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CONVERSION FACTORS AND VERTICAL DATUM

Multiply By ! To obtain
acre 0.4047 hectare
acre-foot 1,233 cubic meter
cubic foot per second 0.02832 cubic meter per second
foot 0.3048 meter
foot per day 0.3048 meter per day
foot squared per day 0.09290 meter squared per day
gallon per minute 0.06309 liter per second
inch 2.540 | centimeter
mile 1.609 . kilometer
square mile 2.590 | square kilometer
foot per mile 0.1894 meter per kilometer

For temperature, degrees Celsius (°C) may be converted to degrees Fahrenheit
(°F) by the equation:

°F = 9/5 (°C) + 32}
Sea level: In this report, "sea level"” refers to the National Geodetic
Vertical Datum of 1929--a geodetic datum derived from a general adjustment of
the first-order level nets of the United States and Canada, formerly called
Sea Level Datum of 1929,

viii



GEOHYDROLOGY AND POTENTIAL EFFECTS OF DEVELOPMENT OF FRESHWATER
RESOURCES IN THE kORTHERN PART OF THE HUECO BOLSON, DONA ANA
AND OTERO COUNTIES, NEW MEXICO, AND EL PASO COUNTY, TEXAS

By Brermon R. Orr and Demnis W. Risser

ABSTRACT

Future ground-water development in the New Mexico part of the Hueco
Bolson may affect the quantity and quality of water resources. This study was
conducted to estimate the effects of possible future development. A flow
model was constructed from hydrologic data collected during 1905-83 to
estimate these effects. Simulated hydraulic conductivity ranged from 1 to 40
feet per day, simulated specific yield ranged from 0.05 to 0.20, and simulated
recharge was 4,500 acre-feet per year.

By 1983, most ground-water flow was toward El Paso and maximum water-
level declines were about 200 feet; declines at the New Mexico State line were
as much as 25 feet. Water removed from storage during 1905-83 totaled
approximately 3.2 million acre-feet, mostly from pumpage.

Two scenarios were used to estimate the effects of ground-water
withdrawals in the Hueco Bolson by 2030. In the first scenario, withdrawals
remained constant after 1990. In the second scenario, withdrawals were
projected using present trends. In both scenarios, 10,000 acre-feet of
withdrawals were shifted to New Mexico to simulate development of new well
fields. 1In scenario 1, water-level declines as much as 100 feet were
projected at the New Mexico State line by 2030. The rate of withdrawal from
storage in 2030 was more than 127,000 acre-feet per year, with a total of 9.6
million acre-feet of water withdrawn from storage. In scenario 2, water-level
declines of 125 feet were projected in New Mexico near the State line by 2030.
The rate of withdrawal from storage in 2030 was more than 255,000 acre-feet
per year, with more than 12.8 million acre-feet of water withdrawn from
storage.

In the steady-state simulation, freshwater moved parallel to the
freshwater/saline-water boundary as much as 0.20 foot per day. By 1983,
withdrawals had altered flow direction and increased velocity near Newman, New
Mexico. Maximum encroachment of saline water was approximately 1 mile. In
scenario 1, saline-water encroachment near Newman would be about 1.5 miles
from 1983 to 2030. In scenarioc 2, saline-water encroachment would be about 2
miles.

A solute-transport model was used to evaluate the potential for vertical
movement of saline water (upconing) in response to withdrawals. At assumed
pumping rates, upconing will not seriously affect freshwater zones that are
more than 1,000 feet thick. Dispersive processes will result in some mixing
and water-quality degradation.
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INTRODUGCTION

Municipal, military, and other water useris near El Paso, Texas, obtain
most of their water supplies from basin-fill deposits of the Hueco Bolson
(fig. 1). Because of increases in water use in the El Paso area, water users
are considering development of additional fresh ground-water supplies. The
New Mexico part of the Hueco Bolson contains freshwater-saturated basin-fill
deposits that are being considered for development. Large withdrawals of
water in the New Mexico part of the bolson could result in declining water
levels and mixing of freshwater resources with underlying saline water.
Information is needed by water planners to evaluate potential effects on
ground-water resources as a result of development of these supplies. The U.S.
Geological Survey conducted this study in coopPration with the U.S. Department
of the Army at Fort Bliss, Texas and New MexicF; the New Mexico State Engineer
Office; and the City of El1 Paso, Texas.

Purpose and Scope

This report describes the results of a study to: (1) determine ground-
water flow in the New Mexico part of the Hueco Bolson; (2) assess the
potential effects of increased pumpage on ground water in the New Mexico part
of the Hueco Bolson; and (3) assess the distriibution and rate of saline-water
encroachment that may result from increased pumpage in the New Mexico part of
the Hueco Bolson. The report includes descriptions of the occurrence,
distribution, and quality of ground water in basin-fill deposits; development
of a ground-water flow model to estimate present and potential effects of
water withdrawals; and evaluation of the potential for saline-water
encroachment.

Location of the Study Area

The Hueco Bolson, a predominantly horth- to northwest-trending
intermontane basin in south-central New Mexico, west Texas, and northern
Mexico, is part of a large intermontane basinal structure. The Tularosa Basin
to the north is also part of this structure. The area of study in this report
(fig. 1) includes the northern part of the Hueco Bolson and the southern part
of the Tularosa Basin bounded by the Hueco Mountains on the east and by the
Franklin and southern Organ Mountains on the west. The Rio Grande enters the
Hueco Bolson at El Paso del Norte between the Franklin Mountains and Sierra
Juarez and flows southeast across the bolson.

El Paso, Texas, and Ciudad Juarez, Mexico, are the major cities in the
Hueco Bolson. The southern boundary of the study area was extended to include
El Paso and Juarez because ground-water withdrawals near these metropolitan
areas add a significant stress to fresh gﬁound-water supplies in the study
area. Fort Bliss, in New Mexico and Texas, and suburban communities,
including Chaparral, New Mexico, also lie within the area of study.

-
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Previous Studies

The Hueco Bolson has been the subject of numerous hydrologic studies
throughout this century. For a bibliographic listing of more than 60
publications describing many of these studies, refer to Orr and White (1985).
Slichter (1905) and Richardson (1909) described the area when there was very
little ground-water development.

Hydrologic data reports of the El Paso ar%a include reports by Scalapino
and Irelan (1949), Leggat (1962), Davis (1965),' and Meyer and Gordon (1972a).
A comprehensive report on ground water in the El Paso area was written by
Sayre and Livingston (1945), and a similar reL?ort on the Hueco Bolson was
prepared by Knowles and Kennedy (1958a). Alvarez and Buckner (1980) compiled
an extensive data base of water-level measurements, chemical analyses, and
records of salinity of water withdrawn from irrigation wells completed in the
Rio Grande alluvium. White (1983) summarized the water situation in the El
Paso area from 1903 to 1980 using maps, graphs, and tables. Land and
Armstrong (1985) presented an assessment of potential land-surface subsidence
in El1 Paso.

simulated ground-water declines that could be expected under future pumping
conditions. Leggat and Davis (1966) developed an analog model of the Hueco
Bolson; Meyer (1976) also analyzed the area using a digital model. Knowles
and Alvarez (1979) simulated effects of ground-water withdrawals in parts of
the Hueco Bolson. G.E. Groschen (U.S. Geological Survey, written commun.,
1987) simulated the three-dimensional movement of saline water in the Hueco
Bolson.

A number of modeling studies of the Hueco Folson have been conducted that

Systems of Numbering Pells

The system of numbering wells in New I’iexico is based on the common
subdivision of public lands into sections. The well number, in addition to
designating the well, locates its position to the nearest 10-acre tract in the
land network. The well number is divided by periods into four segments. The
first segment denotes the township north or south of the New Mexico Base Line;
the second denotes the range east or west of the New Mexico Principal
Meridian; the third denotes the section (fig. 2). All wells in the New Mexico
part of the Hueco Bolson are in townships south of the base line and east of
the principal meridian. The fourth segment of the number, which consists of
three digits, denotes the 160-, 40-, and 10-acre tracts in which the well is
located in the section. For this purpose, the section is divided into four
quarters, numbered 1, 2, 3, and 4, for the northwest, northeast, southwest,
and southeast quarters, respectively. The first digit of the fourth segment
gives the quarter section, which is a tract of 160 acres. Similarly, the
quarter section is divided into four 40-acye tracts numbered in the same
manner, and the second digit denotes the 40-acrgp tract. Finally, the 40-acre
tract is divided into four 10-acre tracts, and the third digit denotes the
10-acre tract. Thus, well 23S.5E.10.413 is in the SW 1/4 of the NW 1/4 of the
SE 1/4, section 10, township 23 south, range 5 east (fig. 2). The letters a,
b, ¢, and so on are added to designate the second, third, fourth, and
succeeding wells in the same 10-acre tract.
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Figure 2.--System of numbering wells in New Mexico.
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The well-numbering system used in this report for the Texas part of the
Hueco Bolson is that used by the Texas Water Development Board (fig. 3).
Under this system, which is based on latitude and longitude, each l-degree
quadrangle in the State is given a two-digit number from Ol through 89. These
are the first two digits of the well number. El Paso County is in parts of
quadrangles 48 and 49.

Each l-degree quadrangle is subdivided into 7.5-minute quadrangles that
are each given a two-digit number from 0l to 64. These are the third and
fourth digits of the well number. Each 7.5-minute quadrangle is further
subdivided into 2 1/2-minute quadrangles that are each given a single-digit
number ranging from 1 through 9. This is the fifth digit of the well number.
Finally, each well within a 2 1/2-minute quadrangle is given a two-digit
number in the order in which the well was inventoried, starting with O1l.
These are the last two digits of the well number.

GEOHYDROLOGY

Evaluation of the occurrence of water in tJe northern part of the Hueco
Bolson is dependent upon an understanding off the ground-water flow system,
ground-water quality, and the interaction between ground-water and surface-
water flow systems. Storage and movement of water through basin-fill deposits
and the distribution of water-quality zones are determined by hydrologic
characteristics of these deposits, by structural features that serve as
hydrologic boundaries, and by the distribution of recharge from precipitation.

The northern part of the Hueco Bolson contains Tertiary and Quaternary
basin-fill sedimentary deposits. These basint{fill deposits extend northward
into the Tularosa Basin and southward into the southern part of the Hueco
Bolson. A series of west-to-east geologic sections constructed by Seager and
others (1987) depict the Hueco Bolson as a downfaulted basin characterized by
a series of subparallel step faults forming a deep structural bedrock trough
on the west side of the basin. Many of these step faults extend to the
surface, offsetting basin-fill deposits. Data from geophysical surveys and
deep test wells indicate that this structural trough contains the thickest
section of basin-fill deposits in the Hueco Bolson (fig. 4).

Seager and others (1987) indicated that the thickness of basin-fill
deposits ranges from zero on the east to possibly 8,000 feet along the deepest
part of the trough. The approximate areal distribution of thickness of basin-
fill deposits is shown in figure 5, constructed from surface-geophysical
sounding data and borehole data.
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Figure 4.--Generalized west-to-east geologic section of the Hueco Bolson.
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Basin-fill deposits of the Hueco Bolson include sand, gravel, silt, and
clay of fluvial and alluvial-fan deposits; fine-grained, lacustrine deposits
of the central basin; and surficial, eolian sand deposits. A composite map
showing the approximate percentage of sand in the basin-fill deposits (fig. 6)
was constructed using sand-percentage and clay-percentage maps (Kelly, 1973,
p. 20; Land and Armstrong, 1985, p. 37) and recent borehole information. The
largest percentages of sand occur on the west side of the basin (fig. 6).
Generally, grain size decreases eastward and with depth, with an increasing
percentage of clay and a corresponding decrease [in hydraulic conductivity.

Basin-fill deposits are bounded by less permeable carbonate rocks of the
Hueco Mountains to the east; by less permeable igneous, metamorphic, and
sedimentary rocks of the Organ and Franklin Mountains to the west; and by
similar less permeable consolidated rock below (fig 4). Basin-fill deposits
are in hydraulic continuity with deposits of the Tularosa Basin to the north
and with deposits of the southern Hueco Bolson to the southeast.

Fluvial deposits of the Camp Rice Formation of Strain (1966, 1969) of the
Santa Fe Group (King and others, 1971, p. 16) occur at or near land surface
throughout much of the northern part of the Hueco Bolson (Seager and others,
1987). Geophysical and lithologic logs indicate that the thickness of these
Tertiary and Quaternary deposits may be as 1uch as 1,000 feet in places.
Underlying the fluvial deposits are closed-basin deposits that include
lacustrine clay and evaporites bordered by alluvial-fan sand, gravel, and
clay. These typically fine grained deposits may comprise most of the
lithologic sequence of the Hueco Bolson.

Distal fan and fluvial deposits in Fillmore Pass (fig. 1) between the
Organ and Franklin Mountains may provide some hydraulic connection between the
Hueco Bolson and the Mesilla Basin to the west. However, a comparatively
steep eastward hydraulic gradient through Fillmére Pass and highly mineralized
water west of the pass indicate that these depokits may be characterized by
small permeability, precluding movement of large quantities of ground water
through the pass. Surface-geophysical soundings (Zohdy and others, 1969;
Bisdorf, 1985) and test drilling (Orr and White, 1985) indicate that Fillmore
Pass is an upthrown bedrock block overlain by fiuvial deposits equivalent to
the Camp Rice Formation of the Santa Fe Group. Saturated sediments may be
less than 400 feet thick over this horst,

Aquifer Characteristics
Hydrologic properties that determine the movement of water through porous
media include horizontal and vertical hydraulic conductivity and storage
coefficient. The hydrologic properties of the basin-fill deposits need to be
known to define the conceptual model of|the hydrologic system. In
unconsolidated basin-fill deposits, these properties vary widely, depending
upon lithology and sorting.

10
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Coarse-grained alluvial-fan deposits near mountain fronts are
characterized by relatively large hydraulic conbuctivity Fine-grained fan
deposits and lacustrine deposits basinward are characterized by relatively
small hydraulic conductivity. Large ratios of horizontal to vertical
hydraulic conductivity are due to discontinuous, thinly bedded clay units
throughout much of the basin-fill deposits. Aquifer-test results in wells in
the Hueco Bolson (Knowles and Kennedy, 1958a, p. 33; Herrick, 1960, p. 98)
indicate that the small ratio of vertical to horizontal hydraulic conductivity
results in delayed drainage of water from overlying deposits and that, in the
long term, the storage coefficient should approach the specific yield of an
unconfined aquifer.

Hydraulic Conductivity

Hydraulic conductivity, the capability of a unit area of an aquifer to
transmit water, can be estimated by dividing transmissivity by the aquifer
thickness. Hydraulic-conductivity estimates were derived from aquifer tests
in wells in the western half of the Hueco Bmlson Most of these wells
penetrate only the upper 1,000 feet or less of basin-fill deposits. -Based
upon these aquifer-test data, hydraulic-conducttvity estimates for basin-fill
deposits range from less than 1 to more than 20D feet per day.

Knowles and Kennedy (1958a, p. 33) reported a range in transmissivity of
5,000 to 22,000 feet squared per day from aquifer tests in wells on the west
side of the Hueco Bolson in Texas. Hydraulic-conductivity estimates for these
wells range from 15 to 43 feet per day. Hydraulic-conductivity estimates from
aquifer tests in wells in Texas belonging to Fort Bliss range from 15 to 19
feet per day.

Meyer (1976, p. 15) indicated that the trahsmissivity of the freshwater-
saturated section of the basin-fill deposits in Texas ranges from 1,300 to
37,000 feet squared per day. Meyer's freshwater-thickness map and
transmissivity map (1976, figs. 7 and 8) were used to estimate a range of
hydraulic conductivity of 5 to 60 feet per day ﬁn the E1 Paso area.

f

Additional aquifer tests (Lee Wilsoﬂ and Associates, Inc., 1986,
table 3.6-1) in 64 wells owned by the City of El Paso on the west side of the
basin were used to estimate hydraulic conductivity. Estimated hydraulic
conductivity from these tests ranges from 6 to 130 feet per day and averages
31 feet per day. .

Hydraulic-conductivity estimates for two wells completed in alluvial-fan
deposits of the Soledad Canyon reentrant are 50 and 60 feet per day (Orr and
Myers, 1986, p. 67). In the White Sands Missile Range Post Headquarters area,
hydraulic-conductivity estimates range from about 1 to 210 feet per day (Orr
and Myers, 1986, p. 68).

12




Peterson and others (1984, pls. 11 and 12) indicated that basin-fill
deposits on the west side of the Hueco Bolson include approximately 1,000 feet
of sand with pebble gravel, clay, silt, and sandstone lenses. Kelly (1973,
p. 20) comnstructed a sand-percentage map for the upper 1,000 feet of basin-
fill deposits in the White Sands Missile Range Post Headquarters area. Land
and Armstrong (1985, p. 37) constructed a clay-percentage map for El Paso and
the surrounding area. Aquifer-test data, lithofacies maps, and geophysical
and lithologic well logs were used to estimate the areal distribution of the
average hydraulic conductivity for the upper 1,000 feet of basin-£fill
deposits. The estimated average hydraulic conductivity ranged from about 1 to
40 feet per day.

Limited information on the east side of the bolson indicates that basin-
fill deposits primarily consist of fine-grained sand, silt, and clay.
Throughout much of the west side of the Hueco Bolson, the percentage of clay
increases with depth. Basin-fill deposits underlying the sandy deposits
predominantly consist of clay and silt, with sand comprising less than 20
percent of the section (Peterson and others, 1984, pls. 11 and 12). Lohman
(1972, p. 53) estimated a range of hydraulic conductivity of 1 to 15 feet per
day for unconsolidated clay to fine-grained sand in the Arkansas River valley,
Colorado. Walton (1970, p. 36) cited representative hydraulic-conductivity
values for clay, silt, and sand ranging from 0.0001 to 13 feet per day. The
U.S. Bureau of Reclamation (1977, p. 29) listed a range of hydraulic
conductivity for mixtures of sand, silt, and clay of 0.001 to 1 foot per day.
The average hydraulic conductivity for fine-grained basin-fill deposits in the
Hueco Bolson is estimated to be approximately 2 feet per day.

Little information is available concerning the ratio of horizontal to
vertical hydraulic conductivity in the Hueco Bolson. Meyer (1976, p. 17)
reported that the vertical hydraulic conductivity between the flood-plain
alluvium and the bolson deposits ranges from 1 x 1077 to 1.3 feet per day,
values that are significantly smaller than the estimated values of horizontal
hydraulic conductivity. In tests in the Mesilla Valley, estimates of the
ratio of horizontal to vertical hydraulic conductivity range from 22 to 319
(Wilson and White, 1984, p. 55). Frenzel and Kaehler (1990, p. 54) used a
ratio of horizontal to vertical hydraulic conductivity of 200 in the Regional
Aquifer-System Analysis model of the Mesilla Basin. A similar ratio probably
occurs in the basin-fill deposits of the Hueco Bolson because of similarities
in lithology and depositional history.

Storage Coefficient

Storage coefficients derived from short-term aquifer tests in basin-fill
deposits of the Hueco Bolson probably are not representative of those to be
expected under long-term pumping because of the large ratio of horizontal to
vertical hydraulic conductivity (Knowles and Kennedy, 1958a, p. 33). Storage
coefficients derived from a comparison of the volume of water pumped from the
Hueco Bolson during several years to the volume of dewatered sediments are
similar to those often estimated for water-table aquifers and approach the
specific yield of the aquifer. Specific-yield estimates for basin-fill
deposits in the northern Hueco Bolson probably provide the closest
approximation to the storage coefficient.

*
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Leggat and Davis (1966) estimated that the specific yield of basin-fill
deposits is 0.15. Meyer (1976, p. 15) reported that the specific yield of the
unconsolidated basin-fill deposits in the Hueco Bolson ranges from 0.10 to
0.30. Walton (1970, p. 34) cited representative ranges of specific yield of
0.01 to 0.10 for clay and 0.10 to 0.30 for sand. Johnson (1967, p. D70)
reported an average specific yield of 0.02 to 0.08 for clay and silt and 0.21
to 0.27 for fine to coarse sand. 1

The large percentage of clay in parts; of the Hueco Bolson could
effectively result in an average specific yield of less than 0.10. Aquifer
dewatering increases lithostatic pressure on underlying sediments. When the
lithostatic pressure exceeds the preconsolidation pressure, inelastic
compaction of clay occurs, additional water is removed from storage, and long-
term specific yield increases. Consolidation due to dewatering could increase
the long-term specific yield of clay to as much as 0.30. Specific yield for
the saturated sand, gravel, silt, and clay could reasonably range from about
0.05 to 0.30. |

Lithofacies maps, borehole-geophysical data, and estimates of specific
yield for permeable basin-fill deposits were used to estimate the distribution
of specific yield for the upper 1,000 feet 0of basin-fill deposits. This
distribution did not take into account the long-term increase in specific
yield resulting from the irreversible removal of water from storage in
response to inelastic compaction of fine-grained sediments. Long-term
increases in specific yield, however, may be less significant in areas of
maximum withdrawals because of a smaller percentage of fine-grained deposits
in these areas and a corresponding decrease in potential for inelastic
compaction. 1

Recharge, Evapotranspiration, land Discharge

Subsurface recharge to the northern part of the Hueco Bolson is from the
Tularosa Basin and, to a much lesser degree, from the Mesilla Basin (west of
the study area) through Fillmore Pass. Surface recharge to basin-fill
deposits takes place principally in alluvial fans of the Organ and Franklin
Mountains in response to storm runoff. Sayre|and Livingston (1945, p. 72)
assumed that 25 percent of the precipitation falling on mountain drainage
areas reaches the saturated zone. They estimated that mountain-front recharge
to the Hueco Bolson is approximately 15,000 acre-feet per year. More recent
studies indicate that recharge probably is a smaller percentage of
precipitation.

Ballance and Basler (1966, p. 11) estimated that surface-water runoff
comprises only 3 percent of the precipitation falling on the White Sands
reentrant. Scott (1970, p. 10) estimated that the average annual runoff in
the White Sands reentrant is 0.1 percent of total precipitation. Both studies
indicate that most of the precipitation either infiltrates or evaporates.
Kelly and Hearne (1976, p. 39) estimated that the actual amount of water that
reaches the saturated zone is only 3 percent of precipitation and that most
precipitation probably infiltrates only the first few feet to evaporate or be
transpired later. Meyer (1976, p. 18) estimated that the recharge rate to the
basin-fill deposits, including underflow from the White Sands reentrant, is
5,640 acre-feet per year.

v
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Surface drainage areas in the Organ and Franklin Mountains that
contribute runoff to the Hueco Bolson encompass approximately 225 square
miles. If the average annual rainfall over these drainage areas is 12 inches
and actual recharge to the basin-fill deposits is only 3 percent of the
available precipitation falling on mountain drainage areas, mountain-front
recharge to the Hueco Bolson is approximately 4,300 acre-feet per year.

Evapotranspiration is not a significant component of the ground-water
flow system throughout most of the northern part of the Hueco Bolson because
ground-water levels generally are deeper than 200 feet. In the Rio Grande
valley, however, phreatophytes and ground-water levels as shallow as 10 feet
discharge water by evapotranspiration.

Natural discharge from the ground-water flow system occurs as seepage to
the Rio Grande. Discharge also occurs from withdrawals for municipal,
industrial, and military supplies. Combined pumpage withdrawals from 1900
through 1983 and projected withdrawals through 2030 are shown in figure 7. By
1983, combined withdrawals, including municipal, industrial, and military
pumpage, were approximately 140,000 acre-feet per year. If the present (1983)
withdrawal trend is projected, estimated withdrawals could exceed 300,000
acre-feet per year by 2030. This trend probably represents a scenario for
maximum ground-water development.
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Figure 7.--Measured (1900-83) and projected (through 2030) pumping stresses
for the Hueco Bolson.
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Ground-Water/Surface-Water Relation

|
Ground-water recharge and discharge are closely related to the occurrence
of surface water in the Hueco Bolson. Throughout most of the northern part of
the bolson, the surface-water flow system is ephemeral, predominantly
consisting of poorly defined arroyo channels|, many of which terminate in
depressions and playas at the lower ends of| alluvial fans. Overland flow
commonly occurs during periods of intense storm activity.

Flow in the Rio Grande and associated irrigation canals is controlled
largely by releases from upstream reservoirs, although some peak flows occur
in response to storm-water runoff downstream from the reservoirs. Flow
fluctuates seasonally, depending upon irrigation requirements downstream.

Long-term records of discharge in the Rio Grande are available for
several stations in.the Hueco Bolson area (International Boundary and Water
Commission, 1984). For the period of record! from 1938 to 1984, the average
discharge for the Rio Grande at El1 Paso was 500 cubic feet per second, or
about 363,000 acre-feet per year. Largest average discharges occurred during
June, July, and August. Smallest average discharges during the period of
record occurred during November, December, January, and February.

The Rio Grande and the flood-plain alluvi in the southern part of the
northern Hueco Bolson act as hydrologic boundaries to the overall flow system.
Seepage from the Rio Grande provides additional recharge to the ground-water
flow system near E1 Paso where the altitude of the potentiometric surface is
lower than the altitude of the river because of ground-water pumpage.
Conversely, downstream from El1 Paso, where the potentiometric surface is
higher than the river, water discharges to the Rio Grande from the ground-
water flow system. River conductance, a function of the vertical hydraulic
conductivity of the flood-plain alluvium and the head differential between the
river and the aquifer, controls the movement! of water between the river and
the ground-water flow system. In the Mesillal Valley, vertical hydraulic-
conductivity estimates ranged from 0.2 to 3 feet per day (Wilson and White,
1984, p. 28). An approximation of vertical hydraulic conductivity of about
0.3 foot per day, based upon seepage-run and head-differential data in the
Mesilla Basin, and an average thickness of 100 feet for the flood-plain
alluvium were used to estimate a riverbed conductance per river mile of
approximately 2,200 feet squared per day.

|
Water Budget

The northern part of the Hueco Bolson is part of a complex network of
interrelated components (fig. 8). Ground water moves southward into the Hueco
Bolson from the Tularosa Basin. Water from precipitation enters the regional
flow system primarily as mountain-front recharge from storm runoff to alluvial
fans adjacent to the Organ and Franklin Mountains. Recharge to basin-fill
deposits on the east side of the basin is minimal because surface drainages
from the Hueco Mountains predominantly drain eastward toward the Salt Basin
(east of the study area) and because basin-fill sediments near the Hueco
Mountains are fine grained.

Shallow ground-water levels in the Rio Grande valley allow evaporation
and transpiration from the ground-water flow system. Elsewhere, ground-water
levels are too deep to permit evapotranspiration. Evaporation also takes

place from the open-water surface of the river.
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Hydrographs (fig. 16) show measured water levels (through 1985) and
simulated water levels for the transient period (through 1983) and for
projected simulations (through 2030) for 18 wells and corresponding model
cells. Simulated water levels in most of these wells are within approximately
15 feet of measured water levels, and simulated water-level trends reflect
measured trends. Exceptions include cells 20-6, 23-2, 26-23, and 33-14.
Cell 20-6 is in close proximity to major faults adjacent to Fillmore Pass
along which consolidated rock was uplifted to the west, resulting in a flow
boundary. Hydrologic conditions resulting from basin-margin fault boundaries
that locally were not well simulated could account for the 20 feet of
hydraulic-head difference between simulated water levels and measured water
levels in wells K-15 and K-29. C(Cell 23-2 encompasses the horst in Fillmore
Pass. The measured water levels in well K-13 represent the potentiometric
surface east of the horst, whereas simulated water levels represent the center
of the cell. Simulated and measured heads in cells 26-23 and 33-14 have
approximately 20 feet of hydraulic-head difference; however, trends in
simulated water levels approximate trends in measured water levels. In
cells 35-22 and 35-28, divergent trends between simulated water levels and
measured water levels may be the result of too large a hydraulic conductivity
in the vicinity of these cells.

Simulation Results

The simulated potentiometric surface for layer 1 in 1983 is shown in
figure 17. Ground-water flow was to the south, and the hydraulic gradient at
the New Mexico-Texas State line ranged from 5 to 9 feet per mile. Examination
of figure 17 shows that, by 1983, a significant portion of ground-water flow
was toward the El Paso-Ciudad Juarez pumping center. Comparison of the 1983
potentiometric surface to the simulated steady-state surface shows that water
levels throughout much of the northern part of the Hueco Bolson had declined.
Potentiometric contours drawn from water levels measured in the early 1980's
are also shown in figure 17. These contours, although subjective, provide
some measure of the hydraulic-head difference between the simulated and
measured potentiometric surface.

A map showing simulated water-level declines for layer 1 from 1905
through 1983 was constructed from steady-state and transient water levels
(fig. 18). The maximum simulated decline of 200 feet at the end of the
transient simulation occurred in the El Paso-Ciudad Juarez area. White (1983,
fig. 14) indicated that actual declines in the Ciudad Juarez area exceeded 115
feet by 1980. Land and Armstrong (1985, p. 44) cited water-level declines in
the Hueco Bolson aquifer of as much as 150 feet in the same area by 1984.
Larger simulated declines may be the result of poorly defined hydrologic
boundary conditions in the Ciudad Juarez area. Simulation results indicate
that by 1983, water-level declines of about 25 feet had occurred at the New
Mexico-Texas State line. White (1983, fig. 30) showed similar declines at the
State line. Simulated water-level declines occurred over most of the northern
part of the Hueco Bolson in New Mexico. These declines generally were less
than 25 feet.

35



WATER-LEVEL ALTITUDE, IN FEET ABOVE SEA LEVEL

3,850
3,840
3,830
3,820
3,810

3,800
3,850

3,840
3,830
3,820
3,810

3,800

3,820
3,810
3,800
3,790
3,770
3,760
3,750

3,740

3,730
1

|- LY w w Ly LU N ' ' ' R
- A « Scenario 1 -
- Ne : + Scenario 2 .
[
B Cell 3-10 & ° Well T-7 -
i K .
w
i N i
- windicates  and * have the same value Y
T T T T T T
B « Scenario 1 7]
L + Scenario 2 ’
Cell 3-24 o Gregg well |
:‘ x » ! » » L T { LS . 7
- windicates e and « have the same value  ° ° °°° .
1. 1 1 l‘ 1 1
|
T T T T T T
| |
\ )
‘ « Scenario 1
Cell 5-16 » Scenario 2 7]
u ° Well T-16 4
SN ~ AN AN LA T S N N N -
X ~
- ooa ® -
windicates « and « have the same value ° *
1 L S I{ 1 3 hd
1 T I L} T 1
« Scenario 1
- » ~ ~ LU N N Y . 1
LY + Scenario 2 ]
Cell 206 h o Well K-15
] el <0- . * Well K-29 1
- windicates « and + have the same value ‘ D]
Y N 1 i N L
900 1920 1940 1960 1980 2000 2020 2040

Figure 16.--Measured water levels (through 1985) and simulated water

levels (through 2030) for selected wells.
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Figure 16.--Measured water levels (through 1985) and simulated water
levels (through 2030) for selected wells--Continued.
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Land and Armstrong (1985, p. 38) assumed preconsolidation stresses in the
Hueco Bolson to be equivalent to a hydraulic-head change of 85 to 115 feet.
The transient simulation indicated that by 1983 these stresses were exceeded
only in a small area around El Paso and Ciudad Juarez (fig. 18). No attempt
was made to correct the model for water that might be derived from compaction
of clays.

The computed water budget for the transient simulation is shown in
table 5 and figure 19. At the end of the transient period, pumpage accounted
for most of the water moving out of the model area (144,000 acre-feet per
year). Most of this water (122,000 acre-feet per year) was removed from
storage. Mountain-front recharge to the model totaled 4,500 acre-feet per
year. Net leakage from the Rio Grande into the ground-water flow system
increased from 800 to 19,000 acre-feet per year from 1905 to 1983 in response
to ground-water declines from pumpage.

Table 5.--Water budget for the 1905 through 1983 transient simulation

[Simulated volumes and rates are rounded in the text
to preclude a false assumption of precision]

Cumulative Rate of flow,
water budget, in acre-feet
Description in acre-feet per year
Sources
Storage 3,206,152 122,337
Recharge wells 3,669 133
Mountain-front recharge 355,418 4,499
River leakage 567,608 18,982
Head-dependent flux 326,446 5,228
Total 4,459,293 151,179
Discharges
Storage 26,070 0
Wells 3,711,203 144,148
River leakage 52,284 205
Head-dependent flux 664,509 6.807
Total 4,454,066 151,160
Sources minus discharges 5,227 19.0
Percentage difference 0.12 0.01
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Figure 19.--Simulated water budget, 1905-83.

Underflow across north and south boundaries changed in response to
stresses from pumpage during the transient simulation. Underflow from the
Tularosa Basin increased slightly to about 3,800 acre-feet per year.
Underflow through Fillmore Pass remained at about 260 acre-feet per year. The
most apparent changes occurred with underflow to the south. Cumulative
outflow across the southern boundary decreased to 5,600 acre-feet per year,
about 2,200 acre-feet per year less than that! in the steady-state simulation.
Underflow in layers 2 and 3 across the southern boundary had reversed, with a
combined flow of about 420 acre-feet per year. By 1983, simulated underflow
accounted for less than 5 percent of the annual water budget. Water recharged
by wells accounted for less than 1 percent of the total water budget.
Simulations indicate that approximately 3.2 million acre-feet of water had
been removed from storage by 1983, most of that in response to well
withdrawals. It needs to be reiterated that this simulated water budget
represents only one of many possible solutions, given the degree of
uncertainty involved in assigning aquifer properties, distribution of
recharge, and distribution of ground-water withdrawals.
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Transient-Model Sensitivity

Aquifer characteristics and recharge, which govern flow through basin-
fill deposits of the Hueco Bolson, are not known with certainty. It was
necessary to test the sensitivity of the model to variations in hydraulic
conductivity, recharge, specific yield, and river-boundary conditions to
demonstrate how uncertainties in these variables can affect projected
simulations.

The sensitivity of the transient (standard) simulation (1905 to 1983) was
tested by running perturbed simulations in which specific characteristics were
varied within a reasonable range while other characteristics were held
constant. The hydraulic-head distribution and water budget for the perturbed
simulation were then compared to those for the standard simulation. This
procedure permitted a subjective analysis of the simulated response to
reasonable variations in characteristics. A discussion of steady-state
sensitivity is not presented because of a lack of predevelopment data and
because the steady-state model provides only an approximation of initial
hydraulic heads for the transient model.

Hydraulic Conductivity

The hydraulic conductivity used in simulations ranged from 1 to about 40
feet per day (fig. 10). The sensitivity of the model to variations in
hydraulic conductivity was tested in two simulations by uniformly doubling and
halving the hydraulic conductivity in all three layers. The maximum and
minimum values used in the sensitivity tests are within the plausible range of
hydraulic conductivity.

Cells in the transient model that are distant from simulated withdrawals
or mountain-front recharge were moderately insensitive to plausible changes in
hydraulic conductivity. In these cells, maximum hydraulic-head differences
between the standard simulation and the perturbed simulations do not exceed
the measurement errors found in water-level and altitude data. Hydrographs
for representative cells (fig. 20) show that, in the perturbed simulations,
1983 water levels in cells distant from withdrawals or recharge generally
differed by less than 10 feet from those in the standard simulation (within
the typical measurement error).

Cells close to simulated withdrawals or recharge were moderately
sensitive to changes in hydraulic conductivity. Increased hydraulic
conductivity permitted increased transmission of water, resulting in smaller
declines in response to nearby stress but larger declines in response to
distant stress (cells 3-24, 27-6, and 20-6, fig. 20). Conversely, larger
declines resulted from decreased hydraulic conductivity. With doubled
hydraulic conductivity, the simulated water level in cell 44-6 was 62 feet
higher than that in the standard simulation (greatly exceeding the typical
measurement error). With halved hydraulic conductivity, the simulated water
level in the same cell was 79 feet lower than that in the standard simulation.
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Increased hydraulic conductivity permitted more rapid drainage from cells
near mountain-front recharge, resulting in water levels much lower than those
in the standard simulation. Reduced hydraulic conductivity resulted in higher
water levels near recharge areas. With doubled hydraulic conductivity, the
water level in cell 3-4 was 82 feet lower than that in the standard
simulation. With halved hydraulic conductivity, the water level in the same
cell was 68 feet higher than that in the standard simulation.

Changes occurred in the cumulative water budget as a result of doubling
and halving the hydraulic conductivity. For doubled hydraulic conductivity,
the flux of water moving into the model from storage, which accounted for
about 71 percent of the total flux into the model, increased by 10 percent.
Flux of water out of the model across head-dependent boundaries increased by
56 percent and river leakage into the model decreased by 9 percent. Leakage
to the river, which accounted for about 1 percent of the flux out of the
model, increased by 218 percent. Flux of water out to storage, less than 1
percent of the total flux out of the model, increased by 384 percent. For
halved hydraulic conductivity, the flux of water moving into the model from
storage increased by less than 1 percent, flux of water out of the model
across head-dependent boundaries decreased by about 34 percent, and river
leakage into the model decreased by 1 percent. Leakage to the river decreased
by 55 percent and flux of water out to storage increased by 718 percent.

Rates of flow into and out of the modeled area by the end of the
perturbed simulations (1983) differed from those of the standard simulation by
less than 2 percent. Generally, the model was not very sensitive to doubling
or halving hydraulic conductivity.

Recharge

The amount of mountain-front recharge applied to the transient model
(1905 to 1983) was doubled and halved to test the sensitivity of water levels
to changes in recharge. This large range in recharge, from 2,250 to 9,000
acre-feet per year, was used because of the uncertainty of present recharge
estimates.

Water-level declines from 1905 to 1983 for representative cells are shown
in figure 21. Water levels rose slightly in response to doubled recharge and
dropped slightly in response to halved recharge. By 1983, water-level changes
of 5 feet or less occurred in most cells in response to doubling or halving
the recharge. Water levels in cells at or adjacent to recharge areas were
more sensitive to changes in recharge. With doubled recharge, the water level
in cell 3-4 was 107 feet higher than that in the standard simulation (again
greatly exceeding the typical measurement error). With halved recharge, the
water level in the same cell was 57 feet lower than that in the standard
simulation.
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Slight percentage changes in the cumulative water budget took place in
response to changes in recharge. Doubled recharge resulted in a 4-percent
decrease of water moving into the model from storage, no change in flux out of
the model across head-dependent boundaries, a l-percent decrease in leakage
from the river, and no change in leakage to the river. Flux into the model
across head-dependent boundaries, 7.5 percent of the total flux in, was
decreased by 43 percent. Water simulated as moving into storage, 0.6 percent
of the flux out of the model, was increased by 860 percent to accommodate the
increased recharge. Halved recharge increased movement of water into the
model from storage by 5 percent. No budget change occurred across head-
dependent boundaries or as a result of leakage to or from the river.

The rate of flow into and out of the model by 1983 was the same for the
perturbed simulations as that for the standard simulation. The model
generally was not sensitive to doubling or halving recharge.

Specific Yield

The adjusted specific yield of the top layer for the transient simulation
(1905-83) ranged from 0.05 to 0.20 (fig. 15). Because the maximum plausible
limit of specific yield of basin-fill deposits probably does not exceed 0.25,
modelwide increases and decreases of 20 percent of the specific yield were
applied to the transient model to test the sensitivity of water levels. Small
changes in water-level declines occurred in response to a 20-percent increase
and a 20-percent decrease in specific yield for layer 1. Changes in water-
level declines for selected cells are shown in figure 22.

Increased specific yield caused water levels simulated for 1983 to be
negligibly higher than those of the standard simulation in areas with little
pumping stress. In the White Sands Missile Range well fields (cell 3-8),
declines were 6 feet less than those in the standard simulation; in the El
Paso-Ciudad Juarez area, declines were as much as 19 feet less (cell 44-6).
Reduced declines from pumpage stresses in the El Paso-Ciudad Juarez area were
observed as far north as row 22. A decrease in specific yield resulted in 2
feet or less of increased water-level declines compared to those of the
standard simulation in areas of little pumpage. Declines were as much as 8
feet larger in the White Sands Missile Range well field (cell 3-8) and as much
as 24 feet larger in the E1 Paso-Ciudad Juarez pumping area (cells 44-5 and
44-6).

Slight changes in the cumulative water budget occurred in response to
modifications in the specific yield. 1In both simulations, cumulative flow
into the model from storage and flow into or out of the model across general
head boundaries differed by 3 percent or less from those of the standard
simulation. Leakage of water to or from the river varied from that of the
standard simulation by 9 percent or less. The volume of water going into
storage, less than 1 percent of the cumulative water moving out of the model,
differed by 16 percent.
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By 1983, the rates of movement of water into and out of the model were
essentially the same for the perturbed simulations as for the standard
simulation. The model generally was not very sensitive to 20-percent
variations in specific yield.

River-Boundary Conditions

Large cells in the southern third of the model precluded an accurate
representation of river-boundary conditions used to simulate the Rio Grande as
it flows across the modeled area southeast from El Paso. The sensitivity of
simulated hydraulic-head changes in response to variations in river-boundary
conditions was tested by doubling and halving the simulated vertical
conductance of the riverbed.

In the standard simulation, the river supplied 13 percent of the
cumulative inflow to the model during 1905-83. Outflow to the river for the
same period was approximately 2 percent of the cumulative outflow. In the
simulation in which the riverbed conductance was doubled, the total inflow
from the river increased by 63 percent from the standard simulation; by the
end of the last stress period the rate of inflow from the river had increased
by 72 percent. Similar magnitudes in change were observed in the amount and
rate of flow out of the model to the river, although this flow was a much
smaller percentage of the total water budget. In the simulation in which the
riverbed conductance was halved, the total inflow from the river decreased by
44 percent; by the end of the last stress period the rate of inflow had
decreased by 54 percent. In both simulations, most of the changes in the
water budget were absorbed by changes in water released from or taken into
storage.

No observed change in simulated hydraulic head occurred north of the New
Mexico-Texas State line in response to doubling or halving the riverbed
conductance. Hydraulic-head changes were principally restricted to cells near
the river. Therefore, although the overall water budget was modified by
variations in riverbed conductance, the hydraulic-head distribution in the New
Mexico part of the Hueco Bolson was not affected by these variations.

Simulated Response to Projected Withdrawals

The response of the Hueco Bolson aquifer was simulated to 2030 using the
simulated steady-state water levels as the initial condition. Known pumping
stresses through 1983 and projected pumping stresses to 2030 were added.
Projected stresses were based upon extrapolations of trends through 1983. Two
scenarios were simulated.

For scenario 1, water-development trends were projected from 1983 to 1990
using pre-1983 pumpage trends (fig. 7). After 1990, all new water development
would take place outside of the Hueco Bolson and pumping stresses from the
freshwater reserves in the Hueco Bolson would remain constant, with the
exception of 10,000 acre-feet of ground-water withdrawals to be shifted from
the existing well fields to new well fields in New Mexico. Locations of new
simulated well withdrawals were based on applications for withdrawal requested
by E1 Paso. These requested withdrawals total approximately 10,000 acre-feet
per year.
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For scenario 2, present (1983) trends in ground-water withdrawals were
projected to 2030 (fig. 7). 1In this scenario, after 1990, 10,000 acre-feet of
pumped water would again be shifted from existing well fields in El Paso. to

new well fields in New Mexico. |

The actual distribution and rate of ground-water withdrawals probably
will not match either of these scenarios. However, present trends indicate
that actual withdrawals will be within the range of those used in these
simulations. If this is the case, simulations may provide some understanding
of anticipated declines in water levels in the Hueco Bolson.

|
Simulated Response With No Additional
Development in the Hueco Bolson

The projected potentiometric surface for the northern Hueco Bolson, using
pumping stresses assumed in scenario 1, is shown in figure 23. 1In this
simulation, pumping stresses would completely dewater two cells in layer 1
during the later stress periods. To maintain the projected stresses, pumpage
from these dewatered cells was moved to layer 2 in subsequent stress periods.

In reality, wells probably would be deepened, |replaced, or abandoned prior to
complete dewatering because of decreasing yie#d or increasing salinity.

By 2030, the cone of depression would have deepened considerably around
the E1 Paso-Ciudad Juarez area (fig. 24) and simulated ground-water flow in
layer 1 would be completely diverted toward the pumping center. Comparison
with the 1983 surface (fig. 17) shows that a deepening trough in the
potentiometric surface would extend to the north, partially in response to the
shifting of pumpage into New Mexico. The(hydraulic gradient at the New
Mexico-Texas State line would range from about 6 to 12 feet per mile, and flow
would be to the south and southwest.

Water-level declines for scenario 1 throughout the northern part of the
Hueco Bolson in 2030 are shown in figure 24.| Simulations indicate that water
levels would decline by more than 475 feet negr El Paso. Water-level declines
in New Mexico near the State line would be as much as 100 feet. By 2030,
simulated water-level declines would exceed the preconsolidation stress
threshold (equivalent to a change in hydraulic head of 85 to 115 feet) over
much of the southwest quarter of the modeled area. As declines exceed this
threshold, more water is available from storage in response to the release of
water from inelastic compaction of clay in the aquifer. Because of a limited
understanding of factors controlling clay compaction in the Hueco Bolson, no
attempt was made to account for this effect, Increased long-term storage
coefficient could result in smaller water-levél declines and some land-surface
subsidence, but the magnitudes of these changes are unknown.

Projected hydrographs (fig. 16) show that scenario 1 water-level declines
would continue through 2030. Projected declines in most cells show a near-
constant rate of change, perhaps reflecting the constant rate of total pumpage
assumed after 1990.

52




32°30’

EXPLANATION

Hueco| Mts

-3600- CONTOUR OF SIMULATED
POTENTIOMETRIC SURFACE

Sierra
Luarez P FOR LAYER 1--Shows
3325 altitude of the potentiometric
3375 surface in 2030. Interval is
N 25 feet. Datum is sea level
 Texas
Mexico/\\
e BOUNDARY OF THE STUDY
. AREA
31°30 | - 4 0 2 4 6 8 10 MILES
Rio . Fabens \@
1 Grande’. 0246810 KILOMETERS

Figure 23.--Simulated potentiometric surface for scenario 1, 2030.

53



31°30°

32°30°

San

Andres

106°30'
)

106°

Mts

32° |-

lJuarez

Mexico,

Rio .
Grande’\

Fabgs \@

EXPLANATION

— 50— LINE OF SIMULATED EQUAL
WATER-LEVEL DECLINE--
interval is 25 feet

Figure 24.--Simulated water-level declines for

54

—— BOUNDARY OF THE STUDY
AREA
0 2 4 6 8 10 MILES
Il lll 1J T II —
0246810 KILOMETERS

scenario 1, 1905-2030.



The rate of removal of water from storage from 1984 to 2030 increases
slightly to 127,000 acre-feet per year in the scenario 1 simulation. In this
simulation, approximately 6.4 million acre-feet of water would be removed from
storage from saturated basin-fill deposits in the northern Hueco Bolson from
1983 to 2030, with a total of about 9.8 million acre-feet of water removed
from storage from 1905 to 2030. Underflow across northern boundaries would
increase to 4,400 acre-feet per year and underflow through Fillmore Pass would
increase to 350 acre-feet per year. By 2030, underflow into the simulated
area across southern boundaries would be about 6,000 acre-feet per year, still
a small part of the total water budget.

Simulated Response With Projected Increasing
Development in the Hueco Bolson

The simulated potentiometric surface, using pumping stresses assumed in
scenario 2, is shown in figure 25. In this simulation, simulated pumping
stresses completely dewatered 11 cells in layer 1 during stress periods 15
and 16. Again, to maintain the assumed stresses, pumpage from dewatered cells
was moved to layer 2 in subsequent stress periods.

By 2030, the simulated cone of depression around the El Paso-Ciudad
Juarez area (fig. 25) will be significantly deeper than the cone of depression
for scenario 1 (fig. 23). Water-level contours for scenario 2 again show that
ground-water flow from the north is completely diverted toward the pumping
center. The hydraulic gradient at the New Mexico-Texas State line ranges from
6 to 18 feet per mile, and the flow direction is to the south and southwest.

Scenario 2 water-level declines throughout the northern part of the Hueco
Bolson in 2030 are shown in figure 26. The simulated water-level declines of
as much as 875 feet near El Paso certainly would result in extensive
dewatering of freshwater zones and probably are very unlikely. Drastically
reduced well yields, increases in dissolved-solids concentrations in ground
water, and well abandonment probably would occur before water-level declines
exceeded those simulated using scenario 2 withdrawals. Again, the long-term
storage coefficient in areas of large-scale withdrawal may increase due to the
one-time release of water from storage in response to inelastic compaction of
clay.

Water-level declines in New Mexico near the State line range from 25 to
125 feet. Projected hydrographs (fig. 16) show that by 2030, scenario 2
water-level declines are very similar to scenario 1 declines in the northern
part of the study area. In the southern part of the study area scenario 2
water levels are as much as 100 feet deeper then those for scenario 1.

Scenario 2 is intended to represent a maximum potential pumping stress.
Actual pumping rates and distributions probably will not match those in
scenario 2, but simulations may provide an indication of the magnitude of
water-level changes that could occur.
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The simulated rate of removal of waten from storage in response to
increased pumping withdrawals assumed in scenario 2 increases to approximately
255,000 acre-feet per year by 2030. On the basis of the scenario 2
simulation, about 9.6 million acre-feet would be withdrawn from storage from
1983 to 2030, with a total of about 12.8 million acre-feet of water removed
from storage from 1905 to 2030. Underflow across northern boundaries would be
about 350 acre-feet per year. Underflow through Fillmore Pass would be about
350 acre-feet per year. Inflow across southern boundaries would be about
9,500 acre-feet per year, with marked increases in inflow in layers 2 and 3
when compared with inflow in scenario 1.

Ground-water withdrawals as projected in scenario 2 probably would exceed
the freshwater reserves in the northern patrt of the Hueco Bolson and would
result in decreased well yields, water-quality deterioration, and eventual
well abandonment prior to complete withdrawal of these reserves. Although the
likelihood of this scenario probably is minimal, it does demonstrate an upper
limit to the development of freshwater in the bolson.

Simulations of projected response to pumpage tested the sensitivity of
the model to general head boundaries to the north and south. No simulation
showed that stresses were affecting the northern boundary. Projected water-
level declines at the south boundary (fig.'26) were as large as 25 feet by
2030. However, the pumping center directly to the north had declines as large
as 800 feet, indicating that boundary effects were proportionally small
compared with actual pumpage effects. It should be reiterated that hydrologic
conditions are not well represented in the El Paso area.

EVALUATION OF POTENTIAL FOR SALTWATER ENCROACHMENT

Freshwater (containing less than 1,000 milligrams per liter dissolved
solids) in the Hueco Bolson occurs primarily along the western edge of the
basin (fig. 27) where it is recharged by rumoff from the Franklin and Organ
Mountains. Freshwater in the northern part of| the Hueco Bolson constitutes
only a small percentage of ground water in the basin-fill deposits. Because
of their lower density, lenticular bodies of less dense freshwater lie on top
of denser saline water and are thickest where major ephemeral streams debouch
onto the bolson-fill sediments. The interface between the freshwater and-
saline-water zones generally consists of a thin transition zone. Large-scale
withdrawals of ground water will cause some deﬁree of encroachment of saline
water toward wells completed in the freshwater part of the aquifer.
Encroachment may occur laterally and vertically (upconing).

The degree to which saline-water encrdachment will occur depends upon
several factors, including thickness of freshwater-saturated sediments, well
location, pumping rate, depth of well completion, hydrologic properties of the
basin-fill deposits, and density of the saline water. These factors were
incorporated into models that were used to evaluate the possibility of saline-
water encroachment into the New Mexico part of the Hueco Bolson caused by
ground-water withdrawals in Texas and New hexico. The actual movement of
saline water will be controlled by the pumping schedules of individual wells
and well fields. Simulations provide only an indication of the potential for
encroachment of saline water.
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Distribution of Freshwater-Saturated Deposits

Knowles and Kennedy (1958a, pl. 10) mapped the aggregate thickness of
basin-fill deposits that contain water having less than 250 milligrams per
liter of dissolved chloride from El Paso to the southern end of the Organ
Mountains. Kelly (1973, fig. 31) mapped the thickness of deposits that
contain water having less than 1,000 milligrams per liter dissolved solids in
the White Sands Missile Range Post Headquarters area. Wilson and Myers (1981,
pl. 4) mapped the freshwater thickness of alluvial-fan deposits in the Soledad
Canyon reentrant. The approximate thickness and distribution of freshwater in
the northern part of the Hueco Bolson are shown in figure 27, which was
compiled from these maps and from recent chemical analyses. Freshwater-
saturated deposits may be as thick as 2,000 feet in the Soledad Canyon
reentrant. Elsewhere, thicknesses range from about 1,000 feet on the west to
zero on the east. The thick section of freshwater-saturated deposits on the
west reflects the general occurrence of coarser grained fluvial and alluvial-
fan deposits east of the Franklin and Organ Mountains. Comparison of figures
27 and 6 indicates that the occurrence of freshwater may be due, at least in
part, to flushing of saline water in areas characterized by coarser grained
deposits. Conversely, finer grained deposgits typically may contain more
saline water because the flushing process is slower.

The thick section of freshwater on the west is also due, in part, to
recharge from the mountainous drainage areas on the eastern slopes of the
Franklin and Organ Mountains. The thickest sections of freshwater-saturated
deposits occur where large surface drainaées discharge to the basin.
Alluvial-fan deposits at the mouth of Soledad Canyon are saturated with as
much as 2,000 feet of freshwater. Soledad Canyon drains about 20 square miles
in the Organ Mountains. Similarly, the ite Sands reentrant to the north
drains about 50 square miles; deposits within the reentrant contain as much as
1,400 feet of freshwater.

Surface-electrical-resistivity sounding data (Bisdorf, 1985) and test-
well data were used to construct five east-to-west hydrologic sections
(fig. 28) in the vicinity of Chaparral, New Mexico. Section traces are shown
in figure 27. Freshwater lenses along these |sections range in thickness from
zero to about 1,000 feet. Concentrations of dissolved solids in water samples
collected from wells along these sections radged from 210 to 9,700 milligrams
per liter.

A zone of small resistivity (less than 10 ohm-meters) consistently occurs
at depth along all sections (fig. 28). The approximate depth to this zomne
ranges from about 1,000 to 2,500 feet. This zone probably represents fine-
grained lacustrine deposits that are saturated with saline water. Resistivity
curves typical of consolidated rock were obtained at depth at several
soundings in the vicinity of U.S. Highway 54.
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Prior to ground-water development in the Hueco Bolson, movement of ground
water was north to south along the mountain front. The velocity and direction
of ground water in the New Mexico part of the basin as simulated in layer 1 of
the steady-state ground-water flow model are shown in figure 29. The
velocities were computed from cell-by-cell flux values assuming that the
porosity of the aquifer was 0.15. This small porosity value was used so that
computed velocities would represent the upper limit of average ground-water
flow rates. The velocity vectors are close together where model cells are
small. The vectors show that freshwater moves almost parallel to the
approximate boundary between fresh and saline water at rates between 0.10 and
0.20 foot per day. On the basis of these ratds, water moved 40 to 70 feet per
year prior to ground-water development in | the basin. Simulated average
velocity of saline water in the eastern part of the basin was about 0.02 to
0.05 foot per day (7 to 20 feet per year).

Ground-water development in Texas and Neé Mexico from 1905 through 1983
caused water levels to decline as simulatjd in the transient flow model
(fig. 18). Ground-water flow in 1983 simulated for the New Mexico part of the
basin (fig. 30) is similar to steady-state flow (fig. 29), with a few
exceptions. One difference is in the velocity of ground-water flow. By 1983,
simulated ground-water withdrawals in Texas had caused an increase in
simulated freshwater velocity at the New Mexico-Texas State line to about 0.6
foot per day (200 feet per year). Although ground-water velocity increased
from 1905 through 1983, most freshwater flow continued to move along the
mountain front. As long as water moved along the mountain front, freshwater
of similar quality replaced that pumped by wells.

The potential for encroachment of saline water was most probable where
the direction of velocity vectors changed near the saline-water boundary. The
ma jor change in direction of flow occurred along a 3-mile section of the
eastern boundary of freshwater near Newman, New Mexico (figs. 29 and 30). In
this area, ground-water flow turned slightly westward, probably causing
lateral movement of saline water. At the freshwater boundary near Newman,
ground-water velocity increased from 0.10 foot per day in 1905 to about 0.20
foot per day in 1983. Therefore, from 1905 through 1983, saline water could
have encroached laterally a maximum of 1 mile due to the advection of ground
water in the southeast quarter of Township 26 S., Range 6 E., near Newman.
This estimate is based on the movement of a sharp interface between freshwater
and saline water and does not incorporate'any effects of hydrodynamic
dispersion or differences in density.

To estimate the possible extent of future lateral encroachment of saline
water, velocity vectors were plotted on the basis of results simulated for
2030 from the three-dimensional flow model (figs. 31 and 32). Using ground-
water withdrawal rates from model scenario 1, the simulated ground-water
velocity vectors are shown in figure 31. The|simulated velocity of ground-
water movement increased to nearly 0.4 foot per day at the boundary between
freshwater and saline water near Newman. Therefore, the maximum predicted
encroachment of saline water caused by advective transport from 1983 through
2030 would be about 1.5 miles.
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If greater amounts of ground water are withdrawn from the Hueco Bolson in
Texas and New Mexico, as described in model scenario 2, the velocity and
direction of movement of ground-water flow will be slightly different. The
simulated velocity and direction of ground-water movement in model layer 1 for
pumping scenario 2 are shown in figure 32. Again the area of concern, where
saline water is moving into an area previously occupied by freshwater, is in
Township 26 S., Range 6 E., near Newman. Given the larger pumping amount, the
rate of saline-water movement, based on advective flow, could be as large as
0.5 foot per day, which could cause saline-water encroachment of about 2 miles
from 1983 through 2030.

Because the effects of hydrodynamic dispersion and density differences
were not included, the estimation of saline-water encroachment using velocity
vectors from the three-dimensional flow model needs to be viewed as a general
guide to areas where encroachment will be most likely. The western half of
Township 26 S., Range 6 E. near Newman appears to be the area where
encroachment of saline water is most probable. Observation wells drilled in
this area would be helpful in monitoring the timing and extent of water-
quality changes. Other parts of the aquifer that contain freshwater in New
Mexico should not be affected as much by lateral movement of saline water,
However, vertical movement of saline water from beneath well fields in New
Mexico could cause significant degradation in the quality of water produced by
those wells. Analysis of saline-water upconing is addressed in the following
section.

Vertical Movement (Upconing) of Saline Water

Withdrawal of freshwater from-the Hueco Bolson may cause saline water to
move vertically upward beneath pumping wells, a phenomenon called upconing.
The degree to which upconing will occur is dependent upon aquifer properties,
contrast in density between freshwater and saline water, and pumping rate.

Sharp-Interface Analysis

If a sharp interface between freshwater and saline water is assumed, the
position of the upconed saline water will stabilize beneath the well at
pumping rates less than a critical value based upon the range of aquifer
properties and conditions. In this stable position, only water in the
freshwater part of the aquifer will reach the well. As pumping rates
increase, the interface rises (fig. 33). When the pumping rate reaches the
critical value, the interface reaches the well and saline water will be pumped
by the well.
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Figure 33.--Saline-water upconing beneath a pumped well (modified from Reilly and others, 1987).
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An analytical method to predict critical pumping rates was developed by
Bennett and others (1968) and reevaluated by Reilly and others (1987). The
method assumes cylindrical symmetry around the well and a sharp interface
between freshwater and saline water. This method assumes a semi-infinite
aquifer (infinite supply of salt water). In the Tularosa Basin, the base of
freshwater often coincides with the decrease in hydraulic conductivity; this
solution therefore provides a worst-case analysis. Critical pumping rates
were estimated using this method for wells in the freshwater part of the Hueco
Bolson in New Mexico. For the analysis, recharge to the bolson fill was
assumed to be areally distributed at a rate of 0.2 inch per year. Other
factors that affect the critical pumping rate were varied as shown below:

Parameter Range tested
Hydraulic conductivity 10 to 35 feet per day
Horizontal to vertical anisotropy ratio 10 to 1,000
Saline-water density 1.0076 to 1.0250 grams per cubic
centimeter
Freshwater thickness 100 to 2,000 feet
Location of well screen Upper 15 to upper 65 percent of

thickness of freshwater aquifer

The critical pumping rates calculated using these properties are listed
in tables 6-8. These tables can be used as a guide in selecting maximum
pumping rates for wells in the Hueco Bolson. For example, if a well were
screened in the upper 15 percent of a freshwater-saturated zone 1,000 feet
thick with a hydraulic conductivity of 20 feet per day, a horizontal to
vertical anisotropy ratio of 200, and a density of 1.0076 grams per cubic
centimeter for the underlying saline water, the critical pumping rate would be
1,072 gallons per minute (table 6). If this well were screened in the upper
45 percent of the same freshwater-saturated thickness, the critical pumping
rate would be 818 gallons per minute (table 7). It is apparent from the
tables that the critical pumping rate is very sensitive to the aquifer
characteristics, position of well screen, and saline-water density.
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A set of parameters that most closely represents hydraulic
characteristics of the Hueco Bolson was chosen on the basis of aquifer
characteristics used in the flow model. These characteristics include a
horizontal hydraulic conductivity of 35 feet per day and a ratio of horizontal
to vertical hydraulic conductivity of 200 (table 7). Critical pumping values
were calculated for saline water with a density within the range of 10,000 to
30,000 milligrams per liter (about 1.0076 to 1.025 grams per cubic centimeter)
beneath freshwater in the New Mexico part of the Hueco Bolson (fig. 34).
Calculations assumed that the well was screened in the upper 45 percent of the
freshwater zone. Upconing probably will not pose much of a problem for wells
pumping in areas where the freshwater thickness is greater than 1,000 feet
(fig. 34). However, the proposed pumping in the Chaparral, New Mexico, area
is located where freshwater thickness is much less than 1,000 feet (fig. 27).
Pumping rates proposed for wells in areas where freshwater thickness is less
than about 1,000 feet need to be carefully evaluated using tables 6-8 as a
guideline.
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Figure 34.--Critical pumping values for a well screened in the upper 45 percent
of the freshwater zone in the Hueco Bolson, New Mexico (analysis
assumes a horizontal hydraulic gonductivity of 10 feet per day and
an anisotropy ratio of 200).
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Upconing Analysis Including Hydrodynamic Dispersion

The critical pumping rates determined from the sharp-interface analysis
should provide a guide to long-term pumping that can be sustained without
inducing saline-water upconing. However, because the interface between
freshwater and saline water is not a sharp one, some saline water will be
drawn to the pumped well by hydrodynamic dispersion even if pumping is limited
to the estimated critical amount. Therefore, a two-dimensional solute-
transport model was used radially to estimate the magnitude of possible
changes in dissolved-solids concentration caused by hydrodynamic dispersion.

A solute-transport model, Saturated-Unsaturated TRAnsport (SUTRA) that
includes density-related flow (Voss, 1984) was used for this analysis
(fig. 35). The finite-element grid in radial coordinates consisted of 41
nodes variably spaced in the radial direction and 51 nodes equally spaced in
the vertical direction. 1In the radial direction, distance between nodes began
at 1 foot and increased by a factor of 1.5 to a maximum separation of 1,000
feet. The vertical distance between nodes was either 5 or 10 feet, depending
upon the thickness of freshwater being simulated. Hydraulic properties from
line 4 in table 6 were assigned to the model, and horizontal and vertical
dispersivities were assumed to be 30 and 6 feet, respectively, on the basis of
values used in a study of a similar unconsolidated aquifer (Reilly and others,
1987).

Boundary conditions for the model were assigned to correspond as nearly
as possible to conditions used in the sharp-interface model and represent a
worst-case analysis. Recharge was added along the top boundary at a rate of
0.2 inch per year of freshwater. The bottom boundary was set to a constant
pressure that represented the saline-water interface. Saline water having a
density of 1.025 grams per cubic centimeter (about 30,000 milligrams per
liter) was assumed to occur below this boundary. The node at the water table
along the outermost radial boundary also was set to a constant pressure to
allow recharged water to flow out of the system. A partly penetrating pumped
well was located at the axis of the model. The well was simulated by
specified flux distributed uniformly down the length of the well screen from
the upper 45 percent of the freshwater thickness. Pumping rates between about
100 and 800 gallons per minute were simulated.

The model was used to investigate possible changes in the salinity of
water pumped from areas where freshwater is less than 1,000 feet thick.
Pumping rates as great as the critical amounts from line 4 in table 6 were
tested using the model to determine if these amounts provide reasonable
guidelines to maximum pumping rates. Results for aquifer thicknesses of 500
and 250 feet are shown in figure 36. Although pumping was simulated at the
critical rate or less, the model indicates that hydrodynamic dispersion will
cause some saline water to be pumped. Although these estimates are sensitive
to the value of dispersivity used in the model, they demonstrate that some
mixing can be expected even if wells are pumped at less than the critical
rate.
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Z (Vertical)
4 (Varied from 250 feet to 1,000 feet)

r
(Radial)
(Maximum radius 28,257 feet)

Figure 35.--Finite-element grid in radial coordinates for the Saturated-
Unsaturated TRAnsport (SUTRA) model (from Voss, 1984, p. 138).
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DISSOLVED-SOLIDS CONCENTRATION, IN MILLIGRAMS PER LITER
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These simulations assume the following hydrologic conditions and properties:
Hydraulic conductivity = 35 feet per day
Ratio of horizontal to vertical hydraulic conductivity = 200
Density of saline water = 1.025 grams per cubic centimeter
Areal recharge = 0.2 inch per year
Horizontal dispersivity = 30 feet
Vertical dispersivity = 6 feet

Figure 36.--Estimated change in dissolved-solids concentration of well discharge

caused by upward movement of saline water, assuming specific
hydrologic conditions and properties.
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SUMMARY

The New Mexico part of the Hueco Bolson c¢ontains freshwater-saturated
sediments that are being considered for potential ground-water development.
Extensive withdrawal of water in the New Mexico part of the bolson may result
in declining water levels and deterioration of water quality.

The Hueco Bolson is a structural basin that contains basin-fill deposits
that range in thickness from zero on the east to possibly 8,000 feet along the
deepest part of the trough. Fluvial deposits of the Camp Rice Formation as
much as. 1,000 feet thick in the northern part of the Hueco Bolson are
‘underlain by lacustrine clay and evaporites and are bordered by alluvial-fan
sand, gravel, and clay.

The hydraulic conductivity of basin-fill deposits ranges from less than 1
foot to more than 200 feet per day. A small ratio of vertical to horizontal
hydraulic conductivity is attributed to discontinuous, thinly bedded clay
layers. In the long term, the storage coefifficient approaches the specific
yield of the aquifer.

Basin-fill deposits overlying a horst in [Fillmore Pass between the Organ
and Franklin Mountains may provide hydraulic connection with the Mesilla Basin
to the west. Saturated sediments may be less}than 400 feet thick and ground-
water flow through the pass probably is minimal].

|

Mountain-front recharge to the ground-water system takes place on coarse-
grained alluvial-fan deposits in response to surface runoff. Discharge from
the northern part of the Hueco Bolson occurs as ground-water flow to the south
and as pumpage; because of deep ground-water levels, evapotranspiration is not
a major source of discharge except along the Rio Grande south of El Paso,
Texas.

A three-dimensional numerical model with three layers was used to
simulate ground-water flow in the northern part of the Hueco Bolson.
Hydraulic conductivity for layer 1 of the model ranged from 1 to 40 feet per
day. A hydraulic conductivity of 2 feet per day was assigned to layers 2 and
3. Simulations used an annual recharge rate of 4,500 acre-feet, which is 3.1
percent of the total estimated precipitation dver mountain drainages. The
simulated steady-state hydraulic gradient was southward and ranged from 2.5 to
4 feet per mile.

The historical simulation spanned the peJiod 1905-83. Simulated pumpage
stresses increased from approximately 3,600 |acre-feet per year in stress
period one (1905-14) to approximately 144,000 acre-feet per year in stress
period eleven (1980-83). The adjusted distribution of specific yield for
layer 1 ranged from 0.05 to 0.20.
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By 1983, most ground-water flow was toward El Paso, Texas, and Ciudad
Juarez, Mexico. Water-level declines of approximately 25 feet were simulated
at the New Mexico-Texas State line. Declines less than 25 feet were simulated
over most of the northern part of the Hueco Bolson in New Mexico. By 1983,
pumping accounted for most of the water moving out of the study area; 122,000
acre-feet per year was being removed from storage. Net leakage from the river
increased from 800 to 18,800 acre-feet per year from 1905 to 1983 in response
to drawdown from pumpage. Approximately 3.2 million acre-feet of water had
been removed from storage by 1983.

The aquifer response in the Hueco Bolson was simulated to 2030 using two
pumping scenarios. Scenario 1 assumed that pumpage stresses after 1990
remained constant. Scenario 2 assumed that pumpage stresses continued at the
same rate as pre-1983 trends. Both scenarios assumed that 10,000 acre-feet
per year of pumpage was shifted to New Mexico.

In scenario 1, by 2030, the simulated cone of depression had deepened
considerably around El Paso and Ciudad Juarez. Ground-water flow from the
north in layer 1 was completely diverted toward the pumping center. A
deepening trough had formed in the potentiometric surface to the north,
partially in response to shifting of pumpage into New Mexico. The hydraulic
gradient at the New Mexico-Texas State line ranged from about 6 to 12 feet per
mile, and flow was to the south and southwest. Water-level declines in New
Mexico near the State line were as much as 100 feet. The rate of removal of
water from storage by 2030 exceeded 127,000 acre-feet per year, and a total of
9.8 million acre-feet was removed from storage from 1905 to 2030.

The cone of depression around the El1 Paso-Ciudad Juarez area for
scenario 2 was significantly deeper than that for scenario 1. Ground-water
flow from the north again was completely diverted toward the pumping center.
The hydraulic gradient at the New Mexico-Texas State line was to the south and
southwest and ranged from 6 to 18 feet per mile. Water-level declines in New
Mexico near the State line ranged from 25 to 125 feet. The rate of removal of
water from storage increased to more than 255,000 acre-feet per year by 2030,
and more than 12.8 million acre-feet of water was removed from storage from
1905 to 2030.

The sensitivity of the transient model to doubling and halving hydraulic
conductivity uniformly in all three layers generally was slight. Water-level
differences generally differed by less than 10 feet from those of the standard
simulation.

Slight water-level changes generally occurred in the transient model in
response to doubling and halving mountain-front recharge. Water-level
differences from the standard simulation generally were 5 feet or less.

The transient simulation was moderately sensitive to a 20-percent
increase and 20-percent decrease in specific yield for layer 1. Differences
in water levels between simulations using the standard and modified specific
yield ranged from 1 to 24 feet.
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Freshwater-saturated deposits may be!as thick as 2,000 feet in the
Soledad Canyon reentrant. Elsewhere, thicknesses range from about 1,000 feet
on the west to a feather edge on the east. The thickest sections of
freshwater-saturated deposits are present in coarse-grained fluvial and
alluvial-fan deposits east of the Organ and Franklin Mountains. More saline
water occurs in fine-grained deposits.

Large-scale ground-water withdrawals could cause saline-water
encroachment toward wells completed in the freshwater part of the aquifer.
Encroachment depends upon thickness of freshwater-saturated deposits, well
location, pumping rate, depth of well completion, hydrologic properties of the
basin-fill deposits, and density of the surrobunding saline water. The two
principal avenues of encroachment are laterFl movement and vertical movement
(upconing) of saline water to wells.

On the basis of simulations of steady-state conditions, freshwater in the
western part of the basin was estimated to move parallel to the approximate
boundary between freshwater and saline water at rates between 0.10 and 0.20
foot per day. Movement of saline water in the eastern part of the basin was
estimated to be about 0.02 to 0.05 foot per day. By 1983, simulated
freshwater velocity had increased across the Texas State line to about 0.6
foot per day in response to pumpage stresses, but most of the simulated
freshwater flow continued to move along the mountain front. A major change in
flow direction occurred along a 3-mile section of the eastern freshwater
boundary near Newman, New Mexico, probably causing lateral movement of saline
water in that area. At the freshwater boundary near Newman, simulated ground-
water velocity increased from 0.10 foot per day in 1905 to about 0.20 foot per
day in 1983, possibly resulting in a maximum simulated saline-water
encroachment of 1 mile.

In scenario 1, by 2030, the simulated flow velocity at the boundary
between freshwater and saline water near Newman increased to nearly 0.4 foot
per day, resulting in movement of the saline-water front of about 1.5 miles
from 1983 through 2030. If larger ground-water withdrawals occur, as
described in scenario 2, the flow velocity kould be as large as 0.5 foot per
day toward the pumped wells, possibly resulting in saline-water encroachment
of about 2 miles from 1983 through 2030.

Upconing of saline water could cause degradation in the quality of water
pumped from wells. The critical pumping rate, the rate at which saline water
moves into the well screen under vertically uniform flow to the well, is
sensitive to the aquifer characteristics, position of the well screen, and
saline-water density. Upconing probably w1ll not pose much of a problem for
wells in areas where the thickness of the freshwater zone is greater than
1,000 feet. However, proposed ground-water withdrawals are in the Chaparral,
New Mexico, area where the thickness of the freshwater zone is much less than
1,000 feet.

Even at less than critical pumping rates, worst-case radial solute-
transport simulations indicate that dispersive processes will cause some
saline water to be pumped. Although these worst-case estimates are sensitive
to the value of dispersivity used in the model, they demonstrate that some
saline mixing can be expected.
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