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Cover: Town of White Oaks about 1905, center of the booming White Oaks gold dis-
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MINERAL AND ENERGY RESOURCES OF THE
ROSWELL RESOURCE AREA, EAST-CENTRAL NEW MEXICO

By Susan Bartsch-Winkler and Alessandro J. Donatich, Editors

SUMMARY

The sedimentary formations of the Roswell Resource
Area have significant mineral and energy resources. Some of
the pre-Pennsylvanian sequences in the Northwestern Shelf
of the Permian Basin are oil and gas reservoirs, and Pennsyl-
vanian rocks in Tucumcari Basin are reservoirs of oil and gas
as well as source rocks for oil and gas in Triassic rocks. Pre-
Permian rocks also contain minor deposits of uranium and
vanadium, limestone, and gases. Hydrocarbon reservoirs in
Permian rocks include associated gases such as carbon diox-
ide, helium, and nitrogen. Permian rocks are mineralized
adjacent to the Lincoln County porphyry belt, and include
deposits of copper, uranium, manganese, iron, polymetallic
veins, and Mississippi-Valley-type lead-zinc. Industrial min-
erals in Permian rocks include fluorite, barite, potash, halite,
polyhalite, gypsum, anhydrite, sulfur, limestone, dolomite,
brine deposits (iodine and bromine), aggregate (sand), and
dimension stone. Doubly terminated quartz crystals, called
“Pecos diamonds” and collected as mineral specimens,
occur in Permian rocks along the Pecos River. Mesozoic sed-
imentary rocks are hosts for copper, uranium, and small
quantities of gold-silver-tellurium veins, as well as signifi-
cant deposits of oil and gas, carbon dioxide, asphalt, coal,
and dimension stone. Mesozoic rocks contain limited
amounts of limestone, gypsum, petrified wood, and clay.
Tertiary rocks host ore deposits commonly associated with
intrusive rocks, including platinum-group elements, iron
skarns, manganese, uranium and vanadium, molybdenum,
polymetallic vein deposits, gold-silver-tellurium veins, and
thorium-rare-earth veins. Museum-quality quartz crystals
are associated with Tertiary intrusive rocks. Industrial min-
erals in Tertiary rocks include fluorite, vein- and bedded-
barite, caliche, limestone, and aggregate. Tertiary and Qua-
ternary sediments host important placer deposits of gold and
titanium, and occurrences of silver and uranium. Important
industrial commodities include caliche, limestone and dolo-
mite, and aggregate. Quaternary basalt contains sub-ore-
grade uranium, scoria, and clay deposits.

INTRODUCTION

LOCATION AND GEOGRAPHY OF
STUDY AREA

The Roswell Resource Area (the “study area” of this
report) is located in east-central New Mexico, approximately
between latitudes 33°-35° N. and longitudes 103°-106° W.
(fig. 1). The study area encompasses 14,014,720 acres
(about 21,890 mi2) and all of Guadalupe, Quay, De Baca,
Curry, Roosevelt, and Lincoln Counties, and most of Chaves
County. Of this total acreage, the U.S. Bureau of Land Man-
agement (BLM) manages only about 1.5 million surface
acres (about 2,320 mi2) and 3.9 million subsurface (mineral
rights) acres (about 6,075 mi?).

Cities and towns within the Roswell Resource Area
include Carrizozo (western part of study area), Santa Rosa
(northwest), Fort Sumner (north-central), Tucumcari (north-
east), Clovis and Portales (east), and Hagerman and Roswell
(south). Federal and State lands included within the study
area are Lincoln National Forest, the southern part of Cibola
National Forest, White Mountain Wilderness Area, Salt
Creek Wilderness Area, Sumner Lake State Park, Ute Lake
State Park, Valley of Fires Recreation Area, Bottomless
Lakes State Park, Bitter Lake National Wildlife Refuge,
Grulla National Wildlife Refuge, Cannon Air Force Base,
and the Melrose Bombing Range. Reserved lands within or
adjacent to the study area are the Mescalero Apache Indian
Reservation on the southwest and the White Sands Missile
Range on the west. The Texas—New Mexico State line is the
eastern boundary of the study area.

Prominent physiographic features of the Roswell
Resource Area include the southern part of the Gallinas
Mountains, the Jicarilla Mountains, the northern part of the
Sacramento Mountains, the Capitan Mountains, the Pecos
Slope, the Mescalero pediment, and the Llano Estacado.
Major drainages include the Pecos River, which drains into
the Rio Grande, and the Canadian River, which drains into
the Red River. The Capitan and Gallinas Mountains rise to
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about 10,200 ft and 8,600 ft, respectively; Sierra Blanca
Peak in the northern Sacramento Mountains reaches 12,003
ft at the southwestern border of Lincoln County. The western
escarpment of Sierra Blanca Peak has the highest relief in
New Mexico (nearly 7,800 ft). The Sacramento Mountains,
Jicarilla Mountains, and Gallinas Mountains form a north-
south-trending mountain chain; the Capitan Mountains and
smaller associated intrusives trend east-west. These moun-
tain ranges slope to the Pecos River valley, about 80 mi to the
east.

The arid, undulating, eastward-sloping area that
extends east of the mountains to the Pecos River is referred
to as the Pecos Slope; the slope ranges in altitude eastward
from about 10,000 ft to about 3,000 ft, and is locally inter-
rupted by small mesas. In the Roswell Resource Area, the
Pecos Slope is drained by several east-flowing ephemeral
and perennial rivers, including the Rio Hondo, Arroyo del
Macho, Arroyo de la Mora, Yeso Creek, Salado Creek, and
Pintada Arroyo; each of these major streams has its own trib-
utary system. Numerous large subsurface drainage systems
extend eastward from the mountains into the Pecos drainage
system, which is greatly modified and locally entrapped by
karst activity. The Pecos River has been dammed to form
two major reservoirs, the Sumner Lake and Santa Rosa Res-
ervoirs, both near Santa Rosa. The eastward-flowing Cana-
dian River, located in the northeastern part of the study area,
is also dammed along its course to form the Ute Reservoir.
Two additional drainage basins are northwest of the study
area: Estancia Valley, which is an interior basin west of the
Pedemal Hills, and Claunch Valley, which drains into the
Sierra Blanca Basin northwest of Carrizozo. Two interior
drainage basins, the Encino and Vaughn, are located north of
the Capitan Mountains and south of Pintada Arroyo; these
drain into the subsurface karst and eventually into the Pecos
River system.

The Mescalero pediment extends southeast from
Roswell to the Mexican border, and between the Pecos River
and the Llano Estacado (the Staked Plains or Caprock). The
Llano Estacado makes up the largest part of the study area to
the east of the Pecos River, extending from the Canadian
River to the southeast corner of New Mexico and from the
Mescalero pediment to beyond the Texas—New Mexico State
boundary. It is crossed by large, mostly ephemeral stream
systems with low gradients, which drain westward and
southwestward into the Pecos River.

PURPOSE AND METHODOLOGY

This report assesses the potential for mineral and
energy resources on the surface and in the subsurface within
the Roswell Resource Area, an area managed by the U.S.
Bureau of Land Management (BLM) that contains many
important commodities in a variety of geologic settings.
Resource potential is the likelihood for the occurrence of

undiscovered concentrations of metals and nonmetals,
industrial rocks and minerals, and energy resources. This
report includes a description of the stratigraphy and tectonic
setting of the study area, the geochemical and geophysical
evidence used in the mineral and energy resource assess-
ment, a description of the mineral occurrences and the
hydrocarbon fields, an historical account of mineral and
energy resource exploration and production, and a descrip-
tion and analysis of the mineral resource tracts and hydrocar-
bon plays.

The MARK-3 computer program for mineral resource
simulation (Drew and others, 1986; Root and Scott, 1988;
Root and others, 1992) is a statistical method that is used
herein to estimate potential gross in-place tonnages for
unknown resource commodities. This mineral resource
assessment of the Roswell Resource Area relies upon previ-
ous work of the U.S. Geological Survey, the Canadian Geo-
logical Survey, and others who have developed mineral
deposit models. Uranium and vanadium commodities, for
which no models are currently available, are assessed by
another similar statistical method, the deposit-size-
frequency method (Finch and McCammon, 1987). The
resource potential of industrial commodities other than gyp-
sum are discussed, but no quantitative assessments were
made due to a lack of models, grade-and-tonnage curves,
subsurface information, or knowledge of production. Two
hydrocarbon plays are described from the national assess-
ment of 1988 (U.S. Geological Survey and Minerals Man-
agement Service, 1988; Mast and others, 1989).

Limited field investigations of the Roswell Resource
Area were independently conducted in 1990 and 1991 by
Theodore J. Armbrustmacher, Susan Bartsch-Winkler,
James A. Erdman, Dolores M. Kulik, Samuel L. Moore,
Charles S. Spirakis, and David M. Sutphin. A summary of all
available previously published geologic reports and maps on
surface and subsurface geology and mineral occurrences was
prepared by Bartsch-Winkler and Sutphin. Data from the
Anaconda Collection (University of Wyoming, Laramie,
Wyo.), the New Mexico Bureau of Mines and Mineral
Resources (Socorro and Albuquerque, N. Mex.), and the
BLM (Roswell, N. Mex.) were compiled by Mahlon M. Ball
(oil and gas occurrences), Bartsch-Winkler (industrial min-
eral occurrences), Erdman (water geochemistry), Spirakis
(sulfur occurrences), and Sutphin (metallic mineral occur-
rences). Information on the geology of the alkaline rocks was
compiled by Armbrustmacher. Geologic map information
was compiled and modified by Moore from the New Mexico
Highway Map (New Mexico Geological Society, 1982).
Edward J. LaRock transferred the geologic data onto a mylar
base, and digitized, edited, and transferred the geology into
ARC/INFO (Larock and Moore, 1992). Erdman and Ronald
R. Tidball compiled and interpreted geochemical informa-
tion from the National Uranium Resource Evaluation
(NURE) surveys and transferred the geochemical data into
ARC/INFO (Tidball and Erdman, 1992). Geophysical
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information was interpreted by Kulik. Joseph S. Duval stud-
ied and interpreted the NURE aerial gamma ray information
for the study area. Data on various commodities were gath-
ered by George N. Breit (vanadium), Warren 1. Finch (ura-
nium), James K. Otton (uranium), Spirakis (sulfur), Gary D.
Stricker (coal), and Sherilyn Williams-Stroud (potash and
brines). Various members of the study team identified mod-
els and evaluated the potential for deposits of certain com-
modities, and Sutphin, Richard B. McCammon, and Finch
conducted statistical analyses of pertinent data for the min-
eral resource assessment. Ball and others assessed the petro-
leum potential and outlined the oil and gas plays.
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By Susan Bartsch-Winkler

With a section on
Tertiary Intrusive and Extrusive Alkaline Rocks
of the Lincoln County Porphyry Belt
By Theodore J. Armbrustmacher

SUMMARY

Surface and subsurface geologic units within the
Roswell Resource Area span Precambrian to Holocene time,
yet the surface units are mostly Permian, Mesozoic, Ter-
tiary, and Quaternary (pls.1 and 2). The Roswell Resource
Area contains three major terranes: the Tucumcari Basin, the
Northwestern Shelf of the Permian Basin, and the Lincoln
County porphyry belt (fig. 1). Uplifted sequences of sedi-
mentary rock dip gently eastward along the Pecos Slope into
the Northwestern Shelf of the Permian Basin. Exposed for-
mations are composed mainly of clastic, carbonate, and
evaporite successions above the warped and faulted Precam-
brian basement (pl. 2). Features of the Northwestern Shelf,
as well as northward extremeties of the Permian Basin
which include the Tucumcari Basin, Bravo dome, and
Roosevelt positive, were probably formed in Paleozoic time
(Budnik, 1989) (pl. 3). Laccoliths and stocks of late Lara-
mide (Tertiary) age, known as the Lincoln County porphyry
belt, intrude the older sedimentary sequences of the Pecos
Slope in the western part of the study area; this belt generally
includes the north-trending mountain chain composed of the
Sacramento, Jicarilla, and Gallinas Mountains, the east-
trending Capitan Mountains, and the smaller Carrizo, Patos,
Vera Cruz, and Lone-Baxter Mountains (pl. 3). The rock
units of the Pecos Slope display superimposed small-scale
tectonic features that were reactivated at various times (pl. 3;
figs. 2 and 3). Uplift and subsidence events, in association
with the Pecos River drainage system, resulted in evaporite
dissolution and eventual development of karst terrane (espe-
cially in Permian rocks). The Pecos River and its tributaries
deposited Pleistocene and Holocene alluvium and terrace
gravel; this fluvial system continues to dissolve evaporite
and form karst.

STRUCTURE
UPLIFTS

SACRAMENTO UPLIFT, PECOS SLOPE, AND
CAPITAN MOUNTAINS

Uplift was initiated by intrusive activity in Tertiary
time in the Sacramento, Jicarilla, Gallinas, and Capitan

Mountains and adjacent ranges (the highest points in the
study area). High-angle, westward-dipping normal faults
and pre-Tertiary(?) thrust faults near the base of mainly
Paleozoic and Mesozoic strata, which manifest them-
selves as scarps, fans, and step faults, are exposed south-
west of the study area in the Sacramento uplift (pl. 3). The
steep west front of the Sacramento uplift, which marks
the eastward extent of the Rio Grande rift (Pray, 1961;
Chapin, 1971), is at least 7,000 ft higher than the adjacent
Tularosa Basin (Kelley and Thompson, 1964) (pl. 2).

The east side of the Sacramento uplift is an eastwardly
inclined surface called the Pecos Slope. The western bound-
ary of the Pecos Slope in Lincoln County is defined by the
distribution of intrusive and extrusive rocks in the mountain-
ous area referred to as the Lincoln County porphyry belt, and
by the Dunken uplift (south of the study area) and the Tinnie
fold belt (Kelley, 1971) (pl. 3). On the Pecos Slope, anti-
clines, synclines, basins, monoclines, and circular domes
occur; some of the folds are overturned.

The Capitan Mountains, probably a laccolith, is one of
the largest Tertiary intrusions in New Mexico (McLemore
and Phillips, 1991) (fig. 4). The aplite roof and granite core
of the pluton are exposed by erosion (Allen, 1988; Allen and
McLemore, 1991). Sedimentary strata that crop out on the
western and overlying parts (the roof) of the intrusive dip to
the west; the eastern part (the core) of the intrusive is in con-
tact with near-vertical strata (Kelley, 1971; McLemore and
Phillips, 1991). The intrusion is probably a basement-related
feature because it lies within the east-west-trending Capitan
Mountains lineament, which extends westward from the
Matador uplift in West Texas to Socorro in central New
Mexico (Griswold, 1959; Kelley, 1971) (inset, pl. 3). The
junction of the north-northeast-trending structural zones of
the Sacramento, Jicarilla, and Gallinas Mountains and the
east-west-trending structural zone of the Capitan Mountains
occurs in the vicinity of several other smaller intrusions,
including those of the Carrizo, Patos, Vera Cruz, and Lone
Mountains (pls. 1 and 3) (Griswold, 1959). According to
Kelley (1971), the apparent left-lateral offset of the north-
south-trending Pedernal uplift (Mescalero arch) is concealed
by intrusive rocks of the Capitan Mountains; the mountains
themselves are apparently locally offset by north- or north-
east-trending faults.
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Figure 2 (caption continued on facing page). Photomosaic of Landsat 2 and Landsat 3 satellite images of the Roswell Resource Area
(heavy line) and vicinity, New Mexico (see fig. 3 for reference locations). Images [using bands 4 (natural), 5 (visible red), and 7 (near infra-
red)] were taken at an altitude of about 560 mi during the late 1970’s. Live vegetation emits radiation detectible in the near-infrared spectrum,
shown in shades of red. It is especially noticeable in irrigated patches adjacent to the south-flowing Pecos River, near Portales and Clovis,
and east of Tucumcari, and in forested mountainous areas such as the Capitan, Sacramento, Jicarilla, and Gallinas Mountains; Sierra Blanca
Peak is above timberline. Rivers and deep parts of reservoirs are shown in black, and shallow turbid water is blue. Karst-related features of
the Pecos River valley in the southern part of the study area appear as pale-blue to black ovoid patches. Extensive lineaments are discernible,
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such as the northeast-trending Border and Y-O buckle zones near Roswell; traces of features associated with the north-south-trending
Vaughn trend are faint, as are the east-west-trending lineaments related to the Matador uplift, Railroad Mountain dike, and Capitan Moun-
tains. Other recognizable features are the malpais (black basalt flows) west of Carrizozo and the curved escarpment of the Llano Estacado
south of Tucumcari, upon which are situated (near Clovis and Portales) light-colored Pleistocene sand dunes. Gypsum dunes of White Sands
National Monument are evident. [Excerpted from a photomosaic of New Mexico that is available from the U.S. Agricultural Stabilization
and Conservation Service, Aerial Photography Field Office, Box 30010, Salt Lake City, Utah 84125.]
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Figured4. The Capitan Mountains in the Lincoln County porphyry belt, New Mexico. View is to the north from Sierra Blanca Peak. Pho-

tograph taken by Gary R. Winkler (U.S. Geological Survey).

CARRIZOZO ANTICLINE

The Carrizozo anticline is a broad, elliptical-shaped,
northeast-trending, doubly plunging, slightly ‘asymmetric
fold that extends from the Sierra Blanca Basin on the east to
the southern end of Chupadera Mesa on the west (outside the
study area) (pl. 3). It crosses the north-south structural trend
that extends from the Tularosa Basin to the Claunch sag
(Kelley and Thompson, 1964).

PEDERNAL UPLIFT

The buried Paleozoic Pedernal uplift (southern part of
the Ancestral Rocky Mountains and Sierra Grande uplift)
extends from the northern edge of the study area at Vaughn
to east of the southern Sacramento Mountains (south of the
study area) (pl. 3). The Mescalero arch of Kelley and
Thompson (1964), a broad structural divide that is offset by
the Capitan Mountains, generally coincides with the Peder-
nal uplift (Kelley, 1971). The rise of the Pedernal uplift,
which is cored by Precambrian basement rocks, probably
was initiated in Middle Pennsylvanian (early Atokan) time,
with major uplift recurring in Permian time (pl. 2). No coarse
clastic material from this Precambrian-age landmass is
found in pre-Pennsylvanian rocks (Lloyd, 1949); however,
Precambrian clastics are found in lower Atokan and Lower
Permian sedimentary rock sequences. In late Paleozoic time,
the Pedernal uplift caused various overlying Paleozoic for-

mations to be truncated along its flanks (Pray, 1949, 1954,
1961; Kottlowski, 1963; Perhac, 1964; Kottlowski and
Stewart, 1970; Broadhead and King, 1988).

MATADOR UPLIFT, ROOSEVELT POSITIVE, AND
BRAVO DOME

The pre-Permian Matador uplift is a prominent subsur-
face Precambrian basement feature that trends east-west in
southern Roosevelt County (pl. 3). It is marked by a series of
en-echelon fault-bounded blocks that range in size from 5
miZ to 50 mi2, with as much as 4,000 ft of basement relief
(Budnik, 1989). Oil wells drilled in the area encountered
Pennsylvanian and Permian sequences that overlie Precam-
brian basement rocks; each block along the trend contains oil
reservoirs of Mississippian to middle Permian age (Budnik,
1989). Only small amounts of Precambrian detritus were
eroded from the Matador uplift, indicating that the Matador
uplift was a relatively low, positive feature during Pennsyl-
vanian and Permian time (Lloyd, 1949). Pre-Mississippian
strata are missing on the uplift. Multiple unconformities in
strata overlying the fault blocks of the Matador uplift indi-
cate a complex history (Budnik, 1989).

The Roosevelt positive, an aligned series of small
domes in the subsurface, lies at the southwest extremity of
the Matador uplift (pl. 3). The positive was reactivated epi-
sodically in early to middle Paleozoic time and uplift took
place until at least middle Permian time (Budnik, 1989).
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The Bravo dome is parallel and similar to the Mata-
dor uplift in being a faulted (reactivated) subsurface Pre-
cambrian basement high that extends from eastern New
Mexico to northwestern Texas (Budnik, 1989) (inset, pl.
3). The Bravo dome separates the Tucumcari Basin to the
southwest from the Dalhart Basin to the northeast. The
Bravo dome apparently formed in Middle Pennsylvanian
time and deformation continued into Miocene time. The
uplift influenced deposition of sedimentary rocks through-
out Permian time; basement rocks of the dome are
onlapped by Pennsylvanian strata and the Lower Permian
Glorieta Sandstone.

SAN JON HIGH

The San Jon high (also referred to as the Frio uplift) is
a broad Precambrian basement positive in the subsurface that
separates the Palo Duro and Tucumcari Basins (pl. 3); Bud-
nik (1989) described the San Jon high as being composed of
two small highs. It is bounded on the west by the Bonita
fault; a high-angle, northeast-trending normal basement fault
occurs within the high on the southeast. Subsurface data
indicate that Pennsylvanian and Permian sedimentary strata
thin over the San Jon high.

BASINS

SIERRA BLANCA BASIN

The Sierra Blanca volcanic pile rests on a 750-mi2
structural basin delimited by Cretaceous deposits [mainly
Dakota(?) Sandstone] that crop out along its perimeter (Gris-
wold, 1959; Kelley and Thompson, 1964) (pls. 1 and 3). This
basin, the Sierra Blanca Basin, is about 40 mi long and 20 mi
wide and trends north-northeast (Thompson, 1966). The
basin lies west of the Pedernal uplift or Mescalero arch, east
of the Carrizozo anticline, and northeast of the Tularosa
Basin; the northern part of the Sierra Blanca Basin has been
altered by the White Oaks and Capitan faults and by intru-
sions, including those of Lone Mountain (Kelley and
Thompson, 1964). The eastern edge of the basin slopes into
a fault zone near Ruidoso, which has as much as 1,400 ft of
vertical offset (Kelley and Thompson, 1964). Folds and
faults on the eastern edge of the basin near Sierra Blanca
Peak (including the Tinnie fold belt) (Kelley, 1971) trend
east-northeast, nearly paralleling the buckle faults discussed
below. The Sierra Blanca Basin is Laramide in age, and is
filled by Eocene and later volcanogenic and plutonic units
(Thompson, 1972; Lucas and others, 1989; Cather, 1991;
Moore and others, 1991).

PERMIAN BASIN

The Permian Basin extends in the subsurface from
southeastern New Mexico and West Texas into southern
Kansas and western Oklahoma (Budnik, 1989) (inset, pl.

3). The Northwestern Shelf is that part of the Permian
Basin that lies north of the Permian Capitan Reef and
extends into the study area; features of the Northwestern
Shelf include Tucumcari Basin, Bravo dome, Roosevelt
positive, and the western part of the Palo Duro Basin.
Important features of the Permian Basin in New Mexico,
but outside the study area boundary, include the Delaware
Basin (south of the Capitan Reef) and the northwestern part
of the Central Basin Platform (east of the Delaware Basin).
At the western extremity of the Permian Basin, especially
in the central and northern parts of the study area, pre-
Pennsylvanian rocks generally are shelf deposits that have
been truncated and (or) eroded.

TUCUMCARI BASIN

The Tucumcari Basin, in the subsurface in the north-
eastern part of the study area, is a Pennsylvanian-age, asym-
metric structural basin bounded by ancestral uplifts of the
Rocky Mountains (Paleozoic Sierra Grande uplift on the
north and Pedernal uplift on the south and west), the Bravo
dome on the northeast, and a subsurface horst block of Mid-
dle Pennsylvanian to Early Permian (Wolfcampian) age on
the southeast (Broadhead, 1989) (pl. 3). The deepest part of
Tucumcari Basin is composed of down-faulted block struc-
tures (grabens) in basement rocks; it is as much as 9,000 ft
deep west of Newkirk, N. Mex. (Broadhead and King, 1988;
Broadhead, 1989). The basin is underlain by Precambrian
basement and sedimentary units of Mississippian, Pennsyl-
vanian, Permian, Triassic, Jurassic, Cretaceous, Tertiary,
and Quaternary ages (Dobrovolny and others, 1946); Missis-
sippian rocks were deposited before development of Tucum-
cari Basin (Broadhead, 1989). Pre-Mississippian strata are
not present (Broadhead and King, 1988).

According to Broadhead and King (1988), gentle sur-
face structures are not indicative of the large-scale subsur-
face structures in Tucumcari Basin. The northern, western,
and eastern parts of the basin are complexly faulted, but
major structural movement in the basin and surrounding
uplifts was apparently limited to Middle Pennsylvanian
through Early Permian time (Broadhead and King, 1988)
because basin faults (rooted in Precambrian basement) cut
these strata and control their thickness and facies distribution
(Broadhead, 1989). Upper Permian units have few faults and
are draped over deeper fault blocks (Broadhead, 1989). Dur-
ing the Laramide orogeny, some of the older structures in
Tucumcari Basin were reactivated. The Bonita fault, an iso-
lated structural feature in southeastern Tucumcari Basin, dis-
places beds as young as Cretaceous in age and may have
offset strata as young as Quaternary in age; dissolution of
Permian units complicates the analysis of fault movement
(Budnik, 1989). The Bonita fault trends N. 40° E. and dips
60° W.; it has as much as 700 ft of normal displacement
(Stearns, 1972).
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FAULTS AND FOLDS
TINNIE FOLD BELT

The north-trending Tinnie fold belt, in the southwest
corner of the study area, is about 20 mi long and about 3-5
mi wide (Kelley, 1971) (pl. 3). The belt consists of narrow
anticlines and synclines whose moderately steep limbs over-
lie a narrow north-trending basement block (Bowsher,
1991). In the northern part of the belt where the basement
block has structural relief of about 6,000 ft (Burt, 1991), as
many as 12 folds occur in a width of 3 mi. Near Hondo Can-
yon, as many as nine folds occur in a width of 2 mi (Kelley,
1971); structural relief on these folds is as much as 1,000 ft
(Kelley, 1971). Folding and faulting in the Tinnie fold belt
probably took place during Tertiary time. The folds may be
related to tectonic reactivation of Precambrian basement that
underlies them (Craddock, 1964; Yuras, 1976; Burt, 1988).

FOLDS IN INCOMPETENT STRATA

In Rio Bonito Canyon northwest of the Tinnie fold belt
(pl. 3), the Yeso Formation and the overlying Glorieta Sand-
stone and San Andres Formation are folded into a series of
north-trending folds named the Lincoln fold belt by Crad-
dock (1960); overlying strata are not folded (Griswold,
1959). The Lincoln fold belt apparently formed in Tertiary
time independently from, and unrelated to, basement activ-
ity. Folds occur in Yeso strata south and east of Corona (Fis-
cher and Hackman, 1964), in the Claunch sag, on Chupadera
Mesa, and on the flanks of the Capitan Mountains (Kelley
and Thompson, 1964). Because of their occurrence in (but
not restriction to) the Yeso Formation, which is composed
predominantly of gypsum and is highly susceptible to slump-
ing, the folds are thought to be related to incompetency in
bedrock, and were probably caused by collapse, intrusion,
solution, slumping, and (or) compressive or gravity tecton-
ics, or by combinations of these factors (Kelley and Thomp-
son, 1964; Craddock, 1964; Foley, 1964).

VAUGHN TREND

The Vaughn trend is a fold belt of minor deformation
that extends through Vaughn, N. Mex., on a north-south
trend, aligning with the Tinnie fold belt (Kelley, 1972a, b)
(pl. 3). At its southern end, the trend is composed of stag-
gered anticlines; to the west it is composed of a narrow fault
zone that has, in part, right-lateral strike-slip movement (the
Nalda shear zone) and which passes farther north into a gen-
tle flexure (the Derramadura monocline). Three miles east of
the Nalda shear zone is the 25-mi-long Vaughn fault, which,
farther to the north, becomes a 13-mi-long buckle or west-
facing monocline (Leon monocline) that extends into Pin-
tada Arroyo. According to Kelley (1972a, b), deep-seated
extension in the Ancestral Rocky Mountains may be mani-
fest in the Vaughn sag, which is located between the Leon

monocline—Vaughn fault on the east and the Derramadura
monocline on the west.

BUCKLES AND NORTHEAST-TRENDING FAULTS

A series of northeast-trending faults and associated
folds, some termed buckles in the literature, occur on the
southern Pecos Slope west of Roswell, N. Mex., (Merritt,
1920) (pl. 3). In general, these features are straight, exposed
for 35-80 mi, and spaced at 8- to 20-mi intervals. Many of
the buckles may be right-lateral wrench faults, as evidenced
by their great length and small amount of throw, associated
drag folding, left-branching folds and short faults, and long
left-diagonal folds in the blocks between the buckles
(Kelley, 1971). Most of these structural features plunge
northeastward and diagonal to regional dip. These faults,
folds, and buckles are named the Bonito fault, White Tail
buckle, Serrano buckle, Border buckle, Sixmile buckle, Y-O
buckle, and the K-M fault; many form structural traps related
to gas accumulations. Additional, smaller, right-lateral offset
faults and buckles not shown on plate 3 include the Ruidoso,
Little Creek, Airstrip, and Champ faults and the Purcella
buckle (Kelley, 1971).

The Bonito fault trends N. 55° E. for about 36 mi from
Sierra Blanca Peak to near Lincoln, N. Mex., north of the
Capitan Mountains (Kelley, 1971). Offset faults, folds, and a
sill indicate right-lateral movement.

The White Tail buckle trends N. 50°-60° E. for about
21 mi near Hondo, N. Mex. (Kelley, 1971). The fault is
downthrown on the southeast side, except at the southwest
end where it is downthrown to the northwest; it probably has
experienced some right-lateral movement, although no drag
folds are apparent (Kelley, 1971).

The Serrano buckle is about 26 mi long and trends
about N. 35° E,, extending northward from the Tinnie fold
belt (Kelley, 1971). Relative movement varies along its
length. The buckle zone has a width of less than 300 ft
(Kelley, 1971). Local drag folds and faults indicate right-
lateral movement, with locally as much as 500 ft of lateral
offset (Kelley, 1971).

The Border buckle is about 60 mi long and trends N.
35°-55° E. (Kelley, 1971). This buckle is the most strongly
deformed of all these structural features; the zone of defor-
mation ranges in width from 1,600 ft to less than 500 ft
(Kelley, 1971). Localized brecciated intervals indicate fault-
ing, but the sense of lateral offset changes repeatedly along
the length of the buckle (Kelley, 1971) (fig. 5).

The Sixmile buckle is as much as 80 mi long and trends
about N. 40° E. The upper beds in the Sixmile buckle are ver-
tically offset, but the lower beds indicate possible right-
lateral strike-slip movement (Kelley, 1971).

The Y-O buckle is at least 72 mi long and trends about
N. 40° E,, as inferred from surface and subsurface evi-
dence. The buckle apparently follows a preexisting line of
deformation; the most deformed part of the fold is about
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Figure 5. The Border buckle, east-central New Mexico (approximate location shown by dashed line). Photograph by S.S. Nye in Decem-
ber 1927, from the south side of Rio Hondo looking northeast (photograph number 25, on file at the U.S. Geological Survey Photo Library,
Denver, Colo.).

500-800 ft wide (Kelley, 1971). Drag folds adjacent to the
buckle indicate right-lateral movement estimated to be as
much as 1,800 ft.

The K-M fault extends in the subsurface from Artesia,
N. Mex., to about Lake Arthur, N. Mex., near the southern
border of the study area (Kelley, 1971). It is apparently about
30 mi long, and its southeast side is downdropped as much
as 200 ft (Kelley, 1971).

ROOSEVELT COUNTY FAULT

The Roosevelt County fault, a subsurface fault about 43
mi long, is a normal fault that bounds the western margin of
the Matador uplift (pl. 3). Flawn (1956) suggested that as
much as 15 mi of right-lateral offset has occurred on the fault
on the basis of offsets in Precambrian strata. The fault was
reactivated in as late as middle Permian time, as evidenced
by the occurrence of as much as 250 ft of relief in San Andres
Formation strata across the fault (Ramondetta, 1982; Bud-
nik, 1989).

ALAMOSA CREEK FAULT

The Alamosa Creek fault in northern Roosevelt and
western Curry Counties, N. Mex., is manifest as a 6-mi-long,
northeast-trending surface graben that contains rocks of Cre-
taceous to late Tertiary age (Budnik, 1989) (pl. 3). As much

as 200 ft of Cretaceous rocks and 150 ft of Tertiary and Qua-
ternary caliche deposits are preserved within the graben. The
fault was active in middle Permian time and was reactivated-
twice in Cretaceous time, but the nature of fault movement
is controversial because of the lack of subsurface informa-
tion and because of known dissolution of evaporitic Permian
units. Strike-slip movement is suggested, however, by the
lack of vertical offsets in underlying units of the surface gra-
ben, and the fault may be related to other northeast-trending
strike-slip faults and buckles of the region.

KARST

Postdepositional jointing of lithified deposits occurred
during regional uplift in the study area as stress was released
by erosion of overburden. Regionally, joint sets in bedrock
allow percolation by surface water and groundwater, result-
ing in dissolution of water-soluble components in the rock,
especially evaporite, limestone, and dolomite. Ultimately,
caverns and vadose zones form and become holding areas
for surface runoff. Subsurface drainage channels also form.
Finally, the cavernous terrane is modified by collapse, form-
ing breccia pipes filled with insoluble residue and destroying
all evidence of previously formed features. Such features
may be, in part, the result of upward-flowing subsurface
water under hydrostatic pressure (an artesian system). This
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combination of features is typical of karst. Karst features,
which form important aquifers in southeastern New Mexico,
are described in detail by Bachman (1987). Karst has proba-
bly been forming in the study area since Triassic time (Bach-
man, 1987).

SINKS

The Santa Rosa collapse basin, in the northwestern part
of the study area (pl. 3), is perhaps the most notable karst fea-
ture in the study area. It is a large circular sinkhole, about 6
mi in diameter and as much as 400 ft deep, that is infilled
with sand, mud, and gravel to a depth of as much as 200 ft
(Kelley, 1972b). The collapse resulted from dissolution of
underlying salt, gypsum, or limestone deposits of Permian
age (Sweeting, 1972). The boundary of the sink is marked by
faults and monoclinal flexures arranged in concave-inward
segments. Sink holes have formed along the flexures and
adjacent uplands, but are especially prevalent along the west
and north sides of the Santa Rosa collapse basin where the
Pecos River and Pintada Arroyo enter the basin and have
eroded into the basin fill. Near the town of Santa Rosa, N.
Mex., many smaller sinkholes (not shown on pl. 3) include
the locally renowned Blue Hole. It is 60 ft in diameter, more
than 81 ft deep, and has an artesian flow of 3,000 gallons per
minute.

In southeastern Chaves County and western Lea
County, N. Mex., sinks are aligned along joints that trend N.
60° W. (Reeves, 1972). East of Artesia, numerous small
sinks and domes are present. The structures are noted by the
presence of slumping, flexing, and apparent doming of bed-
rock caused by dissolution of evaporite and movement of
salt; they are localized at the wedge edge of the Upper Per-
mian Salado Formation in the shallow subsurface (Kelley,
1971; Bachman, 1987).

CONTORTION FEATURES

Contortion is notable in exposures of the evaporite-
bearing Lower Permian Yeso Formation along the Rio
Bonito canyon and on the Pecos Slope. The incompetent
folds associated with the Yeso have axes that are randomly
oriented, highly curved in some places, and generally not
continuous for more than 1,000 ft (Kelley, 1971). Such fea-
tures may result from faulting, but they are more likely
caused by surficial collapse, evaporite intrusion, volume
change accompanying hydration, and regional tilting
(Kelley, 1971). In the subsurface, dissolution can be recog-
nized as zones of abrupt thinning, especially in layers con-
taining salt deposits; overlying strata may be warped or
folded. In areas where groundwater movement is facilitated
along faults, dissolved layers may be more common. Tec-
tonic and nontectonic origins for folding in these layers may
be difficult to distinguish.

CAVES

East-central New Mexico contains numerous gypsum
and limestone caves. Gypsum caves are developed in the
Upper Permian Artesia Group in and near the study area,
especially near Lake McMillan east of Artesia, along the
Pecos River, and in the vicinity of Roswell (Peerman and
Belski, 1991). Tres Nifios Cave, a privately owned gypsum
cave west of Carrizozo, extends under a Quaternary basalt
flow (National Speleological Society, 1986). Millrace Cave,
adjacent to the east entrance to Valley of Fires Recreation
Area, is a gypsum cave that extends to a depth of 360 ft
beneath a Quaternary basalt flow (one of the deepest gypsum
caves in the United States) (National Speleological Society,
1986). Fort Stanton Cave (near Fort Stanton), developed in
limestone of the San Andres Formation, is the third longest
(after Lechuguilla Cave and Carlsbad Caverns) and the ear-
liest discovered limestone cave in New Mexico; additional
limestone caves are near Fort Stanton Cave (National Spele-
ological Society, 1986). South of the study area but in the
same geologic setting, Carlsbad Caverns and Lechuguilla
Cave occur in the Upper Permian Capitan Limestone in the
Guadalupe Mountains (north and west of Carlsbad) (pl. 2;
inset, pl. 3). Caves, including these exceptional examples,
occur mainly along flanks or crests of anticlinal folds and
other positive structures, and (or) at the intersections of
joints and fractures in Permian carbonate rocks.

The genesis of caves in eastern New Mexico and Texas
is poorly understood and numerous recent theories on their
origin have been proposed (Bachman, 1987; Hill, 1987,
1989). One hypothesis is that in late Tertiary to early Quater-
nary time, uplift caused relative lowering of the water table,
which may have allowed caverns to develop, especially in
the limestone- and evaporite-bearing Lower Permian San
Andres Formation and Upper Permian Artesia Group in the
southern and southeastern parts of New Mexico (Bachman,
1987). During this time, rainfall and runoff may have
increased and drainages may have existed above the water
table. Cavern and breccia-pipe development took place dur-
ing dissolution of evaporite beds by downward-percolating
water, especially at the joint intersections. Karst develop-
ment probably was accelerated by climate change and uplift.

Davis (1980), using the replacement-solution hypothe-
sis of Egemeier (1973), suggested that cavern development
is the result of the (1) interaction of groundwater carrying
hydrogen sulfide gas (from petroleum deposits) with air to
form sulfuric acid, (2) sulfuric acid dissolution of limestone
and conversion of limestone in the cave to gypsum, and (3)
buildup and collapse of gypsum in the cave and dissolution
and removal by cave streams. Isotopic studies by Hill (1987,
1990) support the theory of sulfuric acid dissolution of cer-
tain limestone beds, and Hill proposed a possible connection
between hydrocarbons and sulfuric acid generation
(although the migration path and source of such hydrogen-
sulfide-producing hydrocarbons is unknown), leading to
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formation of certain types of caves that contain gypsum
blocks and rinds, native sulfur, and endellite clay deposits
(Hill, 1990) (see fig. 18 and “Sulfur” section, this report).

STRATIGRAPHY

PRECAMBRIAN BASEMENT ROCKS

Precambrian rocks are best exposed in the Pedernal
Hills in Torrance County, but also crop out in the Gallinas
Mountains west of Corona, N. Mex., and in the Oscura
Mountains in the western part of the study area (Griswold,
1959). Only the exposure in the Oscura Mountains is shown
on plate 1 (unit p€u). Exposed rocks are predominantly pink
granite gneiss and minor schist, quartzite, greenstone, and
granite (Griswold, 1959). Southwest of the study area near
Whitetail, N. Mex., Precambrian rocks make up the core of
the Pajarito Mountain dome (Kelley, 1971) (pl. 3). These
rocks are hornblende syenite, hornblende syenite gneiss, and
diabase, and are intruded by leucocratic syenite and horn-
blende syenite pegmatite; a well-developed paleosol occurs
locally at the top of these Precambrian rocks (Kelley, 1971).

In the subsurface, similar Precambrian lithologies are
encountered. West of Lon, N. Mex., Precambrian pink
biotite granite was encountered in a drill hole at a depth of
1,990 ft (Standard Oil Company of Texas Morrow No. 1
Franks; sec. 23, T. 2 S, R. 15 E.); northwest of Carrizozo, N.
Mex., near the Little Black Peak lava flow, Precambrian
diorite was encountered at a depth of 8,739 ft (Standard Qil
Company of Texas Heard No. 1 well; sec. 33, T.6 S, R. 9
E.) (Griswold, 1959, p. 6). Precambrian rocks form the unex-
posed core of the pre-Permian Matador uplift (Lloyd, 1949).
In Tucumcari Basin, buried Precambrian igneous and
metasedimentary basement rocks include granite, quartz
diorite, monzonite, gabbro, and rhyolite (Broadhead and
King, 1988). Precambrian basement rocks make up the
ancient Pedernal uplift that lies buried under younger strata
in the western part of the study area (pls. 2 and 3). The uplift
was exposed during late Paleozoic time, shedding sediments
into adjacent basins (Gonzalez and Woodward, 1972).

PRE-PERMIAN PALEOZOIC ROCKS

Pre-Permian Paleozoic formations were eroded during
Pennsylvanian and Permian uplift events. The disconfor-
mities that were formed are important traps for hydrocar-
bon accumulations.

PRE-PERMIAN PALEOZOIC ROCKS OF LINCOLN COUNTY

In Lincoln County, the pre-Permian sequences were
erosionally truncated during and subsequent to the Pedernal
uplift (Griswold, 1959). Pre-Permian Paleozoic rocks are
exposed in the western escarpment of the Sacramento Moun-
tains south of the study area, possibly in one exposure in

northern Lincoln County, and in the Oscura Mountains of
western Lincoln County. Only the exposures in the Oscura
Mountains are shown on plate 1 (units M€u and Pu). In the
Sacramento Mountains escarpment south of the study area,
Precambrian quartzite and metasedimentary rocks are
unconformably overlain by the Upper Cambrian to Lower
Ordovician Bliss Sandstone and younger carbonate, sand-
stone, and shale formations ranging in age from Early
Ordovician to Late Pennsylvanian (pl. 2). In the northern
Sacramento Mountains, however, only the Bliss(?) Sand-
stone (Darton, 1928), the Upper Devonian Percha(?) Shale
(Darton, 1928), and Pennsylvanian rocks (described below)
may be exposed (Griswold, 1959).

Exposed Pennsylvanian rocks in the southern Sacra-
mento Mountains (in Otero County south of the study area)
are thicker than the total underlying Paleozoic sequence;
they record continuous deposition throughout most of the
Pennsylvanian (pl. 2). Pennsylvanian rocks were mostly
eroded during rise of the Pedernal uplift, which accounts for
their meagre exposure in the study area (Griswold, 1959).
Where exposed in the southwestern part of Lincoln County,
Pennsylvanian rocks are predominantly limestone sequences
that attain a thickness of 3,000 ft, but on the surface and in
the subsurface in western Lincoln County, Pennsylvanian
rocks are only as thick as 1,500 ft (Grant and Foster, 1989)
(unit Py, pl. 1) and have been completely eroded from the
Pedernal highland near the Gallinas Mountains. In south-
eastern New Mexico (see “Pre-Permian Paleozoic rocks of
the Northwestern Shelf of the Permian Basin” section), sub-
surface formations of pre-Permian age have not been corre-
lated to the rocks that crop out in the southern Sacramento
Mountains escarpment, although they may be partly equiva-
lent (Grant and Foster, 1989).

PRE-PERMIAN PALEOZOIC ROCKS OF THE
NORTHWESTERN SHELF OF THE PERMIAN BASIN

Sequences of pre-Permian Paleozoic rocks are thickest
in the subsurface in the southern part of the Northwestern
Shelf of the Permian Basin in the southern part of Chaves
and Roosevelt Counties; these sequences are successively
bevelled from the rest of the Northwestern Shelf nearer to the
Pedernal uplift and Central Basin Platform (pl. 2) (Grant and
Foster, 1989).

Cambrian and Lower Ordovician rocks only occur
beneath Chaves County, where they are as much as 250 ft
thick. Middle to Upper Ordovician rocks occur beneath east-
ern Chaves and southwestern Roosevelt Counties where the
Upper Ordovician Montoya Dolomite is as thick as 300 ft
(Grant and Foster, 1989) (pl. 2). Silurian beds are 500 ft thick
beneath the southeastern tip of Chaves County (Grant and
Foster, 1989). Devonian rocks are less than 100 ft thick in
the subsurface beneath southeastern Chaves County and
southwestern Lincoln County (Grant and Foster, 1989). In
some areas, Silurian and Devonian rocks (which may also
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change facies) are truncated up-dip and sealed by overlying
Permian rocks. Mississippian rocks thin to the northwest and
do not occur east of Roswell, north of Hagerman, in western
and southwestern Roosevelt County, and in southeastern De
Baca County. Beneath southeastern Chaves County, Missis-
sippian rocks are as thick as 1,000 ft.

Pennsylvanian strata are absent from beneath south-
eastern Torrance County, southwestern Guadalupe County,
southwestern De Baca County, and most of western Chaves
County, as well as eastern Lincoln County (Grant and Foster,
1989). In the subsurface in the southern part of the study
area, Pennsylvanian units unconformably overlie eroded
Precambrian basement rocks, the source of detritus for
Lower Pennsylvanian clastic sequences (pl. 2). Oil wells
penetrate as much as 2,750 ft of Pennsylvanian strata in the
Northwestern Shelf and as much as 3,000 ft of strata in the
Delaware Basin near the Permian Capitan Reef (Grant and
Foster, 1989).

PRE-PERMIAN PALEOZOIC ROCKS OF TUCUMCARI BASIN

In the subsurface of Tucumcari Basin, eroded rem-
nants of the Lower and Upper Mississippian Arroyo
Pefiasco Group as much as 200 ft thick unconformably
overlie Precambrian basement rocks and are unconform-
ably overlain by as much as 2,000 ft of Pennsylvanian
rocks (Broadhead and King, 1988; Grant and Foster, 1989)
(pl. 2). Pennsylvanian rocks include the Middle to Upper
Pennsylvanian Magdalena Group, equivalents of the Mid-
dle Pennsylvanian Atoka Formation and Strawn Group, and
the Upper Pennsylvanian Canyon Group of the Delaware
Basin (pl. 2); an uppermost sequence (Upper Pennsylvanian
Cisco Group, which overlies the Canyon Group in the Del-
aware Basin) occurs in the adjacent Palo Duro Basin in
Texas, but is removed from Tucumcari Basin (Broadhead
and King, 1988).

In the northern part of Tucumcari Basin, rocks equiva-
lent to the basal Strawn rocks are truncated by younger
units; in the central and southem parts of the basin these
rocks are conformably overlain by equivalent Canyon
rocks. The source for equivalent Strawn sediment is the
Precambrian Pedernal uplift, which was emergent during
Pennsylvanian time. Facies of Strawn-equivalent rocks
change from coarse-grained proximal marine limestone and
sandstone in the northern part of the basin to marine lime-
stone only locally containing sandstone in the south (pl. 2).
In the northern part of the basin, the sandstone beds indi-
cate a high-energy-, marginal-, or shallow-marine environ-
ment of deposition; the units intercalate with fossiliferous
and silicic marine mudstone units. In the southern part of
the basin, marine limestone facies rocks are interbedded
limestone and mudstone and contain minor, generally non-
porous sandstone; the limestone is locally fossiliferous, bio-
clastic wackestone and packstone having poor porosity.

Locally, however, the marine limestone facies in the south-
emn part of the basin contain oolites and areas that have
undergone solution of limestone during probable subaerial
exposure, creating improved porosity.

Canyon Group-equivalent rocks thin to the north onto
uplifts, and may have been locally faulted and repeated by
tight folding, possibly during deposition, resulting in
increased apparent thickness. The facies distribution of these
rocks is similar to the distribution of Strawn Group-equiva-
lent rocks—proximal, coarser, fluvial sandstone facies and
marine limestone in the north grade southward into marine
limestone facies (pl. 2). The sandstone has poor primary and
secondary porosity. The marine limestone is nonporous and
impermeable because it is interbedded with mudstone.

The upper 80 ft of strata equivalent to the Canyon
Group thin eastward and southward, probably due to ero-
sional truncation and syndepositional faulting near the San
Jon high and the Northwestern Shelf of the Permian Basin.
Sedimentary rocks equivalent to Canyon Group rocks grade
from coarse sandstone, limestone, and dolomite in the north
to limestone in the south. The northern sandstone beds are
porous, and the dolomite beds have minor porosity formed
by dissolution and microfracturing. Throughout Tucumcari
Basin, limestone beds are interbedded with nonporous
marine mudstone and carbonate beds. )

LOWER PERMIAN ROCKS

The Lower Permian sequences within the study area
include, from bottom to top, the Bursum(?) Formation (in
Lincoln County), Hueco Formation, Abo Formation, and
Yeso Formation (unit Pu, pl. 1), and the San Andres Forma-
tion and Glorieta Sandstone (unit Psg, pl. 1). These rocks are
important reservoirs and potential hosts for hydrocarbons,
potash, and sulfur in the study area.

BURSUM(?) FORMATION

Exposures of the Bursum(?) Formation within the study
area are limited to the southwestern part of Lincoln County.
Rocks there are similar to surface exposures of the Bursum
Formation from the northern Sacramento Mountains
described by Pray (1961) as drab calcareous shale, thin
argillaceous limestone, quartz sandstone, limestone con-
glomerate, minor red beds, and thin fusulinid-bearing lime-
stone layers. In the subsurface west of Lon (No. 1 Heard
well), about 230 ft of Bursum(?) is composed of marine
limestone interbedded with dark-red mudstone and arkosic
conglomerate (Griswold, 1959). Some workers consider the
Bursum(?) to be a northern marine facies of the Hueco For-
mation, which occurs in the subsurface of the Tucumcari
Basin (Broadhead, 1984b) (pl. 2). The Bursum(?) is overlain
by the Abo Formation; the contact is typically conformable
(Kottlowski, 1963; Kottlowski and Stewart, 1970; Broad-
head, 1984a).
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HUECO FORMATION

The Hueco Formation, which occurs in the subsurface
in the central and eastern parts of the study area, is probably
time equivalent to the lower part of the Abo Formation (pl.
2). The lower part of the Abo overlies the flanks of the Ped-
ernal uplift, but the Hueco conformably underlies the middle
mudstone-rich unit of the middle part of the Abo east of the
flanks of the uplift (Broadhead, 1984a, b). The Hueco is flat
lying and is generally composed of interbedded limestone
and mudstone, and minor sandstone and conglomerate near
the base (Broadhead, 1984a, b). In the subsurface, the Hueco
has been subdivided into upper and lower parts (Broadhead
and King, 1988).

The lower part of the Hueco Formation is 0-1,847 ft
thick, attaining maximum thickness in the northern part of
the Tucumcari Basin (Broadhead, 1989). The lower part of
the Hueco is nonmarine and contains coarser clastics in the
northern part of the basin and marginal marine rocks (fewer
coarse clastics) in the southern part. A mixed marine facies
of limestone, porous dolomite, and mudstone occurs on the
San Jon high and in the Palo Duro Basin in New Mexico. To
the north and west of the Tucumcari Basin on the Pedernal
uplift, the Hueco unconformably overlies Atokan Series and
Precambrian rocks and the Pennsylvanian Canyon Group; in
the central and southern parts of the basin, it unconformably
overlies the Canyon rocks. The lower part of the Hueco is
unconformably overlain by both the upper part of the Hueco
and the Abo Formation in the westernmost occurrences;
elsewhere it typically conformably underlies the upper part
of the Hueco. Broadhead and King (1988) considered strata
of the lower part of the Hueco to be potential source rocks for
oil and gas in Triassic rocks.

The upper part of the Hueco Formation is 310-520 ft
thick and includes a coarse sand in the northern part of
Tucumcari Basin, muddy sediments in the northwestern part
of the basin, limestone containing minor coarse-grained
sandstone in the central and western parts of the basin and on
the San Jon high, and limestone in the southern part of the
basin. The coarse sandstone units are porous, but locally the
interstices are filled with red mud, lowering reservoir poten-
tial. The limestone units that are composed of interbedded
limestone, mudstone, and minor fine-grained sandstone are
“tight” (nonporous); however, the fine-grained sandstone
has poor oil-reservoir characteristics and limited “tight”-gas
potential (reservoirs are fracture dependent). Limestone of
the upper part of the Hueco in the Northwestern Shelf of the
Permian Basin and in the Delaware Basin contains abundant
chert, minor red and gray shale, and some dolomite, and is a
reservoir for oil and gas in stratigraphic and structural traps
(Grant and Foster, 1989).

ABO FORMATION

The Abo Formation crops out in the Oscura Mountains
and the southern Sacramento Mountains (Otero County)

outside of the study area (Lloyd, 1949; Pray, 1961); small
exposures of the Abo are found on the Pecos Slope in Lin-
coln (including the Gallinas Mountains), Chaves, and De
Baca Counties but are not shown on plate 1 (Griswold, 1959;
Kelley, 1972a, b). In much of the study area, the Abo occurs
in the subsurface (Broadhead, 1984b). In Lincoln County,
the Abo increases in limestone content eastward (Kelley,
1972a); in the subsurface east of the Pedernal uplift, clastics
from the Abo are correlated with interbedded limestone and
clastic units of the Hueco Formation (Broadhead, 1984b).

The Abo Formation is composed mainly of reddish-
brown mudstone and very fine grained to very coarse
grained arkosic sandstone and conglomerate that contain
crossbeds, ripple marks, fossils, desiccation cracks, and
halite crystal casts. Arkosic sandstone, more common in the
lower part of the formation, contains pink orthoclase and
microcline clasts (Pray, 1961). Sandstone beds are well
sorted, and porosity is variable and dependent on the nature
of the interstices (some sandstone beds have clay matrices or
calcite or dolomite cements and others are porous). Strata of
the Abo are generally darker red than those of the overlying
Yeso Formation, but are difficult to discern from those of the
underlying Bursum(?) Formation.

The Abo Formation is variable in thickness. Outside of
the western boundary of the study area in Torrance County,
well information indicates about 1,000 ft of Abo in a north-
trending band; in Lincoln and De Baca Counties, the Abo is
250-500 ft thick (Kelley, 1972a, b). The Abo is as thick as
2,372 ft in the northern part of Tucumcari Basin (Broadhead
and King, 1988).

The contact between the Abo Formation and the over-
lying Yeso Formation is gently folded and abruptly grada-
tional where it is exposed in the southern Sacramento
Mountains (Pray, 1961), but sharp and disconformable in the
subsurface in the eastern part of the study area (Broadhead,
1984a; Broadhead and King, 1988). The Abo locally uncon-
formably overlies the Bursum(?) Formation (Kottlowski,
1963; Bachman, 1968; Kottlowski and Stewart, 1970) (pl.
2). In the Gallinas Mountains, the Abo overlies Precambrian
basement rocks (Lloyd, 1949). The Abo was probably
deposited in a nonmarine environment in the northern part of
the study area, but farther south the Abo is probably partly
marine where it intertongues with the marine Hueco Forma-
tion (Broadhead, 1984a, b).

YESO FORMATION

The evaporite-bearing Yeso Formation crops out out-
side of the study area along the escarpment and crest of the
southern Sacramento Mountains, west of the Pedernal Hills, .
and north of the Gallinas Mountains, and within the study
area in the Oscura Mountains, the Jicarilla Mountains, and
along the dip slopes of the Pecos Slope predominantly
between long 105° W. and 107° W. (Budding, 1964; Kelley,
1972c). It occurs in the subsurface of most of the eastern part
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of the study area. There, the basal sandstone of the Yeso both
overlies and lies to the west of Precambrian rocks of the Ped-
ernal uplift, which affected the spatial distribution and thick-
ness of the Yeso. According to Wasiolek (1991), the Yeso is
the principal aquifer of the western Pecos Slope.

The Yeso Formation is commonly contorted or col-
lapsed; it consists of shale, siltstone, sandstone, limestone,
dolomite, gypsum, interbedded anhydrite, and minor halite
(Pray, 1961; Broadhead, 1984a). The Yeso generally con-
tains more gypsum and clastics in the north and more car-
bonates in the south (Lloyd, 1949). The formation grades
eastward into bedded limestone, dolomite, anhydrite, sand-
stone, and mudstone (Broadhead, 1984a).

The Yeso Formation is extremely variable in thickness,
due, in part, to dissolution of evaporite beds and to discor-
dant folding, and to thinning over the Precambrian basement
uplift and thickening on the flanks (Kottlowski and others,
1956; Pray, 1961; Kelley, 1971). Near Ruidoso in Rio Rui-
doso, nearly 1,000 ft of Yeso crop out, but the base of the for-
mation is concealed (Kelley, 1971). In the subsurface near
Ruidoso, the lower part of the formation contains numerous
beds of anhydrite and gypsum, the middle part is composed
of fine clastic sedimentary rock, and the upper part is mostly
sandstone (Wasiolek, 1991). In the eastern part of the Mes-
calero Apache Indian Reservation (upper Rio Hondo drain-
age), the Yeso ranges from a few feet to 1,700 ft thick. In the
Gallinas Mountains, as much as 1,000 ft of Yeso crops out.
In the subsurface, the Morrow No. 1 Franks well encoun-
tered as much as 1,380 ft of Yeso strata. South of Riverside
and west of Roswell, as much as 1,830 ft of Yeso occurs in
the Stanolind No. 1 Picacho well (sec. 10, T. 12S.,R. 18 E.).
It is 2,000 ft thick in south-central Roosevelt County, south-
east Chaves County, and west of Hagerman (Grant and Fos-
ter, 1989). In Tucumcari Basin, the Yeso is 400-2,000 ft
thick (thickest in Curry County) (Foster and others, 1972;
Broadhead, 1989). In the southern part of the study area, the
Yeso apparently grades upward into the Rio Bonito Member
of the San Andres Formation and the Glorieta Sandstone
(Pray, 1961; Kelley, 1971; Milner, 1978) (pl. 2). Sharp con-
tacts are locally present. Springs are common markers of the
San Andres—Yeso contact (Pray, 1961).

GLORIETA SANDSTONE AND SAN ANDRES FORMATION

The Glorieta Sandstone and the Rio Bonito Member of
the San Andres Formation are intertonguing units; in the
northern part of the study area, the Glorieta is thickest and is
interbedded with the Rio Bonito Member, but it thins to the
south and is included as part of the San Andres (Kelley,
1971). The undifferentiated Glorieta Sandstone and San
Andres Formation (unit Psg, pl. 1) is approximately 700 ft
thick near Capitan, according to Allen (1951); to the south
and east, the San Andres thickens whereas the Glorieta thins
(Allen, 1951; Griswold, 1959). Unit Psg is as much as 1,200
ft thick in the subsurface in Tucumcari Basin and east of the

Pecos River north of the Delaware Basin (Foster and others,
1972; Bachman, 1987; Broadhead, 1989).

The distinctive Glorieta Sandstone is composed of
rounded to subrounded, frosted, fine- to medium-grained,
well-sorted orthoquartzite (Pray, 1961; Kelley, 1972c).
Locally the sandstone is hematitic and contains iron concre-
tions, ironstone, or brown chert (Kelley, 1972c). The Glori-
eta is permeable, locally oil stained, and potentially a good
oil and gas reservoir (Broadhead and King, 1988), but it has
not produced oil or gas in New Mexico (Milner, 1978). It is
an aquifer in Chaves County (Borton, 1972).

The Glorieta is thickest in the north-central part of New
Mexico (Milner, 1978; Pitt and Scott, 1981). In northern Lin-
coln County, resistant exposures of the Glorieta are as much
as 245 ft thick (Milner, 1978); they are 120 ft thick northeast
of Luna (Budding, 1964) and 225 ft thick near Corona
(Kelley, 1971). In the Gallinas Mountains, where it is the
youngest exposed rock unit, the Glorieta is as much as 250 ft
thick (Kelley, 1949; Perhac, 1964). The Glorieta is poorly
exposed in the southeastern part of the Jicarilla Mountains
and in the eastern and northern parts of the Capitan Moun-
tains (Griswold, 1959; Kelley, 1971). There, individual
sandstone beds are as much as 60 ft thick, typically about
2-3 ft thick, parallel bedded to crossbedded, and lenticular
(Pray, 1961; Kelley, 1972c). The Glorieta becomes thinner
and finer grained to the south where it intertongues with beds
of the Rio Bonito Member (Kelley, 1971). Near Rio Hondo
south of the Capitan Mountains, sandstone beds thought to
be Glorieta are as much as 150 ft above the base of the San
Andres Formation where, typically, 40-70 ft of dolomite of
the San Andres is present below the first sandstone bed of the
Glorieta (Kelley, 1971). In the subsurface in the study area
in northwestern Tucumcari Basin, the Glorieta ranges in
thickness from O to as much as 300 ft (Broadhead, 1989). It
is apparently thickest in the Morrow No. 1 Franks well,
where it is as thick as 340 ft.

In Tucumcari Basin, the San Andres Formation is of
variable thickness (as much as 1,200 ft near Clovis; Foster
and others, 1972) and consists primarily of anhydrite, dolo-
mite, limestone, and salt (Broadhead and King, 1988). Resis-
tant beds (predominantly dolomite) of the San Andres form
much of the crest of the Sacramento and Jicarilla Mountains,
and most of the eastern slope and present erosion surface on
the Pecos Slope (Pray, 1961). According to Bachman
(1987), as much as 600 ft of evaporite beds have been dis-
solved in the subsurface from the upper part of the San
Andres along the Pecos River near Roswell; dissolved beds
are recognized as solution breccia (Welder, 1983). Marine
fossils are present as well as oolite, indicating near-subaerial
shelf affinities and a back-reef environment. The San Andres
is the principal petroleum producer in the region, but both
the San Andres and the Glorieta are primary targets for oil
and gas wells on the Northwestern Shelf of the Permian
Basin; both units are also potential source rocks for later Tri-
assic accumulations (Grant and Foster, 1989). The San
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Andres Formation is subdivided from base to top into the Rio
Bonito, Bonney Canyon, and Fourmile Draw Members
(Kelley, 1971) (pl. 2).

RIO BONITO MEMBER

The Rio Bonito Member, the thicker-bedded bottom
part of the San Andres Formation, is composed predomi-
nantly of lenticular beds of carbonate rock in the study area
(Kelley, 1971, 1972c; Milner, 1978). The Rio Bonito typi-
cally consists of beds that are 26 ft thick, locally as much as
30 ft thick. The Rio Bonito is locally crossbedded, oolitic,
and fossiliferous, with rare occurrences of bioherms and
algal stromatolites (Milner, 1978). The carbonate is mostly
dolomite and limestone with rare chert lenses, and is typi-
cally banded in shades of dark and light gray with brown
tinting (Kelley, 1971). Wackestone and mudstone are com-
mon (Milner, 1978). The Rio Bonito, which is approxi-
mately 300 ft thick (including sandstone tongues of the
Glorieta Sandstone) near Picacho, grades upward into the
Bonney Canyon Member of the San Andres Formation
(Kelley, 1971).

BONNEY CANYON MEMBER

The Bonney Canyon Member, the middle part of the
San Andres Formation, is best exposed on the Pecos Slope
west of Roswell and Artesia (Kelley, 1971), but it crops out
from northeast of the Capitan Mountains to as far south as
the Capitan Reef (Guadalupe Mountains) (Kelley, 1971). It
is thin- to medium-bedded, locally laminated, porous, very
fine grained to fine-grained, indurated, dark-grayish-brown
to medium- and light-gray dolomite and limestone, contain-
ing marine fossils and numerous pale-yellow silty and sandy
carbonate beds. In places, chert-bearing and oolitic beds are
present. The beds typically are disturbed in the upper 50 ft,
probably due to the localized removal of gypsum and anhy-
drite beds (Kelley, 1971).

The Bonney Canyon Member ranges from 60 to 300 ft
thick, thinning northward (Kelley, 1971). The Lleveland-
Slaughter zone of porosity, widely recognized in the sub-
surface near Roswell and the zone of oil-producing dolo-
mite in West Texas, is equivalent to the Bonney Canyon,
although in places it may also include the lower part of the
overlying Fourmile Draw Member (Kelley, 1971). The
Bonney Canyon grades upward into the Fourmile Draw
Member (Kelley, 1971).

FOURMILE DRAW MEMBER

The Fourmile Draw Member is the upper part of the San
Andres Formation and is characterized by evaporite, karst,
and surficial caliche. It is well exposed west and northwest
of Roswell, with good exposures extending north and west of
the Capitan Mountains to Tecolote and Ancho. Measured

surface thickness of the Fourmile Draw ranges from 342 to
387 ft (Kelley, 1971). In the subsurface in De Baca County
about 6 mi southwest of Fort Sumner, N. Mex., drill holes
have encountered as much as 625 ft of the Fourmile Draw
Member (Mourant and Shomaker, 1970; Kelley, 1972c). Itis
composed of thin beds of predominantly dolomite, gypsum,
and red mudstone. Thin-bedded sandstone, locally cherty,
occurs at the top of the unit, as well as red, pink, or yellow
mudstone and red siltstone. White sandstone as much as 30
ft thick is present west of Roswell, and white sandstone has
been described as an upper ledge-forming unit of the San
Andres near Ancho, N. Mex. (northwest of the Jicarilla
Mountains) (Kelley, 1971).

Gypsum is abundant in the Fourmile Draw Member
within the study area, and intervals 50-100 ft thick are not
uncommon (Kelley, 1971). To the north and west in the
study area, the member becomes more evaporitic, and near
Ancho, an exceptional thickness of about 800 ft of gypsum
and minor dolomite and sandstone has been reported from
the San Andres Formation (Kelley, 1971). In much of the
area, sinkholes produced by dissolution of gypsum and other
evaporite beds are common features.

UPPER PERMIAN ROCKS
ARTESIA GROUP

The Artesia Group crops out on the Delaware Basin
(fore-reef area) of the Permian Basin, the massive Capitan
Reef area, and the Northwestern Shelf (back-reef area) of the
Permian Basin, extending as far west as the Lincoln County
porphyry belt; it occurs in the subsurface in Tucumcari
Basin. Each of these areas has different stratigraphic nomen-
clature for rocks of this stratigraphic position, reflecting the
different lithofacies of time-synchronous parts of the deposit
(pl. 2). On the correlation chart (pl. 2), the back-reef area is
designated by columns headed “Northwestern Shelf of Per-
mian Basin,” “Tucumcari Basin,” and “Lincoln County.”
The Capitan Reef is shown by the column headed “Carls-
bad,” and the Delaware Basin fore-reef area is designated
“Delaware Basin.”

The Artesia Group changes character northward
from the Capitan Reef complex, from structureless and
massive close to the Capitan Reef to bedded in the back-
reef area (Kelley, 1971). Equivalents of the Artesia in the
study area include back-reef units from the top of the San
Andres Formation. The Artesia is divided into, in ascend-
ing order, the Grayburg, Queen, Seven Rivers, Yates, and
Tansill Formations (pl. 2), although these units are not
everywhere distinguishable and may be mapped as undif-
ferentiated in published reports (for example, unit Pa of pl.
1; Kelley, 1971).

The thickness of the Artesia Group is extremely vari-
able due to dissolution of evaporite beds. In Tucumcari
Basin, the Artesia in the subsurface is 134-918 ft thick
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Figure 6. Nonresistant gypsiferous marine evaporite beds of the Artesia Group exposed in the bottom of Pintada Canyon west of Santa
Rosa, N. Mex., where they are overlain by the cliff-forming Upper Triassic Santa Rosa Sandstone. Note the house built of adobe. Photograph
taken by N.H. Darton about 1913-1915 (photograph number 1653, on file at the U.S. Geological Survey Photo Library, Denver, Colo.).

(Broadhead, 1984a) and is thickest in Quay, Curry, and
northeastern De Baca Counties (Broadhead, 1989). The
Artesia thins to the north and west onto the Pedernal and
Sierra Grande uplifts and the Bravo dome, partly due to ero-
sional truncation (Broadhead and King, 1988; Broadhead,
1989). Karst features typify the Artesia where it is exposed
in the southern part of the study area. Evaporite beds of the
Artesia are primarily gypsum on the surface; anhydrite and
salt are the predominant evaporite deposits in the subsurface
(Bachman, 1987) (fig. 6).

GRAYBURG FORMATION

The Grayburg Formation is typically tan to brown,
medium- to fine-grained sandstone and contains thin-bed-
ded mudstone and minor cherty gray dolomite near the top;
it is as thick as 500 ft. Bedding thickness, carbonate con-
tent, and sandstone content in the lower part of the forma-
tion increase southward with proximity to the Capitan Reef
(Kelley, 1971). Gypsum is common, and beds as thick as
several tens of feet occur near Hope, N. Mex., about 20 mi
west of Artesia. Near Arroyo del Macho in the central part
of the study area about 30 mi north of Roswell, the Gray-
burg and Queen Formations are undifferentiated because
they are both composed predominantly of red mudstone

and muddy gypsum,; thin dolomite beds are present in the
lower part of the sequence (Kelley, 1971, 1972a, b). The
Grayburg is the most important oil and gas reservoir rock in
the Artesia Group.

In some of the western exposures (Capitan Mountains
to Ruidoso), the Grayburg Formation unconformably over-
lies the Bonney Canyon Member of the San Andres Forma-
tion (Kelley, 1971), but north of the Capitan Mountains the
contact is nearly conformable with the Fourmile Draw Mem-
ber of the San Andres Formation (Kelley, 1971). In most
places, the lower contact of the Grayburg is irregular, in part
due to solution of the evaporitic sequences and karst devel-
opment within the Fourmile Draw Member; locally the Four-
mile Draw Member is missing or is represented by collapse
breccia (Kelley, 1971).

QUEEN FORMATION

The Queen Formation is a widely recognized unit in the
subsurface. Surface exposures are more difficult to recog-
nize due to dissolution of some units, and the formation is
commonly undifferentiated from the Grayburg Formation
north of Roswell (Kelley, 1971). The Queen, which contains
beds of anhydrite, dolomite, and salt, is lithologically similar
to the Grayburg near Capitan Reef, where it contains more
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Figure7. Exposure of layered dolomite and limestone beds of the Seven Rivers Formation of the Artesia Group in the walls of a sinkhole,
Bottomless Lakes State Park, N. Mex. Photograph taken by C.A. Fisher between 1904 and 1907, during an early-day hydrologic survey
(photograph number 32, on file at the U.S. Geological Survey Photo Library, Denver, Colo.).

clastic material. Progressively northward away from the reef
in the back-reef area, the Queen contains thin-bedded red
sandstone and mudstone and minor dolomite; near Roswell,
gypsum and minor thin magenta and gray dolomite predom-
inate in the upper part of the Queen (Kelley, 1971). Total
thickness of the unit is unknown (Kelley, 1971), but it is as
much as 300 ft thick in the subsurface in southern De Baca
and Roosevelt Counties.

The Queen Formation is the aquitard between the shal-
low and the artesian aquifers in the Roswell artesian basin
(Havenor, 1968). The Grayburg and Queen strata are gener-
ally too fine grained to be good reservoirs of oil and gas in
the study area, except east of Roswell and east of Hagerman
(Broadhead, 1989; Grant and Foster, 1989).

SEVEN RIVERS FORMATION

The Seven Rivers Formation is recognized both on the
surface (in the southern part of the study area) and in the sub-
surface as a distinct formation in the carbonate part of the
shelf (back-reef) margin. Upper and lower contacts of the
Seven Rivers are well defined due to the prevalence of
intrastratal gypsum (Kelley, 1971, 1972c). Exposures of the
Seven Rivers are prominent east of Roswell in the Bottom-
less Lakes area (fig. 7). The unit is mostly anhydrite and
thin-bedded (a few inches thick) dolomite in the north, but is
more massively bedded (as thick as 10 ft) and limestone and
dolomite rich in the south near the reef (Kelley, 1971; Grant
and Foster, 1989). Total thickness of the unit is unknown due
to dissolution, but is as much as 460 ft thick about 2 mi north
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of the Capitan Reef near Carlsbad (about 30 mi south of the
study area) (Kelley, 1971) and about 360 ft thick in De Baca
and Roosevelt Counties (Grant and Foster, 1989).

“Pecos diamonds,” in the upper part of the Seven Rivers
Formation and the lower part of the Yates Formation
(Kelley, 1971), may be used as stratigraphic indicators (fig.
26). They occur in 100- to 200-ft-thick beds in a belt that
extends from about 5 mi south of Artesia to 65 mi north of
Roswell (south of Yeso), and locally in Guadalupe County
(Albright and Kruckow, 1958).

YATES FORMATION

The Yates Formation crops out in the south-central part
of the study area. From Lake McMillan (about 12 mi south
of Artesia) to Roswell, it is predominantly gypsum and only
minor 1- to 2-ft-thick beds of dolomite (Kelley, 1971). In the
southern part of the study area, extending to about 10 mi
north of Roswell, greenish-gray to olive-drab siltstone and
fine-grained thin sandstone characterize the lower part of the
Yates, and gypsum and red mudstone characterize the upper
part; limonite ironstone concretions are abundant. In the
north near Fort Sumner, the Yates and Tansill Formations
are undifferentiated (Kelley, 1972a).

Near Lake McMillan, the unit is as much as 405 ft thick,
as measured in outcrop near the shelf margin adjacent to the
Capitan Reef. Southwest of Portales near Elida, the forma-
tion in the subsurface is about 130 ft thick (Kelley, 1971).
Thickness variations in the Yates Formation, as measured in
surface and subsurface exposures, indicate possible syn-
depositional tectonic activity along the Artesia-Vacuum arch
just south of the study area (Kelley, 1971), but dissolution is
a large factor in thickness variability.

TANSILL FORMATION

A thin (less than 100-ft-thick) north-south-trending belt
of evaporitic rocks of the Tansill Formation crops out in the
southern part of the study area east of Hagerman (Kelley,
1971). North of Hagerman, the Tansill is covered by pedi-
ment gravel (Pleistocene Gatuna Formation) and truncated
by Triassic rocks. South of the study area, the Tansill Forma-
tion is the uppermost shelf unit adjacent to the Capitan Reef
and consists primarily of dolomite; there it is unconformably
overlain by the Upper Permian Salado Formation (Deford
and Riggs, 1941; Garber and others, 1989) (pl. 2). In the sub-
surface, some salt and minor anhydrite are found in the Tan-
sill south of the study area.

CASTILE, SALADO, AND RUSTLER FORMATIONS AND
DEWEY LAKE REDBEDS

The remainder of the Upper Permian rocks in the Per-
mian Basin are composed of, from bottom to top, the Castile,
Salado, and Rustler Formations and the Dewey Lake Red-
beds. The Castile does not occur north of the Capitan Reef

on the Northwestern Shelf of the Permian Basin and, thus,
does not occur in the study area and is not described in this
report. The Salado, Rustler, and Dewey Lake occur in the
back-reef area in southeastern New Mexico and pinch out
just north of the study area boundary (unit Pds, pl. 1). The
Salado and Rustler are important sources of potassium salts
as well as halite, polyhalite, and anhydrite; the Castile and
Salado host world-class sulfur deposits south of the Capitan
Reef in Culberson County, Texas.

SALADO FORMATION

The Salado Formation of post-Capitan age is found
shoreward as well as basinward of the Capitan Reef, and dis-
conformably overlies the Tansill Formation from Carlsbad
to Hagerman (Kelley, 1971) (pl. 2). North of Hagerman, the
Salado is covered by Cenozoic deposits. The Salado is the
oldest formation to have transgressed northward across the
reef into the back-reef area of the Northwestern Shelf of the
Permian Basin, and represents deposition by a shallowing
Permian sea.

In southeastern New Mexico, broad areas have sub-
sided by solution collapse of the Salado Formation. In the
study area, the formation ranges from 0 to 300 ft thick,
pinching out northward onto higher parts of the shelf. In the -
subsurface in Eddy County south of the study area, the Sal-
ado ranges from 1,200 to 2,300 ft thick, with extreme thick-
ness variation due to salt dissolution (Kelley, 1971;
Cheeseman, 1978; Bachman, 1984). The Salado is com-
posed mostly of beds of halite and commercial amounts of
potash, with thin beds of anhydrite and sulfur (Jones, 1954,
1978; Bachman, 1987; Smith, 1980).

RUSTLER FORMATION

The Rustler Formation, like the underlying Salado For-
mation, occurs shoreward of the Capitan Reef, and was
deposited by a shallow Permian sea. Vine (1963) and Bach-
man (1987) described five members in the Rustler east of the
Pecos River: a basal 120-ft-thick siltstone, gypsum, anhy-
drite, and sandstone unit (unnamed); a 30-ft-thick vuggy
dolomite (Culebra Dolomite Member); a 180-ft-thick gyp-
sum and minor halite and anhydrite unit (Tamarisk Mem-
ber); a 30-ft-thick dolomite and anhydrite unit (Magenta
Dolomite Member); and an upper 25-ft-thick gypsum, anhy-
drite, siltstone, and halite unit (Forty-niner Member). Car-
bonate content increases, and evaporite content decreases,
southward (Grant and Foster, 1989). Only the basal part of
the Rustler is exposed east of Artesia along the southern bor-
der of the study area; here, the Rustler rests unconformably
on the Tansill Formation (Kelley, 1971). The Rustler com-
monly shows evidence of dissolution and collapse into the
underlying Salado Formation (Kelley, 1971), and according
to Bachman (1984), complete sections are present only in
some areas of the subsurface. The Rustler conformably
underlies the Dewey Lake Redbeds (Bachman, 1987) (pl. 2).
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South of the study area, the Rustler Formation is as
much as 550 ft thick in southwestern Lea County (Bachman,
1984), and as much as 500 ft thick near the Pecos River in
Eddy County (Grant and Foster, 1989). It thins to the north,
and is only about 100 ft thick on the Northwestern Shelf of
the Permian Basin (Grant and Foster, 1989). It may only be
tens of feet thick over limited parts of the study area.

DEWEY LAKE REDBEDS

The Dewey Lake Redbeds were deposited at the end of
Permian time and represent retreat of the Permian sea and
deposition in a shallow saline lake. The Dewey Lake is com-
posed of thin red siltstone and fine-grained, rippled, and
small-scale-crossbedded sandstone. The unit is cemented by
anhydrite, selenite, clay, and carbonate, and is typically mot-
tled to greenish gray. The Dewey Lake thins westward and
is unconformably overlain by Triassic strata (pl. 2).

In the subsurface in Eddy and Lea Counties south of the
study area, the Dewey Lake is as much as 560 ft thick (Bach-
man, 1984). In the study area, however, only thin, discontin-
uous red beds that are possible Dewey Lake strata are
exposed along the southern border of the study area.

UPPER TRIASSIC ROCKS

Upper Triassic continental rocks crop out over parts of
Lincoln County, the eastern half of De Baca and Chaves
Counties, and most of Guadalupe, Quay, Curry, and
Roosevelt Counties (Grant and Foster, 1989, fig. 13). In the
southeastern part of the study area, Triassic rocks are as
much as 2,000 ft thick; in the Tucumcari Basin, they are
1,500 ft thick. Typically, Triassic rocks unconformably
overlie Upper Permian strata and were deposited as a result
of Late Permian movement of the Pedernal uplift.

In the study area, the Upper Triassic units are the Doc-
kum Group (also Middle Triasic, locally) (Finch, 1988) and
the overlying Redonda Formation, which is included with
the Chinle Formation on plate 1. The Dockum comprises the
Santa Rosa Sandstone (unit Rs, pl. 1) and the Chinle Forma-
tion (unit Rc, pl. 1) (Grant and Foster, 1989); in places on
plate 1, the Santa Rosa and Chinle are mapped together as
unit Rcs. In the Jicarilla Mountains, the Dockum combined
with the Redonda is about 560 ft thick (Budding, 1964); near
Capitan, it is 480 ft thick (Griswold, 1959). The Dockum
combined with the Redonda, in the vicinity of the Pecos
River near Roswell, is reportedly brecciated and occurs in
isolated collapse structures or sinks, indicating solution of
underlying Permian rocks (Bachman, 1987).

SANTA ROSA SANDSTONE OF THE DOCKUM GROUP

The continental sandstone beds of the Santa Rosa Sand-
stone are typically thick, grayish and reddish brown, gener-
ally parallel bedded, lenticular, and channel crossbedded; the

unit is conglomeratic, especially near its base. Thin beds of
red, brown, and variegated mudstone are intercalated with
the sandstone. Vertebrate remains have been reported from
the upper shaly part of the formation (Lucas and others,
1985a).

The Santa Rosa Sandstone occurs at depths of less than
2,000 ft over most of northeast New Mexico (Broadhead,
1984a). The Sania Rosa is best exposed along the Pecos
River and its western tributaries, especially in the north-
central part of the study area near Santa Rosa (fig. 6). Near
Capitan, the Santa Rosa is 300 ft thick (Griswold, 1959). In
the subsurface and on the surface in Tucumcari Basin, the
Santa Rosa is 67-350 ft thick and is subdivided into a lower
sandstone, middle mudstone, and upper sandstone. Near the
town of Santa Rosa, the Santa Rosa is 225 ft thick and is
composed of a lower sandstone member, a middle sandstone
member, a mudstone member, and an upper sandstone mem-
ber (Finch, 1988). As shown in isopach maps of the area, the
thickest sequences occur in paleovalleys that were eroded
into the underlying Artesia Group during Triassic time
(Broadhead, 1989). The Santa Rosa intertongues with the
younger Chinle Formation and unconformably overlies the
Artesia Group (pl. 2).

CHINLE FORMATION OF THE DOCKUM GROUP

Continental rocks of the Chinle Formation crop out
mostly east of the Pecos River in the northern part of the
study area and occur in the subsurface in the eastern part of
the study area where they are generally covered by younger
strata (Kelley, 1972 a, b). Thin outliers of the Chinle occur
west of the Pecos River as far as Lincoln County. The Chinle
is typically reddish-brown mudstone interbedded with clay-
rich sandstone. The upper part of the Chinle is variegated in
shades of reddish purple and grayish green. The Cuervo
Sandstone Member is a clastic middle member of the Chinle
in Tucumcari Basin that has a distinctive signature on geo-
physical logs.

The Chinle Formation and Santa Rosa Sandstone are
intertonguing units of variable thicknesses; the Chinle
increases in thickness northward in the study area (Kelley,
1971). The Chinle is 180 ft thick near Capitan (Griswold,
1959), and as thick as 1,230 ft in Quay County (Berkstresser
and Mourant, 1966). It is over 1,300 ft thick in the subsurface
in Tucumcari Basin (Broadhead and King, 1988), where the
Cuervo Sandstone Member is as much as 1,516 ft thick
{Broadhead, 1989). An incomplete exposed section in the
Santa Rosa area is 20 ft thick (Finch, 1988).

The Chinle may unconformably overlie older rock units
in the study area, including the Permian sequences (Kelley,
1971, 1972a, b). The Chinle grades upward into the Redonda
Formation in Tucumcari Basin, but is unconformably over-
lain by the Upper Cretaceous Dakota(?) Sandstone in Lin-
coln County (Kelley, 1971; 1972a, b) (pl. 2).
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REDONDA FORMATION

The Redonda Formation occurs in the northern part of
the study area near Tucumcari, where it is overlain by the
Middle Jurassic Exeter Sandstone (Dobrovolny and others,
1946; Kelley, 1972a, b) and is gradational with the underly-
ing Chinle Formation (pl. 2). It is locally overlain uncon-
formably by the upper Tertiary Ogallala Formation (fig. 8).
The Redonda is lithologically similar to, and has been tenta-
tively correlated- with, the predominantly eolian Jurassic
Wingate Sandstone of the Colorado Plateau (Griggs and
Read, 1959; Kelley, 1972a, b). The Redonda is an evenly
bedded, reddish-orange, vertebrate-bearing sandstone that is
as much as 450 ft thick (Dobrovolny and others, 1946; Lucas
and others, 1985b).

MIDDLE AND UPPER JURASSIC ROCKS

Jurassic sediments were never deposited in southeast-
ern New Mexico (Bachman, 1984, 1987). In the western and
northwestern parts of the study area (especially in Lincoln
County), the Jurassic and Early Cretaceous were times of
erosion (Budding, 1964). Thus, Jurassic rocks are present
only in the northern part of the study area near Tucumcari,
where they include the Middle Jurassic Exeter Sandstone
(unit Je, pl. 1) and the overlying Upper Jurassic Morrison
Formation (unit Jm, pl. 1); in places on plate 1, the Morrison
and Exeter are mapped together as unit Jme.

Deposition was apparently continuous throughout
Middle and Late Jurassic time and there are no regional
disconformities within the Jurassic sequences, although
Jurassic rocks unconformably overlie Triassic sedimentary
rocks and are unconformably overlain by Cretaceous strata.
Jurassic rocks in the region, including the Exeter Sandstone
and the Morrison Formation, are continental eolian and
stream deposits whose sediment source is thought to be the
Ancestral Rocky Mountains (Mankin, 1972). In the study
area, Jurassic rocks are as much as 300 ft thick, but are as
thick as 500 ft near Bueyeros in southeastern Harding
County (Foster and others, 1972). The Exeter is predomi-
nantly an eolian deposit that grades upward into a predomi-
nantly playa-lake deposit (possibly reflecting increased
rainfall) (Mankin, 1972). The Morrison Formation, a fluvial
or deltaic sequence, was deposited in a more humid (possi-
bly subtropical) environment. Volcanic activity increased
during deposition of the Morrison Formation, as evidenced
by volcanic ash found within the unit in the study area.

EXETER SANDSTONE

The Exeter Sandstone (Exeter Member of Entrada
Sandstone of Lucas and others, 1985b) crops out along the
Canadian River escarpment, along the north-facing escarp-
ment of the Llano Estacado south of the Canadian River, and
in isolated buttes and mesas in northern Guadalupe and Quay
Counties (Mankin, 1972). The Exeter that rims Tucumcari

Basin is white to pale-brown, fine-grained, massive to cross-
bedded, very well sorted to well-sorted quartz sandstone that
is slightly cemented. In the Tucumcari region, the beds are
large-scale crossbedded in the lower part of the formation
and more massively bedded and contain smaller-scale cross-
beds in the upper part. The Exeter is as much as 228 ft thick
in the subsurface of Tucumcari Basin (Trauger and Bush-
man, 1964). It unconformably overlies the Upper Triassic
Redonda Formation and is conformably overlain by the Mor-
rison Formation (pl. 2).

MORRISON FORMATION

In the Tucumcari region along the Canadian River, the
Morrison Formation consists of a lower variegated shale, a
middle mudstone and lenticular sandstone, and an upper
shale intercalated with silica-cemented sandstone (Mankin,
1972). These units are not continuous, however, and their
relations vary within the study area. Typically, the Morrison
is a fine-grained, well-sorted to poorly sorted sandstone con-
taining rare coarse to pebbly laSrers. In the lower shale, there
is a thin, continuous, widespread red chert unit (jasper). The
Morrison also contains 1- to 3-ft-thick beds of gypsum,
impure limestone, volcanic ash, rare bentonite in beds as
thick as 1 ft, and nodular chert. It contains sparse fossils and
is locally anomalously radioactive. The Morrison is thought
to have originated in fluvial and lacustrine environments,
and its clastic material was derived from the south or south-
west (Wanek, 1962).

The Morrison Formation is 100-500 ft thick, and is
slumped in most locations. Thickness variations may be
due to contemporaneous subsidence (F.D. Trauger, in Man-
kin, 1972). Oil wells north of the study area encountered as
much as 400 ft of the Morrison. The Morrison conformably
overlies the Middle Jurassic Exeter Sandstone and is
unconformably overlain by the Lower Cretaceous Tucum-
cari Shale (pl. 2).

LOWER AND UPPER CRETACEOUS ROCKS

Cretaceous units that crop out in the western part of the
study area include the Lower Cretaceous Tucumcari Shale,
Mesa Rica Sandstone, and Pajarito Shale mostly in the
Tucumcari region (Brand and Mattox, 1972), and the Upper
Cretaceous Dakota(?) Sandstone, Mancos Shale, and
Mesaverde Formation in Lincoln County (Griswold, 1959).
The Tucumcari, Mesa Rica, and Pajarito are undivided and
mapped within unit KRu on plate 1; the Dakota(?), Mancos,
and Mesaverde are undivided and mapped as unit Kmmd on
plate 1. Surface and subsurface relations suggest that the
Cretaceous rocks rest unconformably on the Upper Triassic
Chinle and Redonda Formations and are unconformably
overlain by the Miocene Ogallala Formation in the Tucum-
cari region and by the Upper Cretaceous and Tertiary Cub
Mountain Formation in Lincoln County (pl. 2). Cretaceous
rocks were probably eroded from the area to the south, where
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only remnants of Cretaceous strata are preserved in sinks and
isolated outcrops near Carlsbad (Bachman, 1984, 1987).
South of lat 33° N., only sporadic occurrences of Cretaceous
rocks are present in the subsurface. Cretaceous strata are
thickest in the northeastern part of Lea County, thinning
northwestward to about long 103°30° W,

TUCUMCARI SHALE

Within the study area, the Lower Cretaceous Tucum-
cari Shale is 0—200 ft thick in the subsurface and 50-100 ft
thick on the surface. On the surface and in the subsurface in
Tucumcari Basin, the Tucumcari is composed of fossilifer-
ous, bedded, fissile, dark-gray shale overlain by lighter gray
fossiliferous shale and yellow-brown clay (Brand and Mat-

tox, 1972). Minor limestone occurs throughout the unit. The

uppermost beds contain thin sandstone beds that lithologi-
cally are similar to those of the overlying Mesa Rica Sand-
stone, which unconformably overlies the Tucumcari (pl. 2).
In Tucumcari Basin, the Tucumcari is as much as 80 ft thick
(Kelley, 1972a, b). The Tucumcari(?) Shale crops out and
occurs in the subsurface in Lea County just outside the
southern border of the study area (Ash and Clebsch, 1961).
The Tucumcari is probably marine south and east of Tucum-
cari, but interfingers north and west into continental
sequences.

MESA RICA SANDSTONE

The Lower Cretaceous Mesa Rica Sandstone crops out
in bluffs in the Tucumcari area and in the Canadian River
escarpment north of Tucumcari (Brand and Mattox, 1972).
The Mesa Rica may be correlative to the Dakota(?) Sand-
stone, although the stratigraphic relation between the two
units and the overlying Pajarito Shale is unclear (Kilmer,
1987). The Mesa Rica is composed of medium-brown to
light-gray crossbedded sandstone intercalated with gray
shale and clay of deltaic origin. The basal part is a conglom-
erate that contains broken fossil pieces and which scours into
the underlying Lower Cretaceous Tucumcari Shale. The
uppermost part contains thin shale beds similar to those of
the overlying Lower Cretaceous Pajarito Shale, which it con-
formably underlies (pl. 2). Combined, the Mesa Rica and
Pajarito are as thick as 60 ft.

PAJARITO SHALE

The Lower Cretaceous Pajarito Shale occurs only
locally in the Tucumcari area; it occurs in the downthrown
block of the Bonita fault, on Mesa Rica in northwestern
Quay County, and in the escarpment south of San Jon in east-
ern Quay County (Brand and Mattox, 1972). The Pajarito is
predominantly a delta-plain lacustrine light-gray shale inter-
bedded with sandstone. The shale contains bentonitic and

limonitic layers and iron concretions, and is locally fossilif-
erous. A thick, medium-yellowish-brown to white sandstone
occurs locally at the top of the unit and has been correlated
with the Dakota(?) Sandstone outside the study area in
northeastern New Mexico and southeastern Colorado
(Kilmer, 1987). Near San Jon, the Pajarito and underlying
Mesa Rica interfinger. The Pajarito is unconformably over-
lain by the upper Tertiary Ogallala Formation and by Quater-
nary deposits (pl. 2).

DAKOTA(?) SANDSTONE

The Upper Cretaceous Dakota(?) Sandstone, which
crops out in the western part of the study area in the Sierra
Blanca Basin, is a transitional sequence of massive to locally
crossbedded, coarse- to medium-grained, brown to red sand-
stone. The upper part grades upward into thin- to medium-
bedded shale and sandstone that are transitional into the
overlying Mancos Shale (Kelley, 1971). The Dakota(?)
unconformably overlies older units, including the Chinle
Formation, Santa Rosa Sandstone, Grayburg Formation of
the Artesia Group, and Bonney Canyon Member of the San
Andres Formation (Kelley, 1971) (pl. 2).

The Dakota(?) Sandstone is typically from 100 to 150 ft
thick (Griswold, 1959; Kelley, 1971), but in the Jicarilla
Mountains it varies from 120 to 200 ft thick.

MANCOS SHALE

The Upper Cretaceous Mancos Shale is typically -a
marine black shale interbedded with gray siltstone and minor
thin dark-gray limestone beds and lenses. It crops out in the
western part of the study area in the Sierra Blanca Basin
(Griswold, 1959; Kelley, 1971) and underlies much of the
Jicarilla Mountains region (Budding, 1964). The Mancos is
easily eroded and poorly exposed, and fills valley bottoms.

The Mancos Shale is variable in thickness, but near
Capitan it is as thick as 389 ft (Allen and Jones, 1951). It is
estimated to be 410 ft thick in the Jicarilla Mountains, where
it conformably overlies the Dakota(?) Sandstone (Budding,
1964) (pl. 2).

MESAVERDE FORMATION

The Upper Cretaceous Mesaverde Formation is well
exposed in the Sierra Blanca Basin near White Oaks, Carri-
zozo, Capitan, and Ruidoso, where it contains coal (Kelley,
1971). In the Capitan coal field in the southwestern part of
the study area, the Mesaverde is composed of a lower sand-
stone (150 ft thick), a middle shale and coal (about 200 ft
thick), and an upper sandstone (100-150 ft thick) (Kelley,
1971). The upper and lower sandstones are both typically
fossiliferous, massive to medium bedded (thick bedded in
some areas), white, buff, or brown in color, and fine to
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medium grained (Kelley, 1971). The shale is light gray to
black and may contain some siltstone and coal (Kelley,
1971). The Mesaverde is commonly faulted, intruded by
dikes, and poorly exposed (Kelley, 1971).

In the Jicarilla Mountains, the Mesaverde Formation is
as much as 415 ft thick (Budding, 1964). Coal beds in the
Sierra Blanca Basin range from less than 1 to 4.5 ft thick.

In the Sacramento and Capitan Mountains, the Mesa-
verde is probably unconformably overlain by the Upper Cre-
taceous and Tertiary Cub Mountain Formation, although
Weber (1964) suggested a local conformable contact. In the
Jicarilla Mountains, it is unconformably overlain locally by
as much as 50 ft of the upper Tertiary Ogallala Formation
(Budding, 1964) (pl. 2).

CRETACEOUS AND TERTIARY ROCKS
CUB MOUNTAIN FORMATION

The Upper Cretaceous and Tertiary Cub Mountain For-
mation is exposed in the western part of the study area near
the Lincoln County porphyry belt (unit TKc, plate 1).
According to Weber (1964), the Cub Mountain crops out
southward from Cub Mountain (west of the White Mountain
Wilderness Area) into the Three Rivers drainage area west'of
Sierra Blanca Peak. The unit is faulted and intruded by dikes
and is as much as 600 ft thick (Kelley, 1971). The Cub
Mountain is generally a poorly sorted, channel-crossbedded,
continental deposit. It is composed of interbedded purple and
red mudstone, arkosic white to buff friable sandstone, lentic-
ular conglomerate, and montmorillonitic claystone, mud-
stone, siltstone, and fine-grained sandstone that typically
contain fine veinlets and seams of gypsum (Griswold, 1959;
Weber, 1964; Kelley, 1971). It unconformably overlies both
the Mancos Shale and Mesaverde Formation near Ruidoso
and Capitan, and is intruded and overlain by Tertiary intru-
sive and volcanic rocks (pl. 2).

UPPER TERTIARY ROCKS
OGALLALA FORMATION

The Miocene Ogallala Formation is exposed through-
out the study area, occurring as outliers as far west as the
Lincoln County porphyry belt (unit To, pl. 1; also locally
included in unit QTg). The Ogallala, named by Darton
(1899), is extensively exposed in the Great Plains of the
United States, extending from South Dakota to Texas, and is
amajor groundwater aquifer for this region. The High Plains
of eastern New Mexico is covered by the most resistant
upper part of the Ogallala (Leonard and Frye, 1975).

Large parts of the study area east of long 104° W. and
the Pecos River are either capped or shallowly underlain by
the Ogallala. The Ogallala thins westward from the area in
Texas east of the Pecos River (the Llano Estacado) to its
source in the southern Rocky Mountains and adjacent

uplands north of the study area (Leonard and Frye, 1975).
West of the Pecos River, it commonly forms small, discon-
tinuous terraces below higher upland surfaces developed on
older rocks. It crops out in high, northeast-trending, den-
dritic, pediment-covered, segmented mesas between Capitan
and Ruidoso; these remnants may be fault-controlled valley
fill (Kelley, 1971; Frye and others, 1982).

The Ogallala Formation is composed of alluvial and
minor eolian deposits that were derived from the western
uplands; some clasts are Precambrian (Kelley, 1972a;
Leonard and Frye, 1975). The composition of the Ogallala is
variable throughout the study ‘area depending on the source
rock. In the north, channel deposits (gravel) are more com-
mon in the lower part of the formation (fig. 8). The more
easterly exposures of the Ogallala contain gravel deposits
that occur stratigraphically higher in the Ogallala. The more
southerly exposures contain only rare coarse gravel deposits,
and in many of the southern locations gravel is absent
(Leonard and Frye, 1975). In uneroded areas, calcium car-
bonate caliche as much as 50 ft thick is present at the top of
the formation and minor silt- and clay-bearing sandstone is
predominant (Leonard and Frye, 1975).

During deposition of the Ogallala, the climate of the
region became increasingly arid. Alluvial deposition dimin-
ished, and thick, hard caliche (referred to as the “Ogallala
climax soil”) formed at the top of the Ogallala. This soil cov-
ered earlier formed Pleistocene stream valleys, causing
streams to shift laterally on the relatively impermeable allu-
vial plain, without regard to earlier valley positions (Frye
and Leonard, 1959; Leonard and Frye, 1975). North of
Roswell, the Ogallala was deposited by streams flowing gen-
erally east-southeast (Leonard and Frye, 1975); south of
Roswell, however, the course of streamflow is not clear
(Bachman, 1987). The thickness of the Ogallala is variable,
ranging from 0 to 200 ft, and reflects the depth of the under-
lying erosional unconformity (Frye, 1971; Leonard and
Frye, 1975). Local thickness variability of the Ogallala can
be attributed to evaporite dissolution and karst collapse at the
surface.

Eastward tilting and warping of the High Plains contin-
ved after deposition of the Ogallala, lasting from latest Ter-
tiary to the middle Pleistocene (Frye and others, 1982).
Downwarping apparently took place along the present Pecos
River valley, and- upwarping occurred on the eastern and
western flanks of the valley. The distribution of the Ogallala
delineates stream capture caused by downwarping, collapse,
or subsidence (Frye and others, 1982).

QUATERNARY DEPOSITS

GATUNA FORMATION

The Gatuna Formation is a fine-grained, valley-filling
formation of uncertain age that is lithologically similar to,
but younger than, the Ogallala Formation. It is exposed inter-
mittently in the Pecos River valley near Artesia, Hagerman,
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Figure 8. Basal conglomerate of upper Tertiary Ogallala Formation resting unconformably on weathered sandstone of the Upper Triassic
Redonda Formation near Ragland, Quay County, N. Mex. Hammer (13 in. long) for scale. Photograph taken by R.L. Griggs about 1957
(photograph number 28, on file at the U.S. Geological Survey Photo Library, Denver, Colo.)

and Roswell, and possibly as far north as Santa Rosa (unit
Qt, pl. 1). It is a predominantly orange-red (also gray, yel-
low, or purple), friable sandstone containing minor amounts
of conglomerate, clayey mudstone, siltstone, limestone, or
gypsum, derived from the Dockum Group, Tertiary igneous
rocks, and the Ogallala caprock (Kelley, 1971; Bachman,
1987). The Gatuna is fossiliferous in places, containing
fresh-water gastropod remains. It also contains at least one
620,000-yr-old Pleistocene (upper part of Yellowstone
Group) ash bed south of the study area in Nash Draw about
20 mi east of Carlsbad (Kelley, 1971; Izett and Wilcox,
1982; Bachman, 1984).

The Gatuna Formation is consolidated in places, but is
locally intermixed with underlying units due to slumping and

collapse and it unconformably overlies older sequences
(Kelley, 1971). The Gatuna Formation is as thick as 300 ft,
although the thickness is highly variable (Kelley, 1971).

OTHER UNCONSOLIDATED DEPOSITS

Quaternary sediments include pediment, terrace,
eolian, alluvial, and colluvial deposits that are widespread in
the study area (units Qt and Qal, pl. 1). Small rock glaciers
occur in the western Capitan Mountains (Blagbrough, 1991).
The sediments are mostly unconsolidated, but locally they
may be cemented by caliche. In some areas, the Quaternary
deposits are mixed due to slumping, landsliding, and col-
lapse.
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PEDIMENT DEPOSITS

The Mescalero pediment east of long 104° W. slopes
gently eastward and is a poorly drained pediment approxi-
mately 350 ft above the Pecos River from about 25 mi north
of Roswell to the southern boundary of the study area
(Kelley, 1971). Long Valley cuts southward between
Roswell and Hagerman across the sink-dotted plain. Mesas
form on the Mescalero pediment in resistant caliche-
cemented gravel and sand deposits that are as much as 10 ft
thick. A similar surface that is covered with sand, caliche
caprock, and local gravel deposits (Diamond A Plain) is
present west of the Pecos River at about the same latitude.
Lag gravel deposits are widespread on both of these surfaces,
but it is slightly coarser on the Diamond A Plain.

TERRACE DEPOSITS

In the study area, a low terrace is present within the
Pecos River valley from about 15 mi north of Roswell to the
southern border of the study area. Three named terraces (in
ascending order, the Lakewood, Orchard Park, and Black-
dom) are present (Fiedler and Nye, 1933). The Lakewood
terrace is the alluvial bottom of the Pecos River and its trib-
utaries; the Orchard Park is about 5-25 ft above the lower
terrace; the Blackdom is as much as 100 ft above the Orchard
Park. The Blackdom terrace contains caliche deposits as
thick as 4 ft. All three terraces are visible north of Roswell
where the Pecos River is crossed by U.S. Highway 70. Thick
(300 ft) deposits of pediment gravel cover the Blackdom ter-
race in this area (Kelley, 1971).

EOLIAN DEPOSITS

The Mescalero pediment is covered by impure tan to
brown eolian sand containing minor soil and caliche (the
“Mescalero sands” of Darton, 1928). The sand deposits are
covered with mesquite, cactus, or buffalo grass, and are most
extensive northeast and east of Carlsbad south of the study
area. Extensive dune fields are present between and west of
Clovis and Portales along the Curry County-Roosevelt
County line and in Chaves County on the Llano Estacado
east of Roswell (Reeves, 1972). They are thought to be rem-
nants of postglacial fluvial systems.

LAKE DEPOSITS

Karst sinkholes and sags may be filled with playa
deposits in areas where carbonate-evaporite deposits are
exposed. According to Kelley (1971), the largest of these
playa lakes had persistent Pleistocene lake stands above
present-day valley floors.

ALLUVIUM AND COLLUVIUM DEPOSITS

Significant alluvial and colluvial deposits are present
along many ephemeral streams in the study area, especially

where less competent bedrock or fault zones crop out adja-
cent to stream channels (Kelley, 1971). Disturbed gravel
pediment deposits are north of Roswell on the Pecos Slope,
where they are underlain by gypsum and karst. Alluvial
deposits as much as 600 ft thick have been reported in the
Tucumcari area (Trauger and Bushman, 1964).

BASALT FLOWS

Vesicular basalt flows located west of Carrizozo (the
Little Black Peak and Carrizozo lava flows of the Valley of
Fires Recreation Area) are termed malpais (“badlands™)
(unit Qb, pl. 1). These flows extend for 44 mi and are as wide
as 5 mi; they encompass about 1 mi3 of basalt (Allen and
Jones, 1951; Weber, 1964). The flows represent probable
recent (approximately 5,000-yr-old) outflow from nearby
cinder cones that lie along the east-west Capitan Mountains
lineament (Weber, 1964, 1979; Salyards, 1991). Lava
flowed southwestward over strata that include the Dakota(?)
Sandstone (Weber, 1979). The lava field is typical of pahoe-
hoe flows, containing ropy surfaces, pressure ridges, and
collapse features. A basal flow located about 2 mi south of
U.S. Highway 380 consists of fine-grained massive subalka-
line olivine basalt as much as 60 ft thick (Weber, 1964).
Much of the basalt in the flow is vesicular and contains phe-
nocrysts of olivine in a fine matrix of andesine-labradorite,
augite, olivine, and glass.

TERTIARY INTRUSIVE AND EXTRUSIVE
ALKALINE ROCKS OF THE LINCOLN
COUNTY PORPHYRY BELT

By Theodore J. Armbrustmacher

Alkaline igneous rocks in the Roswell Resource Area
are found in all but the southernmost part of the Lincoln
County porphyry belt (Kelley and Thompson, 1964). These
rocks of Tertiary age form at least 9 (Kelley and Thompson,
1964), 12 (Allen and Foord, 1991a), or 14 (Kelley, 1971)
intrusive and extrusive centers that lie between Corona on
the north and Ruidoso on the south in the southwestern part
of the study area (units Tis and Tv, pl. 1). Allen and Foord
(1991a) compiled age determinations of the igneous rocks
and concluded that there were three episodes of Cenozoic
igneous activity in the study area: (1) 38.2-36.5 Ma for intru-
sive rocks from the Jicarilla Mountains, volcanic flows and
intrusions from Sierra Blanca Peak and Black Mountain, and
perhaps compositionally similar rocks from the Gallinas
Mountains and the hills near Tecolote Peak; (2) 30-26 Ma
for late syenite and granite of Sierra Blanca Peak, several
dikes along the Capitan Mountains lineament, and perhaps
compositionally similar plutons at Carrizo Mountain, Lone
Mountain, and Patos Mountain; and (3) Quaternary basalt
flows of the malpais. Kelley and Thompson (1964) listed the
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principal rock types for the nine igneous centers: Gallinas
Mountains, rhyolite laccolith in the north, trachyte laccolith
in the south; hills near Tecolote Peak, syenite-diorite lacco-
lith; Jicarilla Mountains, monzonite(?) laccolith and stock;
Lone and Baxter Mountains, syenite(?) stock and laccolith;
Carrizo Mountain, microgranite(?) laccolith; Patos Moun-
tain, monzonite(?) laccolith; Capitan Mountains, microgran-
ite stock and laccolith; Three Rivers area, monzonite to
granite stocks (pl. 3). Allen and Foord (1991a) grouped the
igneous rocks into (1) “younger” Tertiary granitic plutons,
including the intrusions at Capitan Mountains, Carrizo
Mountain, Patos Mountain, and Lone Mountain; (2)
“younger” Tertiary dikes, including the Railroad Mountain
dike; (3) and “older” Tertiary alkalic complexes, including
Black Mountain, Sierra Blanca Peak, Baxter Mountain—
White Oaks district, the hills near Tecolote Peak, Jicarilla
Mountains, and Gallinas Mountains.

According to Allen and Foord (1991a), igneous activity
in the study area was localized along two major structural
features during two distinct episodes within the porphyry
belt. Magmas of alkali gabbroic to syenitic composition, or
volcanic equivalents at Sierra Blanca Peak, were emplaced
during an earlier episode (38-30 Ma) along the north-south-
trending Pedernal uplift during the transition from Laramide
compression to extension. Along this trend, alkaline magmas
were intruded along subordinate northeast-trending faults
during the transition of Laramide compression to extension.
A later episode (28-26.5 Ma) of alkali gabbroic to granitic
composition occurs along the east-west Capitan Mountains
lineament and within the Sierra Blanca volcanic pile coinci-
dent with early rifting along the Rio Grande rift zone (Allen
and Foord, 1991b). Rare-earth-element data and rubidium/
strontium (Rb/Sr) and neodymium/samarium (Nd/Sm) isoto-
pic data presented by Allen and Foord (1991a) suggest that
mafic alkaline magmas during the earlier episode were
derived from metasomatized mantle, whereas granitic mag-
mas during the later episode were derived from the lower
crust. Just east of the Sierra Blanca Basin is the north-south-
trending Pedernal uplift (Mescalero arch), which appears to
be offset to the west near Capitan Peak. Many of the igneous
centers appear to be associated with these structures (Kelley
and Thompson, 1964). The Sierra Blanca Basin filled with at
least 3,340 ft of volcanic rocks during Oligocene time
(Thompson, 1972). The volcanic rocks, which consist of
andesitic to trachytic flow breccias, flows, and tuffs, were
then intruded by magmas that crystallized into the leuco-
cratic to mesocratic rocks of the Three Rivers and Bonito
Lake stocks.

The alkaline rocks of the study area share a common
igneous heritage with lithologically similar rocks of the
Rocky Mountain front from West Texas to Montana, includ-
ing those at Cripple Creek, Colo., and north-central Montana
(Judith Mountains, Moccasin Mountains, Bearpaw Moun-
tains, and so forth). The tectonic setting appears to be sub-
duction related (Allen and Foord, 1991a), or back-arc

extension related (Thompson, 1991c). Limited isotopic data
suggest that the saturated to undersaturated alkaline magmas
originated in the mantle and (or) lower crust.

IGNEOUS CENTERS

GALLINAS MOUNTAINS

The Gallinas Mountains comprise at least two domal
uplifts underlain by Precambrian granitic rocks that are in
turn covered by almost 2,000 ft of Lower Permian Abo For-
mation, Yeso Formation, and Glorieta Sandstone (Perhac,
1964, 1970). In fact, outcrops of foliated Precambrian gran-
ite exposed within the mountains represent one of only a few
occurrences of basement rocks in the study area. In Tertiary
time, leucocratic magmas intruded the Permian sedimentary
rocks as laccoliths and possibly as stocks. The intrusive con-
tacts are mostly concordant with the bedding of the overly-
ing sedimentary rocks when they are observed in outcrop.
Flow banding is parallel to sedimentary rock bedding when-
ever it is observed.

Porphyritic latite occurs at Cougar Mountain, northeast
of the main Gallinas Mountains (pl. 3). Nearby Yeso Forma-
tion is flat lying, suggesting that the porphyritic latite is a
stock (Perhac, 1970). Major rock-forming minerals are
orthoclase, sodic plagioclase, and hornblende, and accessory
quartz, magnetite, apatite, zircon, and titanite. Plagioclase
and hornblende occur as phenocrysts, and the other minerals
constitute the groundmass.

The southern part of the Gallinas Mountains is under-
lain by a laccolith of porphyritic trachyte and associated
syenite. The porphyritic trachyte contains orthoclase and
sodic plagioclase phenocrysts, minor hornblende and (or)
aegirine-augite, and groundmass consisting of altered feld-
spar and accessory quartz, magnetite, apatite, zircon, rutile,
titanite, and ilmenite. The texture of the groundmass is tra-
chytic. The syenite phase contains essentially the same min-
erals as the porphyritic trachyte, but the texture is
equigranular. Acmite and biotite are minor constituents of
some specimens.

The north-northwestern part of the mountains is under-
lain by a laccolith of porphyritic rhyolite that is more than
500 ft thick at Gallinas Peak and thins away from this center.
This rock contains feldspar phenocrysts set in a fine-grained
groundmass of minerals nearly identical to those of the other
rocks in the area. Small circular to elliptical bodies of tra-
chyte breccia occur west of Rough Mountain. Fragments
include porphyritic trachyte, shale, sandstone, limestone,
and granite set in a trachyte matrix.

Nearly all the rocks have been hydrothermally altered,
resulting in replacement of original feldspar and mafic min-
erals by clay minerals, ferric iron oxide, and other
secondary minerals. Sedimentary rocks at the contacts with
the igneous rocks show almost no evidence of contact
metasomatic effects. Minor silicification of limestone and
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sandstone, and local development of skarn minerals are
sometimes observed. The laccoliths are emplaced chiefly
into the Yeso Formation and most of the mineral deposits
occur in that formation.

TECOLOTE PEAK

Subsilicic rocks including syenite, monzonite por-
phyry, and diorite occur in laccoliths with maximum thick-
ness of 400 ft in the hills near Tecolote Peak (Rawson,
1957). Allen and Foord (1991a) briefly described composi-
tions ranging from syenogabbro to syenite, and they sug-
gested that the diorite of Rawson is biotite-augite-
hornblende pyroxenite. The Lower Permian Yeso Formation
and the Upper Permian Glorieta Sandstone are hosts for the
laccoliths. The laccoliths appear to be an extension of the
larger igneous bodies that occur in the Gallinas Mountains to
the northwest (Griswold, 1959). A laccolith of monzonite
porphyry underlies Tecolote Peak to a thickness of near 400
ft and thins to about 200 ft toward the east and south (Raw-
son, 1957). Reconnaissance mapping revealed that 10 ft of
sandstone [Glorieta Sandstone(?)] overlies the laccolith at
the top of Tecolote Peak. The monzonite porphyry laccolith
overlies and is locally intrusive into a smaller diorite lacco-
lith. Small syenite lenses occur within the diorite laccolith.
Contact metasomatic alteration of limestone beds at the base
of the diorite laccolith are observed locally.

JICARILLA MOUNTAINS

The main igneous centers in the Jicarilla Mountains are
represented by two intrusions, one consisting of latite por-
phyry near the village of Jicarilla in the southern part of the
mountains, and the other consisting of monzonite to diorite
underlying Jacks Peak in the northeastern part of the moun-
tains (Ryberg, 1968). Allen and Foord (1991a) found that the
rocks consist of an alkaline sequence of biotite syenogabbro
to syenite and a calc-alkalic monzonite and tonalite. The
intrusions have caused the pre-Tertiary sedimentary rocks to
be domed. The coarse-grained rocks have potassium-argon
(K-Ar) ages on biotite of 38.2 and 37.3 Ma (Allen and Foord,
1991a; Thompson, 1991a). The intrusion at Jacks Peak is in
contact with the Lower Permian San Andres Formation;
smaller sill- or laccolith-like bodies occur away from the
main intrusions, chiefly within the San Andres Formation.
Small dikes of basaltic composition intersect the intrusion at
Jicarilla and some of the surrounding sedimentary rocks.

LONE AND BAXTER MOUNTAINS

Lone and Baxter Mountains are the dominant physio-
graphic features of the White Oaks area, southwest of the
Jicarilla Mountains (Griswold, 1959). According to Smith

(1964), intrusive rocks of this area are of two major types—
quartz rich and quartz poor; the Lone Mountain intrusive
consists of quartz-poor rocks. Monzonite and syenite under-
lie Lone Mountain, where probable laccolithic intrusion has
domed the surrounding San Andres Formation (Griswold,
1959; Smith and Budding, 1959). Lone Mountain rocks are
uniform, containing sparse plagioclase and less than 10 per-
cent quartz (Smith, 1964). Schnake (1977) indicated that the
rocks in the Lone Mountain intrusion were zoned—a periph-
eral felsic zone surrounds a more mafic core. Allen and
Foord (1991a) observed that the core consists of quartz syen-
ite and the marginal zone consists of alkali-feldspar granite.
Small intrusions extend southward from Lone Mountain
through the White Oaks area to Baxter Mountain. Composi-
tions of rocks underlying Baxter Mountain range from sye-
nogabbro to syenite and lamprophyre. These rocks (and the
sedimentary rocks in contact with them) are the hosts for ore
deposits in the White Oaks district. Rocks from the Lone and
Baxter Mountains have a K-Ar age on biotite of 35.2-29.8
Ma (Thompson, 1991a).

CARRIZ0O MOUNTAIN

Contacts between the igneous rocks underlying Car-
rizo Mountain and the surrounding Upper Cretaceous
Mesaverde Formation are obscured by alluvial fans and
landslides. According to Elston and Snider (1964), the
igneous rocks form a steep-sided laccolith or stock that has
domed the Mesaverde rocks. Patton (1951) characterized
the rocks as alaskites, but Weber (1964) described the pres-
ence of hornblende- and biotite-bearing quartz syenite
locally showing trachytic texture. Elston and Snider (1964)
concluded that Carrizo Mountain is underlain by a differen-
tiated body, ranging from fine-grained spherulitic rhyolite
having vertical flow banding at the contact to porphyritic
granite containing phenocrysts of intermediate plagioclase
rimmed by orthoclase. Biotite and opaque minerals consti-
tute over 10 percent of the rock. Pertl (1984) and Pertl and
Cepeda (1991) described the Carrizo Mountain stock as a
steeply dipping rhyolite body having a central zone of
quartz monzonite. Data from Allen and Foord (1991a) indi-
cate that the rocks range in composition from quartz syenite
to alkali-feldspar granite.

PATOS MOUNTAIN

The close spatial association of the Patos Mountain
intrusive rocks with those of Carrizo Mountain and Lone
Mountain suggests a similarity in origin. The Patos Moun-
tain intrusion appears to be a laccolith, but the lower part is
concealed by alluvial and colluvial deposits. The Patos
Mountain body is a texturally and compositionally zoned
rhyolite, having a slightly more mafic, porphyritic center and
a more siliceous, fine-grained margin (Haines, 1968).
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CAPITAN MOUNTAINS

The intrusive body underlying the Capitan Mountains,
emplaced at 26.5+1.2 Ma (Allen, 1988), is the largest in the
Lincoln County porphyry belt and one of the largest Ter-
tiary intrusions exposed in New Mexico (Allen, 1988;
Allen and McLemore, 1991). It is elongate in an east-west
direction due to alignment along the western part of the
Capitan lineament (herein referred to as the Capitan Moun-
tains lineament) along lat 34° N. (Moore and Foord, 1986;
Allen, 1988). On the west, the intrusion is in contact with
the San Andres Formation, and on the east, with the Yeso
Formation; elsewhere, the contact is covered by surficial
deposits. Carbonate rocks in contact with the intrusion are
locally altered to calc-silicate skarns and replacement iron
deposits. Although Kelley (1971) stated that the composi-
tion and texture of the rocks in the intrusion are remarkably
uniform, Allen and McLemore (1991) indicated that the
intrusion is zoned—a high-silica, miarolitic, granophyric
aplite in the roof zone at the west end, and a lower silica,
fine-grained, alkali-feldspar granite porphyry core at the
east end. Rocks from the west end tend to contain higher
amounts of quartz and no mafic minerals other than iron
oxides, whereas the rocks of the east end contain lesser
amounts of quartz, feldspar phenocrysts, and biotite and
amphibole as mafic minerals (Allen and McLemore, 1991).
Allen and McLemore (1991) defined three major textural
types (granophyre, aplite, and porphyry) having geochemi-
cal differences. Granophyric types occur in the western part
of the intrusion and grade into equigranular-textured aplite
toward the east; rocks from the eastern half of the intrusion
are porphyritic. Isotopic and rare-earth-element data sug-
gest that the rocks of the Capitan Mountains intrusion are
derived from a lower crustal source.

THREE RIVERS AREA

The Three Rivers area lies at the southern end of the
Lincoln County porphyry belt and constitutes part of the
Sierra Blanca Igneous Complex (Thompson, 1966, 1972).
The complex consists of a thick pile of volcanic rocks that
overlie with angular unconformity the Upper Cretaceous
and Tertiary Cub Mountain Formation and the Upper Cre-
taceous Mesaverde Formation (pl. 2). Rocks of the volcanic
sequence comprise four units—Walker Andesite Breccia,
Nogal Peak Trachyte, Church Mountain Latite, and God-
frey Hills Trachyte—and consist chiefly of andesitic to tra-
chytic flow breccia, flows, and tuffs (Thompson, 1972).
The volcanic pile is in turn intruded by four stocks—Three
Rivers, Rialto, Chaves Mountain, and Bonito Lake (pl. 3).
These stocks appear to be comagmatic with their volcanic
precursors.

According to Giles and Thompson (1972), the Three
Rivers stock is a molybdenum-related, hypabyssal complex
that consists of three major intrusive phases: (1) an early,
passively emplaced shell of syenite porphyry, (2) quartz

syenite intruded along the northeastern margin of the stock,
and (3) late, equigranular quartz syenite to alkali granite
forcibly injected along a northeastern trend into the syenite
porphyry. Each phase has a different texture, but similar
geochemistry and mineralogy (Thompson, 1972). The
southern part of the stock that underlies Sierra Blanca Peak
comprises five separate units ranging from syenite to alkali
granite (Moore and Foord, 1986). The alkali granite has been
dated at 26.8+0.09 Ma (Moore and Foord, 1986).

The Rialto stock consists of hornblende-biotite monzo-
nite cut by small bodies of comagmatic biotite monzonite
(Thompson, 1968, 1972). Orthoclase and sodic plagioclase
constitute nearly 90 percent of the hornblende-biotite
monzonite. Biotite and magnetite partially replace horn-
blende, and quartz, apatite, rutile, and titanite occur as acces-
sory minerals. The Rialto stock contains brecciated zones
that have localized deposits of gold.

The syenite stock at Chavez Mountain intrudes rocks of
the Cub Mountain Formation (Thompson, 1972). Rocks of
the stock contain anorthoclase phenocrysts in a groundmass
of sodic plagioclase, hornblende, and biotite. The texture is
trachytic.

The predominant rock type in the Bonito Lake stock is
hornblende-biotite syenite although the rocks become
monzonitic toward the western margin (Thompson, 1972,
1973). Orthoclase and sodic plagioclase are more abundant
than microperthite. Corroded remnants of clinopyroxene
are partly replaced by hornblende and magnetite, which in
turn are replaced by biotite. Hydrothermal alteration of the
syenite occurs along the northern contact of the syenite and
along fracture zones. Pyrite, molybdenite, and chalcopyrite
have been added to the syenite that has been argillized and
silicified.

DIKES

A generally northeast trending composite dike swarm
(unit Td, pl. 1; pl. 3), probably related to regional exten-
sion, occurs from Sierra Blanca Peak to the Jicarilla Moun-
tains (Griswold, 1959; Kelley and Thompson, 1964). The
dikes are composed of seven different rock types, including
labradorite-olivine diabase porphyry, olivine diabase por-
phyry, diabase, hornblende-biotite diabase, rhyolite, latite
grading into trachyte, and phonolite (Elston and Snider,
1964). The dikes in this belt generally form a radial pattern
outward from the central part of the Sierra Blanca Basin.
[Some dikes are concentric with the basin in the Three Riv-
ers area (Kelley and Thompson, 1964).] The dikes are
younger than the Upper Cretaceous and Tertiary Cub
Mountain Formation and cut all units including some intru-
sives, stocks, and sedimentary and volcanic rocks. Dikes in
the Ruidoso area are postulated to have been related to con-
siderable regional extension, totalling at least 1 mi in the
Mesaverde Formation outcrop belt near Capitan (Jones,
1951; Kelley and Thompson, 1964).
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A diabase dike complex occurs in the subsurface in
Tucumcari Basin in Quay County; the dikes are probably of
Tertiary age and may have been intruded along preexisting
faults on the northern edge of Tucumcari Basin (Broadhead
and King, 1988). Railroad Mountain dike, Camino del
Diablo dike, and other small stocks, flexures, and numerous
sills occur in the south-central part of the study area (unit Td,
pl. 1; pl. 3). Railroad Mountain dike, about 31 mi long and
100 ft wide, has positive topographic expression and cuts the
Upper Triassic Santa Rosa Sandstone. It consists of medium-
grained olivine gabbro (Kelley, 1971). Camino del Diablo
dike, 25 mi long and S0 ft wide, has negative topographic
expression. It is composed of surficially altered andesitic to
basaltic diabase (Kelley, 1971).
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ERRATUM

On plate 2, geologic and lithologic cross sections A—A” and B—B~ were
modified from Roswell Geological Society (1953, 1956).



GEOCHEMISTRY OF SEDIMENTS, AND
URANIUM IN GROUNDWATER

By James A. Erdman, Ronald R. Tidball, and Richard B. Tripp

Two large geochemical databases were available for
this part of the mineral resource assessment of the Roswell
Resource Area. These databases are from the National Ura-
nium Resource Evaluation (NURE) program of 1°x2° quad-
rangles and from 819 stream-sediment samples from
National Forest lands in and near the White Mountain Wil-
derness Area. The NURE database was selected because its
sample sites are fairly evenly distributed throughout the
study area. The White Mountain Wilderness Area database
covers too small an area for the present study; it was used to
assess the mineral potential of the wilderness area (Seger-
strom and others, 1979; Segerstrom and Stotelmeyer, 1984).

The NURE Hydrogeochemical and Stream Sediment
Reconnaissance Program (HSSR) consisted of sampling sur-
face water, groundwater, and stream, pond, and lake sedi-
ments throughout the United States to identify favorable
areas for detailed uranium exploration. Los Alamos National
Laboratory (LANL), Los Alamos, N. Mex., was responsible
for conducting the HSSR program in New Mexico, as well
as several other Rocky Mountain States and Alaska, and for
analyzing all the samples for uranium. Field-sampling tech-
niques are detailed in Sharp and Aamodt (1978).

Supplemental analyses—that is, analyses of samples
for elements other than uranium—were conducted for most
of the samples from the study area by the Oak Ridge
National Laboratory (ORNL), Oak Ridge, Tenn., and the
remainder by LANL (fig. 9). This contribution by two labo-
ratories created difficulties in the data presentation, as
described in the following section.

NURE DATABASE

U.S. Geological Survey 1°x2° quadrangles were used
as base maps to plot results of the NURE hydrogeochemical
and stream-sediment surveys. The study area encompasses
parts of nine such quadrangles; the Roswell and Fort Sumner
quadrangles are most represented. The NURE data are avail-
able for each of these quadrangles in 12 separate reports
(Broxton, 1978; LaDelfe, 1981; Los Alamos National Labo-
ratory, 1980, 1981, 1982; Oak Ridge National Laboratory,
1981a~f; Warren and Nunes, 1978). All the NURE databases
for all of the 1°x2° quadrangles in New Mexico have
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Figure 9. Index to analysts of supplemental analyses (analyses of
samples for elements other than uranium), Roswell Resource Area,
New Mexico.

recently been made available by the New Mexico Bureau of
Mines and Mineral Resources (McLemore and Chamberlin,
1986).

Analyses for 5,872 samples were retrieved from the
NURE digital tapes, about one-half were water samples and
one-half sediment samples. The 3,059 water samples con-
sisted of five types in two general categories: 165 surface-
water samples (stream, natural pond, and artificial pond),
and 2,894 groundwater samples (wells and springs). All
water samples were filtered through a 0.45-micron mem-
brane filter and acidified to the same pH. Because the num-
ber of surface-water samples is small and the areal coverage
is not uniform, we have not used the surface-water data in
this report. Extensive sinkhole (karst) topography in much
of the study area limits clearly defined drainage systems.
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Only 84 of the groundwater samples were from springs;
these were included with the 2,810 well-water samples.

The 2,813 sediment samples consisted of eight types:
dry and wet stream sediments, dry and wet natural-pond sed-
iments, dry and wet artificial-pond sediments, and dry and
wet spring sediments. Most of these samples (1,938) were
dry stream sediments. All sediment samples were dried at
the same temperature and sieved to minus 100 mesh (0.15
mm); therefore, we combined all eight types into the same
database.

The numbers of analyses of the groundwater and sedi-
ment actually available were reduced from the above totals
because of missing data, and (as in the case of zinc data on
sediments analyzed by LANL) because of varying lower
limits of determination. Also, groundwater samples are
missing from large tracts within the Roswell and Fort Sum-
ner quadrangles in the west-central part of the study area.

All uranium analyses were conducted at LANL. Water
samples were initially analyzed for uranium by fluorometry
(Hues and others, 1977). Those samples that contained more
than 40 parts per billion (ppb)—the upper limit of determi-
nation without recalibration—were reanalyzed either by (1)
amodification of the basic fluorometric method that not only
increased the upper limit of determination but reduced the
lower limit of determination in natural waters from 0.50 to
0.02 ppb, (2) delayed-neutron counting (DNC), or (3) mass
spectrometry-isotope dilution. All sediment samples were
analyzed by DNC.

The greatest difficulty in comparing the NURE sedi-
ment data arose from the use of different analytical methods
for supplemental elements by the two laboratories. LANL
used neutron activation analysis, energy dispersive X-ray
fluorescence (Hansel and Martell, 1977), and arc-source
emission spectrography—all total analysis techniques.
ORNL, however, used plasma source emission spectrometry
as part of a partial-extraction method described by Cagle
(1977) and Arendt and others (1979). For this reason, the
supplemental databases from the two laboratories had to be
statistically analyzed and interpreted separately.

ANOMALY DEFINITION AND
DATA PRESENTATION

We used an empirical rather than statistical approach to
define anomalous element concentrations. Except for the
groundwater uranium data, lognormal probability plots were
constructed for selected elements to show the general distri-
bution and range of the data. Thresholds (Sinclair, 1991) for
anomalous element concentrations and potentially different
populations in the data were usually chosen from these plots
where gaps or breaks-in-slope occurred. For uranium in
groundwater, the 90th percentile of the frequency distribu-
tion was chosen as the anomalous threshold because no
threshold was evident on the probability plot below a clear

gap that segregated a few outlying samples from the rest of
the population.

Elements whose distribution patterns appear to reflect
mineralization or seem to relate to underlying tectonic struc-
tures were selected for display in single-element maps.
Except for uranium, separate probability plots were gener-
ated for each laboratory because different analytical methods
were used for sediments analyzed by LANL and by ORNL.
As explained above, the methods used by LANL measured
total element concentrations whereas the acid-leach method
used by ORNL measured only partial concentrations. This
difference in analytical methods resulted in consistently
lower medians from the latter laboratory. In addition, the
same suite of elements was not analyzed by both laboratories
because they used different analytical procedures. For
example, molybdenum data are only available for sediments
analyzed by ORNL, and bismuth data are only available for
sediments analyzed by LANL. All uranium analyses were
performed at LANL, so the uranium map for sediment sam-
ples is based on a single probability plot.

Baseline averages given in the explanations that accom-
pany each sediment map are either geometric means for sam-
ples of soils and other surficial materials from the Western
United States (Shacklette and Boerngen, 1984) or soil aver-
ages cited by Levinson (1980).

Usable data sets consisted of 2,507 uranium analyses of
groundwater samples; 2,391 uranium analyses of sediment
samples; 2,004 sediment samples analyzed by ORNL for
supplemental elements; and 387 sediment samples analyzed
by LANL for supplemental elements. The data set for zinc in
sediments analyzed by LANL was adjusted to 345 samples
because lower limits of determination were highly variable
(A.T. Miesch, U.S. Geological Survey, unpublished com-
puter program GXFIXX, 1984). The supplemental data for
the groundwater samples were not studied in detail for this
report.

SPECIAL HANDLING OF SELECTED
SEDIMENT SAMPLES

Twelve sediment samples were retrieved from the
NURE sample archives to help interpret several of the
geochemical anomalies shown in the maps described below.
These unground, minus 100-mesh samples were split; one
split was returned to storage and the other was panned to
remove the clay fraction. Residual light minerals that
remained in these cleaned sediments were removed by heavy
liquid flotation (bromoform, specific gravity 2.8). The
resultant heavy-mineral concentrate was separated into three
fractions using a modified Frantz Isodynamic Separator. The
most magnetic material, primarily magnetite, was not ana-
lyzed, nor was the slightly magnetic fraction, which contains
largely ferromagnesian silicates and iron oxides. The non-
magnetic fraction—the third fraction—which generally
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concentrates ore and ore-related minerals (zircon, sphene,
barite, and so forth) was saved for mineralogical analysis.
All 12 samples were optically scanned for ore-related miner-
als, and 4 of the 12 were further studied using the scanning-
electron microscope.

RESULTS

URANIUM IN GROUNDWATER
IMPLICATIONS FOR MINERAL POTENTIAL

Levels of uranium in groundwater greater than 98 ppb,
with one exception, follow a broad north-south zone that lies
just east of the Pecos River (pl. 4, map A). These especially
anomalous concentrations tend to occur in four clusters, as
follows: (1) around San Jon in Quay County; (2) southeast of
Cuervo in Guadalupe County; (3) around Urton Lake in De
Baca County; and (4) east of Hagerman in Chaves County.
The sample that contained the maximum groundwater con-
centration of 3,078 ppb was taken from a well near the town
of Cuervo just south of extensive bluffs of the Upper Triassic
Chinle Formation (pl. 4, map A). The remarkably tight Urton
Lake cluster might represent groundwater dispersion of ura-
nium from a nearby deposit in the Chinle Formation at
Cibolo Creek (Finch, 1972) and subsequent concentration in
the closed depression that drains into the lake. This uranium-
laden groundwater most likely originates from outcrops of
the Chinle in the area. These red beds are the main source
rocks for uranium in the study area and elsewhere in the cen-
tral Great Plains (Landis, 1960).

Nichols and others (1977) reported that well water was
the most reliable sample medium for outlining uranium
deposits and, at wider spacing, potential uranium districts in
northwest Texas. Their geochemical samples were collected
from outcrop areas that included rocks equivalent to the
Upper Triassic Dockum Group. In the study area, rocks
equivalent to this unit are divisible into the Santa Rosa Sand-
stone and the Chinle Formation.

Miller and others (1984) agreed that groundwater ura-
nium is often used as a direct indicator for uranium explora-
tion; but they caution: “The presence of groundwater with
high concentrations of U is not necessarily an indication of
the most favorable site for exploration drilling.” Both
Nichols and others (1977) and Miller and others (1984)
described the geochemical complexity of groundwaters
associated with uranium mineralization and stated that ura-
nium enrichment in groundwater simply indicates oxidizing
conditions where uranium has been mobilized, not depos-
ited. Favorable sites for stable uranium deposits lie, instead,
slightly down the hydrologic gradient from the zone where
groundwater changes from oxidizing to reducing conditions.
Roll-type deposits may form in a narrow zone where this
change occurs.

Multiple groundwater flow systems exist in the study
area even within the same formation (Douglas McAda, U.S.
Geological Survey, oral commun., 1991). Studies on the
groundwater head distribution in the Pecos River Basin show
that groundwater flows updip, downdip, and across litho-
logic or stratigraphic boundaries (Summers, 1981). The
effects of these flow systems on the groundwater uranium
distribution are beyond the scope of this basically descriptive
report.

The important aquifers, however, differ spatially
across the study area. According to Dinwiddie and Clebsch
(1973), the main aquifers in Guadalupe County are in the
consolidated sedimentary rocks of the Yeso Formation,
Glorieta Sandstone, San Andres Formation, Bernal(?) For-
mation, Santa Rosa Sandstone, and Chinle Formation; the
San Andres is most likely to yield water to wells in quanti-
ties sufficient for municipal supply or for irrigation use.
Mourant and Shomaker (1970), on the other hand, reported
that in De Baca County to the south, the Santa Rosa, not the
San Andres, yields large amounts of water to wells for
municipal and irrigation purposes. In Quay County, Quater-
nary alluvial deposits, the Tertiary Ogallala Formation, and
the Jurassic Exeter Sandstone are the only units that yield
large amounts of water to wells (Berkstresser and Mourant,
1966). In southeastern New Mexico, the Ogallala aquifer is
the sole source of potable groundwater (Stephens and Spal-
ding, 1984). Because the Ogallala Formation contains low-
grade uranium deposits, all of these aquifers could serve as
conduits for the mobilized uranium, especially east of the
Pecos River where the groundwater tends to become more
alkaline and saline—conditions under which uranium is
extremely mobile (Wanty and Schoen, 1991, p. 186-188).

IMPLICATIONS FOR HUMAN HEALTH

The maximum uranium concentration measured in the
NURE groundwater samples in the study area is 3,078 ppb.
Most natural waters contain uranium at concentrations
between 0.1 and 10 ppb. Levels of more than 1,000 ppb can
occur in water associated with uranium-ore deposits (Hem,
1985, p. 148). The human health standard for dissolved ura-
nium in groundwater adopted by the state of New Mexico is
5,000 ppb (New Mexico Water Quality Control Commis-
sion, 1988). However, recent recommendations by a U.S.
Environmental Protection Agency (EPA) committee set a
100-ppb limit in groundwater; this limit was based on the
heavy-metal toxicity of natural uranium to the kidneys
(Wrenn and others, 1985, 1987). This recommended limit
approximates the 99th percentile of the groundwater ura-
nium abundant in the study area.

Interim guidelines released by the EPA in June 1991
(U.S. Environmental Protection Agency, 1991) are even
more stringent. As a result of the proposed maximum con-
taminant level (MCL) of 20 ppb uranium, about 1 in 10 of the
groundwater samples in the Roswell Resource Area,
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especially those from the Pecos River valley region, exceed
the primary drinking water standard. [MCL is a level (con-
centration) of contaminant that might cause adverse human
health effects if exceeded, and is enforceable for public
drinking-water supplies.] All of these anomalous samples
probably reflect uranium that resides in the Chinle
Formation.

URANIUM IN SEDIMENTS

Wrenn and others (1987) reported that soils in the
United States typically contain from 1 to 4 ppm uranium.
The upper limit of that range approximates the background
threshold (90th percentile) of 3.3 ppm for uranium in sedi-
ments from the study area.

Most sediments containing anomalous uranium con-
centrations occur at sites that parallel outcrops of the Capitan
Mountains intrusive or Precambrian crystalline rocks
exposed in the Oscura Mountains (pl. 4, map B). An array of
uraniferous sediments around the Capitan Mountains intru-
sion may represent, in part, detritus shed from thorium-
uranium-rare-earth veins and uranium-iron veins that cut
Tertiary alaskite (McLemore and Chenoweth, 1989),
although the distribution seems to indicate fairly uniform
concentrations throughout the stock. Minor uranium anoma-
lies occur in sediments at the headwaters of Rio Bonito,
around White Oaks, and south of Gallinas Peak. Consistently
high uranium concentrations are found in sediments along
the northwest-trending, thin outcrop belt of Precambrian
rocks along the west flank of the Oscura Mountains.

Many anomalous levels of uranium also occur in sedi-
ments that were probably derived from extensive outcrops of
the Chinle Formation north of Santa Rosa. A widely spaced
dispersion train of enriched sediments follows the floodplain
of the Pecos River.

The most puzzling anomaly consists of a roughly linear
suite of samples—five of which contain very high concentra-
tions of uranium—in the southeastern corner of the study
area. This apparent feature extends from Long Arroyo north-
eastward to Little Salt Lake and Salt Lake on the New Mex-
ico-Texas border (pl. 4, map B). It lies on the north side of
the projected strike of the K-M fault, a structure that pene-
trates basement rocks. According to D.M. Kulik (oral com-
mun., July 1991), relatively steep and linear gravity
gradients indicate that this fault probably extends northeast-
ward to a northwest-trending gradient that marks the
Roosevelt County fault.

The K-M fault may serve as a conduit for the migration
of uranium-enriched brines produced from underlying Penn-
sylvanian and Permian formations. The sedimentary section
in and around the Delaware Basin to the south contains vast
quantities of hydrocarbons. In a study on the relationship
between uranium and the diagenesis of rocks of the Loweér
Pennsylvanian Morrowan Series, which produce a hydrocar-
bon reservoir in southeastern New Mexico, Denham and

others (1989) stated: “In general, rocks rich in organic mat-
ter—potential hydrocarbon source rocks—are enriched in
uranium and thorium. During thermal maturation of hydro-
carbon source rocks, uranium is released to migrate with
pore fluids prior to and during hydrocarbon migration.***
Thorium remains essentially immobile.”

Even though uranium should be extremely mobile in
the alkaline and saline aqueous systems common to the area,
it may adsorb to clays in surficial sediments after migrating
in pore fluids along the K-M fault.

LITHIUM IN SEDIMENTS

The most lithium-enriched sediments occur along a
northeast-trending zone (pl. 4, map C) along the possible
extension of the K-M fault, similar to the pattern reported for
uranium in sediments. Their distribution supports the possi-
bility that deep-seated brines associated with hydrocarbon
reservoirs are leaking to the surface through the K-M fault.
Supplemental data for groundwater samples are only avail-
able for most of the area covered by ORNL (see fig. 9); nev-
ertheless, lithium concentrations in well-water samples in
the southeastern part of the study area and east of the Pecos
River are almost consistently high. Thus, the surface lithium
anomalies are supported by groundwater lithium anomalies
for approximately the same area.

Qil-field brines are among several hydrologic environ-
ments cited by Mertz and others (1974) that concentrate lith-
ium. Vine (1980) suggested that the exploration for lithium
brines may be warranted in Permian basins of the United
States where the sequence of evaporite beds is known to
include potash minerals. Potash is mined and processed in
Eddy and Lea Counties in the Permian Delaware Basin just
south of the study area, and numerous oil and gas fields
occur in the southeast corner of the study area.

The source of the lithium and of the possibly associated
uranium anomalies in sediments from this area is equivocal
pending more detailed studies of the underlying structures.

SILVER IN SEDIMENTS

Few of the sediment samples from the study area con-
tain detectable silver (pl. 4, map D) because of the relatively
poor sensitivity of the analytical methods used by LANL and
ORNL. Therefore, any measurable silver is anomalous.

The silver anomalies can be attributed to the following
sources: (1) lode or placer gold occurrences, (2) polymetallic
veins, (3) porphyry molybdenum deposits, (4) veins in Pre-
cambrian rocks in the Oscura Mountains, or (5) sedimentary
red beds of Triassic age; the first three of these sources are
related to Tertiary stocks in the Nogal mining district. A 4-
ppm silver anomaly occurs in sediment from the Nogal dis-
trict, which lies at the headwaters of Rio Bonito between the
Capitan Mountains and the White Mountain Wilderness
Area. Although the Nogal district is primarily a lode gold
district, four molybdenum anomalies (pl. 4, map E) centered
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along the South Fork of Rio Bonito were described by Seg-
erstrom and others (1979). Molybdenum deposits can also
carry silver, but small polymetallic deposits found in the dis-
trict are characterized by lead-zinc-silver minerals in simple
fissure veins (Griswold, 1959).

The sediment sample that contains the highest silver
value (9 ppm) was collected from the south flank of the Cap-
itan Mountains below Capitan Peak. A lead concentration of
442 ppm, well above a norm of 17 ppm for soils from the
Western United States, was also reported in this sample. The
source of this extreme silver-lead anomaly might be either
polymetallic veins or contamination from lead shot. A scan
by electron microscopy of the heavy-mineral concentrates
prepared from this sample found no lead mineral, but barite
was present.

East of the Pecos River, sedimentary rocks are the prob-
able source of the silver anomalies shown in plate 4, map D.
Lindgren (1932) reported that copper ores, which often carry
high assays of silver, are widely distributed in the red beds
of the southwestern United States.

The adjacent 4-ppm silver anomalies in sediment sam-
ples near Sumner Lake Reservoir in the north-central part of
the study area as well as the 3-ppm and associated unposted
anomalies east of Red Lake in Chaves County (pl. 4, map D)
probably reflect mineralized outcrops of the Upper Triassic
Chinle Formation. McLemore and North (1985) listed silver
as a commodity commonly associated with widespread ura-
nium occurrences in the Chinle Formation of east-central
New Mexico. An optical microscopic scan of the heavy-
mineral concentrates prepared from the two sediments con-
taining 4 ppm silver failed to identify any heavy minerals
that might account for the silver anomaly.

GOLD IN SEDIMENTS

Gold was determined only in those sediments that were
analyzed by LANL; coverage for this important element
therefore is limited. The varying lower detection limits of
20-150 ppb by neutron activation analysis were well above
the 1-ppb concentration normally found in soils. However,
highly anomalous gold was found in three samples from
Quay County (pl. 4, map D). The highest value (720 ppb)
came from a wet-spring sediment in a tributary to Ute Reser-
voir on the Canadian River, on the western edge of the Logan
mining district as shown in North and McLemore (1986).
Although no precious-metal production was reported for the
district, gold occurs with pyrite in shale beds of stratabound
sedimentary-copper deposits of the Upper Triassic Chinle
Formation (North and McLemore, 1986). A dry-stream sed-
iment near the head of Barranca Creek northeast of Ragland
yielded 270 ppb gold and anomalous barium (1,660 ppm),
and a natural wet-pond sediment from a tributary of Bar-
ranca Creek east of Mesa Redonda contained 200 ppb gold.
These latter two samples were collected about 5 and 12 mi
west and southwest, respectively, from the Red Peak mining

district, where argentiferous chalcocite nodules and stra-
tabound sedimentary-copper deposits occur in middle and
upper units of the Chinle Formation (North and McLemore,
1986). All three sites occur where the Chinle Formation
crops out.

MOLYBDENUM IN SEDIMENTS

Molybdenum was not determined in samples analyzed
at LANL. However, because of its importance (particularly
in the porphyry belt of Lincoln County) and its association
with silver, we have included a map that locates samples
with detectable (anomalous) molybdenum in samples ana-
lyzed by ORNL (pl. 4, map E). Locations of anomalous
molybdenum levels in sediments generally correspond with
those shown on the silver map (pl. 4, map D), however, no
molybdenum anomalies were found in the Oscura Moun-
tains.

The molybdenum-enriched sediments at the headwaters
of Rio Bonito in the southwestern part of the study area (5-9
ppm, pl. 4, map E) probably were shed from the Three Rivers
stock. This stock contains four of the five significant molyb-
denum anomalies described by Segerstrom and others (1979,
p. 18-19, pl. 2) for the White Mountain Wilderness area.
Although no molybdenum has been mined, its widespread
occurrence in the syenitic rocks led these authors to conclude
that molybdenum is by far the most likely mineral resource
to be found in the wilderness area and vicinity.

The pair of unposted anomalous samples east of Sum-
ner Lake Reservoir also contained anomalous concentrations
of silver, and most likely derive from mineralized red beds
of the Chinle Formation that form limited or extensive out-
crops locally. No molybdenum minerals were identified in
the heavy-mineral concentrates prepared from the sedi-
ments, however.

The largest molybdenum anomalies found in the NURE
survey make up the cluster that lies along the east-central
edge of Chaves County east of Red Lake where the concen-
trations range from 5 to 17 ppm. The molybdenum content
of surface waters from this area also tends to be anomalous
(maximum, 274 ppb) compared to surface waters sampled
elsewhere. An additional cluster of anomalous sediments
occurs in the southeastern corner of Chaves County east of
Hagerman. Extensive exposures of the Chinle crop out at
Red Lake and along the Mescalero Ridge to the south, and
the NURE results suggest that these exposed rocks are min-
eralized.

BARIUM IN SEDIMENTS

Sediment samples that contain elevated levels of bar-
ium are numerous and extensive in the study area (pl. 4, map
F). Nevertheless, focus is drawn to several parts of the map,
and especially to the porphyry belt and associated Tertiary
stocks of Lincoln County. The source of the three-site cluster
of posted values that lies east of White Oaks may be vein
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barite from the Fox Lode prospect or related barite occur-
rences (see “Vein barite” section, this report). Abundant bar-
ite was identified in a heavy-mineral concentrate prepared
from a split of the sediment that contained 1,486 ppm bar-
ium. In the Nogal district to the south where high concentra-
tions of barium in sediments are also found, barite occurs as
an accessory mineral in polymetallic veins. Another cluster
of barium-enriched sediments lies to the north in the Pajaro
Canyon area near the Gallinas district. The barium source
may be barite gangue found with fluorite and the rare-earth
mineral, bastnaesite, in the nearby Gallinas Mountains.

Several clusters of anomalous barium lie east of the
Pecos River. From south to north, these clusters center on (1)
the Red Lake area, east of Palma Mesa in Chaves County,
which contains silver, molybdenum, lithium, and uranium
anomalies, (2) the Hernandez Draw and Sixmile Draw area,
and (3) the Taiban Mesa area east of Fort Sumner in De Baca
County.

The Chinle Formation or, possibly, the underlying
Santa Rosa Sandstone appears to be the source of these bar-
ium anomalies east of the Pecos River. Small amounts of
barite frequently occur in mineralized Triassic red beds
(Lindgren, 1932). However, barite commonly forms a
cement in sandstone beds of this age and may be unrelated to
any significant mineral occurrences (W 1. Finch, oral com-
mun., 1991).

COPPER IN SEDIMENTS

Anomalous concentrations of copper occur in sedi-
ments that are, for the most part, widely scattered. Some
conspicuous multiple-point anomalies appear only in the
extensively mineralized Lincoln County (pl. 4, map G). The
weak cluster of anomalies located in the extreme southeast-
ern comer of Roosevelt County remains unexplained.
Although the source of the copper anomalies in Lincoln and
Roosevelt Counties (and associated zinc anomalies shown in
pl. 4, map H) is highly uncertain, it may relate to oil and, to
a lesser extent, gas production.

Major producing oil and gas fields in the region occur
in the San Andres Formation (Grant and Foster, 1989). Cop-
per sulfides are reported to have been found in drill core
from related oil and gas wells; thus, the copper anomalies in
surface sediments reported here could indicate leakage from
hydrocarbon reservoirs. Very limited evidence of this possi-
bility comes from a well-water sample a few miles northwest
of the posted anomaly of 129 ppm in the southeastern part of
the study area. The water sample had a highly anomalous
copper concentration of 261 ppb, the sixteenth highest sam-
ple in a suite of 1,308 samples.

An alternative explanation for these copper and zinc
anomalies may be leakage from possible underlying
Mississippi-Valley-type lead-zinc deposits. Two deposits in
New Mexico that may be oxidized Mississippi-Valley-type
deposits (North and McLemore, 1986) occur just south of

the study area near Artesia and Carlsbad adjacent to the
Permian Basin. The deposits are restricted to collapse brec-
cias in Permian dolomite and clastic sedimentary rocks.
The Red Lake deposit east of Artesia consists of secondary
copper, lead, and zinc in the Permian Rustler Formation.
However, as North and McLemore (1986) explained, these
two known deposits are small.

Copper is commonly found with uranium in clastic red
beds throughout New Mexico (McLemore and North, 1985).
This appears to be the source of the two anomalous samples
(47 and 66 ppm) between Tucumcari and San Jon in Quay
County, an area mapped as Chinle Formation. Two other
copper anomalies (134 and 143 ppm) were found in sedi-
ments collected from the Minneosa Creek drainage in the
northeastern part of Quay County. These occur downstream
from small outcrops of the Jurassic Morrison Formation.

An outlier copper anomaly (981 ppm) comes from Sal-
ado Creek west of Sumner Lake Reservoir. From 1915 to
1957, 13 million pounds of copper were mined from the
lower member of the Santa Rosa Sandstone in the Pastura
district about 25 mi to the northwest. Most of the production
came from one deposit, the Stauber mine. Some copper,
however, was also hosted in the Queen Formation (Artesia
Group) at the Pintada mine. The Santa Rosa Sandstone crops
out in the Salado Creek drainage and thus may host local
copper deposits. Barite was identified in the heavy-mineral
concentrate prepared from the sediment, but no copper sul-
fides were found, suggesting that the copper resides as chal-
cocite, an oxide mineral commonly found in copper-bearing
red beds (Lindgren, 1932).

ZINC IN SEDIMENTS

Zinc anomalies in sediments (pl. 4, map H) are even
more sparse than are those for copper in the study area (pl. 4,
map G). The following descriptions are limited to a few of
the more interesting anomalies.

A cluster of three anomalous samples occurs in Quay
County in the northeast corner of the study area (pl. 4, map
H). Two prospects among the many deposits listed for the
county by McLemore and North (1985) reported uranium
and (or) copper production. The Chinle Formation crops out
where two of the sediments containing 1,290 and 178 ppm
were sampled, and Quaternary pediment gravel that thinly
covers the Chinle is mapped where the third sample was col-
lected. Zinc occurs locally in some red-bed sedimentary cop-
per-uranium deposits (McLemore and North, 1985).

In De Baca County just south of Salado Creek, a highly
organic-rich sediment contained 1,637 ppm zinc, the second
highest zinc concentration. The zinc may have formed a
chemical complex with the organic material. On the other
hand, the proximity of this sample to the extreme copper
anomaly in sediment from Salado Creek (pl. 4, map G) may
indicate a local mineralized source that could be an offshoot
of the Pastura district.
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Lastly, the strong multiple-point, posted anomaly in the
southeastern corner of Roosevelt County overprints the cop-
per anomaly from the same area. High terrace gravels cover
an almost featureless terrain. Numerous oil fields lie just to
the south, and ephemeral ponds abound to the north. As with
the associated copper anomalies, these zinc anomalies have
no clear explanation, but suggest migration from a deep-
seated source such as underlying Permian red beds.

THORIUM IN SEDIMENTS

Notably few anomalous concentrations of thorium were
found in the sediments from the study area (pl. 4, map 7). A
single-point anomaly (19 ppm) on the north side of the Cap-
itan Mountains coincides with small thorium-rare-earth
veins known to occur in this Tertiary pluton (Phillips and
others, 1990). The anomalous site lies near the Bonito fault,
a major northeast-trending fault that bisects the intrusive. A
heavy-mineral concentrate prepared from the sediment sam-
ple did contain an unidentified thorium-rich mineral, as well
as barite, and the rare-earth minerals, allanite and monazite.

A major cluster of thorium-rich sediments follows the
west flank of the Oscura Mountains along one exposure of
Precambrian rocks in the study area. Felsic igneous rocks
characteristically contain thorium and rare-earth minerals.

‘We have no reasonable explanation for the source of the
thorium anomalies associated with red beds of the Chinle
Formation near Taiban Mesa east of Fort Sumner. Heavy-
mineral concentrates prepared from the anomalous sedi-
ments from the Taiban Mesa area were scanned by optical
and electron microscopy. Barite was identified, but no tho-
rium mineral. The multiple-element anomalies in sediments
around Taiban Mesa may be a surface expression of miner-
alized rocks at the juncture of deeply penetrating northeast-
and northwest-trending faults. Taiban Mesa lies approxi-
mately on strike with projections of the Bonita fault,
Roosevelt County fault, and Border buckle. Interpretation of
the gravity data for this report has extended the buckles
northeastward across much of the study area.

CERIUM IN SEDIMENTS

The distribution of high concentrations of cerium in
sediments- coincides with the outcrop of both Precambrian
and Tertiary igneous rocks in the study area (pl. 4, map J). A
plot of another light-rare-earth element, lanthanum, pro-
duced an identical pattern.

Rare-earth-rich sediments are derived from very pure
felsic rocks, possibly granite or rhyolite. Precambrian rocks,
predominantly pink granite gneiss, are best exposed outside
of the study area in the Pedernal Hills west of Vaughn, but
small exposures (not shown on plate 1) crop out on the west
flank of the Oscura Mountains and north of Gallinas in Lin-
coln County. The closely spaced pair of unposted cerium
anomalies located west of Gallinas may represent
contamination from the mining of the rare-earth mineral,

bastnaesite, in the Red Cloud copper and fluorite mines
upstream.

The most obvious cluster of cerium anomalies derives
from sediments east of the Bonito fault, which bisects the
Capitan Mountains intrusive (pl. 1); a dispersion train trails
eastward from the intrusive to the Pecos Slope. Sources of
this rare-earth element are probably the rare-earth minerals,
allanite and monazite, identified in the concentrate prepared
from the only thorium-rich sediment from the Capitan
Mountains described in the preceding section. Allanite has
been mentioned as occurring in thorium-uranium-rare-
earth-element quartz-fluorite veins of the pluton (McLem-
ore, 1983; Willis and others, 1989; Phillips and others,
1990). A cluster of highly enriched potassium sediments is
associated with the Capitan Mountains; anomalous values
follow the same pattern east of the fault as that found for
cerium and lanthanum.

These higher concentrations of cerium and lanthanum
in sediments toward the eastern end of the Capitan Moun-
tains are probably derived from thorium—uranium-rare-
earth-element quartz-fluorite veins of the Capitan Mountains
intrusive (Phillips and others, 1990). The distinct geochemi-
cal difference between sediments on either side of the Bonito
fault may be related to the deeper level of exposure of the
eastern part of the Capitan Mountains intrusive and to ero-
sion and concentration of elements from the rare-earth-bear-
ing veins that once occurred on the periphery of the eastern
side of the pluton. These geochemical differences may be
important in assessment of the rare-earth-element potential
of the Capitan intrusive.

VANADIUM IN SEDIMENTS

Vanadium is part of a suite of elements (vanadium,
arsenic, selenium, and molybdenum) in groundwater that
can serve as pathfinders for uranium occurrences (Nichols
and others, 1977). Some vanadium was produced along with
uranium from the Little Rattler and Good Luck mines near
San Jon, Quay County (McLemore and North, 1985, table 3;
Breit, “Vanadium” section, this report), but nowhere else in
the study area. Several clusters of vanadium-rich sediments
from the study area, therefore, may represent vanadiferous
uranium occurrences. These clusters are located where the
Chinle Formation is exposed, and include the Taiban Mesa
area, the area around Sixmile and Hernandez Draws, and the
Red Lake-Long Arroyo area to the south (pl. 4, map K).
Vanadium-rich sediments are relatively insoluble in the clay
fraction of sediments and therefore do not necessarily corre-
late with uranium-rich sediments.

Larger vanadium anomalies are found in the southern
part of the porphyry belt and near the Oscura Mountains in
Lincoln County. Here, the more likely source may be either
magnetite from the numerous iron deposits in the county
(Griswold, 1959) or vanadiferous ilmenite, a titanium—iron
oxide mineral. The focal points of the vanadium-enriched
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sediments tend to be (1) near faults in the Oscura Mountain
region and (2) Tertiary volcanic flows just west of the White
Mountain Wildemess Area. The pattern of anomalous tita-
nium concentrations in sediments closely matches that of
anomalous vanadium in Lincoln County and in the area
around Sixmile and Hernandez Draws in Chaves County.

SUMMARY

The NURE geochemical data have identified distribu-
tion patterns of ore-related elements on a fairly broad
regional scale. The data have also been useful in identifying
(1) locally anomalous areas that may relate to mineralization
and (2) possibly underlying structures that served as conduits
for metal-rich fluids. At least some of the local anomalies
identified herein, such as the Taiban Mesa and the Red Lake
areas, should be studied in more detail and evaluated for pos-
sible new mineral occurrences.

A significant aspect of the groundwater uranium results
is related to potential hazards to human health rather than
mineral resource assessment. The maximum contaminant
level of 20 ppb proposed by the U.S. Environmental Protec-
tion Agency in June 1991 could impact a number of public
drinking-water supplies that might exceed the standard.
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GEOPHYSICS

AEROMAGNETIC AND GRAVITY DATA

By Dolores M. Kulik

Aeromagnetic and gravity data were evaluated in con-
junction with geological, geochemical, and aerial gamma-
ray data in determining the mineral resource potential of the
Roswell Resource Area. The aeromagnetic and gravity data
provide information on the subsurface distribution of rock
masses and the structural framework. The data are recon-
naissance in nature and are, in most cases, adequate only to
define regional features.

Aeromagnetic data are from the composite residual
total intensity aeromagnetic map of New Mexico (Cordell,
1983) and are shown on plate 5. Most of the aeromagnetic
data in the study area are from surveys flown for the U.S.
Department of Energy National Uranium Resource Evalua-
tion (NURE) program. These surveys were flown at 400 ft
above ground level and at flight-line spacings of 3—6 mi. An
index of data sources and methods of combining the surveys
are included on the original map by Cordell.

Gravity data were provided by the University of Texas
at El Paso, Texas. Bouguer gravity values were computed for
this study using the 1967 gravity formula (International
Association of Geodesy, 1967) and a reduction density of
2.67 g/cm?3 (grams per cubic centimeter). Mathematical for-
mulas are given in Cordell and others (1982). Terrain correc-
tions were made by computer for a distance of 104 mi from
each station using the method of Plouff (1977). The com-
plete Bouguer gravity data are shown on plate 6 at a contour
interval of 5 mGal (milligals); the same data without station
locations are shown in color on plate 7 at a contour interval
of 10 mGal. A digital topographic map of an area encom-
passing the study area is shown on plate 8 at a contour inter-
val of 500 ft. The digital topographic data were obtained
from the National Oceanic and Atmospheric Administration
(NOAA) Data Center. An isostatic residual gravity map of
an area encompassing the study area is shown on plate 9 ata
contour interval of S mGal. These data were taken from dig-
ital files produced for the isostatic residual gravity map of
the conterminous United States by Simpson and others
(1986). The geologic map (pl. 1) and tectonic map (pl. 3)
include place names and identify structural features that will
be referred to in the following discussion.

INTERPRETATION

Gravity anomalies reflect differences in density distri-
bution of igneous, sedimentary, and metamorphic rocks,
whereas magnetic anomalies usually reflect differences in
magnetic susceptibility (relative magnetite content) only of
igneous rocks. The magnetic anomalies may be caused by
differences in magnetite content or by differences in depth to
crystalline basement rocks. Sedimentary rocks may usually
be considered to be nonmagnetic.

Three broad magnetic highs (1-3, pl. 5) occur along the
eastern edge of the study area. Gravity anomalies A, B, and,
to a lesser extent, C (pls. 6 and 7) generally coincide with
these magnetic anomalies, although the apex of the magnetic
anomaly is offset to the south of the apex of the associated
gravity anomaly because of the inclined polarization of the
Earth’s magnetic field. The breadth and moderate gradient of
both the magnetic and gravity anomalies indicate that the
sources of the anomalies lie within the basement. Keller and
others (1980, 1989) determined that the gravity relief
between the Delaware Basin gravity low and the Central
Basin Platform gravity high (which lie south of the area of
pls. 6 and 7) cannot be explained by differences in thickness
of sedimentary rocks overlying the basement. Only density
contrasts in the basement can explain the anomaly.

Broad, low-amplitude magnetic anomalies occur in the
eastern half of plate 5 and are caused by differences in lithol-
ogy of the rocks of the Delaware Basin shelf and differences
in depth to basement beneath these sedimentary rocks.
Basalt flows of Quaternary age in the western part of the
study area, which frequently have associated magnetic
anomalies, have no characteristic associated anomalies in
the study area, suggesting that these flows are thin.

The Lincoln County porphyry belt in the westernmost
part of the study area, where Tertiary intrusive rocks crop
out, is characterized by short-wavelength magnetic anoma-
lies (4, pl. 5) having magnitudes of as much as 1,000 nano-
teslas (nT). Similar anomalies extend to the northeast from
the porphyry belt (area indicated by dashed line on pl. 5),
where only Permian sedimentary rocks are exposed. The
magnetic anomalies suggest that intrusive rocks similar to
those of the porphyry belt are present at shallow depth. Mag-
netic anomalies of 1,660—2,000 nT (5 and 6, pl. 5) extend to
the southeast of the porphyry belt. These are attributed to
uplifted Precambrian crystalline rocks of the Pajarito
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Mountain area, which crop out southeast of Ruidoso near the
edge of aeromagnetic anomaly 6.

A T-shaped gravity anomaly (D, pls. 6 and 7) indicates
that relatively high-density rocks underlie (1) the Lincoln
County porphyry belt, (2) most of the northeast extension of
the belt as interpreted from magnetic data, (3) the area just
northwest of the exposed intrusive rocks where similar rocks
are probably also present in the subsurface, and (4) the area
of Precambrian rocks southeast of the porphyry belt at
Pajarito Mountain. The T-shaped gravity anomaly appears to
be caused by a composite source including both Tertiary
intrusive and Precambrian rocks. The shape of the anomaly
suggests that the Tertiary rocks were emplaced in a north-
east-trending zone, orthogonal to the north-northwest trend
of the Precambrian Pedernal uplift in this area. The north-
west trend of the part of the anomaly attributed to Precam-
brian rocks is deflected to the northeast (E, pls. 6 and 7) near
Tertiary rocks that crop out west of Hondo.

Magnetic data in the region of the Lincoln County por-
phyry belt indicate that there is no consistent correlation of
intrusive rocks with either magnetic highs or lows, and some
of the larger intrusions are spatially associated with both
high and low anomalies. The lack of any consistent correla-
tion indicates that the intrusive rock is widely variable in
magnetite content.

Hand samples from outcrops in the porphyry belt were
measured for magnetic susceptibility using a portable sus-
ceptibility meter. The results show high variability (table 1).
Outcrop samples yielding measured magnetic susceptibility
values greater than 1,000x10-5 SI (Systeme Internationale)
units are associated with relatively high magnetic anomalies,
whereas those with lower measured values are associated
with magnetic lows or gradients between anomalies.

Magnetic lows in the Gallinas Peak and Rough Moun-
tain areas are caused by hydrothermal alteration of the intru-
sive rocks, as reported by Armbrustmacher (this report).
Magnetic lows in the hills near Tecolote Peak suggest that
those rocks are altered as well. The two intrusive bodies of
the Jicarilla Mountains are represented by separate magnetic
highs. Values of samples 13, 14, and 15 range from 1,400 to
3,400x10-5 SI units, and are associated with one of the
closed highs. The value of sample 16 (17,000x10-5 SI units)
from near Jacks Peak is an order of magnitude higher (table
1). The sample site is on the west flank of another closed
high having greater amplitude than that to the south. The
location of the Jacks Peak anomaly suggests that the source
body extends and is centered east and southeast of Jacks
Peak in the subsurface. Monzonite and syenite of Lone
Mountain have no associated magnetic anomaly. A magnetic
high is associated with the syenite and syenogabbro of Bax-
ter Mountain, which are hosts for the White Oaks ore depos-
its. The magnetic anomaly indicates that a large body of
similar composition extends to the southeast and includes the
west flank of Carrizo Mountain. A magnetic low is associ-
ated with the east half of Carrizo Mountain, and extends

north to Patos Mountain and east for another 5-7 mi. Lower
magnetic values continue around the northeast side of the
Baxter Mountain high to Lone Mountain, supporting the
suggestion of a similar origin for the Patos, Carrizo, and
Lone Mountain stocks. A magnetic low is associated with
the high-silica rocks of the west end of the Capitan Moun-
tains; magnetic values are variable to the east, are not clearly
associated with the Capitan Mountains intrusive body, and
may have a basement source. Magnetic values associated
with the Sierra Blanca Igneous Complex are varied, and
more study is required to determine the relations of individ-
val anomalies to mapped stocks and possible subsurface
intrusive bodies.

Whereas the general area of the porphyry belt is associ-
ated with a gravity high (pls. 6 and 7), the intrusive rocks and
associated volcanic flows at Sierra Blanca Peak and the
western end of the Capitan Mountains body are associated
with gravity lows, further indicating the varied composition
of igneous rocks within the belt. The complex relationship of
lithology, age, mineralization, and geophysical character of
the Lincoln County porphyry belt cannot be resolved with
currently available data.

Gravity lows are associated with thick sequences of
sedimentary rock in the Claunch sag (F, G, pls. 6 and 7) and
on the flanks of the Delaware Basin (H, I, J, pls. 6 and 7).
Low anomalies that might be expected to occur over thick
sedimentary rocks in the southeastern part of the map area
are overwhelmed by the high values from basement sources,
including the uplifted Central Basin Platform and probable
mafic bodies within it.

In the south-central part of the study area, strong north-
east-trending gravity gradients parallel wrench faults,
termed buckles (pl. 3), that have normal, reverse, and strike-
slip components. The continuity of the gravity gradients
suggests that the buckles extend to the northeast beyond
mapped exposures for many miles in the subsurface (to
approximately lat 34°30’ N.). The Bonita fault and the par-
allel unnamed fault to the southeast may be surface expres-
sions of these features. Beyond these faults, northeast-
trending gradients terminate against a northwest-trending
gradient. Similar strong northeast-northwest-trending gradi-
ents extend in a zigzag fashion across northeastern New
Mexico and southeastern Colorado, and may represent a
crustal transition and (or) change in basement character from
the Rocky Mountains to the High Plains and interior craton.

An isostatic residual gravity map of an area encompass-
ing the study area (pl. 9) was extracted from the data used to
prepare the map of the conterminous United States (Simpson
and others, 1986) in order to display regional features and to
compare with the Bouguer gravity data (pls. 6 and 7). Long-
wavelength Bouguer gravity anomalies commonly show an
inverse correlation with topography. Isostasy, as defined by
Airy (1855) and Dutton (1889), uses the principle that the
load of topographic features is compensated or supported at
depth by mass deficiencies or “roots,” as though the Earth’s
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Table 1. Susceptibility measurements of rock samples from the Lincoln County porphyry belt,

New Mexico

[Sample locations shown on plate 5. Susceptibility values have been multiplied by a correction factor of 2]

Sample Lat (N.)/long (W.) Susceptibility Rock type or location
Nos. (in SI units x 10)
1 33°21'14"/1056°24'25" Limestone, sandstone.
a 0
b 0
c 0
d 0
2E 33°37'10"/105°27'40" Eastern Capitan Mountains.
a 6
b 6
c 10
d 6
e 8
2w 33°37'16'/105°28'13" Western Capitan Mountains.
a 65
b 25
c 6
d 60
e 6
f 10
3 33°23'28'/105°45'31" 20 Sierra Blanca Peak stock.
4 33°24'20'/105°45'16" 20 Sierra Blanca Peak stock.
5 33°23'23'/105°44'14" 25 Porphyry, Sierra Blanca Peak.
6 33°23'23'/105°44"'14" 4,000 Sierra Blanca Igneous Complex.
7 33°27'15'/105°43'30" Sierra Blanca Peak stock at
a 7,000 Bonito Lake.
b 6,600
8 33°29'11'/105°47'03" Sierra Blanca Peak stock,
a 6 Parsons mine.
b 0
9 33°30'05'/105°46'19" 7,600 Sierra Blanca Peak stock,
Nogal Creek.
10 33°30'02'/105°46'10" 16,000 Andesite, Sierra Blanca Peak.
1 33°42'11'/105°41'00" 10 Carrizo Mountain stock.
12 33°42'04'/105°41'31" Carrizo Mountain stock.
a 500
b 500
13 33°50'17"/105°40'28" 2,500 Southern Jicarilla Mountains.
14 33°50'20°/105°40'32" 1,400 Southern Jicarilla Mountains.
15 33°51'02"/105°40'23" 3,400 Southern Jicarilla Mountains.
16 33°54'10"/105°38'00" 17,000 Jacks Peak.
17 34°11'11'/105°44'12" Rhyolite, Conquistador mine.
a 0
b 0
18 34°13'00"/105°45'23" 0 Rhyolite.
19 34°13'18'/105°45'16" 0 Rhyolite.
20 34°14'30'/105°47'10" 8 Rhyolite, Gallinas Peak.
21 33°37'22'/105°33'25" >200,000 Magnetite mine, Capitan

Mountains.

crust were floating on a denser layer. The Bouguer correc-
tion commonly applied to gravity data (as in pls. 6 and 7)
removes the attraction of topographic features down to sea
level. Supporting or compensating masses, if beneath those
features, then produce broad gravity lows. The isostatic cor-
rection attempts to remove the attraction of the compensat-
ing masses and, thus, isolate the gravity anomalies that arise
from sources within the shallow crust. An in-depth
discussion of isostatic principles applied to gravity data and
methods used in preparing the isostatic residual map of the
United States is found in Simpson and others (1986).

If it is assumed that isostatic balance is everywhere
effective, high anomalies remaining on the isostatic residual
map (pl. 9) imply relatively more mafic bodies within the
crust, and low anomalies imply sedimentary basins or felsic
bodies. The inverse correlation between Bouguer gravity
and topography is not clearly expressed in the study area
(compare pls. 6 and 7 with pl. 8), suggesting that the anom-
alies on the Bouguer anomaly map are not caused by com-
pensating masses, but arise from sources within the upper
crust. Both the Bouguer and isostatic residual maps have
similar anomaly patterns and clearly display crustal density
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anomalies related to these features, which are identified by
the numbers 1-7 on plate 9: 1, intrusive rocks of the Lincoln
County porphyry belt (A, pls. 6 and 7); 2, uplifted, relatively
dense Precambrian rocks of the Pajarito Mountain area (B,
pls. 6 and 7); 3, other Laramide uplifts of the Rocky Moun-
tains; 4, the Sierra Grande uplift; 5, the high-standing Cen-
tral Basin Platform and intrabasement mafic intrusives (E,
pls. 6 and 7); 6, the Delaware Basin and its flanks (H, I, J, pls.
6 and 7); and 7, the Midland Basin.

CONCLUSIONS

Gravity data define the presence and location of dense
and (or) shallow basement rocks beneath sedimentary rocks
of the study area, and indicate the greater subsurface extent
of buckles mapped at the surface. Magnetic data and, to a
lesser degree, gravity data define the subsurface extent and
location of intrusive rocks of the Lincoln County porphyry
belt. The magnetic data suggest that similar intrusive rocks
extend in the subsurface beyond the mapped exposures.
Good correlation exists between measured susceptibility
values of exposed rocks and their associated magnetic anom-
alies, and varying lithologies may be correlated with individ-
ual magnetic anomalies in the northern part of the Lincoln
County porphyry belt. Variability of susceptibility within
intrusions in the Sierra Blanca Igneous Complex in the
southern part of the belt prevents their correlation with indi-
vidual magnetic anomalies. The lack of an inverse correla-
tion between topography and Bouguer gravity values and the
similarity of features on the Bouguer and isostatic gravity
maps suggest that isostatic compensation has not been
achieved in the study area.

AERIAL GAMMA-RAY DATA
By Joseph S. Duval

Aerial gamma-ray data used in this study were origi-
nally acquired as part of the NURE program of the U.S.
Department of Energy (fig. 10). These surveys were flown
at a nominal altitude of 400 ft above the ground at a flight-
line spacing of about 3 mi. The data acquisition equipment
included about 50 liters of sodium-iodide detectors.

Because the gamma-ray data acquired as part of the
NURE Program were found to be an inconsistent data base
with regard to a constant datum among the various surveys,
the data were reprocessed and appropriate corrections were
applied to achieve a consistent data base. The procedures and
corrections applied to the data are described by Duval and
others (1989, 1990). The reprocessed NURE data were grid-
ded using a minimum curvature algorithm (Briggs, 1974;
Webring, 1981) and an initial grid interval of 1.5 mi. For this
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Figure 10. Index to 1°x2° quadrangles showing locations of U.S.
Department of Energy (DOE) aerial gamma-ray surveys used in
this study of the Roswell Resource Area (outlined), New Mexico.

particular study, the initial grid was regridded to an interval
of 0.8 mi using a two-dimensional spline. The initial grid
interval was chosen on the basis of the initial flight-line spac-
ing of 3 mi, and the data were regridded to facilitate compar-
ison to the geology and to simplify computer processing
associated with the preparation of maps at the desired scale
of 1:500,000.

The NURE aerial gamma-ray surveys included mea-
surements of the gamma-ray flux produced by the radioac-
tive decay of K*°, and by members of the radioactive decay
series of U238 and Th232. The resulting measurements have
been expressed as the apparent surface concentration of
potassium, uranium, and thorium. The uranium and thorium
concentrations are usually described as equivalent concen-
trations because of the possibility of radioactive disequilib-
rium in the uranium and thorium decay series. Plates 10, 11,
and 12 show the data for the apparent surface concentrations
of potassium (percent K), equivalent uranium [parts per mil-
lion (ppm) eU], and equivalent thorium (ppm eTh), respec-
tively.

The K, eU, and eTh data were imported into the Geo-
graphic Resource Analysis Support System (GRASS)
(Lozar and Goran, 1987, Hastings, 1988; Lozar, 1989).
Analysis algorithms within GRASS were used to analyze the
data. In order to compare the gamma-ray data to the geology,
a digitized version of the geologic map was also imported
into the GRASS system and then converted to a grid using
the same grid interval as the gamma-ray data (0.78 mi).
Because of the limited resolution defined by the grid cell
size, some of the smaller geologic units (less than about 0.77
mi2) were not represented in the grid version of the geologic
map. Table 2 and figures 11-13 show estimated average con-
centrations of K, eU, and eTh for the different geologic units
within the study area. These average values were obtained by
identifying the grid cells associated with each geologic unit
and calculating the average values for those grid cells. Table
2 includes columns that contain calculated values for the
standard deviation of the concentrations. Because of the
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Table 2. Estimated average concentrations of potassium (K), equivalent uranium (eU), and
equivalent thorium (eTh) for different geologic units within the Roswell Resource Area,

New Mexico

[Asterisks (*) mark calculated standard deviations that are greater than the average value of the calculated

standard deviations]

Map-unit K Standard el Standard eTh Standard No. of
symbol (%) deviation (ppm) deviation (ppm) deviation cells

(plate 1)

Qb 1.37 0.21 1.58 0.22 5.5 1.3 214
Qal 1.16 0.29 1.55 0.42 5.2 1.8* 23,519
Qt 1.1 0.23 1.47 0.28 4.9 1.4 6,393
QTg 1.82 0.63*% 2.10 0.41* 8.3 2.2* 1,233
To 1.18 0.19 1.61 0.29 5.1 1.4 2,678
Tis 2.09 0.46* 2.35 0.33 10.2 1.9* 545
Tv 1.87 0.41% 2.16 0.44* 9.0 1.7* 408
TKe 1.83 0.59* 222 0.51* 9.2 1.9* 59
Kmmd 1.50 0.53* 212 0.34 8.1 2.2* 789
KRu 1.25 0.16 2.00 0.18 6.2 0.9 61

Jm 1.13 0.15 2.15 0.29 6.1 0.7 230
Je 1.22 0.15 1.92 0.27 6.1 0.8 119
ke 1.13 0.20 1.81 0.31 6.3 1.2 3,708
Rs 1.04 0.19 1.63 0.30 5.6 1.2 1,888
Pds 1.01 0.06 1.37 0.10 4.3 0.2 14
Pa 1.22 0.20 1.62 0.23 5.2 0.8 3,569
Psg 1.03 0.34* 1.77 0.34 5.1 1.4 10,431

Pu 1.1 0.41* 1.91 0.33 5.8 2.3*% 464
Pu 0.84 0.1 1.96 0.29 4.8 0.9 77

M<€u 1.16 0.22 1.76 0.24 5.0 1.0 13
p€u 0.86 0.11 1.97 0.26 47 0.5 89

processing used to obtain the data grids, the standard devia-
tion values should not be interpreted as estimates of accu-
racy, but as indicators of the uniformity of the radioactivity
of the mapped geologic units. Also, the concentration esti-
mates of those geologic units for which the grids contained
fewer than 100 grid cells may not be reliable.

The most radioactive rocks in the study area are Ter-
tiary volcanic flows (Tv) and alkalic intrusions (Tis), Upper
Cretaceous and Tertiary Cub Mountain Formation (TKc),
Quaternary and Tertiary intermountain gravel (QTg), and
undivided Cretaceous rocks (Kmmd) (figs. 114, 124, and
13A). The most radioactive map units are also the most vari-
able, as shown by the calculated standard deviations shown
as error bars (figs. 11B, 12B, and 13B). Table 2 lists the cal-
culated standard deviation for selected units of plate 1; aster-
isks mark the calculated standard deviations that are greater
than the average values. Units QTg, Tv, and TKc have
greater variability than the averages for K, eU, and eTh.
Quaternary pediment and terrace gravel (Qal) has greater
than average variability for eU and eTh. Units Tis, Kmmd,
and Pu (undivided Lower Permian rocks) have greater than
average variabilities for K and eTh.

Each of the map units that have greater than average
variability were examined to determine the nature of their
gamma-ray characteristics. Unit QTg has two areas display-
ing distinct characteristics. Part of this unit has low radioac-
tivity and concentrations of 0.6-1.4 percent K, 1.0-2.0 ppm
eU, and 3.4-8.0 ppm eTh, and part of it has higher

radioactivity and concentrations of 1.4-3.0 percent K,
2.0-3.0 ppmeU, and 8.0-13.0 ppm eTh. The radioactivity of
Quaternary pediments and terraces tends to be similar to that
of the source rocks described above, from which the materials
are derived, and could easily be subdivided based upon the
gamma-ray signatures. Unit Tv contains localized areas
yielding greater than 1.7 percent K, greater than 2.0 ppm eU,
and greater than 8.0 ppm eTh. Unit TKc crops out in three
geographically separated clusters. Of these areas, the west-
ernmost area is the most radioactive and has concentrations
of 2.0-3.0 percent K, 2.4-3.0 ppm eU, and 10.0-12.2 ppm
€Th. The remaining areas have concentrations of 0.9-1.8 per-
cent K, 1.6-2.4 ppm eU, and 6.9-9.3 ppm eTh. Unit Kmmd
crops out in the northeastern and southwestern parts of the
study area. In the northeastern part, the unit has lower radio-
activity and values of 0.8-1.1 percent K, 1.6-3.0 ppmeU, and
4.7-6.8 ppm eTh. In the southwestern part, it has a similar
range of values, but also includes localized areas of higher
radioactivity and concentrations of 1.6-2.8 percent K,
3.0-3.5 ppm eU, and 8.4-14.0 ppm eTh. Unit Tis crops out
in isolated areas in the southwestern part of the study area and
includes areas of higher radioactivity with values of 1.4-3.1
percent K, 2.1-3.1 ppmeU, and 7.4-15.3 ppm e€Th, and areas
of lower radioactivity with 0.7-2.0 percent K, 1.5-2.3 ppm
eU, and 3.4-10.7 ppm eTh. The Lower Permian San Andres
Formation and Glorieta Sandstone (unit Psg) have generally
similar patterns for the distribution of K and eTh—large areas
of low radioactivity and values of 0.2-0.8 percent K and
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Figure 11. Average concentrations of uranium versus potassium for selected map units of geologic map of Roswell Re-
source Area, New Mexico (pl. 1). A, Plot of concentrations and corresponding map-unit symbols. B, Plot of concentrations
and corresponding standard deviations (table 2); horizontal and vertical lines represent potassium and uranium, respectively.
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Figure 12. Average concentrations of thorium versus potassium for selected map units of geologic map of
Roswell Resource Area, New Mexico (pl. 1). A, Plot of concentrations and corresponding map-unit symbols. B,
Plot of concentrations and corresponding standard deviations (table 2); horizontal and vertical lines represent po-
tassium and thorium, respectively.
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Figure 13. Average concentrations of thorium versus uranium for selected map units of geologic map of Roswell Re-
source Area, New Mexico (pl. 1). A, Plot of concentrations and corresponding map-unit symbols. B, Plot of concentrations
and corresponding standard deviations (table 2); horizontal and vertical lines represent uranium and thorium, respectively.
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2.1-4.0 ppm eTh, and localized areas of higher radioactivity
and values of 1.7-2.9 percent K and 6.3-9.6 ppm eTh. Most
of the outcrops of the San Andres have concentrations of
0.8-1.7 percent K and 4.0-6.3 ppm eTh. The distribution of
eU within the San Andres is distinct from the distributions of
K and eTh, except for some low radioactivity areas in the
northern part of the study area that have 0.8—1.2 ppm eU. The
eU pattern includes large areas of higher uranium concentra-
tion (2.4-2.7 ppm eU) that do not, in general, coincide with
higher concentrations of K and e€Th. This difference in the
radioelement patterns suggests that the uranium has been
moved by geochemical processes such as groundwater circu-
lation. Unit Pu has generally low radioactivity and concen-
trations of 0.5-1.5 percent K, 1.3-2.5 ppm eU, and 2.8-7.0
ppm eTh and localized areas of higher concentrations
(1.8-2.5 percent K, 1.9-2.4 ppm eU, and 8.2-11.5 ppm €Th).
With the exception of the San Andres Formation, the vari-
ability of the radioelement concentrations noted above is
probably a reflection of different lithologic materials within
each map unit or, in the case of the Quaternary units, of the
different source rocks. The explanation for the difference
between the distributions of K and €Th and that of eU within
the San Andres Formation is unknown.
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INDUSTRIAL MINERAL RESOURCES
By Susan Bartsch-Winkler

With sections on
Potash and Iodine and Bromine in
Saline Brines and Brine Deposits
By Sherilyn Williams-Stroud
and Sulfur
By Charles S. Spirakis

Industrial minerals are an important mineral endow-
ment of the Roswell Resource Area. Gypsum, caliche, clay,
limestone, building stone, aggregate, sand and gravel, and
semi-precious gemstones (including “Pecos diamonds,”
smoky quartz, and petrified wood) are or have been pro-
duced in the study area. Potentially important sulfur and pot-
ash reserves are found within the study area, but none have
been produced.

EVAPORITE DEPOSITS

Evaporite deposits of southeastern New Mexico (fig.
14) and western Texas occur in the Permian Basin back-reef
environment. Concentrations of halite, polyhalite, anhydrite,
gypsum, and other salts probably were precipitated from sea-
water or were transported into the Permian Basin during
periodic salt-brine influx from evaporite deposits surround-
ing the basin (Adams, 1969; Williams-Stroud, 1991).
Evaporite beds are deposited by trapping of sea-water brine
and subsequent evaporation. Many evaporite deposits have
been isolated by impermeable overlying and underlying
units and, thus, are protected from groundwater dissolution
(Bachman, 1987).

According to Pitt and Scott (1981) in their study of sub-
surface depositional cycles in the San Andres Formation in
Guadalupe, De Baca, Chaves, Quay, Curry, and Roosevelt
Counties, N. Mex., the evaporite deposits are transitional
from halite to anhydrite; northward, halite occurs with
greater frequency and anhydrite with lesser frequency. Also,
anhydrite is more abundant and dolomite less abundant north
of the Matador uplift (Gratton and LeMay, 1969). Evaporite
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beds are thick along the north-south border between Quay
and Guadalupe Counties near Montoya, in Quay County
south of Tucumcari, and in Curry County near Clovis. At the
latter locality, subsurface evaporites consist mostly of halite.
In the subsurface, evaporite deposits are as much as 130 ft
thick in western Quay County, as much as 80 ft thick in
northern Roosevelt County, and as much as 60 ft thick in
southeastern Roosevelt County (Pitt and Scott, 1981).

POTASH
By Sherilyn Williams-Stroud

Since 1931, the Carlsbad potash district (about 50 mi
south of the southern boundary of the study area) has been
the largest domestic producer and contains the largest
reserves of potash in the United States; it is one of the
world’s major potassium deposits (Cheeseman, 1978). The
total capacity of present New Mexico mining operations is
estimated to be 1,650 short tons of potassium oxide equiva-
lent (K,0) per year (Searles, 1985). New Mexico contains
total recoverable reserves of about 55 million short tons of
100 percent K,O equivalent, or about 57 percent of the
nation’s reserves (New Mexico Department of Energy, Min-
erals and Natural Resources, 1990); most of the reserves are
located in Eddy and Lea Counties south of the study area.
Potash is used primarily for fertilizer (Austin, 1980). The
largest consumer of potash has been the (former) U.S.S.R,;
soybean and corn farmers in the Midwest have been the
largest domestic users. However, due to transportation costs,
only about 20 percent of New Mexico’s potash is used
domestically (New Mexico Department of Energy, Minerals
and Natural Resources, 1990). The vast potash reserves in
the Carlsbad potash district and in Utah and Canada are more
likely to provide potash for domestic and world markets than
any deposits beneath the study area.

CARLSBAD POTASH DISTRICT
Twelve potash ore zones are identified in the Carlsbad

potash district. They typically occur, but are not confined to,
the middle and upper parts of the Salado Formation (Austin,
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Figure 14. Distribution of halite-bearing (shaded light gray) and potassium-bearing (shaded dark gray) saline deposits in the Roswell
Resource Area and vicinity, New Mexico (modified from U.S. Geological Survey, 1965).

1980). A mixture of sylvite and halite (known as sylvinite)
and langbeinite have been mined (Cheeseman, 1978; Austin
and Barker, 1990). Gangue minerals in the Salado of the
Carlsbad district include leonite (MgSO4K,S0,4H,0),
kainite (MgSO4'KCI-3H,0), carnallite (MgCl,-KCI-6H,0),

polyhalite ~ (2CaSO,MgSO4K,S0,2H,0),  Kkieserite
(MgSO4-H,0), bloedite [Na,Mg (SO4),-MgSO44H,0],
halite, and anhydrite (Cheeseman, 1978). Major accessory
evaporite minerals in the district are gypsum (CaSO4'H,0),
anhydrite (CaSO,), and halite (NaCl). Sylvite (KCI),
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carnallite, and langbeinite (2MgSO,-K,5S0,) are interbed-
ded with halite. According to Cheeseman (1978), a typical
mixed-ore sample from the Salado in the Carlsbad district
contains 60 percent halite, 30 percent sylvite, 5 percent lang-
beinite, and 2 percent each of polyhalite and insolubles.

In the Carlsbad potash district, potash is mined by
conventional underground techniques using drum miners
to remove the sylvite ore in a room-and-pillar configura-
tion. Because of the hardness of the ore, the mines that
recover langbeinite use jumbo drills and undercutters,
blasting and mucking techniques, and shuttle cars. Sylvite
ore is beneficiated into muriate of potash, and langbeinite
ore is beneficiated into sulfate of potash-magnesia (New
Mexico Department of Energy, Minerals and Natural
Resources, 1990).

POTASH DEPOSITS IN THE STUDY AREA

The potash-bearing Salado Formation extends north
and east from the Carlsbad potash district to the Northwest-
ern Shelf of the Permian Basin, the Central Basin Platform,
and the Midland Basin in Texas (Cheeseman, 1978). The
evaporite sequence is as much as 1,300 ft thick and contains
potassium minerals in 12 soluble potash horizons that occur
over arelatively confined area of approximately 1,870 miZ of
the west-central Permian Basin (fig. 15) (Adams, 1970). The
Salado is as much as 2,300 ft thick in this part of the Permian
Basin and consists of generally flat lying beds composed of
halite, muddy halite, anhydrite, polyhalite, dolomite, and
mudstone. Massive polyhalite beds occur in halite beds over
the majority of the area of salt extent (Jones, 1972; Lowen-
stein, 1988) (fig. 15).

The northwestern part of the soluble potash zone of the
Salado Formation falls within the study area in the southeast-
ern corner of Chaves County (fig. 15). Due to their southeast
dip, the potash-bearing beds probably are closer to the sur-
face or probably have been dissolved to the north and west
(the area of the study area). The Salado in Chaves County
thins northward from 660 to O ft over an area of approxi-
mately 187 mi? (from the southern boundary of the study
area) (File and Northrop, 1966; Lowenstein, 1988; Austin
and Barker, 1990).

Thus, although economically important potash deposits
are found in the Salado Formation near Carlsbad, the part of
the potash facies of the Salado that is located within Chaves
County is not as thick as that found in the Carlsbad potash
district, where the thickness ranges from 660 to over 1,300
ft. It is possible that the evaporite deposits in the study area
are of similar economic grade to those in the Carlsbad dis-
trict, although the thicknesses of the potash beds in the study
area may be the factor that determines whether the resource
will become economic in the near future. A very rough esti-
mate of the volume of K,O that is currently economic in
grade, based on the volume of halite in the Salado in the
study area and assuming the same ore grade as in the

Carlsbad district, is approximately 0.03 trillion ft3, or the
equivalent of 2 billion short tons.

The Rustler Formation, which overlies the Salado For-
mation within the Ochoan Series, and the Tansill and Yates
Formations, which occur below the Salado, all contain
evaporite deposits (pl. 2). Some occurrences of potash have
been reported in these formations (Jones, 1972), but the
potassium-bearing beds contain primarily polyhalite.
Although polyhalite is not currently considered a potash ore
mineral, recent studies suggest that finely ground polyhalite
may be as effective as granular soluble potassium salts for
the fertilization of acid soils (Barbarick, 1991). The total vol-
ume of polyhalite in the Salado Formation alone may
approach 1.9 billion short tons.

GYPSUM

About 1900, near Ancho and in the Phillips Hills near
Oscura, gypsum beds from 10 to 20 ft thick were quarried
from the Lower Permian San Andres Formation and Upper
Permian Artesia Group; the gypsum was processed locally
for plaster (Talmage and Wootton, 1937; Griswold, 1959;
Weber and Kottlowski, 1959). In 1902, a small testing plant
was in operation at Ancho, and a large mill was under con-
struction for processing gypsite (fig. 16). In 1903, 100 short
tons per day were being processed for cement, plaster of
Paris, stucco, and other uses (Herrick, 1904; Jones, 1915).
Near Acme northeast of Roswell, Permian (probably Artesia
Group) gypsum beds of variable thickness have been quar-
ried for plaster (Weber and Kottlowski, 1959). However,
structural complications and the low purity of these gypsum
beds (table 3) are inhibiting factors for commercial produc-
tion (Weber and Kottlowski, 1959).

In order to be of economic value, gypsum deposits must
be thick and laterally extensive, and have only thin overbur-
den. Typical ore dimensions of minable gypsum deposits
range from 33 to 164 ft in thickness over an area of several
square miles (Raup, 1991). Most gypsum is strip mined, but
beds having 164 ft or more of overburden can be mined by
conventional underground methods. Marine-bedded gyp-
sum deposits account for the major part of the world’s gyp-
sum production. Often the gypsum in these deposits is the
result of near-surface hydration of anhydrite, but the eco-
nomic value depends on the completeness of this process.

Gypsum and anhydrite are important construction
materials, agricultural additives, and sources of chemicals.
Gypsum is hydrous calcium sulfate, containing 20 percent
water. This property makes it an important additive (after
calcining) of quick-setting plasters, such as plaster of Paris.
Most gypsum is used for the manufacture of wallboard, Port-
land cement, and building plaster, and gypsum is used to
break up alkaline-rich soils. Anhydrite (the anhydrous form
of gypsum) is also used in many applications, but to a lesser
extent due to differing chemical and physical properties.
Alabaster, a crystalline form of gypsum, is used for carving.
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Economic gypsum deposits, however, must be relatively Large gypsum and anhydrite deposits are present from
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free of impurities. Table 4 lists the chemical compositions ~ Carlsbad to Santa Rosa in the Artesia Group and San Andres

of various gypsum deposits in east-central New Mexico. Formation, where they cover an estimated 1,400 mi2 (Weber
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Figure 16. Gypsum outcrops in the Lower Permian San Andres Formation and Upper Permian Artesia Group at Ancho, N. Mex. Gypsum
mill also shown. Photograph taken about 1/2 mi from the town of Ancho by N.H. Darton on September 30, 1917 (photograph number 1603,
on file at the U.S. Geological Survey Photo Library, Denver, Colo.).

Table 3. Mineral constituents of the gypsite deposits Table 4. Chemical analyses of gypsum (in percent) from

at Ancho, N. Mex. (Jones, 1915) three selected deposits within the Roswell Resource Area,
New Mexico (from Weber and Kottlowski, 1959, table 1)

[Leaders (--), not reported]

[Compositions are considered approximate for each deposit]

Mineral constituents Concentration
(in percent) 1 2 3
Calc!um sulphate (gypsum) 63.95 CaO 33.55 32.04 32.94
Calcxum.carbonate 20.04 SOz 45.16 46.10 45 .65
magnesqum sulphate - HoO (combined) 18.16 19.36 19.47
agnesium carbonate - Fe,03 and Al, O3 0.25 0.42 0.16
) : Si0O 9 (insolubl 0.57 1.10 0.16
Magnesium oxide 0.89 ,\}lgé(mso . 0.36 0.20 0.55
Potassium sulphate = CO» 2.16 0.66 0.65
Sodium carbonate - , ' '
Sodium chloride 0.09 The 10021 RS WREE
o CaSQO4 (calculated from 76.8 78.4 77.6
Silica . _ ARs available SO3).
Iron_ and aluminum oxides 2.01
MO'STT“rel .45 Gypsum (Anhydrite from 94.8 96.9 98.1
ota 100.00 CaSO4 plus combined

water, adjusted to total
100 percent with
impurities listed).
SAMPLE DESCRIPTIONS AND LOCATIONS

and Koftlowskd, 1559; Baciman, 15T (ﬁg' 1% Gypsum 1: San Andres Formation gypsum; sec. 34, T.5N.,R. 16 E.,

deposits also occur on the western Pecos Slope and adjacent approximately 3/4 mi northwest of Vaughn; 20-ft chip sample
to the Lincoln County porphyry belt in the Yeso and San from old quarry face.
Andfes B & Y Porpayry : 2: San Andres Formation gypsum; upper gypsum sequence in old
ndres Formations and the Artesia Group (fig. 17). In the plaster-mill quarry at Ancho, NE1/4 sec. 25, T. 4 S., R. 11 E.;
study area sum deposits are estimated to cover 8,766 mi2 chip sample at 1-ft intervals.
fi y17‘ i gly‘; - be po ’ 3: Gypsum in the upper part of the Yeso Formation and the lower part
(fig. 17; pl. 13); because they are at or near the surface, they of the San Andres Formation, Phillips Hills; sec. 21, T. 10 S., R.

can be mined easily. 8 E.; chip-channel sample.
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