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EVALUATION OF POTENTIAL
WATER-RESOURCE IMPACTS FROM BLLM PROPOSED
RESOURCE MANAGEMENT PLAN AMENDMENT
FOR FEDERAL FLUID MINERALS LEASING
AND DEVELOPMENT IN THE SALT BASIN, NEW MEXICO

1.0 INTRODUCTION

John Shomaker & Associates, Inc. (JSAI) was contracted by the Otero Mesa Coalition
lo provide a technical opinion on the U.S. Department of Interior Bureau of' Land Management
(BLM) proposed resource management plan for the Otero Mesa arca. The BLM document 1s
titled l”roposedv Resource Management Plan Amendment and Final Environmental Impact
Statement for Federal Fluid Minera[‘ Leasing and Development in Sierra and Otero Co‘untié‘\'
(BLM, 2003). _ »

The primary area of concern and review is the Otero Mesa and surrounding area within
the Salt basin, New Mexico (Fig. 1). As stated in the Resource Management Plan (RMP),
some of the criteria in developing the plan included (but was not limited to) the following:

1. Provide for the protection of water resources '

Maintain public health ar;d LsAz'lfétyv

!\J

3. Consider social and economic effects

1.1 BL.M Proposed Plan

According to thc‘proposed plan, the majority of public land in the Salt Basin part of
Otero County would remain open to {luid mineral leasing. The BLM (public land) in the Salt
Basin is shown on Figurc 1, and compriscs more than 70 percent of the basin (approximately
850,000 acres). The proposed plan Icaves approximately 70 percent of the public land open
with standard lcasc terms and conditions and no special provisions for protection of ground-
water rcsouréles (public water supply). Proposed activities may include oil and gas exploration
and chclopmcnt, with the potential for injection wells to dispose waste. Proposed activitics
and protection of identified water resources (public water reserves) would be regulated underA

standard lease terms and condition§ (BLM, 2003).
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1.2 Objective and Purpose
The objective and purpose of this report is to address the following issues:

0 Identify water resources underlying Otero Mesa that the BLLM has not
recognized or adequately addressed

0 Identify areas of the aquifer that could potentially be impacted from surface
disturbances (i.c., recharge zones)

o Identify activitics and mcthods related to oil and gas exploration and
development that could affect the existing aquifer(s)

2.0 DESCRIPTION OF REGIONAL AQUIFER(S)

The Salt basin is a large, internally drained basin covering about 5,900 square.milcs, of
which 4,000 bsquare miles are in Texas and the remaining 1,900 square miles are located just
across the state line in New Mexico (Bjorklund, 1957). The water in the Salt Basin originating
in New Mexico flows toward Texas. The portion of the Salt Basin in New Mexico includes
Crow Flats and Otero Mesa. The Crow Flats portion of the basin drains to a series of alkali
flats or playas to the south, just above the state line (Bjorklund, 1957). Irrigation with ground
water has occurred in the Salt Basin near the New Mexico-Texas border, an extension of the
agricultural arca referred to as the Hudspeth County Underground Water District No. 1
(HCUWD/##1) in Dell City, Texas.

Major watersheds within the New Mexico portion of the Salt Basin include the
Sacramento River, Pifion Creek, and Shiloh Draw (Fig. 1). The Sacramento River drains the
southern end of the Sacramento Mountains, where elevations of the upper watershed range

from 8,000 ft to 9,500 ft.

Depth to water in the central part of the basin is around 200 {t, and many of the wells

have depth to water less than 100 ft (see well data in Appendix A).

2.1 Structure and Framework

The Salt Basin is an extensional basin that widens to the south and is bordered on the
east by the Guadalupe and Brokeoff Mountains and on the west by the Hueco Mountains and
Otero Mesa. The Salt Basin is‘_ a block-faulted graben bounded by faults that cxtén(ls

260 miles from the Sacramento River south into Texas (Fig. 1). The Crow Ilat arca is at lower
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clevation than the surrounding mesas, plateaus, and mountains, and is the site of the salt flats
where ground-water discharges and evaporates.

Faults and associated folds on the eastérn side of the basin represent the eastern extent
of the Rio Grande Rift portion of the Basin and Range physiographic province. A good

description of the hydrogeologic sectting for the Salt Basin can be referenced from

" TWDB/NMWRRI (1997).

Ground-water flow in the limestone rocks of the Salt Basin i1s largely controlled by
‘rcgionul fracture systems (Mayer and Sharp, 1998). The most significant regional {racture
system mn the Salt Basin arca is rei;crrcd to as the Otero Break, trending from the Sacramento
River to Dell City, Texas. _

The Oléro Break structural feature “graben” formed in late Paleozoic time along a
northwest fault zone from right-lateral shear and extensional forces (Mayer, 1995). This fault
zone was reactivated. during the dcvelopmcntbf Bzisin and Range extension (Salt Basin), and -
extensively fractured the Permian-age carbonate rocks (Yeso Fm., San Andres Fm., etc) that.

occupy the majority of the Salt Basin and Otero Mesa area (Fig. 2).

2.2 Geologic Units

A summary of the geologic units found in the study area is préscntcd as Table 1, and
shown on Figures 2 through 4. Tertiary igncous intrusions of both andesitic and basaltic
composition are present in the Cornudas Mountains and Dell City area (Dictrich et al. 1995).
Quaternary-age basin fill in the form of alluvimﬁ and piedmont deposits, as well Santa Fe
Group sediments, can be more than 500 ft thick, but in most f)laces range from 25 to 300 ft
thick (Bjorklund, 1957). |

The principal bedrock aquifer units in the New Mexico portion of the Salt Basin are the
San Andres Limestone, Yeso Formation, and Abo (Hueco) 'F.ormation, whic;h together ake up
the bulk of the water bearing strata. In the Dell City area, the carbonate rock aquifer is
referred to as the Victorio Peak-Bone Spring. Older formations (pre-Permian-age rocks), such

as the Fusselman Dolomite, are water béaring and may possibly contain a viable public water

- supply.
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Table 1. Summary of geologic units for the Salt Basin
age symbol stratigraphic unit thickness, ft description
N Qal aliuvium 200 - 500 ztina;siir;;rf;lvle-]Sunconsolidated clay, silt, sands,
Qts Upper Santa Fe Group 500 -2000 basin fill - silts, sands, and gravels
Tertiary Ti intrusives 10 - 100 igneous.intrusives - dikes and sills
P Permian undivided 2000 - 5000  [shale, limestone, mudstone, gypsum
Psa/ Pvp | San Andres/ Victorio Peak | ~ 200 - 1000  |[limestone
Pbs " Bone Spring 900 1,700  |limestone
Permian Py Yeso Formation 1200 - 1800 inlc_rbcddéd hmestones and sﬁalcs
Pa/ Ph Abo/ Hueco Formations 200 - 500 mudstones and conglomerates
Pb Bursum Formation 400 - 600 Z:gr:;:;;iiiigm sandstoncs, shalcs
Penﬁsylvanian IPh Holder Formation 500 - 900 interbedded limestones and conglomerafes
, Gobbler Formation 1200 - 1600  [sandstones and conglomerates
Mississippian M Lake Valley Formation 350-450 |interbedded limestones and shales
Devonian D Percha Shale 40 - 80 black noncalcareous shale
Silurian Sf Fussclman Dolomite 20-100 massive dolomite with chert
Ordovician Om Montoya Formation 190 -225  |massive dolomite |
Cambrian Ce El Paso Formation 350 - 450 Qo’lomitic sandstone
Bliss Sandstone 100 - 150 quartz sandstone
Precambrian pC " granite - granites and granodiorites

Figure 2 is a map showing the distribution of major geologic units that make up the

aquifer(s) in the study area. On Figure 2, the basin-fill deposits (Qal) refer to alluvium and

Upper Santa Fe Group listed in Table 1; other Permian-age rocks are equivalent to Permian

undivided. Cretaceous rocks refer to the Cox Sandstone and other overlying and underlying

rocks of similar age.

The upper sequence of Permian-age rocks, Yeso, San Andres, Bone Spring, and

Victorio Pecak Formations, werc deposited in a shallow sca environment behind the reef

margin of the Delawarc Basin. These carbonatc'r‘ocks typically become more permeable -
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toward the reef margin (Capitan reef in the Guadalupe Mountains), which would suggest

increasing permeability to the southeast in the New Mexico portion of the Salt Basin. The

lower member of the San Andres Formation gradcs to the southeast toward the Permian reef
facies into the Victorio Peak Formation (Black, 1975). Therefore, the Victorio Peak is
cquiﬁxlcnt, in time of deposition, to the upper Yeso and lower San Andres. Cross-scctions
showing the relationship of major geologic units from west to cast, across the New Mexico
portion of the Salt Basin, aré provided as Figures 3 and 4. |

The San Andres Limestone and Yeso Form_aﬁoh cover most of the upper portion of the
Salt Basin (Fig. 2). The San Andres Formation is composed of limestone, with sandstone at the
base of the formation. The Yeso consists of sahdslone, himestone, dolomite, siltstone, shale,

and evaporites (Pray, 1961); The Yeso Formation is approximately 1,000 ft thick in the

southern Sacramento Mountains (Kélly, 1971).. Many of the springs in the southern

Sacramento Mountains discharge from the c_t)ntact between the San Andres and Yeso.
l"o‘m{ations. Most wells that yield water from the Yeso Formation are completed in the upper.
500 ft of the formatioh in fractured limestone and dolomite where the permeability has been
enhanced by solution. In the Timberon arca, wells drilled into the lower Yeso Formation are -
typically low yielding (<5 gpm) as compared with wells in the upper Yeso, which produce.
more than 100 gpm. o ‘ |

The Bone Spring-Victorio Peak aquifer extends from Crow Flat in an arc to the south
around the edge of the Permian-age Delaware Basin: The Bone Spring-Victorio Peak aquifer
is present under most of the east part of the Diablo Plateau (Fig. 2). High-yicld irrigation wellé
that produce from the Bone Spring-Victorio Peak aquifer commonly mtcrccpt fractures lhat
have becn opcmd by the percolation of ground water from overlying alluvium (QCdlapmo
1950; Bjorklund, 1957). S_calapl‘nob(l1950) reportcd that approxxmately 50 percent of the wells
drnilled are high-yield (> 1,000 gprﬁ) and the other half are low-yielding (< 500 gpm).

Rocks older than Permian include (1) Pennsylvanian- and Mississippian-age limestone
and shale, (2) shale, dolomite, and sandstone of Devonian-, Silurian-, Ordovician-, and
Cambri‘an-ége, and (3) I’recambrianfage granite and metamorphic rocks (see Table 1).

Ex;_ﬁloration drilling has indicated _biogenic gas 1s associated with the Pennsylvanian-

and Mlss:sslppmn age organic shale, which is formcd by decomposition of organic matter by

fresh watcer mu,robt,s

JOHN SHOMAKER & ASSOCIATES, INC.
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The Silurian-age Fusselman Dol‘omite-hés been reported by the oil and gas exploration
industry as having “fresh” water in the Otero Mesa and Diablo Plateau areas. The Fusselman
Dolomite is generally found at depths greater than 2,000 ft below land surface (Black, 1975;
Pearson, 1980; Harder, 1982).

2.3 Recharge

Due to the absence of perennial streams in the basin center, ground-water recharge is

‘mainly infiltration of precipitation from melting snowpack and during flash ﬂodding of

ephefneral channels (Bjorklund, 1957). Most of the water for recharge originates from the
higher elevations of the Sacramento River and Pifion Creek watersheds.  The total annual
average yield of these watersheds is approximately 35,000 ac-ft/yr (Table 2). The area of
these watersheds is approximately 20-percent of the total area for the New Mexico portion of

the Salt Basin.

Table 2. Watecrsheds in the Salt Basin, and
summary of watershed data and estimated yield

“mean annual mean estimated
precipitation, elevation, area, | watershed yield,
name in./yr ft ams! mi’ ac-ft/yr.
Sacramento River 228 7,795 135 17,580 °
Pifion Creek 20.0 7,100 99 8,872
small un-named watersheds and
mountain front on Otero Mesa and 17.2 6,500 124 8,626
iCornudas and Brokeoff Mountains
Salt Basin total E | 358 35,078
inJyr inches per year ft amsl  feet above mean sca level
mi” square miles i ac-f/yr  acre-feet per year

The watershed yield analysis was performed by evaluating monthly precipitation and
potential evaporation data collcdtcd from weather stations in the region (Livingston Associates

and John Shomaker & Associates, Inc., 2001).
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The watershed yield analysis indicates that -aerial recharge does not occur below an
elevation of 5,860 1, although below an elevation of 5,860 ft recharge from storm-water runoff
occurs along arroyos and highly fractured rock where infiltration rates arc high. Total
watershed yield calculated for the Salt Basin area is 35,000 ac-f/yr (Table 2), with
approximately one-half originating from the Sacramento River Watershed.

Due to the fractured conditions of the rocks, all of the 35,000 ac-ft/yr plus storm-water
runofT infiltrates into the ground-water system and can be considered as recharge.

Mayer (1995) cstimated a total average annual rate of recharge at 58,000 ac-fUyr for

the Salt Basin, which included part of the Diablo Plateau in Texas.

2.4 Direction of Ground-Water Flow

Ground-water clevation contour maps for only parts of the study area have been
dcv_élopcd by Ashworth (1993), Mayer (1995), and TWDB/NMWRRI (1997). The water-
level contour maps from Ashworth (1995) and TWDB/NMWRRI (1997) are limited to the
Dell City arca and are representative of near present pumping conditions. The waier-leve]
contouring by Mayer (1995) was limited to a few data points in New Mexico, and implied a
rclélively flat hydraulic gradicﬁt throughout the study area.

The ground-water clevation Lomour map shown as Figure 5 was constructed from data -
from existing reports, the Texas Water Development Board (TWDB) database, and the New
Mexico Office of the State Engincer (NMOSE) WATERS database. There are several areas
where water-level data are absent,,and extrapolation between data points 10 to 20-milcé apar
was made. Additional data are needed for Otero Mesa, Diablo Plateau, and the northern
fringes of Otero Break to have a more accurate ground-water clevation contoﬁrbmap of the
study arca. | |

Regional ground-water flow is from the northern Salt Basin, Otero Mesa, and Diablo
Platcau toward the Salt Flats near Dell City (Fig. 5). Grdund—watér elevation contours along
the northern watershed boundary of the Salt Basin, between Timberon and Pifion, indicate
ground-water flow from the Pefiasco Basin to the Salt Basin.

The direction of ground-water flow from Otero Mesa and the Sacramento watershed
area is tov\;ard the highly fractured region referred 1o as Otero Break. The fractured rocks of

- Otero Break have very high permeability and, as a result, effectively transport water to the

JOHN SHOMAKER & ASSOCIATES, INC.
- WATER-RESOURCE AND ENVIRONMENTAL CONSULTANTS




JSAI o 8

Dell City area and Salt Flats. Figure 6 is an acrial photograph of a portion of the Otero Break
arca (1235, RI6E), showing the visibility and northwest orientation of the regional fracture
system. |

(iround-water flows radially away from the Cornudas Mountains, presumably as a-
result of recharge there. Mayer (1995) suggested the water levels in the Cornudas Mountains
indicate a perched water table, but data from nearby decp wells still show radial flow from the

Cornudas Mountains.

2.5 Current and Historic Use

The primary uses of ground water in the New Mexico portion of the Salt Basin have
been for domestic supply, stock watering, and irrigation. Irrigation has primarily been in the
Crow Flat area. Bjdrklund (1957) reported 3,000 acres of irrigated land from 17 wells in 1956,
all in the Crow Flats area with most of it near the New Mexico-Texas state line.

Stock wells are scattered throughout the Salt Basin, and several of them are converted
oil and gas exploration wells. A list of well data from the NMOSE WATERS database is
provided in Appendix A. Existing wells are shown on the map provided as Figure 7.

Timberon Water & Sanitation District has approximately 1,500 ac-ft/yr of surface-
water rights associated with Carriza Spring, tributary to the Sacramento River. Table 3

summarizes the declared water rights in the Salt Basin.

Table 3. Summary of declared water rights in
Salt Underground Water Basin, New Mexico

declared water rights,
use ac-ft/yr
domestic 80
stock 566
municipal 1,499
irrigation* 47,595
total 49,740
* Hunt Development Corp. has'declared 35,290 ac-fi/yr for imgation of 3,600 acres
ac-fVyr ~acre-foet per year .
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The majority of pumping from the Salt Basin occurs in the Dell City area, in Texas.
Ashworth (1995) and Scalapino (1950) have summarized the acre-fect pumped for the
HCUWD#] (Dell City area), as listed in Table 4. Irrigatibn in the Dell City area began in
1947, and approximately 26,000 acres ére currently irrigated for growing alfalfa, cotton, and
chile. The HCUWD#1 claims 36,000 acres can potentially be irrigated, which would require
about 180,000 ac-fi/yr of pumping at the currc.m application rate of about 5 acre-feet per acre.
Wilson and Lucero (1997) estimated a total pumping for irrigation in the New Mexico side of

the Salt Basin at 10,171 ac-fUyr in 1995.

Table 4. Summary of historic pumping for irrigation in the Dell City area

year acre—feef pumped
948" | 7500
1949 18,000
1958 67,000
1964° 91,500
1974°: | . 132,700
1979° 144,600
984> 102,000
1989° 94,700
1994° 100,000
1999° 100,000

? from Scalapino.(1950)
b from Ashworth (1995)
from HCUWD# 1

2.6 Future Use

Recognizing the importance of the public ground-water reserve, the New Mexico State

Engincer declared the Salt Underground Basin in September 13, 2000. After the basin was ,
 declared, several applications have been filed to .furth_er develop the water resources in Crow

Flat and Otero Break (g, 7).
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The Tularosa-Salt Basin Regional  Water Plan was adopted by the New Mexico

Interstate Stream Commission in May 2002, which defines the water resources of the Salt

Basin and outlines current and future use. Even though the Salt Basin is sparsely populated

and remote, the vast water supply in the Salt Basin is an important alternative resource for the

tuture of New Mexico. Alternatives include development and importation to areas of need, as

well as, preservation for use beyond the 40-year planning horizon.
‘The State Water Plan for New Mexico (selected pages in Appendix C) contains the
following discussion on the Salt Basin and associated water resources:
0 The availability of safe and adequate drinking water supplies for all New
Mexicans is of paramount importance to the health and safety of the State’s

citizens (pg 6).

Little development of the Salt Basin has occurred in New Mexico, but pressure to

()

develop this resource is growing (appendix A, A-36)

a Steps must be taken to ensure that water from the basin is preserved to mect

growing demands in southern New Mexico (appendix A, A-37)

3.0 l)EFlClENCIES IN BLM RMP AND EIS

3.1 Identification of Water Resources and Potential Impacts

The BLM RMP and EIS did not review and include key pubhcatlons on the water

resources for the impact assessment (see references Section 5.0, and Appendix B).

@ The majority of the Salt Basin is underlain by limestone (carbonate) rock that is
fractured, and considered a regional aquifer (Mayer, 1995; Mayer and Sharp,
1998). Detailed description of this regional aquifer can be obtained from the
references provided in Appendix B.

a The shallow alluvial aquifer is localized to arroyo and strecam channels where
recharge occurs. The alluvial aquifer is used for domestic and stock phrpOses.
Depth to water is shallow in the alluvial aquifer rcndcrmg it susceptible to
contamination from surface disturbances.

g There are potcn{ially significant fresh wzi;cr resources above and below the target
formations for oil and gas development.

o The full extent of the water resources in the Salt. Basin has not been defined.

JOHN SHOMAKER & ASSOCIATES, INC.
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3.2 Characterization of Aquifer(s) and Sensitivity to Management Alternatives

The BLLM RMP and EIS did not identify the regional fractured carbonate rock aquifer
beneath the Salt Basin and its susceptibility to surface disturbances. related to oil and gas

development.

0 The regional aquifer is similar to the Edwards Aquifer in Texas, where the
recharge zone is sensitive to contamination and requires controlled surface use for

protection.

0 The majority of the Salt Basin has fractﬁrcd Permian-age carbonate rocks exposed
at the surface, which is part of the regional aquifer. The fracture density has been
qumﬂiﬁed by Mayer and Sharp (1998), in which fracture density can be as high as.
15,800 ft per squarc mile; in some cases fractures are no more than one meter
apart (see discussion and photographic documentation by Mayer (1995) in
Appendix B). Fractures are exposed at the land surface and potentially provide

pathways for contaminant migration to the regional aquifer.

The hydraulic conductivity for the Otero Break arca is estimated to average 100
f/d, and the hydraulic gradient estimated from Figure 5 is 0.002 ft/ft. Using
Darcy’s Law to calculate the tracer velocity, an average value of 20 ft/d was
caleulated for the fractured part of the aquifer at Otero Break (assuming an
effective porosity of 0.01). With in a particular facture, the tracer velocity may be
several orders of magnitude greater. This indicates how rapid contaminants could .

travel once introduced into the aquifer.

3.3 Ground-Water Protection Méasuics

Additional ground-water protection measures nced to be implemented to insurc

protection of water resources in the Salt Basin.

o The possibility of injection wells should be omitted from the RMP given the
widespread distribution of fresh “public ground water beneath the Salt Basin, and

the fractured nature of the aquifer(s).”

~a  The fracture density study performed by Mayer (1995) could provide guidance for
determining areas of the aquifer susceptible to contamination from surface
~ disturbances. It is likely a more detailed fracture evaluation will nccd to be

undertaken beforc land management decisions are madc

JOHN SHOMAKER & ASSOCIATES, INC.
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3.4 Fconomic and Ranking Evaluation of Resources

The BLM RMP and EIS should review existing water plans for the Salt Basin and
incorporate those into resource evaluation and protection of water resources identified for
future use. (excerpts from the State Water Plan can be referenced in Appendix C).

0  The value of the water resources and fluid mineral resources should be evaluated,

and appropriate methods should be- used to rank resources based on impacts,

value, and sustainability.

4.0 CONCLUSIONS AND FINDINGS

I. The proposed plan leaves appmximatcly 70 percent of the public land
open with standard lease terms and conditions and no special provisions |
for protection of ground-water resources (public water supply). Proposed
activities may include oil and gas éxploration and development, with the
potential for injection wells to dispose waste. Proposed activities and
protection of identified water resources (public water reserves) would be

regulated under standard lease terms and conditions (BLM, 2003).

o

Depth to water in the central part of the basin is around 200 ft, and many

of the wells that produce from shallow perched ground water may have

depth to water less than 100 ft (see well data in Appendix A). The BLM

RMP and EIS does not include the shallow depth to water data in the

analysis of water-resource impacts.

3. The majority of tﬁc Salt Basin is underlain by limestone (carbonate) rock
| that is fractured, and considered as a rcgional aqﬁifer (Mayer, 1995;

Mayer and Sharp, 1998).
4. The regional aquifer is similar to the Edwards Aquifer in Texas, wheré the
recharge zone is sensitive to contamination and requires controlled surface

use for protection.

. JOHN SHOMAKER & ASSOCIATES, INC.
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5. The Silurian-age Fusselman Dolomite has-been reported by the oil and gas
exploration industry as having “fresh” water in the Otero Mesa and Diablo
Platcau areas. The Fusselman Dolomite is generally found at depths
greater than 2,000 fi below land surface (Black, 1975; Pearson, 1980;
Harder, 1982). |

6. The possibility of injection wells should be omitted from the RMP given
the widespread distribution of fresh “public ground water beneath the Salt

Basin, and the fractured nature of the aquifer(s).”
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Appendix A.

List of Water-Supply Wells in the Salt Basin
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Appendix A. List of wells in Salt Basin from NMOSE WATERS online database 02/05/04.
} :

Diver- ‘ A : . Well |Water|-
sion I : _ Date Depth{ Depth
Well Number | Use | (ac-fiyr) Owner - Tws Rng Sec gqgq| Easting Northing | Completed |(ft bgh)|(ft bgl)
ST 00088 1RR 1260 |JOHN G. OR L. JANE SCHAFER 245 18E 20 133] 487598 3562810 6/3/1974] 350]° 110
ST 00083 - |IRR 560 [JOHN G. OR L. JANE SCHAFER 245 18E 29 323| 487999 3560800 7/1/1964 425 110
ST 00090 STK 3 |CAMBALACHIE ENTERPRISES 26S 10E 13 443| 417933 3544699| 12/31/1930| 200| 160
ST 00091 STK 3 {CAMBALACHIE ENTERPRISES 26S 10E 24 134| 416921 3543902| 12/31/1967| 900 710
ST 00092 DOM 3 [CAMBALACHIE ENTERPRISES 245 13E 35 121| 444414 3560430| 12/31/1900{ 800 600
ST 00093 DOM 4 |DOROTHY G. LEWIS T 268 18E 27 214] 491823 3551947| 12/31/1963| 130
ST 00094 IRR 574 |[DOROTHY G. LEWIS 255 18E 27 222| 492226 3552145| 12/31/1958] 152
ST 00095 STK 3 |[HFR CORP. 248 20E 16 32 508563 3564086( 12/31/1975| 1050
|ST 00096 STK 3 [HFR CORP 258 20E 25 34 513407 3550798 12/31/1975} 1750
ST 00097 STK 46 |CAMBALACHIE ENTERPRISES 245 13E 32 243 440393 3559861| 12/31/1900{ 500 90
ST 00088 STK 3 |KENNETH TIDWELL TRUST 20S 14E 20 412] 450263 3601773| 12/31/1950{ 930
ST 00089 STK 3 |BOB JONES 26S 14E 18 411| 447962 3545055| 12/31/1982{ 200! 150
ST 00100 STK 3 [CAMBALACHIE ENTERPRISE 258 13E 13 333| 445590 3554122| 12/31/1945! 190 170
ST 00101 STK 19 |CAMBALACHIE ENTERPRISES 265 13E 16 244| 442132 3545293| 12/31/1950] 800| 610
ST 00102 STK 16 |CAMBALACHIE ENTERPRISES 23S 12E 23 112| 434625 3573349| 12/31/1916] 550| 490
ST 00103 STK . 48 |CAMBALACHIE ENTERPRISES 1245 13E 5 211] 440026 3568508{ 12/31/1915] 560| 490|
ST 00104 IRR 429 |CAMBALACHIE ENTERPRISES _ 248 13E 32 243| 440393 3559861| 12/31/1978| 400 90
ST 00105 STK 77 |CAMBALACHIE ENTERPRISES 245 13E 32 243| 440393 3559861| 12/31/1960! 400 90
ST 00106 STK 3 [THOMAS S. COOPER 26S 12E 12 422| 437711 3546602 7/6/1863] 570 420
ST 00107 STK 3 |THOMAS S. COOPER 255 12E 31 1 428753 3550403 8/1/1862| 380 280
ST 00108 STK 3 |THOMAS S. COOPER ‘ 26S 12E 16 322| 432067 3545038| 12/31/1945| 610} 540
ST 00110 iRR 45 |JOHN V WHITE 258 18E 27 232| 491824 3551745| 12/31/1966| 500 45
ST 00111 MDW 1499 |TIMBERON WATER CO., INC. 188 12E 23 1 435249 3611861f 2/13/2001; 490 110
ST 00111~ |EXP 0 |TIMBERON WATER & SAN DISTRICT |198S 12E 23 1 435249 3611861| 2/13/2001] 490 110
ST 00111 S _ 198 12E 23 134 435147 3611559| 9/14/2000| 400 50
ST 00111 S MDW 0 |TIMBERON WATER & SANTIATION DT | 19S 12E 23 124! 435147 3611559 9/14/2000 400 50
ST 00112 EXP 0 |TIMBRON WATER & SANITATION DIS | 19S 12E 13 424| 437974 3612658| 3/28/2001] 100 25
ST 00113 EXP 0 |TIMBERCN WATER & SANITATION 19S 12E 25 442f 437946 3609312 2/3/2001| 600
ST 00114 EXP 0 |TIMBERON WATER & SANITATION 19S5 12BE 13 424 437974 3612658 1/29/2001| 400
ST 00115 STK 10.61 |PINON CATTLE COMPANY : 198 14E 28 113| 450906 3610180 700
ST 00115 S : . _ 185 13E 12 142| 446708 3614798 700
| ST 00115 S-10 . 198 13E 12 121| 446510 3615199| 5/13/2003| 1005| 740
7 ST 00115 S-2 188 13E 12 143| 446508 3614598 700
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THE ROLE OF FRACTURES IN REGIONAL GROUNDWATER FLOW:
FIELD EVIDENCE AND MODEL RESULTS FROM THE
BASIN-AND-RANGE OF TEXAS

AND NEW MEXICO

Publication No.

James Roger Maver, Ph.D.

The University of Texas at Austin, 1993

Supervisor: Joha M. Sharp, Jr.

This study integrates fracture mapping and groundx\v‘ater flow modeling to
assess the role of fractures in regienal groundwater flow. This 1s an imporiant
wpic because fracwires plav a pfomincm role i groundwater flow in many
aquifers. Funthermore, few stdies have addrcssed‘ quantitatively the regional
hydrogeological implications of fractores.

The studv zrea 1s located in west Texas and S(jnlﬂ';{:l‘n New Mexico,
between the Salt Basin and the Tolarosa Valley.,  The region is largely
undeformed, but the Perman carbonate bedrock 1s cut by manv extensional fauls

and fractures. Air-photo annlvsis and fizld mapping reveal a broad fracture zone

extending from the Seeramento Mountains to the Salt Basin near Dell Ciry, Texas.

Most fractures roughlv parai major normal fauits and are oriented




N20W The most intense fracwunng coincides with a prominent

- poienniometric surface and an apparent "plume” of relatively fresh

Flow simulation and chemical modeling suggest that fracturing has
created a high permeability zone that {unnels recharge from the Sacramento
Mountains at least 80 km southeastward (o discharge points in the Salt Basin and
the Dell Crov rnization distiet,

To estimate the regional transmissivity and (o test the role of fractures in

rezional flow, o steadyv-state finte- element flow model was constructed in which

fracture daia are wsed o consicain a spatially distributed transmissivity. Given the

probable range of recharge, discharge and other hydrologic parameters, fractures

are the most imperiant single constraint on the configuration of the potentiometric
surface.
Major results include: (1) fracturing can control groundwater flow over

e (>1000 km~-) areas, (2) cln,cu"c recharge areas and regional groundwater

Yoy g
ial

#[s]

chemistry trends are stronzly influenced by fractures. and (3) threugh fracture

studies, a priors inferences about aquifer properties and regional flow are

sossible.  Finallv. this study demonstrates one mechanism by which the timing

and nature of tectonic events can affect regional subsurface fluid. flow and,
perhaps imore importantly, related processes such as hydrothermal mine mhzanon

diazenesis. and hvdrocarbon transport and entrapment.
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in the western Otero Mesa 1s probably lithologically controlled. The western Otero

Mesa s underlain by the gypsum-rich Yeso Formation, and therefore it is less

present throughout the rest of the area. The correlation between fractures and

normal faults suggests that they formed as the result of the same tectonic events.

I prone to [racturing than the more bntle strata of the carbonate-dominated units
Fracture Zones

Based primarily on fracture density, but-also on fracture orientation, the study

E area may be divided into distinct fracture zones (Figure 4.10). The boundaries of

these zones are used to constrain hydraulic conductivity in a groundwater flow

model in Chapter 6. Zone 1 is located along the Otero Break and is the most

éz_wily fractured zone. There is a very strong preferred fracture orientation. within
this zone of approximately N20W. parallel withv the noﬁnal faults of the Otero
Break. Zones 2 and 3 each have signiﬁcan}(‘fracmre density and a domunant
iracture orientanon similar 1o Zone 1. In Zone 3 there appear to be two additional

* fraciure sets not observed elsewhere. These are oriented approximately N4OW and

tentation. In this zone there are either additional fracture sets, or a largely random

Omponent of crieniation. Zone 3 is composed of Salt Basin alluvium and no
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[w':*.ctur e control of regional g 0round water flow 1n a carbonate aquer m =

semi-arld region

James R. Moyer*
John M. Shflrp Jr

\BSTRACT

wWe integrate fracture mapping and numerical modeling to assess the
rule of fractures in regional ground-water flow. Although the impor-
nee of fractures in ground-water flow and solute transport is ac-
cepted generally, few studies have addressed quantitatively the regional
h‘\dmgculogicul implications of fractures. The field-study area in west
Texas and southeastern New Mexico consists primarily of subhorizon-
(gl Permian carbonate rocks cut by extensional faults and fractures.
Air-photo analysisand field mapping reveal a broad fracture zone ex-
ending from the Sacramento Mountains of New Mexico to the Salt
Basin near Dell City, Texas. Most fractures are subparallel to major
normal faults. The most intense fracturing coincides with a prominent
trough in the potentiometric surface and an apparent “plume” of rela-
tively fresh ground water. Flow models, corroborated by geochemical
data, indicate that fracturing has created a high-permeability zone that
funnels recharge from the Sacramento Mountains at least 80 km south-
gustward to its discharpe zone, :

A steady-state finite-element flow model uses fracture datato predict
the spatial transmissivity distribution. Given the probable range of
recharge, discharpe, and other hydrologic parameters, fractures are the
most important factor affecting the potentiometric surface configura-
tion. Our study implies that:(1) fractures can control ground-water
flow over large (>1000 km?) areas; (2) effective recharge areas and re-

"gional ground-water chemistry trends are strongly influenced by frac-

wres: and (3) a priori inferences about aquifer properties and regional -

flow are possible by means of fracture studies. This study demonstrates
that the timing and nature of fracturing can affecs regional subsurface
fluid Now, as well as related processes such as hydrothermal mineral-
ization, diagenesis, and hydrocarbon transport and cmmpmcnt.'

INTRODUCTION

Fiuid flow in fractures is important in ground-water resource develop-
ment. the 1selation, disposal, and cleanup of hazardous waste, petroleum
migration, and hydrothermal mineral formation. Although the reservoir-
wale hvdraulics and the regional structural implications of fractires have
been extensively studied, few smidies address the regional hydrogeological
anplications of fractures (Mayer and Sharp. 1995) and fewer use fracture
datrwhen modeling regional flow and solute transport.

*Present address: Depanment of Geology. State University of West Geosgia,
Camvollion. Georgia 30118-3100: e-mail: jmayer@westga.edu.
e e et . °

GSA Bulletin: February 1998 v 11000, 25 p. 269-283: 20 figures: 2 ables.
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The main contribution of this study is to show that fracture dat can im-
prove cur understanding of regional ground-water fow. especially in areas
for which there are spurse hydrogeologic data. This 15 nnportant becanse
fractures commenly provide the only significant etfective porosity and per-
meability of carbonate rocks, igneous and metamormhic rocks, and shales.
In some aquifers, ground-water flow direction is detertnined as much by
fracture-related anisotropy as by hydraulic gradient. In these situations,
many common assumptions about flow and transpart are inappropriate.-In
addition, high-permeability uends caused by preferential fracturing can cre-
ate large-scale variations in flow rates and can determine if and wher intes-
basin flow will occur and, thus, the extent of regional flow systems.

At the regional scale, fractured aquifers are typically modeled as equiv-
alent porous media, and {racture data are ignored. For example, the Ed-
wards aquifer in central Texas, a fractured carbonate aquifer that has besn
extensively studied, is generally modeled as a homogeneous (and often
isotropic) system, even though fracture-related anisotropy is clearly indi:
cated (Slade et al., 1985: Senger and Kreitler, 1984; McKinney and Sharp,
1995; Uliana and Sharp, 1996). On the other extreme, discrete fracture
models (e.g.. Dershowitz and Einstein, 1988}, widely used for reservoir-
scale modeling, requise a level of subsurface characierization not normally

‘feasible at the regional scale. For example, studies in mutne tunnels (e. £,

Long and Billaux, 1987) show that even if fracture onieatation and aper-
twres are known, we cannot predict a priori which fracturcs are conductive;

. perhaps because of their connectedness or channeling.

The goals of this study are to evaluate how regional fracture systems af-
fect regional ground-water flow and 1o develop a conceptual framework for
regional ground-water flow in fractured aguifers that allows use of fracture
data. Specifically, we evaluate: (1) if regionally pervasive fracture systems
create permeability trends and regional anisotropy that are manifest
through hydraulic potential and water chemistry trends; (2) if fractured
aquifers can be conceptualized in terms of fracture domains, cach domain
defined by internally consistent fracture patterns and hydraulic properties;

“and (3) if a prion fracture analysis significantly improves the predictive

power of regional ground-water {low models.
STUDY AREA

The study area includes 9000 km? in Hudspeth Coumy Texas, and Otero
County, New Mexico (Fig. 1). We refer to the study area as the Otero-Diablo
region because rost of it is on the Otero Mesa and the Dinblo Plateau. Study-
area boundaries generally coincide with the watersheds of the northern Salt
Basin‘and the Sacramento River. Important physical feanires include the
Sacramento Mountains, the Sacramento River, the ‘Otero Mesa-Diablo
Platean, and the Salt Basin. Elevations range from 1095 m in the Salt Basin




i
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to more than 2750 m in the Sacramento Mountains. In the vmmly of. Dcil
City, Texas, there is extensive irrigation where there is arable land.

The Otere-Diablo region is within the Basin and Range physiographic
provinee. There are several distinet morphologic subdivisions within the
study area (Fig. 2). the largest of which is the Diablo Plateau-Otero Mesz,
whichis a gently castward- sloping platcan at an elevation between 1250 and

1500 m. Within the Diablo Platean—Otero Mesi are'Tertiary igneous intru-

sive rock bodies, iridudmg the Cornudas Mountains, that form distinctive,
isofated landmarks on the otherwise low-relief plateau.
The Salt Basin is a major Basin and Range gmbcn' extending from south
of Van Hom, Texas, north o New Mexico, where it terminates between
the Sacramento and -Guadahipé Mountains, The topographic floor of the
Sait Basin is nearly planar and slopes genity 1o the south. The Salt Basin
contains alluvial fill as thick as 750 m that is overlain by evaporites, pri-
marily gypsurn (Veldhuis and Keller, 1980). The Sacramento Mountains oc-
cupy the northernmost portion of the study area where they rise steeply from
the Otero Mesa to elevations greater than 2750 m. '| '
The Otero-Diablo region is charscteized by o subtropical and climate:
rnost of the area is within the nonthern Chihuahuan Desent (Dick-Peddie.
1975). Summers are hot and dry; winters are generally mild, although shont
pericds of severe winter weather are common. Weather and climate vary
considerably across even small areas; most variatuon is a function of eleva-
tion. As clevation increases, precipitation increases, whereas potential
cvaporation and temperature decrease.
. Annual prccnpnmuon varies from less than 2§ cm in the Salt Basin o
Qrbhtc
tion occurs during violent but short-lived thunderstorms during July and Au-
gust. Estimating average annual precipitation in the Otero-Diablo region is
problematical because of the paucity of climate recording stations. How-
ever, precipitation is strongly dependent upon elevation. In Figure 4, pre-
cipitation values in the vicinity of recording stations are based on recorded

values; far from recording stations, where most of this study lSlO(_dlcd pre-
cipitation is based on elevation using the regression shown in Figure 3. An-
nual potential evaporation ranges from 190 cm at high elevations to 250 cm
at low elevations (Mydrosphere Data Products, Inc., 1992). Because precip-
itation 15 greater and potential evapotranspiration is less, the most intense
recharge occurs in the Sacramento Mountains.

The Sacramento River is the only perennial surface watcr in the region.
It originates in the Sacramento Mountains and disappears into altuvial fans
adjacent 1o the Otero Mesa (Fig. 5). There is a well-developed system of
ephemend streams throughout the region. Salt Basin playas are primarily
ground-water discharge arcas, but short-duration floods generated by storm
runoff from surrounding areas occasionally fill them (Boyd and Kreitler.
1086). There are several Pleistoccne lake beds in the Otero Mesa (Hawley,
1993) auesting to the cffects of climate change inthis region,

STRATIGRAPHY

The study area is composed almost exclusively of Permian carbonate
rocks and associated clastic and evaporite rocks (Fig. 6). There are minor
outcrops of pre-Permian sedimentary rocks, Tertiary and Precambrian ig-
ncous rocks, and Cretaceous sedimentary rocks, and there is a thin vencer
of unconsolidated Quatcrnary deposits. The following discussion focuses

" on Permian siratigraphy.

The lower Permian Hueen Formation is the oldest unit that crops out ex-
tensively in the study area. It crops out in the western part of the Diablo
Plateau and is composed primarnily of limesione, dolomite, sandstone, muid-
stone, and conglomerate (Barnes. 1975).

The Yeso. Victorio Peak, and Bone Spring Formations are equivalent
L.co‘riaﬂrdian to carliest Guadalupian formations that record deposition in the
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an 90 cm in the Sacramento Mountains (Fig. 3). Most precipita--
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Figure 1. The Otero-Diablo study region. S:xll:'liaéi\ﬁn'd Tulaross
Valley arc grabens of the Basin and Range physiographic province.
Most of region occupies Otero Mesa-and Diablo Plateau and is within
the northern Chihuahuan Desert. A '
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Figure 2. Geomorphological regions and topographic map of O™
Diablo-region. Elevations range from more than 2750 m in the Sa¢®
mento Mountains to 1095 m in the Salt Basin. The Sacramento Risel
rises from base flow in the Sacramento Mountains and sinks into Al
vial fans at base of the mountains.
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Figure 3. Precipitation (centimeters) in the Otero-Diablo region.
Data distant from recording stations are calculated by elevation rela-
tionship illustrated in Figure 3. Note that the greatest precipitation by
far (and thus the most intense recharge) occurs in the Sacramento
Mountains. Recording stations: AL—Alamogordo; CL—Cloudcroft;
CO—Cornudas; DC—Dell City; EL—Elk; MH—Mayhill; MP—
Mountain Park; OR—Orogrande; SF—Salt Flat; WS-——White Sands.
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- Figure 4. Precipitation (centimeters) as function of elevation (meters)
izom recording stations in and near the study area. Note strong depend-
ence of precipitation on elevation. This relationship is used to calculate

precipitation at points distant from recording stations. Récording sta-

tion abbreviations as for Figure 3.
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Delaware basin and the northwest shelf of the Delaware basin. The Bone
Spring Formation is a deep-water limestone unit that crops out primanly to
the south and east of the study area. However, there are minor outliers that
crop out near the Comudas Mountains: the formation is also present in the
subsurface. The Bone Spring Formation is a thin-bedded, dark gray lime-
stone unit, in part cherty, and has interbedded dolomite, sandstone, and
shale. The Victorio Peak Formation, the shelf equivalent of the basinal Bone
Spring Formation. crops out in the eastern Diablo Plateau and consists of
limestone, dolomite, sandstone, and silistone (Bames, 1975).

The Yeso Formation is a heterogencous unit of limestone, shale, gypsum,
dolomite, sandstone, and minor halite; and was deposited in a ransitional
marine-terrestrial environment (Pray, 1961). The Yeso Formation is hydro-
geologically significant because it contains abundant evaporites, primarily
gypsum. Because of this, ground water in the Yeso Formation genesally has
a higher salinity than in other strata. Furthermaore, the Yeso Formation is less
fractured than other Permiari carbonate formations. _

The Leonardian-lower Guadalupian San Andres Formation is the most
extensive unit to crop out in the study area I is a gray. massive to thin-
bedded limestone with increasing ameounts of dolomite and gypsum 1o the
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Figure 5. Hydrogeologic leatures of the Otero-Diablo ncg'ijon. South-
ern and eastern boundaries of the Ggure are symmetry boundaries de-
fined by pround-water flow; other boundaries correspond to surface
water divides. The only perennial surface water is.the Sacramento
River. Playas, dry lakes, and streams hold water only after heavy rains.
Natural discharge for ground water is through evapotranspiration in
Salt Basin playas; a significant amount of ground water is also with-
drawn for irrigation in the Dell City area.
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north. The lowermost San Andres is equivalent to the upper Victorio Peak

(Lucia et al., 19925, and a poorly defined transitional boundary is present
between the nvo formations on the west flank of the Salt Basin near the
Texas—New Mexico border. In Figure 6, strata porth of the Texas—New
Mexico border are mapped primartly as San Andres Fonmation; strata to the
south are mapped primarily as Victorio Peak.

| STRUCTURAL GEOLOGY
! .
' The most promirent structural feature of the Otero-Diablo region is the

Saht Basin, a 420-kin-long nonh-nonthwest—trending graben {Fig. 7)., which
‘ is the casternmost mergin of the Basin and Range structural province
I {(Goewz, 1977). The structural floor of the graben dips.to the southwest and

ts buried by as wuch as 730 m of alluvium (Veldhuis and Keller, 1930).

i dunag laic Paleozore ime along a northwest-orienied fault zone; and west-
| oriented extension, beginning in the Tertiary (Goetz, 1985; Dickerson,

1985). The second phase of deformation created the Basin and Range
! province and was widespread over a large area of southwestern North
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Figure 6. Simpliﬁcd geologic map (adapted from many sources, in-
cluding Barnes, 1975; New Mexico Geological Society, 1982; Pray,
1961; Kerans et al., 1994; and Muehlberger and Dickerson, 19§9). The
rcgum is dominated by carbonate rocks and variable amounts of inter-
bedded clastic and evaporite rocks. Note that the area receiving the
most intense recharge (Sacramento Mountains) and the natural dis-
charge area (Salt Basin playas) are at opposite ends of a prominent
northwest-southeast-aligned fankt trend {Otero Break). This arrange-
ment appears (o be the result of conduit flow along fractures, which are
concentrated along the Otero Break fault trend. Thas, fracturing op-
pears to exert 2 major control over the gross geometry of the regional
flow systemn.

————
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There were two phases of deformation: righi-tateral shear and extension”

- 1985; Black, 1976).
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Amen’ca._ Fault scarps in recent alluvium suggest that Basin and Range ex.
tension is siill active (Gocetz, 1985).

The Sacramento Mountains consist of a Jarge, exst-tlted fault block with
gentle folds and numerous nonmal faults (Black, 1975 Pray. 1961). Ex-
tending southeastward from the Sacramento Mountains is a prominem
topographic and structura) feature, herein narned the Otero Break, consist-
ng of a senes of down-to-the-west normal faults and a zone of intense frac-
turing {(Fig. 7). It extends from just north of Dell Ciry, Texas. to the Sucra-
mento Mountains, where a senes of faults defines the course of the
Sacramemo River. The Otero Break roughly parallels major Paleozoic
structures in Texas and New Mexico, including the Babb flexure, Kellev's
shear, and the subsurface Otero fault, which is probably a reactivated Pale-
ozoic feature (Black, 1976).

HYDROGEOLOGY

Previous hydrogeological studies in this region address either irnigation
water quantity and quality or the suitability of the area for hazardous waste
disposal. Scalapino (1950) documented the early ground-water irmigation
development in the Dell City arca. and he speculated that the Sacranicao
River drainage area might be a significant souree of recharge for Dell Ciy.
Bjorklund (1957) comnpiled water-level data in the vicinity of Crow Flaisin
the northern Salt Basin in Texas and New Mexico, but at that time, elevation
data for wells were not available and he was unable to map the hydraulic
head. Davis and Leggat (1965), Sharp et al. (1993), and Mayer and Shap
(1994) documented water-lével and water-quality changes in the Dell City
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Figure 7. Tectonic features map of Otero-Diablo region (after Gtk
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aref created by irrigation. Ashworth (1995) provided a review of the water
eshurces of the Dell Valley arca. Regional studies by Hiss (1980) and Motts
L1968y examined the role of facies and highlighted the role of Permian car-
wonate facies in channeling regional flow. An implied common theme in
these studics is the role of geologic stucture and stratigraphy in controlling
enonal ground-water flow.

Yeeitlereral. (1987) mapped the regional potentiometric surface in north-
ora Hudspeth County, Texas. and sampled wells for major ions. trace con-
gieis, itium, and MCro assess the feasibility of two potential tow-level
pdivactive waste disposal sites on the Diablo Plateau. Sharp (1989) mappéd
eaional ground-water flow systems in Hudspeth, Culberson, and Reeves
Counties. Texas. Boyd (1982). Boyd and Kreitler (1986), and Chapinan and
greitler (1990) studied the Salt Basin unsaturated zone and concluded that
wdiments there were deposited primarily by ground-water discharge and
mineral precipitation and not by a preexisting lake, as had been suggested
e Fang (1948),

Hyvdrostratigraphy

The Otero-Disblo aquifer consists primanly of Victorio Peak, San Andres,
nd Yeso Formations sirata (Fig. 8). The prolific Dell City irrigation district
dbtitins its water from undifferentisted Bone Spring-Victorio Peak rocks
(Scalapine, 1950). Hydrostrangraphic desails are not known; in panticular.
ihere 18 litde known about aquifer thickness. Most wells penctrate only ens
of meters o approximately 100 m of saturated thickness. Several wells near
[)cll City penctrate as much as 430 m of aquifer. In the central part of the re-
«lon the San Andres Formation overlies the less-permeitble Yeso Formation.

Here the Yeso Formation probably serves as the base of the flow system. In

ather areas there is no clear basal unit.
Ground-Water Recharge and Discharpe

* Recharge in the Otero-Diablo region is from areal infiltration of pre-
cipitation (Kreitler et al., 1987); infiltration of the Sacramento River
(Scalapino, 1950); and imgation return flow in the Dell City irrigation dis-
mict (1.ogan, 1984). Recharge other than irrigation return flow is assumed
to be negligible within the Salt Basin because soil permeability is low and
-potential evaporation is more than 10 times greater than precipitation
(Bovd and Kreitler, 1986).

The Salt Basin is the natural discharge area for regional ground-water
How. Evaporation occurs directly from the water table, which is located at a
depih of between (0.8 and 1.8 m (Boyd and Kreitler, 1986). Since about
1930. however, pumping in the Dell City irnigation district has discharged
significant volumes of ground water. According to Texas Water Develop-
ment Board figures (Ashworth, 1995), total annuat discharge for the period
1958 10 1992 averaged approximately 1.0 x 10% m? (85 000 acre f1).

Salt Basin EAST

Graben \‘ f

Hueco / Aba
uppar San Anares TN
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I \ N g S
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Figure 8. Schematic cross section showing relationships among ma-
jor formations of the Otero-Diablo region (adapted from Black, 1975;
‘Lucia et al.,
Fermation.

Geological Socicty of America Bulletin, February 1998

'1992). VP—Victorio Peak Formation; SA—San Andres

Potentiometric Surface

Data in Texas were compiled from published reports and from records
kept by the Texas Water Development Board. Data for New Mexico were ob-
tained from records of the U.S. Deparment of the Interior, Bureau of Land
Management; the New Mexico State Engineer's Oftice; and from individual
well owners. Well locations and water depths in wells were translated 10 ele-
vation above mean sea level using welthead elevations estimated from LS.
Geological Survey 7.5 minute wopegraphic maps. Therefore potentiometric
data are accurate only o plus or munus several meters. Because the data are
widely spaccd and potentiometric surface relief is large, this uncertainty docs
not appreciably affect the interpretation.

The potentiometric surface slopes generally castward from the Diable
Platcau and Otero Mesa, and southward from the Sacramento Mountains
oward Dell City and the Salt Basin (Tig. 9). There is a broad, shallow cone
of depression around Dell City. In the west, the potentiometric surface
mimics topography. However, near the Otero Break it appears 1 be alinost
independent of topagraphy, and ia the central part of the study, ivis nearly
flat. Together with the large amount of water discharged in the Deil City ir-
rigation district, this suggests very high transmissivity. Regional ground-
water flow is southward from the Sacramento Mountans and eastward
from the Diablo Plateau—Otero Mesa toward the Salt Busin and the Dell

City imigation district,
Ground-Water Chemistry

Ground-water chenustry is only brefly summarized here. Derails and
data tables are in Mayer (1995). Other data sources include Kreitler et al.
{1987), Ashworth (1995), and the Texas Water Development Board for the
Deit \’.dh,) and Diablo Plateau regions of Texas; and Bjorklund (1957).
Hudson and Borton (1980), and the U.S. Department of the Interior, Bureau
of Land Management, for the New Mexico regions. Ground water in most
of the region is fresh to brackish. Total dissolved solids (TDS) concentra-
tions range from a low of 400 mg/L. in the Sacramento River to a local high
of 3500 mg/L. in"the central Otero Mesa (Fig. 10). In the Salt Basm, where
ground water discharges by cvapo(mnspxrauon TDS: conccntmuons un ex-

ceed 250 000 mg/L (Boyd, 1982)-Note thatin tié Dell City area wa ¥eg
only pre-1950 data because more recent data are stmngly,mﬂunnccd by ir-
rigation return flow and do not accbrately reflect regional trends. .
A key observation is the prominent low-salinity trend extending from thé
Sacrumento Mountains southeastward along the Otero Break, terminating
near Salt Basin playas and Dell City. Within this corridos TDS concentra-
tions range from'less than 500 mg/L to 2000 mg/L.. Salinitics on either side
of this zone incredse by as much as several thousand milligrams per liter
over short distances (Fig. 10). Hydrochemical facies vary from Ca-SO, and
Ca-Mg-SO,-HCO; in the Otero Mcsa, Otero Break, and Crow }lm re-
gions, 10 Ca-Mg-Na-50, facies in- Dell Valley and the Diablo Platean. There
are also local occurrences of Na-Cl facies in Dell lelcv and the Diablo

Plateau (Mayer, 1995, p. 60).

FRACTURE CHARACTERIZATION-

‘The Otero-Diablo region is an excellent setting for mapping geologic fea-
tures through aenal photo analysis. Vegetation is sparse; there are extensive
areas of outcrop; and soils, where present, arc generally thin. To identfy
major fracture trends, lineaments were mapped from U.S. Geological Sut-
vey black and white, infrared aerial photographs at a scale of 1:58 000. The
air-photo database for this study consists of 112 stereo photos covering ap-
proximately 6000 km?, :
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Figure 9. Regional potentiometric surface map. Note low hydrai‘iﬁc"

gradient in southeastern part of region, and broad, northwest-trending
polcmiometric'trough, coincident with Otero Break. These features

correspond to arcas of relatively intense fracturing and suggest that

fracturing plays a major role in determining ground-water Now in this
area. TDS—total dissolved solids.

FRACTURE MAPPING

Several classes of lineaments are considerad indicative of fractuning. They
are surumarized here and depicted i Figure T, The classes are as follows.

1. Sharply defined features cut across and in some cases appear to effset
bedding. These features are prominent fracture zones that are directly visi-
ble on air-photos (Fig. 11A).

2. Thin, anomalously colored bands are normally darker than surround-
ing materials. These features appear to be weathered zones overlying frac-
tures and arc inferred to be filled with thicker soil than surroundmg less-

'wcathomd unfractured rock (Fig. 11B).

3. Because of thicker soil overlying some fracture zones, vegetation com-
monly grows preferentially over fractured bedrock (Fig. 11C) and produces
linear vegetauon rends.

4, Linear depressions or aligned sinkholes apparently formed from pref-
erential dissolution along fractures (Fig. 11D).

5. Additional lincaments are lincar stream courses, especially mnse form-
ing a trellis or rectangular drainage pattern (Fig. 11E). i

To extabhﬁh the feasibiliry of air-photo mapping in the Otero- l)nblo re-

- gion, we conducted a pilot study to field check probable fracture zones iden- -
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Figure 10. Contour map of total dissolved solids (milligrams per
liter). Note apparent plume of fresh water extending from the Sacra-
mento Mountains toward Dell City. Plume is coincident with potentio-
metric trough shown in Figure 9. It suggests that relatively fresh Sacra-
mento Mountains recharge is funneled along the Otero Break.
ultimately to discharge in the Salt Basin, more than 80 km distant. If
not for the Otero Break fracture zone, the discharge point for system
would probably be much closer to the Sacramento Mountains.

tified on air photos. In every case, lineaments identified on the photos could
be cortelated with fracrures on the ground. It is important to note tha indi-
vidual fractures are not visible on air photos. Fracture-zone (lineament!
spacing varies from tens 1o thousands of meters. Figure 12 shows a fractre
zone on the Otero Mesa. Fracture spacing is approximately 2.5 m: adjacent

‘fracture zones are approximately 500 m distant. Figure 13 shows a fracure

zone onthe Diablo Plateau. Fracture spacing is dpprommmaly 1 m: adjacent
fracture zones arc 150 m distant

That lincaments represent subvertical fracture zones is supported by ob-
servations in the field and on air photos. Fractures observed in chiff-fact
exposures on the Otero Break are within 10° of vertical. In addition. lined-
ments maintain o linear trace. even across rugged terrain (Fig, 11B),

Air-photo analyses and ficld observations demonstrute that the Qs
Diablo region is heavily fractured, and there are many indications 1

- ground-water flow is fracture-dominated. Specific capacities of wells in 1h¢

Dell City area within. 30 m of each other commonly vary by more thatt an

order of mdgm(udL (Suﬂdpmo 1950) This suggests that the high-cap: aci
wells-intersect open fractures, whereas the low-capacity wells do not
Ground-water recharge wells drilled in conjunction with a U.S. Soil Cos
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Figure 1. (E) Trellis drainage patterns developed in horizontal, frac-
tured strata. Major streams are aligned north-northwest along the
most prominent fracture set; their tributaries are nearly perpendicu-
lur, along less prominent fracture sets. A

Figure 12. Fracture zone on Oterv Mesa, looking southeastward. In-

dividual fractires aré not visible on air photos but zones of relatively

closely spaced fractures are. Fracture spacing within frocture zone is
approximately 2.5 m; adjacent fracture zones are approximately 500 m
distant. Note alignment of yucea plants along leftmost fracture where
s0il covers bedrock. Dog (for scale) measures 0.65 m high at shoulder.

“+ . Figure 13. Fracture zone on Diablo Plateau, looking northwestward.

Individual fractures spaced approximately 1 m apart; adjacent fracturt
zones are approximately 150-m distant. Field book on left measures 22
- by 30 cm. i i

servation Service flood-control project west of Dell City were sited with the

aid of air-photo analysis and were drilled at the intersections of major lin-
caments (Logan, 1984). Of 12 wells drilled, 11 had specific capacitics
greater than 24.8 m¥/min/m (2000 gal/min/ft). This success rate is con*
trasted to a rate of only 44% for imication wells drilled in Dell Valley wiil
out the aid of lincament analysis (Scalapino. 1950).

. McCutcheon (1992, personal commun.) naoted linear treénds within
the irrigation district aligned subparallel 1o nearby faults, along whish
ground-water 'conduclivi(y‘ temperature, and pH are nearly identical and
distinct from nearby wells. This suggests that these wells produce from
the same fault or fracture zone. Furtherinore, local well drillers reported
numerous incidences of lost circulation that indicate large, open fractures
or dissolution features. C :

These observations were confinined by video well logs that shaw opet”

fractures imersecting wells {Logan. 1984). Although the rest of the Ower
Diablo region is less suitable for agriculiure and has not been drilled s v
tensively as Dell Valley, local drillers reported indications of fraciute
dominated flow throughout the region (.. Perry, 1994 p«:r};(-ma] comm
Becanse most of the region is geologically similar o the Delt City aren and

because extensive fracturing is widespread throughout the region; i is (€4
sonable to assume that fracture flow dominates the Otero-Didblo system™
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REGIONAL GROUND-WATER FLOW IN A CARBONATE AQUIFER

FRACTURE DATA REDUCTION
l)isrrf-li‘l;nion

Lincanents were inarked on one half of a siereo-photo pair and then
gansturred 10 U.S . Geological Survey 7.5 minute topographic maps. Linea-
meni~ were then digitized at the University of Texas. Depanment of Geo-
pvical Sciences Geographic Infermation Systems (GIS) tab with the GIS
,n,;,_L-L;x:_'-:A Arcinfo. To create a single fracture map, forty 7.5 minute topo-
;mp?‘\if maps were digitized and assembled.

;ridding and Contouring

The study area was overlain with a 3 km by 3 km grid. Fracture density
wis determined by surnining the wotal length of fractures within a grid cell
and disiding by the ared of the cell. The cell-wide value of fracture density
was then assigned o the center point of the gnid cell, and these values were
cmowred. Some areas of the study are covered by enough alluvium to ob-
wure Baciures (Fig. 0). These areas were subtracted from the area of the
grid cell. Thus, fracture density represents fracture length per unit area of
;allur«)g) rather than per unitarea of land surface. Fracture orientations were
anaivzed similarly: rose diagrams depict fracture onemations.

FRACTURE SYSTEM CHARACTERISTICS
Fracture Gcomctry

Approximately 2400 lincaments were mapped. Contoured fracture den-
sity tFiz. 14) ranges from 0 to 1850 m/km?, which corresponds 10 average
fracture spacing of 540 m to greater than 3 km. Because the mapped frac-
wres are actually fracture zones (made up of closely spaced individual frac-
wres). the rue fracture density is greater than Figure 14 suggoests. We as-
suine that fracture density is proportional to fracture-zone density: thus, this
fgure illustrates relative fracture density. An absolute fracture density can-
not be resolved at this scale. Fracture orientations are depicted in Figure 15
by rose diagrams for representative subareas.

Several observations are based on these data. First, except for the west-
e Otero Mesa, there is a strong preferred fracture onentation of approxi-
mately N20W. [n the western Otero Mesa. there is no single dominant pre-
ferred onentation. Second; fractures are most abundant along the Otero
Break and Jeast abundant in the western Otero Mesa. Third, fractures
closely parallel, and are most abundant near, major normal faults. The
scarcnty of fractures in the western Otero Mesa may be lithologically con-
wolied. This area ts underlain by the gypsum-nch Yeso Formation and may
be less prone to fracturing than the carbonate-dominated units present
hroughout the rest of the Otero Diablo region. '

Fracture Domains

O the basis of the above data, the study area may be divided into distinct
fracture domains, which arc used to develop the numerical model. Domain
[1Fig. 16)1s along the Orero Break. This is the most heavily fractured zone
and has a very strong preferred fracture orientation (approximately N20W)
pautled w the nornal fauls of the Otero Break. Domains 2 and 3 have sig-
nificant fracture densities and dominant fracture orientations similar to
those of domain |, In domain 3 there are two additional fracture sets (ori-
eicd approximately N4OW and NSOE) not observed elsewhere. Domain 4
includes the western Otern Mesa and Diablo Plateau and is characterized by
rehtvely sparse fractwring and no stngle. dominant fracre odentation, Do-

- main 3 is composed of Salt Basin alluvium. On the basis of fractures ob-
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Figure 14. Contour map of fracture density (meters per square kilo-
meter). Note concentration of fractures-along Otero Break. Fracture
density is least in western Otero Mesa where Yeso Formation crups vut.
No fractures are mapped in alluvial cover. We hy pothesize that fructure
distribution is major control of regional ground-water flow.

served in nearby outcrops and on abundant subswiface evidence of fractures,

the alluvium-covered region sum)pnd'mg Dell.City is included in domuin 1.
) PRI o - - . .

FINITE-ELEMENT FLOW MODFLING

We use a two-dimensional, steady-state finite-element model to test po~
tential configurations of regional transmissivity. The finite-elernent ap-
proach is well suited 1o analyze the amisotropy and heterogeneity inherent
in fractured systems, especially in nonrectangular domains. A Geographic
Information System (GIS) interface was used to create the finite-element
mesh, discretize input parameters, and display model output. The programs
and governing equations were given in their entirety in Mayer (1995). The
theory is described in many sources and is not repeated here. ‘

MODEL DEVELOPMENT

The model tests the hypothesis that regional fracture systems control rc-
gional ground-water flow by increasing aquifer permeability and creating
preferred flow paths. Hence, transnissivity is estimated according to mea-
sured fracture properties. :

We-use an equivalent porous medivm/equivalent paratlel plate approach
(Sharp, 1993). The fractures are assumed 10 be nurnerous enough and dis-
tibuted evenly enough for the effects of individual fractures 1o be ignored.
‘Thus, transmissivity is modeled as a bulk property of the aquifer; no direct
consideration is taken of individual fracture contributions or fracture proper-
ties such as aperture, roughness, or length. Implicit in this approach is the un-
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Figure15. Rdseﬂyngmms of fracture orientations. There is a promi-
nent northwest-southeast preferred orientation of fractures across
maost of region. In Otero Mesa there is no single preferred orientation.
Fracture orientation appears to be much less important in regional
flow than fracture density.
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Figure 16, Transmissivity domains defined based on fracture density
and orientation. Domain 1 has highest transmissivity; domain 4 has the

lowest.

" Mesa converge. The southern no-flow. boundary is a symmetry boundary

‘most of the study area, transmissivity is estimated by comparing mude!

Geological Society of America Bulletin, February 1998 )

derlying assumption that transmissivity of individual elements in the finige
element model ¢an be adequately represcnted us a symimetric tensor. Given
the large study area and the numerous, widely disuibuied fractures, this may
be a reasonable assumption (Long et al., 1982). However, the applicability of
porous medium approaches to fractured aquifers is a topic of current debate
{c.z., LaPointec etal, 1996).

Mesh Generation

The madel boundary was digitized with Arcinfo; the finitc-element mesh
was generated with Grid Builder 3.0 (McLaren, 1992). The mesh consisis
of 1134 nodes and 2126 clements; the average element size is 4.5 km?.

Boundaries

The model is bounded by bath constant head and no-flow bouhd_arics tFie.
17). The western and northern boundaries are the surface-water (and pre-
suned ground-water) divides that delineate the Salt Basin watershed. Coinar-
dence of surface-water and ground-water divides 1s almost certainly the case
on the west because the Otero Mesa and Diablo Platcau drop precipitously
1o the Tularosa Valley along major normal faults that truncate the aquifer.
However, where the ground-water divide separates the Salt Basin from the
Rio Penasco watershed (the northern hydraulic boundary) is less certain be-
cause in carbonate aquifers of and regions, ground-water and surface-water
divides are less likely to coincide than in more humid climates or in less:
permeable aquifers (Maxey and Mifflin, 1966). Because imerbasin flow. val-
culaced from water balances, is minimal, we assume that coincidence of
ground-water and surface-water divides 1s reasonable for this boundary.

The eastern no-flow boundary is a symmetry boundary where westward
flow from the Guadalupe Mountains and castward flow from'the Oero

where regional flow is to the east, paralle] with the boundary, on the basis of
regional potentiometric data (Kreitler et al., 1987). The eastemn constant-
head boundary corresponds 10 the water table, which occurs at an elevaiion
of 1095 m (Boyd, 1982), in Salt Basin playas. It is located along the cenual .
axis of the Salt Basin.

Transmissivity Domains

Five constant transmissivity domains (Fig. 16) are defined on the basis
of fracture domains. Heavily fractured domains are assigned higher vty
missivities than less-fractured domains. Transmissivities used in the model
are within the range of transmissivities reported for carbonate aquiler
(Table 11, Because there are no transmissivity measurements available for

output to the measured potentiometric surface. However, transmissivin o
mains are defined, and relative values of transmissivity between zones ¢
predicted, on the basis of mapped fracture domains, Domain 1. the most
heavily fractured area, is assigned a transmissivity of 102 m¥/s which is i
the high transmissivity range of Table 1, but morc“l}ﬁrra?l order of magn’
tude less than the highest values. The other lcsé-fmcty'fcd domains and 4™

main 3. Salt Basin alluvium, were assigned lower transmussivities. -

s
L 00D

Recharpe and Discharge

Several recharge and discharge processes (summarized in Table 20 o™
ate in the Otero-Diablo region. Recharge from precipitation is distributed
over all hut the lowest elevations of the study area. and theie is sign“"f“r‘{
imgation return flow in Dell Valley. Discharge occurs by lranspir:n'inn ane

evaporation from Salt Basin playas, and since the carly 1950s by irigutio®
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Figure 17. Model-generated potentiometric surface for homogeneous,
isotropic transmissivity. By comparison with Figure 9 it is apparent that
homogeneous transmissivity is not consistent with the observed hy-
draulic head distribution, given estimated recharge. ‘ '

. pumping. It is-also possible that a small, undetermined amount could dis-

charge through interbasin flow (Davis and Leggat, 1965).

Recharge is strongly elevation dependent; it is estimated by a combina-,
tion of methods. At relatively low elevations in the central and southern por-
tions of the study area, recharge estimates are based on soil-chlende profiles
from the Diablo Plateau. At higher clevations, recharge is based on water-
balance studies from similar areas of the Basin and Range province.

In the Salt Basin below an elevation of 1160 m, recharge from direct pre-
cipitation is assumed (o be negligible. Here, potential evaporation is an or-
der of magnitude greater than precipitation (Boyd, 1982), and soils consist
mainly of low-permeability, fine-grained, clay-rich basin-fill deposits
{Barnes, 1975). Chapman and Kreitler (1990) reported upward gradients in
the unsaturated zone even shortly after significant precipitation events.

Tritium levels and "C ages of Diablo Plateau ground waters indicate that
mast wells contain recent, local recharge (Kreitler et al., 1987). Soil chlo-
ride profiles from the Diablo Plateau suggest that the main recharge mech-
anism there is infiltration through fractures in creek beds and closed de-
pressions cduring occasional flash floods. On the basis of soil chloride
profiles, calculated recharge for creek beds and depressions ranges from ”
0.028 w0 0.457 cm/yr, whereas calculated recharge for areas.outside croek
beds is much less. ranging fiom 0.005 10 0.020 emvyr.

The total area of creek beds and closed depressions was caleulated on the
basis of digitized topography and stream courses, assuming a stream-bed

~ width of 10 m. This gives a total creek bed-depression area of 128 km?and

an interfluve arca of 4713 kmi?. Assuming .242 em/yr recharge within
creck beds and depressions and 0.0125 emv/yr for the rest of the plateay, the
midpoints of the ranges reponted by Kreiler et al. (1987), the composite
recharge rate for the Otero Mesa-Diablo Plateau 1s 0.018 cm/ye This may
be lower than the actual recharge for some parts of the Otero Mesa-Diablo
Plateau becanse these data were from a field site at an elevation of approxi-
mately 1260 m. Because much of the study region lies at a higher elevation,
recharge may be greater.

In the Sacramento Mountains and adjacent high-relief terram above an
elevation of approximately 1675 m, recharge was cstimated uvsing tech-’
niques cstablished by Maxey and Eakin (1949) for a similar carbonate-
dominated regional flow system in the Basin and Range. This technique,

T

TABLE 1. TRANSMISSIVITY VALUES FOR TEXAS CARBONATE AQUIFERS

Aquiler Method Data Low Transmissivity [m?/s] , Median References
points high .
Otero-Diablo Pump tests 4 3.44E-07 247E-04 1.24E-04 Kreitler et al., 1987
Pump tests 2 5.14E-02 5.59E-02 5.37€E-02 Logan, 1384
Edwares Model calibration 21 2.15E-Qt 2.15E «00 1.18E+00 Maclay and Smafl, 1980
Roecession curves 6 1.00E-01 4.00E-O1 2.50E-01 Senger and Kreitler, 1984
Specilic capacities 525 1.00€-07 1.00E-01 "~ 5.57E-03" Hovorka et al., 1995

“Median value for the Hovorka et al. (1995) study represents a geometric mean of the data.

TABLE 2. RECHARGE AND DISCHARGE MECHANISIMS ' .
{1 THE OTERQ-DIABLO REGION

Recharge

[m#yr}

Sistriputed (Kreitler et al., 1587)
lrrigation return tlow (Logan, 1984)

7.20E+07 24 W MY
37-5.2E+07 '
Total: " 1.1-1.2E408

Oischarge

irrigation pumpage {Ashwonh, 1095)

Playa evaporation (Almendinger and Titus, 1973)

1.00E+08 81000 ANE!

A 5.3%7 21,970 ATy

Tolal:  1.27E+08
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which agrees favorably with recharge determined by more ngorous means
{Maxey and Robinson, 1947), calculates annual recharge as a percentagé of
total annual precipitation. Caleulated recharge for the Sacramento Moun-
tins 1s elevation dependent and ranges from 2.1-6.9 cm/yr.

Is summary, distributed recharge is assumed 10 occur over most of the
arca. Jtranges from 0.018 om in the Diablo Plieaw/Otero Mesa 1o 6.9 cm
in ihe Wighest parts of the Sucramento Mountains. The Sacrameriio Moun-
1ains receive by far the most intense recharge.

Continuous water-level records (Ashwarth, 1995) show that when annual
pumpage exceeds approximately 1.24 x 108 m? (100 000 acre f1), water

~levels in the Dell City imgation district decline. At lower pumping rates,
water levels reinain constant or increase. The average steady-state flux for
_the aquifer is 1.24 % 108 m? per year,

MODEL RESULTS

Flow simulations tested three main configurations of transmissivity:
homogencous and isotropic: heterogencous and isotropic; and hetero-
geneous and anisotropic.

" Humogeneous, Isotropic Case

Figure 17 is the output of a homogencous, isotropic flow system with a
transmissivity of 10725 m%s. This is within the range of observed data
(Table 1) and was selected by:trial and error companson of moedel cutput
with the obsm ed potertiomictric surface. Although this case presents a the-
orctically plausible configuration of hydraulic head, there are fundamental
discrzpancies berween observed data and model output. In the central south-
castern portions of the study area there is a very low hydraulic gradient of
approximately 1 mv/km (Fig. 9). whereas this modei has a much larger gra-
dicent of uppm\mm(c ly 5 nvkim. This model produces a slight ridge in the
polentometne surface Lxlcndmg from Dell City northwestward, but Figure
9.showsa pronounced trough in the same Jocation. Increasing or decreasing
the transmissivity has little effect on the overall configuration of the output;
the main effect is 1o raisc or lower the polentiometric surface.

Helerougeneous, Isotropic Case {

In simulations 2 and 3 the region is subdivided into transmissivity do-
mains developed zecording 10 fracture density (Figs. 15 and 16). More
densely fractured areas are assigned higher transimissivitics. Transmissivity
dormain | was the highest fracture density of the study area and is assigned &
transmissivity of 1 m?s. Domuins 2 and 3 (ess intensely fractured rock)
were assigned a transmissivity of 1077 m/s, Domain 4, delineated on the ba-
sis of its low fracture density and relatively large variation of fracture onen-
tation, was assigned a 1ransn1issi§ily of 107" in¥/s. Domain 5 consists of Salt
Basi alluvivm, and its western boundary coincides with the western bound-
ing fauliof the Salt Basin graben. Domain S transimissivity is 104 m/s.

Output from the heterogeneous; isotropic case (simulation 2) is shown in
Figure 18. This configuration of transmissivity produces a much better match
to the observed potentiometric surface than the homogencous transmissivity
case. Not the low hydraulic gradient in the central part of the region, and the
potentiometric rough extending from Dell City northwestward—features
that are 1ot present in the homogenzous model.
Heterogencous, Anisotropic Case

In confignration 3 (Fig. 19), domains 1-and 2 are assigned a 10:1
anisotropy ratio, the large value of tansmissivity being paralle] to the mean
fracture direction. This ratio 1s similar to that used to model the Edwards
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‘igure 18. Model-generated potentiometric surface assuming hetero-
geneous, isotropic transmissivity distribution defined on the basis of

' fracture density. This transmissivity distribution produces a hydraulic

head distribution similar to the observed potentiometric surface. Thus
regional potentiometric trends are consistent with a high-transmissivit!
zone coincident with fracturing along the Otero Break. '

aquifer (Ulana and Sharp, 1996) and may represent a reasonable estimat€
of anisotropy in a fractured carbonate aquifer.

Adding anisotropy docs not swnmcamlv change the mode} output Totii

" configuration 2. This is because the hydraulic grudient is ncarly paralled

the direction of maximum transmissivity. The hydrautic eradient and the
preferred fracture direction are aligned paraliel 1o the Otero Break. e
ground-water flow direction is not strongly affected by anisouopy.

Sensitivity Analysis

The senstivity analysis evaluates changcs in recharge and lransnnmnl‘

~ One parameter was varied in increments of 109 from -30% 1o +30% whil’

all other model parameters were held constant (Fig. 20). Model el
measured as root-mean-square (RMS) error. Because there is a high ¢

centration of data points in the Dell City area and there are relatively fev

data elsewhere, calibration points wese selected to provide a more eved d
tribution of measured heads throughout the modeled region for the calcul¥
ton of RMS error. Ona percentage change basis, the modcl 1§ more senst
tive to chzmz,cs in recharge. However, aquu ransmissivity varies over?

Geological S‘cxicly of America Bulletin, February 1998
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Figure 19. Model-generated potentiometric surface assuming a het-
erogencous, anisotropic transmissivity distribution. Domains 1 and 2
are assigned-a 10:1 anisotropy ratio, with large valuve of transmissivity
parallel to mean fracture direction. ‘This scenario produces a slightly
petter match with the observed potentiometric surface; however, the ef-
fects are minimal. This suggests that, at least in the Otero-Diablo re-
gion, anisotropy is not nearly as important as fracture density in con-
trolling regional ground-water flow in fractured aquifers.

~much wider range than recharge;, therefore, ransmissivity is probably the
most important model parameter. Note that we do not evaluate the effects of
changing transmissivity domain boundaries, or changing relative transimis-
sivity values between domains, The RMS error could probably be reduced
shghtly by such an approach.

Integration of Water-Chemistry Results

Numerical flow model results are consistent with a high-transmissivity
zone along the Otero Break, extending from the Sacramento Mountains to
the Delt City area. This hughly fractured zone acts as a drain o the Now.sys-
wem and links the area of most intense recharge (Sacramento Mouniains) (o
the natural discharge areas (Salt Basin playas). This is corroborated by the
w;ucr_—dicmistry data including salinity trends. which likewise suggest a con-
duit along the Otero Break. The low-salinity plume delineated in Figure 10
follows the highly fractured Otero Break. Low salinities extend from thé
Sacramento Mountains along the length of the Otero Break to Dell City and
the Sak Basin. This is consistent with the funneling of refatively fresh Sacra-
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Figure 20. Graph of sensitivity of model to changes in recharge (R}
and transmissivity {T). R and T varied in increments of 10% from
-30% to +30%, while other model p:lr;unctc‘rs held constant. Ervoris
measured as root mean square (RMS). On a percentage change basis,
the model is more sensitive to changes in recharge. However, because
the range of variation of transmissivity of geologic materials is much
greater than the range of variation of recharge, transmissivity is prub-
ably the most critical parameter.

mento Mountains recharge along faults and fractures of the Otero Break, ul-
timatcly to Dell City and the Salt Basin—a distance of 80 km. Mixing trends
aiso support the existence of high trangmissivities along the Otero Break. For
example, some Dell City area waters appear to be mixtures of Qiero Break
and Otero Mesa waters, and in some cases are tore similar to distant Otero
Break waters than to nearby Diablo Platcau waters (Mayer, 1995, p. 72-75).

DISCUSSION

This study uses readily available geologic data to constrain spatially dis-..
tributed, two-dimensional transmissivities in a regional carbonate aquifer:
Results indicate that a priori analysis of regional-fracture systems can 's;g:
nificantly improve models of regional ground-water flow, especially in:
aquifers where fractures are not unifonmly distributed. This is significant be-
cause geologic controls in regional flow models are normally considered -
post priont when needed to calibrate the model. Although fracture data are
commonly used in reservoir-scale flow characterization, they are rarely used
in regional-scale problems.

To incorporate fracture data into regional flow models, we used a finite-
element flow model that estimated transmissivity as a function of fracture
propertes. Transmissivity domains were defined a prion by fracture-density
and fradture-orientation trends. Fracture properties were determined from
field-checked air-photo analysis and geologic field mapping. The model
was calibrated on a 9000 km? fractured carbonate aquifer system in north-
ern Hudspeth County, Texas, and southem Otero County, New Mexico. Al-
though {ractures are used 1o estimate transmissivity, the model employs a
porous medium approach 1o flow simulation.

~Modcling supports the hypothesis that in the Otero-Diablo region, frac-
tures are the primary factor controlling transmissivity.and regional ground-
water flow patterns: There is a high correlation berween fracture density and
modeled transmissivity. When model ransmissivity is based upon fracture
density, superior simulations result. Preferred flow paths along fractured,
high-transmissivity rends also affect ground-water chemistry. In the Otero-
Diablo region, this is manifest as a 80 km “plume” of relatively fresh water
extending from recharge areas in the Sacramento Mountains to discharge
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arcas in the Salt Basin and the Dell City urigation distnct. This prominent
zone of distingt water influences regional water chemistry by deliverning rel-
atively fresh water to discharge areas and by providing a “drain™ along
which adjacent waters converge and mix.

Fractures also detennine major aspects of regional flow-sysiem geome-
v I the Orero-Diablo region, the heavily fractured Otero Break connects

. the area of most iniense recharge (the Sacramento Mountains) to the natural

discharge point of the systemn (Salt Basin playas). We infer that frocturing
has created a large-scale conduit that channels Sacramento Mountains
recharge to the seutheast along a narrow zone where it eventually emerges

i the Salt Basin, Werce it not-for the fractures of the Otero Break, discharge

might bk more diffuse {spread over larger arcas of the Salt Basin), farther
north in the Salt Basin, or even directed 10 the Tularesa basin, which is
closer (o areas of concentrated recharge.

The Dell- City irﬁg;alion'dislﬁcl‘ although 80 km from the Sacramento
Mountains, reccives a large portion of Saciamento Mountains recharge. If
there wére no fractore zone linking these areas, Dell City ground water
would probably be derived from more brackish, less abundant local sources.
In the Orero-Diablo region, hydrologic data are sparse, but geologic data
cun be used to prepare superior numerical models of this complex system.

CONCLUSIONS

This study demonstrates through several lines of evidence a particular ex-
ample of fracture-controlled regional ground-water Now. Important points
are (1) a‘priori analysis of regional fracture systems can significantly im-
prove models of regional ground-water flow: (2) fracturing is in some cases
the major factor controlling regional transmissivity vanations, and thus re-
gional ground-water flow; (3) fracturing can define the overall geometry of
regional flow systems by creating Jarge-scale flow conduits that strongly in-

fluence the locations of discharge areas; and (4) fractuning can strongly in- -

fluence regional ground-water chemistry variations. Although fraciure data

arc commonly used in flow calculations at the single-well or reservoir scale,”

fracture data have been underutilized at the regional scale. This study high-
lights how the timing and nature of tectonic events may play imponant roles
in subsurface Huid flow, including processes such as diagenesis, hydrother-
mal mineralization, and petreleum mmigration.

Further studies of the Otero-Diablo region should include analyses of hy-

drogen and oxygen stable isotopes, tritium, and *C. An itnportant question
in zrid-chmete ground-water systems in general, and in the Otero-Diablo re-
gion in particular, is how much of the water is recent recharge and how
much was recharged during wetter-times in the Pleistocene. Because the
ground water commonly is a mixnre of waters of varying ages. it is difficult
1o estimaie @ reliable age. However, by combining isotdpic analyses it may
be possible to eliiminate moch of the uncertainty involved with any single
method. Ground-water age is fundamentally inportant for ground-water re-
source evaluation because if a significant portion of the ground water in the

. system was recharged in Pleistocene time, under present climate conditions

this ground water may be a less-renewable resource, and steady -state mod-
els of flow and transport may not be appropnate.

ACKNOWLEDGMENTS

This project was partially funded by granis from the Geological Sociaty
of America, the National Ground Water Association, Sigma Xi, the Wayne

. B Bowman Endowed Presidential Scholarship, and the University of Texas
Geology Foundation. The New Mexico Bureau of Mines p generously pro-,

vided topographic maps. Manuscript preparation was funded by the Owen-

- Coates Fund of the Geology Foundation, University of Texas at Austin. We

L_h:_mk’lohn Ashworth of the Texas Water Development Board for provid-

 Boyd, F. M., and Kreitler, C. W.,

ing ground-water data and numerous field-based insights. John Meetze,
Eldon McCuicheon, and David Petefish of the Natural Résources Conser-
vation Commission provided data for the Dell City area. We also thank
John Hawiey of the New Mexico Bureau of Mines for his companjonship
in the field .and his encouragement. and the people of Hudspeth Counts.
Texas, and Otero County, New Mexico, who allowed access 10 their well,

and extended their hospitatity.

v

REFERENCES CITED

Almendinger, R. ). and Tims, F. B, 1973, Regional hydrology and evaporative discharge a0 s
present-day source of gypsum at White Sunds National Monument, New Mexica, New
Meaico Burcau of Mines Open-File Repont 55, 2

Ashworth, J. B.. 1995, Ground-water resources of the Bone Spring-Victorin Peak aquifer in ihe
Dell City area, Teaas: Teaas Water Devalopment Board Report 344, 42 p,

Barnes. V. E.. 1975, Van Hom--El Paso sheet: Texas Bureau of Economic Geology. Univensity of
Texas, Anstin, Geolosical Atlas of Teaas. 1 map, scale 1:250 000.

Bjosklund, L. J.. 1937, Reconnaissance of the greund-wates conditions in the Crow Flats asea
Otero County, New Mexico: New Mexico Siate £ngineer Technical Report 8, 26 p.
Black, B. A, 1975, Geology and oil andd gas potential of the northeastern Orero Platforin, New
Mexico, in Seager, WoR., Clemons, R. E.. and Callender. J. F.. eds., Las Cruces county
New Mc.\lco Geological Seciety Aanual Field Conference Guidebook, 26th. p. 323-331

Black, B. A 1976, Tectonics of the northern and castern parts of the Otero Flatform. New Me
ico: chu)mcs and mincral resourees of southwestern North America: New Mexjeo G::»
togical Survey Special Publicaton 6, 34 p.

Boyd, F. M., 1982, Hydrogeology of the northern Salt Basin of West Texas and New Meico
IMaster’s thesis): Avstin, University of Texas, 135p.

1986. Hydrogeology of a gypsum playa, northemn ﬁah Basia.
Texas: El Paso Geological Socicty Guidebook 18, p. 170-183.

Chapman, J. B.,and Kreitler, C. W.. 1950, The unsaturaied zone of the salt {lats of West Texas.
Kreitler, C. W, and Sharp. J. M., J1., eds.. Hydrogeology of Trans-Pecos Texas: Austis.
Texas Burcau of Economic Geology. University of Texas, Guidebook 25, p. 5964,

Davis, M. E., and Leggat, E. R.. 1965, Reconnaissance investigation of the ground.-waier st
“sources of the upper Rio Grande basin: Texas Water Comynission Bullein 6502, 99 5.

Dershowitz, W. S., and Einstein, H. H., 1988, Characterizing rack joint geometry with jomt v
tem models: Rock Mechanics and Rock Engineering, v. 21, p. 2151

Dickerson. P W.. 1085, Evidence for Late Cretaceous—carly Teniary transpression in Trany-Pecos
Texas and adjacenat Mexico. in Dicherson, P. W, and Muchlberger, W.R., eds.. Structuie 20
tectonics of Trans-Pecos Texas: West Texas Geological Socicty Pubiication $3-81.
p. 185194

Dick-Peddie, W. A., 1975, Vepetation of southem New Mexico, in Seager. W. R., Clemons. R £
and Callender, ). F,, eds., Las Cruces country: New Mexico Geological Socicty Annual
Field Conference Guidebook, 26th, p. 81-84,

Goelz, 1. K., 1977, Quaternary faulting in the Sait Basin grabens [Master's thesis): Austin. Uni-
versity of Texas, 136 p.

Goerz, L. K. 1985, Salt Basin graben: A Basin and R'mLc right-latieral uanstensional faul zone
Some speculations, in Dickerson, P. W., and Muchlberger, W. R., eds., Srructure and 1e¢-
tonics of Trans-Pecos Texas: West Teaas Geological Society Publication 85-81, p. 163-168-

Hawley, J. W., 1993, Geomorphic setting and late Quaternary history of pluvial lake basins i tw
southern New Mexico region: New Mexico Burcau of Mines and Mineral Resources Open-

. File Report391. 28 p.

Hiss. W. L.. 1980, Movement of ground water in Permian Guadalupian aquifer systers. sotid
eastern New Mexico and western Texas, in Dickerson, P. W., Hoffer, J. M.. and Callendkt.
J. . eds., Trans-Pecos region, southeastern New Mexico and West Texas: New Mexicw G
ological Seciety Annual Ficld Conference Guidebook, 31st. p. 85-X).

Hoverka. §. D Mace, R, E. Collins, E, W, and Dutton. A, R.. 1995, Regional dirititwinin
persneabiliy in the Edwards aquifer: Austin, Texas Burcau of Economic Geologs. L
sity of Texas. Report 95-02, 128 p.

Hudson. J. ., and Borton, R. L., 1983, Groundwater levels in New Mexico 1978~ 1980, cxnice
closed basins, Basic data report: Santa Fe, New Mexico State Engineer’s Office. |

Hydrosphere Data Products, Inc., 1992, Monthly climate data summarsies, Nosth Amerivs
CD-ROM,

Kerans, C.. Lucia. F. ). and Senges, R. K.. 1994, Integraied characierization of casbonaw
reservoiss using Pertnian San Andres Formation outcrop analops: American Asso o "’
Petroleum Geologists Bulletin, v. 78. p. 183-216.

King. P. B.. 1948, Geology of the southern Guadalupe Mountains. Texas: U S. Geologicsl Sur
vey Prafessional Paper 215, 183 p.

Kreitier. C. W, Raney. J. A.. Nativ. R.. Collins. E. W.. Mullican, W. F.. 1. Gusiavson. T.C.-

Henry, C.D.. 1987, Siting a low-level radioactive waste disposal fucility in Teaus -«\"' "
e

ical and hvarolagicul investigations of State of Texas und The University of Tevas !
Austin. Texas Burcau of Economic Geolagy, University of Texas. Repot 1o the Tenas b
Level Radioactive Waste Disposal Authority, v 4. 330 p.

laPointe, P. L., Walimann, P, C., and Follin, S., 1996, Continuum modeling of fT‘J"HmJﬂ‘L
masses: Is ituseful?. in Barla. G ed.. Proceedings. Eurock "96-—Prediction and peried”
mance in rock mechanics and 1ok engineering: Tonino, Tuaty, p. 343-350.

Logan, H. H.. 1984, A ground-waler recharge project associated with 2 flood proteciion p”
Hudspeth County. Texas: Supportive goologic applications {Masier’s thesis): Fon “""h
Texas Christian University, 110 p,

Geological Society of Amenca Bulletin, February 1098




mnplc mcor‘poralmgs ghe

ong. 3. C S Remer T S, Wilson, C.
terts fm mmnrks af discontinuous fractures: Water Rzsources Rescarch, v. I8, p. 645-658.

o 3 Rerans, € and Vander Stoep, G. W, 1692, Characterization of a karsted high-energy,
ramp-margin carbonate reservoir: Taylor-Link West San Andres Unit. Pecos County:
Austin, Texas Bureau of Economic Guolegy. University of Texas, chon of lnvestigations
208, a6 p,

L ROWL and ‘;rxnll TA, !‘780 Waer-fevel, :wf‘arg:e:. discharge, specific capacity, well-

vield, and aquifer-test data for the Edwards aguifer in the San Antonio arza, Texas: Texas

Depariment of Water Resources Report LP- 133 83 4

et ) R.. 1995, The rele of fractuses inregionad groundwater ow: Field evidence and axxdel
tesults from the Basin and Range of Texas and New Mexico (Ph.D. dissen. } Austin, Uai-
vessity of Texas, 221 p.

sayer ). R and Sharp, J. ML I, 1994, Locad and rzgional bydrogeologic trends in the Dcu City
aza, Hudspeth € oumy Texas, in Factors affecting water resources: Proceedings, Texas Sec-
uon. Amerean Water Resources Association, p. 1081 1.

aver. J. Roand Sharp, 1M, Jr, 1995, The role of fractures in regional ground-watet Now, in
Ressmanith, H-P, ed., Mechanics of jonted any fauited rock: Routerdisn, Netherlands,
A. A, Balkema, p. 375-381.

waey. G BLand Eﬂhn, T. E., 1949, Ground watzr in the White River Valley, White Pine. ‘v‘yc
and Lincoln Counties, Nevada: Nevada State Engincer's Officc Water Resources Belletin
159 p.

and Mifflin, M. D, 1966, Occurrence and movement of groundwater in c.«.bona(c

» Nevada: Nzdonal Speleological Sociary Butieting v, j< pola1-138

oy, GoBLand Robinson, T W 1947, Ground water in Las Vegas. Pabrump, and fndian
Spring Valleys, Nevada: Nevada State Engineet™s Ofhice \Mizr Resources Bul]'(‘n 6,23 p

wieKinney, D, C., and Sharp, 1. M., Jr, 1995, Springflow augmentation of Comal and San Mn.'-
cos Springs, Texas: Phase I—Feasibifity study: Austin, University of Texas. Center for Re-
warch in Waler Resources. Technical Report, 247 ¢

n, R, 1992 Griad Builder Version 3.00 Witerice, Ortano, Waterioo Center for Ground-
w 'xu"r Research.

sons, W, 1968, The control of ground-water azcurrence by hofacies in the Goadalupian
reef complv'\ near Carlsbad, New Mexico: Geological Society of America Bulledn, v. 79,
n. 283-398.

wuehibesger, W, R., and Dickerson, P. W., 1989, Tectonic history of Trans-Pecos Texas, in
Muchlberger, W R and Dickerson, P W. eds.. Stsctue and stratigraphy of Trans-Pecos
Texas: International Gealogical Congress, 28th, Field Trip Guidebook 1317, p. 21-27.

3

e S Mine St
““Pray L C.. 1961 C-cologyof(chscramc

Geological Society of America Bulletin, February 1998

o }vfountams Escarpine A

ico: New Mexico Bureau of Mines and Mineral Resources Bullesin 35, | 15 o

Scalapino, R. A., 1950, Development of pround water for irigation in the Dell City arca, Hud-
speth County, Texas: Texas Board of Water Engineers Bulletin S004, 38 p.

Seager. R K. and Kreitler, C. W., 1984, Hydrogeology of the Edwards aquifer, Aistin arca, cen-
tra) Texas; Texas Bureay of Economic Geology, University of Texas, Austn, Report of In-
vestigations 141, 35 p.

Sharp, 1. M. Jr., 1989, Regional ground-water systems in northern Trans-Pecos Texas. in
Muchlberger, W. R.. and Dickerson, P W, eds.. Structine and sustigraphy of Trans-Fecos
Texas: Intemational Geologicsl Congress. 28th, Field Trip Guidebook T317, p. 123-130.

Sharp, J. M., Jr.. 1993, Fractured aquifersreservoirs: Approaches, problems, and oppernusitics.

in Banks, 0., and Banks, §.. eds., Hydrogeology of hand rocks: Inicrational Association of

Hydrogeologisis Cangress, Oslo. Norway, 24tb, Memoires, v. 24, part 1, p. 23-38.

Sharp, J. M., Jr, Mayer. J. R, and McCutcheon, E., 1993, Hydrogeologic trends in the Ddl(Jty
area, Hudspeth County, Texas, in Love, D. W, Hawley, J. W, Kues, B. 5., Adams, J. W,
Austin, G. S.. and Barker, J. M.. eds._, Carlsbad region, New Mexico and Texas: New Mex-
ivo Geotogical Sociery Annual Field Conferance Guidebaok, 44th, p. 327-330.

Slade, R. M. 1., Ruiz, L. M., and Stagle, D. L., 1985, Sumulation of the flow system of Banen
Springs and associated Edwards aquifer in the Austin area. Texas: U.S. Geological Survry
Water-Resources Investigations Repont 85-4299, 49 p.

Uliana. M.. and Sharp. J. M. Jr, 1996, Springflow augmentation possibilities at Comil and Sap
Marcos springs, Edwards aquifzr: American Association of Petroleum Geoloyists Bullerin,
v 80 p 1316,

feldhuis, 1. H., and Keller, G R.. 1980, An irlegrated genlogicst and geophysical study of the
Saht Basin graben, west Texas, in Dickerson, P W, Hoffer, J. M., and Callender, ) F. eds.,
Trans-Pecos region, southeastern New Mexico and West Texas: New Mexico Genlogical
Society Annual Field Canference Guidebook, 3lst. p. 141-130.

MAMUSCRPT RECEIVED BY THE SCCIETY SEPTEMBER 3, 1996
REVISED MaNusCriFT RECEIVED JUNE 16,1997
MANUSCRIPT ACCEPTED JUy L), 1997

Prinied in U.S A

283

e e




¥

OISAL

Appendix C.

Selected Parts of the Regional and State Water Plans

JOHN SHOMAKER & ASSOCIATIES, INC.

WATER-RESOURCE AND ENVIRONMENTAL CONSULTANTS




Adopted by the New Mexico
Interstate Stream Conmission

2003 State Water Plan December 17, 2003

Introduction

Water is the common denominator of New Mexico’s future and the indispensable
element of quality of life for the state’s residents. New Mexico must take control of this
vital resource at a time when nature is pinching supplies through a drought, and man-made
issues — from endangered species matters to interstate water conflicts — are further
threatening or squeezing those already. dwindling supplies.

This State Water Plan, prepared at the direction of Goverrbr Bill Richardson in
response to a mandate from the 2003 Legislature, is a blueprint to move the State forward
into the 21% century with 21" century techniques and technology applicd to conserve and to
increasc the supply of water.

Under the leadership of the State Engineer, who 15 also Secretary to the Interstate
Stream Commission (ISC) and Chairman of the Water Trust Board, a draft plan was
presented to the public in a joint meeting of the 1SC and Water Trust Board on October 22,

2003 in Santa Fe. After review of that draft document by the public, other State agencies,
Tribal governments, other interested stakcholders, and the Governor’s Blue Ribbon Task

FForce on Water, the lead collaborators revised the draft.

This 2003 State Water Plan is therefore the outcome of months of intensive work by the
three named agencies, with input from a broad spectrum of New Mexico's citizens and
institutions, to develop a vision for strategic management of New Mexico’s water resources
in the future, in keeping with Section B of the State Water Plan Act. Section B directs that:

The State Water Plan shall be a strategic management tool for the purposes of:
(1) promoting stewardship of the State’s water resources;
(2) protecting and maintaining water rights and their priority status;

. (3) protecting the diverse customs, culture, environment and cconomic
stability of the State;

(4) protecting both the water supply and water quality;

(5) promoting cooperative stratcgies, based on concern for meeting the basic
nceds of all New Mexicans;

(6) meeting the State’s interstate compact obligations;
(7) providing a basis for prioritizing infrastructure investment; and

(8)  providing statewide continuity of policy and mana;,cmcnt relative to our
water resources.
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The State must move aggressively to accomplish these goals. To supply water to grow
the New Mexico cconomy while meeting existing needs, the State must move to expand
supplies through desalination, cfficiency improvements, and recycling. This State must
become a world center in rescarch, development and application of technologics to reclaim
and recycle water, both ground water and surface water. '

This generation must build a State with rich opportunities for the generations yet to :
come. As New Mexico moves aggressively forward to build a 21" century economy, the
State must move aggressively to put in place the legal and physical structures to provide the
water to serve this progress. Growth n populanon and n industry must be managed tor the
State’s general welfare.

The New Mexico Constitution protects the users of water, with the most senior being
first in linc. For the 217 century, the State must develop water market and water banking |
mechanisms that will facilitate the voluntary movement of water from old uscs to new, with
the marketplace supplying the appropriate rewards and the State providing the necessary
safeguards. |

The water rights of Indian Pueblos and Tribes will be protected, as will the water rights
of members of acequias — community irmigation ditch systems — which rights gencrally
predate the Treaty of Guadalupe Hidalgo which brought American sovereignty to what 1s

- now New Mexico. Nothing in the State Water Plan will impair or himit the claims that these

semior water rights holders assert.

The role of agriculture in New Mexico’s futur(, is rcco;,mzed and the water necessary
to serve that role must be supplied.

The imperative of securing sufficicnt water to sefve the needs of New Mexico's
dynamic urban and industrial arcas must remain-an objective of water planning. The
obligation to restore the ecological balance of our surface watercourses must be recognized
and met in the implementation of State watcr pohcy Water quality issucs must have cqual
standing with water quantity issucs.

The State will plan and priontize major water mfrastructure improvements to get
supplics to where they will serve the greatest good in facifitating cconomic development
and in serving cxisting and future populations.

The State Engincer will initiatc an active management program to asscrt and maintain
administrative authority over the allocanon of water. Adjudication of water rights in all
basins will be expedited.

New Mexico must establish the physical and legal tools to protect the State’s water
supplics and maintain administrative authority over the State’s water resources. Threats to
the State’s administrative authority over its water may arise from failure to comply with
Interstate Compacts, from failure to protect senior rights, or from failure to provide means
for the federal government to meet its Endangered Species Act obligations within the
framework of Statc water law. Cooperation and collaboration in meeting endangered
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species requirements will be a priority, but the State will go to court where necessary to
protect the State's administrative authority over its water.

The State Water Plan will lay the foundation and provide guidance for the State’s eftort
to maintain administrative authority over its water resources. It will be a living document,
gaining detail and new emphasis as new technologies and new water needs enter the
picture. Its primary objective will always be to protect current water users while allowing
continucd development of the resource to meet the needs of the future.

The State Water Plan does not attempt to identify and resolve region-specific water
management issucs, because resolution of those issues must include local decision-makers.
Still, the sheer number and variety of issues discussed within the State Water Plan
demonstrate the complexity of New Mexico’s water situation. What at first glance may
appear to be a single issuc often reveals a web of interrelated matters, which are in turn part
of or affected by other 1ssucs.

Without an understanding of the complexity of New Mexico’s water situation,
developing strong, clear policy statements and implementation strategies for statewide
common priorities can be difficult. This State Water Plan articulates the policies that will
cuide the State’s management of its water resources into the future, and presents
implementation strategies for doing so. ’

This 2003 State Water Plan is organized following the provisions contained in Sections
C through F of the Act. Each Section includes policy statements and implementation '
strategics, followed by a brief background discussion and a summary of public opinion
expressed during the public involvement process.

Specifics and detail on how the State intends to accomphish these aims is contained in
the pages that follow. '
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»  Completing water rights adjudications.

The following subsections provide a bricf background on cach of these fundamental
common priotitics.

Ensuring that water is available for the continued and future economic vitality of the
v by . i

Strate

The availability of water has always been and will continue to be mextricably linked to
the cconomic vitality of New Mexico’s diverse communities. Early in the State’s history,
water primartly supported local, subsistence-based economics including hunting and
gathering socictics as well as subsistence-based agriculture and extractive industries where
communal production or barter for the products was the norm. Today, its role has evolved
to supporting activitics which allow our participation in a global economy characterized by
diverse endeavors that span that entire spectrum of economic activity. Our citizens still
hunt and gather nature’s abundance; they still engage in subsistence ugrichhurc, as well as
large-scale commercial agriculture for local, regional and global markets; they produce all
manner of products and services: they depend on water to support recreational cconomies
such as fishing, boating, golfing, rafting, skimng and tourism; they play an important role in
contributing to the national sccunity of the United States; and they produce high technology
products which are used worldwide. All of these activities are directly dependent on the
availability of sufficient water of the quality needed for the specific uses.

In addition to being diverse, the State’s economy is highly decentralized. People.
through'out the State contribute to the overall cconomic picture, with people n rural arcas
producing agricultural, minecral and other naturally occurring products, and thosc in urban
arcas providing goods and services asiwcllas industrial and technological products. The
continucd viability of the diverse entitics that supply water for thesc cconomic activities is
of vital importance to the State. Thesc include municipal suppliers; community water
systems including mutual domestic water consumer associations, water cooperative
associations, water and sanitation districts, and privately owned public utilitics; acequias;
wrigation districts; and conscervancy districts.

New Mexico’s continued cconomic vitahity is also crucially dependent on its ability to
preserve its pristine environment, including its spectacularly scenic wild nvers and
wilderness watersheds. Both employers and workers are drawn to live and remain in the
State by these environmental features and a comprehensive Statc Water Plan must
recognize the importance of preserving and enhancing New Mexico’s rivers and
walersheds. '

Ensuring a safe and adequate drinking water supply for all New Mexicans
The availability of safe and adequate drinking water supplies for all New Mexicans is
of paramount importance to the health and safety of the State’s citizens. The provision of

adequate safe drinking water supplies for their citizens is primarily the responsibility of
local agencics and entitics, while the State’s role 1s to support local agencies through the
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combined efforts of the Environment Department, OSE/ISC, and the Water Trust Board.
In addition, a significant number of New Mexicans obtain their drinking water from
dmmsm wells. The State needs to strengthen the institutional protections it provndcs for
these users.

Develaping water resources to expand the available supply

New Mexico’s surface waters in many parts of the State have been fully appropriated
since the early to middie 1900s. Most of the municipal and community water supplics
developed since then have relied on the State’s substantial potable ground water reserves.
Howcever, much of that ground watcer 1s in storage in aquifers that are hydrologically
connected to the State’s rivers and 1s not available for use because the pumping of that
ground water would reduce river flows and impair senior surface rights. Therefore,
development of these ground water resources has required the identification, purchase and
rctirement of surface rights. Continued development of potable water supplies will
necessitate further development of both surface and ground water resources. Some
alternatives that have been wdentified include:

e Developing the State’s limited remaining unappropriated surface water in those
basins where it is practical to do so.

¢ Developing potable ground water in basins where ground water is not closcly
connected to nver flow.

» Characterizing the State’s brackish and saline ground water resources to determine
where their development is cconomically feasible.

e Removing accumulated sediment to increase storage capacity in reservoirs with low
cvaporation losscs.

¢ Constructing new water storage facilities in arecas with low evaporation losses
where cconomically and environmentally feasible.

+ Implementing Aquifer Storage and Recovery projects where hydrologically and
cconomically feasible

In some arcas-of the state surface water 15 potentially available for appropriation but
both the timing of the availability of that water and the need to protect senior rights makes
development of these resources difficult. In other areas potable ground water occurs in
basins that arc not hydrologically connccted to a stream system, but these resources are
oflen far removed from arcas of potential use and would require expensive pipelines to
deliver the water. .

Large areas of brackish or saline ground water exist that may provide water to mect
some New -Mexico demands. In these cases, water treatment plants, sludge disposal plants,
and pipclines would likely be needed to make the water available for use. DLtdl]Ld
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variation and longevity for specific water purveyors. To plan for a dependabic water
supply, smaller-scale local analyses are required that take into consideration localized
aquifer properties and infrastructure congstraints specific to cach water purveyor.

Vater Quality

The New Mexico Environment Department (NMED) maintains a number of sources of
water quality data for both ground and surface water. The U.S. Environmental Protection
Agency (USEPA) and the U.S. Geological Survey (USGS) also maintain long-term '
databases of water quality measurements. Pursuant to Section 305(b) of the federal Clean |
Water Act, New Mexico, through the NMED and the Water Quality Control Commission,
prepares and submits to Congress bicnnial Water Quality and Pollution Control in New
Mexico reports that summarize where designated uses of water are being attained and
provide a comprehensive overview of the quality of the State’s waters.

According to the latest report, almost 3,080 miles, or 52% of New Mexico's more than
5,875 perennial stream miles, have some level of impairment with respect to designated or
attminable uscs, and 124,140 out of a total of 148,883 lakc acres, or 3%, do not fully
support designated uses. Information provided in the report regarding ground water quality
indicated that at least 1,200 cases of ground water contamination have been identified in

“New Mexico since 1927, with 188 public and nearly 2,000 private water supply wells

impacted.

The quality of the State’s ground water resources has been inventoried in the New
Mexico Environment Department’s Ground Water Quality Atlas, available online at
http://www.nmenv.state.nm.us/gwb/GWQ%20Atlas/GWQ_Atlas html. Ground water
quality data in the atlas is listed by county and, where available, by public water supply
system within the county. Public dn'ﬁking watcr quality reports arc alrcady available
online in the atlas for 23 municipal and public water supply systems in New Mexico’s 33
countics.

About 90 percent of New Mexico’s population depends on ground water for drinking,
and it is the only source of potable water in many arcas of the state. Thercfore, protection
of ground water is important for public health and welfare. The quality of ground water in
New Mexico varies widely. Mountain aquifers, recharged by recent rain and snow melt,
often yield high quahity water. A tremendous amount of fresh water occurs in the basin-fill
aquifers along the Rio Grande, stretching from Colorado to Texas. But ground water in
New Meéxico often contains naturally occurring minerals that dissolve from the soil and
rock that it has flowed through. Some ground water in the southern part of the state 1s too
salty to be used for drinking. High Icvels of natural uranium, fluoride, and arsenic occur in
various arcas around the state. Becausc all water eventually moves through the entire water
cycle, pollutants in the air, on land, or in surface water can reach any other part of the
cycle, including ground water. The shallow sand-and-gravel aquifers of the river valleys -
are most vulnerable to contamination. Currently a major source of comdmmdtlon n thcsc
aquifers is septic tanks. :
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imposed by State administrative constraints to protect existing rights and economic
limitations on its recovery and/or treatment.

Table 6. Total ground water in storage and estimated recoverable ground water,
by water quality category, for Tularosa basin

Water in Storage (ac/ft) by TDS Concentration (mg/L) Range

Aquifer Category <1,000 1.000-5,000 | 5,000-10,000 1 >10,000 Total
Basin fill, total 32,500,000 | 232,000,000 | 238,000,000 26,800,000 529,30(),()()()
Bedrock, total 19,100,000 | 56,300,000 161,000 0 75,561,000
Basin fill, recoverable 8,120,000 48,000,000 43,700,000 4,700,000 | 104,520,000
Bedrock, recoverable 9,570,000 28,200,000 §1,000 0 1 37,851,000

‘The total ground water withdrawn in the Tularosa basin in 1995 was an estimated
47,140 ac-fi. Public water supplies are obtained from both surface water and ground
water, while irrigation tends to rely primarily on ground watcer supplies. Of the surface
water withdrawn for public supplies, some is imported from Bonito Lake, in the Rio

~ Hondo watershed of the Lower Pecos basin. Water piped from Bonito Lake provides

water to the communities of Nogal, Carrizozo, Alamogordo and Holloman Air Force
Base. Combined, these users have rights to a little more than 3,000 ac-ft/yr from Bonito
Lake in Lincoln County.,

The City of Alamogordo has been very progressive in managing available water
resources. An aquifer storage and recovery project is being devéloped to store the excess -
winter surface water in the aquifer by well injection and to pump it back during high
summer demand. The costs are small (estimated at about $0.15 per ac-ft) because the

_injection will operate by gravity. Alamogordo has also filed water rights applications to

extract saline water and is planning a desalination plant to remove dissolved minerals
from ground water. Preliminary cost estimates for a desalination plant in Alamogordo,
which could treat 8 million gallons per day, arc $15 to $20 million.

Salt Basin
Major Issues

On September 13, 2000, the New Mexico State Engineer declared the Salt UWB to be
under his administrative review (ISC/OSE, 2002, Atlas Plate 2). Until the basin was

_declared, water resource 1ssues were not regulated or monitored. Development pressure

within the New Mexico side of the basin has been very modest, less than in Texas. Major
issues include:

e Liule development of the Salt Basin has occurred in New Mexico, but pressure to
develop this resource is growing. Ground water depletions must be managed to-
prevent mining of the basin’s aquifers.
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e The Salt basin 1s being considered by some entities as a water source 1o augment
supplics in southwest Texas. Steps must be taken to ensure that water from the
basin is preserved to meet growing demands in southern New Mexico.

Surface Water Hydrology

The Sacramento River, Shiloh Draw and Piion Creck are the major streams in the
Salt basin; all but the Sacramento River are intermittent. There are no surface water
rescrvoirs, other than stock ponds, in the basin. The Sacramento River was gaged from
1985 to 1988, during which time annual flow ranged from about 1,800 to 5,500 ac-ft.
Some water from the Sacramento River is diverted for irrigation.

Arcal recharge from the Sacramento River and the smalfer watersheds around the
basin (a 1otal of 358 square miles) 1s estimated at 35,000 ac-ft/yr.

Ground Water Hydrology

The Salt basin is a complex down-faulted basin, filled with unconsolidated and
consolidated sediments. The thickness of Santa Fe Group basin-fill sediments has been
reported to be as much as 500 feet, but in most places it is between 25 and 300 feet, and
ground water saturation is much less. Bedrock limestone aquifers in the basin are
productive where fractured and where solution of minerals has enhanced permeability.

The basin-fill aquifer provides water in the southern Crow Flats, while the bedrock
aquifers comprise the main aquifer in the Crow Flats arca and other parts of the basin.
There are few wells and pumping tests to assess the ground water bencath much of the
basin. '

Well yields depend on location, depth, and the degree of fracturing in the bedrock
aquifer. Reported yields in a few wells reach 6,000 gpm, and irrigation wells can
generally produce more than 1,000 gpm. Where bedrock units are less fractured, well
yiclds are generally less than 50 gpm.

Most of the stored and recoverable ground water is in bedrock aquifers (Table 7). The
hydrology of the basin is poorly understood, and the estimates in Table 7 are provided for
comparison purposes only. The estimates do not reflect legal and State administrative
constraints on ground water pumping for protection of ¢xisting rights, nor the cconomic
limits to accessing the ground water. Additionally, much of the total ground water is in
aquifers that would not support well yiclds sufficient for economic irrigation. Thorough
evaluation of the basin would require many new wells and pumping tests.

Depth to water in the central part of the Salt basin is usually around 200 feet, but is
“about 400 feet in upland arcas surrounding the central basin and about 1,000 feet cast of
Piion. Between 1950 and 1995, ground water declines of up to 30 feet have been
recorded in the Crow Flats area.




