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MOVEMENT OF GROUND WATER IN
PERMIAN GUADALUPIAN AQUIFER SYSTEMS,

SOUTHEASTERN NEW MEXICO AND WESTERN TEXAS
W. L. HISS

Conservation Division
U.S. Geological Survey

Menlo Park, California 94025

AQUIFER SYSTEMS
Permian Guadalupian-age strata can be divided into three aquifer

systems. Hiss (1975a, p. 132) described and named them the Capi-
tan, shelf, and basin aquifers (fig. 1). In most areas, they are readily
distinguished by differences in lithology, geographic position,
stratigraphic relationships, hydraulic characteristics, and quality of
the contained water (Hiss, 1975b and c; 1976a).

Capitan Aquifer
The Capitan aquifer is a lithosome that includes the Capitan and

Goat Seep Limestones and most or all of the Carlsbad facies of
Meissner (1972). Shelf-margin carbonate banks or stratigraphic
reefs in the upper part of the San Andres Limestone are included
within the Capitan aquifer where they cannot be readily distin-
guished from the Goat Seep Limestone and Carlsbad facies (Silver
and Todd, 1969, figs. 12 and 13).

Shelf Aquifers
Saturated strata yielding significant quantities of water from the

San Andres Limestone and the Bernal and Chalk Bluff facies of
Meissner (1972) constitute the shelf aquifers. The lithologic con-
tact between the Capitan and shelf aquifers is gradational and is
difficult to discern with accuracy in some areas. Observations of
the geometry and lithologic relationships of the shelf-margin rocks
in the field suggest that the width of the Capitan Limestone (reef) is
considerably less than is shown in many geologic reports
(Dunham, 1972, fig. 1-1).

The present-day ground water regimen is strongly influenced by
the Pecos River in New Mexico. As a result, the hydraulic con-
ductivity of the shelf aquifers west of the Pecos River has been
greatly enhanced by the leaching of soluble beds from the Chalk
Bluff facies (Meissner, 1972; Motts, 1968). Locally and west of the
Pecos River valley between Carlsbad and Roswell, the hydraulic
conductivities of the shelf aquifers are quite large and may be
similar to that of the Capitan aquifer. The hydraulic conductivity of
the shelf aquifers in the Carlsbad and Roswell underground water
basins is several orders of magnitude higher than that generally en-
countered in the shelf aquifers east of the Pecos River at Carlsbad.
The water contained in the shelf aquifers is also much better in the
shallow zones exploited in these basins than elsewhere in the
same aquifers within the area studied. East of the Pecos River near
Carlsbad the hydraulic conductivity of the shelf aquifers is gener-
ally one to two orders of magnitude less than that of the Capitan
aquifer.

Basin Aquifers
Saturated strata yielding significant quantities of water from the

Brushy Canyon, Cherry Canyon and Bell Canyon Formations of the
Delaware Mountain Group are referred to as the basin aquifers.
Although the Capitan aquifer abuts and overlies the Delaware

Mountain Group along the margin of the Delaware Basin, the litho-
logic and hydrologic characteristics of the basin and Capitan aqui-
fers are quite different. The average hydraulic conductivity of the
basin aquifer ranges from one to two orders of magnitude less
than that of the Capitan. Therefore, only a relatively small amount
of water can be expected to move from the basin aquifers to the
Capitan aquifer, or vice versa. The difference in quality of water
contained in the two aquifers—relatively good in the Capitan, bad
in the basin—is also a distinguishing characteristic (Hiss, 1975b).

CONSTRUCTION OF POTENTIOMETRIC SURFACES
Reliable pressure-head and water-level data were adjusted to

freshwater heads to construct generalized potentiometric surfaces
representative of two conditions in the three aquifer systems.
Figure 2 is a map representing conditions in the aquifer systems
prior to both development of water supplies for irrigation and dis-
covery and production of oil and gas and associated waste water.
Figure 3 is a similar map representing the shelf and basin aquifer
for the period 1960 to 1969 and of the Capitan aquifer for the lat-
ter part of 1972.

A potentiometric surface represents hydraulic head in an aquifer;
the general direction of ground-water movement is inferred to be
normal to the illustrated head contours. Hiss (1975, p. 220-255)
discusses the computation of ground-water head and the pro-
cedures followed in determining the heads used in these maps.
The potentiometric maps support the inferred movement of water
shown in figure 4.

MOVEMENT OF GROUND WATER
During the latter part of the Cenozoic Era, the movement of

ground water through the rocks of Permian Guadalupian age in
southeastern New Mexico and western Texas has been controlled
or influenced by the following: (1) the regional and local tectonics;
(2) the evolution of the landscape; (3) the relative transmissivities
of the various aquifers; (4) the amount of recharge; and (5) the ex-
ploitation of the petroleum and ground-water resources in the last
five decades (fig. 4).

Control by Regional Tectonics
The flow of ground water through the shelf, basin and Capitan

aquifers after the uplift of the Guadalupe and Glass Mountains but
prior to the excavation of the Pecos River valley at Carlsbad is
shown diagrammatically in figure 4A. The three aquifer systems
were recharged by water originating as rain or snowfall on the out-
crops along the western margin of the Delaware Basin. Evidence of
major surface drainage within the Trans-Pecos area of south-
eastern New Mexico and western Texas has not been reported.

Ground water moved generally eastward and southeastward
through the shelf and basin aquifers under a gradient of probably
only a few feet per mile toward natural discharge areas along
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Figure 4. Diagrammatic maps depicting the evolution of ground water regimens in strata of Permian
Guadalupian age in southeastern New Mexico and western Texas.
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streams draining to the ancestral Gulf of Mexico. Water entering
the Capitan aquifer in the Guadalupe Mountains moved slowly
northeastward and then eastward along the northern margin of
the Delaware Basin to a point southwest of present-day Hobbs.
Here it joined and comingled with a relatively larger volume of
ground water moving northward from the Glass Mountains along
the eastern margin of the Delaware Basin. From this confluence,
the ground water was discharged from the Capitan aquifer into the
San Andres Limestone, where it then moved eastward across the
Central Basin Platform and Midland Basin, eventually to discharge
into streams draining to the Gulf of Mexico.

Influence of Erosion of Pecos River at Carlsbad
Some time after deposition of the Ogallala Formation, perhaps

early in Pleistocene time, the headward-cutting Pecos River ex-
tended westward across the Delaware Basin to the exposed solu-
ble Ochoan beds. It then turned northward following this natural
weakness in the sedimentary rocks to pirate the streams draining
to the east from the Sacramento and Guadalupe Mountains (Plum-
mer, 1932; Bretz and Horberg, 1949b; Thornbury, 1965). As the
excavation of the Pecos River valley progressed, the hydraulic
communication with formations of Guadalupian age gradually in-
creased until the Pecos River functioned as an upgradient drain.
Eventually, the hydraulic gradients in the shelf, basin and Capitan
aquifer were reversed along the eastern side of the Pecos River
valley, and ground water that formerly flowed eastward was
diverted westward as spring flow into the Pecos River (fig. 4B).
Water recharged to the same aquifers in the Guadalupe Mountains
began to follow the shorter path to springs in the Pecos River.
Many of the solution features observed in the Guadalupian sedi-
mentary rocks west of the Pecos River near Carlsbad probably
were initiated during this period.

Movement of water eastward toward Hobbs from the Guada-
lupe Mountains into the Capitan aquifer was decreased by the
lowering of the hydraulic head along the Pecos River. At the same
time, a trough in the potentiometric surface of the shelf and basin
aquifers began to develop east of Carlsbad, and water began to
drain into the Capitan aquifer from the surrounding sedimentary
rocks. Meanwhile, ground water continued to move northward
from the Glass Mountains in the Capitan aquifer toward a point of
discharge into the San Andres Limestone southwest of Hobbs. This
part of the aquifer was unaffected by the cutting of the Pecos River
valley across the Delaware Basin and the Central Basin Platform.

Influence of Exploitation of Ground Water
and Petroleum Resources

Regionally, the movement of ground water in the shelf and basin
aquifers east of the Pecos River at Carlsbad has changed very little
as a result of the exploitation of ground water and petroleum dur-
ing a period of approximately 50 years (fig. 4C). Locally, however,
the movement of ground water within these same aquifers is con-
trolled by the effects of the numerous producing oil fields.

The shape of the regional potentiometric surface representative
of the hydraulic head in the Capitan aquifer east of the Pecos River

at Carlsbad has been changed significantly in response to with-
drawal of both ground water and petroleum during the past 50
years. The westward movement of saline water from the Capitan
aquifer in Eddy County east of Carlsbad into the Pecos River has
been greatly diminished or eliminated by a reduction in hydraulic
head.

Similarly, the movement of water in the San Andres Limestone
and Artesia Group eastward across the northern part of the Cen-
tral Basin Platform from New Mexico into Texas has been de-
creased. Eventually, the movement of water probably will be
reversed. Water may be diverted from the San Andres Limestone
and Artesia Group westward from Texas back toward Hobbs and
then into the Capitan aquifer along the western margin of the Cen-
tral Basin Platform. The effects of exploitation of the ground water
and petroleum resources will continue to be the dominant factor
influencing the movement of ground water in the Capitan aquifer
for many years into the future.
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Stratigraphy and ground-water hydrology of the Capitan aquifer, 

southeastern New Mexico and western Texas 

Thesis directed by Professor Theodore R. Walker 

The Capitan aquifer is an important source of ground water for 

both municipal and industrial purposes in southeastern New Mexico and 

western Texas. The Capitan aquifer was mapped in the subsurface as a 

stratigraphic reef. It extends for approximately 200 miles (320 

kilometres) as a continuous arcuate unit, unbroken by faulting, par-

allel to the north and east margins of the Delaware basin from the 

Guadalupe Mountains southwest of Carlsbad, New Mexico to the Glass 

Mountains southwest of Fort Stockton, Texas. 

At Carlsbad, where the Capitan aquifer plunges beneath the sur-

face to the northeast away from the Guadalupe Mountains, the Pecos 

River is in measurable hydraulic communication with the aquifer. 

Large quantities of moderately to very saline water are being with-

drawn from the Capitan aquifer in southeastern New Mexico and western 

Texas and injected into other formations to repressurize partially 

depleted oil fields. Water could possibly be diverted eastward·from 

the Pecos River at Carlsbad into the Capitan aquifer in response to 

industrial pumping. 
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The cost of drilling and testi110 new wells precluded obtaining 

hydrologic data normally acquired by conventional methods. Nine 

iv 

abandoned deep oil and gas wells were acquired from oil companies and 

:I ~onverted to fluid-level observation wells. Changes in head result
, I 
: I 
.1 ing from natural events and the effects of fluid production from the 
: I 
'I 

Capitan aquifer and other aquifers in measurable hydraulic communi-

' 
cation were recorded. 

Data, including core analyses, drill-stem tests, bottom-hole 

pressures, and (or) water-quality data, were obtained from oil com-

panies for about one-third of the more than 30,000 oil and gas wells 

drilled within the project area. These data were coded and indexed 

to the Permian Basin Well Data System magnetic tape file of scout re-

cords. This approach permitted efficient and economical processing 

of the hydrologic data with a digital computer. 

Submarine canyons and reentrants of Guadalupian and (or) ear-

liest Ochoan age were located in the subsurface along the northern 

and eastern margins of the Delaware basin. These prominent features 

were incised into the Capitan aquifer and then filled with complexly 

interbedded sandstone, siltstone, and limestone with a relatively 

low hydraulic conductivity. The thickness and, concordantly, the 

transmissivity of the Capitan aquifer is reduced significantly by 

the more deeply incised submarine canyons that are oriented normal 

to the margin of the Delaware basin. 



v 

The fortuitous position of the largest submarine canyon pre-

eludes the movement of large amounts of water eastward from the 

Pecos River at Carlsbad into the Capitan aquifer. The water other-
' l 

,! wise would have moved eastward in response to extensive development 
: I 
! 

'I 

ii 
I I 

II 
I 
I 

and production of water from this aquifer in southeastern New Mexico 

and western Texas. 
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INTRODUCTION 

Purpose of the study 

This study was started during the summer of 1965 by the 

! U.S. Geological Survey in cooperation with the New Mexico State 

I Engineer. The primary objectiv~ was to determine the effects on 

the Capitan aquifer of the withdrawal of fluids from this aquifer 

and other aquifers in measurable hydraulic connnunication; and, to 

assess, qualitatively, the effect, if any, of continued withdrawal 

of fluid from this aquifer on the flow of the Pecos River at 

Carlsbad, N. Mex. Secondary objectives included definition of 

the Capitan and other associated aquifers; and determination of 

(1) the stratigraphic position and dimensions of the Capitan 

aquifer; (2) the determination of the hydraulic characteristics 

of the Capitan aquifer and associated formations of Permian 

Guadalupian age; (3) the quality of water contained in these 

aquifers; (4) the stratigraphic and hydrologic relationships 

between the Capitan aquifer and other formations; and (5) the total 

amount of fluids of various types produced from the Capitan aquifer 

and other reservoirs of Permian Guadalupian age. 
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The Capit_an aquifer is defined elsewhere in this report but 

is comprised chiefly of the Capitan and Goat Seep Limestones and 

the Carlsbad facies of the Artesia Group. The Capitan aquifer and 

S!!Veral stratigraphic units of equivalent age are important sources 

of ground water for the city of Carlsbad and for irrigation in the 

; Pecos River basin in New Mexico and Texas. In addition to the fresh 
i I .. 
! 1 
I I 
,; water produced for domestic, municipal, and agricultural use in 
'! 

I 
I l New Mexico and the slightly to moderately saline water used for 

i' irrigation in Texas, large quantities of saline ground water are 
I 

I being withdrawn from the Capitan aquifer in Lea County, New Mexico, 

I and Winkler and Ward Counties, Texas (Guyton and Associates, 1958; 

I 
I Brackbill and Gaines, 1964; and table 1). This water, along with 

additional saline waste water produced with oil, is transported 

to other areas where it is injected into several formations to 

repressurize partly depleted reservoirs in a number of oil fields. 
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f . f 1 · l/ Table 1.--Classi 1cation o sa 1ne water-

' 
I Description Dissolved solids. 
! milligrams per _litre 
I 

! Slightly saline 1,000 to 3,000 
I 
i Moderately saline 3,000 to 10,000 

I 
j Very saline 10,000 to 35,000 
l 
i Brine More than 35,000 

Service (1962), the U.S. Geological Survey has defined saline 

water as water that contains more than 1,000 milligrams per 

litre of dissolved solids (Krieger and others, 1957, p. 4). 
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: I 
I 

!j an interstate stream compact between the States of New Mexico and 

Use of surface water in the Pecos Riv~r basin is limited by 

! Texas (U.S. Congress, 1949; Lingle and Linford, 1961). The use 

of surface water in the entire basin within New Mexico and ground 

water in part of the basin and adjacent areas, also within 
. I 

New Mexico, is administered by the New Mexico State Engineer 
'i 

(fig. l; and Hutchins, 1955). In contrast, the use of ground water 

ij in adjacent areas in Texas is not controlled by State or Federal 
l i 
i I f '. 1 agencies. The intense competition or water within this area is 
i ! 

[ I reflected by the number of hearings held before the New Mexico State 

ii Engineer concerning the use of ground water from the Capitan aquifer 

in the vicinity of Carlsbad (New Mexico State Engineer Hearing, 

1960, 1962, and 1963; New Mexico State Engineer, 1964). 

The measurable hydraulic connnunication of the Capitan aquifer 

with the Pecos River at Carlsbad is an important factor considered 

in the administration of the right to appropriate water in 

New Mexico. 
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Disclaimer 

The extensive investigation leading to the preparation of this 

report was funded jointly by the U.S. Geological Survey and the 
1 ! 

; I New Mexico State Engineer. 
'.; 
11 

However, the conclusions and opinions 

; I 
i I 
i I 

presented herein are solely those of the author and do not neces-

sarily concur with or represent those of the sponsors. This report 

is subject to further review and revision by the U.S. Geological 

! I Survey. 
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Scope of the study 

The study included the collection, compilation, and analysis 

of data related to ground and surface waters and to the production 

of water, oil, and gas within the project area. Specific items 

incorporated in the study included determination of (1) the 

location and extent of the major aquifers in the area and the 

relative degree of hydraulic communication between the several 

aquifers, (2) the chemical quality of water contained in the 

:I aquifers, (3) the quantity of ground water and oil and gas with

drawn from rocks of Permian Guadalupian age, (4) the effects of 

these withdrawals on aquifer head, (5) the hydraulic properties of 

: I 
the principal aquifers, and (6) estimates of the quantities of 

ground water available for use. Many procedures and techniques for 

handling geologic and hydrologic data with a digital computer were 

developed and used. 

7 
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Location·and extent of the area 

I The project area includes Eddy County and southern Lea County, 

New Mexico, and Winkler, Ward, Loving, Reeves, and parts of 
, ; 

ii 
i I 

Culberson, Pecos, and Brewster Counties, Texas. This area, 

2 containing more than 16,000 sq mi (square miles) (25,700 km, 

square kilometres), is shown in figure 2. The concentration of pro-

ject activities was more intensive in New Mexico than in Texas. 

Emphasis was placed on an arcuate strip following the trend of the 

Capitan aquifer along the north.and east margins of the Delaware 

basin between the Guadalupe Mountains southwest of Carlsbad and 

8 

the Glass Mountains southwest of Fort Stockton, Tex. (figs. 2 and 3). 
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Conversion from English and oil-industry units 

to metric units 

Numbers in this report are given in English units and (or) oil-

·I industry units followed by the corresponding oil-industry or English 
; I 
'! 
; I 
'.; 

ii 
i I 
i I 
: I 
: I 
'i 
: i 
' I 
' 
, I 

llllit and the metric equivalent in parentheses. The conversion 

factors used are given in tables 2 and 3. 

Chemical concentrations are given only in metric units, milli-

grams per litre (mg/1). For concentrations less than 7,000 mg/1, 

the numerical value is about the same as for concentrations in the 

English unit, parts per million (ppm). 

The altitudes, elevations, distances, depths, and volumes given 

in this report are often either estimated or generalized so as to be 

descriptive of a large area. Accordingly, the values stated are 

:1 often rounded to the nearest hundred units. The values are also 

d converted from English units to metric units and given in parenthe-
! I 

i I 
ses following the original value. The corresponding metric units 

are usually rounded to the nearest 5 units. However, when the 

magnitude of the value in English is either small or expressed with 

obvious precision, an attempt has been made to keep the metric 

conversion consistento 
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Table 2.--English to metric conversion factors 

English Metric 
! I Unit Abbrevi- Multiplied Unit Abbrevi-

at ion by ation 
! 

Ii Acre acre 0.4047 Hectare ha 
Ii 

! i Acre-foot acre-ft .0012335 Cubic hectometre hm 3 

ii Barrels (42 bbl .15899 Cubic metre 3 
m 

' 
U.S. gallons 

! 

Do do .000159 Cubic hectometre hm3 

Cubic feet ft 
3 .02832 Cubic 

3 
metre m 

, I 

'i Foot ft .3048 Metre m 
1 i 

i Gallon gal .003785 Cubic metre m 
' { 
! Do do 3.785 let re 1 

i 
m3/d 'I Gallons . 5.45 Cubic metres l per gpm 

: I 
minute per day 

I 
Do do .06309 Litres per second 1/s 

' Gallons gpd .003785 Cubic m3/d : I per metres per 

' day day 
i 
l 
! Inch in 2.54 Centimetre cm 
l 
! Mile mi 1.6093 Kilometre km 

Pounds psi 703.07 Kilograms kg/m 2 
per per 

square inch square metre 

' Do do 70. 307 Grams per square gm/cm 2 

I 'centimetre 

l Square mile mi2 2.59 Square kilometre km2 

' ' ' ! 
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Table 3.--Relation of units of hydraulic conductivity, permeability, 

d 
. . . 1/ 

an transmissivity-

A. Hydraulic conductivity 

Hydraulic conductivity t Field coefficient 
of permeability 

Feet per ~F Metres per day t Gallons per day 
(ft day ) (m day-1) per square foot 

(gal day -ltc2) 

One 00. 305 7.48 
3.28 One 24.5 

.134 .041 One 

; I 
'I B. Transmissivity 
ii 
! ; 

i 
;! 
. I 

I 
I 

Squar~ feet
1
per day Square metres ~er t Gallons per day 

(ft day-) day (m2 day-) per foot 
(gal day-1 tel) 

One 0.0929 7.48 
10.76 One R0.5 

.134 .0124 One 

Intrinsic permeability tcoefficient of penneability 
- qu 

k - - d~/dl 
[ ( µm) 2= 10-8cm2] 

- qµ 
Darcy - -dp/dl+pg dz/dl 

[0.987xl0-8cm2 ] 

P Pm
_ q(at 60°F.) 

or - - dl/dl 
[gal day -lft-2 at 60°F.] 

1./Adapted from Lohman and others (1972). Equivalent values shown in 

same horizontal lines. t indicates term abandoned by the 

U.S. Geological Survey. 



Previous investigations 

A number of reports describing the ground-water resources of 

counties and specific localities or areas for much of the Trans

:1 Pecos region have been published. However, the saline-water 

:I resources of this region are largely unknown because most of the 

published reports are concerned primarily with the availability and 
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use of the potable ground water generally found in shallow aquifers. 

These reports include, by county: Eddy (Hendrickson and Jones, 

1952); southern Lea (Nicholson and Clebsch, 1961); Winkler (Garza 

I and Wesselman, 1959 and 1962); Ward (White, 1971); Pecos (Armstrong 

, and McMillion, 1961); and Reeves (Knowles and Lang, 1947; Ogilbee, 

Wesselman, and Irelan, 1962). 

The occurrence of ground water in the Carlsbad area has been 

described in reports by Hale (1945a, 1945b, and 1961), Bjorklund 

and Motts (1959), Halpenny and Greene (1966), and Motts (1968). 

Some of the testimony and exhibits in three hearings before the 

New Mexico State Engineer were useful in this study (New Mexico 

State Engineer Hearing, 1960, 1962, and 1963). The information 

presented in the three hearings is sunnnarized along with important 

interpretations in a memorandum report prepared by the staff of 

the New Mexico State Engineer (New Mexico State Engineer, 1964). 
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I Brown, Rogers, and Baker (1965) have written a generalized 

ii I evaluation of the ground-water conditions in the middle Rio Grande 
I 
I 

I basin in Texas. The water resources of the Pecos River basin were 

i~vestigated jointly by State and Federal agencies in 1939-40 

(U.S. National Resources Planning Board, 1942a and 1942b). 

'! 
Bjorklund (1958), Cushman (1965), Akin and Slingerland (1967), and 

I 

·1 Vandertulip (1966) have analyzed the flow of the springs in the 
. I 
j i 
i I Pecos River in the vicinity of Carlsbad and Artesia, N. Mex. Cox 

ii 
! (1967) has described the geohydrology of an area between Lake 

:I 
· i McMillan and Carlsbad. 

I I Methods of handling saline-water chemical data and the quality 

! of water found in rocks of Permian Guadalupian age within the project 

:I area have been described by Hiss, Peterson, and Ramsey (1969), and 
l 

Hiss (1970). Hiss (1973) described the construction of an obser-

vation-well network com.posed of 12 wells completed in the Capitan 

aquifer in southeastern New Mexico. This report and another by Hiss 

(1971) contain hydrographs depicting the water levels recorded in 

· I these wells. The depletion of ground water and decline of the 

potentiometric surface in southeastern New Mexico have been 

described by Spiegel (1958). Dinwiddie (1963), and Broadhurst, 

Stmdstrom, and Weaver, (1951) have described the public supplies 

in southeastern New Mexico and western Texas, respectively. 



: I 
I 

d 
I Spiegel (1967) has discussed the natural geohydrologic 

;I conditions controlling ground water in the Pecos River basin. 
I 
I 

'I 

Brackbill and Gaines (1964) described the production of water from 
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the Capitan aquifer in a large water field in Winkler County, Texas, 

1 and the use of the water in oil-field secondary recovery operations. 

Data relating to the production of water from the Capitan aquifer 
I! 

; ! in the Toyah-Monahans area of Texas for both irrigation of crops 
i 

! j 

i I and secondary recovery of petroleum are available in a report 

: i 
: I written by the staff of Guyton and Associates (1958). The geology 
i I 
! and ground-water resources of the Roswell artesian basin are 

described in reports by Fisher (1906), Fiedler (1926), Fiedler and 

: I Nye (1933), and Kinney and others (1968). Two publications of the 
'I 

; i West Texas Geological Society (Hills, 1961, and 1962) contain a 
: ! 
: i 
!I number of stratigraphic sections depicting the shallow aquifers in 

. I part of the study area. Grauten (1965) and McNeal (1965) have 

i I discussed various hydrodynamic relationships and oil entrapment in 

the Delaware and Permian basins, respectively. 

Literature on the general geology and stratigraphy of the 

report area is voluminous. The Delaware basin, Central Basin plat-

form, and surrounding shelf areas within the larger Permian basin 

are important oil-producing provinces. The rocks of Permian age 

in the Delaware basin and surrounding areas are extremely complex 

in nature, but have been studied extensively as a xesult of 

intensive exploration for oil, gas, and other mineral resources. 

Conclusions and information from many of these investigations have 

been incorporated into this report. These articles and reports are 

cited individually and (or) are included in the bibliography. 
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The volumes of produced oil, gas, waste water, and injected 

water were obtained from annual reports published by the New Mexico 

Oil and Gas Engineering Committee (1950-1958, 1959, 1960-1970), Rail-

road Commission of Texas (1939-1969); Lea County Operators Comnuttee 

(1935-1942 and 1943-1949); Hobbs Pool Operators Committee (1932); 

Lamb and Lea County Operators Connuittee (1948); Lamb and Macey 

:I (1947a, 1947b, and 1947c); and Kinney, Lea County Operators 

I ! I 
. I Connnittee and New Mexico Oil Conservation Commission (1949). Many 

I I 
! of these reports also contain limited but useful reservoir-engineer-

ing data. 

. I 
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Methods of investigation 

Location and number of wells 

i 
' l 

More than 30,000 wells that penetrate formations of Guadalupian 

I or older age have been drilled within the project area in search of 
: I 
! oil and gas ( table 4). Relati ve·ly few wells penetrate the narrow 
. I 

I I arcuate band of the Capitan aquifer along the edge of the Delaware 

I basin because most of the wells are concentrated in the oil fields 
I I along the Artesia-Vacuum arch and the Central Basin platform (fig. 4). 

·I A few abandoned oil-test wells have been converted to irrigation 

I wells in Pecos County where water is produced from the Capitan 
i 
' i aquifer and San Andres Limestone (Armstrong and McMillion, 1961, 

I table 4, pl. 1). Water for municipal, domestic, and irrigation use 
I 
! is produced from wells completed in the Capitan aquifer, San Andres 

Limestone, and Artesia Group in the vicinity of Carlsbad west of 

the Pecos River (Bjorklund and Motts, 1959). 



I 
I 
' I 

Table 4.--Nurnber of oil and gas wells drilled, by county, to 

January 1, 1971 

State County Number of wells 

New Mexico 
Eddy 7,130 
Lea 15,932 

Texas 
Brewster 85 
Culberson 1,624 
Loving 1,352 
Pecos 9,022 
Reeves 1,756 
Ward 6,573 
Winkler 7,243 

Total number of wells in-nine counties 50, 11111 

!/More than 30,000 of the oil and gas wells are iocated within 
the project area shown in figure 2. 

19 
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Figure 4.--Map showing position of the principal structural elements 
in western Texas and southeastern New Mexico during Late Paleozoic 
time. 
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Types of information available 

Nearly all the information availalbe for interpretation in 

this study was originally collected by oil companies for industrial 

purposes during the drilling, evaluation, and production of the oil 

and gas wells. These data include: pressures measured during drill-

stem or bottom-hole pressure tests; chemical analyses of water 

samples; permeability and porosity analyses of rock cores; aquifer 

or reservoir performance tests; statistical tabulations of the 

volume of the oil, gas, and water produced and (or) injected; 

:j lithologic and electrical logs; and fluid-level measurements. A 

I 
I small amount of aquifer-test and water-level data were available 

from published reports or in the files of the U.S. Geological Survey. 



I 
I 
. I 

I 
i 
! 

. , 
i 

Source and ownership of information 

Limited amounts of data were obtained from published reports, 

,i including the water-rights hearings before the New Mexico State 
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:I Engineer, and from the public basic-data files of the New Mexico 

l! State Engineer and the U.S. Geological Survey. Other data collected, 
. I 

analyzed, and interpreted by Geological Survey personnel during the 

' course of the investigation included measurements of water levels, 

continuous records of water-level fluctuations in a 12-well 

observation-well network (Hiss, 1971, and 1973), several aquifer-

· performance tests, chemical analyses of water samples, and lithologic 
'I 

, logs. Several hundred electrical logs were purchased from connner-

cial sources. Some information, including several aquifer-

! performance tests, was collected in cooperation with several oil 
· I 

companies. However, the vast majority of the data were obtained 

directly from the proprietary files of oil companies, geological 

and hydrological consultants, and members of the oil-service 

industry. 
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Acquisition of privately owned data 

Almost without exception, the many segments of the oil industry 

.i offered to cooperate freely in supplying information from their 
! 

jprivate, and often confidential, files pertaining to the oil, gas, 
; I 
'' :J and water wells owned by them. Nevertheless, before any of this 
'i 
i I 

'I information could be obtained, it was necessary to supply the donor 
'I 
;I company with the name and location of the well for which data were 
1l being sought. Without a data-base and some form of machine-data 

i 
I 
! 
I processing capability, the search and identifications of wells would 
I 
! 

I have been an impossible task considering the myriad wells drilled 
I 

and the limitless possibilities of data associations for a particular 

well. 
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Fo~tunately, the Permian Basin Well Data System (PBWDS) magnetic 

tape file of scout records was being completed just as the project 

. I i started (Permian Basin Well Data System, 1964; and Cooper, 1967a, 

. I 

I and 1967b). This data base contains both the information made avail-

i I 
! I 

I 

able to the oil industry through regular scout checks and certain 

facts required by regulatory agencies. Information describing the 

location, ownership, depth, names of formations penetrated, drilling 

and development history, casing.records, production tests, and the 

completion data for all wells drilled for oil and gas within 

68 counties in the Permian basin and adjacent areas of western Texas 

and southeastern New Mexico is included. Data pertaining to the 

;J deeper water supply and injection wells drilled for use in secondary 

'I recovery projects can frequently be obtained from this source. The 

I 
: I 
, I 

PBWDS file for the nine counties in the project area contains ap-

proximately 800,000 tabulating cards as images on magnetic tape for 

wells drilled through 1965. 



I 

I 
i 
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' 

25 

Use of the Permian Basin Well Data System file 

i The Permian Basin Well Data System was used both as a framework 
: ' l 
:! in earlier machine-data processing efforts and as a primary source 

, I 
. I 
: I 
; I 
: I 

of information • Lists of wells for which core analyses and drill-

stem or bottom-hole pressure measurements might be available were 

printed on multi-part tabulating paper after execution of a detailed 

search of the PBWDS file. The several thousand pages of requests 

printed in geographic positon order within individual operator names 

were screened and then mailed directly to more than 70 different 

oil companies. 

The requests were organized in a manner allowing rapid retrieval 

of data from manually operated central files with a minimum of cler-

ical help. The use of multi-part paper allowed the donor company 

to annotate the original request list and then return one copy as 

a transmittal form. 
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Attempts were made to locate the longest cored interval in sedi-

'l mentary rocks of Guadalupian age within each township in New Mexico 
, I 

I 

i or similar area in Ward and Winkler Counties, Texas. Similar attempts 

were made to locate drill-stem tests of selected intervals within 

the same geographic area. Approximately four times more data than 

;j needed were requested from oil companies. The response and cooper

(! ation from the oil companies was outstanding. However, due to loss 
: i 'I of data in consolidation of offices, company mergers, transfer of 
'I . ! ownership, and other reasons, many of the original source documents 

were unobtainable, and fewer data than needed were collected by this 

request. 
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The PBWDS file was searched for bottom-hole pressures and for 

drill-stem tests in which any of the initial or final shut-in pres-

sures and (or) the initial or final-flow pressures were approximately 

equivalent. This search yielded valuable information used in the 

construction of the potentiometric maps. 

: i 
Cross indexes (Hiss, 1970, p. 1474) were prepared after editing 

the township, range, and section in New Mexico (survey, block, and 

j t 
, 1 section in Texas), footage measurements within a section, operator 
. I 

: i 
! 
I 
: I 

I 

and lease names, well number, total depth, file reference number 

(American Petroleum Institute, 1966, and 1968), decimalized latitude-

:I longitude coordinates, reference elevations, and the spud and comple-
. I 

: I tion dates from the PBWDS file. . , Indexes in reference number order 
I 

·1 were printed first before sorting the information into location order 
I 
I and then into operator order to print both location and operator 

I · I indexes. 
I 

l 
. I Cross indexes keyed to the operator and reference number and 

to the geographic location, operator, and reference number were used 

to great advantage in locating and identifying the oil and gas wells. 

The oil-industry data frequently were identified only by the location, 

or by operator, and by lease information, so that both indexes were 

necessary. 
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Formation tops and bases, operator and lease names, location, 

total depth, latitude-longitude coordinates, and the reference number 

were edited from the PBWDS file and were used to compute the eleva-

tions of the formation tops or bases referred to sea-level datum 

'and the thickness of selected intervals. The computed information 

I 
I 

I 

was later employed in constructing various thickness and structural-

contour maps, and in stratigraphic correlations. 
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Restrictions on the use of proprietary data 

Most of the larger companies placed various levels of restric-

tions on the use and publication of data loaned to the Geological 

Survey. The most common restrictions concerned identification of 

the source of the data. Several companies restricted identification 

of the exact well associated with data and limited the scale of 

maps exhibiting the data. 
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Quality of the information 

Most of the data obtained from the files of petroleum companies 

were generally of good quality, but had been collected or prepared 

Ii for purposes other than the analysis of ground-water systems. Static 
ii 
I equilibrium pressures could not be calculated from the pressures 

measured in the majority of the drill-stem and bottom-hole pressure 

tests due to the shortness of the recovery period. Almost none 

. ! 
· I of the pressures measured on the drill-stem tests prior to 1958 

j 
'i 
, i were usable because of the poor sensitivity of the equipment. 
'I 
I 

· ! Water samples are collected and analyzed by the petroleum 

industry for a variety of industrial purposes including the deter-

mination of the effectiveness of acid treatment of reservoirs, 

location of casing leaks, and interpretation of the effect of water 

; I flooding of partly depleted oil-bearing reservoirs. Therefore, 

these chemical analyses were frequently not representative of for-

mation water and had to be verified before they could be used to 

prepare maps depicting ground-water quality. 

Operators of many of the deeper wells concentrate only on the 

more prospective deep oil and gas-bearing zones and often do not 

collect drill cuttings or run electrical logs in the shallower forma-

tions, including those of Guadalupian age. Samples of ·drill cuttings 

were frequently not obtainable from the Capitan aquifer because 

of the difficulty in maintaining circulation while drilling through 

this formation. 
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Very large volumes of data were processed during the course 

of the study. Much of this data was discarded because it was either 

nonrepresentative, unreliable, or, for other reasons, unsuitable 

for use in ground-water studies. In many instances, the data either 

were not described properly or could not be located geographically. 



I 
I 

Machine-data processing methods 

Initially, all the information processed with computer 

methods were encoded in fixed-field formats compatible with the 

PBWDS file. Gradually all of the sub-files containing oil-company 
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·1 data, information derived from the PBWDS file, and ground-water 
; i 
; I 
: I 
: I 
:I 
: i 
'! 
i 

I , I 
'I 

I 

; 

data were blended together in the more flexible OMNIANA data file. 

This data-base management system was developed for use in earth 

science studies in New Mexico using the experience gained by working 

with the PBWDS file (Hiss, Garza, and Peterson, 1969; and Peterson 

and Hiss, 1970). 

Confidential data or proprietary information edited from re-

stricted sub-files and included in the OMNIANA data file are identi-

fied by restriction parameter codes. All data sets in the Ol~~IANA 

data file are identified by unique-reference numbers. With a few 

I minor exceptions, oil and gas wells are identified with unique-

j reference numbers identical to those used by the petroleum industry 

(American Petroleum Institute, 1966, and 1968). 

In addition to information derived from the PBWDS file, the 

OMNIANA data file contains a small amount of data for oil tests 

drilled after 1965, pressures recorded during approximately one 

thousand drill-stem tests, about 5,000 chemical analyses of ground 

water (Hiss, 1975h), approximately 30,000 water-level measurements 

recorded in the 12 observation wells (Hiss, 1973), porosity and 

permeability data from about 40,000 feet (12,200 metres) of analyzed 

rock cores, and about 50 digitized sonic-gamma-ray electrical logs. 
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Observation-well network 

Purpose 

Nine oil and gas test wells, drilled to depths of 10,000 

(3,050 metres) to 18,000 feet (5,500 metres) and located along the 

I trend of the Capitan aquifer in Eddy and Lea Counties, New Mexico, 

· I. were acquired from oil companies at the time of abandonment. 

I 
i 

The 

unsuccessful oil and gas test wells were plugged back to the base of 

I 
! 

the Capitan aquifer, perforated in the Capitan aquifer, and converted 

to observation wells. The nine wells and three water wells pre-

viously completed in the Capitan aquifer form an observation-well 

. i network used to monitor the changes in head in the Capitan aquifer 

! 
caused by natural stresses and the effects of fluid withdrawal in 

Lea County, New Mexico and Ward and Winkler Counties, Texas (Hiss, 

1971, and 1973). 



Source and ownership of observation wells 

The North Cedar Hills Unit 1, Humble State 1, Yates State 1, 

·. i Hackberry Deep Unit 1, Middleton Federal B 1, South Wilson Deep 

Unit 1, North Custer Mountain Unit 1, Federal Davison 1, and South-

west Jal Unit 1 observation wells were obtained from cooperating 

34 

ii 
I oil companies at the time of abandonment and converted to observation 

1 I 
, I 

:! wells. The U.S. Geological Survey owns and is responsible for the 

future use and disposal of these wells (fig. S). 

· 1 The city of Carlsbad Water Wells 10 and 13 are owned by the 

:I city of Carlsbad, whereas the city of Carlsbad Test Well 3 is appar-

.1 ently still owned by Mr. Forrest Miller of Carlsbad. The three 

! wells were drilled, completed, and developed by the city of Carlsbad 

during various ground-water exploration programs and are on loan 

to the Geological Survey (fig. 5). 

The Eugene Coates 3 well is a temporarily abandoned oil well 

that is completed in the Seven Rivers Formation. This well was 

loaned to the Geological Survey for a short period of time for use 

as an observation well during and after aquifer performance tests 

in a nearby water field. 

Data recorded from a crest-stage gage located near Tansil! Dam 

were collected and compared to the hydrographs from nearby wells 

completed in the Capitan aquifer. The Tansil! Dam crest-stage gage 

was discontinued in early 1970. 
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Figure 5.--Map showing location of wells in the Capitan aquifer 
observation-well network, southeastern New Mexico. 
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Well completion and development 

With the exception of the North Custer Mountain Unit 1 well, 

a cement plug was placed by the operator at the base of the inter-

mediate casing string that had been set through or near the base 

:i of the Capitan aquifer. The wells were then filled to the surface 

ii with either rotary drilling mud, brine, or fresh water and released 

j/ to the Geological Survey. The North Custer Mountain Unit 1 well 
: I 
, I 

:1 was received with the uncased interval of the borehole (12,175 to 

16,000 feet; 3,711 to 4,877 metres) plugged back to 12,800 feet 
'i 
j (3,901 metres). The well was filled with fresh water at the time 
I 
' ! of abandonment by the operator. A wire-line bridge plug was sub-
i 

I sequently set at 5,300 feet (1,615 metres) near the base of the 

i Capitan aquifer in this well. 
. ' 

The completion procedures generally followed by the Geological 

Survey included swabbing or bailing the mud or water from the casing, 

running perforating-depth control logs, perforating, swabbing to 

test the effectiveness of perforations, and stimulation of the well 

with acid as necessary to increase the well productivity. These 

procedures were followed by another production swab test. The 

position of the perforated interval in 8 of the 12 observation wells 

is shown in figures 6 and 7. Complete descriptions of tJ1e completion 

procedures and construction of the wells are given in Hiss (1973). 
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I 
I 

The observation wells were serviced by Messrs. E. R. Cox, 

d J. s. Havens, c. .c. Cranston, R. L. Rogers, G. E. Welder, 
i 
i 

I 
G. E. Maddox, H. E. Lobley, J. A. Basler, J. D. Hudson 5 and 

J. D. Stevens. Messrs. E. R. Cox and J. s. Havens also assisted 

the author during well completion and development operations. 

Computer programs were written by Messrs. J.B. Peterson, 

D.R. Posson, T. R. Ramsey, A. P. Trantolo, C. Z. Mitchell, Jr., 

J. A. Jouret, and L. E. Galyean; and Mmes. P. M. Hiss and 

'' N. R. Mitchell, Jr. 
, I 

Messrs. J. N. Barbee, J. L. Kunkler, and F. C. Koopman helped 

with aquifer-performance tests. Dr. J. D. Bredehoeft gave valuable 

technical assistance and furnished one of the computer programs 

I used in initial attempts to numerically simulate the Capitan aquifer 

(Peterson, Hiss, and Garza, 1969). 

The New Mexico State Land Office, New Mexico State Oil Conserva-

tion Connnission, Conservation Division of the U.S. Geological Survey, 

and the U.S. Bureau of Land Management were helpful during stages 

of negotiations for, and development of, the observation-well net
i 
I work. Latitude-longitude coordinates and elevation data for the 

.

. 11 

many wells used in the study were obtained from the Permian Basin 

. I Well Data System tape file of scout records and were used with the 

. , : I permission of Tobin Surveys, Inc. and Laughlin-Simmons and Co. of 

: I Texas, Inc., respectively. 



39 
Ccmputer facilities at the U.S. Air Force Weapons Laboratory, 

Kirtland Air Force Base, New Mexico, were used for nearly all data 

processing. Colonel T. L. Franklin, Dr. H.F. Cooper, and Major 

J. T. Holland were most helpful in making the use of these facilities 

possible. Petroleum Information, Inc., digitized the electrical 

logs used in the cross sections and computed latitude-longitude 
: i 

coordinates for well locations not in the Permian Basin Well Data 

'! System file. 

'I The sedimentary section and stratigraphic relationships of 

; I the Guadalupian strata were examined several times during field I 
· 1 
I trips sponsored by the West Texas Geological Society and the Permian 

I 
.i Basin Section of the Society of Economic Paleontologists and Miner-

! 
alogists. The explanations and interpretations of the many obscure 

I details to be found in these rocks by Dr. Alonza D. Jacka, 

I 

I 
'! 
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I 
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: I 
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STRATIGRAPHY, STRUCTURE AND GEOLOGIC .HISTORY 

Paleozoic Erathem 

Pre-Permian Guadalupian Series 

The stratigraphy, structure, and geologic history of rocks 
: ! 

younger or older than Permian Guadalupian age is treated cursorily 

in this report. These rocks have very low transmissivities and 
'! 

I 
I 
I 

; I 

: I 
I 

are, for practical purposes, considered to be hydraulically isolated 

from the Capitan aquifer and San Andres Limestone, the principal 

aquifers of interest. 
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I 
I 
! Ordovician to Mississippian Systems 
i 

A maximum thickness of approximately 7,000 feet (2,135 metres) 

of dolomite, limestone, sandstone, and minor shale were deposited 
; I 

:! in shallow seas in the Tobosa basin, an autogeosyncline on a broad, 
. ' 
I! 

:, southward-sloping shelf developed on the craton, during the Ordovi-

cian to Mississippian Periods (Galley, 1958, p. 401-419; and Adams, 

1965). Unconformities at the end of Early, Middle, and Late Ordovi-

cian time and again at the end of both the Devonian and Mississippian 

Periods interrupted an otherwise continuous geologic record. Some 

ij of the most important oil-producing structures in this area are 
I 

I 
' located on this medial ridge. Uplift of a complex fault block, 

: j 
: i 

i the Central Basin platform, during Late Mississippian and Early 

i I 
•.1 Pennsylvanian time, divided the Tobosa basin into the Delaware and 
, I 

! 

·1 Midland basins (figs. 4 and 8; and Galley, 1958, p. 401; and Adams, 

I 1965). 
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Pennsylvanian System 

The Delaware basin subsided rapidly during the Early Pennsyl-

vanian. Older rocks were stripped from the Central Basin platform 

and deposited on the flanks of this median range as elastic wedges 

I j 
., (Vertrees, Atchison, and Evans,.1959). Material was eroded from 
: ! 

lj the Pedernal massif, Diablo platform and other highlands to the 

I I _north, west, and southwest of the Delaware basin, and deposited 
; I 

: i 
·,_as thin sequences of sands and shales with interbedded carbonates 
I i on and along the edges of the shelves (Hills, 1963; and Galley, 

i I 1958). Carbonates are interbedded with, or take the place of, the 
i 

·! sandstones and shales along the shelf and shelf margins but extensiv~, 

well developed limestone reefs of Pennsylvanian age have not been 

· ! encountered along the. shelf edge in· the Delaware basin. 

I Sediments shed from the emerging mountains in the Marathon-

;! Ouachita structural belt were trapped in the Val Verde trough south 

· 1 ·I of the Pecos-Ozona arch until Late Pennsylvanian when sediments 
! 

overflowed into the Delaware basin (Galley, 1958; Young, 1960; and 

Oriel, Myers, and Crosby, 1967). The maximum thickness of the 

Pennsylvanian System in the Delaware basin is slightly more than 

2,000 feet (610 metres) west of the Central Basin platform (Galley, 

1958). 
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I I 

Pennian System 

Wolfcampian Series 

The Central Basin and Diablo platforms, Pedernal massif and 

. Marathon-Ouachita belt were active uplifted areas at the beginning 

,, of the Permian Period while the Delaware basin continued to sink 
' t 

;! (Hills, 1963; and figs. 4, 8, and 9). During Wolfcampian time, 

· more than 8,000 feet (2,440 metres) of chert, limestone, and terri-

genous elastics were eroded from the Marathon-Ouachita Mountains 

and accumulated in the southern part of the Delaware basin where 
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it opens into and joins the Val Verde trough. The Wolfcampian Series 

progressively thins to the north away from the thick section in 

the Val Verde trough to approximately 500 feet (150 metres) near 

the north and northwestern edge of the Delaware basin (Feldmen, 

1962; and Vertrees, 1964). Carbonates, including some shelf-margin 

reefs and banks, formed the dominant facies on the Northwest shelf 

and the Central Basin and Diablo platforms, the more stable positive 

areas (figs. 4 and 8). The Val Verde trough at the southern end 

of the Delaware basin was filled with sediment and became less active· 

with the close of Wolfcampian time. 
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Leonardian Series 

After the uplift and subsequent destruction of the Marathon 

and Ouachita Mountains along the southern margin of the Val Verde 

trough and at the southern end of the Delaware basin, orogenic 
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; l · activity was limited to epeirogenic movement of broad areas (Hills, 
i I 

111963, p. 1719; Silver and Todd, 1969; and Meissner, 1972). In this 

;! manner, the structural framework that would control the depositional . I 
'environment in the Delaware basin for the remainder of the Permian 
! 

! 
I Period was firmly established at the onset of the Leonardian Epoch 
I 
I 
' 
l (Galley, 1958, p. 428; Hills, 1963, p. 1719; and Adams, 1965). Three 
I 

I 
I 
! 

distinctive facies are identificable in the Leonardian Series: (1) 

A basinal section composed .of shale, siltstone, sandstone, and dark 

i limestones, (2) shelf complexes composed of carbonates, evaporites 
I I and red beds, and (3) reef and other shelf-margin carbonates. 

Dunham (1970) applied the term "stratigraphic reef" in describ-

ing the Capitan Limestone and other linear carbonate complex composed 

of particles wholly or largely bound with inorganically derived 

cement. Correspondingly, Dunham (1970) used the term "ecologic reef" 

to describe a similarly shaped carbonate complex built from organ-

ically bound carbonate material. Throughout this report, the work 

"reef" is employed in the sense of Dunham's "stratigraphic reef". 
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48 
A maximum thickness of more than 4,000 feet (1,220 metres) 

: I of Leonardian age sedimentary rocks is now present in southwestern 

'1, 

i 
i 
I 
I 

I 
I 
I 
I 

. I 

i I 

Loving County. The 2,000 to 3,500 feet (610 to 1,065 metres) of 

sedimentary rocks, primarily carbonates, present on and along the 

margin of both the Northwestern shelf and Central Basin platform 

are more important to the hydrology of the Capitan aquifer (Galley, 

1958, p. 428 and 430). 

In places, particularly along the western edge of the Central 

Basin platform, permeable shelf-margin carbonates of Guadalupian 

age are superimposed on and are probably in relatively good hydraulic 

communication with Leonardian sedimentary rocks having similar 

characteristics (Pan American Petroleum Corp. and Westbrook-

Thompson Holding Corp. 1958, Defendants' Exhibit No. 47; Jones, 

1949; and Silver and Todd, 1969). 
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Permian Guadalupian Series 

Geographic distribution 

Strata of Guadalupian age are present in the subsurface through-

out the Permian basin. The Artesia and Delaware Mountain Groups and 

the San Andres Limestone and their lateral equivalents form extensive 

outcrops in western Texas and southeastern New Mexico (fig. 10; 

and Dane and Bachman, 1958, and 1965; and Goddard, 1965). Although 

only about 20 percent of the volume of sedimentary rocks filling 

the Permian basin are Guadalupian in age; reservoir rocks within 

these strata contain about one-half of the more than 14 billion 

barrels (2.2 billion cubic metres) of oil discovered within the 

Permian basin (Galley, 1958). 
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Previous investigations 

The economic importance of the Guadalupian age rocks as oil 

reservoirs in the Permian basin has fostered numerous extensive 

studies of the readily accessible exposures of these rocks in the 

Guadalupe Mountains by many geologists. 

I 
Several contemporary investigators> including Kendall, 1969; 

: I 
,. Silver and Todd, 1969; Tyrrell, 1962, 1964, and 1969; Ball and 

others, 1971; Dunham, 1969, and 1972; Meissner, 1972; and Jacka and 

others, 1968, and 1972, have recognized sedimentary features within 

the Guadalupian Series in the Permian basin that are analogous to 

those found in the Holocene carbonate and (or) carbonate-evaporite-

sandstone depositional environments located in the Bahamas, Florida, 

Australia, and, in particular, the Persian Gulf. Interpretations 

by Kendall (1969), Silver and Todd (1969), Dunham (1972), Jacka 

and others (1972), and Meissner (1972) were particularly useful 

in understanding and defining the Permian Guadalupian aquifer 

systems. 
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Structural setting 

! The Permian basin of western Texas and southeastern New Mexico 

, i includes the Delaware and Midland basins, the narrow elongate Central 
I 

; I , Basin platform., and the Southern shelf and relatively broad North-
i ! . I ; ! western and Eastern shelves shown in figure 4. The Diablo and Otero 
ii '. 'platforms and the Pedernal massif are positive areas that flank 

the western periphery of the Permian basin. 

; t , I 
; I 

Communication between the Delaware and Midland basins was estab-

I lished through the Hobbs and Sheffield channels at the north and 
i 

I 
south ends of the Central Basin platform., respectively. Paleo-

; 

' geologic evidence suggests that seas entered the Permian basin area 

I 
i from an open ocean to the southwest through present-day Mexico and 

· 1 

spread over much of western Texas and New Mexico during Late 

Leonardian and Early Guadalupian time (P.B. King, 1942; Hills, 1942; 

and Meissner, 1972). 

Paleo-positions derived from fitting the morphological outlines 

of continents together with consideration of the paleomagnetic and 

other data available suggest that the North America crustal plate 

on which the Permian basin resides was probably located very near 

the equator during the latter part of the Paleozoic Era (Dietz and 

Holden, 1970). Presumably, a warm climate resulted in a prolific 

growth of calcium carbonate secreting organisms during this time. 
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I The area covered by the epicontinental seas was gradually 
. ! 

reduced throughout the Guadalupian Epoch until the Hovey channel 

:I remained as the principal connection to the open oceans via the 
l 

Marfa basin. The l1idland basin was filled by.an influx of sand 

and mud during Late Leonardian and Early Guadalupian time and grad-

ually converted to an evaporite shelf (Oriel, Meyers, and Crosby, 

1967; Jones, 1949; Tomkins~ and others 1953; and Tait, and others, 

1962). However, the structural :configuration of the Delaware basin 

with relatively deep water surrounded by broad shelves with low 

topographic relief, which were alternately either covered by shallow 

water or exposed, prevailed until the close of the Guadalupian Epoch. 



i 
I 
I 
I 

: ! 

53 

Depositional environments and characteristic sediments 

Major sedimentary facies 

The three major time-transgressive sedimentary facies, shelf, 

shelf margin, and basin, representing the topographically controlled 

I sedimentation previously recognized in the Leonardian Series are 
I 

!f much more evident in Guadalupian strata. Silver and Todd (1969, 
I 

I! 

:::_1

1

- figs. 4 to 9 inclusive), Ball and others (1971, fig. 3), and Dunham 

(1969, and 1972) have prepared excellent perspective diagrams of 
I 
l i hypothetical Guadalupian landscapes in this type of geological 

! 
l setting. The paleotopography shown in these sedimentary models 
i 

i has been defined principally by relating characteristic features : I 
i 

'i found in the Guadalupian sedimentary rocks to modern analogs observed 
I 

I in the Persian Gulf (Wells, and Illing, 1964; Illing, Wells, and 

: I 
;j Taylor, 1965; Butler, 1969; Kinsman, 1969; and Kendall, and Skipwith, 

1968, 1969a, and 1969b). 
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Carbonate classification 

Dunham (1962) has devised a method of classifying carbonate 

rocks according to the retained depositional texture. Rocks in 

which the original deposition texture is not exhibited are referred 

to as crystalline carbonates, e.g., "well-bedded, microcrystalline 

dolomite." Three textural features are evaluated in this scheme: 

(1) the presence or absence of carbonate mud, a factor determined 

largely by the amount of hydraulic energy at the depositional site; 

(2) the relative abundance of carbonate grains, which may be sup-

ported by mud (mud-supported), or, in the absence of sufficient 

mud, be self-supporting (grain-supported); and (3) the indication 

of organic binding during deposition. 

A muddy carbonate containing fewer than 10 percent carbonate 

grains is a "mudstone," whereas a rock composed of more than 

10 percent carbonate particles with the particles still being mud-

supported is a "wackestone." A grain-supported muddy rock is a 

"packstone" which is differentiated from a "grainstone" in which 

mud is absent. Carbonate rocks characterized by organic binding 

are called "boundstone." The class name is usually prefixed with 

"lime" or "dolomite" to indicate the major chemical class of rocks, 

and as many other descriptive words or phrases as may be necessary 

to completely describe the rock, e.g., "druse-cemented, fusulinid 

lime grainstone." 



; I 
! 

Dunham's classification system is followed in this report 

whenever a particular class of carbonate rock is described, other-

wise, the general terms "dolomite" and "limestone" are used. 
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I 

Cyclic sedimentation 

Cyclic alternations of time-synchronous carbonate, evaporite 

and terrigenous elastics are characteristic of the shelf and basin 

I sediments in the Permian basin during the Leonardian and Guadalupian 
; I 

I Epochs. 
: l 

The frequent and abrupt cyclic changes in lithology, both 

'I 
: I 
I I 

; I 
: I , I 
I 
i 

,I 
. i 

vertically and laterally, for a given time horizon, are thought 

to be related to alternating periods of deposition at various stages 

of sea level. The cyclical fluctuation in sea levels may have been 

controlled by the effects of glaciation superimposed upon a rela-

tively deep basin and a broad flat shelf complex that was slowly 

subsiding relative to distant uplands (Meissner, 1972). 

Silver and Todd (1969), Dunham (1969), Kendall (1969), and 

:I Jacka, and others (1972) have vividly described changes in environment 

and the corresponding sediments that might be expected to have been 

deposited during the cyclical rise and (or) fall of the Guadalupian 

sea level. The following account of the sequence of events and the 

sedimentary patterns expected during a substantial decline in sea 

level is from Silver and Todd (1969, p. 2238-2239): 

"··-;during normal sea-level stand, shelf-margin reefs 

and banks formed near sea level. The resultant lagoon 

was shallow but very broad; therefore little terrigenous 

sand reached the distant basin. Deposition of shelf-

margin carbonates was at a maxi,mum and the main sediments 

in the basin were pelagic mud and micrite. 
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If 
i 
I . . 

" ••• y·[At a lower sea-level stcJ.6~], shelf-margin strata 

were partly subaerially exposed but still were forming 

actively at a lower elevation. Islands developed along 

the topographically highest parts of the shelf margin. 

The lagoon was constricted and was bordered landward by 

an extensive algal flat. Locally, barrier islands 

:; developed during this sea-level stage. Continental and 
: I 

sabkha environments prograded basinward from their 

location at normal sea-level stand. Pelagic mud and 

micrite were the dominant lithic types deposited in the 

basin. 

" ••• ;[At a substantially lower stage of sea level], continen

tal and nearshore elastic beds continued to prograde seaward. 

Sabkha and algal-flat deposits replaced previous lagoonal 

sediments. Reefs and (or) banks ceased to develop and 

were replaced by an extensive stable land surface dissected 

by canyons and tidal channels. Tidal and near-shore 

currents and local rivers swept land detritus into canyon 

heads which were formed most commonly near salient features 

on the shelf margin. This elastic material was trans-

ported down the canyons by traction, slow creep, or 

turbulent flow. Channel and overbank systems distributed 

elastic material in the form of prograding submarine fans 

along the basin floor. 
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58 
" •••• [At maximum low-water sta5c. of sea level], land-

derived detritus, at least locally, prograded completely 

across the shelf. Sediment transport was at maximum, so 

that sheetlike sands, perhaps more correctly described as 

coalescing eolian and fluvial sands, prograded over the 

supratidal flat to the shelf edge. Lagoonal and shelf-

margin environments were exposed subaerially before being 

covered by prograding continental-derived sediments. 

Base level shifted frequently during maximum low-water 

stand; major degradation prior to burial beneath 

prograding continental sediments probably did not 

occur on a regional scale, but was a locally important 

process. Detrital sediment was carried across the 

shelf margin by suspension or through submarine 

canyons by a combination of mass transport, slow 

creep, and tidal and nearshore currents. ,e 
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Cyclic alternations of time-synchronous carbonate and terrige-

nous elastic units which are thought to be related to alternating 

periods of deposition at high and low stages of sea level are 

cnaracteristic features of shelf and basin sediments. Relatively 

thick sequences of light colored dolomites and limestones were 

produced on the shelf and shelf margin during high sea-level stages 

while thin, dark, laminated lime mudstone "marker" beds were de-
! I !I posited over widespread areas within the Delaware basin. Most of 

11 the terrigenous elastics were unable to reach the basin during high 

sea-level stages. During intermediate and low stands of sea level, 

comparatively thin terrigenous sandstones and siltstones were de-

posited on the shelf while thick sequences of terrigenous elastics 

were deposited within the Delaware basin. Some of the thin, well-

bedded sandstones and siltstones deposited on the shelf persist 

through what are otherwise regional facies changes and can be cor-

related over long distances. Terrigenous elastics were not deposited 

on the steeply sloping shelf-margin apron. 
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Shelf facies 

The distance across the shelf between bordering continental 

and shelf-margin environments ranged from a few tens of miles to 

perhaps more than a hundred miles depending on the stand of the 

sea with respect to land. At normal or slightly below normal sea 

levels, topographically recognizable features within the compara
i ! 
i tively low energy shelf environment included, from land seaward, 
I 
! broad sabkha (salt flats) and algal flats with very low relief in 

the supratidal zone, a broad intertidal zone, a shallow lagoon 

connected to the open sea by tidal channels, barrier banks or islands 

on the seaward side of the lagoon, and barrier flats adjacent to 

the landward side of the shelf-margin reefs (Kendall, 1969; Todd 

and Silver, 1969; Dunham, 1972; and Jacka and others, 1972). 

The sabkha facies is composed of early diagenetic, bedded, 

nodular anhydrite and primary anhydrite interbedded with terrigenous 

I siltstones and irregularly laminated to stromatolitic mudstone and 
I 
I 

I 
I 
! 
I 
: I 

wackes tone. Lagoonal and intertidal beds consist of thinly laminated 

to stromatolitic dolomite mudstone and wackestone. The laminations 

may be destroyed locally by burrowing animals and soft sediment 

deformation. Pelletoidal dolomite grainstone is interbedded locally 

with the mudstone and wackestone. Dunham (1972) describes the 

porosity of the lagoonal facies as "poor to fair", and Kendall (1969, 

p. 2518), while not judging the relative amount of porosity, has 

described the nature of the pores as "interconnected vugs which 

are thought to be due to the movement of gas through the sediment." 
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The barrier island and flat province contains both pisolitic 

and (or) pisolitized dolomite grainstones and skeletal-lithoclastic 

dolomite grainstones representing a higher energy environment nearer 

to the seaward edge of the shelf. Dunham (1965a, 1965b, and 1969; 

and Thomas, 1965, and 1968) independently established that the 

pisolites in the Permian sedimentary rocks in the Guadalupe Mountains 

represent ancient vadose caliche formed at intervals when the near 

I shelf-edge carbonates were subaerially exposed. Kendall (1969) 

· I 

· I 
I 

found that two types of pisolites were present, one of primary marine 

origin, the other of secondary concretionary origin. Low angle 
i 

crossbedding is evident on some of the carbonate mounds. Fenestral 

. l voids in these rocks are attributed by Kendall (1969) to movement 

I of gas and trapped air as the carbonate material was subaerially 

desiccated in the supratidal zone. Dunham (1972) describes the 

porosity of the dolomite grainstones in the near shelf-edge sediments 

as "good." 
. i 

I The dolomite of the shelf facies frequently are interbedded 

:1 with thin to massive-bedded well-sorted terrigenous siltstones and 

I very fine to fine-grained sandstones. 
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Shelf-margin facies 

The shelf-margin environment is characterized by topographically 

, controlled banks, reefs, and forebank or forereef talus slopes 

located at the extreme seaward edge of a relatively deep open-marine 

sea. Newell, and others (1953, 'p. 190) estimated from work in the 

Guadalupe Mountains that the Delaware basin was about 1,700 feet 

(520 metres) deep near the close of the Guadalupian Epoch. Silver 

and Todd (1969, p. 2248) suggest that the Delaware basin was about 

1,800 feet (550 metres) deep midway along the western margin of 

the Central Basin platform but only approximately 1,400 feet 

(425 metres) deep at the margin of the Northwest shelf near the 

' boundary between Eddy and Lea Counties, New Hexico at the end of 

, Capitan time. They attribute the difference in topographic relief 

at the end of the deposition of the Guadalupian Series to greater 
i 

j tectonic activity along the Central Basin platform and Guadalupe 
'I 

/ Mountains than that in the northern end of the Delaware basin. 

\j Todd and Silver (1969, p. 2247) estimate a water depth of 700 to 

900 feet (215 to 275 metres) along the north and east margins of 

the Delaware basin at the end of Goat Seep time which is comparable 

to the estimate of 900 feet (275 metres) made by Newell and others 

(1953, p. 190) in the Guadalupe Mountains. Apparently, the amount 

of topographic relief between the basin and shelf edge nearly doubled 

during the Guadalupian Epoch. 
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I The marine banks are principally composed of oolite bars and 

:! muddy, weakly cemented accumulations of the skeletal debris of 

'. I 

: I 
· l 

I , I 

I 

crinoids, sponges, calcareous algae, fusulinids, brachiopods, 

bryozoans, and corals. Organisms found in the main reef tract 

include calcareous sponges and algae of several types, bryozoans, 

gastropods, cephalopods, and specialized brachiopods. A fierce 

argument rages among contemporary students of the Capitan and Goat 

Seep Limestones, the principal units comprising the Guadalupian 

shelf-margin sedimentary rocks, as to whether or not these carbonates 

were wave resistant at the time of deposition in the sense of the 

modern-day reefs as typified by the Great Barrier Reef located 

offshore from Northeastern Australia (Maxwell, 1968). 
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: I 
.j Solenopora and other similar calcareous algae may have bound 
I 

:' a framework composed of larger skeletal secreting organisms together 

. i 

'j 
' : I 

.1 
i 

'I 

I ; I 
I 

to form the locally connnon algal-sponge lime boundstone. However, 

the reef is principally composed of poorly sorted, very fine-grained 

lithoclasts apparently not well suited to withstand wave action. 

Kendall (1969) has suggested that the Capitan Limestone may have 

been deposited in an environment similar to the complex of sea grass 

banks in Shark Bay (Davies, 1970) or to the mounds in Florida Bay 

(Ginsburg and Lowenstam, 1958). In such an environment, the ecolog-

ical position of sea grass which evolved during the Cretaceous would 

be filled by bryozoa, crinoids, calcareous sponges, and algae. 

Contemporaneous submarine cementation has been observed to bind 

sediments inorganically in similar recent sublittoral environments, 

and may well have been the most important factor in preserving 

the Guadalupian shelf-margin reefs (Ginsburg, and others, 196 7; 

Kendall, 1969; Dunham, 1972; and Land, and Goreau, 1970). 
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The crest or reef core of the shelf-margin facies is chiefly 

composed of poorly but massively bedded, very fine-grained,· 

pelletoidal-lithoclastic-skeletal lime gr~instones and wackestones 

which grade to skeletal lime wackestones and grainstones and coarsely 

lithoclastic lime wackestones in the forereef. The carbonates in 

the shelf-margin and basin facies are nearly all limestones con-

;I trasted with a shelf suite composed almost entirely of dolomite. 
. I 
; i 

'I Dunham (1972) describes the porosity of the Capitan Limestone as 
'I 
1 ! "good, with exceptions." Some of the pore space originated as voids 
I I 

i 
· 1 

I 

. I 
· 1 

left between large fossils or formed by local slumping and settling 

of sediment (Newell, 1955). Porosity and permeability may have 

been developed or enhanced, as well as diminished, when the shelf-

margin reefs and banks were exposed to subaerial processes, including 

desiccation and leaching, during low stands of sea level. 
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Fissures formed parallel to the reef trend by seaward slumping 

I of sediment in response to over-steepening of the reef wall. The 
! 
I fissures may be filled with a variety of material including litho-

j • 
• ! 

clasts of older sediments, and (or) they may be closed with much 

younger laminated calcite cement (Dunham, 1972). Additional crevices 

were formed by structural failure of the sediment comprising the 

reef when the interstitial water was lost during cyclic exposure. 

!i The crevices may also be filled with penecontemporaneous or much 
'i 
,i younger eolian or fluvial terrigenous sand and silt (Kendall, 1972, 
, I 

. \ 

'I p. 2507; and Hayes, P. T., 1964). A system of near-vertical joints, 
i 

\ i 

i one set aligned parallel to the trend of the reef, the other set 
i 
1 , trending at right angles to the reef, was developed as the rigid 

I 
! 
j 

I 
· 1 
i 

'I I , I 

shelf and shelf-margin sediments were subjected to regional crustal 

movements. The joints are incompletely filled with diagenetic 

calcite druse and terrigenous quartz sand (Dunham, 1972). 

-· 
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l1any previous investigators have recognized that the forereef 

I 
of ;or apron part the reef is volumetrically far more significant 

'""'"':# I 
,than the reef wall (King, P. B., 1948, p. 85; Newell and others, 1953; 
! 

'Pratt, 1964, p. 31; Hayes, P. T., 1964; and Dunham, 1972, p. III-15). 

'One probable reason for this is that the reef wall is always sub-

jected to maximum wave action and, therefore, the wave-resistant 

structures are more or less continuously eroded and destroyed con-

currently with reef development (Ladd, 1950, p. 204; and Dunham, 

1972, p. III-15). Fine material was probably constantly winnowed 

from the reef by marine currents and carried down the steep fore-

slope by a combination of mass transport processes including slow 

creep> suspension; and turbidity flows. Large blocks probably 

spalled off over-steepened walls and tumbled down the foreslope, 

perhaps triggering avalanches of other debris or turbidity flows 

in the process. The foreslope deposits are distinguished from the 

shallow-water bank and reef sediments by their darker color, presence 

of chert and silicified fossils, and the numerous shelf-derived 

lithoclasts. 



The arcuate linear reef tract was incised locally by submarine 

I jj canyons that extended well back into the shelf, tidal passes, and 

reentrants (Silver and Todd, 1969; and Jacka and others, 1968, and 

1972). Occasionally a few of the submarine canyons may have cut 

through the entire shelf-margin facies during lower stands of sea 

level. Much of the carbonate material found in the forereef and 

· i basin apparently was transported through the canyons into the 
; ! 
: l Delaware basin. The slope of the forereef debris commonly is 

I I 
: I 30 degrees or more. .Dr. R. J. Weimer, accompanied by the author, 

i determined an angle of repose of 45 degrees for the foreslope at 
I 

'I 
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I excellent exposures in Carlsbad Caverns. The well-bedded sandstones 
I 

and siltstones characteristic of the shelf facies are not present 

in the shelf-margin facies. Apparently, all, or nearly all, of 

the terrigenous elastics were conveyed through the shelf-margin 

i i facies from the shelf and into the basin via submarine canyons.-

I 
! 
' 

I 
I 

: I 
, I 
i I 



Basin facies 

The basin facies consists of a thick sequence of well-bedded 

terrigenous sandstones and siltstones interbedded with thin but 

I areally widespread, laminated, dark-lime mudstones. The dark lam-
1; 
l: 

' 1 inated lime mudstones grade shoreward into the lighter-colored, 
: i 

'i ii coarsely lithoclastic lime wackestones of the forereef facies • 
. I 

i I 

: I 
I 

i I 

: i 
, I 
I 

: I 
: I 
I 

I! 

The coarse carbonate detritus was probably transported into the 

basin through submarine canyons as subaqueous slides, mudflows, 

or turbidity flows whereas the fine silt or clay-sized carbonate 

particles were carried away from the shelf and shelf margin in 

• suspension. 
l j 

Additional carbonate detritus entered the basin as 

I 
i 

blocks or avalanches spalling off or sliding down and away from 

69 

'i 

: I 
an overly steep reef foreslope. Graded bedding is a common textural 

characteristic of the limestones. 
j 



! Coarse lithoclastic lime wackestone including lithoclasts as 
70 

i 1. 

large as 14 feet (4 metres) in diameter have been found as far as 

10 miles (16 kilometres) from the reef front (Newell and others, 

. ' 1957, p. 71 and plates 14 and 15.) Rigby (1958, p. 313) observed 

disturbed bedding in the Rader Limestone Member of the Bell Canyon 

. , Formation at a distance of about 28 miles (45 kilometres) seaward 

from the reef tract. The Lamar Limestone Member of the Bell Canyon 

Formation and the Manzanita Member of the Cherry Canyon Formation 

of the Delaware Mountain Group are the only two of the eight named 

limestone members in the basin facies to be mapped across the entire 

Delaware basin (Silver and Todd, 1969). The light-colored dolomite 

or dolomitic limestone in the Manzanita Limestone Member of the 

Cherry Canyon Formation suggests that the Delaware sea was probably 

comparatively shallow near the close of Goat Seep time (Silver 

and Todd, 1969, p. 2248). 



Terrigenous sands and silts apparently prograded across the 

shelf onto the shelf margin during times of low sea level where 

they then were swept into the heads of the submarine canyons by 

long shore and tidal currents (Silver and Todd, 1969; and Jacka 
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and others, 1972). Smaller quantities of eolian or deltaic quartz 

sands and silts entering the back-reef shelf lagoons under normal 

regimes could also have been transported by marine currents along 

the coast of the Delaware basin. Eventually the moving sediment 

would be intercepted .by submarine canyons analogous to the processes 

now active along the coast of California (Ball and others, 1971). 

Several major submarine canyons are located on the northwest 

and north margins of the Delaware basin (fig. 11) coincidental with 

the thick trends shown on isopach maps of the Delaware Mountain 

Group (Meissner, 1972, fig. 3). King, P. B. (1948), Hull (1957), 

and Wilde and others (1962, p. 29) indicate that the coarser grained 

terrigenous elastics are limited to the western part of the Delaware 

basin. The generally small grain size, good sorting, and high quartz 

composition suggests a source remote from the Delaware basin. These 

several lines of evidence suggests that much of the terrigenous 

material was derived from uplands to the north and west of the 

Delaware basin. 
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The terrigenous elastics accumulated in the submarine canyons, 

often with intermixed carbonate detritus, until slides, avalanches, 

and (or) mud flows were triggered by overloading, storm waves or 

other mechanisms. The submarine canyons may have been widened and 

deepened during mass transport of material into the basin. Studies 

by Jacka and others (1968, and 1972) show that the basin facies 

consists almost exclusively of channel, overbank, and fringe deposits. 

The sediments were deposited by a variety of bottom-flow processes 

including inertia flows, viscous mudflows, submarine avalanches, 

and turbulent suspensions. Submarine fans developed in the deep 

seas at the mouths of the submarine canyons and gradually coalesced 

to form a compound submarine apron or bajada. The thickness of 

the deep-sea fans and component sediment grain size both decrease 

seaward. 



- As described by Jacka and others (1972), deposits in a typical 

single fan in the proximity of the mouth of the submarine canyon 

are composed "predominantly of deeply incised channels which are 

filled with thin, laminated, and small current-rippled flow units 

and thick avalanche and mudflow deposits." At an intermediate 

· j distance from the mouth, "the fan channels contain thick, clean, 
'i 
1

; well-sorted, current-rippled crossbedded sandstones deposited as 
; 
I 

. I major flow units 3 to 10 feet (1 to 3 metres) thick." The sedi
!; :I mentary units in both intermediate and distal positions consist 

. j of aggradational channel, levee, and overbank deposits. The units 
I 
I 

: ! deposited in a distal position are similar to the intermediate 
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• I deposits but thinner. 
! 

Laminated and small current-rippled siltstones 

i 
i were deposited in the overbank facies. Finely laminated, silty 
I 

I shales form a fringe around the typical fan (Jacka, and others, 
I l 1972). 

I 
I 
i 



Submarine canyons 

The margins of the Delaware basin were incised by numerous 

submarine canyons, contemporary in age to the shelf, shelf-margin, 

and basin facies. Much of the sediment in the Delaware basin was ; i 
, I 

ij transported through canyons that extended (several miles) back onto 
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: l the shelf. No one has located a completely exposed submarine canyon 
i I 
• ! in the field. The exact nature of the material filling the canyons 
i 
I 

, ! on the shelf margin remains unknown (Thomas A. Bay, Jr. , 19 7 3, oral 
\ 
i 

: : 
, counnun.). The geometry and lithology interpreted from studies of 

electrical logs suggest that the submarinel canyons are almost 

completely filled with a mixture of carbonate debris, sandstones, 

and siltstones resembling the basin facies near the shelf margin 

but may be partly filled with Ochoan evaporites. 

The material in the submarine canyons has a significantly lower 

transmissivity than that of the adjacent and underlying Capitan 

aquifer. The location, depth of incision, and general dimensions 

of the submarine canyons are, therefore, of considerable importance 

because they restrict the flow of ground water through the Capitan 

aquifer. 



... 
I 1s 
• I Jacka and others (1968, and 1972) have mapped the position of 

'I 
!two major submarine canyons from limited exposures in the Guadalupe 

i :Mountains on the northwest margin of the Delaware basin. Last 

Chance-Sitting Bull submarine canyon is in southwestern Eddy County, 

·New Mexico (fig. 11). The other unnamed submarine canyon is partly 

.exposed in the vicinity of the West Dog, Shumard, and Bone Canyons 

;at the extreme southwestern end of the Guadalupe Mountains in north-

iwestern Culberson County, Texas and southeastern Otero County, 
. I 
1
!New Mexico (Jacka, 1972, p. 154-157). Silver and Todd (1969) also 

I 
:!indicate that terrigenous elastics were transported into the Delaware 

i 
; 

jbasin through submarine canyons incised into the margin of the basin, 
i 
:but do not reveal positions of any of the canyons. 
' 

l 
I 
i 

. I ·, 
I 
i 
: 
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The positions of large submarine canyons and reentrants incised 

into the Capitan aquifer along the north nnd east margins of the 

Delaware basin were delineated as thin transverse linear zones on 

a thickness map of the Capitan aquifer (fig. 11). The validity 

of this technique was confirmed by constructing structural maps 

contoured on the base and top of the Capitan aquifer and by examining 

stratigraphic sections in areas where submarine canyons might be 

present (figs. 6, 7, and 12). The submarine canyons appear to be 
' i 

'l 
located in areas where the top of the Capitan aquifer is structurally 

! . I 

I 
i 

low. Futhermore, sandstone lenses appear to become more numerous 

in the Capitan aquifer in some of the submarine canyons, e.g., 

Shell Oil Co. Federal 4-1, sec. 4, T.22 S., R.34 E., Lea County 

(fig. 7). The Humble State 1, sec. 23, T.21 S., R.27 E., 

Eddy County, one of the poorest of the wells in the Capitan aquifer 

observation-well network, is located on the eastern bank of one 

of the larger canyons. 

; I 
I 

The profiles and shape of the submarine canyons outlined by 

. I the contours of the thickness of the Capitan aquifer resemble the 
;I 
; I I 

form of recent submarine canyons shown by Shepard and Dill (1966) 

i I 

I I 
and Uchupi (1965). 

i I 
I 
I 
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The features identified as submarine canyons on figure 11 are 

of considerable importance to the interpretation of the ground-water 

hydrology of the Capitan aquifer. For purposes of this report, 

they have been located and named as shown in table 5. The submarine 

canyons outlined. in figure 11 will become more sharply defined and 

others will undoubtedly be revealed by the drilling of additional 

deep wells through the Capitan aquifer in this area. 
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I 
'I Table 5.--Names and locations of the most prominent submarine canyons 

incised into the Capitan aquifer in Eddy and Lea Counties, 

New Mexico 

New Mexico 

Name Location Derivation of name 

1. North Alacran 31, T.20 s., R.27 1/ From the overlying sec. E.2/ 
sec. 33, T.21 s.' R.27 E.- Alacran hills, a 

topographic feature 
located north of Carlsbad. 

South Alacran 24, T.21 s., 1/ Do. 2. sec. R.24 E.21 sec. 13, T.22 s.' R.26 E.-

3. Quahada 9, T.20 s.' R.28 1/ From the overlying sec. E.2/ 
sec. 16, T.21 s.' R.28 E.- Quahada ridge, a local 

topographic feature. 

4. West Laguna 18, T.19 s., 1/ From the several lakes sec. R.31 E.21 see. 3, T.21 s., R.30 E.- ("Lagunas" on the topo-
, graphic maps) formed in 
closed depressions at the 
surface overlying this 
area. 

5. Middle Laguna 18, T.19 s., 1/ Do. sec. R.33 E.21 sec. 5, T.21 s., R.31 E.-

6. East Laguna 26, T.19 s., 1/ Do. sec. R.33 E.2/ 
sec. 1, T.21 s., R.31 E.-

7. Eunice sec. 23 T.21 s., R.35 E.±/ From the town of Eunice 
& 36' 

R.34 E.Y 
located a few miles to 

sec. 28, T.22 s., the east. 

8. 14, T.23 s., 1/ From the railroad siding Teague sec. R.36 E.21 
sec. 33, T.23 s.' R.35 E.- of Teague located approxi-

mately above the haed of 
the canyon. 

North Jal 6, T.25 s., 1/ From the town of Jal 9. sec,. R.37 E.21 sec. 12, T.25 s. ,· R.35 E.- located near the head of 
the canyon. 

tto. South Jal 18, T.25 s., 1/ Do. sec. R.37 E.2/ 
sec. 31, T.25 s., R.36 E.-

1/ Head y 
Mouth 
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Comparison of time-diachronous with time-synchronous units 

As shown diagrammatically in figure 13, continental shales, 

sandstones, and siltstones; supratidal, and lagoonal evaporites; 

supratidal, lagoonal, and barrier island and flat dolomites; shelf-

margin limestones and basinal sandstones, siltstones and limestones 

successively replaced the preceding seaward facies during the 

Guadalupian Epoch. The entire sedimentary sequence prograded basin-

ward as a series of belts paralleling the shoreline. The approximate 

position of the change in facies from near shelf-edge dolomites 

to mid-shelf evaporites in the five formations of the Artesia Group 

! 
! is shown in figure 14. 
I 
I 

'I 
I 

I 
I 

I 
I 

i I 
: I 
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Figure 13.--Highly diagrammatic north-south stratigraphic section showing the position and 
relationship of the major l ithofacies in the rocks of Guadalupian age in eastern New Mexico. 
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Figure 14.--Map showing evaporite-carbonate facies changes in the 
Artesia Group, southeastern New Mexico. 
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Several of the original stratigraphic units defined by geolo-

gists working on the Permian outcrops in the vicinity of Carlsbad 

closely followed time-transgressive lithologic boundaries between 

different facies in the Guadalupian Series. Lang (1937) defined 

the Chalk Bluff Formation to include the mid-shelf evaporites between 

the top of the Carlsbad Limestone and the base of the Dog Canyon 

Limestone (Morgan and Sayre, 1942, fig. 4). All three names were 

ti subsequently abandoned from the nomenclature by the U.S. Geological 
. i 

!I Survey. The Carlsbad Limestone was defined by Meinzer, Renick, 
. ; 

: i . I 

' 
! 

• i 
i 

I 

! 
I 
I 
I 
I 
I 
I 

: I 
; I 

and Bryan (1926) and subsequently modified by Lang (1937) to include 

the near shelf-edge dolomites and thinner interbedded sandstones 

above the Queen Formation and below the Castile Formation. Bachman 

(1953) applied the name "Bernal Formation" to a thin back-shelf 

section of red shales, siltstones, and sandstones. The formational 

names Bernal, Chalk Bluff, and Carlsbad were abandoned in the area 

and soon fell into disuse when the Artesia Group and the five com-

ponent formations, Grayburg, Queen, Seven Rivers, Yates, and Tansill 

Formations, were defined and (or) redescribed and formally adopted 

(Tait, and oth~rs, 1962). The Bernal Formation, however, remains 

in good usage in north-central New Mexico but includes only a part 

of the red bed and evaporite sequence of the Artesia Group herein 

called the Bernal facies. 



-
i 
I 

83 
The position of important carb0::=.te or elastic marker beds 

or zones with characteristically carbonate or elastic facies, both 

cyclical in nature, are employed to define the upper and lower sur-

. i faces of members, formations, and groups in the shelf section in 

I I 
: ! 

the Permian basin. The cyclical marker beds or zones can be cor-

related laterally through facies changes over long distances in 

ii the subsurface and are believed by Meissner (1972) to be essentially 

time-synchronous (fig. 13). ThE: lithologic character of rocks within 

i I 
: I 
. ! , I 
i 
I 

I 
; 

' 

the Artesia Group and the formations within the Artesia Group cannot 

be ascertained from the name of the unit because of the prominent 

facies changes that occur in this sequence of sedimentary rocks. 

Meissner (1972, p. 206) urges that the names Bernal, Chalk 

Bluff, and Carlsbad be retained as a means of designating lithotopes 

within the Artesia Group, e.g., Carlsbad facies of the Artesia Group 

or simply Carlsbad facies whenever the meaning is clear within the 

context of the statement. The author endorses this practice as 
' 

it seems much more feasible and meaningful to speak of the Chalk 

Bluff facies than, for example, to state "the supratidal and lagoonal 

evaporite facies" of the Artesia Group. The flow of ground water 

is often controlled by lithofacies and, therefore, the convenience 

and simplicity with which an aquifer can be defined and described 

becomes relatively important. The names Bernal, Chalk Bluff, and 

Carlsbc;d are used in this report to describe lithofacies within 

the Artesia Group as proposed by Meissner (1972). 
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I 
I 'I Formational subdivision 

, I 
I San Andres Limestone 

: ! 
;! The lower part of the shelf facies in the project area is 
; I 
ii , · represented by the San Andres Limes tone (Lee, 1909; and Needham, 

ii 
I and Bates, 1943). The age of the San Andres Limestone is in question 

(Oriel, Myers, and Crosby, 1967). Lewis (1941) and Silver, and Todd 

(1969) assign the entire unit to the Guadalupian Epoch on the basis 

of physical stratigraphy and fusulinids; whereas Hills (1942), Jacka, 

and others (1972), and Meissner (1972), using the same approach, 

have assigned the upper part to the Guadalupian Epoch and the lower 

part to the Leonardian Epoch. 

Regardless of the disputed differences in age, the upper part 

of the San Andres Limestone on the north and south end of the Central 

Basin platform is in measurable hydraulic conununication with the 

Capitan aquifer and, therefore, is of some importance to this study. 
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The San Andres Limestone is composed of a lower cherty member 

and a thinner upper dolomite member (Hayes, 1964, p. 24; and Meissner, 

1972, p. 221). Except for the Lovington Sandstone of local usage 

near the top of the upper member, the persistent terrigenous 

elastics so prevalent in the Artesia Group are absent from the 

San Andres Limestone. Meissner (1972) suggests that the San Andres 
! 

Limestone was deposited during one major cycle of transgression 

i I ii and regression followed by one minor cycle near the close of 

San Andres time as comparedd to the numerous depositional cycles 

required to deposit the Artesia Group. The upper dolomite member 

becomes anhydritic to the north away from the shelf edge and even-

I tually is replaced by evaporites in east-central New Mexico. 
I 

I Discontinuous to continuous reefs or banks have been mapped 

i along the margin of the Delaware basin and along the north and south 
: I 

I i ends of the Central Basin platform. Carbonate banks in the upper 

member of the San Andres Limestone are referred to by Silver and 

i I Todd (1969, figs. 12 and 13) as the Getaway Bank but are probably 
I 

equivalent in age to the Getaway Limestone Member of the Cherry 

Canyon Formation (fig. 7). 
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S~ndstone tongues of the Cherry Canyon Formation of the Delaware 

Mountain Group extend into the upper part of the San Andres Limestone 

in many localities (Boyd, 1958; and Hayes, P. T., 1964, p. 26). Most 

of the intertonguing relationships have been mapped using information 

obtained from scattered wells penetrating the section. Correlations 

made under these circumstances are subject to generalizations that 

will be improved upon as more wells are drilled. The tongues of 

sandstone may be related to submarine canyons as Jacka, and others 

(1972) have observed in the Guadalupe Mountains and probably occur 

at many different horizons. 

The San Andres Limestone averages about 1,500 feet (455 metres) 

in thickness throughout much of the project area and thins irreg

ularly to zero along a depositional facies change on the margin 

of the Delaware basin (Meissner, 1972, fig. 14). 
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Artesia Group 

The upper part of the shelf facies in the Pennian basin is 

represented by the Artesia Group (Tait and others, 1962; and 

Meissner, 1972, p. 221). The five formations in the Artesia Group 

,, are, in ascending order, the Grayburg Formation (Dickey, 1940; Hayes 

. 
;j and Koogle, 1958; and Moran, 1962); the Queen Formation (Crandall, 
i 

; i 
! 

1929; and Moran, 1954a, 1954b, and 1962); the Seven Rivers Formation 

i I (Meinzer, Renick, and Bryan, 1926; and Hayes and Koogle, 1958); 

'' l 

'! 
! 
I 
I 

i 
I 
I 

I , I 
I 
, I 

the Yates Formation (Gester and Hawley, 1929; Bjorklund and Motts, 

1959 ;. and Mear and Yarbrough, 1961); and the Tansill Formation 

(DeFord and Riggs, 1941). 
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'Ihe lithology of the Artesia G-::-oup depends upon the location 

with respect to the shelf-margin at a specified time-synchronous 

horizon. Tait and others (1962) designated a reference well located 

in sec. 30, T.16 S., R.30 E., Eddy County, New Mexico, in which 

all the formations are described. The Artesia Group in the 

reference well is 1,710 feet (521 metres) thick and is composed 

of anhydrite, dolomite, sandstone, siltstone, and red shale. At 

this locality, the Tansill Formation is 105 feet (32 metres) thick 

and is dominantly anhydrite but contains a thin silt marker bed • 

The Yates Formation in the reference well is 261 feet (80 metres) 

thick and consists of interbedded sandstone, siltstone, and anhy-

drite. The sandstone is characterized by large, rounded, frosted, 

quartz grains scattered within a matrix of fine to very fine-grained 

sand. Tait and others (1962) indicate that the Yates Formation 

I in the reference well can be correlated with the surface section 

I ., described by Bjorklund and Motts (1959) • 

. I 
I 

: I 

: I 
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The Seven Rivers Formation is 565 feet (172 metres) thick and 

is principally composed of anhydrite but contains thin interbedded 

shale, dolomite, siltstone, and sandstone. Tait and others (1962, 

p. 514) state that some of the individual sandstones in the Seven 

Rivers Formation can be correlated over a wide area, and that, 

despite the change from anhydrite to dolomite, the thickness and 

lithologic character is correlative with the exposed section in 

the Guadalupe l1ountains measured by Hayes and Koogle (1958). 

The Queen Formation in the reference well is 420 feet 

(128 metres) thick and mainly consists of sandstone and anhydrite 

with thin interbedded dolomite and shale. A bed of sandstone about 

30 feet (9 metres) thick near the top of the unit can be correlated 

over long distances in the subsurface. Tait and others (1962) 

indicate the section in the reference well can be correlated with 

the surface section of the Queen Formation measured by Hayes and 

Koogle (1958) in spite of the change in lithologic character from 

anhydrite and sandstone to dolomite and sandstone. The Grayburg 

:, Formation in the reference well is composed of dolomite with thin 

i 
! 
l 
i 
I 

I 
I 
I 
i 

I 

interbedded sandy dolomite, sandstone, and anhydrite. The basal 

sand in the Grayburg Formation is regionally correlative. 



90 

MPissner (1972) has described the shelf section as consisting 

of alternating thick carbonate and thin elastic units--each being 

nearly time-synchronous. The Tansill and Seven Rivers Formations 

of the Artesia Group and San Andres Limestone comprise the carbonate 

units and the Yates Formation and Queen-Grayburg Formations undivided 

are the elastic units. The persistent sandstones and thick carbonate-

anhydrite beds permit regional correlation of the formations within 

the Artesia Group to be made with confidence. 

The Carlsbad or carbonate facies of the Artesia Group ranges 

I 

i I 
: ! , I 

in width from 15 to 30 miles (24 to 48 kilometres) in a relatively 

narrow belt paralleling the margin of the Delaware basin (Meissner, 

i l 

I 
q 

1972, fig. 3). The width of the Chalk Bluff or evaporite facies 

averages only 40 miles (64 kilometres) in a belt centered along 

I 

I 
the eastern edge of the Central Basin platform. A lobe of the Chalk 

Bluff facies extends far northward on the North•vest shelf into east-

central New Mexico. The Chalk Bluff facies is surrounded by a belt 

of Bernal or elastic facies of variable width. 

The average thickness of the Artesia Group within the northern 

part of the project area as depicted by Meissner (1972) is approx-

imately 1,500 feet (455 metres). The Artesia Group thins to a 

thickness of about 1,000 feet (305 metres) on the southern end of 

the Central Basin platform. 

The Artesia Group is the approximate equivalent of the Gilliam 

Limestone in the Glass Mountains (fig. 9). 
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Goat Seep Limestone 

The Goat Seep Limestone was named by King, P. B., (1942, p. 588) 

i I and later restricted to include only the reef and forereef facies of 

'i 
'I the 
' 

shelf margin by Newell and others (1953, p. 42-43). Hayes, P. T. 
ii 
: I (1964, p. 18) described the Goat· Seep as a "light-gray, massive, fine 

i I crystalline to saccharoidal dolomite," a much different lithology 

than that observed in the overlying Capitan Limestone. 

I 
The Goat Seep Limestone occupies the same relative position 

'.1 
. t 
'! with respect to the shelf margin as does the overlying Capitan 

; i 
i Limestone. It is the lateral equivalent of the Grayburg and Queen 
l 

. I 
! 

Formations in the Artesia Group, and is approximately equivalent 

to the upper part of the Cherry Canyon Formation of the Delaware 

'i Mountain Group (figs. 9 and 13). 

I 
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Capitan Limestone 

The Capitan Limestone was deposited along the margin of the 

Delaware basin in a continuous, narrow, arcuate trending belt. Except 

for the narrow opening to the Hovey channel, the southern inlet 

to the Delaware basin, the Capitan Limestone completely encircles 

the basin. The Capitan Limestone crops out in the Apache, Guadalupe, 

and Glass Mountains and is present in the subsurface in the Salt 

Flat graben west of the Delaware Mountains (Reed, written commun. 

1966) and along the north and east margins of the Delaware basin 

(fig. 6). The Capitan Limestone was named by Richardson (1904) 

from outcrops at the southern end of the Guadalupe Mountains and 

has since been the subject of many studies by geologists and the 

focal point of numerous discussions. 
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Th.:.: vertical limits of the Capitan Limestone are now firmly 

fixed with the base at the apparently disconformable contact with 

the underlying Goat Seep strata (Hayes, P. T., 1964, p. 18-19) and 

the top at the overlying contact with evaporites of the Ochoan Series. 

: The forereef limits are established by the rapid facies change from 

· limestone debris into the terrigenous sandstones of the Delaware 

Mountain Group. However, many investigators extend the back reef 

limit of the Capitan Limestone shelfward more than 10 miles 

{16 kilometres) from the reef front and include much or all of the Carlsbad 

fl6 kilometres) from the reef front and include much or all of the 

Carlsbad facies of the Artesia Group (Silver and Todd, 1969, 

figs. 12 and 13). The author favors restricting the Capitan Limestone 

to the massive and poorly bedded, lime wackestone and grainstone 

lithologies as shown by Dunham (1972). 

Maximum overall width of the Capitan Limestone appears to 

be less than 5 miles (8 Kilometres) and the width at a single time-

synchronous horizon is probably not more than 2 miles (3 kilometres). 

Thickness of the Capitan Limestone varies greatly from less than 

a few hundred feet in some of the incised submarine canyons to 

perhaps as much as 2,000 feet (610 metres) locally in some of the 

intercanyon areas. The Capitan Limestone is the lateral equivalent 

of the Tansill, Yates, and Seven Rivers Formations and the Bell 

Canyon Formation (figs. 9 and 13). 
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Delaware Mountain Group 

The Delaware Mountain Group (Richardson, 1904) includes, in 

ascending order, the Brushy Canyon, Cherry Canyon, and Bell Canyon 

Formations (King, 1948), and comprises the basin facies of the 

'. I 
lj Delaware basin (Hull, 1957). The Delaware Mountain Group is present 

r I 
'I • I 
. I 

I 
I 
: I 
'I 
i 

'l 
I 

in the subsurface throughout all except the extreme southern part 

of the Delaware basin, and is exposed in the Delaware and Guadalupe 

Mountains along the western side of the basin. Beds within the 

Delaware Mountain Group appear to stratigraphically underlie coeval 

shelf-margin deposits because of the original difference in deposi-

tional topography--a spatial relationship that has been preserved 

(fig. 13). 

The Brushy Canyon and Bell Canyon Formations are generally 

restricted to within the encircling wall of shelf-margin carbonates 

on the periphery of the Delaware basin. Discontinuous beds of the 

Cherry Canyon Formation, the middle unit of the Delaware Mountain 

Group, do, however, extend north and westward onto the Northwestern 

shelf beyond the shelfward or back reef limit of the Capitan and 

Goat Seep Limestones where they intertongue with the upper part 

of the San Andres Limestone. Sandstone tongues of the Cherry Canyon 

Formation seem to occur at different stratigraphic intervals near 

the top of the San Andres Limestone and may represent a series of 

submarine canyon deposits that may not be laterally connected (Wilde 

and Todd, 1968, p. 18; and Jacka and others, 1972)~ 
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i Tl:.e Wo:..·d and Altuda Formations in the Glass Mountains section 

i I 
'I 

are approximately equivalent to the Delaware Mountain Group (fig. 9; 
.1 
' ; I and King, P.B., 1930, and 1937; and Jones, 1949). 
I 
! 

The thickness of the Delaware Mountain Group ranges from less 

than 2,000 feet (610 metres) in the southern part of the Delaware 

basin to more than 4,000 feet (1,220 metres) in southwestern Lea 

! and eastern Eddy Counties, New Mexico. 
I 

j 1 
'; 

~ i 
. ' j I 
I 
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Permian Ochoan Series 

Structural setting 

The Permian basin area was elevated above sea level and 

'i !i tectonically stable at the onset of the Ochoan Epoch. Adams (1944, 
• i 

p. 1598) described the Delaware basin as a deep geosynclinal bowl 

encircled by high, steep-faced, cliff-like carbonate reefs. Sea 

water entered the Castile lagoon (Adams, 1972) through a connecting 

channel on the southwest side of the Delaware basin. 

Near the end of Castile time, regional subsidence permitted 

the sea to encroach beyond the Delaware basin onto the shelf where 

it eventually spread over a large part of the southern Permian basin 

(Hills, 1942, figs. 11 and 12). 
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Formations of Ochoan age and their importance as aquifers 

The Ochoan series is represented, in ascending order, by the 

Castile, Salado, and Rustler Formations, and the Dewey Lake Red 

Beds (fig. 9; and King, P. B., 1942; Adams, 1944; and Oriel, Myers, 

and Crosby, 1967). The Tessey Limestone in the Glass Mountains 

section is approximately equivalent to the Salado and Rustler Forma-

tions elsewhere in the study area (King, 1937). The approximate 

position of this facies change between the Tessey Limestone and 

the Salado and Rustler Formations is shown on figs. 6 and 11. 

The Tessey Limestone and Rustler Formation are the only units 

in the Ochoan that can be considered to be of importance as aquifers. 

The production of water from the Rustler Formation and the general 

water-bearing properties of this aquifer have been described in 

numerous publications including Hendrickson and Jones (1952), Guyton 

and Associates (1958), Garza and Wesselman (1959 and 1962), Armstrong 

and McMillion (1961), Nicholson and Clebsch (1961), and White (1971). 

Although a small amount of water for ranch use may be produced 

from the Tessey Limestone on the north side of the Glass Mountains, 

virtually nothing is known about the water-bearing properties of 

this aquifer. Hydraulic continuity of the Tessey Limestone and 

the Capitan aquifer is assured by the similarity in lithology and 

the numerous faults and well developed joint pattern in vicinity 

of the Glass Mountains. 
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Castile Formation 

Unlike younger units of the Ochoan Series, the Castile Formation 

is confined to the Delaware basin where it rests conformably on 

the sandstones of the Bell Canyon Formation. This unit consists 

of a dense basal limestone near the margins of the basin, a lower 

banded anhydrite composed of interlaminated white anhydrite and 

thinner brown bituminous calcite layers, halite, and an upper massive 

anhydrite and small amounts of terrigenous elastics (Kroenlein, 

1939; Adams, 1944; Jones, 1954; Pierce and Rich, 1962; Snider, 1965; 

ll Anderson and Kirkland, 1966; and Anderson and others, 1972). The 

!j basal limestone wedge may be coeval with the upper part of the 
j 

Tansill Formation (Newell and. others, 1953, p. 47). The thickness 

of the Castile Formation ranges from approximately 1,200 feet 

(365 metres) in the western part of the Delaware basin to more than 

2,100 feet (640 metres) in the northern and eastern part of the 

basin (Snider, 1965, fig. 14). 
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s~veral mappable beds of halite within the Castile Formation 

attain a maximum aggregate thickness of more than 1,300 feet 

(395 metres) in the northern part of the Ochoan trough of Snider 

(1965, p. 47) in the northeast part of the Delaware basin (Snider, 

1965, fig. 15). The interbedded halite has been dissolved and 

removed from the Castile Formation along the western and south-

western part of the Delaware basin (Maley and Huffington, 1953). 

The beds of halite in the Castile Formation are also either absent 

or thin along the northern and eastern margins of the Delaware basin 

in a trend adjacent to, and parallel with, the Capitan aquifer 

(fig. 7; and Adams, 1944, figs. 2-4; Hills, 1968, pl. 1; Pierce 

and Rich, 1962, fig. 12; Jones, 1949; and Vertrees, 1964). 
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Salado Formation 

The Salado Formation underlies an area of approximately 25,000 

square miles (64,750 square kilometres) in southeastern New Mexico 

and western Texas and extends more than 100 miles (160 kilometres) 

to the north and east of the Delaware basin (Pierce and Rich, 1962, 

fig. 13; Frenzel, 1963; and Adams, 1963). The Salado Formation 

is composed of halite, anhydrite, and minor amounts of dolomite 

and terrigenous elastics. Potassium minerals occur in the Salado 

Formation in the northern part of the Delaware basin where they 

are of considerable economic importance (Jones, 1954; and Pierce 

and Rich, 1962, fig. 13). 
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The contact between the Salado Formation and the underlying 

Castile Formation within the Delaware basin and Guadalupian age 

beds on the surrounding shelf areas is unconformable (Adams, 1944, 

p. 1608). The exact contact between the Castile and Salado Formations 

is, however, difficult to pick despite the unconformable relation-

ships, differences in lithology, and vastly different geographic 

distribution (Pierce and Rich, 1962, p. 32; and Srrider, 1965, p. 38). 

With the exception of areas where the soluble minerals have 

been removed by solution, the thickness of the Salado Formation 

varies from about 500 feet (150 metres) in the western part of the 

Delaware basin to more than 2,500 feet (760 metres) as noted by 

Snider (1965) in one well in northwestern Pecos County, Texas. 

Thicknesses of more than 2,200 feet (670 metres) prevail in the 

Ochoan trough parallel to the Central Basin platform in the eastern 

part of the Delaware basin (Snider, 1965, fig. 23). 

Halite in the Salado Formation has either been anomalously 

thinned or removed in a narrow band trending above or adjacent to 

the Capitan aquifer along the north and eastern margins of the 

Delaware basin (fig 7 D-D' and E-E'; and Adams, 1944; Maley and 

Huffington, 1953; Jones, 1949; Vertrees, 1964; Pierce and Rich, 

1962, fig. 12; and Hills, 1968, pl. 1). The thickness of the Salado 

Formation varies from 800 to 1,200 feet (245 to 365 metres) on the 

Northwest shelf and Central Basin platform near the margin of the 

Delaware basin. The Salado Formation thins gradually and wedges 

out in both northerly and easterly directions. 
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Rustler Formation 

The Rustler is the youngest unit in the Ochoan evaporite 

sequence in western Texas and southeastern New Mexico and is a record 

of the final incursion of the Permian sea into the Permian basin. 

The Salado Formation was uplifted and eroded along the western margin 

of the Delaware basin prior to the deposition of the overlying 

Rustler Formation (King, P. B., 1942; and Adams, 1944). The contact 

between the Salado and Rustler Formations within the Delaware basin 

is, however, gradational and appears to be conformable (Kroenlein, 

1939; and Pierce and Rich, 1962). Nevertheless, the contact between 

the top of the Salado Formation and the base of the Rustler Formation 

in the subsurface within the Delaware basin is difficult to pick 

and is usually placed arbitrarily at the top of the youngest prom-

inent halite bed in the Salado Formation. The Rustler Formation 

extends beyond the limits of the Salado Formation and is a well-

defined marker bed throughout much of the Permian basin (figs. 6 

and 7; and Vertres, 1964; Jones, 1949; Scobey, 1951; Davies, 1953; 

Hills, 1961, and 1962; Feldman, 1962; Roswell Geological Society, 

1960; Stipp, and others, 1956; Ahlen, 1958; Ahlen, and Tait, 

l959; and Tait, and others, 1962). 
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The R~stler Formation consists of interbedded anhydrite, gypsum, 

red shales, mudstones and silstones, dolomite, limestone, halite, 

'i and sandstone. Potassium minerals have been found within the Rustler 
I 

I 
: I 

I 
i 

· 1 
. I 
! 

: I 
: I 

Formation in the northern part of the Delaware basin (Jones, 1954). 

Thickness of the Rustler Formation ranges from less than 200 feet 

(60 metres) in the western part of the Delaware basin to more than 

600 feet (185 metres) in south central Reeves County, Texas (Snider, 

1965, fig. 24). The content of dolomite and limestone in the Rustler 

Formation increases southward and southwestward in the southern 

part of the Delaware basin until the Rustler becomes indistinguish-

able from the upper part of the Tessey Limestone in the Glass 

Mountains. 

The Rustler Formation is a major source of the water used to 

flood partly depleted oil fields in southern Lea County, New Mexico, 

and Winkler, Ward, and Pecos Counties, Texas. Water produced from 

the Rustler is generally highly mineralized. However, in southern 

Ward and western Pecos Counties, Texas, the salinity decreases 

progressively toward the south and water from the Rustler is used 

to irrigate salt-tolerant crops. 
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Dewey Lake Red Beds 

The Dewey Lake Red Beds, the youngest formation in the Ochoan 

Series, consist of orange-red siltstone with some mudstone and sand

stone. This formation has been removed from the western and southern 

parts of the Delaware basin by post-Permian erosion but is present 

in the subsurface throughout most of the principal area of interest 

outlined in figure 3. The thickness of the Dewey Lake Red Beds 

varies from about 200 feet (60 metres) to as much as 600 feet 

(185 metres). The Dewey Lake Red Beds are separated from rocks 

of similar lithology in the basal part of the overlying Dockum Group 

primarily on a contrast in color (the Dockum Group is darker red) 

and a significant decrease in natural radioactivity in a thin zone 

immediately below the contact between the two units (Adams, 1944, 

p. 1615; and Garza and Wesselman, 1959, p. 18). The end of deposi

tion of the Dewey Lake Red Beds marks the close of the Permian Period 

in the Permian basin and the commencement of a long period of erosion 

or non-depositon in western Texas and southeastern New Mexico. 
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Tessey Limestone 

King, P. B., (1930, and 1937) has described the Tessey Lime-

stone as a massive dolomite about 1,000 feet (305 metres) thick 

at sections measured in the Glass Mountains. The change from the 

carbonate lithology in the Tessey Limestone to the evaporites in 

the Rustler Formation is a very narrow band in the subsurface par-

allel to the southern margin of the Delaware basin a short distance 

to the north of the Glass Mountains. A paleogeographic map by 

King, P. B. (1942, p. 752) suggests that the carbonate facies of the 

Tessey Limestone was developed across the narrow Hovey channel that 

connected the Delaware evaporite basin to the more normal marine 

waters to the southwest. 
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Mesozoic Erathem 

Structural movements 

The Delaware basin and the other tectonic features shown in 

figure 4 were no longer active and had been topographically oblit

:j erated by the close of the Permian Period. The region now known : I 
: I . 
· 1 as western Texas and eastern New Mexico became a low, monotonous 
I 
plain with outcrops of red shale and sand and some exposures of 
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' limestone, dolomite, and gypsum. The landscape might have resembled 

:I the surface as some would describe it today (McKee, and others, 1959; 

! and Hills, 1963). In Late Triassic time, a broad interior basin 
\ 

• I . 
i draining toward other interior basins to the northwest formed above 
; 

! 
i the ancestral Permian basin. This basin was filled with continental 

• i red beds and sandstones. At the close of the Triassic, the region . I 
ii was gradually elevated without significant local tectonic activity. 

j 

I Triassic continental deposits were eroded from the western part 

I of the project area as the region· remained above sea level throughout 

the Jurassic (McKee and others, 1959, pl. 9). 
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A fundamental change in the paleogeography occurred in Early 

Cretaceous time when the interior basins t:ith highlands to the east 

and south gave way to a gentle slope toward what is now the Gulf 

of Mexico. Shallow marine seas gradually and progressively invaded 

the area from the south and eventually overlapped beds ranging in 

, age from Precambrian to Triassic in western Texas and southeastern 
: j 

I 

:1 New Mexico. Before withdrawing near the end of the Mesozoic, the 

! i ,l Cretaceous seas from the Gulf had joined with seas encroaching from 
'i 
11 
;j the Arctic to form a seaway through the western interior of the 

i I 
: 1 North American continent. q 
: I 
: ! 
'I 
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Stratigraphy 

Triassic System 

Dockum Group 

Rocks assigned to the Dockum Group of Late Triassic age overlie 

Pennian sedimentary rocks throughout much of southeastern New Mexico 

and western Texas where they are locally exposed at the surface 

(fig. 10; and Oriel, Myers, and Crosby, 1967, fig. 18). The Dockum 

Group gradually increases in thickness from an erosional wedge-edge 

along the western and southern part of the study area to more than 

2,000 feet (610 metres) at a thick-center point located about 50 

miles (80 Kilometres) north northeast of Hobbs (McKee and others, 

1959). The Tecovas Formation, the oldest unit in the Dockum Group, 

consists of from Oto approximately 300 feet (90 metres) of red 

shale, siltstone, and fine-grained sandstone. 

The Santa Rosa Sandstone, the middle unit in the Dockum Group, 

is composed of from less than 100 (30 metres) to as much as 

650 feet (200 metres) of red, brown, and gray sandstone. The 

Santa Rosa Sandstone is one of the principal aquifers in Winkler 

and Ward Counties, Texas, where it is a source of both fresh and 

saline water (Garza and Wesselman, 1959, and 1962; and White, 1971). 
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The Chinlc Fonnation equivalent, the youngest unit in the Dockum 

Group, varies from Oto as much as 1,300 feet (395 metres) in eastern 

Lea County, New Mexico, and is composed of red, maroon, and purple 

shales and siltstones, and lenticular beds of fine-grained red-to-

. gray sandstone. 

A small amount of water of generally poor quality is produced 
. ; 

'I from sandstones in the Chinle Formation equivalent at scattered 

·j localities. The Chinle becomes anomalously thin over the western 
: I . ! 
·Lpart of the Central Basin platform in Winkler County, Texas, and 

ii southern Lea County, New Mexico, suggesting that the Central Basin 
: i 
; I 
:jplatform was uplifted again after the close of the Triassic (Garza 

'I and Wesselman, 1962, pl. 2 and 3). 
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Bissett Conglomerate 

The Bissett Conglomerate, crops out in and is geographically 

restricted to the vicinity of the Glass Mountains. It is approx-

imately equivalent in age to the Dockum Group in the remainder of 

the western Permian basin. The Bissett Conglomerate is composed 

of rounded fragments of dolomite and limestone derived from the 

underlying Permian beds. Some interbedded layers of sandstone and 

limestone and lenticular beds of red shale have also been observed 

in the Bissett Conglomerate. King, P. B. (1930) measured a maximum 

thickness of 720 feet (220 metres) of Bissett Conglomerate on the 

north flank of the southwestern terminus of the Glass Mountains. 

This unit is of no hydrologic significance. 
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Cretaceous System 

Rocks of Jurassic age are not present in this part of western 

Texas and southeastern New Mexico (McKee and others, 1956). Rocks 

of Cretaceous age are geographically restricted to the southern 

and southwestern part of the project area where the Cretaceous is 

separated from the underlying Permian or Triassic by an angular 
I 

: j 

unconformity (figs. 8 and 9). Although interrupted by several 

regressive phases, Cretaceous seas advanced progressively from the 

southeast and apparently eventually inundated all of the project 

area (Lang, 1947; Sloss, Dapples, and Krumbein, 1960; and Hendricks 

and Wilson, 1967). Approximately 1,500 feet (455 metres) of lower 

i and lowennost Upper Cretaceous limestone, sandstone, shale, and 
, I 
I 
I 

I 
I 

claystone are present in most of Pecos County, the southern part 

of Reeves County, and the northern part of Brewster County, Texas. 

Large quantities of ground water are produced from the 

Cretaceous limestone wherever the transmissivity has been enhanced 

by solution and fracturing, and from the sandstone of Trinity age 

in Pecos and Reeves Counties (Armstrong and McMillion, 1961; Ogilbee, 

Wesselman, and Irelan, 1962; and Brown, Rogers, and Baker, 1965). 

With the exception of isolated remnants, Cretaceous rocks have been 

eroded from the remainder of the project area. Hydraulic communica-

tion between the Capitan aquifer and rocks of Cretaceous age in 

southern Pecos County, Texas, is probably good wherever joints, 

fractures or faults are well developed. 
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Cenozoic Erathem 

Structural movements 

Late in the Cretaceous Period or very early in the Tertiary 

Period, western Texas and southeastern New Mexico was elevated by 

. 1 a broad epeirogenic uplift and tilted slightly to the east and 
! 
I 

! northeast. Laramide folding comparable to that in the Rocky Moun
: I 

! ; tains did not take place in the Permian basin. Hills (1963) suggests 
I 

that the Laramide stresses were absorbed and distributed by the 

massifs of northeastern New Mexico and the Texas Panhandle, and 

the tightly folded Paleozoic rocks of the Marathon-Ouachita belt 

and associated tectonic elements along the southern edge of the 

basin. In this manner, the buried structural framework established 

! 
1 in Late Wolfcampian and Early Leonardian time was preserved and 

I 
;I remained intact until the Guadalupe, Delaware, Apache, and Glass 

Mountains were formed by basin and range block faulting late in 

the Cenozoic. 

Sediment eroded from emerging highlands in central New Mexico 

and in Texas west of the Pecos River, accumulated, and was spread 

across eastern New Mexico and western Texas by eastward-draining 

streams during the Middle and Late Tertiary Period. Several scat-

tered intrusions and extrusions in the fault block mountains along 

the southern and western margins of the Delaware basin are the only 

record of igneous activity in the Permian basin during the Cenozoic 

Era. 
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11 ii Most of the faulting and the main uplift of the Guadalupe, 
i ! !! Delaware, Apache, and Glass Mountains probably started late in the 
: I 

! '. Pliocene and continued on into the Pleistocene. The major block 

faulting quite likely was preceded by slight warping or folding 

and other minor adjustments as noted in the Glass Mountains by 

King, P. B. (1937). Whether or not the Guadalupe and other block 

; , fault mountains along the western margin of the Delaware basin were 

i I covered by the Pliocene Ogallala Formation at an earlier stage is 
ii 
1 ' a matter of conjecture. Thin remnants of terrigenous siliceous 

sandstone and conglomerate on top of the Guadalupe Mountains were 

., considered to be Cretaceous in age by Hayes, P. T. (1964) but may be 

Pliocene. Sandstone dikes and crevice fillings exposed in Jurnigan 

Draw in the Guadalupe Mountains southwest of Carlsbad seem to more 

closely resemble the Ogallala Formation than any of the sandstones 

of Cretaceous age observed by the author in western Texas. 
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Structural configuration of the Guadalupian Series 

As shown in figure 15, strata of Late Guadalupian age on the 

Northwestern shelf dip gently southeastward away from the 
'i 
: i 
:i Sangre de Cristo Mountains toward the Central Basin platform and 
! 

1 i : 1 Midland basin at an average of .about 100 feet per mile (19 metres 
j l 

I I 
I per kilometre). 

. I 
Rocks in the Delaware Mountain Group dip gently 

: I 
I 
I 

'I , I 
' i 

I 
i 

'i 

I 
. I 
i 

; I 
. I 

I 
: I 
: i 

I 
I , I 

I 
I 

eastward from the Delaware and Guadalupe Mountains, northeast-from 

the Apache Mou~tains, and northward from the Glass Mountains, toward 

the center of basin in eastern Reeves and northern Pecos Counties, 

Texas, at about the same rate • The Central Basin platform appears 

as a complex anticlinorium with local closures trending south-

southeastward from Hobbs toward Fort Stockton. The Central Basin 

platform was actively uplifted by block faulting through Wolfcampian 

time (fig. 4). However, outside the faulting associated with 

late-Cenozoic mountain building along the southern and western 

margins of the Delaware basin, the Guadalupian strata within the 

project area do not appear to have been displaced by faulting of 

any magnitude. 
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Figure 15.--Map showing structural configuration of the Delaware 
basin, Northwestern shelf, and Central Basin platform near the top 
of rocks of Permian Guadalupian age. -' 
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Structural configuration of the Precambrian basement 

The generalized position of the surface of the Precambrian 

basement in the Delaware basin and surrounding areas is shown in 

I figure 16. The axis of the Delaware basin trends south-southeastward 
'i ; 

l 
! i 
: I 
: I 
; I 
I 

I 
I 
I 

'i 
I 

· 1 
i 

from a point approximately midway between Carlsbad and Hobbs to 

the deepest part of·the basin near Fort Stockton. At the southern 

end of the Central Basin platform, the axis of the Delaware basin 

is aligned to coincide with the axis of the southeastward-trending 

Val Verde basin. The more than 25,000 feet (7,620 metres) of sedi-

mentary rocks that have accumulated in the deeper part of the 

l l Delaware basin reflects the relatively stable position of the 
i 
'j dominant structural elements in this area during the Paleozoic Era. 

I 
I The Delaware basin is flanked on the east by the Central Basin 

platform, on the south by the complexly deformed Marathon uplift, 

and on the west by the Diablo platform and other smaller fault 

blocks. 
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Figure 16.--Map showing structural configuration of Precambrian 
basement rocks in the Delaware basin and surrounding areas. 
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Lower Paleozoic sedimentary rocks have been displaced more 

: I than 20,000 feet (6,095 metres) by faulting along the Central Basin 
I 

platform in the vicinity of Fort Stockton. Displacement along the 

faulted western edge of the Central Basin platform becomes progres-

sively less toward the north, but is still more than 5,000 feet 

(1525 metres) at the southeast corner of New Mexico. The Capitan 

aquifer overlies, but postdates, the faulted western margin of the 

: I '! Central Basin platform. The Capitan aquifer undoubtedly has been 
I 

: l 
: I 
, I 
I 
I 
I 
! 
. I 
i 
I 
I 

I 
I 

fractured by minor movements along this older fault system as the 

Central Basin platform and Delaware basin were adjusted to the burden 

and position of the large volume of overlying sedimentary rocks. 
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Structure of the Rustler Formation 

Map preparation 

The widespread occurrence, distinctive lithology, and relatively 

tmiform thickness of the Rustler Formation over the Delaware basin, 

Northwest shelf, and Central Basin platform make it an ideal marker 

bed that can be readily distinguished in drill cutting samples and 

on electric logs. The structural map contoured on top of the 

Rustler Formation (fig. 17) was prepared using data obtained from 

a number of sources. Tops were taken directly from the Permian 

Basin Well Data System data file and stratigraphic sections prepared 

· I by the Roswell and West Texas Geological Societies, from electrical 
i 

lithological logs, and from maps prepared by Guyton and Associates 

(1958), Garza and Wesselman (1962), White (1971), Armstrong and 

McMillion (1961), and Ogilbee, Wesselman and Irelan (1962). 
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Regional structure 

Regionally, the surface of the Rustler slopes irregularly to 

the east reflecting the late Mesozoic and Cenozoic uplift and 
I I 

eastward tilting of the western part of the Permian basin. Several 

of the many anomalous local features superimposed on the larger 

regional trend coincide with the structural configuration of the 

older Pennian strata shown in figure 15. The Hobbs, Eumont, 

Langlie-Mattix, Hendrick and many other oil fields are located 

within structural closures (figs. 15 and 17). The low centered in 

T.25 S., R.33 E., Lee County, New Mexico, is probably due to 

regional subsidence rather than solution of underlying evaporites. -
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Salt-solution troughs 

Maley and Buffington (1953), Olive (1957), Garza and 

Wesselman (1959), and White (1971) have demonstrated that some 

of the structural features represented by the configuration of the 

Rustler Formation accurately depict both the location and amount of 

solution of the older Ochoan evaporites and the accumulation of 

alluvium that filled the resulting depressions. 

Salt-solution troughs are located along the eastern margin of 

the Delaware basin and at the westernmost extension of the soluble 

salts of the Ochoan Series in the west and west-central part of the 

Delaware basin. The two troughs are filled with a variety of sedi-

mentary rocks ranging in age from Triassic to Holocene that form 

excellent ground-water reservoirs. The troughs probably were 

formed contemporaneously with the Pliocene-Pleistocene uplift of 

the Delware basin and the emplacement of the Pecos River. 
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A series of irregular lens-shaped coalescing troughs extends 

northward from Balmorhea near the boundary between Reeves and 

Jeff Davis Counties, Texas, to Pecos, Texas where the trough then 

extends north along the Pecos River to near Loving in Eddy County, 

New Mexico. The Ochoan evaporite section was elevated and probably 

exposed to at least some extent as the Delaware basin was uplifted 

and tilted to the east. Soluble minerals, particularly halite, 

were consequently removed by action of surface and ground water and 

the western limit of the halite beds gradually retreated to a 

position now coincidental with the Balmorhea-Pecos-Loving trough 

herein named for purposes of this report (fig. 17). 

Another series of linear lens-shaped depressions form a trough 

8 to 12 miles (13 to 19 kilometres) wide extending northward from 

near Belding in southwestern Pecos County, Texas, in an arcuate 

trend above and parallel to the Capitan aquifer to T.22 S., R.35 E., 

in the vicinity of the San Simon swale in southern Lea County, 

New Mexico (fig. 17). Halite and other soluble minerals also have 

been removed from both the Castile and Salado Formations underlying 

the Belding-San Simon trough, herein named for purposes of this 

report (fig 17; and Maley and Huffington, 1953, pl. 2). Non-soluble 

beds in the Ochoan Series and Triassic and Cretaceous Systems have 

collapsed into the void left by the solution and removal of the 

soluble minerals. 
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.I Coincident with subsidence of the surface, a network of 

,I streams developed as a surface manifestation of the Belding-

, I 

I 

i 
I 

I 

San Simon trough. As a result, more than 1,000 feet (305 metres) of 

alluvium is now present in some of the depressions. Garza and 

Wesselman (1962, p. 14) have mapped some of the southward-draining 

ancient stream channels in Winkler County. The Monwnent Draw in 

Ward and Winkler Counties, Texas, and a small lake formerly used by 

oil companies for collUllunal waste-water disposal about 1.5 miles 

(2.4 kilometres) northwest of Wink, Texas, are the present-day 

remnants of this drainage system. 

A complimentary stream system undoubtedly originated in the 

vicinity of the ancestral Glass Mountains and flowed to the north, 

although no similar surface expression of such a system is evident 

today. Cretaceous sediments were partially stripped from the 

surface above the Belding~San Simon trough prior to burial by 

alluvium in Pecos County (Armstrong, and McMillion, 1961). Cenozoic 

alluvium rests directly on the Triassic Dockum Group farther to the 

north in Ward and Winkler Counties, Texas. and Lea County. 

New Mexico. 
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, I The Capitan acquifer and overlying competent sandstones and 

! 

1

1

1

. carbonates within the Artesia Group were apparently strongly 

. jointed and perhaps even fractured by movements in ·the western 

Permian basin during the Laramide orogeny (Adams, 1944, p. 1623; 

&nd Adams and Frenzel. 1950, p. 301). Ground water from the 

Capitan acquifer was able to move through the factures and joints 

in the overlying Artesia Group and attack the soluble beds in the 
• j 

:I Castile and Salado Formations. The orginial relatively high 
ii 
' 

'1 hydraulic conductivi_ty of the Capitan aquifer was also enhanced by 
d 
ii 
! I 
• I 
'I 

: I 
; 

I; 

! 

: I 
I 

' 

the fracturing and jointing. 

Soluble beds in the adjacent Castile and overlying Salado 

Formations along the western edge of the Central Basin platform were 

dissolved during late Cenozoic time and removed by undersaturated 

ground water. The ground water flowed northward through the Capitan 

aquifer as a consequence of uplift of the Glass Mountains. The rate 

of movement and solution undoubtedly varied greatly and depended in 

part upon the amount of precipitation, the relief of the Glass 

Mountains, and the hydraulic gradient imposed upon the water in the 

Capitan aquifer. Historical records of subsidence in the 

San Simon swale suggest that solution and collapse processes are 

still operative (Nicholson and Clebsch, 1961, p. 13-17). The route 

of ground-water movement is recorded by the quality of water in the 

Capitan aquifer and other Guadalupian age sedimentary rocks and is 

substantiated by maps of the potentiometric surface. 
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The Pecos River, the dominant f~ctor in controlling the 

'I movement of the ground water in the northwestern part of the project 

I 
, I 
: I 

I 
, I 

I 

area, very obviously is younger than the Pliocene Ogallala Formation. 

The present drainage system and landscape was probably established 

in very late Pliocene or early Pleistocene time (Plummer, 1932; 

Motts, 1968; Hayes, P. T., 1964; and Thornbury, 1965). 

The depressions in the surface of the Rustler Formation 

above the Capitan aquifer east of Carlsbad are undoubtedly also due 

to the solution and.removal of the underlying halite. The Pecos 

River at Carlsbad has been in good hydraulic communication with 

the Capitan aquifer and has functioned as an upgradient drain for 

a long period of time. Therefore, these solution-collapse features 

I were probably caused by eastward-moving ground water prior to 

I 
I 
: I 

the excavation of the Pecos River valley in Eddy County. The 

solution-collapse features above the Capitan aquifer east of 

Carlsbad are fewer in number and smaller in size than those formed 

along the western margin of the Central Basin platform. This is a 

probable consequence of both the less extensive system of joints 

or fractures and the smaller amount of ground wat~r that has moved 

through the Capitan aquifer. 

-
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Stratigraphy 

Tertiary System 

Ogallala Formation 

The Ogallala Formation of Pliocene age underlies the High 

Plains or Llano Estacada of eastern New Mexico and the panhandle of 

; I i Texas and forms many of the prominent ridges in southern Lea County, 

New Mexico (Dane and Bachman, 1965; and Nicholson and Clebsch, 

1961). This widespread formation is a heterogeneous complex of 

terrestrial sediments that cover an irregular erosion surface cut 

by eastward-draining streams into the underlying Cretaceous and 

Triassic sedimentary rocks. The thickness of the Ogallala Forma-

tion ranges from a few inches to more than 300 feet (90 metres). 

I It is predominantly composed of calcareous, unconsolidated sand, 

I but contains beds of clay, silt, and gravel and is generally 
, I 
I 

: I 
capped by a dense layer of caliche. The Ogallala Formation is an 

excellent source of potable ground water. 



Prior to the cutting of the present-day Pecos River valley, 

the Ogallala Formation probably extended westward to source areas 

in the ancestral Sandia-Manzano, Sangre de Cristo, and San Juan 

uplifts (Plummer, 1932; Kelley, 1972; and Thomas, 1972). Dikes 

filled with sandstone similar to that in the Ogallala have been 

observed to cut across beds of Permian age in the Guadalupe 
I 
1 Mountains. These sandstone dikes are probably Pliocene deposits 
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'i (King, P. B., 1948; and Horberg, 1949, p. 466) but may be Cretaceous 

; l 

I 
(Hayes, P. T., 1957, and 1964, fig. 22. p. 37). 

! 

I 
I 
i 

I 
I 

· I 
I 
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Igneous rocks 

A northeasterly trending dike or system of relatively thin, 

steeply dipping basaltic and lamprophyric dikes in the northern 

Delaware basin has been reported by Jones and Madsen (1959). 

Igneous rocks have been penetrated in three oil test wells located 

:11,980 feet (604 metres) from the south line and 2,302 feet 
i 
j (702 metres) from the east line, sec. 12, T.18 s., R.34 E., and 
I 

_j 1,980 feet (604 metres) from the south and east lines, sec. 21, 
· I 
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I T.20 S., R.33 E., Lea County, New Mexico, and 660 feet (201 metres) 

I 
I 
I 
I 
I 
: I . I 
11 

from the south and east lines, sec. 9. T.22 s., R.32 E., Eddy 

County, New Mexico, and in potash mines located in sec. 31, T.20 S., 

R.32 E., Lea Cotm.ty, and sec. 36, T.21 s., R.29 E., Eddy County 

(C. L. Jones, oral connnun., 1972). 

The thickness of the dike(s) varies from less than 4 to 

15 feet (1.2 to 4.5 metres) in the exposures in the potash mines 

(John M. Swales and David Rice, oral commun., 1972). A well 

developed system of joints is present in the dikes where exposed 

in the potash mines. The projected trend of the dike(s) passes 

through the Capitan aquifer along a line extending from sec. 1, 

T.21 s., R.30 E., immediately west of the boundary between 

Eddy and Lea Counties, New Mexico, to sec. 21, T.19 S., R.33 E. 

{fig. ll)o 
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Pratt (1954) described the occurrence of several subparallel 

north-northeast trending alkali trachyte dikes in secs. 11, 12, 13, 

14, and 15, T.26 S., R.24 E., Eddy County, New Mexico (Dane and 

Bachman, 1965). These dikes are on trend with the dikes reported by 

Jones and Madsen (1959). Other minor occurrences of Tertiary 

igneous intrusive rocks in the vicinity of the southern Guadalupe 

Mountains are described in Pratt (1964) and Hayes, P. T. (1964, 

p. 40). Tertiary igneous rocks are exposed in the Glass Mountains 

in a few scattered areas west of the boundary between Pecos and 

Brewster Counties, Texas. Extrusive and intrusive Tertiary igneous 

rocks crop out over a large area in Jeff Davis, Brewster, Reeves, 

and Pecos Counties to the west and northwest of the Glass Mountains 

(fig. 10). No other occurrence of igneous rocks, especially those 

that might penetrate the Capitan aquifer in the subsurface along 

the north and east margins of the Delaware basin, has been 

described. 
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Tertiary(?) and Quaternary Systems, undivided 

Alluvium of probable latest Tertiary and Quaternary age uncon-

formably overlies rocks of Permian, Triassic, and Cretaceous age 

: f throughout much of the area (fig 10). The alluvium consists of 

unconsolidated sand, silt, gravel, and clay and is often capped with 

a layer of caliche. ·The greatest thicknesses of the alluvium are 

found in the north-south trending Balmorhea-Pecos-Loving and ; I 
! I 
·: Belding-San Simon slumpage troughs that have developed as a result 
i 

,j of solution of underlying evaporities (fig. 17). Thicknesses of 

: l 
'i alluvium of 600 to 700 feet (180 to 215 metres) are common and may 
! ii exceed 1,500 feet (455 metres) in local areas within the troughs 

I (Brown, Rogers, and Baker, 1965, p. M-31 and pl. M-5). Elsewhere 

'l 
I 

the thickness of the alluvium is highly variable but is seldom more 

than a few hundred feet thick. Large supplies of water of generally 

good quality have been developed from wells tapping the alluvium 

in many areas (White, Gale, and Nye, 1941). 
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Quaternary System 

A few inches to about 250 feet (75 metres) of windblown sands 

mantle the older alluvium, Ogallala Formation, and other exposures 

of older sediments in part of the area. Except locally, the water 

table is generally below the base of the dune deposits. Although 

small quantities of fresh water are pumped from shallow wells in the 

sand in a few places, the windblown deposits are more important as 

a site of recharge for the underlying aquifers. 



; 
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: 1 GROUND-WATER HYDROLOGY 

Aquifer systems 

Strata of Permian Guadalupian age have been divided into three 

aquifers that, for purposes of this report, are referred to as the 

shelf, basin, and Capitan aquifers. The shelf and basin aquifers 

were not studied as thoroughly as the Capitan aquifer. 
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Shelf aquifers 

Saturated strata yielding significant quantities of water from 

the San Andres Limestone and the Bernal and Chalk Bluff facies of 

the Artesia Group comprise the shelf aquifers. The contact between 

the Capitan and shelf aquifers is gradational and is difficult to 

discern with accuracy in some areas. 

The present-day ground-water regimen is strongly influenced by 

the Pecos River in New Mexico. As a result, the hydraulic conduc-

tivity of the shelf aquifers west of the Pecos River has been 

greatly enhanced by the leaching of soluble beds from the Chalk 

Bluff facies (Meissner, 1972). In and west of the Pecos River 

valley between Carlsbad and Roswell, the hydraulic conductivities 

of the shelf aquifers, locally, are quite large and may be similar 

to that of the Capitan aquifer. The hydraulic conductivity of the 

shelf aquifers in the Carlsbad and Roswell underground water basins 

(fig. 1) is several orders of magnitude higher than that generally 

encountered for the shelf aquifer within the project area. The 

water contained in the shelf aquifers is also much better in the 

shallow zones exploited in these basins than elsewhere in the same 

aquifers within the project area. 
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I However, in most areas, the shelf aquifers are readily . I 
'I distinguished from the Capitan aquifer by differences in the 

' ' 
i ! 
, I 

I 
i I 
' ! 

' 'I 

! ! 
: l 
i . I 

. I 

lithology, the geographic position, and the stratigraphic relation-

ships. East of the Pecos River valley in New Mexico, the two 

aquifers can also be identified by the differences in hydraulic 

characteristics and the quality of the water. 
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Basin aquifers 

Saturated strata yielding significant quantities of water, 

herein defined as the basin aquifers, are present in the Brushy 

Canyon, Cherry Canyon, and Bell Canyon Formations in the Delaware 

Mountain Group. Although the Capitan aquifer abuts and overlies 

the Delaware Mountain Group along the margin of the Delaware Basin, 

the lithologic and hydrologic characteristics of the basin and 

Capitan aquifers are quite different. The average hydraulic conduc-

tivity of the basin aquifer is much less than that of the Capitan. 

Therefore, a relatively small amount of water can be expected to 

move from the basin to the Capitan aquifer, or vice versa, over 

a relatively short period of several decades. 

Some of the sandstones of the Delaware Mountain Group, 

particularly those in the Cherry Canyon Formation, intertongue with 

the shelf carbonates within a narrow band parallel to the margin of 

the Delaware basin. Irregardless of the juxtaposition of the t~o 

aquifers, the relatively low transmissivities of both aquifers 

limits the amount of water transferred. The basin aquifer can be 

readily identified as a distinct aquifer system on the basis of 

lithology, geographic position, and stratigraphic relationships 

with other strata. 
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Capitan aquifer 

In general, the position and dimensions of the Capitan aquifer 

closely agree with the Capitan and Goat Seep Limestones and carbon-

ate banks in the upper part of the San Andres Limestone (Silver and 

Todd, 1969, figs. 12 and 13). However, observations of the geometry 

and lithologic relationships of the shelf-margin and shelf-

sedimentary rocks in the field suggest that the width of the Capitan 

Limestone (reef) is considerably less than is usually shown. The 

relationships between the now obsolete Carlsbad Limestone and 

Capitan Limestone mapped by Dunham (1972, fig. I-1) appear to 

closely match the field relationships observed in the vicinity of 

Carlsbad and White City, N. Mex. 

For all practical purposes, the Capitan aquifer is a lithosome 

that includes the Capitan and Goat Seep Limestones and most or all 

of the Carlsbad facies of the Artesia Group (Meissner, 1972). Some 

of the shelf-margin carbonate banks or stratigraphic reefs in the 

upper part of the San Andres Limestones are included within the 

Capitan aquifer whenever they cannot be readily distinguished from 

the Goat Seep Limestone and Carlsbad facies. 
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The Capitan aquifer is generally composed of a relatively 

"clean" carbonate, especially near the fore-reef edge. The 

radio-activity recorded on a gamma-ray electrical log of the Capitan 

and (or) Goat Seep Limestones is characteristically very low as 

shown in figures 6 and 7. Notable exceptions include the Capitan 

aquifer penetrated in the Shell Oil Co. Federal 4-1, sec. 4, T.22 S., 

R.34 E., Lea County, New Mexico (fig. 7 C-C'); and, in Pecos County, 

Texas (fig. 7 F-F'), the Aaron, Linehan, and Stoltenberg Grieson 1, 

sec. 72, block OW, M. J. Hawkins Survey; the Pan American Petroleum 

Corp. Butz Gas Unit 1, sec. 9, block 106, T + STL Survey; and the 

Skelly Oil Co. South Gomez Unit, sec. 1, block 106, T + STL Survey. 

The tops and bases of the Capitan aquifer were detennined 

primarily on the basis of the vertical extent of the relatively 

"clean" carbonate as indicated by the low gamma-ray activity levels 

shown on· the electrical logs and the general stratigraphic position. 

Lithologic logs, oil field scout tops, reports of lost circulation, 

and other infonnation were used whenever available to confirm these 

t ! picks. Zones containing 50 percent or less of interbedded back or 
i 
I 
i 

1 

; l 
: I 
I 
I 

fore-reef lithofacies were arbitrarily included with the Capitan 

aquifer as a matter of convenience. Therefore, the net aggregate 

thickness of the Capitan aquifer may have been increased slightly. 

- ' 
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It is often difficult or impossible to distinguish between 

other reefs and carbonate mounds in the back-reef sedimentary rocks 

and the Capitan and Goat Seep Limestones solely on the basis of the 

responses recorded on gamma-ray, sonic, and neutron electrical logs. 

Shelf and shelf-margin strata in the Carlsbad facies of the 

Artesia Group adjacent to the Capitan and Goat Seep Limestones are 

included whenever (1) the chemical composition of water in the 

back-reef sedimentary rocks is similar to the water produced from 

the Capitan Limestone, (2) the changes in water-levels iri response 

to withdrawal of fluids is similar to the changes in hydraulic head 

measured in wells completed in the Capitan Limestone, and (3) the 

level of natural radioactivity measured in the formations adjacent 

to the Capitan or Goat Seep Limestone is low, suggesting a clean 

carbonate without significant clay, sand, silt, or shale. 

Units previously referred to as reefs of Yates and Seven Rivers 

age, part of the Grayburg Formation, and the shelf-margin carbonate 

I banks in the upper part of the San Andres Limestone are considered 

I ; I to be part of the Capitan aquifer if they cannot be distinguished 
i 

.J as separate entities, and whenever the water quality, electrical log 

characteristics, or hydraulic responses justify inclusion. 
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The locations of nearly 400 c.:~::p wells that have been drilled 

within the project area are plotted on figures 11 and 12. 

Ganuna-ray-neutron, or other combinations of electrical logs of the 

Capitan aquifer interval were obtained for nearly all these wells. 

Electrical logs were not available for (1) a few wells that were 

drilled before the invention of these tool and (2) many deep wells 

drilled to explore deeper formations where the shallower Permian 

Guadalupian strata were not logged due to efforts to reduce costs. 

Lithologic logs were available for approximately 15 percent of the 

wells • 
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Dimensions of the Capitan aquifer 

Lateral extent 

The Capitan aquifer parallels the northern and eastern margins 

of the Delaware basin in an arcuate strip extending from the 

: Guadalupe Mountains southwest of Carlsbad to the Glass Mountains 

! southwest of Fort Stockton (fig. 11). Exposures of the Capitan 

aquifer may be found in the Glass, Guadalupe, Apache, and 

Delaware Mountains. The Capitan aquifer undoubtedly is present 

elsewhere in the subsurface along the western and southwestern 

• margins of the Delaware basin (fig. 10; and Darton, Stephenson, and 

Gardner, 1937; Dane and Bachman, 1965; and Barnes, 1968). 

As shown in figures 6 and 11, the Capitan aquifer is one 

· continuous unit along the north and east margins of the Delaware 

basin. Major displacements of the Capitan aquifer by faulting 

appear to be limited to the mountainous areas along the western 

and southern margin of the Delaware basin, because faults have not 

been observed in the subsurface along the western edge of the 

Central Basin platform and the southern edge of the Northwestern 

shelf. The irregular top and bottom surfaces and the lobate fore 

and back-reef edges are depositional forms (figs. 11 and 12). 
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The abrupt change in alignment of the Capitan aquifer in the 

lvicinity of T.23 s., R.25 E., approximately 15 miles (24 kilometres) 

j southwest of Carlsbad, is not due to post-Capitan age faulting 

(fig. 11). The change in alignment of the Capitan reef and increase 

in width and thickness of the Capitan aquifer in this area probably 

is due to growth of the Capitan reef along pre-Guadalupian age 

fault-controlled alignment and structural attitude of the margin 

,of Delaware basin (Hills, 1963, p. 1715, fig. 4). 

The width of the Capitan aquifer varies from 10 to more than 

14 miles (16 to 23 kilometres) along the edge of the Northwestern 

, shelf from the vicinity of Carlsbad to the central part of southern 

: Lea County, New Mexico. The Capitan aquifer is much more restric-

· ted along the western edge of the Central Basin platform, where it 

: seldom exceeds 11 miles (18 kilometres) in width. 

/ -
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The fore-reef edge of the Capitan aquifer in the subsurface 

appears to be relatively abrupt throughout the area and if exposed, 

would probably resemble the reef escarpment southwest of Carlsbad 

in the Guadalupe Mountains (Green, and others, 1964; and Newell, and 

others, 1953). Well control is adequate for definition of the 

subsurface fore-reef slope of the Capitan aquifer in several 

locations. Approximately 1,200 feet (365 metres) of vertical 

irelief along the fore-reef edge of the Capitan aquifer was detected 

jin two oil tests drilled within a few hundred feet of horizontal 

distance in secs. 5 and 9, T.22 S., R.33 E., Lea County (fig 18; 

.and Meissner, 1972, pl. II). Similar evidence of the steepness of 

;the fore-reef slope is found where deep drilling is concentrated in 
i 

!the ROC and Block 16 oil fields in the vicinity of Pyote, Texas; 

· the Block 21, Mag-Sealy and South Wink oil fields, southwest of 

;Wink, Texas; and in the Coyonosa, Gomez, and Oates N.E. oil fields 

;located about 20 miles (32 kilometres) northwest, 8 miles 

: (13 kilometres) northwest, and 15 miles (24 kilometres) southwest 

'of Fort Stockton, Texas, respectively (fig. 19). 
I 
I 
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Tlua: back-reef edge of the Capitan aquifer is much more 

irregular than the fore-reef edge and is gradational in nature 

(fig 7). In some areas, especially along the western edge of the 

northern part of the Central Basin platform, it is difficult to 

distinguish the Capitan aquifer from the upper part of the 

San Andres Limestone. In this area the Capitan aquifer has been 

extended to include the carbonate banks developed in the upper 

part of the San Andres Limestone because of the proximity, and the 

similar lithology and hydraulic behavior of the two units 

(fig. 7 E-E'). 
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Thickness 

The thickness of the Capitan aquifer is quite variable 

(fig. 11). The Capitan aquifer appears to be composed of 

irregularly shaped and spaced, alternating thick and thin accu-

mulations of carbonate rock. Many of the locally thick areas are 

well behind the reef front and may represent carbonate banks, 

islands, or mounds that flourished behind the protection of the 

reef crest (Kendall, 1969, p. 2509, and pls. 2 and 3). Motts 

(1962, and 1972) has mapped and described both current-oriented 

and irregularly oriented "shelf dome" carbonate mounds in the 

vicinity of Dark Canyon southwest of Carlsbad. 

A number of small oil fields located along the trend of the 

Capitan aquifer are apparently localized on carbonate "buildups" 

that have been referred to by Stipp and Haigler (1956) as 

"reef knobs" interspersed between "surge channels." The majority 

of these carbonate mounds or "buildups" are also located within 

the thick areas shown in the Capitan aquifer thickness map 

(fig. 11). The Capitan aquifer attains a maximum thickness of 

11 2,357 feet (718 metres) in the Odessa Natural Gas Federal Dooley 

well located on one of these mounds in sec. 24, T.20 S., R.29 E., 

about 13 miles (21 kilometres) northeast of Carlsbad 

figs. 6 and 11). 
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Th° Capitan aquifer is slightly thicker along the edge of the 

: 
1
Iforthwestern shelf in New Mexico than in Texas. In addition, the 

i 

!areal extent of the individual thick areas is correspondingly 

larger (fig. 11). A statistical summary of the thickness of the 

Capitan aquifer is illustrated graphically by county and State 

in figure 20. 

' . ' 
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Thicknesses greater than 1,500 feet (455 metres) have been 

observed in approximately 49 and 29 percent of the wells that have 

. ! penetrated the Capitan aquifer in New Mexico and Texas, respec-

tively. More than 56 percent of the wells that have been drilled 

through the Capitan aquifer in Eddy County penetrated thicknesses 

greater than 1,500 feet (455 metres). About 12 percent of the wells 

drilled through the Capitan aquifer in Eddy County penetrated thick-

;! nesses of more than 2,000 feet (610 metres). Fewer than 5 percent 
l 
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of the wells in all-other counties coniliined penetrated this great a 

thickness. 

The bimodal distribution of thickness of the Capitan aquifer 

in Winkler and Ward Counties, as shown in figure 20, is primarily 

due to the bias resulting from the many wells, in comparison to 

other areas, that penetrate relatively thin sections of the 

Goat Seep Limestone and the carbonate banks in the San Andres 

Limestone on the extreme shelfward limit of the Capitan aquifer. 

The Alacran, Quahada, Laguna, Eunice, Teague, Jal, and other 

submarine canyons have been cut into the Capitan aquifer in eastern 

Eddy and southern Lea Counties (fig. 11). The submarine canyons are 

oriented transversely to the arcuate main trend of this aquifer. 

In places, the thickness of the aquifer is reduced by one half or 

more. The significance of this thinning of the Capitan aquifer is 

not recognizable in the statistical summary. 
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Structural position of the Capitan aquifer 

The structural position of the Capitan aquifer is shown in a 

longitudinal section and in a structural map with contours of the 

top of the Capitan aquifer (figs. 6 and 12, respectively). At first 

glance, an impression of a series of closed structural highs alter-

nating with plunging synclines may be conveyed to the viewer by the 

pattern of structural contours of the top of the Capitan aquifer. 

However, when the configurations of the contours of the structural 

position and thickness of the Capitan aquifer are compared, the 

striking resemblance becomes obvious. Apparently, most of the fea-

tures contoured as structural lows on figure 12 are depressions in 

the surface of the Capitan aquifer and are due to nondeposition or 

erosion in surge channels and submarine canyons of Permian 

Guadalupian age rather than warping of the Capitan aquifer. 

-
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L. a s.iruilar manner, most of t!:.2 features resembling 

structural highs are not due to structural uplift but are probably 

carbonate mounds. The Hendrick, Monument, and other fields along 

the western margin of the Central Basin platform produce from 

closed highs depicted on structural maps with contours of the top 

of the Yates Formation (fig. 15). The carbonate mounds described 

.: ! by Stipp and Haigler (1956), and Motts (1972) that form the traps 
i 1 
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for the small fields east of Carlsbad are probably not primarily 

due to structural deformation. Apparently, very few closed 

structures in the Capitan have been found along the northern 

margin of the Delaware basin. 

The Capitan aquifer plunges to the northeast away from the 

Guadalupe Mountains and passes beneath the surface about 10 miles 

(16 kilometres) southwest of Carlsbad. The crest of the Capitan 

aquifer is at an altitude of approximately 3,000 feet (915 metres) 

at Carlsbad. At this point the Capitan aquifer turns eastward and 

continues to plunge in the subsurface, until altitudes of 500 to 

750 feet (150 to 230 metres) below sea level are reached along the 

Central Basin platform west of Eunice, N. Mex. The crest of the 

Capitan aquifer generally remains at altitudes between 500 and 750 

feet (150 and 230 metres) below sea level along the western margin 

of the Central Basin platform from the vicinity of Jal, N. Mex., 

southward to near Belding, southwest of Fort Stockton, Texas. The 

Capitan aquifer rises steeply southward from Belding to exposures 

in the Glass Mountains, where altitudes exceed 4,000 feet 

(1,220 metres) above sea level. 
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Depths to the top of the Capitan aquifer from the land 

surface in New Mexico vary from not more than a few hundred feet in 

the Pecos River valley at Carlsbad to more than 4,300 feet 

(1,310 metres) in the western part of southern Lea County (fig. 6). 

Depths to the Capitan aquifer in Ward, Winkler, and northern Pecos 

Counties range from less than 2,500 to more than 3,300 feet (760 and 

1,005 metres, respectively). 

.. 



l 
. l 

( 
I 
! 
i 
l 
I 

! 
. I 

152 

Hydraulic characteristics of the aquifer systems 

Sources of data 

Wells completed in the Capitan aquifer were not generally 

available for evaluation of the aquifer characteristics. New wells 

could not be drilled for this purpose due to economic limitations. 

Normal pumping tests could not be run on the wells in the 

observation-well network due to both the high operating costs and 

anticipated large well losses that would occur as a consequence of 

the limited capacity of the wells. 

A small amount of permeability and porosity data have been 

published in reports describing individual fields in publications of 

the West Texas and Roswell Geological Societies, the Texas Petroleum 

Research Committee, and the Texas Bureau of Economic Geology. Hogan 

and Sipes (1966) compiled a statistical sununary of reservoir-

engineering data for formations of several geologic ages in the 

Texas part of the Permian basin with the aid of a computer-based 

data bank containing information relative to approximately 

500,000 samples. Unfortunately, the data are not tabulated by 

individual county and the number of core analyses available are not 

specified for each formation. 
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Very little information relat:!ng to the hydraulic character-

istics of Permian Guadalupian age aquifers is available in the 

ground-water reports prepared for individual counties, because only 

the shallow aquifers containing potable ground-waer supplies are 

emphasized in these publications • 
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Table 6.--Permeability and porosity information obtained from oil industry rock core analyses.!/ 

EDDY COUNTY 

Geologic Number of feet (metres) of core analyzed Average Average Number of samples analyzed 
unit Permeability Porosity permeability porosity Permeability Porosity 

Yates Formation 567.2 (172:9) 567.2 (172.9) 11. 29 (0.028; 0.008) 10.21 543 543 

Seven Rivers Formation 59.0 (18. 0) 59. 0 (18.0) 2.47 ( • 0060; • 002) 10.65 58 58 

Queen Formation 384.8 (117. 3) 386.8 (117.9) l. 98 ( .0048; .002) 9.21 315 317 

Grayburg Formation 302.5 (92.2) 302.5 (92.2) l. 73 ( • 0042; • 001) 6.00 161 161 

Grayburg Formation- 1,763.5 (537.5) 1,944.4 (592, 6) 3.46 ( , 0084; .003) 5.80 1,404 1,525 
San Andres Limestone, 
undivided 

Delaware Mountain Group 1,097.2 (334.4) 1,114.2 (339.6) 4,25 ( ,010; • 003) 14.44 927 944 

Average for county 4,174.2 (1,272.3) 4,374,l (1,333.2) 4.45 ( .011; • 003) 8.96 3,408 3,548 

I-' 
Vl 
.p.. 
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Table 6.--Permeability and porosity information obtained from oil industry rock core analyses - Continued 

LEA COUNTY 

Geologic Number of feet (metres) of core analyzed Average Average Number of samoles analvzed 
unit Permeability Porosity permeability porosity Permeability Porosity 

Tansil! Formation 440.9 (134.4) 423.9 (129.2) 1. 76 (0.0043; 0.001) 4.00 325 308 

Yates Formation 7,696,3 (2,345.8) 7,738.3 (2,358.6) 11.56 ( ,028; ,008) 9.12 7,140 7,183 

Seven Rivers Formation 4,251.7 (1,295.9) 4,442.9 (1, 354. 2) 58.98 ( , 140; . 043) 6.50 3,902 4,020 

Queen Formation 4,933.3 (1,503.7) 5,404.l (1,647.2) 16.29 ( . 040; .012) 7.30 4,281 4,614 

Grayburg Formation 1,925.2 (586.8) 1,956.6 (596.4) 15.04 ( • 037; • 011) 7.32 1,780 1,812 

Grayburg Formation- 7,026.1 (2,141.6) 7,148.l (2,178. 7) 16.03 
San Andres Limestone, 

( • 039; .012) 5. 71 5,589 5, 719 

undivided 

"Glorieta Sandstone" 1,362.6 (415.3) 1,331.9 (406.0) 10.28 ( .025; .008) 8.44 1,057 1,038 

Delaware Mountain 1,148.7 (350.1) 1,149.7 (350.4) 10.75 ( .026; .:008) 19.81 997 998 
Group 

Average for county 28,784.8 (8,773.6) 29,595.5 (9,020.7) 20.45 ( . 050; .015) 7.76 25,071 25,692 

I-' 
\J1 
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Table 6.--Permeability and porosity information obtained from oil industry rock core analyses - Continued 

WINKLER COUNTY 

Geologic Number of feet (metres) of core analvzed 
unit Permeability Porosity 

Tansill Formation 74.0 (22. 6) 72.0 (21. 9) 

Yates Formation 2,348.8 (715.9) 2,585.3 (788.0) 

Seven Rivers Formation 323.5 (98.6) 327.5 (99.8) 

Queen Formation 2,416.2 (736.5) 2,405.2 (733.1) 

Grayburg Formation- 61.1 (18. 6) 61.l (18. 6) 
San.Andres Limestone, 
undivided 

"Glorieta Sandstone" 1,711.5 (521. 7) 1,712.8 (522.0) 

Delaware Mountain Group 221.5 (67. 5) 222.5 (6 7. 8) 

Average for county 7,156.6 (2,181.3) 7,386.4 (2,251.4) 

Average Average 
permeability porosity 

6.98 (0.017; 0.005) 5.58 

9.96 ( .024; .007) 11. 29 

~.13 ( ,005; .002) 7.13 

6.12 ( .015; .005) 8.19 

4.27 ( ,010; . 003) 10.16 

12.31 ( ,030; .009) 9.99 

14.41 ( .035; .011) 17.80 

8.93 ( .022; .007) 9.92 

Number of samples analyzed 
Permeability Porosity 

74 73 

2,224 2,453 

319 323 

2,098 2,087 

62 62 

1,999 2,005 

216 217 

6,992 7,226 

..... 
v, 
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Table 6.--Permeability and porosity information obtained from oil industry rock core analyses - Continued 

WARD COUNTY 

Geologic Number of feet (metres) of core analyzed Average />verage Number of samples analyzed 
unit Permeability Porosity permeability porosity Permeability Porosity 

Yates Formation 1,537.6 (468. 7) 1,301.6 (396, 7) 8.02 (0.020; 0.006) 10.12 1,380 1,199 

Seven Rivers Formation 113. 7 (34.7) 113.7 (34.7) 117.85 ( .290; . 088) 5.04 85 85 

Queen Formation 739,4 (225.4) 739.4 (225.4) 7.96 ( .019; .006) 9.34 630 630 

Grayburg Formation- 9,1 (2. 8) 9.1 (2. 8') 6.35 ( .015; .005) 7.60 7 7 
San Andres Limestone, 
undivided 

"Glorieta Sandstone" 100.6 (30. 7) 100,6 (30.7) 2.17 ( .005; .002) 4.70 72° 72 

Delaware Mountain Group 2,394,4 (729.R) 2,319.4 (707.0) 5.06 ( ,012; .004) 13.79 2,227 2,262 

Average for county 4,894.8 (1,491. 9) 4,583.8 (1,397.1) 8.99 ( .022; . 007) 11. 60 4,511 4,255 

• } 
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Table 6.--Permeability and porosity information obtained from oil industry rock core analyses - Continued 

Data for Eddy and Lea Counties, N. Mex. and Winkler and Ward Counties, Tex. combined 

Geologic Number of feet (metres) of core analyzed Average Average Number of samples analvzed 
unit Permeability P_orosity permeability porosity Permeability Porosity 

Tansill Formation 514.9 (156.9) 495.9 (151. 2) 2.51 (0.006; 0.002) 4.23 399 381 

Yates Formation 12,149.9 (3,703.3) 12,192.4 (3, 716. 2) 10.79 ( .026; .008) 9.74 11,287 11, 384 

Seven Rivers Formation 4,747.9 (1,447. 2) 4,943.1 (1,506.7) 55.81 ( .140; , 043) 6.56 4,364 4,485 

Queen Formation 8,473,7 (2,582.8) 8,935.5 (2,723.5) 12.01 ( .029; .088) 7.79 7.324 7.648 

Grayburg Formation 2,227.7 (679.0) 2,259.1 (688.6) 13, 24 ( • 032; .010) 7.15 1,941 1,973 

Grayburg Formation- 8,859.8 (2,700.5) 9,162.7 (2,792.8) 13.44 ( .033; .010) 5.76 7,062 7,313 
San Andres Limestone, 
undivided 

"Glorieta Sandstone" 3,174.7 (967.6) 3,145.3 (958.7) 11.12 ( • 027; .008) 9.16 3,128 3,115 

Delaware Mountain Group 4,932.7 (1,503.5) 4,876.7 (1,486.4) 6,70 ( ,016; .005) 15.65 4,549 4,493 

Average for all four 45,010.4 (13,719.2) 45,939.8 (14,002.5) 15.88 ( .039; .012) 8.63 39,982 40,721 
counties 

I-' 
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Table 6.--Permeability and porosity information obtained from oil industry rock core analyses - Concluded 

Data for shelf sedimentary rocks for Eddy and Lea Counties, N. Mex. and Winkler and Ward Counties, Tex. 

Geologic Number of feet (metres) of core analyzed Average Average Number of samples analyzed 
unit J:'ermeability Porosity permeability porosity Permeability 

Tansill, Yates, Seven 
Rivers, Queen, and 
Grayburg Formations, 
"Glorieta Sandstone", 
and San Andres Lime-
stone combined 36,939.5 (11,259.2) 37,954.3 (11,568.5) 17. 53 (0.043; 0.013) 7.69 32,360 

Data for shelf sedimentary rocks for Lea County, N. Mex. in area bounded by 103.06 and 103.50 degrees 
east longitude and 32.00 and 32.75 degrees north latitude, Lea County, N. Mex. on the northern end 
of the Central Basin platform. 

Tansill, Yates, Seven 
Rivers, Queen, and 
Grayburg Formations, 
and San Andres Lime-
stone combined 20,996.6 (6,399.8) 21,875.2 (6,667.6) 24.47 (0.060; 0.018) 7.44 18,697 

Data for Grayburg Formation and San Andres Limestone in area bounded by 103.06 and 103.50 degrees east 
longitude and 32.00 and 32.75 degrees north latitude, Lea County, N. Mex. on the northern end of 
the Central Basin platform. 

Grayburg Formation-
San Andres Limestone, 
undivided 3,364.1 (1,025.4) 3,513.6 (1,070.9) 27.85 (0.068; 0.021) 6. 96 2,792 

Grayburg Formation 2,973.6 (906.4) 3,010.6 (917.6) 19.47 ( .048; .015) 6. 72 2,417 

San Andres Limestone 219.5 ( 66. 9) 219.5 (66.9) 68.68 ( .17; .052) 10.01 188 

1/ Permeability given in millidarcies with approximate equivalent hydraulic conductivity in ft/day (m/day). 
- Porosity is effective porosity as percent of rock volume. 

Porosity 

33,168 

19,365 

2,941 

2,452 

188 
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Table 7.--Hydraulic characteristics of the Capitan and San Andres aquifers 

Location of aquifer tese-1/ I Aquifer 

2,310 ft (704 m) FNL and I San Andres 
2,970 ft (905 m) FEL, 
sec, 7, T.20 S., R,38 E., 
Lea County, N, Mex. 

Do, 

1,993 tt (607 m) FEL and 
3,060 ft (934 m) FNL, 
sec. 5, T.21 S., R.27 E., 
Eddy County, N. Mex. 

1,650 ft (503 m) FNL and 
l,650 ft (503 m) FWL, 
sec,30, T.21 S., R.28 E,, 
Eddy County, N. Mex. 

l,650 ft (503 m) FSL and 
330 ft (101 m) FWL,, 
sec.24, T.21 S., R.34 E., 
Lea County, N, Mex. 

I do. 

Capitan 

do, 

do. 

I 

Interval tested Hydraulic 
Depth, in feet (metres), conductivity 

Date of below land surface or determined from 
completion other reference datum interval tested 

of test Top Bottom ft/day (m/day) 

7-26-66 4,200 <1,280 > I 4,550 ci,387 > 0.2 I 0.06 

7-27-66 4,200 (1,280 ) 4,55_0 (1,387 > I • 2 I .06 

8-12-69 1,007 ( 306. 7) 1,014 ( 309.1) I 2.4 I • 73 
1, 024 ( 312.1) 1, 025 ( 312,4) 
1, 042 ( 317.6) 1,044 ( 318,2) 
1, 059 ( 322.8 1,060 ( 323.1) 
1,167 ( 355.7 1,170 ( 356.6) 

8- 9-61 640 < 195.1) I 1,060 c 323.1) 16 4,98 

1-14-65 I 3,547 <1,081.1> I 5,020 <1,530.1) 3.0 .92 

Remarks 

Drawdown test. Effects measured in pumped 
well. Well produced through open-hole 
completion. Well pumped at rate of 92 gpm 
(501 m3/d) for 96 hours, 

Recovery test. Effects measured in pumped 
well. Well recovery measured for 24 hours. 

Recovery test. Effects measured in pumped 
well, Well produced through 14 ft (4 m) 
net of perforations in casing. Well was 
acidized with 6,000 gal (22.7 m3) of 15 per
cent hydrochloric acid, Well was swabbed at 
an estimated 85 gpm (463 m3/d) for 3 1/3 hrs 
prior to shut in for test. Recovery measured 
for 140 hours. 

Recovery test. Effects measured in pumped 
well, Well produced through open-hole com
pletion. Aquifer was not treated with acid, 
Water produced with air lift at estimated 
rate of 100 gpm (545 m3/d) for 4 hours, Re
covery period of only 28 minutes. Driller 
reported lost circulation zone during pene
tration of Capitan Limestone. A similar 
hydraulic conductivity was estimated from 
specific capacity. 

Hydraulic conductivity estimated from specific 
capacity of well, Specific capacity was de
termined after well pumped at rate of approx
imately 240 gpm (l,308 m3/d) over a period of 
about 207 hours. Well produced from open-
hole completion after acidizing with 15,000 gal 
(57 m3) of 15 percent hydrochloric acid. 

f-' 

°' 0 



Table 7.--Hydraulic characteristics of the Capitan and San Andres aquifers - Continued 

Interval· tested Hydraulic 
Depth, in feet (metres), conductivity 

Location of aquifer tesel--1 1 I 
Date of below land surface or determined from 

Aquifer completion other reference datum interval tested 
of test Top Bottom ft/day (m/day) 

1,650 ft (503 m) FWL and I Capitan I 7- 8-62 4,178 (1,273.5) 4,663 (1,421.3) 1. 7 .52 
660 ft (201 m) FNL, 
sec.14, T.21 S., R.35 E., 
Lea County, N. Mex. 

Do, 

Do. 

Do. 

660 ft (201 m) FNL and 
200 ft (61 m) FWL, 
sec.29, T.22 s., R.37 E, 
Lea County, N. Mex. 

I 

do. I 10-15-66 14,178 (1,273.5)14,663 (l,421.3) I 3,5 I 1.07 

do, I 12-14-66 14,178 (1,273.5)14,663 (1,421.3) I 1,9 ,58 

do. I 12-15-66 14,178 (1,273.5)14,663 (1,421.3) I 1.4 .43 

San Andres I 11-22-66 13,922 (l,216.8)14,985 (1,519.4) I .3 ,09 

Remarks 

Hydraulic conductivity estimated from specific 
capacity of well, Specific capacity was de
termined after well pumped at rate of approx
imately 270 gpm (1,472 m3/d) over a period of 
about 90 hours. Well produced from open
hole completion. 

Drawdown test. Effects measured in pumped 
well. Well pump.ed only 28 minutes before 
equipment failure. Open-hole completion. 
Aquifer treated with 5,000 gal(l9 m3) of 
15 percent hydrochloric aci3.;on March 3, 1965. 
Periodic cleaning of "silt"' from borehole re
quired to maintain production. 

Drawdown test. Effects measured in pumped 
well. Well pumped for approximately 26 hrs. 
Average discharge rate of 328 gpm (1,788 m3/d) 
during test. 

Recovery test. Effects measured in production 
well. Well recovery measured for approxi
mately 4 hours. 

Drawdown test. Drawdown measured in observation 
well 2,216 ft (675 m) from pumped well, Well 
drawdown meas•Jred for 120 hours with well 
pu~ped at constant rate of 190 gpm (1,036 m3/d). 
Well shut in for 48 hrs prior to start of test. 
Well produced through 291 casing perforations. 
Well acidized with 65,000 gal (246 mJ) of 
hydrochloric acid, Storage coefficient of 
1.5 x 10-S determined. 

I 
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Table ?.--Hydraulic characteristics of the Capitan and San Andres aquifers Concluded 

Location of aquifer testlf 

1,313 ft (400 m) FSL and 
1,327 ft (404 m) FWL, 
sec, 4 T,24 S., R,36 E,, 
Lea County, N. Mex. 

Do, 

1,313 ft (400 m) FSL and 
1,310 ft (399 m) FWL, 
sec,16, T.24 S., R.36 E,, 
Lea County, N, Mex. 

Aquifer 

Capitan 

do, 

do. 

Interval tested 
Depth, in feet (metres), 

Date of below land surface or 
completion other reference datwn 

of test Top Bot tom 

2-28-68 13,875 (1,181.l)j4,500 (1,371,6) 

2-28-68 13,875 (1,181.1)14,500 (1,371.6) 

10- 4-67 13,955 (1,205.5)j 4,500 (1,371.6) 

24 7.32 

25 7.62 

4.4 1. 34 

1/ Location of well site from nearest section lines are expressed by an acronym composed of 3 letters. 
- "F" and "L" represent "from" and "line", respectively, The middle letter represents the compass 

direction, N-north; E-east; S-south; and W-west. 
?) "silt" recovered from well was determined to be calcium sulphate that was presumably precipitated 

from water during pumping (L. S. Land, personal communication, 1972). 

Remarks 

Drawdown test, Effects measured in pumped well· 
Well produced through open-hole completion. 
Well pumped at rate of 550 gpm (2,998 m3/d) 
for 10 hours after being shut in for more than 
24 hours, Open-hole completion without acid 
treatment. Driller reported two lost circula
tion zones while drilling through the Capitan 
Limestone, 

Hydraulic conductivi.ty estimated from specific 
capacity of well as determined during drawdown 
test above. 

Hydraulic conductivity estimated from specific 
capacity of well, Specific capacity was 
determined after well pumped approximately 
47 hours at rate of 504 gpm (2,747 m3/d). 
Well was not treated with acid, Driller 
reported that tools dropped from 2 to 6 ft 
(0.6 to 1,8 m) several times while drilling 
in Capitan Limestone. Lower ZOO ft (61 m) 
of hole caved in after rotary tools were 
removed. Sand pump and boiler was used to 
remove rock fragments. The largest pieces 
recovered were 2 to 3 in (5 to 8 cm) in 
diameter. Open-hole completion. 

1--
0\ 
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Oil companies supplies core analyses from oil and gas test 

wells in response to requests made after searching the Permian Basin 

Well Data System scout records. Data extracted from these core 

analyses appear to provide a representative coverage of the 

hydraulic characteristics of the basin and shelf aquifers in Lea 

and Eddy Counties, New Mexico and Winkler and Ward Counties, Texas 

(table 6). Several aquifer performance tests of the Capitan and 

San Andres aquifers were conducted in cooperation with oil com-

parries, and a limited amount of additional information was obtained 

from private sources (table 7). The aerial distribution of these 

data are shown by individual well in figure 21. 

The values of hydraulic conductivity and porosity given in 

tables 6 and 7 are in good agreement with those reported by Hogan 

and Sipes (1966) and with the generalized information provided in 

studies or statistical surrrrnaries of individual fields published by 

the Texas Petroleum Research Committee, the Roswell and West Texas 

I Geological Societies, and the Texas University Bureau of Economic 
. i 

Geology. 

Sections of anhydrite, shale, gypsum, halite, and other 

"dense" or "tight" beds recovered from a cored interval are 

frequently discarded prior to determining the permeability and 

porosity. Also, cores are normally cut only in the most prospective 

part of the geologic section in exploratory wells and in the 

producing reservoir in development wells. Therefore, the values of 

permeability and porosity determined from cores and given in reports 

may be, and quite likely are, larger than values representative of 

the entire shelf and basin sections. 
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~ pu]~e-type aquifer-performance test of very short duration 

was attempted on five of the observation wells east of the Pecos 

River in Eddy County. The tests were accomplished by pwnping 

compressed air into the previously enclosed casing and slowly 

depressing the water surface in the well column. After a suffi-

ciently long stabilization period, the air was suddenly released 

and the rise in water level measured very accurately with a trans-

il ducer and strip chart recorder. Unfortunately, the results of these 

aquiferpulse tests proved to be inconclusive. 
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Capitan aquifer system 

Quantitative information 

Single well aquifer-performance tests were accomplished in 

cooperation with an oil company during October 1966 ~d again in 

December 1966 on a well completed in the Capitan aquifer in 

sec. 14, T.21 s., R.35 E., Lea County. A similar performance test 

had been conducted previously by another oil company on the same 

well. Values of hydraulic conductivity determined from recovery 

and drawdown tests and estimated from measurements of the specific 

capacity range from 1.4 to 3.5 ft/day (0.43 to 1.07 m/day) for this 

well (table 7). 

A multiple-well performance test was attempted on wells com-

pleted in the Capitan aquifer in cooperation with an oil company 

during October 1967. The pumped well was located in sec. 16, 

T.24 s., R.36 E., approximately 3,800 feet from the USGS Federal 

Davison 1 observation well in sec. 20, T.24 S., R.36 E., Lea County. 

Unfortunately, pressure fluctuations caused by the passage of an 

intense cold front during the test prevented accurate measurements 

of the drawdown and recovery in the observation well. However, a 

hydraulic conductivity of 4.4 ft/day (1.34 m/day) was estimated from 

the specific capacity of the pumped well. 
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Hydraulic conductivities of 24 and 25 ft/day (7.3 and 

7.6 m/day) were determined from measurements of the drawdown and 

estimated from the specific capacity, respectively, in another well 

w1th a similar open-hole completion in the Capitan aquifer located 

about 2 miles (3 kilometres) to the north in sec. 4, T.24 s., 

R.36 E., in the same well field. 

Records maintained during the prolonged testing of a well 

completed in the Capitan aquifer in sec. 24, T.21 S., R.34 E., 

Lea County, near the USGS South Wilson Deep Unit 1 observation well, 

were made available by an oil company. A hydraulic conductivity of 

3.0 ft/day (0.92 m/day) was determined from the specific capacity 

of this well. 

A crude single well recovery test was conducted in the USGS 

North Cedar Hills Unit 1 well, sec. 5, T.21 S.» R.27 E., 

Eddy County, during August 1969. A hydraulic conductivity of 

2.4 ft/day (0.73 m/day) was determined from the data collected 

during this test. 
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A EtfnglP. well recovery test of the Capitan aquifer was 

accomplished during August 1961 by consultants for the city of 

Carlsbad in the city of Carlsbad Test Well 3 (Miller Nix-Yates 

Federal 1) in sec. 30, T.21 S., R.28 E., Eddy County. This well is 

now in the USGS Capitan aquifer observation-well network. A 

hydraulic conductivity of approximately 16 ft/day (4.9m/day) was 

determined from re-interpretation of the short recovery test data 

and the specific capacity of the well. This value is about 

one-fifth as large as that given in the New Mexico State Engineer 

Hearing (1962) by Mr. J. R. Barnes, expert witness for the city of 

Carlsbad. 

Brackbill and Gaines (1964) report permeabilities of 1 to 

6 darcies (0.73 to 4.5 m/day) for the El Capitan water field in 

northern Winkler County, Texas (fig. 19). However, subsequent 

discussions with oil company employees suggest that a permeability 

, of 1 darcy ·co& 73 m/day) would be more representative for this 

large water field and the general area. 

Hydraulic conductivities of 5.2 and 2.4 ft/day (1.6 and 
. : 
. i 
;j 0.73 m/day) were estimated from specific capacities of two wells 
• 1 

i i completed in the lower part of the Capitan aquifer in the O'Brien 

: I 
: I 
i I 
'. I 

water field in northern Ward County, Texas (figs. 7 C-C', and 19; 

and White, 1971). 
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Qualitative information 

Development of secondary porosity and penneability 

The solution, removal, recrystallization, and redeposition of 

carbonate material by the selective action of moving ground water 

during two major periods of time has unquestionably enhanced the 

porosity and permeability of the Capitan aquifer. 
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Ground-water action during the Late Permian 

Vadose solution and cementation features, including caliche 

pisolites, floored cavities, collapse breccia, elastic dikes, and 

: teepee structures, indicate that the shelf and shelf-margin sedi-
, 

'ments were apparently repeatedly exposed and subjected to subaerial 
: ! 

erosion during the Guadalupian Epoch and the initial (Castile) part 

of the Ochoan Epoch (Dunham, 1965a, 1965b, 1969, and 1972; Thomas, 

1965 and 1968; and Meissner, 1972). Feldspar in the terrigenous 

sandstones within the Capitan aquifer has been altered to koalinite 

by the intense leaching action of percolating ground water 

(Dunham, 1972). 

Ground water moving through the shelf and shelf-margin 

carbonates in the phreatic zone during the cyclic low stands of sea 

level also undoubtedly contributed to the development of solution 

porosity. Collapse features typical of a karst topography were 

formed during the Guadalupian Epoch within beds in the Carlsbad 

facies of the Artesia Group. This is evident in at least one 

surface exposure in Walnut Canyon west of White City on the road to 

Carlsbad Caverns (A. D. Jacka, oral commun.). 

Much of the secondary porosity and permeability that originated 

during the Late Permian apparently has not been reduced by later 

cementation and infilling. The original hydraulic characteristics 

were, and still are, an important factor in influencing the flow 

of ground water through the aquifer. 
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Ground-water solution during the Late Cenozoic 

Uplift of the Guadalupe and Glass Mountains 

According to Hayes (1964, p. 54), the majority of the faulting 

and the principal uplift of the Guadalupe Mountains probably occurred 

late in the Pliocene and early in the Pleistocene. The age of the 

block faulting in the Glass Mountains is not as well known, but 

it probably was more or less contemporaneous with the uplift of 

the Guadalupe, Delaware, and Apache Mountains along the western 

margin of the Delaware basin. The present drainage system, land-

scape, colluvium, alluvium, and other sedimentary deposits have 

formed since the uplift of these mountains and are still being 

modified. 

The joints and fractures resulting from mountain building 

activity are most extensive in the Capitan aquifer in the Glass 

and Guadalupe Mountains but are also apparently well developed along 

the western margin of the Central Basin platform • 

A large amount of fractured limestone and dolomite were reported 

to have been bailed from the Skelly Oil Co. Jal Water Supply Well 1, 

sec. 16, T.24 S., R.36 E., Lea County after an open-hole section 

in the Capitan aquifer caved during completion of this well. 

Angular pieces of limestone ranging in size from less than an inch 

to several inches were observed at the well site after completion 

of this water well. Abnormally high rates of production from some 

of the oil wells located on the Central Basin platform have been 

attributed to increased hydraulic conductivities resulting from 

fractured reservoir rock. 
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Caves in the Guadalupe Mountains 

Relatively good hydraulic communication between the Pecos River 

and the Capitan aquifer probably was first established late in the 

Pliocene Epoch or early in the Pleistocene after deposition of the 

Ogallala Formation. From that time, the movement of ground water 

through the Capitan aquifer in the Guadalupe Mountains has been 

controlled principally by the stage of the Pecos River at Carlsbad. 

(Dark Canyon and some of the other northeastward or eastward oriented 

drainage cutting across the Capitan aquifer in the Guadalupe Moun-

tains may predate the Pecos River. If so, formation of the prominent 

caves and other late Cenozoic solution features may have been ini-

tiated earlier in the Pliocene Epoch.) The several well-defined 

levels of cave development that have been mapped in the Guadalupe 

Mountains are attributed to long periods of stability in the level 

of the water table (Gale, 1957; and Hayes, 1964, p. 50). The dis-

tinct changes in the altitude of the water table may have resulted 

from eposodic uplift of the Guadalupe Mountains and (or) periodic 

changes in the local base level of the Pecos River drainage system. 
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Carlsbad Caverns are the largest and, by far, the most famous 

of numerous caves carved into the Capitan, Goat Seep, and San Andres 

Limestones and the Artesia Group in the Guadalupe Mountains south-

west of Carlsbad (Bretz, 1949; Gale, 1957; and Hayes, 1964). The 

solution of limestone in the strata comprising the Guadalupe 

Mountains fault block probably commenced along joints, because these 

and other fractures were the conduits through which ground water 

could move most easily. Consequently, the patterns of individual 

caves now closely parallel the regional joint system. In addition 

to the tectonic control, all the caves are localized in the more 

soluble limestone in preference to the dolomites in the carbonate 

lithofacies of the Guadalupian age strata (J. S. McLean, personal 

commun., 1973). Caves and other large-scale ground-water solution 

features are either absent or rarely observed in the basin and shelf 

aquifer in the vicinity of the Guadalupe Mountains although they 

are abundant in the Roswell basin in the vicinity of Roswell and 

Artesia. Cave development in Guadalupian strata in New Mexico is 

restricted to areas west of the Pecos River valley at Carlsbad. 
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R.:!uch and White (1970) have studied the development of solution 

porosity in Ordovician and Cambrian carbonate aquifers in 

Pennsylvania extensively and have determined that most of the caves 

were developed entirely within limestones. Caves developed in 

dolomite were rarely found. Furthermore, the largest caves were 

associated with limestones containing relatively low fractions of 

dolomite, clay, and other impurities. The caves were also associated 

with fine-grained limestones (lime mudstones?) rather than the 

coarser grained limestones and dolomites. 

Motts (1968) found that the greatest amount of solution in 

the Guadalupian shelf-carbonate facies southwest of Carlsbad occurred 

along joints in the coarser textured carbonates. However, he also 

observed that the limestones were much more readily dissolved by 

the action of moving ground water than were the dolomites or dolo-

mitic limestones. 

Kendall (1969, p. 2517) in a discussion of the diagenetic 

changes that have occurred in the barrier island and flat facies 

of the Carlsbad facies (former Carlsbad Group) in the Guadalupe 
i 

: 1 Mountains has described a process involving the selective leaching 

of calcite from some of the dolomites, thus "leaving an insoluble 

residue of unconsolidated powdery dolomite and some quartz." Kendall 

attributed the residue of dolomite to relatively recent solution 

of the calcite by downward precolation of fresh ground water. 
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Caves in the Glass Mountains 

The "blowing and sucking of air," a phenomenon typical of the 

interchange of air between caverns and the atmosphere in response 

to seasonal or daily variations in barometric pressure and air tem

perature, has been observed to be associated with wells penetrating 

the Capitan aquifer in the Glass Mountains (Dr. D. J. Sibley, Jr., 

, personal commun., 1972). Drillers also have reported the penetration 

of small caverns during the drilling of water wells in the Glass 

Mountains. However, extensive interconnected systems of caverns 

similar to those found in the Guadalupe Mountains have not been 

found in the Glass Mountains, nor have they been delineated in the 

Capitan aquifer in the subsurface along the margin of the Delaware 

basin east of Carlsbad or north of the Glass Mountains. 
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Water entering the Guadalupe Mountains as rain or snowmelt 

flows relatively rapidly through the Capitan aquifer, dissolving 

some of the calcareous sediments through which it moves, and then 

discharges into the Pecos River at Carlsbad as spring flow. The 

Glass Mountains are not drained by nearby deeply-incised streams. 

Water entering the Glass Mountains as precipitation must move com

paratively slowly northward and eastward following tortuous paths 

toward points of natural discharge into adjacent aquifers. In 

comparison with the Guadalupe Mountains, much less water has moved 

through the aquifer system in the Glass Mountains and, consequently, 

fewer and smaller caverns have been excavated in the carbonate rocks. 
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Anomalously high porosity in the subsurface 

Relatively thin zones of very high porosity have been detected 

occasionally in the Capitan aquifer along the northern and eastern 

margins of the Delaware basin east of the Pecos River valley at 

Carlsbad. The porous zones often can be located through interpre-

tation of the "breaks" encountered by operators during the drilling 

of oil and gas wells and from examination of sonic or acoustic 

velocity types of electrical logs to locate intervals with "cycle 

skipping." 

Typical examples of the "cavernous" zones with high porosity 

have been found at intervals described in the following wells: 

In Eddy County--Barton Mobil Federal 1, sec. 24, T.21 s.~ R.26 E., 

from 518 to 530 feet (158 to 162 metres) and from 1,792 to 1,829 

feet (546 to 557 metres); Pan American Petroleum Corp., Big Eddy 

Unit 18, sec. 3, T.21 S., R.29 E., from 2,600 to 2,660 feet (792 to 

811 metres); E. c. Hale Federal 2, sec. 22, T.20 S., R.30 E., from 

2,387 to 2,411.feet (728 to 735 metres); and in Lea County--Bass 

Brothers Enterprises, Inc. (USGS) North Custer Mountain Unit 1, 

sec. 28, T.23 S., R.35 E., from 4,485 to 4,518 feet (1,367 to 1,377 

metres) (fig. 6). Gail (1974) has defined several of the porous 

zones within the Capitan aquifer in eastern Eddy Coun~y. 
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L;.=ormation obtained from an oJJ company drill-cuttings log 

indicated that a section composed almost entirely of limestone was 

penetrated in the Barton Mobil Federal 1 well, sec. 24, T.20 s., 

R.26 E. Lithologic information was not available for the other 

wells described above. All the wells described above are located 

near the forereef edge of the shelf-margin facies and probably 

penetrate a section composed of limestone rather than the less 

soluble dolomite of the Carlsbad facies. 

Most of the thin zones of high porosity noted on electrical 

logs or from drillers' records probably are not true caverns in 

the sense of the numerous large caves in the Guadalupe Mountains. 

Probably they represent limestones with either original highly porous 

textures, e.g., the poorly cemented algal lime grainstone recovered 

from the Skelly Oil Co. Jal Water Supply 1, sec. 16, T.24 S., R.36 E., 

or secondary "honeycomb" solution structures. 



Preferential solution of carbonates 

by moving ground water 
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The hydraulic conductivity of the Capitan aquifer has been 

markedly enhanced by the selective solution and removal of carbon

ate material. The amount of rock dissolved appears very clearly 

to be primarily a function of (1) the total amount of ground water 

that has moved through the aquifer, (2) the lithology of the aquifer, 

with limestones being dissolved in preference to dolomites, (3) 

the jointing and fracturing of the aquifer---mainly due to small

scale crustal movements except for that due to the regional tilting 

and block faulting of the Glass and Guadalupe Mountains, and (4) 

the texture of the rock. 

The original depositional textures appear to have been of 

critical importance in controlling the flow of ground water and, 

in turn, influencing the solution of carbonate material in the vadose 

and phreatic zones during the Guadalupian Epoch. However, the 

fractures and joints apparently were more important factors in 

controlling the movement of ground water during the late Cenozoic 

solution phase. 
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Tb:: hydraulic conductivity of the Capitan aquifer southwest 

of Carlsbad is extremely high due to the development of an extensive 

system of caverns, caves, and other voids by ground-water solution 

of the calcareous strata within the aquifer (Bretz, 1949; Hale, 

1945a, and 1945b; and Motts, 1968). For similar reasons, the hy

draulic conductivity of the Capitan aquifer in the Glass Mountains, 

while not nearly as high as that observed in the Guadalupe Mountains, 

is apparently much greater than it is in the subsurface farther 

to the north along the western margin of the Central Basin platform. 

An analysis of the reconstructed late Cenozoic hydrogeologic 

history of the region suggests that much more ground water has moved 

through the Capitan aquifer along the eastern margin of the Delaware 

basin and for a longer period of geologic time than has moved through 

the aquifer along the northern margin of the Delaware basin between 

the Pecos River at Carlsbad and the middle of southern Lea County. 

Therefore, the increase in the hydraulic conductivity of the Capitan 

aquifer in the subsurface due to solution of calcareous rocks along 

the eastern margin of the.Delaware basin is probably relatively 

greater than it is along the northern margin. 
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The location of the caverns and other ground-water solution 

structures in the Guadalupe Mountains is certainly controlled to 

a large extent by the relatively high solubility of limestone in 

comparison with that of dolomite. Similarly, the effects of ground-

water solution in the Capitan aquifer along the north and east 

margins of the Delaware basin also seem to be restricted to the 

calcareous strata. Therefore, in any randomly selected transverse 

section of the Capitan aquifer, the highest hydraulic conductivities 

should be localized within the poorly bedded lime grainstone and 

wackestone of the Capitan and Goat Seep Limestones along the extreme 

seaward edge of the shelf margin, as defined by Dunham (1972). 
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Restricted movement of ground water 

in eastern Eddy County, New Mexico 

Several lines of evidence point to an area with relatively 

low transmissivity in the vicinity of the boundary between Eddy 

and Lea Counties, New Mexico. The most important are: (1) the shape 

and configuration 0£ the present-day potentiometric surface, (2) 

the fluctuation of water levels in the observation wells in the 

area, (3) interpretations of the cause for existing differences 

in the salinity of ground water, and (4) geologic evidence for the 

restriction of ground-water movement. 
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Shape of the potentiometric surface 

Figures 22 and 23 are maps showing the pre and postdevelopment 

potentiometric surfaces representing the three systems of aquifers. 

These will be discussed more completely in a later section. Ref

erence is made to the maps in relation to the area of restricted 

circulation of ground water in the Capitan aquifer. 

The potentiometric surface developed in extreme eastern Eddy 

and western Lea Counties resembles the typical configuration expected 

to form as pressure declines reach an area with reduced transmis

sivity (figs. 22, 23, 24, and 25 and tables 8 and 9). Eastward 

gradients of about 25 feet per mile (5 m/km) have been developed 

in the Capitan aquifer in the vicinity of T.19-20 S., east one-half 

of R.30 E., and R.31 E., Eddy County. The gradient decreases rapidly 

to about 15 feet per mile (3 m/km) in the vicinity of T.20 S., 

R.33-34 E., Lea County. A much lower gradient of about 6 feet per 

mile (1 m/km) is present over the remainder of southern Lea County. 

The steepest gradients are located across the inferred restriction 

in the Capitan aquifer and are approximately 75 miles (120 kilo

metres) from the regional center of pumping just west of Kermit, 

Tex. The gradient across and to the east of the inferred restriction 

willicontinue to increase as indicated by the consistently large 

declines in water levels observed in the Middleton Federal B 1 well, 

sec. 31, T.19 s., R.32 E., Lea County, New Mexico (figs. 24 and 25). 
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Table 8.--Average monthly changes in water levels observed in the Capitan aquifer, 

southeastern New Mexico 

Name of well 

City of Carlsbad Well 10 
(Dark Canyon Well 1) 

City of Carlsbad Well 13 
(La Huerta East Well) 

Pecos River above Tans 271 dam 
at Carlsbad, N. Mex.-

North Cedar Hills Unit 1 

Humble State 1 

City of Carlsbad Test Well 3 
(Miller Nix-Yates Federal 1) 

Yates State 11/ 

Hackberry Deep Unit 11/ 

Location of well!/ 

sw~~Eli; sec. 24, T. 23 s., R, 25 E., 
Eddy County, New Mexico 

NW~E~ sec, 36, T, 21 S., R. 26 E,, 
Eddy County, New Mexico 

NW\t,-W~~ sec, 5, T. 22 s., R. 27 E., 
Eddy County, New Mexico 

1,993 feet (607 metres) FEL, 3,060 feet 
(934 metres) FNL, sec. 5. T, 21 S., 
R, 27 E., Eddy County, New Mexico 

660 feet (201 metres) FSL, 660 feet 
(201 metres) FWL, sec. 23, T, 21 S., 
R. 27 E., Eddy County, New Mexico 

1,650 feet (503 metres) FNL, 1,650 feet 
(503 metres) FWL, sec, 30, T. 21 S., 
R. 28 E., Eddy_ County, New Mexico 

660 feet (201 metres) FSL, 1,650 feet 
(503 metres) FWL, sec. 32, T, 20 S., 
R, 30 E., Eddy County, New Mexico 

1,650 feet (503 metres) FNL, 990 feet 
(302 metres) FWL, sec. 31, T, 19 S., 
R, 31 E,, Eddy County, New Mexico 

Date of start 
and end of period 
used in computing 
average changes 

Jan. 1, 1967 to 
Jan. 1, 1973 

Jan. 1, 1967 to 
Jan. 1, 1973 

Jan. 1, 1967 to 
Jan. 1, 1970 

Jan. 1, 1967 to 
Jan, 1, 1973 

Feb. 1, 1968 to 
Jan, 1, 1973 

Jan. 1, 1967 to 
Jan, 1., 197 3 

Jan. 1, 1968 to 
Dec. l, 1971 

and 
Jan, 1, 1972 to 

Jan, 1, 1973 

Jan. 1, 1967 to 
Jan, 1, 1973 

Number 
of 

mon'ths 

72 

72 

36 

72 

59 

72 

59 

72 

Total change in 
water level, 
feet (metres) 

(-) - decline 
(+) - rise 

- 0.08 (0.024) 

Average change 
in water level, 
feet (metres) 

per month 
(-) - decline 
(+) - rise 

-0.001 (0.0003) 

+ .68 < .201) I+ .009 < .002n 

+ .12 < .0366) I+ .003 < .0009) 

+ .21 < .os2> r + .oo4 < .0012> 

+ 9. 74 <2. 97) I+ .165 < .o5o) 

- 2.05 < .625) I - .028 < .ooa5) 

+ 1.01 c2.14) I+ .119 < .036) 

-22,90 (6.98} - . 318 ( . 097) 
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Table 8.--Average monthly changes in water levels observed in the Capitan aquifer, 

southeastern New Mexico - Concluded 
Average change 

Total change in in water level, 
Date of start water level, feet (metres) 

and end of period Number feet (metres) per month 

Name of well I Location of we111/ I used in computing of (-) - decline (-) - decline 
average changes months (+) - rise (+) - rise 

Middleton Federal B 1 I 660 feet (201 metres) FNL, 660 feet Jan. 1, 1967 to I 72 -119.90 (36.5) I -1. 67 ( .509) 
(201 metres) FWL, sec. 31, T. 19 S., Jan. 1, 1973 
R, 32 E,, Lea County, New Mexico 

South Wilson Deep Unit 1 I 1,980 feet (604 metres) FSL, 660 feet Feb. 1, 1967 to I 71 -93.48 (28.5) I -1. 32 ( . 402) 
(201 metres) FWL, sec. 23, T. 21 S. Jan. 1, 1973 
R, 34 E., Lea County, New Mexico 

North Custer Mountain Unit 1 I 660 feet (201 metres) FNL, 1,980 feet Feb. 1, 1967 to I 71 -88.58 (27.0) j -1. 25 ( .381) 
(604 metres) FWL, sec. 28, T. 23 S., Jan. 1, 1973 
R, 35 E., Lea County, New Mexico 

Eugene Coates 3 I 660 feet (201 metres) FSL, 660 feet Jan. 1, 1968 to I 12 -16.80 (5.12) I -1. 40 ( .427) 
(201 metres) FWL, sec. 3, T. 24 s., Mar. 13, 1968 
R, 36 E., Lea County, New Mexico and 

Mar, 15, 1968 to 
Jan. 1, 1969 

Federal Davison 1 I 660 feet (201 metres) FNL, 1,980 feet 
I 

Jan. 1, 1967 to I 72 -126.13 (38.4) I -1. 1s ( .533) 
(604 metres) FEL, sec. 20, T. 24 s., Jan 1, 1973 
R. 36 E., Lea County, New Mexico 

Southwest Jal Unit l I 1,980 feet (604 metres) FNL, 1,980 feet I Jan. 1, 1967 to I 72 -91. 93 (28. O) I -1. 28 ( . 390) 
(604 metres) FEL, sec. 4, T. 26 s., Jan. 1, 1973 
R, 36 E,, Lea County, New Mexico 

1/ Location of well site from nearest section lines are expressed by an acronym composed of 3 letters. "F" and "L" represent "from" and "line", 
- respectively. The middle letter represents the compass direction, N=north; E=east; S=south; and W=west. 
2/ Crest-stage gage. 
}I Change calculated from water levels adjusted for oil influx. 

I 

,-.... 
co 
..:-



Table 9.--Narrative remarks referenced to hydrographs from 

observation-well network 

City of Carlsbad Well 10: 

1. Daily high water-level readings used through 12-31-65. 

Recorder installed. 

2. Recorder not operating correctly from 8-7-66 to 8-10-66 

due to flooding in nearby Dark Canyon. 

3. Noon water-level readings begin. 

4. Clock replaced and reset. 

5. Records influenced by rain or flood from 6-30-67 to 7-2-67. 

6. Records influenced by rain or flood from 8-30-68 to 9-1-68. 

7. Records missing between 9-7-69 and 9-17-69. Paper supply depleted. 

8. Records influenced by rain or flood from 9-17-69 to 9-19-69, 

9. Records influenced by rain or flood from 10-20-69 to 10-24-69, 

10. Records influenced by rain or flood from 9-17-70 to 9-22-70. 

11, Records influenced by rain or flood from 10-5-70 to 10-10-70. 

12. Clock stopped from 9-16-71 to 10-15-71, Counterweight hung on 

float wheel. 

13. Records influenced by·rain or flood from 9-2-72 to 9-19-72. 

tCity of Carlsbad Well 13: 

. ! 
i 

1. Daily high water-level readings used through 12-31-65. Recorder 

installed. 

2. Noon water-level readings begin. 

3. Weigh~ came off. Float line loose from 6-15-67 to 6-27-67. 

4. New clock installed. 

5. Records influenced by rain or flood from 9-2-72 to 9-16-72, 

185 
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Table 9,--Narrative remarks referenced to hydrographs from 

observation-well network - Continued 

Tansill Dam Crest-Stage Gage: 

1. Records :l_nfluenced by rain or flood from 8-22-66 to 9-8-66. 

2. Record missing between 12-4-66 and 1-11-67. Lake level lowered 

for city repairs. 

3, Crest-stage gage discontinued. 

'North Cedar Hills Unit 1: 

1. Acidized well. 

2. Swabbed well, 

3. Installed recorder. 

4. Swabbed and acidized well. 

5. Swabbed well. 

6. Recorder reinstalled. 

1, Tape measurement, 

8. Tape measurement. 

9, Clock replaced. 

10, Swabbing completed. Tape measurement taken 139 minutes after 

pumping ceased. 

11, Tape measurement. 

12. Chart paper roll changed. 

13. Started to add float line and lost it down well. 

! 

1
. 14. Records influenced by rain or flood from 9-1-72 to 9-25-72. 
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Table 9.--Narrative remarks referenced to hydrographs from 

observation-well network - Continued 

Humble State 1: 

1. Swabbed and acidized well. 

2. Swabbed well. 

3. Swabbed well. 

4. Swabbed and acidized well. 

5. Recorder installed. 

6. Tape measurement. 

7. Tape measurement. 

8. Pen reset. Screws in clock had come off, and float was pulled up. 

9. Tape measurement. 

10. Tape measurement. 

11. Tape measurement. 

12. Recorder and shelter removed on 12-29-71. Flui~ column sampled on 

12-30-71. Recorder reinstalled on 1-6-72. 1.2 feet (0~037 metres) 

of oil on top of fluid. 

13. 3.3 feet (1.0 metres) of oil on top of fluid column on 2-28-72. 

14. New float and clock weight installed. 

15. Records influenced by rain or flood from 9-15-72 to 9-27-72. 

, City of Carlsbad Test Well 3: 

1. Digital recorder installed. 

2. Daily high water-level readings used. 

3. Data from 11-25-68 to 12-19-68 omit'ted because of unreliability. 

4. Records influenced by rain or flood from 8-27-72 to 9-24-72. 

l 
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Table 9.--Narrative reraarks referenced to hydrographs from 

observation-well network - Continued 

Yates State 1: 

1. Swabbed from 8-29-67 to-9-1~67. 

2. Recorder installed. 

3. Chart roll changed and pen inked. 

4. Pen removed to check for oil in well. 

5. Clock stopped from 4-21-69 to 5-21-69. Negator spring was 

binding. 

6. Recorder replaced 6-18-69. 

7. Pulse test. Recorder was not operating from 9-3-69 to 10-15-69. 

8. Recorder replaced 11-18-69. 

9. Recorder and shelter reI_Tioved on 10-20-71. Length of oil 

column was 77.4 feet (23.6 metres). Oil bailed from well 

on 10-22-71. Recorder reinstalled on 10-27-71. 

10. Recorder and shelter removed on 12-27-71. Cast i-ron bridge 

plug set at 2,550 feet (777 metres) (KB) and well swabbed on 

12-28~71 and 12-29-71. Recorder reinstalled 'on 1-6-72. 

11. No oil present at top of water on 2-28-72. 

12. Records influenced by rain or flood from 9-3-72 to 9-25-72, 

13. Float line replaced with a line of a smaller diameter on 

11-2-72. 

188 
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. t Table 9.--Narrative remarks referenced to hydrographs from 
i 

observation-well network - Continued 

Ha~kberry Deep Unit 1: 

1. Treated with acid and swabbed. Ran aquifer performance test. 

2. Recorder installed. 

3. SwabbeJ and acidized well. 

4. Wire line measurement. 

5. Poured 1 gallon (3.8 litres) of motor oil down well to free 

the line from the casing. Wire line measurement. 

6. Wire line measurement used to make a correction to subsequent 

· 1 water-level data . 

. 1, Measurement with logger. 

8. Continual bubbling noise heard from well due to leakage of gas 

into borehole. 

9. Can still hear bubbling noise. 

10. Can hear only faint bubbling noise. 

11. No audible bubbling noise. 

12. Chart roll changed. 

13. Clock stopped from 8-15-69 to 9-4-69 for pulse test. 

14. Recorder and shelter removed. Length of oil column was 95.7 feet 

(29.2 metres) on 10-20-71. Oil bailed from well on 10-21-7. 

Recorder reinstalled on 10-27-71 

15. T~pe parted in hole on second measurement,. jamming float. 

16. Float reinstalled and recorder in operation on 12-14-71. 

17. Poured 1 gallon (3.8 litres) of motor oil down well to free the 
line from the·casing. 

18. Float tape parted on the counterweight side of the recorder. Float 

line removed from well and replaced on 1-22-73. 
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Table 9.--Narrative remarks referenced to hydrographs from 

observation-well network - Continued 

Middleton Federal B 1: 

1. Installed recorder. 

2. Swabbed 245 barrels (39 cubic.metres) of water in 5 hours. 

3. Pen skipping from 4-3-67 to 5-2-67. 

4. Wire line measurement ignored. 

5. Measurement with logger. 

6. Conterweight caught on shelf from 9-9-68 to 9-19-68. 

7. Added 12.13 feet (3.7 metres) of wire to float lirie. ·water-level 

reading measured after unhooking counterweight. 

8.· Chart roll changed. 

9. Wire added to float line. 

South Wilson Deep Unit 1: 

1. Recorder installed. 

2. Wire line measurement. 

3. Measurement with logger. Water-level reading missing from 

5-18-68 to 5-19-68. New float line installed. 

4. Cattle rubbing against shelter. Unreliable readings from 

6-27-68 to 7-17-68. 

5. Pen reset. Beads on float wheel slipped. 

6. Wire added. 



Table 9.--Narrative remarks referenced to hydrographs from 

observation-well network - Continued 

North Custer Mountain Unit 1: 

1, Swabbed approximately 330 barrels (52.5 cubic metres) of water 

2. Depthometer measurement. 

3. Approximately 330 barrels (52.5 cubic metres) of water swabbed 

and bailed. 

191 

4. Acidized with 1,000 gallons (3.8 cubic metres) regular 15 percent acid. 

5. Swabbed approximately 540 barrels of (85.9 cubic metres.} of water at 

42 gallons per minute (229 cubic metres per day). 

6. Static level after swabbing. 

7. Recorder installed. Tape measurement. 

8. Wire line measurement. 

9. Measurement made but not used. 

10. Logger and steel-tape measurement. 

11. ·Beads out of holes on float wheel. Counterweight· O. 3 feet 

{0.09 metre) from float wheel. Added 8.93 feet (2.72 metres) 

of float cable. Pen reset at 865.64 feet (263.85 metres). 

12. Wire added. 

13. Float line slightly hung from 9-12-69 to 9-17-69. 

14. Weight hung on wheel. Added 10 feet {3 metres) of float line. 

Eugene Coates 3: 

1. Recorder installed. 

2. Wire line measurement ignored. 

3. Measurement with logger. 

4. Beads out of holes on float wheel. Float line slightly hung 

from 8-2-68 to 8-14-68. 
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Table 9.--Narrative remarks referenced to hydrographs from 

observation-well network - Continued 

Eugene Coates 3 - Concluded 

5. Float line added. 

6. Records missing from 1-23-69 to 2-20-69. Pen left in "up" 

position. 

7. Recorder and shelter removed and well records discontinued 

on 5-6-69. 

Federal Davison 1: 

1. Recorder installed. 

2. Clock replaced. 

3. Added 20 feet (6 metres) of wire. 

4. Wire line measurement. 

5. Wire line measurement. 

6. Large rise in water level. Duration of rise was 9 hours. 

7. New clock installed. 

8. Correction from logger measurement added to water-level readings 

from 4-17-68 to 5-16-68. 

9. Float counterweight ran out of wire; weight hanging on float 

wheel. Wire spliced and added. 

10, Float line added. 

11. Cable added to float line. 

12. Float line slightly hung from 7-18-69 to 8-19-69. 

13. Recorder and shelter removed and water column sampled for the 

New Mexico State Engineer on 11-15-72. 



Table 9.--Narrative remarks referenced to hydrographs from 

observation-well network - Concluded 

Southwest Jal Unit 1: 

1. Swabbed and acidized. 

2, Measurement with logger, 

3, Water-level recorder installed. 

4. Wire line measurement ignored in preference to logger measure

ment of 5-16-68 • 

.5, Wire line measurement ignored in preference to logger measure

ment. 

6, Measurement with logger. 

1, Float counterweight hung on float wheel between 10-9-68 and 

10-17-68. Float line lengthened. 

8, Float line lengthened, 

9, Float line slightly hung. 
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Effects of long and short-term stresses 

The water levels measured in the westernmost 6 of the 7 observa-

tion wells in Eddy County appear to respond to climatic conditions 

and the use of water in the Pecos River valley at Carlsbad but not 

recognizably to the withdrawal of water from the aquifer farther 

to the southeast. However, the water levels recorded in one well 

in extreme eastern Eddy County and five wells scattered throughout 

the Capitan aquifer in southern Lea County are obviously declining 

in response to withdrawal of water from the Capitan aquifer and 

other formations in measurable hydraulic communication with it in 

Lea County, New Mexico, and Ward and Winkler Counties, Texas 

(figs. 24 and 25). 

Pulses in the potentiometric surface generated by floods on 

the Pecos River at Carlsbad and changes in the rate of pumping in 

the water fields located between Jal, N. Mex. and Monahans, Tex. 

do not appear to be transmitted, in a detectable magnitude, through 

the Capitan aquifer in either direction beyond the Eddy-Lea County 

I boundary. 

. I 
i 
I 

I 
I 
! 

Comparison of the predevelopment and postdevelopment potentio-

metric surfaces (figs. 22 and 23, respectively) suggests that over 

a period of about 40 years, the head in the Capitan aquifer has 

iJ been reduced approximately 200 feet (61 metres) in the vicinity 

!j of the Eddy-Lea County boundary. Declines of a similar magnitude 

;; have not occurred elsewhere in eastern Eddy County east of the Pecos 

River. 
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Figure 25.--Graph showing cumulative changes of water level in the 
Capitan aquifer observation wells, southeastern New Mexico. 
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Inferences from relative salinity of water 

>' 

Relatively good water was emplaced in the Capitan aquifer east 

of Carlsbad prior to the excavation of the Pecos River at Carlsbad. 

Subsequently, highly mineralized water has leaked into the Capitan 

aquifer from the shelf and basin aquifers. The mixing of the two 

· waters has taken place for an unknown time during the Pleistocene 

and Holocene Epochs. However, the available data suggest that the 

salinity of the water in the Capitan aquifer east of Carlsbad in 

New l.fexico was never as low as the salinity of the water produced 

from this aquifer in Brewster, Pecos, Ward, and Winkler Counties, 

Texas (fig. 26). Apparently, the volume of fresh water that flowed 

eastward from the Guadalupe Mountains was not adequate to flush 

the original brines from the Capitan aquifer in Eddy and the northern 

part of southern Lea CountiesG 

The comparatively higher salinity of the water in the Capitan 

aquifer east of Carlsbad can be attributed to three factors: (1) 

an inadequate volume of water moving eastward due to lower trans-

i missivity of the aquifer, (2) the establishment of hydraulic com-

munication between the aquifer and the Pecos River very early in 

the geomorphic evolution of the Carlsbad area and consequent re-

I duction in the total amount of water that flowed eastward from the 
! 

. ! Guadalupe Mountains, and (3) the subsequent leakage of higher 

I 
:i salinity water into the Capitan aquifer from adjacent aquifers. 
I 
I 
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Geologic nature of the restriction 

The igneous dike or dikes noted in the discussion of Tertiary 

igneous activity cut the Capitan aquifer east of the Middleton 

Federal B-1 observation well located in sec. 31, T.19 S., R.32 E. 

Lea County (figs. 11 and 21). Water levels in this well have de-

1 
clined consistently at the rate of approximately 1.7 feet 

(0.5 metres) per month over a period of 72 months, in contrast to 
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the relatively small declines or rises in the water levels recorded 

in wells located farther to the west in Eddy County (table 8). 

Therefore, the dike or dikes do not appear to act as restrictions 

or barriers to movement of ground water. 

The thickness of the Capitan aquifer is reduced to several 

hundred feet by the West Laguna submarine canyon in eastern Eddy 

County (fig. 11). The most prominent transverse linear thins, the 

West, Middle, and East Laguna submarine canyons, are located in 

the vicinity of the boundary between Eddy and Lea Counties where 

: they coincide with both the position of the large increase in the 

eastward gradient in the potentiometric surface and the point where 

the largest declines in the hydraulic head commence. The trans-

1 missivity in this area has undoubtedly been reduced to a minor 

fraction of the average transmissivity of the Capitan aquifer by 

I 
I the Laguna submarine canyons, thereby restricting the movement of 

water eastward. 

-
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Regional hydraulic conductivity 

Meager data of often-questionable reliability, in conjunction 

with an interpretation of the geohydrological history of the region, 

suggest that the hydraulic conductivity of the Capitan aquifer along 

the western margin of the Central Basin platform in Texas and 

New Mexico ranges from 1 to 25 ft/day (.3 to 7.6 m/day) (table 7). 

The hydraulic conductivity of the Capitan aquifer probably averages 

5.0 ft/day (1.5 m/day) in most of southern Lea County, New Mexico, 

but appears to increase progressively southward to an estimated 

10.0 ft/day (3.0 m/day) near the Pecos-Brewster County boundary 

in Texas. The hydraulic conductivity of the Capitan aquifer in 

the Glass Mountains is probably very high because of the numerous 

small caverns developed in this area (D. J. Sibley, Jr., personal 

commun.). 

An average hydraulic conductivity of 5.0 ft/day (1.5 m/day) 

also would seem to be reasonable for the Capitan aquifer over a 

span of approximately 15 miles (24 kilometres) immediately east 

of the Pecos River valley at Carlsbad. Values of hydraulic con-

ductivity in the Capitan aquifer west of the Pecos River at Carlsbad 

are apparently larger by as much as several orders of magnitude 

(Hale, 1945a and 1945b). 

i 
I 

· I 

I 
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Local variations in transmissivity 

The transmissivity of the Capitan aquifer in a small area near 

the boundary between Eddy and Lea Counties, New Mexico, in the 

vicinity of the deeply incised Laguna submarine canyons appears 

to be the lowest enocuntered anywhere within the project area. 

A representative transmissivity for this major restriction 

has not yet been determined. However, the general response to 

stresses placed on the aquifer by (1) withdrawal of water in the 

. water fields to the east, (2) recharge by floods in the Pecos River 

' valley, and (3) precipitation in the Guadalupe Mountains to the 

west, suggest that the transmissivity must be at least one and 

perhaps two orders of magnitude lower than the average transmissivity 

of the Capitan aquifer. 

Values of transmissivity for the Capitan aquifer in the area 

extending east of the Pecos River at Carlsbad around the northern 

and eastern margins of the Delaware basin to the Pecos-Brewster 

County boundary in Texas are estimated to range from approximately 

,! 10,000 ft2/day (900 m2/day) in the thicker intercanyon nodes to 

2 2 
less than 500 ft /day (450 m /day) in the vicinity of the more deeply 

incised submarine canyons. 



Shelf aquifers 

Artesia Group 

Aquifer-performance tests were not available for any of the 

formations in the Artesia Group on the Northwestern shelf east of 

the Pecos River between Carlsbad and Artesia, or on the Central 
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Basin platform. The average hydraulic conductivities and porosities 

of the Grayburg, Queen, Seven Rivers, Yates, and Tansill Formations 

within the Artesia Group, the Grayburg Formation-San Andres Limestone, 

undivided, and the "Glorieta Sandstone" are shown on figure 21 

and given in summary form in table 6 for Eddy and Lea Counties, 

New Mexico, and Ward and Winkler Counties, Texas. The average 

hydraulic conductivity and porosity of the shelf aquifers were 

determined to be 0.043 ft/day (0.013 m/day) and 7.69 percent, 

respectively. More than 32,000 measurements representing approx

imately 37,000 feet (11,300 metres) of core cut in wells scattered 

throughout the four~county area were statistically examined. 

The hydraulic conductivity of the Seven Rivers Formation is 

significantly higher in Lea County, New Mexico, and Ward County, 

Texas than in the other two counties. This difference is apparently 

due to the more favorable location of some of the cored sections 

in the shelf-margin facies of the Seven Rivers Formation in Lea County 

and to the statistically small sample in Ward County rather than 

to a regional change in the lithology. 
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Values of permeability and porosity gi.ven by Hogan and Sipes 

(1966) for the Grayburg, Queen, Seven Rivers, and Yates Formations 

in a statistical sununary representing an unknown number of analyzed 

. cores from wells drilled in many of the counties in western Texas 

tend to be slightly larger than those shown in table 6, but, overall, 

are in general agreement. 

An average hydraulic conductivity of .073 ft/day (.002 m/day) 

was computed from 26 typical productivity indexes measured by several 

: oil companies in 14 oil wells producing from various pay zones within 

' the Artesia Group. The wells were randomly located within the 

; Premier field, Eddy County, and the Eumont, Eunice South, Jalmat, 

and Langlie-11attix fields, Lea County. Little variation was noted 

between the computed values, the lowest value being .004 ft/day 

(.001 m/day) in the Jalmat field and the highest value being 

.167 ft/day (.05 m/day) in the Eumont field. 

I 
I 
I 

I 
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San Andres Limestone on the northern end of the 

Central Basin platfonn 

A multiple-well test of the San Andres Limestone was accom-

plished during November 1966 in cooperation with an oil company. 

The pumped well was located in sec. 29, T.22 S., R.37 E., Lea County, 

i approximately 2,200 feet (670 metres) from the observation well 

' ; in the Langlie-Mattix oil field. A hydraulic conductivity of 

0.3 ft~day (.09 m/day) and a storage coefficient of 1.5 x 10-5 

· was detennined from the 120-hour drawdown test (table 7). Vertical 

· leakage between the San Andres and adjacent aquifers was also in-

dicated during the test. 

Information recorded during the drawdown and recovery periods 

. of 96 and 24 hours, respectively, for a single well test of the 

San Andres Limestone located in sec. 7, T.20 S., R.38 E., in the 

; Warren-McKee oil field on the northern edge of the Central Basin 

1 platform in southern Lea County was made available to the USGS 

! through the cooperation of both an oil company and a consultant. 
I 
I 

j A hydraulic conductivity of 0.2 ft/day (.06 m/day) was computed 

I ,j from analysis of these data (table 7). 

I 
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A limited amount of permeabilit~r data for the San Andres Lime-

stone on the north end of the Central Basin platform was obtained 

during the search for core analyses. The hydraulic conductivity 

of approximately 0.17 ft/day (.05 m/day) computed from these data 

confirms the relatively high permeability of the San Andres Limestone 

on the northern end of the Central Basin platform in comparison 

with the permeabilities determined from core analyses of the 

San Andres elsewhere and for other formations in the shelf aquifers 

(table 6, and fig. 21). 

Stratigraphic reefs and carbonate mounds or banks have been 

reported to occur in the San Andres Limestone along both the northern 

and western margins of the Central Basin platform. A zone of rela

tively high transmissivity in the San Andres Limestone on the 

northern part of the Central Basin platform is inferred from a map 

of the chloride-ion concentration in water in rocks of Guadalupian 

age (fig. 26). Limited hydraulic conductivity data combined with 

stratigraphic and water-quality information, suggest that the 

, hydraulic conductivity of the San Andres Limestone on the northern 

end of the Central Basin platform is significantly higher than the 

hydraulic conductivities of the Artesia Group and the San Andres 

Limestone in the remainder of the project area east of the Pecos 

River valley between Carlsbad and Artesia. Similar relatively high 

hydraulic conductivities are also probably present in the San Andres 

Limestone at the southern end of the Central Basin platform. 
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San Andres Limestone on the Northwest shelf 

and Central Basin platform 

Cores cut in the lower part of the Artesia Group and upper 

· part of the San Andres Limestone are most often identified by the 

; 
; 

; i 

operator as Grayburg Formation-San Andres Limestone, undivided, 

'land it was impossible to distinguish between the two formations 

: I 
:iwhen the data were processed. However, as shown on figure 21 and 

I 

! in table 6, the hydraulic conductivities of the Grayburg Formation 

and the Grayburg Formation-San Andres Limestone, undivided, on the 

northern end of the Central Basin platform, are only 0.048 and 0.068 

; ft/day (.015 and .02 m/day), respectively. These values are almost 
I 

; an order of magnitude lower than the hydraulic conductivities of 

the San Andres aquifer determined from the two aquifer performance 

tests (table 7). Similarly, the average hydraulic conductivity 

of the Grayburg Formation-San Andres Limestone, undivided, in Ward 

and Winkler Counties, Texas, and Eddy and Lea Counties, New Mexico, 

was determined from statistical analyses of the core data to be 

I I only 0.033 ft/day (.01 m/day). 

ii 

: I 
! 
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PP~,n~ahj]ities reported by Kinney (1969) for the San Andres 

Limestone in southeastern New Mexico range generally from 0.1 to 

5 millidarcies (hydraulic conductivities of approximately 0.00024 to 

0.0122 ft/day or 0.000073 to 0.0037 m/day). Hogan and Sipes (1966) 

report an average permeability of 6.9 millidarcies (approximately 

0.017 ft/day or 0.005 m/day) for an area including Ward, Winkler, 

Ector, Andrews, Gains, Yoakum, and Terry Counties, Texas, and an 

average permeability of 9.7 millidarcies (about 0.024 ft/day or 

j 0.0073 m/day) for a large area in western Texas that does not include 
! 
! 

:; these seven counties. 

An average porosity of about 10 percent was determined from 

core analyses from the San Andres aquifer on the northern end of 

the Central Basin platform. Kinney (1969) gives a general range 

of 3 to 5 percent for the porosity of the San Andres Limestone in 

southeastern New Mexico. The average porosity o~ the Grayburg 

Formation and San Andres Limestone, undivided, in Eddy and southern 

Lea Counties was determined from core analyses to be about 6 percent. 

Hogan and Sipes (1966) report porosities of 7 percent for Ward, 

Winkler, Ector, Andrews, Gaines, Terry, and Yoakum Counties and 

I :I 15.5 percent for a large area in western Texas excluding the pre-

I viously mentioned counties. 

The hydraulic conductivity and porosity data given above are 

representative of the oil and saline water-bearing rocks outside 

of the Roswell and Carlsbad underground water basins (fig. 1) where 

much higher values for these parameters have been determined. 



Basin aquifers 

Delaware Mountain Group 
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An average hydraulic conductivity and porosity of 0.016 ft/day 

(0.0049 m/day) and 15.65 percent, respectively, were determined 

from approximately 4,500 samples of rock core cut from the Delaware 

Mountain Group in Eddy and Lea Counties, New Mexico and Ward and 

i ! Winkler Counties, Texas (fig. 21, and table 6). An approximate 

, hydraulic conductivity of 0.015 ft/day (0.0046 m/day) was computed 
. ! 

from productivity indexes (approximately equivalent to specific 

capacities) obtained from an oil company for two wells in the 

El Mar field located on the boundary between Lea County, New Mexico, 

and Loving County, Texas. 

Hogan and Sipes (1966) report permeability values of 12.9 to 

24.5 millidarcies (hydraulic conductivities of approximately 

0.031 to 0.060 ft/day or 0.0095 to 0.018 m/day), and porosities 

of 17.9 to 21.0 percent for much of the same part of the Delaware 

basin. 

The values of hydraulic conductivity and porosity of the 

Delaware Mountain Group are in the same general range as those of 

the Artesia Group and the San Andres Limestone. 
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Comparative hydraulic characteristics of the aquifers 

Except for a small area in eastern Eddy County, the average 

hydraulic conductivity of the Capitan aquifer is apparently a minimum 

of two orders of magnitude larger than the average hydraulic conduc-

1 • tivity of the adjacent and par.tially enclosing shelf and basin 

aquifers, and one order of magnitude larger than the average hy-

draulic conductivity of the San Andres aquifer on the northern end 

of the Central Basin platform. 

The transmissivity of the Capitan aquifer in extreme eastern 

Eddy County in the vicinity of the Laguna submarine canyons is 

, apparently much less than the average for this aquifer and may be 

similar to the transmissivity of the shelf and basin aquifers. 

-
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Salinity of the water in rocks of Guadalupian age 

Regional salinity 

Water containing relatively low chloride-ion concentration 

is produced from the Capitan aquifer throughout the region, from 

the San Andres Limestone and Artesia Group where these units are 

in close association with the Capitan aquifer along the margin of 

the Northwestern shelf and Central Basin platform, and from the 

San Andres Limestone and the lower part of the Artesia Group at 

both ends of the Central Basin platform (fig. 26). 

Fingers of the less mineralized water extend into the Capitan 

aquifer from potential fresh-water recharge areas in the Guadalupe 

and Glass Mountains. The 5,000 mg/1 (milligrams per litre) isochlore 

in the Capitan aquifer extends only a few miles east of Carlsbad, 

whereas the same isochlore extends northward from the Glass Mountains 

to north of Hobbs. This indicates that relatively good water contain-

i ing 1,000 to 5,000 mg/1 chloride ion may be found in the Capitan 
i 
I 
I 

I 
i 

. i 

. I 
i 
I 
I 

i 

I . I 

aquifer on the northeastern and eastern edge of the Delaware basin 

and the northern and southern ends of the Central Basin platform • 

Water containing less than 1,000 mg/1 chloride ion concentration 

is present in the Capitan aquifer in a tongue extending northward 

from the Glass Mountains to just north of the New Mexico-Texas border 

in southernmost Lea County. 
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In sharp contrast to the water of relatively good quality that 

is found in the Capitan aquifer, the rocks of Guadalupian age on 

the Northwestern shelf northwest of Hobbs, on the Central Basin 

platform, and in the Delaware basin, contain water with relatively 

high concentrations of chloride ion (fig. 26). Chloride-ion con-

centrations greater than 150,000 mg/1 are present over large areas 

in the San Andres Limestone and Artesia Group on the Northwestern 

shelf and in the Delaware Mountain G~oup in the Delaware basin. 

Similarly, water containing chloride-ion concentrations of more 

than 100,000 mg/1 is found in the San Andres Limestone and Artesia 

Group over much of the central part of the Central Basin platform. 
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Emplacement of the relatively better quality water 

The water of better quality is found in rocks with the highest 

permeability and, conversely, the water of poorest quality is found 

in rocks with the lowest permeability. The water of relatively 

low salinity found in the Capitan aquifer, the Artesia Group, and 

San Andres Limestone in southeastern New Mexico and western Texas 

is most probably a result of selective displacement of original 

brines by movement of fresh water from the Glass and Guadalupe 

Mountains into the fonnations with regionally highest transmis

sivities. 

Water entering the Capitan aquifer in the Guadalupe and Glass 

Mountains apparently moved toward a point southwest of present-day 

Hobbs, where it then entered the San Andres Limestone and formations 

in the lower part of the Artesia Group. The water then flowed eastward 

via a northeast-trending zone of relatively higher transmissivity 

in the shelf-margin rocks. The water moved into Andrews and Gaines 

Counties, Texas from the vicinity of Hobbs and eventually discharged 

into streams draining toward the Gulf of Mexico (Stevens, and others, 

1965). The configuration of the isochlores in figure 26 suggests 

that the bulk of the water now in the Capitan aquifer in Lea Cotmty, 

New Mexico and Winkler, Ward, and Pecos Counties, Texas, came from 

the Glass Mountains. 
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:1 Halite has been wholly or partially dissolved and removed from 

: I the Salado and Castile Formations wherever they are in juxtaposition 

with the Capitan aquifer along the northeast and eastern margins 

oI the Delaware basin (figs. 7, D-D' and E-E', and 17; and Maley and 

Buffington, 1953; and Pierce and Rich, 1962). The anomalous thinning 

of the Salado and Castile Formations coincides with the location 

of the water of low salinity in the Capitan aquifer. Apparently, 

· relatively fresh ground water has moved through the Capitan aquifer 

and dissolved the halite in adjacent formations. The tongues of 

water of better quality and anomalously thin areas in the Salado 

and Castile Formations are clues that aid in the explanation of 

the pattern of flow through the Guadalupian age strata. 

The present-day potentiometric surface has adjusted to the 

Pecos River, which either incises or is in measurable hydraulic 

cotmnunication with the Capitan aquifer at Carlsbad and acts as an 

ungradient drain for the Permian formations. Discharge from the 

Permian rocks into the Pecos River appears to preclude the movement 

of large quantities of water toward the vicinity of Hobbs under 

present-day natural conditions (Spiegel, 1967). Therefore, most 

of the water of relatively low salinity in the Capitan aquifer in 

eastern Eddy and western Lea Counties east of Carlsbad probably 

;l was emplaced during Cenozoic time prior to the post-Pliocene cutting 

of the Pecos River. 
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Because of the incision of the Pecos River, the eastward gra

dient in the potentiometric surface east of Carlsbad was decreased 

and eventually reversed in part of the aquifer. The heads in the 

C~pitan aquifer adjusted more rapidly to the new regimen in the 

Pecos River valley than the surrounding shelf and basin aquifer 

system because of the relatively higher hydraulic conductivity of 

the Capitan aquifer. The highly mineralized water in the shelf and 

basin aquifers east of Carlsbad then began leaking into the Capitan 

aquifer and, over a long period of time, connningled with the pre

viously emplaced water of relatively better quality to produce the 

present moderately saline water found in the Capitan aquifer in 

eastern Eddy County. The water within the 5,000 mg/1 isochlore 

that bends westward to T.20 s., R.34 E. in southern Lea County, 

New Mexico is probably a remnant of the better quality water that 

once filled the Capitan aquifer from this point westward to Carlsbad 

(fig. 26). 



I 

I I l Watite water produced from the Cedar Hills, Getty, Barber, and 
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i 
'i PCA oil fields in Eddy County, New Mexico; Halfway, Teas, Lynch, 

1 Wilson, and San Simone oil fields in Lea County, New Mexico; and 

;Hendrick field in Winkler County, Texas, is similar in chemical 

. composition to the water in the adjacent and underlying Capitan 

aquifer (figs. 19 and 26; and Stripp and Haigler, 1956). Large 

: volumes of water, in relation to the oil production, have been 

: produced from the Yates Formation in these fields. Water quality 

i and other reservoir data suggest that oil has been produced from 

all these fields under water-drive reservoir conditions. Water 

produced from the San Andres Limestone and Grayburg Formations in 

the Hobbs field and from other fields on the northern end of the 

Central Basin platform also is similar in chemical composition to 

the water produced from the Capitan aquifer in Lea County, New Mexico 

(figs. 19 and 26). 

The quality of water and reservoir engineering data suggest 

that the hydraulic communication between the Capitan and shelf 

aquifers is relatively good at both ends of the Central Basin plat-

form and where the two aquifers are juxtaposed along the margin 

of the Delaware basin. 
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Fresh-saline water interface near Carlsbad 

The chloride-ion content and specific conductance of the cir-

culated drilling fluid composed of a mixture of air and water was 

monitored in three wells drilled into the Capitan aquifer near 

'Carlsbad. One well is located approximately 6 miles (10 kilometres) 

southwest of the city of Carlsbad, anQther is about 4 miles (6 kilo-

metres) southwest of the city of Carlsbad water field, and the other 

is located in Happy Valley immediately to the west of Carlsbad. 

The specific conductivity data was plotted against well depth in 

figure 27. 

The well drilled in sec. 34, T.21 S., R.26 E. was started 

in dolomite and sandstones in the Tansil! Formation and bottomed 

in the Capitan Limestone. Water with an odor of sulfur was detected 

in the circulated drilling fluid commencing at a depth of about 

760 feet (231 metres). A slight increase in the salinity of the 

drilling fluid was noted at a depth of 793 feet (242 metres). 

Comments made by the· driller regarding the small amount of water 

being produced while drilling suggest that the permeability of the 

section penetrated in this well was very low. A conductivity of 

35,850 micromhos per centimeter was measured in a sample of drilling 

£1uid taken while drilling at a depth of 1,217 feet (371 metres). 
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· I ' The saline-fresh water interface was apparently encountered 

lat an unknown distance below a depth of 760 feet (231 metres) and 

. above 1,217 feet (371 metres). The saline-fresh water interface 

•was inferred to be at an altitude of approximately 2,300 feet 

(700 metres) above sea level from the graph of conductivity versus 

I 
: I 

depth (fig. 27). 
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The Capitan Limestone was penetrated at a depth of 745 feet 

(227 metres) in the well drilled in sec. 27, T.22 s., R.26 E. very 

near the extreme basinward edge of the Capitan Limestone in Eddy 

County. A gradual but persistent increase in the conductivity of 

the returned drilling fluid was noted at a depth of 804 feet 

(245 metres) suggesting that the base of the fresh water is near 

an altitude of 2,449 feet (746 metres) at this locality. 

Approximately 25 feet (7.6. metres) of alluvium was penetrated 

before the Capitan Limestone was encountered in the well drilled 

in sec. 28, T.22 s., R.26 E., a short distance east of the position 

of the depositional reef crest of the Capitan Limestone. The records 

from this well are incomplete; however, water containing more than 

10,000 mg/1 chloride ion was sampled from the returned drilling 

fluid starting at a depth of 937 feet (286 metres) and continuing 

to the total depth of 1,455 feet (443 metres). The saline-fresh 

water interface at this locality is probably just below an altitude 

of 2,354 feet (718 metres). 
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' The depth to water in the new municipal water field for the 

city of Carlsbad, located about 4 miles (6 kilometres) southwest 

of this well (fig. 19), is about 400 feet (122 metres). The altitude 

of the water table in the city of Carlsbad well field is about 

3,100 feet (945 metres). Comparison of the altitudes of the saline-

fresh water interface in the well located in sec. 28, T.22 S., 

R.26 E. with the altitude of the water table in the same area sug-

gests that there is approximately 750 feet (229 metres) of fresh 

water on top of the saline water in the vicinity of the city of 

Carlsbad well field. 



; ! 
The volume of water that has moved Lhrough the Capitan aquifer 

during the Cenozoic Era either has been inadequate to completely 

flush the original saline water from this system, or brines from 

the lower part of the adjacent shelf and underlying basin aquifers 

are leaking into the lower part of the.Capitan aquifer and mixing 

with fresh water. 
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Hydraulic head in aquifers of Guadalupian age 

Collection and preparation of data 

Efforts were made to locate and collect hydraulic-head data 

representative of the aquifer head at the time of the discovery 

or early stages of exploitation of petroleum and the development 

of water supplies for irrigation in southeastern New Mexico and 

western Texas. 
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Water levels for the Roswell Artesian basin were obtained from 

Fiedler (1926) and Fiedler and Nye (1933) and other records main

tained by the U.S. Geological Survey and the New Mexico State 

Engineer. Water-level measurements in the Carlsbad area were taken 

from reports published by Hendrickson and Jones (1952) and Bjorklund 

and Motts (1959). Very few reliable water-level measurements repre

sentative of the Permian Guadalupian aquifers during the period 

1920 to 1930 were available for the remainder of the project area. 

In some instances, it was possible to compute reasonable values 

of head for this period by extrapolating bac~-ward from current 

water-level or pressure measurements by assuming average rates of 

decline. 
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1 Original bottom-hole pressures measured in some of the oil 

fields on the Central Basin platform and Artesia-Vacuum arch were 

obtained from the literature (Lea County Operators Committee, 

1935-1942; Stipp and others, 1956; Sweeney and others, 1960; Ackers, 

DeChicchis and Smith, 1930; DeFord and Wahlstrom, 1932; Winchester, 

1933; Carpenter and Hill, 1936; and Bates, 1942b). A search of 

the records kept by the Railroad Commission of Texas in Austin 

yielded a small amount of information for the southern part of the 

Central Basin platform. Unfortunately, many of the pressures cited 

in various reports, particularly those written by geologists, have 

no reference datum and are therefore virtually meaningless. A few 

original bottomhole pressure measurements were obtained through 

the cooperation of individual oil companies. Bottom-hole measure-

ments were not available for many of the oil fields producing from 

Upper Permian rocks in Eddy County. The shallow wells in these oil 

fields were often drilled and completed by small operators with 

cable tool rigs and placed on production without apparent regard 

to sound engineering practices. 
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A list of wells in which drill-stem tests had been run in Upper 

, ! Permian formations was prepared by searching the Permian Basin Well 

Data System data file. Copies of pressure build-up charts and other 

data recorded during drill-stem tests were then requested from 

individual oil companies. Copies of additional drill-stem test 

charts and records were obtained on microfilm from Petroleum Research 

Corp., Denver, Colo. Several thousand drill-stem test charts were 

reviewed during the course of more than a year. The undisturbed 

reservoir pressure could not be determined by extrapolation from 

, I 

an analysis of the build-up curve in most of the tests because the 

shut-in time was too brief. Unfortunately, most of the drill-stem 

test records were examined and discarded as unusable due to either 

the brief recovery period, borehole damage, or other mechanical 

malfunctions. 
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Data from several hundred drill-stem tests were encoded and 

punched into tabulating cards. The recovery curve was then plotted '. i 

with the aid of a computer program, and the test evaluated following 

methods described by Bredehoeft (1965), Johnston Testers (no date), 

Halliburton Co. (1968), Murphy (1967), Matthews and Russell (1967), 

and Lynch (1962). A computer program was written to statistically 

fit the plot of the pressure recovery versus the logarithm of the 

ratio of the total test time divided by the shut-in period. A large 

number of drill-stem tests were evaluated in a short amount of time 

in this manner. 

The practice of lengthening the shut-in or recovery period 

became more connnon during the late 1950's and early 1960's (Odeh 

and Selig, 1963). About this same time, the technique of utilizing 

the drill-stem tool to record the results of two production and 

recovery periods was adopted. The first brief t~st period is re

ferred to as ."initial" the other test period is relatively long 

in duration and is referred to as "final." Both tests are accom

plished during the same trip into the well with the drill string. 

Consequently, the percentage of usable reservoir pressure information 

obtained by the drill-stem test increased enormously. However, 

by this time, most of the drilling was directed toward evaluation 

., of deeper and older formations and not many of the improved tests 

were run in reservoirs of Guadalupian age that had not been partially 

depleted. 
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The Pennian Basin Well Data System file of scout records con

tains some information describing drill-stem tests that were per

formed during the drilling and evaluation of an oil or gas test 

well. Initial and final flow, initial and final hydrostatic, and 

initial and final shut-in pressures, time periods corresponding 

to the flow and shut-in phases, and fluid recovery information are 

generally available. Incremental pressures necessary to evaluate 

the recovery curve are not available in the scout records. 

If pressure equilibrium is reached during the course of a 

drill-stem test, the final flow and shut-in pressures or initial 

flow and initial shut-in pressures may be very nearly the same value. 

A computer program was written to search the drill-stem pressures 

in the PBWDS file and to detect this condition of repetitive pres

sures. Initial and final shut-in pressures were compared to one 

another and to all corresponding flow pressures, and, if the dif

ference between the pressures was less than plus or minus 2 percent 

of either or both the initial or final shut-in pressures, the 

complete data set was retrieved from the PBWDS file for further 

inspection. 
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i I :I More than 2,700 sets of records representing successful drill-
'! 
i!stem tests of formations of several geologic ages were retrieved, 

but only about 10 percent were found to be suitable and applicable 

~to the Permian formations of interest. Most of these pressures 

were not used in the construction of the potentiometric maps because 

the tests were taken at times when the oil and gas-bearing reservoirs 

were partially depleted. This technique does appear to merit the 

'attention of those who may have similar problems but are investi-

i 
i 
l 

; i 
i I 
i l 

gating areas that have not yet been as thoroughly exploited. 



I' I 
Ii 
! I 
I I! 

ii 
: ' 

226 

Accuracy and reliability of data 

Pressure data obtained from drill-stem and bottom-hole reservoir 

tests are either computed and reported by oil and related service 

companies or may be calculated from the available pressure-recovery 

charts. Errors may result from mistakes made in reading and inter-

preting the records or from inherent mechanical limitations of the 

equipment, or both. A Bourdon-tube pressure recording device is 

connnonly used in drill-stem tests and also in bottom-hole pressure 

surveys. Bredehoeft (1965) reports that frequent calibration of 

this device, plus the use of a microscopic micrometre chart reader, 

will reduce the gage error to +1 to +2 psi (pounds per square inch) 

2 (±70 to +140 gm/cm) at pressures as high as 4,000 to 5,000 psi 
. 2 

(281,000 to 352,000 gm/cm). Manufacturers and service companies 

claim an accuracy of much less than one percent of the full-scale 

range of the gage for pressure recorders used after the middle 1950's 

(Johnston Testers, personal commun., 1967). Prior to this time, 

a one percent accuracy is claimed for most good tests in the field. 

~ressures recorded for the aquifers studied in the project area 

generally range from about 1,500 (105,000 gm/cm
2

) to several thousand 

·psi. Errors due to inaccuracies of the relatively modern pressure-

recording instruments used in the project area may amount to only 

a few psi, but an average error for the older instruments may be 

approximately 25 psi (1,760 gm./cm2). 



227 

Bottom-hole pressure surveys ar~ special pressure tests normally 

conducted at regular intervals to determine the performance of a 

reservoir during the production of oil and gas. Some of these tests 

· are associated with proration activities. Many are published or 

filed with regulating agencies, such as the New Mexico Oil and Gas 

Conservation Commission and the Railroad Commission of Texas, while 

others are made and retained by oil companies for internal use. 

The duration of the normal bottom-hole pressure recovery survey 

made in the oil fields on the Artesia Vacuum arch and Central Basin 

platfonn is generally only 24 to 72 hours. Static equilibrium 

reservoir pressures apparently are seldom attained during this length 

of time, and, therefore, the resulting pressure measurements are 

frequently too low to be even remotely representative of the true 

formation press~res in this area. In addition, the datum for the 

reservoir pressure obtained in a bottom-hole pressure survey is 

often not given, thus negating the possible usefulness of the 

pressure measuredo 
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Water levels are measured by the U.S. Geological Survey to 

:hundredths of feet. The accuracy of these measurements is probably 

within a few tenths of feet, and errors due to mechanical diffi

·culties are small, relative to those made with pressure-recording 

devices. 

In view of the type of pressure and hydraulic head data avail

.able in the study area, and also in view of the care exercised in 

the selection and adjustment of this data, it is believed that a 

contour interval of 100 feet (30 metres) is applicable in the con

struction of generalized potentiornetric maps. This interval is 

most acceptable in areas encompassing the Capitan aquifer and parts 

of the San Andres Limestone and the Artesia Group. It is generally 

acceptable for most of the remaining areas in the study area, and 

only in a few areas in the Delaware Mountain Group is it considered 

. marginalo 



Computation of ground-water head 

Complications due to variations in density 
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The Capitan aquifer and associated formations of Guadalupian 

age contain water of variable density and quality (fig. 26). Values 

of head measured in an aquifer must be adjusted to a common datum 

and corrected for variations in density before relative comparisons 

between the magnitude of the hydraulic heads can be made (Lusczynski, 

1961; Bond, 1972, and 1973; and Bond and Cartwright, 1970). The 

procedures followed in adjusting the ground-water heads in the 

aquifers studied are described below. 
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Review of basic concepts 

Ground-water head at a point, such as in a well, is the height 

of the water column above or below some reference level (commonly 

mean sea level). This head will vary with the chosen reference 

level and the type of water in the well and in the aquifer. The 

relation between ground-water head and the pressure at a point in 

a well is illustrated in figure 28 and expressed by the hydrostatic 

equation (Hubbert, 1953, and 1969) as follows: 

where 

H = p/y + g 

H = ground-water head above(+), or below(-), 

mean sea level, or other datum, in feet, 

p = pressure at a point in a well, in pounds per 

square foot, 

y = specific weight of the water; it is the weight 

per unit volume, in pounds per cubic foot, 

that takes into account the magnitude of the 

local gravitational force. It is also equal 

to the product of the fluid density, P, 

and the local gravitational acceleration, g, 

Z = distance above(+), or below(-), mean sea level 

of the point where the pressure is measured; 

it is the altitude of the pressure point. 



' i 

This equation shows that the ground-water head is dependent 

on the point pressure, the reference datum, and the type of water 

in the well column. The point pressure reflects the internal 

changes in a ground-water system or aquifer. Heads are adjusted 

to a horizontal reference level, mean sea level, in this report, 

so that heads at different wells can be compared in order to 

determine hydraulic gradient. The height of the column of water 

above the pressure point is equivalent to p/y, which is dependent 

on the type of water in the column. 
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Point-water head 

Pressure at a point in a well tapping an aquifer containing 

water of variable density may be expressed as a ground-water head 

which reflects the type of water in the well column. Lusczynski 

(1961, p. 4247) defined point-water head as the water level, referred 

to mean sea level or other datum, in a well filled sufficiently 

with the water of the type at the point to balance the existing 

pressure at the point. In figure 29 which shows three wells 

tapping a confined aquifer, H
1 

and H
2 

are both point-water heads. 

If y
1 

represents the specific weight of fresh water, then H
1 

is 

a fresh-water head. 
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y = Specific weight of water 
y

1 
= Specific ·.~eight of fresh water 

y 2 Specific weight of saline water, y 2>y 1 H Ground-water head 
H1 = Fresh-water he3d (also point-water head) 
H2 Point-water head 
H3 = Environmental-water head 

Fresh-water 
potentiometric surface 

Ground I eve 1 

---

Figure 29.--Diagram showing heads and fresh-water potentiometric 
surface for confined aquifer containing water of variable density. 
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Environmental-water head 

Environmental water was defined by Lusczynski (1961, p. 4248) 

as that water between a given point in an aquifer and the top of 

the zone of saturation. The water may be of constant or variable 

density and occurs in the environment along a vertical between the 

given point and the top of the zone of saturation. For confined 

aquifers the environmental zones may be projected to the vertical 

well column from points along the aquifer section (fig. 30). 

The environmental water head was then defined by Lusczynski 

as a fresh-water head reduced by an amount corresponding to the 

difference of salt mass in fresh water and that in the environmental 

water. The well column of the middle well of figure 29 is filled 

with the equivalent of the environmental water found in the aquifer 

at this point. The environmental-water head, H
3

, of the middle 

well in figure 29 is less than the fresh-water head would be at 

this location. 

The fresh-water potentiometric surface shown in figure 29 

represents ground-water head as it would be if the aquifer system 

were full of fresh water only. In later sections of this report 

the concept of environmental water is used in connection with ad-

justments of pressure and water-level data for use as fresh-water 

heads in potentiometric maps (fig. 30). Environmental-water head, 

which defines gradient along a vertical, i.e., in a well colunm, 

was not used. 
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Figure 30.--Diagram showing computation of fresh-water head for 
wells tapping a confined aquifer containing water of variable 
density. 
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Determination of fresh-water head 

The head relationship between two hydraulically connected wells 

tapping the same confined aquifer containing water of variable 

density is shown in figure 31. The example is simplified by assuming 

that the point pressures in each well are the same and are located 

at mean sea level,~= O. The specific weight, y
1

, of the water 

in well l is assumed to be that of fresh water, and the specific 

weight of the water in well 2 is assumed to be greater. The ground-

water head, H
1 

and H
2

, in each well is a point-water head. H
1 

is also a fresh-water head. If y
2 

is greater that y
1

, then H
1 

is greater than H
2

• Measurement of water levels in each well, 

without consideration of the density variations, would result in 

an erroneous indication of water moving from left to right. Because 

the pressures at sea level in each well are equal, no movement of 

water should occur in this illustration. Conversion of the pressure 

head in the well on the right in figure 31 to a fresh-water head 

should give a ground-water head equal to H
1

• Ground-water heads 

in aquifers containing water of variable density must be adjusted 

so they represent ground water of a common density, such as 

fresh water, before the hydraulic gradient can be determined. 
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,J When only water levels in the wells of an example similar to 
j 
; 

; that of figure 31 are available, the average density of the water 

in each well column must be known before fresh-water head and hy-

draulic gradient can be computed. The possibility of error in 

comparison of ground-water heads without an adjustment for density 

becomes greater with increased variation of density. If the pressure 

at a horizontal level common to each well is known, no density data 

are needed for hydraulic gradient computations, provided that the 

density of the water in the interval between the level common to 

the wells and the datum does not vary. However, this is a condition 

which rarely occurs over wide areas in the field. 

The condition illustrated in figure 28 is encountered more 

often. In this case, the pressure at sea level, p
2

, must be computed 

using the bottom-hole pressure, p
1

, and the average density of the 

environmental water in a vertical column, g• On~e p
2 

is known, 

a fresh-water head from the common datum may be computed. If only 

the water level in the well is known, the average density of the 

water in the well column from the water level to uppermost perfora-

tion and the environmental-water density from colunm g must be known 

in order to compute the fresh-water head with reference to sea.level. 

This example has been simplified by making the specific weight of 

the water in the well column and the environmental water in the 

~ column the same. In many cases, this is not so. Frequently, 

~n approximation of the average specific weight of water must be 

made, because vertical variations in density in the environmental 

,water are complex and sometimes may preclude assignment of a valid 

average density from the available data. 
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In the example of figure 28, consideration of the environmental 

i water is limited to within the confined aquifer, because the g 

factor is similarly limited. This section of water is only a frac

tion of the total environmental water, which extends in the aquifer 

to the top of the zone of saturation in the outcrop area in one 

direction and to other levels in the opposite direction until it 

discharges from the aquifer. In some field cases, the datum (and 

resulting distance, i) may be above the top or below the bottom 

of the confined aquifer, and the environmental water which should 

be considered may extend laterally for great distances. Extensive 

variations in the water density may further complicate the problem. 
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A simplified example where variations in density extend 

laterally is shown in figure 30. The computation of fresh-water 

bead will depend on several factors which may be difficult to deter-

mine in the field. If the values of y
1

, y
2

, y
3

, y
4

, a, b, c, d, 

e, p
1

, and p
2

, are considered known or determinable, the values 

for the sea-level pressures, p
3 

and p
4

, can be computed and with 

these, the fresh-water heads. The determination of the average 

density (y) for the environmental water within each distance,~, 
m 

is an intermediate step. Determination of the sea-level pressure 

depends on y, the average density of the environmental water and m 

p
1 

or p
2

, the bottom-hole pressure. The pressures p
1 

and p
2 

may 

be determined from a bottom-hole pressure gage or from the water 

level and density of the water in the well column (p
1 

= fy
2 

and 

Pz = ey
4
). Geologic and quality-of-water information may be avail

able to make approximations of the other factors, but complex var-

iations in both density and space distribution of density zones 

may be difficult to treat. In general, the larger the distance, 

~, and the greater the magnitude of density variation, the greater 

the errors will be in the computation of fresh-water head in this 

and similar examples. 
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The computation of hydraulic gradient in a system of variable 

density is valid only if there is a viable hydraulic connnunication 

throughout an aquifer system. Hydraulic communication may exist 

between two of more characteristically dissimilar aquifers, and 

it may be possible to treat a series of aquifers as one. If such 

is the case, the preceding principles concerning adjustment of head 

data should apply to a multiaquifer system containing water of 

variable density. However, hydraulic connnunication between aquifers 

is largely a matter of degree, which is a function of the diffusivity 

and the transmissivity in an unsteady state. Correct interpretation 

of this degree of connnunication is essential before valid comparison 

of ground-water head in different aquifers can be made. Fortunately, 

because the hydraulic conductivities in the shelf and basin aquifers 

are much smaller than is the Capitan aquifer, the hydraulic communica

tion is relatively slight and, for this reason, the Capitan aquifer 

could be regarded as a single entity. 

The examples given above illustrate the head relationship in 

confined aquifers containing water of variable density. The same 

general principles relating head, pressure, and density of water 

apply to unncconfined or water-table systems. 
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Adjustment of head 

The Capitan basin, and shelf aquifers of Permian Guadalupian 

age contain water of variable density. Most of these aquifers within 

the project area generally are confined by extensive thicknesses 

of relatively impermeable material such as shale, sandstones, salt, 

and anhydrite. The outcrops or recharge regions of the Guadalupian 

age aquifers are generally northwest, west, and south of the Delaware 

basin. Because of the density variation in the water contained 

in these aquifers, the procedures described previously were adopted 

in adjusting all the head data that was used in constructing 

potentiometric maps. 



244 

Variation in the density of water 

Several thousand analyses of the water produced from formations 

of Permian Guadalupian age throughout the area were collected from 

oil and related service companies and from producing wells whenever 

possible. The chloride-ion concentrations of representative analyses 

have been plotted and interpreted in a map depicting the lowest 

chloride-ion concentration expected to be found in the water produced 

from an area (fig. 26). The relationship between the chloride-ion 

concentration and density of the water was determined statistically 

and found to be almost linear. Therefore, a map showing the vari

ation in density of the ground water in the same strata was not 

prepared. A close approximation of the variation in density is 

given by relating the chloride-ion concentration shown in figure 26 

to density. The densities used in adjusting the point-water heads 

to fresh-water heads were obtained by first visually selecting the 

representative chemical quality of the environmental water from 

£igure 26. The relationship between chloride ion and density was 

then used to estimate the average density. 

-
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Typical ranges of density found in the strata of Permian 

'Guadalupian age are illustrated in two simplified and diagrammatic 

stratigraphic profiles (figs. 32 and 33). The section shown in 

figure 32 extends from the outcrops of the Delaware Mountain Group 

in the Delaware Mountains of Culberson County, Texas, across the 

Delaware basin through the Capitan aquifer into the shelf sedimentary 

rocks near the middle of the Central Basin platform in Ector County, 

Texas. The largest contrast in·the densities of water in these 

strata is encountered along the western margin of the Central Basin 

platform where the relatively dense brines of the Delaware Mountain 

Group are in juxtaposition with the relatively low salinity water 

in the Capitan aquifer. 

A highly diagrammatic longitudinal profile of the Capitan 

aquifer, as it extends from the Guadalupe Mountains southwest of 

Carlsbad, around the northern and eastern margins of the Delaware 

basin to outcrops in the Glass Mountains southwest of Fort Stockton, 

is illustrated in figure 33. Fresh water rests on saline water 

in the Capitan aquifer in the vicinity of the Guadalupe and Glass 

Mountains. The water with the greatest densit:y in the Capitan 

aquifer is found in eastern Eddy County. However, the density of 

the poorest quality water found in the Capitan aquifer is less than 

the density of the water in all the adjacent surrounding rocks 

with the exception of the water in ~he San Andres Limestone on the 

northern and southern ends of the Central Basin platform. 



•¥. ··-··· - -- - -

) 

I I I 

~,8 0L1 Sj8 8L1 

!'Ii ~I'{ i1~ f1~ ..Ou uo 03: :,::--;,er: ~,_, ..J 

ti Delaware 
~ A Mountains 

5000 

"' IIJ 
a:: 

A' i 
1500 

4000 

v 

I 
Potentlometrk: r I 

I Surface I Potentlometrlc Surface I 
~ - (OelawarGr~~uraln ( Artesia Group>, 
~~-:::---- - -~ __ _ r =t 1000 

3000 ------- F == 
2000 

500 
1000 

0 0 

-1000 
'"Z----=-
- ,-,.v,v-,.,vv 1.soo 

-2000 
-3000 -1000 

-4000 

-5000 -1500 

.)/EDDY I • 'LEA .. /{ . I 

-~gxrco __ _l_ 
EXAS~ ---.--

/ \ LOVING I .·. 

CULBERSON , ""\, I \:::~ 1-A' 
A- I ~ ... 

32°00
1 

0 10 MILES 
I t I 11 

0 5 10 15 KILOMETRES 

p = Density of environmental water 

Adapted from Jones (1949) 

Figure 32.--Diagrammatic prof, le of Capitan and associated aquifers across 
western Texas showing pre-oi ]-discovery potentiometric surfaces and variation 
in the density of the ground water. 

N 
.::,,. 

°' 



=--================-:::··::::··-:::··:.· . ----------------~·~-------... ¥ ·-··-·-···· --- .... 

Guadalupe 
Feet B Mountains 

Gloss , 
Mountains 8 

4000 ,._ Carlsbad, N.Mex. 
Pre-oil discovery 

Potentiometric Surface 
Pecos River 

3000 

2000 

IOOO 

0 ,----- ---- Mean Seo Level 

- 1000 

-2000 

-3000 
... 

Head expressed as water with a 
specific gravity of l .000 

0 10 MILES 

H 
0 16 KILOMETRES 

Figure 33.--Diagrammatic profile of Capitan aquifer showing 
potentiometric surface and variation in density of the ground 
water. 

- Metres 

1000 

500 

0 

-500 

( 

N 
,I:-, 
-..J 



j I 

248 

Adjustment of pressure data 

Within the study area, most of the important head data were 

obtained from oil companies as unadjusted bottom-hole and drill-stem 

test pressures. This type of pressure-head data is convenient to 

work with because it can be expressed in terms of the desired density 

of water. For purposes of computing hydraulic gradient, the available 

point pressures were first adjusted to pressures at a sea level 

datum, and then expressed as fresh-water heads. The following 

precedure was adopted for handling point pressures within the pro-

ject area. 

(1) The altitude of the pressure point within the well column 

was determined. Essentially, the distance, g, between 

the pressure point and sea level was determined. 

(2) An average specific weight, y, of the environmental 
m 

water within the aquifer section equivalent to the 

distance,~. is determined from the distribution of 

the chemical quality of the water in the various aquifers. 

(3) The sea-level pressure, p
2

, is computed from the point 

pressure, p
1

, by: 

(4) 

p = p + [y (± 6)] 
2 1 m 

~ is negative if the pressure point is below sea level and 

positive if the pressure point is above sea level. 

The fresh-water head, hf, is then computed using Pz 

and the specific weight of fresh water, yf 

hf= P/Yf 
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Adjustment of water-level data 

During the course of the study, several abandoned oil and gas 

test wells completed in the Capitan aquifer were secured for use 

as observation wells. Depth to water in these wells is measured 

and recorded continuously by water-level sensing instruments. The 

water in the fluid column in some of the wells is not representative 

of the environmental water in the aquifer. For example, the specific 

gravity of the water in the fluid column of one observation well 

is 1.115 but the specific gravity of the environmental water is 

1.018. The following equation from Hiss (1973) was used to compute 

fresh-water head from water-level measurements in the observation 

wells: 

where 

rl 

r2 

= fresh-water head, in feet, above mean sea 
level 

= specific gravity of the environmental water 
in the aquifer (dimensionless:, 

= specific gravity of the water in the well 
column (dimensionless) 

E = altitude of land surface, in feet, above 
ls 

D 
p 

D 
w 

mean sea level 

= depth to top of perforated well section, 
in feet, below land surface 

= depth to the non-representative water in 
well, in feet, below land surface 
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This equation relates fresh-water head directly to the para-

meters associated with observation-well data. It is also possible 

to determine the bottom-hole point pressure, p, at the perforated 

interval with the equation, p = [(r
2

) (62.5) (D - D )]. This 
p w 

pressure then may be adjusted to sea-level pressure and converted 

to fresh-water head as outlined previously. 

Fresh-water heads computed for water levels measured on 

January 1, 1973, for eachh of the observation wells completed in 

the Capitan aquifer, are shown in table 10 along with the supporting 

data. The location of the wells is shown in figures 5, 24, and 25. 

The maximum difference in fresh-water head between the five observa-

tion wells located in the immediate vicinity of Carlsbad, and the 

Pecos River is only 5 feet (1.5 metres). 

The fresh-water head computed for the Yates State 1 observation 

well, located in sec. 32, T.20 S., R.30 E., approximately 15 miles 

east of Carlsbad, is 3,133 feet (955 metres) above sea level and 

ranges from 8 to 12 feet (2.4 to 3.7 metres) lower than the heads 

computed for the five wells nearer to Carlsbad. This difference 

in head suggests that a slight eastward hydraulic gradient of less 

than a foot per mile e>.."ists east of Carlsbad. However, errors made 

in estimating the density of the environmental water in the aquifer 

1 could easily account for these differences in head. Differences 

in head determined over a relatively long period of time, i.e., 

several decades, would appear to be a better indicator to use to 

<lefinine changes to the gradient in the potentiometric surface for 

the Capitan aquifer in the vicinity of and immediately east of 

Carlsbad where the differences in head are small. 
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Table 10.--Fresh-water head in Capitan aquifer observation wells 

Symbols r2 D D. 
Els a rl hf p w 

Dlstance ot I\Verage 
Average Depth to upper- Depth point-pressure specific 

specific most perforation to water Altitude . or equivalent gravity of Fresh-water head 
gravity adjusted to the Jan, 1, of land abpve (+) or representative on Jan, 1, 1973 

Observation of water land surface 1973, surface, below (-) sea environmental above mean sea 
wells in fluid datum, feet feet level datum, water in the level 

column feet (metres) (metres) (metres) feet (metres) aquifer feet (metres) 

City of Carlsbad 1.000~/ Open-hole 400 (122) 3,502 (l,067) +3,102 (+945) 1.014 3,145 (959) 
Well 10 completion 

City of Carlsbad 1.000 289 (88) 21 (6) 3,122 (952) +2,833 (+863) 1.014 3,141 (957) 
Well 13 

North Cedar 1.020 990 (302) 196 (60) 3,280 (1,000) +2,290 (+698) 1.018 3,141 (957) 
Hills Unit 1 

Humble State l 1.032 1,538 (469) 160 (49) 3,230 (984) +1,692 (+516) 1.018 3,145 (959) 

City of Carlsbad 1.012 630 (192) 94 (29) 3,182 (970) +2,552 (+778) 1.020 3,145 (959) 
Test Well 3 

Yates State 1 1.030 2,223 (678) 323 (98) 3,365 (1,026) +1,142 (+348) 1.030 3 ,133 (955) 

Hackberry Deep 1.115 3,726 (1,136) 639~/ (195) 3,397 (1,035) - 329 (-100) 1,030 3,103 (946) 
Unit 1 

Middleton 1.020 2,913 (888) 614 (187) 3,518 (1,072) + 605 (+184) 1.016 2, 960 (902) 
Federal B 1 

South Wilson Deep 1.010 4,169 (1,271) 1,124 (343) 3,717 (1,133) - 452 (-138) 1.010 2,619 (798) 
Unit 1 

North Custer 1.030 4,451 (1,35·7) 936 (285) 3,387 (1,032) -1,064 (-324) 1.008 2,548 (777) 
Mountain Unit 1 

Federal Davison 1 1.109 4,252 (1,296) 1,198 (365) 3,355 (1,023) - 897 (-273) 1.005 2,485 (757) 

Southwest Jal 1.106 4,199 (1,280) 844 (257) 2,985 (910) -1,214 (-370) 1.005 2,491 (759) 
Unit 1 

!/ estimated 

'E_/ adjusted for oil at top of water column 

N 
V1 .... 
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Reliability of computed fresh-water head 

The fresh-water heads computed for the Capitan and associated 

aquifers depend largely on the determination of a representative 

value for the average specific gravity of the environmental water 

that encompasses an aquifer se~tion equivalent tog, the distance 

of the-pressure point above or below the sea-level datum. The larger 

the distance,~, the greater the need for a more precise determina

tion of the average specific gravity of the environmental water. 

The magnitudes of the errors that may be introduced into the 

computation of fresh-water heads for various aquifers due to erro

neous estimates of specific gravities of environmental water are 

tabulated in table 11. Sets of g factors for each aquifer group 

have been selected to represent the averages for the low and high 

ranges found in the field. 

For each set of~ factors, three possible magnitudes of error 

in assigning specific gravity have been computed. The first repre

sents the maximum error expected if the environmental water is 

erroneously considered to be fresh and adjustments for variation 

in specific gravity are not made; the second represents what can 

be considered to be a large error that could result from the in

correct determination of an average specific gravity from the envi

ronmental water data available for this study area; and the third 

value represents an average error, certainly not the minimum 

possible, but an error in computation of head believed to be consis

tent with the type, quantity, and quality of information available 

for the three aquifers. 
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Table 11.--Magnitude of possible errors in computing fresh-water head 

for the Capitan and associated aquifers due to incorrect 

estimates of the specific gravity of environmental water 

3 factor, the 
Error in distance of the 

estimating pressure point 
specific 1/ Aquifer above, or below, 

gravity of Error in computed-
sea level, in feet 

environmental fresh-water head, 
(metres) in feet (metres) water 

400 (122) 0.03 ( 3. 7) Capitan 12 E 
aquifer 400 (122) .01 4 ( 1. 2) L 

400 (122) .005 2 ( • 6) A 

1,000 (305) .03 ( 9.1) E 30 
1,000 (305) .01 10 ( 3.0) L 
1,000 (305) .005 5 ( 1. 5) A 

2,000 (610) .03 60 (18. 3) E 
2,000 (610) .01 20 ( 6.1) L 
2,000 (610) .005 10 ( 3. 0) A 

3,000 (915) ,03 90 (27 .4) E 
3,000 (915) - .01 30 ( 9.1) L 
3,000 (915) .005 15 ( 4. {i) A 

Basin aquifer 1,500 (457) 0.16 240 (73.2) E 
(Delaw;:ire 1,500 (457) .05 75 (22. 9) L 
Mountain, 1,500 (457) .02 30 ( 9.1) A 
Group) 

2,500 (762) .16 400 (121. 9) E 
2,500 (762) .os 125 (38.1) L 
2,500 (762) .02 50 (15.2) A 

Sheif aquifer 300 ( 91) 0.16 48 (14.6) E 
(Chalk Bluff 300 ( 91) .03 9 ( 2.7) L 
And Bernal 300 ( 91) .01 3 { • 9) A 
facies of 
the Artesia 1,000 (305) .16 160 (48.8) E 
Group and ,1, 000 (305) .03 30 ( 9.1) L 
San Andres 1,000 (305) .01 10 ( 3.0) A 
Limestone) 

2,000 (610) .16 320 (97. 5) E 
2,000 (610) .03 60 (18.3) L 
2,000 (610) .01 20 ( 6.1) A 

... . 
General magnitude of error indicated by E•extreme, L-large, and 

A•average 
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The pote~tial for error i~ the fr~sh-wat.er heads computed for 

I the Capitan aquifer is greatest in the vicinity of Carlsbad because 

of the large distance of the point pressures above sea level(~ 

factor) and the very rapid change in the specific gravity of the 

environmental water in the Capitan aquifer. Within a span of 

approximately 25 miles (40 kilometres) extending westward from the 

eastern boundary of Eddy County, New Mexico, the g factor increases 

from about 300 feet (91 metres) below to approximately 3,000 feet 

(915 metres) above sea level. Approximately 750 feet (230 metres) 

'of fresh-water overlies saline water in the Capitan aquifer southwest 

of Carlsbad. 

As shown in figures 26 and 33, the water in the Capitan aquifer 

becomes progressively more saline east of the Pecos River near 

Carlsbad until a maximum salinity is reached in eastern Eddy County. 

The average specific gravity of the environmental water in the 

Capitan aquifer changes from 1.014 southwest of Carlsbad and the 

Pecos River valley to at least 1.035 in eastern Eddy County. Errors 

of 10 to 30 feet (3 to 9 metres) can be expected in the values of 

the computed fresh-water heads in this area. Larger errors of 30 to 

90 feet (9 to 27 metres) would result if the heads were unadjusted 

for the variation in specific gravity. Errors made in computing 

the fresh-water head for the Capitan aquifer elsewhere should be 

relatively small due to the small i factor, the generally small 

amount of variation in the specific gravity of the water in the 

i aquifer, and the relatively low specific gravity of the water. 
j i 

I I . I 

i 
i 
I 
I 

! 

i 
l I 
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The water in the shelf and basin aquifers is much more saline 

and correspondingly denser than water in the Capitan aquifer. Errors 

of several hundred feet would result if the heads in the Delaware 

Mountain and Artesia Groups and the San Andres Limestone were to be 

compared to heads in the Capitan aquifer without adjusting for the 

differences in the specific gravity of the environmental water. The 

potential for large errors is greatest along the northern and eastern 

margins of the Delaware basin and in other areas where both the Z 

factor and the contrast in specific gr~vity between the waters in the 

different aquifers are large (fig. 32 and table 11). Errors in the 

·value of fresh-water head computed for the shelf and basin aquifers 

can be expected to range from 10 to 50 feet (3 to 15 metres) where 

data are adequate for control of interpretations and from 30 to 

125 feet (9 to 38 metres) where data are sparse. 

The density of the water in the San Andres Limestone at both 

ends of the Central Basin platform is similar to that in the Capitan 

aquifer. The magnitude of the errors made in computing fresh-water 

. heads for the San Andres Limestone in these areas should be quite 

small. 
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Movement of water in aquifers of Guadalupian age 

Construction of po~entiornetric surface maps 

Reliable pressure-·head and water-level data were adjusted to 

fresh-water heads for the purpose of constructing potentiomctric 

· surface maps representing the early and late-development conditions 

'. in the aquifer systems (figs. 22 and 23). A potentiometric surface 

, represents hydraulic head in an aquifer, and the general direction 

of ground-water movement is inferred to be normal to the illustrated 

• head contours.· 

A considerable amount of subjective judgment was used in con-

, touring the data. In general, two factors, (1) the year in which the 
I 

i ! head was measured, and (2) and· the reliability of the data, were 

weighed in considering each data point. The pressures and water 
! 
; 

i levels were measured at various dates scattered over a period of 

; about 40 years. The earliest available data were used in the con-

, struction of the predevelopment potentiometric surface, and the 

latest data were used for the postdevelopment potentiornetric surface. 
! 

. I 
! 

, Fluid levels measured in water wells were generally considered to be 
! 
• I more reliable than pressure data. Initial oil field bottom-hole 
I' . 
. I 

: I pressures were usually considered to be more reliable than pressure 

! detcni1ined from the analysis of drill-stem tests. 

I 
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I 

•i In many instances, where data representing values of the head . ; 

. ' 
!under natural conditions forty to fifty y~3rs ago were unavailable; 

:a value of a head was computed by extrapolating backward from the 

available head data using assumed rates of decline. Values of head 

determined for Leonardian and Ochoan age aquifers were occasionally 

used as supplementary information in areas where data for the Guada-

·1upian age aquifers were inadequate or unavailable. The relatively 

large differences in hydraulic conductivities of the shelf> Capitan, 
: I 

'and basin aquifers were a factor that was considered when contouring 

• the potentiometric surface maps • 

. ' 
l 

! ! 
: i 
. I 

I 
: I 

'j 
i 
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Predevelopment potentiometric surface 

· Definition 

The regional potentiometric surface, representing hydraulic head 

prior to the extensive development of oil, gas, and water in the 

, i Capitan and associated aquifer_s, is shown in figure 22. The contours . ' 
; I 

I 
; I on this map depict the approximate values of head during the early 

· 1 

I 

I 
I 
i 
! 

I 
l 

1920's and are highly interpretative in areas where there is little 

control. A longitudinal profile of the potentiometric surface for the 

Capitan aquifer also is shown on figure 6. 
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Basin aquifers 

Aquifers in the Delaware Mountain Group are naturally recharged 

at outcrops in the Delaware, Guadalupe, Apache, and Glass Mountains 

and from leakage dovmward through younger rocks in areas where the 

soluble Ochoan evaporites hav~ been removed in the western and 

southern parts of the Delaware basin (Brown, Rogers, and Raker, 1965, 

pl. 11..:.7 and M-9). 

The hydraulic head in the basin aquifers is in excess of 

3,900 feet (1,190 metres) above sea level in the southern part of the 

Guadalupe Nountains and the Delaware Mountains, but declines to less 

than 3,200 feet (975 metres) along the northeastern, eastern, and 

northern margins of the Delaware basin. Water in the basin aquifers 

flows very slowly northward and northeastward under a gradient of 

25 to 40 feet per miles (1 to 5 m/km) from the vicinity of White City 

along the Guadalupe Mountains toward a potential trough or low 

northeast of Carlsbad where the water slowly discharges upward into 

the overlying Capitan and shelf aquifers and laterally into the 

intertonguing San Andres Limestone. Water entering the Capitan 

aquifer moves southwestward and eventually is discharged into the 

Pecos River through Carlsbad Springs. Some of the water that enters 

the shelf aquifers may move eastward toward Hobbs. 
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The head differential between tl1e basin aquifers and the Capitan 

1! aquifer ranges from more than 800 feet (245 metres) at White City to 

less than 100 feet (30 metres) at Carlsbad. The head in the basin 

aquifers is always greater than the corresponding head in the Capitan 

aquifer at any location along the margin of the Delaware basin. The 

large differences in head reflect the great differences in the hydrau-

lie conductivities of the two aquifer systems. 

The fresh-water heads computed from drill-stem pressures mea-

I ! sured in the shelf and basin aquifers during 1956-1960 in the 

i vicinity of the Eddy-Lea County boundary reflect some of the head 

loss resulting from production of oil, gas, and waste water during 

the preceding 30 years. Isopotentials for the basin aquifer in this 

area are based solely on the known relationships between the shelf 

' and basin aquifers, the relatively recent head measurements, and the 

assumed rates of head loss, because no other information is avail-

able. A sharply defined ground-water divide appears to have been 

; present in both the basin and shelf aquifers in the vicinity of the 

Eddy-Lea County boundary prior to the exploitation of the oil and 

gas reserves in this area (fig. 22). The shelf and basin aquifers 

are separated into two distinct ground water regimens by this divide, 

one controlled by the Pecos River at Carlsbad, the other by the 

regional drainage to the Gulf of Hexico. 
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: I 
Elsewhere, water in the basin aquifer moves very slowly across 

1 the Delaware basin to the northeast and east under gradients ranging 

; from less than 4 to as much as 15 feet per mile (1 to 3 m/km) and 

· discharges into the laterally equivalent San Andres Limestone and 

Artesia Group along the margins of the Delaware basin or upward into 

the overlying Capitan aquifer. Beds of the Delaware Mountain Group 

extend shelfward and intertongue with the San Andres Limestone and 

the lower part of the Artesia Group shelfward of the Capitan aquifer. 
; i 

r The hydraulic characteristics of tl1e shelf and basin aquifers are 

very similar and the two aquifer systems appear to respond to 

stresses in a like manner. Along the margins of the Delaware basin, 

the heads in both the shelf and basin aquifers are represented by 

the same isopotential contours on figure 22 because differences in 

head between the two aquifer systems cannot be distinguished with 

the control available. 

The basin aquifers in the western part of the Delaware basin 

: contain water of relatively better quality due to the replacement of 
; 

'! 
I original brines by relatively less saline water over a long period 
! 

of geologic time (fig. 26). Most of the oil fields with production 

from the Delaware Mountain Group are located in the northeastern 

two-thirds of the Delaware basin in areas where the produced water 

is relatively saline compared to other areas upgrad~ent. Migration 

and entrapment of petroleum in the Delaware Hountain Group also may 

have been influenced by the slow movement of water through the basin 

aquifers within the Delaware basin (Hiss, 1975a). 



Movement of substantial quantities of water from the basin 

aquifers upward into the younger Cretaceous and Cenozoic aquifers 

in the Balmorhea-Pecos-Loving trough is impeded by the beds of 

anhydrite in the Castile Formation. 

262 
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Shelf aquifers 

Over a long period of years, gypsum and anhydrite have been 

dissolve<l and removed from the Chalk Bluff facies of the Artesia Group 

west of the Pecos River at Carlsbad by circulating ground water. The 

hydraulic conductivity of these sedimentary rocks was originally very 
, I 

I low but has been greatly increased by dissolution of the evaporites. 

Bjorklund and Motts (1959) and Motts (1968) have mapped the 

potentiometric surfaces of two perched water-bearing zones formed by 

relatively impermeable sandstones in the evaporite facies of the 

Yates and Queen-Grayburg Formations of the Artesia Group in the foot-

hills of the Guadalupe Mountains southwest of Carlsbad. These 

'surfaces are several hundred feet higher than the potentiornetric 

surface for the San Andres Limestone, the principal aquifer in the 

same area. Water perched above sandstones in the Queen-Grayburg 

Formations discharges as springs into arroyos that are tributaries 

of the Pecos River. The water perched above sandstones in the Yates 

Formation moves to the northeast and apparently either discharges 

into t11e Pecos River or flows into the potentiometric low northeast 

of Carlsbad. Water reaching the potential low eventually moves 

downward into the Capitan aquifer and flows toward discharge points 

on the Pecos River near Carlsbad. 
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According to Bjorklund and Motts (1959) and Motts (1968), 

water in the San Andres Limestone southwest of Carlsbad moves north

eastward and drains into the Roswell basin. However, contours of 

the potentiometric surface of the same shelf aquifer prepared for a 

larger area (fig. 22) suggest that most of this water moved gen

erally northeastward and eastward toward the low in the potentio

metric surface northeast of Carlsbad. Water moving into this low 

must coIP..mingle with water contributed by the intertonguing basin 

aquifers and then move upward into the Capitan aquifer to eventually 

be discharged as spring flow into the Pecos River at Carlsbad. 

The head in the San Andres Limestone west of White City is 

approximately 800 feet (245 metres) higher than the head in the 

Capitan aquifer. The head differential illustrates the relatively 

poor communication between the shelf and Capitan aquifers. 
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Data obtained from Fiedler and Nye (1933), Fisher (1906), and 

others suggest that water in the San Andres and Grayburg aquifers 

west of Artesia moved eastward under a gradient that ranged from 

8 to 25 feet (1. 5 to 5 m/km). The evaporites and some of the car

bonate material in both tl1e Chalk Bluff facies of the Artesia Group 

· and the evaporite facies of the San Andres Limestone have been 

., dissolved and removed by circulating ground water that moved the 

: relatively short distance from the surface exposures west of Artesia 

1 and Carlsbad to the vicinity of the Pecos River. Consequently, the 

I original saline water in the San Andres and Grayburg aquifers every

where west of the Pecos River has been flushed to an unknown depth 

and replaced with potable water (Hood, Mower, and Grogin, 1960). 

· Simultaneously, the hydraulic conductivity of the San Andres and 

: Grayburg aquifers has been greatly increased. 
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The regional flow of water in the shelf aquifers east of the 

Pecos River between Carlsbad and Roswell is probably toward the east 

and southeast, similar to that shown by Spiegel (1967). A similar 

, conclusion is not so readily apparent from a potentiometric-surface 

map of the San Andres Limestone prepared by McNeal (1965, fig. 6). 

The contours of head depicted by McNeal appear to be influenced by 

I declines caused by the production of petroleum and associated waste 
! 

i l 
,· water from many oil fields on the Central Basin platform and 

; l ·, Artesia-Vacuum arch. Water in the shelf aquifer in the area between 
I j 

'.' '' 
the Pecos River and the boundary between Lea and Eddy Counties moves 

f i 

lj slowly toward the southwest. Some of this highly mineralized water 

ii 
; I 

\ I 
; I 
; i 
i 
I 

; I 
:i 
;i 
; I 
q 
: i 

probably flowed into the Pecos River between Artesia and Lake 

McMillan prior to the lowering of the potentiometric surface by 

large withdrawals of water for irrigation. Most of the water moves 

toward the potentiometric low northeast of Carlsbad under an average 

gradient of about 15 feet per mile (3 m/km). Water moving in res-

ponse to the gradient developed by the potentiometric low eventually 

flows upward or laterally into the Capitan aquifer and then dis-

charges into the Pecos River at Carlsbad. 
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The potentiornetric surface slopes eastward with a gradient of 

about 25 feet per mile (5 m/km) from the a:ds of the ground-water 

divide located a few miles west of the Eddy-Lea County boundary. 

Control for the ground-water divide in the basin and shelf aquifers 

is provided by several values of head greater than 3,200 feet 

(975 metres) above sea level determined in relatively recent drill-

stem tests. These pressures initially may have been somewhat higher 

because they have probably been influenced by head losses resulting 

from the production of oil, gas and water from oil fields and the 

withdrawal of water from the Capitan aquifer during the forty years 

preceding the measurements. 
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Water moving northward in the Capitan aquifer from the Glass 
' ! 
Mountains apparently was discharged into the shelf aquifer along 

the juxtaposition of the two aquifers between Jal and a point north-

west of Eunice, N. Mex. (figs. 22 and 26). Most of the water flowed 

into the San Andres Limestone, in preference to other strata, 

because of the higher hydraulic conductivity of this aquifer. Water 

in the shelf aquifers probably moved generally southeastward across 

the northern part of the Centrai Basin platform between Eunice and 

Hobbs. The water moved northeastward from the Capitan aquifer into 

the shelf aquifers, then east and south within the shelf aquifers to 

a central area located about 15 miles (24 kilometres) southwest of 

Hobbs. The water then apparently moved eastward from Hobbs and 

Eunice under a regional gradient of about 25 feet per mile (5 m/km). 

The widely spaced contours southwest of Hobbs (fig. 22) also suggest 

that the transmissivity of the rocks comprising the shelf aquifers 

in this area is much higher than in the surrounding areas. 

Water in the shelf aquifer on the Central Basin platform in 

Texas appears to move generally eastward under a gradient ranging 

from 8 to 25 feet per mile (1.5 to 5 m/km). The wider spacing of 

the head contours in the vicinity of Fort Stockton suggests that the 

l transmissivity of the shelf aquifer is relatively high on the 
i 

: i 
! southern end of the Central Basin platform (fig. 4). The relatively 

I I good water in the shelf aquifer and, in particular, the San Andres 
I 

I I Limestone, supports this conclusion (fig. 26). 
'I 

: I 

1. 
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Capitan aquifer 

Stratigraphically, the Capitan aquifer is adjacent to, and 

partly enclosed by, the basin and shelf aquifers. Because of 

the position and the relatively higher transmissivity, it functions 

:either as a drain or as a source of water for the shelf and basin 

aquifers, depending on the relative differences in head between the 

·aquifers. 
I 
i 

The Capitan aquifer crops out in the Guadalupe Mountains south-

,west of Carlsbad and in the Glass Mountains southwest of 

'Fort Stockton. Water in the Capitan aquifer is under water-table 

, conditions southwest of the Pecos River at Carlsbad. Artesian condi-

'tions prevail from the pecos River at Carlsbad around the northern 

and eastern margins of the Delaware basin to the vicinity of the 

, Glass Mountains southwest of Fort Stockton. Northeast of the Glass 

;Mountains, the change from artesian to water-table conditions 
I 

• probably takes place near the border between Pecos and Brewster 

Counties, but the exact location is not known. 

Water entering the Capitan aquifer in the Guadalupe Mountains 
I · I moved northeastward under a gradient of about 1 to 2 feet per mile 

(1.2 to .4 m/km) toward Carlsbad. After reaching Carlsbad, most of 

this water then discharged through Carlsbad Springs into the Pecos 

River. 
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Head data representative of the period prior to development> 

and production of water from the Capitan aquifer, are not available 

for a large area east of Carlsbad. The ground-water heads in this 

regimen are controlled by the Pecos River, which acts as a drain 

for the Permian aquifers in hydraulic communication. A slight west-

ward gradient of a few feet per mile on the potentiometric surface 

has been interpreted as representative for the early 1920's 

(fig. 22). Heads developed in the Carlsbad area shortly after 

relatively good hydraulic communication between the Pecos River and 

the Capitan aquifer established during the headward erosion of the 

Pecos River are probably also represented by the interpretation. 
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The magnitude of the ground-water divide, representative of the 

.predevelopment period in the Capitan aquifer in the vicinity of the 

Eddy-Lea County boundary, is unknown. However, the rate of decline 

of head in the Capitan aquifer has been determined with a high 

degree of precision for a 6-year period (figs. 24 and 25; and 

table 8). Crude but useful estimates of original heads can be made 

by extrapolating back-ward in time using assumed rates of head 

decline based on the recent observations and other fragmentary 

records gathered over a period of about 40 years. 

A rate of decline of 20 feet per year (6 m/yr) has been re-

.corded in the Middleton Federal B 1 observation well, sec. 31, T.19 

s., R.32 E. Using this rate of decline, a head of about 3,300 feet 

(1,005 metres) was computed for the Capitan aquifer at the Eddy-Lea 

County boundary during 1956. This is comparable to heads measured 

in the shelf and basin aquifer systems in the same vicinity. The 

water level in the Hackberry Deep Unit 1 observation well, sec. 31, 

T.19 S., R.31 E., has declined at a relatively consistent rate of 

0.318 feet per month (.097 m/month) over a 6 year period. A head of 

about 3,175 feet (968 metres) can be projected back to 1956 by 

asstnning that this rate of head decline in this well is valid for 

the preceding 10-year period. 
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Leakage fr.om both the shelf and basin aquifers is a source of 

the water required to maintain the ground-water divide in the 

Capitan aquifer. The ground-water regimen west of the divide is 

completely different from that to the east. Evidence suggesting 

these differences are provided by the recorded behavior of head in 

the aquifer (figs. 24 and 25) and the chemical quality of water in 

the aquifer (fig. 26). Leakage into the Capitan aquifer west of the 

ground-water divide is quickly released to the nearby Pecos River. 

The magnitude of the extrapolated possible hydraulic head for the 

predevelopment period in the Capitan aquifer in the vicinity of the 

Eddy-Lea County boundary is additional evidence that suggests that 

the Capitan aquifer in this area has an extremely low transmissivity 

compared to the aquifer characteristics on either side of the 

divide. 

Water in the Capitan aquifer on the east side of the ground

water divide moved eastward toward a point northwest of Eunice, 

where it then flowed into the San Andres Limestone and other forma

tions in the Artesia Group as noted above. The eastward ~low of 

water in the Capitan aquifer, after the establishment of the Pecos 

River at Carlsbad, could have been maintained only by leakage from 

the shelf and basin aquifers. 
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Projections based on rates of decline, computed from water 

levels measured in a few wells in southwestern Pecos County, Texas 

suggest that the head in the Glass Mountains was more than 

3,300 feet (1,005 metres)--probably near 3,400 feet (l,035 metres)

above sea level in the 1920's. Prior to development of production 

of water for industrial purposes, water in the Capitan aquifer moved 

northward from the Glass Mountains toward New Mexico under an 

average gradient of 2.5 feet per mile (.5 m/km) or less. Some of 

this water moved eastward from the Capitan aquifer into the 

San Andres Limestone and Artesia Group before reaching a point west 

of Fort Stockton. The remainder of the water in the Capitan aquifer 

appears to have moved to the north end of the Central Basin platform 

without significant losses to the adjacent shelf aquifers. In 

New Mexico, water moved from the Capitan aquifer into the San Andres 

Limestone, primarily, but also into other formations within the 

Artesia Group, and then flowed eastward into Texas. 

The predevelopment potentiometric and chloride-ion concentra

tion maps (figs. 22 and 26, respectively) suggest that the majority 

of the water found in the Capitan aquifer along the western margin 

of the Central Basin platform originated in the Glass :Mountains. 

Only a small amount of the water in the Capitan aquifer in Lea 

County appears to have been derived from the Carlsbad area after the 

Pecos River cut down into a position where it was in hydraulic 

communication with the Capitan aquifer. 



Postdevelopment potentiometric surface 

Definition 
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The regional potentiometric surface, representative for the 

Capitan, basin, and shelf aquifers, after extensive development of 

oil, gas, and water within the project area, is shown in figure 23. 

The contours depicting a generalized regional fresh-water head for 

the basin and shelf aquifers are considered representative of the 

period 1960-70. The generalized head contours for the Capitan 

aquifer are considered representative of the latter part of 1972. 

A longitudinal profile of the postdeveloprnent potentiometric surface 

in the Capitan aquifer is also shown on figure 6. 



Basin aquifers 

The regional potentiometric surface for the basin aquifers 

apparently has changed only slightly during the period 1920 to 

1970. Heads in the Delaware Mountain Gronup have been reduced by 

a small amount in the vicinity of Carlsbad, probably due to con

tinued upward leakage into the Capitan and shelf aquifers. 
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The potentiometric surface has probably been lowered by an 

unknown amount along the eastern margin of the Delaware basin in 

response to the increased head differential between both the 

Capitan and shelf aquifers and the basin aquifers. In addition, 

the potentiometric surface of the basin aquifers has been depressed 

: very sharply over the local areas surrounding oil fields completed 

in the Delaware Mountain Group. Heads are often below sea level 

in the local depressions and are not shown on this generalized 

regional potentiometric surface. 

Interpretation of the data shown on the pre and postdevelop

ment potentiometric maps (fig. 22 and 23) suggests that the head in 

the basin aquifers has declined approximately 100 feet (30 metres) 

during the period 1920 to 1970 in the vicinity of the ground-water 

divide immediately west of the Eddy-Lea County boundary. The 

decline in head is probably due to the increased leakage upward into 

the Capitan aquifer in response to the lowering of the potential in 

that aquifer and the general regional head loss in the basin and 

shelf aquifers caused by the production of oil, gas, and water from 

these reservoirs. 
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Shelf aquifers 

The potentiometric surface west and south of Artesia has been 

lowered generally less than 100 feet (30 metres) as a result of the 

withdrawal of water from the Roswell artesian basin for irrigation 

purposes during the period 1906 to 1969 (Fisher, 1906; Fiedler, 

1926; and Fiedler and Nye, 1933). The potentiometric surface for 

the shelf aquifers west and southwest of Carlsbad probably has not 

changed significantly, although information is inadequate for any 

exact determination of the changes. 



I 
I 

I 
'! 
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Res..::rvoir pressures in several of the shelf aquifers on the 

Artesia-Vacuum arch east of the Pecos River have been reduced to 

minor fractions of the original pressures as a result of the 

exploitation of the petroleum. Head data representative of a re-

gional potentiometric surface for the shelf aquifers in this area 

were generally unavailable because of the complex reservoir con-

ditions created by the production of oil, gas, and water simultane-

ous with the injection of water. The problem is further complicated 

by the varying degree of hydraulic communication between the many 

different reservoirs and zones in this area from which oil and gas 

are produced. 

Nearly all the oil on the Artesia-Vacuum arch is produced 

from reservoirs under solution gas drives. Therefore, the pressures 

in nearly all of the exploited reservoirs have declined very rapidly 

and are now extremely low. However, there are several areas where 

pressures have been artifically increased by injection of water in 

secondary recovery programs (New Mexico Oil and Gas Association, 

1966; and New Mexico Oil and Gas Engineering Committee, 1950-1958, 

1959, and 1960-1970). The regional potentiornetric surface east and 

southeast of Artesia, but west of the ground water divide near the 

Eddy-Lea County boundary is estimated to have been lowered by 

approximately 150 feet (45 metres) due to withdrawal of oil, gas, 

and water during the 45-year period from 1925 to 1970 (fig. 23). 
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The hydraulic head in the shelf aquifers in the vicinity of 

the ground-water divide near the Eddy-Lea County boundary has 

declined approximately 100 feet (30 metres) over a period of about 

45 years (figs. 22 and 23). Part of this decline in head may be 

attributed to the increased leakage downward and laterally into the 

Capitan aquifer, where the potential has been lowered due to produc-

tion. The regional head loss in the basin and shelf aquifers also 

has been caused by the production of oil, gas, and associated waste 

( water from these reservoirs. 

I 
I 

I 
I 
I 

No attempt has been made to map the complex potentiometric sur-

face of those units of the shelf aquifers not in measurable hydrau-

lie cor:mmnication with the Capitan aquifer on the eastern part of 

the Artesia-Vacuum arch in Lea County. The potentiometric surface 

representative of the reservoirs within the shelf aquifers that 

appear to be in reasonably good hydraulic communication with the 

Capitan aquifer has been lowered from 100 to more than 600 feet 

(30 to 180 metres) in an area north and west of Eunice in southern 

Lea County. 

.~· 



Hydraulic gradients east of the axis of the predevelopment 

'ground-water divide at the Eddy-Lea County boundary have been 

increased from about 25 feet per mile to about 40 feet per mile 

(5 to 8 m/krn) by the withdrawal of fluids from the many oil and 

water fields in this area and in Texas downgradient to the east. 
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A slight westward shift in the ground-water divide is suggested by 

comparing the predevelopment potentiometric surface map to the post

development map (figs. 22 and 23). An eastward gradient of about 

2.5 feet per ~ile (0.5 m/km) has been induced in an area southwest 

of Hobbs, where the predevelopment potentiometric-surface gradients 

(fig. 22) were formerly ill-defined. 

The direction of water movement in the shelf aquifers west 

and south of Eunice has changed from east to southeast. The direc

tion of movement in the shelf aquifers on the northern part of the 

Central Basin platform may eventually be reversed in response to 

continual and (or) increased withdrawal of water from the Capitan 

aquifer. Water will then move westward from the shelf aquifers into 

the Capitan aquifer. 
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The regional postdevelopment potentiometric surface of the 

' shelf aquifers has not been mapped south of Jal due to the complex 

'nature of the system. Bottom-hole pressure data were available 

, from various engineering reports describing the oil fields on the 

Central Basin platform. However, very few of the pressures reported 

were measured in a reservoir under near equilibrium conditions. The 

aquifer head in some of the oil field reservoirs has apparently been 

lowered below sea level. These effects have not spread very far 

into surrounding areas due to the very low transmissivity of the 

• shelf aquifers. 



281 

Capitan aquifer 

Aquifer head in the Capitan aqulfer in the vicinity of Carlsbad 

is principally controlled by the Pecos River. Other than small head 

fluctuations due to variations in climatic conditions, the general 

configuration of the potentiometric surface in the Capitan aquifer 

between Carlsbad and White City has not changed from 1920 to 1972. 

Under present-day conditions, a small amount of water moves 

east of Carlsbad during short periods of heavy rainfall in the 

Guadalupe Mountains or high streamflow-stages of the Pecos River. 

However, any water moving eastward into the Capitan aquifer under 

these conditions of increased head at Carlsbad behaves as bank 

storage and appears to return to the Pecos River as spring flow 

within a period of a few months (fig. 24). 

A comparison of the postdevelopment and predevelopment potentio

metric surfaces indicates that the aquifer head has been lowered 

approximately 150 feet at the predevelopment ground-water divide lo

cated in the vicinity of the Eddy-Lea County boundary. The head in 

the Capitan aquifer has declined in response to the withdrawal of 

water from the Capitan aquifer in southern Lea County, New Mexico, 

and Winkler and Ward Counties, Texas. The production of oil, gas, 

and water from reservoirs in measurable hydraulic communication with 

the Capitan aquifer also has contributed to the total decline in 

head. 
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The westward hydraulic gradieH~ between the Pecos River at 

; 
l Carlsbad and the Eddy-Lea County boundary has been progressively 

reduced and, in places, reversed during the 45-year period pre-

ceding 1973. The ground-water divide inferred at the Eddy-Lea 

County boundary in tt1e predcvelopment potentiometric surface map has 

been removed. An apparent westward gradient of about 0.7 foot per 

mile (0.13 m/krn) betv~een the City of Carlsbad Well 13, on the east 

bank of the Pecos River, and the City of Carlsbad Test Well 3, about 

· i 6 miles (10 kilometres) east of the Pecos River, was computed for 

j 
I 
I 
I 

i 
' i l 
I 

heads measured on January 1, 1973 (fig. 24 and table 10). Eastward 

hydraulic gradients for the same period have been computed between 

other observation wells as follows: between the City of Carlsbad 

Test Well 3 and the Yates State 1, 1.3 feet per mile (0.25 m/km); 

between the Yates State 1 and a point 6 miles (10 kilometres) south 

of the Hackberry Deep Unit 1, 6 feet per ntlle (1.1 m/km); and 

between the Hackberry Deep Unit 1 and the Middleton Federal B 1, 

24 feet per mile (4.5 m/km) (fig. 24 and table 10). 
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1'hetie gradients were computed lli:iing relative <lifferences be-

' tween the fresh-water heads in the observation wells. Errors made 

in estimating the density of the environmental water in the Capitan 

aquifer could easily account for the difference of 12 feet of head 

(3.7 metres) over the 15 mile (24 kilometre) distance between the 

Pecos River and the Yates State 1 observation well. The average 

eastward gradient of less than 1 foot per mile (0.189 m/km) between 

the Pecos River and the Yates State 1 observation well is not 

supported by declines in the water level in the Yates State 1 well 

for the period of record. 

Therefore, it appears that the hydraulic gradient in the 

Capitan aquifer for a distance of at least 15 miles (24 kilometres) 

east of Carlsbad cannot be defined with accuracy sufficient to 

permit calculation of the movement of ground water in the aquifer. 

Diversion of significant quantities of water from the Pecos River at 

Carlsbad into the Capitan aquifer should be indicated more reliably 

by (1) sustained declines in the water levels in the Yates State 1 

and City of Carlsbad Test Well 3 observation wells, and (2) an 

increase in the rate of decline in the water level now being ob

served in the Hackberry Deep Unit 1 well (fig. 24). 

A small amount of saline water probably was discharged from the· 

I Capitan aquifer in eastern Eddy County westward into the Pecos River 

at Carlsbad prior to exploitation of water and petroleum in south

eastern New Mexico and western Texas. The reduction or reversal of 

the westward hydraulic gradient has probably decreased or eliminated 

any contribution of saline water to the flow of the Pecos River from 

the Capitan aquifer east of Carlsbad. 
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Although the data are inadequate for accurate control, the 

head in the Capitan aquifer in the vicinity of the Eddy-Lea County 

boundary appears to have been reduced slightly more than the heads 

representative of the shelf and basin aquifers. Leakage from the 

shelf and basin aquifers is not sufficient to maintain a comparable 

head in the Capitan aquifer, primarily because of the relatively low 

hydraulic conductivities in the shelf and basin aquifers. The head 

differential between the shelf and basin aquifers and the Capitan 

aquifer can be expected to increase rapidly because of the continued 

withdrawal of water from water fields in New Mexico and Texas, and 

: the production of oil, gas, and waste water from reservoirs in 

measurable hydraulic communication with the Capitan aquifer. The 

differences between the heads on both sides of the zone of restric

ted transmissivity in the vicinity of the Eddy-Lea County boundary 

can also be expected to increase (fig. 24). 

-
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Apr-r-oxima.tely 90 percent of the total water produced from 

i the Capitan aquifer east of the Pecos River at Carlsbad was with

drawn from water fields in Winkler and northern Ward Counties, 

Texas. Very large volumes of waste water are also produced from 

reservoirs that are in good hydraulic conununication with the Capitan 

aquifer in the Hendrick oil field near Kermit, Texas. During a 

45-year period more than twice as much water has been produced from 

the Hendrick field as a waste by-product as has been produced from 

;the water fields supplying water to secondary recovery projects. 

The regional center of pumping for the entire Capitan aquifer system 

east of the Pecos River at Carlsbad is located a few miles west of 

Kermit, Tex. (fig. 23), where the potentiometric surface for the 

Capitan aquifer has been lowered about 700 feet (215 metres) during 

a period of approximately 45 years. The effects of pumping have 

.spread from this center southward through the Capitan aquifer to the 

,Glass Mountains, where the potentiometric surface has declined an 

estimated 300 feet (90 metres) and northward to the vicinity of the 

,boundary between Eddy and Lea Counties, New Mexico, where the poten

tiometric surface has declined an estimated 150 feet (90 metres) 

{figs. 22 and 23). 

The relationship of the withdrawal of fluid from oil and water 

fields in Winkler County and vicinity to the decline in head in the 

Capitan aquifer is shown in figure 34. The several increases in the 

rate of decline suggested by the limited data probably coincide with 

increases in production of water for use in secondary recovery 

projects. 
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An average hydraulic gradient of approximately 10 feet per mile 

(2 m/km) has been induced in the potentiometric surface of the 

Capitan aquifer between Kermit and the boundary between Eddy and 

Lea Counties. The gradient is about 25 feet per mile (5 m/km) near 

the Eddy-Lea County boundary but diminishes very rapidly to about 

6 feet per mile (1. 2 m/km) along the western margin of the Central 

Basin platform in southern Lea County, New Mexico. The average 

hydraulic gradient between Kermit and the Pecos-Brewster County 

boundary is about 7.5 feet per mile (1.4 m/km). 

The water produced from the Capitan aquifer probably was 

derived primarily from storage under water-table conditions in the 

Glass Mountains and, secondarily, from a decrease in artesian 

pressure in Pecos, Ward, and Winkler Counties, Texas, and southern 

Lea County, New Mexico. 
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Evolution of ground-water regimens 

During the latter part of the Cenozoic Era the movement of 

ground water through the rocks of Permian Guadalupian age in south

eastern New Hexico and western Texas has been controlled or in

fluenced by the fo11owing: (1) the regional and local tectonics; 

(2) the evolution of the landscape; (3) the relative transmis

sivities of the various aquifers; (4) the amount of recharge; and 

(5) the exploitation of the petroleum and ground-water resources in 

the last 5 decades (fig. 35). 
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Regimen principally controlled by regional tectonics 

The flow of ground water through the shelf, basin, and Capitan 

aquifers after the uplift of the Guadalupe and Glass Mountains but 

prior to the excavation of the Pecos River valley at Carlsbad is 

shown diagrammatically in figure 35 "A". The three aquifer systems 

• were recharged by water originating as rain or snowfall on the out-

crops along the western margin of the Delaware basin. Evidence of 

· major surface drainage within the Trans-Pecos area of southeastern 

New Mexico and western Texas has not been reported. 

Ground water moved generally eastward and southeastward through 

the shelf and basin aquifers under a gradient of probably only a few 

feet per mile toward natural discharge areas along streams draining 

to the ancestral Gulf of Mexico. Water entering the Capitan aquifer 

in the Guadalupe Mountains moved slowly northeastward and then 

eastward along the northern margin of the Delaware basin to a point 

southwest of present day Hobbs. Here it joined and commingled with a 

relatively larger volume of ground water moving northward from the 

Glass Mountains along the eastern margin of the Delaware basin. 

From this confluence, the· ground water was discharged from the 

Capitan aquifer into the San Andres Limestone, where it then moved 

eastward across the Central Basin platform and Midland basin eventually 

to discharge into streams draining to the Gulf of Mexico. 

i 

: I 
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Regimen influenced by erosion of Pecos River at Carlsbad 

Some time after deposition of the Pliocene Ogallala Formation, 

perhaps early in Pleistocene time, the headward cutting of Pecos 

River extended westward across the Delaware basin to the exposed 

soluble Ochoan beds. It then turned northward following this natural 

weakness in the sedimentary rocks to pirate the streams draining 

to the east from the Sacramento and Guadalupe Mountains (Plummer, 

1932; Bretz and Horberg, 1949b; and Thornbury, 1965). As the ex-

cavation of the Pecos River valley progressed, the hydraulic comuni-

cation with formations of Guadalupian age gradually increased until 

Event~ly, the 

hydraulic gradients in the shelf, basin, and Capitan aquifer were 

the Pecos River functioned as an upgradient drain. 

reversed along the eastern side of the Pecos River valley, and 

ground water that formerly flowed eastward was diverted westward as 

spring flow into the Pecos River (fig. 35 "B"). Water recharged to 

the same aquifers in the Guadalupe Mountains began to follow the 

.shorter path to springs in the Pecos River. Many of the solution 

:features observed in the Gua<lalupian age sedimentary rocks west of 

;the Pecos River near Carlsbad probably were initiated during this 
i 

'period. 

i 
I 
I 
I 
I 
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Move;,iiCnt of water eastward into the Capitan aquifer from the 

Guadalupe Mountains toward Hobbs was decreased by the lowering of 

the hydraulic head along the Pecos River. At the same time, a 

trough in the potentiometric surface of the shelf and basin aquifers 

began to develop east of Carlsbad, and water began to drajn into 

the Capitan from the surrounding sedimentary rocks. Meanwhile, ground 

water continued to move northward from the Glass Mountains in the 

Capitan aquifer toward a point of discharge into the San Andres Lime

stone southwest of Hobbs. This part of the aquifer was unaffected 

by the cutting of the Pecos River valley across the Delaware basin 

and the Central Basin platform. 
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Regimen influenced by exploitation of 

ground-water and petroleum resources 

Regionally, the movement of ground water in the shelf and basin 

aquifers east of the Pecos River at Carlsbad has changed very little 

as a result of the exploitation of ground water and petroleum during 

a period of approximately 50 years (fig. 35, "C"). Locally, however, 

the movement of ground water within these same aquifers is controlled 

by the effects of the numerous producing oil fields in the area. 

The shape of the regional potentiometric surface representative 

of the hydraulic head in the Capitan aquifer east of the Pecos River 

at Carlsbad has been changed significantly in response to withdrawal 

of both ground water and petroleum during the past 50 years. The 

westward movement of saline water from the Capitan aquifer in Eddy 

County east of Carlsbad into the Pecos River has been greatly dimin-

ished or eliminated by a reduction in hydraulic head. 

Similarly, the movement of water in the San Andres Limestone and 

:Artesia Group eastward across the northern part of the Central Basin 

<platform from New Mexico into Texas has been decreased. Eventually, 

ithe movement of water probably will be reversed. Water may be diverted 
i 

:from the San Andres Limestone and Artesia Group westward from Texas 
! 

.'back toward Hobbs and then into the Capitan aquifer along the western 

. i 
i 
!margin 

lof the 

of the Central Basin platform. The effects of exploitation 

ground-water and petroleum resources will continue to be the 

dominant factor influencing the movement of ground water in the Capitan 

aquifer for many years into the future. 
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Response of the Capitan aquifer to stresses 

Water-level records 

Water-level instrumentation 

The 12 observation wells located on figure 24 are equipped with 

float-operated recorders. Eleven of the observation wells are equipped 

'with graphic recorders. A continuous record of the water level is 

available on paper-strip charts for these wells. One water-level 

measurement per day is read from the strip chart, recorded for each 

of these wells, and encoded on forms from which tabulating cards are 

punched. City of Carlsbad Test Well 3 is equipped with a digital 

recorder. Values representing the level of the water in this well 

are punched into a paper tape at 15-minute intervals. The water-level 

data contained on the punched paper tape are then transferred to 

magnetic tape for further processing by digital computer. 

The depth to water from the land surface at the observation wells 

: varies from approximately 20 to 1,200 feet (6 to 365 metres). Crooked 

'holes in several of the wells cause the float line to foul on the 

: casing. The "stair steps" on the hydrographs recorded on Southwest 

I jJal Unit 1, Hackberry Deep Unit 1, and occasionally on other wells, 

I 
Jare due to fouling of the float line (fig. 24; and table 9). 

I 
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Oil influx into observation wells 

Oil from much deeper reservoirs began to seep through the 

cement plugs and to accumulate at the top of the water in the 

Yates State 1 well shortly after the well was completed in the 

Capitan aquifer. A wire-line qridge plug was set at the base of 

the intermediate casing during December 1971 and it effectively 

controlled the influx of oil (fig. 24 and table 9). 

Oil began to flow into the well column of the Hackberry Deep 

Unit 1 during the sunUDer of 1969. A wire-line bridge plug has not 

been installed in this well to control the influx of oil. Water-

level measurements and hydrographs plotted from these data have 

been adjusted for the accumulation of oil at the top of the well 

column following a procedure developed by Hiss (1973). 

I 

I 
I 



I 
I 
I 
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Hydrographs 

As discussed previously in this report, the water levels in 

observation wells must be adjusted to represent head measurements 

for a fluid of a common density and referenced to a connnon 

datum before head comparisons can be made. These adjustments of 

head data are made to account for the variation of the density of 

the water found in both the aquifer and the well-fluid columns. 

However, the changes in the unadjusted water levels can be used for 

general comparison of trends established in the aquifer. 

Water levels measured for each of the 12 observation wells, 

plus one additional well temporarily loaned to the USGS and the 

stage of Lake Tansill (Tansill Dam), are plotted in figure 24. 

Abrupt changes in the hydrograph traces (as shown during 1967 in 

the Middleton Federal B 1 observation well, for example,) are the 

result of (1) corrections for original errors in measurement; (2) 

measurements made with different instruments that do not provide a 

common reading; (3) changes in the fluid-column density caused by 

swabbing or bailing the well; and (4) fouling of the float line. 

Descriptions of the adjustments, mechanical failures, and other events 

are described in narrative comments and by well-status designations 

keyed by numerical and alphabetical codes or indexes, respectively, 

to tables (fig. 24; and table 9). 

None of the changes made to the measurements recorded in the 

observation wells have affected the major long-term trends shown 

in the hydrogrnphs. 
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Response of the Capitan aquifer to seasonal 

variations in the Pecos River valley at Carlsbad 

The demand for water for irrigation and municipal use is high-

est in the spring and summer seasons in the Pecos River valley near 

Carlsbad. Much of the water available to recharge the Capitan aquifer 

and replenish the flow of the Pecos River occurs as precipitation frcm 

thunderstorms during the late summer and early fall. Significant 

periodic declines in the potentiometric surface during the spring and 

sununer, and rises in late summer, fall, and winter result from the two 

nonsynchronous events as shown in the hydrographs from the six obser-

vation wells located nearest to the Pecos River at Carlsbad (fig. 24). 

The magnitude of fluctuations appear to be closely related to the 

amount of precipitation received in the Carlsbad area, the stage of the 

Pecos River, and the general demand for water. Rainfall in the Pecos 

River watershed was particularly heavy during August 1966, early July 

1967, late August and early September 1968, September and October of 

1969 and 1970, and September 1972. 

A major flood on the Pecos River occurred at Carlsbad coincidental 

with the prolonged period of heavy rainfall during August 1966 (Denis, 

1968). The response of the potentiometric surface to this event is 

illustrated in the hydrographs of the water levels measured in the City 

of Carlsbad Wells 10 and 13, North Cedar Hills Unit 1, and City of 
! 
.Carlsbad Test Well 3. The flood is also strikingly recorded by the 
, I 

crest-stage gage at Tansill Dam. 



The seasonal variations in the potentiometric surface of the 

Capitan aquifer in the Carlsbad area are. transmitted to all the 

Capitan aquifer observation wells in Eddy County. The magnitude 
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of the seasonal variations in head observed in the Hackberry Deep 

Unit 1 well located approximately 23 miles northeast of Carlsbad is 

much smaller than the head changes noted in the wells nearer to the 

Pecos River (figs. 24 and 25; table 8). 



I 
I 
I 
I 
I 
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Response of the Capitan aquifer to pumpage in 

Lea County, New Mexico, and Ward and Winkler Counties, Texas 

The head of the Capitan aquifer in each of 5 observation wells 

in southern Lea County has decreased at a remarkably consistent rate 

of 1.25 to 1.75 feet per mont~ (0.38 to 0.53 m/month) over a period 

of about 6 years (figs. 24 and 25; and table 8). 

A decrease in the rate of decline of water levels starting in 

the early part of 1969 was observed in the Southwest Jal Unit 1, 

Federal Davison 1, Eugene Coates 3, North Custer Mountain 1, and 

South Wilson Deep Unit 1 wells in Lea County. This change in the 

rate of decline was sensed first in March and April 1969 in the three 

southernmost wells in the observation-well network, and subsequently, 

a few months later in the two wells farther to the north. This 

change in the rate of decline is not perceptible in the Middleton 

Federal B 1 well on the western boundary of southern Lea County or 

in any of the wells in Eddy County (fig. 24). 
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·I An increase in the rate of decline was observed in the water 

levels beginning in October and November 1969 in the Southwest Jal 

Unit 1 and Federal Davison 1 wells, in February 1970 in the North 

Custer Mountain Unit 1 well, and in January 1970 in the South Wilson 

Deep Unit 1 well. 

Conversations with oil industry personnel suggested that the 

changes in the rate of decline corresponded to a decrease and a 

subsequent increase in the rate of withdrawal of water from the 

Capitan aquifer in several of the large water fields in south

eastern New Mexico and Ward and Winkler Counties, Texas. However, 

production data received from the same sources do not confirm this 

inferred cause of the fluctuations in head. 



Comparison of the hydrographs tor the Eugene Coates 3 well, 

completed in the Seven Rivers Formation, and the nearby Federal 

Davison 1 well, completed in the Capitan aquifer, confirms the 

measurable hydraulic communication between these formations in 

this area. 
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The long-tenn effect of withdrawal of oil, gas, and water from 

the Capitan aquifer and other associated reservoirs in measurable 

.! hydraulic communication on the potentiometric surface over a period 

. i of several decades can be seen by comparing the predevelopment 

potentiometric surface map to the postdevelopment map (figs. 22 

and 23). The cause and effect relationships between the production 

of fluids and decline in head are substantiated by (1) the changes 

in head observed over a period of about six years in the wells in 

the Capitan aquifer observation-well network and (2) the relation

ships between volume of water produced and the decline in head over 

a period of about 45 years in the vicinity of the Hendrick field, 

Winkler County, Texas (figs. 24, 25, and 34). 
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Significance of the differences in response 

The hydrographs may be separated into two groups with distinctly 

different trends. One group is composed of six of the observation 

wells located in Eddy County, where the water levels appear to res

pond primarily to climatic conditions and the withdrawal of water for 

municipal, industrial, agricultural, and other uses in the Pecos 

River valley. Net changes of less than 10 feet (3 metres) have been 

observed in these wells during a period of 6 years. The average 

monthly rate of change during the period of record is less than 0.05 

foot (0.015 metre) per month (fig. 24; and table 8). 

The other group includes one well in eastern Eddy County and 

five wells in southern Lea County, where water levels in individual 

wells have declined from 80 to 126 feet (24 to 38 metres). Decline 

rates of about 1 to 2 feet (0.3 to 0.6 metres) per month have been 

observed during the 6-year period, 1967-72, inclusive (fig. 24). 

The average rate of decline of about 2.5 feet (0.8 metres) per 

month in the Eugene Coates 3 well is not included in these computa

tions. The water levels in the observation wells located in Lea 

County are declining primarily in response to withdrawal of water 

from the Capitan aquifer in Lea County, New Mexico, and Ward and 

Winkler Counties, Texas. The production of fluids from adjacent 

formations of Guadalupian age that are in measurable hydraulic 

connnunication with the Capitan aquifer also contributes to the 

decline in water levels. 
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Tl.e two distinct groups of well.ti, although completed in the 

same aquifer, appear to be separated by a hydraulic discontinuity 

in the vicinity of the Eddy-Lea County boundary. The degree of the 

apparent discontinuity is unknown. The effects of natural and 

artifically induced stresses recorded in the observation wells are 

among the geologic and hydrologic evidence pointing to a sharp re

duction in the transmissivity in this area. 



i 
i 
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Withdrawal of fluids from aquifers of Guadalupian age 

Oil and gas production 

History 

Descriptions of the exploration for oil and gas and the develop-

ment of individual oil and gas fields in southeastern New Mexico and 

western Texas are available in Warner> 1939> p. 310-339; Ackers, 

DeChicchis, and Smith, 1930; DeFord and Wahlstrom, 1932; Winchester> 

1933; Carpenter and Hill, 1936; Bates, 1942b; Fancher, Whiting, and 

Cretsinger, 1954; Helmig, 1956; Nutter~ 1965; and in many other pub-

lications of the American Association of Petroleum Geologists> 

Roswell and West Texas Geological Societies> Lea County Operators 

Committee, New Mexico Oil and Gas Engineering Committee, New Mexico 

State Bureau of Mines and Mineral Resources> the Bureau of Economic 

Geology of the University of Texas, and the U.S. Bureau of Mines. 
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A few oil seeps and shows of cil encountered while drillin~ 

water wells indicated the presence of oil and gas in western Texas 

and southeastern New Mexico prior to the end of the nineteenth cen

tury. About 1900, an oil well was completed at a depth of 

1>200 feet (365 metres) approximately 13 miles (21 kilometres) 

northwest of Fort Stockton, Tex. One well drilled to a depth of 

about 900 feet (275 metres) in Permian rocks in the Pecos River 

valley near Artesia, N. Mex. in 1909 apparently yielded a few 

barrels of oil per day for more than a decade (Nutter, 1965). 

These were significant and encouraging finds, nevertheless, a 

number of test wells wer~ drilled sporadically within the study area 

without commercial success until the discovery of the Artesia field 

located east of Carlsbad in 1923. Subsequently, the Wheat field in 

Loving County, Texas was discovered in 1925, and the Hendrick field 

near Kermit, Texas was found shortly thereafter in the summer 

of 1926. 
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After these prolific discoveries, interest in the exploration 

and development of the oil and gas reserves intensified rapidly. 

As a result, most of the major oil fields producing from rocks of 

PP.rmian Guadalupian age were discovered prior to 1940. The 

majority of the pool extensions and development wells were com

pleted and some of the secondary recovery projects were initiated 

by 1950. Several of the older oil fields of importance within 

the project area are listed in table 12, along with the year the 

field was discovered (Nutter, 1965; and Herald, 195 7). The vast 

majority of the fields are located on either the western margin 

of the Central Basin platform or the Artesia-Vacuum arch on the 

Northwestern shelf (fig. 19). 



\·Table 12.--Some of the first significant oil and gas fields dis-
i 

i 
i 

State 

New Mexico 

Texas 

covered in southeastern New Mexico and western Texas 

County Field Year of 
discovery 

Eddy Artesia 1923 
Getty 1927 

Lea Maljamar 1926 
Rhodes 1927 
Hobbs 1928 
Wilson (West Eunice) 1928 
Eaves 1928 
Jal 1929 
Eunice 1929 
Vacuum 1929 
Langlie 1929 
Cooper 1929 

Loving Wheat 1925 

Winkler Hendrick 1926 
Scarborough 1927 
Kermit (Bolin) 1928 
Leck 1928 

Ward Shipley 1928 
North Ward 1929 
South Ward 1929 

Pecos Yates 1926 
Pecos Valley 

(Low gravity) 1927 
Pecos Valley 

(High gravity) 1928 
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Sources of production data 

New Mexico 
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The first records of the production of oil, gas, and waste water 

in Lea County were assembled for proration purposes and were made 

available to the public by the Hobbs Pool Operators Connnittee in 1932. 

This committee was succeeded by the Lea County Operators Committee 

in 1935 and the New Mexico Oil and Gas Engineering Committee in 1950. 

Statistical information supplied by oil companies are now tabulated 

by the New Mexico Oil Conservation Commission and published and dis

tributed by the New Mexico Oil and Gas Engineering Committee in 

monthly and annual reports. 

Complete statistical summaries containing the volume of oil, gas, 

waste water, and injected water have been available for Lea County 

since 1935. Similar records for Eddy County were first made avail

able to the public in 1942 and are difficult to obtain prior to that 

date. Accurate volumes of the petroleum produced are determined by 

either gauging the oil stock tanks or by measuring the oil or gas 

as it passes through meters into a pipeline. Until the enactment of 

stringent laws to control pollution in recent years, waste water pro

duced with oil was most often separated from the oil and gas and then 

disposed of in pits without volumetric determination. 
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?!any operators reportedly calculate the volume of produced 

waste water from water to oil ratios determined by frequent sampling 

of the oil-water mixture. However, the volume of waste water re-

ported by the operators to the regulatory agencies may be based only 

on visual estimates and may be unreliable. Gas flared or released 

at the wellhead may also be estimated or determined from gas-oil 

ratios. 

The volume of water inj ec.ted into underground reservoirs for 

waste disposal or pressure maintenance is reported to the regulatory 

agencies and published in monthly reports. The water produced from 

aquifers within the Lea County and Capitan underground water basins 

and the water injected into reservoirs in partially depleted oil-

bearing reservoirs for pressure maintenance purposes is reported to 

the New Mexico State Engineer. 

I 

I 
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Texas 

The volume of oil> gas, and condensate produced in Loving, Pecos, 

Reeves, Ward, Winkler, and other counties in Texas are compiled by 

the Oil and Gas Division of the Railroad Commission of Texas and pub-

lished annually. This information is also available from private 

' companies that specialize in the collection, tabulation, publication, 

and distribution of oil field scout reports and statistical data. 

The volume of waste water produced as a by-product of oil pro-

duction is not assembled by the Railroad Col!Ir.1ission of Texas. 

Surveys of oil field brine production and disposal were made during 

1961 and 1967 by the Texas Water Commission and the Texas Water 

Pollution Control Board (1963 and 1969). Some information describing 

the volumes of waste water produced in individual fields or oil-water 

ratios have been published in areal studies (Garza and Wesselman, 

1959; White, 1971; Armstrong and McMillion, 1961; and Carpenter and 

; Hill, 1936). Production statistics for a large part of the Hendrick 

field were obtained from private sources. 

In order to supplement the meager information available con-
I 

j cerning the volume of produced waste water, individual oil compa-
, 

I nies were canvassed by mail and asked to supply historical oil
! 
\water ratios for a number of fields in which they operated produ-

I cing leases. The oil-water trends established from data obtained 

in this survey were then combined with published oil-production data 

and used to compute the amount of waste water produced from oil 

fields in the five Texas counties. 
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Large volumes of ground water are being produced from the 

Cenozoic, Rustler, Santa Rosa, and Capitau aquifers and used as 

injection water (Guyton, 1965). Some of the statistical data needed 

to determine the total amount of water produced from these water 

fields was derived from the biennial reports published by the Texas 

Petroleum Research Committee (1952-1968). However, most of the 

needed information was acquired directly from the individual compa

nies engaged in suppling water for secondary recovery projects. 



Volume of oil> gas, and water removed or injected 

Computation of volumes 

The total volume of oil, gas, water, and condensate that had 

been produced or injected into an individual oil, gas, or water 
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field each year were extracted from all the available statistical 

reports and encoded for further processing with a digital computer. 

The volume of waste water produced in each of the oil fields in Texas 

was computed using the oil-water ratios obtained from the oil indus

try. Various summary reports were then prepared using these data 

(figs. 36-38; and table 13). 

Within each state, a number of oil fields have been combined, 

separate pools have been created within fields, names changed, and 

field boundaries altered throughout the past 45 years. Consequently, 

it is often difficult to compute the total volume of fluid produced 

from any one geographic area. The changes appear to be confined to 

within county boundaries, probably due to considerations of tax 

liabilities. Therefore, the production totals for each county should 

be reasonably accurate. 
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of fluid produced 
formations of 

Permian Guadalupian age in Eddy and Lea Counties, New Mexico, 
and Loving, Pecos, Reeves, Ward, and Winkler Counties, Texas. 
Volumes were determined under surface conditions, i.e., stock-tank 
barrels or cubic feet under one atmosphere of pressure. 
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Table 13.--Volume of fluid produced from or injected into formations of Permian Guadalupian age 

in Lea and Eddy Counties, New Mexico, and Loving, Pecos, Reeves, Ward, and Winkler 
1/ 

Counties, Texas -

1920-29 1930-39 1940-49 1950-59 1960-69 
County Cumulative Cumulative Cumulative Cumulative· Cumulative 

New Mexico 

Eddy County 

Water 

Industrial -- (--;--) -- ( -- ; --) 4.4 ( J3.8; 5.4) 25.2 (196 ; 31 ) 35.8 ( 278 ; 44 
(Capitan aquifer) - (-:--) -- ( -- ; --) 4.4 ( 33.8; 5.4) 29.6 (230 ; 37 \ 65.4 ( 508 ; 81 

Irrigation 4.5 (34. 7; 5.5) 9.8 ( 76,3; 12 ) 26.5 (206 ; 33 ) 57.2 (444 ; 71 ) 52.7 ( 409 ; 65 
(Capitan aquifer) 4.5 (34. 7; 5,5) 14,3 (111 ; 18 ) 40,8 (317 ; -- ) 98.0 (761 ; 121 ) 151 (1,170 ; 186 

Municipal 5,1 (39.8; 6.3) 9,2 ( 71.2; 11 ) 23.2 (180 ; 50 ) 56.7 (440 ; 70 ) 68.1 ( 529 ; 84 
(Capitan aquifer) 5.1 (39.8; 6,3) 14,3 (111 ; 18 ) 37,5 (291 ; 46 ) 94.2 (731 ; 116 ) 162 (1,260 ; 200 

Petroleum waste -- (--;--) -- ( -- ; -- ) .8 ( 6.2; LO) 4.2 ( 32.7; 5,2) 14,6 ( 113 ; 18 
-- (--:--) - ( -- ; -- ) .8 ( 6.2; 1.0) 5.0 ( 38.9; 6.2 ) 19.6 ( 152 ; 24 

Secondary recovery 

Produced - (--;--) -- ( -- ; -- ) - ( -- ; -- ) • 3 ( 2.4; ,38) • 3 ( 2.2; 
(Capitan aquifer) -- (-;--) - ( -- ; -- ) -- ( -- ; -- ) .3 ( 2.4; .38) • 6 ( 4.6; 

Injected -- ( ·-- ; -- ) - ( -- ; -- ) -- ( -- . -- ) .6 ( 4,0; .64) 145 (l,130 ; 180 . 
-- (-;--) -- ( -- ; -- ) -- ( -- ; -- ) . 6 ( 4.0; .64) 146 (l,200 ; 191 

Petroleum -- ( -- ; -- ) -- ( -- ; -- ) 4.2 ( 32.2; 5,1) 6.1 ( 47.2; 7.5 ) 10.9 ( 85 ; 14 
- ( -- ; -- ) -- ( -- ; -- ) 4.2 ( 32. 2; 5,1) 10.2 ( 79.4; 13 ) 21.1 ( 164 ; 26 

Gas - -- 11, 2 (0,32) 40.1 ( 1.1) 98.9 ( 2, 8) 
- -- 11.2 ( , 32) 51. 3 ( 1.4) 150 ( 4.2) 

) 
) 

) 

) 

) 
) 

) 
) 
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) 
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Table 13.--Volume of fluid produced from or injected into formations of Permian Guadalupian age 

in Lea and Eddy Counties, New Mexico.and Loving, Pecos, Reeves, Ward, and Winkler 

Counties, Texas - Continued 

1920-29 1930-39 1940-49 1950-59 1960-69 
County Cumulative Cumulative Cumulative Cumulative Cumulative 

New Mexico - Continued 

Southern Lea County 

Water 

Petroleum waste - ( -- ; -- ) 17.0 (132 ; 21 33,9 (263 ; 42 ) 41.4 (321 ; 51 ) 58.7 ( 456 ; 72 ) 

-- ( - ; -) 17.0 (132 ; 21 50,9 (395 ; 63 ) 92,3 (716 ; 114 ) 151 (l, 170 ; 186 ) 

Secondary recovery 

Produced -- ( -- ; -) -- ( -- ; -- -- ( -- ; -- ) -- ( - ; - ) 2.8 ( 21. 5; 3.4) 
(Capitan aquifer) - ( - ; -- ) - ( -- ' -- ( -- ; -- ) -- ( -- ; -- ) . 2. 8 ( 21.5; 3.4) 

Injected - ( -- ; -- ) - ( -- ; -- -- ( -- ; -- ) 1. 3 ( 9.9; 1.6) 161 (1,250 ; 199 ) 

-- ( - : -- ) - ( -- ;- -- ( -- ; -- ) 1. 3 ( 9.9; 1. 6) 162 (1, 260 ; 200 ) 

Petroleum 0,13 (l,01; 0,16) 23.8 (185 ; 29 43.6 (338 ; 54 ) 38,5 (299 ; 48 ) 38.3 ( 297 ; 47 ) 
.13 (1. 01; , 16) 23.9 (186 ; 30 67.S (524 ; 83 ) 106 (823 ; 131 ) 144 (1,120 ; 178 ) 

Gas -- 377 ( 10, 7) 1,180 ( 33.4 ) 2,380 ( 67.4) 2,190 ( 62 ) -- 377 ( 10,7) 1,560 ( 44.2 ) 3,940 (112 ) 6,130 ( 174 ) 

Teitas 

Loving County 

Water 

Petroleum waste • 03 ( • 25; .04) 1.06 ( 8.2; 1.3 .5 ( 3.2 ; .58 1. 9 ( 14.9; 2.4) 4.1 ( 32.1; 5,1) 
,03 ( .25; .04) 1.1 ( 8.4; 1. 3 1. 6 ( 12.l ; 1. 9 3.5 ( 27.0; 4.3) 7.6 ( 59.1; 9.4) 

Secondary recovery 

Produced -- ( -- ; -- ) -- ( -- ; -- -- (- ; -- - ( -- ; -- ) -- ( - ; -- ) 
(Capitan aquifer) - ( -- ; -- ) -- ( -- . -- ( -- ; -- -- ( -- ; -- ) -- ( -- ; - ) 

) 

w 
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Table 13.--Volume of fluid produced from or injected into formations of Permian Guadalupian age 

in Lea and Eddy Counties, New Mexico, and Loving, Pecos, Reeves, Ward, and Winkler 

Counties, Texas - Continued 

1920-29 1930-39 1940-49 1950-59 1960-69 
County Cumulative Cumulative · Cumulative Cumulative Cumulative 

Texas - Continued 

Loving County - Continuec 

Water - Continued 

Secondary recovery 

Injected - ( - ; -- ) -- ( -- ;- ) - ( - ; - ) 0.3 ( 2.2; 0,35) 3.45 ( 26.8 ; 4, 3) - (-; -- ) - (- ; -- ) -- ( -- ; - ) '3 ( 2.2; ,35) 3,73 ( 29.0 ; 4.6) 

Petroleum 0.03 (0.32; 0.05) 1,06 ( 8.2; 1.3 ) 0.5 ( 3.5; 0.56) 1.4 ( 11. 2: l, 8 ) 4.12 ( 32.0; 5.0) 
• 03 ( .32; .OS) l, l ( 8.6; 1.4 ) 1,6 ( 12.1; 1. 9 ) 3.0 ( 23.3; 3,7 ) 7.12 ( 55.3 ; 8. 8) 

Gas - -- -- .01 ( ,0003) ·18. o ( .51) 
- - - ,01 ( .0003) 18.0 ( .51) 

Pecos County 

Water 

Irrigation - ( - ; -- ) -- (- ; -- ) - ( -- ; - ) 10.5 ( 81.4 ; 12,9) 25.2 ( 196 ; 31.2) 
(Capitan aquifer) - ( - ; -) -- ( -- ; -- ) - ( -- ; -- ) 10,5 ( 81.4; 12,9 ) 35.7 ( 277 ; 44. 0) 

Irrigation - (-; -- ) -- ( -- ; -- ) 14.9 ( 116 ; 18.4) 82. 7 (642 ; 102 ) 90.4 ( 702 ; 112 ) 
(San Andres - ( - ; -) - ( -- ; -- ) 14,9· ( 116 ; 18.4) 97. 6 (758 ; 121 ) 188 (l,460 ; 232 ) 

Formation) 

Petroleum waste - ( - ; -) ,18 ( 1.4; ,22) .56 ( 4.4; .69) 4. 0 ( 30. 9 ; 4.9) 5.3 ( 40.9 ; 6.5) 
-- ( - ; -- ) ,18 ( 1.4; ,22) .74 ( 5,8; ,92) 4,7 ( 36.7; 5.8 ) 10.0 ( 77.6 ; 12.3) 

Secondary recovery 

Produced -- ( - ; -) - ( -- ; -- ) - ( -- ; -- ) -- ( -- ; - ) -- ( -- ; -- ) 
(Capitan aquifer) - ( - ; -- ) -- (- ; -- ) -- ( -- ; -- ) -- ( -- ; -- ) -- ( - ; - ) 

Injected - ( - ; -) - ( -- ; -- ) .01 ( .03; ,005) 8. 2 ( 63 .s ; 10,1 ) 18.6 ( 145 ; 23.0) 
- ( -- ; -) -- (- ; -- ) .01 ( .03; .005) 8. 2 ( 63 .5 ; 10,1) 26.8 ( 208 ; 33.0) w 

...... 
co 
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-Table 13 ~:..-volume of fluid produced from or injected into formations of Permian Guadalupian age -

in Lea and Eddy Counties, Hew Mexico,and Loving, Pecos, Reeves, Ward, and Winkler 

Counties. Texas - Continued 

1920-29 1930-39 1940-49 1950-59 1960-69 
County Cumulative Cwnulative Cumulative Cumulative Cumulative 

Texas - Continued 

Pecos County - Continued 

Petroleum 0.01 ( 0.04; 0.01) 0.44 ( 3.4; 0,54) 1.1 ( 8.1; 1.2 ) 3.5 ( 36.8; 4.3) 2.4 ( 18.9; 3.0) 
.01 ( .04; .01) .44 ( 3.4; ,55) 1.5 ( 11. 5; 1.8 ) 4.9 ( 38.3; 6.1) 7.4 ( 57.2 ; 9.1) 

Gas - -- • 7 ( .02) 12.0 ( ,34) 71.8 ( 2.03) 
- -- • 7 ( .02) 12.7 ( .36) 84.S ( 2.39) 

Reeves County 

Water 

Petroleum waste - ( - ; -) -- ( -- ; -- ) .17 ( 1.3; .21) 1,3 ( 10.4; 1. 6 ) 2.4 ( 18,5 ; 2.9) 
- ( -- ; -) -- ( - ; -- ) .17 ( 1.3; .21) 1.5 ( 11. 7; 1. 9 ) 3.9 ( 30.2 ; 4.8) 

Secondary recovery 

Produced -- ( -- ; -- ) - ( -- ; -- ) -- ( -- ; - ) -- ( -- . -- ) -- ( -- ; -- ) . 
(Capitan aquifer) - ( -- ; -- ) -- ( - ; -- ) -- ( -- . . -- ) -- ( -; -- ) -- ( - ; -- ) 

Injected -- ( - ; -) -- ( -- ; -- ) - ( -- ; -- ) -- ( -- ; -- ) 3.0 ( 23.2 ; 3.7) 

-- ( -- ; -- ) -- ( -- ; -- ) -- ( -- ; - ) -- ( -- ; -- ) 3.0 ( 23.2; 3. 7) 

Petroleum - ( -- ; -- ) -- ( -- ; -- ) .18 ( 1. 4; .22) 1. 3 ( 9.8; l. 6 ) 2.s ( 19.6 ; 3.1) 
- ( -- ; -- ) -- ( -- ; -- ) .18 ( 1.4; .22) 1.4 ( 11. 2; 1.8 ) 4.0 ( 30.8 ; 4.9) 

Gas 

Produced -- -- ,04 ( ,0012) 2.0 ( .057) 71. 7 ( 2.03) 
- -- ,04 ( • 0012) 2.0 ( . 057) 73, 7 ( 2.09) 

Injected - -- -- 99 ( 2.8 ) -- -
-- -- -- 99 ( 2.8 ) 99 ( 2.8 ) 

w 
f--1 
\0 
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Table 13.--Volume of fluid produced from or injected into formations of Permian Guadalupian age 

in Lea and Eddy Counties, New Mexico,and Loving, Pecos, Reeves, Ward, and Winkler 

Counties, Texas - Continued 

1920-29 1930-39 1940-49 1950-59 1960-69 
County Cumulative Cumulative Cumulative Cumulative Cumulative 

Texas 

Ward County 

Water 

PetroleU111 waste - (- ; -- ) o.ss ( 4.2; 0.67) 3.0 ( 23.5; 3.7 ) 21.0 (163 ; 25,9) 84.4 ( 655 ; 104 ) 

- ( -- : -- ) ,55 ( 4.2; . 67) 3.6 ( 27.7: 4.4) 24.6 (191 ; 30,4) 109 ( 846 ; 135 ) 

Secondary recovery 

Produced -- ( -- : -- ) -- ( -- ; -- ) -- ( -- ; -- ) 17.2 (133 ; 21.1) 123 ( 956 ; 152 ) 
(Capitan aquifer) -- ( -- ; -- ) -- ( -- ; -- ) -- ( -- ; -- ) 17.2 (133 ; 21.1 ) 140 (1, 090 ; 173 ) 

Injected -- { -- ; -- ) -- ( -- ; -- ) ,57 ( 4.4; .70) 64.0 (497 ; 79,0) 169 (1,310 ; 208 ) 

-- (- ; -- ) -- ( -- ; -- ) ,57 ( 4.4; , 70) 64.5 (501 ; 79.7) 233 (1, 810 ; 288 ) 

Petroleum 0,06 ( 0.44; 0.07) 7.1 ( 55,0; 8.7 ) 7.4 ( 57.6; 9.2 ) 17.3 (134 ; 21. 3 ) 25,4 ( 197 ; 31.3) 
.06 ( ,44; ,07) 7.1 ( 55.4; 8.8) 14.6 (113 ; 18.0) 31. 8 (24 7 ; 39.3 ) 57.2 ( 444 ; 70.6) 

Gas 

Produced ,30 ( .01) . 61. 7 ( 1. 75) 144 ( 4,1) 8.7 ( ,25) 46.0 (1. 3) 
.30 ( ,01) 62.0 ( 1. 76) 206 ( 5,8) 215 (6,1) 265 (7. 5) 

Injected -- -- 6.1 ( ,17) 1. 7 ( .OS) ---- -- 6.1 ( .17) 7.9 ( ,22) 7.9 ( .22) 

w 
N 
0 



Tab-ie f3~:...:.:.voiume of fluid produced from or injected into formations of Permian Guadalupian age 

in Lea and Eddy Counties, New Mexico. and Loving, Pecos, Reeves, Ward, and Winkler 

Counties, Texas - Concluded 

1920-29 1930-39 1940-49 1950-59 1960-69 
County Cumulative Cumulative Cumulative Cumulative Cumulative 

Texas 

Winkler County 

Water 

Petroleum waste 9.8 ( 75.7 ; 12.0) 141 (1,090 ; 173 ) 156 (1, 210 ; 192 ) 234 (1,810; 288 ) 357 (2, 770; 440 ) 

9.8 ( 75.7 ; 12,0) 151 (1,170 ; 186 ) 307 (2,380 ; 378 ) 541 (4,190; 666 ) 898 (6, 970; 1,108 ) 

Secondary recovery 

Produced -- ( -- ; -) -- ( -- ; -- ) -- ( -- ; -- ) 14,2 ( llO; 17.5) 139 (1, 080; 172 ) 

(Capitan aquifer) - ( -- ; -- ) -- ( -- ; -- ) -- ( -- ; -- ) 14.2 ( llO; 17. 5) 153 . (l,190; 189 ) 

Injected -- (- ; -- ) -- ( - ; -- ) ,49 ( 3.8; , 60) 35,0 ( 272; 43, 2) 114 ( 884; 141 ) 

- (- ; -- ) -- ( - ; -- ) .49 ( 3.8; .60) 35,5 ( 276; 43, 9) 149 (l ,160; 184 ) 

Petroleum 14.6 (113 ; 18,0) 16,5 ( 128 ; 20,3) 10,9 ( 85 ; 13.5 ) 11.1 ( 86; 13, 7) 16,1 ( 125; 19.9) 
14.6 (113 ; 18. 0) 31.1( 241 ; 38.3) 42.0 ( 326 ; 51. 8 ) 53,1 ( 412; 65.5) 69.2 ( 537; 85.4) 

Gas 

Produced - 12,7 ( .36) 93.9 ( 2. 7 ) 80. 7 (2,3) 116 (3.3) 
-- 12,7 ( .36) 107 ( 3.0 ) 188 (5. 3) 304 (8.6) 

Injected -- -- .83 ( • 024) 14. 7 ( .42) 34.7 ( .98) 
-- -- .83 ( .024) 15,5 ( .44) 50.2 (1.4) 

1/ Water and oil in thousands of acre-feet (millions of barrels; millions of cubic metres); gas in billions of cubic feet (billions of cubic metres), 
- All volumes were determined at surface conditions. 

) 

w 
N ,.... 



'i 

322 

Volume of oil and gas produced 

The cumulative volumes of oil and gas produced in the seven 

counties within the project area are shown graphically in figures 36 

and 37, and tabulated in table 13. The volume of oil produced in all 

seven counties has gradually and consistently increased during the 

past 20 to 30 years. The rate of increase in oil production is less 

in Winkler County after 1933 than in the other six counties. 

A substantial part of the total amount of oil produced in 

Winkler County came from the Hendrick field. The maximum rate of 

oil production was reached early in the life of this field, followed 

by a very rapid decline (fig. 36). A total of approximately 310,400 

acre-feet (2,410,000,000 barrels; 383,000,000 cubic metres) of oil 

has been produced in the seven counties in southeastern New Mexico 

and western Texas. Of this amount, 145,500 acre-feet (1,130,000,000 

barrels; 180,000,000 cubic metres) or 47 percent of the total was 

produced from oil fields in Loving, Pecos, Reeves, Ward, and Winkler 

Counties, Texas; and the remainder, 165,000 acre-feet (1,280,000,000 

barrels; 204,000,000 cubic metres), or 53 percent, was produced from 

oil fields in Eddy and Lea Counties, New Mexico. Oil was being 

produced at an average annual volume of 4,380 acre-feet (34,000,000 

barrels; 5,400,000 cubic metres) and 5,150 acre-feet (40,000,000 

barrels; 6,360,000 cubic metres) per year in the project area in 

Texas and New Mexico, respectively, during the period 1965-69. 



323 

Production of oil in secondary recovery projects 

Oil has been produced continually from many of the oil fields 

in southeastern New Mexico and western Texas for more than 45 years. 

The original expelling force created by expansion of the gas dis-

solved in oil in many of the oil fields was depleted very rapidly 

before R~re than a minor fraction of the original oil in place in 

the reservoir was recovered. Substantial additional oil> frequently 

as much as had been produced by primary methods, has been produced 

from many of the fields by application of secondary recovery tech-

niques to maintain, restore> or increase the pressures in the 

partly depleted reservoirs. 

Waterflooding, a secondary recovery method involving the injec-

tion of water to increase reservoir pressure, has been particularly 

successful within the project area. Water is introduced under 

pressure through injection wells into the oil-bearing reservoir rock. 

The remaining oil is then displaced, theoretically pushed as a bank 

through the porous medium, toward the cones of lower pressure at the 

producing wells. Recovery of oil is enhanced if the rock surfaces 

are preferentially wet by the water as it displaces oil from oil-wet 

surfaces (Uren, 1939, p. 444; and Levorsen, 1967). The productive 

life of a field is often prolonged 5 to 10 or more years by water-

flooding. 
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Gao injection secondary recovery projects were initiated in 

' • J 
: l the Shipley field, Ward County in 1930 and in the Langlic-lfattix 

field, Lea County in 19lfl (Fancher, Whiting, and Cretsinger, 1954; 

and Davis, 1942). Waterfloods were started on units in the Kermit 

field in Winkler County in 1943, the South Ward field in Ward County 

and the Pecos Valley Low and High-Gravity fields in Pecos County in 

1949. By 1952, three gas-injection and 23 waterflood projects were 

active in Loving, Pecos, Reeves, Ward, and Winkler Counties> Texas. 

Fifteen years later, more than 250 secondary recovery projects, most 

of which were waterfloods, were operating in the same area (Texas 

Petroleum Research Committee, 1968). 

The first waterflood in the New Mexico part of the study area 

was started in the Shugart field in 1952 (New Mexico Oil and Gas 

Association, 1966, p. 6). The number of waterfloods in operation in 

Eddy and Lea Counties rapidly increased to 24 in 1960, to 100 in 

1965, and to approximately 185 by the latter part of 1969. 

Fancher, Whiting, and Cretsinger (1954) estimated the remaining oil 

reserves in reservoirs of several geologic ages in Loving, Pecos, 

Reeves, Ward, and Winkler Counties, Texas, as of 1952, to be 

ap,proximately 121,700 acre-feet (945,000,000 barrels; 150,000,000 

cubic metres), recoverable by primary methods; and 98,700 acre-feet 

(766,000,000 barrels; 122,000,000 cubic metres), recoverable by 

secondary methods. 
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\-;'J~cr from the Capitan aquifer is being exported from Winkle::: 

County to Andrews an<l Ector Counties, Texas where it is injected 

into partly depleted reservoirs in a number of oil fields 

(Brackbill, and Gaines, 1964). Operators of waterfloods located in 

Crane and Gaines Counties reportedly are also potential users of 

water fr.om the Capitan aquifer. Similar estimates of oil reserves 

for these four counties indicated that approximately 341,300 acre

feet (2,650,000,000 barrels; 421,000,000 cubic metres) and 304,400 

acre-feet (2,363,000,000 barrels; 375,700,000 cubic metres) are 

recoverable by primary and secondary production methods, respectively. 

Wells completed in the Capitan aquifer probably will be the 

source of much of the large quantity of water required for secondary 

recovery purposes. Other sources will be recycled waste water and 

new water pumped from the Santa Rosa, Rustler, San Andres, and 

Cenozoic aquifers. By the end of 1969, more than 416,000 acre-feet 

(3,230,000,000 barrels; 514,000,000 cubic metres) of water had been 

injected into reservoirs of several geologic ages in the five Texas 

counties within the project area. 



The New Mexico Oil and Gas Association (1966) estimated 

reserves of recoverable oil in southeast~rn New Mexico during the 

next two decades to be: primary--23,200 acre-feet (180,000,000 

barrels; 28,600,000 cubic metres); and secondary--77,300 acre-

326 

feet (600,000,000 barrels; 95,400,000 cubic metres). An estimated 

979,000 acre-feet (7,600,000,000 barrels; 1,208,000,000 cubic metres) 

of water would have to be injected in waterfloo<ls at an average 

rate of 45,600 acre-feet (354,000,000 barrels; 56,300,000 cubic 

metres) per year in order to produce the additional 600 million 

barrels (95,400,000 cubic metres) of oil recoverable by secondary 

methods. Approximately 45 percent of the required water would have 

to be new or "make-up" water, and the remainder would be recycled 

waste water. 

Water is being pumped from the Ogallala, Rustler, Santa Rosa, 

San Andres, and Capitan aquifers in southeastern New Mexico for 

use in waterfloods. Yields from wells in the Ogallala, San Andres, 

and Capitan aquifers were considered by the New Mexico Oil and Gas 

Association to be adequate to support full-scale waterflood 

projects. More than 307,000 acre-feet (2,390,000,000 barrels; 

380,000,000 cubic metres) of water have been injected into reser

voirs of several different geologic ages in active waterfloods in 

southeastern New Mexico through the end of 1969. Approximately 

73,300 acre-feet (569,000,000 barrels; 90,500,000 cubic metres) of 

water was injected in waterfloods during 1969. The volume of 

water being injected per year in Eddy and Lea Counties is increas

ing very rapidly (fig. 36). 



Water production 

Waste-water production in oil fields 
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Large amounts of waste water have been produced from the 

Artesia Group and San Andres Limestone in several of the oil fields 

located along the southern edge of the Northwestern shelf and 

western and northern margins of the Central Basin platform. Water

oil ratios during the life of production in these fields average 

1.7:1 and 12:1 in Lea and Eddy Counties, respectively, and are much 

smaller than the water-oil ratio of 25:1 in the Hendrick field in 

Winkler County. The cumulative volumes of waste water and oil pro

duced from several of these fields are given in table 14. The small 

fields in Eddy County and the Hobbs and Cooper-Jal (Jalmat) fields 

have strong water drives (Schuehle, 1942, p. 229; and Miller, and 

Bates, 1942, p. 201). A combination of solution gas and water

drive forces are probably active in the reservoirs in the other 

fields listed in table 10. 

Until recently, most of the waste water was placed in earthen 

"evaporation" pits, where much of it seeped into the shallow 

aquifers (Nicholson and Clebsch, 1961, p. 102; Garza and Wesselman, 

1962, p. 25; Gilkey and Stotelmeyer, 1965, p. 11-26; and White, 1971, 

p. 51). Nearly all of the waste water is now collected and trans

ported by truck or pipeline systems to other storage areas, often in 

areas remote from the source. The waste water then is either 

injected into aquifers selected as waste repositories or into oil

bearing reservoirs as secondary recovery floodwater. 
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Table 14.--Selected oil fields in Lea and Eddy Counties, New Mexico.with relatively 

large water-oil ratios 

Field Cumulative volume produced through 1969, 
County and in acre-feet (bbls; hm3) 

reservoir oil water 

Eddy Benson--Yates Formation 31. 6 (245,000; 0.039) 197.l (1,530,000; 0.243) 

Barber--Yates Formation 153.3 (1,190,000; .189) 1,494.1 (11,600,000; 1.843) 

Dos Hermanos--Yates and 149.4 (1,160,000; .184) 1,983.5 (15,400,000; 2.447) 
Seven Rivers Formation 

Getty--Yates Formation 172.6 (1,340,000; . 213) 5,499.8 (42,700,000; 6.784) 

Magruder--Yates Formatior l. 3 (10,300; .002) 30.0 (233,000; . 370) 

PCA--Yates Formation 77. 9 (605,000; . 096) 378.7 (2,940,000; .467) 

Russell--Yates Formation 284.6 (2,210,000; .351) 678.8 (5,270,000; . 837) 

Lea Eumont--Yates, Seven 3,838.2 (29,800,000; 4. 734) 5,267.9 (40,900,000; 6.498) 
Rivers, and Queen 
Formations 

Eunice--Grayburg Form- 14,296.8 (111,000,000; 17.635) 12,364.8 (96,000,000; 15.252) 
ation and San Andres 
Limestone 

Eunice South--Seven 3,155.6 (24,500,000; 3.892) 3,954.2 (30,700,000; 4.878) 
Rivers and Queen 
Formations 

Water to 
oil ratio 

6. 2: 1 

9.7:1 

13. 3:1 

31. 9: l 

22.6:l 

4.9:1 

2.4:1 

1. 4: l 

. 9: 1 

1. 3: l 

w 
N 
00 



Table 14.--Selected oil fields in Lea and Eddy Counties, New Mexico,with relatively 

large water-oil ratios - Concluded 

Field Cumulative volume produced through 1969, 
County and in acre-feet (bbls; hm3) 

reservoir oil water 

Lea Hobbs--Grayburg Form- 25,760.0 (200,000,000; 31.775) 16,357.6 (127,000,000; 20.177 
mation and San Andres 
Limestone 

Jalmat--Yates, Seven 8,668.2 (67,300,000; 10.692) 51,004.8 (396,000,000; 62.914: 
Rivers and Tansill 
Formations (formerly 
Cooper--White Lime; 
Jal--White Lime; and 
Cooper-Jal--Yates and 
Seven Rivers Forma-
tions) 

Monument--Grayburg Form- 10,870. 7 (84,400,000; 13.409) 21,896.0 (170,000,000; 27.009. 
ation and San Andres 
Limestone 

Wilson--Yates and 826.9 (6,420,000; 1. 020) 1,841. 8 (14,300,000; 2.272 
Seven Rivers Forma-
tions 

.) 

,fater to 
oil ratio 

0.6:1 

5.9:1 

2.0:1 

2.2:1 

w 
N 
I.O 
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Hendrick field 

The discovery well in the Hendrick field, northeast of Wink 

in central Winkler County, one of the most prolific oil fields in 

western Texas, was completed in late 1926 (Carpenter and Hill, 1936, 

p. 123). Development of the field was rapid, and more than 600 wells 

had been drilled by early 1930 within an area encompassing approxi

mately 10,000 acres. In May 1928, when the Hendrick field became 

the first field to be prorated in Texas, about 164 wells were pro

ducing more than 500,000 barrels (79,000 cubic metres) of oil and 

waste water per day. Sulfurous water ranging in amounts from 0.5 

_to 98 percent of the total fluid was produced in nearly half of 

these wells (Ackers, DeChicchis and Smith, 1930, p. 941). More 

than 130 million barrels (20,700,000 cubic metres) of oil had been 

produced by 1930, and water-oil ratios of as high as 16:1 were 

reported from estimated daily production records (Carpenter and 

Hill, 1936, p. 134). Data obtained from one of the largest opera

tors in the Hendrick field indicate that waste water was being 

produced at sharply increasing rates and already constituted 

95 percent of the total fluid produced in 1934. The ratio of 

water to oil gradually increased during the next ten years, until 

the percentage of waste water became a relatively constant 99 per

cent of all fluid produced from 1944 to 1960. 
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.iu 1957> only a very small fraction of the Hendrick field 

waste water was being recycled in waterflooding projects. Most of 

this waste water was placed in surface pits or in a communal dis

posal lake near Wink, Tex. (Garza and Wesselman, 1959> p. 45). As 

the number of waterflood projects increased in the sixties, more of 

this produced waste water was injected for secondary_ recovery pur

poses. Most of it continued to be disposed of in the usual manner, 

until laws were passed to preclude the disposal of brine effluent in 

earthen surface pits. 

Extrapolation of the earliest available pressure data for the 

Hendrick field indicates an original bottom-hole pressure in excess 

of.1,350 psi (pounds per square inch), or about 3,120 feet of fresh

water head above mean sea level. An original "rock pressure" of 

1,300 pounds for the Hendrick field was reported in Ackers, 

DeChicchis, and Smith (1930 p. 923). The hydraulic head in the 

Hendrick field had declined to less than 2,500 feet above mean sea 

level by 1969. The slow but consistent decline in reservoir pres

sure in conjunction with the high water-oil ratio in the fluid 

produced indicates the field is being produced under strong water

drive reservoir conditions (fig. 34). 
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Approximately 32,000 acre-feet (250>000,000 barrels; 39,700,000 

cubic metres) of oil and an estimated 810,000 acre-feet 

(6,300,000,000 barrels; 1,000,000,000 cubic metres) of water have 

been produced from the Hendrick field through 1969. An average of 

over 28,000 acre-feet (218,000,000 barrels; 34,700,000 cubic metres) 

of water per year was produced from the Hendrick field during the 

5-year period, 1965-69. About 200 million, or about 80 percent, of 

the 250 million barrels (39,700,000 cubic metres) of oil recovered 

through 1969 had been produced by the end of 1939. More than 58 per-

cent of the total waste water produced from Permian Guadalupian for-

mations as a waste by-product of the exploitation of oil and gas 

within the project area was produced from the Hendrick field. 

About 10 percent of the total oil produced from the same fonnations 

in this seven-county area has been produced from the Hendrick field. 

The quality of water produced from the nearby water fields com-

pleted in the Capitan aquifer is identical to that from the Hendrick 

field. The reservoir pressures in the same water fields and the 

Hendrick field are similar and are apparently declining at similar 

rates (fig. 34). Thus, the hydraulic communication between the 

reservoir in the Hendrick field and the Capitan aquifer appears to 

be excellent. Therefore, most of the water produced from the 

Seven Rivers and Yates Fonnations in this field, can be considered 

as having been produced from the Capitan aquifer. 
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Volume of waste water produced 

A total of approximately 1,390,000 acre-feet (10,800,000,000 

barrels; 1,720,000,00~ cubic metres) of water has been produced as 

a waste by-product during the production of oil and gas in the seven

county area studied in southeastern New Mexico and western Texas. 

About 170,000 acre-feet (1,320,000,000 barrels; 210,000,000 cubic 

metres), or 12 percent, was produced in Eddy and Lea Counties and 

1,220,000 acre-feet (9,440,000,000 barrels; 1,500,000,000 cubic 

metres), or 88 percent, was produced from oil fields in Loving, 

Pecos, Reeves, Ward, and Winkler Counties. Waste water was being 

produced at an annual average volume of 8,600 acre-feet (6~,600,000 

barrels; 10,600,000 cubic metres) and 54,400 acre-feet (422,000,000 

barrels; 67,090,000 cubic metres) in the same counties in New Mexico 

and Texas, respectively, during the period 1965-69. 
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Production of water from the Capitan aquifer 

Oil industry use 

The Capitan aquifer is considered to be the prime source of 

the large quantities of water for the many secondary recovery 

projects now in operation or planned for the oil fields on the 

Northwestern shelf and Central Basin platform. The El Capitan, 

Grisham-Hunter, and O'Brien fields, largest of the nine water fields 

completed in the Capitan aquifer, are located in Winkler and Ward 

Counties (fig. 19). 

Water produced from the Capitan aquifer in the Russell and 

Jalmat water field in New Mexico is injected into shallower reser-

voirs in the Artesia Group within the same local area. Water 

produced from the Capitan aquifer in the other seven principal 

water fields is transported through a network of pipelines for vary-

ing distances to other fields, where it is injected into reservoirs 

of several geologic ages (Brackbill and Gaines, 1964). Wells in the 

O'Brien field are completed in the lower part of the Capitan aquifer 

which, at this locality, includes carbonate banks or reefs in the 

upper part of the San Andres Limestone (fig. 7 E-E'). 

I 
! 
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Approximately 296,200 acre-feet (2,300,000,000 barrels; 

366,000,000 cubic metres) of water have been produced from the 

Capitan aquifer in Eddy and Lea Counties, New Mexico and Ward and 

Winkler Counties, Texas, during the period 1954-69 for use in oil 

field secondary recovery projects (table 15 and fig. 38). Nearly 

264,000 acre-feet (2,050,000,000 barrels; 326,000,000 cubic metres), 

or more than 89 percent, was produced from wells in the Capitan, 

Grisham-Hunter, and O'Brien fields. Approximatley 40,700 acre-feet 

(316,000,000 barrels; 50,200,000 cubic metres) of water were produced 

from all the nine fields completed in the Capitan aquifer during 

1969. About 37,400 acre-feet (290,000,000 barrels; 

46,000,000 cubic metres) of water were produced from the 

El Capitan, Grisham-Hunter and O'Brien fields during the same 

period. 

The demand for water from the Capitan aquifer for secondary 

recovery purposes has increased at a rate of about 25 percent per 

year during 1965-69, inclusive (fig. 38). This trend of increasing 

withdrawal of water from the Capitan aquifer can be exp~cted to 

continue as more secondary recovery projects are placed in opera-

tion. Oil-industry sources report that the peak demand for water 

can be expected during the period 1970-80. 
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Table 15.--Volume of water produced from the Capitan aquifer for use in oil field secondaty 

recovery projects 

Volume of water Cumulative volume of water 

State County Water field 
produced during 1969 

3 in acre-feet (bbls; hm) 
produced to January 1,

3
1970 

in acre-feet (bbls; hm) 

New Mexico Eddy Russell 40.2 (312,000; 0.05 591. 2 (4,590,000; 0.73) 
-

Lea Jalmat 124. 2 (964,000; .15) 1, 481. 2 (11,500,000; 1.83) 

Jal 363.2 (2,820,000; . 45) 1,007.2 (7,820,000; 1. 24) 

Texas Winkler Dollarhide 2,717.7 (21,100,000; 3. 35~ 18,676.C, (145,000,000; 23.04) 

El Capitan 14,425.6 (112,000,000; 17.79) 58,604.0 (455,000,000; 72.29) 

Grisham.;.,Hunter 8,835.7 (68,600,000; 10.9~ 71,355.2 (554,000,000; 88.02) 

Wink 199.6 . (1,550,000; • 25) 4 ,.14 7. 4 (32,200,000; 5.16) 

Ward O'Brien 14,039.2 (109,000,000; 17.32) i33,952.0 (1,040,000,000; 165.23) 

Wickett 13.8 (107,000; . 02) 6,646.1 (51, 600, 000; 8.20) 

w 
w 
°' 
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Municipal use 

TI1e municipal water supplies for the city of Carlsbad and the 

community of White City are obtained from wells completed in the 
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'Capitan aquifer (fig. 19; and Bjorklund and Motts, 1959; and 

Halpenny and Greene> 1966). A.total of approximately 162,300 acre

feet (l,260>000,000 barrels; 200,000,000 cubic metres) of water 

have been produced from the Capitan aquifer in the Happy Valley and 

Dark Canyon municipal well fields located southwest of Carlsbad 

during a period of about 50 years. The annual average production 

during the 5-year period 1965-69 was 6,830 acre-feet (53,000,000 

barrels; 8,400,000 cubic metres). Water with a chemical quality 

suitable for human consumption can be obtained from the Capitan 

aquifer in only two areas; one is an extensive area southwest of 

the Pecos River at Carlsbad, and the other is a less well defined 

.area in the Glass Mountains southwest of Fort Stockton. 

; l 



Irrigation 

Water pumped from the Capitan aquifer is used to irrigate 

about 2,300 acres of farmland in the Pecos River valley in the 

immediate vicinity of Carlsbad (Bjorklund and Motts, 1959). 

Approximately 5,400 acre-feet (42,000,000 barrels; 6,700,000 cubic 

metres) of water per year is estimated to have been used for 

irrigation purposes during the period 1965-69. An estimated total 

of 150,700 acre-feet (1,170,000,000 barrels; 186,000,000 cubic 

metres) has been withdrawn from the Capitan aquifer within the 

Carlsbad area for irrigation of croplands during the past 

50 years. 
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Water of marginal chemical quality for irrigation of crops is 

produced from one flowing well near Coyanosa in northern Pecos 

County. This well has been used to irrigate cotton and other crops 

tolerant to saline water (Armstrong and McMillion, 1961; and 

Guyton and Associates, 1958). 
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Use in potash refining plants 

Water pumped from the Capitan aquifer at Carlsbad is trans-

ported by pipeline to a potash refining plant located about 18 miles 

(29 kilometres) east of Carlsbad. Approximately 3>740 acre-feet 

(29>000)000 barrels; 4,600,000· cubic metres) of water per year was 

used to refine potash ore during the period 1965-69. An estimated 

total of 65,400 acre-feet (508,000,000 barrels; 80>800,000 cubic 

metres) of water has been pumped from the Capitan aquifer during the 

pas~ 23 years and used for this purpose. 
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Amount of water produced from the Capitan aquifer 

The cumulative volume of water produced from the principal 

water fields completed in the Capitan aquifer in southeastern 

New Mexico and western Texas is shown in figure 38. With the 

exception of the Wickett water 'field in Ward County, Texas, increas-

ing amounts of water are being produced from all of the larger 

water fields. 

The demand on the Capitan aquifer system within the project 

area has increased at an annual average rate of 54,600 acre-feet 

(424,000,000 barrels; 67,400,000 cubic metres) during the period 

1~65-69. The demand on the Capitan aquifer east of the Pecos River 

valley at Carlsbad has increased at an annual average rate of 

38,400 acre-feet (298,000,000 barrels; 47,000,000 cubic metres) 

during the same period. 

Approximately 711,000 acre-feet (5,520,000,000 barrels; 

878,000,000 cubic metres), 378,700 acre-feet (2,940,000,000 barrels; 

467,000,000 cubic metres), and 332,300 acre-feet (2,580,000,000 

· barrels; 410,000,000 cubic metres) of water have been produced from 

the entire Capitan aquifer system, the Capitan aquifer in the Pecos 

River valley at Carlsbad, and the Caritan aquifer east of the Pecos 

River valley at Carlsbad, respectively. These figures exclude the 

820,000 acre-feet (6,300,000,000 barrels; 1,002,000,000 cubic metres) 

I of water produced with oil from the Hendrick field in Winkler County, 
; t 

· Texas. 



CONCLUSIONS 

Permian Guadalupian age strata can be divided into three 

aquifers. The Capitan aquifer is a lithosorne that includes the 

Capitan and Goat Seep Limestones and most or all of the Carlsbad 

facies of Meissner (1972). Some of the shelf-margin carbonate banks 

or stratigraphic reefs in the upper part of San Andres Limestone 

are included within the Capitan aquifer whenever they cannot be 

readily distinguished from the Goat Seep Limestone and Carlsbad 

facies. Saturated strata yielding significant quantities of water 

from the San Andres Limestone and the Bernal and Chalk Bluff facies 

of Meissner (1972) comprise the shelf aquifers. The contact between 

the Capitan and shelf aquifers is gradational and is difficult to 

discern with accuracy in some areas. Similarly, saturated strata 

yielding significant quantities of water from the Brushy Canyon, 

Cherry Canyon, and Bell Canyon Formations of the Delaware Mountain 

Group are referred to as the basin aquifers. 



I 
I 

I 
I 

' 
: I 

342 

The Capitan aquifer extends ap!lroximat:ely 200 miles 

(322 kilometres) in a continuous and unbroken arcuate strip parallel 

to the northern and eastern margins of the Delaware basin from the 

Guadalupe Mountains southwest of Carlsbad, N. Mex. to the Glass 

Mountains southwest of Fort Stockton, Tex. The width of the Capitan 

aquifer varies from 10 to more than 14 miles (16 to 23 kilometres) 

along the southern edge of the Northwestern shelf from the vicinity 

of Carlsbad to the central part of southern Lea County, New Mexico 

but seldom exceeds 11 miles (18 kilometres) along the western margin 

of the Central Basin platform. The thickness of the Capitan aquifer 

averages about 1,200 feet (365 metres) but a thickness of more than 

2,300 feet (700 metres) was mapped in a small area east of Carlsbad. 

Depths to the top of the Capitan aquifer in New Mexico vary from not 

more than a few hundred feet in the Pecos River valley at Carlsbad 

to more than 4,300 feet (1,310 metres) in the wedtern part of 

southern Lea County. Depths to the Capitan aquifer vary from less 

than 2,500 to more than 3,300 feet (760 to 1,005 metres) throughout 

Winkler, Ward and the northern part of Pecos Counties, Texas. 
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Buhmar:ine canyons an<l reentrants of Guadalupian and (or) 

i earliest Ochoan age similar to those that have been mapped at 

surface exposures in the Guadalupe Mountains and Delaware basin by 

previous investigators have been located in the subsurface along 

the northern and eastern margins of the Delaware basin. The sub-

marine canyons are filled with material with a relatively low 

hydraulic conductivity. The thickness, and correspondingly, the 

transmissivity of the Capitan a~uifer are both reduced very signifi-

cantly by local incision of the submarine canyons that are usually 

oriented transverse to the arcuate trend of the aquifer. 

The location of the largest and most deeply incised submarine 

canyon, the West Laguna submarine canyon, coincides approximately 

with the positions of both the most rapid decline in the hydraulic 

head and the strongest eastward gradient in the present-day 

potentiometric surface near the boundary between Eddy and 

Lea Counties, New Mexico. The behavior of the hydraulic head in 

response to stresses and the shape of the potentiometric surface 

both confirm the existence of a zone with low transmissivity and 

restricted circulation in the Capitan aquifer. 
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New wells could not be drillcu Lo evaluate the characteristics 

of the Capitan aquifer because of economic limitations. Aquifer 

performance tests were accomplished on two wells completed in the 

Capitan aquifer and one well producing from the San Andres Limestone 

in cooperation with oil companies. Limited additional information 

was obtained from the literature and from private sources. These 

data, albeit meager, suggest that the hydraulic conductivity of the 

Capitan aquifer along the northern margin of the Delaware basin 

ranges from about 1 to perhaps as much as 20 ft/day (0.3 to 

7.6 m/day). Other limited information suggests that the hydraulic 

conductivity of the Capitan aquifer along the western margin of the 

Central Basin platform in Texas is similar. An average hydraulic 

conductivity for the Capitan aquifer of about 5 ft/day (1.5 m/day) 

would appear to be reasonable for most areas east of the Pecos River 

at Carlsbad and north of the Glass Mountains. The hydraulic 

conductivities of the shelf aquifers east of the Pecos River valley 

between Roswell and Carlsbad and the basin aquifers, are from one 

to two orders of magnitude lower than that of the Capitan aquifer. 

The transmissivity of the apparent restriction in the Capitan 

aquifer near the Eddy-Lea County boundary probably is similar to 

th.at of the shelf and basin aquifers. 
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Water containing a relatively low chloride-ion concentration is 

present in the Capitan aquifer throughout the region. Most of the 

shelf aquifers> in areas west of the Pecos River at Carlsbad, in 

zones near the Capitan aquifer along the margin of the Norwestern 

shelf and Central Basin platform> and in localities at the north and 

south ends of the Central Basin platform, also contain water with 

a relatively low chloride-ion_ concentration. 

In sharp contrast, the rocks of Guadalupian age on the 

Northwestern shelf, east of Artesia> N. Mex.> the medial part of 

the Central Basin platform> and in the Delaware basin> contain 

water with relatively high concentrations of chloride-ion. 

Fingers of the best quality of water found in the Permian rocks 

extend into the Capitan aquifer from recharge areas in the Guadalupe 

and Glass Mountains. Isochlore patterns suggest that the bulk of 

the relatively good quality water found in the Capitan aquifer came 

from the Glass Mountains. 

The saline-fresh water interface in the Capitan aquifer is 

located at an altitude of approximately 2>350 feet (715 metres) 

above sea level in the vicinity of Carlsbad, N. Mex. indicating 

that the fresh water in the Capitan aquifer west of the Pecos River· 

in this area is only about 750 feet (230 metres) thick. 

I 
I 
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A series of linear lens-shaped depressions form a narrow trough 

extending northward from near Belding in southwestern Pecos County, 

Texas in an arcuate trend above and parallel to the Capitan aquifer 

to the vicinity of the San Simon Swale in southern Lea County, 

New Mexico. The trough was formed when halite was dissolved and 

removed from the Salado and Castile Formations by ground water 

moving northward from the Glass Mountains through fractures and 

joints in the adjacent and underlying Capitan and shelf aquifers. 

The Belding-San Simon trough is filled with collapsed Triassic and 

Cretaceous strata and younger alluvium and documents the relative 

age of the emplacement of water into the Capitan aquifer along the 

western margin of the Central Basin platform. 



347 

Twelve observation wells have been completed in the Capitan 

aquifer in Eddy and southern Lea Counties, New Mexico in order to 

monitor the effects of fluid production from this aquifer and other 

aquifers in measurable hydraulic communication. Very small net 

changes in the water levels, generally due to climatic and water-use 

conditions in the Pecos River valley, have been noted in six of the 

seven wells in Eddy County over a 3-to 6-year period. However, the 

water levels in one well in extreme eastern Eddy County and five 

wells in southern Lea County have declined from about 23 to 126 feet 

(7 to 38 metres) at rates of 0.32 to 1.70 feet per month 

(0.098 to 0.52 m/month) during the period 1967 through 1972. This 

decline is due to (1) the withdrawal of water from the Capitan 

aquifer in Lea County, New Mexico and Ward and Winkler Counties, 

Texas to supply water for use in the secondary recovery of oil, and 

(2) the production of petroleum and associated waste water from 

formations of Permian Guadalupian age that are in measurable 

hydraulic communication with the Capitan aquifer in this same area. 
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Ground water in the Capitan aquifer in both Texas and 

New Mexico is being diverted to a "regional center of pumping" just 

to the west of Kermit> Texas, where the potentiornetric surface has 

been lowered approximately 700 feet (215 metres) in response to 

withdrawal of water and petroleum from the Capitan and associated 

aquifers during a period of about 45 years. The water table in the 

Capitan aquifer in the Glass Mountains has declined about 300 feet 

(90 metres) during the same period and the head has been lowered 

approximately 150 feet (45 metres) in the vicinity of a former 

ground-water divide near the boundary between Eddy and Lea Counties, 

New Mexico. 

The deeply incised submarine canyons in eastern Eddy County> 

New Mexico form a hydraulic restriction that effectively controls 

movement of water in the aquifer from the Pecos River at Carlsbad 

eastward under present day conditions. However, movement of much 

greater volumes of water from the Pecos River into the Capitan 

aquifer may occur at an unknown future time if the differential 

in head across the restriction becomes large enough. 

i 
, I 



RECOMJ.IBNDATIONS 

The following recommendations are made as a result of this 

study: (1) surveillance of the water-level changes in the Capitan 

aquifer should be continued by maintaining and operating the Capitan 

aquifer observation-well network indefinitely; (2) the observation-

well network should be augmented by acquiring and completing one 

additional well in a location 5 to 8 miles (8 to 13 kilometres) 

west of the boundary between Eddy and Lea Counties> New Mexico> 

and near the south edge of the Capitan aquifer; (3) geologic and 

hydrologic studies should be continued in an effort to detennine> 

quantitatively> the aquifer characteristics of the apparent 

restriction to movement of ground water in the Capitan aquifer in 

eastern Eddy County; (4) the amount of water being withdrawn from 

the Capitan and other aquifers in measurable hydraulic communication 

with this aquifer in Lea County> New Mexico and Winkler and Ward 

Counties> Texas> should be recorded. The reliability of the data 

now in the files should be evaluated to eliminate errors made by 

estimating production; and (5) computations should be made> 

preferably using a numerical model> to determine the magnitude 

of any significant diversion of water from the Pecos River at 

Carlsbad that could possibly result at some time in the future as 

the stresses are increased by continued withdrawal of water. 



! 

BIBLIOGRAPHY 

Achauer, C. W., 1969, Origin of the Capitan Fonnation, Guadalupe 

Mountains, New Mexico and Texas: Am. Assoc. Petroleum Geologists 

Bull., v. 53, no. 11, p. 2314-2323, 11 figs. 

~~~1971, Origin of Capitan Formation, Guadalupe Mountains, 

New Mexico and Texas (reply): Am. Assoc. Petroleum Geologists 

Bull., v. 55, no. 2, p. 313-315. 

Ackers, A. L., DeChicchis, R., and Smith, R.H., 1930, Hendrick Field, 

Winkler County, Texas: Am. Assoc. Petroleum Geologists" Bull., 

v. 14, no. 7, p. 923-944. 

Adams, J.E., 1929, Triassic of west Texas: Am. Assoc. Petroleum 

Geologists Bull., v. 13, no. 8, p. 1045-1055. 

~~~1935, Upper Permian stratigraphy of west Texas Permian Basin: 

Am. Assoc. Petroleum Geologists Bull., v. 19, no 7, p. 1010-1022. 

~~~1940, Structural development, Yates area, Texas: An. Assoc. 

Petroleum Geologists Bull., v. 24, no. 1, p. 134-142. 

'--~~-1944, Upper Permian Ochoa Series of Delaware Basin, west Texas 

and southeastern New "Mexico: Am. Assoc. Petroleum Geologists 

Bull., v. 28, no. 11, p. 1596-1625. 

~~~-1963, Permian salt deposits of west Texas and eastern 

New Mexico, in Bersticker, A. C., Hoekstra, K. E., and 

Hale, J. F., eds., Symposium on salt: Northern Ohio Geol. Soc., 

Cleveland, p. 124-130. 



I 
I 

. I 
I 

351 

Adams, J.E .• 1965, Stratigraphic-tectonic development of the 

Delaware Basin: Am. Assoc. Petroleum Geologists Bull., v. 49, 

no. 11, p. 2140-2142. 

~~~1972, Semi-cyclicity in the Castile evaporite, in Elam, J. G., 

and Chuber, Stewart, eds., Cyclic sedimentation in the Permian 

basin, second ed., West Texas Geol. Soc. Pub. 72-18, p. 196-202. 

Adams, J. E., and Frenzel, H. N., 1950, Capitan barrier reef, Texas 

and New Mexico: Jour. Geology, v. 58, no. 4, p. 289-312. 

Adams, J.E., and Rhodes, M. L., 1960, Dolomitization by seepage 

refluxion: Am. Assoc. Petroleum Geologists Bull., v. 44, no. 12, 

p. 1912-1920. 

Adams, J.E., and others, 1939, Standard Permian section of 

North America: Am. Assoc. Petroleum Geologists Bull., v. 23, 

no. 11, p. 1673-1681. 

Ahl en, J. .. , chm., 1958, North-south stratigraphic cross section, 

Delaware basin - Northwest shelf, southeastern New Mexico: 

Roswell Geol. Soc., 1 sheet. 

Ahlen, J. L., and Tait, D. B., co-chm., 1959, North-south strati-

graphic cross section, Matador arch to Central Basin platform, 

southeastern New Mexico: Roswell Geol. Soc., 1 sheet. 

Akin, P. D., and Slingerland, C. L., 1967, Estimated effects on the 

Pecos River in the Carlsbad area due to fluid withdrawals from 

the Capitan Limestone and associated formations: New Mexico 

State Engineer Memo. Rept., 10 p., [February 7, 1967]. 



: I 
I' 

'' . I 
'I 
I 

352 

'I 
American Petroleum Institute, 1956, Rccommcuded practice for deter-

mining permeability of porous media: Am. Petroleum Inst. RP 27, 

Div. of Production, Dallas, Tex., third ed., 27 p. [Revised 

August 1956.) 

----1960, Recommended practice for core-analysis procedure, Am. 

Petroleum Inst. RP 40, Div. of Production, Dallas, Tex., first 

ed., 55 p. [August 1960). 

----1965,' Recommended practice for analysis of oil-field waters: 

Am. Petroleum Inst. RP 45, first ed., 34 p. [November 1965). 

---1966, Well data glossary and unique well numbering system: Am. 

Petroleum Inst., API Bull. Dl2, first ed., New York, 117 p. 

[April 1966] • 

----1968, The API well number and standard state and county codes: 

Am. Petroleum Inst., API Bull. Dl2A, New York, 73 p. [April 1968). 

Anderson, k Y., Dean, W. E., Jr., Kirkland, D. W., and, 

Snider, H. I., 1972, Permian Castile varved evaporite sequence, 

West Texas and New Mexico: Geol. Soc. America Bull., v. 83, 

no. 1, p. 59-86. 

Anderson, R. Y., and Kirkland, D. W., 1966, Intrabasin varve correla-

tion: Geol. Soc. America Bull., v. 77» no. 3, p. 241-256. 

Armstrong, C. A., and McMillion, L. G., 1961, Geology and ground-

water resources of Pecos County, Texas: Texas Board Water 

Engineers Bull. 6106, v. I and II, 536 p. 

Bachman, G. O., 1953, Geology of a part of Mora County, New Mexico: 

U.S. Geol. Survey Map OM 137, Oil and Gas Inv. Ser., 1 sheet. 



I! 

353 

Bachman, G. O., 1973, Surficial features and late Cenozoic history 

in southeastern New Mexico: U.S. Geol. Survey open-file report 

{USGS-4339-8), 32 p. 

~~~1974, Geologic processes and Cenozoic history related to salt 

dissolution in southeastern New Mexico: U.S. Geol. Survey 

open-file report 74-194, 31 p. 

Bachman, G. O., and Johnson, R. B., 1973, Stability of salt in 

Permian salt basin of Kansas, Oklahoma, Texas, and New Mexico, 

with~ section on Dissolved salts in surface water, by 

F. A. Swenson: U.S. Geol. Survey open-file report (USGS-4339-4), 

62 p. 

Ball, S. M., Roberts, J. W., Norton, J. A., and Pollard, W. D., 1971, 

Queen Formation (Guadalupian, Permian) outcrops of Eddy County, 

New Mexico, and their bearing on recently proposed depositional 

models: Am. Assoc. Petroleum Geologists Bull., v. 55, no. 8, 

p. 1348-1355. 

Barnes, V. E., proj. director, 1968, Geologic atlas of Texas, 

Van Horn-El Paso sheet: University of Texas, Bur. Econ. Geology. 

Bates, R. L., 1942a, Lateral gradation in the Seven Rivers formation, 

Rocky Arroyo, Eddy County, New Mexico: Am. Assoc. Petroleum 

Geologists Bull., v. 26, no. 1, p. 80-99. 

~~~~ompiler, 1942b, The oil and gas resources of New Mexico, 

second ed.: New Mexico Bur. Mines and Mineral Resources 

Bull. 18, 320 p. 

Bayley, R. W., and Muehlberger, W. R., compilers, 1968, Basement rock 

map of the United States, exclusive of Alaska and Hawaii: 

U.S. Geol. Survey, 2 sheets. 



Berger, W.R., and Fash, R. H., 1934, Relation of water analyses to 

structure and porosity in the west Texas Permian basin, in 

Problems of Petroleum Geology, Am. Assoc. Petroleum Geologists, 

Tulsa, Okla., p. 869-889. 

Bjorklund, L. J., 1958, Flow analysis of Carlsbad Springs, Eddy 

County, New Mexico: U.S. Geol. Survey open-file report, 25 p., 

4 figs. 

354 

Bjorklund, L. J., and Motts, W. S., 1959, Geology and water resources 

of the Carlsbad area, New Mexico: U.S. Geol. Survey open-file 

report, 322 p., 14 pls., 54 figs. 

Bond, D. C., 1972, Hydrodynamics in deep aquifers of the Illinois 

basin: Illinois Geol. Survey Circ. 470, 69 p. 

~~~-1973, Deduction of flow patterns in variable-density aquifers 

from pressure and water-level observations, in Braunstein, Jules, 

ed., Underground waste management and artificial recharge: Am. 

Assoc. Petroleum Geologists, v. 1, p. 357-377. 

Bond, D. C., and Cartwright, Keros, 1970, Pressure observations and 

water densities in aquifers and their relationship to problems 

in gas storage: Jour. Petroleum Technology, v. 22, p. 1492-1498. 

Boyd, D. W., 1958, Permian sedimentary facies, central Guadalupe 

Mountains, New Mexico: New Mexico Bur. Mines and Mineral 

Resources Bull. 49, 100 p. 

Brackbill, R. M., and Gaines, J. C., 1964, El Capitan source water 

system: Jour. Petroleum Technology, v. 16, no. 12, p. 1351-1356, 

2 figs. 



Bredehoeft, J. D., 1965, The drill-stem test--the petroleum 

industry's deep-well pumping test: Ground Water, v. 3, no. 3, 

p. 31-36. 

355 

Bredehoeft, J. D., and Bennett, R.R., 1971, Potentiometric surface 

of the Tensleep Sandstone in the Big Horn Basin, west-central 

Wyoming: U.S. Geol. Survey open-file report, 1 sheet. 

Bretz, J. H., 1949, Carlsbad Caverns and other caves of the Guadalupe 

block, New Mexico: Jour. Geology, v. 57, no. 5, p. 447-463. 

Bretz, J. H., and Horberg, C. L., 1949a, Caliche in southeastern 

New Mexico: Jour. Geology, v. 57, no. 5, p. 491-511. 

~~~1949b, The Ogallala Formation west of the Llano Estacada: 

Jour. Geology, v. 57, no. 5, p. 477-490. 

Britt, T. L., and Wiechmann, W. E., co-chm., 1966, Oil and gas fields 

in West Texas - symposium: West Texas Geol. Soc. Pub. 66-52, 

398 p. 

Broadhurst, W. L., Sundstrom, R. W., and Weaver, D. E., 1951, Public 

water supplies in western Texas: U.S. Geol. Survey Water-Supply 

Paper 1106, 168 p. 

Brokaw, A. L., Jones, C. L., Cooley, M. E., and Hays, W. H., 1972, 

Geology and hydrology of the Carlsbad potash area, Eddy and Lea 

Counties, New Mexico: U.S. Geol. Survey open-file report 

{USGS-4339-1), 86 p. 

Brown, J.B., Rogers, L. T., and Baker, J. B., 1965, Reconnaissance 

investigation of the ground-water resources of the middle 

Rio Grande basin, Texas: Texas Water Comm. Bull. 6502, pt. 2, 

80 p. 



ii 
I I 356 

I . Butler. G. P., 1969, Modern evaporite deposition and geochemistry of 
I 
r 

I co-existing brines, the Sabkha, Trucial Coast, Arabian Gulf: 

Jour. Sed. Petrology, v. 39, no. 1, p. 70-89. 

Carpenter, C. B., and Hill, H. B., 1936, Petroleum Engineering Report, 

Big Springs field and other fields in west Texas and southeastern 

New Mexico: U.S. Bur. Mines Rept. of Inv. 3316, 223 p. 

Case, L. C., 1970, Water problems in oil production: The Petroleum 

Publishing Co., Tulsa, 133 p. 

Chafetz, A. B., 1957, Long Range Water System Plan, City of Carlsbad: 

Part II, Plans and Specifications, Sec. A, Master Plan of Devel., 

unpuh., 123 p. 

~~~1960, Long Range Water System Plan, City of Carlsbad: Part II, 

Plans and Specifications, Sec. B, Specifications, unpub., 154 p. 

Cohee, G. V., chm., 1962, Tectonic map of the United States: 

U.S. Geol. Survey, 2 sheets. [Prepared in cooperation with the 

Am. Assoc. Petroleum Geologists.] 

Cooper, C. G., 1967a, Experience with the Permian Basin Well Data 

System:· World Oil, v. 164, no. 5, p. 82-86. 

-------1967b, How Permian basin well data are presented: World Oil, 

v. 164, no. 7, p. 119-125. 

Cox, E. R., 1967, Geology and hydrology between Lake McMillan and 

Carlsbad springs, Eddy County, New Mexico: U.S. Geol. Survey 

Water-Supply Paper 1828, 48 p. 

Cox, E. R., and Kunkler, J. L., 1962, Feasibility of injecting brine 

from Malaga Bend into the Delaware Mountain Group, Eddy County, 

New Mexico: U.S. Geol. Survey open-file report, 69 p., 5 figs. 



I 
I 
i 

\ ! 
357 

Crandall, K. H., 1929, Permian stratigraphy of parts of southeastern 

: ! New Mexico and adjacent parts of western Texas: Am. Assoc. 

Petroleum Geologists Bull., v. 13, no. 8, p. 927-944. 

Cronoble, J.M., 1974, Biotic constituents and origin of facies in 

Capitan reef, New Mexico and Texas: Mountain Geologist, v. 11, 

no. 3, p. 95-108. 

Curtis, B. F., 1971, Measurement of porosity and permeability, in 

Carver, R. E., ed., Procedures in sedimentary petrology: 

Wiley-Interscience, New York, p. 335-363. 

Cys, J.M., 1971, Origin of Capitan Formation, Guadalupe Mountains, 

New Mexico and Texas (discussion): .Am. Assoc. Petroleum 

Geologists Bull., v. 55, no. 2, p. 310-312. 

Cushman, R. L., 1965, Evaluation of the hydraulic characteristics 

of the Major Johnson Springs aquifer, Eddy County, New Mexico: 

U.S. r 1. Survey open-file report, 38 p., 6 figs. 

Dane, C.H., ~nd Bachman, G. O., 1958, Preliminary geologic map of 

the southeastern part of Hew Mexico: U.S. Geol. Survey Misc. 

Geol. Inv. Map I-256, 1 sheet. 

~~~1965, Geologic map of New Mexico: U.S. Geol. Survey, 2 sheets. 

Darton, N. H., Stephenson, L. W., and Gardner, J. A., 1937, Geologic 

map of Texas: U.S. Geol. Survey, Scale 1:500,000, 1 sheet. 

Davies, G. R., 1970, Carbonate bank sedimentation, eastern Shark Bay, 

Western Australia, in Logan, B. W., Davies, G. R., Read, J. F., 

and Cebulski, D. E., Carbonate sedimentation and environments, 

Shark Bay, Western Australia: Am. Assoc. Petroleum Geologists, 

1 1 Mem. 13, p. 85-168. 

I 
i I 

I 



; ! 

i 

I 

I ·, I 

358 

Davies~ H. E., chm., 1953, North-south cross section through Permian 

basin of West Texas (Lamb County to Kinney County, Texas): 

West Texas Geol. Soc. Pub. 53-30, 1 sheet. 

Davis, M. J., 1929, Artesia field, Eddy County, New Mexico, in Powers, 

Sidney, compiler, 1929, Structure of typical American oil 

fields: Am. Assoc. Petroleum Geologists, v. 2, p. 112-123. 

Davis, W. K., 1942, Langlie unitized repressuring project, in 

Bates, R. L., compiler, 1942_, The oil and gas resources of 

New Mexico: New Mexico Bur. Mines and Mineral Resources 

Bull. 18, p. 235-238. 

Dean, W. E., 1975, Shallow-water versus deep-water evaporites 

(discussion): Am. Assoc. Petroleum Geologists Bull., v. 59, 

no. 3, p. 534-542. 

Dean, W. E., and Anderson, R. Y., 1974, Trace and minor element 

variatL,ns in the Permian Castile Formation, Delaware basin, 

Texas and New Mexico, revealed by varve calibration, in 4th 

Symposium on salt: Northern Ohio Geol. Soc. (in press). 

DeFord, R. K., leader, 1951, Apache Mountains of Trans-Pecos, Texas: 

West Texas Geol. Soc. Pub. 51-26, Fall Field Trip Guidebook, 56 p. 

DeFord, R. K., and Riggs, G. D., 1941, Tansill Formation, west Texas 

and southeastern New Mexico: Am. Assoc. Petroleum Geologists 

Bull., v. 25, no. 9, p. 1713-1728. 

DeFord, R. K., and Wahlstrom, E. A., 1932, Hobbs field, Lea County, 

New Mexico: Am. Assoc. Petroleum Geologists Bull., v. 16, no. 1, 

p. 51-90. 



i 
I 

359 

Denham, R. L., and Dougherty, W. E., 1941, "Sand Belt" area of 

Ward and Winkler Counties, Texas, and Lea County, New Mexico, in 

Levorsen, A. I., ed., Stratigraphic type oil fields: Am. Assoc. 

Petroleum Geologists, p. 750-759. 

Denis, L. P., 1968, Flood of August 1966 at Carlsbad, New Mexico: 

U.S. Geol. Survey Hydrol. Atlas HA-318, 1 sheet. 

Dennis, P. E., and Lang, J. W., 194la, Records of wells and springs 

and analyses of water in Loving, Ward, Reeves, and northern 

Pecos Counties, Pecos River Basin, Texas: Texas Board Water 

Eng~neers, duplicated rept., v. II, 177 p. 

~~~194lb, Records of auger holes including logs, records of 

fluctuations of water levels, water analyses and maps showing 

locations of wells, Pecos River Basin, Texas: Texas Board 

Water Engineers, duplicated rept., v. III, 198 p. 

Dickey, r. I., 1940, Geologic section from Fisher County through 

Andrews County, Texas, to Eddy County, New Mexico, in 

Deford, R. K., and Lloyd, E. R., eds., West Texas-New Mexico 

Symposium, Part 1: Am. Assoc. Petroleum Geologists Bull., 

v. 24, no. 1, p. 37-51. 

Dietz, R. S., and Holden, J. C., 1970, Reconstruction of Pangaea: 

Breakup and dispersion of continents, Permian to present: Jour. 

Geophys. Research, v. 75, no. 26, p. 4939-4956. 

Dinwiddie, G. A., 1963, Municipal water supplies and uses, south-

eastern New Mexico: New Mexico State Engineer Tech. Rept. 29-A, 

140 p. 



Dunbar, :. 0., chm., and others, 1960, Corr~lation of the Permian 

formations of North America: Geol. Soc. America Bull., v. 71, 

no. 12, pt. 1, p. 1763-1806. 

360 

Dunham, R. J., 1962, Classification of carbonate rocks according to 

depositional texture, in Ham, W. E., ed., Classification of 

carbonate rocks: Am. Assoc. Petroleum Geologists Mem. 1, 

p. 108-121. 

~~~1965a, Vadose pisolite in the Capitan reef [abs.]: Am. Assoc. 

Petroleum Geologists Bull., v. 49, no. 3, p. 338. 

~~~1965b, Vadose pisolite in the Capitan reef [abs.]: Soc. Econ. 

Paleontologists and Mineralogists, Permian Basin Sec., Program, 

10th Ann. Mtg., p. 13-14. 

~~~1969, Vadose pisolite in the Capitan reef (Permian), New Mexico 

and Texas, in Friedman, G. M., ed., Depositional environments in 

carbonate rocks: Soc. Econ. Paleontologists and Mineralogists 

Spec. Pub. 14, p. 182-191. 

~~~1970, Stratigraphic reefs versus ecologic reefs: Am. Assoc. 

Petrole~m Geologists Bull., v. 54, no. 10, p. 1931-1932, 1 fig. 

~~~1972, Capitan reef, New Mexico and Texas: Facts and questions 

to aid interpretation and group discussion: Soc. Econ. Paleon

tologists and Mineralogists, Permian Basin Sec., Pub. 72-14, 

approx. 200 p. 

Elam, J. G., and Schuber, Stewart, eds., 1972, Cyclic sedimentation 

in the Permian basin: West Texas Geol. Soc. Pub. 72-18, 

second ed., 232 p. 



'' 
' 'I 

361 

Emery, K. O., and Uchupi, Elazar, 1972, Western North Atlantic 

Ocean--topography, rocks, structure, water, life, and sediments: 

Am. Assoc. Petroleum Geologists Mem. 17, 532 p. 

Fancher, G. H., Whiting, R. L., and Cretsinger, J. H., 1954, The oil 

resources of Texas: Texas Petroleum Research CoIIllD., Austin, Tex., 

858 p. 

Feldman, M. L., Jr., chm., 1962, Southwest-northeast cross section, 

Marathon region to Midland basin: West Texas Geol. Soc. 

Pub. 62-47, 1 sheet. 

Fiedler, A.G., 1926, Report on investigations of the Roswell 

artesian basin, Chaves and Eddy Counties, New Mexico, during the 

year ending June 30, 1926: New Mexico State Engineer 7th Bienn. 

Rept., p. 21-60. 

Fiedler, A.G., and Nye, S. S., 1933, Geology and ground-water 

resources of the Roswell artesian basin, New Mexico: U.S. Geol. 

Survey Water-Supply Paper 639, 372 p., 37 figs., 46 pls. 

Fisher, C. A., 1906, Preliminary report on the geology and 

underground waters of the Roswell artesian basin: U.S. Geol. 

Survey Water-Supply Paper 158, 29 p. 

Follett, C.R., 1954a, Records of water-level measurements in Loving 

and Ward Counties, Texas: Texas Board Water Engineers 

Bull. 5408, 24 p. 

~~~1954b, Records of water-level measurements in Reeves County, 

Texas: Texas Board Water Engineers Bull. 5414, 30 p. 

Forbes, H. M., and Lance, J. F., 1941, Records of wells, drillers' 

logs, water analyses and map showing locations of wells in 

, 1 Winkler County, Texas: Texas Board Water Engineers, 36 p. 
I I 

I 
' 

I 
! 



': 
: I 

i 

362 

Foster, R. H.i and others, 1974, Oil :::.nd g3.s potential of a proposed 

site for the disposal of high-level radioactive waste: 

New Mexico Bur. Mines and Mineral Resources open-file rept. 

no. 48, 296 p. 

Foulks, S. M., and Brown, C. W., 1962, Fluid flow in variable density 

ground-water systems: Am. Assoc. Petroleum Geologists Bull., 

v. 46, no. 2, p. 267-268. 

Frenzel, H. N., 1963, Permian salt deposits of west Texas and south-

eastern New Mexico, in Berstecker, A. c., ed., Symposium on salt: 

Northern Ohio Geol. Soc., p. 124-130. 

Friedman, G. M., 1972, Significance of Red Sea in problem of evapo-

rites and basinal limestones: Am. Assoc. Petroleum Geologists 

Bull., v. 56, no. 6, p. 1072-1086. 

~~~1973, Problem of evaporites and basinal limestones (reply): Am. 

Assoc. Petroleum Geologists Bull., v. 57, no. 12, p. 2458-2459. 

· '" Gail, G., J., 1974, Subsurface geology of Capitan aquifer northeast 

of Carlsbai, Eddy and Lea Counties, New Mexico: MS thesis, 

Univ. New Mexico, Albuquerque, unpub. , 61 p. 

Gale, B. T., 1957, Geologic development of the Carlsbad Caverns, in 

Hayes, P. T., Geology of the Carlsbad Caverns East quadrangle, 

New Mexico: U.S. Geol. Survey Geol. Quad. Map GQ-98, 1 sheet. 

Galley, J.E., 1958, Oil and geology in the Permian Basin of Texas 

and New Mexico, in Weeks, L. G., ed., Habitat of oil--a 

symposium: Am. Assoc. Petroleum Geologists, p. 395-446. 

Gary, Margaret, McAfee, Robert, Jr., and Wolf, C. L., eds., 1972, 

Glossary of Geology: Am. Geol. Inst., Washington, 805 p. 



363 

Garza, Sergio, and Wesselman, J.B., 1959, Geology and ground-wat~r 

,1 resources of Winkler County, Texas: Texas Board Water Engineers 

Bull. 5916, 200 p. 

~~-1962, Geology and ground-water resources of Winkler County, 

Texas: U.S. Geol. Survey Water-Supply Paper 1582, 162 p. 

Gerolde, Steven, compiler, 1971, A handbook of universal conversion 

factors: Petroleum Publishing Company, Tulsa, 276 p. 

Gester, G. C., and Hawley, H.J., 1929, Yates field, Pecos County, 

Texas, in Powers, Sidney, compiler, Structure of typical American 

oil fields: Am. Assoc. Petroleum Geologists, v. 2, p. 480-499. 

Gile, R. E., 1942, Payton pool, Pecos and Ward Counties, Texas: Am. 

Assoc. Petroleum Geologists Bull., v. 26, no. 10, p. 1632-1646. 

Gilkey, M. M., and Stotelmeyer, R. B., 1965, Water requirements and 

uses in New Mexico mineral industries: U.S. Bur. Mines, Inf. 

Circ. P276, 113 p. 

Ginsburg, R. N., and Lowenstam, H. A., 1958, The influence of marine 

bottom connnunities on the depositional environment of sediments: 

Jour. Geology, v. 66, no. 3, p. 310-318. 

Goddard, E. N., chm., 1965, Geologic map of North America: North Am. 

Map Connn., U.S. Geol. Survey, 2 sheets [Revised from 1946 ed.]. 

Gorsline, D. S., 1974, Morphology and development of submarine canyon

fan systems [abs.]: Geol. Soc. America, in Abstracts with 

programs, v. 6, no. 7, p. 763, Oct. 1974. [Ann. Mtg., 

Miami Beach, Fla., Nov. 18-20, 1974.] 



364 

Grauten, W. F., 1965, Fluid relationsi,ips in the Delaware Mountain 

Sandstone, in Young, Addison, and Galley, J. E., eds., Fluids in 

subsurface environments: Am. Assoc. Petroleum Geologists Mem. 4, 

p. 294-307. 

Green, W.R., chm., Atwill, E. R., Fickman, Philip, and Neff, E. R., 

eds., 1964, Geology of the Capitan reef complex of the Guadalupe 

Mountains, Culberson County, Texas, and Eddy County, New Mexico: 

Roswell Geol. Soc. Field trip guidebook, 123 p. 

Guyton, W. F., 1965, Ground water for the oil industry in Texas and 

southwest New Mexico: Southwestern Fed. Geol. Soc., Texas Univ., 

Oil and Water Symposium Proc., p. 40-51. 

Guyton, W. F., and Associates, 1958, Ground-water resources in the 

Monahans-Toyah area including parts of Winkler, Ward, Pecos, 

Reeves and Loving Counties, Texas: Guyton and Associates, 

Austin, Tex., 65 p., 18 figs. [Rept. prepared for the Texas 

Electric Co., Fort Worth, Tex.] 

Haigler, Leon, 1962; Geologic notes on the Delaware basin: 

New Mexico Bur. Mines and Mineral Resources Circ. 63, 14 p. 

Hale, W. E., 1945a, Ground-water conditions in the vicinity of 

Carlsbad, New Mexico: U.S. Geol. Survey open-file report, 77 p. 

~~~1945b, Ground-water conditions in the vicinity of Carlsbad, 

New Mexico: New Mexico State Engineer 16th and 17th Bienn. 

Rept., p. 195-260. 

~~~1945c, Ground-water conditions in the vicinity of ·Rattlesnake 

Springs, Eddy County, New Mexico: New Mexico State Engineer 

Tech. Rept. 3, 54 p. 



. I 
I 
I 365 

Hale, ::. E., 1961, Availability of ground water in New Mexico, in 

Sixth Ann. New Mexico Water Conf., November 1-2, 1961, State 

Univ., University Park, N. Mex.: p. 11-22. 

Hale, W. E., Hughes, L. S., and Cox, E. R., 1954, Possible improve-

ment of quality of water of the Pecos River by diversion of 

brine at Malaga Bend, Eddy County, New Mexico: Pecos River 

Connn., New Mexico and Texas, 43 p. 

Halliburton Company, 1968, Drill~stem testing and special tools--

technical literature: Halliburton Co., Duncan, Okla. 

Halpenny, L. C., cmd Greene, D. K., 1966, Water rights and water 

supply, city of Carlsbad, investigation of present situation and 

future requirements: Water Development Corp., Tucson, Ariz., 

85 p. 

Harley, G. T., and Chafetz, A. B., 1956, Long Range Water System 

Plan City of Carlsbad: Part I, Geol. and Hydro!. Sec., unpub., 

38 p. 

Harms, J. c., 1968, Permian deep-water sedimentation by nonturbid 

currents, Guadalupe Mountains, Texas: Geol. Soc. America, 

Program with abstracts, 1968 Ann. Mtg., p. 127. 

~~~1974, Brushy Canyon Formation, Texas--A deep-water density 

current deposit: Geo!. Soc. America Bull., v. 85, no. 11, 

p. 1763-1784. 

Hayes, E. P., 1933~ Supplementary notes on core drilling in the salt 

beds of western Texas and New Mexico, tests 13-24: U.S. Bur. 

Mines Inf. Circ. 6679, 11 p. 



366 

Hayes, P. T., 1957, Geology of the Ca:r-lsbad Caverns East quadrangI~~ 

New Mexico, with a chapter on Geologic development of the 

Carlsbad Caverns by B. T. Gale: U.S. Geol. Survey Geol. Quad. 

Map GQ-98, 1 sheet. 

~~~1959, San Andres-limestone and related Permian rocks in 

Last Chance Canyon and vicinity, southeastern New Mexico: Am. 

Assoc. Petroleum Geologists Bull., v. 43, no. 9, p. 2197-2213. 

~~~1964, Geology of the Guadalupe Mountains, New Mexico: 

U.S. Geol. Survey Prof. Paper 446, 69 p. 

Hayes, P. T., and Koogle, R. L., 1958, Geology of the Carlsbad 

Caverns West quadrangle, New Mexico-Texas: U.S. Geol. Survey 

Geol. Quad Map GQ-112 [1959], 1 sheet. 

Heck, W. A., and Sweeney, H. N., eds., 1971, Stratigraphy and 

structure of the Pecos country, southeastern New Mexico: West 

Texas and Roswell Geol. Soc. Joint Pub. 71-58 Field Trip Guide-

book, 83 p. [Includes New Mexico Bur. Mines and Mineral Resour-

ces Mem. 24, Stratigraphy and structure of Pecos country, south-

eastern New Mexico, by V. C. Kelley.] 

Heithecker, R. E., 1932, Some methods of separating oil and water in 

west Texas fields and the disposal of oil-field brines in the 

Hendricks oil field, Texas: U.S. Bur. Mines Rept. of 

Inv. 3173, 16 p., 7 figs. 

Helmig, P. D., 1956, History of petroleum exploration in southeastern 

New Mexico, in Stipp, T. F., and others, eds., The oil and gas 

fields of southeastern New Mexico, a symposium: Roswell Geol. 

Soc., 376 p. [1957]. 

I 
! I 



: ! 
367 

Henddcks, Leo, and Wj_lson, W. F., 1967, Introduction in 

Hendricks, Leo, ed., Comanchean (Lower Cretaceous) stratigraphy 

and paleontology of Texas: Soc. Econ. Paleontologists and 

Mineralogists, Permian Basin Sec., Pub. 67-8, p. 1-6. 

Hendrickson, G. E., and Jones, R. S., 1952, Geology and ground-water 

resources of Eddy County, New Mexico: New Mexico Bur. Mines and 

Mineral Resources, Ground Water Rept. 3, 169 p. 

Hennen, R. ·V., and Metcalf, R. J., 1929, Yates oil pool, Pecos County, 

Texas: Am. Assoc. Petroleum Geologists Bull. 13, no. 12, 

p. 1509-1556. 

Herald, F. A., ed., 1957, Occurrence of oil and gas in west Texas: 

Univ. Texas Pub. 5716, 442 p. 

Hester, R. J., and Holland, R. R., 1959, Structure of the Puckett 

field, Pecos, County, Texas, in Young, Addison, and others, eds., 

Geology of the Val Verde basin: West Texas Geol. Soc. Pub. 59-43, 

Field Trip Guidebook, p. 87-92. 

Hills, J.M., 1942, Rhythm of Pennian seas - a paleogeographic study: 

Am. Assoc. Petroleum Geologists Bull., v. 26, no. 2, p. 217-255. 

~~~1963, Late Paleozoic tectonics and mountain ranges, western 

Texas to southern Colorado: Am. Assoc. Petroleum Geologists 

Bull., v. 47, no. 9, p. 1709-1725, 6 figs. 

~~~1968, Permian basin field area, west Texas and southeastern 

i 
• I 
, I 

: I . I 
. i 

I 

I ; I 
I 

New Mexico, in Mattox, R. B., ed., Saline Deposits, Geol. Soc. 

America Spec. Paper 88, p. 17-27. 



368 

Hills, J.M., 1970, Late Paleozoic structural directions in southern 

Permian basin, west Texas and southeastern New Mexico: Am. 

Assoc. Petroleum Geologists Bull., v. 54, no. 10, p. 1809-1827, 

16 figs. 

~~~1972, Late Paleozoic sedimentation in West Texas Permian basin: 

Am. Assoc. Petroleum Geologists Bull., v. 56, no. 12, 

p. 2303-2322. 

~~~~lnn.~ 1961, Shallow formations and aquifers of the west Texas 

area: West Texas Geol. Soc. Pub. 61-45, (Geologic sections). 

~~~~run., 1962, Shallow formations and aquifers of the west Texas 

area: West Texas Geol. Soc. Pub. 62-45a (Geologic sections, 

supp. to Pub. 61-45). 

Hiss, W. L., 1970, Acquisition and machine processing of saline-water 

data from southeastern New Mexico and western Texas: Water 

Resources Research, v. 6, no. 5, p. 1471-1477, 7 figs. 

~~~1971, Water-level changes in the Permian Capitan aquifer, Eddy 

and southern Lea Counties, New Mexico: New Mexico Prof. Engineer, 

November ,1971, p. 16-22. 

~~~1973, Capitan aquifer observation-well network, Carlsbad to Jal, 

New Mexico: New Mexico State Engineer Tech. Rept. 38, 76 p. 

~~~1974a, Chloride-ion concentration in water from sedimentary 

rocks of Permian (Guadalupian) age, southeastern New Mexico and 

western Texas: U.S. Geol. Survey open-file report, 1 map. 

'l 
I 
: I 



Hiss, i~. L., 1974b, Reduction of grouud-water flow through the 

Capitan and Goat Seep limestones by incised contemporaneous 

submarine canyons [abs.]: Geol. Soc. America, in Abstracts 

with programs, v. 6, no. 7, p. 797, Oct. 1974. [Ann. Mtg., 

Miami Beach, Fla., Nov. 18-20, 1974.] 

~~~1975a, Possible stratigraphic entrapment of oil in complex 

sedimentary facies associated with Permian (Guadalupian) age 

submarine canyons in southeastern New Mexico [abs.]: Am. 

Assoc. Petroleum Geologists Bull., v. 59, no. 5, p. 911-912. 

~~~1975b, Experience with a petrol~um industry computerized 

scout~record file [abs.]: Am. Assoc. Petroleum Geologists 

Bull., v. 59, no. 5, p. 912. 

~~~1975c, Chloride-ion concentration in ground water in Permian 

Guadalupian rocks, southeast New Mexico and west Texas: 

New Mexico Bur. Mines and Mineral Resources, Resource Map 4, 

1 sheet. 

~~--,i975d, Map showing thickness of the Permian (Guadalupian) 

Capitan aquifer, southeastern New Mexico and western Texas: 

U.S. Geol. Survey open-file report 75-282, 1 map. 

~~~1975e, Thickness of the Permian Capitan aquifer, southeast 

New Mexico and west Texas: New Mexico Bur. Mines and Mineral 

Resources, Resource Map 5, 1 sheet. 

369 

~~~1975£, Structural position of the Permian Capitan aquifer, 

southeast New Mexico and west Texas: New Mexico Bur. Mines and 

Mineral Resources, Resource Map 6, 2 sheets (in review). 



370 

. Hiss, W. L., 1975g, Structural position of the Rustler Formation, 

southeast New Mexico and west Texas: New Mexico Bur. Mines 

and Mineral Resources, Resource Map 7, 1 sheet (in review). 

~~~-1975h, Waterquality data for part of the Permian basin, 

southeastern New Mexico and western Texas: U.S. Geol. Survey 

open-file report, approx. 650 p. (in review). 

Hiss, W. L., Garza, Sergio, and Peterson, J.B., 1969, Methods used 

in studying the ground-water hydrology of the Permian Capitan 

Limestone, southeastern New Mexico and western Texas [abs]: 

Geol. Soc. America, in Abstracts with programs for 1969, pt. 7, 

10-12 November 1969, Atlantic City, N. J., p. 101-102. 

Hiss, W. L., Peterson, J.B., and Ramsey, T. R., 1969, Saline water 

in southeastern New Mexico: Chem. Geol. Bull., v. 4, no. 1-2, 

p. 341-360. 

Hobbs Pool Operators Committee, 1932, Hobbs pool engineering report: 

Hobbs Pool Operators Comm., Hobbs, N. Mex., 38 p. 

Hogan, C. s., and Sipes, L. D., Jr., 1966, Rock properties of Permian 

basin formations, in Britt T. L., and Wiechmann, W. E., Oil 

and gas fields in west Texas--symposium: West Texas Geol. 

Soc. Pub. 66-52, p. 15-17. 

Hollingsworth, R. V., chm., 1955, Permian field conferences to the 

Guadalupe Mountains (New Mexico and Texas): Soc. Econ. 

Paleontologists and }lineralogists, Permian Basin Sec. 

Pub. 55-1, 71 p. 

Hood, J. W., 1963, Saline ground water in the Roswell basin, Chaves 

and Eddy Counties, New Mexico, 1958-59: U.S. Geol. Survey 
I 
I ! Water-Supply Paper 1539-M, 46 p. 

. I 
, I 

I 

; I 
: I 



371 

Hood, J. W., and Kister, L. R., 1960, Saline-water resources of 

New Mexico: U.S. Geol. Survey Water-Supply Paper 1601, 67 p. 

Hood, J. W., and Knowles, D. B., 1952, Summary of ground-water 

development in the Pecos area, Reeves and Ward Counties, Texas, 

1947-51: Texas Board of Water Engineers Bull. 5202, 13 p. 

Hood, J. W., Mower, R. W., and Grogin, M. J., 1960, The occurrence of 

saline ground water near Roswell, Chaves County, New Mexico: 

New Mexico State Engineer Tech. Rept. 17, 93 p. 

:Herberg, C. L., 1949, Geomorphic history of the Carlsbad Caverns area, 

! 

i 
i 

New Mexico: Jour. Geology, v. 57, no. 5, p. 464-476. 

Hubbert, M. K., 1953, Entrapment of petroleum under hydrodynamic 

conditions: Am. Assoc. Petroleum Geologists Bull., v. 37, no. 8, 

p. 1954-2026. 

~~~1969, The theory of ground-water motion and related papers: 

Hafner Publishing Co., New York, 311 p. 

Huffington, R. M., chm., 1951, Introduction to the Petroleum Geology 

of the Pennian basin of west Texas and southeastern New Mexico: 

West Texas Geol. Soc. Spec. Pub. 51-24, 51 p. 

Hull, J.P. D., Jr., 1957, Petrogenesis of Permian Delaware Mountain 

sandstone, Texas and New Mexico: Am. Assoc. Petroleum Geologists· 

Bull., v. 41, no. 2, p. 278-307. 

:Hutchins, W. A., 1955, The New Mexico law of water rights: 

New Mexico State Engineer Tech. Rept. 4, 61 p. 



372 

' McKee, E. D., and others, 1956, Paleotectonic maps of the Jurassic 

System: U.S. Geol. Survey, Misc. Geol. Inv. Map 1-175, 6 p., 

9 pls. 

~~~-1959, Paleotectonic maps of the Triassic System: U.S. Geol. 

Survey Misc. Geol. Inv. Map I-300, 33 p. [1960]. 

McNeal, R. P., 1965, Hydrodynamics of the Permian basin, in 

Young, Addison, and Galley, J. E., eds., Fluids in subsurface 

environments: Am. Assoc. Petroleum Geologists Mem. 4, 

p. 308-326. 

Needham, C. E., and Bates, R. L., 1943, Permian type sections in 

central New Mexico: Geol. Soc. America Bull., v. 54, no. 11, 

p. 1653-1667. 

Newell, N. D., 1955, Depositional fabric in Permian reef limestones: 

Jour. Geol., v. 63, p. 301-309. 

Newell, N. D., Rigby, J. K., Fischer, A. G., Whiteman, A. J., 

Hickox, J. E., and Bradley, J. S., 1953, The Permian reef 

complex of the Guadalupe Mountains region Texas and New Mexico---

a study in paleoecology: W. H. Freeman & Co~, San Francisco, 

236 p. [Reprinted by Hafner Publishing Co .• New York, 1972.] 

Newell, N. D., and others, i957, Paleoecology of Permian reefs in 

the Guadalupe Mountains area, in Ladd, H. S., ed., Treatise on 

marine ecology and paleoecology: Geol. Soc. America Mem. 67, 

v. 2, p. 407-436. 

: I 



373 

Illing, :. V., Wells, A. J., and Taylor, J. C. M., 1965, Penecontem-

porary dolomite in the Persian Gulf, in Pray, L. C., and 

Murray, R. C., eds., Dolomitization and limestone diagenesis, a 

symposium: Soc. Econ. Paleontologists and Mineralogists Spec. 

Pub. 13, p. 89-111. 

Jacka, A. D., Beck, R. H., St. Germain, L. C., and Harrison, S. c., 

1968, Permian deep-sea fans of the Delaware Mountain Group, in 

Silver; B. A., ed., Guadalupian facies, Apache·Mountains area, 

west Texas: Soc. Econ. Paleontologists and Mineralogists, 

Permian Basin Sec., Pub. 68-11, Symposium and Field Trip Guide-

book, p. 49-90. 

Jacka, A. D., Thomas C. M., Beck, R.H., Williams K. W., and 

Harrison, S. C., 1972, Guadalupian depositional cycles of the 

Delaware basin and Northwest shelf, in Elam, J. G., and 

Chuber, Stewart, eds., Cyclic sedimentation in the Permian 

basin: West Texas Geol. Soc., Pub. 72-18, second ed., 

p. 151-195. 

Jeary, G. L., chm., 1969, Oil and gas fields in West Texas -

symposium: West Texas Geol. Soc. Pub. 69-57, v. 2, 134 p. 

Johnston Testers, 1969, Review of basic formation evaluation: 

Johnston Testers manual, 29 p. 

~~~(no date), Practical drill-stem testing manual: Houston, 

I 
I 

I 

Texas, 37 p. and app. 

Jones, C. L., 1954, The occurrence and distribution of potassium 

minerals in southeastern New Mexico, in Stiff, T. F., ed., south-

eastern New Mexico: New Mexico Geol. Soc. Guidebook, 5th Field 

Conf., p. 107-112. 
~--



374 

Jones, C. L., 1973, Salt deposits of Los Medanos area, Eddy and 

Lea Counties, New Mexico, with sections on Ground water hydrol

ogy, by M. E. Cooley, and Surficial geology, by G. O. Bachman: 

U.S. Geol. Survey open-file report (4339-7), 67 p. 

1974, Salt deposits of the Mescalero Plains area, Chaves 

County, New Mexico: U.S. Geol. Survey open-file report, 

74-190, 21 p. 

~--~1975; Potash resources in part of Los Medanos, Eddy and Lea 

Counties, New Mexico: U.S. Geol. Survey open-file report 

(in review). 

Jones, C. L., and Madsen, B. M., 1959, Observations on igneous intru

sions in late Permian evaporites, southeastern New Mexico [abs.]: 

Geol. Soc. America Bull., v. 70, no. 12, pt. 2, p. 1625-1626. 

Jones, T. s., chm., 1949, East-west cross section through Permian 

basin of West Texas, Fisher County through El Paso County, with 

text: West Texas Geel. Soc. Pub. 49-17, 34 p., 1 sheet. 

~~~1952, Marathon basin, Brewster and Pecos Counties, Trans~Pecos, 

Texas: West Texas Geol. Soc. Pub. 52-28, Spring Field Trip Guide

book, 78 p. 

----~1953, Stratigraphy of the Permian basin of west Texas: West 

Texas Geol. Soc. Spec. Pub. 53-29, 63 p. 

Kane, J. W., 1967, Monthly reservoir evaporation rates for Texas, 

1940 through 1965: Texas Water Devel. Board Rept. 64, 111 p. 

Keener, M. H. L., 1957, Dollarhide field, Andrews County, Texas, and 

Lea County, New Mexico, in Herald, F. A., ed., Occurrence of oil 

and gas in West Texas: Texas Univ. Bur. Econ. Geology Pub. 5716, 

p. 87-96. 



375 

Kelley, v. C., 1971, Geology of the Pecos Country, southeastern 

New Mexico: New Mexico Bur. Mines and Mineral Resources Mem. 24, 

75 p. 

~~~1972a, Geology of the Fort Sumner sheet, New Mexico: 

New Mexico Bur. Mines and Mineral Resources Bull. 98, 55 p. 

~~~1972b, Geometry and correlation along Permian Capitan escarp

ment, New Mexico and Texas: Am. Assoc. Petroleum Geologists 

Bull., ·v. 56, no. 11, p. 2192-2211. 

Kendall, C. G. St. C., 1969, An environmental re-interpretation of 

the Permian evaporite/carbonate shelf sediments of the Guadalupe 

Mountains: Geol. Soc. America Bull., v. 80, no. 12, p. 2503-2536. 

Kendall, C. G. St. C., and Skipwith, Sir P.A. d'E., 1968, Recent 

algal mats of a Persian Gulf lagoon: Jour. Sed. Petrology, v. 38, 

no. 4, p. 1040-1058. 

~~~1969a, Holocene shallow water carbonate and evaporite sediments 

of the Khor al Bazam, Abu Dhabi, southwest Persian Gulf: Am. 

Assoc. Petroleum Geologists Bull., v. 53, no. 4, p. 841-870. 

~~~1969b, Geomorphology of a recent shallow water carbonate 

province: Khor al Bazam, Trucial Coast, southwest Persian Gulf: 

Geol. Soc. America Bull., v. 80, no. 5, p. 865-895. 

J King, P. B., 1930, The geology of the Glass Mountains, Texas; Part 1, 

Descriptive geology: Texas Univ. Bull. 3038, 167 p. (1931]. 

~~~1934, Permian stratigraphy of Trans-Pecos Texas: Geol. Soc. 

America Bull., v. 45, no. 4, p. 697-798. 

J ~~~1935, Outline of structural development of Trans-Pecos, Texas: 

Am. Assoc. Petroleum Geologists Bull., v. 19, no. 2, p. 221-261. 
I 

I I 



376 

,~ King, r. B. 1937, Geology of the Marathon region, Texas: U.S. Geol. 

Survey Prof. Paper 187, 148 p. 

~~~1942, Permian of West Texas and southeastern New Mexico, 

Part 2, of DeFord, R. K., and Lloyd, E. R., eds., West Texas

New Mexico--a symposium: Am. Assoc. Petroleum Geologists Bull., 

v. 26, no. 4, p. 535-763. 

~~~1948, Geology of the southern Guadalupe Mountains, Texas: 

U.S. Geol. Survey Prof. Paper 215, 183 p. [1949]. 

~~~1949, Regional geologic map of parts of Culberson and Hudspeth 

Counties, Texas: U.S. Geol. Survey Oil and Gas Inv. Prelim. 

Map 90, 1 sheet. 

~~~-1959, The evolution of North America: Princeton Univ. Press, 

189 p. 

~~~1965, Geology of the Sierra Diablo region, west Texas: 

U.S. Geol. Survey Prof. Paper 480, 185 p. 

~~~1969, compiler, Tectonic map of North America: U.S. Geol. 

Survey, 2 sheets. 

King, P. B., Branson, C. C., and others, leaders, 1949, Pre-Permian 

rocks of Trans-Pecos area (Texas) and southern New Mexico: West 

Texas Geol. Soc. Pub. 49-22, Field Trip Guidebook no. 5, 67 p. 

j King, P. B., and Fountain, H. C., 1944, Geologic map of southern 

Guadalupe Mountains, Hudspeth and Culberson Counties, Texas: 

U.S. Geol. Survey Oil and Gas Inv. Prelim. Map 18, 1 sheet. 

'/ King, P. B., and King, R. E., 1928, The Pennsylvanian and Permian 

stratigraphy of the Glass Mountains: Univ. Texas Bur. Econ. 

Geel. Bull. 2801, p. 109-145. 



King, R. E., Bates, R. L., Hills, J. N., Martin, B. G., and 

Taylor, S. J., 1942, Resume of geology of the South Permian 

Basin, Texas and New Mexico: Geol. Soc. America Bull., v. 53, 

no. 4, p. 539-560. 

King, R.H., 1947, Sedimentation in Permian Castile Sea 

377 

[United States]: Am. Assoc. Petroleum Geologists Bull., v. 31, 

no. 3, p. 470-477. 

~~~1973, Problem of evaporites and basinal limestones 

(discussion): Am. Assoc. Petroleum Geologists Bull., v. 57, 

no. 12, p. 2457-2458. 

Kinney, E. E., 1969, The San Andres Formation in New Mexico, in 

Summers, W. K., and Kottlowski, F. E., eds., The San Andres 

Limestone, a reservoir for oil and water in New Mexico: 

New Mexico Geol. Soc. Spec. Pub. no. 3, p. 3-4. 

Kinney, E. E., Lea County Operators Connnittee, and New Mexico Oil 

Conservation Commission, compilers, 1949, New Mexico oil and 

gas engineering data for 1948: New Mexico Bur. Mines and 

Mineral Resources Oil and Gas Rept. 4-B, 353 p. 

Kinney, E. E., Nations, J. D., Oliver, B. J., Wagner, P G., 

Siwula, T. A., and Renner, R. E., 1968, The Roswell artesian 

basin: Roswell Geol. Soc., 32 p. 

Kinney, E. E. and Schatz, F. L., eds., 1967, The oil and gas fields 

of southeastern New Mexico, 1966 supplement, a symposium: 

Roswell Geol. Soc., 185 p. 

Kinsman, D. J. J., 1966, Gypsum and anhydrite of recent age, Persian 

Gulf, in Second symposium on salt: Northern Ohio Geol. Soc., 

p. 302-326. 



378 

Kinsman, D. J. J., 1969, Modes of formation, sedimentary associa-

tions, and diagnostic features of shallow water and supratidal 

evaporites: Am. Assoc. Petroleum Geologists Bull., v. 53, 

no. 4, p. 830-840. 

Kirkland, D. W., and Anderson, R. Y., 1970, Microfolding in the 

Castile and Todilto evaporites, Texas and New Mexico: Geol. 

Soc. America Bull., v. 81, no. 11, p. 3259-3282. 

Knowles, D. B., and Lang, J. W., 1947, Preliminary report on the 

geology and ground-water resources of Reeves County, Texas: 

Texas Board of Water Engineers, 92 p. 

Krieger, R. A., Hatchett, J. L., and Poole, J. L., 1957, Preliminary 

survey of the saline-water resources of the United States: 

U.S. Geol. Survey Water-Supply Paper 1374, 172 p. 

Kroenlein, G. A., 1939, Salt, potash, and anhydrite in Castile 

Formation of southeast New Mexico: Am. Assoc. Petroleum 

Geologists Bull., v. 23, no. 11, p. 1682-1693. 

Ladd, H. S., 1950, Recent reefs: Am. Assoc. Petroleum Geologists 

Bull., v. 34, no. 2, p. 203-214. 

Lamb, N. R., and Lea County Operators Committee, compilers, 1948, 

New Mexico oil and gas engineering data for 1947: New Mexico 

Bur. Mines and Mineral Resourcesirc. 19-B, 279 p. 

Lamb, N. R., and Macey, W. B., compilers, 1947a, Oil and gas 

production data, Eddy County, New Mexico, 1943-1945: New Mexico 

Bur. Mines and Mineral Resources Circ. 14, 146 p. 

~~~1947b, New Mexico oil and gas production data for 1946 

(exclusive of Lea County): New Mexico Bur. Mines and Mineral 

I 
'I Resources Circ. 16, 171 p. 

I 
I 

. j 

; I 



! 

I 
.1 

: I 
· I 

379 

Lamb, N. R., and Macey, W. B., compilers, 1947c, Caprock Pool 

statistical report, Chaves and Lea Counties, New Mexico: 

New Mexico Bur. Mines and Mineral Resources Circ. 17, 15 p. 

Land, L. S., and Goreau, T. F., 1970, Submarine lithification of 

Jamaican reefs: Jour. Sed. Petrology: v. 40, no. 1, 

p. 457-462. 

Lang, W. T. B., 1937, The Permian formations of the Pecos valley 

of New Mexico and Texas: .Am. Assoc. Petroleum Geologists Bull., 

v. 21, no. 7, p. 833-898. 

~~~1947, Occurrence of Comanche rocks in Black River valley, 

New Mexico: .Am. Assoc. Petroleum Geologists Bull., v. 31, 

no. 8, p. 1472-1478. 

Lea County Operators Committee, 1935-42, Annual report: Lea County 

Operators Comm., Hobbs, N. Mex. 

~~~1943-1949, Annual engineering data: Lea County Operators 

Comm., Hobbs, N. Mex. 

~~~1943-1949, Annual statistical report: Lea County Operators 

Comm., Hobbs, N. Mex. 

Lee, W. T., 1909, The Manzano group of the Rio Grande valley, 

New Mexico: U.S. Geol. Survey Bull. 389, 141 p. 

Lemay, W. J., and Stevens, D. G., 1967, Petroleum exploration and 

development map--Permian basin: Natl. Petroleum Bibliography, 

.Amarillo, Tex., 1 sheet. 

Levorsen, A. I., 1967, Geology of petroleum: W. H. Freeman & Co., 

San Francisco, second ed., 724 p. 



380 

Lewis, F. E., 1941, Position of San Andres group, west Texas and 

New Mexico: Am. Assoc. Petroleum Geologists Bull., v. 25, 

no. 1, p. 73-103. 

Lingle, R. T., and Linford, Dee, compilers, 1961, The Pecos River 

Commission of New Mexico and Texas, A report of a decade of 

progress, 1950-1960: Pecos River CoillIIl., Carlsbad, N. Mex., 

284 p. 

Lohman, S. W., and others, 1972, Definitions of selected ground-

water terms--revisions and conceptual refinements: U.S. Geol. 

Survey Water-Supply Paper 1988, 21 p. 

Lusczynski, N. J., 1961, Head and flow of ground water of variable 

density: Jour. Geophys. Research, v. 66, no. 12, p. 4247-4256 

[December 1961). 

Lynch, E. J., 1962, Formation evaluation: Harper and Row, New York, 

422 p. 

Maley, V. C., and Huffington, R. M., 1953, Cenozoic fill and 

evaporite solution in Delaware basin, Texas and New Mexico: 

Geol. Soc. America Bull., v. 64, no. 5, p. 539-546. 

Martin, Rudolph, 1972, Fossil submarine canyons [abs.]: Geol. Soc. 

America, in Abstracts with programs, v. 4, no. 6, p. 391-392. 

[Rocky Mountain Section, 25th Ann. Mtg. May 11-13, 1972, 

Laramie, Wyoming.] 

Matthews, C. S., and Russell, D. G., 1967, Pressure buildup, and 

flow tests in wells: Soc. Petroleum Engineers of AIME, 

Henry L. Doherty Ser., Monograph v. 1, 172 p. 

Maxwell, W. G. H., 1968, Atlas of the Great Barrier Reef: Elsevier 

Publishing Co., New York, 258 p. 



381 

Mear, C. E., and Yarbrough, D. V., 1961, Yates Formation in southern 

Permian Basin of West Texas: Am. Assoc. Petroleum Geologists 

Bull., v. 45, no. 9, p. 1545-1556. 

~einzer, O. E., Renick, B. C., and Bryan, Kirk, 1926, Geology of 

No. 3 reservoir site of the Carlsbad irrigation project, 

New Mexico, with respect to water tightness: U.S. Geol. Survey 

Water-Supply Paper 580-A, p. 1-39. 

Meissner, F. F., 1972, Cyclical sedimentation in mid-Permian strata, 

in Elam, J. G., and Chuber, Stewart, eds., Cyclic sedimentation 

in the Permian basin, second ed.: West Texas Geol. Soc. 

Pub. 72-18, p. 203-232. 

Miller, P. W., and Bates, R. L., 1942, Cooper-Jal area, in 

Bates, R. L., compiler, The oil and gas resources of New Mexico, 

second ed.: New Mexico Bur. Mines and Mineral Resources 

Bull. 18, p. 201-205. 

Moore, J. H., 1944, Fullerton pool, Andrews County, Texas: Am. 

Assoc. Petroleum Geologists Bull., v. 28, no. 10, p. 1541-1542. 

Moran, W. R., 1954a, Proposed type sections for the Queen and 

Grayburg Formations of Guadalupe Age in the Guadalupe Mountains, 

Eddy County, New Mexico [abs.]: Geol. Soc. America Bull., v. 65, 

no. 12, pt. 2, p. 1288. 

~~~1954b, Proposed type sections for the Queen and Grayburg 

Formations of Guadalupe Age in the Guadalupe Mountains, Eddy 

County, New Mexico, in Stipp, T. F., ed., Southeastern 

New Mexico: New Mexico Geol. Soc. Guidebook, 5th Field Conf., 

p. 147-150. 



. I .. 
382 

Moran> i;. R., 1962> Surface type localities of the Queen and Gray burg 

Formations of the Guadalupe Mountains> Eddy County> New Mexico, 

in Uilde> G. L.> and others> eds., Permian of the central 

Guadalupe Mountains, Eddy County> New Mexico: West Texas Geol. 

Soc. Pub. 62-48> Field trip guidebook and geological discus-

sions, p. 76-86. 

Morgan, A. M., and Sayre, A. N., 1942, Geology, in [U.S.] Natl. 

Resources Plan. Board, 1942, Pecos River Joint Investigations--

Reports of the participating agencies: Washington> U.S. Govt. 

Printing Office, p. 28-38. 

Motts, H. S., 1962, Geology of the West Carlsbad quadrangle, 

New Mexico: U.S. Geol. Survey Geol. Quad. Map GQ-167, 1 sheet. 

~~~1968, The control of ground-water occurrence by lithofacies 

in the Guadalupian reef complex near Carlsbad> New Mexico: 

Geol. Soc. America Bull.> v. 79, no. 3, p. 283-298. 

~~~1972, Geology and paleoenvironments of the northern segment, 

Capitan shelf, New Mexico and west Texas: Geol. Soc. America 

Bull., v. 83, no. 3, p. 701-722. 

Murphy> W. C., 1967, The interpretation and calculation of formation 

characteristics from formation test data: Halliburton Services 

Manual T-101: Halliburton Co., Duncan, Okla., 19 p. 

Myres, S. D., 1973, The Permian basin--Era of discovery: Permian 

Press, El Paso, Texas, 708 p. 

McKee, E. D., Oriel> S. s., and others, 1967, Paleotectonic maps of 

the Permian System: U.S. Geol. Survey Misc. Geol. Inv. 

Map 1-450, 164 p., 20 pls. 



383 

New Mexico Oil and Gas Association, 1966, Water flooding in south

eastern New Mexico, influence and status: Econ. rept. prepared 

by the Econ. Subcomm. appointed by the Steering Connn. of the 

Advisory Comm. of the New Mexico Oil and Gas Assoc., Santa Fe, 

14 p. 

New Mexico Oil and Gas Engineering Committee, 1950-1957, Annual 

report(s), v. I and II: Hobbs, N. Mex. 

---1950-1958, Monthly [oil and gas] statistical report(s), south

east New Mexico, v. I and II: Hobbs, N. Mex. 

---1950-1958, Annual report(s), v. I, Hobbs, N. Mex. 

---1959, Monthly [oil and gas] statistical report(s), southeast 

New Mexico, v. I and II: Hobbs, N. Mex. 

---1960-1970, Monthly [oil and gas] statistical report(s) south

east New Mexico, v. I, II, and III: Hobbs, N. Mex. 

New Mexico State Engineer Hearing, 1960, Transcript of testimony 

before the State Engineer of the State of New Mexico in the 

matter of the applications C-76-S-3, C-889-X, C-889-X-2, 

C-889-X-3, C-897, C-897-X, C-907, C-908, The city of Carlsbad, 

New Mexico,·Applicant; Pecos Valley Land Company, et al., 

Protestants, given on Feb. 8-11, 1960, State Engineer Office 

files, 2 v., 718 p., 53 exhibits. 

---1962, Transcript of testimony before the State Engineer of the 

State of New Mexico in the matter of the applications C-76-S-3, 

C-889-X, C-889-X-2, and C-889-X-3, The city of Carl"sbad, 

New Mexico, Applicant; Carlsbad Irrigation District, et al., 

Protestants, given on July 16-18, 1962, 1 v., 338 p.; and 

Sept. 17-22, 1962, 3 v., 962 p. -



384 

New Mexico State Engineer Hearing, 1963, Transcript of testimony 

before the State Engineer of the State of New Mexico in the 

matter of the applications C-76-S-3, C-889-X, C-889-X-2, 

and C-889-X-3, The city of Carlsbad, New Mexico, Applicant; 

Carlsbad Irrigation District, et al., Protestants, July 26-27, 

1963, 1 v., 347 p., 129 exhibits. 

~~~1964, Memorandum of the technical evidence in the matter of 

applications C-76-S-3, C-889-X, C-889-X-2, and C-889-X-3 of the 

city of Carlsbad, Eddy County, New Mexico: Offset, 45 p., 1 fig. 

Nicholson, Alexander, Jr., and Clebsch, Alfred, Jr., 1961, Geology. 

and ground-water conditions in southern Lea County, New Mexico: 

New Mexico Bur. Mines and Mineral Resources Ground-Water 

Rept. 6, 120 p. 

Nutter, D.S., 1965, Oil and gas development in New Mexico, in 

Mineral and water resources of New Mexico: U.S. 89th Cong., 

1st sess., Senate Comm. Interior and Insular Affairs, Comm. 

Print: New Mexico Bur. Mines and Mineral Resources Bull. 87, 

p. 41-78. 

Odeh, A. S., and Selig, F. F., 1963, Pressure build-up analysis 

variable-rate case: Jour. Petroleum Technology, p. 790-794 

[July 1963]. 

Ogilbee, William, Wesselman, J. B., and Irelan, Burdge, 1962, Geology 

and ground-water resources of Reeves County, Texas: Texas Water 

Comm. Bull. 6214, v. I and II, 438 p. 

Olive, W.W., 1957, Solution-subsidence troughs, Castile Formation of 

Gypsum Plain, Texas and New Mexico: Geol. Soc. America Bull., 

v. 68, no. 3, p. 351-358. 



385 

Oriel, S.S., Myers, D. A., and Crosby, E. J., 1967, West Texas 

Permian basin region, in McKee, E. D., and Oriel, S.S., eds., 

Paleotectonic investigations of the Permian System in the 

United States: U.S. Geol. Survey Prof. Paper 515, p. 17-60. 

Pan American Petroleum Corporation and Westbrook-Thompson Holding 

Corporation, 1958, Felmont Oil Corporation, et al., Appellant; 

vs. Pan American Petroleum Corporation, et al., Appellees: 

Brief of appellees Case No. 5378 filed in the Court of Civil 

Appeals, Eighth Supreme Judicial District of Texas, El Paso, 

Texas; appealed from the 109th Judicial District Court of 

Winkler County, Texas; Warlick Law, Inc., Dallas, Tex., 121 p. 

Parker, J.M., 1967, Salt solution and subsidence structures, 

Wyoming, North Dakota, and Montana: Am. Assoc. Petroleum 

Geologists Bull., v. 51, no. 10, p. 1929-1947, 14 figs. 

Payne, M. W., 1973, Basinal facies in the Delaware Mountain Group, 

West Texas (abs.): Geol. Soc. America, in Abstracts with 

programs for 1973, South-central Sec., Little Rock, Ark., 

p. 274-275. 

Permian Basin Well Data System, 1964, Instruction manual: Permian 

Basin Well Data System, Midland, Tex., 42 p., app. 

Peterson, J.B., and Hiss, W. L., 1970, A computer-based data file 

for the earth sciences in New Mexico [abs.]: Geol. Soc. 

America, in Abstracts with programs, v. 2, no. 7, October 1970, 

Boulder, Colo., p. 651. 

I 
! 



Peterson, J. B., Hiss, W. L., and G~~~u, Sergio, 1969, Simulation 

of the Permian Capitan Limestone aquifer, southeastern 

386 

New Mexico and western Texas: Geol. Soc. America, in Abstracts 

with programs for 1969, Part 7, 10-12 November 1969, 

Atlantic City, N. J., p. 174. 

Pierce, W. G., and Rich, E. I., 1962, Summary of rock salt deposits 

in the United States as possible storage sites for radioactive 

waste materials: U.S. Geol. Survey Bull. 1148, 91 p. 

Plummer, F. B., 1932, The geology of Texas, Part 3, Cenozoic geology 

of Texas: Univ. Texas Bull. 2323, v. 2, pt. 3, p. 519-818. 

Pratt, W. E., 1954, Evidences of igneous activity in the northwestern 

part of the Delaware basin, in Stipp, T. F., ed., Southeastern 

New Mexico: New Mexico Geol. Soc. Guidebook, 5th Field Conf., 

p. 143-147. 

~~-1964, Commentary for Stop No. 1, in Green, W.R., chm., 

Atwill, E. R., Fickman, Philip, and Neff, E. R., eds., Geology 

of the Capitan reef complex of the Guadalupe Mountains, 

Culberson County, Texas and Eddy County, New Mexico: Roswell 

Geol. Soc., Field Trip Guidebook, p. 28-34. 

Railroad Commission of Texas, 1939-1969, Annual report of the Oil and 

Gas Division: Railroad Comm. of Texas, Austin. 

Ralph M. Parsons Company, 1968, Preliminary feasibility and eco

nomics 0£ desalting brackish waters in candidate areas of west 

Texas: Report prepared for Texas Water Devel. Board and 

Office of Saline Water, U.S. Department Interior under 

OSW contract 14-01-001-1459, Lab. no. 4161-1: 

Ralph M. Parsons Co., Los Angeles and New York, unpub. rept., 

100 p. App. 



387 
. i 

i 
:Rauch, H. w., and White, W. B., 197u, Lithologic controls on the 

I 
I 

development of solution porosity in carbonate aquifers: Water 

Resources Research, v. 6, no. 4, p. 1175-1192. 

Rawson, Jack, 1967, Study and interpretation of chemical quality of 

surface waters in the Brazos River Basin, Texas: U.S. Geol. 

Survey open-file report, 156 p. 

Reed, E. L., 1961, Proposed new ground-water basin, southwest Jal 

area, Lea County, New Mexico: Ed L. Reed and Associates, 

Midland, Tex • ., unpub. rept.., 15 p • ., 14 figs., [May 1961]. 

~~~1965, A study of ground-water reserves, Capitan reef reservoir, 

Hudspeth and Culberson Counties, Texas: Unpub. rept. 

Ed L. Reed and Associates, Midland, Tex., 18 p., 7 figs., 

[December 1965] • 

Richardson., G. B., 1904, Report of a reconnaissance in Trans-Pecos 

Texas, north of the Texas and Pacific Railway: Texas Univ. 

Mineralog. Survey Bull. 9 [and] Texas Univ. Bull. 23, 119 p. 

Rigby, J. K., 1958, Mass movements in Permian rocks of Trans-Pecos, 

Texas: Jour. Sed. Petrology, v. 28, no. 3, p. 298-315. 

Roswell Geological Society, 1952, surface structures of the foothill 

region of the Sacramento and Guadalupe Mountains, Chaves, Eddy, 

Lincoln, and Otero Counties, New Mexico, in Stipp, T. F., chm., 

Roswell Geological Society, Field Trip Guidebook No. 6, 

May 9-10, 1952: 14 p. 

~~~1953, North-south correlation section, western flank of 

Permian basin, southeastern New Mexico, De Baca County, 

New Mexico to Culberson County, Texas: Prepared by the 

Stratigraphic Studies Committee, 1 sheet. 

-., 



388 

Roswell Geological Society, 1956, West-east correlation section, 

San Andres Mountains to New Mexico-Texas line, southeastern 

New Mexico: Prepared by the Stratigraphic Studies Comm. 

~~~1957, Field Trip No. 10, Slaughter Canyon, New Cave, and 

Capitan Reef exposures, Carlsbad Caverns National Park, 

April 13, 1957: 21 p., mimeo., 2 figs. 

~~~1960, Correlation section of the upper Permian from south-

eastern to north-central New Mexico: Prepared-by the Strati-

graphic Research CoIIllll., 1 sheet. 

Sayre, A. N., Lang, J. W., Dennis, P. E., 1942, Ground water in the 

Pecos River basin of Texas, in The Pecos River joint investi-

gation, report of participating agencies: Natl. Resources 

Plan. Board, Washington, p. 76-101. 

Schuehle, R. G., 1942, Hobbs pool, in Bates, R. L., compiler, The 

oil and gas resources of New Mexico: New Mexico Bur. Mines and 

Mineral Resources Bull. 18, p. 220-230. 

Scobey, W. B., chm., 1951, North-south cross section through Permian 

basin of West Texas, Bailey County to Pecos County, Texas: West 

.Texas Geol. Soc. Pub. 51-27, 1 sheet. 

Semmes, D. R., 1920, Notes on the Tertiary intrusive of the lower 

Pecos valley, New Mexico: Am. Jour. Sci., 4th ser., v. 50, 

p. 415-430. 

Sheldon, V. P., 1954, Oil production from the Guadalupe Series in 

Eddy County, New Mexico, in Stipp, T. F., ed., southeastern 

New Mexico: New Mexico Geol. Soc. Guidebook, 5th Field Conf., 

p. 150-159. 



. I 

: I 

389 

Shepard, F. P., 1965, Types of submarine valleys: Am. Assoc. 

Petroleum Geologists Bull., v. 49, no. 3, p. 304-310. 

Shepard, F. P., and Dill, R. F., 1966, Submarine canyons and other 

sea valleys: Rand McNally and Co., Chicago, 381 p., 2 maps. 

Shepard, F. P., Marshall, N. F., 1973, Currents along the floors of 

submarine canyons: Am. Assoc. Petroleum Geologists Bull., 

v. 57, no. 2, p. 244-264. 

Sherlock, R. L., 1948, The Fermo-Triassic formations; a world 

review: Hutchinson's Sci. and Tech. Pubs., London, 367 p. 

Silver, B. A., ed., 1968, Guadalupian facies, Apache Mountains 

area, west Texas: Soc. Econ. Paleontologists and Mineralogists, 

Permian Basin Sec., Pub. 68-11, Symposium and Field Trip 

Guidebook, 144 p. 

Silver, B. A., and Todd, R. G., 1969, Permian cyclic strata, 

northern Midland and Delaware basins, west Texas and south-
, 

eastern New Mexico: Am. Assoc. Petroleum Geologists Bull., 

v. 53, no. 11, p. 2223-2251. 

Sloss, L. L., Dapples, E. C., and Krumbein, W. C., 1960, Lithofacies 

maps, an atlas of the United States and Canada: John Wiley and 

Sons, Inc., New York, 108 p. 

Smith, D. B., 1973, Geometry and correlation along Permian Capitan 

escarpment, New Mexico and Texas (discussion): Am. Assoc. 

Petroleum Geologists Bull., v. 57, no. 5, p. 940-945. 

~~~1974, Sedimentation of upper Artesia [Group] (Guadalupian) 

cyclic shelf deposits of northern Guadalupe Mountains, 

New Mexico: Am. Assoc. Petroleum Geologists Bull., v. 58, 

no. 9, p. 1699-1730. 



390 

Snider, H. I., 1965> Stratigraphy and associated tectonics of the 

upper Permian Castile-Salado-Rustler evaporite complex, Delaware 

basin, west Texas and southeast New Mexico: Univ. New Mexico, 

Albuquerque, unpub. PhD dissert., 196 p., 34 figs., 9 tbls. 

Society of Economic Paleontologists and Mineralogists, 1957, Guide

book, Wolfcamp of the Glass Mountains and the Pennian basin 

[New Mexico-Texas]: 98 p. 

Spiegel, Zane, 1958, Ground-water trends in New Mexico: New Mexico 

Prof. Enginer, March, p. 8-12, and April, p. 8-11. 

~~~1967, Fundamental concepts of geohydrology applied to the 

Pecos valley and related aquifer systems: New Mexico State 

Engineer open-file rept. 46 p. 

Stanley, D. J., and Unrug, Rafael, 1972, Submarine channel deposits, 

fluxoturbidites and other indicators of slope and base-of-slope 

environments in modern and ancient marine basins, in 

Rigby, J. K., and Hamblin, W. K., eds., Recognition of ancient 

sedimentary environments: Soc. Econ. Paleontologists and 

Mineralogists, Spec. Pub. 16, p. 287-340. 

Stevens, P.R., and Hardt, W. F., 1965, Preliminary report on the 

investigation of salt springs and seeps in a portion of the 

Permian Basin in Texas: U.S. Geol. Survey open-file report, 

19 p. 

Stewart, W. J., ed., 1970, Basins of the southwest, v. 2, The 

compositional and stratigraphic relationships of Permian 

basin oils, Texas and New Mexico: West Texas Geel. Soc. 

Pub. 70-SWS, 102 p. 



391 

Stewart, W. J., chm., Hambleton, Thomas, Raman, N. D., Scott, G. L., 

and Young, Addison, eds., 1968, Delaware basin exploration--

Guadalupe, Hueco, and Franklin Mountains and Geology of the 

Carlsbad Caverns: West Texas Geol. Soc. Pub. 68-55, Fall Field 

Trip Guidebook, 170 p. 

Stipp, T. F., chm., 1951, Permian stratigraphy of the Capitan reef 

area of the southern Guadalupe Mountains, New Mexico: Roswell 

Geol. Soc., Field Trip Guidebook No. 4, 19 p. 

Stipp, T. F., ed., 1952, Field Trip Guidebook No. 6, May 9-10, 1952: 

Roswell Geo 1. Soc. , 14 p • 

~~~1954, Southeastern New Mexico: New Mexico Geol. Soc. Guide-

book, 5th Field Conf., 209 p. 

Stipp, T. F., and Haigler, L.B., 1956, Preliminary structure con-

tour map of a part of southeastern New Mexico showing oil and 

gas development: U.S. Geol. Survey Oil and Gas Inv. Map OM-177. 

Stipp, T. F., Helmig, P. D., Alcorn, Rex, Murphy, R. E., and 

Krusekopf, H. H. Jr., eds., 1956, The oil and gas fields of 

southeastern New Mexico, a symposium: Roswell Geol. Soc., 

376 p. [1957). 

Summers, W. K., 1972, Geology and regional hydrology of the Pecos 

River basin, New Mexico: New Mexico Bur. Mines and Mineral 

Resources, open-file rept. 37, 208 p. 

Sweeney, H. N., Dietrich, E. S., Dunn, D. A., Fay, R. L., 

Holt, R. D., McCampbell, W. G., and Stipp, T. F., eds., 1960, 

The oil and gas fields of southeastern New Mexico, 1960 supp.: 

! 
Roswell Geol. Soc., 229 p. 

I 



Tait, D. B., Ahlen, J. L., Gordon, Archie, Scott, G. L., 

Motts, W. S., and Spitler, M. E., 1962, Artesia Group of 

New Mexico and west Texas: Am. Assoc. Petroleum Geologists 

Bull., v. 46, no. 4, p. 504-517. 

Tanner, W. F., 1963, Permian shoreline of central-New Mexico: Am. 

Assoc. Petroleum Geologists Bull., v. 47, no. 8, p. 1604-1610. 

392 

Texas Petroleum Research Con:nnittee, 1952-1968, A survey of secondary 

recovery and pressure maintenance operations in Texas: College 

Station, Tex., Bulls. 23, 47, 60, 64, 66, and 68. 

Texas Water Commission and Texas Water Pollution Control Board, 

1963, A statistical analysis of data on oil-field brine produc

ion and disposal in Texas for the year 1961, from an inventory 

conducted by the Railroad Commission of Texas: Texas Water 

Comm. surnm. v., 81 p. [also in Railroad Comm., Texas, Dist. 8, 

v. 3, p. 646-673]. 

Theis, C. V., Brown, R.H., and Meyer, R.R., 1963, Estimating the 

transmissibility of aquifers from the specific capacity of 

wells, in Bentall, Ray, compiler, Methods of determining per

meability, transmissibility, and drawdown: U.S. Geol. Survey 

Water-Supply Paper 1536-I, p. 331-338. 

Thomas, C. M., 1965, Origin of pisolites [abs.]: AID. Assoc. 

Petroleum Geologists Bull., v. 49, no. 3, p. 360. 

~~~1968, Vadose pisolites in the Guadalupe and Apache Mountains, 

West Texas, in Silver, B. A., ed., Guadalupian facies, Apache 

Mountain area, West Texas: Soc. Econ. Paleontologists and 

Mineralogists, Permian Basin Sec., Pub. 68-11, Symposium and 

Field Trip Guidebook, p. 32-35. 



Thomas> R. G.> 1972> The geomorphic evolution of the Pecos River 

system: Baylor Geol. Studies> Waco> Texas, Bull. 22, 40 p. 

393 

Thornbury> W. D., 1965, Regional geomorphology of the United States: 

John Wiley & Sons> Inc.> New York, 609 p. 

Tomkins> J. Q., Ellis, W. B., Young> Addison> Elam> J. L., and 

Harriss, T. F.> eds., 1953, Sierra Diablo, Guadalupe> and Hueco 

areas of Trans-Pecos, Texas: West Texas Geol. Soc. Pub. 53-32> 

Fall Field Trip Guidebook, 91 p. 

Tyrrell, W.W., Jr., 1962, Petrology and stratigraphy of near-reef 

Tansill-Lamar strata> Guadalupe Mountains, Texas and New Mexico, 

in Wilde> G. L., and others, eds., Permian of the central 

Guadalupe Mountains> Eddy County, New Mexico: West Texas Geol. 

Soc. Pub. 62-48, Field trip guidebook and geological discus

sions, p. 59-69. 

~~~-1964, Petrology and stratigraphy of near-reef Tansill-Lamar 

strata, Guadalupe Mountains, Texas and New Mexico, in 

Green, W.R., and others> eds., Geology of the Capitan reef 

complex of the Guadalupe Mountains, Culberson County> Texas and 

Eddy County, New Mexico: Roswell Geol. Soc., Field trip guide

book, p. 66-76. 

~~~-1969, Criteria useful in interpreting environments of unlike 

but time-equivalent carbonate units (Tansill-Capitan-Lamar), 

Capitan reef complex_, west Texas and New Mexico, in 

Friedman, G. M., ed., Depositional environments in carbonate 

rocks: Soc. Econ. Paleontologists and Mineralogists Spec. 

Pub. 14, p. 80-97. 



394 

· Uchupi, Elazar, 1965, Map showing relation of land and submarine 

topography--Nova Scotia to Florida: U.S. Geol. Survey, Misc. 

Geol. Inv. Map 1-451, 3 sheets. 

Uren, L. C., 1939, Petroleum production engineering, oil field 

exploitation: McGraw-Hill Co., Inc., New York, 756 p. 

Urry, W. D., 1936, Post-Keweenawan time scale, including two charts, 

in National Research Council Rept. Comm. on Measurement of 

Geologic Time 1935-1936, Exh. 2, p. 35-40. 

U.S. Congress, 1949, Pecos River Compact: Senate Doc. No, 109, 

8lst Cong., 1st sess., June 9, 1949, 172 p. 

U.S. National Resources Planning Board, 1942a, Pecos River joint 

investigation--Reports on the participating agencies: 

Washington, U.S. Govt. Printing Office, 407 p. 

~~-1942b, Regional Planning, Part X, The Pecos River joint 

investigation in the Pecos River basin in New Mexico and 
I 

Texas--SuIIlillary, analyses, and findings: Washington, U.S. Govt. 

Printing Office, 185 p. 

u.s. Public Health Service, 1962, Drinking water standards: Public 

Health Service Pub. 956, 61 p. 

Vandertulip, J. J., 1966, Analysis of changes of previously 

unmeasured flow, Carlsbad Springs, New Mexico: Unpub. rept. 

prepared for William F. Guyton and Associates, A~stin, Texas, 

9 p., [April 15, 1966]. 

Vertrees, C. D., chm., 1964, Cross section through Delaware and 

Val Verde basins from Lea County, New Mexico to Edwards County, 

Texas: West Texas Geel. Soc. Pub. 64-49, 1 sheet. 



395 

Vertrees, C. D., Atchison, C.H., and Evans, G. L., 1959, Paleozoic 

geology of the Delaware and Val Verde basins, in Young, Addison, 

and others, eds., Geology of the Val Verde basin: West Texas 

Geol. Soc. Pub. 64-73, Field Trip Guidebook, p. 64-73. 

Waldschmidt, W. A., chm., 'Lloyd, E. R., and Buffington, R. M., 1949, 

The Pennian rocks of the Trans-Pecos region: West Texas Geol. 

Soc. Pub. 49-21, Field Trip Guidebook No. 4, 94 p. 

Walton, W. C., 1962, Selected analytical methods for well and 

aquifer evaluation: Board of Nat. Resources and Conserv., 

State Water Survey Div., Bull. 49, 81 p. 

Warner, C. A., 1939, Texas oil and gas since 1543: Gulf Publishing 

Co., Houston, Tex., 487 p. 

Wells, A. J., and Illing, L. V., 1964, Present day precipitation of 

calcium carbonate in the Persian Gulf, in 

van Straaten, L. M. J. U., ed., Developments in sedimentology, 

v. 1, Deltaic and shallow marine deposits: Elsevier, Amsterdam, 

p. 420-435. 

West Texas Geological Society, 1959, Stratigraphic cross section of 

Paleozoic rocks in west Texas, Gaines County through Terrell 

County, Texas: West Texas Geol. Soc. Pub. 59-43A, 1 sheet. 

~~1967, Bibliography of Permian Basin geology, west Texas and 

southeastern New Mexico: West Texas Geol. Soc. Spec. Pub. 

67-54, 163 p. 

White, D. E., 1971, Water resources of Ward County, Texas: Texas 

Water Devel. Board, Rept. 125, 219 p. 



l 
i 
I 
l 
: I 
. I 

396 

White, W. N., Gale, H. S., and Nye, S. s., 1941, Geology and ground-

water resources of the Balmorhea area, western Texas: U.S. Geol. 

Survey Water-Supply Paper 849, p. 83-146. 

Wilde, G. L., Kerr, S. D., McCarin, Tom, and Mears, Eugene, eds., 

1962, Permian of the 'central Guadalupe Mountains, Eddy County, 

New Mexico: West Texas Geol. Soc. Pub. 62-48, Field Trip 

Guidebook and Geological discussions, 116 p. [Prepared in 

cooperation with the Roswell and Hobbs Geol. Soc.] 

Winchester, D. E., 1933, The oil and gas resources of New Mexico: 

New Mexico Bur. Mines and Mineral Resources Bull. 9., 223 p. 

Winslow, A.G., and Kister, L. R., 1956, Saline water resources of 

Texas: U.S. Geol. Survey Water-Supply Paper 1365, 105 p. 

Wood, J. W., 1968, Geology of Apache Mountains, Trans-Pecos, Texas: 

Univ. Texas, Bur. Econ. Geol., Geol. Quad. Map no. 35, 1 sheet. 

Young, Addison, 1960, Paleozoic history of the Fort Stockton-

Del Rio region, west Texas, in Aspects of the geology of 

Texas--a symposium: Texas Univ. Austin, Pub. 6017, p. 87-109. 

~~~1960b, Geology of the Delaware basin and field trip guidebook, 

West Texas Geol. Soc. Pub. 60-44, 97 p. 

Young, Addison, Frenzel, H. N., Jones, T. s., Salisbury, G. P., and 

Williams, H. L., 1959, eds., Geology of the Val Verde basin: 

West Texas Geol. Soc. Pub. 59-43, Field Trip Guir:lebook, 118 p. 

Young, Addison, Heddon, Al, and Salisbury, Jerry, eds., 1957, Glass 

Mountains, (Texas): West Texas Geol. Soc. Pub. 57-39, Fall 

Field Trip Guidebook, 39 p. 



pgoetze
Text Box
Case Nos. 24278, 24277, 24123, 23775, 23614-23617, and 24018-24027OCD Exhibit No. 5C



pgoetze
Text Box
Case Nos. 24278, 24277, 24123, 23775, 23614-23617, and 24018-24027OCD Exhibit No. 5D


	Empire_Goodnight_OCD Exhibit 5A_Hiss_Groundwater Move_NMGS 31_Trans Pecos
	Empire_Goodnight_OCD Exhibit 5B_Hiss 1975 Thesis_text
	Empire_Goodnight_OCD Exhibit 5C_Figure 19
	Empire_Goodnight_OCD Exhibit 5D_Figure 26



