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EXECUTIVE SUMMARY
ES 1.0 Background and Previous Studies

The area surrounding Dell City in Hudspeth County, Texas (Figure ES-1) has been an
important agricultural area since the late 1940s. Irrigation water is pumped from a
fractured rock aquifer that extends north into New Mexico. Wells in the area can produce
3,000 gallons per minute (gpm) or more. Permian and Cretaceous limestones and basin
fill of Quaternary age dominate the geology of the study area. The important aquifers in
the area are Permian formations (The Bone Spring-Victorio Peak aquifer and the Capitan
Reef aquifer). The older Bone Spring-Victorio Peak limestones were shelf deposits. The
younger Capitan Reef was a barrier reef that encircled the Delaware Basin. The Salt
Basin is a graben that is filled with alluvial sediments.

In recent years, the area has been considered to be a potential source of water supply for
El Paso, located about 75 miles west of Dell City. The 2006 Regional Water Plan has
identified properties currently owned by EPWU overlying the Capitan Reef Aquifer, and
Dell City properties overlying the Bone Spring-Victorio Peak Aquifer that are not owned
by EPWU for groundwater transfer beginning around 2030. These properties are shown
in Figure ES-2.

Groundwater pumping in portions of the area is regulated by the Hudspeth County
Underground Water Conservation District No. 1 and the Culberson County Groundwater
Conservation District. Figure ES-3 presents the regulated areas of these districts in
relation to the boundaries of the aquifers and the properties that may be involved in
potential groundwater transfer projects. Outside of these districts, groundwater is
regulated by the Rule of Capture.

Because the Regional Water Plan contemplates a transfer of water from the Dell City area
to El Paso County around 2030, El Paso Water Utilities (EPWU) has completed this
study to better understand the potential groundwater yield of the area. This report is the
product of that study and includes a description of previous studies of the area
(summarized in Table ES-1), and a discussion of the development, calibration and
application of three groundwater flow models of the area.

This study and the resulting models were developed for the internal analyses of EPWU.
A draft report and the model files were reviewed by Dr. Robert Mace of the Texas Water
Development Board, Dr. G. F. Huff formerly of the United States Geological Survey, and
Mr. Steven Finch of John Shomaker and Associates. A meeting of the reviewers was
held on June 18, 2008 at the offices of EPWU to discuss comments to the report. The
comment letters are provided in Appendix F, as well as responses to those comments.

This report and the model files have been forwarded to the Texas Water Development
Board for their future use. As such, this report and the associated models are not official
TWDB Groundwater Availability Models (GAMs). However, it is hoped that this effort
will assist the TWDB in their development of GAMs for the area.
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Table ES-1. Summary of Previous Studies

Study Brief Summary of Significant Findings

Scalapino (1950) First groundwater investigation of area. Recognized recharge to Dell City area was
likely from Sacramento River flow.

Bjorklund (1957) Similar in scope to Scalapino (1950), but focused on Crow Falts area of New Mexico.

Estimated recharge to be "probably" less than 100,000 AF/yr.

Reed (1965, 1973, 1980)

Evaluation of groundwater resources of the Diablo Farms area overlying the Capitan
Reef aquifer. Estimated inflow to the area of 15,400 AF/yr.

Parizek (1979)

Evaluated potential well locations using fracture trace analysis.

Gates and Others (1980)

Completed geophysical surveys to delineate Goat Seep limestone and Capitan Reef.
Also provided updated estimates of pumping and irrigated acreage in the Dell City area.

Kreitler and others (1990)

Groundwater evaluation of the Diablo Plateau area.

Ashworth (1995) Groundwater investigation of the area underlying irrigable land in Dell City. Estimated
recharge to be between 90,000 and 100,000 AF/yr based on evaluation of pumping
estimates and groundwater elevation trends.

Mayer (1995) Developed a steady-state groundwater model to evaluate how regionally pervasive

fractures affect regional groundwater flow. Estimated steady-state recharge to be 58,370
AF/yr.

Hibbs and Others (1997)

Compilation of groundwater data for the entire transboundary region of Texas, New
Mexico, and Chihuahua, including a map of groundwater elevations in the Dell City
area.

Brown and Caldwell (2001)

Groundwater resources investigation of the O'Ban and Layton Farms in Dell City.
Provided transmissivity estimates based on aquifer tests.

Blair (2002a, 2002b)

Developed consumptive irrigation requirements for the Dell City area (2002a).
Presented data and information regarding alternative estimates of recharge to the area
(2002b).

Groeneveld and Baugh
(2002)

Completed an analysis of satellite images to develop estimates of evapotranspiration
from groundwater-irrigated agriculture and playa discharge in the area. The analysis
yielded annual estimates of irrigated acreage and playa discharge.

George and Others (2005)

Summarized and reviewed previous work related to the hydrogeology of Hudspeth
County. Recommended an expansion in the boundaries of the Bone Spring-Victorio
Peak Aquifer, which was subsequently adopted by the Texas Water Development Board.

Eastoe and Hibbs (2005)

Conducted isotopic sampling of wells in the area. Findings suggested that the isotopic
signature of groundwater in Dell City is different than the isotopic signature of
groundwater in New Mexico.

Huff and Chace (2006)

Summarized the current state of knowledge in the New Mexico side of the study area.

Livingston Associates and
John Shomaker &
Associates (2002)

Completed a regional water plan for the New Mexico side of the study area. Estimated
"watershed yield" to be 35,078 AF/yr, and estimated that the "sustainable yield" of the
groundwater in the area is 150,378 AF/yr (including a groundwater mining component).

Finch (2002)

Completed a groundwater model of the area for the state of New Mexico. Estimated
recharge was 54,943 AF/yr.

Finch and Bennett (2002)

Completed an evaluation of groundwater resources in Culberson County, Texas.
Estimated groundwater recharge in the Capitan Reef area to be 20,300 AF/yr.
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ES 2.0 Conceptual Model of Groundwater Flow

Figure ES-4 depicts the domain of the flow system. The watershed divide between the
Otero Mesa and the Tularosa Valley and the Hueco Mountains bound the study area on
the west, and the Guadalupe and Delaware Mountains bound the area on the east. The
Sacramento Mountains represent the northern boundary, and also represent the source of
most of the recharge to the aquifer system. The southern boundary is south of the
groundwater divide associated with the Babb Flexure. The flow system is conceptualized
to be a single layer or two-dimensional.

Sacramento F Chaves

Eddy County

Bitterwell
Break

Culberson
County

Baylor
Mountains

Victorio Flexure

50 Miles

[ 10 20 30 40

Figure ES-4. Domain of Groundwater Flow System
ES 2.1 Groundwater Occurrence

Groundwater in the study area occurs in three different areas: 1) the upland area
associated with the fractured rock aquifers of the Otero Mesa and Diablo Plateau in the
western portion of the study, 2) the lower lying area of Quaternary alluvium and playas
associated with the Salt Basin and Crow Flats in the central portion of the study area, and
3) the upland area associated with the western slopes of the Guadalupe and Delaware
Mountains in the eastern portion of the study area that consist of fractured carbonate
rocks of Permian age.

The groundwater in the fractured carbonate rocks is conceptualized to occur in the matrix
of the rock, in the fractures of the rock, and in the solutionally widened fractures and
bedding plane partings, or conduits. Based on descriptions of the aquifer system
described in the literature, previous researchers have considered the aquifer system as
being dominated by interconnected conduits. Moreover, the hydrographs of wells in the
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Dell City area are well correlated with each other. The aquifer system, therefore, is
conceptualized as a system that can be treated as a continuum or equivalent porous
media. In this conceptualization, it is assumed that an average hydraulic conductivity or
transmissivity can be assigned that is a representation of all three components of
permeability.

ES 2.2 Groundwater Movement

In general, groundwater flows from the surrounding highlands towards the playas, the
natural discharge point in the study area. Mayer (1995) concluded that groundwater
moves preferentially along fracture alignments from the Sacramento Mountains to the
Dell City area. Eastoe and Hibbs (2005) found that isotopic signatures of groundwater
suggest that there is also a significant portion of recharge in the Texas portion of the Dell
City area from the Diablo Plateau, west of Dell City. The numerical model in this
investigation tests these assumptions with the use of three conceptual models: one that
emphasizes the structural geology findings of Mayer (1995), one that emphasizes the
isotopic signature findings of Eastoe and Hibbs (2005), and one that is a hybrid of the
structural geology and isotopic signature models.

ES 2.3 Inflow and Outflow

Inflow to the aquifer system is conceptualized to be derived from rainfall that falls within
the watershed area. Based on a lack of data to suggest otherwise, it is assumed that there
is no flow (even at depth) across the watershed boundaries. In addition, some pumped
groundwater is recharged to the aquifer as irrigation return flow. The development of
groundwater for irrigation use may have also reversed gradients to the point that
groundwater flows into southern end of the study area in the Salt Basin.

Outflow consists of playa evaporation, groundwater pumping, and possibly boundary
outflow south of the groundwater divide associated with the Babb Flexure.

ES 3.0 Numerical Model Development

This effort included the development and calibration of three numerical models to further
investigate alternative conceptual models of groundwater movement (structural geology,
isotope geochemistry, and a hybrid of the structural geology and isotope geochemistry
models). All three models were developed with MODFLOW-2000, the industry standard
finite-difference code to simulate groundwater flow developed by the US Geological
Survey.

The models contain one layer, 281 rows and 171 columns. Cell size is 2,000 ft by 2,000
ft. The time unit for the model is days, and the distance unit for the model is feet, and the
bottom of the model domain, specified as 1,000 feet below the land surface elevation.
The models define 56 stress periods for the calibration simulation. The first stress period
is specified as steady state. This represents the predevelopment period (prior to 1948).

ES-6
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The next 55 stress periods are transient, each with a length of 365 days (1 year). These
stress periods represent the years 1948 to 2002.

ES 3.1 Hydraulic Parameters of the Groundwater Flow System

Aquifer transmissivity and storativity were implemented through the assignment of zones
that differ in the three models in order to implement the three conceptual models.
Hydraulic conductivity and specific storage zones, and the calibrated parameters, for the
three models are shown in Figures ES-5 to ES-7. The zones are based on a combination
of geology and elevation. The calibrated estimates of hydraulic conductivity and specific
storage for each of the models are shown on each zonation figure. Transmissivity and
storativity estimates are also provided based on the model assumptions of 1,000 ft aquifer
thickness.

ES 3.2 Groundwater Pumping

Estimates of net groundwater pumping were based on irrigated acreage estimates and
crop duties. Net pumping is total pumping less the water that infiltrates past the root
zone (leaching fraction). Since the model stress periods are annual, and groundwater
hydrographs suggest that excess irrigation water percolates back to the water table in the
same years as irrigation occurs, it is not possible to estimate total pumping with this
modeling approach.

Irrigated acreage estimates were divided into 24 zones to facilitate development (Figure
ES-8). Values were adjusted during model calibration. Average estimates of pumping
for all models for selected time period are presented in Table ES-2.

Table ES-2. Average Net Pumping Estimates for Entire Model Domain
for Selected Time Periods

Average
Pumping
Period (AF/yr)
1948-1950 45,162
1951-1960 74,691
1961-1970 89,899
1971-1980 116,116
1981-1990 77,061
1991-2000 88,706
2001-2002 115,723
1948-2002 87,849
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New Maexico

Texas

(] 1020 30 40 Miles
Hydraulic Conductivi - 2
ren y (ft/dayy ty Specific Transmissivity (ft"/day) Storativity
Zone 2 Storage . .
(mi”) 1 (dimensionless)
x-direction y-direction (day™) x-direction y-direction
1 540 98.4 179 1.14E-04 98,445 178,545 1.14E-01
2 597 2.01 0.48 1.86E-06 2,007 485 1.86E-03
3 424 49.7 176 2.00E-04 49,745 176,292 2.00E-01
4 309 14.3 5.31 3.56E-07 14,340 5,308 3.56E-04
5 316 0.11 045 7.96E-06 113 449 7.96E-03
6 225 2.39E-03 4.17E-03 1.81E-05 2.39 4.17 1.81E-02
7 1,505 10.7 1.00 5.23E-05 10,737 1,000 5.23E-02
8 55 100 146 1.57E-04 100,000 145,932 1.57E-0]
9 273 1.00E-03 1.00E-03 3.26E-07 1.00 1.00 3.26E-04
10 96 19.8 40.0 2.70E-06 19,787 39,966 2.70E-03
11 392 4.95 1.01 1.00E-07 4,945 1,015 1.00E-04
12 41 548 0.02 1.06E-05 5,479 19.1 1.06E-02

Figure ES-5. Aquifer Hydraulic Conductivity and Storativity Zonation ~ Structural

Geology Model
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Area Hydraulic Conductivity Specific Transmissivity (ft*/day) Storativity
Zone (mid) : .(ft/day) — Storage — — (dimensionless)
x-direction | y-direction (day™) x-direction y-direction

1 598 1.00 98.2 1.00E-07 1,000 98,153 1.00E-04
2 424 131 0.43 4.50E-06 1,312 428 4.50E-03
3 419 31.0 17.7 2.00E-04 30,963 17,683 2.00E-01
4 309 100 8.86 2.00E-04 100,000 8,862 2.00E-01
5 316 0.11 1.69 7.28E-06 108 1,690 7.28E-03
6 225 2.42E-03 3.80E-03 2.00E-04 242 3.80 2.00E-01
7 1,726 50.0 87.6 2.00E-04 50,000 87,590 2.00E-01
8 55 100 200 2.00E-04 100,000 200,000 2.00E-01
9 198 0.04 2.66 1.00E-07 38.4 2,661 1.00E-04
10 96 6.60 1.00 3.84E-07 6,603 1,000 3.84E-04
11 365 2.16 0.44 1.00E-07 2,162 440 1.00E-04
12 41 0.03 9.86 5.37E-06 26.9 9,860 5.37E-03

Figure ES-6. Aquifer Hydraulic Conductivity and Storativity Zonation — Isotope
Geochemistry Model
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New Mexico
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Texas
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Area Hydraulic Conductivity Specific Transmissivity (ftzlday) Storativity
Zone (mi®) — (ft/day) — Stora_lge — — (dimensionless)
x-direction | y-direction (day™) x-direction y-direction
1 903 1.00 46.7 1.00E-07 1,000 46,682 1.00E-04
2 424 1.09 0.48 4.13E-06 1,089 479 4.13E-03
3 419 8.67 75.3 2.00E-04 8,675 75,275 2.00E-01
4 309 24.2 4.63 2.40E-07 24,174 4,630 2.40E-04
5 316 0.11 1.66 7.25E-06 109 1,663 7.25E-03
6 220 3.02E-03 5.10E-03 6.36E-05 3.02 5.10 6.36E-02
7 1,456 50.00 1.00 2.00E-04 50,000 1,000 2.00E-01
8 55 100.00 200.00 2.00E-04 100,000 200,000 2.00E-01
9 167 200.00 193.23 2.00E-04 200,000 193,231 2.00E-01
10 96 1.81 34.8 2.00E-04 1,807 34,817 2.00E-01
11 365 2.53 0.38 1.00E-07 2,526 380 1.00E-04
12 41 1.15 0.02 3.66E-06 1,153 24.8 3.66E-03

Figure ES-7. Aquifer Hydraulic Conductivity and Storativity Zonation — Hybrid Model
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Figure ES-8. Irrigation Pumping Zones

ES 3.3 Recharge

Annual estimates of recharge to the groundwater flow system were developed based on
annual precipitation. Precipitation in the area is higher in areas of higher elevations and
lower in areas of lower elevations based on an analysis of precipitation data in the region.
Average precipitation of each cell in the model was estimated based on land surface
elevation. Annual variations in precipitation for the calibration period (1948 to 2002)
were based on historic records, including a dampening factor to slightly raise dry years
and slightly decrease wet years. This is intended to simulate the lag time associated with
travel time through the unsaturated zone. The dampened annual recharge factors data are
summarized in Figure ES-9.
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Figure ES-9. Annual Precipitation Factors with a Dampening Factor of 0.1

Recharge estimates were based on a modified Maxey-Eakin approach (i.e. higher
elevation areas have a higher recharge rate than lower elevation areas and higher
precipitation years have a higher recharge rate than low precipitation years). Generally,
areas above elevation 5,400 ft receive higher recharge than areas below 5,400 ft
elevation. Based on model calibration, the following rates are applied to those areas that
are above the “Maxey Eakin” elevation:

o [f the annual precipitation is equal to or less than 7 in/yr, the recharge rate is set to
0% of precipitation.

e If the annual precipitation is between 7 and 15 in/yr, the recharge rate is set to 1%
of precipitation.

e If the annul precipitation is between 15 and 25 in/yr, the recharge rate is set to
10% of precipitation.

o If the annual precipitation is greater than or equal to 25 in/yr, the recharge rate is
set to 25% of precipitation. Below the Maxey-Eakin elevation, a standard
recharge rate of is applied (assumed to be 0.005 in/yr).

Recharge estimates for selected time periods for the entire model domain (averaged for
all three models) are summarized in Table ES-3.
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Table ES-3. Average Recharge Estimates for the Entire Model Domain

Average

Recharge
Period (AF/yr)
Steady-State (pre-1948) 62,916
1948-50 53,669
1951-60 38,186
1961-70 51,283
1971-80 87,492
1981-90 114,150
1991-2000 84,692
2001-02 7,598
1948-2002 71,531

ES 3.4 Other Model Input Parameters/Boundary Conditions

Other model input parameters were handled by a variety of MODFLOW-2000 packages
such as drain, evapotranspiration, general head boundaries, horizontal flow barrier, and
constant head boundary. The solver package used was the geometric multigrid (GMG)
solver.

ES 4.0 Model Calibration Results

Calibration of the three groundwater flow models was accomplished by adjusting various
parameters until model estimated groundwater elevations were in reasonable agreement
with actual groundwater elevations. The calibration period was 1948 to 2002 (55 annual
stress periods), with a steady-state stress period preceding the transient calibration (i.e.
stress period 1) for a total of 56 stress periods.

The locations of the 369 wells that were used in the calibration are shown in Figure ES-
10. These wells had at least groundwater elevation measurement from 1948 to 2002.
The total number of groundwater elevation measurements from these 369 wells used in
the calibration was 2,438.

ES 4.1 Groundwater Elevation Comparison

The three models were calibrated individually using a combination of trial-and-error
parameter adjustments and automated adjustments using PEST, an industry-standard
inverse modeling software package. Calibration of the models was partly evaluated
through a series of comparisons between model estimated groundwater elevations and
measured groundwater elevations. Graphical summaries of the match between measured
groundwater elevations and model estimated groundwater elevations are presented in
Figures ES-11 to ES-13.
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Figure ES-10. Location of Wells with Groundwater Elevation Measurements used in
Model Calibration.
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Figure ES-11. Measured Groundwater Elevations vs. Model Estimated Groundwater
Elevations
Structural Geology Model
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Figure ES-12. Measured Groundwater Elevations vs. Model Estimated Groundwater

Elevations
Isotope Geochemistry Model
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Figure ES-13. Measured Groundwater Elevations vs. Model Estimated Groundwater
Elevations
Hybrid Model

ES4.2 Irrigated Acreage Estimates

Model calibration included adjustments to initial annual estimates of groundwater
pumping. The resulting pumping estimates were used in conjunction with the initial
annual estimates of irrigated acreage. Based on this analysis, it appears that consumptive
pumping prior to 1993 was on the order 3 AF/ac. Flood irrigation typically results in
high total pumping and significant infiltration of return water. Because the model relies
on estimates of consumptive or net pumping and includes an underlying assumption that
irrigation water infiltrates back to the water table within the year in which it was pumped,
this modeling analysis can provide no insight into estimates of total pumping, or, by
extension, the amount of water that infiltrates back to the aquifer (i.e. the leaching
fraction).

After 1993 and the introduction of center pivots in the area, it appears that the
consumptive or net pumping is about 5 AF/ac. It is possible that total pumping on a per
acre basis has decreased since the period of flood irrigation, but this modeling analysis
cannot be used to evaluate this commonly held assumption. It is clear, however, that
there is a distinct difference in the consumptive duties before and after the introduction of
center pivots as the dominant irrigation method in the area.

Based on this conclusion, Figure ES-14 presents an interpreted estimate of irrigated
acreage in the area. Irrigated acreage rose from less than 10,000 acres in 1948 to about
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25,000 acres in the mid 1950s. From the mid 1950s to the mid 1980s, irrigated acreage
fluctuated between about 20,000 acres to as high as about 45,000 acres. From the early
1980s to 2002, irrigated acreage has been relatively constant at slightly over 20,000 acres,
except for declines in 1993 and 1994.

50,000
45,000 +
40,000 |
2 35,000
o 30,000 +
<
E 25,000 +
D 20,000 1
= 15,000 1|
10,000 1 [}
5,000 4| {4} E
o w [~3 < [~ ~N (1] (=3 < [} ™~ (13 [ =3
D n (13 (f-] w ~ | g [~ [~ [~ (-1 o0 (=]
o [-1) [-1) 1] [-1) [-1) (-1} [-1) [-1) [-1) [-1) o (=]
- - - - - - - - - - - - o™
Year
O Model Estimate (Duty = 3 AF/ac prior to 1993 and 5AF/ac after 1994)
@ Groeneveld and Buagh (2002) Estimates
Figure ES-14. Summary Estimate of Irrigated Acreage
ES 4.3 Water Budget Analysis

The groundwater budgets for the three models for the entire model domain are
summarized in Table ES-4. This summary presents groundwater budgets for the steady
state period (pre-1948 or stress period 1) and the average of the transient calibration
period (1948 to 2002). Note that all values have been rounded to the nearest 1,000

AF/yr.

Details of the annual changes to the key components of the water budget and discussed
more thoroughly in the report, as well as more detailed subregional groundwater budgets
of the original Bone Spring-Victorio Peak Aquifer, the new Bone Spring-Victorio Peak
Aquifer, the original Hudspeth County Underground Water Conservation District No.1,
the new Hudspeth County Underground Water Conservation District No.1 (HCUWCD),
and the EPWU Capitan Reef properties. Because of its significance in the management
of groundwater in the area, the zonation used for the subregional groundwater budget for
the new boundaries of the HCUWCD is presented as Figure ES-15, and the subregional
groundwater budget is presented as Table ES-5.
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Table ES-4. Summary Groundwater Budgets for the Entire Model Domain
All Values in AF/yr and rounded to nearest 1,000 AF/yr

Structural Geology Isotope Geochemistry Hybrid
Pre-1948 Pre-1948 Pre-1948
Sy | 1o | (| e | TS| e
State) g State) & State) &
Northern Boundary 41,000 40,000 19,000 19,000 16,000 17,000
Southern Boundary < 1,000 < 1,000 0 0 0 0
Recharge 63,000 74,000 63,000 70,000 63,000 70,000
Total Inflow 104,000 114,000 82,000 89,000 79,000 87,000
Northwestern Boundary < 1,000 < 1,000 < 1,000 < 1,000 < 1,000 < 1,000
Southern Boundary < 1,000 <1,000 3,000 4,000 < 1,000 2,000
Evapotranspiration 104,000 67,000 79,000 52,000 79,000 49,000
Total Natural Outflow 104,000 67,000 82,000 56,000 79,000 51,000
Groundwater Pumping 0 88,000 0 88,000 0 88,000
Groundwater Storage 0 41,000 0 55,000 0 52,000
Decline

Table ES-5. Subregional Groundwater Budget for the New Hudspeth County
Underground Water Conservation District No.l (HCUWCD)

All Values in AF/yr
Isotope
Structural Geology Geochemistry Hybrid
Pre- Pre- Pre-
1948 1948- 1948 1948- 1948 1948-
(Steady 2002 (Steady 2002 (Steady 2002

State) Average State) Average State) Average
Inflow from New 76,000 | 95,000 | 54,000 | 65000 | 53,000 | 56,000
Mexico
Inflow from Hudspeth
County Southwest of 3,000 5,000 4,000 13,000 3,000 10,000
HCUWCD
Inflow from Hudspeth
County East of 9,000 10,000 3,000 4,000 9,000 9,000
HCUWCD
Recharge <1,000 <1,000 <1,000 <1,000 <1,000 <1,000
Total Inflow 88,000 110,000 61,000 82,000 65,000 75,000
Evapotranspiration 88,000 51,000 61,000 36,000 65,000 34,000
Total Natural Outflow 88,000 51,000 61,000 36,000 65,000 34,000
Groundwater Pumping 0 80,000 0 80,000 0 80,000
Groundwater Storage 0 21,000 0 34,000 0 39,000
Decline
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Figure ES-15. Subregional Zones used for Analysis of the New
Hudspeth County Underground Water Conservation District No.1 (HCUWCD)

ES 5.0 Simulation of Potential Future Conditions

The models were used to simulate potential future conditions by examining two key
variables: alternative climatic conditions and alternative pumping scenarios. The
objective of the simulations was to develop an understanding of groundwater yields
within the new boundaries of the Hudspeth County Underground Water Conservation
District No. 1 (HCUWCD). The alternative climatic conditions were based on a series of
50-year simulations that were derived from a tree-ring data set for New Mexico (and
Arizona) that covers the years 1000 to 1988. The alternative pumping scenarios were
based on the HCUWCD rules and variations on those rules for the purposes of
understanding the sensitivity of relaxation or tightening of the regulations. These
simulations were run to develop information related to groundwater elevation changes
under various pumping scenarios, not to suggest or recommend changes to those rules.

The three models, 16 pumping scenarios (including the scenario with zero pumping) and
7 climatic scenarios were used to develop 336 simulations. Because the calibrated
models used a decreasing boundary head for the southern boundary, and because it is
unknown whether the same rate of decline would continue into the future, two sets of
assumptions were applied to the future simulations: one set of 336 simulations were run
assuming the same rate of decline, and one set of 336 simulations where the 2002
boundary heads are held constant. Therefore, a total of 772 simulations were run. Each
simulation was run for 50 years, and the heads at the end of 2002 were used to initiate the

solution.
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The results of the simulation demonstrated that the two alternative southern boundary
heads made no significant difference to groundwater elevation changes or groundwater
budget components in the Dell City area. Therefore, only the results from the decreasing
southern boundary are presented.

Figure ES-16 presents groundwater pumping vs. groundwater storage change within the
new boundaries of the HCUWCD. At zero pumping, the groundwater storage increase
ranges from about 12,000 AF/yr to about 35,000 AF/yr. The range is attributable to
alternative climatic (or recharge) scenarios. At the other extreme, pumping over 120,000
AF/yr would result in a storage decline of between about 10,000 AF/yr to about 50,000
AF/yr, depending on climatic conditions. For pumping scenarios above about 54,000
AF/yr, groundwater storage would decline; pumping less than about 54,000 AF/yr would
generally result in groundwater storage increases.

The observed vertical spreads for individual models is due to varying climatic, or
recharge conditions. The ranges are consistent with observed conditions from 1948 to
2002. Recall that groundwater elevations dropped after the start of irrigation pumping in
1948. Since the 1980s, groundwater elevations have essentially stabilized due to the
combined effect of decreased pumping and increased recharge.

Note that the structural geology model exhibits less groundwater storage decline due to
pumping than the other two models. This is apparently due to the higher induced inflow
from New Mexico and reduced evapotranspiration. These “captured” flows result in less
drawdown than the other models.
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Figure ES-16. Simulation Results for the New HCUWCD Zone
Groundwater Pumping vs. Groundwater Storage Change within HCUWCD

ES-20

Y-y Y ¥ Y Y Y Y Y Y Y Y Y Y Y Y F ' Y Y I I Y Y Y ' Y ' Y7 7Y% 7" 73 ' 759" Y YrYIYIYY¥EEY¥Y Y



A A A A A A &K 4 & A 4 & A A 2 4 A A A 2 4 A A 4 R B N B B 42 N X A N A A N AN N N N A

Based on the summaries of groundwater pumping vs. groundwater storage change within
the new boundaries of the HCUWCD, zero storage change would be achieved with net
pumping between 40,000 AF/yr and 68,000 AF/yr. Table ES-6 summarizes the results.

Table ES-6. Summary of Net Groundwater Pumping that
Would Result in Zero Storage Change (50-Year Average)

Scenario Precipitation Pumpin
Climatic Scenario Description (% of ping
Number (AFfyr)
Average)

C1 Driest 87 40,000
Cc2 Wettest 131 68,000

C3 Lowest Standard Deviation 94 40,000

C4 Highest Standard Deviation 111 68,000

C5 Average - Low Standard Deviation 100 40,000

C6 Average - Intermediate Standard Deviation 100 40,000
Cc7 Average - High Standard Deviation 100 54,000

If “sustainability” means maintaining a zero groundwater storage change, HCUWCD
would need to reduce pumping from what has historically occurred, and from what is
currently permitted under the HCUWCD rules based on the results of this investigation.
However, in order to put the issue of zero storage change into some perspective, the
analysis was advanced to consider the relationship between groundwater storage change
over the entire district, and groundwater elevation changes, both over the entire district
and within the irrigated area of HCUWCD (Figure ES-17).

Irrigated Area

4

0 3 10 15 20 25 30 Miles

Figure ES-17. Irrigated Area of HCUWCD
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The relationship between groundwater storage change within HCUWCD and average
“drawdown after 50 years for all simulations is presented in Figures ES-18 and ES-19.
Figure ES-19 plots groundwater storage change in HCUWCD and Average Drawdown
for all of HCUWCD for all simulations, with each model shown separately.

Note that for zero storage change, drawdown is also zero for all three models. For equal
storage declines, the structural geology model suggests that the drawdown will be greater
than for the other two models. This is due to different specific storages and, hence,
different storativities between the models. The structural geology model assumes that the
specific storage in the HCUWCD area is 1.1E-04 ft”'. The isotope geochemistry model
and the hybrid model assume a value of 2.0E-04 ft'. Assuming an aquifer thickness of
1,000 ft, this translates to storativity values of 0.11 and 0.2, respectively. Since the
isotope geochemistry model and the hybrid model have a storativity value nearly twice
that of the structural geology model, the relationship in Figure ES-18 between the three
models is expected, and highlights the sensitivity of that parameter.
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Figure ES-18. Groundwater Storage Change in HCUWCD vs.
Average Drawdown after 50 Years in HCUWCD
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In order to understand what the groundwater storage change rate throughout HCUWCD
means in terms of drawdown within the irrigated area, Figure ES-19 plots groundwater
storage change in HCUWCD vs. the drawdown in the irrigated area of HCUWCD. Note
that at zero storage change, a rise in groundwater elevations of between 9 and 17 feet is
estimated depending on the model and the climatic scenario after 50 years in the irrigated
area. Zero drawdown in the irrigated area occurs when the groundwater storage decline
in the entire HCUWCD is between about 3,000 AF/yr and about 14,000 AF/yr. Based on
the estimated relationship between pumping and groundwater storage change, pumping at
67,000 AF/yr would always result in a storage decline of less than 14,000 AF/yr.
Pumping between 67,000 and 95,000 AF/yr would result in less than 14,000 AF/yr of
groundwater storage decline in wet, average, and slightly below average precipitation

periods.
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Figure ES-19. Groundwater Storage Change in HCUWCD vs.
Average Drawdown after 50 Years in Irrigated Area of HCUWCD

ES 6.0 Summary and Conclusions

The Dell City area may become a source of municipal water supply for El Paso. In order
to better understand the area and develop estimates of groundwater yields from the area,
this study was completed by El Paso Water Utilities for internal analysis. The study
included a review of previous work, the development of three numerical groundwater
flow models to test various aspects of the conceptual model of groundwater flow in the
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area, and the application of the three groundwater flow models under various climatic and
pumping scenarios to estimate groundwater yields in the area. This report and the model
files have been forwarded to the Texas Water Development Board for their future use.
As such, this report and the associated models are not official TWDB Groundwater
Availability Models (GAMs). However, it is hoped that this effort will assist the TWDB
in their development of GAMs for the area.

Significant conclusions of this study are:

Total inflow (recharge plus boundary flows) estimates for the entire model
domain under predevelopment conditions ranged between 79,000 and 104,000
AF/yr, depending on the model used
Average total inflow (recharge plus boundary flows) estimates from 1948 to 2002
ranged between 87,000 and 114,000 AF/yr, depending on the model used. Note
that total inflow increased as a result of a combination of pumping and high
recharge in latter years of the simulation period.
The recharge estimates are generally consistent with and slightly higher than
previous estimates as documented in the literature.
Evapotranspiration from the playa area east of Dell City prior to 1948 ranged
from 79,000 to 104,000, depending on the model used to make the estimate.
Average evapotranspiration from the playa from 1948 to 2002 ranged from
49,000 to 67,000 AF/yr.
Average total consumptive pumping in the area from 1948 to 2002 was about
88,000 AF/yr
Irrigated acreage in the area rose from less than 10,000 acres in 1948 to about
25,000 acres in the mid 1950s. From the mid 1950s to the mid 1980s, irrigated
acreage fluctuated between about 20,000 acres to as high as 45,000 acres. From
the early 1980s to 2002, irrigated acreage was relatively constant at slightly over
20,000 acres, except for declines in 1993 and 1994.
Prior to 1993 and the widespread use of center pivot irrigation, consumptive duty
on irrigated lands was about 3 AF/ac. After 1993, consumptive duty on irrigated
lands was about 5 AF/ac. Due to the nature of the modeling approach used, it is
not possible to make any estimates or draw any conclusions regarding total
pumping (consumptive pumping plus leaching fraction), or estimate the leaching
fraction.
Historic groundwater pumping from 1948 to 2002 in the new boundary of
HCUWCD averaged about 80,000 AF/yr. This pumping resulted in:
o Between 3.000 and 19,000 AF/yr of increased inflow from New Mexico
(depending on the model used).
o Between 2,000 and 9,000 AF/yr of increased inflow from the Diablo
Plateau, southwest of HCUWCD (depending on the model used).
o Between 0 and 1,000 AF/yr of increased inflow from the area in Hudspeth
County east of HCUWCD (depending on the model used).
o Between 25,000 and 37,000 AF/yr of decreased evapotranspiration for the
playa area within HCUWCD (depending on the model used).
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o Between 21,000 and 39,000 AF/yr of decreased groundwater storage
within HCUWCD (depending on the model used).
e Groundwater yield in the Dell City area ranges from 54,000 to 95.000 AF/yr (net
or consumptive pumping), depending on climatic condition, and depending on the
definition of “sustainability” that could be applied by the board of HCUWCD.
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1.0 INTRODUCTION

The area surrounding Dell City in Hudspeth County, Texas (Figure 1) has been an important
agricultural area since the late 1940s. Irrigation water is pumped from a fractured rock aquifer
that extends north into New Mexico. Wells in the area can produce 3,000 gallons per minute

(gpm) or more.
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Figure 1. Location of Dell City, Texas



The Texas Water Development Board (TWDB) has designated portions of the area as “minor”
aquifers (the Bone Spring-Victorio Peak Aquifer and the Capitan Reef Aquifer, Figure 2). The
original designation of the Bone Spring-Victorio Peak Aquifer was based on the extent of the
aquifer system in Texas that underlies irrigable land (Ashworth, 1995, pg. 1). Recently, based on
the findings of George and others (2005), TWDB has extended the boundaries of the Bone
Spring-Victorio Peak Aquifer to include areas to the south and west of the old designation.

Bone Springs-Victorlo Peak
Aquifer

/DeII City
New Mexico

<Y '/ - D
New Mexico \‘;, W aso Z
Chihuahua B g
O
Diablo Platea ‘
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Figure 2. Location of Bone Spring-Victorio Peak Aquifer and Capitan Reef Aquifer as Currently
Designated by the Texas Water Development Board

A large portion of the study area known as the Diablo Plateau lies generally south and west of
the Bone Spring-Victorio Peak Aquifer (also shown in Figure 2). The aquifer system that
underlies the Diablo Plateau consists primarily of the same limestone formations that compose
the Bone Spring-Victorio Peak Aquifer. Mullican and Mace (2001, pg. 257) noted that as
hydrogeologic evaluations of this area advance, the Diablo Plateau may warrant future
designation as a “minor” aquifer by TWDB.
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In recent years, the area has been considered to be a potential source of water supply for El Paso,
located about 75 miles west of Dell City. The 2006 Regional Water Plan (FWTRPG, 2006 and
Gooch and others, 2006) has identified properties currently owned by EPWU overlying the
Capitan Reef Aquifer, and Dell City properties overlying the Bone Spring-Victorio Peak Aquifer
that are not owned by EPWU for groundwater transfer beginning around 2030. These properties

are shown in Figure 3.
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Figure 3. Location of Properties in the Dell City Area and Capitan Reef Properties for Potential
Future EPWU Groundwater Importation Projects

Groundwater pumping in portions of the area is regulated by the Hudspeth County Underground
Water Conservation District No. 1 and the Culberson County Groundwater Conservation
District. Figure 4 presents the regulated areas of these districts in relation to the boundaries of
the aquifers and the properties that may be involved in potential groundwater transfer projects.
Outside of these districts, groundwater is regulated by the Rule of Capture.
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Figure 4. Location of Groundwater Conservation Districts in the Dell City Area

Because the Regional Water Plan contemplates a transfer of water from the Dell City area to El
Paso County around 2030, El Paso Water Utilities (EPWU) has completed this study to better
understand the potential groundwater yield of the area. This report is the product of that study
and begins with a review of the hydrogeology of the area, including reviews of previous studies
of the area related to groundwater occurrence and movement. The report also includes
discussion of the development, calibration and application of three groundwater flow models of
the area.

After a brief overview of the physiography, climate and geologic setting of the area (Section 2),
this report presents a review of previous reports and studies that cover the geology and
hydrogeology of the area (Section 3). The previous work provided the foundation to describe
details of the hydrogeologic setting (Section 4) and the development of three alternative
conceptual models of groundwater occurrence and movement that is summarized in Section 5.
The development of the three finite-difference models (one for each conceptual model) is
described in Section 6. Calibration of the three finite-difference models with publicly available
groundwater elevation data from the Texas Water Development Board and the New Mexico
Office of the State Engineer is described in Section 7. Section 8 summarizes model application
using a total of 772 50-year simulations, which consider the three finite-difference models,
various future climatic conditions, and alternative pumping scenarios.
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The models cover the Bone Spring-Victorio Peak Aquifer in its entirety, and a portion of the
Capitan Reef Aquifer. Past management approaches has assumed that the Capitan Reef and the
Bone Spring-Victorio Peak Aquifers to be separate due to the Salt Basin playa that lies between
the two named aquifers. One of the objectives of this modeling effort is to test that assumption.

This study and the resulting models were developed for the internal analyses of EPWU. A draft
report and the model files were reviewed by Dr. Robert Mace of the Texas Water Development
Board, Dr. G. F. Huff formerly of the United States Geological Survey, and Mr. Steve Finch of
John Shomaker and Associates. A meeting of the reviewers was held on June 18, 2008 at the
offices of EPWU to discuss comments to the report. The comment letters are provided in
Appendix F, as well as responses to those comments.

This report and the model files have been forwarded to the Texas Water Development Board for
their future use. As such, this report and the associated models are not official TWDB
Groundwater Availability Models (GAMs). However, it is hoped that this effort will assist the
TWDB in their development of GAMs for the area.
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2.0 OVERVIEW OF DELL CITY/DIABLO PLATEAU STUDY AREA

2.1 Physiography

The Dell City area lies within the Trans-Pecos province of Texas, or the west-projecting part of
the State between the Pecos River and the Rio Grande (King, 1965, pg. 11). The Trans-Pecos
province is part of the Basin and Range physiographic province that extends from eastern
California to west Texas. North-south trending mountain ranges and valleys, termed horsts and
grabens, are the major characteristic of the Basin and Range province.

The watershed divide in the Hueco Mountains between the Otero Mesa and the Tularosa Valley
bounds the study area on the west, and the watershed divide in the Guadalupe and Delaware
Mountains bound the area on the east (Figure 5). The Sacramento Mountains represent the
northern boundary, and also represent the source of most of the recharge to the aquifer system.
The southern boundary is a combination of a watershed divide associated with the Baylor
Mountains and a groundwater divide associated with the Babb Flexure and Bitterwell Break
(Nielson and Sharp, 1985; Boyd and Kreitler, 1986; King, 1965; Goetz, 1977; all as cited by

George and others, 2005, pg. 20).
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Figure 5. Watershed Divides and Southern Groundwater Divide



The study area is defined as the watershed area that drains into the Sait Basin-Crow Flats area,
and can be viewed as three separate physiographic units that correspond to three different aquifer
areas: 1) the upland area associated with the Otero Mesa and Diablo Plateau in the western
portion of the study area, 2) the lower lying area of alluvium and playas associated with the Salt
Basin and Crow Flats in the central portion of the study area, and 3) the upland area associated
with the western slopes of the Guadalupe and Delaware Mountains in the eastern portion of the
study area including the Capitan Reef Aquifer (Figure 6).
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Figure 6. Physiographic Units

The Otero Mesa and Diablo Plateau is a continuous feature, but is named the Otero Mesa in New
Mexico and the Diablo Plateau in Texas (Mayer, 1995, pg. 16). This portion of the study area
gently slopes east, and drains toward a playa called Crow Flats in New Mexico and Salt Basin in
Texas. Within the relatively flat plateau area, Tertiary-age volcanic intrusives (such as the
Cornudas Mountains) form distinct and isolated landmarks that rise above the plateau.
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Elevations of the plateau range from about 4,000 ft above mean sea level (amsl) to about 5,000 ft
amsl on the plateau proper to over 9,000 ft amsl in the Sacramento Mountains. The peaks
associated with the intrusives are at elevations up to about 7,200 ft amsl (Wind Mountain in New

Mexico).

The area that lies in the central portion of the study area is lower lying and generally flat. In
Texas, the area is called the Salt Basin, in New Mexico is known as Crow Flats (Mayer, 1995,
pp. 16-19). This area receives drainage from several ephemeral streams that cross the upland
areas on all sides and has no surficial outlet. Consequently, the area is characterized by playas
that contain evaporite deposits. Elevations range from about 3,600 ft amsl to about 4,000 ft
amsl. Bjorklund (1957, pg. 7) noted that sinkholes are common in this area, including one that
was about 50 feet across and 10 feet deep. Bjorklund (1957, pg. 9) postulated that these features
resulted from solution of gypsum in the valley fill and could be related to solution of the

underlying limestone.

The eastern portion of the study area is the transitional area from the Basin and Range province
to the Permian Delaware Basin (Sharp, 2001, pg. 44). The boundary between the Basin and
Range province and the Delaware Basin is the Capitan Reef rocks that are exposed in the
Guadalupe Mountains (Sharp, 2001, pg. 44). Due to the short distances between the playa area
and the mountains to the east, the area is characterized by steep slopes with elevations ranging
from about 4,000 ft amsl to over 8,700 ft amsl in the Guadalupe Mountains.

2.2 Climate

The study area lies within the Chihuahuan desert, and consequently the climate is arid. Summers
are hot and dry. Winters are generally mild except for short periods of severe winter weather
(Mayer, 1995, pg. 19). Brown and Caldwell (2001, pg 2-2) reported that average minimum
temperature is approximately 25 degrees Fahrenheit (°F), and the average maximum temperature
in the summer is about 95 °F.

Precipitation has historically been measured at ten stations in the region. A summary table of
the data is presented in Table 1, including the period of record for each station. The locations of

these stations are presented in Figure 7.

As can be seen in Table 1, precipitation increases with increasing elevation. Also note that the
Dell City station has a relatively short record. Figure 8 presents a plot of elevation vs.
precipitation and a best-fit regression curve for all stations other than Dell City. Note that the
adjusted r-squared value is 0.984 (ideal fit equals 1.000).



Table 1. Summary of Precipitation Data

[

| l Number
| Station Code | Elevation | , Average . of Years | b iod of
i Name (Fig 7) State (ft amsl) | Precipitation with Record
| | (in/yr) Complete |
| | Records |
[ |
i Alamogordo AL NM 4,350 | 11.28 58 1931-1997
| Cloudcroft CL NM 8,660 28.44 47 1931-1997
| Cornudas l
] Service CO X 4,480 9.43 40 1940-1997
| Station l
T . T
Dell City 5
SSW DC TX 3,770 : 11.15 9 1979-1997
¥
Elk 2 EL NM 5,750 | 16.24 54 1931-1997
Mayhill MH | NM | 6565 | 1893 42 1931-1976
Mountain MP | NM | 6780 19.38 53 | 1931-1997
Park
Orogrande OR NM 4,182 10.33 71 1905-1997
Salt Flat SF TX 3,717 8.48 36 1945-1997
White Sands WS NM 3,995 9.03 51 1939-1997
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Figure 7. Location of Precipitation Stations
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Figure 8. Elevation vs. Average Annual Precipitation

Mayer (1995, pp 19-23) presented a similar analysis, but included the Dell City station. The
unadjusted r-squared value for this analysis was 0.952, and the period of record used was

unclear.

Table 2 presents a summary of the annual precipitation data in terms of percent average. This is
particularly useful information to evaluate data bias when considering potential changes in

recharge due to wet periods and droughts.

Mayer (1995, pg. 23) cited Hydrosphere Data Products, Inc. (1992) regarding potential
evaporation estimates. Annual potential evaporation ranges from 75 inches at high elevations to

98 inches at low elevations.

1]



Table 2. Annual Precipitation Expressed as Percent of Average

Mountain

Vhite

Year | Ahmogordo | Cloudcreft | Cormudas Kk Mayhill Pak Orogrande | Sah Fiat Sands Average
1048 93.49 8387 95.84 81.93 76.16 8526
1949 11205 14232 12057 135.53 105 02 98.69 130.74 13256 122,18
1950 74.79 73.83 110.81 67.04 70.69 9667 7021 80 58
1951 72.05 8195 5597 4542 86.55 40.58 39.14 40.09 5112
1952 4298 67.98 72.79 8123 51.04 87.25 103.15 7235
1953 55.11 5251 88.35 5820 54.11 55.15 60 59
1954 56.98 69.72 $8.02 91.94 8187 75.30 50.65 107.87 60.13 7583
1955 92.70 94.33 87.49 10906 9248 98.31 110.11 9608 80.62 95 59
1956 1597 62.30 45.07 52.65 4241 53.52 31.86 4798 3101 43 64
1957 118.13 97.14 66.28 11312 11810 | 10802 8901 10941 102.40
1058 13514 13290 15106 14027 98350 13124 14839 134.86
1959 95.53 74.04 73.60 64.23 78.12 68.28 4668 43.85 63 04
1960 8392 81.04 12429 10610 9856 12061 11041 103.56
1961 100.14 10772 56.10 1937 8900 134 44 5564 $3.83 88 26
1962 11485 10010 81.66 12697 mn 107 50 135.67 9596 109 .44
1963 85.93 79.65 7864 $9.18 91.03 105.87 66.67 8528
1964 59.73 74.99 91,84 444 5831 5336 7026 5493 6473
1965 11538 11929 81.24 86.39 11371 81.83 7651 96.79 9639
1966 86.49 14455 11201 102.15 93.88 113.59 169.05 10399 115.71
1967 96.15 91.52 76.46 7051 102.20 88.56 110.98 101.97 78.18 9073
1968 10590 95.24 10255 12808 113.03 102.55 11541 83.12 105.81
1969 12556 89.19 11632 93.26 117.30 11584 109.59
1970 52.11 84.3] 58.19 8155 7534 104 45 63.68 7438
1971 10989 84.84 106 52 114.12 91.69 10141
1972 13235 12913 12040 | 13496 21739 12924 14541
1973 97.48 11008 63 .86 85.03 8950 74.09 86 69
1974 14826 17478 148.05 12636 149.36
1975 98.63 11751 9231 7569 67.88 9042
1976 14427 70 42 11503 89.92 10491
1977 92.52 85.05 73.16 $8.51 86.38 8512
1978 15549 150 64 161.53 12370 147 84
1979 12380 6543 11115 103 .16 103.33 111.64 10388 103.20
1980 90.83 86.10 89.39 107.69 8347 9149
1981 11130 10256 10260 110.79 159.74 10288 114.98
1942 11317 12419 11106 113.11 11043 114.43
1993 10827 10277 86.01 12303 107.78 9089 109.19 104.14
1984 15375 12594 15579 12790 150 18 20191 11471 17719 150923
1985 16253 12643 146 77 15891 148.66
1986 14702 14109 21275 12742 146.81 14343 153.12
1987 10492 86.58 98.11 125.60 140.76 13045 114 40
1988 10333 12660 96.43 14168 18594 130.80
1989 98.28 9391 85.84 77.00 98.51 9773 92.14 9049
1990 13390 11036 10150 85.04 12324 1473 122,61 12780 116 16
1991 16455 13796 136 56 195.04 158.55
1992 12797 11247 15399 11515 10151 17265 130 62
1993 11308 95.77 109 57 9.32 106.10 103.19
1994 10758 11887 84.52 9951 6334 9477
1995 8179 8249 10130 114 88 12299 93.02 10041
1996 70.36 95.59 10887 §1.22 12221 11251 99 46
1997 11051 129 23 12148 120 44
12
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2.3  Geologic Setting

Permian and Cretaceous limestones and basin fill of Quaternary age dominate the geology of the
study area. Volcanic intrusives of Tertiary age are important local features in some areas. The
study area has been subjected to a variety of geologic processes over time including deposition,
uplift, faulting, salt dissolution, and volcanism (Sharp, 1989, pg. 123).

The geologic history of the study area has been described by Ashworth (1995), Bjorklund
(1957), DeJong and Addy (1992a), DeJong and Addy (1992b), Dietrich and others (1995), Gates
and others (1980), George and others (2005), Goetz (1977), King (1965), Kreitler and others
(1990), Mayer (1995), Mullican and Mace (2001), Reed (1965), Scalapino (1950), Sharp (1989),
Sharp (2001), Uliana (2001) and Urbanczyk and others (2001).

The important aquifers in the area are Permian formations (The Bone Spring-Victorio Peak
aquifer and the Capitan Reef aquifer). The older Bone Spring-Victorio Peak limestones were
shelf deposits. The younger Capitan Reef was a barrier reef that encircled the Delaware Basin.
The Salt Basin is a graben that is filled with alluvial sediments. A generalized geologic cross
section of the area is shown in Figure 9, and is taken from Ashworth (1995) as modified by
George and others (2005, pg. 22). Although the Bone Spring-Victorio Peak aquifer and Capitan
Reef Aquifer are separated by the playa deposits associated with the Salt Basin Graben as shown
in Figure 9, there appears to be a hydraulic connection between the two named aquifers across

the playa.
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Figure 9. Generalized Cross-Section of Dell City Area
(from Ashworth, 1995 as modified by George and others, 2005, pg. 22)
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3.0 PREVIOUS WORK

This section presents a review of previous studies, and is focused on summarizing significant
work that was used to develop the conceptual model of groundwater flow, and specific data
related to aquifer parameters, recharge and discharge. This review is covered in Sections 3.1 to
3.15. Section 3.16 summarizes previous studies that are important to the area, but were not
available at the time of this work. Special thanks are due Steve Finch of John Shomaker and
Associates who identified these studies during review of this report. Several of these reports that
Mr. Finch provided were confidential work products until recently.

3.1 Scalapino (1950)

Scalapino (1950) completed the first investigation of the groundwater resources of the area, and
was also the first to recognize that the recharge of the Dell City area was likely from Sacramento
River flows that infiltrated into the aquifer system (Scalapino, pg. 6), but was not able to develop
an estimate of the average annual recharge (Scalapino, pg. 8). Prior to 1947, groundwater
development in the study area was limited to livestock watering and domestic supply of the few
ranches in the area (Scalapino, 1950, page 1). From 1947 to 1949, there was a rapid increase in
the use of groundwater for irrigation (Scalapino, 1950, pg.1). Scalapino (1950, pg. 7) estimated
that total groundwater use in 1949 was 18,000 acre-feet.

Scalapino (1950, pg. 7) reported that 78 irrigation wells were constructed between 1947 and
1949. However, only 32 of the wells had yields that range from 350 to 3,000 gallons per minute.
He presented several well records and logs (Scalapino, 1950, pp.10 to 33), and summarized
depth-to-water measurements, including the flow of a naturally occurring spring (Scalapino,
1950, pp 34 to 37). Scalapino (1950, pg 7) noted that groundwater levels declined an average of
0.4 feet between March 1948 and February 1949, and an average of 0.36 feet between February
1949 and February 1950, which was concluded to be not a serious decline (Scalapino, 1950, pg.

8).

Scalapino (1950, pg. 9) noted that the area could likely sustain expansion, but identified that a
large percentage of the wells yielded insufficient quantities of water for large-scale irrigation.
He also noted that suitable areas were limited on the east by the playa and on the west by an
“indefinite line beyond which the depth to water is too great for economical pumping”.

3.2  Bjorklund (1957)

Bjorklund (1957) completed an investigation that was similar in scope to Scalapino (1950), but
focused on the Crow Flats area of New Mexico. Bjorklund (1957, pp 11-12) noted that in the
southern portion of the Crow Flats area, the groundwater gradient is “remarkably flat and almost
level”. He noted that the principal reason for the flat gradient was the *“unusually high
permeability of the water-bearing materials, especially the Bone Spring limestone with its many
solution channels” (Bjorklund, 1957, pg 12). Based on his analysis, Bjorklund (1957. pg 12)
concluded that these “solution channels are interconnected and belong to a common hydraulic

system”.
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Bjorklund (1957, pp 12-14) evaluated the changes in groundwater elevation due to irrigation
pumping. He noted that the groundwater elevation in Well 81 (as designated by Scalapino,
1950) declined about 13 feet from 1948 to 1955 largely as a result of increased groundwater
pumping in the area (Bjorklund, 1957, pg 14). However, Bjorklund (1957, pg 14) reported:

Many residents report that there has been no decline in water levels because their
wells are just as productive as they ever were. Evidently aquifer yields to many
wells are so great and drawdowns are so small that a few extra feet of pumping
lift goes unnoticed.

Bjorklund (1957, pg 14) provided some anecdotal information on the mechanism of recharge to
the groundwater system. Based on observations of residents, runoff from the higher elevations
infiltrates into the canyon floors and bajadas. Water that reaches the valley floor often drains
into the various sinkholes. According to local residents, many floods in the various arroyos are
dissipated before reaching the playa area.

Bjorklund (1957, pp 15) estimated that recharge to the aquifer system is “probably less than
100,000 acre-feet annually” based on the following:

1. Under pre-development conditions, the lateral movement of groundwater was through
the limestone and the discharge of the groundwater was from the playa

2. By 1955, groundwater elevations had declined to the point where the movement of
groundwater from the limestone to the playa had ceased or possibly reversed.

3. Given this condition, groundwater elevations would remain constant if discharge by
pumping was equal to recharge

4. During 1955, pumping was about 100,000 acre-feet per year and groundwater elevations
in the limestone continued to decline.

5. This decline in groundwater elevations suggested that pumping was greater than
recharge, and total recharge, therefore is less than 100,000 acre-feet per year.

Bjorklund (1957, pg 14 and 15) noted that the groundwater pumping caused declines in
groundwater elevations sufficient to dry up Crow Spring that was noted as a flowing about 3
gallons per minute by Scalapino (1950, pp 20-21).

3.3 Reed (1965, 1973, 1980)

Reed (1965) prepared a report that evaluated the groundwater resources of the Diablo Farms area
that overlies the Capitan Reef limestone and Goat Seep limestone. Reed (1973) and Reed (1980)
represented updates of this original report. Reed (1965, pg 5) noted that the groundwater in the
Diablo Farms area occurs in both near-surface alluvial materials and in the underlying Capitan
Reef and associated formations. The groundwater generally moves west, towards the Salt Basin
(Reed, 1965, pp. 5-6). Reed (1965, 1973 and 1980) provided data related to well and test-hole
drilling, groundwater levels and results of pumping tests of the aquifer system.
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Reed (1965, pp 11-12) concluded that, based on an analysis of groundwater elevation gradients,
the faulting in the area that is characteristic of the Basin and Range setting and defines the
boundary between the Salt Basin graben and upland limestone area, has “enhanced the
development of porosity and permeability” of the limestone, and has not acted as a barrier to
movement into the Salt Basin.

Based on a Darcian calculation, Reed (1965, pg 18) estimated that the recharge to the area above
a depth of 700 feet is about 15,400 acre-feet per year. The recharge to this area is from rainfall
on the outcrop of the Capitan Reef and runoff that infiltrates the alluvium and ultimately the reef
where the two are hydraulically connected (Reed, 1965, pg 17). Based on this estimate and an
analysis of groundwater elevation changes, Reed (1973, pg 1) estimated that irrigation pumping
in the Diablo Farms area of between 25,000 to 35,000 acre-feet per year would result in annual
groundwater elevations declines of up to 2 to 3.5 feet.

3.4  Parizek (1979)

Parizek (1979) completed a report for the Soil Conservation Service that developed
recommendations for floodwater recharge wells. This investigation focused on interpreting
aerial photographs and satellite images to map fracture traces and lineaments (Parizek, 1979, pg.
10). Due to documented variation in well yields (e.g. Scalapino, 1950), Parizek (1979, pg 5)
hypothesized that a well located along fracture trace and/or lineament intersection would prove
significantly more productive when compared with randomly located wells. It was on this basis
that recommendations were developed for locating recharge wells.

Parizek (1979, pp. 5 and 8, and Figure 2) presented data related to predicting the probability of
obtaining a particular specific capacity in a well. This analysis was based on thirty-three control
points. It was noted that the available data are likely biased in favor of “successful wells”

(Parizek. pg 8).
35 Gates and Others (1980)

Gates and others (1980) completed geophysical surveys in the southern end of the study area.
Based on this investigation, the areas covered by the Goat Seep limestone and Capitan Reef were
delineated (Gates and others, 1980, Figure 2). Gates and others (1980, pg. 18) also provided
specific capacity data.

Gates and others (1980, pg 33) updated estimates of pumping and irrigated acreage in the Dell
City area, and reported that groundwater elevations in the Dell City area declined about 30 to 40
feet between 1948 and 1972. The pumping and irrigated acreage data are summarized in Table
3.
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Table 3. Estimates of Pumping and Irrigated Acreage in the Dell City Area
(from Gates and others, 1980)

Pumping
Year Estimate Irrigated Acres Source
(AF/yr)

1960 100,000 25,000 Davis and Leggat, 1965

1967 105,000 N/A Davis and Gordon, 1970

1972 100,000 N/A Gates and others, 1980
1974-76 N/A 40,000 to 42,000 (Texas) Gates and others, 1980
1974-76 N/A 5,000 to 6,000 (New Mexico) | Gates and others, 1980

3.6 Kreitler and others (1990)

Kreitler and others (1990, pg 51) noted that the aquifer containing fresh water in the Diablo
Plateau may be extremely thick and cited an 1,800 ft deep Soil Conservation Service test hole
that was drilled on the northeastern side of the plateau that never reached brackish water. It was
also noted that the aquifer is extremely transmissive and noted that pumping in the Dell City area
was approximately 98,500 acre-feet per year for 30 years with only 33 ft of drawdown.

Kreitler and others (1990, pg. 51 and Figure 2) reported that groundwater flow on the Diablo
Plateau is predominately southwest to northeast, and that there is a groundwater divide close to
the southern edge of the Diablo Plateau. The gradient for the Diablo Plateau aquifer is
approximately 5 ft/mi, a relatively low gradient considering the 1300 ft of topographic relief in
the same area (Kreitler and others, 1990, pg. 51). The low gradient was also evidence of high
transmissivities, and the pumping in the Dell City area was assumed to not impact regional
groundwater flow due to these high transmissivities (Kreitler and others, 1990, pp. 51 and 54).

Kreitler and others (1990, pg. 54) stated that recharge occurs over the entire area of the plateau,
and that the catchment area is about 2,900 square miles. Based on soil chloride concentrations, it
was postulated that the recharge likely occurs during flooding of the arroyos that drain the
plateau. Fractures that are typically concentrated in the arroyos permit surface water to move
rapidly through the thick unsaturated zone (Kreitler and others, 1990, pg. 54).

3.7  Ashworth (1995)
Ashworth (1995, pg. 1) described the groundwater resources underlying the irrigable land of the
area (i.e. the Bone Spring-Victorio Peak Aquifer as designated by the Texas Water Development

Board). Ashworth (1995, pg 5 and Figure 3) updated estimates of irrigated acreage and total
pumping. These results are summarized in Table 4.
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Table 4. Estimates of Irrigated Acreage and Total Pumping
From Ashworth (1995)

Irrigated | Pumped Water
Year acreage (AF/yr)
1958 19,000 65,000
1964 29,000 90,000
1969 20,000 85,000
1974 33,000 130,000
1979 39,000 144,000
1984 19,000 100,000
1989 20,000 95,000

Ashworth (1995, pg 13) reviewed literature associated with recharge to the aquifer system, and
evaluated total pumping with the groundwater level in an observation well equipped with a
continuous recorder. It was noted that pumping rates of between 40,000 and 60,000 AF/yr
resulted in groundwater level rises, and when pumping was between 90,000 and 100,000 AF/yr,
groundwater levels remained relatively constant. Based on this observation, 90,000 to 100,000
AF/yr was considered a “reasonable estimate of total annual recharge to the aquifer, which
includes both lateral inflow and irrigation return flow”.

Ashworth (1995, pg. 23) characterized the groundwater quality as brackish, very hard, and
dominated by elevated levels of calcium, sodium, sulfate and chloride. Ashworth (1992, pg. 29)
reported that in a 30-well survey of groundwater quality in 1992, the total dissolved solids
ranged from 1,148 mg/l to 6,533 mg/l, and averaged 3,530 mg/l. The high total dissolved solids
require increased pumping to leach accumulated salts from the root zone.

Ashworth (1995, pg. 35) reported that groundwater quality has been changing since the 1940s
when irrigation began:

Water applied to agricultural land has percolated down to the water table,
leaching additional minerals on its way. Also, the drilling and open completion
of hundreds of wells in the valley has created a condition in which zones
containing poor-quality water can mix with all other water bearing zones.

The total dissolved solids in Well 48-07-205 between 1948 and 1992 increased from 1,119 mg/l
to 4,395 mg/l (Ashworth, 1995, pg. 35). The most recent sample (June 27, 2001) from this well
had a total dissolved concentration of 4,305 mg/l. The database of water quality in wells in the
area is maintained by the Texas Water Development Board, and is accessible at:

htip://www.twdb.state.tx.us/publications/reports/GroundWaterReports/
GWDatabaseReports/GWdatabaserpt.htm
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3.8 Mayer (1995)

Mayer (1995, pg. 2) evaluated the role of how regionally pervasive fractures affect regional
groundwater flow. Mayer (1995, pp 2 and 3) completed this evaluation by characterizing the
hydrogeology and regional fracture system of the aquifer system in the Otero Mesa-Diablo
Plateau area. He also constructed a two-dimensional, steady state numerical model of the area to
test various scenarios of permeability trends and regional fracture anisotropy (Mayer, 1995, pg. 2
and 117).

Mayer (1995, pg 117) simulated the aquifer system as an equivalent porous medium. As stated
by Mayer (1995, pg 117):

Fractures are assumed to be numerous enough and distributed evenly
enough for the effects of individual fractures to be ignored. Thus,
transmissivity is modeled as a bulk property of the aquifer and no account is
taken of individual fracture contributions or fracture properties such as
aperture, roughness, or length. Given the size of the area and the
numerous, widely distributed fractures, this appears to be a reasonable
assumption (Long and others, 1982).

Mayer (1995, pg 118) assumed a constant aquifer thickness. He also noted that thickness is
accounted for in the transmissivity term, and that constant thickness was a reasonable assumption
given the depositional environment of the aquifer where paleo-relief was minimal during the
Permian.

The model was bounded on the west and north by surface water divides. The boundary on the
south was a symmetry boundary where regional flow is to the east, parallel with the boundary.
The boundary on the east was a combination of a symmetry boundary where westward flow from
the Guadalupe Mountains and eastward flow from the Otero Mesa converge and a constant head
boundary that corresponds to the water table in the Salt Basin playa (Mayer, 1995, pp. 120 and
121).

Five transmissivity zones were defined based on fracture density and fracture orientation (Mayer,
1995, pg. 122). Each domain was assigned an internally constant transmissivity (i.e.
transmissivity within each zone was constant). The transmissivity for each zone that contained
limestone was constrained by values collected in the literature for other carbonate aquifers, and
the alluvial areas were constrained by literature values of granular aquifers (Mayer, 1995, pg.
122). Adjustments to these transmissivity values were made in the model calibration process
(Mayer, 1995, pp 118 and 122).

Mayer (1995, pp 125 to 132) presented estimates for recharge and discharge components.
Recharge was assumed to consist of precipitation over all but the lowest elevations of the study
area, and generally followed the method described by Maxey and Eakin (1949), where recharge
increases with elevation. At lower elevations, Mayer estimated recharge based on soil chloride
profiles as reported by Kreitler and others (1990). Discharge from the system was assumed to
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consist of irrigation pumping and evaporation from the Salt Basin Playa (Mayer, 1995, pg. 125).
Interbasin flow in the southeast portion of the study area, livestock pumping and domestic
pumping were assumed negligible (Mayer, 1995, pg. 125).

Mayer (1995, pg 126) estimated each component of recharge and discharge. Distributed
recharge using both the Maxey-Eakin method and the soil chloride profiles yielded an estimate
of 58,370 AF/yr. Although not mentioned in the text, the estimate for irrigation return flow was
presented as a range (between 29,996 and 42,156 AF/yr). Therefore, total recharge was assumed
to be between 88,366 and 100,527 AF/yr.

Discharge from pumping was estimated to be 81,070 AF/yr. Pumping was input as a rate in five
model nodes (Mayer, 1995, pg. 187). Since the model estimated playa evaporation through
constant head boundary conditions, it was not an input to the model, but an output. If the
pumping is held fixed, and the playa evaporation is estimated as a residual in the simple water
balance of the area (assuming no change in storage), playa evaporation is between 7,296 and
19,457 AF/yr.

Mayer (1995, pp. 132 to 138) used the model to test three configurations of transmissivity.
Recharge and discharge were set and were not adjusted during calibration. Transmissivity was
adjusted by trial and error in order to match the observed potentiometric surface. These
simulations and results are summarized in Table 5.

Table 5. Summary of Mayer (1995) Simulations

Transmissivi Fit to Observed
Scenario 2 ty Potentiometric Citation
(ft¥/day)
Surface
“Serious, fundamental
Homogenous and disagreements between
Isotropic 2940 observed and modeled Mayer (1993, pg.133)
cases”
Heterogeneous and “Much better match to
: 8 93 to 9300 the observed Mayer (1995, pg. 136)
1sotropic . . '
potentiometric surface
“Adding anisotropy
Heterogeneous and 93 to 9300 with a does not significantly
anisotropic 10:1 anisotropy ratio | change the model Mayer (1995, pg. 138)
output”

The overall conclusion of these simulations was that anisotropy is not a major factor in the
configuration of the potentiometric surface because the coincidental alignment of the hydraulic
gradient is nearly parallel to the major axis of transmissivity (Mayer, 1995, pg. 138).

The results on model fit are limited to the qualitative statements summarized above. No
quantitative results are provided that allow for the evaluation of the model-estimated heads with



observed groundwater elevations. Moreover, only steady state simulations were completed and
therefore, storage change was assumed to be zero.

It was noted by Mayer (1995, pg. 122) that the most heavily fractured area was assigned a
transmissivity of 9,300 ﬁZ/day. This value is more than an order of magnitude less than the
highest values that were cited in the literature (Mayer, 1995, pg. 122). Given the modeling
approach taken, it is likely that if the transmissivity values were adjusted higher to be consistent
with the highest end of the literature values and recharge was adjusted upward commensurately,
an equally good calibration would be achieved. Conversely, if transmissivity values were
adjusted lower, an equally good calibration could be achieved with lower estimates of recharge.

3.9 Hibbs and Others (1997)

Hibbs and others (1997) compiled groundwater data for the transboundary region of Texas, New
Mexico, and Chihuahua, and published a map of groundwater elevations in the Dell City area
based on these data. The groundwater elevation contours are shown in Figure 10.
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Figure 10. Groundwater Elevation Contours in the Dell City Area
(contours from Hibbs and others, 1997)
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3.10 Brown and Caldwell (2001)

Brown and Caldwell (2001, pg. 1-1) summarized the findings of a water resource investigation
of the O’Ban and Layton Farms. The investigation focused on obtaining site-specific
information and data by completing well video surveys, well production evaluations, zonal water
quality analyses, and aquifer testing (Brown and Caldwell, 2001, pg. 3-1). Estimated
transmissivities ranged from 41,200 to 87,200 ft’/day on the Layton Farm and ranged from
336,500 to 448,600 ft’/day on the O’Ban Farm (Brown and Caldwell, 2001, pg. 3-3). Since the
tested wells were current irrigation wells, it seems appropriate to assume that the estimated
transmissivities are likely at the higher end of regional transmissivities.

3.11 Blair (2002a, 2002b)

Blair (2002a) developed estimated consumptive irrigation requirements for irrigated cropland
within the boundaries of HCUWCD for the year 2001. Based on estimated acreage of cropland
actually irrigated (27,000 acres out of 28,803 acres classified as farmland), and an average duty
of cropland on CLM property (4.0 AF/acre), estimated pumping for 2001 was 108,000 AF.
Further assuming an irrigation return flow of 30% of the total pumping (32,400 AF), the total
consumptive water use was estimated to be 75,600 AF. The estimated consumptive irrigation
requirement was then estimated as 2.8 AF/acre by dividing the total consumptive use (75,600
AF) by the total estimated irrigated acreage (27,000 acres) in the area.

Blair (2002b) presented data and information regarding alternative estimates of recharge to the
area. John Ashworth had reviewed data and information subsequent to publication of Ashworth
(1995). The results of this review were included in Blair (2002b, pg. 21). Ashworth’s
reinterpretation was that because historical pumpage from 1964 to 1989 was primarily flood
irrigation, an average application of 80 inches per year (6.6 AF/acre) was appropriate, and
irrigation rates from 1994 and 2000 was 60 inches (5.0 AF/acre) and 48 inches (4.0 AF/acre) due
to the installation of sprinkler irrigation systems in the area. Based on these alternative
assumptions, the method applied in Ashworth (1995, pg. 13) was revisited, and John Ashworth
concluded that natural recharge could be as high as 160,000 to 200,000 AF/yr.

3.12 Groeneveld and Baugh (2002)

Groeneveld and Baugh (2002) completed analyses of satellite images to develop estimates of
evapotranspiration from groundwater-irrigated agriculture and playa discharge. This work was
completed for EPWU in support of this modeling effort, and the entire report is presented in this
report as Appendix E. Landsat satellite data from 1974 to 2002 were used as the base data for
the analysis.

Irrigation in the area averaged 21,353 acres for the period, with the maximum of 33,656 acres in
1975, and the minimum of 12,585 acres in 1994 (Groeneveld and Baugh. 2002, pg. 15). The
estimated irrigated area for 1975 (maximum area during the study period) is presented in Figure
11.
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Figure 11. Estimated Irrigated Area in 1975
(from Groeneveld and Baugh, 2002)

Irrigation requirements were estimated using a Blaney-Criddle approach for alfalfa during a
normal year, less average annual precipitation (Groeneveld and Baugh, 2002, pg.11). Based on
this analysis, the irrigated acreage was multiplied by the estimated irrigation requirement of
3.859 ft/yr to yield a maximum pumping estimate of 129,877 AF/year for 1975 and a minimum
pumping estimate of 48,567 AF/yr for 1994 (Groeneveld and Baugh, 2002, pg. 16). Confidence
intervals for these acreage estimates were estimated to be between 13 to 20% depending on the
number of satellite images used for mapping the year (Groeneveld and Baugh, 2002, pg. 15).

Playa discharge was estimated for eight years between 1984 and 2002. The average rate of
discharge was 27,430 acre feet/year with a minimum of 12,176 acre feet/year in 2001 and a
maximum of 44,089 acre feet/year during 1988 (Groeneveld and Baugh, 2002, pg. 20). Details of
estimated playa discharge are presented in Chapter 4.7 of this report. Because of a lack of actual
calibration data, Groeneveld and Baugh (2002, pg. 22) estimated that the confidence interval for
this analysis is conservatively large at 100% (pus/minus 50%). The area of playa discharge for
1988 is presented in Figure 12.
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Figure 12. Estimated Area of Playa Discharge in 1988

(from Groeneveld and Baugh, 2002)

3.13 George and Others (2005)

George and others (2005) summarized and reviewed previous work related to the hydrogeology
of Hudspeth County, Texas, summarized the groundwater management approach taken by the
Hudspeth County Underground Water Conservation District No. 1, reviewed and summarized
water demands in the area, and provided an assessment on water availability and supply.

George and others (2005, pg. 19-22) detailed a recommendation to expand the boundaries of the
Bone Spring-Victorio Peak Aquifer, and stated that the new boundary would be recommended
for approval in the 2007 State Water Plan. The recommended change was adopted in the 2007
State Water Plan. The figure from George and others (2005) is shown in Figure 13.
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Figure 13. Proposed New Boundary for the Bone Spring-Victorio Peak Aquifer
(from George and others, 2005, pg. 21)

3.14 Eastoe and Hibbs (2005)

Eastoe and Hibbs (2005) conducted stable and radiogenic isotopic sampling of wells in the
Sacramento Mountains (extending between Cloudcroft and Crow Flats, New Mexico) and stable
isotope sampling the Dell City area (Texas). Their findings (Figure 14) suggested that the
isotopic signature of groundwater in the Texas portion of the Dell City area is different from the
isotopic signature of groundwater in the area between Pinon (at the base of the Sacramento
Mountains) and Crow Flats (north of the New Mexico-Texas state line). Furthermore, the
isotopic signature of groundwater in the Texas portion of the Dell City area is similar to that of
least-evaporated groundwater in the Diablo Plateau located to the south and west of Dell City,
represented by groundwater from the east side of the Hueco Bolson where recharge is from the
Diablo Plateau. This suggests that a significant amount of groundwater flows from the Diablo
Plateau (probably from the Cornudas Mountains) to the Texas part of the Dell City area.
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Figure 14. Oxygen and Hydrogen I[sotopic Analyses from Eastoe and Hibbs (2005)

3.15 Huff and Chace (2006)

Huff and Chace (2006) provided *‘a synopsis of the current state of knowledge and understanding
of the hvdrogeology of the Salt Basin™ and offered “possible areas of future study”. The analysis
was focused on the New Mexico portion of this study area. and used the term “Salt Basin™ for
the study area.

Of note in Huff and Chace (2006) were the groundwater elevation contour map (shown below as
Figure 15) and a series of hydrographs (Figure 9 in Huff and Chace, 2006) that presented the
relative change in groundwater elevations in New Mexico as a function of distance from Dell
City. In summary, Huff and Chace (2006) demonstrated that groundwater elevations have
decreased more in New Mexico wells closer to Dell City than in wells further away from Dell
City.
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Figure 15. Groundwater Contours (from Huff and Chace, 2006)

Seven tasks were identified for future study (Huff and Chace, 2006, pg. 13-14):

—

Quantify the rate of recharge to the Salt Basin

Quantify the rates of discharge, both natural and anthropogenic, leaving the Salt
Basin

Quantify the volume of groundwater in storage in the New Mexico part of the Salt
Basin

Quantify the volume of recoverable groundwater in storage in the New Mexico
portion of the Salt Basin
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5. Identify areas of the carbonate aquifer that may be vulnerable to the introduction and
rapid movement of subsurface contaminants

Establish the distribution of water quality in the New Mexico part of the Salt Basin
Develop a numerical ground-water-flow and transport model for the entire Salt
Basin

s

3.16 Other Studies Made Available During Review

These reports were made available after completion of the review draft of this report. Although
not used in model development, they are useful to check model performance and calibration.

3.16.1 Livingston Associates and John Shomaker & Associates (2002)

Livingston Associates and John Shomaker & Associates (2002) prepared the Draft Tularosa
Basin and Salt Basin Regional Water Plan 2000 — 2040 (Plan) for the South Central Mountain
Resource Conservation and Development Council, Inc., (RC&D) through a grant from the New
Mexico Interstate Stream Commission (ISC).

Livingston Associates and John Shomaker & Associates (2002, pg 6-15) estimated that the
“watershed yield” of the Salt Basin region is 35,078 AF/yr, with approximately one-half
originating from the Sacramento River. Due to the rock type (solutioned limestone), most all of
the 35,078 AFY infiltrates into the ground water system and can be considered as recharge.

Livingston Associates and John Shomaker & Associates (2002, pp. 6-56 and 6-57) estimated
“sustainable yield” in the Salt Basin as the summation of the watershed yield and the available
ground water in storage with'a total dissolved solid (TDS) range of less than 3,000 mg/L
withdrawn at an equal rate over a 100 year period. Note that part of the “sustainable yield”
includes a groundwater mining component over a 100-vear period. Based on this definition,
“sustainable yield” in the New Mexico portion of the Salt Basin was estimated to be 150.378
AF/yr.

3.16.2 Finch (2002)

Finch (2002) completed a groundwater model for the New Mexico Interstate Stream
Commission. This effort had previously been a confidential report, and was provided during Mr.
Finch's review of this effort. Mr. Finch stated that his 2002 report had only recently been
released to the public. The objective of Finch (2002, pg. 3) was to evaluate the potential for
developing groundwater from deep wells in the New Mexico portion of the Salt Basin. The
groundwater flow model that was developed as part of this effort addressed issues related to well
capacity. aquifer sustainability and pumping effects.

Finch (2002, pg.13) estimated hydraulic conductivity to be 100 ft*/day in the Otero Break portion
of Crow Flats and Dell City. Hydraulic conductivity for other areas ranged from 0.05 to 10
ftz/day. Storativity for the region was estimated to be range from 0.05 to 0.15 for the unconfined
areas of the model domain. Specific storage in the confined areas was estimated to be 1E-06 ft .
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Historic pumping estimates for used in the modeling effort are summarized in Table 6. New
Mexico pumping estimates are for “groundwater diversions” for irrigation, and Texas pumping
estimates are for “groundwater diversions” and assumed 50 percent return flow.

Table 6.Summary of Pumping Estimates from Finch (2002, pp 17 and 18)
All Pumping Estimates in AF/yr

Period New Mexico Texas Total
1945 to 1960 2,552 33,154 35,706
1960 to 1969 12,709 42,080 54,789
1970 to 1979 14,494 49,730 64,224
1980 to 1989 14,494 70,133 84,627
1990 to 2000 14,494 49,730 64,224

Finch (2002, pg.15) estimated that the steady-state model recharge flux is 54,943 AF/yr, and
noted that the estimate compared well with the estimate of Mayer (1995). The inflow amount
includes an estimated inflow of 7,954 AF/yr from Penasco Basin, at the northern end of the study
area.

3.16.3 Finch and Bennett (2002)

Finch and Bennett (2002) completed a preliminary hydrogeologic analysis of the northern part of
Culberson County. The objective of this effort was to assist the Culberson County Groundwater
Conservation District in the development of “an accurate understanding of the aquifers and their
hydrogeologic properties, as well as a quantification of resources for building a foundation for
sound planning measures”.

Finch and Bennett (2002, pg. 11) estimated that the potential recharge for the Salt Basin
sediments and Capitan Reef aquifer in Culberson County is 20,300 AF/yr, with most all of the
water originating from the Guadalupe and Delaware Mountains.

Finch and Bennett (2002, pg. 17) constructed maps of groundwater elevation decline (1960 to
1995) contours of their study area, and identified two areas of significant decline: 1) Diablo
Farms area and salt flat area north of the Baylor Mountains. Finch and Bennett (2002) were not
able to conclude if the groundwater elevation declines in the Diablo Farms area are, in part, due
to pumping in the Dell City area.
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4.0 HYDROGEOLOGIC SETTING

4.1 Hydrostratigraphy

A simplified stratigraphic column is presented in Table 7. The oldest rocks of hydrogeologic
significance are Permian in age (Sharp, 1989, pg. 123). The Permian rocks in the area are
divided into three series: Wolfcamp, Leonard and Guadalupe. In general the Guadalupe series

are high permeability shelf margin and reef deposits, the Leonard and Wolfcamp are variably
permeable shelf facies (Sharp, 1989, pg. 124). The Capitan Reef and Goat Springs Limestone
are of Guadalupe age. The areally extensive Bone Spring and Victorio Peak Limestones are of

Leonard age.
Table 7. Simplified Stratigraphic Column — Dell City Area

System Series Formation
Quaternary Alluvium Evaporites
Tertiary Intrusive Igneous Rocks
Unconformity
Cretaceous Lower Cretaceous Campagrande Limestone
Major Unconformity
Guadalupe Capitan, Goat Seep, San Andres
Permian Leonard Victorio Peak, Bone Spring, Yeso
Wolfcamp Hueco
Pennsylvanian to Precambrian Undifferentiated

From: Dietrich and others (1995), King (1965), Mayer (1995)
O'Neill and others (1998), Uliana (2001)

The Cretaceous rocks in the area are limited in thickness and do not represent important aquifers.
Sharp (1989, pg. 127) noted that Kreitler and others (1987) suggested that a perched water table
occurs within Cretaceous limestone in the southwest portion of the Diablo Plateau, and that the
steep gradient implied that there is a lower hydraulic conductivity than in the underlying Permian

limestone aquifer.

The Tertiary intrusives in and around the Cornudas Mountains are important features in that they
represent a possible partial barrier to groundwater flow. O’Neill and others (1998) presented a
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schematic diagram of the area around the Cornudas Mountains that provides some insight to the
position and thickness of these intrusives. This fence diagram is reproduced as Figure 16.
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F.igure 16. Fence Diagram of Cornudas Mountain Area
(from O’Neill and others, 1998)

It is expected that, although fractured, the intrusives represent a zone of lower hydraulic
conductivity than the surrounding limestone. This expectation is based on a comparison of
reported specific capacities in the area (e.g. Parizek, 1979, pp. 5 and 8, and Figure 2) and
reported specific capacities of wells completed in Tertiary igneous aquifers located elsewhere in
the Trans-Pecos region (Far West Texas Regional Planning Group, 2001, pg. 27).

The agricultural area in and around Dell City is on a broad alluvial outwash plain that is
underlain by the limestone that occurs on the surface of the Diablo Plateau (Ashworth, 1995).
The alluvium is not considered a significant aquifer due to its limited areal extent and limited
thickness. Most of the wells in the area are completed in the underlying limestone.

To the east of the agricultural area, the Salt Basin graben is filled with alluvial sediments that are
reported to be between 800 and 2,000 ft thick (Gates and others, 1980, pg. 13). East of the Salt
Basin graben, the area is dominated by the shelf margin and reef deposits of Guadalupe age
(Capitan and Goat Seep).
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Uliana (2001, pp. 154 and 155) provided an overview of the Capitan Reef Aquifer. which
included maps of the Capitan Reef Aquifer from two different sources that have slightly different

western boundaries.

4.2 Structure

Regional faulting associated with the basin and range tectonics divides the study area into three
parts: the Diablo Plateau on the west, the Salt Basin graben in the central portion, and the upland
shelf and reef limestones along the margins of the Guadalupe and Delaware Mountains. The
faulting down-dropped the Salt Basin and fault movement has continued to present (Sharp, 2001,
pg. 44 and Goetz, 1977, pg. 23). Reed (1965, pp 1 1-12) concluded that, based on an analysis of
groundwater elevation gradients, the faulting in the area defines the boundary between the Salt
Basin graben and upland limestone area, has “enhanced the development of porosity and
permeability” of the limestone, and has not acted as a barrier to movement into the Salt Basin.

Flexures and fracture systems in the carbonate units play a major role in the hydrogeology of the
region (Sharp, 2001, pg. 44 to 45), and are presented in Figure 17.
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Figure 17. Generalized Location of Faults and Flexures
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Mayer (1995, pg. 138) demonstrated the importance of the group of faults known as the Otero
Break in the enhancement of groundwater movement of water from the Sacramento Mountains
to the Dell City area. Sharp (1989, pg. 27) noted the high hydraulic conductivity in limestones in
the vicinity of the Babb Flexure. Sharp (1989, pg. 27) cited Nielson and Sharp (1985) regarding
the proximity of groundwater divides and the Babb and Victorio flexures and suggested that

Tectonic movement and resultant trends of sedimentation created permeability
barriers, in addition to controlling the locations of the surface drainage systems
and the alluvial fans that serve as the prime recharge sites.

4.3 Water Levels and Regional Groundwater Flow

Groundwater elevation data were obtained from the Texas Water Development Board (TWDB)
website for the Texas portion of the study area. Groundwater elevation data for the New Mexico
portion of the study area were obtained from Hibbs and others (1997), and from the New Mexico
State Engineer website. Locations for all wells that have at least one data point are shown in
Figure 18.

|  New Mexico

Texas

40

Figure 18. Well Locations in the Dell City Area
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Several wells in the Dell City area exhibit similar trends in groundwater elevations changes over
time, and exhibit little difference in groundwater elevation. The locations of selected wells are
shown in Figure 19. Hydrographs of these wells are shown in Figures 20 to 24. The
groundwater level response in the hydrographs suggest, as Bjorklund (1957, pg.12) concluded,
that the aquifer is highly permeable and that the “solution channels are interconnected and
belong to a common hydraulic system”. This also suggests that the equivalent porous medium
assumption used by Mayer (1995, pg 117) is valid, at least on a regional scale.

fﬁs 18E 21 233

New Mexico

2l 3
® 65 18 E 30 321

48.07-502
®

@ 48-07-904

0 10 20 30 40 50 Miles
e ——__———

Figure 19. Location of Selected Wells



Groundwater Elevation (ft MSL)

Groundwater Elevation (ft MSL)

3700
3680 -
3660 -
3640 -
3620
3600 -
3580
3560
3540 -
3520 -
3500

——

T

1945 1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000 2005

Date

Figure 20. Hydrograph of Well 25S 18E 21 233
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Figure 21. Hydrograph of Well 26S 18E 30 321

36

Yo - N Y - ¥ Y Y Y Y Y Y T Y Y Y Y T Y Y Y Y Y Y Y Y P Y Y YYY YRR YYN Y)Y XX



T YOWOUYUOWUOOUOUOUOoOowooweoeo0Oeo0o000000009000000000QOQDOCQC°O

Groundwater Elevation (ft MSL)

Groundwater Elevation (ft MSL)

3700
3680
3660 -
3640 -
3620
3600 -
3580
3560
3540
3520

3500

T

T

1945 1950 1955 1960 1965 1970 1975 1

Date

T - T T

980 1985 1990 1995 2000 2005

Figure 22. Hydrograph of Well 48-17-202
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Figure 23. Hydrograph of Well 48-07-502
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Figure 24. Hydrograph of Well 48-07-904

Note that the hydrographs generally depict declining groundwater levels after 1948 at the
beginning of high irrigation pumping. Groundwater elevations tended to stabilize after 1980.
Several contributing factors can be used to explain this observation: 1) groundwater pumping
decreased after 1980, 2) precipitation (and by extension recharge) in the area was higher after
1980 than before 1980, and 3) the cone of depression expanded and “captured” natural outflow
(most likely evapotranspiration). One of the reasons to develop a groundwater model is to
investigate these factors and understand their relative roles in explaining the observed decline
then stabilization of groundwater elevations.

Contour maps of groundwater elevation (previously presented as Figures 10 and 15) presented
by Hibbs and others (1979), and Huff and Chace (2006) show that groundwater in the Dell City
area is derived from the north (from the Sacramento Mountains towards Dell City), and from the
west (from the Diablo Plateau towards Dell City). The playa appears to act as a sink to
groundwater flow prior to the start of pumping in 1948. Since pumping began, it appears that
groundwater elevation declines have induced some flow from the playa to the west, into the Dell
City area. This is evidenced by decreased groundwater elevations in the Dell City area and the
degradation of groundwater quality (Ashworth, 1995).

4.4 Recharge
Table 8 summarizes previous estimates of recharge of the area. Note that in Bjorklund (1957),

Ashworth (1995) and Blair (2002b), the estimated recharge was based on an analysis of pumping
and groundwater elevation response. The stated assumption made in these three recharge
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estimates is that if groundwater elevations are stable over a period of time, then total recharge
equals pumping. In reality, stable groundwater elevations over a period of relatively constant
pumping is evidence that total inflow (natural recharge plus induced recharge) equals total
outflow (pumping plus natural outflow). Ashworth (1995) also noted the impact of irrigation

PO T OO0 T OO OO OO PO 00000000002000000000

return flow on observed changes in groundwater quality.

Table 8. Summary of Recharge Estimates

Source Estimate Area Remarks
Recognized that most
Scalapino (1950, pg. 6) N/A Dell City Area | recharge is from infiltration
of Sacramento River flows
Crow Flats and Based on evaluation of
Bjorklund (1957, pg.15) | < 100000 | pejy ity pumping and groundwater
AF/yr Areas elevation response from
1948 to 1955
Diablo Farms
Area of the Darcian estimate, limited to
Reed (1965, pe. 18) 13,400 AF/yr Capitan and upper 700 feet of aquifer
Goat Seep
Includes both lateral inflow
Bone Spring- and irrigation return flow.
Ashworth (1995, pg 13) 90,000t0 | \riiirio peak | Based on analysis of
100,000 AF/yr Aquifer groundwater pumping and

groundwater elevations
response

88,366 to

Otero Mesa,

Included 58,370 AF/yr of

Diablo Plateau, | "distributed recharge" and
Mayer (1995, pg 126) 100,527 AF/yr | Crow Flats, between 29,996 to 42,156
' Salt Basin irrigation return flow
Estimates by John Ashworth
Bone Spring- based on reinterpretation of
. 160,000 to S Ashworth (1995). Range is
Blair (2002b, pg.13) 200,000 AF/yr X;c:;)frel;) Peak based on assumed range of

duties. Estimates inciude
return flow component.

Otero Mesa,
Diablo Plateau,

Based on steady-state model

Finch (2002) 54,943 AF/yr Crow Flats, simulation
Salt Basin
. Isotopic sampling suggests
gz{)gtgl,ateau that significant recharge in
Eastoe and Hibbs (2005) N/A > | the Texas portion of Dell
Sacramento N .
. City is from the Diablo
Mountains

Plateau, west of Dell City

Note that the “estimate” of recharge by Eastoe and Hibbs (2005) does not deal with quantity, but
rather with the suggestion that significant groundwater flow in the Texas portion of the Dell City
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area is from the Diablo Plateau to the west of Dell City. This is based on the similarity in
isotopic signature of groundwater in the Diablo Plateau and the Texas portion of Dell City. In
contrast, groundwater in the New Mexico portion of the Dell City area (Crow Flats in some
reports and the Salt Basin in other reports) has a similar isotopic signature with Sacramento
Mountain groundwater and is different than the isotopic signature of groundwater in the Texas
portion of Dell City.

When groundwater elevations are stable at some level of pumping, total inflows to the system
and total outflows from the system (including pumping) are matched. The cone of depression
that has formed in the Dell City area defines the domain of this “system”. Under this condition,
the inflow to the system includes 1) recharge from precipitation on land overlying the domain, 2)
irrigation return flow, 3) naturally occurring lateral inflow to the area, and 4) induced lateral
inflow of groundwater that has responded to the change in gradient caused by pumping. When
groundwater elevations are stable, the sum of these four inflow components is equal to the
pumping plus the natural outflow from the system. In this area, natural outflow from the system
is evapotranspiration from the playa.

It is possible that, within a fairly broad range of pumping, groundwater elevations could remain
stable. Assuming groundwater elevations are currently “stable”, if pumping were reduced 10
percent from present amounts, the induced inflow would be reduced and groundwater elevations
would stabilize at a higher level than present after an adjustment period. If pumping were
increased 10 percent, it is likely that induced inflow would be increased and groundwater
elevations would stabilize at a lower level than present after an adjustment period. If pumping
were increased to the point that no additional inflow could be induced, groundwater elevations
would decline without stabilization. This is an undesirable situation as storage would be
depleted and groundwater mining would be occurring.

The hydrographs of groundwater elevations presented in the previous section depict an initial
decline in groundwater elevations after the development of irrigated agriculture in the late 1940s.
The hydrographs also show stabilization after 15 to 20 years of pumping. Based on these
hydrographs, it appears that a new dynamic equilibrium has been established. Based on this
observation, it is concluded that inflow has been induced into the area, thus effectively increasing
the “recharge” to the Dell City area. It is also likely that natural discharge to the playa and/or
any subsurface outflow has been reduced as a result. The combination of induced inflow and
decreased natural outflow is the “capture”.

Mayer’s (1995) investigation was a good starting point to address the potentially complex
relationships between pumping and capture. However, the objectives of his study focused on
evaluating the role of fracture orientation and anisotropy on the flow system, and simulated the
system under steady state conditions. This steady-state simulation cannot be used to evaluate the
groundwater budget changes associated with pumping in the Dell City area.

Mayer’s (1995, pp 125 to 132) estimates of distributed recharge were based on a combination of

the Maxey-Eakin approach in higher elevation areas and rates estimated from soil chloride data
in lower elevation areas. Mayer (1995, pg. 129 to 130) utilized the same distribution of recharge
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factors as a basin in eastern Nevada. The Maxey-Eakin method is an empirical technique
developed for a specific basin in eastern Nevada, where precipitation is dominant in the winter.
Precipitation in the higher elevation areas of the study area is highest in the summer months.
Although the basic approach is correct (Stone and others, 2001), it is unlikely that strict
application of the parameters that were empirically developed for a basin in Nevada can be used
without modification in the Sacramento Mountains.

As discussed previously, the recharge estimate used by Mayer (1995) was simply an input to the
model, and transmissivity values were adjusted during calibration of the model. It was noted by
Mayer (1995, pg. 122) that the resulting transmissivity values were an order of magnitude less
than the highest values reported in the literature. Given the modeling approach taken, it is likely
that if the transmissivity values were adjusted higher to be consistent with the highest end of the
literature values and recharge was adjusted upward commensurately, an equally good calibration
would be achieved. Conversely, if transmissivity values were lowered, an equally good
calibration could be achieved with lower estimates of recharge. Based on an analysis of past
recharge estimates, it is apparent that recharge is known only within very broad ranges. The
basic approach of Maxey-Eakin (i.e. higher recharge rates at higher elevations) is appropriate.
However, it is also clear that the estimate of recharge is highly correlated with estimates of
pumping and with estimates of transmissivity.

Recharge from irrigation return flow has been estimated as 30% of total pumping (Blair, 2002a)
based on current irrigation practices (i.e. sprinklers). This recharge, and return flows during
periods when flood irrigation dominated, has contributed to increased total dissolved solids (i.e. a
degradation of groundwater quality) according to the analysis of Ashworth (1995).

4.5 Rivers, Streams, Springs, and Lakes

Surface flows in the study area are limited to ephemeral drainages that flow after precipitation
events. Bjorklund (1957, pg 14) discussed the role of these ephemeral streams in recharging the
aquifer system. Based on observations of residents, runoff from the higher elevations infiltrates
into the canyon floors and bajadas. Water that reaches the valley floor often drains into the
various sinkholes. According to local residents, many floods in the various arroyos are
dissipated before reaching the playa area. Livingston Associates and John Shomaker Associates
(2002, pg. 6-21) reported that average annual flow in the Sacramento River at a gauging station
at the “upper part of the watershed” from 1984 to 1989 was 2,173 AF/yr.

Springs in the area reported in the literature connected to the aquifer system include Crow
Spring. Bjorklund (1957, pg 14 and 15) noted that the groundwater pumping caused declines in
groundwater elevations sufficient to dry up Crow Spring that was noted as a flowing about 3
gallons per minute by Scalapino (1950, pp 20-21). Other seeps and springs in the area are
located along the margin of the playa where groundwater intersects the land surface and becomes
part of the overall natural discharge of the system. As development has increased since the late
1940s, this discharge has been reduced. Other springs include Alamo Spring in the Cornudas
Mountains and Carrizo Spring in the Sacramento Mountains, which is one of the primary water
sources for community of Timberon.
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4.6  Hydraulic Properties

Hydraulic properties of the aquifer include hydraulic conductivity, transmissivity and storativity.
Hydraulic conductivity was originally defined as an empirical parameter in describing flow
through porous media, and is analogous to permeability. It can be defined as the flow rate of
water through a cross section of the aquifer of unit area under a unit hydraulic gradient.
Transmissivity is defined as hydraulic conductivity multiplied by the aquifer thickness.
Storativity is defined as the volume of water that an aquifer releases from storage per unit surface
area of aquifer per unit decline in the component of hydraulic head normal to that surface (Freeze
and Cherry, 1979, pg. 60).

Hydraulic conductivity typically varies spatially and directionally in a groundwater flow system.
If hydraulic conductivity differs with direction, the aquifer is termed anisotropic. Anisotropy is
distinct from heterogeneity, which means that hydraulic conductivity varies spatially due to some
hydrogeologic factor (e.g. grain size, rock type, or fracture density). Huntoon (1995, pg 351 and
352) points out that karst aquifers are highly anisotropic, and that it is inappropriate to model
karst aquifers as extremely heterogeneous as an approximation for what is truly anisotropic.
Geologic evidence points to the conclusion that the study area can be considered a karstic
system. Therefore, the development of this groundwater flow model included treating hydraulic
conductivity and transmissivity as anisotropic parameters.

Table 9 summarizes specific capacity tests (which can be used to estimate transmissivity) from
Scalapino (1950), Bjorklund (1957), and White and others (1980). Table 10 summarizes
empirical estimates of transmissivity using methods presented by Gates and others (1980), and
Mace (2001, Figure 7).

Note that wells in Scalapino (1950) were all assumed completed in limestone aquifers. This is
based on data in Scalapino (1950) that the casing of the well is considerably less than the total
depth of the well, suggesting open-hole completions in limestone. Bjorklund (1957) presented
data that specify which tests are from wells completed in limestone and which tests are from
wells completed in alluvium. White and others (1980) presented data that are primarily located
in the Capitan and Goat Seep formations on the east side of the study area. Brown and Caldwell
(2001) completed aquifer tests on the Layton Farm and O’Ban Farm. Estimated transmissivities
ranged from 41,200 to 87,200 ft2/day on the Layton Farm and ranged from 336,500 to 448,600
ft*/day on the O’Ban Farm (Brown and Caldwell, 2001, pg. 3-3).

Storativity estimates in the literature are sparse. Gates and others (1980, pg.18) opined that the
specific yield of the Capitan Limestone is probably large in places where the limestone is
cavernous, but overall the specific yield of the formation is probably 5 percent or less (storativity
of 0.05).
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Table 9. Summary of Specific Capacity Tests

TP OO YO0 0000000R00000000000000

Well | Pumping Specific Capacity
Depth Rate
Well ID Source (ft) (gpm) gpm/ft | ft’/day | m?*/day
47-17-204 White and others (1980) 890 790 7 1,251 116
47-17-206 White and others (1980) 750 470 8 1,482 138
26.18.33.111 | Bjorklund (1957) 425 400 8 1,540 143
47-17-602 White and others (1980) 200 410 9 1,636 152
47-17-208 White and others (1980) 1,686 2,000 12 2,310 215
26.18.33.133 | Bjorklund (1957) 435 1,200 13 2,567 238
67 Scalapino (1950) 250 620 15 2,911 270
47-17-218 White and others (1980) 350 1,300 16 3,080 286
47-17-904 White and others (1980) 400 1,500 16 3,080 286
47-18-706 White and others (1980) 400 1,500 16 3,080 286
30 Scalapino (1950) 280 350 18 3,369 313
66 Scalapino (1950) 250 700 19 3,642 338
47-09-801 White and others (1980) 412 2,400 25 4,763 442
29 Scalapino (1950) 304 1,500 33 6,417 596
47-17-203 White and others (1980) 500 2,450 38 7,316 680
47-17-202 White and others (1980) 250 1,000 43 8,278 769
47-17-317 White and others (1980) 600 2,000 58 11,166 1,037
21 Scalapino (1950) 250 1,250 60 11,459 1,065
34 Scalapino (1950) 255 1,300 65 12,513 1,162
26.18.32.122 | Bjorklund (1957) 300 3,000 67 12,834 1,192
41 Scalapino (1950) 230 1,800 90 17,326 1,610
17 Scalapino (1950) 300 1,500 100 19,251 1,788
81 Scalapino (1950) 154 2,900 104 19,939 1,852
10 Scalapino (1950) 237 1,500 115 22,213 2,064
47-09-207 White and others (1980) 1,240 2,450 136 26,203 2,434
24 Scalapino (1950) 200 1,100 138 26,471 2,459
47-17-321 White and others (1980) 1,120 1,600 200 38,503 3,577
26.18.30.122 | Bjorklund (1957) 386 2,000 250 48,128 4,471
111 Scalapino (1950) 231 2,000 286 55,004 5,110
42 Scalapino (1950) 220 1,800 360 69,305 6,439
26.18.113 Bjorklund (1957) 394 3,620 362 69,690 6,474
47-09-207 White and others (1980) 1,240 1,500 375 72,193 6,707
26.18.29.113 | Bjorklund {1957) 333 2,180 545 104,920 9,747
26.18.29.113a | Bjorklund (1957) 298 2,610 653 125,615 11,670
24.19.18.144 | Bjorklund (1957) 480 3,500 1167 224,599 | 20,866
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4.7  Playa Discharge

Discharge from the study area is by evaporation from the playa and from groundwater
pumping. Prior to development in the late 1940s, all discharge was from evaporation
from the playa (Bjorklund, 1957, pg. 15). A small amount was discharged at Crow
Springs (Scalapino, 1950, pp 20 to 21). By 1955, pumping had caused groundwater
elevations to decline to the point where discharge to the playa was reduced (Bjorklund,
1955, pg. 15), and flow at Crow Springs had ceased (Bjorklund, 1957, pp 14 and 15).
Groundwater elevations along the margins of the playa dropped from about 3,620 in well
48-08-401 in the early 1950s to between 3590 and 3600 in wells 48-08-401 and 48-08-
102 in the late 1990s.

Although somewhat ambiguous, Mayer (1995, pg 126, and 132 to 138) appears to have
suggested that pre-development playa evaporation was 105391 AF/yr, and post
development playa evaporation is between 7,296 and 19,457 AF/yr. Groeneveld and
Baugh (2002) estimated playa discharge through evaporation for eight years from 1984 to
2002. These estimates are presented in Table 11.

Table 11. Groeneveld and Baugh (2002) Estimates of Playa Discharge

Area of E§timated Avergge Rate
Year Discharge (Ac) Discharge of Discharge
(AF/yr) (ftryr)
1984 16,104 38,852 241
1985 14,182 40,101 2.83
1988 18,070 44,089 2.44
1989 8,530 19,662 2.31
1992 13,006 26,282 2.02
1998 12,615 25,805 2.05
2001 5,553 12,176 2.19
2002 8,837 12,472 141

4.8 Groundwater Pumping

Groundwater pumping has not been metered historically, and there is a wide range of
estimates of how much has been pumped. Irrigated acreage and pumping estimates that
were previously summarized (not including Groeneveld and Baugh, 2002) are
summarized in Table 12. The pumping data include estimates of both total pumping and
consumptive pumping. Total pumping represents the total amount of water pumped in a
year. Consumptive pumping represents total pumping less the irrigation return flow or
“leaching fraction”. The leaching fraction is the water that passes through the root zone
and infiltrates back to the water table, and is necessary to limit salt build-up in the root
zone. Blair (2002a) estimated the leaching fraction to be 30% of total pumping in the
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Dell City area. The relatively high leaching requirement is largely due to the high total
dissolved solids in the irrigation water.

Note that several years include two estimates of pumping. Ashworth (1995, pg. 5 and
Figure 3) presented estimates of acreage and pumping, and were assumed to represent
total pumping, a portion of which recharged the aquifer as irrigation return flow. In
2002, John Ashworth presented information to the Hudspeth County Underground Water
Conservation District No. 1 that represented a reinterpretation of his previous estimates
based on a new assumption that the previous pumping estimates represented consumptive
pumping rather than total pumping (reported in Blair, 2002b, pg 13). These reinterpreted
estimates are based on assumed application rate of 6.6 AF/acre for flood irrigation. This
new interpretation did not include a reevaluation of irrigated acreage estimates.

Blair (2002a) developed an estimate of pumping for the year 2001. This estimate started
with the assumption that of the 28,803 acres of farmland listed by the Hudspeth Appraisal
District, 27,000 acres were actually irrigated in 2001. Based on metered data from one
particular farm (CLM), an average withdrawal rate of 4.0 AF/acre was assumed for the
entire District. Multiplying the 4.0 AF/acre by the 27,000 acres yielded a total pumping
estimate of 108,000 AF. Blair (2002a) further assumed that the irrigation return flow was
32,400 AF, or 30% of the total pumping for sprinkler irrigation. Subtracting the return
flow from the total pumping yields an estimate of the consumptive water use of 75,600

AF.

Subsequent to Blair (2002a and 2000b), Groeneveld and Baugh (2002, pg. 15 and 16)
completed an analysis of annual irrigated acreage and consumptive pumping from 1974
to 2002 (except 1978, 1989 and 1993) using satellite imagery. These estimates are
summarized in Table 13. Consumptive pumping was estimated using a Blaney-Criddle
approach for alfalfa during a normal year, less average annual precipitation (Groeneveld
and Baugh, 2002, pg.11). Consumptive pumping was estimated by multiplying irrigated
acres by the estimated irrigation requirement of 3.859 ft/yr.
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Table 12. Pre-Groeneveld and Baugh (2002) Estimates of Irrigated Acreage and

Pumping
Irrigated Estima.ted .
Year Acreage Pumping Source of Estimates Remarks
(AF/yr)
1949 18,000 Scalapino (1950)
1955 100,000 Bjorklund (1957)
1958 19,000 65,000 Ashworth (1995)
1960 25,000 100,000 Gates and others (1980)
1964 29,000 90,000 Ashworth (1995) See Note
1964 29,000 191,400 Blair (2002b) Total Pumping
1967 105,000 Gates and others (1980)
1969 20,000 85,000 Ashworth (1995) See Note
1969 20,000 132,000 Blair (2002b) Total Pumping
1972 100,000 Gates and others (1980)
1974 33,000 130,000 Ashworth (1995) See Note
1974 33,000 217,800 Blair (2002b) Total Pumping
1979 39,000 144,000 Ashworth (1995) See Note
1979 39,000 257,400 Blair (2002b) Total Pumping’
1984 19,000 100,000 Ashworth (1995) See Note
1984 19,000 125,400 Blair (2002b) Total Pumping
1989 20,000 95,000 Ashworth (1995) See Note
1989 20,000 132,000 Blair (2002b) Total Pumping
2001 27,000 108,000 Blair (2002a) Total Pumping
2001 27,000 75,600 Blair (2002a) gl‘l’:fp”ir;‘gpﬁve
Note:

Originally presented as Total Pumping by Ashworth (1995). Subsequent work by Ashworth (in
Blair, 2002b, pg 13) suggested that these estimates may represent consumptive pumping
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Table 13. Groeneveld and Baugh (2002) Estimates of Irrigated Acreage and
Consumptive Pumping

Year Irrigated Acres Plg;’:f;?&g;)
1974 29,825 115,093
1975 33,656 129,877
1976 26,410 101,917
1977 32,810 126,615
1978 No data No data
1979 29,422 113,538
1980 30,930 119,359
1981 22,249 85,860
1982 27,923 107,754
1983 18,509 71,426
1984 16,807 64,859
1985 16,857 65,050
1986 20,333 78,465
1987 17,692 68,274
1988 19,169 73,972
1989 No data No data
1990 16,873 65,111
1991 16,767 64,704
1992 13,847 53,437
1993 No data No data
1994 12,585 48,567
1995 16,388 63,239
1996 18,581 71,706
1997 16,149 62,318
1998 19,526 75,349
1999 19,246 74,272
2000 21,651 83,552
2001 21,660 83,584
2002 19,327 74,582
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The estimates of

In the four common
Ashworth (1995) and Blair (2002a) were based on a review of crop reports, which are

years (1974, 1979, 1984, and 2001), the estimates of Groeneveld and Baugh (2002) are
lower than those of Ashworth (1995) and Blair (2002a). Recall that Groeneveld and
Also recall that Ashworth

Year
(1995) estimated irrigated acreage and pumping that, at the time, were considered

@ Ashworth (1995) and Blalr (2002a) Estimates
50

Groeneveld and Baugh (2002) Estimates

Figure 25. Comparison of Irrigated Acreage Estimates

abealoy pajebil|

Figure 25 presents a comparison of the irrigated acreage estimates of Groeneveld and
for that particular year. Acreage that is temporarily fallowed is considered “irrigated
acreage” in various farm programs. Therefore, it is possible that estimates of Ashworth
Table 14 summarizes the comparison of consumptive pumping estimates of Groeneveld

and Baugh with those of Ashworth (1995) and Blair (2002a). Recall that Groeneveld and
estimates of total pumping. John Ashworth (in Blair, 2002b) reinterpreted the data and
suggested that the 1995 estimates were, in fact, consumptive pumping. Finally, recall
that Blair (2002a) estimated consumptive pumping an estimate of irrigated acreage and

Baugh (2002) estimated consumptive pumping by multiplying irrigated acreage by the
metered pumping data based on data from one farm in the Dell City area.

reports of irrigated acreage associated with various government farm programs. Irrigated
acreage reported in a government crop report did not necessarily receive irrigation water
(1995) and Blair (2002a) included acreage that did not actually receive irrigation water in

Baugh (2002) with those of Ashworth (1995) and Blair (2002a).
Baugh (2002) estimated irrigated acreage based on Landsat data.

estimated irrigation requirement (or duty) of 3.859 ft/yr.

W . 72 FHIMIMM e I T|T)ty vizsel
T T T i T T T ¥ T

=

o 0 O O 0O O O O O O O

=1 o O 0O O © © O O O

o o O Ov o O O o Ov o

v n O W O B O W O w

= <t < M 9 N N O~ v

Q.

ey

<

=

b



PO OO OO PO YO0 OO0 0000002000000000000

Table 14. Comparison of Consumptive Pumping Estimates

Groeneveld and Baugh (2002) Estimates Ashworth U?Ezfi)r::tismalr (20022)
Year Irrigated C?j;’:& téve Duty Irrigated C(;)r:lsrl:]mi;;tlve Duty
Acres (AF/yr) (AF/acre/yr) Acres ( AFI/)yr)g (AF/acrefyr)
1974 29,825 115,093 3.86 33,000 130,000 3.94
1975 33,656 129,877 3.86 ND ND ND
1976 26,410 101,917 3.86 ND ND ND
1977 32,810 126,615 3.86 ND ND ND
1978 ND ND ND ND ND ND
1979 29,422 113,538 3.86 39,000 144,000 3.69
1980 30,930 119,359 3.86 ND ND ND
1981 22,249 85,860 3.86 ND ND ND
1982 27,923 107,754 3.86 ND ND ND
1983 18,509 71,426 3.86 ND ND ND
1984 16,807 64,859 3.86 19,000 100,000 5.26
1985 16,857 65,050 3.86 ND ND ND
1986 20,333 78,465 3.86 ND ND ND
1987 17,692 68,274 3.86 ND ND ND
1988 19,169 73,972 3.86 ND ND ND
1989 ND ND ND 20,000 95,000 4.75
1990 16,873 65,111 3.86 ND ND ND
1991 16,767 64,704 3.86 ND ND ND
1992 13,847 53,437 3.86 ND ND ND
1993 ND ND ND ND ND ND
1994 12,585 48,567 3.86 ND ND ND
1995 16,388 63,239 3.86 ND ND ND
1996 18,581 71,706 3.86 ND ND ND
1997 16.149 62,318 3.86 ND ND ND
1998 19,526 75,349 3.86 ND ND ND
1999 19,246 74,272 3.86 ND ND ND
2000 21,651 83,552 3.86 ND ND ND
2001 21,660 83,584 3.86 27,000 75,000 2.80
2002 19,327 74,582 3.86 ND ND ND
ND = No Data
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If the reinterpreted data of Ashworth (1995) truly reflect consumptive pumping, and the
" Groeneveld and Baugh (2002) assumption regarding the irrigation requirement is correct,
the duties should be comparable. Indeed, duty estimates of the Ashworth data range from
3.69 AF/acre/yr (in 1979) to 5.26 AF/acre/yr (in 1984). As noted above, if the Ashworth
(1995) estimates of irrigated acreage are too high, the duty estimates would be slightly
lower, which would result in even closer agreement with the estimates of Groeneveld and
Baugh (2002).

Blair (2002a) estimated a consumptive duty of 2.80 AF/acre/yr for the 2001 irrigation
year. This estimate is lower than the other estimates as presented, and may be reflective
of an average duty of both irrigated and fallowed acreage in any particular year. From a
groundwater management perspective, it is realistic to recognize that not all irrigable land
will be irrigated in any particular year. However, care should be exercised when
comparing the various estimates to distinguish between actual irrigated acreage and an
entire area that has both irrigated and temporarily fallowed land.

Table 15 presents a comparison of estimates of total pumping. Groeneveld and Baugh
(2002) estimated irrigated acreage and consumptive pumping. Blair (2002a) estimated a
leaching fraction of 30%. The leaching fraction is the amount of water that is pumped,
applied as irrigation water, and passes through the root zone back to the water table as a
means of managing the salt build-up in the soil. The estimate of total pumping and duty
under the Groeneveld and Baugh (2002) column represents adding the 30% leaching
fraction estimated by Blair (2002a) to the irrigated acreage estimates and consumptive
pumping estimate of Groeneveld and Baugh (2002). With a consumptive duty of 3.86
AF/ac, this yields a total duty estimate of 5.51 AF/ac. .

The estimated total pumping of Ashworth (1995) for four years between 1974 and 1989
represent the reinterpreted estimates as found in Blair (2002b). John Ashworth (as found
in Blair, 2002b) reinterpreted the 1995 data to possibly represent consumptive pumping,
and the actual duty associated with total pumping for flood irrigation is up to 6.60
AF/acre/yr. Blair (2002a) estimated a total duty of 4.00 AF/acre/yr for the 2001
irrigation year.

The total pumping duties of the reinterpreted Ashworth (1995) data, as reported in Blair
(2002b), are higher than the duties estimated using the Groeneveld and Baugh (2002)
estimates of irrigated acreage and the Blair (2002a) estimate of leaching fraction. The
total pumping duty estimate of Blair (2002a) for the 2001 irrigation season is the lowest.
As with the consumptive duty estimate comparison, it is possible that some of the
difference is due to the difference between the irrigated acreage estimates (Landsat image
based vs. crop report based).
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Table 15. Comparison of Total Pumping Estimates

Groeneveld and Baugh (2002) Estimates Ashworth (1995.) and Blair (2001)
Estimates
vear Irrigated P:rs;a;lng Duty Irrigated Pl;rrg;lng [?uty
Acres (AF/yr) (AF/acre/yr) Acres (AF/yr) (AF/acre/yr)
1974 29,825 164,336 5.51 33,000 217,800 6.60
1975 33,656 185,445 5.51 ND ND ND
1976 26,410 145,519 5.51 ND ND ND
1977 32,810 180,783 5.51 ND ND ND
1978 ND ND ND ND ND ND
1979 29,422 162,115 5.51 39,000 257,400 6.60
1980 30,930 170,424 5.51 ND ND ND
1981 22,249 122,592 5.51 ND ND ND
1982 27,923 153,856 5.51 ND ND ND
1983 18,509 101,985 5.51 ND ND ND
1984 16,807 92,607 5.51 19,000 125,400 6.60
1985 16.857 92,882 5.51 ND ND ND
1986 20,333 112,035 5.51 ND ND ND
1987 17,692 97,483 5.51 ND ND ND
1988 19,169 105,621 5.51 ND ND ND
1989 ND ND ND 20,000 132,000 6.60
1990 16,873 92,970 5.51 ND ND ND
1991 16,767 92,386 5.51 ND ND ND
1992 13,847 76,297 5.51 ND ND ND
1993 ND ND ND ND ND ND
1994 12,585 69,343 5.51 ND ND ND
1995 16,388 90,298 5.51 ND ND ND
1996 18,581 102,381 5.51 ND ND ND
1997 16,149 88,981 5.51 ND ND ND
1998 19,526 107,588 5.51 ND ND ND
1999 19,246 106,045 5.51 ND ND ND
2000 21,651 119,297 5.51 ND ND ND
2001 21,660 119,347 5.51 27,000 108,000 4.00
2002 19,327 106,492 5.51 ND ND ND
ND =No Data
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5.0 CONCEPTUAL MODEL OF GROUNDWATER FLOW

The conceptual model of groundwater flow in an aquifer system represents the
foundation of a numerical model. The conceptual model describes the domain of the
flow system, groundwater occurrence, groundwater movement, the inflow components
and the outflow components. As part of the conceptual model development, areas of
uncertainty and limitations are identified and discussed in the context of model
calibration.

5.1 Domain of the Flow System

Figure 26 depicts the domain of the flow system. The watershed divide between the
Otero Mesa and the Tularosa Valley and the Hueco Mountains bound the study area on
the west, and the Guadalupe and Delaware Mountains bound the area on the east. The
Sacramento Mountains represent the northern boundary, and also represent the source of
most of the recharge to the aquifer system. The southern boundary is south of the
groundwater divide associated with the Babb Flexure. Along the southern boundary in
the Salt Basin, a constant head boundary is defined in order to simulate the potential
effect of movement of the groundwater divide. Based on Hibbs and others (1997), the
western boundary includes an outflow under the Hueco Mountains towards the Hueco

Bolson.
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Figure 26. Domain of Groundwater Flow System
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The flow system is conceptualized to be a single layer or two-dimensional. Figure 27
depicts the hydrographs of two wells in the Dell City area that are proximate to each
other, one shallow (Well 48-07-501, 220 ft deep) and one deep (Well 48-07-505, 910 ft
deep). These wells have nearly equivalent groundwater elevations throughout their
records, and as such, suggest that there is no vertical gradient.
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Figure 27. Hydrographs of Paired Wells:
Shallow Well (48-07-501) and Deep Well (48-07-505)

Because the aquifer is relatively thick (on the order of 1000 to 2000 ft), and the variation
in groundwater levels is small (less than 50 feet since 1948), transmissivities can be
considered reasonably constant. Therefore, aquifer parameters can be described with
transmissivity and storativity of the single layer aquifer for purposes of this preliminary
modeling effort.

Errors associated with simulating the groundwater flow system as a single layer system
with constant transmissivity include: 1) as groundwater elevations decline, saturated
thickness decreases, and transmissivity would decrease linearly with drawdown, and 2) if
hydraulic conductivity is higher in the shallow portions of the aquifer compared to the
deeper portions of the aquifer (as could be suggested from the summary of specific
capacity tests previously presented), transmissivity would decrease at a rate faster than
linear due to decrease in hydraulic conductivity. Given the relatively small historic
changes in groundwater elevations (less than 50 ft in a 1,000 ft saturated thickness) and
the preliminary nature of this modeling effort, these errors are considered relatively
insignificant.
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5.2 Groundwater Qccurrence

Groundwater in the study area occurs in three different areas: 1) the upland area
associated with the Otero Mesa and Diablo Plateau in the western portion of the study
area that consist of fractured carbonate rocks of the Wolfcamp and Leonard series of
Permian age, 2) the lower lying area of Quaternary alluvium and playas associated with
the Salt Basin and Crow Flats in the central portion of the study area, and 3) the upland
area associated with the western slopes of the Guadalupe and Delaware Mountains in the
eastern portion of the study area that consist of fractured carbonate rocks of Guadalupe

series of Permian age.

The groundwater in the fractured carbonate rocks is conceptualized to occur in the matrix
of the rock, in the fractures of the rock, and in the solutionally widened fractures and
bedding plane partings, or conduits (White, 1999, pg 18-9). White (1999, pg 18-30 to 18-
31) noted:

Aquifers with permeability consisting mainly of solutionally widened
fractures may be treated with continuum models such as the popular
MODFLOW program. The necessary assumption is that the fractures are
sufficiently interconnected and closely spaced to justify being treated as a
continuum with an average hydraulic conductivity on a regional scale.

Based on descriptions of the aquifer system described in the literature, previous
researchers have considered the aquifer system as being dominated by interconnected
conduits. Moreover, the hydrographs of wells in the Dell City area are well correlated
with each other. The aquifer system, therefore, is conceptualized as a system that can be
treated as a continuum or equivalent porous media. In this conceptualization, it is
assumed that an average hydraulic conductivity or transmissivity can be assigned that is a
representation of all three components of permeability. This is the same approach as
used by Mayer (1995).

The limitation associated with this conceptualization is one of scale, and the associated
limitation of using transmissivity estimates developed from pumping tests. Huntoon
(1995, pg 353) reported that pumping tests in this type of aquifer can provide hydraulic
conductivity estimates that are two orders of magnitude smaller than regional hydraulic
conductivity. He further opined that slug, packer and core tests do not yield reliable
estimates of hydraulic conductivity or transmissivity for modeling purposes. This
conclusion was reached because karst hydraulic conductivities are a function of the
volume of the aquifer material being sampled (Sauter, 1993 and Quinlan and others,
1992, as cited in Huntoon, 1995, pg 353). As a result, Huntoon (1995, pg. 353)
concluded that the ability to apply a numerical model deteriorates as the scale of the
model decreases, and stated that models of karst aquifers of subregional and smaller
scales have proven to be highly unreliable.

The limitation associated with the assumption of equivalent porous media is the inability
to “scale down” the results, or to use the results for analyses at a subregional scale.
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Based on Huntoon’s (1995) comments, estimates of hydraulic conductivity or
transmissivity that are derived from specific capacity tests and aquifer tests are likely on
the low end of true regional hydraulic conductivities and transmissivities. However, it is
also likely that the transmissivity estimates derived from specific capacity tests are
weighted to “good wells” as low production wells are often abandoned after construction.
Therefore, it is possible that the transmissivity estimates previously presented are at the
upper end of actual regional transmissivity estimates. During model calibration,
adjustments to transmissivity estimates previously presented would need to take these
conflicting limitations into account.

5.3 Groundwater Movement

In general, groundwater flows from the surrounding highlands towards the playas, the
natural discharge point in the study area. Mayer (1995) concluded that groundwater
moves preferentially along fracture alignments from the Sacramento Mountains to the
Dell City area. Eastoe and Hibbs (2005) found that isotopic signatures of groundwater
suggest that there is also a significant portion of recharge in the Texas portion of the Dell
City area from the Diablo Plateau, west of Dell City. The numerical model in this
investigation tests these assumptions with the use of three conceptual models: one that
emphasizes the structural geology findings of Mayer (1995), one that emphasizes the
isotopic signature findings of Eastoe and Hibbs (2005), and one that is a hybrid of the
structural geology and isotopic signature models.

At the southern end of the playa within the study area near the Babb Flexure, it is
possible that changes in groundwater elevations and gradient could cause a shift in the
groundwater divide. Such a shift could reach the model domain boundary, and the
additional groundwater could flow into the model domain. A limitation with this
approach is that inflow into the model domain from the southern boundary may be
overestimated.

5.3.1 Inflow Components

Inflow to the aquifer system is conceptualized to be derived from rainfall that falls within
the watershed area. Based on a lack of data to suggest otherwise, it is assumed that there
is no flow (even at depth) across the watershed boundaries. In addition, some pumped
groundwater is recharged to the aquifer as irrigation return flow. The development of
groundwater for irrigation use may have also reversed gradients to the point that
groundwater flows into southern end of the study area in the Salt Basin.

For purposes of flow modeling, the irrigation return flow need not be considered.
Consequently, all pumping that is simulated would be consumptive or “net” pumping
since the irrigation return flow appears to reach the water table within the same year that
it was pumped. For the purposes of solute transport modeling, the total pumping would
need to be simulated, and the leaching fraction would have to be considered.
Groundwater quality changes associated with the irrigation return water is an important
aspect of the simulation of groundwater quality.
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Similar to Mayer (1995), the amount of precipitation recharge is conceptualized in two
categories, rainfall and recharge in higher elevation areas, and rainfall and recharge in
lower elevation areas. Mayer (1995, pg. 129 to 130) utilized the Maxey-Eakin method to
estimate recharge in the higher elevation areas. The Maxey-Eakin method is an empirical
technique developed for a specific basin in eastern Nevada, where precipitation is
dominant in the winter. Precipitation in the higher elevation areas of the study area is
highest in the summer months. Although the basic approach is correct (Stone and others,
2001), it is unlikely that strict application of the parameters that were empirically
developed for a basin in Nevada can be used without modification in the Sacramento
Mountains.

Table 16 presents the strict Maxey-Eakin recharge factors, and reasonable minimum and
maximum values that should be used in model calibration. Note further that Mayer
(1995) applied this method only to areas above elevation 5,496 ft amsl. It is likely that
the “Maxey-Eakin” elevation could be higher or lower than 5,496 ft amsl, and should be
evaluated during model calibration.

Table 16. Maxey-Eakin Recharge Factors and Alternate Range of Factors

. . Maxey-Eakin Range of Potential
Rainfall (in/yr) Rechaz',ge Rate Regharge Rates
7.8t011.8 3% 1to 5%
11.8t0 15.0 7% 5to11%
15.0to 19.7 15% 12 to 20%
>19.7 25% 21 to 30%

YUY OUOTvYrUrrorvroRreoo0oovo00000000000000000

For lower elevation areas, the estimated recharge rates are estimated to be between 0.03
and 0.34 in/yr, and are derived from the soil chloride work as cited by Mayer (1995, pg.
128). An appropriate value within this range should be investigated during model
calibration.

5.3.2 Outflow Components

Outflow consists of playa evaporation, groundwater pumping, and possibly boundary
outflow south of the groundwater divide associated with the Babb Flexure, and west
under the Hueco Mountains towards the Hueco Bolson.

Playa evaporation is conceptualized as being at a maximum when groundwater elevations
under the playa are at the ground surface. As groundwater pumping has increased,
groundwater elevations under the playa have dropped and the evaporation rate has
decreased, possibly to zero in some areas. In general, the evaporation rate decreases with
increasing groundwater depth until it reaches zero flux at some depth (the “extinction
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depth”). It is assumed that the extinction depth is about 15 feet, but could range between
5 and 30 feet. '

The uncertainty associated with previous pumping estimates has been covered in detail
earlier. This uncertainty, coupled with the uncertainty associated with transmissivity
estimates and the inability to measure and estimate recharge directly poses a problem in
calibrating a groundwater flow model. In essence, a number of non-unique solutions can
be developed. These solutions result in estimated groundwater elevations that are
reasonably close to historic groundwater elevations. These non-unique solutions further
could encompass a wide range of pumping, recharge and transmissivity estimates. For
example, a solution can be developed for high pumping, high recharge, and high
transmissivity. An essentially equal solution can be obtained with low pumping, low
recharge and low transmissivity.

Due to the length of coverage, and the approach taken, the estimates of Groeneveld and
Baugh (2002) for irrigated acreage and pumping can be used as a starting point for those
particular years of their analysis to begin model development and calibration. Using
these estimates will offer some constraint to resulting recharge and transmissivity
estimates. All parameters will need refining and checked with the elements of the
conceptual model as calibration proceeds.
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6.0 MODEL DEVELOPMENT

6.1 Model Overview and Domain

This effort included the development and calibration of three models to further
investigate alternative conceptual models of groundwater movement (structural geology,
isotope geochemistry, and a hybrid of the structural geology and isotope geochemistry
models). Mayer (1995) found strong hydraulic evidence of structural control that
suggested that groundwater recharge in the area of the Sacramento Mountains moves
towards Dell City. Eastoe and Hibbs (2005) concluded that much of the recharge in the
Texas portion of the Dell City area comes from the Diablo Plateau west and south of Dell
City based on isotopic signatures of the water.

All three models were developed with MODFLOW-2000 (Harbaugh and others, 2000),
the industry standard finite-difference code to simulate groundwater flow developed by
the US Geological Survey. The model domain is shown on Figure 28. Note that it
roughly corresponds to the watershed except for the northern tip and a portion of the
western boundary. All three models have the same domain.

Watershed
Boundary

Model Domain
Boundary

New Mexico

Texas

0 20 40 60 80 100 Miles

Figure 28. Model Domain Boundary
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The coordinate system for the model is based on Texas Central (NAD83) State Plane
Coordinates. The model grid offset is 695247.111220065 ft for x and 10389896.2397162
ft for y. Grid rotation is 22 degrees to align with the principal fracture orientation as
described by Mayer (1995).

Early versions of the model included the northern tip of the watershed area that extends
into the Sacramento Mountains as part of the model domain. However, due to the
geometry of this protruding portion of the model, numerical problems were encountered.
The final version of the model excluded this portion and replaced it with a general head
boundary as described in Section 6.3.7.

The western edge of the model domain does not correspond to the watershed boundary
for two reasons: 1) the edge of the model domain corresponds better to the groundwater
contours presented by Hibbs and others (1997) that depict westerly flow from the
Cornudas Mountains towards the Hueco Bolson west of the watershed boundary (more
fully described in Section 6.3.5), and 2) issues associated with the Hueco Ranch that lies
west of the model domain and straddles the western watershed boundary (Figure 29).

Watershed
Boundary
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ew Mexico
Texas
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Figure 29. Location of Hueco Ranch
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In recent years, the owners of the Hueco Ranch have been marketing the ranch as a
potential source of water for the city of El Paso (FWTRPG, 2006, pg 10B-1). If the
western model boundary extended to the watershed boundary, a boundary flux would still
be necessary, as evidenced by the groundwater elevation contours of Hibbs and others
(1997). Also, if the model domain extended to the watershed boundary, there could be a
temptation to use model results to draw conclusions relative to groundwater conditions in
the area of the Hueco Ranch. The primary objective of this modeling effort is the Dell
City area, and use of the model results in the areas near the edge of the model domain
may be inappropriate. Therefore, a decision was made to move the western boundary
east of the watershed boundary to correspond with a convenient groundwater contour of
Hibbs and others (1997), and to prevent any potential misuse or misapplication of the
model in the area of the Hueco Ranch.

6.2  Model Packages

Model input files are listed in Table 17. File names for each of the input files for the
three models are also listed. Output files are listed in Table 18. File names for each of

the output files for the three models are also listed.

Table 17. Summary of Model Input Packages and Filenames

Structural Isotope .
MODFLOW Package Geology Model Geochemistry Hy;i:;::::edel

Filename Model Filename
Basic (BAS) dvs.bas dvi.bas dvh.bas
Discretization (DIS) dvs.dis dvi.dis dvh.dis
Layer Property Flow (LPF) dvs.Ipf dvi.lpf dvh.lpf
Well (WEL) dvs.wel dvi.wel dvh.wel
Drain (DRN) dvs.dm dvi.dm dvh.dm
Evapotranspiration (EVT) dvs.evt dvi.evt dvh.evt
General Head Boundary (GHB) dvs.ghb dvi.ghb dvh.ghb
Recharge (RCH) dvs.rch dvi.rch dvh.rch
Horizontal Flow Barrier (HFB6) dvs.hfb dvi.hfb dvh.hfb
Constant Head Boundary (CHD) dvs.chd dvi.chd dvh.chd
Qutput Control (OC) dvs.oc dvi.oc dvh.oc
Geometric Multigrid Solver (GMG) dvs.gmg dvi.gmg dvh.gmg
Initial Heads odv8.hds odv8.hds odv8.hds

Table 18. Summary of Model Output Filenames

Structural Isotope .

Output File Geology Model Geochemistry HyFt‘)irl'L:;\;lnoedel
Filename Model Filename
Global Output dvs.glo dvi.glo dvh.glo
List Output dvs.Ist dvi.lst dvh.lst
Cell-by-Cell Flow Output dvs.cbb dvi.cbb dvh.cbb
Head Output dvs.hds dvi.hds dvh.hds
Drawdown Output dvs.ddn dvi.ddn dvh.ddn
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Each of the MODFLOW packages is discussed below. For each package, the calibrated
parameter values are presented. Details of the calibration results are discussed in the next
section.

6.2.1 Basic (BAS) Package

The Basic Package specifies the status of each cell (active or inactive), the assigned head
for inactive cells (999), and specification of starting heads. Starting heads for the
simulation are found in file odv8.hds, as shown in Table 17.

6.2.2 Discretization (DIS) Package
The Discretization Package specifies the spatial and temporal discretization of the model.

The model contains one layer, 281 rows and 171 columns. Cell size is 2,000 ft by 2,000
ft. The model grid in the area of HCUWCD is presented in Figure 30.

=z

0 5 10 15 20 25 30 Miles
e = i

Figure 30. Model Grid in the HCUWCD Area
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The time unit for the model is days, and the distance unit for the model is feet. The DIS
file also contains the land surface elevation for each cell, and the bottom of the model
domain, specified as 1,000 feet below the land surface elevation.

The DIS file defines 56 stress periods defined for the calibration simulation. The first
stress period is specified as steady state. This represents the predevelopment period
(prior to 1948). The next 55 stress periods are transient, each with a length of 365 days (1
year). These stress periods represent the years 1948 to 2002.

6.3.3 Layer-Property Flow (LPF) Package

The Layer-Property Flow Package specifies the hydraulic conductivity (in both the x and
y direction) of each cell in the model domain, and the storativity of the model domain.
For all three models, LAYTYP is set to zero (confined, or constant transmissivity) and
LAYAVG is set to zero (interblock transmissivity is based on a harmonic mean).
CHANI is set to -1, which means that horizontal anisotropy is assigned on a cell-by-cell
basis. Hydraulic conductivity is read and multiplied by the assumed aquifer thickness
(1,000 ft) to estimate aquifer transmissivity.

In order to facilitate calibration of the three models, the LPF file was written using a pre-
processor program (Ipf.exe) written in FORTRAN. In summary, the Jpf.exe pre-processor
reads a file of aquifer parameter zone numbers and a two database files, one for hydraulic
conductivity (kdb.dat) and one for specific storage (sdb.dat), and writes an output file that
can be read by MODFLOW-2000.

The hydraulic conductivity file contains estimates for hydraulic conductivity in the x, y
and z directions. The hydraulic conductivity in the x direction is used for the
MODFLOW-2000 variable HK (hydraulic conductivity in the x-direction). The
hydraulic conductivity in the y direction is used in the pre-processor to calculate the
MODFLOW-2000 variable HANI (ratio of hydraulic conductivity along columns to
hydraulic conductivity along rows). Although the hydraulic conductivity database
contains a value for vertical hydraulic conductivity and the MODFLOW-2000 input file
requires specification of the vertical hydraulic conductivity, these values have no
meaning since this is a one-layer model. Similar to hydraulic conductivity, the program
uses the same zonation file and the specific storage database to write specific storage

estimates for each cell.

The zonation of hydraulic conductivity and specific storage differ in the three models in
order to implement the three conceptual models. Hydraulic conductivity and specific
storage zones for the three models are shown in Figures 31 to 33. The zones are based on
a combination of geology and elevation. The calibrated estimates of hydraulic
conductivity and specific storage for each of the models are shown on each zonation
figure. Transmissivity and storativity estimates are also provided based on the model
assumptions of 1,000 ft aquifer thickness.



The structural geology model (Figure 31) includes 12 zones. Zone 1 represents the Otero
Break as described by Mayer (1995). Zone 2 is the higher elevation area east of the
Otero Break. Zone 3 is the low lying area associated with the playa (Salt Flat). Zone 4 is
the upland area on the slope of the Delaware Mountains, east of the Capitan Reef. Zone
5 covers the Cretaceous rocks in the southwest portion of the study area. Zone 6 covers
the upland area of the Cornudas Mountains. Zone 7 is the Diablo Plateau south and east
of Dell City. Zone 8 is the highest elevation area of the model in the Sacramento
Mountains. Zone 9 is the higher elevation area west of the Otero Break in New Mexico.
Zone 10 is the Capitan Reef. Zone 11 is a transition area south of the highest elevations
of the Sacramento Mountains and north of the Otero Break. Zone 12 is a small area
associated with the Sierra Diablo.

The isotope geochemistry model (Figure 32) includes 12 zones. Zone 1 represents the
Permian rocks north of Dell City in New Mexico. Zone 2 is the higher elevation area east
of the Otero Break. Zone 3 is the low lying area associated with the playa (Salt Flat).
Zone 4 is the upland area on the slope of the Delaware Mountains, east of the Capitan
Reef. Zone 5 covers the Cretaceous rocks in the southwest portion of the study area.
Zone 6 covers the upland area of the Cornudas Mountains. Zone 7 is the Permian rocks
of the Diablo Plateau in Texas and includes Dell City in order to facilitate recharge from
the Diablo Plateau to Dell City as suggested by Eastoe and Hibbs (2005). Zone 8 is the
highest elevation area of the model in the Sacramento Mountains. Zone 9 is a transition
zone between the Cornudas Mountains and Zone 1. Zone 10 is the Capitan Reef. Zone
11 is a transition area south of the highest elevations of the Sacramento Mountains and
north of the Otero Break. Zone 12 is a small area associated with the Sierra Diablo.

The hybrid model (Figure 33) includes 12 zones. Zone 1 represents the Permian rocks
north of Dell City in New Mexico. Zone 2 is the higher elevation area east of the Otero
Break. Zone 3 is the low lying area associated with the playa (Salt Flat). Zone 4 is the
upland area on the slope of the Delaware Mountains, east of the Capitan Reef. Zone 5
covers the Cretaceous rocks in the southwest portion of the study area. Zone 6 covers the
upland area of the Cornudas Mountains. Zone 7 is the Permian rocks of the Diablo
Plateau in Texas, excluding Dell City. Zone 8 is the highest elevation area of the model
in the Sacramento Mountains. Zone 9 is the area around Dell City. The isolation of Dell
City was a means of testing the assumptions of Mayer (1995) and Eastoe and Hibbs
(2005). Through model calibration, the intent was to test the relative contribution of
Sacramento Mountain recharge and Diablo Plateau recharge. Zone 10 is the Capitan
Reef. Zone 11 is a transition area south of the highest elevations of the Sacramento
Mountains and north of the Otero Break. Zone 12 is a small area associated with the
Sierra Diablo.
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New Mexlico

Texas

0 10 30 40 Miles
=
Hydraulic Conductivi o 2,1
e y (fudngy ty Specific Transmissivity (ft"/day) Storativity
Zone 2 Storage . .
(mi”) I (dimensionless)
x-direction y-direction (day™) x-direction y-direction
1 540 98.4 179 1.14E-04 98,445 178,545 1.14E-01
2 597 2.01 048 1.86E-06 2,007 485 1.86E-03
3 424 49.7 176 2.00E-04 49,745 176,292 2.00E-01
4 309 14.3 531 3.56E-07 14,340 5,308 3.56E-04
5 316 0.11 0.45 7.96E-06 113 449 7.96E-03
6 225 2.39E-03 4.17E-03 1.81E-05 239 4.17 1.81E-02
7 1,505 10.7 1.00 5.23E-05 10,737 1,000 5.23E-02
8 55 100 146 1.57E-04 100,000 145,932 1.57E-01
9 273 1.00E-03 1.00E-03 3.26E-07 1.00 1.00 3.26E-04
10 96 19.8 40.0 2.70E-06 19,787 39,966 2.70E-03
11 392 4.95 1.01 1.00E-07 4,945 1,015 1.00E-04
12 41 5.48 0.02 1.06E-05 5,479 19.1 1.06E-02

Figure 31. Aquifer Hydraulic Conductivity and Storativity Zonation — Structural
Geology Mode]
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Area Hydraulic Conductivity Specific Transmissivity (ft/day) Storativity
Zone (mi%) : .(ft/day) — Stora_lge — — (dimensionless)
x-direction y-direction (day™) x-direction y-direction

1 598 1.00 98.2 1.00E-07 1,000 98,153 1.00E-04
2 424 1.31 0.43 4.50E-06 1,312 428 4.50E-03
3 419 31.0 17.7 2.00E-04 30,963 17,683 2.00E-01
4 309 100 8.86 2.00E-04 100,000 8,862 2.00E-01
5 316 0.11 1.69 7.28E-06 108 1,690 7.28E-03
6 225 2.42E-03 3.80E-03 2.00E-04 2.42 3.80 2.00E-01
7 1,726 50.0 87.6 2.00E-04 50,000 87,590 2.00E-01
8 55 100 200 2.00E-04 100,000 200,000 2.00E-01
9 198 0.04 2.66 1.00E-07 38.4 2,661 1.00E-04
10 96 6.60 1.00 3.84E-07 6,603 1,000 3.84E-04
11 365 2.16 0.44 1.00E-07 2,162 440 1.00E-04
12 41 0.03 9.86 5.37E-06 26.9 9,860 5.37E-03

Figure 32. Aquifer Hydraulic Conductivity and Storativity Zonation — Isotope
Geochemistry Model
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New Mexico

Texas

0 10 20 30 40 Miles
| T e S
Area Hydraulic Conductivity Specific Transmissivity (ft*/day) Storativity
Zone (mi®) . -(ft/day) P Stora_lge — — (dimensionless)
x-direction | y-direction (day™) x-direction y-direction

1 903 1.00 46.7 1.00E-07 1,000 46,682 1.00E-04
2 424 1.09 0.48 4.13E-06 1,089 479 4.13E-03
3 419 8.67 75.3 2.00E-04 8,675 75,275 2.00E-01
4 309 24.2 4.63 2.40E-07 24,174 4,630 2.40E-04
5 316 0.11 1.66 7.25E-06 109 1,663 7.25E-03
6 220 3.02E-03 5.10E-03 6.36E-05 3.02 5.10 6.36E-02
7 1,456 50.00 1.00 2.00E-04 50,000 1,000 2.00E-01
8 55 100.00 200.00 2.00E-04 100,000 200,000 2.00E-01
9 167 200.00 193.23 2.00E-04 200,000 193,231 2.00E-01
10 96 1.81 34.8 2.00E-04 1,807 34,817 2.00E-01
11 365 2.53 0.38 1.00E-07 2,526 380 1.00E-04
12 41 1.15 0.02 3.66E-06 1,153 24.8 3.66E-03

Figure 33. Aquifer Hydraulic Conductivity and Storativity Zonation — Hybrid Model
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Note that Zones 4, 5, 8, 10, and 12 are the same in all three models. Zones 1, 7 and 9 are
the zones that are most different in the three conceptual models. Note that the other
zones (2, 3, 6, and 11) are essentially the same in each of the models, and slight changes
are due to changes in Zones 1, 7 and 9.

One of the outcomes of the calibration is the relatively high hydraulic conductivity and
transmissivity in Zone 8. This is the small area at the northern end of the model domain
and represents the inflow from the watershed area of the Sacramento River and inflow
from Penasco Basin. This high value could be indicative of a highly fractured aquifer
due to the uplift of the Sacramento Mountains. The high values could also be the result
of the need for high inflows into the area from the Penasco Basin. Finch (2002)
estimated a boundary inflow from Penasco Basin of about 8,000 AF/yr. Most likely, the
high values can be explained by a combination of the two factors. Since the primary
objective of the model is the area around Dell City, and this northern area of the model in
the area of the Sacramento Mountains represents recharge to the Dell City area, any
detailed results (such as parameter estimates) in the Sacramento Mountains area should
be interpreted with some degree of caution. '

6.3.4 Well (WEL) Package

The Well Package was used to simulate pumping from wells for irrigation. In order to
facilitate calibration of the three models, the WEL file was written using a pre-processor
program (pumpaf-exe) written in FORTRAN. In summary, pumpaf.exe reads two files:
irrigcells.dat and irrigfactors.dat, and writes three files: a MODFLOW-2000 input file
that is read by the WEL package (dvs.wel, dvi.wel, or dvh.wel, depending on the model),
a summary file of cell-by-cell pumping for each stress period (pumpaf.dat), and a
summary file of pumping in each of the 25 pumping zones for each stress period
(pumpsum.dat). The 25 zones are shown in Figure 34, and were developed to facilitate
model calibration

The file irrigcells.dat includes the specification of 929 cells that have been identified as
irrigated areas at some time after 1948. The first two columns of the file specify the
model row and column. The third column specifies the zone number. The fourth column
is zero if the zone is outside of HCUWCD and 1 if it is within the boundaries of
HCUWCD. Subsequent columns are annual estimates of irrigated acreage within the cell
from 1974 to 2002 based on Groeneveld and Baugh (2002). The final three columns are
the average, minimum and maximum irrigated acreage from 1974 to 2002.

The file irrigfactors.dat contains estimates of duties and correction factors that were used
to modify the estimates of irrigated acreage during model calibration. Annual estimates
of pumping in AF/yr were calculated for each cell by multiplying the irrigated acreage by
the duty (AF/acre) and the correction factor. For 1974 to 2002, the estimates of irrigated
acreage developed by Groeneveld and Baugh (2002) were used as initial estimates.
Recall that estimates for the years 1978, 1989, and 1993 were not developed. These
years were interpolated from preceding and succeeding years. For 1948 to 1973, the
pumping estimates were calibrated based on applying a correction factor to the maximum
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irrigated acreage for each cell from 1974 to 2002. Annual duties from 1948 to 2002 for
consumptive use were specified for areas outside the boundaries of HCUWCD and inside

* the boundaries of HCUWCD.

Tables 19a through 19d summarize annual pumping estimates for the structural geology
model. Table 19a covers Zones 1 to 13 for the years 1948 to 1973. Table 19b covers
Zones 14 to 25 for the years 1948 to 1973, and includes annual totals for all irrigation
pumping zones. Table 19c¢ covers Zones 1 to 13 for the years 1974 to 2002. Table 19d
covers Zones 14 to 25 for the years 1974 to 2002, and includes annual totals for all
irrigation pumping zones.

Tables 20a through 20d summarize annual pumping estimates for the isotope
geochemistry model. Table 20a covers Zones 1 to 13 for the years 1948 to 1973. Table
20b covers Zones 14 to 25 for the years 1948 to 1973, and includes annual totals for all
irrigation pumping zones. Table 20c covers Zones 1 to 13 for the years 1974 to 2002.
Table 20d covers Zones 14 to 25 for the years 1974 to 2002, and includes annual totals
for all irrigation pumping zones.

Tables 21a through 21d summarize annual pumping estimates for the hybrid model.
Table 21a covers Zones 1 to 13 for the years 1948 to 1973. Table 21b covers Zones 14 to
25 for the years 1948 to 1973, and includes annual totals for all irrigation pumping zones.
Table 21c covers Zones 1 to 13 for the years 1974 to 2002. Table 21d covers Zones 14 to
25 for the years 1974 to 2002, and includes annual totals for all irrigation pumping zones.

Pumping for each model and for each irrigation pumping zone is summarized graphically
in Appendix A. :
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Figure 34. Irrigation Pumping Zones
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6.3.5 Drain (DRN) Package

The Drain Package was used to simulate outflow along a portion of the western boundary of the
model as shown in Figure 35. Based on groundwater contours by Hibbs and others (1997),
groundwater flows west outside the domain of the model (previously shown as Figure 10). The
MODFLOW-2000 input file was written using a pre-processor program written in FORTRAN
(drn.exe). This program was used during model calibration to adjust boundary head and
conductance values. Figure 35 also includes the boundary head and conductance values

estimated for each model.

Model

BZSSdEr‘;maln\ j/m/\
\1’ >

| \

|

f

DRN Boundarles\ f
A}

New Mexico

Texas

0 20 40 60 80 100 Miles

Model Boundary Head (ft) B°““d“(rfytz%°a"y‘;“°‘a“°e
Structural Geology 4,187.76 9.57
Isotope Geochemistry 4,000.00 1.00
Hybrid 4,000.00 1.00

Figure 35. Location of DRN Boundaries and Parameter Estimates for each Model
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6.3.6 Evapotranspiration (EVT) Package

Evapotranspiration from groundwater occurs under shallow water table conditions, such as the
playa (Salt Flat). The area of evapotranspiration was estimated from the maximum area
estimated by Groeneveld and Baugh (2002), and is shown in Figure 36. Maximum
evapotranspiration rate was estimated to be 5.11 ft/yr, and the extinction depth was estimated to
be 15 ft for all models.

Model Domain
Boundary \/

ET Boundaries
New Mexico
Texas
0 20 40 60 80 100 Miles

— T e e

Figure 36. Area of Groundwater Evapotranspiration (ET)

6.3.7 General Head Boundary (GHB) Package

The GHB Package was used to simulate flow into the model domain in the high elevation area of
the Sacramento Mountains (Figure 37). The pre-processor program, ghb.exe was used to write
the MODFLOW-2000 input file during calibration to adjust boundary head and conductance
values. The preprocessor reads the file ghbin.dat which contains estimates for the westernmost
boundary cell (lowest head), the easternmost boundary cell (highest head) and the conductance.

86

hamaee;s AR RRR00000000Q000



TR EYOSUIYUUOoUoeoweoeooeo0000000000000000000000

For other boundary heads, the preprocessor interpolates linearly from west to east (lost to highest

head). Figure 34 also summarizes the boundary head and conductance estimates for each model.
GHB
Boundaries

Model Domain
Boundary

New Mexico

0 20 40 60 80 100 Miles
Model Westernmost Easternmost Boundary
Boundary Head (ft) | Boundary Head (ft) Conductance
(ft*/day)
Structural Geology 8371.00 8000.00 380.37
Isotope Geochemistry 8371.00 8000.00 177.58
Hybrid 8371.00 8000.00 156.06

Figure 37. Location of GHB Boundaries and Parameter Estimates for each Model

6.3.8 Recharge (RCH) Package

Areal recharge to the model domain was simulated using the RCH package. A pre-processor
program (rch.exe) was used to write the MODFLOW-2000 input files. For this model, recharge
is defined as groundwater which originates as precipitation that falls within the model domain.

Groundwater inflow from outside the model domain (from the north and the south) is handled
by the GHB and CHD packages.

Average precipitation for each cell is estimated using the relationship previously presented:
Average Precipitation = -6.91244 + (0.003996*Cell Elevation)
where. Average precipitation is estimated in inches per year

Cell elevation is in ft MSL (read in file topelev.dat)
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Annual variations in precipitation for the calibration period (1948 to 2002) were based on
historic records. These factors are read from the file annualprecipfactor.dat. Precipitation is
further corrected based on a dampening factor to slightly raise dry years and slightly decrease
wet years. This is intended to simulate the lag time associated with travel time through the
unsaturated zone. The dampening factor is adjustable and appears in the file rechparam.dat.
Dampening factors were adjusted during early portions of model calibration. A dampening
factor of 1.0 would result in all years having average precipitation. A dampening factor of 0
would result in no dampening. A factor of 0.1 was found to work well in this setting (relatively
shallow water table in the recharge areas). The dampened annual recharge factors (using a
dampening factor of 0.1) data are summarized in Figure 38.
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Figuré 38. Annual Precipitation Factors with a Dampening Factor of 0.1

Annual recharge to each cell is estimated based on the corrected precipitation in a particular cell
according to the data provided in the file rechparam.dat. Estimating recharge is based on a
modified Maxey-Eakin approach (i.e. higher elevation areas have a higher recharge rate than
lower elevation areas and higher precipitation years have a higher recharge rate than low
precipitation years). The zones used for hydraulic conductivity and storativity (previously
presented as Figures 31 to 33) were also used for recharge estimation.

For each zone, the pre-processor reads:

o The “Maxey-Eakin Elevation”
e The recharge rates associated with three precipitation groups

The “Maxey-Eakin” elevations for each model are summarized in Table 22. Above the Maxey-
Eakin elevation, the higher recharge rates read in rechparam.dat are used. The following rates
are applied to those areas that are above the Maxey Eakin elevation. If the precipitation is equal
to or less than 7 in/yr, the recharge rate is set to 0% of precipitation. If the precipitation is
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between 7 and 15 infyr, the recharge rate is set to 1% of precipitation. If the precipitation is
between 15 and 25 in/yr, the recharge rate is set to 10% of precipitation. If the precipitation is
greater than or equal to 25 in/yr, the recharge rate is set to 25% of precipitation. Below the
Maxey-Eakin elevation, a standard recharge rate of is applied (assumed to be 0.005 in/yr).

Table 22. “Maxey-Eakin” Elevation Estimates for each Model (ft MSL)

"Maxey-Eakin" Elevation
Zone Structllxvll'zijgeology Isotope It/;l((:;:icel;emlstry Hybrid Model
1 7,364.65 5,400.00 5,400.00
2 5,522.27 5,400.00 5,400.00
3 5,400.00 5,400.00 5,400.00
4 5,393.45 5,400.00 5,400.00
5 4,858.83 4,881.30 4,881.30
6 5,415.16 5,400.00 5,400.00
7 5,015.63 5,400.00 5,400.00
8 5,400.00 5,400.00 5,400.00
9 5,170.29 5,400.00 5,400.00
10 5,400.00 5,400.00 5,400.00
11 5,296.77 5,400.00 5,400.00
12 5,697.70 5,400.00 5,400.00

The pre-processor writes MODFLOW-2000 input files for the specific model (dvs.rch, dvirch,
or dvh.rch). The pre-processor also sums all recharge in the model by zone and summarizes the
results in terms of AF/yr in the file sumrech.dat. Annual recharge summaries for each zone for
each of the models are presented in Tables 23 to 25. For each case, steady-state recharge was
estimated under the assumption of 100 percent of average precipitation.

Table 23a presents recharge estimates for the structural geology model for the steady state
conditions (pre-1948) and annual estimates for the years 1948 to 1974. Table 23b presents
recharge estimates for the structural geology model for the years 1975 to 2002, and includes
1948 to 2002 averages for each zone. Table 24a presents recharge estimates for the isotope
geochemistry model for the steady state conditions (pre-1948) and annual estimates for the years
1948 to 1974. Table 24b presents recharge estimates for the isotope geochemistry model for the
years 1975 to 2002, and includes 1948 to 2002 averages for each zone. Table 25a presents
recharge estimates for the hybrid model for the steady state conditions (pre-1948) and annual
estimates for the years 1948 to 1974. Table 25b presents recharge estimates for the hybrid model!
for the years 1975 to 2002. and includes 1948 to 2002 averages for each zone.
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6.3.9 Horizontal Flow Barrier (HFB) Package

The area of perched groundwater associated with the Cretaceous rocks in the southwest portion of
the model domain is simulated with the Horizontal Flow Barrier (HFB) package. This area is not
well studied, but it is apparent that groundwater flows from this area towards the Permian rocks of
Diablo Plateau. The unsaturated zone between the perched aquifer in Cretaceous rocks and the
regional Permian aquifer acts to restrict flow vertically.

Because this is single layer model (two-dimensional lateral flow), HFB boundaries were
implemented to simulate flow from the Cretaceous rocks to the regional Permian aquifer system.
The left side of Figure 39 diagrammatically depicts the vertically downward movement of
groundwater from the perched Cretaceous aquifer across the unsaturated zone into the regional
Permian aquifer. The right side of Figure 39 depicts how the HFB package was implemented.
The regional Permian aquifer in the area of the Cretaceous aquifer is ignored. Implementation of
the HFB package results in restricted movement of groundwater from the perched Cretaceous
aquifer to the regional Permian aquifer based on the specified conductance of the boundary. Thus,
the HFB boundary acts as an analog to the unsaturated zone. An advantage to this approach is that
the model is required to maintain the heads in the Cretaceous unit and represent a realistic flow
into the Permian rocks. The alternative to this approach is to specify a flux across the boundary
based on Darcian calculations.

Land Suiface

|
Perched Cretaceous A quifex
|

v v v |

Unsatwrated Zone |

‘ Regional Permian A quifer

Sinulation of Movement A cross HFB Boundary
f1om Perched C'retaceous Aquifer to underlying
Regional Permian Aquifel

C'1oss-Section of Perched Cretaceous Aquifer overlying
Regional Permian A quifer

Figure 39. Conceptual Diagram of Flow between the Perched Cretaceous Aquifer
and the Regional Permian Aquifer
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This conductance value was adjusted during the calibration process via the preprocessor hfb.exe.
Conductance for the structural geology model was 4.10E-7 ft*/day. Conductance for the isotope
geochemistry model was 4.10E-7 ft*/day. Conductance for the hybrid model was 3.87E-7 ft*/day.
The location of the HFB boundaries is shown in Figure 40.

Model Domain ‘f‘\f""\f\,

Boundary \(I

|

i/
New Mexlco \ }
. Texas \

HFB
-/ Boundaries

0 20 40 60 80 100 Miles

Figure 40. Location of HFB Boundaries

6.3.10 Constant Head Boundary (CHD) Package

The southeastern portion of the model includes the area where a groundwater divide exists, and
likely contains outflow to areas southeast of the model domain. These characteristics were
simulated using the CHD package of MODFLOW-2000, which includes the ability to vary the
constant head by stress period. The locations of the boundaries in the context of the overall model
domain are shown in Figure 41. Note that there are two distinct areas, a western group and an
eastern group.
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Model Domain

Boundary /\k
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Texas

Western CHD
Boundaries \
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b

Eastern CHD
Boundaries

0 20 40 60 80 100 Miles

Figure 41. Location of CHD Boundaries

The boundaries were conceptualized based on an analysis of groundwater elevation data from
monitoring wells that lie inside and south of the model domain. Groundwater elevation data is not
taken on a frequent basis in these wells, so some averaging and interpolation was necessary.
However, the following is evident from the analysis: 1) groundwater elevations are approximately
equal in the area of the western CHD boundaries as this is the area of the groundwater divide, 2)
groundwater elevations have been slightly dropping over time, and 3) groundwater outflow from
the model domain is evident in the area of the eastern boundary. The eastern CHD boundary
outflow would represent the hypothesized outflow of the area towards San Solomon Spring.

Figure 42 presents groundwater elevation contours representative of the time period 1973 to 1978,

and Figure 43 presents groundwater elevation contours representative of the time period 1993 to
2003. For reference, the model boundary is shown in both figures.
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Mode! Domain

0 5 10 Miles

e ——————————

Figure 42. Groundwater Elevation Contours (ft MSL) and Interpreted Groundwater Flow
Directions in Southeast Portion of Model Domain During period 1973 to 1978. Wells Used for
Contouring are Shown as Dots
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Model Domain

0 5 10 Miles ,

Figure 43. Groundwater Elevation Contours (ft MSL) and Interpreted Groundwater Flow
Directions in Southeast Portion of Model Domain During period 1993 to 2003. Wells Used for
Contouring are Shown as Dots

Based on this analysis, the western boundaries were set to an elevation of 3595.2 for 1948, and
decreased 0.21 ft each year (i.e. each stress period). The eastern boundaries were set at 3520 ft and
left constant for the entire calibration period.

6.3.11 Output Control (OC) Package

The Output Control Package contains specifications for how output is written. This particular
version of the file specifies saving heads, drawdowns, and cell-by-cell flows for each stress period.

6.3.12 Geometric Multigrid Solver (GMG) Package
The Geometric Multigrid Solver package (Wilson and Naff, 2004) contains specifications for the

chosen solver package. Note that in this particular implementation that the head closure criterion is
1.0E-03, and the residual closure criterion is 1.00.
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7.0 MODEL CALIBRATION AND RESULTS

Calibration of the three groundwater flow models was accomplished by adjusting various
parameters until model estimated groundwater elevations were in reasonable agreement with
actual groundwater elevations. The calibration period was 1948 to 2002 (55 annual stress periods),
with a steady-state stress period preceding the transient calibration (i.e. stress period 1) for a total
of 56 stress periods. The steady state stress period was useful in that it provided an initial head
solution that was used to initialize the transient simulation. The locations of the 369 wells that
were used in the calibration are shown in Figure 44. These wells had at least groundwater
elevation measurement from 1948 to 2002. The total number of groundwater elevation
measurements from these 369 wells used in the calibration was 2,438. Table 26 summarizes the
New Mexico wells (2 pages), and Table 27 summarizes the Texas wells (8 pages).

Model Domain

Boundary \
-

Texas

New Mexico (’
Y
|

0 20 40 60 80 100 Miles

Figure 44. Location of Wells with Groundwater Elevation Measurements used in Model
Calibration.
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Table 26. New Mexico Calibration Well Summary (Page 1 of 2)

Highest Lowest Year of
New Mexico Model Model Number of | Groundwater | Groundwater Earliest Year of Latest
Wells Row Column | Measurements | Elevation (ft | Elevation (ft Measurement Measurement
MSL) MSL)
19S.12E.13.424 6 91 1 7310 7310 2000 2000
19S5.12E.13.441 7 90 1 7293 7293 2000 2000
195.12E.22.233 5 84 1 6950 6950 2000 2000
19S.12E.23.1 6 86 1 6947 6947 2000 2000
19S5.12E.23.134 6 86 1 6919 6919 1999 1999
19S.14E.34.443 25 111 1 5865 5865 1963 1963
19S.16E.24.411 34 146 1 5961 5961 1983 1983
19S.17E.35.1 43 156 1 4930 4930 1964 1964
20S.14E.33.144 36 102 1 4879 4879 1947 1947
20S.15E.13.143 39 126 1 4620 4620 1951 1951
20S.17E.01.423 48 158 1 5088 5088 1956 1956
20S.17E.13.2 52 156 1 4791 4791 1964 1964
21S.16E.02.143 55 133 1 4566 4566 1953 1953
21S.16E.22.121 60 128 1 4017 4017 1960 1960
22S.13E.23.14 56 80 1 3725 3725 1958 1958
22S.13E.26.233 59 79 1 3829 3829 1969 1969
22S5.14E.11.344 59 96 1 3843 3843 1949 1949
22S.14E.30.33 62 83 1 3822 3822 1959 1959
22S.14E.34.113 66 89 1 3926 3926 1969 1969
22S5.18E.36.334 96 151 1 3621 3621 1959 1959
23S8.17E.22.333 97 127 1 3716 3716 1960 1960
23S.18E.02.222 96 151 1 3668 3668 1967 1967
23S.18E.09.233 97 144 3 3635 3642 1956 1984
23S.18E.15.112 99 144 1 3611 3611 1967 1967
23S.18E.22.244 103 145 1 3616 3616 1972 1972
23S.18E.29.110 102 137 2 3629 3630 1979 1984
23S.18E.30.34 103 135 1 3787 3787 1949 1949
23S.19E.09.243 104 158 1 3640 3640 1981 1981
23S.19E.15.344 108 158 1 3596 3596 1960 1960
24S.13E.32.243 87 59 2 4601 4601 1959 1977
245.16E.07.233 96 103 1 3696 3696 1960 1960
24S.17E.27.323 113 121 1 3574 3574 1957 1957
24S.18E.01.432 113 146 4 3608 3619 1977 1994
24S.18E.11.332 114 140 1 3654 3654 1957 1957
245.18E.20.133 115 131 1 3603 3603 1973 1973
24S.18E.29.313 118 130 1 3620 3620 1963 1963
24S.18E.32.144 120 130 2 3609 3609 1979 1984
24S.19E.16.222 120 151 1 3720 3720 1962 1962
24S.19E.18.234 118 145 1 3637 3637 1953 1953
24S.20E.16.134 126 163 1 3551 3551 1977 1977
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Table 26. New Mexico Calibration Well Summary (Page 2 of 2)

Highest Lowest Year of Year of

New Mexico Model | Model Number of [Groundwater|{Groundwater .

Wells Row | Column |Measurements| Elevation (ft | Elevation (ft Earliest Latest

MSL) MSL) Measurement|Measurement
25S.11E.14.3 85 32 1 4696 4696 1964 1964
25S.12E.31.1 93 35 1 4734 4734 1961 1961
25S.13E.28.4 101 55 1 4555 4555 1947 1947
25S.13E.30.1 97 50 1 4728 4728 1958 1958
25S.18E.13.122 131 137 4 3606 3608 1977 1994
25S.18E.21.233 131 128 30 3593 3617 1958 1992
25S.18E.27.222 134 131 1 3621 3621 1955 1955
25S.18E.27.232 134 130 1 3618 3618 1965 1965
26S.12E.12.422 105 46 1 4645 4645 1962 1962
26S.13E.07.1 104 47 1 4537 4537 1965 1965
26S.13E.16.244 110 51 1 4668 4668 1949 1949
26S.14E.04.331 112 65 1 4637 4637 1951 1951
26S.14E.04.444 113 67 1 4612 4612 1975 1975
26S.14E.14.113 117 69 1 4583 4583 1960 1960
26S.14E.18.411 114 60 1 5084 5084 1981 1981
26S.14E.27.322 122 65 1 4589 4589 1962 1962
26S.15E.12.444 125 88 1 3671 3671 1960 1960
26S.15E.13.432 127 86 1 3796 3796 1962 1962
26S.15E.29.222 126 76 1 3696 3696 1958 1958
26S.18E.09.424 144 117 1 3578 3578 1949 1949
26S.18E.19.433 144 116 1 3581 3581 1957 1957
26S.18E.21.124 144 122 1 3591 3591 1948 1948
26S.18E.21.223a 131 128 2 3585 3627 1948 1951
26S.18E.21.313 145 120 44 3598 3626 1955 1999
26S.18E.21.333 146 120 1 3594 3594 1948 1948
26S.18E.21.411 145 121 1 3582 3582 1948 1948
26S.18E.28.113 146 119 18 3592 3617 1955 1973
26S.18E.28.131 147 119 1 3569 3569 1948 1948
26S.18E.29.111 145 117 7 3576 3615 1949 1999
26S.18E.29.113 145 117 1 3580 3580 1949 1949
26S.18E.30.122 144 117 22 3532 3557 1955 1994
26S.18E.30.321 145 115 24 3557 3582 1949 1999
26S.18E.32.122 147 118 26 3562 3588 1955 1984
26S.18E.33.111 148 119 1 3598 3598 1948 1948
26S.18E.33.133 148 119 1 3579 3579 1950 1950
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Table 27. Texas Calibration Well Summary (Page 1 of 8)

Highest Lowest Year of
Texas Wells Model | Model Number of | Groundwater | Groundwater Earliest Year of Latest
Row | Column |Measurements| Elevation (ft | Elevation (ft Measurement Measurement
MSL) MSL)
47-01-401 168 135 1 3705 3705 1947 1947
47-01-701 172 132 1 3621 3621 1947 1947
47-09-101 186 128 1 3629 3629 1948 1948
47-09-201 184 132 1 3594 3594 1974 1974
47-09-202 185 132 1 3605 3605 1970 1970
47-09-203 184 129 1 3606 3606 1972 1972
47-09-204 185 129 1 3599 3599 1972 1972
47-09-205 185 129 1 3607 3607 1972 1972
47-09-206 185 130 1 3602 3602 1973 1973
47-09-207 185 129 2 3581 3589 1973 1974
47-09-502 191 129 1 3592 3592 1970 1970
47-09-702 200 121 2 3597 3600 1970 1971
47-09-801 197 126 13 3594 3613 1953 1972
47-09-802 202 128 4 3595 3614 1958 1973
47-09-803 203 128 2 3595 3599 1970 1971
47-09-805 197 126 2 3599 3611 1959 1971
47-09-806 197 127 5 3592 3602 1965 1973
47-09-807 199 126 1 3592 3592 1971 1971
47-09-901 201 129 7 3580 3608 1956 2000
47-09-902 202 129 2 3627 3642 1964 1964
47-09-903 201 129 1 3594 3594 1969 1969
47-09-904 201 131 2 3597 3607 1955 1968
47-10-401 199 141 1 3653 3653 1988 1988
47-10-501 198 146 1 3765 3765 1970 1970
47-13-102 203 121 2 3625 3626 1958 1966
47-17-201 205 126 6 3596 3608 1958 1978
47-17-202 206 122 45 3564 3612 1953 2002
47-17-203 207 126 33 3583 3614 1957 1995
47-17-204 205 124 4 3521 3611 1958 1971
47-17-205 206 123 43 3579 3625 1953 1999
47-17-206 206 126 41 3585 3613 1959 2002
47-17-207 206 123 2 3599 3605 1958 1971
47-17-208 204 126 2 3631 3633 1964 1971
47-17-209 204 126 10 3581 3599 1963 2002
47-17-211 204 124 2 3598 3600 1971 1973
47-17-214 205 124 1 3599 3599 1971 1971
47-17-215 209 122 1 3606 3606 1971 1971
47-17-216 203 125 1 3593 3593 1971 1971
47-17-217 204 121 1 3604 3604 1971 1971
47-17-218 210 123 10 3605 3608 1963 1973
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Table 27. Texas Calibration Well Summary (Page 2 of 8)

Highest Lowest Year of
Texas Wells Model Model Number of Groun(.lwater Groun('iwater Earliest Year of Latest
Row | Column | Measurements | Elevation (ft | Elevation (ft Measurement Measurement
MSL) MSL)
47-17-301 209 128 4 3591 3600 1959 1992
47-17-302 209 128 38 3569 3607 1957 2002
47-17-303 209 128 4 3591 3603 1958 1992
47-17-304 206 129 32 3591 3608 1964 2000
47-17-307 207 128 2 3601 3604 1964 1971
47-17-312 207 132 1 3633 3633 1964 1964
47-17-313 208 129 1 3616 3616 1964 1964
47-17-314 209 128 1 3607 3607 1964 1964
47-17-315 204 128 2 3594 3600 1964 1964
47-17-317 205 127 27 3571 3607 1964 1995
47-17-318 207 128 2 3597 3599 1971 1973
47-17-319 206 129 1 3605 3605 1971 1971
47-17-320 210 131 2 3599 3603 1972 1973
47-17-321 210 130 1 3593 3593 1970 1970
47-17-321 210 130 1 3595 3595 1971 1971
47-17-322 211 130 1 3594 3594 1971 1971
47-17-601 216 125 30 3591 3627 1958 1994
47-17-602 216 124 4 3587 3603 1958 1973
47-17-604 216 125 2 3587 3594 1971 1973
47-17-605 215 122 1 3610 3610 1973 1973
47-17-606 212 126 1 3600 3600 1971 1971
47-17-607 213 130 1 3583 3583 1974 1974
47-17-903 221 126 10 3590 3622 1964 1973
47-17-904 220 127 1 3608 3608 1972 1972
47-18-101 214 133 1 3695 3695 1969 1969
47-18-402 214 133 2 3580 3588 1970 2001
47-18-404 220 128 4 3575 3590 1964 1973
47-18-705 220 127 11 3592 3599 1971 2002
47-18-706 221 127 4 3602 3629 1965 1993
47-18-707 220 128 6 3600 3631 1964 1993
47-18-801 226 132 1 3579 3579 1971 1971
47-18-802 223 133 2 3575 3583 1976 1992
47-18-901 227 139 1 3602 3602 1959 1959
47-25-801 238 106 1 3602 3602 1964 1964
47-25-802 238 108 1 3616 3616 1971 1971
47-26-101 228 125 3 3572 3602 1972 1993
47-26-102 232 127 1 3603 3603 1971 1971
47-26-501 239 128 3 3583 3589 1977 1993
47-26-701 243 117 2 3587 3592 1964 1972
47-26-702 245 122 2 3590 3590 1992 1993
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Table 27. Texas Calibration Well Summary (Page 3 of 8)

Highest Lowest Year of
Texas Wells Model Model Number of | Groundwater | Groundwater Earliest Year of Latest
Row Column | Measurements | Elevation (ft | Elevation (ft Measurement Measurement
MSL) MSL)
47-26-901 251 132 1 3584 3584 1971 1971
47-27-401 250 138 1 3620 3620 1971 1971
47-27-701 257 137 1 3556 3556 1974 1974
47-34-201 253 124 1 3594 3594 1971 1971
48-06-201 138 92 23 3603 3660 1953 1988
48-06-301 142 95 1 3591 3591 1993 1993
48-06-302 146 93 2 3568 3595 1973 1993
48-06-303 144 96 1 3591 3591 1993 1993
48-06-304 145 94 1 3595 3595 1993 1993
48-06-305 147 96 1 3602 3602 1993 1993
48-06-601 149 9] 14 3558 3602 1960 1993
48-06-602 149 95 3 3593 3596 1966 1968
48-06-604 147 89 1 3587 3587 1984 1984
48-06-605 147 90 2 3589 3597 1984 1993
48-06-606 147 93 1 3599 3599 1993 1993
48-06-608 148 94 1 3593 3593 1993 1993
48-06-609 149 93 1 3595 3595 1993 1993
48-06-610 152 92 1 3594 3594 1993 1993
48-06-901 156 92 1 3592 3592 1993 1993
48-07-101 146 98 15 3599 3625 1949 1968 .
48-07-102 148 97 25 3577 3602 1963 2002
48-07-107 145 99 1 3597 3597 1993 1993
48-07-109 148 103 17 3556 3612 1966 1992
48-07-110 149 102 1 3600 3600 1953 1953
48-07-111 150 101 7 3618 3622 1947 1950
48-07-112 150 101 2 3621 3623 1947 1948
48-07-203 145 106 50 3580 3625 1947 1995
48-07-204 150 106 1 3589 3589 1993 1993
48-07-205 150 103 6 3619 3623 1947 1950
48-07-206 146 105 43 3566 3634 1947 2002
48-07-207 149 104 41 3578 3605 1959 2002
48-07-208 146 107 3 3597 3636 1947 1963
48-07-209 144 106 2 3595 3613 1953 1993
48-07-213 148 107 3 3580 3608 1953 1993
48-07-214 151 106 26 3579 3603 1966 1993
48-07-217 145 107 2 3584 3619 1953 1973
48-07-218 144 107 1 3583 3583 1973 1973
48-07-219 146 108 2 3572 3583 1985 1996
48-07-220 150 105 1 3599 3599 1968 1968
48-07-301 148 113 45 3581 3625 1947 1995
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Table 27. Texas Calibration Well Summary (Page 4 of 8)

Highest Lowest Year of
Texas Wells Model Model Number of Groun('iwater Grounqwater Earliest Year of Latest
Row Column | Measurements | Elevation (ft | Elevation (ft Measurement Measurement
MSL) MSL)
48-07-302 152 114 1 3611 3611 1953 1953
48-07-303 148 113 7 3607 3616 1953 1960
48-07-304 154 113 42 3574 3614 1953 2002
48-07-305 150 114 10 3611 3626 1948 1957
48-07-306 154 114 3 3616 3624 1947 1953
48-07-307 152 113 1 3565 3565 1990 1990
48-07-308 152 111 1 3594 3594 1993 1993
48-07-309 154 113 1 3612 3612 1953 1953
48-07-313 150 112 1 3575 3575 1968 1968
48-07-314 148 116 1 3595 3595 1993 1993
48-07-315 152 111 1 3581 3581 1974 1974
48-07-318 151 114 1 3708 3708 1993 1993
48-07-402 155 96 29 3588 3619 1947 1973
48-07-403 151 100 25 3584 3624 1947 1974
48-07-404 152 100 16 3592 3616 1953 1993
48-07-405 153 98 47 3577 3624 1947 2002
48-07-408 152 97 9 3620 3625 1947 1951
48-07-409 156 99 1 3617 3617 1947 1947
48-07-410 156 98 4 3562 3618 1953 2000
48-07-411 153 98 6 3606 3621 1947 1948
48-07-412 152 96 & 3619 3622 1947 1949
48-07-414 154 94 25 3581 3604 1963 1994
48-07-417 150 96 2 3597 3609 1966 1993
48-07-418 151 95 33 3579 3603 1966 2002
48-07-420 153 95 1 3596 3596 1971 1971
48-07-423 153 100 6 3602 3625 1947 1948
48-07-427 154 95 1 3592 3592 1993 1993
48-07-501 156 101 51 3578 3626 1947 2002
48-07-502 156 104 55 3574 3621 1947 2002
48-07-503 157 102 5 3609 3615 1947 1952
48-07-504 154 101 36 3582 3626 1947 1984
48-07-505 156 101 26 3579 3616 1953 1992
48-07-507 153 102 8 3607 3619 1947 1955
48-07-508 155 101 2 3619 3628 1947 1948
48-07-509 157 102 2 3622 3624 1947 1948
48-07-510 158 103 1 3592 3592 1993 1993
48-07-511 156 103 2 3627 3628 1947 1948
48-07-512 156 104 5 3592 3621 1947 1948
48-07-513 159 104 1 3622 3622 1947 1947
48-07-516 153 102 37 3566 3601 1966 2002

107




Table 27. Texas Calibration Well Summary (Page 5 of 8)

Highest Lowest Year of
Texas Wells Model Model Number of | Groundwater Grount.iwater Earliest Year of Latest
Row Column | Measurements | Elevation (ft | Elevation (ft Measurement Measurement
MSL) MSL)
48-07-521 153 105 1 3594 3594 1993 1993
48-07-522 153 102 2 3557 3569 1986 1996
48-07-526 156 105 1 3567 3567 1981 1981
48-07-527 154 103 1 3590 3590 1969 1969
48-07-601 158 110 1 3610 3610 1959 1959
48-07-603 156 110 18 3602 3624 1947 1962
48-07-604 158 109 5 3614 3626 1947 1953
48-07-606 154 108 55 3576 3627 1947 2002
48-07-607 160 108 40 3578 3606 1959 2002
48-07-610 158 110 9 3622 3624 1947 1950
48-07-611 154 108 4 3586 3626 1947 1948
48-07-612 157 107 2 3622 3623 1947 1948
48-07-613 161 107 9 3606 3620 1947 1957
48-07-614 161 107 3 3617 3620 1947 1951
48-07-615 161 107 2 3621 3621 1947 1948
48-07-616 156 109 8 3622 3624 1947 1950
48-07-619 158 110 1 3597 3597 1993 1993
48-07-623 160 111 1 3596 3596 1993 1993
48-07-624 159 108 1 3589 3589 1969 1969
48-07-626 © 159 111 1 3597 3597 1967 1967
48-07-627 159 106 1 3581 " 3581 1969 1969
48-07-628 159 106 1 3591 3591 1993 1993
48-07-631 155 110 1 3592 3592 1993 1993
48-07-632 156 107 1 3592 3592 1993 1993
48-07-633 156 112 1 3594 3594 1993 1993
48-07-702 157 97 9 3594 3609 1959 1993
48-07-703 161 92 5 3586 3616 1953 1961
48-07-705 161 92 10 3597 3607 1947 1955
48-07-706 161 97 13 3580 3610 1963 1976
48-07-708 164 96 29 3562 3599 1966 2002
48-07-709 156 93 1 3607 3607 1966 1966
48-07-712 161 91 1 3598 3598 1993 1993
48-07-714 157 94 2 3593 3612 1978 1993
48-07-801 159 102 37 3571 3621 1947 2002
48-07-802 159 102 2 3617 3618 1947 1948
48-07-803 162 98 47 3585 3625 1952 2002
48-07-804 160 100 2 3624 3626 1947 1948
48-07-805 163 98 6 3612 3620 1954 1960
48-07-806 160 101 4 3624 3624 1947 1949
48-07-809 159 101 1 3585 3585 1971 1971
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Table 27. Texas Calibration Well Summary (Page 6 of 8)

Highest Lowest Year of
Texas Wells Model Model Number of Grounqwater Groun('iwater Earliest Year of Latest
Row Column {Measurements | Elevation (ft | Elevation (ft Measurement Measurement
MSL) MSL)
48-07-810 160 102 1 3572 3572 1976 1976
48-07-811 165 98 1 3555 3555 1972 1972
48-07-812 165 98 1 3535 3535 1977 1977
48-07-813 161 103 2 3515 3600 1982 1993
48-07-814 164 99 1 3595 3595 1966 1966
48-07-815 163 99 1 3526 3526 1976 1976
48-07-901 162 110 40 3577 3602 1958 2002
48-07-902 165 105 9 3593 3616 1953 1993
48-07-903 165 105 8 3604 3616 1953 1962
48-07-904 164 103 42 3584 3617 1949 2002
48-07-905 164 103 6 3613 3625 1952 1957
48-07-908 164 105 15 3600 3623 1947 1966
48-07-910 165 106 1 3583 3583 1987 1987
48-07-914 162 106 1 3591 3591 1993 1993
48-07-916 167 106 1 3611 3611 1993 1993
48-08-101 150 118 5 3604 3613 1953 1960
48-08-102 151 116 31 3582 3601 1966 1998
48-08-103 153 117 1 3601 3601 1993 1993
48-08-201 154 125 1 3600 3600 1993 1993
48-08-401 159 113 15 3597 3621 1950 1993
48-08-402 161 116 4 3617 3618 1947 1953
48-08-403 158 113 2 3604 3610 1953 1993
48-08-405 163 114 1 3613 3613 1974 1974
48-08-406 159 112 1 3609 3609 1969 1969
48-08-407 162 113 1 3594 3594 1993 1993
48-08-408 163 114 1 3613 3613 1985 1985
48-08-902 176 122 1 3614 3614 1972 1972
48-08-903 176 123 1 3616 3616 1948 1048
48-12-502 153 42 1 3646 3646 1985 1985
48-12-701 155 30 1 3773 3773 1971 1971
48-12-901 162 44 1 3650 3650 1985 1985
48-14-702 173 64 2 3603 3619 1959 1985
48-14-801 177 74 1 3522 3522 1985 1985
48-15-101 165 90 2 3612 3614 1953 1963
48-15-102 168 94 3 3583 3595 1985 1993
48-15-103 168 94 3 3584 3595 1985 1993
48-15-104 167 94 2 3584 3586 1985 1987
48-15-105 164 93 1 3581 3581 1993 1993
48-15-201 169 100 37 3582 3607 1959 1999
48-15-202 167 96 9 3613 3632 1951 1956
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Table 27. Texas Calibration Well Summary (Page 7 of 8)

Highest Lowest Year of
Texas Wells Model Model Number of | Groundwater | Groundwater Earliest Year of Latest
Row | Column |Measurements | Elevation (ft | Elevation (ft Measurement Measurement
MSL) MSL)
48-15-203 167 96 36 3568 3617 1953 1995
48-15-204 167 99 1 3616 3616 1953 1953
48-15-301 171 100 41 3586 3612 1959 2002
48-15-302 172 105 25 3581 3604 1963 1993
48-15-303 168 10! 1 3591 3591 1964 1964
48-15-305 170 102 1 3606 3606 1958 1958
48-15-306 171 100 1 3543 3543 1978 1978
48-15-307 170 100 1 3588 3588 1981 1981
48-15-601 180 101 2 3591 3594 1965 1993
48-15-801 180 89 3 3616 3621 1948 1952
48-15-902 190 98 32 3549 3590 1959 2002
48-16-402 183 107 25 3593 3617 1959 1993
48-16-403 184 106 1 3596 3596 1993 1993
48-16-702 188 105 25 3586 3608 1959 1994
48-16-703 190 104 1 3574 3574 1985 1985
48-16-705 190 99 2 3567 3581 1990 1993
48-16-805 195 109 2 3602 3603 1974 1985
48-20-601 175 40 1 3622 3622 1985 1985
48-21-401 177 43 1 3626 3626 1985 1985
48-21-502 182 51 1 3618 3618 1985 1985
48-23-101 191 82 1 3624 3624 1985 1985
48-23-201 186 87 2 3574 3574 1964 1985
48-23-202 186 87 7 3584 3602 1965 1971
48-23-701 203 73 1 3612 3612 1985 1985
48-24-101 193 102 1 3619 3619 1985 1985
48-24-201 197 108 1 3605 3605 1964 1964
48-24-202 198 105 1 3591 3591 1972 1972
48-24-203 194 104 1 3582 3582 1974 1974
48-24-401 198 95 1 3599 3599 1964 1964
48-24-501 203 106 1 3599 3599 1971 1971
48-24-502 204 106 1 3580 3580 1971 1971
48-24-601 208 106 1 3597 3597 1972 1972
48-24-901 215 107 1 3604 3604 1964 1964
48-24-904 215 104 1 3579 3579 1985 1985
48-27-801 192 33 1 4050 4050 1985 1985
48-28-301 192 33 1 4367 4367 1985 1985
48-29-101 192 18 1 4290 4290 1985 1985
48-29-102 192 18 1 4292 4292 1985 1985
48-29-103 192 38 1 4290 4290 1985 1985
48-29-104 192 38 1 4292 4292 1985 1985
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Table 27. Texas Calibration Well Summary (Page 8 of 8)

Highest Lowest Year of Year of

Texas Wells Model | Model Number of Groun(.iwater Groun(.iwater Earliest Latest
Row | Column {Measurements| Elevation (ft | Elevation (ft Measurement|Measurement
MSL) MSL)

48-29-301 196 47 2 3606 3625 1985 1985
48-30-401 214 68 2 3559 3731 1985 1985
48-32-301 226 102 1 3591 3591 1972 1972
48-32-601 226 102 1 3597 3597 1971 1971
48-32-602 225 99 1 3595 3595 1972 1972
48-36-101 200 10 1 4680 4680 1987 1987
48-36-201 208 15 1 4475 4475 1987 1987
48-36-301 209 22 1 4343 4343 1987 1987
48-36-601 220 19 2 4365 4470 1972 1985
48-37-301 219 35 1 4377 4377 1985 1985
48-37-302 220 40 3 4198 4200 1985 1985
48-38-101 217 45 1 4176 4176 1985 1985
48-39-101 230 63 2 3620 3620 1985 1985
48-46-401 247 34 ] 3638 3638 1971 1971

The three models were calibrated individually using a combination of trial-and-error parameter
adjustments and automated adjustments using PEST, an industry-standard inverse modeling
software package (Doherty, 2004). Parameter adjustment generally focused on hydraulic
conductivity (both x- and y-direction), storativity, “Maxey-Eakin” recharge elevation, general head
boundary elevation and conductance (northern edge of the model), and drain boundary elevation
and conductance (northwestern edge of the model). Other parameters that were adjusted with less
focus included recharge rates, irrigation acreage, and constant head boundary elevation
(southeastern edge of the model). Calibrated parameters for each of the models were previously

presented in Section 6.

7.1 Model Estimated Groundwater Elevations vs. Measured Groundwater Elevations

Calibration of the models was partly evaluated through a series of comparisons between model
estimated groundwater elevations and measured groundwater elevations. The residual is the
difference between the measured groundwater elevation and the model estimated groundwater
elevation. If the residual is positive, the measured groundwater elevation is higher than the model
estimated groundwater elevation. If the residual is negative, the measured groundwater elevation
is lower than the model estimated groundwater elevation.

This section begins with an analysis of the calibration results of the entire domain of all three
models. Attention shifts to an analysis of the calibration results of all three models in the Dell City
area, the main area of interest. Finally, selected hydrographs are presented that compare model
estimated groundwater elevations with actual groundwater elevations. Hydrographs for all wells
for which enough data points were available are presented in Appendix C.
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7.1.1 Calibration Results for Entire Model Domain

A statistical summary of the calibration of all three models is presented in Table 28, which
summarizes the minimum residual, maximum residual, and average residual for each of the
models. The standard deviation of the residuals and the range of measured groundwater elevations
are presented. A common statistical test to examine calibration is the standard deviation of the
residuals (the difference between actual groundwater elevations and model estimated groundwater
elevations) divided by the range of measured groundwater elevations. Rumbaugh (2003, pg. 178)
suggested that a good calibration would yield a value less than 0.10 to 0.15. Note that this value
is less than 0.01 for all models.

Table 28. Statistical Summary of the Calibration of All Three Models

Structural Isotope Hybrid
Calibration Statistic Geology | Geochemistry Model
Model Model

Minimum Residual (ft) -256.65 -394.96 -458.24

Maximum Residual (ft) 642.67 557.22 518.65

Average Residual (ft) 4.00 2.37 4,79

Standard Deviation of Residuals 30.84 30.40 30.60

Range of Measured Groundwater Elevations (ft) 3595 3595 3595

Standard Deviation/Range 8.58E-03 8.45E-03 8.51E-03

Sum of Squared Residuals 2.36E+06 2.27E+06 2.34E+06
Percentage of Residuals Within:

+ 10 ft 56.4 61.7 63.4

+ 25 ft 94.5 93.1 92.5

+ 50 ft 98.4 98.3 98.4

The summary also includes the value of the sum of squared residuals, which was used as the
objective function during parameter estimation. Finally, the summary includes the frequency of
residuals within 10 ft, 25 ft and 50 ft. Graphical summaries of the match between measured
groundwater elevations and model estimated groundwater elevations are presented in Figures 45 to
47. Histograms of the residuals for each of the three models are presented in Figure 48 to 50. Note
that the statistics of calibration and these overall graphical summaries for all three models are
similar, and it is not possible to identify a model that is significantly better than the other two.
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Figure 45. Measured Groundwater Elevations vs. Model Estimated Groundwater Elevations
Structural Geology Model
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Figure 46. Measured Groundwater Elevations vs. Model Estimated Groundwater Elevations
Isotope Geochemistry Model
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Figure 47. Measured Groundwater Elevations vs. Model Estimated Groundwater Elevations
Hybrid Model
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Figure 48. Frequency of Residuals — Structural Geology Model
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Figure 50. Frequency of Residuals — Hybrid Model
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Figures 51, 52, and 53 present plots of model estimated groundwater elevations vs. residuals. Hill
and Tiedeman (2007, pg. 101) noted that in this type of plot (ideally) the residuals should be
scattered evenly about the zero residual line for the entire range of values on the horizontal axis.
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Figure 51. Model Estimated Groundwater Elevation vs. Residual — Structural Geology Model
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Figure 52. Model Estimated Groundwater Elevation vs. Residual — Isotope Geochemistry Model
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Figure 53. Model Estimated Groundwater Elevation vs. Residual — Hybrid Model

Finally, the calibration fit was also checked spatially and temporally. Spatially, Figures 54, 55,
and 56 present plots of model row number vs. model residual, and Figures 57, 58 and 59 present
plots of model column number vs. model residual. These plot permit inspection of potential
spatial trends in residuals north (low model row number) to south (high model row number) as
well as west (low model column number) to east (high model column number).
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Figure 54. Model Row vs. Residual — Structural Geology Model
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Figure 56. Model Row vs. Residual — Hybrid Model
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Figure 58. Model Column vs. Residual — Isotope Geochemistry Model
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Figure 59. Model Column vs. Residual — Hybrid Model

Temporally, Figures 60, 61, and 62 present plots of year vs. residual. These plots are useful to
identify any obvious bias in specific years relative to other years.
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Figure 60. Year vs. Residual — Structural Geology Model

120

Y Y Y vV Y P Yy Y Y T Y Y Y Y Y Y ' YT Y Y Y Y Y Y Y Y Y Y Y Y Y Y XYY YX



*
*

3
PYYY

L AA 2 Ad
*

*

*
*
[ PYYVITYITTIT

13413231 M40 )

z‘
sanbdife
*

LA

*
*
*
YT Y
%
oo

*®

140423 AAAd A 14d !

*e
ee®

3
.

.ti:..ln.lngﬁllll“llall“l

*
M 11 {0k b

*
*

*

*

*

*

*

800

Y N I Y I N I Y Y Y Y YT Y P Y Y P Y I Y T Y YT rYTYYYY YY

600 -

400

T
[=] (=}
o
(3]

(1) [enpisay

-200 -

~400

1950 1960 1970 1980 1990 2000 2010

1940

Year

Figure 61. Year vs. Residual — Isotope Geochemistry Model

*

*

*

*

i

tv'
3

HTTH TTTTTTT HOT

*

*

epdddassecsns

*
&
| 12 134 AdAE 3ad i Ad

*
*
i

alhad

P ¢4

VeSS
00‘0

; o

$IISVETIVITINE
LY

>
TSI T
>

'!!:!"',"

.
.
8

*
Al:.nn‘nl

*

600

500 -

| B
o o
o o
. <t (2]

T Ll
0o © o
o O
N -

(1) 1enpisay

=100 -

-200

-300 -

-400

1950 1960 1970 1980 1990 2000 2010

1940

Year

Figure 62. Year vs. Residual — Hybrid Model

121



7.1.2 Calibration Results for the Dell City Area

The analysis for the entire domain was repeated for the Dell City area as defined by hydraulic
conductivity zone 9 of the hybrid model (please see Figure 33). For the Dell City area, a total of
1,675 groundwater elevation measurements were used to compare with model estimated
groundwater elevations. Table 29 summarizes calibration statistics.

Table 29. Statistical Summary of the Calibration of All Three Models — Dell City Area

Structural Isotope Hybrid
Calibration Statistic (ft) Geology | Geochemistry Model
Model Model

Minimum Residual (ft) -62.39 -58.85 -62.62

Maximum Residual (ft) 115.28 126.20 121.97

Average Residual (ft) -0.73 1.13 1.85

Standard Deviation of Residuals 11.32 11.71 10.20

Range of Measured Groundwater Elevations (ft) 193 193 193

Standard Deviation/Range 5.86E-02 6.07E-02 5.29E-02

Sum of Squared Residuals 2.15E+05 2.32E+05 1.80E+05
Percentage of Residuals Within

+5ft 29.1 24.4 28.7

+10 ft 70.1 56.0 64.0

+ 25 ft 86.1 80.7 86.2

Notable in comparing Table 29 with the statistical summary of the entire model domain in Table
28 is that the minimum residuals are higher and maximum residuals are lower. This means that the
highest model errors are outside the Dell City area. The average residuals are closer to zero and
the standard deviation values are smaller in the Dell City area than for the entire model domain.
The range of measured groundwater elevations is much smaller, as would be expected. The
standard deviation divided by the range of measured groundwater elevations is higher, but is still
less than 0.10 to 0.15 as suggested by Rumbaugh (2003, pg. 178) to demonstrate an acceptable
calibration. Finally, the frequency of residuals summarizes a tighter range as compared with the
analysis of the entire model domain due to the closer fit for the area.

Graphical summaries of the match between measured groundwater elevations and model estimated
groundwater elevations for each of the three models are presented in Figures 63, 64 and 65.
Histograms of the residuals for each of the three models are presented in Figures 66, 67, and 68.
As with the analysis of the overall model domain, analysis of these statistical and graphical
summaries do not yield any conclusions that one model is superior to the other two.
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Figure 63. Measured Groundwater Elevation vs. Model Estimated Groundwater Elevations
Dell City Area — Structural Geology Model
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Figure 64. Measured Groundwater Elevation vs. Model Estimated Groundwater Elevations
Dell City Area — Isotope Geochemistry Model

123



3650

3640

3630

3620 1

3610 1

3600 1

3590

3580

Model Estimated Groundwater Elevation {ft MSL}

3570 A

3560

3550 ¢ T r T v v T - T v
3550 3560 3570 3580 3590 3600 3610 3620 3630 3640 3650

Measurad Groundwater Elevation {ft MSL)

Figure 65. Measured Groundwater Elevation vs. Model Estimated Groundwater Elevations
Dell City Area — Hybrid Model
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Figure 66. Frequency of Residuals, Dell Area — Structural Geology Model
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Figure 67. Frequency of Residuals, Dell Area — Isotope Geochemistry Model
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Figure 68. Frequency of Residuals, Dell Area — Hybrid Model
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Figures 69, 70 and 71 present plots of model estimated groundwater elevations vs. residuals for the
Dell City area. Hill and Tiedeman (2007, pg. 101) noted that in this type of plot (ideally) the
residuals should be scattered evenly about the zero residual line for the entire range of values on
the horizontal axis. The y-axis is limited to +60 which results in the removal of two outliers to
permit more effective visualization of the spread of residuals.
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Figure 69. Model Estimated Groundwater Elevation vs. Residual, Dell City Area
Structural Geology Model
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Figure 70. Model Estimated Groundwater Elevation vs. Residual, Dell City Area
Isotope Geochemistry Model
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Figure 71. Model Estimated Groundwater Elevation vs. Residual, Dell City Area
Hybrid Model

n fit in the Dell City area was also checked spatially and temporally.

Finally, the calibratio
number vs. model residual, and

Spatially, Figures 71, 72, and 73 present plots of model row
Figures 74, 75 and 76 present plots of model column number vs. model residual.
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7.1.3 Discussion of Residual Analysis

The residual analysis suggests that the models are all well calibrated. However, it should be noted
that the residuals in both the overall domain analysis and particularly in the Dell City area are not
normally distributed. This is evident from the residual means being greater than zero, the skewed
distribution shown in the histograms, and the apparent slope present in the plots of model
estimated groundwater elevations vs. residuals. Standard statistical tests were applied to determine
whether the residuals are normally distributed. Based on many of these tests, it was not possible to
conclude that the residuals were normally distributed to a reasonable degree of significance.

Lack of a normal distribution would prevent the use of certain results from the parameter
estimation effort (e.g. confidence limits on parameter estimates). The lack of a normal distribution
also limits the use of statistics such as standard deviation to be used in any quantitative analysis
beyond what was presented.

It should be noted that no effort was made to “weight” the measured groundwater elevations in the
analysis. Hill and Tiedeman (2007) discuss the topic of weighted residuals at some length. The
parameter estimation software used in this effort, PEST, allows for the weighting of
“observations” (in this case groundwater elevations). However, the weighting of observations
when all observations are groundwater elevations is simply a method to reduce the importance of
measured data in the parameter estimation process. In an attempt to treat every measured point
equally, all observations were weighted equally. Clearly, if observations were weighted, the
residuals could be “forced” to be normally distributed.

If a single model had been developed, and.parameter confidence limits were an objective of the
analysis, weighting would be been implemented. The real objective was to test three separate
conceptual models by developing and calibrating three numerical models. Inherent in the
development of the three numerical models are expression of parameter ranges and parameter
sensitivity that utilizes all measured data equally.

7.1.4 Hydrograph Comparison

The final comparison between measured groundwater elevations and model estimated groundwater
elevations is through inspection of hydrographs of 46 wells. As previously presented in Tables 26
and 27, many of the wells used for calibration had one to a few readings. However, 46 wells from
this group were chosen because they had over 20 measurements over several years. A few had
nearly complete records (1948 to 2002). The locations of these 46 wells are shown in Figure 81,
and data associated with them are summarized in Table 30a (New Mexico wells) and 30b (Texas
wells). The hydrographs of all 46 wells are presented in Appendix C (a copy of the map and
tabular summary is repeated in the Appendix C).

The locations of three of the wells are shown in Figure 82, and their hydrographs are shown in
Figures 83 to 85. These wells include a well located north of the irrigated area in New Mexico
(25S.18E.21.233), a well with a long record in Dell City (48-07-501), and a well in the Diablo
Farms area that pumps from the Capitan Reef (47-17-302).
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Figure 81.

Texas
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Location of Wells used in Hydrograph Analysis Presented in Appendix C

Table 30a. Summary of Wells with Hydrographs of Actual Groundwater Elevation and Model
Estimated Groundwater Elevation Hydrographs (New Mexico Wells)

PYTITEPTRDrPRPvIIPPOPRDOORPOORPORRP000000000000

Highest Lowest Year of Year of

Well Number Model | Model Number of Groun(-iwater Groum.iwater Earliest Latest
Row | Column | Measurements | Elevation (ft | Elevation (ft Measurement | Measurement

MSL) MSL)
25S.18E.21.233 131 128 30 3593 3617 1958 1992
26S.18E.21.313 145 120 44 3598 3626 1955 1999
26S.18E.30.122 144 117 22 3532 3557 1955 1994
26S.18E.30.321 145 115 24 3557 3582 1949 1999
26S.18E.32.122 147 118 26 3562 3588 1955 1984
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Table 30b. Summary of Wells with Hydrographs of Actual Groundwater Elevation and Model
Estimated Groundwater Elevation Hydrographs (Texas Wells)

Highest Lowest Year of Year of
Model Model Number of Groundwater | Groundwater .
Well Number . . Earliest Latest
Row | Column | Measurements | Elevation (ft | Elevation (ft Measurement | Measurement
MSL) MSL)
47-17-202 206 122 45 3564 3612 1953 2002
47-17-203 207 126 33 3583 3614 1957 1995
47-17-205 206 123 43 3579 3625 1953 1999
47-17-206 206 126 41 3585 3613 1959 2002
47-17-302 209 128 38 3569 3607 1957 2002
47-17-304 206 129 32 3591 3608 1964 2000
47-17-317 205 127 27 3571 3607 1964 1995
47-17-601 216 125 30 3591 3627 1958 1994
48-06-201 138 92 23 3603 3660 1953 1988
48-07-102 148 97 25 3577 3602 1963 2002
48-07-203 145 106 50 3580 3625 1947 1995
48-07-206 146 105 43 3566 3634 1947 2002
48-07-207 149 104 41 3578 3605 1959 2002
48-07-214 151 106 26 3579 3603 1966 1993
48-07-301 148 113 45 3581 3625 1947 1995
48-07-304 154 113 42 3574 3614 1953 2002
48-07-402 155 96 29 3588 3619 1947 1973
48-07-403 151 100 25 3584 3624 1947 1974
48-07-405 153 98 47 3577 3624 1947 2002
48-07-414 154 94 25 3581 3604 1963 1994
48-07-418 151 95 33 3579 3603 1966 2002
48-07-501 156 101 51 3578 3626 1947 2002
48-07-502 156 104 55 3574 3621 1947 2002
48-07-504 154 101 36 3582 3626 1947 1984
48-07-505 156 101 26 3579 3616 1953 1992
48-07-516 153 102 37 3566 3601 1966 2002
48-07-606 154 108 55 3576 3627 1947 2002
48-07-607 160 108 40 3578 3606 1959 2002
48-07-708 164 96 29 3562 3599 1966 2002
48-07-801 159 102 37 3571 3621 1947 2002
48-07-803 162 98 47 3585 3625 1952 2002
48-07-901 162 110 40 3577 3602 1958 2002
48-07-904 164 103 42 3584 3617 1949 2002
48-08-102 151 116 31 3582 3601 1966 1998
48-15-201 169 100 37 3582 3607 1959 1999
48-15-203 167 96 36 3568 3617 1953 1995
48-15-301 171 100 41 3586 3612 1959 2002
48-15-302 172 105 25 3581 3604 1963 1993
48-15-902 190 98 32 3549 3590 1959 2002
48-16-402 183 107 25 3593 3617 1959 1993
48-16-702 188 105 25 3586 3608 1959 1994
134
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Groundwater Elevation (ft MSL)

Well 258.18E.21.233 .
Row 131, Column 128, Pumping Zone N/A, Surface Elevation 3704.37 ft
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Note: Model 1 emphasized structural geology concepts (Mayer, 1995)

Model 2 emphasized isotope geochemistry concepts (Eastoe and Hibbs, 2005)
Model 3 was a hybrid of Models 1 and 2

Figure 83. Hydrograph of Well 25S.18E.21.233
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Groundwater Elevation (ft MSL)
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Well 47-17-302
Row 209, Column 128, Pumping Zone 23, Surface Elevation 3815.74 ft
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r e Actual

Note: Model 1 emphasized structural geology concepts (Mayer, 1995)

Model 2 emphasized isotope geochemistry concepts (Eastoe and Hibbs, 2005)
Model 3 was a hybrid of Models 1 and 2

Figure 84. Hydrograph of Well 47-17-302
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Well 48-07-501 .
Row 156, Column 101, Pumping Zone 15, Surface Elevatlon 3673.57 ft
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Note: Model 1 emphasized structural geology concepts (Mayer, 1995)
Model 2 emphasized isotope geochemistry concepts (Eastoe and Hibbs, 2005)
Model 3 was a hybrid of Models 1 and 2

Figure 85. Hydrograph of Well 47-07-501
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7.2 Analysis of Irrigated Acreage

As developed previously in Section 6.3.4 regarding estimates of groundwater pumping, the
estimates of Groeneveld and Baugh (2002) were used as initial estimates for irrigated acreage.
These acreage estimates (for each of the 25 pumping zones) were multiplied with estimates of duty
to develop estimates of consumptive or net pumping used in the model. During calibration, duties
and acreages were adjusted, and Section 6.3.4 summarized the resulting consumptive or net
pumping estimates. The adjustments of duty and acreage were not tightly constrained as a check
of the model conceptualization and calibration. If the constraints on duty and acreage had been
severe, it is possible that a calibrated model would have been developed, but by making other
parameters (e.g. recharge, transmissivity, storativity etc.) less reasonable. Since there is less
known about these other parameters, the “loose’ constraints on duty and acreage were, in a sense,
an independent check on the calibration of the model, assuming that the results were reasonable in
comparison to the initial estimates developed by Groeneveld and Baugh (2002).

The analysis in this section provides an overview of an analysis of the pumping estimates and
provides some additional insight into irrigated acreage. The consumptive or net pumping
estimates of the three models are summarized in Figure 86. Note that except for a period in the
late 1950s, the estimates of all three models are similar and the differences in the late 1950s are not
large. Due to the similarities, this analysis uses the estimates from the hybrid model.
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Figure 86. Comparison of Consumptive Groundwater Pumping Estimates from All Three Models
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Irrigated acreage can be estimated by dividing the estimated pumping by an assumed duty. These
estimates can then be compared to previous estimates (Ashworth, 1995; Blair, 2002a; Groeneveld
and Baugh, 2002). Appendix B-1 presents the estimates of irrigated acreage for each zone for the
structural geology model for the period 1974 to 2002; Appendix B-2 presents the estimates of
irrigated acreage for each zone for the isotope geochemistry model for the period 1974 to 2002;
and Appendix B-3 presents the estimates of irrigated acreage for each zone for the hybrid model
for the period 1974 to 2002. This period represents the coverage of the estimates by Groeneveld
and Baugh (2002), and the irrigated acreage estimates generated from the model estimated
pumping can be compared to the Groeneveld and Baugh (2002) estimates. The discussion in this
section presents an overall summary of the irrigated acreage for the entire model domain.

Figure 87 presents the comparison of the irrigated acreage with an assumed duty of 3 AF/acre and
previous estimates. Note that there is reasonable agreement in 1960, 1964, 1974, 1984, and 1989.
Significant differences are observed in 1958, 1969, 1979, 2000 and 2001.

Irrigated Acres

(=] < [ <] N [{] (=] < -]

[{=] [{-] © M~ M~ o0 2] o0

(2] (7] (2] [+)] [+)] (2] [«}] (7]

- - - - - <~ - -
Year

fl:TModel Estimate (Duty =3 AF/;c) ® Previous Literature Estimaf;;

Figure 87. Comparison of Estimated Irrigated Acreage and
Previous Literature Estimates Using a Duty of 3 AF/acre
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Figure 88 presents the comparison of the irrigated acreage with an assumed duty of 5 AF/acre and
previous estimates. Note that there is reasonable agreement in 1958, 1969. and 2000. Significant

differences are observed in all other years.
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Figure 88. Comparison of Estimated Irrigated Acreage and
Previous Literature Estimates Using a Duty of 5 AF/acre

As discussed previously, these literature estimates were based on crop reports, which are reports of
irrigated acreage associated with various government farm programs. Irrigated acreage reported in
a government crop report did not necessarily receive irrigation water for that particular year.
Acreage that is temporarily fallowed is considered “irrigated acreage” in various farm programs.
Therefore, it is reasonable to expect that the estimates developed from crop reports and this

modeling effort may not agree closely in all cases.

The estimates of Groeneveld and Baugh (2002) were used as initial estimates for developing
consumptive or net groundwater pumping estimates for model calibration. Although these initial
pumping estimates were adjusted during calibration, it is expected that estimates of irrigated
acreage derived from the calibrated pumping estimates would agree reasonably with the irrigated
acreage estimates of Groeneveld and Baugh (2002). Figure 89 presents the comparison of the
irrigated acreage with an assumed duty of 3 AF/acre and the estimates of Groeneveld and Baugh

(2002).
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Figure 89. Comparison of Estimated Irrigated Acreage and
Groeneveld and Baugh (2002) Estimates Using a Duty of 3 AF/acre

Note the generally good agreement from 1974 to 1992, and the generally poor agreement from
1994 to 2002. This observation is reversed when irrigated acreage estimates are based on an
assumed duty of 5 AF/acre as shown in Figure 90. When the duty is assumed to be 5 AF/acre,
agreement is poor from 1974 to 1992, and good from 1994 to 2002.

It can also be seen that irrigated acreage generally increased in the late 1940s and early 1950s.
Irrigated acreage fluctuated significantly from the late 1950s to the early 1980s. Flood irrigation
was common during this time. A general decline in irrigated acreage was observed from the early
1980s to the mid 1990s. Irrigated acreage rose again and has remained relatively constant from the
mid 1990s to 2002. Center pivot irrigation has been commonly practiced since the mid 1990s.
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Figure 90. Comparison of Estimated Irrigated Acreage and
Groeneveld and Baugh (2002) Estimates Using a Duty of 5 AF/acre

Based on this analysis, it appears that consumptive pumping prior to 1993 was on the order 3
AF/ac. Flood irrigation typically results in high total pumping and significant infiltration of return
water. Because the model relies on estimates of consumptive or net pumping and includes an
underlying assumption that irrigation water infiltrates back to the water table within the year in
which it was pumped, this modeling analysis can provide no insight into estimates of total
pumping, or, by extension, the amount of water that infiltrates back to the aquifer (i.e. the leaching
fraction).

After 1993 (i.e. after the dominance of center pivot irrigation), it appears that the consumptive or
net pumping is about 5 AF/ac. It is possible that total pumping on a per irrigated acre basis has
decreased since the period of flood irrigation, but this modeling analysis cannot be used to evaluate
this commonly held assumption. It is clear, however, that there is a distinct difference in the
consumptive duties before and after the introduction of center pivots as the dominant irrigation
method in the area.

Based on this conclusion, Figure 91 presents an interpreted estimate of irrigated acreage in the
area. Irrigated acreage rose from less than 10,000 acres in 1948 to about 25,000 acres in the mid
1950s. From the mid 1950s to the mid 1980s, irrigated acreage fluctuated between about 20,000
acres to as high as about 45,000 acres. From the early 1980s to 2002, irrigated acreage has been
relatively constant at slightly over 20,000 acres, except for declines in 1993 and 1994.
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7.3 Water Budget Analysis

Ground water budgets or ground water inventories are developed by quantifying all inflows to a
system, all outflows from a system, and the storage change of the system over a specified period of
time. Literature on the development of ground water budgets dates back to at least the 1930s with
the work of Meinzer (1932). Tolman (1937) noted that, at the time, methods to develop ground
water budgets had not reached the accuracy necessary to be accepted by all investigators. This
was largely due to extensive data collection requirements and the lengthy time needed to observe
the range of hydrologic conditions.

Bredehoeft (2002) reviewed the evolution of analysis of ground water systems. The earliest
methods in the 1940s and 1950s revolved around the analysis of flow to a single well.
Understanding ground water flow on an aquifer or basin scale became possible with the analog
model in the 1950s. Improvements in computer technology in the 1960s and 1970s led to the
development of digital computer models or numerical models of ground water flow. By 1980,
Bredehoeft (2002) reported that numerical models had replaced analog models in the
investigations of aquifer dynamics. The principal objective of such models is to understand the
impacts of pumping on the system.

A groundwater system is in near steady-state (or near equilibrium) prior to development (prior to
groundwater pumping for irrigation or other human use) is shown in Figure 92. In this condition,
groundwater inflow equals groundwater outflow and no change in storage occurs over time.
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Inflows can include recharge from precipitation, recharge from streamflow, and inflows from
adjacent basins (where applicable). Outflows can include discharge to surface water bodies
(springs, streams and lakes), evapotranspiration through shallow groundwater vegetation and
evaporation (including playa discharge), and outflow to adjacent basins.

Inflow Groundwater | Iiukibbd

System

Equilibrium: Inflow = Outflow

Figure 92. Groundwater System Prior to Development
(after Alley and others, 1999)

Development of groundwater resources (i.e. pumping of wells) results in three “impacts™ to the
system that is in “near steady-state™: 1) storage decline (manifested in the form of lowered
groundwater levels), 2) induced inflow (generally manifested by increased surface water recharge
or increased groundwater inflow from outside the area of interest), and 3) captured natural outflow
(generally manifested in decreased spring flows, decreased stream baseflow, decreased
evapotranspiration, or decreased groundwater outflow outside the area of interest).

The initial response to pumping is a lowering of the groundwater level or a “cone of depression”
around the well, which results in a decline in storage. The cone of depression deepens and extends
radially with time. As the cone of depression expands, it causes groundwater to move toward the
well thereby increasing the inflow to the area around the well.

The cone of depression can also cause a decrease of natural groundwater outflow from the area
adjacent to the well and acts to “‘capture” this natural outflow. If the cone of depression causes
water levels to decline in an area of shallow groundwater, evapotranspiration (ET) is reduced and
the pumping is said to capture the ET. At some point, the induced inflow and captured outflow
(collectively the capture of the well) can cause the cone of depression to stabilize or equilibrate.

Figure 93 illustrates the case of a groundwater system after pumping begins. Note that the
groundwater storage is decreased, inflow is increased, and outflow is decreased in response to the
pumping. The inflow does not equal the total outflow (natural outflow plus pumping). The system
is not in equilibrium, and groundwater storage is decreasing.
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Figure 93. Groundwater System after Initial Pumping
(after Alley and others, 1999)

If the hydraulic conductivity is sufficiently large and initial pumping rate is relatively constant, the
inflow and natural outflow will adjust to a new near steady-state condition in response to the
pumping. Groundwater storage is decreased from the predevelopment level. This reduction in
storage is the result of the new near steady-state condition of the system because the location and
the nature of the outflow have changed (i.e. pumping wells). Figure 94 presents a diagram of this
new near steady-state or new equilibrium condition.

Continued
Pumping

Outflow

Inflow

Decreased
Storage

New Equilibrium: inflow = Outflow

Figure 94. Groundwater System under Continued Pumping — New Equilibrium Condition
(after Alley and others, 1999)

If pumping were to increase after this new near steady-state condition was established, the system

inflow increases again, the natural outflow decreases again, and groundwater storage is further
decreased. Figure 95 depicts this condition.
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Figure 95. Groundwater System under Additional Increment of Increased Pumping
(after Alley and others, 1999)

In response to this new increase in pumping, inflow would continue to increase, outflow would
continue to decrease, and storage would continue to decrease as the system is equilibrating. If the
pumping is relatively constant, it is possible for a groundwater basin to exhibit stable groundwater
levels at a lower level than had been previously observed. Stable groundwater levels are an
indication that a new near steady-state condition has been reached.

Pumping can increase to the point where no new near steady-state condition is possible. In this
condition, inflow can be induced no further and/or natural outflow can be decreased no further.
From an outflow perspective, this condition would be reached once all springs have ceased to flow
(no more spring flow to “capture™) or the water table has declined to the point that shallow

groundwater evapotranspiration has ceased.

In summary, groundwater pumping dynamically alters the direction and magnitude of hydraulic
gradients, induces inflow, decreases natural discharge from the system (e.g. evapotranspiration),
and affects fluxes between hydraulically connected aquifer systems. Bredehoeft (2002) noted that
understanding the dynamic response of a ground water system under pumping stress distills down
to understanding the rate and nature of “capture” attributable to pumping, which is the sum of the
change in recharge and the change in discharge caused by the pumping. A calibrated numerical
ground water model of a region is an ideal tool in meeting the objective of understanding capture.
Output from the models includes estimates of various components of the water budget.

Groundwater budgets were developed for the entire model domain of each of the three models. In
addition, subregional budgets were developed for each model using ZONEBUDGET (Harbaugh.
1990) to evaluate inflows, outflows and storage changes for four specific regions: 1) original Bone
Spring-Victorio Peak aquifer, 2) new Bone Spring-Victorio Peak aquifer, 3) original Hudspeth
County Underground Water Conservation District No.l, and 4) new Hudspeth County
Underground Water Conservation District No. 1. For all cases, the focus of the analysis was on
evaluating the effects of groundwater pumping on “capture” (changes in inflow and changes in
natural outflow), and changes in groundwater storage.
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7.3.1 Overall Model Domain Groundwater Budgets

The groundwater budgets for the three models for the entire model domain are summarized in
Table 31. This summary presents groundwater budgets for the steady state period (pre-1948 or
stress period 1) and the average of the transient calibration period (1948 to 2002). Note that all
values have been rounded to the nearest 1,000 AF/yr.

Table 31. Summary Groundwater Budgets for the Entire Model Domain
All Values in AF/yr and rounded to nearest 1,000 AF/yr

Structural Geology Isotope Geochemistry Hybrid
Pre-1948 | o4 9002 | Pre1948 | 4080002 | PFE1948 | 19482002
(Steady Average (Steady Average (Steady Average
State) & State) g State) &
Northern Boundary 41,000 40,000 19,000 19,000 16,000 17,000
Southern Boundary < 1,000 < 1,000 0 0 0 0
Recharge 63,000 74,000 63,000 70,000 63,000 70,000
Total Inflow 104,000 114,000 82,000 89,000 79,000 87,000
Northwestern Boundary- < 1,000 < 1,000 < 1,000 <1,000 < 1,000 < 1,000
Southern Boundary < 1,000 < 1,000 3,000 4,000 < 1,000 2,000
Evapotranspiration 104,000 67,000 79,000 52,000 79,000 49,000
Total Natural Outflow 104,000 67,000 82,000 56,000 79,000 51,000
Groundwater Pumping 0 88,000 0 88,000 0 88,000
Groundwater Storage 0 41,000 0 55,000 0 52,000
Decline

The northern boundary inflow for the structural geology model is about twice that of the other two
models, and does not change significantly between the steady-state and transient models. The
higher flow rate in the structural geology model is apparently due to the high hydraulic
conductivity associated with the Otero Break as defined by Mayer (1995), and the higher boundary
conductance in the GHB package. Boundary heads in all three models are the same, but the
conductance is higher in the structural geology model. This allows more water to flow into the
model domain and move towards the Dell City area.

Inflow from the southern boundary (in the area of the groundwater divide) is less than 1,000 AF/yr
in the structural geology model in the both the steady state and transient simulations, and is zero in
all simulations in the isotope geochemistry and hybrid models.

Recharge in all three models in the steady-state simulation is the same (63,000 AF/yr), but
increases in the transient simulations to an average of between 70,000 and 74,000 AF/yr. This is
due to the fact that recharge does not increase linearly with precipitation. Recall that the
conceptualization of recharge included the assumption that higher precipitation events resulted in a
higher infiltration rate. The relationship between precipitation and recharge is presented in Figure
96.
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Figure 96. Annual Precipitation vs. Estimated Recharge

Outflow across the northwest boundary is less than 1,000 AF/yr in all models in both the steady-
state and transient simulations. Outflow across the southern boundary is less than 1,000 AF/yr in
the structural geology model in both the steady-state and transient simulations, and increase
slightly in the isotope geochemistry model and hybrid models from the steady state to the transient
simulations. This is apparently due to increased recharge as described above. Flow towards San
Solomon Spring from this area, therefore, is estimated to range between less than 1,000 AF/yr to

4,000 AF/yr, depending on the model.

Evapotranspiration from the playa is the dominant natural outflow from the system, and decreases
from the steady-state to the transient simulations as a result of pumping. Please note also that the
total estimated evapotranspiration is higher in the structural geology model than in the other two
models due to the higher total inflow of that model resulting from the higher inflow from the

northern boundary.

Groundwater pumping in all models averages about 88,000 AF/yr for the transient simulation, and
groundwater storage decline ranges from 41,000 AF/yr to 55,000 AF/yr for the three models. Note
that the lowest estimated groundwater storage change is from the structural geology model due to
the higher inflow/outflow estimates. Groundwater pumping in the structural geology model can
*capture” more of outflow since there is more inflow, and as a result, results in less groundwater

storage decline than the other models.

Details of the annual changes to the key components of the water budget and discussed more
thoroughly in the subsequent sections that deal with the subregional groundwater budgets.
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7.3.2 Original Bone Spring-Victorio Peak Aquifer

Although the boundaries of the Bone Spring-Victorio Peak Aquifer have recently changed, an
analysis of the groundwater budget of the original aquifer boundaries was completed to compare
with previous studies, and to put into perspective the effect of expanding the boundaries of the
aquifer. The zones used for this analysis are presented in Figure 97.

Zone 1
{New Mexico)

Model Domain

Boundary Zone 4

(Orlginal
one Spring-

New Mexlco

Texas

: Zone 2
{Culberson Co.)

|

Zone 3
(Huspeth Co.
Outslde of Aquifer)
0 20 40 60 80 100 Miles
! S ————

Figure 97. Subregional Zones used for Analysis of Original Bone Spring-Victorio Peak Aquifer

The groundwater budget for Zone 4 (Original Bone Spring-Victorio Peak Aquifer) is summarized
in Table 32. Inflow from New Mexico ranges between 43,000 AF/yr and 62,000 AF/yr under the
steady-state simulation (pre-1948) depending on the model. The highest value is associated with
the structural geology model, and is related to the higher rate of inflow from the northern boundary
of the model as described in the overall water budget discussion. Under transient conditions from
1948 to 2002, the inflow from New Mexico increased to between 44,000 and 84,000 as a result of
groundwater pumping. Again, the structural geology model represents the highest inflow and the
highest increase due to the high northern boundary inflow.
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Table 32. Subregional Groundwater Budget for the Original Bone Spring-Victorio Peak Aquifer
All Values in AF/yr

Isotope
Structural Geology Geochemistry Hybrid
Pre- Pre- Pre-
1948 1948- 1948 1948- 1948 1948-

(Steady 2002 (Steady 2002 (Steady 2002
State) Average State) Average State) Average

Inflow from New 62,000 | 84,000 | 43,000 | 56,000 | 34,000 | 44,000
Mexico

Inflow from Hudspeth
County Outside 0 0 0 8,000 0 18,000

Aquifer
Total Inflow 62,000

84,000 43,000 64,000 34,000 62,000

Outflow to Hudspeth
County Outside 62,000 14,000 43,000 0 34,000 0

Aquifer

Evapotranspiration <1,000 | <1,000 | <1.000 | <1,000 | <1,000 | <1,000

Total Natural Outflow | 62,000 | 14,000 | 43,000 0 34,000 0
Groundwater Pumping 0 78,000 0 78,000 0 78,000
Groundwater Storage 0 8,000 0 14,000 0 16,000
Decline

Under steady-state conditions, flow out of the original boundaries of the Bone Spring Victorio
Peak Aquifer Flow ranges between 34,000 AF/yr and 62,000 AF/yr. The high end of the range is
associated with the structural geology model, and is a result of the higher inflow. Under transient
conditions, the outflow drops in the structural geology model to 14,000 AF/yr. In the other two
models the outflow is reduced to zero, and inflow is induced ranging from 8,000 to 18,000. The
captured outflow and induced inflow is a result of groundwater pumping.

Evapotranspiration within the original boundaries of the Bone Spring-Victorio Peak aquifer was
below 1,000 AF/yr under steady state conditions, and dropped to zero within a few years of the
beginning of pumping in 1948. This decrease is due to groundwater pumping, but is insignificant
in this analysis due to the limited area of evapotranspiration with the original boundaries of the
aquifer. Groundwater pumping is about 78,000 AF/yr, and groundwater storage decline ranged

from 8,000 AF/yr to 16,000 AF/yr.

Table 33 summarizes the overall impact of the pumping in terms of increased inflow, decreased (or
captured) natural outflow and groundwater storage change. Note that the table summarizes the
values in terms of ranges resulting from the results of the three models. Based on this table, the
pumping within the original boundaries of the Bone Spring-Victorio Peak aquifer primarily
impacted natural outflow into other parts of Hudspeth County, and secondarily induced inflow
from New Mexico and caused groundwater storage (i.e. groundwater levels) to decline.
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Table 33. Summary of Groundwater Pumping Impacts
Original Bone Spring-Victorio Peak Aquifer

Impact Flow (AF/yr)
Groundwater Pumping 78,000

M J
Incre'ase in Inflow from New 10,000 to 22,000
Mexico

Decreased Outflow to/Induced
Inflow from Hudspeth County 48,000 to 52,000
Outside Aquifer

Decreased Evapotranspiration
within Aquifer

Groundwater Storage Change 8,000 to 16,000

< 1,000

7.3.3 New Bone Spring-Victorio Peak Aquifer

Figure 98 presents the zonation used to analyze the subregional groundwater budget for the new
boundaries of the Bone Spring-Victorio Peak Aquifer.

Zone 1
{New Mexlco)

Zone 4
{New Bone Spring-

Model Domain Victorio Peak

Boundary Aquifer)
Zone &
{Hudspeth Co.
East of Aquifer)
New Mexlco
Texas
Zone 2
{Culberson Co.)
N
I
Zone 3
{Hudspeth Co.
South of
Aquifer)

0 20 40 60 80 100 Miles

—

Figure 98. Subregional Zones used for Analysis of New Bone Spring-Victorio Peak Aquifer
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The groundwater budget for Zone 4 (New Bone Spring-Victorio Peak Aquifer) is summarized in
Table 34. Inflow from New Mexico ranges between 50,000 AF/yr and 69,000 AF/yr under the
steady-state simulation (pre-1948) depending on the model. This estimate is higher than the
estimate for the original boundaries of the Bone Spring-Victorio Peak Aquifer due to the increase
in size and larger flow area along the state line. The highest value is associated with the structural
geology model, and is related to the higher rate of inflow from the northern boundary of the model
as described in the overall water budget discussion. Under transient conditions from 1948 to 2002,
the inflow from New Mexico increased to between 57,000 and 90,000 as a result of groundwater
pumping. Again, the structural geology model represents the highest inflow and the highest
increase due to the high northern boundary inflow, and these estimates are higher than those from
the analysis of the original Bone Spring-Victorio Peak Aquifer boundary.

Table 34. Subregional Groundwater Budget for the New Bone Spring-Victorio Peak Aquifer
All Values in AF/yr

Isotope
Structural Geology Geochemistry Hybrid
Pre- Pre- Pre-
1948 1948- 1948 1948- 1948 1948-

(Steady 2002 (Steady 2002 (Steady 2002
State) Average State) Average State) Average

Recharge _ <1,000 | <1,000 | <1,000 | <1,000 | <1,000 | <1,000
Inflow from New 69.000 | 90,000 | 53,000 | 65,000 | 50,000 | 57,000
Mexico

Inflow from Hudspeth

County Southwest of 4000 | 7000 | 4000 | 14,000 | 4000 | 13,000
Aquifer .

Total Inflow 73.000 | 97.000 | 57,000 | 79,000 | 54,000 | 70,000

Outflow to Hudspeth
County East of Aquifer 26,000 8,000 22,000 11,000 17,000 7,000

Evapotranspiration 47,000 | 26,000 | 35,000 | 19,000 | 37,000 | 19,000
Total Natural Outflow | 73,000 | 34,000 | 57,000 | 30,000 | 54,000 | 26,000

Groundwater Pumping 0 79,000 0 79,000 0 79,000
Groundwater Storage 0 16,000 0 30,000 0 35,000
Decline

Under steady-state conditions, inflow from the southwest under steady-state conditions is about
4,000 AF/yr in all models, and increase to between 7,000 AF/yr and 14.000 AF/yr, depending on
the model. Note that the largest increases are from the isotope geochemistry and hybrid models
which sought to increase flow from the southwest to reflect the findings of Eastoe and Hibbs

(2005).

Evapotranspiration within the new boundaries of the Bone Spring-Victorio Peak aquifer ranged
between 35,000 AF/yr and 47,000 AF/yr under steady-state conditions and dropped to between
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19,000 AF/yr and 26,000 AF/yr under transient conditions. The new Bone Spring-Victorio Peak
Aquifer boundary extends far enough to the east to pick over half of the overall evapotranspiration
in the model domain. Groundwater pumping is about 79,000 AF/yr, and groundwater storage
decline ranged from 16,000 AF/yr to 35,000 AF/yr.

Table 35 summarizes the overall impact of the pumping in terms of increased inflow, decreased (or
captured) natural outflow and groundwater storage change. Note that the table summarizes the
values in terms of ranges resulting from the results of the three models. Based on this table, the
pumping within the new boundaries of the Bone Spring-Victorio Peak aquifer primarily impacted
evapotranspiration, flow to Hudspeth County east of the boundary of the Bone Spring-Victorio
Peak Aquifer (which is probably additional captured evapotranspiration), and groundwater storage.
Secondary effects of the pumping include induced inflows from New Mexico and the area
southwest of the Bone Spring-Victorio Peak Aquifer (Diablo Plateau).

Table 35. Summary of Groundwater Pumping Impacts
New Bone Spring-Victorio Peak Aquifer

Impact Flow (AF/yr)

Groundwater Pumping 79,000

Increase in Inflow from New

Mexico 7,000 to 21,000

Increase in Inflow from
Hudspeth County Southwest of | 3,000 to 10,000
Aquifer

Decreased Outflow to Hudspeth
County East of Aquifer
Decreased Evapotranspiration
within Aquifer

Groundwater Storage Change 16,000 to 35,000

18,000 to 36,000

16,000 to 21,000

7.3.4 Original Hudspeth County Underground Water Conservation District No. 1

Although the boundaries of the Hudspeth County Underground Water Conservation District No. |
(HCUWCD) have recently changed, an analysis of the groundwater budget of the original
HCUWCD boundaries was completed to compare with previous studies, and to put into
perspective the effect of expanding the boundaries of the HCUWCD. The zones used for this
analysis are presented in Figure 99.
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Figure 99. Subregional Zones used for Analysis of the Original
Hudspeth County Underground Water Conservation District No.1 (HCUWCD)

The groundwater budget for Zone 4 (Original HCUWCD) is summarized in Table 36. Inflow from
New Mexico ranges between 18,000 AF/yr and 51,000 AF/yr. The highest value is associated
with the structural geology model, and is related to the higher rate of inflow from the northern
boundary of the model as described in the overall water budget discussion. Under transient
conditions from 1948 to 2002, the inflow from New Mexico increased to between 25,000 AF/yr
and 61,000 AF/yr as a result of groundwater pumping. Again, the structural geology model
represents the highest inflow and the highest increase due to the high northern boundary inflow.
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Table 36. Subregional Groundwater Budget for the Original Hudspeth County Underground
Water Conservation District No.1 (HCUWCD)
All Values in AF/yr

Isotope
Structural Geology Geochemistry Hybrid
Pre- Pre- Pre-
1948 1948- 1948 1948- 1948 1948-

(Steady 2002 (Steady 2002 (Steady 2002
State) Average State) Average State) Average

Inflow from New 51,000 | 61,000 | 18,000 | 27,000 | 22,000 | 25,000
Mexico

Inflow from Hudspeth

County Southwest of 31,000 | 50,000 | 34,000 | 62,000 | 37,000 | 64,000
HCUWCD

Inflow from Culberson | _ ) 50 | <1000 | <1000 | <1,000 | <1,000 | <1,000
County

Inflow from Hudspeth

County East of 6,000 7,000 7,000 8,000 6,000 7,000
HCUWCD

Total Inflow 88,000 | 118,000 | 59,000 | 97,000 | 65,000 | 96,000
Evapotranspiration 88,000 | 52,000 | 59,000 | 34,000 | 65000 | 35,000
Total Natural Outflow | 88,000 | 52,000 | 59,000 | 34,000 | 65000 | 35,000
Groundwater Pumping 0 80,000 0 80,000 0 80,000
Groundwater Storage 0 14,000 0 17,000 0 19,000
Decline

Under steady-state conditions, inflow from the southwest under steady-state conditions ranged
between 31,000 AF/yr and 37,000 AF/yr in all models, and increased to between 50,000 AF/yr and
64,000 AF/yr, depending on the model. Note that the largest increases are from the isotope
geochemistry and hybrid models which sought to increase flow from the southwest to reflect the
findings of Eastoe and Hibbs (2005).

Inflow from Culberson County in the southeastern corner of the original HCUWCD is less than
1,000 AF/yr in both the steady-state and transient simulations, and is considered relatively
insignificant. Inflow from Hudspeth County east of the original HCUWCD under steady-state
conditions was between 6,000 AF/yr and 7,000 AF/yr, and increased to between 7,000 AF/yr and
8,000 AF/yr under transient conditions.

Evapotranspiration within the original boundaries of the HCUWCD ranged between 59,000 AF/yr
and 88,000 AF/yr under steady-state conditions and dropped to between 34,000 AF/yr and 52,000
AF/yr under transient conditions. The original HCUWCD boundary extended far enough to the
east to pick over half of the overall evapotranspiration in the model domain. Groundwater
pumping is about 80,000 AF/yr, and groundwater storage decline ranged from 14,000 AF/yr to
19,000 AF/yr.
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Table 37 summarizes the overall impact of the pumping in terms of increased inflow, decreased (or
captured) natural outflow and groundwater storage change. Note that the table summarizes the
values in terms of ranges resulting from the results of the three models. Based on this table, the
pumping within the original boundaries of the HCUWCD primarily impacted evapotranspiration,
flow to Hudspeth County southwest of the original boundaries of HCUWCD, and groundwater
storage. Secondary effects of the pumping included induced inflows from New Mexico and the
area east of the original boundaries of HCUWCD.

Table 37. Summary of Groundwater Pumping Impacts
Original Hudspeth County Underground Water Conservation District No.1 (HCUWCD)

Impact Flow (AF/yr)
Groundwater Pumping 80,000
Incre.ase in Inflow from New 3,000 to 10,000
Mexico

Increase in Inflow from
Hudspeth County Southwest of 19,000 to 28,000
HCUWCD

Increase in Inflow from
Hudspeth County East of 1,000
HCUWCD

Decreased Evapotranspiration
within HCUWCD 25,000 to 36,000

Groundwater Storage Change 14,000 to 19,000
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7.3.5 New Hudspeth County Underground Water Conservation District No. 1

Figure 100 presents the zonation used to analyze the subregional groundwater budget for the new
boundaries of Hudspeth County Underground Water Conservation District No.1 (HCUWCD).
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Figure 100. Subregional Zones used for Analysis of the New
Hudspeth County Underground Water Conservation District No.1 (HCUWCD)

The groundwater budget for Zone 4 (New HCUWCD) is summarized in Table 38. Inflow from
New Mexico ranges between 53,000 AF/yr and 76,000 AF/yr. This estimate is higher than the
estimate for the original boundaries of the HCUWCD due to the increase in size and larger flow
area along the state line. The highest value is associated with the structural geology model, and is
related to the higher rate of inflow from the northern boundary of the model as described in the
overall water budget discussion. Under transient conditions from 1948 to 2002, the inflow from
New Mexico increased to between 56,000 AF/yr and 95,000 AF/yr as a result of groundwater
pumping. Again, the structural geology model represents the highest inflow and the highest
increase due to the high northern boundary inflow, and these estimates are higher than those from
the analysis of the original HCUWCD boundary.
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Table 38. Subregional Groundwater Budget for the New Hudspeth County Underground Water
Conservation District No.1 (HCUWCD)

All Values in AF/yr
Isotope
Structural Geology Geochemistry Hybrid
Pre- Pre- Pre-
1948 1948- 1948 1948- 1948 1948-

(Steady 2002 (Steady 2002 (Steady 2002
State) Average State) Average State) Average

Inflow from New 76,000 | 95,000 | 54,000 | 65000 | 53,000 | 56,000
Mexico

Inflow from Hudspeth

County Southwest of 3,000 5,000 4,000 13,000 | 3.000 | 10,000
HCUWCD

Inflow from Hudspeth

County East of 9,000 10,000 | 3,000 4,000 9,000 9,000

HCUWCD

Recharge <1,000 | <1,000 | <1,000 | <1,000 | <1,000 | <1,000
Total Inflow 88,000 | 110,000 | 61,000 | 82,000 | 65000 | 75,000
Evapotranspiration 88,000 | 51,000 | 61,000 | 36,000 | 65000 [ 34,000
Total Natural Outflow | 88,000 | 51,000 | 61,000 | 36,000 | 65000 | 34,000
Groundwater Pumping 0 80,000 0 80,000 0 80,000
Groundwater Storage 0 21,000 0 34,000 0 39,000
Decline ’

Under steady-state conditions, inflow from the southwest under steady-state conditions ranged
between 3,000 AF/yr and 4,000 AF/yr and increased only slightly to between 5,000 AF/yr to
13,000 AF/yr. These estimates are significantly less than the flow from the southwest for the
original boundaries of the HCUWCD, and suggest that the area that contributed flow southwest of
the original boundary of HCUWCD is now part of the HCUWCD. Note that the largest increases
are from the isotope geochemistry and hybrid models which sought to increase flow from the
southwest to reflect the findings of Eastoe and Hibbs (2005).

Inflow from Hudspeth County east of the original HCUWCD under steady-state conditions was
between 3,000 AF/yr and 9,000 AF/yr, and increased to between 4,000 AF/yr and 10,000 AF/yr
under transient conditions. The new boundary of the HCUWCD extends to the higher elevation
areas to the west of Dell City so that some recharge from rainfall is estimated. However, these
values are less than 1,000 AF/yr under both the steady-state and transient conditions, and are

considered relatively insignificant.

Evapotranspiration within the original boundaries of the HCUWCD ranged between 61,000 AF/yr
and 88,000 AF/yr under steady-state conditions and dropped to between 34,000 AF/yr and 51,000
AF/yr under transient conditions. The difference in the eastern boundary of the original
HCUWCD and the new HCUWCD appeared to have no significant effect on estimates of
evapotranspiration. The HCUWCD still extends far enough to the east to account for over half of
the overall evapotranspiration in the model domain. Groundwater pumping is about 80,000 AF/yr,
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and groundwater storage decline ranged from 21,000 AF/yr to 39,000 AF/yr, which is higher than
the estimates for the original boundaries of the HCUWCD. This suggests that, although there is no
significant pumping in the “new” portions of the HCUWCD, the cone of depression has extended
into this area as evidenced by the larger estimated groundwater storage decline.

Table 39 summarizes the overall impact of the pumping in terms of increased inflow, decreased (or
captured) natural outflow and groundwater storage change. Note that the table summarizes the
values in terms of ranges resulting from the results of the three models. Based on this table,
groundwater pumping within the new boundaries of the HCUWCD primarily impacted
evapotranspiration and groundwater storage. Secondary effects of the pumping included induced
inflows from New Mexico and the areas southwest and east of the new boundaries of HCUWCD.

Table 39. Summary of Groundwater Pumping Impacts
New Hudspeth County Underground Water Conservation District No.1 (HCUWCD)

Impact Flow (AF/yr)

Groundwater Pumping 80,000

Increase in Inflow from New

Mexico 3,000 to 19,000

Increase in Inflow from
Hudspeth County Southwest of 2,000 to 9,000
HCUWCD

Increase in Inflow from
Hudspeth County East of 0to 1,000
HCUWCD

Decreased Evapotranspiration
within HCUWCD

Groundwater Storage Change 21,000 to 39,000

25,000 to 37,000
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7.3.6 EPWU Capitan Properties

Figure 101 presents the zonation used to analyze the subregional groundwater budget for the
EPWU Capitan Reef Properties. The boundaries of Zone 4 are slightly larger than the perimeter
boundary of the properties that are owned by EPWU. The objective of this analysis is to develop a
quantitative understanding of the flow into and out of the properties in light of historic pumping.

Zone 1
{New Mexico)
Model Domain
Boundary
New Mexico
' Texas
b Zone 4
(EPWU
Capitan
Properties)
v{‘:&\.-.'
Zone 2
{Culberson Co.)
|
Zone 3

{Hudspeth Co.)

0 20 40 60 80 100 Miles

 —— e et e e

Figure 101. Subregional Zones used for Analysis of the Capitan Reef Properties owned by EPWU

The groundwater budget for Zone 4 (EPWU Capitan Properties) is summarized in Table 40. This
table is similar to the ones presented previously for other subregional budgets. However, values
are reported to the nearest 100 AF due to the lower flows into and out of the zone.

Inflow from Culberson County ranges between less than 100 AF/yr and 1,700 AF/yr under steady-
state conditions, depending on the model. Under transient conditions from 1948 to 2002, the
inflow from Culberson County increased to between 800 AF/yr and 2,100 AF/yr as a result of
groundwater pumping. Under steady-state conditions, inflow from Hudspeth County was zero in
the structural geology and hybrid models, but was 4,000 AF/yr in the isotope geochemistry model.
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Inflow from Hudspeth County in the isotope geochemistry model increase to 4,100 AF/yr from
1948 to 2002.

Table 40. Subregional Groundwater Budget for EPWU Capitan Reef Properties
All Values in AF/yr

Isotope
Structural Geology Geochemistry Hybrid
Pre- Pre- Pre-
1948 1948- 1948 1948- 1948 1948-
(Steady 2002 (Steady 2002 (Steady 2002
State) | Average State) Average State) Average
Inflow from Culberson 1,700 | 2,000 | <100 800 1,300 1,600
County
Inflow from Hudspeth 0 0 4,000 4,100 0 0
County
Total Inflow 1,700 2,100 4,000 4,900 1,300 1,600
Outflow to Hudspeth 600 300 0 0 200 400
County
Evapotranspiration 1,100 300 4,000 3,200 500 300
Total Natural Outflow 1,700 600 4,000 3,200 1,300 700
Groundwater Pumping 0 2,100 0 2,200 0 2,200
Groundwater Storage 0 600 0 500 0 1.300
Decline ’

Steady-state outflow to Hudspeth County was estimated to be 600 AF/yr in the structural geology
model and 800 AF/yr in the hybrid model. This decreased to 300 AF/yr in the structural geology
model and to 400 AF/yr in the hybrid model as a result of groundwater pumping. Steady-state
evapotranspiration ranged from 500 AF/yr to 4,000 AF/yr, and decreased to between 300 AF/yr
and 3,200 AF/yr, depending on the model.

Groundwater pumping was estimated to be between 2,100 AF/yr to 2,200 AF/yr from 1948 to
2002, and the estimated groundwater storage decline during that period was between 500 and
1,300 AF/yr.

Table 41 summarizes the overall impact of the pumping in terms of increased inflow, decreased (or
captured) natural outflow and groundwater storage change. Note that the table summarizes the
values in terms of ranges resulting from the results of the three models. Based on this table,
groundwater pumping within the boundaries of the EPWU Capitan properties primarily impacted
groundwater storage. Secondary effects of the pumping included induced inflows from Culberson
County and Hudspeth County, and decreased evapotranspiration.
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Table 41. Summary of Groundwater Pumping Impacts
EPWU Capitan Reef Properties

Impact Flow (AF/yr)
Groundwater Pumping 2,100 to 2,200
Increase in Inflow from

Culberson County 300 to 800
Increase in Inflow from

Hudspeth County 0to 100
Decreased Outflow to Hudspeth 0 to 400
County

Decreased Evapotranspiration 200 to 800
Groundwater Storage Change 500 to 1,300

The analysis of the subregional groundwater budget of the Capitan properties demonstrates that the
pumping, although low by comparison to the Dell City area, has caused some modest changes in
the inflow and outflow components. However, given the fact that pumping has been variable over
the years, it is appropriate to extend the analysis to look at specific periods from 1947 to 2002.

Table 42 presents the subregional groundwater budget for the Capitan Reef properties for the
structural geology model. Note that the transient period has been divided into three periods: 1947
to 1970, 1971 to 1994 and 1995 to 2002. This provides the opportunity to examine the impacts of
the pumping in more detail, and focus on the increase in pumping since 1995.

Table 42. Subregional Groundwater Budget for Four Time Periods
Capitan Reef Properties Zone
Structural Geology Model
All Values in AF/yr

Steady-
State 1947-1970  1971-1994  1995-2002
Inflow
Culberson Co. 1,700 2,100 2,100 2,600
Hudspeth Co. 0 0 0 1,700
Total Inflow 1,700 2,100 2,100 4,300
Qutflow
Hudspeth Co. 600 700 500 0
Evapotranspiration 1,100 700 100 0
Groundwater Pumping 0 1,300 2,000 5,200
Total Qutflow 1,700 2,700 2,600 5,200
Groundwater Storage Decline 0 600 500 900
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Inflow from Culberson County increased from 1,700 AF/yr under steady-state conditions to 2,100
AF/yr in both the 1947 to 1970 and 1971 to 1994 periods. However, when pumping increased
from 1995 to 2002, inflow from Culberson County increased to 4,300 AF/yr. Outflow to Hudspeth
County ranged between 500 AF/yr and 700 AF/yr during the steady-state and from 1947 to 1994.
However, as pumping increased after 1995, the outflow was captured (decreased to zero) and
inflow from Hudspeth County was induced at a rate estimated to be 1,700 AF/yr.
Evapotranspiration dropped from 1,100 AF/yr under steady-state conditions to zero during the
1995 to 2002 period. Groundwater storage declines were on the order of 500 AF/yr to 600 AF/yr
from 1947 to 1994, and increased to about 900 AF/yr from 1995 to 2002. Based on the results of
the structural geology model, the primary impact of increased pumping was induced inflow and
captured natural outflow, and the secondary impact was groundwater storage decline.

Table 43 presents the subregional groundwater budget for the Capitan Reef properties for the
isotope geochemistry model. Like the previous analysis of the structural geology model, the
transient period has been divided into three periods: 1947 to 1970, 1971 to 1994 and 1995 to
2002. This provides the opportunity to examine the impacts of the pumping in more detail, and
focus on the increase in pumping since 1995.

Table 43. Subregional Groundwater Budget for Four Time Periods
Capitan Reef Properties Zone
Isotope Geochemistry Model
All Values in AF/yr

Steady-
State 1947-1970  1971-1994  1995-2002

Inflow
Culberson Co. <100 700 700 1,800
Hudspeth Co. 4,000 4,100 4,100 4,200
Total Inflow 4,000 4,800 4,800 6,000
Outflow
Hudspeth Co. 0 0 0 0
Evapotranspiration 4,000 3,800 3,100 2,200
Groundwater Pumping 0 1,400 2,100 5,200
Total Qutflow 4,000 5,200 5,200 7,400
Groundwater Storage Change 0 400 400 1,400

Inflow from Culberson County increased from less than 100 AF/yr under steady-state conditions to
700 AF/yr in both the 1947 to 1970 and 1971 to 1994 periods. However, when pumping increased
from 1995 to 2002, inflow from Culberson County increased to 1,800 AF/yr. Inflow from
Hudspeth County is the dominant inflow component in this model, but does not increase much
under pumping conditions, increasing from 4,000 AF/yr in the steady-state period to 4,200 AF/yr
from 1995 to 2002. Evapotranspiration dropped from 4,000 AF/yr under steady-state conditions to
2,200 AF/yr during the 1995 to 2002 period. Groundwater storage declines were about 400 AF/yr
from 1947 to 1994, and increased to 1,400 AF/yr from 1995 to 2002. Based on the results of the
isotope geochemistry model, the primary impact of increased pumping was induced inflow from
Culberson County, decreased evapotranspiration, and storage decline, and the secondary impact
was induced inflow from Hudspeth County.
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Table 44 presents the subregional groundwater budget for the Capitan Reef properties for the
hybrid model. Like the previous analyses of the structural geology model and the isotope
geochemistry model, the transient period has been divided into three periods: 1947 to 1970, 1971
to 1994 and 1995 to 2002. This provides the opportunity to examine the impacts of the pumping
in more detail, and focus on the increase in pumping since 1995.

Table 44. Subregional Groundwater Budget for Four Time Periods
Capitan Reef Properties Zone
Hybrid Model
All Values in AF/yr

Steady-
State 1947-1970  1971-1994  1995-2002

Inflow
Culberson Co. 1,300 1,700 1,600 1,800
Hudspeth Co. 0 0 0 400
Total Inflow 1,300 1,700 1,600 2,200
Qutflow
Hudspeth Co. 800 800 300 0
Evapotranspiration 500 500 300 100
Groundwater Pumping 0 1,400 2,000 5,200
Total Outflow 1,300 2,700 2,600 5,300
Groundwater Storage Change 0 1,000 1,000 3,100

Inflow from Culberson County increased from 1,300 AF/yr under steady-state conditions to
between 1,600 and 1,800 AF/yr from 1947 to 2002. The large increase in pumping from 1995 to
2002 did not induce large amounts of groundwater flow from Culberson County. Outflow to
Hudspeth County dropped from 800 AF/yr in the steady-state period to 300 AF/yr from 1971 to
1994, and reversed to induced inflow of 400 AF/yr from 1995 to 2002 as a result of increased
pumping. Evapotranspiration dropped from 500 AF/yr under steady-state conditions to 100 AF/yr
during the 1995 to 2002 period. Groundwater storage declines were about 1,000 AF/yr from 1947
to 1994, and increased to 3,100 AF/yr from 1995 to 2002. Based on the results of the hybrid
model, the primary impact of increased pumping was storage decline, and the secondary impacts
were induced inflows from Culberson County, captured outflow and then induced inflow from

Hudspeth County and decreased evapotranspiration.

Each model provided different results in terms of origin of inflow, amount of inflows and outflows
and degree of change to various inflows and outflows. This highlights the need to present
groundwater budgets as ranges and continue to collect data and improve the understanding of the
groundwater flow system in the area of the Capitan Reef properties. Data collection efforts are

improving since EPWU purchased the properties beginning in 2003.
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7.4 Contours of Groundwater Elevation and Drawdown

Contours of groundwater elevation for the steady-state condition and at the end of the transient
period (December 2002) for each of the three models are presented in Figures 102 to 107:

e Figure 102 — Steady-state groundwater elevation contours, structural geology model

e Figure 103 — End of simulation groundwater elevation contours, structural geology model

e Figure 104 — Steady-state groundwater elevation contours, isotope geochemistry model

e Figure 105 — End of simulation groundwater elevation contours, isotope geochemistry
model

e Figure 106 — Steady-state groundwater elevation contours, hybrid model

e Figure 107 — End of simulation groundwater elevation contours, hybrid model

All three models and both conditions exhibit steep gradients in the area of the Sacramento
Mountains and in the area of the Cornudas Mountains. Groundwater flow direction in the
structural geology model is strongly controlled by the Otero Break as conceptualized by Mayer
(1995), and smaller amounts of flow are derived from the Diablo Plateau. The isotope
geochemistry and hybrid models suggest a stronger flow component from the Sacramento
Mountains, with contributions from the Diablo Plateau.

Significant differences in the contours are not readily observable between any set of steady-state
and end-of-transient simulations due to the 50-ft contour interval. In order to evaluate the effects
of pumping more directly, Figures 108 to 110 present drawdown contours due to groundwater
pumping for December 2002. Figure 108 presents drawdown contours for the structural geology
model, Figure 109 presents drawdown contours for the isotope geochemistry model, and Figure
109 presents drawdown contours for the hybrid model. These contours were estimated by running
the models for 50 years with and without pumping. The difference between the calculated
groundwater elevations between the two runs was assumed to represent drawdown due to
pumping. It can be seen that all three models estimate 20 ft of drawdown about 40 miles into New
Mexico along the Otero Break. However, the extent of drawdown west towards the Diablo Plateau
is most pronounced in the hybrid model.
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Figure 102. Groundwater Elevation Contours (ft MSL)
Steady State Condition, Structural Geology Model
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Figure 103. Groundwater Elevation Contours (ft MSL)
End of Transient Simulation (December 2002), Structural Geology Model
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Figure 104. Groundwater Elevation Contours (ft MSL)
Steady-State Conditions, Isotope Geochemistry Model
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Figure 105. Groundwater Elevation Contours (ft MSL)
End of Transient Simulation (December 2002), Isotope Geochemistry Model
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Figure 106. Groundwater Elevation Contours (ft MSL)
Steady-State Conditions, Hybrid Model
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Figure 107. Groundwater Elevation Contours (ft MSL)
End of Transient Simulation (December 2002), Hybrid Model
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Figure 108. Drawdown (ft) due to Groundwater Pumping from 1948 to 2002
Structural Geology Model
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Figure 109. Drawdown (ft) due to Groundwater Pumping from 1948 to 2002
Isotope Geochemistry Model
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Figure 110. Drawdown (ft) due to Groundwater Pumping from 1948 to 2002
Hybrid Model
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8.0 SIMULATION OF POTENTIAL FUTURE CONDITIONS

The models were used to simulate potential future conditions by examining two key variables:
alternative climatic conditions and alternative pumping scenarios. The objective of the simulations
was to develop an understanding of groundwater yields within the new boundaries of the Hudspeth
County Underground Water Conservation District No. 1 (HCUWCD). The alternative climatic
conditions were based on a series of 50-year simulations that were derived from a tree-ring data set
for New Mexico (and Arizona) that covers the years 1000 to 1988 (Ni and others, 2002). The
alternative pumping scenarios were based on the HCUWCD rules and variations on those rules for
the purposes of understanding the sensitivity of relaxation or tightening of the regulations. These
simulations were run to develop information related to groundwater elevation changes under
various pumping scenarios, not to suggest or recommend changes to those rules.

Since the focus of the simulations focuses on HCUWCD, a review of key sections of the
management plan and rules is presented, followed by a description of the development of the
climatic scenarios. Finally, the results of the simulations are presented.

8.1 Hudspeth County Underground Water Conservation District No. 1

The Hudspeth County Underground Water Conservation District No. 1 was created on December
31, 1956. The current management plan was updated in 2007, and the current rules were updated
in 2005. The key elements of the management plan and rules are the explicit management of
groundwater on a sustainable basis, and the use of a historic period to grant permits to users.

The rules of the District outline a permitting system that has resulted in limitations that were
designed to achieve the sustainable pumping goals of the management plan. Three types of

permits are granted:

1. Validation permits are granted for existing and historic uses.
2. Operating permits are granted for pumping where no validation permit exists.
3. Transfer permits are granted for uses outside the District boundaries, and require either a

validation permit or an operating permit prior to issuance.

For irrigation uses (by far the largest use of water), validation permits were issued for acres of
“Existing and Historic Irrigated Land” determined to have been irrigated at least one year during
the “Existing and Historic Use Period” (1992 to 2002). The water use on these lands is then
calculated by multiplying the validated acreage by the “Water Allocation” which is determined on
an acre-foot per acre basis. The 2007 Management Plan stated that approximately 34,000 acres of

land has been issued validation permits.

The “Water Allocation” is the quantity of groundwater that can be pumped each year and is
adjusted every two years based on the groundwater elevation in a single monitoring well (Well 48-
07-516). The District Board determines a “two-year moving average of monthly water surface
elevations” on January 31 of each odd numbered year. For validation permits for irrigation,
“Water Allocation” limits are applied based on the groundwater level in the single monitoring well

as shown in Table 45.
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Table 45. Water Allocation Limits for Pumping in HCUWCD

Groundwater Elevation in
Well 48-07-516 Water Allocation
(two-year moving average)
> 3570 ft 4.0 AF/acre/yr
Pro-rata allocation between 3.0
356010 3570 and 4.0 AF/acre/yr
<3560 3.0 AF/acre/yr

Note that the Water Allocation Limits are for total pumping. Simulations using the groundwater
models from this investigation require estimates of consumptive or net pumping. The 2007
Management Plan assumes that net pumping can be calculated after accounting for the “leaching
fraction” of 30%. Therefore, when the full Water Allocation Limit of 4 AF/acre/yr is in effect, the
net pumping rate would be:

4.0 AF/ac/yr * (1-0.3) = 2.8 AF/ac/yr
When the minimum Water Allocation Limit is in effect, the net pumping rate would be:
3.0 AF/ac/yr * (1-0.3) = 2.1 AF/ac/yr

This net pumping rate would be available for transfer under a transfer permit as provided in the
current rules. Assuming that the maximum Water Allocation Limit was in effect, the maximum
net pumping would be:

2.8 AF/acre/yr * 34,000 acres = 95,200 AF/yr
If the minimum Water Allocation Limit was in effect, the maximum net pumping would be:
2.1 AF/acre/yr * 34,000 acres = 71,400 AF/yr

As can be seen, these pumping maxima are based on the assumption that all permitted acreage is
irrigated. However, individual permit holders are allowed to fallow land and apply that water to
other irrigated land. Note that from 1995 to 2002, actual irrigated acreage ranges (estimated from
this analysis) range from about 17,500 acres to about 22,000 acres. HCUWCD estimated that
irrigated acreage within the boundaries of HCUWCD was 22,550 in the year 2000. Using the
HCUWCD estimate for the year 2000, about 66% of the permitted land was actually irrigated.
Therefore, the actual duty applied to irrigated land (as opposed to the duty for permitted land) is
effectively higher than what appears in the HCUWCD rules. This would raise the maximum total
pumping duty to 6.03 AF/acre/yr, and the net pumping duty to 4.22 AF/acre/yr.

Simulations of potential future conditions were based on 2001 acreages and the application of

“corrected” duties to reflect the actual practice of fallowing land and applying the savings to other
irrigated land.
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8.2 Pumping Scenarios

Fifteen pumping scenarios were developed for use in the future simulations. Three scenarios were
based on a constant pumping amount without regard to the groundwater elevation in any well, and
12 scenarios were based on pumping that was linked to the groundwater elevation of Well 48-07-
516. Of the 12 scenarios that were based on pumping linked to the groundwater elevation of Well
48-07-516, 8 used the elevation control (to the nearest foot) in the rules (Table 42), two used
increased control elevations (2 feet and 4 feet, respectively), and two used decreased control
elevations (2 feet and 4 feet, respectively). In addition, a simulation that assumed zero pumping
was used as a control.

Table 46 presents a summary of pumping scenarios 1 to 6 (P1 to P6). P1 represents the maximum
corrected HCUWCD duty, applied without regard to the groundwater elevation in Well 48-07-516.
P2 represents application of a duty that would result in 2001 pumping (108,000 AF/yr). without
regard to the groundwater elevation in Well 48-07-516. P3 represents an increase in pumping that
would result in a constant pumping of about 123,000 AF/yr. P4 represents a simulation of
HCUWCD rules with corrected factors to reflect the fallowed land percentage of 2001. Note that
the pro-rata decline in duty between groundwater elevations of 3570 ft and 3560 ft are estimated to
the nearest foot. It is unclear in the HCUWCD rules if this is correct, or the pro-rata calculation
would be made at intervals at less than a foot. P35 represents a simulation of a duty that would
result in 2001 pumping (108,000 AF/yr) at the maximum duty (4.83 AF/acre/yr), and would be
reduced if the groundwater elevation in Well 48-07-516 dropped below 3570 ft. Finally, P6
represents an increase in duties, with a reduction if the groundwater elevation in Well 48-07-516
dropped below 3570 ft.

Table 46. Summary of Pumping Scenarios P1 to P6
All Duties in AF/acre/yr

2-Year
Average P1 ("Hi}s)tzoric" . pd ("Hi}s)tsoric" P6
Grounc!wat'er ("Corrected" Duties - P3 (ngh ("Corrected" Duties - (High
Elevation in HCUWCD 2001 Duties) HCUWCD 2001 Duties)
Well 48-07- Duties) .o Duties) s
516 Conditions) Conditions)
3570 4.22 4.83 5.44
3569 4.12 4.72 5.33
3568 4.01 4.62 5.23
3567 3.91 451 5.12
3566 3.80 441 5.02
3565 422 4.83 5.44 3.69 4.30 4.9]
3564 3.59 4.20 4.81
3563 3.48 4.09 4.70
3562 3.38 3.99 4.60
3561 3.27 3.88 4.49
3560 3.17 3.77 4.38
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Note that in P4 to P6, pumping amounts are set based on a two-year average of groundwater
elevation in Well 48-07-516. HCUWCD rules call for a determination to be made every other year
(odd years). Therefore, the simulations were run for two years, an average of the groundwater
elevation was taken for the cell in which Well 48-07-516 is located, and pumping for the
subsequent two years was specified based on the limits in Table 43.

Table 47 summarizes pumping scenarios 7 to 10 (P7 to P10). These scenarios were developed to
understand the sensitivity in the HCUWCD assigned elevations for Well 48-07-516. These
simulations use the corrected HCUWCD duties of P4 and raise and lower the elevation controls 2

and 4 feet.
Table 47. Summary of Pumping Scenarios P7 to P10
All Duties in AF/acre/yr
P7 P8 P9 P10
2-Year Average 2-Year Average 2-Year Average 2-Year Average
Groundwater "Corrected" Groundwater "Corrected" Groundwater "Corrected" Groundwater "Corrected"
Elevation in HCUWCD Elevation in HCUWCD Elevation in HCUWCD Elevation in HCUWCD
Well 48-07-516 Duties Well 48-07-516 Duties Well 48-07-516 Duties Well 48-07-516 Duties
(HCUWCD - 2) (HCUWCD - 4) (HCUWCD + 2) (HCUWCD +4)
3568 422 3566 4.22 3572 4.22 3574 4.22
3567 4.12 3565 4.12 3571 4.12 3573 4.12
3566 4.01 3564 4.01 3570 4.01 3572 4.01
3565 391 3563 3.91 3569 3.91 3561 3.91
3564 3.8 3562 3.8 3568 3.80 3570 3.8
3563 3.69 ° 3561 3.69 3567 3.69 3569 3.69
3562 3.59 3560 3.59 3566 3.59 3568 3.59
3561 3.48 3559 3.48 3565 3.48 3567 3.48
3560 3.38 3558 3.38 3564 3.38 3566 3.38
3559 3.27 3557 3.27 3563 3.27 3565 3.27
3558 3.17 3556 3.17 3562 3.17 3564 3.17

After evaluating the initial results of P1 to P10, additional simulations were developed that looked
at decreasing the pumping to provide a wide range of conditions for evaluation. Table 48 presents
these pumping scenarios (P11 to P15). These scenarios use the HCUWCD groundwater elevation
controls from Well 48-07-516 to reduce the duties in a fashion similar to P4 to P10.
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Table 48. Summary of Pumping Scenarios P11 to P15
All Duties in AF/acre/yr

2-Year
Average P11 P12 P13 P14 P15
Groundwater | (Maximum | (Maximum | (Maximum | (Maximum | (Maximum
Elevation in Duty = Duty = Duty = Duty = Duty =
Well 48-07- 1.17) 1.78) 2.39) 3.00) 3.61)
516
3570 1.17 1.78 2.39 3.00 3.61
3569 1.06 1.67 2.28 2.89 3.50
3568 0.96 1.57 2.18 2.79 3.40
3567 0.85 1.46 2.07 2.68 3.29
3566 0.75 1.36 1.97 2.58 3.19
3565 0.64 1.25 1.86 2.47 3.08
3564 0.54 1.15 1.76 2.37 2.98
3563 043 1.04 1.65 2.26 2.87
3562 0.33 0.94 1.55 2.16 2.77
3561 0.22 0.83 1.44 2.05 2.66
3560 0.11 0.72 1.33 1.94 2.55

Figure 111 summarizes the maximum and minimum annual pumping associated with each
scenario based on the maximum duty listed in Tables 43 to 45. Note that the pumping in the
simulations ranged from 0 to about 120,000 AF/yr. This range provided the needed data to
evaluate groundwater yields of the area.
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Figure 111. Summary of Minimum and Maximum Annual Pumping Used in Simulations

181



8.3 Climatic Scenarios

A common challenge in the simulation of future conditions is the selection of future climatic
conditions that drive potential future recharge conditions. In the case of this analysis, recharge is
driven largely by precipitation, and, as described in Section 6.3.8, an annual precipitation factor
was used simulate variations in recharge during the calibration period. Methods commonly
applied include using the same sequence as the calibration period, or simulating a constant average
or dry condition throughout the entire future simulation period. Due to the nature of the pumping
scenarios that are related to the HCUWCD rules (i.e. decreasing pumping with decreasing
groundwater elevations in Well 48-07-516), neither of these approaches was particularly
appealing.

Ni and others (2002) published a study that resulted in the estimation of *“cool-season”
precipitation in Arizona and New Mexico from the year 1000 to the year 1988, for a 988-year
record of precipitation estimates, using 19 tree-ring chronologies in the southwestern United
States. Since most of the precipitation and hence recharge is in the upper elevations of the
Sacramento Mountains in New Mexico, this dataset was viewed as useful to “drive” the recharge
portion of the simulations. Figure 112 presents the zones used by Ni and others (2002) for New
Mexico, and includes the model domain. It can be seen that the model domain lies within Zones 6,
7 and 8.

New
Mexico

P

Texas
¢ !
K Model
\\“vf* Domain
0 100 200 300 400 Miles

Figure 112. New Mexico Climate Zones used by Ni and others (2002)
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The data for Zones 6, 7 and 8 from Ni and others (2002) was averaged and summarized as annual
estimates and estimates of the running.50-year average in Figure 113. The running 50-year
average is presented alone in Figure 114.
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Figure 113. New Mexico Zones 6, 7 and 8 Precipitation Estimates from Ni and others (2002)
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Figure 114. New Mexico Zones 6, 7 and 8 Precipitation Estimates from Ni and others (2002)
Running 50-Year Average
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Based on the running 50-year average, the most severe dry period occurred from the early 1930s to
the early 1980s, which covers most of the period of development and the calibration period of the
model. Also note that 50-year averages of precipitation range from just below 90% of average to
about 130% of average. Based on the running 50-year average, significant wet periods that have
lasted for decades have been typically followed by significant dry periods that have lasted for
decades over the last 1000 years. Conversely, significant dry periods that have lasted for decades
have typically been followed by significant wet periods that have lasted for decades. Based on
data from Ni and others (2002), there is some suggestion that the area is entering a rising
precipitation period, where 50-year average in rainfall would be expected to increase for the next
several decades. Extrapolation of this type of trend, however, is highly speculative and, at best,
tenuous.

Recent precipitation records in the area (reproduced in the annual precipitation factors that were
used during the calibration period) are presented in Figure 115. Note that from the early 1950s,
precipitation was generally increasing until the late 1990s. Both relative minima and maxima were
increasing during that time period, which are generally consistent with the long-term trend
suggested by the data of Ni and others (2002).

1.8

-
(=2}
1

=N
i -9
1
&
v

-
N
2

-
1

o
o0
2

o
[+,
L

L 4

Annual Precipitation Factor

o
H
{

o
N
I

T

0 T ¥ T T i i
1940 1950 1960 1970 1980 1990 2000 2010

Year

Figure 115. Annual Precipitation Factors used During Calibration Period

The running 50-year averages from the dataset developed by Ni and others (2002) were further
evaluated by calculating the running 50-year standard deviation for each 50-year period. The plot
of running 50-year average vs. running 50-year standard deviation is presented in Figure 116.
Note that wetter periods are typically more variable (higher standard deviation), and drier period
are typically less variable (lower standard deviation).
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Figure 116. Running 50-Year Average (% of Average) vs. Running 50-Year Standard Deviation

from Dataset of Ni and others (2002)

The data from Figure 116 were used to develop seven climatic scenarios used in the simulations:
1) driest, 2) wettest, 3) lowest standard deviation, 4) highest standard -deviation, 5) average with
low standard deviation, 6) average with intermediate standard deviation, and 7) average with high

standard deviation. These seven climatic scenarios are summarized in Table 49.

Table 49. Summary of Seven Climatic Scenarios Developed from dataset of Ni and others (2002)

. Precipitation
Scenario Scenario Description (I:% Star?dgrd Period
Number Deviation
Average)
Cl Driest 87 29 1933 to 1982
C2 Wettest 131 31 1602 to 1651
C3 Lowest Standard Deviation 94 18 1377 to 1426
C4 Highest Standard Deviation 111 44 1907 to 1956
C5 Average - Low Standard Deviation 100 20 1015 to 1064
Cé6 Average - Intermediate Standard Deviation 100 28 1562 to 1611
c7 Average - High Standard Deviation 100 38 1915 to 1964
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8.4  Summary of All Simulations

The three models, 16 pumping scenarios (including the scenario with zero pumping) and 7 climatic
scenarios were used to develop 336 simulations. Recall that the southern boundary of the model
used a decreasing boundary head during the calibration. Because it is unknown whether the same
rate of decline would continue into the future, two sets of assumptions were applied to the future
simulations: one set of 336 simulations were run assuming the same rate of decline, and one set of
336 simulations where the 2002 boundary heads are held constant. Therefore, a total of 772
simulations were run. Each simulation was run for 50 years, and the heads at the end of 2002 were

used to initiate the solution.

Table 50 summarizes the basic scenarios (model, pumping scenarios and climatic scenarios).

Table 51 details each of the 336 simulations by code used in Table 50.

Table 50. Summary of Scenario Codes for Simulation Details in Table 51

Model Scenario Code | Scenario Description
Mi Structural Geology
M2 Isotope Geochemistry
M3 Hybrid

Pumping Scenario

Code Scenario Description
Pl Constant Pumping - "Corrected" HCUWCD Duty
P2 Constant Pumping - Historic Duties (2001 Conditions)
P3 Constant Pumping - High Duties
P4 Decreasing Pumping - "Corrected” HCUWCD Duty
P35 Decreasing Pumping - Historic Duties (2001 Conditions)
P6 Decreasing Pumping - High Duties
P7 Decreasing Pumping - "Corrected" HCUWCD Duty, Elevation Control -2 feet
P8 Decreasing Pumping - "Corrected" HCUWCD Duty, Elevation Control -4 feet
P9 Decreasing Pumping - "Corrected" HCUWCD Duty, Elevation Control +2 feet
P10 Decreasing Pumping - "Corrected" HCUWCD Duty, Elevation Control +4 feet
P11l Decreasing Pumping - Maximum Duty = 1.17 AF/acre/year
P12 Decreasing Pumping - Maximum Duty = 1.78 AF/acre/year
P13 Decreasing Pumping - Maximum Duty = 2.39 AF/acre/year
P14 Decreasing Pumping - Maximum Duty = 3.00 AF/acre/year
P15 Decreasing Pumping - Maximum Duty = 3.61 AF/acre/year

Climatic Scenario Code

Scenario Description

C1 Driest

c2 Wettest

C3 Lowest Standard Deviation

C4 Highest Standard Deviation

Cs Average - Low Standard Deviation

Cé Average - Intermediate Standard Deviation
c7 Average - High Standard Deviation
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Table 51. Details of Simulations — Page 1 of 4
(Codes detailed in Table 50)

TOOTOOIPOPPOOPPPOIPORODO000000000000000000000

Simulation | Model | Climate | Pumping Simulation | Model | Climate | Pumping
1 M1 Cl Pl 46 M1 C2 P3
2 M2 Cl Pl 47 M2 Cc2 P3
3 M3 Cl Pl 48 M3 C2 P3
4 M1 C2 Pl 49 M1 C3 P3
5 M2 C2 Pl 50 M2 C3 P3
6 M3 C2 Pl 51 M3 C3 P3
7 M1 C3 Pl 52 M1 C4 P3
8 M2 C3 Pl 53 M2 C4 P3
9 M3 C3 Pl 54 M3 C4 P3
10 Ml C4 Pl 55 M1 C5 P3
11 M2 C4 Pl 56 M2 C5 P3
12 M3 C4 Pl 57 M3 CS5 P3
13 M1 CS5 Pl 58 Ml C6 P3
14 M2 CS5 Pl 59 M2 Cé6 P3
15 M3 CS5 Pl 60 M3 Cé6 P3
16 Ml Cé6 Pl 61 M1 C7 P3
17 M2 C6 Pl 62 M2 C7 P3
18 M3 C6 Pl 63 M3 C7 P3
19 M1 C7 Pl 64 MIi Cl P4

20 M2 C7 Pl 65 M2 Cl P4
21 M3 C7 P1 66 M3 Cl P4
22 M1 Cl P2 67 M1 C2 P4
23 M2 Cl P2 68 M2 C2 P4
24 M3 Cl P2 69 M3 C2 P4
25 M1 C2 P2 70 Ml C3 P4
26 M2 C2 P2 71 M2 C3 P4
27 M3 C2 P2 72 M3 C3 P4
28 M1 C3 P2 73 Mi C4 P4
29 M2 C3 P2 74 M2 C4 P4
30 M3 C3 P2 75 M3 C4 P4
31 M1 C4 P2 76 Mi1 Cs P4
32 M2 C4 P2 77 M2 Cs P4
33 M3 C4 P2 78 M3 C5 P4
34 M1 C5 P2 79 M1 Cé6 P4
35 M2 C5 P2 80 M2 C6 P4
36 M3 Cs5 P2 81 M3 C6 P4
37 M1 C6 P2 82 M1 C7 P4
38 M2 Cé6 P2 83 M2 c7 P4
39 M3 Cé6 P2 84 M3 C7 P4
40 M1 C7 P2 85 Ml Cl P5
41 M2 C7 P2 86 M2 Cl P5
42 M3 C7 P2 87 M3 Cl PS5
43 M1 Cl P3 88 MI C2 P5
44 M2 Cl P3 89 M2 C2 P5
45 M3 Cl P3 90 M3 C2 PS5
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Table 51. Details of Simulations — Page 2 of 4
(Codes detailed in Table 50)

Simulation | Model | Climate | Pumping Simulation | Model | Climate | Pumping
91 Ml C3 P5 136 Ml C4 P7
92 M2 C3 P5 137 M2 C4 P7
93 M3 C3 P5 138 M3 C4 P7
94 M1 C4 P5 139 M1 C5 P7
95 M2 C4 P5 140 M2 C5 P7
96 M3 C4 P5 141 M3 C5 P7
97 Ml C5 P5 142 Ml C6 P7
98 M2 C5 P5 143 M2 C6 P7
99 M3 C5 P5 144 M3 Cé6 P7
100 Ml Cé6 P5 145 Ml C7 P7
101 M2 Cé6 P5 146 M2 Cc7 P7
102 M3 Cé6 P5 147 M3 Cc7 P7
103 Ml Cc7 P5 148 MI Cl P8
104 M2 c7 P5 149 M2 Cl P8
105 M3 c7 P5 150 M3 Cl P8
106 Ml Cl1 P6 151 Ml C2 P8
107 M2 Cl P6 152 M2 C2 P8
108 M3 Cl P6 153 M3 C2 P8
109 M1 C2 P6 154 Ml C3 P8
110 M2 C2 P6 155 M2 C3 P8
111 M3 Cc2 P6 156 M3 C3 P8
112 M1 C3 P6 157 | Ml C4 P8
113 M2 C3 P6 158 M2 C4 P8
114 M3 C3 P6 159 M3 C4 P8
115 Ml C4 P6 160 Ml C5 P8
116 M2 C4 P6 161 M2 C5 P8
117 M3 C4 P6 162 M3 C5 P8
118 Ml Cs P6 163 Ml C6 P8
119 M2 C5 P6 164 M2 C6 P8
120 M3 C5 P6 165 M3 C6 P8
121 MI Cé6 P6 166 Ml C7 P8
122 M2 C6 P6 167 M2 Cc7 P8
123 M3 Cé6 P6 168 M3 Cc7 P8
124 MI Cc7 P6 169 M1 Cl1 P9
125 M2 C7 P6 170 M2 Cl P9
126 M3 Cc7 P6 171 M3 Cl1 P9
127 MI Cl P7 172 Mi C2 P9
128 M2 Cl1 P7 173 M2 C2 P9
129 M3 Cl P7 174 M3 C2 P9
130 M1 C2 P7 175 Ml C3 P9
131 M2 C2 P7 176 M2 C3 P9
132 M3 Cc2 P7 177 M3 C3 P9
133 Ml C3 P7 178 Ml C4 P9
134 M2 C3 P7 179 M2 C4 P9
135 M3 C3 P7 180 M3 C4 P9
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Table 51. Details of Simulations — Page 3 of 4
(Codes detailed in Table 50)

PO WO OYTOO OOV DO000 0000000000000 0000000

Simulation | Model | Climate | Pumping Simulation | Model | Climate | Pumping
181 Mi1 C5 P9 226 M1 Cé6 Zero
182 M2 Cs P9 227 M2 Cé6 Zero
183 M3 C5 P9 228 M3 Cé Zero
184 Ml Cé P9 229 M1 C7 Zero
185 M2 Cé6 P9 230 M2 Cc7 Zero
186 M3 C6 P9 231 M3 Cc7 Zero
187 Ml Cc7 P9 232 Ml Cl P11
188 M2 c7 P9 233 M2 Cl1 P11
189 M3 c7 P9 234 M3 Cl P11l
190 M1 Cl P10 235 Ml C2 Pil
191 M2 Cl P10 236 M2 C2 P11
192 M3 Cl P10 237 M3 C2 P11
193 M1 C2 P10 238 Ml C3 P11
194 M2 C2 P10 239 M2 C3 P11l
195 M3 C2 P10 240 M3 C3 P11
196 M1 C3 P10 241 Ml C4 P11
197 M2 C3 P10 242 M2 C4 P1l
198 M3 C3 P10 243 M3 C4 P11
199 Ml C4 P10 244 M1 C5 P11l
200 M2 C4 P10 245 M2 C5 Pil
201 M3 C4 P10 246 M3 Cs P11
202 Ml C5 P10 247 MIi Cé6 P11
203 M2 Cs5 P10 248 M2 Cé6 P11
204 M3 C5 P10 249 M3 Cé P11
205 Ml Cé P10 250 Ml Cc7 P11
206 M2 Cé6 P10 251 M2 C7 P11
207 M3 Cé6 P10 252 M3 C7 Pil
208 Ml C7 P10 253 Ml Cl P12
209 M2 Cc7 P10 254 M2 Cl P12
210 M3 C7 P10 255 M3 Ci P12
211 Ml Cl Zero 256 M1 C2 P12
212 M2 Cl1 Zero 257 M2 C2 P12
213 M3 Cl Zero 258 M3 C2 Pi2
214 Ml C2 Zero 259 M1 C3 P12
215 M2 C2 Zero 260 M2 C3 Pi2
216 M3 C2 Zero 261 M3 C3 P12
217 Ml C3 Zero 262 Ml C4 P12
218 M2 C3 Zero 263 M2 C4 P12
219 M3 C3 Zero 264 M3 C4 P12
220 M1 C4 Zero 265 M1 C5 P12
221 M2 C4 Zero 266 M2 C5 Pi2
222 M3 C4 Zero 267 M3 Cs5 Pi2
223 M1 Cs Zero 268 Ml Cé6 PI2
224 M2 Cs Zero 269 M2 Cé Pi2
225 M3 Cs Zero 270 M3 Cé6 P12
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Table 51. Details of Simulations — Page 4 of 4
(Codes detailed in Table 50)

Simulation | Model | Climate | Pumpin Simulation | Model | Climate | Pumping
271 Ml Cc7 P12 304 Ml C4 Pi4
272 M2 c7 P12 305 M2 C4 P14
273 M3 Cc7 P12 306 M3 C4 P14
274 M1 Cl P13 307 M1 C5 P14
275 M2 Cl P13 308 M2 CS5 P14
276 M3 Cl P13 309 M3 Cs5 P14
277 Ml C2 P13 310 M1 Cé6 P14
278 M2 C2 P13 311 M2 C6 P14
279 M3 C2 P13 312 M3 C6 P14
280 M1 C3 P13 313 M1 C7 P14
281 M2 C3 P13 314 M2 C7 P14
282 M3 C3 P13 315 M3 C7 Pi4
283 Ml C4 P13 316 M1 Cl P15
284 M2 C4 P13 317 M2 Cl P15
285 M3 c4 PI3 318 M3 Cl P15
286 M1 Cs P13 319 Ml C2 P15
287 M2 Cs P13 320 M2 C2 P15
288 M3 C5 P13 321 M3 C2 P15
289 M1 Cé6 P13 322 Ml C3 P15
290 M2 Cé6 P13 323 M2 C3 P15
291 M3 Cé6 P13 324 M3 C3 P15
292 Ml Cc7 P13 325 M1 C4 P15
293 M2 C7 P13 326 M2 C4 P15
294 M3 C7 P13 327 M3 C4 P15
295 M1 Cl P14 328 M1 Cs P15
296 M2 Cl P14 329 M2 Cs P15
297 M3 Cl P14 330 M3 C5 P15
298 Ml C2 P14 331 Mi Cé6 P15
299 M2 C2 P14 332 M2 Cé6 P15
300 M3 Cc2 P14 333 M3 Cé6 P15
301 MI C3 P14 334 M1 c7 P15
302 M2 C3 P14 335 M2 C7 P15
303 M3 C3 P14 336 M3 C7 P15
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8.5 Simulation Results

The results of the simulation demonstrated that the two alternative southern boundary heads made
no significant difference to groundwater elevation changes or groundwater budget components in
the Dell City area. Therefore, only the results from the decreasing southern boundary are
presented in this section.

Subregional groundwater budgets were developed of all simulations, and the average values for
each of the 336 50-year run for the new HCUWCD zone (previously presented as Figure 99) were
compiled and presented in Appendix D. Impacts to various components as a result of pumping are
described in this section, as well as changes to groundwater elevations.

Figure 117 presents groundwater pumping vs. inflow from New Mexico for the new HCUWCD
zone. Note that the results are categorized by the three models. Note that the flows across the
state line increase with increased pumping, suggesting that the pumping is inducing this additional
flow. The observed vertical spreads for individual models is due to varying climatic, or recharge
conditions. Also note that the structural geology model estimates higher flow rates and the
increases are greater than the other two models. This is consistent with the findings of the 1948 to
2002 calibration period results related to the higher total inflow results of the structural geology
model, and agree with the conceptualization of Mayer (1995).
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Figure 117. Simulation Results for the New HCUWCD Zone
Groundwater Pumping vs. Inflow from New Mexico

Figure 118 presents groundwater pumping vs. inflow from the Diablo Plateau for the new
HCUWCD zone. Note that the results are categorized by the three models. Note that the flows
across the southwestern boundary of HCUWCD (Diablo Plateau) increase with increased
pumping, suggesting that the pumping is inducing this additional flow. The observed vertical
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spreads for individual models is due to varying climatic, or recharge conditions. In contrast to the
flow from New Mexico, the structural geology model exhibits the lowest flow rate and the smallest
increase due to increased pumping. The isotope geochemistry model exhibits the largest inflow
and the largest increase as a result of pumping, which is consistent with the results of the 1948 to
2002 calibration period results and the findings of Eastoe and Hibbs (2005). Finally, the hybrid
model exhibits a flow rate and increase in flow rate due to pumping that is higher than the
structural geology model, but less than the isotope geochemistry model. The intent of the
development of the hybrid model was to establish an intermediate conceptualization between those
of Mayer (1995) and Eastoe and Hibbs (2005).
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Figure 118. Simulation Results for the New HCUWCD Zone
Groundwater Pumping vs. Inflow from the Diablo Plateau

Figure 119 presents groundwater pumping vs. inflow from the eastern boundary of the new
HCUWCD for the new HCUWCD zone. Note that the results are categorized by the three models.
Note that the flows across the eastern boundary of HCUWCD increase with increased pumping,
suggesting that the pumping is inducing this additional flow. The observed vertical spreads for
individual models is due to varying climatic, or recharge conditions. The amount and increases in
flows across the eastern boundary are significantly less than those for the flow from New Mexico
and the flow from Diablo Plateau. Generally, the flows in the isotope geochemistry model are
lowest and the structural geology and hybrid models are nearly the same.
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Figure 119. Simulation Results for the New HCUWCD Zone
Groundwater Pumping vs. Inflow across the Eastern Boundary of HCUWCD

Figure 120 presents groundwater pumping vs. evapotranspiration within the new boundaries of the
HCUWCD. Note that evapotranspiration decreases with increased pumping, which suggests that
this component of natural outflow is captured by the increased pumping. The observed vertical
spreads for individual models is due to varying climatic, or recharge conditions.
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Figure 120. Simulation Results for the New HCUWCD Zone
Groundwater Pumping vs. Evapotranspiration within HCUWCD
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The highest evapotranspiration, and the largest decrease with increased pumping, was estimated by
the structural geology model. This is consistent with the 1948 to 2002 calibration period results
that suggested that the inflow and outflow were higher in the structural geology model than in the
other two models. Note that at high pumping (over 120,000 AF/yr), the estimated rate of
evapotranspiration in all three models is below 20,000 AF/yr.

Figure 121 presents groundwater pumping vs. groundwater storage change within the new
boundaries of the HCUWCD. At zero pumping, the groundwater storage increase ranges from
about 12,000 AF/yr to about 35,000 AF/yr. The range is attributable to alternative climatic (or
recharge) scenarios. At the other extreme, pumping over 120,000 AF/yr would result in a storage
decline of between about 10,000 AF/yr to about 50,000 AF/yr, depending on climatic conditions.
For pumping scenarios above about 54,000 AF/yr, groundwater storage would decline; pumping
less than about 54,000 AF/yr would generally result in groundwater storage increases.
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Figure 121. Simulation Results for the New HCUWCD Zone
Groundwater Pumping vs. Groundwater Storage Change within HCUWCD

The observed vertical spreads for individual models is due to varying climatic, or recharge
conditions. The ranges are consistent with observed conditions from 1948 to 2002. Recall that
groundwater elevations dropped after the start of irrigation pumping in 1948. Since the 1980s,
groundwater elevations have essentially stabilized due to the combined effect of decreased
pumping and increased recharge.

Note that the structural geology model exhibits less groundwater storage decline due to pumping
than the other two models. This is apparently due to the higher induced inflow from New Mexico
and reduced evapotranspiration. These “captured” flows result in less drawdown than the other
models.
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The impact of the climatic scenarios is evaluated further by examining the pumping vs.
groundwater storage decline relationship for each of the climatic scenarios. Figure 122 presents
the simulations that included the driest conditions, about 87% of average precipitation for the
entire 50-year simulation. Note that under these climatic conditions, storage change is zero when
pumping is about 40,000 AF/yr. Also note the previously observed trend that the structural
geology model results exhibit the lowest storage change with high pumping as compared to the

other two models.
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Figure 122. Simulation Results for the New HCUWCD Zone
Groundwater Pumping vs. Groundwater Storage Change within HCUWCD
Climatic Scenario C1 — Driest Conditions

Figure 123 presents the simulations that included the wettest conditions, about 131% of average
precipitation for the entire 50-year simulation. Note that under these climatic conditions, storage
change is zero when pumping is about 68,000 AF/yr. Also note the previously observed trend that
the structural geology model results exhibit the lowest storage change with high pumping as
compared to the other two models.
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Figure 123. Simulation Results for the New HCUWCD Zone
Groundwater Pumping vs. Groundwater Storage Change within HCUWCD
Climatic Scenario C2 — Wettest Conditions

Figure 124 presents the simulations that included the lowest standard deviation climatic scenario,
with an average precipitation of 94% for the entire 50-year simulation. Note that under these
climatic conditions, storage change is zero when pumping is about 40,000 AF/yr.
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Figure 124. Simulation Results for the New HCUWCD Zone
Groundwater Pumping vs. Groundwater Storage Change within HCUWCD
Climatic Scenario C3 — Lowest Standard Deviation
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Figure 125 presents the simulations that included the highest standard deviation climatic scenario,
with an average precipitation of 111% for the entire 50-year simulation. Note that under these
climatic conditions, storage change is zero when pumping is about 68,000 AF/yr.
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Figure 125. Simulation Results for the New HCUWCD Zone
Groundwater Pumping vs. Groundwater Storage Change within HCUWCD
Climatic Scenario C4 — Highest Standard Deviation

The final three climatic scenarios all represented average rainfall over the 50-year period. The
three scenarios represented the range of standard deviations found in the Ni and others (2002)
dataset: termed low, intermediate and high standard deviations. All three are presented in Figure
126. Figure 127 presents the low standard deviation scenarios, Figure 128 presents the
intermediate standard deviation scenarios, and Figure 129 presents the high standard deviation
scenarios. Note that, depending on the standard deviation, storage change is zero when pumping is
between 40,000 AF/yr and 55,000 AF/yr.
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HCUWCD - Climatic Scenarios C5, C6 and C7
Average Precipitation and Alternate Standard Deviations

60,000
40,000 -
20,000 "i

oT T

-

1

\ -

-20,000 - o
cd
-40,000 -

.JI’-

n
[ ]

Storage Change (AFlyr)

'60,000 T T T T T T
0 20,000 40,000 60,000 80,000 100,000 120,000 140,000

Pumping (AF/yr)
[« Low SD mIntermediate SD__ High SD|

Figure 126. Simulation Results for the New HCUWCD Zone
Groundwater Pumping vs. Groundwater Storage Change within HCUWCD
Climatic Scenarios C5, C6, and C7 — Average Precipitation and Alternate Standard Deviations
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Figure 127. Simulation Results for the New HCUWCD Zone
Groundwater Pumping vs. Groundwater Storage Change within HCUWCD
Climatic Scenario C5 — Average Precipitation and Low Standard Deviation
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HCUWCD - Climatic Scenario C6
Average Precipitation and Intermediate Standard Deviation
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Figure 128. Simulation Results for the New HCUWCD Zone
Groundwater Pumping vs. Groundwater Storage Change within HCUWCD
Climatic Scenario C6 — Average Precipitation and Intermediate Standard Deviation
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Figure 129. Simulation Results for the New HCUWCD Zone
Groundwater Pumping vs. Groundwater Storage Change within HCUWCD
Climatic Scenario C7 — Average Precipitation and High Standard Deviation
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" Based on the summaries of groundwater pumping vs. groundwater storage change within the new
boundaries of the HCUWCD, zero storage change would be achieved with net pumping between
40,000 AF/yr and 68,000 AF/yr. Table 52 summarizes the results.

Table 52. Summary of Net Groundwater Pumping that
Would Result in Zero Storage Change (50-Year Average)

Scenario Precipitation Pumping
Climatic Scenario Description (% of
Number (AF/yr)
Average)

Cl Driest 87 40,000
Cc2 Wettest 131 68,000
C3 Lowest Standard Deviation 924 40,000
C4 Highest Standard Deviation 111 68,000
C5 Average - Low Standard Deviation 100 40,000
Cé6 Average - Intermediate Standard Deviation 100 40,000
C7 Average - High Standard Deviation 100 54,000

If “sustainability” means maintaining a zero groundwater storage change, HCUWCD would need
to reduce pumping from what has historically occurred, and what is currently permitted under the
HCUWCD rules based on the results of this investigation. However, in order to put the issue of
zero storage change into some perspective, several hydrographs of wells were constructed to
investigate groundwater storage changes over time in these locations for selected simulations. The
locations of the selected wells are shown in Figure 130.
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Figure 130. Location of Selected Wells Used for Hydrograph Analysis
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Table 53 summarizes the simulations that were used in the analysis. Note that simulations that
resulted in between 0 and -10,000 AF/yr of storage change were used. Also note that a variety .of
climatic scenarios were used, as well as a sampling of all three models (structural geology, isotope
geochemistry and hybrid). The figure numbers for the hydrographs are also shown in Table 53.

Table 53. Summary of Simulations Used in Hydrograph Analysis

Groundwater
Simulation Figure o . Pumping Storage
Number Number Model Climatic Scenario (AF/yr) Change
(AFhyr)
260 131 M2 (Isotope Geochemistry) | C3 (Low SD) 40,000 0
255 132 M3 (Hybrid) C1 (Driest) 40,000 -1,000
320 133 M2 (Isotope Geochemistry) | C2 (Wettest) 81,000 -6,000
316 134 M1 (Structural Geology) C1 (Driest) 81,000 -8,000
139 135 M1 (Structural Geology) C5 (Avg Precip, Low SD) 94,000 -10,000
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Figure 131. Hydrographs for Simulation 260
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Simulation 255
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Figure 132. Hydrographs for Simulation 255
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Figure 133. Hydrographs for Simulation 320
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Simulation 316
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Figure 134. Hydrographs for Simulation 316
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Figure 135. Hydrographs for Simulation 139
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Simulations 260 and 255 represent a zero or near zero storage change condition throughout the
HCUWCD. However, three of the hydrographs of the wells demonstrate an observable increase in
groundwater elevation during the 50-year simulation. Simulation 320 represents a simulation that
resulted in about a 6,000 AF/yr storage decline, yet the hydrographs of these four wells appear to
be qualitatively unchanged over the 50-year simulation. Simulations 316 and 139 represent
storage declines of between 8,000 and 10,000 AF/yr, and the hydrographs clearly indicate a
decline in groundwater elevation of about 5 feet over 50 years to slightly over 10 feet over 50
years.

This analysis of linking groundwater storage decline to groundwater elevation changes can be
advanced by presenting the average drawdown after 50 years over the entire HCUWCD area, and
over the irrigated area of HCUWCD (shown in Figure 136).

HCUWCD
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Figure 136. Irrigated Area of HCUWCD
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Figure 137 presents groundwater pumping vs. total drawdown after 50 years (averaged over the
entire area within the new boundaries of HCUWCD) for all simulation. Note that drawdown is
positive when groundwater levels at the end of the 50-year simulation are lower than at the
beginning of the simulation. Therefore, when pumping is about 81,000 AF/yr, drawdown is
between 2 and 9 feet, depending on the model used and the climatic scenario. This scenario is
representative of the 2001 pumping conditions. When pumping is about 95,000 AF/yr, drawdown
ranges between 5 feet and 13 feet. This is representative of the current validation permit limits.

HCUWCD - All Simulations
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-20 - . . : .
0 20,000 40,000 60,000 80,000 100,000 120,000 140,000

Pumping (AF/yr)

Total Drawdown (ft)

Figure 137. Summary of Drawdown Estimates after 50 Years within HCUWCD for all
Simulations
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Figure 138 presents groundwater pumping vs. total drawdown after 50 years (averaged over the
irrigated area within the new boundaries of HCUWCD) for all simulation. Note that drawdown is
positive when groundwater levels at the end of the 50-year simulation are lower than at the
beginning of the simulation. Therefore, when pumping is about 81,000 AF/yr, drawdown is
between -3 feet (rise of 3 feet) and 10 feet, depending on the model used and the climatic scenario.
This scenario is representative of the 2001 pumping conditions. When pumping is about 95,000
AF/yr, drawdown ranges between 5 feet and 21 feet. This is representative of the current
validation permit limits.

Irrigated Area of HCUWCD - All Simulations
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Figure 138. Summary of Drawdown Estimates after 50 Years within
Irrigated Area of HCUWCD for all Simulations
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The relationship between groundwater storage change within HCUWCD and average drawdown
after 50 years for all simulations is presented in Figures 139 and 140. Figure 139 plots
groundwater storage change in HCUWCD and Average Drawdown for all of HCUWCD for all
simulations, with each model shown separately.
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Figure 139. Groundwater Storage Change in HCUWCD vs.
Average Drawdown after 50 Years in HCUWCD

Note that for zero storage change, drawdown is also zero for all three models. For equal storage
declines, the structural geology model suggests that the drawdown will be greater than for the
other two models. This is due to different specific storages and, hence, different storativities
between the models. The structural geology model assumes that the specific storage in the
HCUWCD area is 1.1E-04 ft"'. The isotope geochemistry model and the hybrid model assume a
value of 2.0E-04 ft''. Assuming an aquifer thickness of 1,000 ft, this translates to storativity values
of 0.11 and 0.2. respectively. Since the isotope geochemistry model and the hybrid model have a
storativity value nearly twice that of the structural geology model, the relationship in Figure 139
between the three models is expected, and highlights the sensitivity of that parameter.
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In order to understand what the groundwater storage change rate throughout HCUWCD means in
terms of drawdown within the irrigated area, Figure 140 plots groundwater storage change in

HCUWCD vs. the drawdown in the irrigated area of HCUWCD.
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Figure 140. Groundwater Storage Change in HCUWCD vs.
Average Drawdown after 50 Years in Irrigated Area of HCUWCD

40,000

Note that at zero storage change, a rise in groundwater elevations of between 9 and 17 feet is
estimated depending on the model and the climatic scenario after 50 years in the irrigated area.
Zero drawdown in the irrigated area occurs when the groundwater storage decline in the entire
HCUWCD is between about 3,000 AF/yr and about 14,000 AF/yr. Based on the plot of pumping
vs. groundwater storage change (previously shown as Figure 87), pumping at 67,000 AF/yr would
always result in a storage decline of less than 14,000 AF/yr. Pumping between 67,000 and 95,000
AF/yr would result in less than 14,000 AF/yr of groundwater storage decline in wet, average, and
slightly below average precipitation periods.
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9.0 SUMMARY AND CONCLUSIONS

The Dell City area may become a source of municipal water supply for El Paso. In order to better
understand the area and develop estimates of groundwater yields from the area, this study was
completed by El Paso Water Utilities for internal analysis. The study included a review of
previous work, the development of three numerical groundwater flow models to test various
aspects of the conceptual model of groundwater flow in the area, and the application of the three
groundwater flow models under various climatic and pumping scenarios to estimate groundwater
yields in the area. This report and the model files have been forwarded to the Texas Water
Development Board for their future use. As such, this report and the associated models are not
official TWDB Groundwater Availability Models (GAMs). However, it is hoped that this effort
will assist the TWDB in their development of GAMs for the area.

Significant conclusions of this study are:

e Total inflow (recharge plus boundary flows) estimates for the entire model domain under
predevelopment conditions ranged between 79,000 and 104,000 AF/yr, depending on the
model used

e Average total inflow (recharge plus boundary flows) estimates from 1948 to 2002 ranged
between 87,000 and 114,000 AF/yr, depending on the model used. Note that total inflow
increased as a result of a combination of pumping and high recharge in latter years of the
simulation period.

e The recharge estimates are generally consistent with and slightly higher than previous
estimates as documented in the literature.

e Evapotranspiration from the playa area east of Dell City prior to 1948 ranged from 79,000
to 104,000, depending on the model used to make the estimate.

e Average evapotranspiration from the playa from 1948 to 2002 ranged from 49,000 to
67,000 AF/yr.

e Average total consumptive pumping in the area from 1948 to 2002 was about 88,000 AF/yr

e Irrigated acreage in the area rose from less than 10,000 acres in 1948 to about 25,000 acres
in the mid 1950s. From the mid 1950s to the mid 1980s, irrigated acreage fluctuated
between about 20,000 acres to as high as 45,000 acres. From the early 1980s to 2002,
irrigated acreage was relatively constant at slightly over 20,000 acres, except for declines
in 1993 and 1994.

e Prior to 1993 and the widespread use of center pivot irrigation, consumptive duty on
irrigated lands was about 3 AF/ac. After 1993, consumptive duty on irrigated lands was
about 5 AF/ac. Due to the nature of the modeling approach used, it is not possible to make
any estimates or draw any conclusions regarding total pumping (consumptive pumping
plus leaching fraction), or estimate the leaching fraction.

e Historic groundwater pumping from 1948 to 2002 in the new boundary of HCUWCD
averaged about 80,000 AF/yr. This pumping resulted in:

o Between 3,000 and 19,000 AF/yr of increased inflow from New Mexico (depending
on the model used).

o Between 2,000 and 9.000 AF/yr of increased inflow from the Diablo Plateau.
southwest of HCUWCD (depending on the model used).

o Between 0 and 1,000 AF/yr of increased inflow from the area in Hudspeth County
east of HCUWCD (depending on the model used).
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o Between 25,000 and 37,000 AF/yr of decreased evapotranspiration for the playa
area within HCUWCD (depending on the model used).
o Between 21,000 and 39,000 AF/yr of decreased groundwater storage within
HCUWCD (depending on the model used).
Groundwater yield in the Dell City area ranges from 54,000 to 95,000 AF/yr (net or
consumptive pumping), depending on climatic condition, and depending on the definition
of “sustainability” that could be applied by the board of HCUWCD.
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Appendix A
Pumping Estimates for Each Zone
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Irrigated Acreage Estimates for Each Pumping Zone
Structural Geology Model
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Appendix B-2

Irrigated Acreage Estimates for Each Pumping Zone
Isotope Geochemistry Model
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Appendix B-3

Irrigated Acreage Estimates for Each Pumping Zone
Hybrid Model
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Appendix C
Hydrographs of Measured Groundwater Elevations and

Model Estimated Groundwater Elevations with
Location Maps and Data
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Summary of Wells with Hydrographs of Actual Groundwater Elevation and Model Estimated

Groundwater Elevation Hydrographs (New Mexico Wells)

Highest Lowest Year of Year of
Model | Model Number of Groundwater | Groundwater .
Well Number . . Earliest Latest
Row | Column | Measurements | Elevation (ft | Elevation (ft Measurement | Measurement
MSL) MSL)
25S8.18E.21.233 131 128 30 3593 3617 1958 1992
26S.18E.21.313 145 120 44 3598 3626 1955 1999
26S.18E.30.122 144 117 22 3532 3557 1955 1994
26S.18E.30.321 145 115 24 3557 3582 1949 1999
26S.18E.32.122 147 118 26 3562 3588 1955 1984
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Summary of Wells with Hydrographs of Actual Groundwater

Elevation and Model Estimated
Groundwater Elevation Hydrographs (Texas Wells)

Highest Lowest Year of Year of
. Model | Model Number of Groundwater | Groundwater .
Well Number . . Earliest Latest
Row | Column | Measurements | Elevation (ft Elevatlop (ft Measurement | Measurement

MSL) MSL)
47-17-202 206 122 45 3564 3612 1953 2002
47-17-203 207 126 33 3583 3614 1957 1995
47-17-205 206 123 43 3579 3625 1953 1999
47-17-206 206 126 41 3585 3613 1959 2002
47-17-302 209 128 38 3569 3607 1957 2002
47-17-304 206 129 32 3591 3608 1964 2000
47-17-317 205 127 27 3571 3607 1964 1995
47-17-601 216 125 30 3591 3627 1958 1994
48-06-201 138 92 23 3603 3660 1953 1988
48-07-102 148 97 25 3577 3602 1963 2002
48-07-203 145 106 50 3580 3625 1947 1995
48-07-206 146 105 43 3566 3634 1947 2002
48-07-207 149 104 41 3578 3605 1959 2002
48-07-214 151 106 26 3579 3603 1966 1993
48-07-301 148 113 45 3581 3625 1947 1995
48-07-304 154 113 42 3574 3614 1953 2002
48-07-402 155 96 29 3588 3619 1947 1973
48-07-403 151 100 25 3584 3624 1947 1974
48-07-405 153 98 47 3577 3624 1947 2002
48-07-414 154 94 25 3581 3604 1963 1994
48-07-418 151 95 33 3579 3603 1966 2002
48-07-501 156 101 51 3578 3626 1947 2002
48-07-502 156 104 55 3574 3621 1947 2002
48-07-504 154 101 36 3582 3626 1947 1984
48-07-505 156 101 26 3579 3616 1953 1992
48-07-516 153 102 37 3566 3601 1966 2002
48-07-606 154 108 55 3576 3627 1947 2002
48-07-607 160 108 40 3578 3606 1959 2002
48-07-708 164 96 29 3562 3599 1966 2002
48-07-801 159 102 37 3571 3621 1947 2002
48-07-803 162 98 47 3585 3625 1952 2002
48-07-901 162 110 40 3577 3602 1958 2002
48-07-904 164 103 42 3584 3617 1949 2002
48-08-102 151 116 31 3582 3601 1966 1998
48-15-201 169 100 37 3582 3607 1959 1999
48-15-203 167 96 36 3568 3617 1953 1995
48-15-301 171 100 41 3586 3612 1959 2002
48-15-302 172 105 25 3581 3604 1963 1993
48-15-902 190 98 32 3549 3590 1959 2002
48-16-402 183 107 25 3593 3617 1959 1993
48-16-702 188 105 25 3586 3608 1959 1994
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Waell 255.18E.21.233
Row 131, Column 128, Pumping Zone N/A, Surface Elevation 3704.37 ft
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Groundwater Eievatlon (ft MSL)

Well 265.18E.30.122
Row 144, Column 117, Pumping Zone 8, Surface Elevation 3692.73 ft
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Note: Model 1 emphasized structural geology concepts (Mayer, 1995)

Model 2 emphasized isotope geochemistry concepts (Eastoe and Hibbs, 2005)
Model 3 was a hybrid of Models 1 and 2
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Well 265.18E.30.321
Row 145, Column 115, Pumping Zone 8, Surface Elevation 3710.82 ft
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New Mexlco

Texas o

0 20 40 60 B0 100 Miles

328

WolW-WeolW-W-W-W-W-F-W-W-W-W-% ¥ W F ¥ ¥ ¥ ' % ¥ ¥ Y P Y P @ F Y ¥ 7P 9 % % Y Yy YYyY



A A A A & A A 3 4 A A A 4 2 4 A A A R A A A A A A A A 4 A A 4 B A 4 N 4 XN A A A A N .

3700

3680 -

3660 -

Groundwater Eievation (ft MSL)

3540

3520

3500

Note: Model 1 emphasized structural geology concepts (Mayer, 1995)
Model 2 emphasized isotope geochemistry concepts (Eastoe and Hibbs, 2005)

Row 147, Column 118, Pumping Zone 8, Surface Elevation 3657.26 ft

Well 26S.18E.32.122

3640 -
3620
3600
3580

3560 -

1945 1950 1955 1960

T

1970

1975

1980

T

1965 1985
Year
[ e Actual Model 1 “Model 2 — — Model 3 |

Model 3 was a hybrid of Models 1 and 2

New Mexico

S E—

Texas

o

20

40

60

329

80

100 Miies

2005



3700

3680

3660

3640

3620

3600

3580

3560

Groundwater Eievation (ft MSL)

3540
3520

3500

Note:

1945 1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000

. Well 47-17-202
Row 206, Column 122, Pumping Zone 23, Surface Elevation 3659.86 ft

4

.
B LY N

i —_—_— e T e . .- .

e

T T T T T T T L T T

Year

| o Actual Model 1 —— Model 2 — — Model 3 |

Model 1 emphasized structural geology concepts (Mayer, 1995)
Model 2 emphasized isotope geochemistry concepts (Eastoe and Hibbs, 2005)
Model 3 was a hybrid of Models 1 and 2

New Mexico

Texas

4

0 20 40 60 B0 100 Mites

330

2005



A A A A & A A 4 N A 4 A 4 A A 4 A A A A A N A N B A A N A N - N R A 4 N A B N A A A A J

3700

3680

3660
3640
3620

3600

Groundwater Elevation (ft MSL)

3540 -

3520 A

3500

Note:

Well 47-17-203
Row 207, Column 126, Pumping Zone 23, Surface Elevation 3750.31 ft

3580 -

3560 -

| ® ¢ S0 [ X XN X ] .......
— B, s0®00e e®e
—— e B o o e e o e o PRI S el
=== R\ |
1945 1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000
Year
| s Actual Model 1 Model 2 — — Model 3

Model 1 emphasized structural geology concepts (Mayer, 1995)
Model 2 emphasized isotope geochemistry concepts (Eastoe and Hibbs, 2005)

Model 3 was a hybrid of Models 1 and 2

New MexIco

Texas

pd

0 20 40 60 80 100 Miles

2005



Well 4717-205
Row 206, Column 123, Pumping Zone 23, Surface Elevation 3681.63 ft
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Well 47-17-206

Row 206, Column 126, Pumping Zone 23, Surface Elevation 3747.07 ft
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Well 47-17-302
Row 209, Column 128, Pumping Zone 23, Surface Elevation 3815.74 ft
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Note: Model 1 emphasized structural geology concepts (Mayer, 1995)
Model 2 emphasized isotope geochemistry concepts (Eastoe and Hibbs, 2005)
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Well 47-17-317
Row 205, Column 127, Pumping Zone 23, Surface Elevation 3765.78 ft
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Note: Model 1 emphasized structural geology concepts (Mayer, 1995)
Model 2 emphasized isotope geochemistry concepts (Eastoe and Hibbs, 2005)
Model 3 was a hybrid of Models 1 and 2
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Well 47-17-601
Row 216, Column 125, Pumping Zone N/A, Surface Elevation 3774.08 ft

3700

3680 A

3660 -

3640 -

‘00

3620 - L .

3600 :Q‘;__»\*/A:_.L'.:_’_.‘_'.‘\-;\J,.—,-
o

3580 A i

3560 -

Groundwater Elevation (ft MSL)

3540 -

3520 A
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Year

T T T T T T T T T

Model 2 — — Modem

ro Actual

Note: Model 1 emphasized structural geology concepts (Mayer, 1995)
Model 2 emphasized isotope geochemistry concepts (Eastoe and Hibbs, 2005)
Model 3 was a hybrid of Models 1 and 2
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Weli 48-06-201
Row 138, Column 92, Pumping Zone 6, Surface Elevation 3924.28 ft
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Note: Model 1 émphasized structural geology concepts (Mayer, 1995)
Model 2 emphasized isotope geochemistry concepts (Eastoe and Hibbs, 2005)
Model 3 was a hybrid of Models 1 and 2
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Weli 48-07-102
Row 148, Column 97, Pumping Zone 9, Surface Elevation 3769.64 ft
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Note: Model 1 emphasized structural geology concepts (Mayer, 1995)
Model 2 emphasized isotope geochemistry concepts (Eastoe and Hibbs, 2005)
Model 3 was a hybrid of Models 1 and 2
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Well 48-07-203 N
Row 145, Column 106, Pumping Zone 10, Surface Elevation 3747.50 ft
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Note: Model 1 emphasized structural geology concepts (Mayer, 1995)

Model 2 emphasized isotope geochemistry concepts (Eastoe and Hibbs, 2005)
Model 3 was a hybrid of Models 1 and 2
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Groundwater Elevation (ft MSL)

Well 48-07-206
. Row 146, Column 105, Pumping Zone 10, Surface Elevation 3724.81 ft

3700

3680 1

3660 -

3640

3620

3600

3580 -

3560 A

3540 -

3520

3500 1 T Ll T ¥ ) T L) v Ll T
1945 1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000

Year

Model 1
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Note: Model 1 emphasized structural geology concepts (Mayer, 1995)

Model 2 emphasized isotope geochemistry concepts (Eastoe and Hibbs, 2005)
Model 3 was a hybrid of Models 1 and 2
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Note:

Well 48-07-207
Row 149, Column 104, Pumping Zone 10, Surface Elevation 3688.86 ft

T T T T T T T T T T T

945 1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000
Year
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Model 1 Model 2 — — Model 3 |

Model 1 emphasized structural geology concepts (Mayer, 1995)
Model 2 emphasized isotope geochemistry concepts (Eastoe and Hibbs, 2005)
Model 3 was a hybrid of Models 1 and 2

New Mexlco

0 20 40 60 80 100 Milles
O e S —

342

2005



I PDPPPPPPOPPOPIOPOPI PV DOOPDO OV P PP PODPDOPOVPPDOVPPIO @

Weli 48-07-214
Row 151, Column 106, Pumping Zone 10, Surface Elevation 3654.21 ft
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Note: Model 1 emphasized structural geology concepts (Mayer, 1995)
Model 2 emphasized isotope geochemistry concepts (Eastoe and Hibbs, 2005)
Model 3 was a hybrid of Models 1 and 2
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Well 48-07-301
Row 148, Column 113, Pumpling Zone 13, Surface Elevation 3703.94 ft
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Note: Model 1 emphasized structural geology concepts (Mayer, 1995)
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Model 2 emphasized isotope geochemistry concepts (Eastoe and Hibbs, 2005)

Model 3 was a hybrid of Models 1 and 2
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Groundwater Elevation (ft MSL)

Well 48-07-304
Row 154, Column 113, Pumping Zone 14, Surface Elevation 3641.45 ft
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Note: Model 1 emphasized structural geology concepts (Mayer, 1995)

Model 2 emphasized isotope geochemistry concepts (Eastoe and Hibbs, 2005)
Model 3 was a hybrid of Models 1 and 2
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Well 48-07-402
Row 155, Column 96, Pumping Zone 11, Surface Elevation 3720.23 ft
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Note: Model 1 emphasized structural geology concepts iMayer, 1995)
Model 2 emphasized isotope geochemistry concepts (Eastoe and Hibbs, 2005)
Model 3 was a hybrid of Models 1 and 2
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Well 48-07-403
Row 151, Column 100, Pumping Zone 9, Surface Elevation 3711.49 ft
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Note: Model 1 emphasized structural geology concepts (Mayer, 1995)
Model 2 emphasized isotope geochemistry concepts (Eastoe and Hibbs, 2005)
Model 3 was a hybrid of Models 1 and 2
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Well 48-07-405
Row 153, Column 98, Pumping Zone 12, Surface Elevation 3715.75 ft
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Model 1 emphasized structural geology concepts (Mayer, 1995)
Model 2 emphasized isotope geochemistry concepts (Eastoe and Hibbs, 2005)
Model 3 was a hybrid of Models 1 and 2
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Well 48-07-414
Row 154, Column 94, Pumping Zone 11, Surface Elevation 3748.83 ft
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Note: Model 1 emphasized structural geology concepts (Mayer, 1995)
Model 2 emphasized isotope geochemistry concepts (Eastoe and Hibbs, 2005)
Model 3 was a hybrid of Models 1 and 2
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Well 48-07-418
Row 151, Column 95, Pumping Zone 7, Surface Elevation 3766.36 ft
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Note: Model 1 emphasized structural geology concepts (Mayer, 1995)
Model 2 emphasized isotope geochemistry concepts (Eastoe and Hibbs, 2005)
Model 3 was a hybrid of Models 1 and 2
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Well 48-07-501
Row 156, Column 101, Pumping Zone 15, Surface Elevation 3673.57 ft
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Note: Model 1 emphasized structural geology concepts (Mayer, 1995)
Model 2 emphasized isotope geochemistry concepts (Eastoe and Hibbs, 2005)
Model 3 was a hybrid of Models 1 and 2
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Well 48-07-502
Row 156, Column 104, Pumping Zone 15, Surface Elevation 3648.21 ft
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Note: Model 1 emphasized structural geology concepts (Mayer, 1995)
Model 2 emphasized isotope geochemistry concepts (Eastoe and Hibbs, 2005)
Model 3 was a hybrid of Models 1 and 2
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Waell 48-07-504
. Row 154, Column 101, Pumping Zone 12, Surface Elevation 3682.36 ft
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Note: Model 1 emphasized structural geology concepts (Mayer, 1995)
Model 2 emphasized isotope geochemistry concepts (Eastoe and Hibbs, 2005)
Model 3 was a hybrid of Models 1 and 2
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Well 48-07-505
Row 158, Column 101, Pumping Zone 15, Surface Elevation 3673.57 ft
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Note: Model 1 emphasized structural geology concepts (Mayer, 1995)
Model 2 emphasized isotope geochemistry concepts (Eastoe and Hibbs, 2005)
Model 3 was a hybrid of Models 1 and 2

Model 1

Model 2 — — Model 3 |

New MexIico

0 20 40 60 80 100 Miles
L S =

354



JOACN N NORCEON N K R N N N N N R R A R R & A 2 R A 2 A A A A A A A A 4 A & A A A &

Well 48-07-516
Row 153, Column 102, Pumpling Zone 13, Surface Elevation 3678.30 ft
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Model 1
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Note: Model 1 emphasized structural geology concepts (Mayer, 1995)
Model 2 emphasized isotope geochemistry concepts (Eastoe and Hibbs, 2005)
Model 3 was a hybrid of Models 1 and 2
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Well 48-07-606
Row 154, Column 108, Pumping Zone 13, Surface Elevation 3660.21 ft
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Note: Model 1 emphasized structural geology concepts (Mayer, 1995)
Model 2 emphasized isotope geochemistry concepts (Eastoe and Hibbs, 2005)
Model 3 was a hybrid of Models 1 and 2
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Well 48-07-607
Row 160, Column 108, Pumping Zone 16, Surface Elevation 3634.32 1t
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Note: Model T emphasized structural geology concepts (Mayer, 1995)
Model 2 emphasized isotope geochemistry concepts (Eastoe and Hibbs, 2005)

Model 3 was a hybrid of Models 1 and 2
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Well 48-07-708
Row 164, Column 96, Pumping Zone 11, Surface Elevation 3711.98 ft
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Note: Model 1 emphasized structural geology concepts (Mayer, 1995)
Model 2 emphasized isotope geochemistry concepts (Eastoe and Hibbs, 2005)
Model 3 was a hybrid of Models 1 and 2
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Well 48-07-801
Row 159, Column 102, Pumpling Zone 15, Surface Elevation 3651.94 ft

3700

3680 -

3660

3640 -

3620

3600 A

3580

3560 A

Groundwater Elevation (ft MSL)

3540 -

3520

® e

3500 T ¥ T T T Ll T ) Ll
1945 1950 1955 1960 1965 1970 1975 1980 1985 1990

Year

Modei 1 Model 2 — — Modei 3 |

rc Actual

Note: Model 1 emphasized structural geology concepts (Mayer, 1995)

1995

2000

Model 2 emphasized isotope geochemistry concepts (Eastoe and Hibbs, 2005)

Mode! 3 was a hybrid of Models 1 and 2
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Groundwater Eievation (ft MSL)

Well 48-07-803
Row 162, Column 98, Pumping Zone 15, Surface Elevation 3691.00 ft
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Note: Model 1 emphasized structural geology concepts (Mayer, 1995)

Model 2 emphasized isotope geochemistry concepts (Eastoe and Hibbs, 2005)
Model 3 was a hybrid of Models 1 and 2
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Note:

Well 48-07-901
Row 162, Column 110, Pumping Zone 16, Surface Elevation 3615.98 ft
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Year
[ e Actual Model 1 Model 2 — — Model 3 |

Model 1 emphasized structural geology concepts (Mayer, 1995)
Model 2 emphasized isotope geochemistry concepts (Eastoe and Hibbs, 2005)
Model 3 was a hybrid of Models 1 and 2
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Well 48-07-904
Row 164, Column 103, Pumpling Zone 15, Surface Elevation 3630.72 ft
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Note: Model 1 emphasized structural geology concepts (Mayer, 1995)

Model 2 emphasized isotope geochemistry concepts (Eastoe and Hibbs, 2005)
Model 3 was a hybrid of Models 1 and 2
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Groundwater Elevation (ft MSL}

Wall 48-08-102
Row 151, Column 116, Pumping Zone 14, Surface Elevation 3646.77 ft

3700

3680

3660

3640 -

3620 -

3600 -

3580 -

3560

3540

3520

3500 T 1 ] T T T T 1 T T T
1945 1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000

Year

Model 1

[ e Actual Model 2 — — Model 3J

Note: Model 1 emphasized structural geology concepts (Mayer, 1995)

Model 2 emphasized isotope geochemistry concepts (Eastoe and Hibbs, 2005)
Model 3 was a hybrid of Models 1 and 2
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Well 48-15-201
Row 169, Column 100, Pumping Zone 17, Surface Elevation 3632.61 ft
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Note: Model 1 emphasized structural geology concepts (Mayer, 1995)
Model 2 emphasized isotope geochemistry concepts (Eastoe and Hibbs, 2005)
Model 3 was a hybrid of Models 1 and 2

Model 1

Model 2 — — Model 3 |
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Waell 48-15-203
Row 167, Column 96, Pumping Zone 11, Surface Elevation 3695.22 ft
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Note: Model 1 emphasized structural geology concepts (Mayer, 1995)
Model 2 emphasized isotope geochemistry concepts (Eastoe and Hibbs, 2005)
Model 3 was a hybrid of Models 1 and 2
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i Well 48-15-301
Row 171, Column 100, Pumping Zone 17, Surface Elevation 3640.23 ft
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Note: Model 1 emphasized structural geology concepts (Mayer, 1995)
Model 2 emphasized isotope geochemistry concepts (Eastoe and Hibbs, 2005)
Model 3 was a hybrid of Models 1 and 2
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Well 48-15-302
Row 172, Column 105, Pumping Zone 18, Surface Elevation 3626.72 ft
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Note: Model 1 emphasized structural geology concepts (Mayer, 1995)
Model 2 emphasized isotope geochemistry concepts (Eastoe and Hibbs, 2005)

Model 3 was a hybrid of Models 1 and 2
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Groundwater Elevation (ft MSL)

Well 48-15-902
Row 190, Column 98, Pumping Zone 19, Surface Elevation 3751.40 ft

3700

3680 -
3660 -
3640

3620

3600 -

— v v

3580 - *7 ee 0t e v v
3560 -
3540 -

3520

3500 T T T T T T T T T T T

1945 1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000
Year

I e Actual Model 1

Model 2 — — Model 3 |

Note: Model 1 emphasized structural geology concepts (Mayer, 1995)

Model 2 emphasized isotope geochemistry concepts (Eastoe and Hibbs, 2005)
Model 3 was a hybrid of Models 1 and 2
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Weil 48-16-402
Row 183, Coiumn 107, Pumping Zone N/A, Surface Elevation 3659.94 ft
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Note: Model 1 emphasized structural geology concepts (Mayer, 1995)
Model 2 emphasized isotope geochemistry concepts (Eastoe and Hibbs, 2005)

Model 3 was a hybrid of Models 1 and 2
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Well 48-16-702
Row 188, Column 105, Pumplng Zone N/A, Surface Eievation 3652.06 ft
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Note: Model 1 emphasized structural geology concepts (Mayer, 1995)
Model 2 emphasized isotope geochemistry concepts (Eastoe and Hibbs, 2005)
Model 3 was a hybrid of Models 1 and 2
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Appendix D

Subregional Groundwater Budgets
From Simulations

New HCUWCD Zone
50-Year Simulation Averages
All Values in AF/yr

Declining Southern Boundary Assumption
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Executive Summary

Evapotranspiration from groundwater-imgated agriculture and from playa groundwater
cischarge was mapped for Dell Valley, Texas. Archrved Landsat satellite data from 1974
t0 2002 were purchased as the base data for the mapping.

The average for the estimated urigated area for this period was 21,333 acres, with the
maximum of 33,636 acres in 1975, and the mmimum of 12,585 acres in 1994, Applving
the NRCS 1migation requirement for alfalfa dunng a normal vear vielded 129.877 acre
feet year for 1975 and 48,567 for 1994. Confidence inrervals for these acreage estimates
are relatrvely tight: 13 to 20°% depending on the number of satellite images used for
mapping the vear.

Playa discharge was estimated for eight years benween 1984 and 2002. The average zate
of discharge was 27,430 acre feet vear with a minimum of 12,176 acre feet year in 2001
and a maxunin of 44,089 acre feet veas dunng 1088. Because of a fack of actual
calibration data the confidence intervai for this analysis 13 conservatively large at 100%
(pus/minus 30%).

These analyvses, data and products have been produced for use in a groundwater model to
evaluate the hvdrology of Dell Valley being conducted by the City of Ef Paso.
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1. Introductian

Deli Vallev, Texas is under evaluation by the City of E1 Paso for potential future
imported warer supply. The form of this evaluation is groundwater modeling that requires
spatial quantification of evapotranspiration (ET) from crops to enable calculating and
distributing groundwater pumping. Significant ET also occurs from valley-floor plavas.

The groundwater model for Dell Valley employs square prid cells of 2000 feet on a side.
Thus, the relatively fine structure for this regional model requires that the ET data are
spatially correct and accurate to the same scale. This report describes the analysis and
presents the results for mapping ET at the scale required for accurate spatial modeling.

1.1. Study Area

The Dell Valley region of interest lies approximately 70 miles to the east of El Paso and
straddles two states with the greater portion in Hudspeth County, Texas and a smaller
piece in Otero County. New Mexico.

There are three types of ET discharge from groundwater in Dell Valley: from irrigation
using pumped groundwater. from direct evaporation from the playa, and from the
phreatophytes (groundwater using plants) that grow around the margin of the playa. At
present, the largest ET discharge is probably from irrigation and all irrigation in the
valiey is from pumped groundwater. Both irrigation-induced dischasge and playa
discharge are analyzed in this report. Native phreatophytes, although still a significant
water budget component, use much less than irrigation or playa discharge. and are within
discrete areas away from the area of greatest interest for the modeling (mosy coafined to
“he eastern side of the plava). The combined regional discharge of groundwater frem
phreatophivtes 15 probably less than 10,000 acre feet per year {from estimating a
continuous canopy cover of about 4 square miles, and a rate of 4 feet year).

Archived Landsat satellite data were chosen as the base data for mapping ET.
Fortunatety. data are available for the summer growing seasons Jom 1974 to 2002,
Summertime images were purchased for each summner through this period in order ¢
accurately map annual maximum irrigation. As a secondary application. ET esnmates
were zlso made from the plava based upon the summertime data.

The first step in the analysis was 1o determine the areas where irrigation and playva
discharge zre located and to divide these areas from the larger region for purposes of
analvsis. Potygons were mapped of the agriculture region as judged by old field scas or
actual crops on the series of images, past and present. The area of interest for playa ET
discharge was chosen to be the entire region encompassing playas on the valley floor By
piaya, we are referring fo alluvially-derived flats that resemble lake bottorus (and
possiblv are in Dell Valiey). In addition to the playas proper. the area of interest oZ the
valiey floor also contains significant areas of stabilized dunes that rend to form
boundaries of the playas, themselves. These areas are shown on Figure 1.
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Figure 1,
Overview of the
study area. The
light polvgons
enclose wnigared
areas, the thick
black polvgon
encloses the plava
discharge region.
the fine line
denotes the
Hudspeth County
Undergrond
Water
Consenvation
District and the
two stars denote
weather station
locations: Dell
City 55SWn the
irrizated zone and
Salt Flat iocated
near the valley
floor plava region.

The mterplay between playa discharge and irrigation is an important ET-related factor to
understand i Dell Valley. Under pre-imigation conditons, the vast majority of the E
from the valley probably occurred through the playa since it is the lowest portion of the
basin, in esseace a “sump’”. Irrigation has likely diverted a portion of plava discharae.
Thus, although irrigation may reduce playa discharge, quantification of the remainung
rates of discharge fron: the plava may be important to an overall understanding of the
regional water budget.

1.2 Precipitation

Precipization within Dell Valley is 2n important parameter in the ET cycle for several
reasons: {1} it is an amount that should be subtracted from the crop use estimates to
derive an average annual rate that can be applied to croplands. (2) regional precipitation
may cause the r1se and fall of local water tables and concomitant fluctuaticns in plava
descharge. and (3) it must be taken into consideration for any estimates of plava discharge
since thus feature can only be 1dentified by the wetness of the plava surface. a condition
potentizll highly influenced by antecedent precipitation.
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Average annual precipitation is fisted for three stations below as reported by El Paso
Water Utility {2002).

Table 1. Average annuai precipitation at three stations in Dell Valley.

Stauon Elevation  Aun. Precip. (in.)
Comudas Service Station 4,480 feet Q.43
Deli City 5 SSW 3,770 feet 1115
Salt Flat 3,717 feet 8§48

Precipitation data were purchased from the National Climatic Informanon Center for Sal:
Flat, Dell City 3 SSW and Comudas. The relatively complete data set for Comnudas was
analvzed for the period from 1980 to 2000. The percen: of the average month’s
precipitation for the entire year 15 presensed in Figure 2. This pattern shows a very strong
nnd-summer precipitation peak in August of 23% of the annual toral. three times greater
‘han monthly precipitation were 1t evenly distributed through the year.

Figure 2.
Monthty
precipitation a
Comudas
Station

3.25
demonstrates a
- strong swmmer

/ | | monsoon signal
| | for 1980-2000
| | precipitation.
| | These data
. \ | | were averaged
ang | .| for each month
- H and then
| | coaverted to
° ' ' ; ! ; ' | percentage of

0 2 4 £ 2 0 2| the annual
Month of Year total.

Cornudas Precipitation

Percent Annual Precipitation
[ ]
n

2.0 Field Visit and Aerial Reconnaissance

Dell Vallev was visited on July 18, 20¢2 for airphoto reconnassance and for evajuation
of hvdrelogic conditions on the plava. Although. this was a brief vi:it. much information
was gamned coacemning the physical environment that assisted later interpretanon o the
satellite data.

(=%
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2.1 Soils and Surficial Deposits

Soils and their water holding capacity are important factors that mnfluence ZT i Deil
Valiey either through upward capiliarity from the water table beneath *he plava. and
through irrigated cropped fields. Soil in agriculture and playa regions were observed in
several shaflow soil pits. Surprisingly, the texture was wniform, buff coiored. silty fine
sand for all of the areas evaluated in both the agriculmure and playa regions (texture
estimated in the field). Although more work would be needed for confirmanon. such
repional scale massive homogeneous soils suggest aeolian origin.

The interplay of wind and water are responsible for the redistabution and form: of the
surficial deposits in present day Dell Valley. Gently sloping alluvial fans connect the
regional uplifted mountains surrounding the valley with the vatley floor. On the valley
floor, the very low-relief plava region may have resulted from significant periods of
flooding and may represent a relict lake bottom. This overall plava region is broken by
dunes. now largely stabilized by vegetation. into smaller playas of variable size from
several acres up to about 16 square miles. Because of the sumilar elevation of the active
playas defined among dunal deposits across the playa region. these dizjoint features
strongly suggest pieces of relict lake bottom. If so, the dunes would be much younger
features that have accumulated dunng recent, dryer tumes. These interpretations are the
basis for conceptualizing plava evaporation: the playas are all hydrologicallv connected
and act as an evaporative sucface whose active zones can expand or consract in response
10 regional patterns of recharge and irngation pumpage. Their maximal expansion of ET
weuld be ruled by playa area, the mverse of dune-covered areas.

Three shallow soil pits were dug on three widely separated playa pieces. Two of these
soil pits disclosed very mosst substrate while the third was powdery dry. Interstit:al salt
lenses of undetermined chenusiry were present in all three pirs but particularly prosmnent
in the wettest of the three that was located about 300 feet south of the roadway that
peneirates the playa region to access the gypsum mine (Figure 3). These salt lenses were
indurate. wet and resistant to breakage. The appearance and strength of expression of the
salt lenses strongly suggests a sealing action for the fine. silty sand matrix of the plava
that otherwise would have relattvely high rates of transmissivity. Thus. even with very
ugh internal groundwater pressure. salt enriclument may, in effect. create an “aquitard”
that becomes more pronounced tovard the surface environment where evaporation
concentrate: and precipitates the salts. A near surface zone of lower transmissivity would
end to govern rates of upward leakance to supply evaporaticn.

1.2 Playa Evaporarion Indicarors
Although the presence and influence of salt lenses requires more confirmation. such
interstitial salts could thecreticallv control playa evapcration through roro mechamisms:

oy moderating upward pressures from the warer rable. and by providing the capillar
forces to raise water from considerable depths (possibly about 10 fees).
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Figure 3. Close
up of a soil pit
into moist playa
substrate. Note the
chunks of salt
lenses in the spoil
piie to the Ieft of
toe pit. Dacker
material mav be
manganese
nodules in the sal;
and substrate
matrix.
Manganese
enrichment1s a
common feature
in shallow water
table zones.

Aenal reconmaissance indicated that portions of the playa were actively evapotranspinng
at the time of the overflight (7-18-02). Figure 4 1s an mmage of a playva with two
indications of active discharge; the presence of a light-colored salt crust on the surface as
a halo around the outer edges of the playa and growth of Allenrolfia (species unknown),
known commonly as pickleweed. The author has noted that pickleweed only grows
where the substrate is verv wet and connected to shallow groundwater.
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Figure 4. Aerial
desail of an active
plava (to r1ght)
with salt
efflorescence
(lighter colored)
and pickelweed
(dots) visible.
Another piece of a
playa is visibie at
the lower leff. The
remainder of the
scene are dunes
ratsed 10-20 feet
above the level of
the plava surface.



1.3 Patterns of Inrigation

Aerial reconnaissance disclosed several important considerations for Dell Vallex
agriculture. As can be seen on Figure 3, Dell Valley cropping is a mix of center pivots
and fiood wrrigation. From aerial observation, flood-irrigated crops roday are largely chile
but may also include aifalfa while center pivots are largely alfalfa. Chile crops on 7-18-
G2 were at various levels of canopy closure ranging from widely dispersed, to fhack.

Irnigation water in Dell Valley has salt contents that approach 2,000 ppm and the
apparent effect of salts, lower irrigation rates or salt buildup are visible in some of the
locations near Dell City. Figure 6 illustrates the area east-northeast of Dell City where
crops are not as vigorous as in Figure 5. This is an important finding because some
portions of fields, though irrigated, have poor vegetation cover that would not be
classified correctly if remotely sensed daza is used. alone.

Wastewater from flood irrigation generates parterns of plant growth that violate the more-
standard appearance cropped and irrigated polygonal fields (as visible on Figures 3 and
6). Wastewater irngation discharges create shapes like those visible on Figure 7