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ABSTRACT 
 
Identification of recharge waters, groundwater flowpaths, and solute sources is needed to 

best manage the increasing salinity of the Hueco Bolson aquifer, the primary water 

resource for El Paso, Texas and Juárez, Mexico.  To address these issues, we have 

analyzed for a suite of geochemical tracers on water samples collected from 33 discrete 

vertical zone test holes.  On the basis of δD and δ18O data, two regional recharge sources 

were recognized, one originating from western mountain-fronts and one from through-

flow of the adjacent Tularosa aquifer.  Chloride concentrations were strongly correlated 

with lithologic formations and both Cl/Br and 36Cl ratios suggested halite dissolution 

within the Ft. Hancock formation as the primary chloride source.  In contrast, sulfur 

isotopes indicated that most sulfate originates from Tularosa Permian gypsum sources.  

These sources suggested that chloride salinization of wells is the result of direct upconing 

of waters from the Ft. Hancock formation.
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1.  INTRODUCTION 

As global population increases, the sustainable management of environmental 

resources becomes an ever more pressing issue.  The sustainability of freshwater 

resources is arguably the most critical in that evidence of growing water stress is apparent 

worldwide (Gleick, 2000). This is particularly true in many of the world’s arid and 

semiarid regions, where increasing water demand is often met by subsurface resources.  

With an estimated global withdrawal rate of 600-700 km3/year, groundwater is the most 

highly extracted raw material on earth, providing 50% of the world’s potable water 

supplies and 20% of the water for irrigated agriculture (UN/WWAP, 2003).  

Groundwater resources are particularly advantageous in arid and semiarid areas of the 

world because they are not significantly impacted by drought, unaffected by high rates of 

evaporation, and often produce good quality waters.  The sustainability of this arid and 

semiarid resource is however limited in that recharge and flow rates are typically slow in 

relation to surface water systems.   

 

1.1 Sustainable Groundwater Management 

 Principal processes governing groundwater quantity include recharge, the 

infiltration of waters through the land surface into an aquifer, and discharge, the outflow 

of groundwater to sustain baseflow in rivers, marshes and other surface waters 

(UN/WWAP, 2003).  As a result it has long been recognized that groundwater pumping 

in excess of natural recharge rates is unsustainable and will result in lowered groundwater 
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levels (Lee, 1915).  This simple concept, commonly known as “safe yield”, has formed 

the basis of groundwater policy and management (Alley and Leake, 2004).  

Recently, as the dependence on groundwater resources has continued to increase 

(UN/WWAP, 2003), additional impacts related to groundwater pumping, notably 

decreases in surface water flows and degrading groundwater quality, have been 

recognized.  The interdependence of surface and subsurface hydrology is critically 

important in that factors such as climate variation, pollutants, land use and surface water 

changes can have adverse effects on subsurface systems (Foster, 2000).  As a result, a 

new conceptualization of “sustainable yield” has evolved, where the contribution of 

groundwater to surface water systems, and changes in groundwater quality are taken into 

account.  Sustainable yield, which serves to protect surface water resources and facilitate 

long-term sustainability, is inherently less than a safe yield (Sophocleous, 2000; Alley 

and Leake, 2004; Phillips et al., 2004).  Therefore sustainable management requires a 

comprehensive understanding of the processes that determine the quantity and quality of 

groundwater systems, their interaction with the surface environment, and the potential 

impacts of using these systems as a resource. 

Central to the development of any sustainable management plan is a 

comprehensive model of the hydrologic system.  Through the use of such models, 

groundwater pumping limits can be established and the effects of this withdrawal can be 

evaluated.  Clearly the accuracy of this approach is dependent on a precise understanding 

of both the value and spatial variation of model input parameters, notably recharge and 

hydraulic conductivity.  In arid and semiarid settings, where climate represents a limiting 



 11

factor on water quantity, imposing constant head boundaries for inflows is often an 

inappropriate modeling technique; rather, an independent value of recharge flux is 

required (Sanford, 2002).  Determination of recharge flux and hydraulic conductivity 

input parameters is a complex process in that they are spatially heterogeneous and highly 

coupled to one another.  This interdependence results in an influential constraint on 

modeling accuracy and techniques.  For example, conductivity values often range over 

several orders of magnitude, and hence a recharge rate determined from conductivity and 

hydraulic head data is often non-unique in that a wide range of conductivity and head can 

generate the same value (Scanlon, 2002).  Therefore the precision and depth of 

knowledge for a given hydrologic system has a direct effect on the success of sustainable 

management practices (Alley and Leake, 2004; Sophocleous, 2000).   

 

1.2 Groundwater Salinization 

 The quality of groundwater is frequently a principal factor in developing a 

sustainable management plan.  Water is often referred to as the universal solvent, and 

while this is beneficial in many applications, it also results in a wide variety of chemical 

processes which may degrade a potable resource.  In many arid and semiarid areas, the 

impacts and chemical processes related to salinization represent the single largest threat 

to freshwater resources (Williams, W.D., 2001).   

Aqueous salinity refers to the dissolved mineral content of water, and is typically 

reported in mg/L total dissolved solids (TDS) or equivalently in parts per million (ppm) 
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(USGS, 1999).  Based on TDS, there are several categories of salinity, ranging from 

freshwater to brines (Table 1).  The terms connate, formation and meteoric waters are 

used frequently when describing salinity processes.  Connate refers to fluids trapped in 

the pore spaces at the time of sediment deposition, whereas formation waters are those 

present in the pore spaces immediately prior to drilling.  Meteoric waters are surface 

derived, such as from rain or streams, and have infiltrated into the subsurface and 

displaced pore waters already present in the system (Hanor, 1994; Kharaka and Hanor, 

2004).   

Table 1: Salinity nomenclature and corresponding TDS ranges (Hanor, 1994). 

Description TDS (mg/L) 

Freshwater 0 – 1000 

Brackish water 1000 – 10000 

Saline water 10000 – 35000 

Average value of seawater 35000 

Brine >35000 

 

The level of detail used in describing saline waters and their origins is indicative 

of the importance of salinization.  Increased salinity degrades water resources for a wide 

variety of applications.  Secondary drinking water standards issued by the United States 

Environmental Protection Agency (EPA) suggest a maximum TDS of 500 mg/L for 

human consumption, of which chloride and sulfate, the two major anions typically 

comprising salinity, should not exceed 250 mg/L each (EPA, 2002).  In agricultural 

practice, maximum salinity depends on the particular application.  For example, low 

tolerance crops such as citrus fruit generally require irrigation waters <4,800 mg/L, 
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whereas high tolerance species such as cotton can utilize waters with TDS up to ~16,200 

mg/L (Haman, 2000).  Livestock require water below 2000 – 3000 mg/L for consumption 

(Agdex, 2005).  Industry also requires specific ranges of TDS content depending on the 

particular applications and machinery involved.  Therefore TDS levels, chemical 

composition of salinity, the sources of salts, and potential increases in salinity over time 

are all important considerations for water resource management. 

Primary groundwater salinization occurs through natural causes, such as the 

dissolution of residual soil evaporites, dissolution of halite deposits, mixing of different 

waters and interaction with low permeability mud and clay interbeds that act as saline 

stores.  Primary salinization processes often occur over long periods of time, so that in 

general, the longer a particular unit of water has spent in the subsurface (i.e. deeper into 

the aquifer and further from the point of infiltration) the greater the likelihood for 

increased salinity.  Secondary salinization of groundwater, which occurs as a result of 

human activities at the land surface, is equally important and typically impacts the upper 

layers of an aquifer (Hanor, 1994).   

A common mechanism of groundwater salinization that incorporates both primary 

and secondary processes results from subsurface mobilization of naturally saline 

groundwater or sea water through pumping.  Seawater intrusion in coastal and island 

aquifers has been a major cause of water quality degradation for decades.  Roughly 70% 

of the global populace resides in coastal zones, and in every urbanized area large enough 

to have outgrown surface water resources the potential for this problem exists (De Breuck 

et al., 1991; Vengosh, 2004).  Inland groundwater salinization is also common, 
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particularly in arid and semiarid sedimentary basins where primary salinity sources are 

prevalent.  The salinization processes may include evapo-concentration occurring at or 

near the land surface, subsurface dissolution of evaporate minerals, and filtration through 

clay or shale beds.  Combinations may result in sedimentary formation waters that are 

much more saline than the preceding connate waters, as well as highly variable spatial 

salinity distributions through a given aquifer system (Hanor, 1994).  Therefore, where 

freshwater resources exist in inland sedimentary aquifers, the potential for pumping-

induced salinization is often comparable to that of seawater intrusion in coastal aquifers, 

though the concentrations and sources of this salinity are typically more complex. 

In all areas susceptible to pumping-induced salinization a diffuse mixing layer of 

variable thickness separates fresh and saline groundwaters.  When freshwater sections are 

pumped, the positions of nearby mixing zones are affected directly and, if pumping rates 

are high enough, may even move into the well’s capture zone, resulting in saline 

contamination of the well (Richter and Kreitler, 1993).  In coastal aquifers, the dynamics 

of the system generally involve a wedge of seawater extending underneath the freshwater 

zone as a result of density difference.  As freshwater is depleted, the natural hydraulic 

gradient which pushes this lighter water over the top of the denser seawater is reversed 

and the wedge of saline water slides further inland beneath the freshwater zone.  Below 

freshwater extraction wells, an upconing of the interface between the freshwater and 

saltwater results from the decreased hydraulic head surrounding the well (Sahni, 1977).  

For inland aquifers, the dynamics of pumping induced salinization are complicated by the 
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variety of salinity sources which may be present in different sections of the basin, as well 

as variability in the density of the saline waters involved (Figure 1) (Hibbs et al., 1997). 

Different mechanisms of inland saltwater contamination require different 

management approaches to minimize saline intrusion and preserve freshwater sections of 

the aquifer.  For example, pumping at a shallower interval in the vertical profile may 

minimize upconing, whereas pumping at a deeper interval may reduce downward 

movement of saline waters.  Hence the identification of brackish waters and proper 

pumping procedures are essential to the maintenance of fresh inland groundwater 

resources. 

 

1.3 Context and Objectives of this Study 

Arid and semiarid inland sedimentary aquifers that have experienced increased 

salinization occur throughout the world, for example the Murray aquifer in South 

Australia and the Dammam aquifer in Kuwait (Herczeg et al., 1993; Vengosh, 2004).  

The Hueco Bolson aquifer in western Texas and northern Chihuahua is another 

exemplary case.  The El Paso Water Utility (EPWU) has noted increased salinity in 

production wells throughout the aquifer, some of which have been retired due to 

excessive TDS concentrations (Figure 2) (Ashworth, 1990).   

Within this context, the present study uses a suite of environmental tracers to develop 

a comprehensive understanding of recharge and water quality in the northern Hueco  
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Figure 1:  Examples of potential inland well salinization mechanisms 
(from Hibbs et al., 1997).
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Bolson.  Ultimately this will assist El Paso Water Utility (EPWU) in refining the existing 

groundwater flow model, contribute to the development and calibration of a solute 

transport model for the Hueco Bolson and potentially aid in developing more sustainable 

management practices.  Specifically the study will: 

1. Identify the principal sources of recharge to the Hueco Bolson aquifer and 

determine the horizontal and vertical distribution of these waters using the stable 

isotopes of water (δD and δ18O). 

2. Determine the horizontal and vertical distributions of chloride salinity, identify 

the principal sources of this salinity using chloride to bromide ratios (Cl/Br) and 

quantify the mixing of these sources within the subsurface.  These results will 

then be compared with the principal lithologic units of the basin to evaluate the 

primary causes of increased well field salinity (Figure 1).   

3. Verify chloride sources and mixing results using chlorine-36 radioisotope data.  

4. Determine the distribution of sulfate (SO4) salinity and compare this distribution 

to other anions.  Sulfur isotope data (δ34S) will also be used to evaluate principal 

sulfate sources, as well as the δ18O value of SO4 to identify locations that have 

been affected by sulfide oxidation or sulfate reduction.   

5. Finally the relationships between solute sources and both lithology and recharge 

source waters will be further tested and evaluated using cation concentrations 

(Mg, Ca, Na and K).  
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In the larger sense, this research presents a unique opportunity to further scientific 

understanding of arid groundwater hydrology.  The EPWU has provided an extensive set 

of discrete vertical zone samples from multiple wells in an arid aquifer system.  The 

result is a unique picture of vertical salinity stratification, allowing for improved 

understanding of the interactions among groundwater flow, salinity and pumping.  Such 

knowledge may be broadly applicable to the management of other arid and semiarid 

groundwater system sustainability. 



 20

2.  SITE DESCRIPTION 
 

The project study area is focused on the northern portion of the Hueco Bolson 

aquifer (Figure 3).  “Bolson” is a Spanish word, literally meaning “handbag” or “purse”, 

which in geohydrology refers to an intermontane valley filled with both alluvial 

sediments from erosion of the adjacent mountain ranges and fluvial sediments deposited 

by surface waters (OED, 2006; Hibbs, 1999).  The northern section of the Hueco Bolson 

aquifer covers approximately 2330 km2 (900 mi2) from the New Mexico/Texas state line 

south to the boundary of the Rio Grande alluvial aquifer in El Paso.  The climate is arid, 

with an average annual rainfall of 23.95 centimeters (9.43 inches) and average summer 

and winter high temperatures of 35.2 and 14 degrees Celsius, respectively (NOAA, 

2005).  Detailed information on the geology, hydrology, water quality, human 

development, impacts of groundwater pumping, and water resource management of the 

Hueco Bolson can be found in Hibbs et al. (1997).  The following section presents a 

summary relevant to analysis and interpretation in the present study. 

 

2.1 Geology and Paleohydrology 

The Hueco Bolson is a component of the Rio Grande Rift, which extends from the 

San Juan Mountains of Colorado, through to northern Mexico (Hawley and Kernodle, 

2000).  The Hueco Bolson is bounded by the Hueco Mountains to the east and the 

Franklin Mountains to the west; the Tularosa aquifer marks the northern boundary 

whereas the Rio Grande forms the southern boundary (Figure 3).  The Franklin 

Mountains are a tilted fault block composed of sequences of Paleozoic carbonate and  
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Precambrian and Tertiary igneous rocks, with particularly steep escarpments along the 

eastern edge.  Across the basin to the east, the Hueco Mountains consist of Paleozoic and 

Cretaceous carbonate and clastic rocks.  Also of note are the Organ Mountains, located 

north of the Franklin Mountains in the southwest corner of the Tularosa aquifer.  The 

southern end of this range, which is primarily composed of Paleozoic, Cretaceous and 

lower Tertiary sedimentary sequences, is close enough to the study area to present a 

potential recharge source (Knowles and Kennedy, 1956; Hibbs et al., 1997).   

The Hueco Bolson is a half-graben, typical of fault-bounded basins in the region, 

with greatest deepening along the western side.  Progressive fault movements occurred 

during the deposition of basin fill, with the result that the major stratigraphic units dip 

west, reaching a maximum of ~2750 meters (9000 feet) thick (Hibbs, 1999).  Hueco 

Bolson basin fill is generally classified as part of the Santa Fe Group beneath more recent 

alluvial sediment (Figure 4).  Important units include the Middle Santa Fe Group (~2 

million years old) which consists mainly of the Fort Hancock Formation, made up of 

clays and silts interbedded with lacustrine muds and extensive salt and gypsum 

evaporites.  Overlying this is the Upper Santa Fe Group (~1.8 – 0.67 million years old) 

which includes the Pleistocene Camp Rice Formation composed of gravel and sand from 

stream channel and floodplain deposits, interbedded with muds, caliche and volcanic ash 

(Hibbs et al., 1997).  This stratified composition is a result of the paleohydrologic 

development of the area.   

In the late Tertiary (~5 million years ago), the Bolson was a hydrologically closed 

basin with internal drainage and extensive playa lakes (Figure 5A).  By the mid- 
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Pliocene (~2 million years ago), the upper drainage basin of the ancestral Rio Grande cut 

into the Hueco Bolson between the Franklin and Organ Mountains at Fillmore Pass.  This 

process inundated the playas and formed an interconnected terminal playa lake system, in 

which the evaporite-rich Fort Hancock formation was deposited (Figure 5B) (Langford, 

2001).  In the late Pliocene (~1.8 million years ago) and continuing through the mid-

Pleistocene (~0.67 million years ago) the ancestral Rio Grande connected with the lower 

drainage basin and discharged to the Gulf of Mexico.  During this time the playa system 

was replaced by through-flowing braided channels along the western side of the basin, 

intermittently depositing the sand and gravel of the Camp Rice Formation (Figure 5C) 

(Stuart and Willingham, 1984).  Fluvial sediment continued to fill the Hueco Bolson until 

~670,000 years ago when regional uplift caused the river to change course, ultimately 

flowing through the narrows at El Paso instead of Fillmore Pass (Figure 5D) (Langford, 

2001).  This transition from a closed, internally drained basin to an open component of 

the Rio Grande system has resulted in the stratified aquifer units which now contain the 

groundwater water extracted by the EPWU for municipal use (Stuart and Willingham, 

1984; Hawley and Kernodle, 2000). 

 

2.2 Hydrology 

Prior to development, Hueco Bolson groundwater flowed from north to south 

parallel to the axis of the basin, reaching a discharge zone along the Rio Grande where it 

was either consumed by phreatophytes or mixed with surface waters (Figure 6a).  Model 

simulations suggest that roughly 3.7 - 8.5 million cubic meters per year (3,000 - 6,900  
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acre-ft/year) of groundwater discharged to the river prior to significant pumping (Meyer, 

1976; Hutchison, 2004).  Recharge occurs predominantly by interbasin flow from the 

Tularosa aquifer to the north and by infiltration of surface waters along the western 

mountain ranges.  Additional secondary sources of recharge include artificial 

mechanisms such as irrigation and wastewater injection.   

Through flow from the Tularosa aquifer to the north is generally considered to be 

the greatest source of water to the northern Hueco Bolson (Heywood and Yager, 2003; 

Hutchison, 2004).  The southern portion of the Tularosa aquifer, which supports 

population centers such as Alamogordo and Tularosa, contains significant sulfate 

concentrations as a result of the gypsum rich Permian Yeso Formation found in the 

Sacramento Mountains.  The two aquifers are topographically separated by a very low 

and subtle east-west surface water divide within several miles of the state line, but this 

boundary has no bearing on the groundwater hydrology of the region.  Estimated pre-

development throughflow is on the order of 4.6 – 7.4 million m3/year (3,700 – 6,000 

acre-feet/year).  EPWU simulations using a recent groundwater model of the Hueco 

Bolson aquifer developed by the USGS estimated that in 2002 ~19.7 million m3 (~16,000 

acre-feet) of groundwater flowed into the Hueco Bolson across the basin boundary (Table 

2), consistent with an increase influenced by pumping in the Hueco Bolson (Orr and 

Risser, 1992, Hutchison, 2004).  This pumping has also resulted in drawdown cones 

centered near El Paso and Juárez, and inflow from the eastern section of the aquifer 

(Figure 6b). 
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The other potential water source for the northern section of the aquifer is recharge 

associated with the Organ and Franklin Mountains.  While the basin elevation is roughly 

1220 m (4000 ft) above sea level, the mountain ranges are several hundred meters higher 

(TPWD, 2005).  This topographic variation, which is typical of the basin and range 

region, results in cooler weather and more precipitation in the mountains.  Regionally, 

recharge through mountain blocks or along streams at mountain fronts is considered to 

provide a significant source of water to the basin aquifers (Wilson and Guan, 2004).  For 

the Hueco Bolson, mountain recharge estimates have ranged between 0.3 and 17.3 

million m3/year (237 and 14,000 acre-ft/year) (Meyer, 1976; Gates et al., 1978; Heywood 

and Yager, 2003).  The high degree of variation of in these values can be largely 

attributed to the particular conceptualization of the system.  The latest model of the 

aquifer uses the lowest suggested value of 0.3 million m3/year (237 acre-feet/year) (Table 

2) with a 95% confidence interval of 0 - 0.73 million m3/year (0 - 592 acre-feet/year) 

(Heywood and Yager, 2003), however the authors do not discuss the generation of this 

value.  It may be based on a related geochemical study conducted by Anderholm and 

Heywood (2003) which analyzed a small sample set for carbon-14.  The sample taken 

closest to the Franklin Mountains showed an uncorrected age of ~12,000 years, which 

suggested to the authors that mountain front recharge rates were lower than previously 

thought.  Lower mountain front recharge values relative to contributions from the 

Tularosa aquifer are presently considered an accurate description of recharge mechanisms 

(Hutchison, 2004).  Nonetheless, this mountain precipitation remains an important 
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recharge source in that it occurs in close proximity to the majority of available freshwater 

in the study area. 

Table 2: Groundwater budget for the portion of the Hueco Bolson used by El Paso for 
municipal supply, including the study area.  Values adopted from Heywood and Yager, 
(2003) and Hutchison (2004). 

 Pre-Development 2002 

Type 
Inflow  
m3/yr  

(acre-ft/yr)  

Outflow 
m3/yr 

(acre-ft/yr) 

Inflow m3/yr 
(acre-ft/yr) 

2002 

Outflow m3/yr 
(acre-ft/yr) 

2002 

Tularosa aquifer 7.4 x 106 
(6,000) ---- 19.7 x 106 

(16,000) ---- 

Eastern portion 
of Hueco Bolson ---- 3.1 x 106 

(2,500) 
9.9 x 106 
(8,000) ---- 

Surface Water ---- 3.7 x 106 
(3,000) 

37.0 x 106 
(30,000) ---- 

Franklin 
Mountains 

0.29 x 106 
(237) ---- 0.29 x 106 

(237) ---- 

Juárez portion of 
Hueco Bolson 

1.5 x 106 
(1,200) ---- ---- 39.46 x 106 

(32,000) 

EPWU pumping ---- ---- ---- 60.24 x 106 
(48,853) 

 

2.3 Water Quality 

Most of the groundwater in the Hueco Bolson is naturally saline, particularly 

along the eastern boundary and at depth.  Samples from the deep saline sections have 

shown TDS in excess of 35,000 mg/L (Hibbs et al., 1997).  Paralleling the Franklin 

Mountains alongside the eastern boundary, a shallow section of groundwater roughly 400 

meters thick contains TDS values below 1,000 mg/L.  With transmissivity between 620 

and 3100 m2/day (6,700 and 33,400 ft2/day) and well yields of up to 6.8 cubic meters 


This, I take it is post development, do they give a water year for this budget estimate?  Are there predevelopment estimates you could include as well?
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(1,800 gallons) per minute this freshwater lens is a primary resource for the region 

(Wilkins, 1986; Hibbs et al., 1997).  The lens is positioned between the mountain front 

infiltration zone and the deeper saline aquifer and thus represents a transitional zone 

between chemically distinct water types.   

Because El Paso depends heavily on this water as a resource, multiple 

hydrochemical studies have examined this section of the basin.  Waters within the 

Franklin Mountains are predominantly mixed cation-HCO3 and Na-HCO3-Cl with solutes 

derived from dissolution of calcite, dolomite and gypsum, and cation exchange of 

calcium and magnesium for sodium (Fisher and Mullican, 1990).  In the freshwater lens 

of the Hueco Bolson aquifer, where TDS is less than 1000 mg/L, chloride becomes more 

dominant while HCO3 declines, indicating a hydrochemical evolution towards the saline 

waters that dominate the basin.  Finally, the high TDS deep saline waters are Na-Cl and 

Na-Cl-SO4 type and represent both the influence of solute sources in the aquifer and 

interbasin groundwater flow from the gypsiferous Tularosa aquifer (Hibbs, 1999).  

Positive correlation of calcium and sulfate concentrations indicate further gypsum 

dissolution, though not in levels sufficient for saturation (Anderholm and Heywood, 

2003).   

Tritium and carbon-14 dating indicate waters 12,000 years and older along the 

Franklin Mountains, and central basin waters of up to 28,000 years old (Anderholm and 

Heywood, 2003).  The distributions of Carbon-14 and tritium activities do not directly 

conform to flow paths, but within the basin a general inverse relation to salinity is  
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indicated (Fisher and Mullican, 1990).  A similar relationship has also been noted in δ2H 

and δ18O, where decreasing isotopic values generally correspond to increasing salinity 

(Anderholm and Heywood, 2003).  Analysis of samples from EPWU production wells 

has indicated a general increase in salinity with depth (Figure 7) (Hibbs et al., 1997).  The 

distinction of two salinity zones is only a rough approximation, but it serves to indicate 

the general distribution of the freshwater lens (Zone 1) that El Paso relies upon, and the 

potential for salinization of the resource. 

 

2.4 Human Development 

 The El Paso/Ciudad Juárez area was called El Paso del Norte (the Pass of the 

North) by the first Spaniards to travel through the valley in the sixteenth century.  The 

topography and river system made the area a natural route for north-south travel as well 

as a suitable site for permanent populations.  In 1848, at the cessation of the Mexican 

War, the U.S./Mexico boundary was fixed at fixed the Rio Grande.  By 1900 the 

combined population of El Paso and Juárez was 33,098 (Handbook of Texas Online, 

2005; City of El Paso Planning Department, 2005).  Throughout the history of this arid 

binational population center, access to reliable freshwater resources has been a substantial 

concern.  Surface water quantity and quality along the Rio Grande were often less than 

adequate, and starting as early as the 1900s, most of the freshwater for municipal and 

industrial consumption was pumped from the Hueco Bolson.  These early wells were 

located in the Rio Grande floodplain, where the shallow artesian aquifer naturally 

discharged to the river (White, 1987).  The construction of Elephant Butte Reservoir in  
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Figure 7: Characteristic distribution of salinity with depth in the study 
area, reproduced from Hibbs,1997.
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1916 and Caballo Dam in 1938, along with channel lining, and expansion of well fields 

provided water resources to facilitate rapid population expansion on both sides of the 

border (Schmidt, 2005). 

In 2000, the combined population of the bi-national metropolis was 1,897,440, 

with roughly 64% residing in Juárez, (USCB, 2001, INEGI, 2003).  Regional population 

projections for 2025, including Juárez and surrounding areas, range from 3.8 to 6.1 

million people.  In El Paso alone the estimated increase is 77.5% (Peach, and Williams, 

2000, City of El Paso Planning Department, 2004).  This growing population and the 

surface and groundwater development required to meet the resulting water demand, have 

already caused a significant decline in both water supply and quality throughout the 

region.   

 

2.5 Impacts of Groundwater Pumping 

The effects of groundwater pumping became evident in the 1970s, when a series 

of factors, including high population growth, increased pumping costs, and severe 

declines in water table levels and pumping yields, raised awareness of finite groundwater 

resources.  Focal points of groundwater depression were noted around major well fields 

in both El Paso and Juárez, and water table declines have since reached 46 meters (150 

feet) (Figure 6b) (Fahy and Rebuck, 1997).  In some areas, this drawdown has reversed 

the hydraulic head gradient between the aquifer and the Rio Grande, resulting in surface 

water losses (Hibbs, 1999).   
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The quality of water supply for both El Paso and Juárez has also been 

significantly degraded by long-term extraction.  As described earlier, the majority of 

waters found in the Hueco Bolson are brackish to saline, with some deep basin water 

classified as brines (Table 1).  Since the 1950s and 1960s, groundwater from well fields 

throughout the basin has undergone increases of roughly 10 mg/L per decade in El Paso 

County and 30 mg/L per decade in Juárez (Ashworth, 1990).  This process has resulted in 

the retirement of several once highly productive EPWU wells. 

 

2.6 Previous Research and Management Strategies 

Since the decline in groundwater quantity and quality first became apparent, 

multiple hydrologic studies have been undertaken in order to quantify the availability and 

sustainability of freshwater resources in the Hueco Bolson (Knowles and Kennedy, 1956; 

Meyer and Gordon, 1970; Meyer, 1976; Muller and Price, 1979; White, 1987; Orr & 

Riser, 1992; Heywood and Yager, 2003).  Many of the earlier studies sought to generate 

an accurate estimate of removable freshwater still available in the United States portion 

of the aquifer.  These values ranged between 9.1 and 13.1 billion cubic meters (7,400,000 

and 10,640,000 acre-ft) based on uncertain parameters such as recharge and aquifer 

properties.  The 1976 USGS study by Meyer involved the first comprehensive modeling 

investigation of the basin, including input parameters such as natural recharge and initial 

groundwater reserves.  Based on this model, and in conjunction with a Texas Department 

of Water Resources investigation, Muller and Price (1979) developed a simulation of 

future groundwater supplies which would be the foundation of essential changes in water 
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resource management for EPWU.  The model used supply and demand assumptions 

based on the 1974 total water demand of 138 million cubic meters (111,900 acre-feet), 

and projected population growth, to conclude that the Hueco Bolson freshwater supply 

would be depleted by 2030 (Knowles and Alvarez, 1979; Muller and Price, 1979).   

In response the Texas Department of Water Resources, instituted major changes 

in pricing, demand incentives and resource utilization.  The former EPWU flat-rate 

pricing structure was replaced by an increasing block rate structure.  In 1993 the Jonathan 

Rogers surface water treatment plant was opened, and in 2002 expanded, to increase 

surface water supply from 105.2 to 262.9 cubic meters per minute (40 to 100 million 

gallons per day) (Hutchison, 2004).  Through water conservation programs, the average 

daily use per person in El Paso County has declined from a peak of 0.76 m3 per person 

per day (173 gpd) in 1980, to 0.62 m3 per person per day (141 gpd) in 2000 (Shmidt, 

2005).  Treated wastewater is now used for industrial purposes as well as artificial 

recharge in the northeastern section of the Hueco Bolson.  Additional Rio Grande surface 

water has also been purchased to reduce dependence on groundwater resources (Fahy and 

Rebuck, 1997). 

By means of these changes, EPWU has managed to stabilize its Hueco Bolson 

groundwater withdrawals after reaching a maximum of 98.7 million cubic meters (80,000 

acre-feet) in 1989 (Hibbs et al., 1997).  Currently, EPWU requires roughly 162.8 million 

m3/yr (132,000 acre-feet/year) of raw water for treatment and distribution.  Of this 

demand, 44% is met by Rio Grande surface water, 37% by Hueco Bolson groundwater, 

and 19% by Mesilla Bolson groundwater.  In Juárez, the small percentage of available 
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Rio Grande water is used for irrigation, and therefore all municipal water supplies are 

taken from the southern Hueco Bolson.  In 1999 Juárez pumped 150 million cubic meters 

(121,590 acre-feet) (Schmidt, 2005). 

 

2.7 Current Efforts 

In 2003, Heywood and Yager published an updated USGS groundwater flow 

model for the Hueco Bolson using MODFLOW-96.  The model estimated that roughly 

11.6 trillion cubic meters (9.4 million acre-feet) of freshwater remains in storage.  By 

using parameters that may fluctuate with pumping levels, the model is also able to 

simulate changes in inflow and outflow to the system (Table 2).  For example, drawdown 

in the aquifer has induced an additional 12.3 million m3/year (10,000 acre-feet/year) of 

inflow from the Tularosa aquifer to the north, and caused roughly 9.9 million m3/year 

(8,000 acre-feet/year) of flow from the eastern portion of the aquifer.  This last finding is 

significant in that the predevelopment groundwater flow was towards the southeast.  This 

flow reversal has implications for water quality, since most groundwater on the eastern 

side of the Hueco Bolson is more saline than that currently being pumped in the western 

portion of the basin.  Additionally, increased withdrawals in Juárez have reversed the 

natural flow of southern Hueco Bolson groundwater towards the river.  Now roughly 39.5 

million m3/year (32,000 acre-feet/year) of groundwater flows south from El Paso to 

Juárez underneath the river (Heywood and Yager, 2003). 
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Though a comprehensive solute transport model has not yet been developed, 

simplified high density flow simulations are feasible using the current model.  These runs 

indicate that continued groundwater withdrawal at present rates and locations will further 

increases in salinity.  In response, EPWU is currently working in conjunction with Fort 

Bliss Military Base to construct a Joint Desalinization Facility (JDF).  The plant is 

designed to produce 27.5 million gallons of freshwater daily, making use of the naturally 

occurring saline waters which underlie and border the freshwater layer.  Using the 2003 

model, EPWU ran 50-year simulations to test several JDF management strategies.  One 

potential scenario involves pumping freshwater to mix with saline water prior to JDF 

treatment at strategic locations in order to create a linear zone of depression and impede 

further movement of eastern saline waters.  Results indicate that these strategies may 

have some benefit to sustaining the Hueco Bolson freshwater supply, though these 

conclusions are tentative given the lack of a comprehensive solute transport model.  

Therefore the JDF, and groundwater management practices in general, require a clearer 

understanding of salinity distribution and movement in the aquifer system (Hutchison, 

2004). 
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3.  SAMPLE COLLECTION AND ANALYTICAL METHODS 
 

Geochemical analyses are commonly employed in the identification of 

salinization mechanisms (Banner et al., 1989; Herczeg et al., 1993; Whittemore, 1995; 

Williams, W.D., 2001; Plummer et al., 2004), and a wide body of knowledge is available 

on the use of these techniques (Clark and Fritz, 1997; Cook and Herczeg, 2000; Gaye, 

2001; Kharaka and Hanor, 2004).  The present study relies on analysis of a large set of 

discrete vertical zone samples from recently constructed test holes and wells provided by 

the EPWU.  This research is based on an existing body of hydrogeochemical knowledge 

and data developed through association between the EPWU, the center for Sustainability 

of semi-Arid Hydrology and Riparian Areas (SAHRA) at the University of Arizona and 

the Center for Environmental Analysis-Centers of Research Excellence in Science & 

Technology (CEA-CREST) at California State University, Los Angeles (Hibbs et al., 

2003, Dadakis, 2004).   

 

3.1 Study Area and Sample Collection 

 Discreet vertical zone samples are particularly relevant to the study of subsurface 

water and solute sources, as each sample represents an individual horizontal layer in a 

particular well profile.  This study utilizes 204 samples of this nature obtained from 33 

EPWU monitoring wells to develop a sense of both the horizontal and vertical 

distribution of salinity in the aquifer system.   

The wells are located in the Hueco Bolson aquifer from Montana Avenue in El 

Paso north to the New Mexico border (Figure 8).  The vast majority of the samples used  



E3A

NH2
NH1

SYP

FBT5

FBT3

DMW8
DMW7

DMW6

DMW5

DMW4

DMW3

DMW9

DMW2

FBT9

FBT6

FBT8

FBT2

FBT10

DMW11

TH36A

PTWF02
PTWF01

PTWF03

MNST05

MNST02

MNST01

PTWF04

Wainwright

TH 20

TH 76B

TH 43A

TH 98A

Study Area

Fr
an

kl
in

 M
ou

nt
ai

ns
Tularosa

Hueco
Bolson

El Paso N
0 6 

km

39

Figure 8: Detail of study area (Figure 3) with individual test holes 
labeled.  Test holes drilled in the western portion of the study area 
extend to roughly 400m below land surface, whereas those further
east are up to 100m shallower.  TH20 and TH76B are deep test holes 
drilled to 600m as part of the development of the JDF.
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in this study were collected between 2002 and 2003 by EPWU.  Sampling was conducted 

from the bottom to the top of each test hole by air-lift.  For each sample, gravel was filled 

to the desired sample depth followed by plugs of bentonite clay above and below the 

depth interval.  The interval was then pressurized with compressed air, forcing water and 

air to the surface through an outer tube.  The sample was collected once product water pH 

and EC stabilized (Harter, 2005; Eastoe, written communication).  Samples were sealed 

in HDPE bottles and stored at room temperature at the University of Arizona 

Radiocarbon Laboratory for further analyses.   

 

3.2 Analytical Methods 

 Electrical conductivity, pH and temperature were either measured in the field or 

later in the laboratory.  A previous study involving statistical analysis of 30 years of Rio 

Grande Project canal samples in the El Paso area provides a ratio of ~0.66 for TDS/EC 

(Williams, J.H., 2001).  Anions (F-, Cl-, NO2
-, Br-, NO3

-, SO4
2-, and PO4

3-) were analyzed 

using a Dionex Ion Chromatograph (IC) located at the University of Arizona.  Analytes 

were separated using an AS17 analytical column and a KOH gradient produced by an 

EG50 eluent generator and a GS50 gradient pump.  The KOH eluent was removed using 

an ASRS suppressor column, allowing anion concentrations to be quantified with a CD25 

conductivity detector (Dionex Corporation, 2004).  Detection limits were approximately 

0.025 ppm for all anions except PO4
3-, which had a limit of roughly 0.1 ppm.  Replicate 

analysis of samples and standards typically agree within 5% or better for concentrations 

greater than 1 ppm and 10% or better from those less than 1 ppm.  Check standards were 



 41

run once every ten samples to monitor calibration.  Cations (Ca, Mg, Na, K) were 

analysed at the University of Arizona Water Quality Laboratory using a PerkinElmer 

Inductively Coupled Plasma Optical Emission Spectrometer OPTIMA series, 5300DV 

(PerkinElmer Corporation, 2006).  Samples were acidified with trace-metals grade 70% 

HNO3 to bring the solution to 2% and diluted to fit within the calibration range.  

Replicate samples and standards were generally accepted within ±10% agreement. 

 All isotopic analyses other than 36Cl were conducted at the University of Arizona 

Laboratory of Isotope Geochemistry.  δD and δ18O values were measured on a gas-source 

isotope ratio mass spectrometer (Finnigan Delta S).  For hydrogen, samples were reacted 

at 750°C with Cr metal (Gehre et al., 1996), and for oxygen, samples were equilibrated 

with CO2 gas at approximately 15°C (Craig, 1957), in an automated equilibration device 

coupled to the mass spectrometer.  Standardization was based on international reference 

materials VSMOW and SLAP (Gonfiantini, 1978; Coplen, 1995).  A precision of 0.9 per 

mil or better for δD and 0.08 per mil or better for δ18O, based on repeated internal 

standards, was achieved.  δ34S was measured on a continuous-flow gas-ratio mass 

spectrometer (ThermoQuest Finnigan Delta PlusXL).  Samples were combusted with O2 

and V2O5 using an elemental analyzer (Costech) coupled to the mass spectrometer.  

Standardization was based on international standards OGS-1 and NBS123, and several 

other sulfide and sulfate materials that have been compared between laboratories, with 

linear calibration in the range -10 to +30 per mil.  Precision was estimated as ±0.15 or 

better (1σ), based on repeated internal standards.  δ18O values of sulfate were measured 

on a continuous-flow gas-ratio mass spectrometer (ThermoQuest Finnigan Delta 
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PlusXL).  Samples were combusted with excess carbon at 1350°C using a thermal 

combustion elemental analyzer.  Standardization was based on international standard 

OGS-1.  Precision was estimated as ±0.3 per mil or better (1σ), based on repeated internal 

standards. 

Samples analyzed for 36Cl were first prepared at the New Mexico Institute of 

Technology Isotope Laboratory and then sent to the Purdue Rare Isotope Measurement 

(PRIME) Laboratory at Purdue University for analysis.  Preparation involved reaction 

with AgNO3 to precipitate AgCl, and subsequent purification by dissolution using 

NH4OH and reprecipitation using HNO3.  To ensure complete removal of sulfur, 

dissolution by NH4OH and reaction with Ba(NO3)2 to precipitate and remove BaSO4 

followed by reprecipitation of AgCl was performed repeatedly, until no further BaSO4 

precipitate occurred.  Purified AgCl was brought to pH 7 and dried in an oven at 60° 

Celsius prior to packaging and shipment (Phillips, personal communication).   

Measurements at the Prime Lab were made using accelerator mass spectrometry with an 

upgraded model-FN (nominal 8 MV) tandem electrostatic accelerator mass spectrometer.  

Precision is reported based on repeat measurements of blank samples. 
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4.  RESULTS AND DISCUSSION 

 The following section presents both results and discussion of all chemical 

constituents utilized in the study.  The principal components of the study are each 

addressed in individual subsections as outlined in section 1.  First, water isotopes are used 

to identify recharge patterns and sources.  Chloride distribution and relation to lithology, 

as well as well field salinization mechanisms are studied using chloride anion 

concentrations.  Chloride salinity sources and the influence of these end-members 

through the basin are addressed using chloride and bromide concentrations as well as 

chlorine-36.  Sulfate anion concentrations, the distribution of this solute through the 

basin, and δ34S values are used to identify principle and secondary sulfate sources.  The 

δ18O value of sulfate is used to detect bacterial reduction of sulfate.  Finally, cation 

concentrations are utilized to explore the dynamics of salinity suggested in previous 

subsections. 

 

4.1 Stable Oxygen and Hydrogen Isotopes 

 Water isotopes were measured in 169 samples, resulting in δD and δ18O depth 

profiles for 31 test holes in the basin (Appendix A).  These data indicate two spatially 

distinct patterns characterized by unique δ18O profiles (Figure 9).  Western mountain 

front (MF) wells are drilled in the thickest portion of the freshwater layer, extending to 

roughly 400m (see section  2.1).  Throughout this zone, δ18O values show a fairly linear 

decrease with depth.  Below this dilute MF section, the common trend reverses, and δ18O 

values begin to increase as the profile continues into the deep saline waters that dominate  
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Figure 9: Six vertical profiles of test holes exemplifying the major 
trends in water isotopes with depth below surface for the study area.  
Surface elevation remains constant to within several meters throughout 
the study area.  The dilute shallow mountain front (MF) section shows 
a fairly linear decrease in δ18O through the depth profile.  This trend 
reverses at deeper intervals extending into the brackish to saline MF 
waters.  Central basin (CB) wells show a similar pattern, though the 
depth to saline waters, as well as the inflection point in the δ18O 
values, occur at a shallower interval.  Isotopic values both above and 
below the CB inflection point are greater than those found in the MF.
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the aquifer.  Central basin (CB) wells are located to the east of the MF wells, where the 

freshwater layer becomes increasingly thin with distance from the Franklin Mountains.  

CB wells show a similar trend of decreasing isotopic values with depth to roughly 225 m, 

where an inflection point occurs.  Below this depth range, isotopic values as well as 

salinity begin to increase with depth as the profile continues into the saline aquifer.  

Based on these unique depth profile patterns, two recharge zones are distinguished in the 

basin (Figure 10).  The division runs north-south through the study area, west of which 

the Camp Rice Formation becomes increasingly thick (Figure 4).  This western MF and 

eastern CB classification will be used throughout the remainder of the thesis.    

Isotopic data for samples taken from MF wells screened in the dilute section lie 

along the GMWL given as (Craig, 1961): 

δD = 8δ18O + 10‰ 

with ranges of 20‰ in δD and 2.5‰ in δ18O (Figure 11a).  Based on the trend of 

decreasing isotopic values with depth discussed above, these samples correspond to 

deeper well intervals as they decrease from right to left down the GMWL.  Since these 

data lie along the GMWL, dilute MF water is of a non-evaporated meteoric origin (Clark 

and Fritz, 1997).  Several samples, corresponding to shallow depth intervals (Wainwright 

and SYP test holes), lie below the GMWL, likely resulting from evaporative effects due 

to small catchment ponds constructed along the mountain front.   

Two closely spaced North Hills (NH) test holes located in the northwestern corner 

of the study area show a more pronounced deviation from the GMWL.  These NH wells  
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Figure 10: Schematic diagram of the study area looking north with 
individual test holes and principle recharge sources shown.  Division 
between two primary zones of isotopic distribution is indicated by the 
line running north-south through the study area, with zones labeled 
appropriately.
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are screened from a depth of 150 to 460 meters (500 to 1510 feet) through what should be 

the freshwater lens, however these samples do not exhibit the same linear decrease in 

isotopic values with depth noted in other MF wells.  The variation in NH water isotope 

depth profiles, and evidence of evaporated waters at discrete depth intervals, suggests 

non-uniform mixing of typical MF water and a unique evaporated water source for this 

region of the aquifer.  The NH test holes will be discussed further in the following 

sections. 

Water isotopes for West Cottonwood Spring, sampled near the ridgeline in the 

Franklin Mountains, as well as several southern Organ Mountains spring samples, and 

modern groundwater from the southern Tularosa samples taken in Alamogordo coincide 

with the shallow depths of MF test holes (Witcher, 2004, Eastoe, unpublished data).  

These values therefore suggest that modern day precipitation, principally from the Organ 

and Franklin Mountains, is the primary contributor of recharge in this section of the 

aquifer.   

The consistent decrease in δ18O and δD with depth suggest a change in the 

isotopic value of recharge water with time.  The samples in this study were air-lifted and 

hence unsuitable for radiocarbon or tritium dating, however such data exists for a small 

set of wells in the area.  These values shown a maximum apparent age of ~25,000 years 

in the freshwater lens (Anderholm and Heywood, 2003), with a general correspondence 

between low δ18O and δD values and low tritium and radiocarbon content (Eastoe and 

Hibbs, unpublished data).  This maximum apparent age roughly coincides with the last 

glacial maximum (LGM).  Paleoclimate research in the Carrizo aquifer, TX using noble 
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gases indicates temperatures 5°C lower than present in conjunction with the LGM (Stute, 

1992).  During periods of colder climate, precipitation in a given area becomes depleted 

in heavy isotopes, resulting in groundwater with lower δ18O and δD values relative to 

modern meteoric waters (Banner et al., 1989).  While the relationship between 

temperature and isotopic values on a regional scale is highly variable, globally averaged 

data indicates a 1‰ δ18O decrease for every 1.1-1.7°C decline in average annual 

temperature (Clark and Fritz, 1997).  If the deepest water samples in question recharged 

at some time later than the LGM, during the pluvial period following the last ice age, we 

would anticipate δ18O values several ‰ lower than those of δ18O in modern recharge, 

which matches the values observed.  A comparable variation in δ18O is also noted in the 

Albuquerque basin for samples with uncorrected radiocarbon ages of up to ~20,000 years 

(Plummer et al., 2004).  Isotopic depletion due to paleoclimatic variation is therefore a 

probable mechanism for the variation in isotopic values noted in the dilute MF area.   

Wells screened in the deeper saline section of the MF also predominantly lie 

along the GMWL (Figure 11b).  In these deeper intervals, the trend of decreasing isotopic 

values with depth is reversed, so that as depth increases these values increase from left to 

right along the GMWL.  Given the paleoclimatic effects described above, it seems 

counterintuitive to observe the trend in decreasing isotopic values with depth reverse in 

the saline MF section.  However, it is important to note that these waters, as with the 

deepest CB intervals, extend further into the saline section of the aquifer (see section 

4.2).  These saline waters are prevalent throughout the entirety of the basin, beneath the 

relatively thin layer of freshwater discussed above.   
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In the CB, waters at depths both above and below the inflection point indicated in 

Figure 9, as well as several of the deepest MF samples, and some of the the NH samples 

fall along an evaporation line deviating from the GMLW at a slope of roughly 5.  This 

evaporated water appears to correspond with samples from municipal wells in the 

Tularosa aquifer that contain little to no measurable radiocarbon.  This suggests a 

previous Tularosa throughflow, likely corresponding to a time of higher recharge, as the 

primary source for waters in these sections of the study area (Eastoe, unpublished data).  

CB waters at intermediate depth, which correspond to the inflection point in Figure 9, fall 

along the GMWL in Figure 11b at the same range of values as the deep, post-LGM dilute 

MF water.  Therefore the same waters that occur between roughly 300 and 450 meters in 

the MF (roughly corresponding to the base of the freshwater lens) are present at ~225 m 

in the CB (Figure 10).   

Three shallow CB samples taken from two wells in close proximity to one another 

show additional evaporative isotopic enrichment relative to all other samples.  By tracing 

a likely evaporation line with slope of ~5 back to the GMWL from these points, a non-

evaporated value of roughly -11‰ δ18O is suggested.  This value is lower than the 

average δ18O value of the shallow modern groundwater found in the MF (roughly -9‰).   

Due to the close spatial proximity of the wells, a possible explanation of these shallow 

CB samples is direct infiltration of ponded surface water from one or more relatively 

recent winter storm events, with correspondingly lower δ18O values relative to the 

average modern precipitation value.  Further evidence for localized surface infiltration in 

these samples will be shown in the following sections. 
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4.2 Chloride 

 Chloride is the primary anion contributing to salinity in the basin waters 

(Appendix B).  A maximum chloride concentration of 13,690ppm was measured in the 

600m interval of a deep saline MF well (TH76B).  Wells screened through the dilute MF 

section generally maintain a fresh to slightly brackish (<1500ppm) chloride concentration 

throughout the profile, with some exceptions occurring in particular test holes, notably 

NH1 and NH2 (Figure 12a).  Throughout the study area, land surface elevation is fairly 

constant; however, in the MF section, the Camp Rice / Fort Hancock Formation boundary 

dips from east to west.  By referencing the depth profile of each MF well to a common 

Camp Rice / Fort Hancock boundary elevation datum based on their projected positions 

along the cross-section (Figure 4), an increase in Cl beneath this lithologic boundary 

becomes evident.  In the CB section, this lithologic division is fairly horizontal, and does 

not require adjustment to identify the same increase in concentration with depth into the 

Fort Hancock Formation (Figure 12b).  The increase in chloride noted in this formation 

relative to the Camp Rice Formation can be attributed to dissolution of extensive 

evaporites deposited when the basin was an interconnected playa lake depositional 

environment.   

The general association of high Cl concentrations with strata below the common 

lithologic division datum does not apply in the NH area.  Though chloride in these wells 

generally increases with depth, high concentrations are present up to ~200m above the  
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supposed stratigraphic horizon.  Two possible explanations can account for this 

observation.  First, saline water from the deeper Fort Hancock Formation may be 

upwelling in this area.  Upwelling requires a mechanism such as heat or a confining unit  

in order to occur.  Both potentiometric maps (Figure 6) and well log temperature data 

show no evidence for these mechanisms anywhere in the study area (EPWU, unpublished 

data).  The second possibility is that Fort Hancock or other evaporite-rich strata are 

locally present at higher elevations in the NH area.  Well log resistivity data for the NH 

test holes indicate predominantly Camp Rice Formation in NH1, whereas the presence of 

a lacustrine sediment, possibly Fort Hancock Formation, is indicated in NH2 (EPWU, 

unpublished data, Hawley, oral communication).  This finding supports the concept of a 

discrete section of deeper lacustrine sediment displaced to a shallower depth in the area 

of NH2, while NH1 exhibits mixing between this discrete section and the surrounding 

shallow aquifer system. The presence of such deep deposits in a localized section of the 

shallow aquifer is feasible given the tectonic development of the western basin margin.  

NH is located quite close to the mountain front, just west of the primary axial fault (East 

Franklin Fault Zone).  Uplift and basin subsidence have occurred along this boundary for 

millions of years, resulting in thousands of feet of displacement.  Based on the 

asymmetric basin subsidence model developed for the southern Rio Grande rift (Mack 

and Seager, 1990), it is feasible for a discreet section of deeper sediments to shed from 

the foot wall block as displacement progresses, resulting in a localized area such as NH.  

While such an occurrence has not been mapped in the Hueco Bolson, it has been 
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documented in the Tucson basin, where facies of the Oligocene Pantano Formation are 

present both at depth and in outcrops around the edge of the basin (Dickinson, 1999).   

In the Hueco Bolson, this localized formation displacement would correspond to 

~200m at NH2, based on the difference in depth between these concentrations and similar 

values in the rest of the MF wells.  NH1 would similarly indicate a displacement of 

~100m, however water from this test hole may also result from mixing between the 

predominant trend and NH2.  In addition, mixing of pore waters trapped in the deeper 

sediment deposits and modern mountain recharge presents a plausible explanation of the 

erratic NH water isotope depth profiles and discrete depths of evaporated water. 

Given that in general saline waters appear to occur beneath more dilute sections, 

the likely processes that could contribute to increased well field salinity in this system are 

lateral migration of saline water from elsewhere in the basin, mud or clay bed leakage 

and direct upwelling of saline waters (Figure 1).  Lateral migration of saline water would 

result in a step in concentration from dilute to saline at a particular point in the depth 

profile, whereas clay and mudbed leakage would result in discrete depth intervals 

exhibiting high concentrations.  The uniform increase in chloride concentration with 

depth noted throughout the study area suggests pumping induced upwelling of deeper 

saline waters as the most likely mechanism for the increase in municipal well field 

salinity.  This finding does not exclude the possibility of affects from other processes at 

particular locations, such as in the North Hills area, only that the evidence indicates direct 

upwelling as a predominant mechanism. 
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4.3 Chloride/Bromide ratio 

The high chloride concentrations in the saline portions of the aquifer correspond 

with Cl/Br ratios on the order of 4,600.  Due to exclusion of bromide during halite 

precipitation, subsequent dissolution of halite results in aqueous Cl/Br ratios on the order 

of 1,000 to 10,000 and higher (Davis et al., 1998).  Chloride salinity in the study area is 

therefore attributed to dissolution of halite primarily associated with the Fort Hancock 

formation.  A simple two end-member mixing curve between saline water and dilute 

water accounts for most of the variance observed in a plot of log Cl vs. log Br for the 

dataset (Figure 13).  The mixing curve is given as: 

Mx = Mhxf + Mlx(1-f) 

where Mx is the concentration for anion x (Cl or Br), Mhx is the corresponding high end-

member concentration, Mlx is the low end-member concentration, and f is the fraction of 

high end-member water being mixed.  End-member anion concentrations and ratios are 

listed in Table 3.  The high-salinity end-member is an average of the five samples in the 

study with chloride concentrations greater than 8,000ppm.  The low-salinity end-member 

is average of the 20 samples with chloride concentrations below 50ppm.  This averaging 

damps variation due to measurement error and results in more accurate composite values 

of representative high and low chloride and bromide concentrations. 

Table 3: End-member chloride and bromide concentrations used in mixing line (Figure 
13). 

End-Member Cl (ppm) Br (ppm) ~Cl/Br 
High (n = 5) 10050 (SD 2200) 2.1 (SD 0.7) 4,700 (SD 2400) 
Low (n = 20) 28 (SD 8) 0.09 (SD 0.02) 310 (SD 80) 
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Percentages shown along the mixing line in Figure 13 indicate the relative amount 

of high end-member contribution at that point.  These markers demonstrate the strong 

concentration effect resulting from small additions of saline water; 137 of the 168 

samples that comprise the predominant trend have less than 25% high end-member input.  

Scatter in the major trend data is attributed to a combination of the measurement errors 

described earlier, and local variation in Cl/Br ratio of halite deposits. 

There are two major groups of outliers distinct from the mixing trend.  First, a 

group of samples characterized by elevated Cl/Br ratios relative to the mixing line are 

referred to as “dispersed additional Cl”.  These samples belong to the deep intervals of 

four test holes distributed throughout the MF (DMW 8 & 11, PTWF4, MNST2), and 

hence this group is not spatially localized.  The data fall along a unique trend, with a 

maximum value of 6,850ppm Cl and a Cl/Br ratio of 41,600.  Relative to the predominant 

trend, these samples have extremely high Cl/Br ratios, but their concentrations remain 

well below halite saturation (~180,000 mg/L at 25EC) (Hanor, 1994).  This indicates less 

bromide in these samples relative to the major trend.  A potential explanation for this 

lower Br concentration is dissolution of reworked halite sequences.  During halite 

precipitation Br is preferentially excluded from the solid phase.  If this halite is 

subsequently dissolved and reprecipitated, the minor amounts of Br incorporated in the 

first generation will again be excluded, resulting in even less Br and a higher Cl/Br ratio 

in the second generation.  In the Hueco Bolson, discrete deposits of reworked halite may 

have formed as a result of changing water levels during deposition of the Fort Hancock 
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Formation.  A similar process has been suggested for gypsum deposits in the Safford 

basin (Gu, 2005). 

 The second group, called “localized shallow CB”, has high bromide values in 

relation to compositions on the mixing trend.  Unlike the previous subset, these samples 

correspond to the shallowest intervals of three wells (FBT 6, 8 & 9), all located in 

relatively close proximity within the CB.  This group includes the highly evaporated 

samples noted in section 4.1, which suggested spatially localized infiltration of modern 

evaporated surface water.  The seven data points compose a nearly linear trend, with Br 

increasing to 8ppm and a roughly constant Cl concentration lower than most shallow CB 

samples.  The most obvious source of depleted Cl and elevated Br values in an arid 

setting is residual evaporate brine (Hanor, 1994).  While dissolution of halite has already 

been shown in the deep aquifer, the presence of residual brines at these shallow depths is 

contradicted by the dilute solute concentrations.  Therefore, the trend likely results from a 

surface Br source carried in with the localized infiltration.  High Br and low Cl/Br ratios 

are found in a variety of surface sources such as fallout from vegetation fires, leaching of 

chemical fertilizers, decomposition of organic matter and oxidation of ethylene 

dibromide, a gasoline additive (Davis et al., 2004).  These test holes are located within 

Fort Bliss army base, where there has been no significant modern agricultural practice.  

Military equipment testing is quite common in the area, but unfortunately the exact 

activities that may contribute to this particular Br source cannot be assessed. 

 A final set of three outliers correspond to a deep interval of one CB well, and two 

deep intervals of NH2.  These samples have comparable bromide and higher chloride 
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concentrations than those of the localized shallow CB group; however, the depth and 

concentrations of these samples make modern surface influences unlikely.  In order to 

generate these values, dissolution of a salt with a Cl/Br ratio lower than that of the main 

trend high end-member is required.  This suggests potential influence of other halidic 

salts in the deeper sections of the Fort Hancock Formation.  For example, Ca and Mg 

salts, as opposed to halite, often incorporate appreciable amounts of bromide (Hanor, 

1994).  Minor input of these more bromide rich salts can have a significant effect on 

bromide concentrations in this low Br, halite dominated system (Kharaka and Hanor, 

2004; Hanor, 1994). 

 

4.4 Chlorine-36 

 To further explore the probable recharge and salinity sources described in the 

previous sections, 23 samples were selected for 36Cl analysis (Appendix C).  These 

samples include two representative depth profiles for both the freshwater MF and CB, as 

well as profiles of the two NH test holes, and representatives of the dispersed additional 

halite and localized shallow CB groups.  The data are reported in the standard convention 

of (36Cl x 10-15)/Cl and plotted against Cl concentrations (Figure 14).  A mixing line 

composed of two end-members with unique 36Cl/Cl and Cl values is given as (Faure, 

1986): 
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Figure 14: (36Cl x 10-15)/Cl vs. Cl for 23 samples analyzed.  Both 
primary sections of the study area, representative samples of subsets 
from Cl/Br data, and North Hills wells are shown.  Mixing line between 
atmospheric deposition value (Scanlon et al., 1990) and average of 
deep saline groundwater samples indicates the relative influence of 
these end-members in sample values.  Conclusions drawn from Cl/Br 
ratios and mixing analysis, including greater influence of halite/deep 
basin salinity in CB than MF, surface infiltration in localized shallow CB 
and extra halide dissolution in dispersed additional Cl samples, are 
further substantiated.
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Where 36Cl/Cl is the calculated isotopic ratio, ClL and ClH are the respective low and high 

end-member Cl concentrations, (36Cl/Cl)L and (36Cl/Cl)H are the respective low and high 

end-member isotopic ratios, and Cl is the chloride concentration, calculated using these 

two end-members and the mixing equation given in section 4.2.  Table 4 lists the values 

of 36Cl/Cl and Cl for the end-members.  Chloride concentration end-member values are 

the same averaged values as those used in the chloride-bromide anion mixing line (Table 

3).  The high end-member 36Cl is an average of those samples with chloride 

concentrations greater than 4000ppm.  The low end-member 36Cl value taken from a  

study conducted in the southeast Hueco Bolson and corresponds to a local prebomb 

recharge 36Cl/Cl value of 460x10-15 calculated based on soil and borehole measurements 

(Scanlon et al., 1990). The assumption that pre-bomb values are appropriate is based on 

the fact that radiocarbon and tritium indicate waters on the order of several thousand 

years old even along the mountain front (Anderholm and Heywood, 2003; Eastoe, 

unpublished data).   

Table 4: End-member values for 36Cl/Cl vs. Cl mixing curve shown in Figure 14. 
End-Member Cl (ppm) (36Cl x 10-15)/Cl 

High 10050 (SD 2200) 27 
Low 28 (SD 8) 460 

 

The resultant mixing line begins at shallow depths and descends rapidly towards a 

constant 36Cl/Cl ratio in the deep well intervals, suggesting an equilibrium between decay 

and both halite dissolution and subsurface production at these depths.  MF samples used 

in this analysis correspond to the freshwater section of the aquifer only, resulting in less 

than 10% mixing of the high concentration end-member water.  The fact that CB wells 
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predominantly plot below MF wells along the mixing line is to be expected due to 

influence of the deep brackish intervals of these wells.  In addition, water isotope data 

suggested that these CB wells are recharged from historic Tularosa throughflow, which 

travels farther, and is therefore older, than the mountain front recharge contributing to 

MF wells.  In traveling this longer flowpath, atmospheric 36Cl carried in during recharge 

has more time to decay, and there is more opportunity to dissolve older solutes prior to 

entering the Hueco.   

Representative samples of the additional halite dissolution group show lower 

36Cl/Cl ratios relative to other MF samples, and do not indicate older solutes but rather 

incorporation of excess ‘dead chloride’ from reworked halite.  Localized shallow CB 

group representatives plot much closer to the atmospheric end-member than any other CB 

samples, indicating younger solutes and/or less halite dissolution than would be expected 

in this area, and further substantiating a localized modern infiltration effect.  The NH 

wells range from less than 10% high end-member influence, to the equilibrium value 

found at depth.  They exhibit much greater percentages of the high end-member at 

shallow depths despite their northwest MF location, further suggesting the influence of 

the deep brackish to saline waters associated with the Fort Hancock deposits throughout 

their depth profiles.  These unique characteristics will be discussed further in the 

following sections. 

Because of the conservative nature of chloride in groundwater studies, the use of 

36Cl as a groundwater dating tool has become quite prevalent in the past two decades 

(Cook and Robinson, 2002; Love et al., 2000; Phillips, 2000).  This method is, however, 
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complicated by processes such as subsurface 36Cl produced through bombardment of 35Cl 

by neutrons released in the decay of naturally occurring uranium and thorium.  Therefore, 

as salinity and 35Cl concentration increase, more 36Cl is generally produced, resulting in a 

deep aquifer secular equilibrium.  Mixing of surface recharge with water at secular 

equilibrium can alter age calculations substantially.  In addition, Cl added through halite 

dissolution contributes dead chloride to the system, in that these deposits are often on the 

order of several million years old, and no appreciable U or Th exists within them.  This 

dead chloride lowers the measured 36Cl/Cl ratio, though it may be converted to 36Cl 

through subsequent neutron bombardment as it moves away from the halitic deposit into 

U and Th bearing units (Love et al., 2000).  These variables, as well as factors such as 

diffusion and surface evapoconcentration constrain the utility of 36Cl dating (Love et al., 

2000; Phillips, 2000). The method is sound for ages up to 1 Myr in potable waters 

without extensive halite dissolution (Phillips, 2000).  Due to the influence of halite in 

samples from the Hueco Bolson, as well as Cl/Br ratios significantly higher than 

precipitation in even the most dilute samples, age dating is considered inapplicable to this 

dataset (Davis et al., 1998). 

 

 

4.5 Sulfate 

 Sulfate is also a significant constituent of salinity in the Hueco Bolson.  The 

majority of samples indicate a roughly 4:1 ratio of chloride to sulfate, with no significant 

distinction between MF and CB zones (Figure 15).  Two mixing lines are presented, one  
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Figure 15:  Chloride vs. Sulfate for all samples, both MF and CB wells 
are included in the main trend.  Two trend lines are presented, 
accounting for both the primary trend and the NH/TH76B group, with 
corresponding Cl/SO4 ratios.  Values indicative of Tularosa throughflow
show a ratio of ~0.4 Cl/SO4.  The principal 4:1 trend potentially arises 
from mountain front recharge at dilute values, mixing with Tularosa 
throughflow that has dissolved halite in the deeper Hueco Bolson fill.  
Shallow Fabens artesian water, identified as Hueco Bolson water by 
Hibbs (unpublished data) indicates the presence of a 12:1 trend in this 
southeastern portion of the basin.  This trend also occurs at depth and 
in the NH section of the study area.
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with a high end-member Cl/SO4 ratio of ~4:1, which fits the majority of data, and a 

second with a ~12:1 high end-member that fits NH and a deep saline MF well (TH76B).  

These mixing lines are calculated using the same equation presented in section 4.2, and 

share a common low end-member, obtained by averaging the same dilute samples used 

for the chloride/bromide low end-member (Table 5).  Both high end-member values were 

obtained similarly, though these samples were split into primary trend and NH/TH76B 

groups prior to averaging. 

Table 5: Three end-members for chloride vs. sulfate trend lines   
End-member Cl SO4 ~Cl/SO4 
Low (n = 20) 28 (SD 8) 47 (SD 13) 0.6 (SD 0.2) 

High (primary trend, n = 3) 8380 (SD 31) 1860 (SD 150) 4.5 (SD 0.4) 
High (NH/TH76B, n = 2) 11,200 (SD 2200) 940 (SD 250) 12 (SD 2.5) 

 

The primary mixing line for the Hueco Bolson (4:1 ratio) is in contrast to a ratio 

of roughly 1:2 found in Tularosa groundwater (Eastoe, unpublished data).  The difference  

in these ratios suggests an evolution from the more gypsiferous Tularosa aquifer to the 

more halitic Hueco Bolson.  Therefore, historic Tularosa throughflow indicated by the 

water isotopes (Figure 11b) may be a substantial source of sulfate contributing to salinity 

within the brackish to saline sections of the study area.  

The two groups of outliers first identified using chloride and bromide 

concentrations (Figure 13) are again distinguished in this plot.  The localized shallow CB 

group plots beneath the main 4:1 mixing line, and exhibits a relationship of decreasing 

Cl/SO4 with higher anion concentrations.  This result indicates a decrease in SO4 which 

could be accomplished by sulfate reduction.  Further evidence of sulfate reduction in this 

group is presented in the following section.  The second dispersed additional Cl group 



 66

exhibits a high degree of scatter roughly centered around the 4:1 mixing line high end-

member.  This is likely due to variation in chloride concentrations which, as was 

discussed earlier, may vary as a result of reworked halite dissolution.  The high sulfate 

concentrations of these samples are also anticipated, in that the presence of significant 

halite deposits implies a greater prevalence of other evaporites such as gypsum.   

The second mixing line (12:1 ratio) indicates a different process, in that a unique 

salinity composed of higher chloride and lower sulfate concentrations appears to be 

affecting particular sections of the basin.  Both NH and TH76B are located along the 

mountain front; NH is situated in the northwest section, and screened from 150-450m, 

while TH76B is located in the southwest section and extends from 310-600m.  The extent 

to which this distinct solute composition is dispersed in both space and depth is further 

exemplified by evidence of the same salinity in Hueco Bolson groundwater discharging 

to the Rio Grande under artesian conditions in the southwestern end of the aquifer at 

Fabens (Hibbs, unpublished data).  The wide spatial distribution of this unique solute 

composition implies a distinct salinization process prevalent throughout the basin.  Given 

the fact that the predominant trend fits a different mixing line, it would appear that this 

second salinity composition occurs beneath the general range of screened intervals 

sampled for this study, in the deeper Fort Hancock Formation and even older lacustrine 

deposits.  Within the study area, this ratio is only seen in a deep saline MF well (TH76B) 

that extends several hundred meters further into the aquifer than the majority of sampled 

test holes.  The presence of this distinct solute composition at NH gives further credence 

to the concept of a local section of deeper sediment deposits present in the shallow depths 
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of these wells, as suggested by their water isotope and chloride depth profiles (Figure 

12a).  Finally, evidence of this solute source in the southeast corner of the Hueco Bolson 

at Fabens further substantiates its correspondence with deeper basin formations, in that 

this section of the aquifer is primarily composed of Fort Hancock deposits beneath a 

much thinner unsaturated Camp Rice layer (Hibbs et al., 1997).   

This data has shown evidence of a saline water with Cl/SO4 of ~12 occurring 

throughout the basin at depths beneath the freshwater and brackish to saline sections of 

the aquifer (Figure 7).  The vast majority of samples collected for this study are screened 

in the freshwater and brackish to saline sections, resulting in very limited data with which 

to draw conclusions about this deeper salinity.  Nonetheless, these samples may suggest 

the possibility of mixing between this saline water and both throughflow from the 

Tularosa and mountain front recharge as the principle cause of the primary trend seen in 

this dataset.  

 

 

4.6 δ34S and δ18O of Sulfate 

 Anion data indicates that Tularosa throughflow is a principal source of sulfate 

concentrations in the study area.  Because of the prevalence of gypsum deposits in the 

Tularosa, this evaporite is anticipated as the likely origin of the sulfate (Hibbs et al., 

1997).  To explore the influence of this source in relation to other potential sulfate inputs 

and dilute mountain front recharge, a subset of samples was analyzed for δ34S (Appendix 

C).  In conjunction with sulfate concentrations, these data indicate that the majority of 
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samples fall within the general boundaries of three end-members (Figure 16).  Two of 

these end-members have high SO4 concentrations, and δ34S values of 11-12‰ and <2‰, 

whereas the third end-member is more dilute and shows a δ34S range of 7-8‰.  The first 

end-member, with a δ34S range of 11-12‰, is characteristic of Permian gypsum, whereas 

the second (<2‰) is indicative of an igneous sulfide (Clark and Fritz, 1997).  Those data 

which plot closest to the dilute end-member belong to shallow MF well samples and 

correspond to modern precipitation (section 4.1).  This plot is representative of a common 

data distribution between evaporite, igneous and dilute end-members which appears to be 

a signature of groundwater δ34S values and sulfate concentrations in the desert southwest.  

In the Tucson Basin, Gu (2005) considered the dilute end-member to be representative of 

pre-industrial rain.  There are no δ34S values measured for precipitation in the El Paso 

area (Eastoe, oral communication), so this end-member is used to approximate modern 

(pre-industrial) El Paso precipitation with an estimated δ34S range of 7-8‰.   

Permian gypsum evaporite deposits are prevalent in the Tularosa.  Samples from 

the CB, deep MF and NH, which exhibit high solute concentrations, plot near this value, 

indicating this as primary sulfate source for the aquifer.  Secondary input as a result of 

igneous sulfide oxidation appears to affect test hole E3A, which is located in the 

northwest corner of the study area, closest to the Organ Mountians.  The low δ34S values 

of these samples are attributed to igneous sequences which typically contain near-0‰ 

reduced sulfur compounds.  Oxidation of these sulfides results in negative sulfate δ34S 

values (Clark and Fritz, 1997).  The Organ and northern Franklin Mountains contain  
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abundant rhyolite and other igneous intrusions (Barnes et al., 2002), which present a 

secondary sulfate input through oxidized sulfides carried in with this recharge source. 

 Also unique to the dataset are the same localized shallow CB wells which have 

previously indicated influence of local surface infiltration.  This group has enriched δ34S 

values relative to the rest of the samples, and falls outside the range of all common 

sulfate sources in the basin.  To explore this trend, δ18O values of SO4 were measured for 

a subset of those samples analyzed for δ34S (Figure 17).  Regional δ18O values of SO4 

ranges for the three sources affecting sulfate concentration are taken from the same 

studies and samples used to provide corresponding δ34S data (Gu, 2005, Eastoe, oral 

communication).  Scatter in CB, MF and NH data is attributed to the greater complexity 

of δ18O of SO4 in subsurface systems, owing to the fact that this constituent represents a  

mixture between atmospheric, aqueous and rock sources at the time of recharge or 

oxidation.  In the localized shallow CB group, δ34S and δ18O of SO4 values are positively 

correlated with an exception in one sample, resulting in a trend line with a slope of ~1.4.  

This unique trend is indicative of bacterial sulfate reduction and confirms the influence of 

reduction on Cl/SO4 ratios (section 4.5).  During this process, Desulfovibrio desulfuricans 

preferentially remove the lighter sulfur and oxygen isotopes to produce sulfide as part of 

a redox reaction.  This process results in a roughly 1:1 enrichment in the heavier sulfur 

and oxygen isotopes of the residual sulfate (Clark and Fritz, 1997).   
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4.7 Cations 

To further develop the picture of salinity mechanisms and distribution suggested 

by anion and isotopic data, cation concentrations were generated for a subset of 52 

samples (Appendix B).  In conjunction with anion concentrations, these data indicate the 

principal components of solute chemistry.  Halite dissolution is anticipated as a principal 

influence on Na and Cl concentrations, as indicated by anion and chlorine-36 data, and 

should result in a 1:1 relationship between the two constituents.  This relationship is 

found in all but the most dilute samples analyzed, which further indicates the presence of 

halite in deeper (more saline) Fort Hancock deposits of the aquifer (Figure18a).  

However, minor scatter in the samples that fit this 1:1 ratio line suggests potential 

secondary influences such as carbonate dissolution and cation exchange.  Dilute MF and 

localized shallow CB samples that do not correspond to this 1:1 ratio show Na values in  

excess of those generated by halite dissolution.  This finding is consistent with previous 

work in the basin, which has indicated Na-HCO3 dominated waters in the dilute MF 

section (Hibbs et al., 1997).  In the localized shallow CB wells, Na of a non-halitic origin 

may suggest silicate weathering, possibly during recharge of localized surface water 

(Hanor, 1994).   

Similar to halite dissolution, the input of gypsiferous sulfate should result in a 1:1 

relationship between Ca and SO4.  This relationship does not occur in the sample set, 

where almost all Ca/SO4 ratios indicate an excess of Ca, with a maximum value greater 

than 11 (Figure 18b).  Prevalent sources of Ca other than gypsum include the dissolution 

of calcite and dolomite.  Field alkalinity was not measured on the majority of samples  
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taken for this study.  The limited number for which field alkalinity was measured, as well 

as previous studies including alkalinity values, indicate the influence of carbonates in 

addition to gypsum dissolution (Hibbs et al., 1997; Anderholm and Heywood, 2003).  

Some samples with high Ca/SO4 show a decrease in Na/Cl, which suggests cation 

exchange in addition to carbonate dissolution may be influencing these values.  The 

localized shallow CB samples which indicated non-halitic Na input also suggest a non-

gypsiferous Ca source based on Ca/SO4 ratios greater than unity.  The shallow intervals 

of this section of the CB therefore appear to contain both dissolved silicates and 

carbonates. 

The influence of carbonates and cation exchange in the majority of samples 

complicates further distinction between the primary salinity composition and that of the 

NH/TH76B wells.  It does appear that NH/TH76B wells tend to have higher Ca/SO4 

ratios than other wells in the basin, but most samples appear to be influenced to some 

extent by carbonate sources, which have elevated Ca concentrations beyond that 

attributed to gypsum.   

The relative influence of carbonate dissolution versus cation exchange processes 

in these samples can be explored using the difference in cation and corresponding anion 

values.  For example, the difference in Na relative to Cl indicates that amount of Na 

resulting from non-halitic sources, whereas the difference between (Ca + Mg) and (SO4 + 

HCO3) indicates the amount of these cations contributed from processes other than 

gypsum and carbonate dissolution.  When the data are plotted in equivalents, a slope of -1 

indicates a strong correlation between the loss of Na vs. gain of Ca and Mg, or vice versa, 
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suggesting cation exchange processes (Fisher and Mullican, 1997).  Since this dataset 

does not include alkalinity data, plotting the difference between (Ca + Mg) and SO4 

versus Na-Cl should approximate the contribution of cation exchange based on how well 

the data fit a -1 slope.  Data plotting above this line indicate greater amounts of Ca and 

Mg than can be derived from gypsum dissolution and cation exchange alone, suggesting 

additional influence from carbonate dissolution.  Samples associated with the primary 

trend in basin salinity exhibit a slope of −1.15 (r2 = 0.76), which implies an appreciable 

degree of influence by cation exchange processes (Figure 18c).  Though this may seem 

inaccurate based on the 1:1 Na/Cl ratio exhibited by these samples, it is important to note 

that this process principally involves Na in excess of halite dissolution.  One sample 

taken from the shallow depths of TH20 stands out with extremely high Ca and Mg, and 

low Na, suggesting both cation exchange and the influence of CaCl2 in addition to halite.  

Removing this point improves the slope of the primary trend (-1.03).   

An exception to this trend is the NH/TH76B data, which have a slope of -1.6 (r2 = 

-0.3).  The low slope and poor r2 of this subset indicate that the data vary significantly in 

these parameter values, and that the dissolution of carbonates, as well as gypsum and 

cation exchange are influential components of their composition.  Therefore, though 

directly separating this data and the primary trend is not possible, a higher degree of 

carbonate dissolution can be detected as a component of this distinct solute composition.   
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4.8 Solute Summary 

 Anion, cation and solute isotopes have been used to elucidate the principal and 

secondary mechanisms of salinization occurring in the study area (Figure 19).   The vast 

majority of samples indicate dissolution of halite deposits in the Fort Hancock Fromation 

as the primary source of chloride salinity.  Sulfate concentrations in these samples are 

generally about ¼ that of chloride, and are derived both from local dissolution and 

through-flow of more gypsiferous Tularosa water occurring over many thousands of 

years.  A secondary source of sulfate is derived from oxidation of igneous sulfide in the 

northern Franklin and southern Organ Mountains.   

Direct infiltration of surface water affects a localized shallow section of the 

central basin.  These waters carry in a surface bromide of indeterminate origin as well as 

dissolved silicate and carbonate.  Bacterial sulfate reduction also appears to affect this 

localized area.     

The North Hills test holes are unique in virtually every constituent analyzed.  

Their water isotope data varies between evaporated and non-evaporated values with no 

clear trend.  Anions and solute isotopes suggest the presence of Fort Hancock strata 

ordeeper lacustrine strata at shallow depths in this area.  NH wells, along with the deep 

MF test hole TH76B and Hueco Bolson groundwater discharging to the Rio Grande in 

the southeast corner of the basin exhibit a Cl/SO4 ratio of ~12 (Hibbs, unpublished data).  

This suggests that the unique NH solute distribution and composition associated with a 

discrete area of displaced deeper formation deposits may in fact corresponds to a salinity 

composition occurring throughout the basin at depths beneath the vast majority of sample  
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intervals, and that the primary data trend in this study may result from mixing of this 

source and a high sulfate source such as Tularosa throughflow. 
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5.  CONCLUSIONS AND IMPLICATIONS 

This study has generated a three-dimensional conceptual model of the recharge and 

salinization processes affecting the Hueco Bolson aquifer, and in the process provided 

insight into several unanticipated components of groundwater salinity.  To develop this 

conceptual model, an extensive set of discrete vertical zone samples within the upper 600 

meters of the northern Hueco Bolson aquifer were analyzed for a suite of geochemical 

tracers, including both reactive and nonreactive constituents, and the data evaluated in 

relation to the paleohydrology and lithology of the aquifer.  The conclusions from this 

study have useful implications for the local management of groundwater resources, for 

the regional understanding of recharge and salinization in the arid and semiarid 

Southwest, and for the broader hydrologic sciences as an illustration of how the 

conceptual models of groundwater systems can be improved using the combined analysis 

of geochemical and hydrogeologic datasets.  

Conclusions drawn from the predominant data trends include: 

• Two spatially distinct recharge patterns indicated by water isotope depth profiles.   

• In the western MF section, recharge to the freshwater lens likely corresponds to 

modern Organ and Franklin Mountains precipitation overlying older waters, likely 

dating pack to the time of the last glacial maximum, of the same origin.   

• The eastern CB section contains older dilute waters at intermediate depth (~200-

250 meters) corresponding to the base of the freshwater lens, with evaporated 

water at shallow and deep intervals which are believed to represent ancient 

throughflow from the Tularosa aquifer. 
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• Groundwater with brackish to saline chloride concentration and Fort Hancock 

deposits are highly correlated.  Elevated chloride concentrations are therefore 

attributed to dissolution of Fort Hancock halite deposits.  This conclusion is 

further supported by Cl/Br ratios in excess of 1000. 

• The chloride depth profile implies that direct upconing of deeper saline waters is 

the primary influence on increased salinity in production wells. 

• Sulfate concentrations are predominantly ~¼ that of chloride.  The principle 

source of sulfate is Permian gypsum found both in Tularosa throughflow and the 

Fort Hancock Formation.  Igneous sulfide oxidation presents a minor secondary 

source. 

• Preliminary analysis of cation data indicates that halite dissolution is the principle 

source of sodium, whereas calcium is derived from gypsum, carbonates and 

cation exchange. 

In addition to these predominant features, the combined use of a suite of environmental 

tracers identified several unique and unanticipated secondary processes occurring within 

the larger study area: 

• A localized area of shallow groundwater within Fort Bliss is influenced by direct 

infiltration of evaporated modern meteoric water.  This recharge carries in 

dissolved silicates and carbonates, as well as a surface bromide source, leading to 

high Br concentrations.  Sulfate is removed from this water through bacterial 

reduction. 
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• A dispersed set of samples screened at depth throughout the MF exhibit uniquely 

high Cl/Br, and are potentially the result of dissolution of halite deposits that have 

been previously reworked. 

• In the North Hills section of the study area, anomalous water isotope patterns and 

Cl concentrations are best explained by the presence of Fort Hancock deposits at 

shallow depths, possibly occurring through localized displacement of deeper 

strata along the western fault line.   

• The NH test holes, along with a deep test hole screened below the vast majority of 

samples, and artesian groundwater discharging at the southeastern end of the 

Hueco Bolson aquifer all correspond to a unique second salinity composition 

recognized by a ~12:1 Cl:SO4 ratio.  This salinity appears to occur below the 

depth intervals pumped for municipal supply, and correspond to deeper Fort 

Hancock Formation and lacustrine deposits.  

Within the local context of the Hueco Bolson, the utility and implications of these 

results for improved water management are promising.  First, current and future water 

resource management plans can be evaluated in light of the improved conceptual model 

developed by this study.  For example, future production well locations and screened 

intervals can be evaluated with reference to the Fort Hancock Formation depth.  Likewise 

efforts to impede further encroachment of saline waters can be reassessed given that 

direct upconing of deeper saline waters appears to be the primary cause of well 

salinization.  Second, geochemical data have never been utilized in the development and 

calibration of the Hueco Bolson groundwater flow model.  Therefore model simulations 
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can be compared against the MF and CB recharge patterns in order to improve upon 

present input parameters, most notably recharge locations and rates.  Third, like the use 

of water isotope data in flow models, the solute data can be used to determine distribution 

patterns with which a future solute transport model can be calibrated.   

The utility of these results are particularly exemplified by the development of the 

Joint Desalinization Facility (JDF), the design of which is currently based on simulation 

of saline water using a single high density value within the existing flow model.  This 

method is currently being used to evaluate planning issues in order to ensure optimal and 

sustainable use of fresh and saline resources.  This includes several potential scenarios 

that involve the appropriate location and operation of deep saline production wells, 

shallower feeder wells, which pump brackish water to mix with the ultra-pure JDF 

product water, and residual JDF brine injection wells (Hutchison, 2004).  Chloride and 

sulfate distribution, sources and association with basin stratigraphy, as well as improved 

flow models developed using recharge data are necessary components in constructing and 

calibrating an appropriate solute model capable of addressing the operational needs of the 

JDF.     

 The utility and implications of these results are equally important within the larger 

context of arid and semiarid groundwater resource sustainability.  Issues of recharge and 

increased salinization addressed in the Hueco Bolson are common throughout the desert 

Southwest, and as such, several results of this study are highly pertinent to regional 

groundwater analysis and management.  First, the origin of groundwater must be 

considered within the context of historic climate change, including the effects of 
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temperature variation on water isotope values, and the influence of pluvial or higher flow 

periods on recharge patterns.  Second, the distribution and concentration of salinity 

should be similarly assessed in light of the paleohydrology and resultant lithology of the 

basin in question.  By identifying this in situ salinity, location and depth of future supply 

wells can be better assessed, and influences from other salinization processes, such as 

evapo-concentrated surface input, can be quickly identified.  Third, the use and 

interpretation of solute isotopes should be evaluated in light of the principle salinity 

constituents and processes common to this region.  Sulfate reduction can have potentially 

significant influences on δ34S values, and Chlorine-36, while still highly useful in this 

study, cannot generate age values in a halite dominated system.  In this sense, the present 

study has demonstrated the capacity for integrated geochemical and hydrogeologic 

analysis to determine regional influences on aquifer recharge and salinity.   

Within the broader context of hydrologic sciences, the present study demonstrates 

the extent to which conceptual models of groundwater systems can be improved by 

combining a suite of environmental tracers with local paleohydrology and lithology.  In 

the Hueco Bolson, the conceptual model of recharge and salinity sources and processes 

prior to this study was relatively simplistic and uncertain.  Recharge was thought to occur 

primarily as Tularosa throughflow, based on the current groundwater model input 

parameters.  Vertical salinity distribution was based on a limited sample set from 

municipal supply wells and depicted as two zones, one dilute (≤1000ppm TDS) and one 

concentrated (>1000ppm TDS) (Figure 7).  The use of an extensive discrete vertical zone 

sample set has resulted in a three-dimensional view of the basin which has been further 
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reinforced through incorporation of hydrogeologic data.  As a result of this study, the 

basis and detail of this conceptual model has been significantly strengthened, both in 

terms of recharge (Figure 10) and salinity (Figure 19).  Based on this more robust 

conceptualization, the study was able to show a significant influence from Franklin and 

Organ Mountains recharge, as well as a more precise division between fresh and brackish 

waters that is highly correlated to basin lithology.  This model further allowed issues such 

as the mechanisms of well field salinization and anomalous areas such as North Hills to 

be addressed for the first time.  This comparison of pre- and post-study conceptual 

models indicates the potential improvements to be gained by conducting such research in 

a hydrologeologic context.   
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APPENDIX A: δD δ18O Data Table 

Test Avg. Depth EC δD δ18O 
Hole (m) (μS/L) (‰) (‰) 
FBT 2 210 6310 -69 -9.6 
FBT 2 229 4380 -71 -9.8 
FBT 2 238 6400 -70 -9.8 
FBT 2 271 9000 -69 -9.6 
FBT 2 296 22900 -68 -9.2 
FBT 2 308 24700 -66 -8.9 
FBT 3 152 1765 -71.1 -10.1 
FBT 3 168 2110 -71.4 -10.0 
FBT 3 186 1789 -72.5 -10.1 
FBT 3 201 1775 -73.4 -10.3 
FBT 3 232 5290 -75.1 -10.4 
FBT 3 247 7660 -73.6 -10.3 
FBT 3 280 12070 -71.5 -9.9 
FBT 3 296 15300 -70.6 -9.7 
FBT 4 302 6520 -74.0 -10.5 
FBT 5 178 2020 -74.7 -10.4 
FBT 5 198 2010 -72.5 -10.4 
FBT 5 277 2940 -77.1 -10.5 
FBT 5 299 9390 -74.3 -10.1 
FBT 6 143 4340 -69 -9.6 
FBT 6 168 2770 -73 -10.3 
FBT 6 192 3580 -76 -10.7 
FBT 6 213 5530 -75 -10.6 
FBT 6 230 6540 -75 -10.5 
FBT 6 242 5940 -70 -10.0 
FBT 6 273 5020 -71 -10 
FBT 6 313 7730 -69 -9.5 
FBT 8 149 2860 -63 -8 
FBT 8 158 2780 -64 -8.1 
FBT 8 174 2330 -66 -9 
FBT 8 192 2830 -67 -8.9 
FBT 8 244 3040 -72 -10 
FBT 8 262 3130 -71 -9.6 
FBT 8 290 7350 -68 -9.2 
FBT 9 116 2410 -58 -8.2 
FBT 9 145 1780 -67 -9.6 
FBT 9 241 4850 -69 -9.7 
FBT 9 280 12320 -70 -9.8 
FBT 9 299 11100 -71 -9.8 
FBT10 143 1760 -68 -9.7 
FBT10 174 2070 -69 -9.9 
FBT10 191 2010 -71 -10.1 
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Test Avg. Depth EC δD δ18O 
Hole (m) (µS/L) (‰) (‰) 

FBT10 235 2180 -71 -10.2 
FBT10 257 2660 -72 -10.3 
FBT10 268 3180 -73 -10.4 
FBT10 290 4590 -75 -10.5 
FBT10 303 4790 -75 -10.5 
DMW2 219 725 -69 -10 
DMW2 247 768 -70 -10 
DMW2 280 1232 -72 -10.4 
DMW3 165 1110 -71 -9.9 
DMW3 195 910 -69 -9.8 
DMW3 296 2600 -73 -10.7 
DMW4 155 1360 -69.0 -9.9 
DMW4 186 1320 -69.5 -9.9 
DMW4 207 1370 -69.9 -10.1 
DMW4 226 1360 -70 -10.2 
DMW4 262 2190 -65.8 -9.4 
DMW4 302 3040 -74.4 -10.6 
DMW6 149 1150 -73 -10.3 
DMW6 177 1350 -73 -10.4 
DMW6 204 2140 -73 -10.4 
DMW6 229 3400 -74 -10.5 
DMW6 268 6670 -76 -10.6 
DMW6 296 6624 -76 -10.6 
DMW7 177 1650 -71 -10.0 
DMW7 183 2600 -69 -10.3 
DMW7 241 5730 -72 -10.4 
DMW7 302 10180 -72 -10.2 
DMW8 162 1800 -72.5 -10.1 
DMW8 183 2440 -74.2 -10.4 
DMW8 204 2480 -74.1 -10.3 
DMW8 226 5970 -75.2 -10.3 
DMW8 265 12350 -71.9 -9.9 
DMW8 302 16860 -70.1 -9.6 

DMW11 140 2420 -73.0 -10.3 
DMW11 168 2300 -75.6 -10.5 
DMW11 238 970 -71 -9.9 
DMW11 262 1120 -68 -9.6 

NH1 232 3840 -68 -9.6 
NH1 253 5100 -68 -9.9 
NH1 294 1198 -63 -9.1 
NH1 323 2124 -69 -9.8 
NH1 351 1950 -70 -9.7 
NH1 378 7560 -71 -10.0 
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Test Avg. Depth EC δD δ18O 
Hole (m) (µS/L) (‰) (‰) 
NH1 415 8560 -73 -9.8 
NH1 445 11240 -71 -10.1 
NH1 460 9200 -72 -9.8 
NH2 152  -64 -8.7 
NH2 200 8160 -75 -10.5 
NH2 235 14100 -72 -9.9 
NH2 329  -71 -9.8 
NH2 351 13400 -72 -9.9 
NH2 387 8850 -71 -10.1 
NH2 402 23600 -71 -9.7 
NH2 418 18100 -66 -9.4 
NH2 460 23640 -67 -9.2 

TH36A 171 760 -66 -9.3 
TH36A 195 800 -67 -9.4 
TH36A 216 1100 -70 -9.8 
TH36A 236 1250 -72 -10.1 
TH36A 262 1930 -75 -10.5 
TH36A 299 3220 -77 -10.6 

SYP 134 970 -62 -8.8 
SYP 178 510 -61 -8.9 
SYP 215 600 -65 -8.8 
SYP 274 570 -64 -9.2 
SYP 302 910 -69 -9.7 

Wainwright 149 890 -62 -8.7 
Wainwright 172 510 -62 -8.8 
Wainwright 189 590 -61 -8.9 
Wainwright 210 580 -62 -8.8 
Wainwright 273 940 -66 -9.5 
Wainwright 305 1580 -68 -9.7 
MNST01 125 708 -60 -8.9 
MNST01 168 774 -61 -8.9 
MNST01 195 622 -63 -9.3 
MNST01 213 781 -65 -9.4 
MNST01 247 904 -67 -9.8 
MNST01 323 1097 -71 -10.4 
MNST02 332 9010 -76 -10.5 
MNST02 363 15700 -75 -10.2 
MNST05 119 1609 -65 -9.1 
MNST05 137 1936 -65 -9.1 
MNST05 198 1254 -69 -9.9 
MNST05 226 1516 -69 -9.8 
PTWF1 192 762 -64 -9.2 
PTWF1 256 1003 -62 -8.5 

PTWF1 320 903 -63 -9.1 
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Test Avg. Depth EC δD δ18O 
Hole (m) (µS/L) (‰) (‰) 

PTWF2 311 568 -61 -9.1 
PTWF2 338 626 -70 -10.0 
PTWF2 393 691 -73 -10.4 
PTWF3 381 965 -67 -9.3 
PTWF3 418 977 -63 -9 
PTWF3 451 869 -62 -8.9 
PTWF4 123 4380 -64 -9.3 
PTWF4 157 4650 -66 -9.4 
PTWF4 186 498 -67 -9.6 
PTWF4 210 581 -63 -9.1 
PTWF4 259 572 -70 -10.0 
PTWF4 303 992 -71 -10.1 
PTWF4 335 1190 -73 -10.4 
PTWF4 404 2490 -75 -10.5 
PTWF4 453 4880 -74 -10.6 

E3A 152 930 -64 -9.1 
E3A 189 800 -69 -9.9 
E3A 227 960 -71 -10.0 
E3A 265 839 -71 -10.3 
E3A 303 11310 -77 -10.9 

TH 76B 311 6670 -77 -10.8 
TH 76B 372 10060 -73 -10.2 
TH 76B 424 16630 -73 -10.2 
TH 76B 479 19280 -73 -10.2 
TH 76B 546 15280 -68 -9.2 
TH 76B 600 35400 -71 -9.7 
TH 20 329 1885 -76 -10.7 
TH 20 369 1843 -76 -10.7 
TH 20 418 3260 -74 -10.4 
TH 20 454 6640 -74 -10.4 
TH 20 521 6640 -74 -10.7 
TH 20 604 7100 -72 -10.3 

TH 43A 177 1145 -70 -9.9 
TH 43A 207 2100 -70 -9.9 
TH 43A 221 2710 -67 -9.6 
TH 43A 255 2360 -69 -9.7 
TH 43A 299 1763 -68 -9.7 
TH 43A 354 1924 -72 -10.1 
TH 98 195 2020 -73 -10.4 
TH 98 274 7770 -74 -10.3 
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APPENDIX B: Anion and Cation Data Table 
Test Avg Depth EC F Cl NO2 Br NO3 SO4 PO4 Mg Ca Na K 
Hole (m) (μS/L) ------------------------------------------------------------(ppm)------------------------------------------------------------
FBT 2 210 6310 0.537 1740 <0.161 0.528 30.956 605.3 <2.133 20.9 224.2 1094 11.7 
FBT 2 229 4380 0.619 1096 <0.101 0.294 13.742 455.6 1.994 11.8 171.3 825.8 8.3 
FBT 2 238 6400 0.457 1826 <0.156 0.439 19.833 613.7 0.896 22.0 263.5 1176 12.4 
FBT 2 271 9000 0.466 2708 <0.306 0.886 22.723 668.9 2.007 21.5 431.2 1602 12.7 
FBT 2 296 22900 <0.516 8398 <0.516 2.279 17.219 1750 <2.064 73.8 1266 4646 23.5 
FBT 2 308 24700 <0.509 8354 <0.509 2.225 53.310 1963 3.806 90.0 1087 4878 23.9 
FBT 3 152 1765 0.793 289.0 <0.025 <0.025 41.607 133.0 0.492     
FBT 3 168 2110 0.784 390.0 <0.050 <0.050 49.873 136.9 0.373     
FBT 3 186 1789 0.665 390.9 <0.025 0.108 7.934 124.2 <0.1     
FBT 3 201 1775 0.767 444.0 <0.025 0.159 4.911 132.9 <0.1     
FBT 3 232 5290 0.748 1539 <0.154 0.551 5.319 432.2 <0.614     
FBT 3 247 7660 0.609 2170 <0.155 0.729 15.281 715.3 <0.618     
FBT 3 280 12070 <0.387 3855 <0.387 1.066 43.219 996.6 <1.548     
FBT 3 296 15300 <0.386 5008 <0.386 1.559 47.683 1143 <1.545     
FBT 4 302 6520 0.788 2204 <0.153 0.873 <0.153 344.7 <0.612     
FBT 5 155 2010 0.424 426.9 <0.050 0.317 2.868 318.9 <0.200     
FBT 5 178 2020 0.446 399.4 <0.050 0.310 6.495 317.6 <0.200     
FBT 5 198 2010 0.416 408.7 <0.050 0.369 2.663 314.8 <0.200     
FBT 5 277 2940 0.519 455.6 <0.050 0.713 2.298 755.6 <0.200     
FBT 5 299 9390 0.343 2693 <0.312 0.723 5.846 1089 <1.248     
FBT 6 143 4340 1.083 802.4 <0.101 0.339 2.525 340.8 31.571 33.5 95.6 995.6 11.0 
FBT 6 168 2770 0.369 732.6 <0.050 0.226 18.341 151.2 2.184     
FBT 6 192 3580 0.490 1010 <0.101 0.418 30.191 101.3 3.543     
FBT 6 213 5530 0.560 1529 <0.155 0.304 24.909 268.6 2.552 33.8 132.0 995.9 12.7 
FBT 6 230 6540 0.665 1849 <0.157 0.335 8.545 478.1 <0.627     
FBT 6 242 5940 0.852 1570 <0.156 0.382 3.613 346.3 16.065     
FBT 6 273 5020 <1.110 2810 10.678 0.763 45.792 944.3 7.046     
FBT 6 313 7730 <1.121 4462 <0.733 1.106 70.317 1936 6.126 77.5 705.7 2993 16.5 
FBT 8 149 2860 0.738 360.3 <0.233 1.202 24.680 673.2 7.403 18.5 68.6 544.3 8.1 
FBT 8 158 2780 0.713 361.2 <0.234 <0.050 <0.612 713.6 6.375     
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Test          Avg Depth EC F Cl NO  2 Br NO  3 SO  4 PO4 Mg Ca Na K
Hole (m) (µS/L) ------------------------------------------------------------(ppm)------------------------------------------------------------
FBT 8              174 2330 0.766 434.9 1.546 0.820 21.436 313.8 6.896
FBT 8              

             
              
              
              

    
           

              

              
              
             
              
             
             
      
             
         
           
           
              
              
             
              
              
              
              

192 2830 0.503 747.6 2.574 0.396 6.580 197.7 1.774
FBT 8 208 2930 0.584 810.9 3.509 0.520 19.109 141.4 12.238
FBT 8 244 3040 <0.725 862.5 3.396 0.444 11.064 154.5 6.626
FBT 8 262 3130 <0.729 2277 <0.476 0.714 15.142 391.2 1.460
FBT 8 290 7350 <1.124 4609 <0.735 0.729 28.435 712.1 1.247
FBT 9 116 2410 44.739 420.0 1.649 1.064 13.433 127.1 <0.216 27.6 603.5 603.5 8.5
FBT 9 145 1780 >0.179 317.7 >0.117 8.067 2.812 77.2 <0.109 14.2 113.6 385.1 7.5
FBT 9 184 3480 0.899 1057 2.504 0.220 15.235 244.4 <0.445     
FBT 9 212 4280 0.712 1481 3.335 0.190 <1.256 354.0 <0.447     
FBT 9 226 5490 <1.112 1812 5.653 0.629 <1.901 480.8 <0.677     
FBT 9 241 4850 30.135 1388 3.240 0.547 <1.293 342.4 2.526
FBT 9 280 12320 <2.921 4550 11.432 6.337 <4.994 1559 <1.779     
FBT 9 299 11100 <2.809 4863 <1.836 1.468 <4.802 1661 <1.711     
FBT10 143 1760 1.045 412.9 2.801 0.198 16.833 92.0 1.882
FBT10 174 2070 0.771 476.9 4.083 0.201 24.524 68.0 0.213
FBT10 191 2010 0.502 584.3 4.829 0.277 4.136 39.4 <0.160
FBT10 235 2180 0.519 611.1 4.751 0.266 6.357 40.1 0.348
FBT10 257 2660 0.473 803.2 4.258 0.328 1.931 55.8 <0.160
FBT10 268 3180 <0.725 1013 8.272 0.341 3.013 119.4 <0.330
FBT10 290 4590 <0.733 1575 12.030 0.454 <1.292 266.6 <0.333
FBT10 303 4790 0.768 1574 9.972 0.448 5.752 272.8

 
<0.332

 DMW2 219 725 0.644 110.2 <0.025 0.088 10.226 48.0 <0.1
DMW2 247 768 0.639 119.0 <0.025 0.110 11.679

 
47.4 <0.1

DMW2 280 1232 0.575 268.5 <0.025 0.142 9.753 48.0 <0.1
DMW3 165 1110 0.683 270.1 1.476 0.153 16.466 33.8 <0.08
DMW3 195 910 0.684 193.4 1.232 0.120 8.947 48.2 <0.08
DMW3 296 2600 0.601 848.0 5.266 0.240 21.853 121.8 <0.159
DMW4 155 1360 0.613 296.5 1.633 0.198 23.186 62.6 <0.08
DMW4 186 1320 0.450 384.9 1.571 0.198 14.301 34.9 <0.08
DMW4 207 1370 0.487 387.6 1.693 0.202 11.131 33.5 <0.08
DMW4 226 1360 0.758 292.3 1.737 0.144 21.230 81.1 <0.08
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Test          Avg Depth EC F Cl NO2 Br NO3 SO4 PO4 Mg Ca Na K
Hole (m) (µS/L) ------------------------------------------------------------(ppm)------------------------------------------------------------

DMW4        262 2190 1.003 332.0 1.900 <0.050 <0.617 200.7 <0.159
DMW4             

              
              
         
         
          
             
       
             
             
       
             
      
       
        
        
        
      
       
       
        
             
             
      
    
       
      
      
      
              
             

302 3040 <0.670 946.6 3.864 0.202 8.950 209.3 <0.332
DMW5 143 1430 0.824 291.0 1.665 0.144 14.311 89.5 <0.08
DMW5 158 1420 0.563 379.5 1.218 0.148 16.967 51.0 <0.08
DMW5 192 1110 0.572 360.4 <0.158 0.135 13.373

 
59.2 <0.093

DMW5 219 1590 0.487 473.4 <0.158 0.157 6.170 55.7 <0.093
DMW5 250 2370 0.481 910.3 <0.316 0.426 5.691 77.4 <0.186
DMW5 280 3790 <0.844

 
1442 <0.660 0.304 9.106 367.0

 
<0.389

DMW6 149 1150 0.337 491.1 <0.158 0.158 12.632 43.8 <0.093
DMW6 177 1350 0.645 309.2 1.244 0.105 7.039 53.4 <0.093
DMW6 204 2140 0.512 633.4 3.892 0.239 10.532 51.3 <0.186
DMW6 229 3400 <0.852 971.2 4.702 0.238 16.096 129.5 <0.392
DMW6 268 6670 <1.270 2293 <0.993 0.611 4.329 452.6 <0.584
DMW6 296 6624 <1.270

 
 2446 14.636 0.333 <2.163 493.4

 
 <0.585

DMW7 177 1650 0.676 421.2 <0.158 0.151 15.621 98.6 <0.093
DMW7 183 2600 0.894 475.3 <0.316 <0.050 56.101 258.4 <0.186
DMW7 221 3660 0.974 1029 <0.100 0.354 17.508 230.1 <0.401
DMW7 241 5730 0.592 1836 <0.158 0.576 26.857 528.4 <0.634
DMW7 267 7800 <1.272 2966 12.801 0.437 14.131

 
 868.6 <0.586

DMW7 302 10180 <3.216
 

 4067 21.075 1.123 7.638 1068 <1.480
DMW8 162 1800 0.589 413.1 1.916 <0.025 21.572 179.9 <0.093
DMW8 183 2440 0.540 666.7 <0.316 0.158 12.441 192.6 <0.186
DMW8 204 2480 0.565 698.2 4.429 0.293 4.683 185.5 <0.186
DMW8 226 5970 <1.291 1830 <1.010 0.176 6.492 524.9

 
<0.594

DMW8 265 12350 <3.095 4791 21.305 0.139 <5.271 1251 <1.425
DMW8 302 16860 <3.080

 
 7654 <2.409 0.192 <5.246 1499 <1.418 136.2 1901 3919 21.3

DMW9 183 3840 0.745 1843 <0.098 0.441 26.501 520.4 <0.392
DMW9 198 4810 <0.841 1465 <0.658 0.245 40.972 353.2 <0.387
DMW9 216 6720 <1.257 2046 <0.983 <0.156 36.127 614.0

 
 <0.579

DMW9 265 12180 <3.050 4464 20.201 0.791 15.964 1800 <1.404
DMW11 140 2420 0.669 452.7 2.478 0.159 2.341 251.0 0.290
DMW11 168 2300 <0.403 508.5 2.209 0.315 7.327 343.8 <0.186
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Test          Avg Depth EC F Cl NO2 Br NO3 SO4 PO4 Mg Ca Na K
Hole (m) (µS/L) ------------------------------------------------------------(ppm)------------------------------------------------------------

DMW11         238 970 <0.202 2221 <0.158 <0.025 <0.344 914.4 <0.093
DMW11         

      
      
          
      
      
      
       
     
      
   
     
       
      
      
   
        
       
      
      
      
     
   
          
             
             
            
          
          
          
        

262 1120 <0.186 5047 <0.155 <0.025 <0.344 1510 <0.069
DMW11 277 16700 <2.801 6847 <2.335 0.165 <5.181 2030 <1.039 86.8 1376 4346 19.1

NH1 232 3840 0.805 1308 <0.645 0.237 2.806 149.1 <0.283 59.3
 

192.6
 

635.7
 

20.4
 NH1 253 5100 <1.177

 
1839 <0.981 0.537 8.428 183.1 2.283

NH1 280 860 1.458 102.6 <0.155 0.125 0.545 69.1 <0.068 6.5 37.3 160.3 5.9
NH1 294 1198 1.374 198.6 <0.155 0.146 <0.334 76.3 <0.068
NH1 323 2124 1.110 639.7 <0.310 0.126 1.203 43.8 <0.136 12.0 87.2 414.0 9.2
NH1 351 1950 1.399 739.1 <0.155 0.162 0.661 42.3 <0.068
NH1 378 7560 1.713 2953 <0.967 0.581 <2.083 508.9 <0.424 104.0 450.0 1839 18.0
NH1 415 8560 <2.295 3555 <1.912 0.610 <4.121 535.7 <0.839
NH1 445 11240 <2.726 4894 <2.272 0.797 <4.896 602.5 <0.997 205.2 811.7 2936 27.2
NH1 460 9200 2.528 4265 <1.904 0.757 <4.103 543.6 <0.835 174.9 675.0 2544 27.4
NH2 152 4.601 2103 <0.158 <0.158 <0.158 263.9 <0.631
NH2 200 8160 <2.385 3301 <1.987 0.752 2.001 299.9 <0.872 49.2 311.5 2372 17.0
NH2 235 14100 <2.824 6432 <2.353 1.214 <5.071 615.4 <1.032
NH2 276 14240

 
 <2.934 6413 <2.690 1.285 <5.031 632.5 <0.775 96.0

 
 853.4

 
4261

 
21.3

 NH2 291 0.460 6385 <0.309 7.812 7.812 634.1 <1.236
NH2 329 0.533 7576 <0.377 7.507 7.507 720.8 <1.507 85.0 1374 4677 24.4
NH2 351 13400 <2.960 4972 <2.715 1.039 <5.077 524.3 >0.782
NH2 387 8850 <2.326 3441 <2.133 0.807 4.131 410.1 <0.615 27.0 313.5 2525 15.0
NH2 402 23600 <3.836 9831 <3.518 2.073 <6.579 977.5 <1.014
NH2 418 18100 7.803 7706 <2.662 1.755 17.229 727.4 <0.767 102.7 983.9 5377 27.1
NH2 460 23640 <3.806 10000

 
 <3.491

 
 1.063 17.326 667.7 <1.006 135.6 1783 5920 30.3

TH36A 171 760 0.853 90.6 0.527 0.148 20.034 71.1 <0.08 6.1 32.6 134.1 8.3
TH36A 195 800 0.641 181.6 1.199 0.145 10.266 46.7 <0.08 8.2 37.0 141.1 9.5
TH36A 216 1100 0.627 315.9 2.127 0.191 11.143 26.3 <0.08 11.8 46.5 164.2 12.6
TH36A 236 1250 0.636 345.4 1.894 0.168 7.254 26.9 <0.08 9.4

 
39.6

 
 193.8

 
10.6

 TH36A 262 1930 0.834 566.1 1.770 0.197 4.258 52.6 <0.08
TH36A 274 1980 0.880 590.5 <0.125 0.159 6.424 61.0 <0.08 13.3

 
58.9

 
 358.6

 
10.4

 TH36A 291 2340 0.852 655.9 3.838 0.154 0.940 80.4 0.509
TH36A 299 3220 <0.731 1147 3.287 0.211 <1.287 106.2 <0.332 29.5 142.3 560.6 13.3
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Test          Avg Depth EC F Cl NO2 Br NO3 SO4 PO4 Mg Ca Na K
Hole (m) (µS/L) ------------------------------------------------------------(ppm)------------------------------------------------------------
SYP             134 970 8.210 90.3 <0.155 0.163 <0.050 64.4 <0.068
SYP          

          
         
          
          
          
          
         

             
             
           
              
            
              
             
             
           

             
             
            
             
             
            
            
            
            
           
         
              
             
                    

152 580 1.624 26.6 <0.155 0.085 5.417 48.9 0.074
SYP 178 510 1.533 24.6 <0.155 0.075 2.332 47.7 0.408
SYP 192 470 1.659 20.3 <0.155 0.058 12.785 34.8 0.188
SYP 215 600 1.325 32.7 <0.155 0.100 0.426 37.5 0.137
SYP 226 560 0.945 25.3 <0.155 0.077 8.785 36.3 0.172
SYP 250 580 0.879 25.5 <0.155 0.080 3.911 37.5 0.344
SYP 274 570 0.459 36.7 <0.155 0.094 4.831 29.7 0.250
SYP 302 910 0.716 144.9 <0.155 0.151 7.938 82.2 0.077

Wainwright 149 890 4.112 70.4 <0.155 0.171 <0.049 87.0 <0.068
Wainwright 172 510 0.678 16.7 <0.155 0.076 9.910 42.9 <0.068 11.0

 
44.6

 
51.0

 
4.7

Wainwright 189 590 0.905 23.1 <0.155 0.091 2.687 44.2 0.125
Wainwright 210 580 0.744 27.9 <0.155 0.105 2.131 50.2 0.248 9.0 43.8

 
85.1

 
5.4

Wainwright 230 550 0.610 25.7 <0.155 0.115 3.697 39.6 0.174
Wainwright 251 640 0.477 53.3 <0.155 0.097 2.917 33.4 0.149
Wainwright 273 940 0.536 209.0 <0.155 0.117 8.133 25.5 <0.068
Wainwright 291 1800 0.211 519.6 <0.155 0.161 1.957 17.0 <0.068
Wainwright 305 1580 0.228 558.8 <0.155 0.172 8.524 15.7 <0.068 25.6 101.2 227.5 14.4
MNST01 125 708 2.359 49.5 <0.025 <0.025

 
1.246 67.1 <0.1

MNST01 146 658 1.566 46.5 1.906 0.111 0.423 60.5 <0.1
MNST01 168 774 1.388 58.2 <0.025 <0.025 12.096 66.3 <0.1
MNST01 195 622 1.038 59.1 <0.025 0.112 9.231 44.8 <0.1
MNST01 213 781 0.751 95.4 <0.025 0.147 3.291 65.1 <0.1
MNST01 235 795 0.596 109.4 <0.025 0.141 5.794 63.5 <0.1
MNST01 247 904 0.632 118.8 <0.025 0.147 11.955 72.3 <0.1
MNST01 299 895 0.679 133.2 <0.025 0.166 6.356 79.6 <0.1
MNST01 323 1097 0.728 174.1 <0.025 0.141 8.943 85.6 <0.1
MNST02 332 9010 0.547 2985 <0.310 0.119 3.056 640.2 <1.240 63.7

 
512.0

 
1932

 
18.1

 MNST02 363 15700 0.449 4933 <0.386 1.030 7.873 924.4 <1.544
MNST05 119 1609 3.594 283.9 <0.025 0.107 6.798 173.1 <0.1
MNST05 137 1936 13.595 317.9 <0.050 0.171 1.127 201.4 <0.120
MNST05 226198 15161254 0.5770.600 406.5341.4  <0.050 <0.050  0.181 0.176  3.635<0.050 38.531.4 <0.120<0.120 
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Test          Avg Depth EC F Cl NO2 Br NO3 SO4 PO4 Mg Ca Na K
Hole (m) (µS/L) ------------------------------------------------------------(ppm)------------------------------------------------------------

PTWF1            192 762 0.684 40.4 <0.025 0.116 13.685 70.5 <0.1
PTWF1              

             
             
            
            
             
             
            
            
            
             
             
             
             
             
            
           
          
           

            
      
       
            

    
    

   
           

    
           

256 1003 1.215 83.6 <0.025 0.158 8.634 113.4 <0.1
PTWF1 320 903 1.010 52.3 <0.025 0.137 1.734 89.1 <0.1
PTWF2 226 691 0.629 35.8 <0.025 0.118 8.304 51.7 <0.1
PTWF2 311 568 0.250 17.6 <0.025 0.083 10.769

 
40.9 <0.1

PTWF2 338 626 0.597 18.7 <0.025 0.095 9.726 35.3 <0.1
PTWF2 393 691 0.920 27.8 <0.025 0.073 4.840 46.5 <0.1
PTWF2 424 787 1.449 39.4 <0.025 0.073 4.192 82.5 <0.1
PTWF3 381 965 4.376 35.5 <0.025 <0.025 17.585 67.6 <0.1
PTWF3 418 977 4.724 46.3 40.448 <0.025 <0.025 77.7 <0.1
PTWF3 451 869 4.218 34.4 <0.025 <0.025 12.898 77.6 <0.1
PTWF4 123 4380 0.725 1274 <0.104 0.076 1.953 176.5 <0.416
PTWF4 157 4650 0.521 1390 <0.104 0.088 0.758 188.6 <0.414
PTWF4 186 498 0.504 21.6 <0.025 0.081 5.334 33.5 <0.1
PTWF4 210 581 0.456 20.3 <0.025 0.083 7.186 40.9 <0.1
PTWF4 259 572 0.683 52.6 <0.025 0.082 3.537 29.2 <0.1
PTWF4 303 992 0.496 202.3 <0.025 0.117 3.697 31.1 <0.1
PTWF4 335 1190 0.489 281.7 <0.050 0.102 3.386 31.1 <0.200
PTWF4 404 2490 0.833 690.7 <0.050 0.115 <0.050 81.7 <0.199
PTWF4

 
453 4880 0.679 1540 <0.104 0.135 2.660 84.3 <0.416

E3A 152 930 0.917 136.4 0.267 0.200 5.346 141.3
 

<0.1 7.7 26.3 178.2 9.4
E3A 189 800 0.835 122.6 <0.025 0.142 2.722 73.3 <0.1 6.5 36.9 140.0 7.3
E3A 227 960 0.775 246.4 <0.025 0.182 1.046 52.0 <0.1 8.9 41.3 146.0 8.8
E3A 265 839 0.677 174.7 0.405 0.121 1.229 58.7 <0.1 8.2 33.5 125.6 10.0

TH 76B 311 6670 3.034 2218 2.658 0.547 <0.1491 163.7 <0.5963 38.4 404.0 992.3 13.9
TH 76B 372 10060 5.625 3346 5.759 0.816 <0.3657

 
290.1 <1.4628 45.0 666.0 1828 17.3

TH 76B 424 16630 0.673 6118 10.764 1.371 0.395 370.5 <1.4697 19.8 1318 3120 14.6
TH 76B 479 19280 0.985 7080 14.639 1.803 <0.4830 558.8 <1.9320 27.4 1428 3784 15.5
TH 76B 546 15280 12.953 5268 9.386 1.273 <0.3696 605.4 <1.4783 44.3 978.0 3206 19.9
TH 76B 600 35400 1.178 13685 21.284 2.975 <0.4884 1167 <1.9536 75.8 3321 6000 25.2
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Test          Avg Depth EC F Cl NO2 Br NO3 SO4 PO4 Mg Ca Na K
Hole (m) (µS/L) ------------------------------------------------------------(ppm)------------------------------------------------------------
TH 20            329 1885 0.794 452.1 0.767 0.259 0.342 100.7 <0.1994 18.0 58.9 261.7 12.9
TH 20            

           
           
           
           
         
             
             

            

             
             

369 1843 1.856 441.2 0.812 0.254 <0.0499 98.9 <0.1994 17.4 59.4 271.4 12.4
TH 20 418 3260 1.077 940.0 1.365 0.341 <0.0986 147.4 <0.3944 37.4 131.7 458.0 15.8
TH 20 454 6640 2.144 2143 1.908 0.415 <0.1476 238.2 <0.5904 20.4 169.0 1581 11.8
TH 20 521 6640 2.253 2134 4.031 0.416 <0.1485 238.5 <0.5939 19.7 163.5 1565 10.7
TH 20 604 7100 1.260 2324 3.497 0.513 <0.1484 268.5 <0.5934

 
8.2

 
172.5

 
1699

 
7.2

 TH 43A 177 1145 1.967 193.0 0.389 0.224 <0.025 118.0 <0.1
TH 43A 207 2100 1.112 437.3 0.346 0.272 <0.0499 148.0 <0.1995
TH 43A 221 2710 8.703 578.9 1.128 0.296 <0.0499 179.5 <0.1994
TH 43A 255 2360 1.063 675.0 <0.0499 0.226 <0.0499 

 
53.1 <0.1995     

TH 43A 299 1763 1.161 412.1 0.929 0.203 1.713 71.2 <0.1995
TH 43A 354 1924 1.808 480.5 <0.0499 0.194 1.128 60.5 <0.1998     
TH 98 195 2020 0.872 583.5 0.520 0.297 0.500 66.4 <0.1999
TH 98 274 7770 3.461 2408 2.052 0.676 <0.1494 656.3 <0.5976

 



APPENDIX C: Chlorine-36, δ34S and δ18O of Sulfate Data Table 
Test Avg. Depth EC 36Cl/Cl  δ34S δ18O of SO4

Hole (m) (μS/L)  x 10-15 (‰) (‰) 
FBT 2 210 6310 29.8 6.7 11.4 
FBT 2 229 4380  9.9 10.4 
FBT 2 238 6400 42.3 10.3 10.0 
FBT 2 271 9000  7.8  
FBT 2 296 22900  8.7 11.0 
FBT 2 308 24700 23.6 10.9 11.1 
FBT 3 152 1765  9.2  
FBT 3 168 2110  11.1  
FBT 3 186 1789  10.2  
FBT 3 201 1775  10.5  
FBT 3 232 5290  10.6  
FBT 3 247 7660  10.5  
FBT 3 296 15300  10.3  
FBT 6 143 4340 55.8 15.9 14.7 
FBT 6 168 2770  9.4 5.9 
FBT 6 192 3580  6.2 5.9 
FBT 6 213 5530 40.3 9.2  
FBT 6 230 6540  8.1 10.7 
FBT 6 273 5020  13.7 10.8 
FBT 6 313 7730 34.3 13.5 11.8 
FBT 8 149 2860 243.4 12.8 8.6 
FBT 8 158 2780  8.7 6.0 
FBT 8 174 2330  4.6 7.3 
FBT 8 192 2830  4.9  
FBT 8 244 3040  5.4  
FBT 8 262 3130  9.5  
FBT 8 290 7350  5.7 8.5 
FBT 9 116 2410 63.4   
FBT 9 145 1780 58.1 7.5 3.2 
FBT 9 241 4850  18.1 4.6 
FBT 9 280 12320  11.2  
FBT 9 299 11100  11.3 8.8 
DMW8 162 1800  7.9 6.9 
DMW8 226 5970  10.8 11.3 
DMW8 265 12350  10.8  
DMW8 302 16860 28.3 10.6 9.0 
DMW11 140 2420  7.3  
DMW11 168 2300  9.2  
DMW11 238 970  9.9  
DMW11 262 1120  10.0  
DMW11 277 16700  10.1  
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Test Avg. Depth EC 36Cl/Cl  δ34S δ18O of SO4 
Hole (m) (µS/L)  x 10-15 (‰) (‰) 
NH1 232 3840  7.2  
NH1 253 5100  7.6  
NH1 280 860 79.7 6.3  
NH1 294 1198  5.5  
NH1 323 2124 73.9 4.4  
NH1 351 1950  4.9  
NH1 378 7560  6.5 10.0 
NH1 415 8560  6.7  
NH1 445 11240 29.7 7.0 11.4 
NH1 460 9200  6.9  
NH2 152   8.7  
NH2 200 8160 15.6 9.0  
NH2 235 14100  9.6  
NH2 276 14240  8.9  
NH2 291   9.0  
NH2 329  25.6 8.8  
NH2 387 8850  8.7  
NH2 402 23600  8.8  
NH2 418 18100  8.5  
NH2 460 23640 19.1 8.5  

TH36A 171 760 144.9 5.8  
TH36A 195 800  7.1  
TH36A 216 1100 55.8 6.8  
TH36A 299 3220 45.1   

SYP 134 970  6.9  
SYP 178 510  9.8 4.7 
SYP 215 600  7.8  
SYP 274 570  7.9 5.0 
SYP 302 910  7.2  

Wainwright 149 890  9.2  
Wainwright 172 510 291.9 9.8 4.1 
Wainwright 189 590  9.4  
Wainwright 210 580 203.1 10.0 7.5 
Wainwright 230 550  9.5  
Wainwright 251 640  9.0  
Wainwright 273 940  8.2 6.2 
Wainwright 291 1800  6.7  
Wainwright 305 1580 31.6 7.2  
MNST02 332 9010 29.9 10.3  
MNST05 119 1609  6.3  
MNST05 137 1936  4.8  
MNST05 198 1254  7.4  
MNST05 226 1516  5.9  

      



 98

Test Avg. Depth EC 36Cl/Cl  δ34S δ18O of SO4 
Hole (m) (µS/L)  x 10-15 (‰) (‰) 
E3A 152 930  -1.700 1.4 
E3A 189 800  3.000 4.7 
E3A 227 960  4.600  
E3A 265 839  5.800  
E3A 303 11310  7.900  

TH 76B 311 6670  8.5  
TH 76B 372 10060  8.2  
TH 76B 424 16630  8.9  
TH 76B 479 19280  9.9  
TH 76B 546 15280  8.0  
TH 76B 600 35400  9.2  
TH 20 329 1885  7.6  
TH 20 369 1843  7.6  
TH 20 418 3260  8  
TH 20 454 6640  7.7  
TH 20 521 6640  7.7  
TH 20 604 7100  6.4  

TH 43A 177 1145  3.7  
TH 43A 207 2100  4.1  
TH 43A 221 2710  4.6  
TH 43A 255 2360  4  
TH 43A 299 1763  3.5  
TH 43A 354 1924  4.5  
TH 98 195 2020  8.5  
TH 98 274 7770  10.5  
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