and 

becomes increasingly intermittent in the southern part of the study area (TNC, 2000; 

Stromberg, in press). All tributaries in the study area are ephemeral except for some 

reaches of the Babocomari River (Pool and Coes, 1999). 

15 

The basin is typical of the Basin and Range province. Alluvial sediments reach 

thicknesses ranging from 200 m to 1700 min the Sierra Vista subwatershed (Gettings and 

Houser, 2000). The lowest and thickest unit is the Pantano Formation, a well

consolidated sedimentary unit of Oligocene to Miocene age (Gettings and Houser, 2000). 

The Pantano Formation is also encountered at shallower depths and in outcrops toward 

the northern end of the Huachuca Mountains. Some wells have been completed in the 

Pantano Formation, and relatively abundant uranium - a source of 4He - has been noted 

in its sediments (Don Pool, USGS, pers. comm.). The Miocene to Pleistocene "Basin 

Fill" unit unconformably overlies the Pantano Formation (Gettings and Houser, 2000). It 

varies with increasing depth from unconsolidated to moderately consolidated (Gettings 

and Houser, 2000). Previous studies have further distinguished between Upper Basin Fill 

and Lower Basin Fill units for this reason (Brown et al., 1966; Corell et al., 1996). The 

Upper Basin Fill is relatively permeable compared to the Lower Basin Fill, but the Lower 

Basin Fill is thicker than the Upper Basin Fill and more permeable than the Pantano 

Formation; therefore, the Lower Basin Fill may be regarded as the principal aquifer (e.g., 

Anderson and Freethey, 1995; Goode, 2000). Goode (2000) simulated hydraulic 

conductivities from 0.1 mid to over 10 mid in the Lower Basin Fill, compared to 0.1524 
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mid for all depths greater than 305 m. Anderson and Freethey (1995) simulated a similar 

range of hydraulic conductivities based on variation across 5 orders of magnitude among 

regional alluvium facies (Anderson, 1995). Both models predicted only small 

groundwater fluxes at greater than 305 m depth relative to shallower fluxes. 

The climate is semiarid with 40 cm of precipitation annually recorded by 4 stations 

ranging in elevation from 1384 m to 1598 m (Pool and Coes, 1999). While precipitation 

data are only available for lower elevations, it is well known that higher elevations 

receive more precipitation due to orographic effects, a fact that was confirmed by a 

statistical correlation of regional data in Anderson (1995). The region has 2 wet seasons 

separated by seasons that are essentially dry. Summer rainfall is carried from the tropical 

eastern Pacific and Gulf of California by the North American Monsoon or by cut-off low

pressure systems and dissipating tropical cyclones (Wright et al., 2001; Hereford, 1993). 

Monsoon storms are patchy, intense, and short lived. Interactions of cut-off low-pressure 

systems and dissipating tropical cyclones can also lead to extreme precipitation events 

(Hereford, 1993). Winter storms generally result from frontal systems originating in 

more temperate regions of the eastern Pacific (Sellers and Hill, 1974; Wright et al., 

2001 ). These storms are broad, low intensity, and long lived. Data from a station in 

Tombstone from 1897 to 1997 shows 69% of annual precipitation falling during the 

monsoon months, 23 % falling in the wet winter season, and the remaining 8% falling in 

the intervening dry months (Pool and Coes, 1999). However, Pool and Coes (1999) 

noted the seasonality of precipitation is not constant over time, and in particular, the 

fraction of annual precipitation falling during the winter wet season has recently grown. 
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That finding is supported by data for southeast Arizona in the National Climatic Data 

Center's CLIMVIS database, which shows that from the summer of 1981 to the winter of 

2004/2005 the mean annual precipitation of 39.2 cm was almost evenly split with 54% 

falling during the monsoon and preceding dry season versus 46% falling in the winter wet 

season and preceding dry season. The difference in moisture source areas between the 2 

wet seasons is important to this study because differences in sea surface temperatures and 

relative humidity in the troposphere produce isotopic differences in vapor masses that 

persist until precipitation condenses (Craig and Gordon, 1965; Wright, 2001; Wright et 

al., 2001). Many other atmospheric processes contribute to the ultimate isotopic 

signatures of precipitation events; nevertheless, a seasonal shift originating as the 

difference between moisture sources is often detectable throughout the region (Wright, 

2001; Wright et al., 2001; Bryson, 2005). 

Other research has described interactions of humans and the riparian ecosystem with 

hydrogeologic processes that may have broad relevance in the interpretation of 

geochemical results. Pool and Coes (1999) estimated a basin-wide water budget from 

hydrologic and geochemical information, and the Upper San Pedro Partnership (USPP) 

recently revised the budget to include updated data on human uses (2005). A number of 

other studies have examined topics ranging from delineating gaining and losing reaches 

of the San Pedro River (Stromberg, in press; TNC, 2000) to nutrient cycling ( e.g. Lemon, 

2004; Koch, 2005) and riparian evapotranspiration (ET) (Scott et al., 2000). 
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2. 3 Prior Research in Regional Basins 

Some basic conceptual hypotheses are supported by past use of various combinations 

of geochemical tracers in semiarid settings. Simpson et al. (1972) used hydrogen 

isotopes to show that winter precipitation dominated groundwater recharge in the Tucson 

basin, Arizona. Using stable isotopes of hydrogen and oxygen, Winograd et al. (1998) 

estimated the winter contribution at 90% in the Spring Mountains in Nevada where 

winter snow and rain comprise 70% of annual precipitation. Cunningham et al. (1998) 

further delineated seasonal contributions in the Tucson basin according to particular MSR 

mechanisms by examining stable isotopes along with 3H. They concluded that fracture 

flow (MBR) was almost exclusively winter precipitation, whereas stream channel 

recharge at the mountain front appeared slightly evaporated with a significant summer 

component. Tritium measurements revealed dominantly modem groundwater (less than 

50 years old) in the mountain front environment. 

Robertson (1992) interpreted 14C ages in the Lower San Pedro Basin, supported by 

813C and 3H measurements, as showing general flowpaths normal to the mountain front 

with ages in the center of the basin greater than 10 ka BP. He showed calcite dissolution 

was required locally to account for 8 13C measurements, despite other chemical 

parameters predicting a net precipitation of calcite along a flowpath. He did not report 

age corrections for calcite dissolution due to the uncertain isotopic composition of the 

local carbonate minerals. 

Based on the observations summarized above, recharge in the study basin is expected 

to be rapid near the mountain front relative to very slow groundwater fluxes in the valley, 
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and it is expected to occur dominantly in the winter when it is not limited by 

evapotranspiration, though in some cases the intense storms of the monsoon months 

could produce significant stream channel recharge (Goodrich et al., 2004). A goal of this 

study was quantify these processes in the Huachuca Mountains and adjacent portions of 

the basin. 
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3. METHODS 

3.1 Field Methods 

Sample locations were selected on 2 broad transects, one along the axis of Ramsey 

Canyon and the other parallel to the mountain front (Figure 1 ). A total of 13 mountain 

springs and 43 wells were sampled for isotopic tracers, anions, and noble gases as 

appropriate. The median well depth was 200 m and the maximum depth was 305 m. The 

median screened interval was 12.2 m and the maximum was 198 m. An attempt was 

made to select pairs of nearby wells whose screened intervals were separated as much as 

possible. Most wells were screened in the upper basin fill and/or lower basin fill and 

some were screened in the Pantano Formation. Wells were purged until pH, temperature, 

conductivity, .and dissolved oxygen reached steady state values before sampling. Noble 

gas samples were collected in triplicate in 25-cm-long copper tubes following the method 

of Thomas et al. (2003) adapted from a method developed by Weiss (1968). 

Precipitation samples were collected from a rain gauge located in Sierra Vista at 1400 m 

elevation for a period of approximately 15 months and analyzed for stable isotopes and 

occasionally major anions. A thin layer of mineral oil placed in the rain gauge after each 

precipitation sample was collected prevented evaporation of the next sample. Grab 

samples were obtained from spring outlets and surface water sites for all analyses except 

the noble gas analysis, for which most of these sites were inappropriate due to 

vapor/liquid re-equilibration with the atmosphere. San Pedro River water was repeatedly 

sampled for stable isotopes and anions from 10 sites over about 12 months. River 



sampling was irregular, with emphasis on a few sites for which the sampling frequency 

averaged once a month. 

3.2 Analytical Methods2 
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Water samples were analyzed for a suite of seven anions (F-, er, N02-, Br-, N03-, 

so/-, and PO/) using a Dionex Ion Chromatograph (IC) located at the University of 

Arizona. Analytes were separated using an AS 17 analytical column and a KOH gradient 

produced by an EG 50 eluent generator and a GS50 gradient pump. The KOH eluent was 

removed using an ASRS suppressor column, allowing anion concentrations to then be 

quantified using a CD25 conductivity detector. Detection limits were approximately 

0.025 ppm for all anions except PO/-, which had a detection limit of roughly 0.1 ppm. 

Replicate analysis of samples and standard typically agree within 5% or better for 

concentrations greater than 1 ppm and 10% or better from samples less than 1 ppm. 

Isotopes of hydrogen, oxygen, and sulfur were analyzed at the Laboratory of Isotope 

Geochemistry at the University of Arizona. Water stable isotope measurements (82H and 

8180) were made on a gas-source Finnigan Delta S™ Isotope Ratio Mass Spectrometer 

(IRMS) following reduction by Cr metal at 750°C (Gehre et al., 1996) or CO2 

equilibration at l5°C (Craig, 1957), respectively. Results are reported in per mil (%0) 

relative to VSMOW (Gonfiantini, 1978) with precisions of at least 0.9%0 for 82H and 

0.08%0 for 8 180. The laboratory also uses the SLAP international standard (Coplen, 

1995) during analysis. 

2Description of instruments and trademarks is for identification only and does not constitute endorsement. 
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Tritium samples were distilled to remove non-volatile solutes and then electrolytically 

enriched (Kaufman and Libby, 1954) by a factor ofroughly 9, resulting in a detection 

limit of 0.6 tritium units (TU). Following enrichment, samples were mixed 1: 1 with 

Ultimagold Low Level Tritium cocktail. Decay counting was done underground by 

liquid scintillation for 1500 minutes using an LBK Wallac Quantulus 1220™ 

(Theodorsson, 1996) and the NIST SRM 4361 B and C standards, with precision ranging 

from 0.2 TU to 0.4 TU. 

Stable isotopes of sulfur in dissolved sulfate were analyzed by precipitating BaS04 

from water samples and measuring their ratios on a Finnigan Delta PlusXL ™ continuous

flow isotope ratio mass spectrometer (CFIRMS) and a Costech Element Analyzer™ 

following combustion with V 20 5 (Coleman and Moore, 1978). Results are reported in %0 

relative to CDT with a precision of 0.2%0. Calibration is linear in the range of -10%o to 

30%0. The laboratory uses the OGS-1 and NBS 123 standards during analysis. 

Carbon isotopes were measured at the NSF - Arizona Accelerator Mass Spectrometer 

(AMS) Facility. Dissolved inorganic carbon (DIC) extraction consisted of acidification 

with HCl (this converts DIC species to insoluble CO2 gas), boiling the sample at low 

pressure on a vacuum line, and cryogenically separating the vapors to trap portions of 

CO2 for the 14C and 813C analyses. CO2 was then reduced to graphite and measured on 

the accelerator. 14C results are reported in percent modem carbon (pMC) relative to the 

NBS oxalic acid I and II standards (Jull et al., 2004; Polach et al., 1973). The detection 

limit is 0.2 pMC, and the precision varied from 0.1 to 0.9 pMC. 813C was measured on a 
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Finnegan Delta S™ gas-source IRMS and is reported in %0 relative to NBS 19 with a 

precision of 0.15%0. 

Noble gases were analyzed at Lawrence Livermore National Laboratory as described 

by Thomas et al. (2003). Briefly, water samples were extracted from copper sampling 

tubes using a high vacuum extraction-clean-up system, and noble gases were extracted 

and separated from other gases by a series of cold traps and titanium getters. Individual 

noble gas concentrations were measured using a Nuclide 6-60 noble gas mass 

spectrometer and following the isotope dilution method of Clark et al. (1998). 

Calibration was performed using known volumes of atmospheric air. 

3.3 Calculations and Interpretive Methods for Radioactive Tracers 

3.3.1 Interpretation of Residence Times Using Parent Nuclides 

Radioactive decay is described by the well-known equation: 

a(t) = a(O) · e-At (1) 

where a(t) is the activity of a radionuclide at time t, and A is the inverse of a time constant 

such that a length of time greater than about 5 times X 1 is sufficient for any amount of the 

radionuclide to decay completely to daughter products. The value of X 1 can be 

determined from the half-life, t112, of the radionuclide using Equation 2. 

1-'=~ 
ln(2) 

(2) 



The currently accepted half-lives of 14C and 3H are 5730 years and 12.32 years
3
, 

respectively, so X 1(1 4C) is 8267 yr and X'(3H) is 17.77 yr. 
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Reporting 14C activities in units of percent modem carbon (pMC) invoked a reference 

standard that approximates the fraction of 14C in atmospheric carbon prior to the 

Industrial Revolution. Thus, although natural production of 14C in the atmosphere really 

fluctuates (i.e. 97-170 pMC from the Pleistocene to present) as a function of solar activity 

(Kalin, 2000; Clark and Fritz, 1999), the natural 14C activity in the atmosphere was 

assumed to be a constant 100 pMC on the timescale relevant to this study. In the latter 

half of the last century, anthropogenic production increased the amount of 14C in the 

atmosphere beyond that of the standard. Therefore, values greater than 100 pMC in 

groundwater indicate that recharge occurred during the last half-century. The convention 

when invoking the assumption of a constant 100 pMC in the atmosphere is to report 

groundwater "ages" in radiocarbon years to highlight the difference with calendar years. 

Several algorithms are available to correct radiocarbon ages for such historical variations 

when greater accuracy is possible and necessary ( e.g. for archeological samples), 

however there are other corrections that are more important in a groundwater setting. 

Neglecting anthropogenic emissions, a measurement of98.8 pMC would correspond 

to an apparent age of 100 years, based on a rearrangement of Equation 1 to Equation 3, 

where tis the apparent age in years, and R is the ratio of a(t) to a(O) expressed by the 

measurement ofpMC (e.g., for 1 pMC, R = 0.01). 

t = - 8267 · ln(R) (3) 

3 The tritium half-life is based on 4500±8 days (Lucas and Unterweger, 2000). 
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Likewise, a measurement of 88.6 pMC has an apparent age of 1000 years, and a 

measurement of29.8 pMC has an apparent age of just over 10,000 years. 

The equivalent expression for 3H is given by Equation 4, where t is the apparent age in 

years and the activities, a, of 3H are defined as before. 

( 
a(t)) 

t=-17.77-ln -1 
a(o)) 

Background activity of 3H in the atmosphere as detected in southern Arizona 

(4) 

precipitation is on the order of 1-10 TU (C. Eastoe, University of Arizona, pers. comm.). 

Even though the decay constant suggests it may take as long as 90 years for all the 

natural 3H in water to decay after recharge, Equation 4 predicts it would take only 50 

years for 3H in recharge with background activity of 10 TU ( and no anthropogenic 3H) to 

decay below a detection limit of 0.6 TU. Therefore, recharge that occurred prior to about 

1955 would not have detectable 3H. 

From the 1950's through the 1970's, a series of above-ground thermonuclear weapons 

tests by multiple countries injected 3H into the atmosphere at levels many orders of 

magnitude higher than background, mostly in the northern hemisphere (Clark and Fritz, 

1999; Doney et al., 1992). Atmospheric tritium levels peaked in 1963 when the first 

treaty banning such tests was signed, and then sharply declined until a final round of 

smaller explosions led to a more gradual decline (Clark and Fritz, 1999). Radioactive 

decay and precipitation were responsible for reducing atmospheric 3H activity as water 

containing anthropogenic 3H cycled between the northern and southern hemispheres and 

between the stratosphere and troposphere (Doney et al. , 1992). A distinctive 3H signal 



known as the "bomb peak" or the "bomb signal" resulted from these processes and has 

been detected in global precipitation records as well as numerous groundwater 

applications. 
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Doney et al. (1992) used worldwide observations of3H in precipitation to model the 

spatial and temporal distribution of initial activities, a(O), that would apply for young 

groundwater samples at the times of recharge (t = 0, with time beginning on a different 

date for each sample). Local values of the model parameters read from contour maps 

provided with the model were used to estimate a precipitation 3H timeseries. To account 

for possible contouring errors or errors reading the maps, the timeseries included an 

uncertainty of plus or minus one contour interval for each parameter. Measurements of 

3H in precipitation collected at monitoring stations in the United States Southwest and 

northern Mexico provided a qualitative check of the model's accuracy. These 

individual station records are available from the ISOHIS database4 (IAEA, 2004). 

Although Doney et al. (1992) calibrated the model using the same database, the use of a 

global model at the basin scale can reasonably be expected to include deviations from the 

nearest local records. Features such as the height and timing of the bomb tritium peak 

(which ought to occur in the early- to mid-1960's), the magnitude of tritium activities on 

the tail of the signal, and the pattern of fluctuations following the smaller test explosions 

should all be captured reasonably well in order to use the model to interpret local 

groundwater samples. 

4 This is a newer, broader database incorporating the more familiar GNIP database (IAEA/WMO, 2004). 
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The anthropogenic signal of 3H had disappeared from precipitation in the Tucson 

region by 1992 (Eastoe et al., 2004), so it is assumed to have also disappeared from 

precipitation in the study area in the early 1990's. A comparison ofrecent precipitation 

in the two basins suggests that background 3H values in the Upper San Pedro Basin tend 

to be lower by a few TU (C. Eastoe, University of Arizona, pers. comm.), an observation 

that supports the assumption that precipitation 3H activities returned to background at 

close to the same time. Localized technogenic 3H releases in the Tucson Basin should 

not have affected the Upper San Pedro Basin given wind patterns and atmospheric 

dilution, and there were no other known releases to the atmosphere or groundwater near 

the study area. Thus, the timing of decay to background levels provides an additional 

constraint for the model, and the lack of known local releases implies estimates of initial 

activities for groundwater samples should not exceed the maximum modeled activities 

for the regional atmosphere. 

3.3.2 Interpretation of Residence Times Using Both Parent and Daughter Nuclides 

For groundwater samples with both 3H and 3He measurements available, it is possible 

to determine the exact age of recently recharged waters to within a few years or to 

determine if recently recharged waters have mixed with substantially older waters. The 

difference between initial 3H activity, a(O), and final 3H activity, a(t), produced by 

radioactive decay is the activity of the daughter, 3He. The noble gas analysis produces 

three values that are used to estimate the concentration of 3He oftritiogenic origin, 3He*. 

These are the concentration of dissolved helium-4, 4 He, the concentration of dissolved 

neon, Ne, and the measured ratio of 3He to 4He, R0 . In a typical groundwater sample, Ro 
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is roughly on the order of 10-6 (Solomon and Cook, 2001 ), so a measurement of total 

dissolved helium suffices for 4He within analytical error. (Concentrations are written 

without the conventional parentheses in order to simplify the following equations.) 

The solubilities in cm3 per g of water of helium and neon at equilibrium, 4Hee and Nee, 

are predicted from the following polynomial fits to empirical data (Clever, 1979): 

4 Hee = [(- 5.656E -14 Jf 3 + (5.713E -12 )T 2 + (- 3.061E -10 )T + 4.92E - 08]. ( P,_wr ) (5a) 
latm 

Nee = [(- 4.666E -13 Jf 3 + (5.054E -11)1' 2 + (- 2.938E - 09 )T + 2.279E - 07]. ( p bar ) (5b) 
latm 

Pba, = P, · exp( ~:o) (5c) 

where T is the temperature in Celsius, H is the elevation in meters, and P bar is the 

barometric pressure at H, assuming the barometric pressure at sea level, Ps, is 1 atm and a 

scale height of 8300 m applies. This assumption is common for elevations below 3000 m 

and has been applied previously to noble gas analysis in mountains in the Southwest 

(Stute and Schlosser, 2001; Manning and Solomon, 2003). Taking values of T and H that 

roughly represent the water table at the mountain front (30°C, 1200 m), the middle of the 

mountain block (17.5°C, 2000 m) and the top of the mountains (5°C, 2800 m) allows 

estimation of possible 3 He* values to bracket the true value without a priori knowledge of 

the appropriate recharge conditions for each sample. In fact, the inversion of other 

available noble gas data ( especially xenon) should lead to more reasonable estimates of 

recharge conditions, but that is the subject of a future publication and must be postponed 

for now. The relative insensitivity of the lighter gases to temperature allows approximate 
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calculations using the assumed values above. Equation 6 removes all components of 

measured He except 3He * (Solomon and Cook, 2001): 

where R e is the ratio of3He to 4He at equilibrium (1.36 x 10-6
), a' is the He air-water 

isotope fractionation factor (1.017), RHe-Ne is the atmospheric ratio of helium to neon 

(0.288), and Rrad is the ratio of nucleogenic 3He to radiogenic 4He (2 x 10-8
). 

Because noble gas results are reported in cm3 of gas at standard temperature and 

pressure (STP) per g of water, it is necessary to convert the 3He activity in Equation 6 to 

TU. To do so, a conversion factor is determined in Equations 7(a-d). 

ITU= 10- 1s mol(3 H) 
mol(H) 

1 cm!rp(
3 
H). (v t'. MW . lmol(H2 0). I0

18
TU = 4_02125 x 101•Tu 

g(H20) 3

H H
20 2mol(H) mol(3H) 

mol(H) 

(7a) 

(7b) 

(7c) 

(7d) 

Equations 7a, 7b, and 7c state the definition of a tritium unit, the molar volume of 3H as 

part of the water molecule at STP, and the molecular weight of water, respectively. 

Equation 7 d applies these factors and the stoichiometry between total hydrogen, H, and 

water to obtain the equivalent number of TU in 1 cm3 of 3H at STP per g of water. 
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Applying this conversion factor to 3He * from Equation 6, the mean groundwater age, t, is 

given by Equation 8. 

t=-ln --+1 1 ( 
3 

He* J 
A 3H 

(8) 

3.3.3 Avoiding Errors Due to Pumping 

The long half-life of 14C helps to mitigate the effect that anthropogenic alteration of 

groundwater flow by pumping during the last century has presumably had on the 

interpreted residence times for slow flowpaths. Large differences in 14C activities have 

been observed in wells in the Tucson Basin over time, and in fact the differences 

provided important evidence to quantify groundwater mining (Kalin, 1994). Although 

the half-life of 3H is much shorter and therefore more sensitive to impacts from heavy 

pumping, the use of 3H-3He data in MSR rate calculations was limited to the immediate 

vicinity of the mountain front, thereby minimizing the impact of pumping by virtue of 

limited population in that area. Sampling in this study generally avoided the population 

and pumping centers of Sierra Vista and Fort Huachuca (with the exception of some 

production wells of particular interest), so pumping is not believed to have fundamentally 

altered the interpretation of either 14C or 3H-3He data. Historical groundwater pumping in 

the Upper San Pedro Basin was analyzed in detail in Goode (2000), providing some 

context for these assumptions. The only other large-scale pumping in the immediate 

sampling area was by agricultural wells near the San Pedro River that ceased pumping 

more than two decades ago (Goode, 2000). 
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Another potential problem posed by pumping - which primarily concerns 14C data far 

from the mountain front where fluxes are slower - is that a large capture zone around a 

well from which a sample is actually taken could produce deceptively young water from 

far upgradient/shallower or deceptively old water from far downgradient/deeper ( or 

both). The resulting error would be a product not so much of misinterpreted ages as of a 

misinterpreted location to which the sample corresponds. The magnitude and direction of 

the error would vary in ways that are not entirely predictable, because each well has a 

unique capture zone intercepting a unique set of flowpaths. The three-dimensional nature 

of the problem is compounded for wells with open casings or wide screened intervals, 

and residence time interpretations for such wells can quickly become intractable 

(Plummer et al., 2004). Finally, within an unknown distance from the San Pedro River, 

groundwater fluxes parallel to the river begin to force flowpaths northward and 

presumably to distort capture zones as well. This study attempted to avoid this problem 

altogether by sampling away from population centers as stated before and by selecting 

only lightly-pumped domestic or research wells beyond about 5 km from the mountain 

front, with a median screened interval of 1.5 m for that group (the maximum for the 

group was 34 m). The screened intervals were quite selective compared to intervals 

greater than 100 m for many production wells and the overall maximum of 198 m in an 

unscreened well drilled through mountain bedrock in Ramsey Canyon (SW16). 

3.3.4 The Effect of Calcite Dissolution on Apparent 14C Residence Times 

A problem that is frequently encountered in the interpretation of 14C data for 

groundwater is the dissolution of aquifer minerals containing "dead" carbon, as the rocks 
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from which the minerals originate were usually formed so long ago that any 14C has now 

completely decayed. Thus, when the dissolution of these minerals adds carbon to 

groundwater it dilutes the 14C that was contributed at recharge. 

A nai'.ve interpretation of groundwater ages that failed to recognize mineral dissolution 

would then assume the decrease in 14C activity represented additional radioactive decay, 

resulting in overestimation of residence times. This error becomes significant in basins 

with large deposits of very soluble minerals that contain large amounts of carbon. Two 

minerals of obvious concern are calcite and dolomite, although there may be others 

depending on the basin being studied. This section emphasizes calcite, because it is 

visibly present in the Abrigo Limestone formation of the Huachuca Mountains and is 

presumably found in alluvial sediments, but the comments apply to all carbonate 

minerals. 

Flowpaths between the mountain front and the San Pedro River are several kilometers 

long, so even small amounts of calcite in the aquifer could exchange with dissolved 

carbonate or gradually accumulate in a parcel of groundwater as it moved downgradient 

until the dilution affected the measured 14C and o13C. However, this requires that 

groundwater remain undersaturated with respect to calcite, a condition that is difficult to 

gauge with the information collected in this study but that is not necessarily expected 

based on experience in similar basins ( e.g. Robertson, 1992; Plummer et al., 2004). 

An examination of the o13C values can help to gauge the potential impact of calcite 

dissolution more precisely, because the soil CO2 dissolved during recharge is typically 

much more depleted in o13C than in minerals (Clark and Fritz, 1999). A secondary factor 
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is that the post-industrial atmosphere has b13C-depleted CO2 compared to the pre-

industrial atmosphere. If calcite dissolution occurs progressively along flowpaths as 

described above, there should be a progressive enrichment of b13C. 

Models that correct for calcite dissolution vary significantly in the assumptions they 

enlist, such as whether open system (i.e. DIC continuously exchanges with soil CO2) or 

closed system (i.e. DIC reflects mixing between soil CO2 and carbonate minerals) 

conditions apply and whether dissolution of dolomite is also possible (Clark and Fritz, 

1999). Generally the best approach to estimate corrected 14C ages is to compare multiple 

models (e.g., Plummer et al., 2004; Clark and Fritz, 1999), but concentrations of DIC, 

2+ d 2+ ~ 14 f h" Ca , an Mg 1rom the same wells as the C samples were not measured as o t 1s 

thesis, and this limited the number of useable mass balance models. 

A modified Pearson-Hanshaw model was selected to present a first approximation of 

the effect of calcite dissolution (Clark and Fritz, 1999; Pearson and Hanshaw, 1970; 

Pearson, 1965). A correction factor, q, is determined using Equation 9 (Clark and Fritz, 

1999): 

(9) 

where the subscripts DIC, carb, and rech refer to groundwater sample DIC, carbonate 

minerals in the aquifer, and DIC in recharge waters, respectively. Ages are corrected by 

dividing R in Equation 3 by q. The value of 83C ech reflects an enrichment of o13C in 

DIC as it equilibrates with soil CO2 in recharge areas, where the b13C of soil CO2 is 

sensitive to the types of vegetation present and the fractionation is sensitive to 



temperature and pH - especially pH between 6 and 7 (Clark and Fritz, 1999; Lewis, 

1996). Because of these sensitivities, it may be difficult in practice to estimate 83
C ech 
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with sufficient precision from measured or assumed values of 813C in soil CO2 and of the 

fractionation factor ( e.g., Lewis, 1996). A more direct approach is to average 813C values 

for young groundwater near recharge areas. Young samples were identified by 

examining 3H-3He data for ages less than 10 years with no obvious signs of mixing, and 

14C values greater than 100 pMC provided an additional check. 

3.3.5 Calculation of MSR Rate 

The theoretical basis for estimation of MSR from age-dating tracers assuming Darcian 

flow through a porous medium is as follows. The method described gives a first 

approximation of MSR but ignores the reality of fast and slow components of flux, 

namely fracture flow and diffuse flow, which requires coupling of tracer data with a flow 

and transport model - a logical next step but one that is outside the scope of this study. 

Imagine a section of a vertical plane or curvilinear surface at some distance from the 

mountain front and located between endpoints corresponding to those of the mountain 

front. Conservation of mass requires the total flux out of that surface to equal the total 

flux into it, so absent any other significant inputs upgradient, the flux through the surface 

may be taken to equal the bulk rate of MSR. The porosity of sediments, </); the depth to 

bedrock, db; and to a lesser degree the depth to the water table, dw, vary along the length, 

L, of the surface. However, for a short interval, di, around a point, l, between O and L, the 

surface area, dS, through which groundwater is transmitted is adequately described by 

single values of the parameters as in Equations 10. 
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dS(l) = ~ (/) · b(l) · di (10a) 

(10b) 

The quantity b(l) is the saturated thickness of the aquifer at I. 

Volumetric flux, Q, is related to linear flux, q, through a surface of area, S, by 

Equation 11. 

Q=q·S (11) 

Groundwater flux varies as a function of aquifer heterogeneity and of the uneven 

distribution of MSR due to mountain channels. A measurement of the linear flux through 

Sat a point, I, is therefore applicable to a short interval, di, which must be selected such 

that Equations 10 are also valid, giving rise to Equations 12. 

Q(l) = q(l) · dS(l) (12a) 

Q(l) = q(l). ~ (/). b(l). di (12b) 

Direct measurements of q along various flowpaths are available from both radioactive 

tracers employed in this study. If measurements are made of the residence times, t1 and 

t2, of groundwater sampled respectively from two wells a distance, x, apart and on 

opposite sides of S, then the linear flux through S is given by Equation 13. 

(13) 

When selecting wells for such a computation, a few factors should be kept in mind. 

Foremost is the 3-dimensional nature of groundwater fluxes. The screened interval of the 

downgradient well must not be above or too far below that of the up gradient well, or else 

t1 and t2 will not apply to the same flowpath. Similarly the screened intervals should not 
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be too large to avoid vertically mixing water of different sources during sampling. 

Groundwater may slow down considerably between wells (e.g., as bedrock slopes), but 

this effect is partly addressed by selecting Sat a sufficient offset from the mountain front. 

Ideally values of x would not be exceedingly long, and there would be one measurement 

of q for every di from O to L. In reality, this is probably not practical in very many basins 

due to the heterogeneous development of aquifers along mountain fronts and the cost of 

measuring tracers in two wells for every value of q. But given a reasonable number of 

measurements, it is possible to get around this problem as follows. 

The total MSR estimated as the flux through Sis given by Equation 14. 

l 

MSRin = Qout = f q(/) · </J(/) · b(/) · di (14) 
0 

The subscripts in and out represent the direction of flux through Sand are provided only 

as a reminder of the mass balance on which the estimation of MSR is based; they are not 

retained in subsequent discussion. Average values of the parameters can be taken outside 

the integral so that Equation 14 becomes: 

l 

MSR = q · ¢ · b · f di = q · ¢ · b · L (15) 
0 

where the bar over each parameter indicates its average value from O to L. 

Rearrangement of Equation 14 to Equation 15 is a statement of mathematical 

equivalence; it does not imply that particular estimates of average parameter values from 

field data are accurate enough to compute the precise solution to Equation 14. Yet the 

advantage of Equation 15 is it does not require estimates of all three parameters 
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correspond to the same segment di for every di, nor does it even require the same number 

of measurements or estimates be used to obtain each of the three averages. 

Furthermore, the goal of this study is not to obtain a single, precise value for MSR but 

rather to estimate a range of probable values with less uncertainty than those of 

previously employed methods. Some uncertainty is acceptable - and unavoidable - so 

long as the sources of uncertainty can be probed and addressed. L can be defined in 

whatever way is most convenient, so it is known exactly. Therefore, the accuracy of 

estimates obtained via Equation 15 depends only on the best understanding of three 

parameters: q, which is a primary focus of the present study; ¢, which can be estimated 

from the fairly narrow range of values encountered for similar sediments in basins 

worldwide; and b, of which the error of estimation should be less than a factor of 2 even 

in the case of a gross error in the conceptual model of the aquifer. Sufficient data exists 

in the Upper San Pedro Basin from drillers, well operators, and gravity surveys to 

determine b for almost any choice of S with fair accuracy using Equation 1 Ob, such that 

the true uncertainty is probably much less than a factor of 2. 

Given a function, F, dependent on n variables, x1 ••• xn, Equation 16 gives the general 

expression for propagation of uncertainties, L'.1, assuming all errors are normally 

distributed. 

(16) 

Thus it can be shown that the uncertainty of the MSR rate calculated from Equation 15 

depends on the measurement errors according to Equations 1 7. 
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~(MSR)=MSR· ( ~J +( 1J +( ~r)J (17a) 

ti~)=~ !i2 (i:)+ !i2 (d:) (17b) 

The error in dw is small compared to the error in db, so the square error of dw can be 

neglected and the uncertainty of b becomes the measurement error of db. The preceding 

equations will allow a sensitivity analysis for errors incorporated in the MSR estimates 

generated in this study. A similar equation can be derived for an MSR estimate applying 

Darcy's law along a flowpath, such as would be given by a finite difference flow model. 

Equation 18 presents such an estimate: 

- dh 
MSR=-K . ·b·L·-

eff dx 
(18) 

where Keffis the effective hydraulic conductivity for the flowpath and dh/dx is the 

hydraulic gradient across a surface, S, intersecting the flowpath. Assuming hydraulic 

heads can be measured exactly, Land dh/dx are exact, and the uncertainty of the MSR 

estimate is given by Equation 19. 

(19) 

Hydraulic conductivities of sediments encountered in the Upper San Pedro Basin are 

estimated to vary over 5 orders of magnitude (Anderson, 1995), and measurements are 

generally not available that are appropriate for particular choices of S, so errors in K eff 

estimates should be at least several hundred percent. For example, Freethey (1982) 

modeled a change in conductivity by a factor of 6 over less than 5 km along a single 
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flowpath leaving the mountain front. Errors in b are small in comparison, so the 

uncertainty in MSR is equal to the uncertainty in K eJJ; i.e. it is also predicted to be several 

hundred percent. Freethey's (1982) independent sensitivity analysis likewise concluded 

that his model was more sensitive to generalizing conductivity with a single-valued K eJJ 

than to generalizing MSR with an average flux, as Equation 15 does . 

3.4 Calculations and Interpretive Methods for 82H and 8180 

3.4.1 Seasonality of Local Precipitation 

In order to address the question of which precipitation events have the potential to 

recharge an aquifer, volume-weighted averages were computed for rain gauge data 

collected at 1400 m elevation within the study basin (Figure 1 ). Precipitation was 

collected on an event basis because its stable isotope values are so variable between 

seasons and between precipitation events. Since the volume of rain is the not the only 

factor determining recharge (if it were then groundwater would reflect an annual volume-

weighted average at the recharge elevation) seasonal dominance was also evaluated. 

Seasonal groupings for basin elevation rain gauge data were for winter (16 October 

through 15 April) and summer (16 April through 15 October). 

Each event sample was weighted by the corresponding volume recorded at the rain 

gauge divided by the total seasonal volume, resulting in the following equations: 

(20a) 

C -___;1_· --
s - vs 

(20b) 
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where Vi is the amount of precipitation in the ith event, Vs is the seasonal amount of 

precipitation, Ci is the <'i2H or 8180 value for the ith event, and C, is the seasonal volume-

weighted value. Note that Cs, not the arithmetic average, best represents the composition 

of water recharged over an entire season, neglecting possible evaporation prior to 

recharge and unequal infiltration rates among events. 

To represent the inter-annual variability of both the amount and the isotopic signature 

of precipitation, a period of record of at least several years would be better. The US 

Geological Survey NWISW eb database contains seasonal composites for the summer of 

2000 through the winter of 2002-2003 from two stations within the study area, both 

within 100 m elevation of the rain gauge for which results are presented above. 

Precipitation was allowed to accumulate for an entire season, and samples were collected 

within 10 days of the cutoff dates listed above. The effect of compositing an entire 

season's precipitation is similar to sampling all single events and weighting 

measurements by volume5
. Thus, these data are directly comparable to data in the 

present study and thereby extend the period of record to five years except for a gap in 

coverage during the summer of 2003. Doing so is particularly useful in that it captures a 

wider range of drought years and relatively wet years, e.g. the Palmer Drought Severity 

Index (NWS) corresponded to "severe" summer droughts in 2002 and 2004 versus an 

unusually wet summer in 2001, and the winter of 2000/2001 was "extremely" wet 

compared to average or moderately dry winters since 2002/2003. 

5 Theoretically both should produce the same values, but differences can emerge in practice, for example 
because composite samples do not always effectively capture snow. 
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Representative seasonal stable isotope values for the entire period were obtained by 

once again weighting the seasonal values by volume and averaging: 

~ vscs 
C =-~-·--

p L~~ 
(21) 

where Cp is the volume-weighted average for a period p comprising multiple winter or 

summer seasons. Equation 21 approximates the composition of groundwater recharge if 

it occurs without post-deposition evaporation and is well mixed over p; the possible 

effect of evaporation will be discussed later. The well-mixed recharge assumption is 

reasonable considering the very slow groundwater fluxes indicated by the radioactive 

tracers. Even in the case of plug flow or perfectly stratified waters, the act of 

withdrawing samples from the three-dimensional capture zones of wells would mix 

together multiple years' recharge. 

3.4.2 Regional Stable Isotope Data for Precipitation at Higher Elevations 

While the values presented so far are important basin-specific constraints, they only 

represent precipitation encountered at the lowest elevations in the study area. Given the 

positive correlation of precipitation amount with elevation (Anderson, 1995) and the 

conceptual model in which the dominant input to the aquifer (MSR) originates as 

precipitation that runs off or infiltrates the mountain block, the isotopic composition of 

most groundwater samples was expected to reflect precipitation at elevations much 

higher than the valley floor. Isotope data for precipitation on the mountain block is 

lacking in the Upper San Pedro Basin, but Wright (2001) reported data for both high-

elevation and low-elevation sites in the Tucson Basin. Subsequent event-based data from 
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the low-elevation site are available through April of 2005 (C. Eastoe and A. Long, 

University of Arizona, pers. comm.). It was hypothesized that the trends described by the 

Tucson Basin data are directly applicable to this study due to the common physiography 

and climate of both basins and the fact that they are adjacent. Wright used October 

through April to define winter and May through September to define summer; these 

definitions were considered sufficiently close to the definitions employed for the Upper 

San Pedro Basin so that the Tucson Basin data could be included in the discussion. 
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4. RESULTS AND DISCUSSION 

4.1 Radioactive Tracers and Recharge Rate 

4.1.1 Spatial Distributions of Radioactive Tracers 

The most important residence time feature of the Upper San Pedro Basin is that except 

in the riparian area, the uncorrected 14C ages increase with increasing distance from the 

mountain front, reflecting the fact that MSR is the dominant input in the basin and that 

groundwater flow is more or less normal to the mountain front (Figure 2). The 

uncorrected 14C ages represent maximum possible residence times, since 813C 

measurements seem to indicate progressive dissolution of calcite along flowpaths, as 

discussed in Section 3.3.4 and Section 4.1.4. Uncorrected 14C ages range from modem 

on the mountain block to over 18,000 radiocarbon years in deep wells below the riparian 

area. Whatever corrections might be applied to these apparent ages, the total residence 

time of groundwater in the Upper San Pedro Basin is probably greater than 10,000 years 

(two sample ages remain greater than 15,000 radiocarbon years with the corrections 

presented in Section 4.1.4). The total basin residence time calculated from 14C data and 

the suggestion of calcite dissolution by 813C patterns at least on local scales are both 

consistent with Robertson's (1992) assessment of measurements in Lower San Pedro 

Basin groundwater. 

All of the 14C ages from relatively shallow samples in Ramsey Canyon are modem 

except for one uncorrected age of 2500 radiocarbon years occurring in an open-screened, 

198-m deep well completed entirely in bedrock (SWI 6). Hence, ages in Ramsey Canyon 

provide evidence of both MFR and MBR pathways. The wide range of uncorrected ages 
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along the mountain front reflects the heterogeneity of the recharge environment. In some 

cases, ages differ greatly between wells that are quite close together. There are several 

possible explanations for the difference, including more rapid recharge emanating from 

mountain channels like Ramsey Canyon; the presence of small, perched systems 

( anecdotal evidence from owners of wells in mountain canyons suggests heterogeneous 

depths to water and impacts of recent drought over small scales, e.g. between wells at 

neighboring homes); and different depths of well screens possibly sampling different 

mixtures of MFR and MBR ( e.g. mostly MBR in SWl 6 versus mostly MFR in shallow 

wells nearby, or mostly MBR in SW31 - also drilled deep in mountain bedrock - versus 

nearby wells with presumably more mixed flowpaths ). Changes over larger distances can 

also be explained by the variable depth and type of aquifer sediments. The uncorrected 

14C ages of samples from the riparian area show various degrees of mixing between old 

basin groundwater that originated as MSR and younger groundwater recharged from 

losing reaches of the San Pedro River. Underflow coming into the sub basin from Mexico 

could be yet another significant component near Palominas. The spatial relationship of 

such mixing fractions to gaining and losing reaches of the San Pedro River is treated 

more fully in Baillie (2005). 

A final feature worth noting is that residence times appear to increase and fluxes 

therefore decrease from the northwest half of the study region to the southeast half 

(Figure 2). The trend can be explained by a large structural low in the bedrock occurring 

roughly between the southernmost flux arrows on Figure 2 (Gettings and Houser, 2000) 

and by expected higher recharge fluxes departing the deepest channels in the mountains, 



roughly corresponding to the northernmost arrows (in particular the 4 m/yr arrow). 

Another bedrock low exists northeast of that area (Gettings and Houser, 2000), but no 

samples were taken there because it probably coincides with the cone of depression 

below the basin's major population centers. 
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Although the specific interpretation of each sample with detectable 3H is limited, the 

3H tracer displays the same broad distribution as 14C with high activities near the 

mountain front, the San Pedro River, and ephemeral channels gradually transitioning to 

low or undetectable 3H activities in the middle of the basin (Figure 3). Keep in mind that 

samples with the highest 3H activities correspond to the bomb peak and so are most likely 

older than samples with intermediate activities, but still younger than samples with no 

detectable 3H. Furthermore, it is evident that 14C and 3H measurements from the same 

wells lead to consistent interpretations. Wells with greater than 100 pMC indicating large 

modem fractions of recharge should, and do, have detectable levels of 3H. Conversely, 

wells where 14C activities suggest residence times of thousands of years have no 

detectable 3H, mitigating potential concerns that a significant fraction of groundwater in 

those wells could come from modem sources. 

A larger number of 3H samples, compared to the more expensive 14C samples, provide 

greater coverage of the mountain block and the perimeter of the study area. Deep basin 

groundwater is tritium dead, whereas shallow riparian groundwater contains modem 

fractions from stream losses. Tritium activities in small clusters of riparian wells decline 

with depth, tracing the mixing of modem recharge with old basin groundwater. Sources 

of riparian groundwater are analyzed in Baillie (2005). Bomb tritium in wells with >5 
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TU reflects significant modem fractions for a few specific flowpaths leaving the 

mountain front and one along the Babocomari River. These and other wells near major 

mountain drainages and ephemeral stream channels had more 3H than nearby wells at 

similar depth, indicating that the modem fractions of recharge are greater immediately 

below these channels than at a short lateral distance away. The channeling of flow itself 

and the much higher permeability of post-entrenchment alluvium (Anderson, 1995) 

support this conclusion. 

United States Geological Survey (USGS) 3H data adds some insight to the difference 

between mountain ranges on opposite sides of the basin, though not conclusively. 

Decay-corrected activities of 0.6 TU and 1.6 TU along the mountain front of the Mules 

and 0.8 TU at the base of the Tombstone Hills are low relative to activities near the 

mountain front of the Huachucas. The longer interpreted residence times might therefore 

be an indication of lower MSR rates relative to that of the Huachucas. Significantly 

lower MSR rates are expected because the lower elevations and smaller area of the Mules 

and Tombstone Hills should result in lower total precipitation volumes. This 

interpretation is consistent with the estimates that 67% (Freethey, 1982) or 60-80% (Pool 

and Coes, 1999) of MSR in the Sierra Vista subwatershed comes from the Huachucas. 

However, none of the sampling locations was near the outlet of a large drainage in the 

Mules or Tombstone Hills and noble gases were not measured along with these few 

USGS samples, so it is not possible to definitively quantify MSR rates on the eastern 

margin of the basin from such limited data in that area. 
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4.1.2 Modeled Precipitation 3H Timeseries 

Selection of local parameters for the model of Doney et al. yielded a typical pattern 

for precipitation 3H following a bomb peak of 470 TU (Figure 4). Parameter 

uncertainties based on mapped contour intervals defined a generous band about the 

median modeled values, but the median values intercepted a plausible curve of decay to 

current background levels. That curve is labeled "non-mixing decay" to reflect the fact 

that the decayed values would only be observed in groundwater in the ideal case that it 

had recharged without mixing with older groundwater. The lower end of the range of 

modeled values was timed correctly for decay back to background 3H levels by 1992, as 

shown by the "1992 intercept" decay line. 

One limitation of the model is that it does not capture local variations, especially in 

areas that are far from any monitoring stations whose data was incorporated in the model 

(IAEA, 2004; IAEA/WMO, 2004). Comparison of the modeled height of the bomb peak 

with station maxima ( e.g. 8230 TU in Salt Lake City in June, 1963) suggests the model 

may underpredict precipitation 3H. The difference arises in part from local effects of 

geography and climate but some stations in the United States Southwest may have 

especially large excursions due to proximity to the sites of individual explosions. 

Differences between measurements and the modeled record may also reflect local 

technogenic sources of 3H such as the releases from a self-illuminating sign manufacturer 

observed in Tucson Basin precipitation by Eastoe et al. (2004). The nearest station to the 

Upper San Pedro Basin is Flagstaff (elevation 2137 m), which recorded a maximum of 

4400 TU in August, 1962 (IAEA, 2004). Records from Chihuahua (elevation 1423 m) 
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apparently missed the top of the bomb peak, since the first activity recorded in July, 

1964, was the series maximum at 727±22 TU (IAEA, 2004). Given regional weather 

patterns and the range of elevations in the study basin, 3H activities in local precipitation 

were probably somewhere between those of Chihuahua and Flagstaff, suggesting that 

indeed the model underpredicts peak activities by hundreds of TU. On the other hand, 

the model incorporates more information - better temporal coverage in particular - than 

the timeseries at the nearest stations, and its qualitative behavior is correct according to 

the other criteria outlined in Section 3.3.1. Modeled 3H values for the years following the 

peak are probably more consistent with nearby records than values for the peak itself, as 

suggested by their intersection with the "1992 intercept" decay line. The model was 

therefore retained as a tool to gauge whether estimates of initial activities from 

groundwater 3H-3He measurements were reasonable, recognizing the caveat that modem 

groundwater in samples appearing to match modeled precipitation without mixing with 

older groundwater probably does contain a fraction of older groundwater if the modeled 

peak is too low. 

The straight lines in Figure 4 depict decay curves predicted by Equation 1 for arbitrary 

initial activities in arbitrary years, but nevertheless offer important insights regarding 

interpretation of 3H and 3H-3He data. The "non-mixing decay" curve intercepts 1) an 

assumed mean background activity of 5 TU at present; 2) the range of groundwater 3H 

measurements encountered in the present study and earlier work by the USGS; and 3) for 

all practical purposes, all of the modeled precipitation after 1968. 
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Any groundwater 3H activities below detection reflect recharge that occurred earlier 

than the bomb tritium signal. Activities from 0-1 TU6 cannot be explained solely by 

decay from modeled post-bomb activities or recent background activities, so they most 

likely reflect mixtures of recharge sources from different times. Activities from 1-5 TU 

may have multiple interpretations ( all including at least some modem component of 

recharge), so ideally all such measurements would be augmented by 3He data. Finally, 

although background activity sometimes fluctuates higher than 5 TU (C. Eastoe, 

University of Arizona, pers. comm.), any measurement greater than about 5 TU most 

likely contains a significant fraction of recharge from the bomb peak period. 

4.1.3 3H-3He Residence Times 

Although the temperature/elevation pairs tested to bracket recharge conditions were 

only meant to provide a first order approximation of 3He * and thus demonstrate the 

likelihood of success for more detailed noble gas calculations, propagation of the 

estimates through Equation 8 yielded a handful of 3H-3He ages that were not 

unreasonable (Figure 4). For example, the well sample dated ca. 1985 that matched the 

modeled precipitation 3H belonged to the highest-elevation well sampled in the study at 

1745 min Ramsey Canyon. This placed the well in the shallow aquifer system along the 

canyon floor where flow is channeled from multiple watersheds higher in the mountains. 

The measured 3H activity of 4.1 TU compared well to 14C of 105 pMC, and because it 

was well above the detection limit, there was no undue difficulty measuring its activity or 

its 3He/4He ratio. All the other noble gas measurements were also consistent between the 

6 Adjustments for decay forward in time may produce values below the detection limit. 
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3 replicates and typical of other measurements in the dataset, mitigating potential 

concerns about sampling errors, analysis errors, or unusual geological situations that 

might alter the expected concentrations or isotopic compositions of the required gases. 

Given such a coarse approximation of the recharge conditions as the 

temperature/elevation pairs described, the consistency of the estimated ages and initial 

activities was better than expected, and in this case iteration on the elevation to more 

reasonable values is likely to produce a plausible estimate accurate to within a few years. 

In short, the sampling conditions were ideal and the estimated residence times were 

appropriate to the setting. 

Some of the other samples plotting at younger, nonzero ages for wells along the 

mountain front were similarly able to overcome the many pitfalls of estimating ages with 

the method presented. These of course had less 3He *, but the measured activities were 

high ( at least a few TU) so that the initial activities were not difficult to resolve. A final 

variation on this theme applied to the two springs for which noble gas measurements 

were possible, Oak Spring at 1920 m elevation on the western face of the mountains at 

the outlet of a large canyon, and Tub Spring at 2609 m elevation in a small valley near 

the crest. The low-elevation/high-temperature pair and the moderate pair both predicted 

meaningless, negative values for 3 He*, because the true recharge elevations given the 

locations of the springs were too far away. The steep topographic gradients around Oak 

Spring could explain the failure of the moderate pair since the recharge elevation is 

possibly much further up the range. However, the high-elevation/low-temperature pair 

gave maximum estimates of 8 years for Tub Spring and 3 years for Oak Spring, and the 



51 

model defaulted to O years for the other cases, providing what are actually reasonable 

bounds for spring residence times if rapid fracture flow is involved (more likely for Oak 

Spring), or if porous sediments might recharge a spring where the contributing watershed 

is small (as at Tub Spring just below the crest). These interpretations are speculative and 

will be improved upon completion of calculations for more realistic recharge conditions 

incorporating the remaining noble gas measurements. 

The goal of obtaining first approximations of modem residence times and relating 

them to the physical setting was met. On the other end of the spectrum, many samples 

were rejected because none of the elevation/temperature pairs yielded a nonzero daughter 

activity, and some that appear in the figure were modem but had such low measured 

parent activities that the error bars reaching across the length of the x-axis could be said 

to be accurate uncertainties. Interestingly, one of the wells screened in bedrock such that 

it most likely taps the MBR pathway exclusively had very high total helium, perhaps 

suggesting geogenic production in the bedrock minerals could be a source of 3H in other 

wells. A separate inversion using an adjusted value of Rract seemed to improve many of 

the fits, but the reasons for this are still inconclusive and an attempt to derive Rract using 

measured He/Ne ratios may provide a solution. The 3 samples plotting before 1975 were 

from riparian wells at which flowpaths from a number of potential source waters 

converge, so they almost certainly contain fractions of tritium-dead water. As such, the 

error bars are not adequate representations of the reality that unique recharge conditions 

do not exist. This analysis shows the possibility of improving age estimates using the full 
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dataset, even for some wells that had to be rejected in the presentation, and it also shows 

the fairly common situation that some samples are not suited to even a basic analysis. 

4.1.4 Evidence of Calcite Dissolution and Its Probable Impacts on 14 C Residence Times 

Measurements of b13C in groundwater DIC along a flowpath leaving Ramsey Canyon 

increased from a minimum of - 14%0 in the canyon to a maximum of -5%o near Highway 

92, suggesting calcite dissolution may indeed occur (Figure 5). Other flowpaths are not 

as well represented, but there is a pattern of more depleted b13C values near the mountain 

front and more enriched values in the basin. Values near the San Pedro River and 

ephemeral channels in the riparian area ( other sources of recharge) were also depleted 

relative to the middle of the basin. The clarity of the pattern suggested that corrections of 

14C ages for calcite dissolution might be worthwhile, at least for the isotopically heaviest 

samples. 

Values for the parameters in Equation 9 were selected from measured b13C in DIC and 

from published and unpublished data collected from Tucson Basin sediments and soil gas 

(Parada, 1983; Lewis, 1996; C. Eastoe, University of Arizona, pers. comm.). Although 

rough field measurements of pH were mostly between 7 and 8, there were several 

between 6.5 and 7, supporting the need to estimate 83
Crech from measured b13C in the 

DIC of young groundwater rather than cope with the uncertainty of the fractionation. Six 

samples deemed appropriate for this calculation because significant mixing between 

young and old groundwater was unlikely (Figure 4) yielded an average of -11.5±1.1 %0 

b13C. This value turned out to be consistent with soil gas measurements in the Tucson 
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Basin (Parada, 1983) that averaged -20%0 in streambeds and -l 8%0 elsewhere, 

considering that the fractionation is about 8%0 for the more alkaline pH values (Clark and 

Fritz, 1999; Lewis, 1996). Lacking local measurements to support a particular choice of 

8 3 
C carb, a value of -3 %0 was selected based on values for calcite cement and caliche in 

the Tucson Basin, which ranged from -6. 7%o to +0.4%o, including values of - 2.2%0 and -

l.6%0 from the local portion of the Pantano Formation and excluding 3 significantly 

depleted outliers (C. Eastoe, University of Arizona, pers. comm.). 

Taking 8 3
Crech to be -11.5%0 and 83

C carb to be -3%0, Equation 9 predicts q values for 

the well samples ranging from 0.34 to 1.2 (Table 1 ). The combined uncertainty of 

8 3
Cech and 8 3

C carb far outweighs the analytical errors in the 14C and 8 3
CD£c 

measurements. For example, taking the 1.1 %0 <>
13C uncertainty for 83

C ech and 

generously estimating the uncertainty in 83
C carb to be only 2%o, the relative error in q is 

72%, leading to corrected ages that range from large negative values to values thousands 

of years older than the uncorrected ages. Even if field measurements of 83
Crech and 

8 3 
C carb could reduce the uncertainties of these values, the propagated errors for the 

corrected ages might still be thousands of years. The laboratory analytical errors for 14C 

are only propagated for the uncorrected ages, leading to age errors of 30-140 years where 

the largest absolute errors apply to the oldest ages. 

Although the modified Pearson-Hanshaw correction model introduces even greater 

uncertainty than that of the uncorrected ages, it nevertheless provides many insights 

regarding the qualitative effects of calcite dissolution. The corrections (Table 1) reduce 



54 

several apparent ages of thousands of years to modem ages ( disallowing negative ages), 

notably for production wells and other wells along the mountain front. Some wells in the 

riparian area or the center of the basin have corrected ages that are a few thousand years 

younger than their apparent ages but still many thousands of years old. For example, the 

two wells with the highest uncorrected ages also have the highest corrected ages - greater 

than 15,000 years. Measured 8 13C values less than the assumed 83
C rech lead to q values 

greater than 1 and corrected ages older than the uncorrected ages, in which case these 

corrections have little meaning in the context of calcite dissolution. This implies the 

recharge condition assumptions are not appropriate for these wells, and lacking a basis to 

estimate more accurate conditions, the interpreted age correction is one of no change. 

Notably, this situation applies to both SWl 6 and SW31, the two wells completed in 

bedrock just above the mountain front that tap the MBR pathway. 

Since the broad relative distribution of ages is largely unchanged by the correction in 

Table 1, i.e. minimum, maximum, and intermediate ages occur in the same places, the 

interpretation in preceding sections is considered qualitatively accurate. Specifically, 

MBR residence times are thousands of years, and the total basin residence time is greater 

than 10,000 years. The fact that ages in wells closer to the mountain front were predicted 

to change slightly more than ages in wells farther downgradient suggests that the true 

ages may be farther apart, so the fluxes predicted using the uncorrected ages in the 

following section may be slight overestimates. However, this discussion only presented 

one rather limited approach to age corrections, so the uncertainty determined for flux 

estimates ought to be conservatively broad to account for this and other possibilities. 
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More sophisticated models of chemical evolution along flowpaths are available to 

assist with corrections, e.g. NETPATH (Plummer et al., 1994), but their use does not 

guarantee final resolution of groundwater ages ( e.g., Kalin, 1994), and under conditions 

where groundwater is near saturation with respect to calcite or other chemical reactions 

dominate the system, it may be more appropriate to retain the uncorrected ages (e.g. 

Plummer et al., 2004). Pool and Coes (1999) measured chemical parameters in 17 wells 

screened in the regional aquifer, from which the following median values were obtained: 

pH 7.4, 198 mg/L HC03-, 158 mg/L alkalinity as CaC03, 43 mg/L ca2+, and 10 mg/L 

Mg2
+. The similarity of these parameters as well as 14C and 813C values to those of the 

Middle Rio Grande Basin - which led Plummer et al. (2004) to retain the uncorrected 

ages - encourages the interpretation that calcite dissolution may be locally important but 

does not strongly affect the overall interpretation. 

4.1. 5 Interpreted MSR Rate 

Calculations from uncorrected 14C data, using Equation 11, yielded local estimates of 

the linear flux, q, ranging from 1.0-4.0 m/yr (Figure 2). The average linear flux, q, was 

2.4 m/yr with a standard deviation of 1.0 m/yr for 8 well pairs. A more accurate estimate 

of the true mean could be determined by incorporating more well pairs with better spatial 

coverage in the sample mean; however, scientists concerned with uncertainty and water 

managers trying to make sound decisions are generally faced with fairly large 

uncertainties surrounding outside estimates ofhydrologic data, so it is not a single mean 

value of MSR but the range of reasonable estimates that is most valuable to both groups. 

Note that all these flux estimates would change with corrected radiocarbon ages. 



However, at this time sufficient data ( e.g. DIC) to constrain 14C residence time 

corrections are not available. 
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Gettings and Houser (2000) provided maps of depth to bedrock and depth to Pantano 

formation throughout the basin based on gravity surveys. By tracing S along those maps 

it was found that bedrock occurred about 700 m below surface and Pantano formation 

occurred about 200 m below surface on average. Anderson and Freethey (1995) mapped 

the location of the water table in the early l 990's by interpolating well data. Along S the 

water table was generally I 00 m below surface. Together these measurements constrain 

the average value of b. Pool (in review) considered such data collected to date in order 

to map the variation of b over the basin. Including a generously large uncertainty term to 

account for the uncertainties in the map and its interpretation, the average b in the 

vicinity of S was 250± I 00 m. Although the difference between the depths of the water 

table and the bedrock surface as estimated above is larger, the estimate from the map 

of b is appropriate given the conceptual model in which no significant flow occurs below 

the uppermost portion of the Pantano formation. 

Density logs from gamma ray measurements in 6 test wells to the north of S ( at a 

similar distance from the mountain front) provided a means to estimate </J near S (D. R. 

Pool, USGS, pers. comm.). Assuming a grain density of2.67 g/cm3
, porosity values 

were obtained from bulk densities, then averaged vertically and between wells for </J of 

0.3±0.1 . 
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Combining b and f with q, and using Equations 1 7 to estimate the error around 

MSR, minimum and maximum rates of MSR from the Huachuca Mountains were 

estimated between 2 x 106 m3/yr and 9 x 106 m3/yr (1500-7300 ac-ft/yr)7. If band </J 

could be known exactly and if their values were the same as above, the range of MSR 

rates from geochemical estimates would be reduced to between 3 x 106 m3 /yr and 8 x 106 

m3/yr (2600-6200 ac-ft/yr). The larger range of 2 x 106 m3/yr and 9 x 106 m3/yr is 

retained in the discussion that follows. 

Previous estimates of MSR rates for the Huachuca Mountains are available from non-

geochemical methods. While the uncertainties are large all around, the estimated ranges 

are useful for order-of-magnitude comparisons with the independent geochemical 

estimates derived above. Anderson et al. (1992) developed an empirical relationship 

between MSR and precipitation in excess of 8 inches for basins in southern Arizona. If 

the relationship estimates 104 ac-ft/yr (1 x 107 m3/yr) ofMSR for the Huachucas, the 95% 

confidence interval for the estimate is 3 x 106 to 4 x 107 m3/yr (2000-28,000 ac-ft/yr). 

The range of geochemical estimates is nearly 80% smaller. Pool and Coes (1999) 

compiled a water budget for the Sierra Vista subwatershed by considering both 

geochemical and non-geochemical constraints and estimated the contribution of MSR 

from the Huachucas8 at 9 x 106 to 2 x 107 m3/yr (7500-15,000 ac-ft/yr). Relative to this 

range, geochemical estimates from the present study reduced uncertainty by more than 

7 Estimates in SI units correctly show one significant figure; additional significant figures are retained for 
estimates in ac-ft/yr in order to demonstrate the absolute change more clearly for these larger units. 
8 The authors reported estimates of total MSR for the subwatershed and specified that 60-80% of those 
values derived from the Huachuca Mountains. 
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20%. Despite producing lower values and apparently a modest improvement in accuracy, 

these estimates necessarily relied on spatially limited geochemical measurements and 

other hydrogeologic data currently available. Thus they are recommended not on a 

standalone basis but rather as a means to improve other estimates by synthesis of many 

different types of data. The fact that the geochemical estimates and water budget 

estimates are within an order of magnitude, have a similar range, and are entirely 

independent supports the idea that both sets realistically captured at least some aspects of 

the true behavior of MSR in the basin. 

4.2 Stable Isotopes and Recharge Seasonality 

4.2.1 Stable Isotopes in Local Precipitation 

The winter volume-weighted averages for stable isotopes in precipitation collected in 

this study at the site in Sierra Vista include 18 precipitation events that occurred in the 

late winter months of 2003-2004 and the early winter months of 2004-2005. The summer 

volume-weighted averages include 18 events from one full summer season (2004). 

Weighted winter 82H and 8180 averages were -57±43%0 and-8.5±5.6%0, respectively. 

Weighted summer averages were -48±26%0 and -6.6±3.4%0 (the uncertainties cited 

represent one standard deviation and do not account for weighting). Thus, over a one

year collecting period, winter 82H and 8180 values were respectively-9%o and -1.9%0 

lighter than summer values at the same site. Winter events were significantly more 

variable than summer events. 

Baillie (2005) derived annual (22a), winter (22b ), and summer (22c) local meteoric 

water lines (LMWLs) from the individual precipitation events of the same dataset. 
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8 2H = (7.4 ± 0.2 )8180 + 5.1 ± 1.8 .%0 

8 2H = (8.2 ± 0.3)8180+ 16.6 ± 3.6 .%0 

8 2H = (7.6 ± 0.5)8180+ 5.2 ± 3.5 .%o 

(22a) 

(22b) 

(22c) 

The winter LMWL (22b) has a similar slope to that of the Global Meteoric Water Line 

(GMWL) described for global annual precipitation in the work of Rozanski et al. (1993). 

The lower slope of the summer LMWL (22c) is characteristic of rain that partially 

evaporated while falling through hot, dry air, which is demonstrated more clearly by a 

majority of summer samples plotting below the GMWL and annual LMWL (22a) in ,iH-

81 80 space, whereas most winter samples plotted slightly above the annual LMWL 

(Baillie, 2005). This phenomenon was observed despite the suggestion of Equations 22 

that the annual LMWL is skewed toward the behavior of the summer LMWL. 

Significant resolution of greater potential evaporation in the stable isotopic signature of 

summer precipitation compared to winter precipitation was expected given that potential 

evaporation in Arizona is several times greater than annual precipitation (Arizona State 

Climatologist, 1975a) and net solar radiation in the summer months is roughly double 

that of the winter months (Arizona State Climatologist, 1975b ). The number of events 

and the total length of time included in the LMWLs are small, and care should be taken 

when extrapolating their behavior to longer periods of time, but the difference in potential 

evaporation between seasons should on average enhance the separation of seasonal 8180 

measurements, allowing a stronger interpretation of groundwater seasonality. 
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The inter-annual volume-weighted seasonal average <?Hand 3180 values obtained 

across datasets for Upper San Pedro Basin precipitation using Equation 21 were -74%0 

and -10.8%0 for winter, and -41 %0 and -6.2%0 for summer (Figure 6). Rather than 

determine standard deviations when only 3 years for 3 sites were involved, the ranges of 

weighted single-season average values are displayed as horizontal error bars. 

4.2.2 Regional Elevation Trends for Precipitation 

Data from the Tucson Basin is presented for 3 different time periods, from which 3 

sets of seasonal b 180/ elevation gradients are derived to describe the trend of isotopic 

compositions becoming lighter at higher elevations (Figure 6). The first time period 

includes the winters of 1995/1996-1999/2000 and the summers of 1995-1999. Equations 

20-21 were used to calculate long-term 3180 values at the Tucson Basin sites (the highest 

and lowest sites shown) as well as the full range of volume-weighted seasonal averages 

(represented by the error bars) from raw data in Wright (2001) over that period9
. The 

long-term winter values decreased from -8.7%0 at 745 m elevation to -10.2%0 at 2422 m 

9 Wright (2001) actually reported long-term seasonal volume-weighted averages just as required for the 
purposes of Figure 6. There were 3 reasons that the values in Figure 6 were calculated from Wright's raw 
data rather than using the reported values directly. First, Wright presumably used Equations 18 for 
seasonal volume-weighted averages, but he reported arithmetic averages for long-term values rather than 
performing a second weighting as in Equation 19. This choice was perhaps the best representation of the 
expected values in precipitation, but Equation 19 gives a more appropriate representation of groundwater 
recharge. Second, the long-term averages reported for the low-elevation site took advantage of a much 
longer period of record than those for the high-elevation site. Given the large influence a period of drought 
or heavy precipitation can have on the average for a short record such as at the high-elevation site, a 
gradient between sites was determined using the same period for both sites. Finally, a number of 
significant inconsistencies emerged while attempting to reconstruct Wright's seasonal volume-weighted 
averages from his raw data using Equations 18. For example, Wright reported the 8180 value for the high
elevation site in the summer of 1999 to be - 16.8%0, a value so anomalously light that he went on to report 
an alternative value excluding one extremely large event that dominated the average. However, Equations 
18 only predict a value of - 11.0%0, a 5.8%0 difference. There were numerous other inconsistencies as large 
as I .2%o, so every volume-weighted seasonal average was recalculated. 
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elevation, for a gradient of - 0.089%0 8180 per 100 m rise. The long-term summer values 

decreased from -5.9%0 at 745 m elevation to - 8.6%0 at 2422 m elevation, for a gradient of 

- O. l 6%0 8180 per 100 m rise. The asymmetry of the range of seasonal volume-weighted 

averages about the long-term volume-weighted averages illustrates the use of weighting 

to better represent the greater influence of wetter seasons on the composition of 

groundwater recharge. 

The second period of time included the winters of 2000/2001-2004/2005 and the 

summers of 2000-2004. For this period, the Upper San Pedro Basin data (collected at 

1350 m elevation) were compared with the simultaneous low-elevation Tucson Basin 

data from Eastoe and Long. The long-term winter values decreased from - 9.4%0 at 745 

m elevation to - 10.8%0 at 1350 m elevation, for a gradient of -0.23%0 8180 per 100 m 

rise. The long-term summer values decreased from -4.8%0 at 745 m elevation to - 6.2%0 

at 1350 m elevation, also yielding a gradient of -0.23%0 8180 per 100 m rise. The error 

bars depicting the range of seasonal volume-weighted average values during the second 

period at the Upper San Pedro Basin sites show that summer precipitation was 

surprisingly consistent and that 8180 values for the wettest winters shifted the long-term 

average far to the light end of the range during this period, leading to a steeper gradient. 

The Eastoe and Long data are presented without error bars in order to simplify the figure, 

but also because it might be misleading to compare the variability of sites 100 km apart, 

especially for the monsoon months when heavy storms might manifest over one site and 

completely bypass the other. Even when the same storms cause precipitation in both 

basins, rainout leads to some degree of difference between the isotopic compositions at 
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each site, meaning the steeper gradients determined for this period do not ideally 

represent changes with elevation alone. It would be more reasonable to determine a long

term regional gradient from measurements in a single basin and apply it to extrapolate 

values for given elevation in the local basin, which is largely the basis for the following 

analysis of the third period of time. 

The third period included the winters of 1981/1982-2004/2005 and the summers of 

1981-2004, i.e. the entire 24-year period for which isotope data was available from the 

low-elevation Tucson Basin site. It was hoped that the longer period of record would 

allow better characterization of regional precipitation by capturing the impact of decade

scale variations such as El Nifio-Southem Oscillation and the Pacific Decadal Oscillation, 

though it is beyond the scope of this study to directly relate isotopic variations to those 

processes. Rather than reconstruct seasonal volumes of precipitation for all 24 years 

from the raw event data, regional volumes from the CLIMVIS database were employed 

for the weighting in Equation 21 (seasonal volume-weighted averages as given by 

Equations 20 for 1981-1999 were taken directly from Wright (2001)). The CLIMVIS 

database allows selection of southeast Arizona (Region 7) monthly data so that seasons 

could be specified in accordance with the definitions above. The goal of considering this 

third time period was to generalize as much as possible the isotopic values expected in 

groundwater recharge, so the use of precipitation volume data determined for the specific 

region of interest may actually be superior to reliance on any single station for 

representative data. The long-term volume-weighted average 8180 values were - 9.3%0 

for the winter and - 5.3%0 for the summer. These values are bracketed by the values for 
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the two most recent 5-year volume-weighted averages, encouraging the interpretation that 

the long-term regional behavior of stable isotopes in precipitation lies somewhere 

between the trends observed in the two 5-year periods. No error bars are presented for 

the same reasons cited for the second time period; however, a discussion of variability 

over the period of record is contained in Wright (2001 ). One noteworthy feature of 

recent Tucson Basin data is that the summer of 2001 and the winter of2001/2002 had the 

most enriched seasonal 3180 values of the 24-year period. Even so, the addition of the 

last 5 years' data does not significantly change Wright's analysis, as the long-term 

volume-weighted average 3180 values with and without the update are identical within 

measurement error. Based on the CLIMVIS data, the winter of2001/2002 was the 

second driest winter in the period, and the summer of 2001 was drier than the median 

summer but by no means the driest. In fact, the Palmer Drought Severity Index (NWS) 

described at least part of the summer of 2001 as "unusually moist," implying that the 

general effect of a season's "wetness" or "dryness" on the isotopic signature of 

precipitation is not necessarily consistent between winter and summer, especially given 

that moisture sources and/or teleconnections shift between seasons. 

The final step in the analysis of stable isotope trends with elevation was to determine a 

characteristic trend that could be applied to the long-term averages for the 24-year period 

in lieu of high-elevation data. Wright (2001) reported gradients for the Tucson Basin in a 

different way than presented above: he examined only those events from which samples 

were collected simultaneously at both the low-elevation and high-elevation sites and 

determined seasonal and annual averages for the small population of "co-occurring" 
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events. In this way he obtained a measure of the variation of stable isotopes with 

elevation that might occur for a given air mass. Of course, the variability among trends 

for individual events was of the same magnitude as the averages themselves; nevertheless 

the estimates provide a useful alternative view of isotopic changes with elevation. 

Wright computed an annual 8180 gradient of-0.16±0.21 %0 per 100 m rise and reported 

that both seasonal gradients had essentially the same value. More recent work in the 

same basin (S.E. Desilets, University of Arizona, pers. comm.) attempted to replicate 

Wright's results by examining 6 co-occurring events at sites of 825 m elevation and 2583 

m elevation during the monsoon season. Although Desilets et al. could not reproduce the 

high correlation Wright observed between sites, they did obtain a gradient of -

0.16±0.16%0 8180 per 100 m rise on average for the summer - exactly the annual value 

that Wright reported. It should be noted that the use of a small number of samples from 

only 2 sites to determine a gradient is rather suspect. The value of the - O. l 6%0 per 100 m 

rise might therefore be discarded if not for its curious recurrence in certain other 

instances. In particular, it is the average of the two winter gradients shown in Figure 6 

(determined from long-term averages instead of co-occurring events), and it is the precise 

value of the summer gradient spanning the larger elevation change in Figure 6. 

4.2.3 Determination of Seasonal Endmembers 

Applied to the Upper San Pedro Basin, a gradient of -0.16%0 8180 per 100 m rise 

would predict a change of-2.5%0 8180 from the elevation of the valley floor (around 

1350 m) to the top of the highest peak in the Huachucas (Miller Peak, at 2886 m 

elevation). Compared to the -4.0%0 difference in long-term seasonal 8180 values at the 
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low-elevation Tucson site, the magnitude of the change in 8180 with elevation is such 

that it may be difficult to resolve this effect from the effect of seasonality. This stands in 

contrast to many other studies from various regions that have suggested the seasonality 

effect is far greater and therefore easily resolved ( e.g. Bryson, 2005; Coplen, 1995; 

Cunningham et al., 1998; Winograd et al., 1998). 

Based on that observation, past studies have modeled seasonality as a single control of 

recharge composition but have accounted for elevation and other factors in model 

uncertainties and have typically justified the simplification through sensitivity analysis 

(e.g., Bryson, 2005; Dadakis, 2004). Because of the greater difficulty encountered in 

resolving different effects, this study compared mixing models using seasonality 

exclusively or using both seasonality and elevation as controls. For the case of stable 

isotope mixing controlled exclusively by seasonality, seasonal 8180 averages for winter 

and summer were determined at a representative elevation to be used as constant 

endmembers. However, endmembers need not be constant, so for the second case, the 

two seasonal endmembers were taken to be linear functions of elevation. 

The elevation halfway up the Huachucas is approximately 2200 m. This roughly 

represents the average elevation of precipitation on the mountain block and is also a 

plausible starting point for precipitation that runs off before infiltrating at the mountain 

front. In this sense, precipitation falling at 2200 m elevation approximates the input for 

much of the groundwater in the basin, and elevation-dependent components of 

precipitation, e.g. stable isotopes, can be assigned seasonal values for 2200 m elevation to 

calculate seasonal mixing in groundwater samples. Constant endmember values were so 
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determined by taking the longterm seasonal weighted averages for o 180 in precipitation at 

the low-elevation Tucson Basin site and then adjusting them using the elevation gradient 

described in Section 4.2.4. The results were -l l .6%0 for winter precipitation and -7.6%0 

for summer precipitation (Figure 7). The same gradient and seasonal averages used to 

obtain the constant endmembers define the linear endmembers (Figure 7), the only 

difference being that no single elevation was assumed to represent all samples. Mixing 

between either set of endmembers is along a line of constant elevation. 

4. 2. 4 Recharge Seasonality from Groundwater Samples 

Comparison of both mixing models helped resolve ambiguities in quantifying 

recharge seasonality in the face of groundwater that may also preserve elevation effects 

(Figure 7). Both models offered adequate descriptions of groundwater compositions. 

The constant-end-member mixing model captured most of the groundwater data outside 

the riparian corridor 10
, with most samples plotting nearer the winter endmember. The 

linear-end-member mixing model bracketed all of the groundwater data, with the 

exception of two samples both from Kelly Spring near the mountain front 11
• 

'
0 Had the shorter-term seasonal averages from the Tucson Basin sites in Figure 6 and the gradients 

between them been used to obtain the constant end members, much of the groundwater data would have 
fallen outside the bounds of the model , because the seasonal averages appear to converge at higher 
elevations. The relatively short residence times of springs may not allow much mixing, in which case 
recharge during one discrete time period could have a very different isotopic signature than precipitation 
from another discrete time period. Although there was no longterm data available for the high elevation 
site, the use of longterm data avoided this problem. 
11 The two samples from Kelly Spring are reasonably close to the winter endmember and are thus 
interpreted as 100% winter recharge within the accuracy of the model. The 3H activity measured in Kelly 
Spring was 2.8 TU, so the shortest possible average residence time for groundwater flowpaths emerging at 
the spring is about 10.5 years (if one assumes all the water precipitated after the disappearance of the bomb 
signal from the atmosphere). By tracing those flowpaths up gradient from the spring over the distance 
groundwater would travel in more than l O years, it is likely the source of recharge is at an elevation well 
above the mountain front, on a steep hillslope where intense monsoon precipitation is unlikely to 
accumulate but rather would run off into the valley. Local evapotranspiration via hills lope vegetation 
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Riparian wells showed high variability but were still bracketed by the linear 

endmembers. Given the high spatial variability of contributions from monsoon recharge 

along the riparian corridor (Baillie, 2005) and the variability of monsoon recharge itself, 

one might expect to see a few outliers beyond the summer endmember, but in fact this is 

not the case. Baillie (2005) interpreted riparian groundwater as a linear mixture of the 

average composition in the basin wells and the average composition of local summer 

precipitation and thus arrived at estimates ranging from 10-90% monsoon recharge in 

riparian wells. The range suggested by mixing of summer and winter recharge in Figure 

7 appears to be consistent with that finding. 

After the riparian wells, the group of samples with the highest variability is the 

mountain springs. The mountain environment is heterogeneous in both topography and 

the contributing watershed areas to springs. Part of the variability in groundwater 

composition, then, might be explained by microclimatic effects and by different 

watersheds attenuating seasonal signals by varying degrees according to their ranges of 

flowpaths and residence times. In contrast to old, mixed groundwater in the porous 

media of the regional aquifer, the relatively short residence times of groundwater in 

spring systems might preserve some seasonal variability inasmuch as piston flow is an 

accurate model. Piston flow would reduce the mixing of different seasonal sources 

potentially resulting in more variable measurements, even though the springs sampled 

multiple times show mostly small fluctuations. All but one of the spring samples were 

during the growing season would also sharply limit summer recharge. Therefore, the interpretation of all 
winter recharge is fairly reasonable. 



collected within 5 months, which may or may not have been long enough to detect 

temporal variability in spring discharge composition. 
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Regardless of variability at the minimum and maximum sample elevations, both end

member mixing models clearly indicate a winter-dominated recharge mechanism, with 

the overwhelming majority of samples outside the riparian corridor plotting between 40% 

and 90% winter recharge. The constant-end-member model estimates 40-70% winter 

recharge, whereas the linear-end-member model estimates 60-90%. The group averages 

plot surprisingly close to the 75% winter recharge line of the linear-end-member model, 

indicating that Upper San Pedro Basin recharge outside the riparian corridor comprises 

on average 75% winter precipitation and 25% summer precipitation. 

The dominance of winter season recharge is consistent with findings in the Tucson 

Basin (Simpson et al., 1972; Cunningham et al., 1998) and other regional basins (Bryson, 

2005; Winograd et al., 1998). An important factor is that high elevation winter 

precipitation often falls as snow that periodically melts to create a concentrated volume 

of flow sufficient to recharge subsurface groundwater. Winter snowpack in the 

Huachucas is not permanent; rather there are multiple cycles of freezing and melting in a 

typical winter. Despite the fact that more than half of annual precipitation falls in the 

summer, the higher evapotranspiration during the summer months explains the fact that 

significantly less summer precipitation becomes recharge. The greater intensity of 

monsoon storms is also more likely to produce runoff, and although this leads to 

ephemeral channel recharge, it might further limit the fraction of summer precipitation 

becoming recharge. 
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Use of the elevation ofland surface where groundwater samples were collected as a 

proxy for recharge elevation is a mild limitation of the seasonality interpreted from the 

linear-end-member mixing model. In order to best compare groundwater data to mixing 

lines derived from precipitation, two factors potentially require adjustments of the plotted 

elevations. On one hand, samples from wells actually come from the elevations of the 

well screens, many of which are hundreds of meters below land surface. On the other 

hand, precipitation falls above the elevations where it is recharged, which in tum are 

higher than the elevations where groundwater was sampled 12
• No adjustments were 

presented in Figure 7 due to the unknown magnitudes and opposite directions of the two 

effects. However, even a net adjustment of a few hundred meters that shifted the fraction 

of winter recharge 10-15% for a particular sample grouping would not significantly alter 

the analysis of the linear-end-member mixing model, which provides an important 

counterpoint to the constant-end-member mixing model's interpretation of seasonality 

without explicit elevation dependence. 

4.2.5 The Elevation Effect Revisited 

It was observed that the averages of the groundwater sample groups plot along the 

75% winter line, and it has been noted that both end-member lines were assigned slopes 

of -0.16%0 8180 per 100 m rise. A linear regression of the three average values with their 

average land surface elevations turns up a gradient of precisely -0.16%0 per 100 m with 

.1
2 All data points are not evenly affected by both factors. Springs, of course, actually do discharge at land 

surface. Riparian wells have relatively shallow screens and many of these have significant summer 
recharge that originates near land surface, i.e. from stream losses. Mountain front wells and basin wells 
might therefore shift relative to the other groups, causing a small change in the trend of groundwater 
samples with elevation but probably not much change in the interpreted seasonality. 
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R2 = 0.97. A direct regression of all the groundwater measurements outside the riparian 

corridor gives a gradient of-0.10%0 per 100 m with R2 = 0.28. Including the riparian well 

data increases the gradient to -0.18%0 per 100 m with R2 = 0.40. There is a gap in 

coverage of some 400 m between the highest spring (Tub Spring) and the next highest 

springs. The 8180 of Tub Spring is more enriched than the trend among other 

groundwater samples might lead one to expect. The two identical measurements of water 

from Tub Spring on different dates thus account for much of the difference between the 

gradients described for data outside the riparian corridor. Excluding them from the 

regression results in a gradient of -0.12%0 per 100 m and a slightly worse statistical fit. 

Depending on the distance water is assumed to travel between precipitation and recharge 

and eventually the point of sampling, each of these gradients could reflect the relationship 

of 8180 in precipitation with elevation transposed downgradient. The important feature is 

the general similarity of magnitudes between the gradients for groundwater and 

precipitation. If indeed the elevation trend is preserved in groundwater, this similarity 

further justifies the estimated gradients on which the linear endmembers were based. 

4.2.6 Climate Change 

Caution must be taken in interpreting groundwater stable isotopes, since the 14C 

measurements of basin groundwater indicate residence times long enough for climate 

change to be relevant in mid-basin wells (greater than 10,000 years near the San Pedro 

River). Paleoclimate records show an enrichment of heavy stable isotopes in 

precipitation occurring rather abruptly about 10,000 years ago as the global climate began 

warming up and shifting from more pluvial conditions to its present state (Clark and 
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Fritz, 1999). Local precipitation falling several thousand years ago would thus be 

isotopically lighter than precipitation today. Previous studies have indicated possible 

detection of that signal in regional groundwater as an enrichment of 10-20%0 82H from 

more depleted values occurring beyond 6000 years ago (Kalin, 1994; Robertson, 1992; 

Phillips et al., 1989). In the Upper San Pedro Basin, a few mid-basin wells with 

uncorrected 14C ages from a few thousands years to more than 9000 years showed 

slightly depleted (as much as -3%o 82H) values compared to the median of -66%0 82H for 

the study area, which at first glance may have suggested some weak influence from 

climate change. However, the two unambiguously old wells near the San Pedro River 

with ages greater than 10,000 years even after correction (Table 1) were enriched by 

+ 3%o and +7%o compared to the median 82H value, and a weak or insignificant 

correlation (R2 = 0.1) of 82H to 14C likewise showed enrichment toward older ages. 

Since the change was small (only about 5%o from modem to maximum ages) and in the 

opposite direction to that predicted, climate change in either direction was not considered 

significant to interpretation of the stable isotope data. 

4.3 Solute Geochemistry 

4.3.1 Major Anion Distributions 

Major anion results for groundwater, surface water, and precipitation samples are 

presented in Table 2 and Figure 8, except phosphate which was detected in only one well 

and 3 surface water samples at concentrations below 1 ppm. As expected, precipitation 

samples were dilute in most anions relative to other types of samples with the exception 

of nitrate. Summer precipitation (May-September) had slightly higher concentrations of 
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all anions ( except chloride) than winter precipitation (October-April) for the sample 

population. The river samples had the highest median concentrations of halogen ions of 

any type of samples, and only samples collected from the mountains had higher median 

sulfate concentrations. River samples taken following precipitation events were more 

dilute than baseflow, so the extra runoff volume probably outweighed any flushing of 

solutes into the river from its banks. A single sample from a monsoon flood in an 

ephemeral channel near the river supports that conclusion, since anion concentrations 

were even more dilute than in event flow in the river, except for nitrate which was at one 

of the highest concentrations observed. Since median anion concentrations in 

groundwater were lower than in the river ( except for event flow nitrate and chloride), 

elevated concentrations in individual riparian wells could be used as additional indicators 

of recharge due to stream losses. In particular, median river baseflow concentrations 

were slightly higher than median well concentrations indicating some evaporative 

concentration within the semiarid river environment. 

The heterogeneity of mineral types and flowpath residence times in the mountain 

block and mountain front environments plus the ephemeral flow of their surface waters 

creates large ranges in anions 13• Springs had higher sulfate concentrations and sulfate to 

chloride ratios than wells, whereas wells had higher maximum concentrations of nitrate 

13 Also, the fact that precipitation and river samples come from comparatively well-mixed systems may 
account for reduced variation observed in certain cases. Notably, concentrations of nitrite, nitrate, and 
sulfate varied less among event flow samples than in baseflow. Using a similar group of anions, Lemon 
(2004) observed a lack of hydro logic connectivity of different river reaches during the dry months before 
the monsoon that disappeared once event flow resumed. Attributing the lower variation among event flow 
samples to better mixing would be consistent with her conclusion. Precipitation is considered well mixed 
because it originates in large air masses, circulates within clouds before falling, and does not interact with 
minerals or organic matter before collection. 
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and bromide. Except for sulfate in springs and nitrate in wells, spring and well samples 

generally had somewhat lower median anion concentrations than river samples. The wells 

had the maximum halogen ions plus nitrate concentrations while maximum sulfate 

occurred in mountain springs and maximum nitrite appeared in river baseflow samples. 

Snowmelt and other mountain runoff had similar compositions. Their sulfate 

concentrations were close to those of well and river samples, and they had low 

concentrations of the other ions compared to the same groups. The median sulfate to 

chloride ratios were higher in both surface water and groundwater on the mountain block 

than in surface water or groundwater sampled at lower elevations. The median chloride 

to bromide ratios were similar across all types of samples, although springs and wells had 

some significant outliers. Only 3 precipitation samples had measurable bromide from 

which ratios could be determined, but the values are roughly consistent with the range of 

50 - 150 reported by Davis et al. (1998). The fact that other types of samples fell almost 

entirely within this range implies that atmospheric deposition is the only important source 

of chloride in the basin, so chloride concentrations are affected only by 

evapotranspiration. 

4.3.2 Evaporation and Transpiration 

Because the use of mineral oil in the rain gauge prevented evaporation, chloride and 

bromide in precipitation provide appropriate initial conditions relative to other sample 

types from which to estimate evapotranspiration (ET) and to distinguish between its 

component fluxes. Differences between the chloride to bromide ratios of precipitation 

and the ratios in springs and wells are too modest for halite dissolution or other mineral 
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exchanges (hence the conclusion that evapotransiration alone controls chloride), and with 

mineral exchanges eliminated as a possibility for typical groundwater samples, less 

drastic changes in the ratios may signify preferential uptake of bromide by plants during 

transpiration (Dadakis, 2004). The small population of samples with detectable bromide, 

i.e. 3, limits adequate representation of the true median chloride to bromide ratio, but the 

range of this ratio in precipitation should not grow much further based on experience 

elsewhere ( e.g., Davis et al., 1998; Dadakis, 2004). Therefore, the assumption that the 

median ratio in precipitation is indeed less than many groundwater ratios is not wholly 

without merit, and if true, lends support for transpiration as a significant component of 

overall ET near those groundwater sites. 

Since chloride is better represented than bromide and is the more conservative of the 

two tracers, it will be more useful for quantifying ET. Median concentrations of both 

tracers show progressive increases from precipitation to springs to wells to baseflow 

expected when ET is a dominant process (Figure 8). A relative lack of ET observed in 

spring discharge versus lower-elevation wells despite the greater abundance of vegetation 

at high elevations requires a greater proportion of non-growing season precipitation or 

snow in recharge to springs. This result is important evidence that orographic effects on 

precipitation may not fully explain trends of groundwater stable isotopes with elevation. 

Recall that the constant-end-member mixing model for 8180 supported increased winter 

dominance with increasing elevation whereas the linear-end-member model showed 

groundwater stable isotopes shifting parallel to the 8180-elevation gradient for 

precipitation, implying more constant recharge seasonality throughout the basin (Figure 
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7). The extent of ET indicated by halogen ions thus reveals another tradeoff between the 

models and the sensibility of exploring the middle ground. 

Greater evapotranspirative demand for water in the river and shallow riparian aquifer 

than in the regional aquifer explains why median baseflow chloride and bromide 

concentrations reach a peak, especially since the intermittent nature of the river during 

the growing season causes standing water for prolonged periods in many reaches. 

Median event flow chloride may decline somewhat due to dilute runoff concentrations 

closer to precipitation. 

Returning to the observations that median chloride values track ET affecting springs 

and wells compared to precipitation and that systematic mineral exchanges are not a 

likely alternative explanation, a simple chloride mass balance calculation can estimate 

partitioning of precipitation less runoff into ET and recharge. Notably, measurements 

from groundwater in springs and (deep) wells reflect compositions after recharge as 

opposed to infiltration, which is still subject to losses from transpiration in particular. 

Such a description of the water balance represents a potentially valuable constraint for 

conceptual models of the basin, especially given the tendency of past modeling efforts in 

the basin to invoke the Anderson et al. (1992) method, ( e.g., Anderson and Freethey, 

1995; Goode, 2000). The loss of water between precipitation and the time of 

groundwater sampling implied by median precipitation chloride of 0.6 ppm increasing to 

a median value of 6.4 ppm for wells is just over 90%. The highest chloride 

concentrations in wells likely reflect locally important sources of chloride other than 



atmospheric deposition, but the maximum concentration excluding statistical outliers -

about 23 ppm (Figure 8) - implies water loss greater than 97% in some locations. 
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In light of the earlier remark that potential ET exceeds actual precipitation many times 

over (Arizona State Climatologist, 1975a), the loss of more than 90% of precipitation less 

runoff to ET is not surprising. Given such estimates, the fact that groundwater stable 

isotopes plot near the annual LMWL (see also Baillie, 2005) suggests that transpiration is 

by far the dominant component of total ET. Post-deposition evaporation would be 

accompanied by a fractionation that shifted groundwater values below and away from the 

LMWL at a shallower slope than that of the LMWL. Such behavior is indeed observed 

in basin groundwater, particularly in riparian wells (Baillie, 2005), but the magnitude of 

the shift accompanying 90% evaporation would be enormous. Observed 5180 deviations 

from the LMWL characteristic of evaporation were all less than 1 %0 (see also Baillie, 

2005). In contrast, vegetation displays little or no preference for individual water 

isotopes as it takes up water or as it consumes and releases it. By default, transpiration 

must therefore account for the fraction of absolute ET not captured by the stable isotope 

behavior, which is considerable. 

4.3.3 Sulfate and <534S 

One anion that displayed a clear spatial pattern in groundwater was sulfate. The 

highest sulfate concentrations occurred on the mountain block, and concentrations 

decreased through lower elevations to minimum values in the center of the basin (Figure 

9). The ratio of sulfate to chloride displayed essentially the same pattern as sulfate alone. 

The highest sulfate concentrations occurred on the mountain block, and concentrations 
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decreased through lower elevations to minimum values in the center of the basin. Sulfate 

concentrations became higher once again within the riparian area, with higher values 

nearer the surface and lower values at depth. Higher concentrations in riparian wells also 

appear to correspond to the losing reaches of the San Pedro River and reaches between 

other gaining and losing reaches as defined in Stromberg (in press). This riparian system 

is addressed more fully in Baillie (2005). 

A certain degree of heterogeneity with respect to anion concentrations was expected 

on the mountain block and near the mountain front due to the diversity of igneous, 

metamorphic, and sedimentary rocks comprising different parts of the mountain block. 

This was indeed the case with sulfate14
, but still there is a clear decrease from mountain 

block to mountain front concentrations and another clear decrease from the mountain 

front to the center of the basin. 

Since the broad patterns in sulfate concentrations described above follow recharge 

patterns described in earlier sections, sulfate appears to provide some information about 

recharge processes and groundwater flowpaths, i.e. sulfate concentrations are higher near 

the surface and in recharge areas and systematically decrease as groundwater moves 

deeper into the basin. However, to interpret that information it is first necessary to 

understand the processes responsible for the decrease. Dilution by other water sources is 

14 
A single, particularly low sulfate concentration on the mountain block occurred in Clark Spring, which 

could be attributed to microbial reduction in the discharge environment. The spring outlet was covered by 
leaves and other detritus, and the rusted ( oxidized) steel pipes that had been driven into the ground nearby 
had some scummy ooze (possibly mold) around points where they were leaking. In order to sample the 
spring via one such point - the outlet itself being inaccessible - some of this material was cleared on a first 
visit, but an even greater quantity was found when researchers returned 3 weeks later. On both visits, the 
foul reek of sulfur heralded the presence of the spring up to a distance of perhaps a kilometer away. This 
stench, above all, pointed to reduction since the process would generate volatile hydrogen sulfide gas. 
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insufficient to explain it, because valley recharge fluxes are thought to be extremely low 

(Pool and Coes, 1999; USPP, 2005), and around the subwatershed boundaries shallow 

bedrock of low permeability limits underflow (Gettings and Houser, 2000). Three 

alternative hypotheses are explored. 

The first hypothesis is that precipitation of sulfate minerals or anion exchange on clay 

lenses leads to a net decrease in dissolved sulfate in the center of the basin. Given the 

low concentrations of sulfate in general, precipitation of sulfate minerals within the 

central basin is extremely unlikely. The highest concentration measured anywhere was 

137 ppm in Kelly Spring, and most springs had concentrations far below that of Kelly 

Spring. The maximum concentration of calcium in 24 well samples collected from the 

regional aquifer by Pool and Coes (1999) was 76 ppm. Gypsum would be the first sulfate 

mineral to precipitate, but the saturation index for gypsum using these maximum values 

is -1.0. If these concentrations represent an initial condition, then groundwater is far 

below saturation with respect to sulfate minerals. 

Provided clays were sufficiently extensive below the mountain front (which is not 

firmly supported by drillers' logs), sulfate could be retarded by anion exchange in a so

called "basin chromatography" process. However, the extensive clay layers near the San 

Pedro River should further decrease sulfate in water discharged as baseflow, contrary to 

Figure 8, and anion exchange requires an increase of some other anion in basin 

groundwater to complete the charge balance. Figure 8 shows that nitrate behavior 

roughly fits the pattern. Chloride is a more probable candidate for exchange with sulfate, 

but many wells with low sulfate concentrations also have low chloride concentrations 



relative to wells at the mountain front. In any case, the differences observed in anions 

other than sulfate are not large enough to balance the differences in sulfate, and there 

appears to be no support for the first hypothesis. 
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The second hypothesis is that microbially-mediated sulfate reduction reactions occur 

to a degree that would account for decreases from recharge and mineral sources 

predominantly in the alluvial basin wells and over the residence times indicated by the 

radioactive tracers. Abiotic redox kinetics are generally too slow to be of consequence to 

geochemical evolution (Clark and Fritz, 1999), but microbial metabolisms can be orders 

of magnitude faster. Residence times on the mountain block are short enough that the 

conditions for sulfate reduction may not develop between recharge and discharge to 

springs. Groundwater that is recharged through the mountain block and at the mountain 

front and is less influenced by surface water runoff moves much more slowly and would 

have ample time for reduction to occur. Wells that tap preferential flowpaths leaving the 

largest mountain channels could have slightly higher sulfate concentrations than nearby 

wells because of the difference in residence times. Wells in losing reaches of the San 

Pedro River have greater fractions of modem recharge and would likewise have higher 

sulfate concentrations than wells in gaining reaches. The preceding statements are 

neither infallible nor sufficient to describe the development of redox conditions, since 

residence time is not the only important factor, but the differences highlighted may 

explain some broad features. 

All of the patterns just described are indeed observed, yet they do not provide 

definitive evidence of reduction. Additional evidence for possible reduction came from 
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the stable isotopes of sulfur. b34S mirrored the pattern of sulfate itself, i.e. it had 

relatively depleted values on the mountain block transitioning through the mountain front 

to relatively enriched values in the central basin (Figure 10). During a reduction process, 

microbes eschew the higher dissociation energies of 34S-O bonds and preferentially 

reduce sulfate containing 32S (Krouse and Mayer, 2000; Clark and Fritz, 1999), leaving 

groundwater sulfate enriched in 34S. Reduction could thus account for both the decrease 

in dissolved sulfate and the observed isotope enrichment. Enrichment due to reduction 

follows a kinetic fractionation dependent on many external, site-specific factors rather 

than an equilibrium fractionation, making it impossible to predict quantitatively a priori 

(Krouse and Mayer, 2000; Clark and Fritz, 1999). Krouse and Mayer (2000) reviewed 

case studies in which fractionation from sulfate reduction ranged from negligible in 

laboratory studies to many tens of per mil in field studies, including "the largest sulphur 

isotope fractionation in nature" at low temperature. Whether the observed enrichment 

might actually be too small for microbial reduction is difficult to say. 

Other evidence, though, raises serious questions about the reduction hypothesis. The 

necessary condition for basin-wide sulfate reduction is that certain oxidants that can yield 

more energy than sulfate must be consumed first (Clark and Fritz, 1999), and it is not 

clear this is the case. Detection of two such oxidants, dissolved oxygen (DO) and nitrate, 

implies the redox potential (EH) of basin groundwater is much too high for sulfate 

reduction to proceed (Clark and Fritz, 1999). An attempt was made to monitor DO in the 

field using a hand-held meter, but the values recorded from the meter were not 

considered reliable due to limitations in the precision of calibration and large, apparently 
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random fluctuations in observed values at many individual sites. DO values, such as they 

were, apparently ranged from very low to very high concentrations and lacked an obvious 

spatial pattern, making it difficult to confirm the reduction hypothesis. In a few notable 

cases, wells in center of the basin with sulfate concentrations less than 10 ppm still had 

significant nitrate concentrations of a few ppm that would buffer the groundwater EH 

(Clark and Fritz, 1999) so that even if sulfate reduction had occurred its products would 

probably be oxidized back to sulfate. Failure to observe the prerequisite consumption of 

oxygen and nitrate at least suggests the sulfate-reduction hypothesis is not generally valid 

throughout the basin. 

The third hypothesis is that modem industrial activities have resulted in greater 

atmospheric deposition of sulfate, leading to spatial patterns that depend strongly on 

temporal patterns. Higher deposition may be necessary in any case to explain higher 

concentrations in recently recharged waters. Under this scenario, samples taken from the 

central basin and determined to be thousands of years old would not have been affected 

and should simply contain pre-industrial sulfate levels. Comparison of groundwater 

sulfate with 14C data showed concentrations less than 20 ppm in all wells with less than 

60 pMC, in contrast to concentrations greater than 25 ppm in all wells with greater than 

100 pMC. Sulfate concentrations in wells with 60-90 pMC (in which ages can be more 

ambiguous) were mostly less than 20 ppm but included 4 higher values up to 80 ppm 

(these included the deep bedrock wells shown in Figure 10, which have old ages but 

could have elevated sulfate due to exchanges with mountain block minerals). Stable 

isotopes of sulfur in groundwater sulfate showed no pattern relative to 14C data, but the 



lack of correlation is not sufficient to discount the hypothesis if natural and 

anthropogenic sulfate sources are isotopically similar, and the time-dependence of 

groundwater sulfate concentrations shown by 14C is rather striking. 
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Population growth in recent decades must have driven increases in activities that 

contribute sulfate to the atmosphere such as vehicle use and power consumption. Coal 

combustion is a source of energy for many customers in and around the basin, and that 

would certainly elevate local atmospheric concentrations of SOx gases since coal contains 

one of the highest fractions of sulfur by weight of any fuel. If deposition is a dominant 

control, then reduced SOx emissions in response to recent environmental regulations may 

also allow finer-scale resolution of modem recharge residence times. 

Large-scale mining activity surrounding the basin in the past two centuries may also 

have contributed sulfate to the atmosphere. The Cananea Mine immediately south of the 

headwaters of the San Pedro River is the only large mine still in operation in the vicinity 

of the basin. Although the Cananea Mine uses 12 x 106 m3 of groundwater from the 

Upper San Pedro Basin per year (Lopez, 1999; as cited by Goode, 2000), it is unlikely the 

mine contaminates basin groundwater or water in the river directly, since spent water is 

discharged on the opposite side of the topographic divide (Goode, 2000). A tailings pond 

near Warren apparently leached sulfate to groundwater in the Greenbush Draw watershed 

(USEP A, 1988), but impacts from isolated incidents like this on basin groundwater 

downgradient - if there are impacts at all - are equally unlikely to be measurable. 

Rather, the processing of rock in open pit mines like Cananea, the defunct State of Texas 
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Mine in the southwestern Huachucas, or the defunct Copper Queen Mine in Bisbee may 

allow winds to disperse sulfate or other contaminants in the lower atmosphere. 

The full range of 834S values observed in the study coincides with the range Krouse 

and Mayer (2000) described as typical for sulfate of anthropogenic origin, -3%o to +9%o 

(see Figure 10). Riparian wells were not included in Figure 10 but would plot alongside 

basin and mountain front wells. Thus, only the springs on the mountain block exhibit a 

slight tendency toward lower 834S values. Minerals vary widely in 834S values (Krouse 

and Mayer, 2000), but it is conceivable that groundwater sulfate tends toward a value 

indicative of equilibrium with aquifer minerals and that the value is higher than the 

minimum for anthropogenic sulfate. Riparian wells should also have more anthropogenic 

sulfate if the deposition hypothesis is correct, so their 834S values would be expected to 

more closely resemble values on the mountain block. However, it is possible that with 

recent reductions in SOx emissions from power plants, anthropogenic 834S would not lead 

to values as far from local mineral values in riparian wells as in mountain springs with 

multi-decade residence times (holding open the possibility of longer residence times than 

3H-3He predicted for Tub Spring and Oak Spring in some cases, given that all springs had 

detectable 3H). 

The purpose of examining multiple tracers in this study was to obtain the strongest 

possible support for those conclusions pertaining directly to MSR. There may be 

reasonable hypotheses that account for the sulfate observations other than the ones 

presented, but already it has been shown that there are enough complicating factors that it 

would only be straightforward to interpret sulfate concentrations based on recharge 
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patterns and not the other way around. Nor do the other anions display the type of broad, 

easily recognizable spatial patterns evident in sulfate and b34S that are prerequisite for 

drawing conclusions about recharge that are generally valid. One possible further 

application of anion and o34S data is their use as an additional constraint on modem 

residence times based on increasing NOx emissions and decreasing SOx emissions during 

the last few decades, but this would probably require more data on nitrate and sulfate 

sources and their isotopic compositions. 



5. WATER RESOURCES IMPLICATIONS 

Several lessons from this study are applicable to other alluvial basins in semiarid or 

arid regions. Foremost among these is the demonstrated value of geochemical data in 

addition to traditional hydrogeologic measurements. The radioactive tracers provided 

quantitative physical evidence of basin fluxes that constrained the MSR rate to a broad 

range for comparison with methods in earlier investigations. The stable isotopes of 

hydrogen and oxygen distinguished recharge from different seasons and from different 

source areas. Stable isotopes thus constrain how models should simulate the seasonal 

fractions that recharge groundwater. 
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Also worth noting is the strength of the multi-tracer approach, whereby each 

constituent offered information that confirms, clarifies, and augments that of the others. 

Because these constituents directly traced different physical aspects of the recharge 

process, they allowed a detailed conceptual understanding that is not generally possible 

from numerical modeling or extrapolation of empirical relationships to local conditions. 

For example, concurrent measurements of chloride and bromide showed that chloride 

was a conservative tracer, whereas bromide may reflect preferential uptake by plants 

during transpiration. Chloride, in tum, provided an estimate of the partitioning of 

precipitation less runoff into recharge and ET, and it was used to normalize other solutes 

for the effects of ET, allowing, e.g., examination of factors other than ET leading to 

relatively high sulfate concentrations in active recharge areas. 

In addition to conservative tracers, nonconservative tracers are equally valuable 

because they can constrain flowpaths and chemical evolution of the groundwater, and 
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thus the timing of fluxes. Aside from the obvious examples of radioactive tracers used to 

determine the distributions of residence times for groundwater derived from the slow and 

fast fractions of recharge, o13C and DIC can predict the magnitude of errors incurred in 

the 14C ages by calcite dissolution, and sulfate may exhibit time-dependent changes that 

independently constrain fast recharge fractions (though both would require measurements 

of more parameters). 

In particular, the use of age-dating tracers avoids the incorporation of hydraulic 

conductivity into MSR estimates along with its inherently large errors. Therefore, the 

suite of geochemical tracers should provide a more precise calibration of basin 

groundwater models than the use of hydraulic observations alone, and it should allow 

modelers to approach a more unique water budget. For instance, by requiring models to 

converge on the stable isotopic compositions of groundwater at measured points, non

unique solutions that balance groundwater fluxes by including unrealistic contributions 

from isotopically distinct source areas (MFR vs. MBR, Huachucas vs. Mules, etc.) could 

be eliminated. Modelers and managers will better appreciate the sources of riparian 

groundwater and surface flow upon referring to the present study's companion (Baillie, 

2005), and may thereafter want to reconsider the way river stage or hydraulic heads are 

used for calibration of Upper San Pedro flow models. 

From here the potential begins to emerge for a powerful, multi-faceted calibration of 

existing numerical models and for application of lessons learned to improve conceptual 

models. Model calibration of the fast versus slow residence time fractions will improve 

water resource estimates. Another data improvement would be to maintain more 
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mountain precipitation gauges to give modelers and geochemists better estimates of 

potential recharge before vegetation, secondary evaporation, and runoff processes siphon 

off portions of that total volume. 

The rate of MSR from the Huachuca Mountains was estimated to be between 2 x 106 

m3/yr and 9 x 106 m3/yr (1500 to 7300 ac-ft/yr) using only uncorrected radiocarbon ages 

and broad estimates of aquifer thickness and porosity. Even this simple calculation 

provides useful context for estimates obtained using other methods. The entire range is 

lower than the values estimated for the water budget in the past, implying that the 

problem of groundwater pumping and other discharges exceeding natural recharge rates 

may be more severe than previously thought. Although the estimated range is tighter 

than those of the Maxey and Eakin (1950) method or Anderson et al. (1992) method, it is 

still too broad to allow the most efficient management of water resources in the basin. 

An effort to reconcile models of basin groundwater processes with the data presented 

here is likely the best means of achieving that goal. 

Another result that should immediately stand out to water managers in the Upper San 

Pedro Basin is the very long total basin residence time, or to put it another way, the very 

slow average flux. The fact that groundwater can take longer than 10,000 years to travel 

from the mountain front to the San Pedro River implies a low MSR rate and emphasizes 

how small the contributions from recharge along the basin floor must be outside the 

riparian area. The rough estimate of the loss of 90% of precipitation less runoff to 

transpiration is consistent with large evapotranspiration potentials that severely limit 

recharge at the basin floor, particularly during the growing season. The other 10% 



88 

(roughly) of precipitation less runoff is recharge, of which most is MSR derived from the 

Huachucas and to a lesser extent from the Mules. The chloride mass balance, although 

problematic when used outside the context of other data, thus provides both an 

independent estimate of the MSR rate and a physical basis (the conservation of mass) to 

constrain the partitioning of fluxes in the water budget. 

The measurement of stable isotopes of hydrogen and oxygen was one of the fastest 

and least expensive analyses performed in this study, and it yielded an enormous amount 

of information. Stable isotope data made it possible to consider recharge seasonality, 

recharge elevations, and climate change. Continued monitoring of stable isotopes in local 

precipitation on a seasonal basis (e.g., using May-September and October-April 

composites) at multiple elevations could address these questions - and others - with even 

greater resolution. The first two questions were discussed in detail, and it was found that 

40-90% of MSR occurs in the winter, with a possible interpretation that - once adjusted 

for elevation - stable isotope values all average around 75% winter composition. This 

contrasted with the more than 50% of annual precipitation occurring in the summer 

months, implying the potential for summer precipitation to become recharge is low 

relative to winter precipitation. 

Still, the 10-60% of groundwater recharged during the summer is a significant 

fraction, and water managers can now consider that recharge is possible during the 

summer months. Attempts to enhance recharge from monsoon runoff using such means 

as recharge basins may yet prove successful provided they are targeted toward areas with 

more permeable sediments near the surface and with less vegetation. Given the 
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extremely high evapotranspiration potentials in the summer between events, it would be 

better still to capture and directly inject runoff below the root zone. The consequences to 

downstream users would have to be evaluated if such measures were proposed. 

The bulk rate of MSR is obviously important, but the fraction due to MBR must not be 

overlooked. Assuming MSR occurs dominantly by MFR is a mistake that would 

overestimate, e.g., the rate of aquifer recovery in response to conservation measures. In 

fact, some wells of sufficient depth near the mountain front appear to tap groundwater 

that comes mostly from deep MBR flowpaths, meaning only slow-moving groundwater is 

locally important, so that for instance, artificial recharge projects would not directly 

benefit the owners of those wells. Upcoming interpretation of the noble gases will 

further constrain MFR and MBR fractions, but already several distinctions in the 

chemistry of the two pathways have been noted, including a general observation that 

groundwater preserves a decreasing trend of stable isotopes with elevation. The broad 

separation of MFR and MBR in elevation and residence times forms the basis of these 

distinctions. 

On a final note, water managers and the population at large tend to become 

increasingly anxious during consecutive years of drought. The impact of prior droughts 

is integrated into the bulk MSR rate, but individual drought signals are attenuated over 

the timescale of fluxes below the mountain front. Concerns about recent or current 

drought impacts above the mountain front warrant further research. If 3H-3He data are 

interpreted as indicating residence times on the order of 1-10 years in springs, then a 

drought of a few years' duration would have a noticeable impact near the mountain 
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block. Indeed, many known springs were not flowing during any visits in the present 

study, or the discharge declined sharply in the summer. On the other hand, some 3H-3He 

ages for well samples near the mountain front or above it suggested longer residence 

times up to 5 decades for the upper bedrock of the mountain block. Even with longer 

residence times, though, reduced hydraulic pressure due to drought can manifest in lower 

spring discharge rates relatively rapidly. Residence times between the mountain front 

and the population centers are much longer than just a few decades, so residents can 

better avoid hardship through steady, longer-term conservation measures than by more 

drastic, temporary measures in reaction to recent climatic episodes. 
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6. SUMMARY AND CONCLUSIONS 

A suite of geochemical tracers was analyzed in order to gain conceptual and 

quantitative understanding of recharge associated with the Huachuca Mountains of the 

Upper San Pedro Basin. Groundwater fluxes determined from uncorrected 14C 

measurements indicated a rate of MSR between 2 x 106 m3 /yr and 9 x 106 m3 /yr. Despite 

the suggestion of calcite dissolution from the distribution of o13C data, the range of 

values for the estimated MSR rate is thought to bracket the true value because the 

assumed uncertainties of the aquifer parameters were conservatively large. Groundwater 

ages of a few years to a few decades estimated from 3H-3He data were indicative of the 

fast flow fraction of basin recharge. 

Stable isotopes of hydrogen and oxygen were interpreted to quantify the seasonality of 

MSR, resulting in an estimated 40-90% of recharge occurring in the winter and 10-60% 

in the summer. Two mixing models alternately used seasonal endmembers that were 

constant or that varied linearly with elevation, and both agreed reasonably well. No 

impact from climate change could be identified. Large chloride concentrations in 

groundwater relative to precipitation indicated typical loss of 90% of precipitation less 

runoff to ET. Small deviations of o 180 from the LMWL reported by Baillie (2005) 

confirmed that transpiration is the dominant component of ET in the basin. 

Sulfate was observed to decrease downgradient from the mountain front and other 

recharge areas with a corresponding enrichment in sulfate o34S values relative to the 

mountain block, but various hypotheses for the reasons behind these trends could not be 

verified, except that a strong relationship of sulfate concentration to time was supported 



by 14C data. A spike in modem atmospheric deposition of sulfate due to anthropogenic 

emissions that rose rapidly and subsequently dropped following environmental 

regulations is thought to be a possible explanation. 
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The MSR rates estimated in this study agree within an order of magnitude with prior 

independent estimates but are nevertheless lower. Taking into account the partitioning of 

MSR in the study basin between MFR and MBR pathways, the bulk rate of MFR may be 

more relevant to near-term accounting of water resources, so it should be noted that the 

MFR rate is even lower than the MSR rate. Because this assessment has significant 

implications for water management in the basin, it is recommended that future efforts to 

model groundwater flow incorporate the data obtained in this study for calibration. The 

geochemical basis of the calculations presented was successful in enhancing both the 

quantitative and conceptual understanding of MSR, and the multi-tracer approach proved 

extremely valuable in the derivation of a detailed and self-consistent interpretation. 
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Figure 1, Study area and sample locations. The Sierra Vista subwatershed of the Upper 
San Pedro Basin is bounded by the Huachuca Mountains (southwest), the international 
border (south), the Mule Mountains ( east), Tombstone Hills (northeast), and a bedrock 
structural high in the northern region of the figure. The subwatershed also includes the 
Walnut Gulch watershed to the north and east of Tombstone (not entirely on the figure). 
The boxed area shows the San Pedro Riparian National Conservation Area, which has 
been off limits to development since the late 1980' s. Roads shown in the area between 
Nicksville and Hereford and south to Palominas reflect mostly unregulated development, 
but groundwater pumping there is mainly by low-yield domestic wells. 
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Figure 2, Radiocarbon in Upper San Pedro Basin groundwater. Data labels show 14C 
measurements in units of pMC, with symbol classes for corresponding unadjusted ages. 
Adjustments for possible carbonate dissolution would reduce many ages in the 100-
10,000 yr range to modem (depending on local 813C measurements), but the maximum 
ages remain > 10,000 yr for all plausible scenarios. The thick black line depicts one 
possible definition of the surface, S, for the calculation of bulk MSR rate, where L = 30 
km. Thin arrows show examples of well pairs along the same approximate flowpaths and 
are labeled in italics with estimates of the Darcy fluxes, q, determined from unadjusted 
age differences. 
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Figure 3, Tritium in Upper San Pedro Basin groundwater. Data presented are from this 
study and the USGS NWISW eb database. All samples in this study were collected in the 
summer of 2004. NWISW eb data from 1996-1997 extend spatial coverage to include 
wells along th·e Babocomari River and the mountain front of the Mule Mountains and 
Tombstone Hills; also 3 measurements that were below detection in 1980-1982 reflect 
old groundwater in the northern half of the study area. All values have been adjusted for 
decay to 1 January, 2005. Adjusted values below the typical detection limit of 0.6 TU are 
possible, hence the range 0.0 TU - 1.0 TU for triangle symbols. 
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Figure 4, Modeled timeseries for 3H in local precipitation and estimated initial 3H in 
groundwater recharge based on measured 3H and 3He. Thick, black line shows the 3H 
precipitation model (Doney et al., 1992) incorporating best estimates of local parameters 
from contour maps provided with the model. To account for possible contouring errors 
and map interpretation errors, gray lines present models using local parameters plus or 
minus one contour interval. Sloped lines show theoretical decay of 3H from arbitrary 
initial values. Initial recharge activities for groundwater samples were estimated from 
3H, 4He, 3He/4He, and Ne measurements. Temperature/elevation pairs {(30°C, 1200 m), 
(l 7.5°C, 2000 m), (5°, 2800 m)} bracket conceivable recharge conditions for predicting 
solubility equilibria of 4He and Ne. Error bars for recharge activities and ages reflect the 
unrealistically large ranges of tritiogenic 3He thus predicted. 
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Figure 5, Stable carbon isotopes of DIC in Upper San Pedro Basin groundwater. Smaller 
symbols represent isotopically lighter samples (closer to 813C of DIC in recharge waters), 
whereas larger symbols represent isotopically heavier samples ( closer to 8 13C of 
carbonate minerals in the aquifer). The heaviest samples theoretically require the largest 
adjustments for carbonate mineral dissolution in corresponding 14C ages. 
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Figure 6, Elevation gradients by season for 8180 in southeast Arizona precipitation. 
Upper San Pedro Basin data are from this study and USGS NWISW eb database. Tucson 
Basin data are from Wright (2001) and unpublished data from Eastoe and Long. Squares 
are for winter precipitation (October-April), whereas triangles are for summer (May
September). Small symbols are 5-year volume-weighted seasonal means. Large symbols 
are Tucson Basin longterm volume-weighted seasonal means from summer of 1981 to 
winter of 2004/2005. Solid lines are assumed gradients for the region (both -0.16%0 8180 
per I 00-m rise in elevation). Dashed lines connecting means are for intersite gradients 
for the labeled time periods. Horizontal error bars show range of single-season volume
weighted mean 8180 values. Vertical error bars represent the 100-m range in elevation 
between the 3 Upper San Pedro Basin sites. 
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Figure 7, Seasonal mixing and 8180 in groundwater samples by land surface elevation. 
Mean values for springs, mountain front wells, and basin wells are plotted with error bars 
showing la elevation and la 8180 for each group. Horizontal line shows seasonal 
mixing calculation between constant precipitation endmembers determined for middle 
elevations of the Huachuca Mountains. Sloped lines show mixing between linear 
endmembers derived from 8180/elevation gradients. Labels give percentage derived from 
winter precipitation ("0%" = 100% summer precipitation). 
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Figure 8, Box plots of major anions and anion ratios. Centerlines show median values 
(see Table 1 for numerical values and sample populations, n). Bottom of box shows first 
quartile, QI , and top of box shows third quartile, Q3 . Whiskers show the greater of the 
sample minimum or QI - 1.5(Q3 - QI) and the lesser of the sample maximum or Q3 + 
1.5(Q3 - Q 1 ). Symbols show statistical outliers, and arrows labeled with series indicate 
additional outliers for well data. 



101 

<50th percentile 

<?5th percentile 

Figure 9, Sulfate to chloride ratio by quartile in Upper San Pedro Basin groundwater. 
Higher values occur in recharge areas (mountains and riparian corridor), whereas lower 
values occur in the regional aquifer and near gaining reaches of the river. Since er 
shows relatively little spatial variability in groundwater, the ratio generally tracks the 
spatial pattern of so/-. 
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Figure 10, Stable sulfur isotopes of sulfate vs. sulfate in groundwater samples. Pure 
dilution would occur along a horizontal line in this space; sulfate reduction would cause 
isotopic enrichment along with lower S04 

2
-, resulting in a sloping curve toward the upper 

lefthand comer. Samples are grouped by the regions where they were collected. 
Riparian wells (white circles) were not as well constrained as other groups. Two basin 
well samples plot in the region representative of mountain front conditions, probably 
because they are downgradient from the mountain front in a region of relatively high 
groundwater fluxes. Wells completed in bedrock that likely rely on MBR had relatively 
high so/ -and also relatively high 834 S. Sulfate reduction is suspected in the litter zone 
where Clark Spring discharges. 
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Table 1, Example age correction for calcite dissolution. Correction factors, q, were 
estimated from 813C measurements of DIC using a modified Pearson-Hanshaw model. 
Assumed model parameters were - 11.5%0 813C for soil CO2 and -3%o 813C for carbonate 
minerals in the aquifer. In reality, the sensitivity of the model to these parameters implies 
the corrected ages are even less reliable than the uncorrected ages (Section 4.1.4). Errors 
presented for the uncorrected ages represent the analytical uncertainties in pMC 
measurements, not the true uncertainties of the age estimates. 

Well pMC pMC error o13c (%0) q uncorrected age (yr) corrected age (yr) 
SW01 89.7 0.5 -5.9 0.32 900 ± 50 modern 
SW02 79.5 0.5 -8.3 0.59 1900 ± 50 modern 
SW03 79.1 0.5 -- -- 1940 ± 50 --
SW04 104.8 0.6 -8.5 0.61 modern modern 
SW05 107.5 0.9 -13.3 1.14 modern modern 
SW06 108.1 0.6 -12.3 1.03 modern modern 
SW07 112.8 0.6 -10.2 0.80 modern modern 
SW09 -- -- -9.3 0.74 -- --
SW10 106.4 0.6 -11.9 0.99 modern modern 
SW11 103.4 0.6 -13.2 1.13 modern modern 
SW12 108.4 0.6 -11.6 0.96 modern modern 
SW13 104.7 0.7 -10.5 0.83 modern modern 
SW14 59.7 0.4 -6.7 0.41 4260 ± 60 modern 
SW15 65.6 0.3 -7.2 0.47 3490 ± 40 modern 
SW16 73.5 0.5 -12.8 1.09 2550 ± 60 3720 
SW17 33.5 0.3 -9.1 0.68 9040 ± 70 6300 
SW18 12.3 0.2 -9.7 0.74 17,320 ± 140 15,360 
SW19 66.4 0.4 -6.8 0.42 3390 ± 50 modern 
SW31 62.8 0.3 -12.0 1.00 3850 ± 40 4320 
SW32 101.3 0.4 -11.1 0.90 modern modern 
SW33 78.0 0.3 -9.3 0.70 2050 ± 30 modern 
SW34 83.3 0.4 -8.1 0.57 1510 ± 40 modern 
SW35 70.2 0.3 -7.0 0.44 2930 ± 40 modern 
SW36 58.6 0.3 -11.7 0.97 4420 ± 40 4610 
SW37 105.2 0.4 -11.6 0.96 modern modern 
SW38 60.6 0.3 -6.5 0.39 4140 ± 40 modern 
SW39 68.2 0.3 -6.1 0.34 3160 ± 40 modern 
SW40 54.8 0.3 -7.3 0.48 4970 ± 50 modern 
SW41 69.5 0.3 -7.4 0.49 3010 ± 40 modern 
SW42 78.6 0.4 -8.3 0.59 1990 ± 40 modern 
SW43 10.9 0.1 -9.2 0.69 18,320 ± 80 15,710 
SW44 29.4 0.2 -8.7 0.63 10,120 ± 60 6820 
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Table 2, Major anion statistics by sample type. 

source I stat IFtnnm) er (nnm) No?· (ppm) Br"lnnm) N03• (ppm) S042
• (ppm) CrtBr· so.tier I 

annual precipitation I min I 0.01 0.1 < 0.010 < 0.010 < 0.010 < 0.010 10 0 I 
n = 17 

n (Cl"/Br") = 3 I max I 0.14 2.0 0.071 0.026 6.3 5.5 250 8.1 I 
winter precipitation I min I 0.01 0.3 < 0.010 < 0.010 < 0.010 0.6 -- 0.7 I 

n=6 
I max I 0.03 0.9 0.028 < 0.010 1.1 5.5 -- 5.9 I 

summer precipitation I min I 0.01 0.1 < 0.010 < 0.010 < 0.010 < 0.010 10 0 I 
n = 11 

n (Cl"/B() = 3 I max I 0.14 2.0 0.071 0.026 6.3 5.1 250 8.1 I 
river baseflow I min I 0.17 1.4 < 0.010 < 0.010 < 0.010 5.1 77 1.7 I 

n = 31 
n (Cl"/B() = 21 I max I 1.8 15 2.4 0.13 6.0 125 168 12 I 

river event flow I min I 0.19 1.0 < 0.010 < 0.010 < 0.010 3.4 78 1.5 I 
n=8 

n (Cl"/B() = 5 I max I 1.7 17 0.30 0.11 4.8 36 174 15 I 
ephemeral channel flood 

mountain surface flow I min I 0.04 2.8 < 0.010 < 0.010 < 0.010 14 77 4.8 I 

I max I 0.15 4.1 < 0.010 0.050 1.4 30 201 7.9 I 
mountain snowmelt 
mountain springs I min I 0.02 1.3 < 0.010 < 0.010 < 0.010 4.5 33 1.3 I 

n = 13 
n (Cl"/B() = 10 I max I 1.5 12 0.38 0.10 2.8 137 289 11 I 

wells I min I 0.08 . 2.9 < 0.010 < 0.010 < 0.010 2.0 73 0.1 I 
n = 43 

n (Cl"/Br") = 38 I max I 4.0 490 0.086 1.1 22 95 442 8.4 I 
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APPENDIX A - SAMPLE LOCATIONS INFORMATION 

C en 
I 

Q.) a, 

Q I e! .0 
Q C ~ 

(.) 0~ en 
C Q Q.) a, 

a, .Qui (/) .-'<'. 
0 C 

0~ E C Q.) ro 'fil Q) ci. C :.c cii E 0 Q.) a, 
E ~ t:: > (1) a. .0 :::: ~ (1) E (.) .c 
(1) (1) 0 ~ E 0 ii:! 0 (.) en Q.) 0 6 ...J (/) UJ z UJ ~ I-~ co (/) ::J 0::: 

SW01 805789 SW01040604 570613 3484782 1418 p 

SW02 805788 SW02040604 571004 3481723 1436 p 

SW03 805787 SW03040604 570635 3482711 1438 p 

SW04 632904 SW04040604 568069 3484667 1445 p 

SW05 SW05040607 565968 3479583 1666 D 
SW06 SW06040607 565877 3479504 1677 D 
SW07 805792 SW07040608 568049 3481769 1515 p 

SW09 805791 SW09040608 567448 3482038 1518 p 

SW10 SW10040609 565037 3479156 1745 D 
SW11 533730 SW 11040609A 565781 3479371 1698 D 

SW 11040609B 
SW12 SW12040609 566154 3479846 1652 B"K-,lilf4'8 D 
SW13 SW13040610 567996 3482745 1494 310 350 D 
SW14 526137 SW14040617 575431 3485639 1341 BfJJIIIF..a D 
SW15 553589 SW15040617 575766 3483823 1345 215 255 D thick clay near surface 
SW16 568009 SW16040623 566311 3480387 1619 0 650 D screened entirely in bedrock (granite?) 
SW17 524207 SW17040623 579804 3482065 1316 235 255 D clay thick above well screen 
SW18 548028 SW18040623A 581522 3481127 1303 260 300 D thick clay near surface 

SW18040623B 
SW19 SW19040630 575593 3489470 1320 190 300 D clay thick above well screen 
SW20 LSPUED SW20040713 581851 3491246 1237 43 48 R 
SW21 LSPUES SW21040713 581851 3491246 1237 15 20 R 
SW22 COTUWS SW22040713 582437 3487463 1246 14 19 R 
SW23 COTUWD SW23040713 582437 3487463 1246 58 63 R 
SW24 HERUWS SW24040713 584509 3480359 1265 25 30 R 
SW25 HERUWD SW25040713 584509 3480359 1265 48 53 R 
SW26 PAL-LS SW26040714 583796 3470838 1289 15.3 16.3 R 
SW27 CHB-LI SW27040715 578202 3499440 1207 16 21 R 
SW28 HUN-SO SW28040715 583726 3483303 1256 10 15 R 
SW29 MOSLNS SW29040719 578966 3497733 1214 11 .667 12.667 R 
SW30 KOL-LO SW30040718 585137 3475926 1274 15 20 R 
SW31 630892 SW31040726A 569590 3479419rlJJWA .. IJJF4J D screened entirely in bedrock 

SW31040726B 
SW32 SW32040727 573340 3472409 1530 ·Alff'~ .. D 
SW33 571028 SW33040804 575477 3472229 1427 550 850 p may be screened in Pantano 
SW34 PALUWD SW34040805 583484 3471021 1292 63 68 R 
SW35 525842 SW35040813 574713 3483123 1363 310 350 D thick clay near surface 
SW36 HERSUD SW36040813 584480 3479288 1270 118.5 128.5 R 
SW37 805652 SW37040814 571874 3472907 1611 80 182 p 
SW38 200402 SW38040814A 572171 3479175 1436 220 790 p 

SW38040814B p 
SW39 508962 SW39040814 572130 3479022 · · · 160 200 p 
SW40 SW40040814 565729 3492068 1402 560 980 p 
SW41 610130 SW41040814 566542 3489616 1425 520 800 p 
SW42 536074 SW42040814 569771 3480149 ... 80 160 p water allegedly drawn from cavern 
SW43 COTSUM SW43040816 582187 3487410 1247 193.5 198.5 R 
SW44 PALSUM SW44040818 583484 3471021 1292 193.5 198.5 R 

Shading indicates relative uncertainty. Numerical ID numbers in "Other ID" field are Arizona Department 
of Water Resources well registry numbers (sometimes preceded by "55-"); other entries are USGS well 
labels. Sample ID numbers contain location ID, date (yymmdd), and A or B for duplicates. Coordinates 
referenced to UTM Zone 12 and NAD83. Usage qualitatively described as P for production well , D for 
domestic well , or R for research well. 
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APPENDIX A - SAMPLE LOCATIONS INFORMATION (continued) 

g g E E 
C .--.. en 

C 
Q) 0) 

0) .Q vi .lo:: 
0 C co ~ Q) ci C E ro E 

E E t5 t > ro E (.) 
ro ro ro 0 

iTI E 
Q) 0 

...J z (/) w z 0::: 
SS01 Swallow Spring SS01031213 569768 3470318 . . .. 

SS01040403 
SS02 Morgan Spring SS02031213 569525 3470601 

SS02040403 
SS03 SS03031214 564287 3480313 junction of pipe to 2 springs 

SS03040329 
SS04 Comfort Spring SS04031215 565607 34 77328 JJrt:a ,~ -~~;& ~ 

SS04040329 
SS04040403 

SS05 Tub Spring SS05031215 565258 ,,,., 3474767 8" · , • 
SS05040327 

SS06 Kelly Spring SS06040328 569740 3475220 1706 spring discharge piped into pond 
SS06040424 

SS07 SS07040329 564212 3480098 sampled creek just outside spring box 
SS08 Clark Spring SS08040403 568930 3477314 strong sulfur odor each visit 

SS08040424A 
SS08040424B 

SS09 Oak Spring SS09040404 566802 3470293 spring discharge piped into pond 
SS10 SS10040404 567037 3470643 
SS11 SS11040404 564801 3472238 
SS12 Sawmill Spring SS12040405 561276 3478427 

SS 12040425A 
SS12040425B 
SS12040904 

SS13 SS13040405 559502 3482459 
SP01 C 566329 3492322 ~·ck reci itation collector 
SRPG Palominas 584524 3472073 USGS gauging station 
SRKO 
SRHE Hereford see App B,D 584814 3478472 
SRHU Hunter see App B,D 583732 3483209 
SRCW Cottonwood SRCW040816 
SRBW SRBW040816 581519 3489607 monsoon flash flood in SPRNCA 
SR90 see App B,D 581665 3491206 near Highway 90 
SR9N see App B,D 581323 3492555 
SRLS Lewis Springs see App B,D 581300 3494344 culvert downstream from springs 
SRMO Mason SRM0040719 578976 3497771 
SRCG Charleston see App B,D 578279 3499349 USGS gauging station 
SRRC SRRC031214 564141 3477101 snowmelt in Ramsey Creek 
SRMZ Montezuma Creek SRMZ040307 
SRR2 Ramsey Creek see App B,D 564889 3478979 
SRGC Garden Canyon see App B,D USGS gauging station 
SS14 SS14040405 560953 3482826 near Cave Spring; actually surface runoff 
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APPENDIX B - PRECIPITATION SAMPLE DATA 

Q)-;:: -;:: E E E E ~ ~ 
Q ~ 0 0 

- >, Q) >, E 0.. E 0.. 0.. 
~ ~ 

rJ) 

Q) ro- ro =a c E 3 ~ 

0 :g 0.. 3 0.. 3 CJ) CJ) tii o._ 
~E O 32 ::::, 0.. 3 3 "' 0 > > E E -o E 0 3 0 0 0 ctl ci5 E c: E E u 00 ~o l { J Q) 

CJ) w~ <t: lL z z CJ) a::: 
SP01031111 11/11/03 11/11/03 0.25 NA NA NA NA NA NA -8.0 -66 

SP01031113 11/12/03 11/13/03 1.6 0.018 0.425 0.028 <0.010 0.384 0.952 -7.5 -48 

SP01040115 01/14/04 01/15/04 2.032 0.012 0.928 <0 .010 <0.010 <0.050 5.46 -21.2 -163 

SP01040117 01/17/04 01/17/04 0.381 NA NA NA NA NA NA -19.4 -153 

SP01040123 01/22/04 01/23/04 1.27 0.013 0.516 <0.010 <0.010 <0.050 2.79 -6.1 -28 

SP01040201 01/31/04 02/01/04 0.762 NA NA NA NA NA NA NA NA insufficient water 

SP01040202 02/01/04 02/02/04 0.762 NA NA NA NA NA NA NA NA insufficient water 

SP01040223 02/23/04 02/23/04 0.635 0.026 0.800 <0.010 <0.010 <0.010 1.22 NA NA 

SP01040303 03/03/04 03/03/04 1.905 0.016 0.311 0.014 <0.010 1.12 1.37 -7.0 -36 

SP01040401 04/01/04 04/01/04 2.032 NA NA NA NA NA NA -7.7 -51 

SP01040402 04/02/04 04/02/04 1.27 0.015 0.939 <0 .010 <0.010 <0.010 0.645 -7.9 -47 

SP01040404 04/03/04 04/04/04 0.762 NA NA NA NA NA NA -1.5 -20 

SP01040410 04/10/04 04/10/04 0.762 NA NA NA NA NA NA -6.6 -41 0180 precision 0.1 %0 

SP01040621 06/21/04 06/21/04 0.889 0.024 2.03 0.038 l'itflil 1.74 4.07 -5.0 -39 

SP01040623 06/22/04 06/23/04 0.3048 NA NA NA NA NA NA NA NA sample archived 

SP01040709 07/08/04 07/09/04 0.254 0.069 1.67 0.071 <0.010 6.32 3.39 -1 .0 -14 

SP01040710A 07/09/04 07/10/04 0.254 0.086 0.129 <0.010 <0.010 2.79 0.630 -6.3 -56 

SP01040710B 07/09/04 07/10/04 duplicate 0.050 0.137 <0.010 <0.010 2.79 0.621 -6.3 -57 
SP01040713 07112/04 07/13/04 0.254 0.046 0.816 0.024 0.010 6.08 5.07 1.0 1 

SP01040715 07/14/04 07/15/04 0.254 0.026 0.262 0.027 0.026 4.66 1.78 -5.1 -39 

SP01040718 07116/04 07/18/04 0.254 0.021 0.320 0.020 <0.010 5.62 1.39 -9.5 -43 

SP01040728 07/27/04 07/28/04 0.6 NA NA NA NA NA NA -4.3 -20 

SP01040802 08/01/04 08/02/04 0.4 NA NA NA NA NA NA -3.5 -22 

SP01040803 08/02/04 08/03/04 0.4 NA NA NA NA NA NA -7.8 -60 

SP01040812 08/10/04 08/12/04 0.508 NA NA NA NA NA NA -2.0 -15 

SP01040814 08/13/04 08/14/04 1.397 0.014 0.114 0.012 <0.010 2.06 0.926 -3.1 -19 

SP01040816A 08/16/04 08/16/04 0.762 0.013 0.172 0.010 <0.010 1.27 0.828 -5.1 -27 

SP01040816B 08/16/04 08/16/04 duplicate 0.014 0.151 0.013 <0.010 1.25 0.832 -5.1 -27 

SP01040818 08/18/04 08/18/04 0.127 0.143 0.944 <0.010 <0.010 0.117 1.80 -2 .7 -16 

SP01040824 08/24/04 08/25/04 NA NA NA NA NA NA -4.8 -27 

SP01040905 09/04/04 09/05/04 0.127 0.108 0.584 <0.010 <0.010 <0.010 1.19 -7.5 -54 

SP01040906A 09/06/04 09/06/04 <0.010 0.010 <0.010 <0.010 <0.010 <0.010 NA NA 
SP01040906B 09/06/04 09/06/04 0.090 1.41 <0.010 <0.010 0.029 <0.010 NA NA 
SP01040918A 09/17/04 09/18/04 1.016 NA NA NA NA NA NA -7.9 -51 

SP01040918B 09/17/04 09/18/04 duplicate NA NA NA NA NA NA -7.9 -51 

SP01040919 09/19/04 09/19/04 2.032 NA NA NA NA NA NA -15.2 -121 
SP01040925 09/25/04 09/25/04 0.508 NA NA NA NA NA NA -3.1 -30 

SP01041026A 10/25/04 10/26/04 0.1 NA NA NA NA NA NA -7.9 -57 

SP01041026B 10/26/04 10/26/04 0.254 NA NA NA NA NA NA -10.5 -78 
SP01041029 10/29/04 10/29/04 0.1 NA NA NA NA NA NA -5.4 -27 
SP01041108A 11/08/04 11/08/04 0.254 NA NA NA NA NA NA 0.1 -14 
SP01041108B 11/08/04 11/08/04 0.254 NA NA NA NA NA NA NA NA sample archived 

SP01041114A 11/14/04 11/14/04 0.635 NA NA NA NA NA NA -14.7 -98 
SP01041114B 11/14/04 11/14/04 0.635 NA NA NA NA NA NA -14.7 -98 
SP01041115 11/15/04 11/15/04 0.254 NA NA NA NA NA NA -12.0 -79 

Start date and end date reflect amount of time collecting, not necessarily the length of an event. 
Amount is event size estimated from smaller, collocated rain gauge; sample volumes captured by 
rain collector were roughly proportional to this amount but many exceptions occurred due to 
inconsistent equipment performance. NA indicates constituent not analyzed for that sample. 
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APPENDIX C - ST ABLE ISOTOPES IN GROUNDWATER 

~ ~ i=' ~ s i=' 
0 0 

0 0 0 u 0 0 0 u 
~ ~ 0 a> ~ ~ 0 

a> -;::R.. -;::R.. 
Q. (f) (f) ~ Q. (f) (f) ~ 

E 0 > > (f) E 0 > > (f) 

cu CX) 0 I 0 '<t cu CX) 0 I 0 '<t 
-;::R.. N -;::R.. (') ..-1() -;::R.. N -;::R.. (') 

(f) I() ~ I() ~ I() (f) ~ I() ~ I() 

SW01040604 -9.2 -67 7.6 SW35040813 -9.9 -69 N/S 
SW02040604 -9.3 -67 5.6 SW36040813 -9.3 -65 7.2 
SW03040604 -9.6 -66 4.9 SW37040814 -10.4 -71 7.1 

SW04040604 -8.8 -62 6.6 SW38040814A -9.2 -67 5.4 
SW05040607 -9.5 -65 -1.0 SW38040814B -9.2 -66 NA 
SW06040607 -9.6 -65 4.6 SW39040814 -9.3 -69 5.0 
SW07040608 -10.1 -69 5.4 SW40040814 -8.7 -61 7.4 
SW09040608 -9.1 -66 5.2 SW41040814 -9.1 -62 6.0 
SW10040609 -9.5 -64 5.1 SW42040814 -10 -70 10.0 
SW 11040609A -9.9 -67 6.1 SW43040816 -9.4 -63 6.7 
SW 11040609B -9.9 -67 3.2 SW44040818 -7.3 -52 5.3 

SW12040609 -9.7 -65 9.5 SS01031213 -10.1 -68 NA 
SW13040610 -8.8 -64 6.7 SS01040403 -10.1 -68 1.1 
SW14040617 -9.7 -67 N/S SS02031213 -10.1 -68 NA 
SW15040617 -9.9 -70 9.0 SS02040403 -10.3 -69 -0.7 
SW16040623 -9.6 -69 9.4 SS03031214 -10.3 -71 NA 
SW17040623 -9.6 -66 3.6 SS03040329 -10.3 -70 NA 
SW 18040623A -8.6 -59 6.0 SS04031215 -10.8 -73 NA 
SW 18040623B -8.6 -59 NA SS04040329 -11.2 -77 NA 
SW19040630 -9.6 -67 N/S SS04040403 -10.9 -75 N/S 
SW20040713 -8.3 -58 10.3 SS05031215 -10.5 -69 NA 
SW21040713 -8.1 -57 3.7 SS05040327 -10.5 -70 N/S 
SW22040713 -9.0 -61 2.3 SS06040328 -11.4 -81 0.3 
SW23040713 -9.2 -62 N/S SS06040424 -11.0 -79 NA 
SW24040713 -8.6 -60 NA SS07040329 -10.3 -70 2.6 
SW25040713 -8.5 -59 7.5 SS08040403 -10.2 -69 4.6 
SW26040714 -6.9 -50 5.7 SS08040424A -10.4 -70 NA 
SW27040715 -7.2 -53 11.5 SS08040424B -10.3 -70 NA 
SW28040715 -6.6 -48 6.1 SS09040404 -9.6 -66 1.3 

SW29040719 -8.6 -59 2.9 SS10040404 -9.8 -68 -0.2 
SW30040718 -7.0 -50 NA SS11040404 -9.8 -65 -3.5 

SW31040726A -9.4 -69 8.2 SS12040405 -9.3 -62 3.1 

SW31040726B -9.3 -69 NA SS 12040425A -9.7 -65 NA 
SW32040727 -10.3 -71 6.8 SS 12040425B -9.7 -65 NA 

SW33040804 -10.2 -69 3.7 SS12040904 -9.7 -65 NA 

SW34040805 -7.0 -50 6.0 SS13040405 -9.5 -65 2.2 

Precision for 8180 was 0.08%0. Precision for 82H was 0.9%0. Precision for 834S was 0.2%0. N/S indicates 
too little sample volume and/or sulfate concentration for analysis of sulfur isotopes. 
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APPENDIX D - MAJOR ANIONS IN GROUNDWATER 

g E E E 
E E 

Q. Cf) 

E 
Q. Q. 

E:: .::£ Q) E:: E:: a. Q. Q. ro Q. 
E:: E:: c:i 

E E:: 0 
(") '¢ E 

ro u... 0 
,,.._ 0 0 Q) 

Cf) z ca z Cf) 0::: 

SW01040604 0.133 4.33 <0.010 0.054 1.49 7.02 
SW02040604 0.148 8.30 <0.010 0.108 6.46 13.3 
SW03040604 0.122 7.64 <0.010 0.092 <0.010 5.70 
SW04040604 0.110 5.90 <0.010 0.063 0.595 35.8 
SW05040607 0.203 17.5 <0.010 0.040 3.47 47.0 
SW06040607 0.242 4.36 <0.010 0.025 <0.010 29.3 
SW07040608 0.143 12.9 <0.010 0.073 4.37 34.3 
SW09040608 0.460 43.3 <0.010 0.261 15.6 56.9 
SW10040609 0.104 3.50 <0.010 0.021 <0.010 25.6 
SW 11040609A 0.262 5.02 <0.010 0.043 0.102 25.6 
SW 11040609B 0.256 5.01 <0.010 0.051 0.097 25.9 

SW12040609 0.190 7.11 <0.010 0.023 0.013 39.1 
SW13040610 0.357 121 <0.010 1.087 21.6 51 .7 
SW14040617 0.113 2.93 <0.010 <0.010 2.94 3.00 
SW15040617 0.076 3.52 <0.010 0.039 2.99 3.29 
SW16040623 1.97 16.7 <0.010 0.179 0.034 80.0 
SW17040623 0.113 6.03 <0.010 0.035 0.752 8.80 
SW 18040623A 1.04 7.86 <0.010 0.045 0.879 17.9 
SW18040623B 1.04 7.84 <0.010 0.046 0.919 17.9 
SW19040630 0.104 2.91 <0.010 <0.010 0.857 4.31 
SW20040713 0.435 5.12 0.057 3.33 11 .2 
SW21040713 0.372 6.24 0.069 1.29 17.8 
SW22040713 0.660 7.83 0.102 6.33 21.6 
SW23040713 1.46 3.77 0.029 0.530 7.78 
SW24040713 0.305 7.90 0.097 2.51 15.1 
SW25040713 0.481 6.39 0.010 0.061 1.77 11 .6 
SW26040714 0.424 7.96 <0.010 0.076 0.909 67.1 
SW27040715 0.659 8.36 <0.010 0.082 <0.010 21.1 
SW28040715 0.306 19.2 <0.010 0.1 92 <0.010 95.5 

SW29040719 0.216 4.49 <0.010 0.043 0.761 7.41 
SW30040718 0.331 13.5 0.036 0.165 1.08 64.6 

SW31040726A anion results outside standards 

SW31040726B 0.555 489 <0.010 0.135 <0.010 47.9 
SW32040727 0.193 13.1 0.086 0.103 4.99 33.9 

SW33040804 0.077 6.14 <0.010 0.054 0.486 8.89 
SW34040805 0.340 6.97 0.038 0.071 7.27 54.8 

SW35040813 0.128 2.93 <0.010 0.023 1.57 2.04 
SW36040813 4.03 6.89 0.039 0.058 <0.010 17.6 
SW37040814 0.165 6.09 <0.010 0.055 1.60 47.4 
SW38040814A 0.243 10.6 l 'IJII &%&;xUMw.;m. 

0.1 45 8.08 10.6 
SW38040814B 0.249 11 .0 <0.010 0.126 8.51 10.6 
SW39040814 0.251 8.17 <0.010 0.090 6.68 14.1 
SW40040814 0.170 5.34 <0.010 0.051 3.01 5.34 
SW41040814 0.134 5.25 <0.010 0.050 4.40 9.58 
SW42040814 0.112 5.91 <0.010 0.049 3.42 26.5 
SW43040816 1.34 3.14 <0.010 <0.010 0.193 11 .1 
SW44040818 0.701 3.42 <0.010 <0.010 2.78 9.72 



110 

APPENDIX D - MAJOR ANIONS IN GROUNDWATER (continued) 

Q E E E 
E E 0.. (/) 

E 0.. 0.. -9: ~ Q) -9: -9: c.. 0.. 0.. ro 0.. -9: -9: "' E E -9: 0 
C") 

0 co •,._ 0 Q) 
(/) 1..1... u z c:o z (/) a:: 

SS01031213 0.218 5.26 0.382 0.018 0.709 27.8 
SS01040403 0.205 4.90 <0.010 0.044 0.728 26.9 
SS02031213 0.250 6.08 <0.010 <0.010 0.272 64.6 
SS02040403 0.235 6.24 <0.010 0.059 0.224 59.6 
SS03031214 0.157 5.00 <0.010 <0.010 <0.010 43.0 
SS03040329 0.181 5.24 <0.010 0.045 <0.010 42.7 
SS04031215 0.076 1.28 <0.010 <0.010 <0.010 5.88 
SS04040329 0.028 1.79 <0.010 <0.010 <0.010 8.45 
SS04040403 0.025 1.61 <0.010 0.015 <0.010 7.30 
SS05031215 0.087 1.41 <0.010 <0.010 1.36 9.44 
SS05040327 0.101 1.64 <0.010 <0.010 2.78 10.6 
SS06040328 1.54 9.50 <0.010 0.101 1.33 88.7 
SS06040424 1.55 12.0 <0.010 0.101 0.651 137 
SS07040329 0.197 5.14 <0.010 0.066 <0.010 42.5 
SS08040403 0.315 4.30 <0.010 0.033 <0.010 20.3 
SS08040424A 0.368 3.39 <0.010 <0.010 <0.010 4.48 
SS08040424B NA NA NA NA NA NA 
SS09040404 0.072 8.18 <0.010 <0.010 <0.010 54.8 
SS10040404 0.084 7.95 <0.010 0.074 1.03 51.8 
SS11040404 0.103 7.33 <0.010 0.037 <0.010 55.5 
SS12040405 0.041 2.36 <0.010 0.019 0.081 10.3 
SS 12040425A 0.058 2.77 <0.010 0.083 0.626 12.5 
SS12040425B 0.053 2.72 <0.010 <0.010 0.628 12.2 
SS12040904 0.051 2.69 <0.010 0.022 0.285 11 .1 
SS13040405 0.159 6.87 <0.010 <0.010 <0.010 37.2 
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APPENDIX E- RADIOACTIVE ISOTOPES AND 813C IN GROUNDWATER 

C 
C in 0 

0 0 u "iii 0 
"iii ·u a.. en 

Q) S' ·u ~ Q) 0 .::it:. 

0. Q) 
,8; ct u ~ ro 

E c ct S' ~ 
(.) E 

ro u u "" Q) 
Cl) I I I- ~ ~ 0. ~IQ 0::: 

SW01040604 0.8 0.29 89.7 0.5 -5.9 
SW02040604 2.1 0.26 79.5 0.5 -8.3 
SW03040604 1.0 0.23 79.1 0.5 NA 
SW04040604 10.0 0.37 104.8 0.6 -8.5 
SW05040607 NA NA 107.5 0.9 -13.3 
SW06040607 NA NA 108.1 0.6 -12.3 
SW07040608 5.7 0.35 112.8 0.6 -10.2 
SW09040608 2.8 0.37 NA NA -9.3 
SW10040609 4.9 0.31 106.4 0.6 -11 .9 
SW 11040609A 4.1 0.28 103.4 0.6 -13.2 
SW12040609 4.8 0.30 108.4 0.6 -11.6 
SW13040610 104.7 0.7 -10.5 3H not adjusted to collection date 
SW14040617 NA NA 59.7 0.4 -6.7 
SW15040617 NA NA 65.6 0.3 -7.2 
SW16040623 3.4 0.37 73.5 0.5 -12.8 
SW17040623 NA NA 33.5 0.3 -9.1 
SW18040623A NA NA 12.3 0.2 -9.7 
SW19040630 <0.9 66.4 0.4 -6 .8 
SW20040713 <0.4 NA NA NA 
SW21040713 1.0 0.25 NA NA NA 
SW22040713 2.4 0.28 NA NA NA 
SW23040713 <0.7 NA NA NA 
SW24040713 0.7 0.24 NA NA NA 
SW25040713 <0.5 NA NA NA 
SW26040714 2.6 0.25 NA NA NA 
SW27040715 1.6 0.26 NA NA NA 
SW28040715 2.6 0.22 NA NA NA 
SW31040726A 4.0 0.28 62.8 0.3 -12.0 
SW32040727 1.6 0.30 101.3 0.4 -11 .1 
SW33040804 78.0 0.3 -9.3 3H detection limit 0.8 TU 
SW34040805 5.2 0.31 83.3 0.4 -8 .1 
SW35040813 70.2 0.3 -7.0 3H detection limit 1.2 TU 
SW36040813 58.6 0.3 -11 .7 3H detection limit 0.8 TU 
SW37040814 4.3 0.29 105.2 0.4 -11 .6 
SW38040814A 1.8 0.28 60.6 0.3 -6.5 
SW39040814 0.9 0.25 68.2 0.3 -6.1 
SW40040814 <0.6 54.8 0.3 -7.3 
SW41040814 1.6 0.26 69.5 0.3 -7.4 
SW42040814 4.9 0.27 78.6 0.4 -8.3 
SW43040816 0.7 0.30 10.9 0.1 -9 .2 
SW44040818 0.5 0.18 29.4 0.2 -8.7 

Lab reported tritium adjusted to date of collection except where noted. Precision of () 13C was 0.15%0. 
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APPENDIX E - RADIOACTIVE ISOTOPES AND 813C IN GROUNDWATER 
(continued) 

C 

0 0 u ·u5 C Cl) 

<l.) S' ·u ~ 0 0 .::it:. 

0. ~ s ·u5- ~~ ro 
E c c.. - ·u u 

(.) cc E 
co :::> u u ~ ~ (") 0 <l.) 

(/) I It:, ~ ~ c.. s ~K) c.. er 
SS01040403 2.3 0.27 NA NA NA 
SS02040403 4.6 0.28 NA NA NA 
SS04040403 3.6 0.41 NA NA NA 
SS05040327 4.0 0.27 NA NA NA 
SS06040328 2.8 0.28 NA NA NA 
SS07040329 4.7 0.26 NA NA NA 
SS08040403 2.9 0.25 NA NA NA 
SS09040404 4.5 0.26 NA NA NA 
SS10040404 4.7 0.28 NA NA NA 
SS11040404 4.5 0.30 NA NA NA 
SS12040405 4.9 0.29 NA NA NA 
SS13040405 3.6 0.27 NA NA NA 
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APPENDIX F - SURFACE WATER DATA 
co 0::: E ~ ~ 

Q :s::::: E 
E 

E 
E Q_ 0 0 

~ 
Cl) 

E 
Q_ Q_ 

-9: ~ ~ ~ 
<l) 0 0 -9: -9: ci.. .;::: § Q_ Q_ CJ) CJ) 0 ro 

<l) 
Q_ 

-9: -9: "' > > () 
E 3l 0::: -9: 0 0 0 

""° 
"VU) E 

ro E ro ,._ ,,._ J. I l J. <l) 

CJ) E CO 0 u... u z co z CJ) ~IO K) "'io 0::: 

SRPG031213 10:54 B 0.437 13.3 <0.010 <0.010 <0.050 125 -6.3 -45 NA 
SRPG040307 10:58 B 0.360 7.79 <0.010 0.067 <0.010 61.5 -6.5 -47 NA 

SRPG040328 12:19 B 0.492 10.6 <0.025 0.085 <0.050 87.6 -6.2 -45 3.8 

SRPG040403 9:30 R 0.188 0.946 0.300 <0.010 4.79 3.37 -7.0 -36 NA 

SRPG040424 17:43 B 0.520 13.5 <0.025 0.131 <0.050 111 -6 .1 -46 NA 0180 precision 0.1o/oo 

SRPG040715 16:10 R 0.286 3.11 <0.010 <0.010 <0.010 11 .1 -8.1 -61 NA 
SRPG040805 17:47 B 0.195 1.75 0.176 <0.010 4.77 10.5 -5.7 -45 NA 
SRPG040817 13:50 ? 0.271 1.38 <0.010 <0.010 3.63 16.5 -5 .5 -31 NA 
SRPG040906 10:45 B 0.279 4.20 0.025 0.0546 1.26 38.4 -7.4 -52 NA 
SRPG041102 13:30 B NA NA NA NA NA NA -6 .1 -47 NA 
SRK0040718 13:00 B 0.233 1.98 0.459 <0.010 6.03 12.9 -8.9 -62 2.6 

SRHE040424A 18:12 B 0.421 12.0 <0.025 0.095 1.34 52.1 -6.8 -50 NA 0180 precision 0.1o/oo 

SRHE040424B 18:12 B 0.424 12.0 <0.025 0.139 1.67 52.1 -6.8 -50 NA 0180 precision 0.1o/oo 
SRHE040609 16:29 B 0.396 11 . 7 <0.025 0.091 1.91 29.1 -7.5 -53 NA 
SRHE040715 15:40 R 0.348 1.71 0.179 <0.010 2.49 25.7 -12.5 -92 NA 
SRHE040806 15:45 B 0.333 7.43 0.105 0.084 2.55 28.0 -6.4 -42 NA 
SRHE040813 14:16 B 0.349 8.75 0.041 0.096 2.56 25.4 -6 .8 -48 NA 
SRHE040906A 11 :05 B 0.315 7.03 0.026 0.086 2.31 29.2 -6.5 -43 NA 
SRHE040906B 11 :05 B 0.297 7.08 0.024 0.075 2.32 29.4 -6 .5 -43 NA 
SRHE041102 13:50 B NA NA NA NA NA NA -7.4 -54 NA 
SRHU040715 12:07 R 0.250 4.03 <0.010 0.051 <0.010 18.4 -7 .8 -63 N/S 
SRHU040727 15:06 B 0.229 6.20 0.028 0.065 0.686 26.8 -7.2 -53 NA 
SRCW040816 10:35 B 0.172 1.36 0.229 <0.010 3.42 5.13 -4 .8 -24 NA 
SRBW040816 14:00 R -6.0 -33 NA 
rerun NA NA NA 

SR90040424 19:06 B 0.558 11.0 <0.025 0.099 0.477 44.1 -7 .0 -50 NA 0180 precision 0.1°/oo 
SR9N040629 11 :15 B 0.460 9.48 <0.010 <0.010 <0.010 28.1 -6.6 -51 NA 
SR90040724 17:53 B 0.365 4.06 0.093 <0.010 2.69 15.9 -7.7 -55 NA 
SR9N040726A 16:45 B 0.413 4.85 0.047 0.036 0.592 16.5 -7 .8 -56 NA 
SR9N040726B 16:45 B 0.411 4.79 0.034 <0.010 0.589 16.4 -7.7 -56 NA 
SR9N040806 14:55 B -6.2 -40 NA 
rerun NA NA NA 
SR90040906 11 :40 R? 0.339 9.44 <0.010 0.109 0.227 36.3 -5 .8 -42 NA 
SR90041102 14:25 B NA NA NA NA NA NA -7 .9 -56 NA 
SRLS040629 12:35 B 1.80 15.4 <0.010 0.096 <0.010 25.5 -7.4 -54 NA 
SRLS040809A 12:15 R 1.67 16.9 <0.010 0.097 2.20 24.9 -7.6 -54 NA 
SRLS040809B 12:15 R 1.66 16.9 <0.010 0.084 2.23 24.9 -7 .6 -56 NA 
SRM0040719 12:04 B 0.441 4 .24 0.130 <0.010 2.92 16.9 -5.6 -68 2.7 
SRCG031213 13: 11 B 0.754 8.31 <0.010 <0.010 <0.050 20.5 -8.0 -57 NA 
SRCG040307 8:18 B 0.596 9.44 <0.010 0.084 <0.010 32.3 -7.6 -54 NA 
SRCG040328 16:57 B 0.802 10.6 0.530 0.106 <0.050 32.8 -7.7 -54 6.3 
SRCG040403 8:20 R 0.616 8.50 0.125 0.054 0.479 26.4 -7 .6 -54 NA 
SRCG040424 19:43 B 0.806 10.1 <0.025 0.077 <0.050 33.5 -7 .3 -54 NA 0180 precision 0.1°100 
SRCG040609 17:06 B 0.888 9.26 <0.025 0.065 <0.050 21 .6 -7 .2 -55 NA 
SRCG040630 15:10 B? 0.776 8.94 <0.010 0.083 <0.010 23.1 -6.8 -52 NA 
SRCG040715 10:00 B 0.560 5.70 0.035 0.034 0.722 13.1 -7.6 -54 6.6 
SRCG040726 17:23 B 0.592 6.72 <0.010 0.064 0.274 17.0 -7.7 -55 NA 
SRCG040806 14:20 B 0.281 2.52 0.067 <0.010 2.03 6.07 -4 .7 -27 NA 
SRCG040905 10:39 FL? 0.638 7.64 <0.010 0.068 <0.050 21.1 -8.0 -56 NA 
SRCG041102 14:50 B NA NA NA NA NA NA -8 .1 -58 NA 
SRRC031214 14:25 0.070 2.66 <0.010 <0.010 <0.050 25.6 -9.8 -64 NA 
SRMZ040307 13:13 0.138 3.38 <0.010 0.017 0.016 22.7 -10.2 -68 NA 
SRR2040328 15:56 B 0.090 3.60 <0.025 <0.025 <0.050 28.4 -9.9 -65 3.1 
SRR2040609 10:52 B 0.062 3.08 <0.025 0.020 <0.050 22.9 -9 .7 -65 3.6 

SRR2040715 17:10 B 0.074 3.21 <0.010 <0.010 <0.010 22.5 -9 .6 -65 NA 

SRR2040904 15:42 B 0.062 3.28 <0.010 0.025 <0.010 22.7 -9 .8 -66 NA 

SRGC040425 11 :07 B 0.151 4 .13 <0.025 <0.025 <0.050 30.3 -9.2 -63 NA 0180 precision 0.1°100 

SRGC040904 8:55 B 0.090 3.88 <0.010 0.050 <0.010 28.6 -8 .7 -58 NA 
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APPENDIX G - NOBLE GASES IN GROUNDWATER 

Sample ID Analysis 3HeJ4He 4He Ne Ar Kr Xe Remarks 

Date 
units mmlddlyyyy ccSTP!g ccSTP!g ccSTP!g ccSTP!g ccSTP!g 

SS05031215A 6/23/2004 1.36E-06 3.30E-08 1.54E-07 2.88E-04 6.85E-08 9.69E-09 

SS05031215B 8/19/2004 1.36E-06 3.33E-08 1.44E-07 2.91E-04 6.81E-08 9.84E-09 

SS05031215C 8/26/2004 1.37E-06 3.32E-08 1.55E-07 2.90E-04 6.57E-08 9.54E-09 

&Wlllflffll'IF8flJIIT6'"1,J,flflll'~ffl!1Jllll i1Br6'a1l66M IJ.JU116f#P;fB . . fu,iii, , ~ · ·· : "" · ' 9! !"::;.>,; ,w, ... lk . J! ,:lri! JLm~I"". ief'~,,,w:~ ""'"' ·&!';,,~; :fii""' '1:,qi. ,;,,..,,,I, ;8i~•·w. : . .. ~ possible instrument error 
SS09040404B 8/19/2004 1.36E-06 4.05E-08 1.77E-07 3.03E-04 7.17E-08 9.69E-09 
SW01040604A 6/22/2004 1.36E-06 7.40E-08 2.84E-07 3.78E-04 7.92E-08 9.63E-09 
SW01040604B 8/19/2004 1.36E-06 7.48E-08 2.87E-07 3.79E-04 7.73E-08 9.69E-09 
SW01040604C 8/26/2004 1.33E-06 7.41E-08 2.88E-07 3.78E-04 7.67E-08 9.56E-09 
SW02040604A 6/22/2004 1.26E-06 6.35E-08 2.20E-07 3.11 E-04 6.83E-08 8.70E-09 
SW02040604B 8/19/2004 1.25E-06 6.39E-08 2.13E-07 3.08E-04 6.89E-08 9.16E-09 
SW02040604C 8/26/2004 1.24E-06 6.37E-08 2.24E-07 3.12E-04 6.68E-08 8.79E-09 
SW03040604A 6/22/2004 1.32E-06 6.61E-08 2.69E-07 3.49E-04 7.25E-08 9.05E-09 
SW03040604B 8/19/2004 1.35E-06 6.70E-08 2.61E-07 3.49E-04 7.22E-08 9.30E-09 
SW03040604C 8/26/2004 1.33E-06 7.37E-08 2.94E-07 3.67E-04 7.23E-08 9.15E-09 
SW05040607 A 6/23/2004 1.35E-06 4.87E-08 2.04E-07 3.32E-04 7.21E-08 9.95E-09 
SW05040607B 6/23/2004 1.37E-06 4.86E-08 2.10E-07 3.33E-04 7.26E-08 1.05E-08 
SW05040607C 8/20/2004 1.34E-06 4.90E-08 2.01E-07 3.37E-04 7.73E-08 9.82E-09 
SW06040607 A 6/22/2004 1.35E-06 4.14E-08 1.77E-07 3.05E-04 7.02E-08 9.48E-09 
SW06040607B 8/19/2004 1.37E-06 4.14E-08 1.73E-07 3.01E-04 6.86E-08 9.75E-09 
SW06040607C 8/26/2004 1.34E-06 4.13E-08 1.88E-07 3.05E-04 6.91E-08 9.48E-09 
SW07040608A 6/23/2004 1.41E-06 5.32E-08 2.12E-07 2.98E-04 6.68E-08 8.71E-09 
SW07040608B 8/19/2004 1.42E-06 5.76E-08 2.27E-07 3.10E-04 6.75E-08 9.67E-09 
SW07040608C 8/27/2004 1.39E-06 5.12E-08 2.06E-07 2.99E-04 6.50E-08 8.53E-09 
SW10040609A 6/23/2004 3.98E-07 2.18E-07 1.81 E-07 3.03E-04 7.04E-08 9.53E-09 
SW10040609B 6/24/2004 4.45E-07 1.99E-07 1.77E-07 3.03E-04 6.88E-08 9.47E-09 . 

SW 10040609C 8/20/2004 4.34E-07 2.14E-07 1.73E-07 3.04E-04 7.04E-08 9.52E-09 
SW 11040609A 6/23/2004 1.28E-06 5.05E-08 2.09E-07 3.23E-04 7.26E-08 9.81E-09 
SW 11040609B 6/24/2004 1.30E-06 5.03E-08 1.98E-07 3.24E-04 7.12E-08 9.88E-09 
SW11040609C 8/27/2004 1.28E-06 5.06E-08 2.07E-07 3.24E-04 7.15E-08 1.00E-08 
SW12040609A 6/23/2004 1.35E-06 4.62E-08 2.02E-07 3.28E-04 7.29E-08 9.84E-09 
SW 12040609B 6/24/2004 1.36E-06 4.59E-08 1.94E-07 3.28E-04 7.21E-08 1.04E-08 
SW 12040609C 8/20/2004 1.38E-06 4.60E-08 1.94E-07 3.31E-04 7.50E-08 9.85E-09 
SW 1304061 OA 6/23/2004 7.86E-07 9.56E-08 2. 14E-07 2.99E-04 6.40E-08 8.35E-09 
SW13040610B 6/24/2004 8.75E-07 8.42E-08 2.02E-07 2.97E-04 6.27E-08 8.66E-09 
SW 1304061 OC 8/20/2004 9.10E-07 7.98E-08 1.96E-07 2.87E-04 6.25E-08 8.24E-09 
SW14040617A 9/18/2004 1.13E-06 6.48E-08 2.12E-07 3.16E-04 6.93E-08 9.35E-09 
SW15040617A 9/17/2004 1.37E-06 4.54E-08 1.84E-07 2.85E-04 6.55E-08 8.55E-09 
SW 16040623A 9/20/2004 6.79E-08 1.26E-06 1.96E-07 3.16E-04 7.11 E-08 9.40E-09 
SW 17040623A 9/17/2004 3.12E-07 2.44E-07 2.05E-07 2.92E-04 6.62E-08 8.77E-09 
SW 18040623A 9/18/2004 1.35E-07 1.23E-06 1.96E-07 2.91E-04 6.38E-08 8.30E-09 
SW 19040630A 9/18/2004 2.57E-07 4.41 E-07 1.82E-07 2.88E-04 6.51E-08 8.39E-09 
SW20040713A 11/17/2004 4.04E-07 8.1 2E-07 1.77E-07 2.74E-04 6.05E-08 8.17E-09 
SW23040713A 11/17/2004 7.59E-07 1.35E-07 2.71E-07 3.47E-04 7.19E-08 9.40E-09 
SW23040713B 11/19/2004 7.59E-07 1.32E-07 2.69E-07 3.44E-04 7.05E-08 9.44E-09 
SW25040713A 11/17/2004 1.39E-07 4.87E-07 1.86E-07 2.79E-04 6.19E-08 8.40E-09 
SW32040727 A 11/17/2004 1.36E-06 4.10E-08 1.76E-07 2.79E-04 6.26E-08 8.46E-09 
SW32040727B 11/19/2004 1.42E-06 4.11E-08 1.71E-07 2.78E-04 6.09E-08 8.68E-09 
SW33040804A 11/17/2004 8.96E-07 6.35E-08 1.70E-07 2.63E-04 5.85E-08 8.11 E-09 
SW34040805A 11/17/2004 6.29E-07 2.11 E-07 1.93E-07 3.08E-04 6.84E-08 9.64E-09 
SW34040805B 11/19/2004 6.36E-07 2.07E-07 2.02E-07 3.06E-04 6.92E-08 9.10E-09 
SW35040813A 11/18/2004 1.32E-06 4.85E-08 1.90E-07 2.98E-04 6.56E-08 8.82E-09 
SW37040814A 11/18/2004 1.51 E-06 4.16E-08 1.82E-07 2.94E-04 6.71E-08 9.07E-09 
SW37040814B 11/19/2004 1.51E-06 4.18E-08 1.80E-07 2.93E-04 6.70E-08 8.89E-09 
SW38040814A 11/18/2004 7.87E-07 6.82E-08 1.74E-07 2.69E-04 5.92E-08 8.13E-09 

SW 40040814A 11/19/2004 7.49E-07 1.11 E-07 2.45E-07 3.12E-04 6.63E-08 8.62E-09 

SW41040814A 11/19/2004 1.34E-06 5.60E-08 2.22E-07 2.92E-04 6.48E-08 8.46E-09 

SW43040816A 11/19/2004 6.63E-07 1.79E-07 2.65E-07 3.62E-04 7.34E-08 9.64E-09 

SW44040818A 11/19/2004 3.16E-07 2.89E-07 2.01E-07 3.02E-04 6.65E-08 8.69E-09 
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APPENDIX G - NOBLE GASES IN GROUNDWATER (continued) 

Sample ID 3He/4HeAirStdEr 4HeAirStdEr NeAirStdEr ArAirStdEr KrAirStdEr XeAirStdEr 

units % % % % % % 

SS05031215A 0.26% 0.39% 2.06% 0.04% 0.55% 0.87% 
SS05031215B 0.15% 0.24% 0.64% 0.74% 1.49% 1.94% 
SS05031215C 0.81% 0.14% 3.28% 0.16% 1.05% 0.50% 

l:flIBlfl'IIJJIWJfl-'f,ll'_,.418~•flliWIIIJJY'lllff2"Tr6#~re.,rs lll1A t W$j;;jll;,.$;' · ,;g;,j/J7411MJ ,J.£\m,~;~J.1tle1k•..:iL f,,.-.~;,i.r.:w:mJI •• , . '/..·.," ~fiffil'"'i&.~ ,, .. ·· ,.,..,.d;,,p;,,,;ff;, ~I 
SS09040404B 0.15% 0.24% 0.64% 0.74% 1.49% 1.94% 
SW01040604A 0.22% 0.02% 0.36% 0.01% 0.75% 1.17% 
SW01040604B 0.15% 0.24% 0.64% 0.74% 1.49% 1.94% 
SW01040604C 0.81% 0.14% 3.28% 0.16% 1.05% 0.50% 
SW02040604A 0.22% 0.02% 0.36% 0.01% 0.75% 1.17% 
SW02040604B 0.15% 0.24% 0.64% 0.74% 1.49% 1.94% 
SW02040604C 0.81% 0.14% 3.28% 0.16% 1.05% 0.50% 
SW03040604A 0.22% 0.02% 0.36% 0.01% 0.75% 1.17% 
SW03040604B 0.15% 0.24% 0.64% 0.74% 1.49% 1.94% 
SW03040604C 0.81% 0.14% 3.28% 0.16% 1.05% 0.50% 
SW05040607 A 0.26% 0.39% 2.06% 0.04% 0.55% 0.87% 
SW05040607B 0.26% 0.39% 2.06% 0.04% 0.55% 0.87% 
SW05040607C 0.15% 0.24% 0.64% 0.74% 1.49% 1.94% 
SW06040607 A 0.22% 0.02% 0.36% 0.01% 0.75% 1.17% 
SW06040607B 0.15% 0.24% 0.64% 0.74% 1.49% 1.94% 
SW06040607C 0.81% 0.14% 3.28% 0.16% 1.05% 0.50% 
SW07040608A 0.22% 0.02% 0.36% 0.01% 0.75% 1.17% 
SW07040608B 0.15% 0.24% 0.64% 0.74% 1.49% 1.94% 
SW07040608C 0.81% 0.14% 3.28% 0.16% 1.05% 0.50% 
SW 10040609A 0.22% 0.02% 0.36% 0.01% 0.75% 1.17% 
SW10040609B 0.26% 0.39% 2.06% 0.04% 0.55% 0.87% 
SW 10040609C 0.15% 0.24% 0.64% 0.74% 1.49% 1.94% 
SW 11040609A 0.22% 0.02% 0.36% 0.01% 0.75% 1.17% 
SW 11040609B 0.26% 0.39% 2.06% 0.04% 0.55% 0.87% 
SW 11040609C 0.81% 0.14% 3.28% 0.16% 1.05% 0.50% 
SW12040609A 0.22% 0.02% 0.36% 0.01% 0.75% 1.17% 
SW12040609B 0.26% 0.39% 2.06% 0.04% 0.55% 0.87% 
SW 12040609C 0.15% 0.24% 0.64% 0.74% 1.49% 1.94% 
SW13040610A 0.22% 0.02% 0.36% 0.01% 0.75% 1.17% 
SW13040610B 0.26% 0.39% 2.06% 0.04% 0.55% 0.87% 
SW13040610C 0.15% 0.24% 0.64% 0.74% 1.49% 1.94% 
SW14040617A 0.21% 0.17% 2.23% 0.07% 0.74% 4.84% 
SW15040617A 0.21% 0.17% 2.23% 0.07% 0.74% 4.84% 
SW 16040623A 0.21% 0.17% 2.23% 0.07% 0.74% 4.84% 
SW 17040623A 0.21% 0.17% 2.23% 0.07% 0.74% 4.84% 
SW 18040623A 0.21% 0.17% 2.23% 0.07% 0.74% 4.84% 
SW19040630A 0.21% 0.17% 2.23% 0.07% 0.74% 4.84% 
SW20040713A 0.53% 0.49% 1.56% 0.20% 1.39% 1.65% 
SW23040713A 0.53% 0.49% 1.56% 0.20% 1.39% 1.65% 
SW23040713B 1.09% 0.50% 1.00% 1.27% 1.91% 1.50% 
SW25040713A 0.53% 0.49% 1.56% 0.20% 1.39% 1.65% 
SW32040727A 0.53% 0.49% 1.56% 0.20% 1.39% 1.65% 
SW32040727B 1.09% 0.50% 1.00% 1.27% 1.91% 1.50% 
SW33040804A 0.53% 0.49% 1.56% 0.20% 1.39% 1.65% 
SW34040805A 0.53% 0.49% 1.56% 0.20% 1.39% 1.65% 
SW34040805B 1.09% 0.50% 1.00% 1.27% 1.91% 1.50% 
SW35040813A 0.53% 0.49% 1.56% 0.20% 1.39% 1.65% 
SW37040814A 0.53% 0.49% 1.56% 0.20% 1.39% 1.65% 
SW37040814B 1.09% 0.50% 1.00% 1.27% 1.91% 1.50% 

SW38040814A 0.53% 0.49% 1.56% 0.20% 1.39% 1.65% 
SW40040814A 1.09% 0.50% 1.00% 1.27% 1.91% 1.50% 

SW41040814A 1.09% 0.50% 1.00% 1.27% 1.91% 1.50% 

SW43040816A 1.09% 0.50% 1.00% 1.27% 1.91% 1.50% 

SW 44040818A 1.09% 0.50% 1.00% 1.27% 1.91% 1.50% 
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