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Quantifying recharge and spatially identifying recharge distribution is important 

for evaluating groundwater sustainability, especially in arid regions.  A Guelph 

Permeameter helped identify specific recharge areas and the Soil Water Assessment Tool 

(SWAT) provided meaningful recharge rates used for modeling Wild Horse Basin in 

southwest Texas.  SWAT generated recharge values that were subsequently used in two 

transient MODFLOW simulations: one with the recharge distributed according to 

sediment unit location (distributed zonation), and one with the recharge concentrated in 

cells adjacent to the mountain fronts surrounding the basin (mountain-front zonation).  

When comparing the model results to historic well hydrographs, mountain-front recharge 

appeared to improve calibration.  A deterministic analytical model like SWAT is helpful 

in estimating recharge in arid basins and can create meaningful input parameters for 

numerical models like MODFLOW.  MODFLOW was in turn able to evaluate SWAT 

recharge estimations for Wild Horse Basin using calibration and sensitivity analyses. 
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CHAPTER ONE 
 

Introduction 
 
 

Setting 

Wild Horse Basin, located in western Texas, consists of approximately 21,000 acres 

and lies six miles northeast of the town of Van Horn.  It is part of the larger Salt Basin 

that extends from the northern end of the Sierra Diablo Plateau into southwest Texas (fig. 

1). 

 
Figure 1.  Wild Horse Basin, a part of the larger Salt Basin, is located in Culberson 

County, Texas.  The square indicates the modeling domain for MODFLOW.  
Digital Elevation Model (DEM) values for elevation are shaded in orange.  
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The Baylor and Beach Mountains border Wild Horse Basin on the west, and the 

Apache Mountains border the eastern side of the basin (fig. 2).  Sediments within the 

basin include Quaternary alluvial fan material (Qal and small amounts of Qf) as well as 

Quaternary bolson fill (Qb) consisting of sands, gravels, silts and some lenses of clay 

(fig. 2).  The actual aquifer waters are located within the bolson fill, which ranges in 

thickness from 400-500 feet in the west to 1,000-1,200 feet in the east.  Below the bolson 

fill is a limestone layer known as the Cox Unit.  In some areas there is a thick layer of 

wind blown sand (Qws) that accumulates above the bolson fill throughout the 

undisturbed rangeland (fig. 2). 

 

 

 

 

 

 

 

 

 

 
Figure 2.  Geologic location of surface sediments in Wild Horse Basin.  Sediments 

include Quaternary-aged alluvial fan material (Qa), bolson fill (Qb), and wind 
blown sands (Qws). 

 

The City of Van Horn began pumping groundwater for municipal supply in 1949.  

Agricultural irrigation became significant during the drought of the 1950’s, and has 
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continued to increase to the present time.  Recently grown crops that demand irrigation 

from the basin include cotton, pecans, feed grains, alfalfa, and vegetables.  Agriculture is 

therefore the biggest land use practice with pecan farming being the major crop of the 

area.  Other land use includes rangeland.  Due to vast land area and the low population, 

few geologic and hydrogeologic studies have been conducted in the area, until recent 

demands for existing water.  The citizens of Van Horn rely on Wild Horse Basin for 

municipal water supply as well as agricultural irrigation.  It is important to understand the 

effects that pumping has on the water availability in the basin.   

Purpose 

The City of El Paso, Texas, currently receives its water from the Hueco Bolson, 

which is approximately 100 miles west of Van Horn.  Due to population growth and 

industrial expansion near El Paso, the availability of fresh water in the Hueco Bolson is 

diminishing, and over-production of the aquifer is causing saline water to encroach from 

the underlying geological units.  In response, the City of El Paso has proposed to start 

extracting freshwater from Wild Horse Basin and transport it by pipeline to El Paso and 

the surrounding communities.  Problems associated with increased groundwater 

withdrawal from Wild Horse Basin include the possibility of contamination of saline 

water from the north and east, and water level declines.  The citizens of Van Horn are 

concerned about the impacts of increased pumping to their municipal water supply and 

agricultural industry.   

Significant groundwater use in arid regions usually develops sustainability issues 

due to the small recharge amounts.  Therefore recharge is important for efficient water 

management of arid regions.  However, accurate recharge data usually are not readily 
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available and are difficult to obtain.  This problem is enhanced because recharge events 

may not occur for long periods of time, recharge may be less aerially extensive than in 

humid regions, and adequate historical hydrological data may not exist.  Wild Horse 

Basin, in Culberson County, Texas, is an example of a groundwater basin with pressure 

from several different users, limited hydrological data and the need to develop 

sustainable groundwater management plans.  Locally, the City of Van Horn, irrigated 

agriculture, and ranching use groundwater from the bolson aquifer in Wild Horse Basin.  

Regionally, the City of El Paso is seeking alternate sources of water for a burgeoning 

urban population (Hibbs, 1999).  The need for reasonably accurate recharge estimates in 

a timely fashion dictated the use of modeling.   

Because the recharge in arid basins is small, and data for hydrogeologic systems are 

limited, errors in calibration may exceed recharge amounts.  Anderson and Woessner 

(1992) stated that, “Recent modeling studies incorporate spatial variation in recharge by 

defining recharge zones . . . Typically, there is little hydrogeologic information to use in 

defining recharge zones and in assigning recharge rates to each zone.  Instead recharge 

zonation is usually justified on the basis of a successful calibration.”  This study used 

field sampling with a Guelph Permeameter to help identify specific recharge areas, based 

on hydraulic conductivity values, and a combination of the Soil Water Assessment Tool 

(SWAT) and MODFLOW (MacDonald and Harbaugh, 1996) to obtain meaningful 

recharge rates in Wild Horse Basin.  Additionally, chemical data from water wells within 

Wild Horse Basin were collected and analyzed for indications of flow pathways. 

Objectives of this project were to answer the following: 1) can a realistic model of 

Wild Horse Basin be created with little existing historic data available, 2) can quantities 
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of recharge be accurately determined and modeled, and 3) can areas receiving recharge 

be determined through model efforts? 

To meet the above objectives, the purpose of this project was to develop a model 

of Wild Horse Basin that accurately represented the geologic and hydrogeologic 

conditions of the aquifer by integrating the simulated recharge results of a water balance 

generated by SWAT with a three-dimensional finite-difference flow model 

(MODFLOW).  SWAT modeling generates specific values for hydrologic mass balance 

variables such as runoff, evapotranspiration and recharge, specific to the Wild Horse 

Basin aquifer system.  With this knowledge, MODFLOW can be calibrated with more 

accurate data than the historic publications that exist, yielding conservative estimates of 

drawdown from pumping.  From an accurate integrated model, pumping decline rates 

over time were analyzed, and interpretations of the effects of proposed long-term 

pumping were evaluated.   

Calibration to the model, considering that it was simulated under specific data sets 

for soils, land use and weather did not include USGS gauge data because there is no 

stream-gauging site within Wild Horse Creek.  There is little stream flow in the area due 

to the arid climate, however flash flood rain events cause infrequent flow to occur in 

Wild Horse Creek located in the center of the basin. 

Previous Works 

Gates and others (1980) provided much insight to the aquifer characteristics in 

terms of geology, hydrology, and time-dependent drawdown from 1954 to 1973.  They 

not only conducted field experiments to collect data, but also reported on specific 

hydrologic properties of the aquifer, such as transmissivity, storage and yield.  Other 
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studies on Wild Horse Basin include Collins and Raney (1997), who studied faulting 

within the basin, and Cliett (1994), and Finch and Armour (2001), concerning the 

hydrology of the basin.  Both Gates (1980) and Cliett (1994) contoured water level 

declines from 1954 to 1973.  The Texas Bureau of Economic Geology and United States 

Geological Survey have also collected well data for the basin. 

Arnold and Allen (1996) used SWAT to estimate hydrologic budgets for 

watersheds in Illinois.  The SWAT model has also been used for large area hydrologic 

modeling (Arnold and others, 1998), as well as for baseflow and groundwater recharge 

estimations in the Mississippi basin (Arnold and others, 2000).  Recharge evaluation by 

SWAT has also been utilized in the semi-arid to arid Ogallala aquifer region, in order to 

predict impacts of global warming (Rosenberg and others, 1999). 

More specifically, Sophocleous and Perkins (2000) integrated SWAT with Visual 

MODFLOW, like this study, for a watershed in Kansas, concluding that the integration of 

the two models is more advantageous to the user than either one alone because integrated 

models better constrain model parameters.  Their model setup was calibrated against 

groundwater levels, gauged stream flow and irrigation reports, and the recharge was 

completely constrained by the SWAT model.    

Methods 

The methodology used in this study is depicted in figure 3.  SWAT modeling for 

Wild Horse Basin generated an annual amount of water infiltrating below the root zone 

into the basin aquifer, which was considered “recharge.”  This annual average “recharge” 

was subsequently used in two MODFLOW simulations, one run with the recharge 

distributed according to the sediment unit location based on Guelph Permeameter data, 
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and one run with the recharge concentrated in cells adjacent to the front of the mountain 

chains surrounding the basin.  Field exploration and implementation of the Guelph 

Permeameter helped to better understand infiltration rates of the soils previous to model 

calibration.  The Guelph Permeameter was used to determine where relative amounts of 

recharge probably occur in Wild Horse Basin based on the hydraulic conductivity of the 

different surface sediment units.   

Hydraulic conductivity values of the three predominant surface sediments found 

within the basin were used to compare relative infiltration rates.  The three Quaternary-

age surface-sediment units in the basin are wind blown sand deposits (Qws), alluvial fan 

deposits (Qal, Qf), and bolson fill (Qb). 

 

 

Figure 3.  Flow chart of methodology used in this study. 
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Analysis of water samples within Wild Horse Basin and surrounding areas were 

studied in order to determine the areas within the basin that might receive recharge 

compared to areas where recharge does not appear to contribute to aquifer replenishment.   

MODFLOW generated corresponding drawdown maps of the basin after each 

simulation with the respective distribution of recharge.  Drawdown maps were compared 

to historical drawdown data (Gates and others, 1980).  When comparing these maps, the 

cones of depression as well as the drawdown rates were taken into consideration.  

Individual well hydrograph analyses were conducted in order to understand how recharge 

distribution affected individual well hydrographs.   

Integrated Modeling Approach 
 

The integrated modeling approach for this paper was an attempt to combine 

testing and results from the field and the laboratory with SWAT and MODFLOW.  The 

following steps were taken in order to combine these efforts: 

• SWAT program was run for Wild Horse Basin watershed, generating a 

complete hydrologic mass balance. 

• Each mass balance property was calculated in terms of percentage of 

annual rainfall (table 1).  Total aquifer recharge was determined to be 

20.11% of the annual rainfall. 

• Field testing of the infiltration rates of the soils using the Guelph 

Permeameter allowed for determination of specific areas in the 

MODFLOW model to apply the total aquifer recharge determined by 

SWAT. 
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• MODFLOW model was constrained by applying SWAT total aquifer 

recharge to Guelph Permeameter specified areas. 

• Calibration and recalibration of the MODFLOW model.

 



 

CHAPTER TWO 
 

SWAT Model Development 
 
 

Watershed Delineation 

The Soil Water Assessment Tool (SWAT) is a continuous simulation hydrologic 

model developed by the United States Department of Agriculture (Arnold and others, 

1998).  It provides a water budget for a watershed (Wild Horse Basin) based on two 

themes, land use and soils.  SWAT was chosen for this study because it is practical for 

watersheds with little or no monitoring data, and because it quantifies specific 

components of the water balance, such as deep percolation below the soil zone, which 

can be interpreted as groundwater recharge.  An ESRI ArcView GIS 3.3 extension, 

AVSWAT2000, was used as the GIS interface in order to achieve the most accurate 

hydrologic property values for the basin.   

The SWAT model generated for this study simulated a five-year run from 1995-

2000, in order to obtain a mass balance for the watershed reflective of present day soil 

and land use designations.  SWAT automatically delineated the larger Salt Basin into 

smaller basins based on topography.  Wild Horse Basin was divided into 7 sub-basins 

(fig. 4).  Topographical data were obtained from the Texas Natural Resource Information 

Service (TNRIS) website (www.tnris.tx.state.us) in the form of Digital Elevation Models 

(DEMs) with 30-meter pixels.  Inlets and outlets to the watershed were added manually 

to the model.

10 
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Figure 4.  SWAT watershed delineation based on DEM data. 

Land Use 

Land use data were downloaded from the Environmental Protection Agency 

(EPA) Basins website (www.epa.gov/OST/BASINS/).  This dataset has a spatial 

resolution of 1:250,000 quadrangle units.  The land use dataset classified the land uses as 

rangeland dominated by brush, rangeland dominated by grasses, agricultural, forest-

evergreen, orchard, and urban with transportation (fig. 5).  This dataset was field verified 

by reconnaissance in the watershed. 

Soils 

Digital state soil files are produced by the United States Department of 

Agriculture, Soil Conservation Service.  Soils data were obtained from the State Soil 

Geographic database for Texas (STATSGO) website 

 

http://www.epa.gov/OST/BASINS/


12 

(www.ncgc.nrcs.usda.gov/products/datasets/statsgo).  This dataset has a spatial resolution 

of 1:250,000 quadrangle units.  Figure 6 shows the soils input to the SWAT model. 

 
Figure 5.  Land use coverage imported to SWAT. 

 
The soil associations were validated by comparison to the Culberson County Soils 

Map.  The soil associations modeled were the Holloman-Reeves and Simona-Pajarito 

(soils of the valleys, plains, and basins), and the Reakor-VerHalen, EctorRock Outcrop, 

Brewster-Ector, and Rock Outcrop-Tortuga associations (soils of the hills and 

mountains). 

The soil associations mapped within the basin are nearly level, calcareous, loamy 

soils approximately 80 inches in thickness.  These soils form from the underlying 

geologic sediments (mapped Qal, Qb, and Qws (fig. 2).  The soil associations mapped 

along the mountain flanks are shallow, steep, calcareous, stony soils approximately 15 
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inches in thickness (United States Department of Agriculture-Soil Conservation Service, 

1974). 

 

 
Figure 6.  Soil associations imported to SWAT. 

Simulation and Calibration 

For the final SWAT run, the potential evapotranspiration was calculated using the 

Priestly-Taylor method.  Thresholds for land use and soil coverage were left at the default 

values of 20 percent and 10 percent, respectively.  Weather was generated from local rain 

gauge data from Falcon Dam, the closest gauging site to the basin within the SWAT 

database.  The Falcon Dam weather data provide precipitation data for the cities near the 

southern border of Texas that typically receives more moisture that Wild Horse Basin.  

However, mass balance variables were proportionally adjusted to the average annual 

rainfall for the Wild Horse area.

 



 

CHAPTER THREE 
 

MODFLOW Model Development 
 
 

Grid, Nodal Spacing, Layer Thickness 

The base map for the model area is oriented directly north-south using the USGS 

1:250,000 topographic map for the area.  The northern edge of the map lies along a major 

fault extending from the Apache mountain chain.  The eastern and western map edges run 

parallel to topographic divides in the Baylor, Beach and Apache mountain chains.  The 

southern map edge is located along the USGS 1:250,000 map edge for the area.  Map 

coordinates were 105,600 feet (horizontal) by 92,260 feet (vertical), with the coordinate 

(0,0) assigned to the southwestern corner.   

A grid was superimposed on top of the base map in order designate the nodal 

spacing for the model.  Variability in spacing allowed each pumping well to occupy an 

individual cell.  From the edge of the basin to the model boundaries, cell spacing is one 

square mile, whereas the center of the map area (columns 9-16 and rows 9-16), cell 

spacing is one-half mile squared allowing for each pumping well to occupy and 

individual cell and permitting larger cells away from the pumping center (fig. 7) The 

model was divided into 480 cells in each of four layers of approximately 300 feet each.  

Total layer thickness was determined from four cross-sections (two trending west-east, 

two trending northeast-southwest) taken recently (Finch and Armour, 2001).  Using the 

cross-sectional values, layer thickness was interpolated for the entire bottom layer.  Total 

layer thickness, therefore ranged from 400-500 feet in the west to 1,000-1,2000 feet in 

the east, and decreased in thickness from the north to the south.  .

14 
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Figure 7.  Map view of Wild Horse Basin grid in MODFLOW.  Active cells are white, 
inactive cells are green.  The smallest cells are in the center of the basin, where 
imported pumping wells occupy individual cells.  

 

The elevation of the top model layer is considered flat with a top elevation set at 

400 meters, whereas the bottom elevation varies in order to control thickness.  Below the 

bolson fill is a limestone layer approximately 1,000 feet thick. 

Boundaries and Cells 

All four lateral boundaries (grid edges) were designated no-flow boundaries.  

Cells along the boundaries, or cells containing any mountain terrain were designated 

inactive thereby simulating the basin as a closed system (fig. 7).  To the east lie the Beach 

and Baylor mountains, along which a fault system runs (fig. 2).  To the west lie the 

Apache Mountains.  The northern boundary consists of a large fault extending west from 

the Apache Mountains.  This fault separates highly saline water to its north from slightly 
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saline to fresh water to its south.  The abrupt change in water quality indicated that the 

fault is a no-flow boundary.  The southern boundary is partly a no-flow boundary due to 

the Wylie Mountains, but also due to a topographic divide that occurs to the east and west 

of the mountains, separating Lobo and Michigan Flats.  All other cells were activated 

(fig. 7).  Layer thickness was not altered for any inactive cell, and remained at 400 feet in 

elevation.   

Hydrogeologic Variables 

Originally, all activated cells all had the same property values.  These values were 

determined as average values for the entire aquifer based on data from Gates and others 

(1980).  Specific yield averaged between 10 and 15 percent.  A value of 15 percent was 

arbitrarily chosen from this range for the model.  In order to obtain a value for specific 

storage, the specific yield was divided over an average thickness value of 800 feet for the 

basin, resulting in a value of 0.001875.  Cliett (1994) reported total and effective 

porosities for the bolson fill at 22%.  This value seemed reasonable and was used in the 

model.  Hydraulic conductivity in the x and y direction were input as the same values 

(5.57 feet/day) to represent horizontal isotropy.  This value was obtained by dividing an 

average transmissivity reported in Gates and others (1980), by the average layer thickness 

of 800 feet.  In order to represent little transport of water between the limestone unit and 

the bolson aquifer, the vertical conductivity used in the model was much lower (0.01 

feet/day). 

Guelph Permeameter 
 

The Model 2800 Guelph Permeameter made by Soil Moisture Engineering Corp. 

(1987) was the instrument used to collect soil infiltration rates for this study.  
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Permeameter setup and use were completed as instructed by the Soil Moisture 

Engineering Corporation (1987).  Appendix A illustrates the calculations necessary.  The 

locations for the Guelph Permeameter testing were randomly chosen within the map units 

shown on the Van Horn-El Paso geologic sheet (Barnes, 1968), and at least three Guelph 

tests were conducted in each unit resulting in nine (9) locations. 

Permeameter results were then converted to values for hydraulic conductivity of the 

material being tested.  The results of the Guelph Permeameter testing of the three types of 

soils in Wild Horse Basin and surrounding areas are presented in table 1.   

The hydraulic conductivity for the bolson fill deposits are on the order of 

magnitude of 10-4 cm/sec, which is one order of magnitude smaller than the other two 

geologic units.  Disregarding the value from Jakob’s Orchard, the average hydraulic 

conductivity for this material is 5.04 x 10-4 cm/sec.  Hydraulic conductivity values for the 

alluvial material (Qal) ranged on the order of magnitude of 10-3 cm/sec for both Wild 

Horse and Lobo basins with averages of 3.71 x 10-3 cm/sec and 1.82 x 10-3 cm/sec, 

respectively.  The conductivities for the wind blown sand units, (Qws) also ranged in the 

order of 10-3  cm/sec with an average of 4.03 x 10-3 cm/sec. 

The wind blown sands in the Wild Horse Basin and surrounding areas have the 

highest values of hydraulic conductivity of the three units studied in this project.  Bolson 

fill deposits, conversely have the lowest values of hydraulic conductivity.  Alluvium and 

alluvial fan deposits proved to have moderate values for hydraulic conductivity on the 

same order of magnitude as the wind blown sand units.  These relative values allowed for 

MODFLOW recalibration by constraining areas receiving recharge to the aquifer.  

Hydraulic conductivity designations by layer are reported in Appendix B. 
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Table 1.  Guelph Permeameter Results 

Location Geology 

Hydraulic 
Conductivity 

(cm/sec) 

Average 
Hydraulic 

Conductivity 
akob’s Orchard Qb -8.1 x 10-2* 

Pecan Orchard Qb 3.30 x 10-4 
Wild Horse Creek Qb 6.77 x 10-4 

5.04 x 10-4 

    

Lobo Flat I Qal/Qf 1.65 x 10-3 
Lobo Flat II Qal/Qf 5.77 x 10-3 

3.71 x 10-3 

    

Wild Horse I Qal/Qf 1.96 x 10-3 

Wild Horse II Qal/Qf 1.67 x 10-3 
1.82 x 10-3 

    
Wild Horse III Qws 1.86 x 10-3 
Wild Horse IV Qws 6.20 X 10-3 

4.03 x 10-3 

J

 

*This value was not used because the negative value is not considered a reliable result. 
 

Pumping 

Ten pumping well where chosen to represent the wells in the basin (fig. 8).  

Reported in Gates and others (1980), and Cliett (1994), an annual average pumping rate 

of 10,000 acre-feet/year, existed for the years of 1954 to 1973.  This pumping rate was 

divided evenly among the ten wells (1,000 ac-ft/year) and assigned accordingly.  Wells 

were screened through the entire layer and pumped for 20 years. 

Simulation and Calibration 

Although the wind blown sands had the highest hydraulic conductivity, they 

overlaid bolson fill sediments, which were slowly permeable, and this contact occurred 

over 100 meters above the water table.  Therefore, the windblown sands were not 
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considered to contribute any significant recharge.  Contrastingly, the alluvial fan deposits 

were underlain by other coarse fan deposits and allowed more rapid infiltration to depth.  

These relative hydraulic conductivity relationships were used to generate a spatial 

recharge map and relative hydraulic conductivity map for MODFLOW.  Once the 

relative hydraulic conductivity of the sediment units were chosen, values of recharge 

determined by SWAT were input as weighted zones based on sediment unit distribution 

(fig. 9). 

 

 

Figure 8.  Locations of the ten pumping wells simulated in MODFLOW. 
 

A transient model was run for 20 years in order to simulate effects of pumping 

from 1954-1973.  VISUAL MODFLOW translated and ran this simulation with 20 time 
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steps (1 per year), at 50 iterations per time step.  The initial water table was placed 50 feet 

below the land surface, and was considered to be a flat surface. 

The model was calibrated to the drawdown values reported in Gates and others 

(1980).  Calibration took place by first checking all of the hydrogeologic variables that 

were put into the model.  A re-evaluation of the transmissivities reported in Gates and 

others (1980) revealed that initial conductivity value of 5.57 feet/day was probably too 

small.  

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
Figure 9.  Zones of distributed recharge derived by Guelph Permeameter data (top), and 

mountain-front recharge (bottom) which takes into account transmission losses.  
Inactive model cells are gray, cells receiving recharge are blue, and cells 
receiving no recharge are white. 
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By dividing the transmissivity values reported in Gates and others (1980) by the 

respective well depths in Myers (1973), a new hydraulic conductivity (in the x and y 

direction) was determined to be 9.00 feet/day.  Re-calibration of the model also included 

raising the water table to five feet below the land surface.  Raising the water table was 

necessary to prevent de-watering of cells as well as to make hydraulic conductivity 

values more accurately represent transmissivities. 

 



 

CHAPTER FOUR 
 

Water Sampling Data 
 
 

Ten water samples were taken from within Wild Horse Basin and surrounding 

areas.  At each sample location the pH, temperature, conductivity, dissolved oxygen were 

taken in the field.  Samples were then sent for laboratory determinations of the oxygen 

isotopic ratio of O-18 to O-16.  Data are presented in the following table: 

 
Table 2.  Water Sampling Data 

Location Name Depth of 
Sample 

(Ft) 

Del O18 
(Per mill 
SMOW) 

Conductivity 
(µS) 

Temperature 
(Celsius) 

Dissolved 
Oxygen 
(ppm) 

Beach Mountain 
Ranch I 

695 -6.75 462 23 -- 

Beach Mountain 
Ranch II 

695 -6.95 462 23 -- 

Pecan Orchard 
 

235 -6.95 1631 21 0.72 

Fran’s Farm I 
 

300 -8.35 1281 23 0.96 

Fran’s Farm II 
 

435 -8.45 1270 22 1.03 

Jakob’s Well I 
 

300 -7.55 1677 20 2.35 

Jakob’s Well II 
 

435 -7.65 1672 21 2.60 

El Paso PSB 
 

245 -8.00 1369 24 2.47 

Balmorhea State 
Park—Springs 

 

Surface -9.00 3308 25 -- 

Lobo Flat—Home Unknown -7.65 440 23 -- 

22 
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Conductivities were measured using a YSI conductivity meter and reflect the 

amount of total dissolved solids suspended in the water.  Results indicate that younger 

waters located along mountain boundaries flow laterally toward the center of the basin 

where older waters reside.  Samples closest to the mountain flanks (Beach Mountain 

Ranch I and II, and Lobo Flat) have lower conductivity values ranging from 440 to 460 

µS (table 2).  Samples in the central portion of the basin (Pecan Orchard, Fran’s Farm I 

and II,  Jakob’s Well I and II, and El Paso PSB) have higher conductivity values ranging 

from 1270 to 1677 µS (table 2).  A spring fed sample acquired from Balmorhea State 

Park had the highest conductivity value (3308 µS).  This could indicate that the spring 

water is much older, or may have had a long travel pathway before being discharged. 

The oxygen isotopic compositions of groundwaters in Wild Horse Basin become 

heavier with depth (fig. 10).  Because there is little exchange of oxygen between rocks 

and water at low temperatures, this change is probably due to the changing oxygen 

isotopic composition of meteoric waters. 

 
Figure 10.  Depth of water sample plotted against the oxygen isotopic composition.  

Water in Wild Horse basin tends to get heavier with depth. 
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The oxygen isotopic composition of rainwater is primarily controlled by 

temperature.  This relationship was first recognized by Dansgaard (1964) and has been 

confirmed by many other studies (Rozanski and others 1993, Fricke and O’Neil 1999).  

Factors that can influence the oxygen isotopic composition of rain water include: 1) 

changes in the δ18O of the oceanic source region of precipitation, 2) changes in the 

temperature difference between ocean surface temperature , the vapor source area, and 

the air temperature at the site of interest, 3) long-term shifts in moisture sources or storm 

tracks, 4) changes in the proportion of precipitation that has been derived from non-

oceanic sources (McDermott 2004). 

As mean annual temperature rises, the oxygen isotopic composition of rain 

becomes heavier.  Therefore, if deeper waters represent older waters, it appears that Wild 

Horse Basin was warmer in the past and has steadily cooled since recharge of the deepest 

waters. 

 



 

CHAPTER FIVE 
 

Results and Discussion 
 
 

SWAT Model Output 
 

Water balance components from the SWAT output file are reported in the 

following table: 

 
Table 3.  SWAT output components of the water balance for Wild Horse  

Basin reported in centimeters and percentage of total precipitation 
 

SWAT Component Centimeters % Of Total 
Precipitation 

Precipitation 48.38 100 
Surface Runoff 5.22 10.79 
Lateral Soil 
Drainage 

1.766 3.65 

Groundwater 0.272 0.562 
Total Aquifer 
Recharge 

9.731 20.11 

Evapotranspiration 31.39 64.88 

 

Total aquifer recharge from the SWAT model was calculated to be 20.11% of the 

annual precipitation over the basin area.  Actual average annual precipitation for the basin 

is around 48.38 cm (19 inches). The percentage of rainfall that contributes to the total 

aquifer recharge within the basin is therefore 5.85 cm/yr corresponding to a corrected 

value of recharge for Wild Horse Basin of 4,741 acre-ft/year. 

MODFLOW Model Output 

When comparing the Guelph Permeameter technique for recharge distribution 

(distributed recharge) to that of mountain-front distribution, there is little impact on the 
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overall cone of depression (fig. 11).  The amount of drawdown in the center of the basin 

is approximately 5.5 meters over the twenty year MODFLOW simulation for both 

recharge techniques, and the cone of depression shape changed little, with the exception 

of a municipal supply well (Well 19) area near Van Horn.  The Van Horn municipal well 

was affected by consistent pumping with no truly static water level and was affected by 

negative boundary conditions from the nearby Wylie Mountains.   

Individual well hydrographs were used to calibrate and evaluate the different 

recharge interpretations of the MODFLOW model.  Well 7, a centrally located well, 

exhibits an excellent correlation between the model and historical data.  Mountain-front 

recharge appeared to improve model calibration only slightly in Well 7 (fig. 12).  A linear 

regression analysis comparing modeled drawdown values to historical drawdown values 

resulted in an R2 value of 0.9974 with a slope of 0.9991 for mountain-front recharge and 

0.9951 with a slope of 1.0462 for distributed recharge.  Detailed historical pumping data 

were available for this particular well improving the model calibration potential.  The 

mountain-front hydrograph was a better match to historical data than the distributed 

hydrograph throughout the pumping history, as well as at the end of the twenty-year 

simulation. 

Well 10 indicated that the distribution of recharge made little impact on the 

modeled versus observed drawdown graphs for centrally located wells with poor 

historical pumping data (fig. 13).  Pumping schedules for these wells were created by 

averaging estimated pumping over five year intervals.  Lack of detailed pumping data 

prevented MODFLOW from taking into account seasonal well fluctuations as well as 
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individual pumping events due to variations in irrigation.  There was a good correlation 

between model and historical data for total drawdown ending with approximately the  

 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 11.  Cones of depression representing MODFLOW simulated drawdown results 
for distributed recharge zonation (top), and mountain–front recharge zonation 
(bottom). 
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Figure 12.  Distributed and mountain-front recharge effects on Well 7 compared to 

historical drawdown values. 
 

 
Figure 13.  Distributed and mountain-front recharge effects on Well 10 compared to 

historical drawdown values. 
 
 
same amount over the twenty-year period, although an individual intense pumping event 

at 5500 days, was not reproduced in the model calculation.  However, it can be 

determined from these wells that the model generated drawdown values that mimicked 
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long term pumping (over twenty years), despite missing seasonal or specific irrigation 

events.   

Well 19 is an example of a municipal supply well for Van Horn and surrounding 

areas.  It is located close to the town of Van Horn, on the western side of the Wylie 

Mountains.  By comparing the model-calculated values generated for the cell that 

corresponds to this well with the historical drawdown data, the Guelph distributed 

recharge resulted in slightly less drawdown than the mountain-front recharge (fig. 14).  

This slight difference is attributed to the Guelph distributed recharge zone encompassing 

a much larger spatial area than the mountain-front zone.  Both recharge distribution 

models resulted in much less drawdown values than historically reported, however 

inflections in both of the calculated plots and the historical data around 4000 days  

 

 
Figure 14.  Distributed and mountain-front recharge effects on Well 19 compared to 

historical drawdown values.  Cell-averaged MODFLOW values derived using 
the Theis equation are represented with open circles. 

 
 
indicated that the cone of depression for the well encountered a negative boundary and 

the location of this boundary was accurately simulated in the model.   
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Historical data for this well represent drawdown values for the center of the cone 

of depression for a specified time.  Drawdown values generated by MODFLOW for the 

cell representing Well 19 represent an average drawdown value for the width of the cell, 

and historical data do not allow the well to recover and meet static conditions.  In order to 

compare historical data to MODFLOW drawdown values at the well location, head 

values at the edge of the cell were calculated using the Theis equation by setting the 

radius of the cone of depression equal to one half the cell width.  The head values at the 

edge and at the center of the node were then averaged in order to more accurately 

represent the model (fig. 14).  Cell averaged drawdown values from MODFLOW more 

closely mimicked mountain front values throughout the simulation (fig. 14). 

Sensitivity Analysis 

A sensitivity analysis was conducted for the recharge component of the 

MODFLOW model.  Subsequent model simulations were evaluated for 1 mm, 2.39 mm 

(the calibration value) and 5 mm of recharge, and results were compared between 

mountain-front and distributed recharge zonations.  The location of the well relative to 

the recharge zonation proved to be significant.  Centrally located wells (Well 10) were 

not affected by mountain-front recharge, however they were greatly impacted by 

distributed recharge.  Centrally located wells occur in or near the distributed zone, 

causing a build up of recharge in the node containing the well before pumping began (fig. 

15).  However, mountain-front simulations showed no build up of recharge in centrally 

located wells prior to pumping.  These results indicate the mountain front recharge model 

is more representative of the system than the distributed model.  
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Figure 15.  Well 10 results from sensitivity analyses performed for distributed recharge 
zonation.  A build up of recharge occurred for this recharge designation for 
centrally located wells. 

 
 

Pumping simulated in MODFLOW from 1953 to 1974 remained constant, 

although drawdown increased over time.  By the end of the simulation period, small 

portions of the southeast corner of the map had de-watered.  In these areas, aquifer 

thickness is minimal at 50 feet.   

The simulated cone of depression for this model greatly mimics that of Gates and 

others (1980).  However, in the Gates model drawdown contours reached 20 feet, 

whereas this model drew down 30 feet of water at a maximum.  Cliett (1994) have 

drawdown of 30 feet, almost identical to this model. 

After calibration, the modeled decline rates for the basin practically mirrored 

those of Gates and others (1980), with only a five-foot difference in drawdown 

elevations.  The re-calibrated model also mimicked Cliett (1994), with respect to basin 

drawdown, however there was some variation due to the lack of pumping wells in the 
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MODFLOW model.  By comparing the cones of depression of Gates and others (1980), 

to those of this model, it is evident that the lack of wells in this model did not cause small 

cones of depression to form around the city of Van Horn or around Michigan Flat.  By 

comparison it is evident that raising the water table as a calibration effort improved 

model output by not de-watering the cells near Michigan flat, where layer thickness is 

only 50 feet.  Evaluating the model hydraulic conductivity was significant to the 

calibrated output.  Decline rates increased by five feet making the model more reasonable 

in comparison to data presented by both Gates and others (1980) and Cliett (1994). 

Both Gates and others (1980) and Cliett (1994), included recharge to the aquifer.  

Recharge constrained by SWAT was applied to this model.  The annual value of total 

recharge applied to the Wild Horse Basin aquifer in this study is slightly higher than 

historic published values.  The following table compares the values previously published 

to the value determined in this study: 

 
Table 4.  Comparison of historic and current recharge values 

Reference Recharge (ac-feet/year) 

Gates and others (1978) 3,000 
Neilson and Sharp (1985) 2,850 
Cliett (1994) 2,500 
This Study (SWAT) 4,741 

 

When added to the MODFLOW model, drawdown simulation from 1954-1973 

decreased from 30 feet in drawdown to 25 feet, making the model more similar to 

aforementioned historic records. 

 



 

CHAPTER SIX 
 

Conclusions 
 

 
Recharge is important for evaluating groundwater sustainability, especially in arid 

areas where the amount of aquifer production usually greatly outweighs the amount of 

aquifer replenishment.  When modeling aquifer interactions throughout time, it is 

important to understand both how much recharge is entering the system as well as where 

the recharge is entering the system.  However, in arid areas it can often be difficult to 

quantify recharge and recharge distribution.  Therefore, estimation techniques using field 

data (a Guelph Permeameter) and the SWAT model can be utilized to aid simulations of 

aquifer interactions. 

SWAT generated reasonable recharge amounts, despite the lack of historic data.  

The SWAT model generated a water balance indicating that 20 percent of annual rainfall 

over Wild Horse Basin enters the deep aquifer as recharge.  A sensitivity analysis 

generated by using different amounts of recharge indicated that centrally located wells 

were sensitive to values that were too large, causing a build-up of recharge in the node 

containing the well before pumping was initiated.   

Comparing mountain-front recharge areas to distributed-recharge areas, cones of 

depression produced by MODFLOW indicated that the model was insensitive to small 

amounts of recharge.  Mountain-front and distributed-recharge zonations produced 

drawdown values represented by cones of depression that were similar in shape and their 

areal extensiveness.  
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However, individual well hydrographs revealed that although recharge in arid 

areas is too small to make much difference in overall drawdown, the location of the 

recharge applied to the model is significant to specific wells.  MODFLOW calibration 

efforts indicated the sensitivity of recharge location in a spatial domain.  Centrally 

located wells were impacted by distributed recharge more than mountain-front recharge.  

Although, more refinement in subsequent modeling efforts and more field data will 

increase accuracy, this approach improved our understanding of recharge in an arid basin 

with little available data and will aid researchers in the future. 
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APPENDIX A 
 

Standardized Procedure for Guelph Permeameter Readings and Calculations 
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Date_______ 
 
Depth of Hole ________ 
 
Reservoir Constants (labeled on Permeameter) 
 Combined Reservoirs:  X = 34.93 cm2 
 Inner Reservoir:  Y = 2.22 cm2 

 

1st set of readings with height of water in well (H1) set at 5 cm: 
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2nd set of readings with height of water in well (H2) set at 10 cm: 
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Figure A.1.  Standard data table and calculations used with Guelph Permeameter 
sampling.  Calculations on following page. 
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Calculations: 
 
 
Ř, the steady state rate of flow, is achieved when R is the same in three consecutive time 
intervals. 
 
For the 1st set of readings: Ř1 = (_______) / 60 = ________ cm/sec 
       R1 

 
For the 2nd set of readings: Ř2 = (______) / 60 = ________ cm/sec 
       R2 
 
Kfs = [(0.0041) (Reservoir Constant) (Ř2)] – [(0.0054) (Reservoir Constant) (Ř1)] 
       = ______ cm/sec 
 
Φm = [(0.0572) (Reservoir Constant) (Ř1)] – [(0.0237) (Reservoir Constant) (Ř2)] 
       = ______ cm/sec 
 
α = (Kfs)/( Φm) = ______ cm-1 
 
Kf  is the field saturated hydraulic conductivity 
Φm is the matric flux potential 
α is the alpha parameter 
 
 
 
 

 



 

APPENDIX B 
 

MODFLOW Hydraulic Conductivity Designations by Layer 
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Table B.1.  Key to hydraulic conductivity values assigned to active cells in MODFLOW.  
All cells were assigned hydraulic conductivity in the x, y, and z directions. 
 

 
Cell 
Color 

Kx 
Ft/day 

Ky 
Ft/day 

Kz 
Ft/day 

 
25 25 0.01 

 
20 20 0.01 

 
10 10 0.01 

 
1 1 0.01 

 
0.1 0.1 0.01 

 
0.5 0.5 0.001 

 
 

 
 

Figure B.1.  Hydraulic conductivity designations for layer 1 in MODFLOW. 
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Figure B.2.  Hydraulic conductivity designations for layer 2 in MODFLOW. 
 

 

 
 

Figure B.3.  Hydraulic conductivity designations for layer 3 in MODFLOW. 
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Figure B.4.  Hydraulic conductivity designations for layer 4 in MODFLOW. 
 
 

 



 

APPENDIX C 
 

Photographs Taken in Wild Horse Basin and Surrounding Areas 
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Figure C.1.  West-facing view of Wild Horse Basin looking toward the Beach Mountains.  
Citizens of Van Horn rely heavily on groundwater for irrigation. 
 
 
 

 
 
Figure C.2.  A road cut showing the highly fractured mountain flank area along the 
Apache Mountain border. 
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Figure C.3.  North-facing view of Wild Horse Basin.  The Baylor Mountains steeply 
slope toward the center of the basin, comprised of Quaternary-aged sediments. 
 
 
 

 
 
Figure C.4.  Guelph Permeameter testing of surface sediments in a centrally located 
pecan orchard.  
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Figure C.5.  View of water sampling of a centrally located well. 
 
 
 

 
 
Figure C.6.  Water sampling was conducted in areas close to the mountain flanks like 
Baylor Mountain Ranch. 
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Figure C.7.  Water sampling was conducted in central basin areas further away from 
mountains.  This picture depicts the El Paso PSB well location. 
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