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Industrial minerals and rocks of the tri-state border region—

West Texas, southern New Mexico, and northern Chihuahua
Kenneth F. Clark

Department of Geological Sciences, University of Texas at El Paso, E/ Paso, Texas 79968, USA

Abstract—Industrial minerals and rocks in the tri-state border region are located in a variety
of geologic environments and vary in age from Precambrian through Recent. Their impact
on combined population centers comprising approximately two million people in the cities
of El Paso, Texas; Ciudad Juarez and Chihuahua, Chihuahua; and neatby Las Cruces, New
Mexico, has been of utmost importance, as thirty one commodities are used. These locales
were first populated by Indian settlements, and subsequently during the last four centuries by
Spanish pioneers and by Mexican and United States citizens.

Rhyolite and granite from Proterozoic lithologic units of the Franklin Mountains that bisect El
Paso, together with Paleozoic and Mesozoic limestones, are widely used in wall construction that
characterizes the city. Other construction materials include brick manufacture on both sides of
the international line, derived from Cretaceous clay beds sutrounding the Cerro de Cristo Rey
laccolithic intrusion located in the Paso del Norte. High-quality tile is produced in Chihuahua
City, the clay being detived from a neatrby shale of Permo—Pennsylvanian age. Of increasing
commercial importance is the burgeoning cement industry in the environs of Ciudad Juarez,
whose market stretches throughout the region and beyond. Other construction materials include
aggregate derived from valley-fill deposits of the Rio Grande and adjacent basins, used in concrete
and block manufacture. Historically and persisting for several centuries, adobe preceded fired-
brick production. Adobe buildings are still common throughout the region, in contrast to the soft,
Tertiary volcanic tuff (cantera) that was used in Spanish colonial buildings, best noted

¢ Jocally in Chihuahua City but less so in the Ciudad Juarez cathedral.

The chemical minerals of the Permian Delaware Basin are produced on a scale of national
importance. Included here is potash of the Carlsbad district of southeastern New Mexico
and Frasch sulfur production in adjacent Culberson County, west Texas. Halite, gypsum, and
barite have also been produced from this basin.

Pegmatite minerals, fluorspar, and rhyolite, the latter for road metal use, have been produced
from magmatic-hydrothermal deposits in west Texas in previous years. Scoria continues to be
produced in the Las Cruces area. The potential for nepheline syenite production from the
Cornudas Mountains in southernmost New Mexico has recently been investigated.

Architectural stone is produced from an underground mine in the thermally metamorphosed
aureole of Permian age limestone and dolomite at Marble Canyon, west Texas. In the Van Horn
area regionally metamorphosed Proterozoic units supply ceramic-grade talc. Finally, two eolian
basin-fill deposits are or soon may be excluded from commercial exploitation. In southern New
Mexico White Sands National Monument occupies a part of a basin that contains gypsum dune
sands, and in northern Chihuahua the quartz dune sands of Samalayuca have been modestly
exploited for metallurgical purposes.

Minerales y rocas industriales de la region fronteriza
triestatal del oeste de Texas,
sur de Nuevo Mexico y norte de Chihuahua

Resumen—ILos minerales y rocas industriales en la regién fronteriza triestatal se encuentran en
una diversidad de ambientes geolOgicos y varfan en edad desde el Precambrico hasta el
Reciente. Su impacto sobre los centros combinados de poblacion que comprenden mas de dos
millones de personas en las ciudades de El Paso (Texas); Juarez y Chihuahua (Chihuahua); y la
cercana Las Cruces (Nuevo Mexico), ha sido de la mds grande importancia, ya que se
aprovechan 31 tipos de recursos minerales. Estas localidades fueron primeramente pobladas por
indigenas y posteriormente, durante los ultimos cuatro siglos, por los colonizadores espafioles y
por ciudadanos de Mexico y de los Estados Unidos.

La riolita y el granito de las unidades litolégicas del Proterozoico de las Montafias Franklin que
separan a la ciudad de El Paso en dos partes, junto con calizas del Paleozoico y Mesozoico, son
ampliamente usados en la construccién de muros que caractetizan a la ciudad. Otro material de
construccion es el ladrillo que se fabrica en ambos lados de la frontera internacional. La materia
prima viene de capas de arcilla del Cretcico que rodean el lacolito Cerro de Cristo Rey ubicado
en el Paso del Norte. En la ciudad de Chihuahua se produce mosaico de alts calidad de una lutita
cercana de edad Pensilvanico-Pérmica. De creciente importancia comercial es la floreciente
industria del cemento en los alrededores de Ciudad Juarez, cuyo mercado se extiende por toda



la region y mas alla. Otros materiales de construccion incluyen aﬁregados derivados de los
depositos de telleno de los valles del Rio Grande y cuencas adyacentes, utilizados en la
fabticacién de concreto y bloque. Histoticamente y persistiendo pot varios siglos, el adobe
precedié a la produccion delqladri]lo cocido. Las caciones de adobe son todavia muy
comunes en toda la region, en contraste con la toba volcanica suave del Terciatio ﬁfmtem) ue fue
utilizada en los edificios coloniales espafioles, con los mejores ejemplos en la Ciudad de
Chihuahua y un poco menos en la catedral de Ciudad Juarez.

La producion de minerales quimicos de la cuenca Delaware del Pérmico es de importancia
national. Incluidos aqui estd la potasa del Distrito de Catlsbad del sureste de Nuevo Mexico y
el azufre Frasch en el vecino condado de Culberson, oeste de Texas. Halita, yeso y barita
también son productos de esta cuenca.

Minerales pegmatiticos, fluorita y riolita, esta ultima para use como balasto en vias férreas, han
sido producidos de depdsitos” magmatico-hidrotermales en el oeste de Texas en afios
anteriores. Escoria continua produciéndose en el area de Las Cruces; y se ha investigado
recientemente eilqpotential para producer sienita nefelinica de las Montanas Cornudas en el
extremo sur de Nuevo Mexico.

Se produce piedra ornamental de una mina sub terranea en la aureola metamorfizada
térmicamente en caliza y dolomita del Pérmico en Marbk Canyon, en el oeste de Texas. En el area
de Van Horn unidades del Proterozoico metamorfizadas regionalmente aportan talco de
grado ceramico. Finalmente, dos dep6sitos de relleno de cuenca ya estin or pronto seran
excluidos de la explotacién comercial. E1 Monumento Nacional Wit Sands en el sur de Nuevo
Mexico ocupa patte de una cuenca que contiene dunas de arena de yeso y en el norte de
Chihuahua las dunas de arena de cuarzo de Samalayuca han sido explotadas moderadamente

para prop6sitos industtiales.

Introduction

Industrial minerals and rocks in the tri-state border
region have been a major factor in sustaining population
growth and activity for over four centuries. Previously
there had been more limited use of stone, clay, and gem-
stones by the indigenous peoples. Since the time of the
first Spanish pioneers in 1542 and subsequent settlements,
there has been a steady increase in demand and use for
locally derived building stone and other materials to sus-
tain the activities of local inhabitants whose population
has steadily grown over the years. Presently the principal
population centers of El Paso, Texas; Ciudad Juarez,
Chihuahua; and Las Cruces, New Mexico (Fig. 1), have a
combined population of over two million including farms
and ranches within the Rio Grande valley. Smaller towns
of Silver City, Lordsburg, Deming, and Alamogordo, New
Mexico; Villa Ahumada and Ascension, Chihuahua; and
Fort Hancock, Sierra Blanca and Van Horn, Texas; are
also within the region under consideration (Figs. 1 and 2).
The southern part of this region includes the capital of
Chihuahua state, a city of approximately 600,000 popu-
lation (Fig. 3). Smaller towns include Cuauhtemoc
Delicias, Meoqui, Nuevo Casas Grandes, Ojinaga, and
Villa Aldama. With population growth and industrial-
ization, use of nonmetallic commodities has grown and
also diversified, the latter largely due to technological de-
velopments in the United States, leading to uses that were
hitherto unknown.

While the demands of the local population have
spurred exploitation of resources, potash and sulfur are
now produced and exported from the border region be-
cause of their chemical or physical characteristics. These
two commodities have become nationally important to
both the United States and Mexico. In a few instances
other commodities are imported to yield the desired
product through manufacturing processes, most notably
fluorspar for the production of hydrofluoric acid in
Ciudad Juarez.

The great diversity of geologic environments in the
border region spans Precambrian through Recent time.
Thus, in time and space, commodities have their origin
not only in sedimentary and igneous processes, but also
in their metamorphic equivalents. These commodities

reflect the various geologic processes that have taken
place as a geologic interval of approximately more than
1.327 Ga evolved.

Traditionally, the El Paso-Ciudad Juarez area has been a
transportation hub and is destined to retain this char-
acteristic as the North American Free Trade Agreement
(NAFTA) develops. The principal north-south route is
from Chihuahua City northward to the international line
to Las Cruces and beyond. The principal east-west route
is through to El Paso, Las Cruces, Lordsburg, and
beyond. These routes are characterized by four-lane
highways and railroads. Chihuahua City also has a
significant east-west route from Presidio, Texas, to the
west coast. The principal cities are also serviced by
national and international airlines.

Finally, the area covered in this paper is partly dictated
by the six field excursions that were organized by the
writer and held in conjunction with the 31st Forum on
the Geology of Industrial Minerals. These excursions
were designed to cover the major industrial mineral
deposits of the region, although necessary time
constraints prohibited visits to most of the smaller and
less well-known deposits in the region. Three excursions
were held in west Texas and southern New Mexico and
three in Chihuahua. For geologic details and references to
corresponding literature, only a small part of which will
be summarized here, the reader should refer to Clark

(1995 a-e), and Clark and Holguin (1995).

Physiographic and tectonic provinces

Figures 1, 2, and 3 show the major physiographic and
tectonic features of the border region and include the
Datil-Mogollon section of the Colorado Plateau province
in the far northwest part of the region. This predominantly
Tertiary volcanic rock area is bounded to the south and
east by part of the Basin and Range province. The major
population centers of Ciudad Juarez, El Paso, and Las
Cruces are located in the north-trending Rio Grande rift.

The Basin and Range province continues southward
into adjacent parts of northern Chihuahua, locally re-
ferred to as Cuencas y Sierras (Fig. 3). The increasing
lower and wider basins near the Rio Grande (Bravo) are
known as the Bolson Section (Secciéon de Bolsones).
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Southeastern New Mexico is part of the Great Plains
province (Fig. 2), that extends into the easternmost part
of west (Trans-Pecos) Texas, and includes the Delaware
Basin, where a variety of valuable mineral resources are
exploited. Immediately to the west the Basin and Range
province extends southeastward towards Big Bend Na-
tional Park area and flanks the Rio Grande on its north-
east side. It is conspicuously represented by the Sall
Basin graben in which the community of Van Horn,
Texas, is located (Fig. 2).

Lithologic constitution

Although a brief commentary on the regional litholo-
gles is made here, the reader is referred to a variety of
state-wide publications for greater detail. Among these
references are the Geologic Map of New Mexico (scale
1:500,000) by Dane and Bachman (1965), Geologic Atlas
of Texas, Van Horn—El Paso sheet (scale 1:250,000), re-
printed in 1975 by the Texas Bureau of Economic Geol-
ogy (V. E. Barnes, Project Director), and Plano Geologicc
Minero, Chihuahua, (scale 1:500,000), printed in 1985 by
Sociedad Geologica Mexicana. The latest geologic mac of
Chihuahua has been released by Consejo de Recursos
Minerales (Cardenas Vargas, 1994, scale 1:500,000). As
indicated previously, the Border Region is represented by
all the time-stratigraphic systems, varying in age from
Proterozoic through Recent (Fig. 4).

Precambrian

In New Mexico Precambrian rocks are extensively ex-
posed in the Burro Mountains of southwestern New
Mexico and southwest of Silver City and in the Caballo
Mountains east of Truth and Consequences. Precambrian
rocks are also found in the Florida Mountains and in the
castern flank of the San Andres Mountains. Pegmatites
were sporadically exploited in Precambrian rocks of the
Burro Mountains. In Texas various units are well exposed
in the Franklin Mountains of El Paso and in the Van Horn
area and provide aggregate. Mica production has been
recorded at the Mica mine in the Van Horn Mountains
(King and Flawn, 1953). The ceramic-grade talc deposits
of the Allamoore district formed in the unit of the same
name by dynamic metamorphism along the Streeruwitz
thrust in late Proterozoic time (King and Flawn, 1953;
Soegaard and Callahan, 1994).

Paleozoic

The succeeding Paleozoic strata (Fig. 4) are dominated
by carbonate units with lesser amounts of shale and
other clastic rocks. In El Paso and Ciudad Juarejz they
support the cement/concrete industry. Elsewhere these
strata are well exposed in the Big Hatchet, Caballo, and
San Andres uplifts in the western part of the region and
cover or underlie much of the surface between
Alamogordo and Catlsbad in southeastern New Mexico.
Permian sedimentary rocks host Frasch sulfur mining in
Culberson County, Texas (Fig. 2), and the evaporitic
facies in the Carlsbad area supports the local potash
industry. Further south and 40 km north-northeast of
Chihuahua City, the weakly metamorphosed, clastic Rara
Formation of Permo-Pennsylvanian age provides the
principle material of the local tile industry.

Mesozoic

The Mesozoic lithologies are variable in their lithologic
characteristics, and several facies provide raw mineral
materials for the nonmetallic mining and fabrication in

dustries. Triassic and early Jurassic strata are absent in
several areas of the border region because of non-
deposition or erosion (Fig. 4), but Cretaceous strata are
widespread. Chihuahua-trough deposition and accumu-
lation of carbonate strata with subsequent uplift during the
Laramide orogeny and/or Basin-and-Range block-faulting
events are common in northern Chihuahua. FEarly
Cretaceous limestone is used at two plants in the Ciudad
Juarez area (Fig. 1) that are currently supplying the bulk of
the cement production in the border region (editors' note:
see Garcia, this volume). Cement is also produced from
Lower Cretaceous limestone in Chihuahua City (Fig. 3),
and gypsum and argillaceous components are located in
Cretaceous strata. One plant each in Ciudad Juarez and El
Paso produce brick from Cretaceous shales exposed on
the eastern flank of Cerro de Cristo Rey formed by
laccolithic intrusion of andesite in mid-Tertiary time (edi-
tors' note: see Cudahy and Austin, this volume).

Cenozoic

The Tertiary is well represented by volcanic flows in
the Dati—Mogollon section of the Colorado Plateau
province (Fig. 1) and intermediate and siliceous varieties
commonly cap ranges in southwestern New Mexico and
northwestern Chihuahua. Soft, ash-flow tuffs of
Oligocene age are the traditional building stones for
colonial buildings in Chihuahua City, less so in Ciudad
Juarez and smaller communities in Mexico. Zeolites are
recovered from the Tertiary tuff of Little Mineral Creek
at the southern end of the Winston graben in southern
New Mexico (editors' note: see White, Barker, and
Chavez, this volume).

Previously, there has been fluorspar production in the
Van Horn area of west Texas and at several localities in
southern New Mexico and northern Chihuahua (Fig. 1).
Nepheline syenite intrusions of the Cornudas Mountains,
dated at 35-32 Ma (Barker, 1977) have potential for ce-
ramic flux and/or glass production (editors' note: see
McLemore and Guilinger, this volume; McLemore, Lueth,
Guilinger, and Pease, this volume). The contact metamor-
phic aureole developed around a Tertiary syeno-monzo-
nite intrusion in contact with the dolomitic Hueco Lime-
stone, has produced brucite-rich architectural stone at
Marble Canyon in the Van Horn area (Fig. 2), located in
the western flank of the Salt Flat graben (editors' note: see
Newman and Hoffman, this volume). In southern New
Mexico, scotia production comes from Late Tertiary—
Quaternary cinder cones in the Las Cruces area.

The geologic column is completed by including the tra-
ditional use of alluvium in river valleys and other surficial
environments for adobe brick production. Pediment and,
or terrace gravel, possibly equivalent of the Camp Rice
Formation (Strain, 19606), have been exploited for aggre-
gate use, in Ciudad Juarez, El Paso, and elsewhere. Cinder
block is produced at the Bermudez quarry and plant in
western Ciudad Juarez, from sand and gravel deposits that
ovetlie Fort Hancock clay lake beds (Clark and Melendez,
1989). Lastly, the eolian deposits of the White Sands
National monument are preserved as a recreational area
and hopefully, the Samalayuca, Chihuahua, quartz-dune
field may be preserved in the same manner.

Construction materials

Natural stone and aggregate

In El Paso there has been widespread use of the Red
Bluff granite and to a lesser extent the Thunderbird rhyo-
lite, both of Proterozoic age and part of the crystalline
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basement of the Franklin Mountains (Deen, 1970).
Examination of the stone walls that characterize the city
and are still utilized because of relatively cheap labor
costs, shows these two rock types along with Paleozoic
limestone, dolomite, or sandstone that have been derived
from adjacent overlying strata. The crystalline rocks are
also used in part as aggregate for the flourishing concrete
industry. The remainder of the aggregate is derived from
carbonate units and also sand and gravel pits located in
pediment and intermontane basins throughout the whole
region.

In the Van Horn area metarhyolite from the Protero-
zoic Carrizo Mountain group has been used as road metal
at the Gifford-Hill operation (Table 1, Fig. 2). Production
commenced in 1926 and continued until about the early
1980s. Annual production was about 224,680 metric tons
(mt) (McAnulty and Hoffer, 1980b) but declined in later
years. The crushed stone was largely used for railroad
ballast and asphalt mix.

Architectural stone

Brucitic marble was produced by contact metamor-
phism of Permian (Bone Springs and Hueco) limestone
and dolomite units respectively. This zone has yielded a
white marble at the Texas Architectural Aggregates un-
derground mine at Marble Canyon located 56 km north
of Van Horn (Fig. 2). Operations began at this location
in 1963. The brucite zone is approximately 120 m wide
and up to 300 m thick, and grades from 60 wt.% brucite
near the igneous contact to 20 wt.% near the unaltered
dolomite (Newman, 1995; editors' note: se¢e Newman and

Hoffman, this volume). Brucite is an effective TiO2 ex-
tender and performance enhancer for opacity and adhe-
siveness in paints. It also offers flame retardant and smoke
suppressant propetrties in polymer compounds, and so the
deposit is being reevaluated (Newman, 1995; editors' note:
see Newman and Hoffman, this volume). Another color-
banded stone of Precambrian age is being exploited in
open cuts by Texas Architectural Aggregates at the west
end of the Allamoore talc district (Fig. 2, Table 1). This
stone is being used for interior decorative purposes (Gerry
Scott, pers. comm., 1995).

In Chihuahua City and to a lesser extent in Ciudad
Juarez, the relatively soft ash-flow tuffs, primarily of Oli-
gocene age, were the choice for building materials in im-
portant government and other buildings, cathedrals, and
churches of the Spanish colonial period. Ornamental fa-
cades are invariably produced from these relatively soft,
volcanic rocks, and ornate fountains and statues are also
carved from this material. Finer-grained more-dense va-
rieties are used on occasion as paving stones.

Cement and concrete

These related industries primarily rely on Lower Cre-
taceous limestones, shale, and gypsum. Cementos de
Chihuahua operates plants in Chihuahua City and Ciudad
Juarez, Chihuahua, and Albuquerque, New Mexico, the
latter being outside of the immediate border region. The
older plant in Ciudad Juarez produces portland cement
from the Cretaceous Lagrimas Formation, and is situated
on the southeastern flank of the Sierra de Juarez uplift.
Quarrying has been extensive since 1972. Presently, this

TABLE 1—Industrial Minerals and Rocks Located in West Texas, Southern New Mexico and Northern Chihuahua

COMMODITY, LOCALITY MAPSYMBOL COUNTY/MUNICIPIO COMPANY
Construction materials
Natural stone
El Paso, TX NS El Paso Various
Gifford-Hill, TX GH Hudspeth Idle
Aggregate
Numerous Various Various
Architectural stone
Marble Canyon, TX MC Culberson Texas Architectural Aggregates
Allamore District, TX TAA Hudspeth Texas Architectural Aggregates
Cement and concrete
Chihuahua, CHIH CC Chihuahua Cementos de Chihuahua
Ciudad Juarez, CHIH E] Ciudad Juérez Cementos de Chihuahua
Jobe, TX ] El Paso Jobe Concrete Products
Samalayuca, CHIH Cs Ciudad Judrez Cementos de Chihuahua
Concrete block
Ciudad Juarez, CHIH PR Ciudad Juarez Probesa
Chihuahua, CHIH LI Chihuahua Ladrillera Industrial
Ceramics
Ancho, NM AO Lincoln Idle
Sunland Park, NM (El Paso area) AE Dona Ana American Eagle Brick
El Paso, TX DT El Paso Dal Tile
Ciudad Juarez, CHIH PDI Ciudad Juérez Productos de Barro Industrializado
Kline Mountain, NM KM Sierra Idle
Labor de Terrazas (white brick) LT Chihuahua Idle
Chihuahua, CHIH I Chihuahua Interceramica
Ramsey, NM R Sierra Idle
Sierra de Gémez, CHIH SG Villa Aldama Production
Ceramic-grade talc
Alamoore District, TX DM Hudspeth Dal-Minerals (formerly Texas Talc)
Alamoore District, TX MW Hudspeth MilWhite
Alamoore District, TX S Hudspeth Suzrite (formerly Pioneer)
Alamoore District, TX ucC Hudspeth United Clays (formerly Southern Clay)
Adobe (A) Numerous Various
Paquime, CHIH P Casas Grandes Various
Anthony, NM AY Dofia Ana DeLaO Brick



15

TABLE 1—continued
COMMODITY, LOCALITY MAPSYMBOL COUNTY/MUNICIPIO COMPANY
Chemical Minerals
Potash
Carlsbad District, NM A Eddy AMAX (Horizon Potash), abandoned
Carlsbad District, NM ECP Eddy Eddy County Potash
Carlsbad District, NM IMC Eddy IMC Fertilizer
Carlsbad District, NM MC Eddy Mississippi Chemical
Carlsbad District, NM NMP Eddy New Mexico Potash
Carlsbad District, NM WAM Eddy Western Ag-Minerals
Common salt
Carlsbad District, NM us Eddy United Salt
Gypsum
Elcor Ranch, TX ER Culberson “Elcor” (abandoned)
Evaporite deposits
El Leon, CHIH EL Coyame Cementos de Chihuahua
El Sabinoso, CHIH ES Guadalupe Bravos Production
Cuchillo Parado, CHIH cr Coyame Idle
Guadalupe, CHIH OI Guadalupe Bravos Omega Industrial
Samalayuca, CHIH S Ciudad Juarez Idle
Los Charcos, CHIH LE Guadalupe Bravos Idle (?)
La Napolera, CHIH LN Villa Aldama Idle
La Encantada, CHIH LE Villa Aldama Cementos de Chihuahua
Laguna Salada del Hueso, CHIH LSH Villa Alumada Idle
Barite
Seven Heart Gap, TX SHG Culberson Idle
Palm Park, Stevens, NM PPS Dofia Ana Idle (?)
Stevens, NM S Doiia Ana Idle
White Spar, NM Ws Dofa Ana Idle
Roque y La Amargosa, CHIH RLA Julimes Idle
Sulfur
Culberson, TX G Culberson Freeport McMoran
Phillips Ranch, TX PR Culberson Idle
Fluorspar
Burro Mins., NM BM Grant Idle
Cooks Peak, NM CP Grant Idle
Eagle Mtns, TX EM Hudspeth Idle
Fluorite Ridge, NM FR Luna Idle
Gila, NM G Grant Idle
Northern Sierra Caballo, NM NSC Sierra Idle
Quitman Mountains, TX oM Hudspeth Idle
Sierra Blanca, TX SB Hudspeth Idle
Silver City area, NM sC Grant Idle
Tortugas, NM i Dorfia Ana Idle
White Signal-Gold Hill, NM WS-GH Grant Idle
Hydrofluoric Acid
Ciudad Juarez, CHIH N Ciudad Juarez Norfluor
Nepheline syenite
Cornudas Mtns. NM ™M Otero Addwest Minerals
Pegmatite minerals
Northern Big Burro Mtns. -
Continental Amer., NM NBBM, CA Grant Idle (?)
Mica mine area, TX MM Hudspeth/Culberson Idle
Lightweight aggregates
Perlite
Hermanas, NM H Luna Idle
McDonald Ranch, NM MR Grant Idle (?)
La Estrella, CHIH LE Ocampo Minor production
Leitendorf Hills, NM LH Hidalgo Idle
Pinto Canyon, TX PC Presidio Idle
Pumice
Lordsburg, NM Is Hidalgo Idle
Pinto Canyon, TX PC Presidio Idle
Labor de Terrazas, CHIH LT Chihuahua Idle
Palomas, CHIH PO Chihuahua Idle (?)
Sierra de Pastorias, CHIH sP Chihuahua Idle (?)
Scoria
Santo Témas, NM ST Dofia Ana Big Chief Stone
Dona Mountain, NM DM Dofia Ana Big Chief Stone
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TABLE 1—continued
COMMODITY, LOCALITY MAPSYMBOL  COUNTY/MUNICIPIO COMPANY
Metallurgical minerals
Ciudad Judrez, CHIH PBI Ciudad Judrez Productors de Barro Industrializado
Cusihuiriachic, CHIH (= Cusihuiriachic Idle
El Magistral, CHIH EM General Trias In Production
Samalayuca, CHIH S Ciudad Judrez Production (?)
Sunland Park, NM (El Paso area) AE Dofia Ana American Eagle Brick
Abrasive, filtration materials
Garnet
Hanover-Fierro district, NM HF Grant Idle
Orogrande, NM O Otero Idle
Zeolites
Winston, NM SCM Sierra St. Cloud Mining
Miscellaneous
Agate
Ojo Laguna, CHIH OL Chihuahua Minor production
Rancho Aqua Nueva, CHIH RAN Chihuahua Minor production
Rancho El Agate, CHIH REA Villa Ahumada Minor production
Rancho El Gallego, CHIH REG Villa Ahumada Minor production
Beryllium minerals
Sierra Blanca, TX SB Hudspeth Idle
Geodes
Las Choyas LC Villa Aldama Minor production
Mexican onyx
Tres Hermanos Mtns., NM TH Luna Minor production
Ochre
Los Lamentos, CHIH LL Villa Ahumada 1dle
Smelter slag
El Paso, TX EP El Paso ASARCO
Trinitite
Trinity Site, NM TS Socorro “Idle”
Turquoise
Burro Mins., NM NB Grant Minor production
Restricted occurrences
Carlsbad Caverns National Park, NM  CCNP Eddy National Park Service
Samalayuca Dune Field, CHIH SDF Ciudad Juéarez/
Guadalupe Bravos Unstructured
White Sands National Monument, NM WS Doria Ana/Otero National Park Service

plant produces 600 metric tons (mt) of cement daily
(Garcia, 1995; editors' note: see Garcia, this volume) for
the domestic market. The new Samalayuca plant, sched-
uled to begin operations August 1995 is located on
Mexico Highway 45, 30 km south of Ciudad Juarez, and
5 km north of the village of Samalayuca (Fig. 1).
Construction costs will amount to $145 M. The water
supply for this facility is from wells located in the
adjacent basin. Limestone and shale are obtained from
the Cuchillo and Benign formations of Eatly Cretaceous
age in the immediately adjacent Sierra del Presidio (Fig.
5). Gypsum is obtained locally from the vicinity of Los
Charcos deposit (Clark, 1984), situated 40 km to the
southeast, and is probably of Eatly Cretaceous age.
Production is planned for 800,000 mt per year (mtpy),
part of which will be exported to the United States.

The Chihuahua City Cementos de Chihuahua facility
obtains limestone from Lower Cretaceous units in the
immediately adjacent Sierra Nombre de Dios, on the east-
ern flank of the town. Installed plant capacity was 400,000
mtpy (de la Fuente, 1983), with an expansion project to
580,000 mtpy. Ladrillera Industrial, also located in the
Chihuahua City area, has a plant capacity of 70,000 mtpy
for the manufacture of cement block of export quality (de
la Fuente, 1983).

During the early-to-mid 1980s the El Toro Southwest-
ern Cement plant in El Paso closed because of limited
raw material reserves and plant capacity, environmental
considerations, and increased competition. Of the four
ready-mixed concrete suppliers in El Paso, the Jobe

FIGURE 5—View northwards to cement plant at Samalayuca,
Chihuahua, with Sierra del Presidio on skyline. Northern part of
the dune field is in the foreground.



company's quarties and plant at the south entrance to
McKelligon Canyon, is the largest. Their principal com-
petitor is El Paso Redi-Mix. At the Jobe quarties the lime-
stone is taken from Ordovician El Paso Group strata that
are well exposed on the eastern flank of the Franklin
Mountains. The limestone is down-faulted against Pre-
cambrian granite along the McMillan fault. Production
begun in 1983 and is rated at 1,800 mt per hour. The ce-
ment is imported from Chihuahua.

In the mid-1980s some 135000 mt of crushed
Cretaceous limestone was produced on American Fagle
Brick property by the El Paso Sand for use as aggregate.
When EI Paso Sand was acquired by Jobe Concrete
Products, the lease changed hands and there has been no
subsequent production.

Ceramics

The American Eagle Brick plant (formerly El Paso
Brick) near El Paso has been in operation since 1897
(editors' note: see Cudahy and Austin, this volume). It is in
Sunland Park, New Mexico, on the west bank of the Rio
Grande and near the eastern flank of the Cerro de Cristo
Rey laccolithic intrusion (Lovejoy, 1976). Raw materials
are derived from the Mesila Valley and Anapra
Formations, both of Early Cretaceous age. These strata are
upturned around the periphery of the intrusion and are
exploited in several quarries. After quarrying, the shale is
crushed, screened, extruded, and fired at temperatures in
the 9001,100°C range (Ntsimanyana, 1990). Bricks are
distributed locally and to other population centers in west
Texas, southern New Mexico, and adjacent parts of
Arizona. In the last few years the operation has become
more efficient and natural gas used in the tunnel kiln has
been reduced from 2,790 kj /kg to today's 1,860 kj /kg
(Cudahy, 1995; editors' note: see Cudahy and Austin, this
volume). However, tile manufacture was discontinued
because of technical and economic considerations.

A few hundreds of meters to the south on the Mexican
side of the international line is the competing plant in
Ciudad Juarez. Productos de Barro Industrializado, uses
the same shale formations as the American company.
Elsewhere in Ciudad Juarez, there are numerous small
brick-making facilities. Fuel for these primitive kilns in-
clude tires, used car oil, and plastics, thereby creating sig-
nificant pollution (Mendoza, 1995). Presently, engineers at
Los Alamos National Laboratory are designing relatively
cheap gas-burning kilns for local use in Mexico.

High-quality tile is produced in Chihuahua City by the
Interceramic Company that operates several fabricating
plants. The material for the tiles is quartied from the
Permo-Pennsylvanian age Rara Formation (Handschy and
Dyer, 1987) exposed in the eastern flank of Sierra del
Cuervo (Fig. 3, Table 1). This formation represents a distil
sequence of turbidities, in which shale is the most com-
mon rock type and is composed of varying proportions of
clay, carbonate, and quartz. The sandstones vary in
composition from quartzarenite to wackes. The unit also
includes bedded chert and bentonite. The Rara Formation
is intruded by rhyolitic to basaltic dikes that have locally
metamorphosed the host rocks, resulting in mineralogical
transformations (Clark and Holguin, 1995).

Using Italian technology, Interceramic produces floor
and wall tiles at several plants in Chihuahua City. The clay
and additional bentonite pass through primary and
secondary crushers that process about 8,000 mt/ day
(mtpd). After further grinding the mixture is transformed
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into a slurry that is sized, and dried before the powder is
pressed into standard size tile forms. Glaze coatings are
sprayed on and consist of wollastonite (derived from
Zacatecas state), feldspar, calcium carbonate, and a
lithium compound. Decoration is applied with colored
glaze. Finally, the tiles are transferred to kilns and fired at
1,180°C until reaching a hardness of 500 kg /cm? The
resulting products are for domestic and export markets,
although it should be noted the company has constructed
an additional plant in the Dallas area that is scheduled to
begin operation during 1995. The source of all the raw
material is not known, but apparently some ball clay is
transported from Kentucky (M. Madrano, pers. comm.
1995).

Dal-Tile has constructed a natural gas-burning plant in
northeast El Paso that began production in October, with
a capacity of 2.0 million m? (22M ft> ) of wall tile per year
(R. Williams, pers. comm., 1995). Equipment used in the
plant is of Italian origin. The raw materials include clay
from the Troup Operations in east Texas, limestone from
the Austin area, and ceramic-grade talc from the Dal-
Minerals mine in the Allamoore district of west Texas. The
raw materials are ground up in a continuous ball mill with
silica pebbles used as the grinding media. The slip from
the continuous mill is passed through a spray dryer that
reduces the water from 35% to 5%. This powder is then
pressed into 11.4 x 11.4 cm (4% x 4!/4 inch) tiles, dried to
less than 1% moisture, passed through a roller hearth kiln,
and fired at about 1,150°C. The glaze is applied and then
fired again to about 1,120°C.

Kline Mountain kaolin deposit—This deposit is situ-
ated on the northwestern flank of Kline Mountain in the
Black Range uplift, Sierra County, New Mexico (Fig. 1).
The deposit was discovered by F. L. Schneider in 1958.
Samples were examined in 1962 and 1980 in some detail
by the private sector for use as paper coater. However,
fine-grained silica (cristobalite and/or tridymite) within
the kaolin has been reported as a major drawback for use
in the paper industry. The stratigraphy in the Kline
Mountain clay deposit area is composed of mid-Tertiary
bimodal volcanic and volcanoclastic deposits that consists
of basaltic andesite lavas, high-silica rhyolite lavas, and
pyroclastic material (Isik et al., 1994). The kaolin deposit
occurs as a result of hydrothermal alteration within the
advanced argillic zone of Kline Mountain tuff. Clay min-
erals, silicification, volcanogenic materials, and textures
indicate a hydrothermal origin.

The entire Kline Mountain deposit reportedly has 180
million mt reserve with 38-39% A1,05 and a very high
standard brightness of 94%. The production of kaolin is
by open-pit-mining methods. About 815 mt of rock were
sold in 1969 for use as an oil absorbent by Union Oil. Af-
ter screening crushed kaolin ore was shipped by trucks to
Truth or Consequences, New Mexico, for transhipment
and final use in the Santa Barbara Channel oil spill.

Clay from the Kline Mountain deposit was used experi-
mentally to make ceramic tile, using admixtures of #1 and
#3 clay from the American Eagle Brick plant near El Paso
and other additives. The fired-brick specimens produced
at American Eagle Brick demonstrated excellent white
color properties. The bright whiteness of the fired speci-
men can give more market flexibility by producing vatious
shades of light-colored brick from Kline Mountain kaolin.
By adding from 15 to 50 wt.% #3 and/or #1 clay from
the Sunland Park deposit (Fig. 1; Table 1), in the El Paso
area, with nepheline syenite to the kaolin, a com-
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plete range of white-to-gray brick can be produced. This
mixture has the additional advantage of lowering the cost
of producing white brick, because the #3 and #1 clays
have negligible transportation cost to the firing plant.

An economic evaluation by Isik (1993) shows that on
the average, the available clay is composed of kaolinite
(40.7 wt.%), alunite (16.4 wt.%), silica (37.9 wt.%) and ac-
cessories (1.12 wt.%). The amount of clay available, for
which there are chemical and mineralogical controls, is
probably 3,160,000 mt. On the basis of this evaluation and
by manufacturing white brick in the existing plant near El
Paso, the Kline Mountain deposit is found to be eco-
nomically viable under the projected conditions.

Ceramic-grade talc

The geology of the Allamore district and its mineral
resources have been described by King and Flawn (1953),
McAnulty and Hoffer (1980a), Bourbon (1981, 1982),
Rudnick (1983), Edwards (1980, 1984), Kyle and Clark,
(1990), Soegaard and Callahan (1994), and Clark (1995d).
Talc is located in the Allamoore Formation that strati-
graphically ovetlies the 5,800 m thick Carrizo Mountain
Group. This group exhibits metasediments interbedded
with metarhyolite and felsic tuffs dated at 1.27 Ga
(Rudnick, 1983). The Allmoore Formation is 490 m thick
at Tumbledown Mountain (King, 1980) and consists of
mafic volcanic flows, carbonate units, and talcose phyllite.
It is unconformably overlain by the Hazel Formation and
the Van Horn sandstone both of Proterozoic age.

Tectonic events include folding and faulting of the
Allamoore and Hazel Formations about 1.0 Ga ago when
rocks of the Carrizo Mountain Group were thrust north-
ward along the Streeruwitz thrust. The resultant pressure-
temperature  conditions produced greenschist-grade
metamorphism, locally to biotite-grade (Edwards, 1984),
and talc was formed from magnesium-rich carbonate rock
protoliths in the Allamoore Formation. The talcose
phyllite occurs in discontinuous lenses, usually less than
150 m thick and 1.6 km in length and are generally en-
closed within carbonate units. Later, erosion followed by
folding took place in Late Pennsylvanian time so that the
Lower Permian Hueco Limestone rests unconformably
on Proterozoic units.

Talc production began in 1952 and by 1988 had
reached 237,000 mtpy (Virta, 1988). The active talc
producers are Milwhite at Tumbledown Mountain, Suzrite
(formerly Pioneer), Dal Minerals (Texas Talc), and United
Clays (Southern Clay) (Fig. 2, Table 1). Production is by
open-pit methods, and the rock is sent to primary
crushers. Dolostone and chert are then removed by hand
sorting (Kyle and Clark, 1990). Secondary crushers reduce
particle size to minus 2.5 cm, and the material is fed into
gas-fired rotary kilns for calcining. The resultant hard,
white-to-light gray material is an artificial diopside used in
the ceramic industry. Milwhite and Suzrite operate
beneficiation plants in the Van Horn area.

Adobe

The last of the construction materials considered in the
border region has been used for the greatest period of
time. Adobe is used because of the abundance of the clay
materials and low costs of manufacture. While a small
number of modern buildings are made from this material
(Austin and Goolsby, 1995; editors' note: see Austin and
Goolsby, this volume), adobe bricks are widely used in
relatively low income communities, and the structures,

many of which are homes, are completed when time
permits. Alluvium is a common source of the clay and
inspection of these bricks shows a significant fraction of
quartz grains and small rock particles as well as straw.
Sun-dried bricks are commonly made in wooden molds,
eliminating fuel costs that are a major consideration in
fired-brick kilns. Hydraulically pressed mudblocks and
rammed-earth walls, the latter in which layers of moist-
ened mud are placed between forms and tamped, are
less frequently employed (Austin and Goolsby, 1995;
editors' note: see Austin and Goolsby, this volume).
Adobe bricks are commonly covered with a plaster that
provides a smooth finish to the building and prevents
weathering of the brick. In many modern urban areas,
plaster walls cover buildings made from concrete block,
and consequently the structure is not authentic.

The oldest recorded use of adobe in the region under
consideration is at Paquime, inhabited from the 12th
through early 14th centuries, 5.5 km to the southwest of
Nuevo Casas Grandes in northwestern Chihuahua (Fig.
3). Today Paquime is a large complex of ruined, multi-
storied, adobe apartment buildings, pyramids, Meso-
American ballcourts, and plazas (DiPeso et al, 1974;
Gerald, 1983). The Spanish created several missions at
Socorro, Texas; Mesilla, New Mexico; and elsewhere,
where unfired adobe bricks were the primary building
materials used. Many are preserved to the present.

Chemical minerals
Potash

The Catlsbad potash district is of national and interna-
tional importance because it serves a significant part of
the American fertilizer industry that derived its raw ma-
terial from BEurope before World War 1. Today the
Carlsbad potash production is in competition with Ca-
nadian producers, principally in Saskatchewan. The fol-
lowing summary is largely drawn from Walls (1985),
Austin and Barker (1990), Williams-Stroud (1995), and
Barker and Austin, 1995 (editors' note: see Barker and
Austin, this volume).

The U.S. potash district was developed because of the
World War I embargo on German potash, the only large
source at that time, but with prices over $550 /mt (Walls,
1985). As a result, wartime potash (for saltpeter) was pro-
duced at over 100 small plants, mainly in Nebraska and
California. In New Mexico, potash was discovered in 1925
in Eddy County, in the Snowden and McSweeny Oil
Company well No. 1 on a V. H. McNutt permit near the
center of what is now called the Known Potash Leasing
Area (KPLA). Potash was cored in April 1926 and the
Federal Potash Exploration Act was passed in June. By
1934, at least 11 companies were exploring for potash in
southeastern New Mexico (Austin and Barker, 1990).

Potash production in the Carlsbad district comes from
evaporite sequences in the McNutt Member of the
Upper Permian (Ochoan Series) Salado Formation (Fig.
4). The Salado Formation is a halite dominated sequence
with 200-400 m of halite in the KPLA (Lowenstein,
1988). The McNutt Member is approximately 120 m
thick and contains 11 actual or potential potash zones
that are 1-3 m thick.

The principle potassium-bearing minerals are carnalite
(KCLMgClz. 6H20), langbeinite (K SO4 2MgSQOy), poly-
halite (K2SO4.MgSO4.2CaSO4. 2H,0), sylvite (KCl), and
sylvinite (KCI+NaCl). Potassium products from New
Mexico ate sylvite or muriate of potash (MOP), langbein-



ite or sulfate of potash-magnesia (SOPM), and an artifi-
cial potash product (K2SOy4). MOP comprises 70% of
Carlsbad production, whereas SOPM accounts for 30%
(Austin and Barker, 1990).

Potash mining is by underground shaft mines that
employ room-and-pillar methods. Continuous mining
equipment as well as drill-and-blast techniques are used,
and beds as thin as 1.2 m are mined with boring equip-
ment. Room-and-pillar mining allows 60-65% ore recov-
ery, and subsequent removal of pillars allows extraction to
exceed 90% (Sullivan and Michael, 1986). Beneficiation
includes grinding, separation, flotation, centrifuging, dry-
ing, and screening; vacuum recrystallization is used on
clay-rich or fine-grained ores (Austin and Barker, 1990).

At the close of 1993 five companies operated undet-
ground mines in the Carlsbad potash district (Fig. 2,
Table 1); Eddy County Potash., IMC Global, Mississippi
Chemical, New Mexico Potash, and Western Ag-
Minerals (Seatls, 1994). Hotizon Potash shut down
permanently on April 23, 1993, citing the low price of
potash as the reason (Seartls, 1994). These New Mexico
producers account for 82% of the total domestic
marketable potash production. Ore production in New
Mexico was 1.23 million mt in 1993 (Barker and Austin,
1995; editors' note: see Barker and Austin, this volume).
The average K2O content of the ore is 12.5 equiv. wt.%.
The cutrent price of potash as muriate is $100-110/mt
(Industrial Minerals, June, 1995).

Since 1993, AMAX (later Horizon Potash) has ceased
operations. IMC Fertilizer has become IMC Global.
Potash close to the Waste Isolation Pilot Project (WIPP)
that is included in the KPLA (Austin and Barker, 1990),
is excluded from mining.

Common salt

A historical marker 120 km south of Catlsbad on U.S.
Highway 62-180 on the west side of the Salt Lake graben
reads "Resentment over private control of the Salt Lakes
in this region, often called Guadalupe Lakes, led to the El
Paso Salt War, 1877, which entailed the loss of many lives
and much property." The Salt Flat graben contains a se-
ries of fine-grained gray carbonate and sulfate muds
interbedded with thin gypsum and algal beds, that reflect
salinity and fluid-level changes. Near the deflation surface
sulfate is being reduced by bacteria, and small amounts of
native sulfur occur. Inflowing groundwater is dominated
by Ca—Mg—SO4 compositions, and brines are seldom
modified by surface water percolation (Boyd and Kreitler,
1987).

A large part of Delaware Basin evaporite deposits, pat-
ticulatly the Salado Formation, contains halite. Today the
United Salt plant, adjacent the IMC mill and beneficiation
plant, produces sodium chloride brine for various uses
including well-drilling fluids. The Salt Lake, situated ap-
proximately 16 km to the south, is one of several brine
lakes. Although Salt Lake predates potash mining, it is now
maintained principally from potash processing discharge.

Gypsum

Some 400 m of Castile Formation gypsum and anhy-
drite were deposited on the immediate basin side of the
Capitan Reef south and east of the Capitan reef escarp-
ment. This formation is exposed at the sutrface as a Gyp-
sum Plain. Anhydrite with thin, intercalated, organic-rich
calcite laminae creates the finely-banded nature of the
Castile Formation. Kirkland and Anderson (1970) con
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cluded that zones of anhydrite/carbonate couplets
extend for tens of kilometers, based on core
examinations, and that microfolding is attributable to
Cenozoic tectonic events. However, Borns (1987)
suggested that while deformation from tectonic events
may have occurred at several different times, including
the Cenozoic, associated soft-sediment deformation and
volume changes induced by the anhydrite—gypsum
transformation are also important.

At the abandoned Elcor plant in the southern Delaware
Basin, a railroad spur to the plant extended from the
main line at Kent (Fig. 2). In 1980 gypsum was being
shipped to an Odessa—Midland cement plant for use in
the production of portland cement (Hills et al., 1980).
The Elcor plant was designed to produce sulfur from
gypsum mined at the adjacent Rock House quarry.
Construction of the plant started in 1968, and small
quantities of sulfur were produced and sold in 1969 and
1970. The operation was shut down in 1970 because of a
sharp decline in the price of sulfur (Hills et al., 1980).

Sodium sulfate

A small salt flat (300 x 100 m) situated 5 km north of
Samalayuca, Chihuahua, and on the west side of Mexico
Highway 45 (Fig. 1, Table 1) contains several sulfate min-
erals. These include thenardite, epsomite, and mirabilite
(Garcia, 1974). Apparently they were leached by ground-
water and redeposited at or near the surface as efflores-
cent crusts in a closed basin, of which there are several
examples in northern Chihuahua. The provenance of the
sulfate is not clear but dolomite or volcanic rocks are
possible sources. A mineral water was produced and
bottled bearing the name Agua de Samalayuca; several
bottles were found in and near the empty shell of the
plant. The plant, which was operated for an unknown
period of time, consisted of two buildings, one equipped
for refrigeration of the brine, the other was used for
bottling the water. Refrigeration was employed to
separate sodium sulfate from sodium chloride in the
brine. The cellulose plant at Anahuac, Chihuahua (Fig. 3),
was mentioned as a possible potential purchaser of the
sodium sulfate product.

Geophysical studies were made at the Samalayuca de-
posit by Flores (1956) employing electrical potential and
resistivity surveys to determine different salt concentra-
tion values at varying depths in the deposit. The results
of these measurements indicate there are three well-de-
fined zones in the deposit. The uppermost includes the
surface to a depth of 1.2 m of crystallized thenardite; the
second is a richer zone of sulfates from 1.2 m to an aver-
age depth of 34 m. The third, lowermost zone, from 34
m to an average depth of 46 m contains evaporite
minerals that have been diluted by a bentonitic mud layer
and also contains an increased amount of gypsum. The
average concentration of salts is 36.7 wt.%, and, using a
specific gravity of 1.24, the amount of evaporite salts
were calculated at 2.6 million mt.

Several other evaporite deposits are known in northern
Chihuahua (F. E. de la Fuente, pers. comm. 1995) and
are shown on Figure 1 and in Table 1. La Encantada de-
posit is the sole producing locality at the present.

Barite

The Seven Heart Gap barite deposit (Fig. 2, Table 1) is
near the topographic gap between the Delaware Moun-
tains and the Apache Mountains. This deposit is near the
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intersection of WINW structures of the Apache Mountains
and the NNW-trending structures of the western flank of
the Delaware Mountains. Most of the barite is located in a
NNW-trending graben but some deposits are displaced by
faults (McAnulty, 1980). Barite was discovered prior to
1930, and there are brief descriptions by Evans (1946) and
Wood (1968). Continental Minerals mined a few thousand
metric tons from the deposits in the late 1950s and eatly
1960s. Later, Murray (1978) and McAnulty (1980)
provided more information including limited geophysical
and shallow drilling data, respectively. According to Kyle
(1990), Coastal Oil and Gas accomplished more drilling in
the eatly 1980s but the results are unknown, except for the
lack of further mining activity.

Barite deposits occur in the Castile Formation, overlying
the transition zone from Capitan off-reef talus to basinal
deposits of the Bell Canyon Formation (McAnulty, 1980).
The deposit is characterized by local deformational
features, including collapse zones, contorted bedding, and
steeply dipping beds. Two open pits were developed and
the major barite concentrations appear to be confined to
the basal 12 m of the Castile Formation. Barite occurs as
white, intergrown crystals within dark brown limestone
beds or breccias. Several previous investigations have
suggested that barite formed by replacement of selected
Castile strata. Some ore is stratabound and the largest
deposit averaged 27 wt.% (McAnulty, 1980). The barite
content in collapse breccias is similar to the bedded de-
posits. Barite also occurs in the lower part of the Castile
Formation. On occasion the two types of deposit grade
into one anothet.

Kyle (1990) measured homogenization temperatures in
primary inclusions in blue barite crystals which indicated
less than 75°C. His measured sulfur isotope charactetistic
shows that the Seven Heart Gap barite deposits are
slightly to moderately heavy with $** ranging from 17.8 to
37.2%. This characteristic coupled with low temperatures
of the mineralizing fluid is suggestive of bacterial
fractionation. Also, calcites from this deposit averaged »C
of -2.5%, and 180 for the Seven Heart Gap limestones fall
in the range of -10 to -13%. By comparing these isotope
data with modern and ancient environments, Kyle (1990)
concludes that barite concentrations at Seven Heart Gap
appeat to be the result of older mineralization processes,
pethaps as old as Permian, whereas barite found in the
Rustler Springs sulfur district (Culberson mine area) is
middle Miocene or younger. The presence of laminated
barite blocks within the overlying Rustler solution breccia
is also evidence of relatively early mineralization. Thus,
low-temperature, low-salinity, barium-bearing formation
waters from the basinal clastic units were introduced into
the basal sulfate-rich Castille along the basin/ shelf margin
where barite precipitated.

Barite deposits in New Mexico occur in a belt that is
approximately parallel to the Rio Grande rift valley.
Numerous occurrences are known in the southern and
central part of the state. In the border region, the Palm
Park, Stevens, and White Spar mines are the most
important and have produced barite (Williams, 1965).

The Palm Park and adjacent Horseshoe dep051ts (Fig. 1)
of the southern Caballo Mountains occur in saddle reefs at
or just below the Silurian Fusselman Dolomite-Devonian
Percha Shale (Fig. 4) contact along northwest-trending
asymmetrical anticlines. The deposits are predominantly
composed of jasperiod with veins containing barite-
fluorite-quartz-calcite mineralization and perva

sive iron and manganese oxides and gypsum (Filsinger,
1988). The main ore zone is underlain by unaltered to si-
licified Fusselman Dolomite that is locally transected by
northeast-trending veins of subhedral to anhedral barite,
and usually northwest-trending jasperiod veins. Miner-
alization may be of Miocene age and barium-bearing.
Rio  Grande rift-related  magmatic-hydrothermal
solutions probably ascended rift fractures to the base of
the Percha Shale where they were trapped.

Mining at the Palm Park mine was by open-cut meth-
ods, and a shallow drilling program conducted for
Callahan Mining Corporation allowed estimates of ore
grade and reserves. The Palm Park deposit contains 1.36
million mt of ore averaging 27 wt.% barite and 1-3 wt.%
fluorspar. The Horseshoe deposit contains an estimated
45,000 mt of 5-20 wt.% barite and 1-2 wt.% fluorspar
(Filsinger, 1988).

Sulfur

Sulfur occurrences have been known in the Delaware
Basin since 1854 (Skeats et al., 1902), and by the eatly part
of the century small surface prospects and mines were
producing sulfur from the eastern Gypsum Plain and
Rustler Hills (Culberson mine) areas (Hentz, 1990). After a
long hiatus, sulfur exploitation resumed in Trans-Pecos
Texas during 1964 and large deposits were found in
Culberson and northern Pecos Counties during the late
1960s (Fig. 2). The Culberson mine is the largest deposit,
and geologic reserves were originally calculated at 82.8
million mt. Cumulative production from 1969, when min-
ing began, through late 1995 amounted to 43.6 million mt
using the Frasch process (J. Crawford, pers. comm.
October 1995). Past daily production of 6,100-7,100 mt
made the Culberson mine the largest sulfur-producing
mine in the western hemisphere, although daily produc-
tion has since been reduced to about 2,845 mt because of
depressed prices.

The Culberson ore body is a stratabound bioepigenetic
deposit (Ruckmick et al, 1979). The Salado and Castile
Formations are the most economically important. Present
Culberson production is from the Salado, whereas the
inactive Phillips Ranch deposit produced from the lower
Castile Formation. Mineralization is localized by faults and
fractures developed in post-Ochoan time (Smith, 1978;
Hentz and Henry, 1989). Faults acted as conduits along
which ground water rich in hydrocarbons and bacteria
migrated vertically and became trapped in contact with
sulfate-bearing evaporites. The bacteria oxidize hy-
drocarbons as a source of energy by using sulfate ions
(Kirkland and Ewvans, 19706). The resulting products are
secondary calcite and hydrogen sulfide as follows: CaSO4
+ CH, (+ bacteria)-->H,S + CaCOs; + H0. The
hydrogen sulfide then becomes oxidized and results in
deposition of elemental sulfur. At the Culberson mine,
alteration and sulfur mineralization in the Castle
Formation continue upward into the much larger Salado
orebody (Crawford, 1990). The orebody lies in the upper
half of the Salado Formation and within the Rustler Hills
graben. This fault-bounded structure is enhanced by
dissolution of sulfate and halite-bearing strata.

Elemental sulfur occurs as (1) mineralization dissemi-
nations in gray secondary limestone or cave-fill breccias,
(2) crystals lining voids in limestone, and (3) coarsely

crystalline crusts that nearly fill all voids in the limestone
(Crawford, 1990). Calcite, aragonite, barite, and celestite
are associated with native sulfur. Finally, the age of sul-



PREFACE

The Proceedings Volume for the 31st Forum on the
Geology of Industrial Minerals is dedicated to the memo-
ries of Bob Bates and Pat Clark. Bob, the founder of the
Forum, died on June 21, 1994, before he could attend the
31st annual meeting. Bob had attended all 30 previous
Forums and we miss his wisdom and wit. Pat Clark, wife
of Ken Clark, our field trip leader, died on June 29, 1995.
Pat fully expected to attend the Forum's many functions,
but a long and arduous illness prevented it. All of the
Forum's participants benefited from Ken's work on the
field trips and his keynote address. Through it all, Pat's
encouragement kept Ken going.

Five articles in this volume were not presented in El
Paso, but came from a session on industrial minerals in
New Mexico at the 1994 Annual Meeting of the Society
for Mining, Metallurgy, and Exploration (SME) in Albu-
querque, New Mexico. These updated articles (on mica,
nepheline syenite, humates, perlite, and limestone) add
information about several industrial minerals and that
were not covered in the Forum.

The 31st Forum on the Geology of Industrial Minerals
was held at the Marriott Hotel in El Paso Texas, from
April 23 through April 28, 1995. The meeting was co-
hosted by the New Mexico Bureau of Mines and Mineral
Resources and the El Paso Geological Society. Although
held in Texas, the meeting was designed to focus on the
industrial minerals of the borderland region of Mexico
and the United States, specifically the border states of
Chihuahua, Texas, and New Mexico. Supplemental
financial support came from the Society of Hconomic
Geologists, ECC International, New Mexico Travertine,
and St. Cloud Mining Company. Their help is gratefully
acknowledged.

The 31st Forum was attended by 132 participants from
25 U.S. states, 2 Mexican states, 6 Canadian provinces,
and 2 other counties. The Forum is not only the premier
North American industrial mineral group, but it has in-
fluence on an international scale as evidenced by some of
the papers given at the meeting. The two-and-one-half
days of technical sessions focused on the industrial min-
erals of the Borderland region, and included presenta-
tions on industrial minerals in other parts of the world.
As is true of most Forums, field trips were a big part of
the meeting. This meeting had both pre- and post-meet-
ing trips, one trip as a break during the technical
sessions, and three trips after the technical sessions near
the end of the Forum week.

The field trip leader, Ken Clark of the University of
Texas at El Paso, had an ambitious schedule of trips be-
ginning with a pre-meeting trip on Saturday and Sunday
to visit an Interceramica clay factory in Ciudad Chihua-
hua, about 200 mi south of El Paso. On Tuesday after a
day and a half of oral presentations, participants enjoyed
an afternoon field trip into Chihuahua to the new
Cementos de Chihuahua cement plant nearing comple-
tion and the Norfluor fluorine production facilities, both
near Samalayuca. A Mexican fiesta at the Campestre
Country Club in Juarez capped off the day. Of the two
field trips that left Thursday morning, the one-day trip
was to the American Eagle brick plant, Ft. Selden (an
adobe fort from the 19th century), White Sands National
Monument, the Space Hall of Fame in Alamogordo, and

a garnet occurrence, all in New Mexico. After a delay due
to bus problems, the two-day trip left for the Culberson
frasch sulfur mine near Otrla, Texas, IMC Global potash
mine east of Carlsbad, New Mexico, and Carlsbad Cav-
erns National Monument on the way back to El Paso. On
Friday a one-day west Texas trip left for the Allamoore
Talc district and the Texas Architectural Aggregate mine
of white brucitic marble. Finally, the post-meeting trip left
El Paso on Saturday by van-to-bus-to-train for a four-day
trip to Copper Canyon (Barrancas de Cobre) in Mexico's
Sierra Madre Occidental. The cooperation and generosity
of the companies and park and monument personnel that
helped make these trips possible was especially
appreciated.

Guest trips have become increasingly important as
more Forum members bring their wives, husbands, and
children to visit the interesting places where these meet-
ings are held. The 31st Forum had three guest trips. On
Monday a local guide helped guests tour various busi-
nesses in El Paso. On Tuesday guests toured Juarez with
guide ending up at the Campestre Country Club for the
tiesta with other Forum participants. On Wednesday
guests took a van to the reconstructed and picturesque
New Mexico village of Mesilla where Billy the Kid was
tried in the 1880s.

The host state organization for this Forum was the New
Mexico Bureau of Mines and Mineral Resources. Al-
though this was the first Forum for which the host state
geological survey was not the survey for the state where
the meeting was held, several of the field trips and many
of the presentations were concerned with New Mexico.
Tasks connected with putting on a Forum were borne by
members of the New Mexico Bureau of Mines and Min-
eral Resources. Registration was ably handled by Gretchen
Hoffman, Judy Vaiza and Norma Meeks. Field trips
leaders included Ken Clark, Greg Garcia, Gretchen
Hoffman, Jim Barker, Virgil Lueth, and George Austin.
Editing of the Proceedings Volume was by the team of
George Austin, Gretchen Hoffman, Jim Barker, Jiri Zidek,
and Nancy Gilson. Typing and re-typing of manuscripts
was by Terry Telles and Lynne Hemenway. Drafting at the
Bureau was by Kathy Glesener, Becky Titus, and David
McCraw. Chatles Chapin, Director of the New Mexico
Bureau of Mines and Mineral Resoutces, supported the
31st Forum from the beginning when he was asked
whether or not the Bureau could host a meeting that was
to be held in El Paso. In addition, he allowed fees not
used in the course of the meeting or for the proceedings
to be contributed to the Robert L. Bates Scholarship
Fund, a fund established to bring students interested in
industrial minerals annually to the Forum.

Finally, a special thanks is extended to all of the Forum
speakers and authors who took the time and effort to pre-
pare the articles presented in the Proceedings Volume. All
at the New Mexico Bureau of Mines and Mineral Re-
sources hope that you are satisfied with our efforts.

George S. Austin
New Mexico Bureau of Mines

and Mineral Resources and
31st General Chair



fur formation is regarded by Crawford (1990) as post-
Cretaceous, a relatively recent event related to karst de-
velopment, formation of discordant breccias, and the
infiltration of hydrocarbons into the western Delaware
Basin.

Fluorspar

Several localities in the tri-state border region produced
fluorspar in the past, but none are currently active. In west
Texas one of the best known deposits is in the Fagle
Mountains (Evans, 1943) southwest of Van Horn (Fig. 2;
Table 1). More than 30 fluorspar occurrences are known
in fissure veins along faults that cut a variety of igneous
and sedimentary rocks. Fissure veins in east-west and
northeast-trending normal faults appear to offer the great-
est potential for commercial deposits, although bedding
replacement deposits along bedding-plane faults have
yielded most of the fluorspar in the district. Most of the
10,900+ mt of fluorspar shipped from deposits in the
Eagle Mountains came from the Spar Valley area
(McAnulty and Hoffer, 1980b). Other deposits in west
Texas and Brewster County include those at Mariscal
Mountain in Big Bend National Park, Christmas
Mountains, and in the Terlingua mercury district
(McAnulty, 1967) but are beyond the region under
consideration. Further to the northwest other localities
(Fig. 2) include the Quitman Mountains and Sierra Blanca
(McAnulty, 1980; Rubin et al., 1990).

In southwestern New Mexico numerous localities have
produced fluorspar in the past. Production began in the
early 1880s and reached a peak in 1944 (Davis and
Greenspoon, 19406). Shipments were mainly metallurgi-
cal- and acid-grade concentrates. However, as noted by
Van Alstine (1965), New Mexico production essentially
ceased in 1954, largely because of depressed prices and
inability to meet foreign competition, mostly from
Mexico. Figure 1 shows the location of deposits with
greater than 18,100 mt of crude fluorspar production. In
the northern Sierra Caballo, Burro Mountains, Cooks
Peak, Fluorite Ridge, and Tortugas deposits, fluorspar is
closely associated spatially and possibly genetically with
intrusive or extrusive igneous rocks of Late Cretaceous
or Tertiary age (Van Alstine, 1965). Other deposits of
note include the Gila district, Silver City area, and White
Signal-Gold Hill district. In southwestern New Mexico
several other deposits have had minor production (less
than 4,500 mt crude fluorspar). The area also has fluorite
occurrences, principally associated with other mineral
deposits of value.

Hydrofluoric acid—The Notfluor acid plant is on the
west side of Mexico Highway 45, from Ciudad Juarez to
Chihuahua City, south of Ciudad Juarez (Fig. 1). The
Norfluor operation is a subsidiary of LCI, Jacksonville,
Florida. The plant was first constructed in 1979 and re-
built in 1989 to take advantage of a new process of HF
manufacture. There are 185 employees, including office
staff, medical clinic, and on-site pollution monitoring
equipment.

The principal raw material is acid-grade fluorspar (97.5%
CaF>) that is shipped by rail from Las Cuevas mine, San
Luis Potosi, a distance of 1,200 km (Clark, 1995a). Some
45,000 mt of ore are consumed by the plant per year, and
2.2 mt of fluorspar are needed to produce one metric ton
of HF acid. The wet-cake fluorspar is dried and passes
through four refining steps of distillation and condensation
after reaction with sulfuric acid and oleum at 400°C
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in a horizontal cylindrical reactor. The sulfuric acid used
is from a byproduct of Mexico's two largest porphyry
copper deposits at Cananea and La Catidad, Sonora. The
computer-controlled plant is operated under vacuum, to
reduce hazards, and the resulting product is 99.99% pure
anhydrous HF acid. The anhydrous product, 100% of
which is bound for USA, is used in manufacture of high-
grade gasolines and aluminum among other applications.
The HF acid is distributed in specially constructed rail
and road tankers.

A 70% acid solution product is produced by dilution
with water. Another product is made by reaction with
ammonia to produce ammonia bifluoride (ABF) that is
used in glass finishing, and the electronic and oil well
industries. It is one of only three plants in the world that
produces ABF, and the only producer in North America.
The ABF flake is sold in solid form in 22.7 kg (501b) units,
and bagged at the plant. A byproduct is potassium fluoride

KF). In Mexico and many developing countries, KF is
added to table salt, which substitutes for fluorinated water,
common in other parts of North America and European
countries. Silica is another byproduct from the Norfluor
plant. The raw fluorspar contains 1.5 wt.% finely divided
silica that combines with the HF acid to produce silica
tetrafluoride  (SiF4). Following absorption in water,
hydrofluoric silicic acid (HFS) is produced, and this is then
neutralized with ammonia to produce ammonium fluoride,
which is also distributed in rail tank cars. The silica is
separated, washed, dried and sold for use in computer
chips. Finally, an obvious, mostly unused byproduct from
the plant is the ever-increasing mound of anhydrite, which
Ciudad Juarez uses in pavements.

Nepheline syenite

Within the Cornudas Mountains in the northern Trans-
Pecos alkalic province and adjacent areas of southern
New Mexico, the Wind Mountain nepheline syenite is
one of ten laccoliths and stocks (editors' note: see
McLemore et al, this volume). Recently, Addwest
Minerals began exploration and development of the
Wind Mountain nepheline-syenite porphyry for use in
dark-colored glass, flat-glass, and ceramics (McLemore
and Guilinger, 1993). Nepheline syenite, produced in
Arkansas has been used as an additive to depress required
kiln temperatures at the American Eagle Brick plant
(Ntsimanyana, 1990). Thus, the potential local use of this
rock is enhanced by the proximity of the Wind Mountain
deposit to the ceramic industries in El Paso. Other
potential uses include silica-free abrasives, roofing
granules, and dimension stone (McLemore et al.,1995;
editors' note: see McLemore et al., this volume).

Pegmatite minerals

Pegmatites are found in granites and metamorphic tet-
ranes of New Mexico, and several localities exhibit these
coarsely crystalline rocks within the tri-state border region.
In Grant County six localities are known, stretching from
the northern Big Burro Mountains to the Continental
American areas (Lesure, 1965). Pegmatites have also been
identified in the northern Cooks Range, Caballo
Mountains, San Andreas Mountains, and the Organ
Mountains. Apparently the production of mica, feldspar,
and other minerals from these deposits has been scant.

The Mica mine in the Van Horn area (Fig. 2) is the only
area in west Texas where pegmatites have been exploited
(Flawn, 1951; Garner et al.,1979). Mica and feldspar were
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discovered in the early 1890s, but there was limited pro-
duction of these minerals in subsequent years. The
Carrizo Mountain group of Proterozoic age is the host
rock.

Lightweight aggregates
Perlite

New Mexico has been a leading producer of perlite in
the past (Weber, 1965), and commercial production re-
portedly began in 1947. Perlite distribution is tied to the
occurrence of volcanic fields of Tertiary or Quaternary
age where the silica glass can be expanded because of
the small percentages of contained water. The principal
deposits lie west of the Rio Grande, and many of the
large commercial deposits are located in the northern
and central parts of the state.

Several localities occur in southwestern New Mexico,
but production has been very small. There are some lo-
calities in Grant County (Weber, 1965), and mining
along Burro Cienega took place in 1953 on the
McDonald Ranch and surrounding area (Fig. 1),
followed by expansion at Gage, Luna County. A small
deposit occurs near Hermanas, but no production is
recorded. In the Leitendorf Hills 13 km south-southwest
of Lordsburg, small intermittent production occurred
during 1950-53 (Flege, 1959).

In Presidio County, west Texas, there is an abandoned
perlite mine in the Pinto Canyon area (Amsbury, 1958;
Cofer, 1980). In westernmost Chihuahua, petlite is known
at La Estrella deposit (Fig. 3) near the newly paved road
that crosses Sierra Madre Occidental, connecting Chihua-
hua City with Hermosillo, Sonora.

Pumice

New Mexico has been a leading producer of pumice for
several years, and there are several deposits in the western
part of the state. However, the major producing areas
around the Valles Caldera are north of and outside the
border region. The only deposit within this region is south
of Lordsburg (Fig. 1), where only a small amount of
pumice aggregate was mined in 1950 (Weber, 1965). In
Chihuahua, pumicite is found in volcanic rocks of Oli-
gocene age at Palomas and at Sierra de Pastorias, both
located a few kilometers west of Chihuahua City. The La-
bor de Terrazas rhyolitic tuff deposit (Fig. 3) is in this area
and was used in the past for the manufacture of white
brick (F. de la Fuente, pers. comm. 1995).

Scoria

These basaltic-to-basaltic andesite volcanic cinders and
tflows are widely distributed in New Mexico. In the region
under consideration, production is confined to Dona Ana
County, New Mexico. Scoria deposits are commonly
associated with cinder cones of Quaternary age (Anthony
and Poths, 1992), primarily located on the western flank
of the Rio Grande rift valley (Hoffer, 1969) and in the
west Potrillo Mountains. Present production is from
Santo Tomas and Dona Mountain (Fig. 1, Table 1). The
scoria is used for landscape decoration and lightweight-
block manufacture.

Metallurgical materials and siliceous smelter flux

Both American Eagle Brick and Productos de Barro
Industrializado have supplied the nearby ASARCO cop-
per smelter with flux in recent years. The rock is obtained

from the Anapra Sandstone of Late Cretaceous age that
crops out on the eastern flank of Cerro de Cristo Rey
(Lovejoy, 1976; Ntsimanyana, 1990). Reduced haulage
costs make this material attractive when compared tc
greater distances needed to bring siliceous, fissure-vein
gangue from Lordsburg or other mining districts in
southwestern New Mexico. However, the sandstone is
devoid of any valuable metal content when compared to
the other sources.

The quartz-sand dune field at Samalayuca (Fig. 1) has
been sporadically exploited for its predominantly sili-
ceous content and used in the copper smelter at Cananea,
Sonora (F. de la Fuente, pers. comm. 1995), and by the
Interceramic Company for the production of tile
(Cardenas Vargas, 1994). This scenic dune field may be
classified as a national park by the Mexican Government
and used for recreational purposes. At El Magistral south
of General Trias, Chihuahua (Fig. 3), there is 25,000-
30,000 mtpy production of silica sand from Las Vigas
Formation of Early Cretaceous age. Some of this material
is used in cement manufacture. Limited shipments of
silver-bearing, siliceous tailings have been shipped from
the Cusihuiriachic district as flux at the ASARCO smelter
in El Paso.

Abrasive and/or filtration materials

Garnet

Andradite to grossular garnet may be recovered by
remediation of the Hanover mill tailings, east of Silver
City, New Mexico (Fig. 1). About 160,000 mt of tailings
is present, of which the garnet content varies from 20 to
40 wt.% in different size fractions (Cetin et al,1995;
editors' note: see Cetin et al., this volume). Possible uses as
abrasive or filtration media are envisioned. Tailings were
derived from several varieties of skarn-type mineral de-
posits, originally mined for their metal content, primarily
1ron, zinc, cadmium, and lead. The host rocks are upper
Paleozoic carbonates, that have been intruded by
Cretaceous- to Oligocene-age granitoids (Lueth, 1995;
editors' note: see Lueth, this volume). The largest deposits
are associated with copper mineralization at the Chino
and Cobre mines. The second largest deposit is associ-
ated with lead-zinc skarns, mainly in the Hanover—
Fierro district, Grant County, New Mexico, whereas the
smallest deposits are iron skarns located at in the
Orogrande district, Otero County, New Mexico.

Zeolites

A portion of the Tertiary tuff of Little Mineral Creek,
located in the southern part of the Winston graben, 6 km
south of Winston, New Mexico, is mined for zeolites by
the St. Cloud Mining Company. The ore is crushed, dried
and screened to produce vatious product grades. Produc-
tion was 20,000 mt in 1994 and is expected to reach 27,000
mt in 1995 (Chavez, 1995; editors' note: see White et al.,
this volume). About 60% is used in cat litter (Austin and
Mojtabai, 1995; editors' note: see Austin and Mojtabai, this
volume), 20% in animal feed, and 20% in environmental
and water filtration.

In the ore, clinoptilolite is the most abundant mineral
(50%) with minor to trace amounts of quartz and sanidine.
The pre-alteration host rock was probably a Miocene(?)
thyolite airfall-tuff. Interbedded with the zeolite ore are
laterally discontinuous, channel-fill deposits of varying
composition volcanic matetials (Chavez et al., 1995; edi-
tors' note: see White et al., this volume).



Miscellaneous

Agate

Four well-known agate localities are present in the Sierra
del Gallego in north-central Chihuahua (Fig. 3, Table 1).
Virtually all agate in this area occurs as amygdulefillings in
the thin flows of the Rancho El Agate andesite of Late
Eocene age (Keller, 1977). These agates are highly prized
because of their vivid colors and exceedingly fine banding.
Much of the resistant agate is loose on the surface as the
enclosing andesite easily erodes.

Beryllium

Beryllium ore is hosted by fluorspar deposits at the
Round Top rthyolite laccolith near Sierra Blanca, west
Texas (Fig. 2). The fluorspar deposits occur in Cretaceous
limestone where intruded by rhyolite. A total of 771,000
mt averaging 1.5 wt.% BeO has been identified (Rubin et
al., 1990). Bertrandite and phenacite are the most common
minerals along the limestone-rhyolite contact.

Geodes

Las Choyas geodes are actively mined at a locality that
has difficult access by dirt roads in the rainy season (Fig.
3). The geodes occur as lithophysal cavity filings in an
intensely altered basal vitrophre of an ash-flow tuff of
Eocene age (Keller, 1977). The altered glass weathers
easily, freeing the geodes. Small underground mining
operations began in 1962.

Ochre

Los Lamentos ochre mine was well-known for its
former production of lead and silver. The mine closed
in 1930, but subsequently zinc oxides and hematite have
been mined on a small scale. Wulfenite crystals from
this locality are on display in collections world-wide
(Alvarez and Giles, 19806).

Mexican Onyx

An onyx marble deposit of commercial grade is located
in the Tres Hermanas Mountains (Fig. 1) about 6 km
west-northwest of Columbus, Luna County, New
Mexico (Grisold, 1961). Cutting and polishing was done
in nearby Columbus, and the finished stone was used for
interior trim.

Smelter Slag

There is a limited use for black smelter slag, produced
from the El Paso smelter, as landscaping or ballast. The
railroad bed of the former El Paso and Southwestern
Railroad (Clark, 1992), which linked El Paso westward
to Douglas, Arizona, and beyond, was constructed with
waste from border smelters.

Trinitite

For the sake of completeness, brief mention is made
here of the Trinity Site (Szasz, 1984), locale of the first
atomic bomb explosion on July 16, 1945. The site is lo-
cated within White Sands Missile Range, established in
1942. The heat of the blast fused the desert sand to
artificial glass known as Trinitite. The Trinity site is
open to visitors twice a year.

Turquoise

The most productive district in New Mexico is in the
Burro Mountains (Northrap et al., 1973). Set in jewelry,
this gemstone is popular throughout the Southwest.
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Restricted occutrences

White Sands National Monument

The gypsum dunes of the National Monument are in the
Tularosa Basin, a structural and topographic low between
the San Andres Mountains to the west and the Sacramento
Mountains to the east. Although the Rio Grande may once
have flowed through the southern part of this basin,
subsequent uplift of the basin margins excluded the river.
Internal drainage was created, and during the Pleistocene,
when rainfall was more plentiful than today, Lake Otero
formed in the western part of the basin at the southwestern
tip of the present dune field. Subsequently Lake Otero
evaporated and today is only a few centimeters deep in the
rainy season. What took its place is Alkali Flat, part of the
northern Chihuahuan Desert climatic zone. Gypsum was
initially brought into the basin by streams draining
Paleozoic formations that contain this mineral, the most
notable being the Yeso Formation of Lower Permian age
(Fig. 4). In the San Andres Mountains, northwest of the
monument, this formation is 480 m thick, of which 195 m
are rich in gypsum (Houck and Collier, 1994). Precipitation
of calcium sulfate as gypsum and selenite under the
prevailing arid conditions was enhanced by drying up of
Lake Otero. Strong southwesterly winds have piled the
gypsum into dunes of the White Sands National
Monument, although less than half of the total
accumulation of gypsum dunes falls within the monument.
The remainder is located in White Sands Missile Range.
The total size of the gypsum dune field is 720 km? and
contains 94.0-99.7 wt% pure gypsum. The national
monument was created by President Herbert Hoover in
1933, and exploitation is prohibited. Scientific and recre-
ational pursuits are the major attractions of this area.

Samalayuca dune field

Los Medanos de Samalayuca, approximately 50 km
south of El Paso—Ciudad Juarez, is a dune field of about
145 km? extent (Fig. 1), with most of the sand occurring
between 1,275 and 1,450 m above sea level. A large part
of the sand dunes ate in a desert basin between the Sierra
de Presidio on the northeast and the Sierra de Samalayuca
to the southwest.

The sand, composed primarily of quartz, was probably
first deposited by the ancestral Rio Grande in a large
pluvial lake during Pleistocene time. As the Rio Grande
altered its course, the lake dried up, pluvial conditions
ceased, and the present-day Bolson de los Muertos
formed. West to southwest winds transported the sand
towards the east and formed the dunes. The general
shape and patterns of the dunes are unconventional
(Schmidt and Marston, 1983); however, an aklé pattern,
with sinuous dune ridges oriented transverse to the
prevailing wind flow, is recognized.

Carlsbad Caverns

These world-famous caverns are located in the
Guadalupe Mountains of southeastern New Mexico 32 km
southwest of Catlsbad (Fig. 2). The caverns are in the basin
margin—Capitan reef area with Delaware Basin units to
the southeast and the shelf area sediments to the north-
west. All lithologic units are of Permian age (Fig. 4). In the
reef area, the Capitan Limestone is subdivided into a mas-
sive (reef) member and a breccia (forereef) member that
interfinger both vertically and laterally. As the reef grew
upward, reef debris slumped into the basin, and later reef
organisms grew over the debris toward the basin.
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The caves of the Guadalupe Mountains formed by a
combination of deep phreatic and water table hydrologic
controls. The sequence of events leading to cavern for-
mation has been documented in detail by Hill (1987),
only a small part of which is reproduced here. Two
periods of solution of reef limestone may have proceeded
the development of large caves in Plio-Pleistocene time
and the main uplift of the Guadalupe Mountains (1-3
Ma). Tilting of the adjacent Bell Canyon Formation
allowed hydrocarbon migration updip, and H.S was
produced by reaction with the Castile anhydrite to form
hydrogen sulfide, carbon dioxide, and secondary
limestone of the Castiles buttes (Kirkland and Evans,
1976). Enrichment of 325 in H»S and sulfur deposits was
caused by bacteria-induced fractionation as previously
indicated. Sulfuric acid formed where oxygen-rich
meteoric water mixed with H»>S gas and dissolved out the
large cave passages in the Guadalupe Mountains. Thus,
the traditionally held view of solution by carbonic acid is
not believed to be responsible for cavern development.

Speleothems include stalagmites, stalagtites, columns,
and domes. They began to decorate caves as soon as they
became air-filled from about 600,000+ to 200,000 years
before present (ybp) to the present. Several other deposits
including spar (calcite), clay, gravel, chert, gypsum, sulfur,
and guano from bats that entered the caves not less than
32,000 ybp. Animal bones date from approximately
112,000 ybp after entrances to the caverns became open.
Since the 1920s people have been touring the Caverns. In
1923, President Coolidge proclaimed the area a national
monument, and in 1930 it became a national park.
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Abstract—Mexico is the wotld's largest producer of celestite ores, and almost all Mexican celes-
tite production is from south-central Coahuila between Torreon and Saltillo. Coahuila celestite is
mined from manto deposits in carbonate rocks and gypsum beds of the Acatita Formation de-
posited over the Coahuila Platform in Early Cretaceous time. Principal producing areas are Si-
erra La Paila, Rancho Cuates de Australia, Sierra San Lorenzo, and Sierra Tlahualilo.

The Mina La Ilusion deposit, typical of Coahuila celestite deposits, is a nearly horizontal re-
placement manto averaging 1.2 m thickness in neatly flat-lying, thick-bedded algal limestones. La
Tlusion manto is 450 m in outcrop and has been mined 250 m downdip from its surface expo-
sure. Limits of the manto have not been reached. The manto consists of 85-95% coarse-grained
celestite, the remainder being mostly dark-colored limestone and coarsely crystalline calcite plus
less than 1% barite.

Coahuila celestite manto deposits are mined via adit entry, underground by room-and-pillar
methods. Some ores are shipped mine-run to sulfate-conversion plants; most ores are
concentrated by jigs or shaking tables to remove limestone impurities. Celestite ores and
concentrates are shipped in bulk to sulfate conversion plants in Mexico or exported.

Resumen—Meéxico es el productor mundial mas grande de celestita. Casi toda la produccién
proviene del centro sur del estado de Coahuila entre Torreén y Saltillo. Se trata de yacimientos
tipo manto en estratos de carbonatos y yeso de la Formacion Acatita depositados en la
Plataforma de Coahuila durante el Cretacico inferior. Areas principales de produccién son Sierra
La Paila, Rancho Cuates de Australia, Sierra San Lorenzo y Sterra Tlahualilo.

Mina Ia Ilusion es tipica de los yacimientos de Coahuila. Es un depésito metasomatico de manto
casi horizontal con un espesor medio de 1.2 metros de mena. Estd compuesto entre estratos
pianos y gruesos de caliza alga. El manto de La Ilusion aflora sobre 450 m y se ha minado 250 m
en direccién del buzamiento. Aun no se ha llegado a los bordes del manto. El manto consiste de
85-95% de celestita de grano grueso, el resto es mayormente caliza oscura y calcita cristalina de
grano grueso y barita que no supera el 1%.

Estos dep6sitos de manto se explotan mediante socavones usando métodos subterraneos de
cuarto-y-columna (room-and-pillar). Parte de la mena es trasportada, tal como sale de la mina,
a plantas de conversién de sulfato. Pero la mayor parte es triturada y concentrada por
tamizado (jig) o mesa vibratoria para separar la caliza del sulfato. Mena y concentrado son
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Una perspectiva general de los yacimientos de celestita en el
centro sur de Coahuila, México-su geologia y explotacion

trasportados en bulto a plantas de conversion de sulfato en Mexico, o exportados.

Introduction

Mexico is the world's largest producer of celestite ores,
which are the principal source of strontium. Mexico's rise
to become the wortld's top celestite producer has been
rapid; production increased from only a few thousand
metric tons (mt) of crude ore shipped to distant process-
ing plants in 1970 to about 150,000 mt per year today,
most of which are processed in concentrating mills and
sulfate conversion plants in northern Mexico. Almost all
Mexican celestite production is from south-central
Coahuila, mostly from the large, sparsely populated re-
glon between Torreon and Saltillo (Fig. 1). Little infor-
mation has been published about the Coahuila celestite
deposits because many of them have been discovered
only recently and because competition for reserves and
markets has caused reluctance to release information.

Topographic and geologic maps of the celestite region
published by the Mexican government predate the celes

tite boom, so few of the celestite mines or roads to the
presently active mines are shown on the maps. Most of
the celestite mines are remote, well away from the main
roads, and gates on many of the mine roads are locked,
all factors which make it difficult to acquire even general
information about the deposits. This paper is an over-
view of the geology of celestite deposits in south-central
Coahuila, including a detailed description of the La
Ilusion, one of the principal producing mines, and a
brief summary of mining methods, transportation, and
processing of celestite ores.

Mining history
The first significant mining of celestite in the Coahuila
area began during World War II when strontium demand
surged for use in flares and tracer bullets. Small tonnages
of celestite were mined using crude methods from de-
posits near railroads, especially near Bermejillo, Durango
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FIGURE 1—Location map of Mexico showing the south-central Coahuila celestite area (shaded).

(Fig. 2), about 40 km northwest of Torreon; near Escalon,
Chihuahua; and in Sierra de Paila and near Ramos Arizpe,
Coahuila. The 1940s boom in strontium markets encout-
aged prospecting and led to the discovery of many celes-
tite occurrences which were not exploited at that time.
Specifications for celestite ores during the war years were
lax, and ores with 85% or less celestite and several percent
barite were shipped.

Celestite mining in the Coahuila area slowed consider-
ably after the war, but in the mid-1960s the demand for
strontium began a prolonged, gradual increase related to
its use in television tube glass and magnetic ceramics,
which still are the principal end uses of strontium. Celes-
tite ores from the San Agustin mine were sold to two
strontium processors in the United States from the late
1960s until about 1980, but limited access to markets kept
production from other celestite mines low.

In the early 1980s Minera Valenciana purchased one of
the U.S. strontium-conversion plants in the United States
and relocated the facility to Gomez Palacio, Durango (the
Torreon area), to process ores from its San Agustin mine.
Demand for strontium continued to increase, and as Mexi-
can producers of both crude ores and strontium carbonate
demonstrated their ability to meet strict quality re-
quirements, production of Mexican celestite expanded.
From the late 1980s to the present, a boom in the Mexican
celestite industry has been underway. New strontium
sulfate conversion plants have been constructed in
Monterrey and Reynosa, and concentrating plants have
been constructed at Estacion Madero and Cerro Pajonal.

Several new mines have opened, and prospecting for
new deposits continues.

Regional geology

Most of northern Coahuila and northeastern Chihuahua
are underlain by complex terranes of Paleozoic age
considered to be part of the North American craton that
stood as an emergent highland at the end of the Paleozoic.
During the Mesozoic, marine waters gradually covered
these older cratonic rocks, depositing carbonate and
clastic rocks totaling many hundreds of meters in thick-
ness. Marine transgression from the south and southeast,
which began in the late Jurassic, was related to opening of
the Gulf of Mexico. In western Coahuila a large, northerly
trending highland area, the Coahuila Peninsula, remained
above the advancing sea during Late Jurassic and Early
Cretaceous (Kellum et al., 1936). The peninsula was
bounded to the east by the Sabinas Basin and to the west
and south by deep waters of the Mexican Sea (Mar
Mexican; Fig. 3). The highland peninsula was gradually
covered by advancing seas through the Early Cretaceous,
leaving only scattered islands of which Coahuila Island
was by far the largest and the last to submerge.

Coahuila Island, ot the Coahuila Platform from a sedi-
mentological standpoint, submerged in the middle Cre-
taceous (late Aptian), depositing a relatively thin blanket
of clastic sediments comprising the Las Uvas Formation
(Fig. 3). At about the same time a large reef complex
developed along the margins of the platform, the Viesca
Formation of Garza (1973). As sea level gradu-
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FIGURE 2—Location map of south-central Coahuila showing the principal celestite-producing areas and concentrating plants.

ally rose and the reefs grew, a large lagoon developed Acatita Formation, was deposited in the shallow lagoon
behind the reef, eventually covering all of the Coahuila during the middle Cretaceous (early to middle Albian).
Platform. A sequence of limestones, dolomitic lime- A gradual, steady rise of sea level led to a substantial
stones, and anhydrite (or gypsum), which comprises the accumulation of shallow-water sediments. Outcrops of
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FIGURE 3—Diagrammatic cross section of the southern part of the Coahuila Platform showing relations of the Lower Cretaceous
rocks.
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the Acatita Formation are 300-400 m thick without the
base of the formation exposed. Thickness of 800 m was
reported for the formation from Pemex drilling (Equiluz
and Campa, 1982, p. 11). Garza (1973) reported
gypsum in the Acatita to be most common in areas of
the platform where basement was topographically high,
with dolomite interbedded with gypsum and limestone
more common near the margins of the platform (Garza,
1973, p. 327).

The Aurora Formation is time-equivalent of the Acatita
but is a pelagic-facies dark-colored lime-mud limestone
deposited in comparatively deep water of the adjacent
Sabinas Basin. Marine waters gradually became slightly
deeper and more open over the Coahuila Platform, re-
sulting in deposition of thick-bedded limestones of the
Trevino Formation conformably over the Acatita Forma-
tion. Total thickness of 250 m is reported for the Trevino
Formation. Garza (1973) described the Trevino as thickto-
massive beds of gray milliolid limestone with abundant
fossil fragments and biostromes in scattered intervals.
Some limestone beds in the lower part of the Trevino are
dolomitized.

The Coahuila Platform remained submerged through
the Late Cretaceous time, but the sedimentological regime
was markedly different because of tectonic uplifts in
western Mexico shedding increasing amounts of clastic
sediments eastward and a slow regression of seas to the
east. A thick sequence of argillaceous limestones
comprises the Indidura Formation (Fig. 3), which is
overlain by calcareous shales and sandstones of the Parras
Formation and Difunta Group.

The Coahuila Platform was a buttress to compressional
deformation during the Laramide orogeny at the end of
the Cretaceous. Acatita Formation rocks near the margins
of the platform were tightly folded in a few areas such as
Sierra San Lorenzo, while rocks in the central part of the
platform were only very gently, broadly folded with dips
seldom exceeding 10-15°. Basinal rocks were thrust
eastward over the platform. The thrust zone is structurally
complex and poorly exposed, and details of the thrust
geometry thus are only partially documented. Following
the Laramide deformation, platform rocks were cut by
widely spaced high-angle faults, most of them with small
displacements. Interior-drainage basins accumulated thick
sequences of continental sediments and widely scattered,
small-volume basalt flows.

Celestite deposits

Celestite deposits are known from a large area of the
Coahuila Platform (Fig. 2). Mine symbols shown in Fig-
ure 2 represent either single producing mines or clusters
of smaller prospects. For example, literally hundreds of
small prospect workings are present in the Cuates de
Australia area. The principal producing areas are Sierra de
Paila (chiefly the San Agustin mine); a large area centered
around Rancho Cuates de Australia in Sierra de Alamitos
and Mesa de Barrancas that includes Mina La llusion;
Sierra San Lorenzo; and the Cerro El Pajonal area of
Sierra Tlahualilo. Deposits at Mina La llusion described
below are considered typical of the Coahuila Platform
celestite deposits.

Mina La llusion

Mina La llusion is located 65 km north of Estacion
Madero and 22 km south-southwest of Rancho Cuates de
Australia at the southeast margin of Mesa Barrancas.

Topographic relief on the flank of the mesa in the mine
area is approximately 120 m. Country rock is flat-lying
to gently south-dipping limestones of the Acatita Forma-
tion. No igneous rocks are known in the vicinity. Celes-
tite mantos at La llusion crop out midway up the mesa
slopes and were found by surface prospecting.

The lithologic sequence at mina La llusion consists of
carbonates (Fig. 4). At the base of the exposed section is a
massive limestone unit approximately 20 m thick, prob-
ably an algal-bank deposit with very poorly developed
stratification. Overlying this unit is a series of light gray,
thick-bedded, sparry limestones and dolomitic limestones
with scattered small, reddish chert nodules. Both the
sparry and dolomitic limestones have a strong fetid smell
when broken. Microfossils and fragments of larger fossils
make up 40% or more of the rock fabric. Minor amounts
of dolomitic limestones occur in the thicker-bedded units,
but the top and bottom of thick-bedded sequence are
limestone. Limestone is present immediately under the
celestite manto. The main celestite manto, about 1 m
thick, is overlain by 2 m of thick-bedded limestone. A
dissolution zone 20-50 cm thick and characterized by
subangular clasts of limestone in a porous, caliche-coated
matrix is poorly exposed 2 m above the main celestite
manto. Above the dissolution zone is a sequence of
mostly thick-bedded, fetid, sparry limestone with narrow
intervals of medium-bedded, very fossiliferous limestone
and dolomitic limestone. A second celestite manto 30-50
cm thick is present in limestone approximately 8 m above
the lower manto. Above the upper manto are more sparry
limestones in thick-to-massive beds.

The lower celestite manto is being exploited at La
llusion. It is well exposed for 450 m along strike in the
immediate area of the mine workings and is traceable in
poor exposures and widely separated prospect pits for
500 m to the northeast, generally following the topo-
graphic contour. The manto is exposed in mine workings
for 250 m east and north from its surface exposure. Lim-
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its of the manto have not been reached in mine workings.
The manto is clearly strata-bound in the mine workings,
maintaining a constant stratigraphic position throughout
the area of its exposure. It is remarkably uniform in thick-
ness, mineralogy, and texture. The manto thickness av-
erages 1-1.2 m; only very localized areas of at most a few
square meters have thicknesses of less than 1 m; other,
larger areas reach thicknesses of 1.6 m. Both the footwall
and the hanging wall of the manto show a sharp, planar
contact with the enclosing limestone.

The manto consists of 85-95% celestite, with most of
the remaining material being dark gray porous limestone,
coarsely crystalline white calcite, and less than 1% barite.
The celestite is relatively coarse-grained, its subhedral
crystals ranging from 0.5 to 1.5 cm across. At the top and
bottom the manto has a pronounced banded appearance
and the grain sizes are locally smaller. Crystal-lined cavi-
ties in the manto range from 5 cm to 1 m across. Celestite
crystals within the cavities are much larger than the not-
mal grainsize, reaching 10-15 cm across.

Only one fault is known to cut the La Ilusion manto.
It trends N70°W and displaces the manto about 1.5 m
down to the south. Adjacent to the fault is an irregular
enriched zone of fine-grained barite and coarsely
crystalline white calcite approximately 1 m wide. Very
widely spaced, narrow, northeast-trending fracture zones
are discernible, but do not appear to have displaced the
manto. The upper celestite manto at La Ilusion has been
neither mined nor explored by workings other than very
shallow surficial pits, so few details about it are available.
The upper manto is persistent in surface outcrops over
essentially the same area as the lower manto.

Other celestite deposits of the Coahuila Platform

The Mina La Ilusion deposit is typical of celestite de-
posits on the Coahuila Platform. Most of the deposits are
replacements in limestone and occur in stratigraphic se-
quences containing little if any gypsum. Exceptions are
celestite deposits in Sierra San Lorenzo where mantos
appear to replace gypsum beds (D. Croas, Chemical Prod-
ucts Corporation, pers. comm. 1995). Celestite deposits in
the central part of the Coahuila Platform are flat-lying to
very gently dipping, but in some places near the platform
margins the mantos have been folded to steeply dipping
or vertical attitudes, e.g. deposits in Sierra San Lorenzo
and those south of Estacion Arocha (Fig. 2). Some miners
on the Coahuila Platform refer to these steeply dipping
deposits as "veins," but the celestite bodies are
stratabound and appear to be mantos folded after their
formation. Faulting of the mantos, especially of those
near the center of the platform, is very minor, with fault
displacements of only 1-2 m.

Thicknesses of most of the exploited manto deposits
average slightly over 1 m. Manto thicknesses of up to 3 m
are reported for some deposits north of Cuates de
Australia (Fig. 2), but the thicker mantos tend to have
more batite and calcite impurities (D. Croas, Chemical
Products Corporation, pers. comm. 1995). Mines at Cerro
Pajonal are exploiting high-purity celestite mantos av-
eraging 1.5 m thickness. The same mantos near the surface
where they were mined in previous years averaged only 80
cm. Grain size of celestite in the La Ilusion manto is larger
than in other deposits. For example, celestite mantos at
Cerro Pajonal are uniformly fine-grained (average grain
size about 3 mm), distinctly banded, and without cavities
containing larger crystals. Some celes
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tite mantos contain several percent barite, and are not
economical. Other mantos contain very little barite,
many less than 2% barite. Calcite is a common contami-
nant of many celestite deposits, but can be removed by
simple gravity methods.

Celestite does occur in veins that are discordant to bed-
ding of the country rock on the Coahuila Platform, espe-
cially in the general vicinity of Mina San Agustin (Fig. 2)
and on Mesa Albardienta. The veins are steeply dipping to
vertical, from 50 cm to 2 m wide, and the celestite is mixed
with relatively large volumes of barite (up to 10%o),
coarsely crystalline calcite, in most instances at least minor
amounts of fluorite. Few of the known veins contain
celestite pure enough to be economical. Some of the veins
are being utilized as a source of white filler in paints.

Exploitation of celestite deposits

All celestite production in central Coahuila is from
aditentry underground mines. In years past, mines were
worked on a small scale in a rudimentary manner involv-
ing mostly hand labor. Celestite mining has become
more systematic and mechanized in recent years. Mina
La Ilusion is one of the more modern celestite mining
operations in the Coahuila region.

The La Ilusion celestite manto is being mined by room-
and-pillar methods. Haulage drifts spaced 100m apart are
driven northeast into the manto with perpendicular drifts
driven to the southeast across the manto and are extended
as mining progresses. The haulage drifts are 2 m high by 3
m wide to accommodate 4.5 mt (5 st) capacity diesel,
rubber-tited underground haul trucks and a 0.75 m? (1 yd3)
scoop tram. Working stopes are maintained the height of
the manto. Celestite ores are drilled using jackhammer and
jackleg, and blasted, usually with little or no breakage of
footwall or hanging wall limestones. Ores are hand-
mucked and transported short distances by wheel barrow
to loading points on the haulage drifts. There ore is picked
up by scoop tram and moved short distances for transfer
to underground trucks which haul it from the mine to
outside loading bins. Pillars 1 m in diameter and 3 m apart
are left in mined-out stopes, allowing recovery of 80-85%
of the manto ores. Little selective mining is required
because the grade and thickness of the manto are uniform.
Some hand-sorting of ores in the stopes and at the loading
bins is done to remove barren limestone inadvertently
broken with the manto ores. La Ilusion ores are loaded
from storage bins onto 20 mt capacity dump trucks or 10
mt capacity flat-bed trucks for transport over 65 km of
privately maintained dirt roads to the railhead at Estacion
Madero. Ores are stockpiled for processing at the
concentrating plant. Other mines in the region also em-
ploy room-and-pillar stoping methods for gently dipping
or flat-lying mantos, but mines of the independent pro-
ducers still lack mechanized transport of ores from the
stopes to the surface. Some celestite ores are shipped
mine-run to sulfate-conversion plants.

All celestite concentrating plants in the Coahuila region
are simple gravity concentrators. Crude ore is crushed
using either jaw crushers or hammer mills, sized by
screening and/or spiral classifiers, and fed to jigs or
shaking tables. Celestite is upgraded by removal of cal-
cite to yield product containing 95-97% celestite. At
present gravity tails containing celestite and calcite are
discarded. Barite cannot be separated from celestite by
the employed simple gravity methods because of the
small difference in specific gravities and intermixing of
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the two minerals. Celestite concentrates are air-dried and
stockpiled at the plant site.

Crude celestite ores and celestite concentrates are
shipped in bulk to sulfate-conversion plants in Mexico
and abroad. Most of the ores are shipped by rail, but
some are trucked to the conversion plant at Gomez
Palacio.
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Economic exploitation of the Cretaceous Lagrimas Formation
for production of portland cement, Ciudad Juarez,

Chihuahua, Mexico
Greg Garcia

Department of Geological Sciences, University of Texas at El Paso, El Paso, Texas 79968, USA

Abstract—Situated in the southeastern part of the Sierra de Juarez, the Cementos de Chihuahua,
S.A. de CV. plant quarries neatby Cretaceous limestone. Aptian-Albian (Lower Cretaceous
limestone, known locally as the imas Formation, has been quarried extensively since 197.
employing open git (quartying) methods. Through a rotary kiln process, the subsequent product is
ptimarily portland cement. The average daily production is 400 mettic tons (mt) of cement clinker,
which produces 600 mt of cement with the addition of additives. Currently the portland cement
production at the Sierra de Juarez plant is for domestic Mexican markets. However, with the
pending completion of the much larger Samalayuca cement plant south of Ciudad Juarez, the
market tocus will be directed towards the United States.

Explotacion economica de la Formacion Lagrimas del
Cretacico para la produccion de cemento Portland, Ciudad

Juarez Chihuahua, Mexico

Resumen—=Fn la parte sureste de la Sierra de Juarez, la compafifa Cementos de Chihuahua S.A.
de CV. esta explotando calizas Cretacicas. La caliza es del Aptiano/Albiano (Creticico infetiot),
conocida localmente como la Formacion Lagrimas y desde 1972 ha sido explotada extensamente
a clelo abierto. Haciendo use de un horno rotatorio, el producto dpﬁ'ncipal es cemento Portland. El
promedio de produccién diaria es de 400 toneladas métricas de dinker; €l cual, con la adicién de
otros productos, rinde 600 toneladas de cemento. En Ia actualidad, la produccion de cemento
Portland en la planta de la Sierra de Judrez es para los mercados domésticos mexicanos. Sin
embargo, con la proxima terminacion de la planta de cemento mucho mas grande de Samalayuca

al sur de Ciudad Juirez, el mercado se enfocard a los Estados Unidos.

Introduction

The Cementos de Chihuahua, S.A. de C.V. Juarez
plant is located in the southeastern section of the Sierra
de Juarez. Since 1972 the plant has supplied the cement
needs of Ciudad Juarez, a city with a population of
approximately 1.5 million and a vast manufacturing
industrial base.

The Cretaceous limestone formations of the
southeastern flank of the Sierra de Juarez have provided
the bulk of the raw materials necessary for the
production of port-land cement. Current production is
approximately 160,000 mt of Type I portland cement.
The production process utilizes a dry process of mixing
the raw material, which is subsequently burned through a
short-range/ length rotary kiln.

Construction on a new 800,000 mt annual-capacity
plant located a few kilometers south of Ciudad Juarez is
due for completion in the fall of 1995. The new $150
million plant is on the western flank of the Sierra del
Presidio near the small community of Samalayuca. The
limestone supply will come from the same Chihuahua
Group Cretaceous limestone unit found in the Sierra de
Juarez. Production at this new plant will be primarily
Type 1l cement of export quality.

There are numerous small-scale gravel and aggregate
quarries in the area that produce construction material.

In addition, there are numerous pits where local pros-
pectors dug for iron oxides.

Stratigraphy

The rock formations of the Sierra de Juarez represent the
northernmost large outcrop area of Cretaceous marine
embayment deposits and the northernmost exposures of a
fold and thrust belt (Fig. 1). The sierra is underlain by
strongly folded and thrust-faulted Lower Cretaceous
sedimentary rocks that have a northwest-trending struc-
tural grain (Cordoba, 1969; Drewes, 1992).

The geology of the Sierra de Juarez is characteristic of
the Chihuahuan fold and thrust belt, a northwestern—
trending zone more than 600 km long. The deformation
of the sierra is probably of Paleocene or early Eocene
age. Lower Cretaceous rocks are the youngest rocks
known to be deformed (Drewes, 1992; Drewes and
Dyer, 1993).

The Cretaceous sedimentary rocks in the sierra are
largely or entirely of marine origin, consisting of a wide-
spread Lower Cretaceous (Aptian—Albian) sequence of
Cuchillo Formation through Finlay Limestone (Fig. 2).
Overlying this dominantly carbonate sequence is the pre-
dominantly clastic sequence of the del Norte through the
Boquillas Formations (Drewes, 1992). These clastic units
are regionally restricted, ranging in age from uppermost
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FIGURE 1—Geologic map of the Sierra de Juarez showing major structural features and its regional setting (from Drewes and Dyer,
1993). The opaque square marks the position of the Cementos de Chihuahua plant and quarry complex.

Lower Cretaceous to lowermost Upper Cretaceous
(Albian—Turonian). The rocks in the lower sequence, the
Cuchillo, Benigno, and Lagrimas Formations, underlie
about 90% of the sierra. These three formations are well
exposed in the cement quarry.

The Cuchillo Formation is very characteristic and
easy to distinguish from other formations. It has a brownish-
gray color and abundant clastic material. The lower mem

ber of the formation is a black to gray siltstone, while the
middle member is a major cliff former and browner. The
upper member exhibits oolitic limestone and pebble con-
glomerates.

Overlying the Cuchillo Formation is the Benigno For-
mation. It is very light in color and consists of three mem-
bers. The upper and lower members have interbedded
manly or shaly rocks with thin micritic limestone beds.
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FIGURE 2—Stratigraphic column for the Sierra de Juarez (from Drewes, 1992).

The middle member forms massive cliffs of coral, rudist, and

algal material in the sierra.

Above the Benigno is the Lagrimas Formation that is
also a cliff-forming unit. Most of this formation is a
marl-stone or an alternating shale and thin-bedded, fine-

grained limestone. The formation is the most easily

eroded of the widespread units of the lower Cretaceous

sequence in the sierra and thus commonly underlies

light gray,

broad longitudinal valleys in which gravels conceal
the bedrock. The limestone is mainly micritic, very

and in some beds, nodular.

The Finlay Limestone overlies the Lagrimas and is an-




36

other thick-bedded to massive, light-gray, reef limestone
with sparse, thin, manly interbeds. The limestones are
commonly wackestones.

Structure

The cement plant and quarry are situated at a relatively
complex junction of various faults (Fig. 1). There is a
north-south-trending strike-slip fault and two parallel
northwest-southeast-trending thrust faults. In addition a
right lateral strike-slip fault offsets both thrust faults.

Folding is extreme on the northwest side of the Cerro
Escalonado upon which the plant/quatry site is situated.
Overturned beds are common while other beds have av-
erage dips of 70-80° NNE. Bench cuts at the quatry site
expose almost vertical beds. However folding toward the
southeast of the strike-slip fault is very slight. The beds
exposed on this side dip approximately 20-35° NNE.

Corporate structure

Cementos de Chihuahua was privately incorporated in
1941 in Chihuahua City where most of their cement pro-
duction was concentrated until 1972 with the completion
of the Juarez cement plant and quarry. The initial pro-
duction rate was 70,000 mt of cement in 1972, with an
annual production capacity of approximately 250,000 mt.

Presently the Monterrey-based Cementos Mexicans
(CEMEX) has 49% ownership in Cementos de Chihuahua.
Common stock is openly traded on the Mexican stock
exchange or Bolsa de Valores. The present corporate struc-
ture is divided into nine wholly owned subsidiaries that are
interdependent for the production and distribution of
cement products. Generally the corporate structure has
three divisions: acquisition of raw materials, production,
and marketing. Operating under the corporate acronym
Camsa (Control Adminisrativo Mexican, S.A.) the nine
companies are:

Cementos de Chihuahua—Actual production of
cement Materiales Industriales—Mining and quarry
operations Minera Raramuri—Exploration and raw

materials acquisition

Talleres y Equipos—Equipment maintenance

Calhidra y Mortero—Concrete marketing and distri-

bution

Distribuidora El Jurado—Cement-product marketing

in Chihuahua City

Coprechisa—Cement-product marketing in Chihuahua

City

Construcentro—Prefabricated concrete wall slabs

Mexcement—Cement-product marketing in the

United States

Mining

Bulk open-pit (quarry) mining is employed to remove
the limestone in the sierra. The entire mining and pro-
duction operations are conducted on the Cerro Hsca-
lonado area of the sierra. The mining on the property is
conducted by their subsidiary Empresa Materiales
Industriales de Chihuahua, S.A. An older quarry site on
the property, dating back to 1972, is currently being used
as a storage site for shale used in cement manufacture.
Gypsum for cement production is quarried and trans-
ported from another company property in the Mexican
state of Chihuahua. Hematite, another raw material, is
purchased and transported from Durango, Mexico.

The present quarry has three main benches (Garcia,
1993). The benches are cut at 10 m intervals starting at a
1,300 m marker. Explosives are used for blasting. Cur-
rently some of the Benigno Formation is quarried but the
Lagrimas Formation is the principal source of limestone.
Lagrimas limestone presently exposed consists of a me-
dium- to light-gray biostrome reef unit with a 90%
CaCOs3 content. The middle member of the Lagrimas
Formation is a thick limestone unit with some gray shales
with 80-90% CaCOs content. At the quarry site the
lower member is composed of light gray shales, thin
mudstones, and matls.

Production

Combined capacity for both the Chihuahua City and
Ciudad Juarez plants is approximately 1,100,000 mt per
year. In recent years the annual production at the Juarez
plant has been approximately 160,000 mt. The average
daily production rate at the Juarez plant is 400 mt of ce-
ment clinker. With additives it produces 600 mt of ce-
ment per day. The Chihuahua City plant is averaging
900,000 mt of cement annually.

Storage capacities for raw materials are: 4,000 mt of
shale, 6,000 mt of limestone, 3,000 mt of gypsum, 3,500
mt of crude mix, 13,000 mt of clinker, and 3,500 mt of
special clinker. The blended dry mix consists of approxi-
mately 80 wt.% limestone, 19 wt.% shale, and 1 wt.% he-
matite. This mix is pre-heated at 60-70°C. Subsequently it
enters the rotary kiln, which has a temperature of ap-
proximately 1,450°C. After cooling, the newly formed
clinker is mixed with 5 wt.% gypsum added before final
grinding.
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Brucite deposit in Marble Canyon, Culberson County, Texas

Tom Newman' and Gretchen K. Hoffman'
J. M Huber Corporation, P. 0. Box 4005, Quincy, Illinois 62305, USA;

‘New Mexico Bureau of Mines & Mineral Resources, New Mexico Tech, 801 Leroy Place, Socorro, New Mexico 87801-4796, USA

Abstract—A large brucite deposit is located in the eastern escarpment of the Sierra Diablo in
Culberson County, Texas, 30 mi of north of Van Horn, Texas, and 3.1 mi west of Texas Highway
54. Brucite (Mg(OH),) is regaining interest in industrial minerals as a flame-retardant filler and a
titanium dioxide extender. Economic brucite deposits, at the volume levels and with purity char-
acteristics existing in Marble Canyon, are extremely rare. Marble Canyon brucitic marble has been
mined since 1963 by Texas Architectural Aggregates Inc.

The Marble Canyon brucite deposit results from alteration of the Bone Spring and Hueco For-
mations of Permian age. The Bone Spring dolomitic limestone and Hueco dolomitic limestones
are metamorphosed to brucitic marble forming a circular aureole adjacent to a unique igneous
intrusive stock of the Trans-Pecos magmatic province. Brucite was formed by contact metamor-
phism with the intrusion. The brucite ore zone is approximately 380 ft wide and approximately
1,000 ft thick and grades from 60 wt.% brucite near the igneous contact to 20 wt.% near the
unaltered dolomitic limestones; overall average is 40 wt.% brucite. Brucite was formed as a
product of dedolomitization by thermal metamorphism and enrichment by magnesium from the
intrusive mass. The reaction is:

CaMg(CO3), and CaCO3--->CaCO; + MgO + CO,
followed by rehydration:
MgO + H,0-->Mg(OHj,

The economic value of brucite is being reevaluated. Brucite is a very effective TiO, extender and
performance enhancer for opacity and adhesiveness in paints. Brucite offers flame-retardant/smoke-
suppressant properties in polymer compounds by releasing 31% of its weight as water at a high
processing temperature (330°C).

Deposito de brucita en Marble Canyon, Condado de

Culberson, Texas

Resumen—Un extenso depdsito de brucita aflora en la escarpa oriental de la Sierra Diablo en el
Condado de Culberson, Texas, 30 millas al norte de Van Horn, Texas, y tres millas al oeste de la
Carretera Estatal de Texas 54. Brucita (Mg(OH),) esta atrayendo renovado inter& industrial como
material de carga retardador de llamas y extendedor de didxido de titanio. Son sumamente escasos
los depdsitos econdémicos de brucita que pueden compararse con el yacimiento de Marble Canyon en
cuanto a reservas y pureza del mineral. EI marmol brucitico de Marble Canyon ha sido explotado
desde 1963 por la empresa Texas Architectural Aggregates Inc.

Este depdsito es el resultado de alteracion de las formaciones pérmicas Bone Spring y Hueco.
Las calizas dolomiticas de estas formaciones han sido metamorfizadas a marmol brucitico en una
aureola circular adyacente a un stock igneo intrusivo de la Provincia Magmaética de Trans-Pecos.
La brucita se forma por metamorfismo de contacto con la intrusion. La zona mineralizada tiene un
ancho de aproximadamente 380 pies con un espesor de unos 1,000 pies. La ley de brucita
disminuye de 60% por peso cerca del contacto igneo a 20% cerca de las calizas dolomiticas sin
alterar. La ley media en brucita es del 40%. La brucita es producto de la desdolomitizacion por
metamorfismo termal y enriquecimiento de magnesio procedente de la masa intrusiva. La
reaccién es como sigue:

CaMg(CO3), y CaCO;—>CaCO3 + MgO + CO,,
seguida por rehidratacion:
MgO + H,0-->Mg(OHy,.

Estamos en el proceso de nuevamente estimar el valor de la brucita. Este mineral es un
extendedor efectivo de TiO,. Incrementa la opacidad y adhesividad de pinturas. En los
compuestos de polimeros acttia de retardador de llamas y supresor de humo. Brucita comienza a
descomponerse a la temperatura de 330°C desprendiendo aqua equivalente al 31% de su peso.

Introduction

The Sierra Diablo Plateau in Culberson County, west
Texas, contains exposed laccoliths, stocks, dikes, and sills
mapped as Tertiary intrusions. One igneous complex, in
Marble Canyon, was emplaced with little deformation of
the overlying, calcareous Permian strata. The igneous
complex is surrounded by a zone of white brucitic marble
and calc-silicates that include the contact metamorphic

aureole produced by the emplacement of igneous rock
into calcareous sediments. This affords the opportunity to
study the origin of the brucitic marble of Marble Canyon
(Fig. 1).

Marble Canyon lies within the frontal scarp of the Si-
erra Diablo at an elevation of about 4,600 ft and is lo-
cated on the Two Ranch and Apache Peak 71/2 minute
topographic quadrangles. From 30 mi north of Van Horn
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FIGURE 1—Location map of Marble Canyon, Culberson County,
Texas.

on Texas Highway 54, a graded haul road trends west-
erly 3.1 mi to the Texas Architectural Aggregates Inc.
(TAA) underground brucite mine.

Two characteristics make the Marble Canyon deposit
unique. First the marble contains an unusually high per-
centage of brucite. Second there is a very small percent-
age of other minerals present. The uniformly white, fine-
grained marble product is used as terrazzo, landscaping,
exposed-aggregate material, paint filler, and as flame re-
tardant in plastics.

Geologic setting

Marble Canyon is one of several deep re-entrants
eroded into the eastern escarpment of the Sierra Diablo
Plateau. This dissected eastern rim is underlain by slight
east-dipping dolomitic limestone and dolomite of the
Permian Hueco and Bone Springs Formations that
unconformably overlie older Paleozoic and Precambrian
rocks. Headward erosion has cut the canyon back into
the towering cliffs that have been upthrown by faulting.
The canyon entrance is a narrow gorge but unlike other
canyons, in less that 1.6 mi it widens into a large, north-
south-oriented, 0.9 mi long, oval-shaped amphitheater,
0.6 mi wide (Fig. 1). Marble Canyon was formed by the
erosion of the Tertiary intrusive igneous complex, its
contact aureole, and the overlying strata. Small
intermittent streams drain the canyon at the northeast
corner and discharge into the Salt Flat Bolson.

The northeastern section of the Tertiary intrusion is in
the dolomitic Hueco Formation; the rest of the contact
is in the dolomitic limestone Bone Springs Formation
(Fig. 2). The Hueco Formation is 459 ft thick and in this
area is gray, dolomite in unmetamorphosed atreas (Fig.
3). Metamorphosed Hueco is a white marble composed
of brucite and calcite 591 ft thick around the intrusive
complex.
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FIGURE 2—Geologic map of Marble Canyon (modified from
King et al., 1965, and Bridge, 1996).

The Bone Springs Formation is 1,270 ft thick and
composed of brown, cherty dolomitic limestone and
thin shale. The metamorphosed Bone Springs
Formation does have brucite but is composed mostly of
high temperature calc-silicates. Because of this
assemblage, its value as a brucite source is very limited.

Igneous complex

The center of Marble Canyon is dominated by an ex-
tensively studied elliptical igneous complex 4,593 tt by 984
ft. There is little deformation of the country rock by the
intruded igneous complex. This suggests very subtle
invasion and transformation of the country rock into the
igneous body. Based on mineralogy, the intrusion and
assimilated country rock emplacement were at very high
temperatures. Complete reconstitution of the country rock
into the igneous body altered the magma's composition
into a complex mass.

The igneous rocks of Marble Canyon ate roughly divided
into three major zones by rock type. The zones from
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FIGURE 3—Stratigraphic column, Marble Canyon area (modified from Price et al., 1986).

the outer border of the complex to the center are: a dark
syenogabbro (Fig. 2, basic rock), a gray and green
syenodiorite (Fig. 2, hybrid rock), and a hornblende-biotite
granite (Fig. 2, acidic rock). Changes between the zones are
highly gradational at the individual contacts. The field
differentiation into rock zones is based on colot,
mineralogy, weathering, and textural variations.

Dikes and veinlets crosscut the igneous complex. Rock
types include nepheline syenites and rhyolite. These dikes
and veinlets vary in width from 2.5 inches to several feet
and from fine- to coarse-grained texture. The larger dikes
form radiating rosettes in the central zones.

Structural features of the igneous complex are charac-
terized by long east—west joints in the south and central

zones. Since the emplacement of the igneous complex, no
major faulting has been observed.

The igneous mineral assemblages of the outer two zones
are products of the reaction of the absorbed rocks (dolo-
mite and dolomitic limestones) and the intruding magma:

Ca, Mg Si, AL K Syenogabbro
CO, Si, Al + Na,Fe,Ti - Syenodiorite
Granite
Calcareous Invading Igneous
country rock  igneous rock complex

The outer zones of the igneous complex are most im-
portant to the formation of the brucitic marble. These
zones are essentially gabbroic with calcium/magnesium
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feldspathoid minerals making up the balance. The occur-
rence of the calcium-rich minerals tends to support for-
mation of these igneous rocks that utilized calcium from
the Hueco and Bone Spring Formations. Other mineral
components in these syenogabbros were supplied by in-
vading magma.

The high temperatures (700-800°C) of the invading ig-
neous rock altered the assimilated dolomitic country rock,
making magnesium available to form syenogabbros and
syenodiorites (Table 1). The magnesium utilized is less
than what was available in the dolomite (theoretical 31
wt.% MgO). The surplus magnesium in the assimilated
rock migrated and enriched the surroundings Hueco and
Bone Spring Formations creating a contact metamorphic
brucite zone that extends outward over 591 ft (Fig. 2).

Brucitic marble

Brucitic marble forms a calcareous metamorphic con-
tact zone around the igneous stock. The Hueco and Bone
Spring Formations are the altered rock units. Only the
Hueco Formation contains brucitic metamorphic zones
large enough for economic use. The Hueco Formation
also contains more than the normal theoretical limit of
brucite. The metamorphosed Bone Spring Formation has
low-grade brucite and is not considered economically
important at this time.

Brucitic marble was the final product of the contact
metamorphism of the ingenious complex. The brucite
mineralogy was dependent on several factors such as
chemistry of the igneous magma and the invaded car-
bonate strata, water content, and the temperature and
pressures at the time the magma was being emplaced.

The altered Hueco Formation was initially pure dolo-
mite. Heat and pressure to create brucite are interpreted
as products of dedolomitization in two ways. The princi-
pal method of alteration is:

1. (a) CaMg(CO,),— CaCO, + MgO + CO,
dolomite calcite + periclase
(b)MgO + HO — Mg(OH),

periclase + water brucite

Under rare conditions large tabular brucite can form by
direct conversion of dolomite to brucite:
2. CaMg(CO,), + H,O — CaCO, + Mg(OH), + CO,
dolomite + water calcite + brucite

The heat and pressure of the igneous complex pen-
etrated the dolomitized Hueco Formation, resulting in
good permeability and porosity that allowed for a wider
zone of brucitic alteration. Periclase produced during
and after the emplacement of the igneous complex stock
reacted when H>O invaded the porous strata, producing
an aureole with brucite.

Analyses of other brucite limestones show MgO and
CaO to be present in proportions closely corresponding
with the original dolomite. If the entire brucite deposit
were formed from pure dolomite, the maximum amount
of brucite that could occur would be 36.7 wt.%. The in-
corporation of the Hueco and Bone Springs Formations

TABLE 1—Magnesium oxide content in the Marble Canyon igne-
ous complex.

Rock type MgO wt.%
Syenogabbro 7.59
Green and gray syenodiorite 3.71
Granite 0.71

into the intrusive body supplied super-rich magnesium
fluids that penetrated back into the brucite contact zone.
The Marble Canyon deposit exceeds the theoretical maxi-
mum amount of brucite; brucite content is over 60 wt.%
near the igneous contact with an average of about 40
wt.%. This suggests the deposit has been enriched in
magnesium from the altered igneous complex.

Mining history

Marble Canyon's brucitic marble deposit has a recent
mining history. The deposit was discovered before 1905,
but little was mined. The original company, Texas Con-
struction Materials Corporation (TCM), started develop-
ment as a dimension stone quarry in the early 1960s.
TCM spent approximately $350,000 on improvements
such as roads, derricks, and an open pit quarry. The
brucitic marble proved to be too fractured for mill block
quarrying and the mine was put up for sale.

Texas Architectural Aggregate (TAA) subsequently
purchased 40 acres and the associated access road from
Texas Construction Materials in 1963. Texas Architectural
Aggregate also obtained the mineral rights and prospect
rights from the State of Texas on an additional 340 acres
in and around Marble Canyon. TAA continues to explore
for brucite via core drilling.

In 1964 TAA started mining underground using a room-
and-pillar method. TAA's first market for the brucitic
marble is decorative chips. Crushed ore is trucked from
the Marble Canyon Mine 30 mi south to a rail siding at
Van Horn, Texas, but there are no processing facilities in
Van Horn. From Van Horn the brucitic marble is railed to
San Saba, Texas, for final processing at TAA's facility, a
distance of 400 mi. The rail freight in 1964 was $2.97/
short ton (st) and took three days; by 1990 the cost was
$28/st and took 15 days to reach San Saba, Texas. Truck-
ing costs decreased during that same petiod. TAA started
trucking the brucitic marble in the 1980s. Today trucking
represents 50% of freight tonnage. The present Marble
Canyon operation nominally employs a staff of five.

TAA made many discoveries processing the brucitic
marble at the mine. Most notable, jaw crushing or cone
crushing was ineffective because of the brucite slippage
along the crushing plates. Experience proved that
impact crushing is the most effective process.

Mining

Today the mining in Marble Canyon is by the under-
ground room-and-pillar method. Exploratory efforts are
being made to produce from a small open pit develop-
ment above the mine. The underground mine now covers
approximately six acres. Brucitic marble is highly fractured
due to the metamorphic process of magnesium emplace-
ment. These innumerable fractures trend N35°W and are
recemented with fracture-filling brucite. The mine termi-
nates 900 ft to the east in unaltered gray Hueco dolomite.

The rooms are 35 ft wide and 30 ft high and pillars are
50 ft by 50 ft. There are about six active faces at any one
time. Blasting is performed every three days. Face drilling
is done with a Tamrock DHA-500 single-boom track-
drive drill with 14 ft drill steel, one hole taking about 6
min to drill. Each face requires 25-30 2.5 inch diameter
holes using 400 lbs of ammonium nitrate explosives.
Each explosion can extract approximately 250 st of
brucitic marble.

Two caterpillar front-end loaders, (#920 and #953) are
used to load the shot rock into 12-st dump trucks. The



trucks haul the brucitic marble to the primary crusher
located just outside the mine. See Figure 4 for
processing diagram.

Proven reserves of 3.1 million st of brucitic marble
have been measured around the mine site. Additional
marble may be found in other areas in the canyon. There
are indications of equally large brucite bodies encircling
the north end of the aureole.

Markets

Today's markets for the Marble Canyon brucitic marble
are expanding into value-added fillers. Traditionally the
crushed marble is sold for architectural aggregates, terrazzo
chips, plastering, athletic field liners, and precast exposed
aggregate. Pulverized brucitic marble (-325 mesh) is used
as filler material for paint and plastics. As a paint filler the
brucite acts as a whitener and TiO» extender. In plastics
the brucite acts as a whitener, and, more importantly, as a
flame tretardant/smoke suppressant.

Brucite has been found very effective as a titanium di-
oxide extender and performance enhancer in the formu-
lation of high-quality paints. Grinding of the raw ore to
less than 10 pm produces evenly distributed particles of
brucite throughout the white calcite granules and allows
for greater extension of TiO» than normal carbonate fill-
ers. Brucite enhances both opacity and paint adhesive-
ness at TiO» replacement values of 10-40%. The result is
a paint formulation that offers excellent hiding qualities
and can be washed and scrubbed without deterioration.

Flame retardant

Minerals with flame retardant properties have had con-
tinued growth since legislation of the 1970s requiring
plastics to be fire retardant. Certain minerals such as alu-
mina trihydrate (ATH) and magnesium hydroxide
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(Mg(OH).) are being established as flame retardants in
polymers.

Flame-retardant minerals act as a filler with strong en-
dothermic decomposition properties. When heated to
150-400°C these minerals release considerable amounts
of water and/or carbonate dioxide. The release of water
and CO3 retards smoke and corrosive gas evolution. A
good match is needed between the polymer and a
mineral's decomposition temperature. The principal limi-
tation of ATH is its low decomposition temperature
(180-200°C) limiting its use in plastics to those
processed at low temperature. Brucite (magnesium
hydroxide) can withstand processing temperatures as
high as 330°C without decomposition, opening larger
market opportunities. Marble Canyon brucite has been
tested and decomposes at 330°C, releasing its water.
Brucite, theoretically, contains 69 wt.% MgO and 31
wt.% H»0. See Figure 5 for thermogravimetric analysis
(TGA) between ATH and brucite.

The potential of the Marble Canyon brucite as a flame
retardant is just now being realized in the market. The
decomposition characteristics mentioned above allow
Marble Canyon brucite to be employed in plastics
requiring higher processing temperatures than other
hydrated minerals can withstand. The brucite reduces
smoke levels and aids neutralization of toxic
combustion of off-gases. Potential applications include
adhesives/sealants, PVC (rigid, flexible, plastisols),
rubber, wire/cable, and roofing.

Summary

The following summarizes the geologic properties of
Marble Canyon: (1) One major metamorphic rock type
and three major igneous rock types were found in Marble
Canyon: brucite, syenograbbro, green and gray syeno-

MINE-RUN ORE
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HANDSORT
SIERRA GRADE DIABLO GRADE
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FIGURE 4—Processing diagram of operation at Texas Architectural Aggregates Marble Canyon mine.
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FIGURE 5—Relative thermal stabilities of aluminum and
magnesium hydroxides by thermal analysis (TGA).

diorite, and granite. (2) The igneous rocks are mappable
units that represent degrees of inclusion of surrounding
carbonate country rock. Granite forms the pure igneous
inner core then grades outward to the syenogabbro. (3)
Numerous dike and veinlets cut all igneous rock units and
vary in composition from nepheline syenites to rhyolite.
(4) The structure of the canyon is relatively simple.
Stratigraphic dip of the carbonate country rock suggests a
quiet emplacement of the igneous plug. East-west joints
are seen in the igneous complex. (5) The "soaking and
diffusion" of the country rock into igneous complex pro-
vided surplus magnesium to be infused into the carbonate
rocks immediately adjacent. Dolomitic porosity aided in
creating a wide zone of super magnesium compounds. (6)
The igneous complex created a contact metamorphic
zone of calcite and periclase. Rehydration converted the
periclase to brucite. (7) Zones in Marble Canyon are su-
per-rich in brucite (>40 wt.%) exceeding the theoretical
maximum amount of magnesium simple conversion of
dolomite (36.7 wt.%).

TAA's market for Marble Canyon brucite has tradi-
tionally been as architectural aggregates or terrazzo chips,
but other markets are being explored: (1) Brucite is a very
effective TiO2 extender and performance enhancer for
opacity and adhesiveness in paints. (2) Brucite also acts as
a whitener in plastics and offers flame retardant/smoke
suppressant properties in polymer compounds. It starts
decomposing at 330°C releasing 31 wt.% of its weight as
water, allowing brucite to be used in plastics requiring
higher processing temperatures than other hydrated
minerals can withstand. (3) Brucite also reduces smoke
levels and aids in neutralizing toxic combustion of off-
gases. Potential uses include adhesives and sealants, PVC,
rubber, wire/cable, and roofing. (4) In addition, Marble
Canyon brucite is relatively in

soluble, has a Mohs hardness of less than 4, a low aspect
ratio, and low-cost processing to enhance its viability in
this market.
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Texas—Industrial minerals, imports, and exports

Palmer C. Sweet
P. 0. Box 5469, Charlottesville, V'irginia 22905, USA

Abstract—Industrial-mineral production in Texas during 1993 amounted to $1,393,637,000.
The bulk of this production is cement, construction sand and gravel, and crushed stone. Texas
ranks second, behind California, in cement production, second in production of crushed stone
(behind Illinois) and fourth, behind California, Michigan, and Ohio in production of
construction sand and gravel.

Other commodities produced include alumina, ball clay, bentonite, common clay, dimension
stone (granite, limestone and sandstone), fuller's earth, gemstones, gypsum, helium, industrial
sand, iron ore, kaolin, lime, magnesium compounds, magnesium metal, salt, sulfur, talc, and
zeolites. The state continues to rank number one, in the United States, in production of magne-
sium metal, common clay, and zeolites. Texas also ranks second in production of helium
(crude), salt, sodium sulfate, and talc and third in production of ball clay and gypsum.

Fossil-fuel production is large in the State and in 1992 included more than 50 million metric
tons (mt) of coal, 650 million barrels of petroleum, and 6.18 trillion cubic ft of natural gas.
Texas ranks first in the United States in production of both petroleum and natural gas.

Industrial minerals are both imported and exported through most of Texas ports including
Brownsville, Corpus Christi, Freeport, Galveston, Houston, Point Comfort, and Port Arthur.

Importacion y exportacion de minerales industriales en

Resumen—En 1993, la produccion tejana de minerales industriales Rego a $US 1,393,637,000;
la mayor parte de esta produccién fue de cemento, arena y grava de construccién y de
agregados de piedra triturada. Texas ocupa segundo lugar, después de California, en la
produccién de cemento; segundo lugar también en produccién de agregados de piedra
triturada (después de Illinois); y cuarto lugar en la producciéon de arena y grava para
construed& (después de California, Michigan y Ohio).

Otros productos son alumina, arcilla ceramica (ba// clay), bentonita, arcilla comun; piedra cortada
(dimension stone) de granito, caliza y arenisca; arcillas absotbentes (fuller’s earth), piedras preciosas,
yeso, helio, arena industrial, mena de hierro, caolin, cal, compuestos de magnesio, magnesio
metdlico, sal, azufte, talco y zeolitas. Texas ocupa primer lugar, dentro de los Estados Unidos, en
la produccién de magnesio metalico, arcilla comun y zeolitas. Texas es segundo en la produccién
de helio (crudo), sal, sulfato de sodio, y talco y tercero en atcilla ceramica y yeso.

La produccién de combustibles fosiles es grande y en 1992 excedi6 las 50 millones de toneladas
métricas de carbon, 650 millones de batriles de petrdleo, y 6.18 trillones de pies cubicos de gas
natural. Texas es primero en la produccion de petrdleo y gas natural en los Estados Unidos.

Minerales industriales son exportados e importados por la mayoria de los puertos tejanos, como
ser Brownsville, Corpus Chiristi, Freeport, Galveston, Houston, Point Comfort, y Port Arthur.

Introduction

Texas

According to the U.S. Bureau of Mines, Texas ranks
sixth in the United States in nonfuel-mineral production
with a total value of $1,393,637,000 in 1993. The state
continues to rank number one in production of common
clay, magnesium metal and zeolites and number two in
production of cement, crushed stone, helium (crude),
salt, sodium sulfate, and talc (Fig. 1). A large quantity of
industrial mineral commodities is exported out of Texas,
often via ports (Fig. 2), including alumina, bentonite, di-
mension granite and limestone, and kaolin. Texas ranks
third in production of gypsum, which is both imported
and exported. Following is descriptive information on
many of the industrial-mineral commodities produced
and/or imported from out-of-state sources and
processed in Texas.

Texas ranks first in the United States in production of
both petroleum and natural gas. In 1992 fossil-fuel pro-
duction included more than 50 million mt of coal, 650
million barrels of petroleum, and 6.18 trillion cubic ft of
natural gas.

TEXAS
1993 NONFUEL MINERAL PRODUCTION

CLAYS,GYPSUM,TALC,GEMS
2.1%

CEMENT

CRUSHED STONE
57.0% 19.9%

FIGURE 1—Industrial-mineral commodities produced in Texas.
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Industrial-mineral commodities

Alumina

Alumina is produced at several facilities, using im-
ported bauxite. Reynolds Metals Company produces alu-
mina at its Sherwin refinery near Corpus Christi, and
Aluminum Company of America (ALCOA) continues to
produce alumina at its Point Comfort refinery in
Calhoun County; the latter company also operates an
aluminum smelter near Rockdale in Milam County,
northeast of Austin.

During 1993, 715,893 mt of alumina valued at almost
$135 million were exported through the port of Corpus
Christi along with 2.66 million mt of bauxite (aluminum
ore) valued at more than $47 million and mined out-of-
state. Almost 4,200 mt of bauxite were imported into
Brownsville, Texas.

Ball clay

In 1992 Texas was the third leading producer of ball
clay out of five states. Extensive reserves of ball clay,
which is in the upper portion of the Wilcox Group of
lower Eocene age, have been produced near Henry's
Chapel and Troup in Cherokee County southeast of
Dallas. This ball clay is tough and light bluish gray when
fresh, and almost white when bleached by the sun. Ball
clay in this area is extensive, averages just under 2.5 m in
thickness, and overlies a lignitic clay. The clay is overlain
by the sand of the Carrizo Formation of the Claiborne
Group. The basal disconformity of the sand is the most
important geologic condition limiting the extent of the
ball-clay deposits.

United Clays Inc., the second largest ball-clay producer
in North America according to Watts Blake Bearne and
Company's annual report, marketed most of their clay to
the ceramic-tile industry in 1992, when production was
up 25%. During that year export figures to Mexican ce-
ramics industries multiplied sevenfold (Dupree and Gar-
ner, 1992).

Barite

Several companies import barite into Texas to produce
drilling muds. Milwhite Company Inc. operates grinding
plants in Cameron County near Brownsville and in Harris
County near Houston; Excalibur Minerals also operates a
grinding plant near Houston; M-I Drilling Flu

ids Company (a subsidiary of Dresser Industries Inc.)
operates a grinding plant in Galveston County near
Galveston; Old Soldier Minerals operates a grinding
plant in Webb County at Bruni; and Milpark Drilling
Fluids operates a grinding plant in Nueces County.

Drilling muds are imported through the ports of
Galveston, Houston, and Point Comfort (Fig. 1) with the
main importing countries in 1993 being Israel, Belgium,
Netherlands, the United Kingdom, and Germany. More
than 175,000 mt of barium sulfate were imported through
the port of Corpus Christi in 1993.

Barite (drilling mud) is exported to more than 60
countries. Through the port of Houston the top five
foreign destinations (more than 36,000 tons in 1993) are
Venezuela, Trinidad and Tobago, Nigeria, Ecuador, and
the United Kingdom. Export of drilling muds through
Galveston went to Egypt, Guatemala, Netherlands, Bra-
zil, and the United Kingdom.

Filler-grade barite is produced by Milwhite Company
Inc., M-I Drilling Fluids, Excalibur Minerals, Old Soldier
Minerals, and also by Hitox Corporation of America
near Corpus Christi.

Bentonite

Production and value of bentonite in Texas increased
about five percent in 1992, and the State ranked seventh
out of 13 producing states. Sodium bentonite (swelling) is
mined by Border Mines near Alpine in Brewster County
east of Presido near the Mexican border, and calcium
bentonite (fullet's earth) is mined by Mid-Tex Minerals
Inc. in Fayette County west of Houston; raw material from
the latter operation is used to make waterproof seals and
water treatment filters (Fig. 3).

Southern Clay Products Inc. produces bentonite clay
in two counties. In Gonzales County, east of San Anto-
nio, the company produces a white bentonite as well as
an organo-bentonite which is marketed for use in cos-
metics, detergent sheets, and pharmaceuticals. In 1992
Southern Clay Products also operated a mine in Angelina
County producing a yellow bentonite, which is exported
to Malaysia for production of acid-activated clays.

In 1993 bentonite was imported into Galveston from
the United Kingdom (103 mt) and into Houston from
Spain (212 mt). Exports during that year were from
Galveston including bentonite to Belgium (2 mt), Chile

B8 BENTONITE
N FULLER
KAOLIN

FIGURE 3—Bentonite, fuller’s earth, and kaolin-producing
counties in Texas.



(20 mt), Colombia (213 mt), France (272 mt), Guatemala
(1 mt), and Israel (315 mt). Exports from Houston totaled
33,459 mt of bentonite to 27 countries. The largest
recepient was Venezuela with 14,395 mt. Other countries
receiving at least 2,000 mt of bentonite were Colombia,
France, Netherlands Nigeria, and Trinidad and Tobago.
Thirty metric tons of bentonite were exported to Mexico
through Port Arthur, Texas.

Cement

In 1993, 8,342,000 mt of portland cement were pro-
duced at a value of $376,518,000. Production increased
steadily through the year, and Texas continues to rank
second behind California of the 37 states producing
port-land cement. Of the top 10 largest domestic cement
companies, five operated plants in Texas according to
the Portland Cement Association: Holnam Inc. in Ellis
County; Lafarge Corporation in Comal, Dallas, and
Tarrant Counties; Texas Lehigh Cement Company in
Hays County; Lone Star Industries Inc. near Mayneal,
southwest of Abilene; and Southdown Inc., in Odessa,
Texas. Other producers were Alamo Cement Company
(formerly known as San Antonio Cement, the oldest ce-
ment operation in Texas) in Comal County and Capitol
Cement in Bexar County, both near San Antonio. Types
I, II, and III gray portland cements are produced by
most of the cement plants in Texas. Texas Industries'
Midlothian plant, located south of Dallas-Fort Worth in
Ellis County, produces a wide range of specialty cements
including expansive and pozzolan portland cements. It
appears that the production of masonry cement also in-
creased in 1992; Texas ranked eighth of 36 states report-
ing production.

Clay

Texas is the leading state in the production of common
clay, 2.29 million mt valued at $13.25 million in 1993. The
Brick Institute notes that there are 10 companies manu-
facturing brick or structural tile in 13 counties mainly in the
eastern half of the state. These companies are: Acme Brick
Company, Texas Industries Inc., Athens Brick Company,
Cotdell Brick Company Inc., D'Hanis Brick and Tile

Company, Elgin Brick Company, Henderson Brick Com-
pany (division of Boral Bricks Inc.), Mineral Wells Clay
Products Inc., Texas Clay Industties, and U.S. Brick.

Clay mined in the state is also utilized as a source of
alumina for use in the production of portland cement, for
highway surfacing material, to manufacture structural
concrete and to make pottery. Marshall Pottery Inc., lo-
cated in Harrison County, has been in operation since
1895 producing hand-turned white and blue stoneware.
The company shipped more than 5 million clay pots
(from thimble size to 45 kg industrial size) in 1992.

Construction sand and gravel

Texas ranks fourth behind California, Michigan, and
Ohio in total production. In 1992 production amounted
to 47 million mt of sand and gravel valued at $195 million.
According to the U.S. Bureau of Mines, projected from
third-quarter figures, 1994 production will decrease by
about 38%. The top 10 producing companies in Texas
are: Pioneer Concrete of Texas Inc., The Fordyce Com-
pany, Beazer USA/Hanson PLC, Capitol Aggregates Inc.
(H. B. Zachary Company), Lafarge Corporation, Texas In-
dustries, Myre Construction Company Inc., Redland PLC,
Mike Arnold Trucking and Material Company Inc,, and
Kerr Enterprises Inc.
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Most of the sand and gravel production is from the
floodplains of the Colorado River southeast of Austin, the
Trinity River southeast of Dallas, the Rio Grande along
the Texas-Mexico border, the Red River along the Texas-
Oklahoma border, and the San Antonio River southeast
of San Antonio (Fig. 4). Most (90%) of the product is
transported by truck and the remainder by rail.

Crushed stone

Texas ranked second (behind Illinois) in the produc-
tion of crushed stone in 1993, with 68,900,000 mt
valued at $277 million. According to the U.S. Bureau of
Mines, projected from third-quarter figures, 1994
production will increase by just over 10%.

In 1992, according to Rock Products magazine, four
of the nation's top 20 crushed-stone plants were located
in Texas, namely the Redland Worth Corporation's
Beckman limestone quarry operation in Bexar County,
Texas Crushed Stone's Georgetown limestone plant n
Williamson County, Parker-Lafarge Corporation's New
Braunfels limestone operation in Comal County, and the
Bridgeport limestone plant of Texas Industries Inc. in
Wise County (Fig. 5). Vulcan Materials Company is the
largest producer in Texas with plants in Bexar, Brown,
Eastland, Grayson, Kerr, Parker, Taylor, Uvalde, and
Wise Counties, located mainly in north-central through
southwest Texas.

Dimension stone

In 1992, Texas ranked fourth out of 34 states producing
dimension stone. Granite and limestone currently are the
primary sources of production; only a small amount of
sandstone is presently produced in Texas (Fig. 0).

Granite—Granite production is in central Texas, pri-
marily Burnet, Gillespie, Llano, and Mason Counties
(Garner, 1992). Quarries are primarily in the large Town
Mountain Granite bodies of Precambrian age.

In 1992, Texas Granite Corporation, a subsidiary of
Cold Spring Granite Company, unveiled their newest
color, "Azalea," which was reportedly similar to the
"Sunset Red" color but featured deeper red hues. This
variety of granite is utilized in a monument dedicated to
Sam Houston and located near his birthplace in
Lexington, Virginia (Fig. 7).

Premier Granite Quarries Company produces granite
from two quarties in Llano County. The unique dark pink

SAND & GRAVEL

FIGURE 4—Construction-sand-and-gravel-producing counties in
Texas.
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CRUSHED STONE

FIGURE 5—Crushed-stone-producing counties in Texas.

B GRANITE
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FIGURE 6—Dimension-stone-producing counties in Texas.

granite (llanite) variety, which contains sky-blue quartz
crystals 1s an important exported industrial mineral. In
September 1994 Premier was quarrying coarse pink gran-
ite from two separate quarries; the rough stone was trans-
ported to Houston and most of it exported to Taiwan.

Limestone—Limestone production is from the Lueders
Formation of Permian age in Jones and Shackelford Coun-
ties and from the Walnut Formation of Cretaceous age in
Travis and Williamson Counties (Gatner, 1992).

The Lueders Formation in north-central Texas is a
medium- to light-gray, fossiliferous calcarenite with some
interbedded shale. Two types of dimension stone are
produced from the cream-colored and relatively soft
limestones of the Walnut Formation in Travis and
Williamson Counties in central Texas. One type is a fine-
to medium-grained limestone originally marketed as
"Austin Stone" but presently called "Cordova Cream."
The other type, a highly fossiliferous limestone, is
marketed as "Cordova Shell."

Featherlite Building Products Corporation, a subsid-
iary of Justin Industries Inc., produces a cream-colored,
oolitic limestone at their Texas Quarries operation at
Cedar Park. Texas Quatries also operates a quarty in
Jones County, near Abilene, from where the dimension
stone is exported all over the world but predominantly
to Japan. Dimension stone is also marketed locally
through Featherlite's homebuilding stores.

Sandstone—Dimension sandstone is produced from
the Dockum Group of Triassic age in Ward County,
west Texas. The hematitic, fine- to medium-grained red
sandstones are presently used to refurbish old buildings
near San Antonio.

Supplies of dimension stone in Texas are unlimited.
Exports of stone from the ports in Texas are mainly to
Japan (limestone), Taiwan (granite) and Canada. Imports
of dimension stone increased by six times in the 1980s,
with more than 60% coming from Italy.

Fuller's earth

Texas ranked 10th out of 11 states producing fullet's
earth in 1992. The fullet's earth (actually a calcium ben-
tonite) is produced by only two companies, Mid-Tex
Minerals Inc. and Balcones Mineral Corporation, both in
Fayette County between Houston and Austin (Fig. 3).
The product is marketed to manufacture oil and grease
absorbent, pet-waste absorbent, and electronic porcelain.

Gypsum

Texas produces both crude and by product gypsum; in
1993 production of crude gypsum was 1,696,000 mt at a
value of $10,355,000. The state ranked third in crude-gyp-
sum output and second in output of byproduct gypsum.

U.S. Gypsum Company's Sweetwater operation in
Nolan County, just west of Abilene, is the largest gyp-
sum producer in Texas, and their wallboard plant is the
third largest in the United States (Fig. 8). The Galena
Park facility of U.S. Gypsum Company in Harris
County, just east of Houston, is the only operation that
is producing gypsum as a byproduct.

National Gypsum Company mines gypsum in both
Kimble (south of Abilene and west of Austin) and Stone-
wall (north of Abilene) Counties and operates a wallboard
plant in Fisher County northwest ot Abilene. Georgia
Pacific Corporation operates a quarry and wallboard plant
in Hardeman County in northern Texas near the
Oklahoma border. Standard Gypsum Company quarries
gypsum in Gillespie County west of Austin and operates a
wallboard plant in Guadalupe County south of Austin.

Gypsum is currently imported through the port of
Houston from Jamaica (58,887 mt in 1993) and a minor
tonnage from Germany. Crude gypsum is exported
through Freeport (40 mt to Honduras), Galveston (150
mt to France, Italy, Tunisia, and the United Kingdom),

FIGURE 7—Granite memorial to Sam Houston near Lexington,
Virginia.
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FIGURE 9—Lime-producing counties in Texas.

and Houston (more than 250 mt in 1993 to Belgium,
Ecuador, Egypt, Hong Kong, Panama, Saudi Arabia, the
United Kingdom, and Venezuela).

Industrial sand

Texas ranks fifth of 38 states that reported production of
industrial sand in 1992. Industrial sand totaling 1.28
million mt (valued at $26,427,000) was produced in
McCulloch, Johnson, and Limestone Counties by Barry
and Barry Sand Company Inc., Oglebay Norton/Texas
Mining Company, Pioneer Concrete of Texas Inc., Unimin
Corporation, US Silica Company, and Vulcan Materials
Company The Oglebay Norton operation in McCulloch
County reported 63 years of reserves in 1993.

Main uses for industrial sand produced in Texas are
for container manufacturing, blasting sand, molding
sand, and frac (hydrofracture) sand. Sales of frac sand
increased toward the end of the year due to increased
drilling activity.

Kaolin

Kaolin (china clay) is produced only by US Silica Co.
as a coproduct from kaolinitic sandstone, and is mined
in Limestone County southeast of Dallas (Fig. 3). The
State ranks third in the country by output value. Most of
the kaolin is used to make paint, with minor amounts
used to make pottery and as a binder in animal feed.

Kaolin (549 mt) is imported through Houston from the
United Kingdom and Spain. Large tonnages are exported
through Galveston (113 mt) to Colombia and Republic of
South Africa, and through Houston (1,810 mt) to Bolivia,
Chile, Italy, Japan, Republic of South Africa, Spain, Swe-
den, Taiwan, Thailand, and Venezuela.

Lime

In 1993, 1,337,000 mt of lime at a value of $83,359,000
were produced by six companies in Texas. The leading
lime producer is Chemical Lime Group's Clifton plant in
Bosque County south of Dallas, which is the seventh larg-
est producer in the United States (Fig. 9). The other five
major Texas producers are APG Lime in Comal County,
Austin White Lime Company and Redland PLC in Travis
County, Holly Sugar Corporation in Deaf Smith County,
and Texas Lime Company in Johnson County (Fig. 9).

Austin White Lime Company quarries the Edwards For-
mation of Farly Cretaceous age. In the Travis County area

the Edwards Formation is a fine- to coarse-grained,
shelly limestone up to 91 m thick.

Texas Lime Company quarries the Edwards Formation
in Johnson County to the northwest. Here the limestone
is very pure but usually less than 15 m thick. McBride et
al. (1992) estimate that 6.6 trillion mt of Edwards and
assorted limestones crop out in Texas.

Salt

Texas produced 9,055,000 mt of salt in 1993, valued at
$75,707,000. The state ranked second in salt production
but only sixth value-wise during the year. The major
producers along the southeast coast of Texas are
Morton International in Van Zandt County, Oxy
Chemical in Chambers County, and Texas Brine
Corporation in Jefferson, Matagorda, and San Patricio
Counties (Fig. 10). Salt is produced from salt domes or
pillars that have intruded sedimentary rocks. Salt at
Grand Saline in Van Zandt County east of Dallas is a
gray-to-bluish aggregate of halite crystals and contains
dark bands of anhydrite and many other minerals,
including trace amounts of dolomite, calcite, and quartz.

Sulfur
Sulfur in Texas is produced from the caprock of salt
domes by injecting hot water into the deposit through

SALT

FIGURE 10—Salt-producing counties in Texas.
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wells and recovering the sulfur in molten form (Frasch
process). Frasch sulfur production in 1993 was only
1,265,000 mt by two companies. Pennzoil Sulphur Com-
pany a subsidiary of Pennzoil Company (now Freeport
Sulphur Company, a subsidiary of Freeport—McMoran),
mined sulfur in Culberson County near Orla east of El
Paso (Fig. 11). Because of decreasing prices in 1993, the
company attempted a new mining method reducing en-
ergy costs by continuous reinjection. In this process water
is heated about 400 m away instead of pumping it from a
distance of about 3 km as in the old process. In 1992 78%
of the product was sold to the phosphate industry for use
in making phosphate fertilizer. Texasgulf Inc. (subsidiary
of Nationale Elf Aquitaine) mined Frasch sulfur at their
Newgulf mine in Wharton County southwest of Houston
Fig. 11).

( Pgrices)of sulfur have decreased the last few years due to
an increase in Canadian exports at discounted prices (from
extraction of sulfur from sour gas), a sharp decrease in
consumption from several export markets, and because of
an increase in recovered-sulfur production.

The largest end use of sulfur has been in sulfuric-acid
plants feeding agricultural chemical-production processess
including phosphatic and nitrigenous fertilizers, pesticides,
animal feeds, and other agricultural chemicals.
Consumption of sulfur has tended to increase recently in
drugs and food products, soaps, detergents, and water
treatment, and acid-storage batteries. A downward trend
occurred in paints and explosives, and no changes were
noted in plastics and synthetics (Ober, 1993).

Talc

During 1993, 222,300 mt of black talc valued at
$4,900,000 were produced by five companies in Culberson
and Hudspeth Counties in west Texas (Dupree, 1993). The
five companies that mine the impure talc near Van Horn
include Dal Minerals Company (a subsidiary of Dal-Tile
Corporation), United Clay of Texas Inc. (a subsidiary of
Watts Blake Bearne and Company PLC), Milwhite Inc.,
Pioneer Talc Company, and Apache Minerals Inc.

More than 80% of the talc produced is sold for use in
ceramic tiles; it is also utilized as a filler in paint, paper,
plastic, refractory materials, and rubber (Dupree and
Garner, 1992). Talc was imported through the deepsea

FIGURE 11—Sulfur-producing counties in Texas.

(202 mt) and intercoastal (7,754 mt) ports at Brownsville
in 1993 and 1994 (through June).

Zeolites

In 1992, Texas was the leading state (out of seven) in
production of zeolites (hydrated aluminosilicates). Zeotech
Corporation mined clinoptilolite from its Tilden pit in
McMullen County south of San Antonio. The Tilden
deposit is in a tuff in Jackson Group of Eocene age. Pro-
duction is customer-oriented and markets are for animal-
waste absorbent and various filtration uses. The product is
bagged and trucked to market.

In 1992 AKZO Chemicals Inc. built their second
plant in Pasadena, a suburb of Houston, to produce
synthetic zeolites. The company had already renovated
an old plant site in 1985. In 1994 the company, now
AKZO Nobel, plans a third plant site. AKZO Nobel
produces synthetic zeolites from a hydrous metal
aluminosilicate mixture for a growing refinery market,
especially in the southeast Texas area. Synthetic zeolites
have larger void spaces than natural zeolites and are used
as a site for "cracking" gas—oil molecules. Materials such
as water, carbon dioxide, sulfur dioxide, paraffin, alcohol
are absorbed during this process. In catalytic cracking
catalysts containing polyvalent ion-exchange x or y
exhibit higher activity and up to 20% higher gasoline
yields are obtained (Breck, 1983). Thirty to torty different
catalysts are used in the petroleum industry in producing
different grades of gasoline. AKZO's product is sold in
bulk bags distributed by rail all over the United States.
Chevron Resources Company and Shell Oil Company in
El Paso ate two of AKZO's customers.

As for natural zeolites, another deposit is present near
Coy City in Karnes County. Also this deposit is in tuff
and tuffaceous sandstone of the Jackson Group. There
is an occurrence of analcime zeolite near Terlingua in
Brewster County southeast of El Paso, which is in the
black Tarry Shale of late Mesozoic age.
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Overview of the Carlsbad potash district, New Mexico

James M. Barker and George S. Austin

New Mexcico Burean of Mines & Mineral Resources, New Mexico Tech, 801 Leroy Place, Socorro, New Mexico 8§7801-4796, USA

Abstract—Potash is the common industrial term for potassium in various chemical combinations
with sodium, magnesium, chloride, and sulfate. In New Mexico, the important natural,
commercial, soluble potassium salts are sylvite (KCI) and langbeinite (KK2SO4.2MgSO4). Sylvinite,
a mixture of sylvite and halite, is the typical ore mined in the Catlsbad potash district (CPD) in
southeastern New Mexico. The Potash Enclave, also designated the Known Potash Leasing Area
(KPLA), consists of that part of the district where federal and state lands require competitive
bidding, under BLM management, for mineral leases.

Potash-bearing evaporites occur in Ochoan (Upper Permian) marine rocks in the Delaware
Basin portion of the Permian Basin of west Texas and southeast New Mexico. The Ochoan is
divided into four formations, of which the second oldest—the Salado Formation—contains min-
able potash. The Salado, up to a maximum of 670 m thick, is an evaporite sequence dominated
by 200-400 m of halite and muddy halite in the KPLA. It hosts 12 ore-bearing zones; 11 in the
middle or McNutt Member, and one in the upper member. The area underlain by the 12 zones is
about 4,920 km? The McNutt Member of the Salado Formation dips about 1° to the east within
the district and is about 120 m thick.

Potash ore zones are 1-3 m thick and are laterally consistent except where interrupted by
salt horses, collapse features, and igneous dikes. Commercial deposits were created in some
localities by magnesium-undersaturated fluids moving through the zones, but in other areas
late fluids dissolved ore, producing barren halite (salt horses). The McNutt Member is
absent in the subsurface due to solution just west of the present mines. A typical mixed ore
from the Salado in the district contains 60% halite and 30% sylvite (usually together as
sylvinite), with 5% langbeinite, 2% polyhalite, and 2% insolubles.

The high solubility of most potash ores limits them to the subsurface, hence all mines in the
district are underground. Mine depths range from about 270 to 425 m. These room-and-pillar
mines are relatively clean, dry, and orderly because the beds being exploited are relatively shal-
low, regular, tabular, and nearly flat. Room-and-pillar mining is flexible and allows selective
mining. Continuous mining equipment adapted from coal mining is used to mine most
potash ore although blasting is increasingly used. Beds as thin as 1.2 m are mined with
mechanical drum miners. Some harder ores, particularly langbeinite, require mechanical
undercutters to prepare the working face for drilling and blasting, usually with ANFO
(ammonium nitrate and fuel oil). Mechanical miners for langbeinite are under development to
reduce blasting and mining cost.

Mills in the district produce potash by combinations of separation, flotation,
crystallization, leaching, and heavy-media circuits related to a specific ore. Output from
these circuits is dried in fluid bed or rotary dryers and sized over screens to yield final
products. Potash ore is ground to break up sylvite-halite agglomerates followed by froth
flotation. The abundance and mineralogy of clay minerals are significant in processing
potash ores, in particular, the clay-rich 10th ore zone, because slimes are deleterious.

Potash tailings in the CPD, largely halite and clay, are stored or disposed of on the surface.
Solid wastes are piled and monitored for salt leakage, which is minimal owing to the semi-
arid climate. Brines are evaporated in impoundments or in a natural saline lake.

Resena de los yacimientos de potasa,
distrito de Carlsbad, Nuevo Mexico

Resumen—El t¢érmino "potasa” es usado en la industria para el potasio en varias combinaciones
quimicas con sodio, magnesio, cloturo y sulfato. En Nuevo México, las importantes sales
naturales y solubles de potasio que se comercializan son la silvina (KCI) y la langbeinita (K>SO 4-
2Mg(SOy). Silvinita, una mezcla de silvina y halita, es el mineral tipico explotado en el Distrito de
Carlsbad en el sureste de Nuevo México. El "Reducto de la Potasa" (Known Potash 1 easing Area
/KPILA]), asi llamado, es Una parte del distrito de Carlsbad donde los permisos de explotacion
mineral en tierras federates o estatales se otorgan por medio de licitacion putblica, administrada
por la Oficina Federal de Tierras (Bureau of Land Management (BLM).

Evaporitas potasicas ocurren en rocas marinas de edad Ochoaniense (Pérmico supetior) en la
Cuenca de Delaware, la cual es parte de la Cuenca Pérmica del oeste de Texas y el sureste de
Nuevo México. El Ochoaniense se divide en cuatro formaciones, de las que la segunda de abajo,
la Formacion Salado, contiene sales de potasio explotables. La Formacion Salado consiste de una
sucesion evaporitica que alcanza hasta 670 metros de espesor y en el KPL.A estd dominada por
200 a 400 metros de halita y halita barrosa. Contiene 12 zonas de grado explotable, 11 de ellas se
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encuentran en el miembro intermedio, MeNut yla restante esta en el miembro superior. Estas
12 zonas cubren un 4rea de méis o menos 4,900 km2. En este distrito, el Miembro McNutt tiene un
buzamiento de alrededor de 1° hacia el este y su espesor es de unos 120 metros.

Las zonas de grado comercial tienen espesores de 1 a 3 metros y son continuas lateralmente,
excepto donde hay interrupciones estructurales: "caballos" de halita, estructuras de colapso y
diques igneos. En algunas localidades se formaron depésitos comerciales por infusion de fluidos
subsaturados en magnesio; pero en otras areas, fluidos tardios disolvieron las sales de potasio
produciendo halita estétil (caballos de sal). Al oeste de las minas actuales, el Miembro McNutt esta
ausente en el subsuelo porque ha sido disuelto Una tipica mena mixta de la Formacién Salado
en el distrito contiene 60% de halita y 30% de silvina (que frecuentemente ocurren juntas en la
forma de silvinita), 5% de langbeinita, 2% de polihalita y 2% de insolubles.

Debido a su alta solubilidad, la mayoria de las sales potasicas sélo se conservan en el subsuelo,
por lo que todas las minas son subterrdneas. Su profundidad varia entre los 270 y 425 metros. La
extraccion se hace en forma de cuatto-y-columna (room-and-pillar) y estas minas son relativamente
limpias, secas y regulares porque los mantos son relativamente poco profundos, continuos, de
espesor uniforme y casi horizontales. Este método de extraccién, cuarto-y-columna, es flexible y
permite una extraccion selectiva. En la mayoria de las operaciones se usa maquinaria de extraccion
continua, adaptada de la mineria del carbon, aunque el use de explosivos va en aumento Mantos
con un espesor de solamente 1.2 metros son explotados con maquinas de extraccién continua
(drum miners). Ciertas menas mas duras, especialmente las que contienen langbeinita, requieren
socavadoras mecanicas que preparan el frente de trabajo para barrenar y dinamitar, generalmente
con ANFO (nitrato de amonio con petrdleo). Para reducir los costos de extraccion se estin
desarrollando maquinas de extraccion continua para la langbeinita.

Plantas concentradoras en el distrito producen potasa comercial combinando procesos de
separacion, flotacion, cristalizacion y lixiviacion. Se usan liquidos pesados para ciertos tipos de
mena. Después de pasar por estos circuitos, el concentrado es secado en secadoras de lecho fluido
o rotatorias. Luego es tamizado para obtener los productos finales. La mena de potasa es molida
para deshacer los agregados de silvina-halita, y luego se la pasa por un circuito de flotacién
espumosa. La abundancia y mineralogia de las arcillas es importante en el procesamiento de menas
de potasa. Esto es el caso especialmente en la zona décima donde hay abundancia de arcillas; las
arcillas forman un precipitado viscoso que inhibe el proceso de concentracion.

Los residuos de la extraccién de potasa en el Distrito de Catlsbad consisten mayormente de
sal (halita) y arcilla y son amontonados en la supetficie. Un sistema de control ambiental mide
la infiltracién de salmueras de los desmontes, que es minima gracias al clima semidrido Las
salmueras se almacenan y evaporan en estanques o en un lago salado natural.

Introduction

various chemical combinations with sodium, magnesium,
chloride, and sulfate (Table 1). Potash was a term origi-
nally applied to potassium carbonate and potassium hy-
droxide recovered in iron "pots" from washings of wood
"ash" (Seatls, Copeland, and Woodson, 1995). Potassium
is one of the three essential plant nutrients and is the "K"
in the "NPK" fertilizer rating along with nitrogen (N) and
phosphorus (P). The potassium in potash is reported as
1ISO eq. wt.% (% K0 hereafter), although potassium ox-
ide is not directly present in natural potassium salts (Table
2). For potash fertilizers, K20 is closest chemically to the
form of potassium used by plants (Sullivan and Michael,
1986) and is the best means to compare the diverse min-
eralogy of potash.

Important natural, commercial, soluble potassium salts
are sylvite and langbeinite. Sylvinite, a mixture of sylvite
and halite, is the typical ore mined in the CPD in south-
eastern New Mexico (Fig. 1). The CPD is near the north-
eastern border of the Delaware Basin (Fig. 1) and contains
the largest domestic potash reserves. Soluble potash occurs
primarily in Eddy and Lea Counties, which contain the
only potash mines in the state. The Potash Enclave (Fig. 2),
also designated the KPLA consists of that part of the CPD
where federal and state lands require competitive bidding,
under BLM management, for mineral leases. The WIPP
site is on the southeastern edge of the KPLA (Fig. 2) in
secs. 15-22 and 27-34 'T22S R31E (Fig. 2).

The KPLA lies between Carlsbad and Hobbs, NM, and
includes about 1,100 hectares (Cheeseman, 1978; Barker
and Austin, 1993). The area underlain by other salts and
less soluble potash minerals, such as polyhalite, is much

NEW TEXAS

MEXITCO

Portales
o]

—%ﬁ\.‘,ﬁ Alpine© .¢'
e :

Ochoan evaporite area  m, Carlsbad potash district

"\ Layered polyhalite area  § & 1300’ Salado halite

W4 isopach
“3# Soluble potash area e

FIGURE 1—Location of the Carlsbad Potash District in the
southwestern United States and its relation to the regional
subsurface geology.
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TABLE 1—Evaporite minerals and rocks of the Carlsbad Potash District. After Griswold, 1982. Only sylvite and langbeinite are pres-
ently ore minerals. Hydrated potassium minerals are not amenable to existing concentration methods.

Equivalent wt.%

Mineral

or rock Formula K KCl K,0 K.SO,
Anhydrite* CaSO, — — — —
Arcanite K,SO, 44.88 — 54.06 100.00
Bischofite MgClL:6H,0 — - —— —
Bloedite Na,SO,-MgSO,-4H,0 — -~ o ==
Carnallite* Kcl- MgClL,-6H,O 14.07 26.83 16.95 =
Erytrosiderite 2KCl-FeCL; Hzé 23.75 45.28 28.61 —
Glaserite K,Na(sO,), 35.29 — 42.51 78.63
Glauberite NazSO4-éaSO4 — — — —
Gypsum* CaSO,-2H,0 — — — —
Halite* NaCl e — — —_
Hydrophilite KCl-CaCl,-6H,0 13.32 25.39 16.04 —
Kainite* MgSO,-KCI1-3H,0 15.71 29.94 18.92 —
Kieserite* MgSO,-H,O — — — —_
Langbeinite® K,SO,-2MgS0, 18.84 — 22.70 41.99
Leonite* K,SO,MgSO,4H,0 21.33 — 25.69 47.52
Mirabilite Na,SO, 10H,0 -_ — — -
Polyhalite* K,S0,-MgS0,-2CaS0O,-2H,0 12.97 — 15.62 28.90
Schoenite K,SO,-MgS0,-6H,O 19.42 —_ 23.39 43.27
Sylvinite* KCl + NaCl - — — -
Sylvite* Kl 52.44 100.00 63.17 -
Syngenite K,S0,-CaSO,-H,0 23.81 —_ 28.68 53.06
Tachyhydrite CaCl,-2MgCL,-12H,0 — — — —

*Common minerals and rocks in the Carlsbad Potash District.

TABLE 2—K,O equivalent wt.% of commercial potash minerals. After Searls, 1985; Adams and Hite, 1983; and Sullivan and Michael,
1986.

Chemical Chemical Mineral Industry Max K,O Grades K,0
compound formula name name eq. wt% eq. wt.% Remarks
Potassium chloride KCl Sylvite MOP, 63.18 61 (USA) Coarse grades used
sylvite, 60 to match sizes of
muriate 50 } World N-P ingredients to
40 minimize segregation
30
Potassium chloride KCl+NaCl  “Sylvinite”  — =35 — Easily mined with
+ sodium chloride continuous miners
Potassium/magnesium 2MgSO,-  Langbeinite =~ SOPM, 22.70 22 Preferred for tobacco,
double sulfate K,SO, sulfate of 21.5 paper, potato, sugar
potash beet, and citrus crops
magnesia to prevent chloride
burn; harder to mine
than chlorides
Potassium sulfate K,SO, Arcanite SOP 54.06 50 Preferred for tobacco,
paper, potato, sugar
beet, and citrus crops to
prevent chloride burn;
mostly manufactured,
some is natural
Potassium nitrate K,NO, Nitre — — — Natural is only 14%
K,O (admixture) crude
salt mixed with NaNO,;

mostly manufactured,
some is natural

Potassium chloride KCl Manure salts — 19 —_ Manufactured
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FIGURE 2—Active, inactive, and abandoned potash facilities in Eddy and Lea Counties, southeastern New Mexico, showing general

outline of the Potash Enclave (KPLA) as of 1984,

larger than the KPLA (Fig. 1). The Salado Formation un-
derlies about 150,000 km', halite about 96,000 km?* and
polyhalite about 70,000 km? (Jones, 1972). Areal limits of
the CPD are determined by drilling to the north, east, and
south. The CPD is bounded on the west by dissolution
truncation of shallow Salado evaporites caused by circu-
lating groundwater in the Pecos River drainage basin
(Griswold, 1982).

Potassium products (Table 2) from New Mexico are
muriate of potash (potassium chloride, KCI; also called
MOP, muriate, or sylvite by industry), langbeinite (po-
tassium magnesium sulfate, K,S0,.2MgS0O,; called sulfate
of potash magnesia or SOPM), and manufactured potassium
sulfate (K,SOy; called sulfate of potash or SOP). MOP, sold
in various grades (Table 3), comprises about 70% of New
Mexico potash output; SOPM and SOP account for the
remaining 30%. IMC Global (IMC), the largest producer in
the CPD, supplies all three types of soluble

potash salts (Table 2); other producers are more special-
ized.

The United States ranked fourth in world potash pro-
duction at 1.42 million metric tons (mt) in 1994 (Searls,
1994). New Mexico, which accounted for about 81% of
domestic production (1.15 million mt), supplied about 21%
of domestic consumption (Table 4), and has about 57% of
domestic reserves (Searls, Copeland, and Woodson, 1995;
Searls, 1993). The remaining 79% of consumption was
imported primarily from Saskatchewan, Canada (91%).
Domestic potash production is composed of about 75% as
muriate, 20% as sulfate or langbeinite, and 5% in other
forms (Searls, 1993). About 95% of soluble potash
minerals are used in fertilizer, so potash trends closely
parallel agricultural supply and demand during crop years
(Searls, 1993). Most of the additional 5% is used in
chemicals (O'Driscoll, 1990), mainly aqueous electrolysis
of potash to potassium hydroxide. Potassium chemi-
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TABLE 3—Particle-size grades of muriate of potash (MOP, muriate, sylvite), langbeinite (SOPM), and sulfate of potash (SOP) prod-
ucts. After Searls, 1985. NA = not applicable.

Approximate particle

3 1
Minimum K,0 e

Grade equiv. wt.% Mesh? Millimeters Type of potash Remarks
Granular 61, 50, 22 6-20 3.35-0.85 Muriate & sulfate -
Blend? 60 6-14 3.35-1.18 Muriate Replaces granular
and coarse grades

Coarse 60 8-28 24-0.6 Muriate =
Standard 60, 50, 22 14-65 1.2-0.21 Muriate & sulfate -
Special standard 60 35-150 0.4-0.11 Muriate & sulfate Canada only
Soluble/

suspension 62 35-150 0.4-0.11 Muriate —
Chemical 63 NA NA Muriate —

"From approximately 2-98% by wt.% cumulative.
*Tyler standard.

*Blend = new grade with midpoint between 8 and 10 mesh introduced by Canadian producers.

cals are used in medicines, pharmaceuticals, salt substi-
tutes, soap, matches, glass, storage batteries, and other
uses.

The weighted average annual price for domestic pot-
ash sales (all types and grades) in 1994 was $193.23 per
mt (FOB mine). The average annual price for KCI (stan-
dard, coarse, granular) was $131.01 per mt (Searls,
Copeland, and Woodson, 1995).

Brief history of potash development

The following discussion of potash mining history draws
heavily on Walls (1985) and Williams-Stroud et al. (1994).
Early large-scale use of potash started in Germany in the
mid-19th century. The modern United States potash
industry is primarily a product of a Wotld War I (WWI)
embargo on German potash—the only large source then
known—that drove prices to over $550 /mt. Wartime
potash (for saltpeter manufacture) was produced at over
100 plants, mainly in Nebraska and California, each with
very small output. Bedded potash was discovered in 1925
in Eddy County, New Mexico, in Snowden McSweeney
Well No. 1 on a V. H. McNutt permit near the center of

Potash was cored in April 1926, and the Federal Potash
Exploration Act was passed in June.

The American Potash Company was formed in 1926 for
potash exploration in southeastern New Mexico. A 324 m
shaft was started in December 1929 and completed in
1930. The first commercial potash from New Mexico was
shipped in March 1931, 12 years after WWIL. Assets of
American Potash, incorporated in 1930 as United States
Potash Company, are now owned by Mississippi Chemi-
cal. The Potash Company of America (PCA) was formed
in 1931 and completed a shaft in early 1934. The Santa Fe
Railroad constructed a 32 km spur from Carlsbad to the
mine; later spurs were run to other mines and mills. The
PCA mine is now operated by Eddy County Potash. By
1934 at least 11 companies were exploring for potash in
southeastern New Mexico. In 1936, Union Potash &
Chemical, Texas Potash, Independent Potash & Chemi-
cal, New Mexico Potash, and Carlsbad Potash merged
into what is now IMC and began producing sylvite, lang-
beinite, and K25SO4 in 1940.

Domestic production supplied virtually all potash in the
United States between 1941 and 1949. New Mexico

the KPLA now mined (Fig. 2; T21S R30E). produced about 900,000 mt of marketable potash contain-

TABLE 4—Potash statistics for calendar years 1980 to 1994. Data modified from J. P. Searls, U.S. Bureau of Mines, oral commun., June
1990, June 1993, and January 1995, and U.S. Bureau of Mines Mineral Commodity Reports, Mineral Commodity Profiles, Mineral
Industry Surveys, and Mineral Yearbooks (1980-1995). NA-Not available.

Value
Marketable Apparent NetU.S. N.M.share N.M.supply Avg. price NM production
U.Ss. U.S. import of U.S. to U.S. NM marketable of marketable
Calendar  production consumption  reliance production  consumption potash potash FOB mine
year (1000 mt K,0) (1000 mt K,0) (%) (%) (%) ($/mt K,0) (million $)
1980 2,239 6,349 65 83 29 $160 289
1981 2,156 6,213 65 84 29 $172 261
1982 1,784 5123 65 82 29 $149 205
1983 1,429 5,653 75 87 22 $146 175
1984 1,564 6,022 74 90 23 $148 204
1985 1,296 5,346 76 87 21 $141 156
1986 1,202 4,843 75 82 20 $127 133
1987 1,262 5,088 75 87 22 $132 174
1988 1,521 5,264 71 89 26 $169 214
1989 1,595 5,151 65 89 31 $176 243
1990 1,713 5,410 68 89 28 $176 246
1991 1,749 5,243 68 85 28 $179 251
1992 1,705 5,330 68 83 27 $177 257
1993 1,506 5,432 72 82 23 $181 216
1994 1,425 5,390 74 81 21 NA NA
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ing 475,000 mt of K20 in 1941. New Mexico was the
largest domestic potash producer in 1944, furnishing
85% of consumption. Active exploration by several
companies in 1949 resulted in production in 1951 by
Duval Texas Sulfur via two mine shafts at the Wills-
Weaver mine. The potash operations of Duval became
Western Ag-Minerals when sold in the late 1980s.
Southwest Potash, now controlled by Horizon Potash,
began operation in 1952. Horizon's mine closed in 1994.
The shaft of National Potash (now Mississippi
Chemical) in Lea County, New Mexico, was completed
in 1956, and production started in 1957. The Kerr-
McGee facility, completed in 1957, delayed operation
until 1965 and is now New Mexico Potash.

Minable potash was discovered in Saskatchewan,
Canada, in 1952, but many factors prevented major pro-
duction until the late 1950s with exports to the United
States commencing in 1962. In 1964 U.S. domestic con-
sumption permanently exceeded domestic production.
The highest production year for New Mexico potash was
5.2 million mt KCI (3.0 mt K20) in 1966. Production has
decreased steadily as lower-cost Canadian potash has
supplied an increasing share of U.S. potash consumption.
The cross-over years were 1970 and 1971, when imports
tirst exceeded domestic production. A low of 1.2 million
mt of K20 was produced in 1986 in the United States.

Overall U.S. potash mine/mill capacity utilization by
U.S. producers declined from 83% (1984) to 61% (1985),
a trend made more significant because total capacity also
declined during this period. Overcapacity is worldwide in
1995 with utilization of about 75%, although it was 85%
in New Mexico (Seatls, Copeland, and Woodson, 1995).

A dumping finding against Canadian producers by the
International Trade Commission in 1987 and the 1988
antidumping agreement between the U.S. Department of
Commerce and Canadian producers reversed the down-
ward trend in output and utilization and revitalized the
industry in New Mexico. The suspension agreement be-
tween the International Trade Administration and the
Canadian producers continued through 1994. Civil lawsuits
alleging price collision among potash producers are
continuing (Seatls, Copeland, and Woodson, 1995). Mis-
sissippi Chemical was reactivated in 1988 after several years
on standby. Prices increased after a 1988 anti-dumping
agreement with Canada allowed AMAX to continue
operation until its mine was purchased by Horizon in 1992
(closed in 1994; Table 5). By making lower-grade ores
economic, this change in price has increased reserves at
other properties in the CPD. Large exports by the former
USSR (Belarus) depressed prices and demand in 1992-93,
but International Potash Corporation gained more control
of Belarus potash output and were able to limit stocks thus
helping prices rise slightly in 1994 (Searls, Copeland, and
Woodson, 1995). The impact of Canadian, Russian,

TABLE 5—Changes in potash property ownership in the Carlsbad
potash district since the mid 1980s.

Circa 1985 Circa 1995

AMAX Horizon Potash!
Duval Western Ag-Minerals
IMC IMC Global

Kerr McGee > New Mexico Potash

Mississippi Chemical——————— Mississippi Chemical
National Potash Mississippi Chemical?
PCA—— Ideal Basic—— Lundberg—— Eddy Potash
'Currently inactive.

Operates compactor and loading facilities on site only.

and other competition, declining reserves and grades, and
increased mining costs, led to many changes in ownership
since 1985. Of the older companies, only Mississippi
Chemical and IMC remain active (Table 5).

Economic geology

Potash-bearing evaporites occur in Ochoan (Upper Per-
mian) marine rocks in the Delaware Basin portion of the
Permian Basin of west Texas and southeast New Mexico.
Ochoan rocks, which are about 240 million years old,
overlie Guadalupian carbonates and sandstones within the
basin and overlie dominantly reefal carbonates along the
basin flanks (many sources including King, 1948; Hayes,
1964; Pray, 1988; and Ulmer-Scholle et al., 1993). The
Ochoan is divided into four formations (Fig. 3;
Lowenstein, 1988): (1) the Castile Formation (oldest)—
halite and banded anhydrite/limestone, (2) the Salado
Formation—potash (ore mainly in the McNutt Member),
halite, muddy halite, anhydrite, polyhalite, dolomite, and
mudstone, (3) the Rustler Formation—halite, gypsum, an-
hydrite, siliciclastic rocks, dolostone, and limestone, and
(4) the Dewey Lake Redbeds (youngest)—siliciclastic
mudstone and sandstone. The Castile and basal portions
of the Salado have extensive sections of laminated lime-
stone/anhydrite cyclic couplets or "banding" (Madsen and
Raup, 1988). Anhydrite interbeds in the Salado show
extensive lateral continuity, although often replaced by
polyhalite, allowing recognition of 43 marker beds in the
CPD (Jones et al,, 1960, 1960a).

The Salado Formation, up to a maximum of 670 m thick,
is an evaporite sequence dominated by 200-400 m of halite
and muddy halite in the KPLA (Lowenstein, 1988). It
hosts 12 ore zones; 11 in the middle or McNutt Member
(Fig. 4), and a 12th in the upper member. The area under-
lain by the 12 ore zones is about 4,920 km? (Lowenstein,
1988; Jones, 1972).

McNutt Member

The McNutt Member of the Salado Formation dips
about 1° to the southeast within the CPD and is about
120 m thick (Gtiswold, 1982). The McNutt contains
evaporite minerals consisting of sylvite and langbeinite,
together with halite, muddy halite, and accessory leonite,
kainite, carnallite, polyhalite, kieserite, bloedite, and
anhydrite (Barker and Austin, 1993; Table 1). In addition,
the McNutt Member consists of non-evaporite minerals
such as primary alkali feldspar, hematite, and quartz, and
secondary magnesite, illite, clinochlore, talc, talc-saponite,
corrensite, and uniform to completely random,
interstratified  clinochloresaponite  (Lowenstein, 1988;
Bodine, 1978). All clay minerals appear to be authigenic or
recrystallized and have sharp X-ray diffraction maxima.

Mudstone and siliciclastic sediment in the muddy halite
of the McNutt Member were derived from erosion of
the surrounding basin margin dominantly to the north
and ecast (Lowenstein, 1988). Lowenstein (1988)
confirmed previous observations that the present potash
salts are secondary and formed later than the primary
evaporite cycles and their overall distribution is
independent of host lithology.

Potash ore zones are 1-3 m thick and are laterally con-
sistent except where interrupted by salt horses, collapse
features (Bachman, 1984), and igneous dikes (Calzia and
Hiss, 1978). Commercial deposits were created in some
localities by magnesium-undersaturated fluids moving
through the zones, but in other areas late fluids destroyed
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FIGURE 3—Diagrammatic north-south cross section (A-A" on Figure 2) and stratigraphic relationships of the northern edge of the
Delaware Basin, southeastern New Mexico (after Jones, 1972; Austin, 1980).

potash ore, producing barren halite (salt horses). The
McNutt Member is absent in the subsurface just west of
the present mines (Fig. 2).

Ore zone 1 (Fig. 4) accounted for about 80% of past
potash production, but it is essentially mined out at cur-
rently economic depths. Production is now chiefly from ore
zones 3, 4, 5, and 10, which successively ovetlie zone 1.
Mine levels in zone 7 are on standby. Langbeinite is
produced from mixed sylvite and langbeinite ores in zones
4 and 5 (Table 6; Harben and Bates, 1990). Near the
shallow western boundary of the KPLA, only ore zone 1,
stratigraphically lowest, oldest, and richest in potash, was
not removed by solution. A typical mixed ore from the
Salado in the CPD contains 60% halite and 30% sylvite
(usually together as sylvinite), with 5% langbeinite, 2%
polyhalite, and 2% insolubles (Cheeseman, 1978).

The average sylvite ore grade in New Mexico decreased
from 25 to 30% K30 in the 1950s to about 14% today;
langbeinite ore now averages 8-10% Kz0. Potash ore
reserves are large within the district and should last for at
least 25-35 yrs (Tables 6 and 7) at current extraction rates.

Summary of potash-evaporite origin

The majority of potash-bearing bedded-salt deposits
originate from evaporation of either seawater or mixtures

of seawater and other brines in restricted marine basins
(Schmalz, 1969). The brine depth in an ancient evaporite
basin undergoes fluctuations related to sea level, ground-
water inflow, precipitation, runoff, and evaporation. Saline
minerals can be deposited in deep or shallow water and
sometimes duting subaerial exposure (Willlams-Stroud et
al., 1994).

During evaporation of normal seawater, carnallite
(KCL.MgCl2. 6H20) rather than sylvite (KKCI) precipitates
due to the high concentration of magnesium in seawater.
Mixing of marine brines with other brines or with meteoric
water may produce evaporite deposits without carnallite.
Potash ore zones often are near the tops of halite beds in
relatively thin layers because the potash minerals are
precipitated from brines at the higher salinities that occur
near the end of the evaporation sequence and later than
halite beds. The sodium-to-potash ratio in seawater is
about 27:1, so halite is very abundant compared to potash.
Nonmarine evaporite deposits occur but have mineralogy
very similar to those in marine evaporites (Lowenstein et
al, 1989) presenting further complications to origin
interpretation.

Carnallite in a salt sequence can be altered to sylvite by
the reaction of calcium- or magnesium-poor brine or
meteoric water. In many instances this diagenetic pro-
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cess occurs shortly after deposition of the carnallite
layer, as in the case of potash deposits in Thailand
(Hite, 1982). The soluble potassium salts of the Salado
Formation and the McNutt Member are secondary ones
that formed by recycling of either primary carnallite or
polyhalite, by migrating Mg- and Ca-poor fluids
(Bodine, 1978), or by reactions in place based on chang-
ing brine composition, pressure, or temperature. Nei-
ther ore minerals, such as sylvite and langbeinite, nor
most gangue potash minerals, such as leonite or kainite,
are primary in the Salado. Alteration of evaporites is
complex and may be syndepositional, postdepositional,
or retrograde (Suwanich, 1991). Petrographic and
textural relationships and chemical analysis of fluid in-
clusions of associated halite in potash evaporites suggest
that sylvite is primary in some basins (Lowenstein and
Spencer, 1990; Wardlaw, 1972). If so, magnesium in

the brines must have been removed, perhaps due to the
enrichment of calcium from other brines. Enrichment
of seawater with respect to calcium will result in early
depletion of sulfate with gypsum/anhydrite precipita-
tion, and will prevent deposition of magnesium sulfates
by restricting available sulfate. The magnesium sulfate-
poor potash deposits probably precipitated from brines
that were high in calcium, and these deposits constitute
60% or more of known potash basins (Hardie, 1991) al-
though the Salado represents magnesium-rich potash
deposition.

Most sub-basins of high-grade potash salts are found
near the basin center surrounded by successively less
soluble salt facies (symmetrical model), but some potash
is restricted to the margins of the basin (asymmetrical
model). An asymmetrical evaporite distribution, such as
that in the Ochoan Delaware Basin, could be formed by
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TABLE 6—General mineralogy and minability of ore zones of presently producing companies in the Carlsbad Potash District. After
Griswold, 1982; Searls, oral commun., June 1990.

Marker bed General Producing
Ore zone near base* mineralogy company Minability
Eleventh MB 117 Mostly carnallite, — Not mined
minor sylvite, to date
leonite
Tenth MB 120 Sylvite, New Mexico Second best in the
sylvinite Potash, IMC district; high-clay
content (6-7%)
Ninth MB 121 Carnallite, — Not mined to date
kieserite,
sylvite
Eighth Union Sylvite o Moderate reserves;
important in
future; high clay
Seventh — Sylvite, Mississippi Moderate reserves;
sylvinite Chemical moderate clay (3-4%)
Sixth — Carnallite, — Not mined to date
kieserite, etc.
Fifth MB 123 Sylvite, IMC Moderate reserves;
langbeinite trace clay (1%)
Fourth —_ Langbeinite, IMC, Principal source of
sylvite Western langbeinite; mixed
Ag-Minerals ore
Third _— Sylvite, Horizon, Ranks 3rd in
sylvinite Eddy Potash production of
sylvite
Second MB 125 Carnallite, - Not mined
kieserite, etc. to date
First MB 126 Sylvite, Eddy Potash Was the major
sylvinite sylvite-producing zone,

now nearly mined out

*Base of marker bed; see Figure 4.

the reflux model as first described by Ochsenius (1888)
and others later (Lowenstein, 1988).

In the reflux model, a shallow bar ot sill across the
mouth of the basin (proximal end) restricts the flow of
seawater, which evaporates into a salt-precipitating brine.
The dense brine, with maximum concentration at the dis-
tal end, sinks to the bottom, and sets up an undercurrent
of higher density brine back toward the proximal (sill)
end. The sill, which restricts the inflow of seawater, allows
inhibited flow of evaporation-concentrated brines back to
the ocean. The least soluble salts are precipitated towards
the sill, and the most soluble components precipitate in
the deeper parts of the basin. The result is lateral facies
changes in a tabular deposit that are due to the
asymmetrical salinity gradients in the brine.

The classic reflux model of potash-deposition in the
Delaware Basin suggests that the Salado Formation rep-
resents repeated cyclic drawdown and brine concen-
tration in a shallow, marginal-marine basin with an in-
termittent inlet (Hovey Channel) to the southwest (Fig.
1). The Salado Formation and its middle member
(McNutt Member) exhibit vertical stacks of two cycles
(Type I and II; Fig. 5) on a larger scale (Lowenstein,
1988) than cycles in the Castile (Fig. 3). Some potash salts
are not included in the cycles because they are secondary
as shown by their displacive and cross-cutting textures
and distribution independent of host lithology
(Lowenstein, 1988). Relative subsidence was necessary to
allow the stacks to develop at least 46 Type I cycles in the
Salado (Jones et al., 1960).

The Type I cycle in the Salado is marine dominated (sea-
water) and consists of an upward sequence, 1-11 m thick,
of calcareous / siliciclastic mudstone, anhydrite / poly-
halite after gypsum, halite, and muddy halite. These units

record basin shallowing and brine concentration upward
during progression from a stratified perennial lake or
lagoon to a shallow ephemeral saline lake. The Type 1
cycle is related to sea level rise relative to the Salado ba-
sin and is not as common as Type II cycles (Lowenstein,
1988).

lee Type 1II cycle is continental dominated (meteoric
water) with some seawater from seepage or residual
brines (brackish water). A Type 1I cycle is related to a
drop in sea level and is volumetrically more important
and more numerous than Type I cycles. It is 0.3-6 m
thick and consists of halite grading upward into muddy
halite. One or more Type II cycles separate Type I cycles

TABLE 7—Active potash mines in New Mexico showing
estimated capacity, average ore grade, and mine life at the
average 1992 price of $98.59/mt product. Data from J. P. Searls,
U.S. Bureau of Mines, oral comm., 1993.

Product Ore Mine
capacity  grade life

Operator County (mtlyr') (% K,0) (yrs)
Eddy Potash? Eddy 500,000 18 4
Horizon Potash Co.? Eddy 410,000 12 6
IMC Global Eddy  905,000* 11* 33
Mississippi Chemical ~ Eddy 270,000 15 125
New Mexico Potash? Eddy 410,000 14 25

Western Ag-Minerals’ Eddy 365,000 8¢ 30

'May not be operating at full capacity.
2Owned by Trans-Resource, Inc.

3Currently inactive and closed.

‘Muriate, langbeinite, and sulfate combined.
’0Owned by Rayrock Resources of Canada.
fLangbeinite only.
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FIGURE 5—Vertical cyclic sequences in the McNutt Member of
the Salado Formation, with diagnostic sedimentary structures and
textures and interpreted inflow waters (after Lowenstein, 1988).

yielding vertically stacked sedimentary packets represent-
ing a maximum time interval of 10> yrs per cycle. The
Type II cycle is similar to the upper portion of a Type 1
cycle. The Type II shows no evidence of prolonged sub-
aqueous exposure, compared to Type I, and has no
anhydrite-gypsum, polyhalite or mudstone layers. The
cumulative thickness of Type II exceeds that of Type 1
in the McNutt (Lowenstein, 1988).

Other hypotheses on the origin of Ochoan rocks near
Carlsbad, New Mexico, differ slightly to greatly from the
classic reflux model. Leslie et al. (1993) believe the
laminated couplets of anhydrite and calcite/organic
material, interbedded with massive to poorly laminated
halite in the Castile and Salado Formations, were formed
below wave base during a period of restricted circulation
of marine water. Anderson (1993) suggests that the
Castile Formation may be a "nonmarine" evaporite
related to considerable meteoric recharge.

Mining

The high solubility of most potash ores under New
Mexico climates limits them to the subsurface—hence all
mines in the CPD are underground (Fig. 6). Mine depths
range from about 270 to 425 m. These room-and-pillar
mines are relatively clean, dry, and orderly because the
beds being exploited are relatively shallow, regular, tabu-
lar, and neatly flat. Room-and-pillar mining is flexible and
allows selective extraction (Sullivan and Michael, 1986) so
salt horses are easily bypassed and ore-grade control is
good. The location of barren salt horses 1s unpredictable,
but they comprise up to 10% of the ore horizons and are
usually avoided. Low concentrations of methane are
rarely encountered. Relief holes are drilled

FIGURE 6—View, looking south, of the Eddy Potash (former
PCA) mine and mill showing large tailings piles composed mainly
of salt with lesser amounts of clay-size particles (slimes) and
minor hematite.

in ceilings to dissipate nitrogen (Williams-Stroud et al.,
1994). All mines in the CPD consist of at least two
shafts for safety and ventilation and older mines have
three or more shafts because working faces are now 5-8
km, or more, from main shafts (Searls, 1985).

Continuous mining equipment adapted from coal min-
ing is used to mine most potash ore although blasting is
also used. Beds as thin as 1.2 m are mined with mechani-
cal drum miners. Some harder ores, particularly langbein-
ite, require mechanical undercutters to prepare the work-
ing face for drilling and blasting, usually with ANFO
(ammonium nitrate and fuel oil). In all cases mechanical
loaders, underground crushers, and conveyor belts are
used to handle broken ore (Flg 7). Room-and-pillar
methods remove 60-75% of the ore during initial mining,
Subsequent removal of most of the support pillars allows
extraction to exceed 90% (Sullivan and Michael, 1986;
Barker and Austin, 1993). This is not done routinely, par-
ticularly when unmined ovetlying ore zones with minable
ore are present, but is usually done only when an area of
the mine is being permanently closed.

Milling
Mills in the CPD produce potash by combinations of
separation, flotation, crystallization (Fig. 8), leaching, and
heavy-media circuits related to specific ore. Output from

FIGURE 7—Underground primary crusher feeding conveyor belt.
View is of feed bin fed by shuttle cars bringing potash from the
working face.



Ore
Oversize
] crushing
Undersize

| Dewater I—l—i Desliming l

Recirculate
brine

) JN
dewatering

Rougher
flotation

i
Cleaner
flotation

Centrifuging -

Scavenger
flotation

! | 4 |

Coarse Standard Special

Standard
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these circuits is dried in fluid-bed or rotary dryers and
sized over screens to yield final products. Potash ore is
ground to break up sylvite-halite agglomerates (Seatls,
1985) followed by froth flotation (Fig. 8). Frothers such as
cresylic acid, pine oil, or alcohol are added to the slurry.
Sylvite is floated from halite in an aqueous solution satu-
rated with both sodium and potassium chlorides at pulp
densities of 20-35% solids and recovery generally exceeds
80%. Collectors typically are hydrochloride and acetate
salts of aliphatic amines with chain lengths of 12-24 car-
bon atoms. IMC uses heavy media separation on sylvite/
langbeinite ore prior to flotation and produces potassium
sulfate by reacting potassium chloride with various sulfate
materials including langbeinite. Western Ag-Minerals
washes langbeinite ore to leach more soluble gangue
without a flotation stage. Fine-grained MOP from flota-
tion must be coarsened by compaction between rollers,
crushed, and sized to bulk-blended fertilizer specifications.
Potash is generally stored indoors (Fig. 9) in large amounts
to meet seasonal surges in demand.

The abundance and mineralogy of clay minerals are sig-
nificant in processing potash ores, in particular, the clay-rich
10th ore zone. Clay-size particles (slimes), composed
dominantly of clay minerals, make up from a trace to about
10% of ore zones in the CPD. Clay minerals absorb the
reagents added early before the crystallization stage, thus
raising reagent cost, and hinder recovery (Gundiler, 1995)
among several deleterious effects. Each mill is designed for
a specific slimes content in its feed stock (Fig. 10). Thus
some ore zones cannot be processed efficiently in specific
plants. For example, the Mississippi Chemical mill can
handle up to 4.5% slimes. Beneficiation by dissolution and
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FIGURE 9—Potash product being discharg
storage. Potash is reclaimed from underneath.

ed into covered

vacuum recrystallization is used on clay-rich or fine-gra-
ined ores. This method is used by New Mexico Potash
(Fig. 11) whose ores contain about 7% clay (Searls, 1985).

Clay minerals preferentially interact with the amines
used to coat sylvite in sylvinite ores and frothers used in
flotation cells (Seatls, 1985). This is a result of the large
surface areas of clays, their residual charges, adsorption,
absorption, and colloid formation. Expandable triocta-
hedral clay minerals such as corrensite, saponite, and
clinochlore-saponite have more surface area than other
clay minerals and can form colloids with the brines of
either the flotation or crystallization circuits. These
characteristics of clay minerals interfere with benefici-
ation and increase chemical use.

Potash tailings in the CPD, largely halite and clay, are
stored or disposed of on the surface (Fig. 12). Solid wastes
are piled and monitored for salt leakage, which is minimal
owing to the semi-arid climate. Brines are evaporated in
impoundments or in a natural saline lake. Methods for
returning tailings to the mine are being studied but are
more likely to be initiated in potash districts less price
sensitive than the CPD.
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FIGURE 10—Simplified potash crystallization circuit (after
Sullivan and Mich ael, 1986).
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FIGURE 11—Vacum crystallization tower at the New Mexico
Potash mill.

Summary of economic factors

Activity by other industries can affect the production
of potash from southeastern New Mexico; notable are
agriculture, petroleum, and nuclear waste disposal. The
main use of potash as a fertilizer ties it to cyclic trends in
the agricultural industry. These trends are related to com-
plex interactions between weather and climate, advances
in crop genetics, soil science, farming practices, GNP of
importing nations, farm income, population growth, ef-
ficient distribution systems, freight rates and backhauls,
substitutes (Williams-Stroud et al., 1994), taxes, and tat-
iffs. Decisions to drill for petroleum below potash beds,
presumably rendering the potash unminable, are decided
by the Bureau of Land Management (BLM), who manages
the federal and state land within the Potash Enclave in
consultation with representatives of the potash and
petroleum industries (Searls, 1992). The BLM historically
has decided in favor of preserving potash reserves rather
than petroleum production unless the petroleum well can
be drilled through unminable areas inside the KPLA or
from outside the KPLA. Also impacting the potash in-
dustry is the Waste Isolation Pilot Plant (WIPP) along the
southeast boundary of the KPLA (Fig. 2).
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Abstract—Although among the oldest building techniques mastered by early man, the use of
mud as a building material parallels the birth and spread of great ancient civilizations. Even
today, earth remains the primary building material for over 50% of the world's population.
In the American Southwest modem adobe structures are relatively common, particularly in
northern New Mexico. With the aid of up-to-date fixtures, adobe homes rank high on the
scale of livability, with a number of advantages over homes constructed of other materials.
In addition, the basic raw material for adobe is abundant. In this day when the consumption
of resources is frequently called to question, buildings composed mostly of dried mud are
"environmentally friendly."

New Mexico's 20,000 adobe dwellings represent about one-third of the adobe buildings now in
use in the United States. Although today less than 3% of the new homes in the state are con-
structed with adobe each year, the annual number averages between 500 and 600 new dwellings.
Commercially constructed adobe houses usually contain above-average square footage and the
cost can far exceed that of comparable homes constructed with other materials. However, in
some areas, particularly in rural northern New Mexico, many backyard-adobe producers build
their own homes on evenings or weekends while working full time, and in many cases these
homes are completed without extensive debt.

Today, most builders purchase the adobe bricks from commercial yards found throughout
New Mexico, but those are concentrated in the northern half of the state. The adobe
operation is a labor-intensive but fuel-efficient seasonal industry with block production
usually limited by the number of frost-free days. The principal standard-size adobe brick
produced and used in New Mexico measures 4 x 10 x 14 inches and weighs about 30 Ibs. In
addition to traditional adobe bricks made with wooden or metal molds, hydraulically pressed
mud-block machines are manufactured in New Mexico and are used here sporadically. The
third adobe-production technique is rammed-earth walls or pise, in which layers of moist mud
are placed between forms and tamped.

All types of adobe structures are common in New Mexico. Not only as older structures built
when adobe was the chief building material, but now when adobe is conconsidered a superior,
culturally important, and environmentally preferred construction material. The techniques used
in earth construction will remain not only acceptable but popular for years to come.

El adobe moderno de Nuevo Mexico—
replica a inquietudes ambientales

Resumen—El uso del adobe es una de las técnicas de construction mas antiguas. El uso del
barro como material de construccién acompafio el nacimiento y proliferacién de grandes
civilizaciones antiguas. Tierra sigue siendo el principal material de construccién para mas del
50% de la poblacién mundial. En el suroeste de Norte America, estructuras modernas de
adobe son relativamente comunes, especialmente en el norte de Nuevo Mexico. Gracias a
recursos modemos las casas de adobe son muy cémodas y tienen ventajas sobre viviendas
construidas de otros materiales. La materia prima existe en abundancia. Hoy en dia, cuando
muchas veces se cuestiona el consumo de recursos naturales, edificios hechos, en su mayor
patte, de barro desecado, son considerados "benévolos al ambiente."

Las 20,000 viviendas de adobe que existen en Nuevo Mexico representan, mas o menos, una
tercera parte de los edificios de adobe que hoy se usan en los E.U.A. Aunque en Nuevo
Mexico menos del 3% de nuevas viviendas se construyen con adobe, esto representa un
promedio de entre 500 a 600 anualmente. Generalmente casas de adobe construidas por
empresas comerciales son de superficie mayor que el promedio de casas nuevas construidas de
otros materiales y pueden costar mucho mas que estas ultimas. En algunos lugares,
especialmente en zonas rurales del norte de Nuevo Mexico, es comun que los pobladores
hacen sus propios adobes en el patio y construyen ellos mismos sus casas en las tardes despues
de venir del trabajo y durante los fines de semana. En muchos casos, estas viviendas se
terminan sin que los duenos tengan que contraer mayores deudas.

Actualmente, la mayoria de los constructores compran sus bloques de adobe en centros
comerciales que existen en todas partes de Nuevo Mexico, pero mas numerosos en el norte del
estado. La fabricacién de bloques de adobe requiere mucha mano de obra pero es econdémica en
cuanto al consumo de energia; es una industria de temporada, limitada generalmente a los dias
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sin escarcha. Fl tamafio stndard del bloque de adobe que mas se usa en Nuevo Mexico es de 4 x

10x 14 gulgadas y pesa unas 30 libras. Ademas de los bloques tradicionales %1:116 se hacen en
moldes de madera o de metal, en Nuevo Mexico se construyen prensas hidraulicas para

fabricar adobes gero solo se las usa esporadicamente en el estado. Un tercer método de
produccién de adobe es la pared de bartro pisado, o piste: se colocan capas de batro humedo
entre moldes que luego se apisonan.

En Nuevo Mexico son comunes todos los tipos de estructuras de adobe, no solamente en
estructuras mas antiguas, construidas cuando el adobe era el material de construction principal,
sino también ahora cuando se considera al adobe un material de construccién supetior,
culturalmente importante y ambientalmente preferible. Las técnicas usadas en construcciones

de tierra no solo continuaran siendo aceptables, sino seran populares en afios venideros.

Introduction

Mud is one of the oldest building materials used by man,
but it is not only of historic interest. Even today in many
parts of the world, particularly in lightly forested areas, it is
the chief building material. Many authorities believe that at
least 30%, and perhaps as much as 50%, of the world's
population currently lives in earthen dwellings (Dethier,
1985; Coffman et al., 1990). Not all of these people are
members of primitive societies or live in "third world"
countries. European, African, Asian, and North and
South American countries contain a large number of such
structures. Today, the word "adobe" is used to desctibe
various earth building materials and techniques, usually
referring to sun-dried adobe brick now used in the United
States, but "adobe" is also applied to puddledadobe
structures, mud-plastered logs or branches (Jacal or
waddle-and-daub), pressed-earth blocks, and rammed-
earth walls or pisé (Ferm, 1985; Smith and Austin, 1989).

The American Southwest has long had a love affair
with adobe, and the landscapes of New Mexico, Arizona,
Texas, and California contain many examples of enduring
adobe homes. Old military forts, churches, and com-
mercial buildings also attest to its popularity. New
Mexico, both historically and today, is the largest domes-
tic producer and user ot adobes. During the 1980s, 3 to 4
million adobe bricks and pressed-earth blocks were pro-
duced in New Mexico each year by about 50 commercial
manufacturers (Smith and Austin, 1989). In 1994 about 3
million adobes were made commercially, as the industry
became more concentrated in the hands of a few large
producers (Table 1; Fig. 1).

About 60,000 adobe buildings, representing one-third
of the adobe dwellings in the United States, are in use in
New Mexico (Gerbrandt and May, 1986). Although to-
day only 2-3% of new homes built each year in New
Mexico are constructed with adobe, the number usually

TABLE 1—Earth-materials production companies active in New Mexico in 1994.

ADOBES

Map no.
(Fig.1) Name and mailing address
1 Adobe Bricks of New Mexico
Box 733
Santa Cruz, NM 87467
Dennis Duran, Owner

Adobe Factory

P.O. Box 519
Alcade, NM 87511
Mel Medina, Owner

Big “M" Sand and Cinder
Box 33

Bernalillo, NM 87004
Randy Montoya, Owner

DeLaO Adobe Brick
P.O. Box 1283
Anthony, NM 88021
Antonio DeLaO, Owner

Eloy Montano Sand & Gravel
14 Calle Chuparosa

Santa Fe, NM 87505

Eloy Montano, Owner

Gilbert Montano

503 Barela Lane

Santa Fe, NM 87501
Gilbert Montano, Owner

New Mexico Earth
P.O. Box 10506
Alameda, NM 87184
Richard Levine, Owner

505-753-6189

505-852-4131

505-867-5498

505-882-5278

505-471-4747

505-983-2838

505-898-1271

1994 production
100,000

County
Santa Fe

Telephone

Rio Arriba 950,000

Sandoval 50,000
Dona Ana 60,000
Santa Fe 35,000
Santa Fe

95,000

Bernalillo 600,000
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Map no.

(Fig.1)
8

10

11

12

13

14

Map no.
15

16

17

18

19

Map letter

(Fig. 1)
A

Name and mailing address
Leroy Otero

2725 Highway 47

Los Lunas, NM 87031
Leroy Otero, Owner

Philip Otero

2055 Winchester

Bosque Farms, NM 87068
Philip Otero, Owner

Simon Otero

224 El Cerro Loop
Los Lunas, NM 87031
Simon Otero, Owner

Sol Systems Adobe
Box 104

Corrales, NM 87048
Manuel Ruiz, Owner

Rio Abajo Adobe

105 W. Aragon

Belen, NM 87002
Jerry Sanchez, Owner

Trini Velarde

Box 726

Rancho de Taos, NM 87557
Trini Velarde, Owner

Western Adobe

7800 Tower Road SW
Albuquerque, NM 87121
Dean Leach, Owner

Name and mailing address

Aguires Services

P.O. Box 475

Rancho de Taos, NM 87557
Ismael Aguires, Owner

Adobes by Sun and Soil Inc.

Box 99
Edgewood, NM 87015
Don Huston, Owner

Ralph Mondragon

Box 199

Rancho de Taos, NM 87557
Ralph Mondragon, Owner

Rodrigues Brothers
Rt. 6, Box 22
Santa Fe, NM 87501

George and Jim Rodriguez, Owners

Tim’s Adobes

Box 1534

Bernalillo, NM 87004
Tim Montoya, Owner

Name and mailing address
Adobe International

Box 1284

Grants, NM 87020

Henry Elkins, Owner

Alternative Block, Inc.
P.O. Box 7397
Grants, NM 87020

ADOBES

Telephone
505-864-4054

505-869-0934

505-865-7133

505-898-2218

505-864-6191

505-758-4185

505-836-1839

No production in 1994
Telephone
505-758-9181

505-281-9006

505-758-3644

505-471-3375

505-867-4847

PRESSED-EARTH BLOCKS

Telephone
505-287-3961

County

Valencia

Valencia

Valencia

Sandoval

Valencia

Taos

Bernalillo

TOTAL

Taos

Santa Fe

Taos

Santa Fe

Sandoval

County
Cibola

1994 production
40,000

50,000
15,000
300,000
250,000
16,000

200,000

2,761,000

1994 pr: tion
0

T
108,000
(made about 50
machines)

(Closed operations in New Mexico, January 1995)
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TABLE 1—continued.

ADOBES

Map no.
(Fig.1)
C Habitat for Humanity
P.O. Box 2844
Santa Fe, NM 87501
Cisco Davis, Executive Director

Name and mailing address

D Southwest Alternatives, Ltd.
P.O. Box 1365
Corrales, NM 87048
David Lineau, Owner

No production in 1994

E Coyote Adobe, Inc.
247-F Rosario Boulevard
Santa Fe, NM 87501
Robert W. Higginson and
Paul Romero, Owners

F Tide Corporation
8325 Washington St. NE
Albuquerque, NM 87113

Telephone
505-986-5580

505-898-6609

505-983-5376

505-343-8955

tion
10,000

County 1994

Sandoval (made 6

machines)

TOTAL 118,000

Santa Fe 0

Bernalillo 0

RAMMED-EARTH BUILDERS

Map symbol
(Fig.1) Name and mailing address
® Huston Construction
Box 99
Edgewood, NM 87015
Stan Huston, Owner

Soledad Canyon Earth Builders
@ P.O. Box 274

Mesilla, NM 88046

Mario Bellestri, Owner

Telephone
505-281-9534

505-521-9350

1994 production
7 houses

County
Santa Fe

Dona Ana 4 houses

TOTAL 11 houses

averages between 500 and 600 new dwellings. Based on
examination of building permits in New Mexico and dis-
cussions with local architects, realtors, and planners
throughout the Southwest, it appears that most new adobe
dwellings are built for high-income customers. The houses
usually have above-average square footage, with the
addition of extensive southwestern architectural details and
style. However, in some areas, particularly in parts of rural
northern New Mexico, many backyard adobe producers
build their own homes (McHenry, 1985). This is often
done on a part-time basis, while the builder works full time
for a local business or government agency. Often the
house is a family project and is completed without an
extensive debt or long-term mortgage payments.

Raw materials

Adobe soil used by present-day adobe producers, and
probably past adobe producers as well, is principally sandy
loam (50% clay and silt), although clayey silts are used in
some areas (Coffman et al., 1990). In New Mexico the best
adobe soils are those developed on fine-grained stream
deposits, particularly Holocene terrace deposits and older,
loosely compacted geologic formations. The Santa Fe
Group of Tertiary age located in the Rio Grande valley is a
good example. Some modern adobe producers use a
mixture of materials from the screened fines of aggregate
operations and mud from irrigation ditches in the river
valleys, combined with varying amounts of sand, to
produce the proper blend (Austin, 1994).

Mineralogy

Bulk mineralogy—X-ray diffraction analyses of whole-
rock samples from many parts of the world where adobe
is the dominant construction material show the major
constituents of adobe to be quartz and feldspar, with
lesser amounts (in order of abundance) of calcite, clay
minerals, and gypsum (Coffman et al., 1990). Adobes
from arid climates contain considerable calcite; in some
cases calcite is second only to quartz in volume. Quartz,
teldspar, most of the clay minerals, and some calcite com-
monly are detived from the mechanical/chemical break-
down of older rocks units. Some of the clay minerals,
much of the calcite, and perhaps all of the gypsum are
precipitated from evaporating water.

Clay mineralogy—Clay-size particles consist dominantly
of clay minerals, but neatly all clay-size fractions contain
minor amounts of quartz and calcite, and occasionally
other nonclay minerals. In New Mexico, clay-size
particles in commercial adobe soils are the most com-
positionally variable. However, the clay-mineral groups in
this size fraction consist of about equal parts of ex-
pandable clay minerals (smectite and mixed-layer illite/
smectite or I/S) and non-expandable clay minerals (ka-
olinite, illite, and chlorite), with minor quartz, calcite, and
feldspar (Smith and Austin, 1989; Austin, 1994). In the
arid American Southwest smectite is commonly calcium-
rich and the I/S is randomly interstratified. A study of 42
New Mexican commercial adobe soils by Smith and Aus-
tin (1989) revealed that only two contained chlorite, and
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FIGURE 1—Locations of commercial adobe-brick producers, pressed-earth-block machine manufacturers, and rammed-earth-

construction companies active in New Mexico in 1994.

that vermiculite, sepiolite, and palygorskite were absent.
Soils in temperate climates, as in the midwest and
northeast United States, contain an abundance of illite
(Potter et al., 1975). The clay minerals in earthen structures
of that region and in Europe commonly contain illite with
lesser amounts of kaolinite, smectite, 1/S, chlorite, and
vermiculite. In contrast, the clay-size fractions of soils in
humid tropical areas are typically acid, with kaolinite as the
dominant clay mineral and lesser amounts of 1/S, illite,
smectite, and others (Chamley, 1989). Mud or adobe
structures are known in these areas, but for wood

and stone in older structures and concrete and metal in
newer ones are dominant.

Chemical properties

Soils in the arid New Mexican climate are typically al-
kaline. Ground water near the Rio Grande valley is gen-
erally hard to extremely hard, containing total dissolved
solids (TDS) ranging from about a hundred to several
thousand parts per million (Wilkens, 1986; Anderholm,
1987). Soluble salts, notably calcium carbonate and calcium
sulfate, precipitate as this water evaporates. White
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crusts of these salts at the surface are common in
marshy areas of the state during drier times of the year.
The stability of the desert surfaces causes precipitation
of calcium carbonate from ground water, Iinitially
producing calcium-rich soils, followed by impermeable
pedogenic calcite layers called caliche a few centimeters
to a few meters below the surface (Hawley, 1994).

Adobe walls are remarkably durable in the American
Southwest climate and with proper care last hundreds of
years. Great care is taken to keep the wall interior dry.
Walls in some Indian pueblos atre re-covered with a "natu-
ral mud plaster” on a yeatly basis as part of "community
service." The natural plaster has about the same mineral
and chemical composition as the walls themselves but is
slightly finer-grained. The plaster is expected to wash off
slowly during the year and to be replaced during the next
replastering. The slow removal of the plaster apparently is
due to precipitation of calcite and gypsum from the
mixing water. A caliche-like bond between grains forms
as the mud slowly dries (Austin, 1990). The clay compo-
nent on the surface of most vertical adobe surfaces limits
the penetration of precipitation; water runs off before it
can soak into the wall and erosion is limited in New
Mexico to "1 inch in 20 years" (P. G. McHenty, Jr., writ-
ten comm. 1992). This assumes a "reasonable" amount of
clay because an adobe soil with very little clay will erode
very rapidly in a driving rainstorm. On a horizontal adobe
surface, however, moisture tends to puddle and soak in;
then subsequent raindrops physically damage the softened
surface.

Leaching tests with EDTA (ethylenedinitrilotetraacetic
acid) on 25 commercial New Mexican adobe soils suggest
that commercial soils contain an average of about 90 wt.%
insoluble and 10 wt.% soluble material; the latter is
dominantly calcite and some gypsum (Austin, 1990). In
that study, the soluble material ranged from 36 wt.% to
essentially zero. Adobe soils with the smallest amount of
soluble material were also the highest in sand and larger-
size particles. A study of a limited number of adobes from
other parts of the world found a similar range of soluble
material (Coffman et al., 1990).

Physical properties

Particle-size distribution—Adobes from some
historic structures in the American Southwest and other
parts of the world have clay contents from 1 to 38 wt.%,
while sand-and-larger particles range from 4 to 82 wt.%
in a limited number of samples (Coffman et al., 1990).
The common statement by modern New Mexican adobe
producers is that their soil mix is usually one-half sand
and one-half "clay" or "fines" (silt and clay); however,
commercial adobe soils in New Mexico range from 85
to 99 wt.% nonclay-size particles (Smith and Austin,
1989). Tests of commercially produced New Mexican
adobes show that particle sizes of the soil varies widely.
They contain 27-89 wt.% sand-and-larger grains, 8 to 68
wt.% silt-size grains, and 1-15 wt.% clay-size grains. The
average grain-size composition was 67 wt.% sand-and-
larger, 27 wt.% silt, and 6 wt.% clay.

Large-scale commercial adobe producers in New
Mexico use adobe soils with less clay-size material than
do small-scale commercial and non-commercial adobe
producers. Some of the former are as low as approxi-
mately 1 wt.% clay, whereas many of the latter are be-
tween 8 and 15 wt.% (Smith and Austin, 1989). In part
this is because large-scale commercial adobe producers

use stabilizers that not only protect blocks from rain dam-
age but aid in consolidation of the drying soil mix as well.
An abundance of clay-size particles in adobe soils causes
excessive cracks as blocks dry in an adobe yard. To com-
bat cracking, producers add straw and/or additional sand
to the mud mixture.

Thermal properties—Traditionally, materials are
evaluated for thermal properties based on measurements
known as R- and U-values. The R-value is an indicator of
the ability of a wall to insulate effectively and is calcu-
lated by dividing the thickness of the wall by the wall's
thermal conductivity, the amount of heat flowing from
the warmer to the cooler side of the wall. The U-value is
the reciprocal of the R-value and reflects the rate at
which heat is conducted through a material. The total R-
value may be calculated for a given wall by adding up the
values of the individual components of a wall structure,
including all insulation, interior sheathing, framing, air-
space resistance, and masonry. Adobe walls have very
low R-value because they commonly consist of 10 or 14
inch blocks covered with a thin stucco on the outside
and thin gypsum plaster on the inside.

However R- and U-values do not tell the full story in
determining what is a high-quality, thermally efficient wall
(Fine, 19706). Both these values reflect the rate at which
heat passes through a wall only after a steady state of heat
flow (heat energy is passing uninterrupted from one side
of the wall to the other at a constant rate) has been
achieved. What is not considered, and is of critical
importance in masonry-mass walls such as adobe, is the
heat storage capacity of the wall, which determines the
length of time that passes before a steady state of heat
flow is achieved. The higher the heat storage capacity of
the wall, the longer period of time it will take for heat
flow to reach a steady state. In real situations external
temperatures change constantly, so that a true steady-state
condition is rarely achieved. Because diurnal changes in
the arid Southwest are typically 15-25°C, the "fly-wheel
effect”" keeps adobe buildings' daytime temperatures cool
in the summer and warm in the winter.

Resistance to sound—The thick walls of a typical
adobe are well-known sound deadeners, making these
homes remarkably quiet. Windows in older adobe buildings
are normally small, further adding to the quietness. Newer
solar adobe homes take advantage of the many sunny days
in arid climates with large windows, but use well-insulated
glass to retain much of the sound-deadening characteristics
of adobe dwellings.

Other physical properties—Adobe homes are water
resistant, flame retardant, unaffected by termites, and en-
ergy efficient. In addition to the preservation of nighttime
cool temperatures in the summer and daytime heat in the
winter, the sun-dried method of production, rather than
using high heat to produce masonry brick or cement,
increases the original energy efficiency. Wright (1978)
stated that it takes over 300 times more commercial en-
ergy to produce a concrete block than a sun-dried adobe
block ot equal volume.

Technology

The principal standard-size adobe brick produced and
used in New Mexico measures 4 x 10 x 14 inches and
weighs approximately 30 lbs (Smith and Austin, 1989).
Several varieties and sizes of earthen brick are produced
throughout the American Southwest; these include tra-
ditional adobe, semistabilized and stabilized adobe, New



Mexican terrénes (cut-sod brick), quemados (burnt adobe),
and machine-pressed-earth block; in addition, rammed-
earth walls are constructed without adobe brick (McHenty,
1984; Smith and Austin, 1989). The major type of adobe
brick currently produced commercially in New Mexico is
the semistabilized adobe. Traditional adobe brick and
stabilized adobes are available on special order. In Arizona
the most common adobes ate stabilized, and traditional or
unstabilized adobes are all but impossible to find (P. G.
McHenty, Jr., written comm. 1992).

Production techniques

Traditional (untreated) adobe bricks—Often called
untreated or sun-dried adobe brick, traditional adobe is
made with soil composed of sand with some larger-size
particles, and of silt and clay. Straw is sometimes added
for strength and to prevent excessive cracking during
drying. The moistened soil mixture commonly is packed
into a brick-like mold, released, and allowed to dry and
"cure" for several weeks before use.

Stabilized adobe bricks—Fully stabilized adobe brick
is defined by the New Mexico Building Code as water-
resistant adobe made of soil with certain admixtures that
limit the brick's seven-day water absorption to less than 4
wt.%. A fully stabilized adobe brick usually is made with
6-12 wt.% of asphalt emulsion (California Research
Corporation, 1963; Scheuch and Busch, 1988). Asphalt
emulsion is the primary stabilizer because of the ease of
use and the low cost, but 5-10 wt.% portland cement pro-
duces the same result.

Exterior walls constructed with stabilized mud mortar
and brick requite no additional protection and can be
left exposed without stucco. The production of fully
stabilized adobe brick is very low because most walls are
stuccoed with water-resistant plaster, and the additional
waterproofing agent adds extra cost.

Semistabilized adobe bricks—Semistabilized adobe
brick was developed by major adobe producers in New
Mexico and is classified as a water-resistant brick because
of the addition of 3-5 wt.% of a stabilizer or water-proof-
ing agent (California Research Corporation, 1963;
Scheuch and Busch, 1988). The stabilizer protects the
brick from rainstorm damage during the curing process.
Semi-stabilized adobe is made the same way as traditional
adobe, except for mixing the stabilizer into the adobe soil
prior to packing it into a form. It is the most common
commercial mud block made in New Mexico, accounting
for between 60 and 80% of total commercial production
(Figs. 2 and 3).

Pressed-earth blocks—Pressed-earth blocks
presently make up a small portion of earth brick used in
New Mexico (Smith and Austin, 1989). The CINVA-
Ram, a hand-operated press, was developed by a Chilean
engineer in the 1950s and has been used in the state, but
most pressed-earth blocks are made by gasoline- or diesel-
powered machines (Fig. 4). Several have been designed
and used in the past in New Mexico to press the adobe
soil mixture into a form, minimizing the amount of time
required between forming the block and placing it into the
wall. Portland cement or asphalt emulsion has been used
to partly stabilize or fully stabilize pressed-earth blocks.
Most pressed-earth blocks come from small-volume and/
or part-time, or non-commercial producers.

Rammed-earth walls—Rammed-earth homes com-
monly have much thicker walls than most other earthen
dwellings, up to 36 inches thick. Wooden or metal con-
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FIGURE 2—Commercial adobe production at New Mexico Earth,
Alcade, New Mexico. The front-end loader delivers the
semistabilized mud mixture to wooden 10 mold ladder forms.
After a few hours, the forms can be removed, leaving the adobes
to dry for two to three days, after which they are trimmed and
turned on the side to dry for another 10 days to two weeks.

"M.‘.‘ i A = oW e
FIGURE 3—Mechanical adobe layer that produces 25 standard-
size adobe bricks per laydown. Medina’s Adobe Factory adobe
yard, Alcade, New Mexico.

FIGURE 4—Earth Press III pressed-earth-block machine set up

near wall under construction. Coyote Adobe Inc. building site,
Velarde, New Mexico.
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crete-type forms are put in place on stone or concrete
footings and 6 to 8 inch thick layers of moistened soil are
put between the walls of the forms. Hand or hydraulic
tampers are used to pound the soil into the shape of the
form, compacting and reducing the volume of the mix-
ture by 25-30% (McHenry, 1984; Middleton, 1987; Fig.
5). Once the layers of tamped soil reach the desired
height, the forms are removed and the wall is allowed to
dry (Fig. 6). Portland cement is the commonly used
stabilizer. Producers say rammed-earth walls continue to
harden, or cure, during the first year after construction.
During 1994 the state's two rammed-earth construction
firms built 11 homes.

Specifications

Specifications for adobe or mud construction are not
widely used in the United States. New Mexico, the state
with the most adobe construction, probably has the most
complete approach. The New Mexico code for unburned
clay masonry is Section 2413 of the New Mexico Building
Code (Construction Industries Division, 1991). The most
significant rules regarding adobe blocks can be sum-
marized as follows:

1. Compressive strength: The units shall have an "average
compressive strength of 300 1bs/inch?" when tested.

2. Modulus of rupture: This unit shall "average 50 lbs/inch?"
in modulus of rupture when tested according to the specified
procedures.

3. Moisture contents: The moisture content of untreated
units shall not be more than 4%.

4. Absorption: A dried cube cut from a sample shall not
absorb more than 4% moisture by weight when placed
upon a constantly water-saturated porous surface for
seven days. An adobe unit that meets this specification
shall be considered "stabilized."

5. Shrinkage cracks: No unit shall contain more than
three shrinkage cracks, and no shrinkage crack shall
exceed "2 inches in length or 1/8 inch" width.

Economic factors

Cost

In New Mexico adobe brick production varies from a
labor-intensive traditional hoe-shovel-and-wheelbarrow
technique to a mechanical large-scale operation producing
5,000-20,000 bricks per day. The production of adobe
bricks is seasonal and is usually limited by the number of
frost-free days for a particular adobe yard. The pro-
duction season in New Mexico lasts from five to nine
months, depending on climate and weather conditions.

Smith and Austin (1989) reported that producers using
the handcraft technique for traditional (untreated) adobe
marketed their products at 21-40 cents per brick at their
yards. One-person commercial yards produced 100-300
bricks per day. Semimechanized adobe yards with 8-10
employees can produce 5,000-6,000 semi-stabilized bricks
per day that are sold for 40-45 cents per brick at the yard
(E. W., Smith, written comm. 1992). This year (1995) the
largest mechanized adobe yard with 3-4 employees can
produce 5,000-7,000 semistabilized adobes per day that
are sold for 38-45 cents at the yard. Most producers say
that the stabilizers (asphalt emulsion and portland
cement) add between 5 and 10 cents to the price of an
adobe. Adobe bricks can be delivered to the job site via
flat-bed trucks that carry up to 1,000 palletized or stacked
adobes. A 1,000 to brick load would weigh 16-18 st;
typical adobe haulers use 2-3 st trucks.

FIGURE 5—Stan Huston standing in front of a rammed-earth
wall and holding one of the Ingersoll Rand 341 backfill tampers
that are hooked up to 125 Schramm compressor for tamping
rammed-earth walls. Huston Construction Company building
site, Edgewood, New Mexico.

FIGURE 6—Thick rammed-earth walls after forms have been
removed at Huston home near Edgewood, New Mexico, with a
freshly poured concrete bond beam. Note tamped soil layers with
different amounts of water. When completely dry, the walls will
be nearly the same color, but layers will remain variable due to
differences in grain size. After stucco is applied, the walls will
appear monolithic.

Pressed-earth blocks in a production yard are sold for
comparable prices, but some producers take their ma-
chine to the job site and use local soil for their blocks at a
slightly reduced price. These producers are also contrac-
tors who will build the desired walls or a complete house.

Transportation

Adobe may be made on the construction site, but in
recent years it is more likely to be made in adobe yards and
transported to building sites on flat-bed trucks (Fig. 7).
Although transport to distant construction sites 1s
uncommon, some producers ship adobes several hundred
miles. The problem is normally not in the availability of
the raw material. Acceptable, if not supetior, adobe can be
made with most native raw materials, providing a qualified
adobe maker is involved. Long-distance shipping occurs
when the landowner wants an adobe home and
contractors in the immediate area have neither the training
nor the talent for this type of construction.

Rammed-earth construction methods require that the



FIGURE 7—Spyder forklift loading adobe bricks onto flatbed
truck. After adobes have been stacked onto wooden pallets, only
one employee is required to deliver the pallets. The forklift can
be fitted into a cradle built into the flatbed, where it is carried to
the construction site to unload the adobe bricks.

walls be made at the building site. Consequently, the nor-
mal method of construction is to use local materials or
materials that have not been transported far.

Health and safety regulations

The identification of radon gas as a health hazard in
homes and the low-strength materials used in adobe
homes in seismically active areas have caused owners to
be concerned about the safety of their adobe structures.
Modest changes in construction and care commonly will
prevent problems in all but the most severe cases (Smith
and Austin, 1989).

Radon accumulation—Radon is a colorless, odorless,
heavier-than-air radioactive gas derived from the break-
down of some radioactive elements in soil and rock. The
most stable radon isotope, ** Rn has a half-life of 3.8
days (Wilkening, 1980). Radon enters buildings through
cracks, particularly when the buildings are closed and
have a negative air pressure, as is commonly true during
the heated winter months, and accumulates in low spots.
Although adobe buildings have not been shown to have
significantly more radon than other types of dwellings,
good ventilation and positive interior air pressure are the
easiest ways to prevent a buildup of the gas.

Seismic activity—Earthquakes are very destructive in
many parts of the world where low-strength masonry is
used. Adobe buildings in the United States are commonly
constructed with one and two stories, and on concrete slab
foundations. Designing the slab to resist cracking during
both the normal life of the structure and possible
earthquakes is prudent in seismic areas. Recent work in
California suggests that a combination of proper slab
construction, reinforcing walls with rebar, using wire
mesh both inside and outside the building beneath the
plaster and stucco, interconnected bond beams and roof
beams at the top of walls, and buttresses can reduce earth-
quake damage (Tibbets, 1986).

The building code for earthen construction is concerned
with safety for the inhabitants. In New Mexico and Cali-
fornia, two states with significant numbers of adobe struc-
tures and seismic activity, the building code specifically
addresses the need for adobe structures to endure con-
siderable earth movements during seismic events (Smith
and Austin, 1989). The New Mexico code forbids the con-
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struction of adobe structures exceeding two stories in
height. All bearing walls must be topped with a continu-
ous belt course or tie beam. The belt course is commonly
reinforced concrete and tie beams are solid wood at least
six inches thick. The California building code requires
that walls have internal reinforcement with rebar as well.
The result is that during seismic events adobe structures
fare about as well as buildings constructed with other
materials. Some California building code regulators also
allow the flexibility of substitution of some horizontal
for some vertical reinforcement in earth construction (P.
G. McHenry, Jr., written comm. 1992).

Energy used in construction of adobe buildings

Adobe construction is an environmentally friendly pro-
cess if the embodied heat represented in the making and
transport of various types of building materials is con-
sidered. Most studies in the past have dealt with the
insulating properties and energy required per unit vol-
ume to heat of different building materials, and adobe
ranks poorly in these categories. However, by virtue of
its construction methods, adobe has definite advantages
in terms of resource consumption. Adobe is made pri-
marily from soil, little energy is involved in the explora-
tion for it and no energy is invested in the refinement of
adobe soils. Adobe is often made from the soil on-site
and the energy involved in transport is negligible.

In 1976 the Energy Research Group, University of Illi-
nois, and the architectural firm of Richard G. Stein and
Associates (as reported by McHenry, 1984) performed a
comprehensive study of the embodied energy represented
in different building materials. Some of the values from
the study follow (first five lines), showing the amount of
heat expended in Btu's. Adobe was not involved in this
study, but if measured the same way (values added to
figures), its value would be far less:

Material Unit Btu’s Used
Portland cement 94 Ib sack 381,624
Lime, hydrated 100 Ib sack 440,619
Common brick

(2Y4” x 33" x 7°6") 1 brick 13,570
Paving brick

(2Y” x 33" x 7°6") 1 brick 24,306
Concrete block

(8” x 8” x 16” nominal) 1 brick 29,018
Adobe brick (4” x 10” x 14”) 1 brick 2,500

(produced by off-site

mechanized laying machine)

With this study in mind, it can be seen that adobe con-
struction can lead to considerable saving in energy-re-
source use. In addition, if the adobe is constructed from
material on the building site, further savings in energy
can be made because transportation of materials can be
avoided.

As noted above, adobe walls have very low R-values
because they commonly consist of 10 or 14 inch blocks
covered with a thin stucco on the outside and thin gypsum
plaster on the inside. However the higher heat-storage
capacity of an adobe wall means that it will keep adobe
buildings' daytime temperatures cool in the summer and
warm in the winter. With modern materials and techniques,
such as using solar heating, modern adobe buildings avoid
using considerable energy during their construction and are
very comfortable and efficient when completed.

If over 300 times more commercial energy is necessary
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to produce a concrete block than a sun-dried adobe
block (Wright, 1978), adobe is inherently less demanding
of energy resources. Adobe, first used because of the
paucity or costs of the more conventional local
construction matetials, should now be used because of its
lower energy consumption during production and its
continued low-energy demand during use.

Problems and future trends

Adobe and similar earth construction are gaining re-
spectability, particulatly in the American Southwest, as
the Santa Fe Style construction remains popular. Earth
construction will continue to account for 2-5% of the
homes constructed in this region for the foreseeable fu-
ture. It also will be the preferred construction of the low-
income and high-income groups. Low-income groups
use this construction because local materials are available
and they can build the structures themselves, often in
their spare time. Adobe is also the preferred tyﬁe of
construction for the wealthy because a superior home
can be constructed that is "in harmony with nature" and
currently chic.
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Abstract—Travertine is composed of low-magnesian calcite formed in freshwater through or-
ganic or inorganic processes. The nature of travertine deposited by springs is the result of
water chemistry, water temperature, and local conditions. Harsh conditions favor the
formation of inorganic travertine whereas organic travertine exists in more moderate
environments. Inorganic travertine often forms near a spring orifice with organic deposition
farther away as conditions moderate.

Travertine deposits are categorized by morphology, constituents, and internal stratification.
The classes are: (1) waterfall/cascade; (2) lake-fill; (3) sloping mound, fan, or cone; (4) terraced
mound; and, (5) fissure ridge. All of these are present among the approximately 55 discrete
travertine deposits currently described in New Mexico. Numerous undocumented, minor de-
posits occur in the extensive limestone terranes of southeastern New Mexico. Travertine is fre-
quently associated with local faults that channel carbonate-bearing waters to surface springs.
Thus, most of the deposits in New Mexico are associated with the Rio Grande rift or structures,
such as the Jemez volcanic zone, that intersect it.

Travertine has many uses as a decorative or ornamental stone. Commercial travertine is hard,
dense, finely crystalline, compact, massive to color banded, and takes a polish. New Mexico
Travertine (NMT), the sole producer in New Mexico, has operated a quarry and dressing plant
west of Belen since the early 1980s. They slab and process 1,000-3,000 ft> per day of stone using
their own travertine (20%), on contract (25%), or using stone purchased from other states (55%),
primarily Indiana, Texas, Oklahoma, and Kansas. Contracted or purchased stone, primarily lime-
stone, are also dressed on the NMT tile line. When fully operational, the tile line, which is the only
one in the western United States, will have a capacity of 2,000 ft? per day. About 90% of NMT
production is trucked to California, Utah, ot the east coast primarily for use in residences.

El travertino en Nuevo Mexico-
Yacimientos econdémicos y no economicos

Resumen—Travertino es caliza de bajo contenido de magnesio. Se forma en aqua duke
(vertientes) por procesos organicos o inorganicos. Las caracteristicas del travertino dependen de la
composicion quimica y la temperatura de las aguas, asi como de condiciones locales. Travertinos
inorganicos se forman en ambientes desfavorables para procesos biologicos, por ejemplo
alrededor del orificio de salida de una vertiente, mientras que a cierta distancia de la boca, al
moderarse las condiciones fisicoquimicas, aparece el travertino organico.

Los depésitos de travertino se clasifican por su morfologia, componentes y textura
(estratificacion interna). Las clases son: (1) travertino de cascada; (2) depésito lacustre; (3)
monticulo en faldeo (slgping mound), abanico o cono; (4) yacimiento de terraza y (5) deposito
elongado de fisura (fissure ridge). Todas estas variedades se encuentran entre los yacimientos de
travertino, unos 55 en numero, que se han descrito en Nuevo Mexico. Hay, ademas,
numerosos dep6sitos menores, no documentados, en los extensos terrenos calcareos del
sureste del estado. Muchas veces, el travertino se halla asociado con fallas locales que sirven
de conductor para aguas cargadas de carbonato que alimentan las vertientes. Es asi como la
mayoria de los yacimientos en Nuevo Mexico se encuentran en el 77f# del Rio Grande o en
estructuras que lo penetran.

El travertino tiene muchos usos como piedra ornamental. Travertino comercial es duro, denso,
criptoctistalino, compacto, de color solido o con bandas de color, y puede ser esmerilado y
pulido. La empresa New Mexico Travertine (NMT) es la sola productora en el estado. Desde los
primeros afios del 1980 esta empresa ha operado una cantera y planta procesadora al oeste de
Belen. Cortan y procesan de 1,000 a 3,000 pies cuadrados por dia. De este total, el 20% proviene
de cantera propia, el 25% se procesa por cuenta ajena, y el 55% es piedra comprada de afuera,
principalmente de Indiana, Texas, Oklahoma y Kansas. NMT cuenta con una nueva linea de
fabricacion de baldosas donde también se trabaja piedra por cuenta ajena o piedra comprada de
afuera, mayormente calizas. Una vez que esa instalacion, la (mica de su genero en el oeste del
pais, opere a capacidad maxima, podra producir hasta 2,000 pies cuadrados diarios de baldosa.
Un 90% de la produccion es trasportado por camion de carga a California, Utah, o a la costa
atlantica, donde se usa principalmente en la construccion de viviendas.
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Introduction

Travertine is low-magnesian calcium carbonate (CaCO3)
as calcite and less commonly as aragonite (a higher tem-
perature form of calcite) deposited in freshwater by organic
and inorganic processes. In broad terms, travertine is
calcium carbonate deposited in a spring system that emits
either warm or cold calcium-charged water and deposits
calcium carbonate at or near the spring orifice. Spring
waters far from the orifice typically deposit as carbonate
cements rather than recognizable travertine. Precipitation of
calcium carbonate in a spring system occurs when bi-
carbonate-rich waters become supersaturated due to

evaporation or loss of CO, by degassing upon pressure
release, turbulence, or organic activity. The latter includes
floral photosynthesis, principally by algae, mosses, or he-
patica (Julia, 1983; Fisher, 1979), and by bacterial metabo-
lism (Folk, 1993; Chafetz and Folk, 1984).

Travertine is frequently associated with faults and with
nearby limestone source rocks. The faults provide a path-
way to the surface for carbonate-charged spring water that
has interacted with the carbonate. Many of the travertine
deposits in New Mexico are associated with the Rio
Grande rift or structures intersecting it such as the Jemez
volcanic zone (Fig. 1). Additional undescribed de-
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posits, which are likely to be small, are found in the ex-
tensive limestone terranes of southeastern New Mexico.

The nature of a travertine deposit is the result of local
conditions that include climate, geology and physiogra-
phy, water chemistry, water temperature, and deposit
history. Harsh conditions favor the formation of traver-
tine through inorganic precipitation whereas organically
formed travertine dominates in motre moderate environ-
ments (Chafetz and Folk, 1984). Commonly, inorganic
travertine will form near an active spring and organic
travertine will form at a greater distance from the spring
orifice. Spring-derived carbonate waters may percolate
into and cement surficial materials. Thus, the range of
spring carbonate derived structures and rock types is
quite wide.

Commercial travertine is hard, dense to vuggy, finely
crystalline, compact, massive to color-banded limestone
that takes a polish. Impurities in travertine impart colors
ranging from white to pink, tan, yellow brown, or dark
brown. If variable impurities cause color banding in lay-
ered travertine, the stone is sometimes called tufa, cal-
careous sinter, marble, Mexican onyx, or onyx marble
(Sanders and Friedman, 1967); true onyx is banded silica
(SiO2) rather than calcite. Travertine, as quarried and
marketed by New Mexico Travertine (NMT), includes
all forms of calcite, aragonite, travertine, Mexican onyx,
carbonate breccia, and altered limestone bedrock with
oxidized iron on stylolitic surfaces that occur in their
highly variable quarries.

The preferred color in commerical travertine applica-
tions is white, bone, or beige. These colors correspond-
ing to the majority of imported travertine, chiefly from
Italy, and to insure compatibility with stone used previ-
ously. More varigated varieties are used in special
commerical and governmental applications and in pri-
vate homes.

This report expands an earlier report by Austin and
Barker (1990) that examined the operation of New Mexico
Travertine (Fig. 2), the only travertine producer in New
Mexico. Since that report and although production of
New Mexico travertine has decreased in volume, the com-
pany has expanded and now cuts and finishes rocks from
many other quarties in other states in addition to its own
travertine.

Travertine classification

The classification developed by Chafetz and Folk
(1984) categorizes travertine deposits based on
morphology, constituents, and internal stratification
(Table 1). The categories include: (1) lake-fill, (2) terraced
mound, (3) sloping mound, fan, or cone, (4)
waterfall/cascade, (5) fissure ridge, and (6) other.
Travertine classification becomes increasingly difficult to
apply to inactive deposits as they weather and erode.
Therefore, most deposits described below have not been
classified pending detailed field work.

Shallow lake-fill deposits

The shallow lake-fill travertines form in very shallow
water often no deeper than 3 ft. The travertine is in
nearly horizontal strata that are often separated by mud
or terrigenous sediment. Desiccation cracks are abundant
in these deposits. This implies a very shallow lake subject
to frequent episodes of water-level fluctuations possibly
as the result of travertine rimstone-dam formation and
collapse.
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FIGURE 2—Location map of Mesa Aparejo region in central New
Mexico. “NMT Quarries” is the site of New Mexico Travertine
quarries and “NMT Mill” is the dressing and tile plant. “Rocky
Mountain Stone” is the retail outlets for NMT travertine and other
stone. “T” indicates travertine occurrence discussed in text and
shown in Figure 1.

Shallow lake-fill travertine deposits have very gently
sloping profiles due to their deposition in quiet waters.
Shrub-like masses of vertically aligned calcite crystals of
biological (bacterial?) origin are a common occurrence in
these lake deposits.

Terraced mounds

The depositional surfaces in terraced mound deposits
are typically irregular. The terraced appearance of these
deposits is a result of water flowing over the rimstone-
dam edges of small pools and cascading into pools be-
low. The number of stacked terraces can be large and
most of the famous travertine deposits, such as those at
Yellowstone National Park, are of this type.

Sloping mounds, fans, and cones

The mound, fan, and cone travertine deposits are simi-
lar in appearance to one another but distinctly different
from lake deposits. Collectively, these travertines have
slopes that dip away from a central spring orifice. The
boundaries between layers appear to be more the result
of non-deposition than of erosion. The individual litho-
logic units in a fan deposit pinch out laterally usually
yielding a convex-up structure for the entire travertine
package.

Waterfall/ cascade deposits

Travertine in the waterfall/cascade type is deposited
because of the agitation of spring water as it tumbles
down waterfalls and steep rapids. Water agitation en-
hances loss of CO: thus aiding carbonate precipitation.
The convoluted morphology of waterfall and cascade
deposits yields excellent sites for the attachment and
growth of algae and mosses. The increased surface area
of this deposit type provides ideal sites for bacterial at-
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tachment. This organic activity removes CO, thereby
further enhancing the formation of travertine.

Fissure ridges

Spring waters emanating along a fault or fracture often
form small (typically 300 ft long) elongate travertine
deposits. In addition to visible water along the fault,
microterraces are common on sloping surfaces. Fissure
ridge travertine may form dams leading to lake-fill de-
posits (Chafetz and Folk, 1984), or they may have
associated terrace mounds.

Other

Travertine deposits of unknown origin are placed in
the "other" category. Commonly, they have highly vari-
able morphology and nondiagnostic internal character-
istics.

Selected travertine deposits of New Mexico

Travertine is widespread in New Mexico (Kottlowski,
1965). About 50 discrete deposits are reported in the lit-
erature (Barker, 1986, 1988) with many additional unre-
ported occurrences in the extensive limestone terrains of
southeastern New Mexico (see Dark Canyon, Cloudcroft,
and North McKittrick Canyon deposits described below
for examples). Most deposits are associated with the ex-
tensional Rio Grande rift or the Jemez volcanic zone that
intersects it (Fig. 1). The extensional volcanic terrane in
the Basin and Range province of southwestern New
Mexico also has numerous deposits.

New Mexico Travertine (NMT) of Belen, New Mexico,
produces travertine from quarries on Mesa Aparejo (secs.
12 and 13 T5N R3W). These quarries were operated in-
termittently prior to NMT operations along with several
others along the Comanche thrust between the Sierra
Ladrones and New Mexico Highway 6 (NM-06). Other
large occurrences (Fig. 1) are west of Sierra Ladrones
(Barker, 1983) and at Mesa del Oro (Jicha, 1956, 1958).
Minor production of travertine occurred at several other
deposits as described below.

The following section briefly describes the travertine
deposits in New Mexico as shown by number on Figure
1. The deposits most likely to be economically viable in
the future are: Mesa Apatejo (25), Mesa del Oro (26) Riley
North (35), San Y51dro (42) and Lucero Mesa (22).

1. Animas Creek (sec. 35 T20W R30S, Hidalgo Co.)
The Animas Creek travertine deposit is inactive (Sum-
mers, 19706). It is near Animas Creek on the Animas Peak
NE 7.5 minute quadrangle.

2. Apache Valley (sec. 6 T17S R3W, Sierra Co.)

The Apache Valley deposit is described by Kottlowski
(1962) as a 40 ft thick mound-like mass of high-calcium
limestone southeast of Caballo Lake. The host rock in this
location is the Eocene Palm Park Formation, consisting of
volcanoclastic and alluvial sedimentary rocks with
interbedded nonmarine limestones and travertines in the
middle to upper part of the formation (Fitzmaurice, 1990).
The travertine mounds represent many depositional envi-
ronments and are mostly calcite except for some aragonite
in paleo-spring orifices. Palm leaf molds and stromatolites
are abundant and seasonal sparry (spring-summer) and
micritic (fall-winter) laminations are integral to the trav-
ertine deposits (Chafetz, Utech, and Fitzmaurice, 1991).
This deposit is on the McLeod Tank and surrounding 7.5
minute quadrangles.
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3. Armstrong Canyon (T1-2N R17W, Catron Co.)

Travertine deposits cap ridges northwest of Armstrong
Canyon (S. M. Cather, New Mexico Bureau of Mines and
Mineral Resources, pers. comm., 1992). This deposit may
be widespread between Arrnstrong and Amen Canyons
and is on the Armstrong Canyon 7.5 minute quadrangle.
4. Arroyo Colorado (E1/2 sec. 20 T7N R5W, Cibola Co.)

A travertine or tufa deposit covers about 0.6 mil
northeast of Alkali Spring and east of Arroyo Colorado
near the Crane Place on the Marmon Ranch 7.5 minute
quadrangle (Maxwell, 1988). The Eddleman Spring and
Badger Windmill deposits are about 3 mi southwest and
west of this deposit, respectively.

5. Badger Windmill (NE*/4 sec. 26 T7TN R6W, Cibola Co.)

A small tufa and travertine is being deposited around
Badger Windmill by an active spring (Maxwell, 1988).
This deposit is about 3 mi northwest of the Eddleman
Spring travertine deposit and about 2.8 mi west of the
Arroyo Colorado travertine deposit on the Marmon
Ranch 7.5 minute quadrangle.

6. Bobo Butte (sec. 5 T6IN R2W, Valencia Co.)

Travertine deposits occur in the vicinity of Catrizozo
Arroyo and Bobo Butte (Kelley et al., 1976). Those at
Bobo Butte are larger but consist of "travertine-cemented
pediment gravels" (Zilinski and Callender, 1976). A
syncline runs through Bobo Butte, which is capped by
Santa Fe group sedimentary rocks. The flat cap is probably
a remnant of the Ortiz pediment (Zilinski and Callender,
1976). Minor travertine and tufa occur about 0.8 mi west of
Bobo Butte in Carrizo Arroyo. These deposits are on the
South Garcia SE 7.5 minute quadrangle.

7. Cafion del Torreon (SW1/4 sec. 11 T6N RS5E,

Torrance Co.)

A travertine deposit that was "too small to map" was
reported by Reiche (1949, p. 1,200) on the Bosque Peak
7.5 minute quadrangle.

8. Cedar Hills (SE'/4 sec. 23 and SE1/4 sec. 26 T21S R2W,

Dofia Ana Co.)

Four inactive travertine quarries were mapped by
Clemons (1976) along the east side of the Cedar Hills
fault zone on the Corralitos Ranch 7.5 minute
quadrangle. The travertine is banded and its color varies
between pink, orange, lavender, white, brown, and gold
(McLemorte and Sutphin, 1996). These quarries probably
were mined briefly by the Apache Springs Company as
the Rainbow mine in the 1970s, although they have been
frequently reported as active by mining interests in the
1980s and 1990s.

9. Cliffroy Mine (SW1/4 sec. 33 T19S R19W, Grant Co.)
At the Cliffroy mine, psilomelane in the Gila Conglom-
erate grades upward into banded travertine near the sur-
face (Gillerman, 1964, p. 168). The Cliffroy mine is in the
Redrock manganese area on the southeast side of Caprock
Mountain and on the Caprock Mountain 7.5 minute quad-
rangle.
10. Cloudcroft (N1/2 sec. 3 T16S R12E, Otero Co.)
Travertine is present at the foot of the Snow Canyon
Ski Area just east of Cloudcroft. Improvements at the
ski facility have obscured geological relationships but the
travertine appears to be active and related to springs or
wells near U.S. Highway 82. The deposit is on the
Cloudcroft 7.5 minute quadrangle.
11. Cottonwood Creek (T16S R24-25E, Eddy Co.)
Large deposits of late Pleistocene travertine are present
along Cottonwood Creek. The travertine is very porous
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and spongelike and rests on alluvium along the banks of
the creek. Mammiform crusts line some sides of the
travertine masses, which are 6-8 ft in largest dimension
(Fiedler and Nye, 1933, pp. 29-30). These deposits are
on the Hope NE and Espuela 7.5 minute quadrangles.

12.  Coyote Springs (NW*o NE!/4 sec. 24 TIN R4E, Berna-
lillo Co.)

A small outcrop of travertine occurs near Coyote Spring
(a.k.a. Arroyo or Soda Spring) south of the Tijeras fault on
the Kirtland Military Reservation (Reiche, 1949). Coyote
Springs, in Arroyo del Coyote about 0.5 mi west of the
military reservation boundary with the national forest,
emits COz. The travertine in the arroyo contains clasts
that are predominantly granite, quartzite, and schist, all of
Precambrian age (Grant, 1982). The deposit forms a
terrace along the Tijeras fault zone (Reiche, 1949) and it is
on the Mount Washington 7.5 minute quadrangle.

The Hubbell bench and its southward extension, the
Joyita bench, are prominent features west of the Manzano
Mountains in eastern Valencia County. The western edge
of the Hubbell-Joyita bench is bounded by the Hubbell
Springs-West Joyita fault system (Kelley, 1977). The
northernmost portion of the Hubbell bench has large trav-
ertine occurrences that are about 5 mi north of the
Valencia-Bernalillo County line. Similar geology occurs to
the south in Valencia County.

13. Dark Canyon (SE% NW1/4 sec. 20 T12S R13E,

Otero Co.)

The Dark Canyon travertine (Hahman and Colpitts, 1991)
is at the confluence of Datk, Pete Gaines, and Cherokee Bill
Canyons (Ruidoso 7.5 minute quadrangle) in Otero County.
The banded-travertine-cement portions of the rubble are
exposed in a prominent roadcut. Karst is well developed
here and the deposit is essentially in a sinkhole. Karst
processes are probably stll actively producing collapse
breccias locally (Colpitts and others, 1991). The roadcut
consists of San Andres Formation limestone and dolomite
with quartz sandstone interbeds overprinted by karst
collapse and travertine and by flowstone deposition.

14. Derry Warm Springs (sec. 29 T17S R4W;, Sierra Co.)

The Derry Warm Springs travertine deposits are
small. The spring issues from a limestone bluff at a
temperature of 93.2°F (Summers, 1965, 1976). The
spring is on the east side of the Rio Grande valley about
1 mi north of Derry. These deposits ate on the Garfield
7.5 minute quadrangle.

15. East Potrillo Mountains (SE% sec. 25 T28N

R2W, Dona Ana Co.)

This deposit is described briefly in McLemore and
Sutphin (1996). It has been called a "marble quarty in
matbleized limestone” (Seager and Mack, 1994) along
the Robledo fault, but may be a fissure-ridge travertine
(McLemore and Sutphin, 1996). The stone is coarsely
crystalline and white with black bands. This deposit is
on the Mount Riley 7.5 minute quadrangle.

16. Eddleman Springs (sec. 31 T7N R5W, Cibola Co.)
The Eddleman Spring travertine deposit is small and is
related to an active spring. It is about 3 mi southeast of
the Badger Windmill deposit and about 3 mi southwest of
the Arroyo Colorado deposit on the Marmon Ranch 7.5

minute quadrangle (Maxwell, 1988).

17.  Faywood Hot Springs (sec. 20 T20S R11W, Grant
Co.) Faywood Hot Springs is near City of Rocks State Park
on the Faywood 7.5 minute quadrangle. The spring is
within 1 mi of the Blue Mountain fault and the Faywood

rhyolite dome (Elston, 1957, pp. 76-77). Size estimates
vary, probably because of adjacent construction, but at
one time the deposit was about 600 ft in diameter and
30 ft high with a spring in a 20 ft crater-like opening on
the top (Bartlett, 1856 iz Summers, 1976), although it is
smaller today. This deposit is discussed extensively by
Summers (1976).

18. Goat Ridge (sec. 4 T22S R9W, Luna Co.)

The Goat Ridge travertine was mentioned by Darton
(1916, p. 109 in Griswold, 1961, p. 146). He placed it as
"3 miles northwest of Mirage" but it is actually on the
southeast slope of Goat Ridge on the Goat Ridge 7.5
minute quadrangle. The travertine, which Darton called
onyx, is in fissures in agglomerate. It is nearly white with
uneven texture, but the deposit is small.

19. Hogsback Lode (sec. 31 T22S R15W, Grant Co.)
Travertine about 3 ft thick is present along the faultin a
small prospect pit at the Hogsback lode (Hedlund, 1978)
on the Ninetysix Ranch 7.5 minute quadrangle.

20. Jemez Hot Springs (sec. 23 T18N R2E, Sandoval Co.)

The Jemez Hot Spring travertine or tufa deposit, some-
times referred to as "Upper Jemez Springs," is in San Di-
ego Canyon about 2 mi south of the Soda Dam deposit
(Summers, 1976). Numerous springs are active and have
been developed extensively as an internationally known
resort with mineralized water temperatures ranging from
94 to 168°F (Summers, 1976, 1965). Tufa and travertine
mounds are widespread including those forming at man-
made discharge points. Summers (1976) discusses these
deposits in detail and includes references to extensive lit-
erature. The deposit is on the Jemez Springs 7.5 minute
quadrangle.

21. Las Huertas (sec. 28 T11-12N R4-5E, Sandoval Co.)

The Las Huertas deposit consists of travertine and cal-
careous tufa precipitated along Las Huertas Creek near
the Las Huertas picnic area (Kelley, 1977, fig. 45) on the
east flank of the Sandia Mountains. The carbonate occurs
as thin rimstone dams, coatings on the bottom of pools
and commonly as a coating on vegetation and rocks in
the streambed. Many of the pools are man-made behind
sawn logs. Carbonate deposition is rapid and has covered
recent debris and rock fragments in the dams. The
carbonate also occurs as bumpy nodular or mammillary
masses and as coatings on vegetation that later decays
leaving carbonate tubes behind. Some carbonate occurs as
small cascade travertines at the very small waterfalls in the
creek. Algae are abundant in the pools. The deposit is on
the Sandia Crest 7.5 minute quadrangle.

22.  Lucero Mesa (T7N R2W, Valencia Co.)

The Lucero uplift is one of the major structures com-
prising the southeastern margin of the San Juan Basin of
northwest New Mexico. The uplift is represented in
Valencia County mainly by the Sierra Lucero (to the
south) and Lucero Mesa (to the north). North of Lucero
Mesa, the uplift includes Suwanee Peak described below.
Several travertine occurrences are described briefly by
Titus (1963). These deposits are largely on the South
Garcia and surrounding 7.5 minute quadrangle.

The main part of the Lucero uplift in Valencia County
contains abundant travertine deposits of Plio-Pleistocene
age (Wright, 1946). Minor travertine deposition presently
is occurring west of Mesa Aparejo (Austin and Barker,
1990; Fisher, 1979; Kelley, 1977). Some springs were ac-
tive during late Santa Fe time because this unit contains
travertine pebbles (Wright, 1946).



Travertine deposits are widespread in a narrow, sporadic
band three miles wide along the Lucero uplift from near
South Gatcia to beyond the Socorro County line. The
travertine deposits are up to 178 ft in thickness. The source
of the carbonate in the travertine appears to be at least
2,100 ft deep and is probably the San Andres limestone
and other nearby carbonates (Kottlowski, 1962). Numer-
ous occurrences of travertine are mapped on the west slope
of Lucero Mesa. Some of the larger occurrences have
active deposition; most deposits are relatively small.

Ultramarble Inc. (formerly All American Marble Com-
pany) mined travertine on the Laguna Indian Reservation
in the 1960s. The main quatry was on leased Indian land in
unsurveyed sec. 7 T7N R2W, with additional reserves in
secs. 0, 18, 19, 30, and 31. Presently this quarry, known as
the Ultra quatty (ak.a. Omission quarty) is not in op-
eration. The deeper travertine at the Ultramarble quarry is
much harder and more translucent than that near the
surface. Wire-saws were used to produce 10-20 short ton
(st) blocks trucked to Albuquerque for slabbing and pol-
ishing. Products included interior sheets (1 inch thick),
exterior sheets (2 inch thick), and 8 inch slabs. Several
buildings in Santa Fe, including the capitol, and
Albuquerque contain Ultramarble travertine (Kelley, 1977).

23. Malpais (sec. 35 T11IN R10W, Cibola Co.)

The Malpais travertine deposit is approximately 1.2 mi
southwest of Grants on the Grants 7.5 minute quadrangle.
A knob of travertine or tufa is part of a kipuka in the
Malpais lava flow (Thaden et al., 1967). The travertine is
pale-yellowish-gray, spongy, porous limestone containing
casts of reeds and other plants. Thaden et al. (1967) locates
the deposit in Valencia County, however with the
subsequent creation of a new county, the deposit is now in
Cibola County.

24. North McKitttick Canyon (SW!/4 NW'/4 sec. 34
T26N R21E, Eddy Co.)

The North McKittrick Canyon deposit is in the canyon
called "Devil's Den" on the King (1948) map that is adja-
cent to North McKittrick. This deposit is representative
of the many throughout the Guadalupe Mountains. It is
actively precipitating calcite and has an inferred source in
the Capitan limestone (Lambert and Harvey, 1987, p. 42).
The main deposition is in a small pond (about 10 ft wide
and 20 ft long) with abundant algae. Some former
deposition areas and ponds are now dry or submerged
under more recent ponding. The local geology, isotope
studies, and spring system are discussed in Lambert and
Harvey (1987). This deposit is on the Guadalupe Peak
7.5 minute quadrangle.

25. Mesa Aparejo (secs. 12-13 T5N R3W, Valencia Co.)

Also known as Gray Mesa, the deposits of travertine at
Mesa Aparejo were mapped by Kelley and Wood (1946)
and are much larger than those on the northern Lucero
uplift (Kelley, 1977). They formed along the Comanche
fault and are mostly dormant except for very localized
small springs. Kelley (1977) estimated a travertine re-
source of 200 million st. Only a small portion of this re-
source has been exploited (see New Mexico Travertine
under "Commercial travertine in New Mexico" below for
a complete discussion). These deposits are on the Mesas
Mojinas 7.5 minute quadrangle.
26. Mesa del Oro (T6N RSW; Cibola Co.)

The north end of Mesa del Oro is underlain by thick,
widespread, porous travertine deposits. The yellow-buff
to white travertine (weathers buff to orange) is overlain
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by basalt and is believed to be a spring deposit of late
Tertiary or Pleistocene age although the source is not
known. These deposits have been drilled as a travertine/
high calcium limestone resource (unpublished data and
cores in NMBMMR archives). The travertine is very ex-
tensive and undetrlie about 10 mil (Jicha, 1956, 1958) with
reserves estimated to be about 1.6 billion st (700,000,000
yd3, written comm., Intrasearch Corp, 1981). The deposit
1s thickest on the north and east and rapidly thins to the
west, less so to the south.

The Mesa del Oro travertine is underlain by Chinle
shale and thus small-to-very-large travertine landslide
blocks encircle the travertine still in place (Fig. 3). This
deposit, which is discussed extensively by Jicha (1956,
1958), is on the Cerro del Oro, Cerro Verde, and Chicken
Mountain 7.5 minute quadrangles. Nearby traverine de-
posits include those at Salado Spring and Pato Mesa.

27. Montezuma Salient (S1/2 sec. 11 T13N RS5E,
Sandoval Co.)

A small travertine deposit occurs in the Sandia uplift at
the base of the Montezuma Salient. This deposit is 20 ft
thick, 1,000 ft wide, 2,000 ft long, and occurs within
Santa Fe gravels on the Placitas 7.5 minute quadrangle.
The source spring for the travertine was probably
related to the San Francisco fault (Kelley, 1977).

28. Ojo Caliente Zuni (sec. 20 TSN R20W, Cibola Co.)

Springs in the Ojo Caliente area have precipitated trav-
ertine, tufa, or calcareous sinter (Anderson, 1987). The
deposits near the town of Ojo Caliente are moderate in
size and tend to cap small ridges and occur on the Ojo
Caliente 7.5 minute quadrangle. One very tiny remnant is
present about 8 mi east-northeast in sec. 9 TSN R19W
on the Plumasano Basin 7.5 minute quadrangle.

29. Ojo del Gallo (secs. 2-3 10-12 TION R10OW,
Cibola Co.)

The Ojo del Gallo tufa and travertine is approximately
3.5 mi south of Grants near San Rafael in Cibola
County. The travertine was deposited by a spring issuing
from a fault cutting the Permian San Andres Limestone
whose water eventually flows into the Rio San Jose. The
travertine is nearly 100% carbonate and was deposited
inorganically by the rapid outgassing of CO» at a cascade
below the spring. Older, extensive spring deposits are
upgradient of the current spring, but most are relatively
friable tufa (White, 1989). This deposit is on the San
Rafael 7.5 minute quadrangle.

FIGURE 3—Travertine blocks surround travertine-capped Mesa
del Oro in Cibola County, New Mexico. Walls of the ruin in left
foreground are constructed of travertine blocks.
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3O.C ())wl Cliff (secs. 25-26,35-36 T25N RSE, Rio Arriba
o.

Calcareous tufa of hot-spring origin is present at Owl
Cliffs and reaches a thickness of about 200 ft (Bingler,
1968, p. 137). The deposit is in two parts separated by the
Rio Ojo Caliente and associated with Statue Spring to the
west. It covers a total of about 0.5 mi2 The tufa is gray to
brown and caps the Tertiary Santa Fe Group sediments.
It is internally complex and forms a tiered constructional
bench (Bingler, 1968). This deposit is on the La Madera
and Ojo Caliente 7.5 minute quadrangles.

31. Palm Park (SE!/4 SW1/4 sec. 24 T18S R3W, Dofia

Ana Co.)

The Palm Park travertine deposits are described in de-
tail by Fitzmaurice (1990). Limestone and travertine,
darkyellow-brown to light-brown-gray to white, locally
moderate pink, sucrosic texture to dense and hard, in
beds 1-4 ft thick, locally contains algal filaments and
gastropod remains. The unit represents the upper
deposits of travertine mounds.

The white travertine weathers a grayish-orange. It
consists of very porous, vuggy, banded calcite with
siliceous laminae and intraclastic debtis, and contains
numerous palm(?) frond impressions, twigs, and tubular
casts and molds. Massive beds are up to 6 ft thick. The
lenticular units pinch out along strike. These deposits are
on the Hatch 7.5 minute quadrangle.

32. Pato Mesa (secs. 19-20 TSN R5W, Cibola Co.)

The Pato Mesa "travertine" deposit is about 10 mi
southeast of the Mesa del Oro deposits. It probably
formed about the same time as the Mesa del Oro depos-
its and is described by Jicha (1956, 1958). This carbonate
deposit ranges from 0 to 25 ft in thickness and rests on
basalt. Pato Mesa is almost surrounded by landslide de-
bris that locally contains "travertine". The author Barker
visited Pato Mesa and did not find clear-cut travertine,
but caliche is abundant. This deposit is on the Chicken
Mountain 7.5 minute quadrangle
33. Peloncillo Mountains (secs. 18 and 29 T26S

R20W, sec. 12 T26S R21W, Hidalgo Co.)

A white evaporite, called an alkali impregnated deposit,
was described by Drewes and Thorman (1980). The rocks
are probably largely carbonate and were deposited from
seeps on the Cotton City 7.5 minute quadrangle.

34. Puertecito (secs. 30-31 T3N R4W, sec. 25 T3N

R5W, Socotro Co.)

The Puertecito deposit unconformably overlies Trias-
sic redbeds and consists of conglomerate cemented by
travertine. The entire unit is about 50 ft thick with
prominent botryoidal and colloform structures. These
travertine deposits are along the Lucero uplift and are on
the Puertecito 7.5 minute quadrangle.

35. Riley North (T2-3N R3W, Socotro Co.)

The Riley travertine is in two locations. The first and
larger deposit, North Mesa (Barker, 1983; Bolton, 1993),
undetlies about 17 mi? and is about 5 mi northeast of the
town of Riley. This deposit ranges in thickness from
about 5 to 85 ft and some portions are suitable for
quarrying (Figs. 4, 5). The Riley sections are massive and
nearly white. Owing to its size and varied morphology
and lack of outcrop, the Riley travertine has been
variously described as a playa, lake, caliche, or travertine
deposit. A well-developed caliche overprint suggests an
age of at least 1 million years. This deposit 1s on the
Riley and Ladron Peak 7.5 minute quadrangles.

FIGURE 4—Laminar, vuggy, well-indurated, near-white
travertine at the south end of the North Riley deposit; R. M.
Chamberlin for scale (photo courtesy of M. J. Logsden).

30. Riley South (T1N-1S R2-3W, Socorro Co.)

The South Riley deposit undetlies about 9 mi? and is
about 10 mi southeast of Riley (Barker, 1983). This de-
posit is similar in origin to the Riley North deposit and
they may have been connected at one time (Barker, 1983).
The Riley south deposit is more clastic and generally less
indurated than Riley North. It is on the Silver Creek and
Carbon Springs 7.5 minute quadrangle.

31. Rio Pefiasco (T165 R16-17E, T17S R18E, Chaves Co.)

Extensive accumulations of travertine occur along the
Rio Pefiasco and include natural dams that formerly im-
pounded stream waters. Travertine clasts produced by
headward erosion are common in the stream channel
(Renick, 1926, pp. 121, 123). This deposit is on the Elk,
Thimble Canyon, and Dunken 7.5 minute quadrangles.
32. Rocky Arroyo (T21S R25E, Eddy County)

Large amounts of travertine occur along Rocky
Arroyo (Fiedler and Nye, 1933, p. 30) on the Azotea
Peak 7.5 minute quadrangle.

33. Salado Spring (sec. 5 T5N R6W, Cibola Co.)

The Salado Spring deposit is west of Mesa del Oro and is
about 8 mi from the travertine there. It consists of small,
irregular lens of yellow-buff to white, banded porous trav-
ertine and spring-deposited gypsum (Jicha, 1958) and is on
the Cerro del Oro 7.5 minute quadrangle.

FIGURE 5—Detail of laminated vuggy
Riley travertine occurrence shown in Figure 4.

-



40. Salt Springs Wash (secs. 4-5,8-9 T21IN R16W,
San Juan Co.)

The Salt Springs Wash deposit is described as a "lime-
stone dike" by O'Sullivan et al. (1989). The gray lime-
stone was compared by them to travertines collected in
Arizona. Similarities led them to conclude that the lime-
stone dike had a hot water origin and "probably repre-
sents an ancient conduit that transferred calcium carbon-
ate upward. Surficial travertine was removed by erosion.
This deposit is on the Grey Hill Spring 7.5 minute quad-
rangle.

41. San Diego Mountain (sec. 31 T19S R1W, Dofia
Ana Co.)

Small, partly radioactive travertine deposits occur at the
northwestern base of San Diego Mountain (Boyd and
Wolf, 1953) and have been mapped by Seager (1975) and
Seager et al,, (1971). A later U.S. Geological Survey up-
date of a topographic map identifies the mountain as
Tonuco Mountain. The travertine is of late Pleistocene
to Holocene age and is on the Selden Canyon 7.5 minute
quadrangle.

42. San Ysidro (T15-17N R1-3E, Sandoval Co.)

The San Ysidro travertine deposits consist of light-tan,
thin- to thick-bedded travertine ranging from 0 to 50 ft
thick in several large pods and many small ones on the
southwestern and southeastern margins of the
Nacimiento uplift. Harrington (1948) reports travertine
mounds up to 400 ft thick in the area. These exposures
are mostly along the west side of the Pajarito fault, near
NM-44 and NM-4, north and west of San Ysidro, mainly
on Zia Pueblo land (Woodward and Martinez, 1974;
Woodward and Reutschilling, 1976; Woodward et al.
1977). These deposits are on the San Ysidro, Gilman, and
Holy Ghost Spring 7.5 minute quadrangles.

Precambrian lithologies are included in the travertine
as pebbles and cobbles giving an overall conglomeratic
appearance to this deposit. The travertine is locally gra-
dational with either overlying or underlying terrace or
pediment gravel (Woodward, 1987).

Much of this travertine suitable for building stone
(Woodward, 1987) is within 0.5 mi of NM-44. These
deposits include those known as Phillips Spring, Indian
Spring (Summers, 1976, pp. 15-16), San Ysidro Spring,
and the crater springs of the Rio Salado (Harrington,
1948).

43. Selden Hills (SE!/4 sec. 20 T20S R1W, Dofia Ana Co.)

Travertine was quarried in the Buckle Bar area of the
Selden Hills. It is white, but the deposits are small
(McLemore and Sutphin, 1996). They are on the Selden
Canyon 7.5 minute quadrangle.

44. Sitting Bull Falls (sec. 3 T24S R22E, Eddy Co.)

Sitting Bull Falls (Fig. 6) is a well-known tourist attrac-
tion and state park characterized by active deposition of a
watetfall or curtain travertine (Chafetz and Folk, 1984).
The deposit includes older inactive portions, a large cave,
and abundant moss (Adams, Love, and Hawley, 1993).
The source for the carbonate-charged waters is via Sitting
Bull Spring fed apparently by waters from the nearby
limestone section. The travertine is on the Queen 7.5
minute quadrangle.

45. Soda Dam (sec. 14 T18N R2E, Sandoval Co.)

The Soda Dam travertine is an active fissure ridge de-
posit (Chafetz and Folk, 1984) that crosses NM-4 about 1
mi northeast of the town of Jemez Springs. This deposit is
one of the most recent portions of a much larger sys-
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FIGURE 6—Waterfall or curtain travertine exposed as Sitting Bull
Falls in Eddy County, New Mexico. A man standing at lower left
provides scale.

tern, parts of which are much higher than Soda Dam.
About 20 springs and seeps ate present near Soda Darn,
which is along the Jemez fault zone that juxtaposes lime-
stone and gneiss-granite. Goff and Shevenell (1987) dis-
cuss the Soda Dam geology and previous work. Summers
(1965, 1976) discusses hydrology and water chemistry
along with previous work. These deposits are on the
Jemez Springs 7.5 minute quadrangle.

46. Suwanee Peak (NW!/4 sec. 2 T8N R3W

[unsurveyed], Valencia Co.)

The Suwanee Peak deposit is just northeast of Suwanee
Siding (AT&SF RR) along NM-6 in the northwesternmost
corner of Valencia County. It is Hill 5995 (Cotreo VABM)
on the South Garcia 15 minute topographic quadrangle.
Suwanee Spring is at the base of this hill and is on the
Laguna Indian Reservation. The deposit is a small knob
that caps Suwanee Peak (Kelley et al., 1976), which con-
sists of Entrada Sandstone at its base overlain in ascending
order by the Morrison Formation, Dakota Sandstone, and
Mancos Shale.

47. Tortugas Mountain (sec. 23 T23S R2E, Dofia Ana Co.)

Travertine-cemented conglomerate deposited by a hot
spring occurs within undifferentiated fan deposits of the
Camp Rice Formation on the northwest tip of Tortugas
Mountain (King and Kelley, 1980). It occurs on the
Tortugas Mountain 7.5 minute quadrangle.
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48. Travertine Hills (secs. 27-28 and 33 T9N R4E,
Bernalillo Co.)

Travertine occurs on the east side of the Albuquerque
basin within the Kirtland military reservation (Grant, 1982,
p. 3206). These low hills were noted by Reiche (1949) who
described them as Tertiary gravels. Grant (1982) describes
them as north-south aligned mounds of travertine
covering about 240 acres and that rise about 100-125 ft
above the mesa floor. They lie approximately along the
Hubbel Spring fault trace, projected from its prominent
bench on the Isleta Indian Reservation. The travertine is
conglomeratic and consists of local rock types—predomi-
nantly Paleozoic limestone, sandstone, and shale. Clasts
range from sand to boulders as large as 12 inches in di-
ameter (Grant, 1982). This deposit is essentially calcite-
cemented gravel that may be related to spring deposition.
Itis on the Hubbell Spring 7.5 minute quadrangle.

49. Tres Hermanas (sec. 24 T28S R9OW, Luna Co.)

The Tres Hermanas (Linberg) travertine deposit,
called Mexican onyx by Griswold (1961, pp. 145-140),
occurs along the southeast slopes of the Tres Hermanas
Mountains on the Columbus 7.5 minute quadrangle.
Access 1s by travelling 4 mi west-northwest on a road
that passes the Columbus cemetery on the way to the
Linberg Claims. The travertine is in thick, often
mammillary, north-trending veins in a latite sequence. It
occurs as a Mexican-onyx breccia (eatly) cemented by
massive white to colorless calcite (later). The fragments
consist of banded cream- to honey-yellow "onyx" that
yields blocks up to 5 ft in diameter.

50. Truchas (sec. 27 T2IN RIOE [unsurveyed]
and sec. 35 T21IN R10E, Rio Arriba County)

The two travertine deposits are filled fissure veins cut-
ting Precambrian Sangre de Cristo Formation. In both
cases the nearly vertical banded travertine is pale yellow-
to-light brown, 1-5 ft wide, and exposed for 300-500 ft
along strike. The deposit in sec. 27 in on the Truchas
Land Grant 2 mi northeast of Cordova, New Mexico.
The deposit in sec. 35 in on U.S. Forest Service land and
may extend southward into secs. 1-2 T20N R1OW of
Santa Fe County.

51. Truth or Consequences (T13S R4W, Sietra Co.)

Several thermal springs occur within the town of Truth
or Consequences, New Mexico, on the Elephant Butte and
Cuchillo 7.5 minute quadrangles. Quaternary spring activity
in the area is shown by the manganese and travertine
deposits, solution openings, and altered rock that extends at
least 0.5 mi northwest of town (Summers, 1970).

52. Victorio (secs. 28, 29, 32, and 33 T24S R12W,

Luna Co.)

"Mexican onyx occurs sparingly in the lead-silver veins
of the Victorio mining district south of Gage. Although the
onyx is of excellent quality, it occurs only in thin veins"
(Griswold, 1961, p. 146). This district is also known as
Gage, Middle Hills, or Mine Hill (File and Northrup, 1966,
p- 22) and 1s on the Gage 7.5 minute quadrangle.

53. Zuni Salt Lake (sec. 31 T13N R18W [unsurveyed],
Catron Co.)

Small tufa deposits on the south edge of Zuni Salt Lake
and on the Zuni Salt Lake 7.5 minute quadrangle. They
are mainly at the base of the two hills along the shoreline.
An additional occurrence is along the northeastern
shoreline. The tufa consists of calcareous pods and layers.
It is locally reticulate or composed of coalesced tubes and
was probably deposited around plants or plant fragments
(Cummings, 1968).

Commercial travertine in New Mexico

New Mexico Travertine (secs. 12 and 13 T5N R3W)

NMT is one of three dimension-stone operations pro-
ducing travertine in the United States; the other two are in
Idaho and Montana. NMT quarries about 400 st of stone
per month from extensive, well-bedded, laminar lenses of
travertine (Fig. 2) just east of Mesa Lucero in the eastern
foothills ot Mesa Aparejo. The quarries are about 25 mi
west of Belen in secs. 12 and 13 T5N R3W on U.S. Bu-
reau of Land Management and private lands.

General geology of Mesa Aparejo—Limestone of the
Pennsylvanian Madera Formation ( P m) in the subsurface
to the west is probably the primary source rock for the
calcium-tich, COs-charged water that formed the Qua-
ternary travertine (Qt) at the edge of Mesa Aparejo. The
lower 800 ft of the Madera Formation are well exposed just
west of the NMT travertine quarries (Kelley and Wood,
1946; Titus, 1963; Cooper, 1964) and probably represent
the Gray Mesa Member of the Madera (Kelley and Wood,
1946; Kues et al.,, 1982). Other bedrock units nearby include
Pennsylvanian Sandia Formation (Ps), Permian Abo (Pa)
and Yeso (Py) Formations, and Precambrian granite and
schist (p-C). Kelley and Wood (19406), summarized by Titus
(1963), showed the structural and stratigraphic relationships
(Fig. 7) of Mesa Aparejo (Gray Mesa). Hammond (1987)
summarized regional stratigraphy and structure south of
Mesa Aparejo; Slack and Campbell (1976) summarized
structure to the north. Cooper (1964) was concerned
primarily with the travertine.

The large northeast-trending Comanche fault mostly
west of the travertine (Fig. 8) was mapped as a normal
fault dipping 70° east by Cooper (1964). Previously Kelley
and Wood (1946) had identified this structure as the
"Comanche thrust fault" that dips shallowly to steeply
westward. Part of the difficulty in the identification of the
fault type was that the dip varies considerably in the
vicinity of Mesa Aparejo. Coopet's interpretation appears
cotrect because it is based on drill-hole-data and obser-
vation of the fault plane in outcrop at the travertine quar-
ries and is consistent with the downdropped Paleozoic
section just east of the fault. With respect to rocks to the
west, the Madera and other bedrock units east of Mesa
Apatejo have dropped several thousand feet into the Al-
buquerque-Belen Basin portion of the Rio Grande rift.
Sandstone, conglomerate, and mudstone of the Santa Fe
Group (Tertiary) now overlie downfaulted older bedrock
units and lap onto Mesa Aparejo. The Comanche fault and
associated minor faults acted and continue to influence
circulation of COpz-charged ground water and spring
water. At Mesa Aparejo travertine was deposited as ex-
tensive, thick, laminar lenses. Just north of the mesa (secs.
35 and 36 T6N R3W), travertine presently being deposited
from springs illustrates one way older and larger deposits
may have formed (Fig. 9).

The varieties of travertine at Mesa Aparejo are distin-
guished by color and structure, but the mineralogy and
origin are fundamentally the same for each. Bedding is
commonly laminated with characteristic serrations prob-
ably representing the forward surface of a micro-terraced
rimstone dam that impounded a pool of spring water that
deposits limestone (Fig. 9). Concretionary masses of vari-
ous dimensions are largely due to algal activity. Rod-like
structures, frequently upright and clustered in tufts or
masses, may be in part algal or bacterial when micro-
scopic, but most likely represent deposition around grass,
stems, or branches. Holes within travertine may result
from rapid accumulation over tufted or dimpled surfaces,
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DESCRIPTION OF UNITS
Alluvium (Quaternary) —valley fill; sandy washes

Pediment gravel (Quaternary)-several levels with some caliche
interbeds

Travertine (Quaternary)—spring deposits of calcium carbonate;
banded, laminated, and fragmental; related to ancient springs along
fault

Yeso Formation, upper part of Los Vallos Member (Lower
Permian)—tan-brown, friable siltstone, sandstone, and shale with minor

gypsum

Abo Formation (Lower Permian)—red-brown, fine- fo coarse-
grained sandstone, siltstone, and shale with minor limestone interbeds

Madera Formation, Atrasado Member (Upper
Pennsylvanian)—gray to dark-gray limestone, shale, and
conglomeratic sandstone

Madera Formation, Gray Mesa Member (Middle
Pennsylvanian)—gray to dark-gray, predominantly cherty, thick- to thin-
bedded limestone with minor shale and sandstone

Sandia Formation, upper clastic member (Middle
Pennsylvanian)—gray to black arenaceous limestone,carbonaceous
shale, conglomerate, and sandstone

Pink granite and associated green chlorite schist
(Precambrian)-highly fractured

R3W
North
TSN

FIGURE 7—Geologic map of Mesa Aparejo (after Kelley and Wood, 1946; Titus, 1963; Kues et al., 1982). A-A" approximate line of
the diagrammatic cross section in Figure 8. '
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FIGURE 8—Diagrammatic section across the Mesa Aparejo travertine quarried by NMT in secs. 12 and 13 T5N R3W, showing the
overlapping east-west relationship of Quaternary travertine with Perminian bedrock at a Precambrian inlier. See Figure 7 for
stratigraphy. Note the local normal dip of the Comanche fault at the quarry and the lateral changes in travertine varieties (modified

from Cooper, 1964; Austin and Barker, 1990).
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FIGURE 9— Active formation of travertine near the northern end
of Mesa Aparejo (SE% sec. 35 T6N R3W). The spring supplying
this travertine issues from the Madera Formation (limestone) and
is about 0.2 mi upstream to the west. Note hammer handle in
lower left for scale. View is to the northwest.
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gas bubbles encrusted by travertine, or voids produced
by primary deposition of soluble salts later removed by
dissolution. Shrub-like forms, composed of upward-ra-
diating bacterial clumps in CaCO3z (Chafetz and Folk,
1984), are locally abundant.

The highly variable color of the Mesa Aparejo traver-
tine is a result of impurities. Pink and red are probably
primary and are due to inclusion in the travertine of red
iron oxide from nearby Permian sandstone, siltstone,
and shale. Yellow and brown are secondary and were
produced close to the surface by percolating oxidizing
waters during case hardening and weathering of the
travertine.

Onyx is translucent calcium carbonate in which layers
parallel the surfaces of infilled voids or laminae, and is
intimately associated with travertine. Most onyx, now
calcite, was deposited originally as aragonite, a metastable
higher-temperature form of calcium carbonate. Local
coarse-grained aragonite is associated with spring orifices
mainly at the NMT Apache Golden Vein of the quarry in
the Gray Mesa Member of the Madera Formation.
Because aragonite is more soluble than the calcite,
advanced dissolution forms soft crumbly zones and large
voids later filled with clay or mud (Cooper, 1964).

Commercial varieties of NMT travertine—NMT
produces commercial varieties of stone including Sanza
Fe Ivory (white to creamy-white travertine), Scheberazade
(pale-cream to pink travertine with onyx; Fig. 10), Desert
Creme (yellow to brown travertine with minor onyx and
lilac- or pinkish-gray sections), 1Vista Grande (datk red-
dish-brown to cream travertine with onyx), Desert Gold
(vellow-gold with abundant onyx), and _Apache Golden
Vein (altered stylolitic yellow to reddish-gray limestone).
Production of several sub-varieties is possible by cutting
different directions in relation to bedding of the
travertines. A "vein cut" cross cuts bedding; a "fleuri
cut" parallels bedding. In the past Temple Creme, a
white vuggy travertine, was NMT's premier light-colored
commercial stone.

Testwell Craig Laboratories classified Temple Creme
as travertine marble according to ASTM C-119 (Szypula,
1988). By wvarieties, the order of 1995 sales 1s (1)
Scheherazade (vein cut only; fleuri cut in the past), (2)

Vista Grande (fleuti cut only), (3) Desert Gold (both vein
and fleuri cut; slabs only), (4) Apache Golden Vein (vein
cut in slabs only), and (5) Desert Creme (produced as split-
face only). Santa Fe Ivory, similar to Nivona from Italy
(white, vuggy) and which replaced Temple Creme about
1990 (both vein and fleuri cut), actually is exceeding
Scheherazade in sales during late summer in 1995.

Some segments of the architectural market favor light-
colored travertine with a relatively even, muted texture.
Variegated and brightly colored travertine often is con-
sidered less flexible as preferred color combinations
change over time. Other architects prefer the more vivid
colors and textures, particularly for interiors of large
buildings.

Dimension stone consists of blocks, slabs, or sheets of
stone cut and finished to specific dimensions for struc-
tural, ornamental, or monumental uses. Dimension stone
is produced by cutting, fabricating, or selecting stone for
specific shapes or sizes. It has become popular in rubble
walls, fireplaces, patio floors, and as flagstones, especially
where decorative accents and special architectural effects
are desired (Austin et al., 1990; Barker and Austin, 1994).

The six varieties of travertine mined by NMT vary in
detail within a given layer but are laterally consistent for
hundreds of feet. Several additional varieties of traver-
tine have been identified in the Mesa Aparejo area but
have not been quarried. Such a wide variety of types
within one travertine deposit is very unusual. Cooper
(1964) conservatively estimated that the NMT quarties
contained reserves of about 45 million ft* of associated
types of commercial-quality travertine and altered lime-
stone (Table 2). Travertine of all types underlies about
1,140 acres and may total about 200 million st in place
(Batker, 1988).

Quarrying procedures at NMT—DBlocks of travertine
are cut with a wire saw, belt saw, or both (Table 3). A
Vermeer concrete saw is used to remove caprock overly-
ing the travertine. Large slabs of rocks are prepared by a
rail-mounted belt saw that cuts up to 10 ft deep (Fig. 10).
This work is done by the belt saw because of the great
precision and high output. Until recently, most cutting of
travertine blocks was done by the wire saw. During wire-
saw cutting, intersecting vertical and horizontal drill

TABLE 2—NMT reserves by variety (Cooper, 1964; NMT, oral comm. 1990, 1995).

Composition Reserves

NMT variety and texture (million ft?) Remarks

Santa Fe Ivory travertine 15 production on standby

Temple Creme travertine 7.7 production on standby;
replaced by Santa Fe Ivory

Scheherazade travertine/onyx 8.0 most abundant type;
variable soundness

Vista Grande travertine /onyx 77 case-hardened
Scheherazade

Desert Gold travertine/onyx 1.5 onyx abundant; strong

Desert Creme travertine /onyx 4.2 disseminated black
limestone clasts

Other varieties travertine/onyx 14.7 includes “Saladin Onyx,”

“Mescalero Onyx,” and
“Sioux Breccia”

Subtotal: ~45 million ft

Apache Golden
Vein

altered
Madera limestone

5.0 Apache Golden Vein may be
more widespread off NMT
property; it is not
travertine

TOTAL: ~50 million ft®
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TABLE 3—Saws used at the NMT quarry and mill west of Belen, New Mexico. (NMT, oral comm. 1990, 1995)

Saw Cut dimensions Cutting method Abrasive Remarks
Mine
Wire saw 25" deep x 40" long 16" cable drawn industrial %" x %” diamond segment
cable pull through connected diamond every 1%4" separated
drill holes by spring spacers
Belt saw 10" deep x 50" long 134" belt on industrial automated advance and
(rail in 10" increments) movable arm diamond shutdown (water loss or
excess amps drawn);
waterjets around
perimeter of arm
Concrete 34” deep x unlimited 7’ diameter wheel tungsten used to remove caprock
saw length (tracked vehicle) carbide tips waste
Mill
Gang saw variable as many as 75 industrial spacing of blades is variable
reciprocating blades diamond
Bridge saw variable rotating blade industrial accurate to 0.0004”; can
diamond cut special shapes
Large variable, generally 30 vertical, 1 horizontal industrial makes tile billets
block saw ¥ inch thick billet circular blades diamond (3% inch available)
Small variable, generally 12 vertical, 1 horizontal industrial makes tile billets
block saw 3% inch thick billet circular blades diamond (% inch available)

FIGURE 10—New Mexico Travertine quarry west of Belen, New Mexico, in Scheherazade travertine (trade name). Diamond-

impregnated belt saw is cutting 1% inch channel up to 10 ft deep. Wire saw at upper rightis “pulling floor” on a block previously cut
by the belt saw.
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cut
travertine._ &

travertine

drill hole

FIGURE 11—Diagrammatic representation of wire-saw operation
during a vertical cut through connected drill holes (source: Benetti
Macchine, Italy). Tension is maintained by moving saw on tracks.
Diamond-impregnated cable is pulled against stone in a
continuous loop. Cuts can also be horizontal (common) or any
other angle.

holes produce a path through which a wire impregnated
with industrial diamonds is drawn. The wire is connected
into a continuous moving loop and pulled under tension as
it cuts through the travertine toward a wheel on tracks
(Fig. 11). The wire saw moves back on the track as the cut
is made, then is moved forward and the wire is shortened;
this process is repeated as often as necessary to complete
the cut (Fig.12). The cut may be any orientation from
horizontal to vertical.

FIGURE 12—Wire saw, with diamond-impregnated cable, in
operation at NMT quarries. The cable loops from the motor
through a vertical drill hole behind the right face, through an
intersecting horizontal drill hole near the base of the face, and
back to the motor.

After being broken or cut loose with the wire saw,
150- 300 st slabs are tipped over on their sides using
hydraulic wedges. The slabs fall away from the working
face and onto loose debris to lessen breakage (Fig. 13).
They are split or sawed into 15-20 st blocks, graded,
processed on site or loaded onto flat-bed trucks by large
front-end loaders or forklifts, and hauled to the dressing
plant. Low-grade blocks and waste from the quarrying
procedure are crushed on site by several methods. This
material is marketed as palletized rubble (larger-sized) or
as crushed stone (smaller-sized).

Milling, dressing, and finishing procedures—The
NMT finishing plant is about 2 mi west of Belen off Exit
191 of Interstate 25 (Fig. 2). The Belen plant can produce
1,000-3,000 ft2 of travertine slabs per day, but the variable
amount of custom work commonly lowers output.
Graded and stockpiled quarry blocks are trimmed square
using a small wire saw similar to the process at the quarry.
Most blocks at the plant are cut into slabs in an adjustable
Gaspari gang saw that has as many as 75 diamond-
impregnated blades individually adjustable for width of
cut (Table 3, Fig. 14). The gang saw usually is set to typi-
cally produce 4 x 8 ft, 3/4 inch thick slabs that are then
moved to an automatic Gregori polishing line.

The Gregori polishing line removes small ridges pro-
duced by the gang saw, yielding a smooth, highly polished,
flat surface (Fig. 15). The stone is flushed with water,
during cutting and polishing, which removes clay and mud
in the voids. Before final polishing, a waterproof,
appropriately colored grout is applied, if needed, to the
slab surface, filling the voids and partially cementing the
stone. Some slabs are backed with fiberglass textile and
epoxy to further strengthen them. Epoxy grout has a shiny
surface in polished travertine slabs. Cement grout-filled
voids appear dull compared to the flat portions of the
stone, but colors of either fill are chosen to blend well with
the highly polished surfaces.

Complex angle and other cuts are made with a com-
puter-controlled Gregori Impala bridge saw accurate to
0.0004 inch. The bridge saw is used to cut polished
slabs into special shapes. Ashlar is made by breaking
thick travertine slabs in a hydraulic knife or guillotine
(Fig. 16). Finished slabs or blocks are packed or placed
on pallets and shipped to customers.

Travertine is porous and its physical properties vary
more than those of denser materials (Table 4). This is par-

FIGURE 13—After cutting, large travertine slabs are tipped over,
onto cushioning debris, using hydraulic wedges before processing
into blocks or rubble.
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FIGURE 16—Workmen breaking sawed blocks unsuitable for
slabbing into split-face ashlar, which is placed on pallets for
shipmennnt to customers. i

a line capable of taking stone from rough-shaped blocks to
finished 12 x 12 x 3/8 inch tile. The tile line is capable of
producing 12 x 12 x 3/8 inch to 24 x 24 x 3/4 inch tiles. This
line is the only tile line in the western United States. When
fully operational, it will have a capacity of 2,000 ft* per day.
i At present NMT is producing only limestone tiles from this
o line.

Rough blocks are cut into thin strips of stone (12 x 120 x
3/8 inches) called billets, using a Pedrini block saw (Fig.
17). The block saw uses up to 30 vertical circular diamond
blades to saw the billets and one horizontal blade to cut the
F | billet free of the block. From the block saws, the billets are

i : vane saw used to cut stone Moved to the beginning of the automatic line. The billets
slabbed. butted end to end and run through the line. The next
machines in sequence are a one-head grinder and seven-
ticularly true of its modulus of elasticity and coefficient of head polishing machine (Fig. 18). From the polisher, the
linear expansion. Much travertine is used as flooring; Stone billets run through a two-head rip saw that cuts the
porosity is not deleterious for this end use as shown by the Strips to exact widths. The next machine in sequence is a
much higher abrasion resistance of porous Santa Fe ivory Séven-head squaring saw that takes the strips and cuts them
compared to Apache Golden Vein with far fewer visible INtO tiles. The tiles move around the corner of the line and
pores. enter the final machine, a chamfering machine. The

Tile line—NMT has recently added over 15,000 ft? of chamfering machine takes the individual tiles and gauges

; ; P them square with a diamond grinding disk, and puts a slight
floorspace to its processing plant. The addition enc!oses bevel on two edges. The tiles move through the machine

where they are turned 90° and the same process is
performed on the other side.

L

FIGURE 17—Rough stone blocks are cut into billets using a

FIGURE 15—Gregori polishing line used to produce highly ~ Pedrini block saw on the tile line of the NMT operation at Belen,
o New Mexico.
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TABLE 5—Travertine production by New Mexico Travertine. Data in short tons and by commercial name and product. Santa Fe Ivory
replaced Temple Creme in 1990. Desert Creme was not produced after 1989.

1985 1986 1987 1988 1989 1990 1991 1992 1993 1994
Temple Creme/Santa Fe Ivory
slabs 6 84 247 134 433 234 242 96 196 54
ashlar 0 0 313 313 301 192 704 733 94 77
rubble 125 370 190 246 160 196 348 242 96 91
crushed 23 0 A7 25 0 38 184 98 87 30
total 154 454 797 718 894 660 1478 1169 473 252
Scheherazade
slabs 1 8 35 29 47 145 127 77 19 26
ashlar 0 0 0 125 341 474 236 225 204 204
rubble 64 194 440 205 149 140 456 228 199 123
crushed 8 30 118 127 D7 192 162 158 105 146
total 73 232 593 486 594 951 981 688 527 499
Vista Grande
slabs 16 37 3 5 6 20 20 43 3 25
ashlar 0 0 0 0 10 12 30 40 25 92
rubble 397 302 478 391 495 399 138 124 85 80
crushed 304 731 2281 872 746 652 0 0 3] 48
total 717 1070 2762 1268 1257 1083 188 207 144 245
Desert Gold/Desert Creme
slabs 11 25 5 11 60 17 5 6 12 4
ashlar 0 0 0 0 0 35 44 41 54 30
rubble 64 103 2401 309 211 134 82 109 182 90
crushed 0 0 0 0 _0 _0 759 774 261 645
total 76 128 2406 320 271 186 890 930 509 769
Apache Golden Vein
slabs 4 21 39 11 13 20 5 14 3 6
ashlar 0 0 0 0 0 0 149 72 0 8
rubble 0 0 0 0 _0 0 0 0 0 9
total 4 21 39 11 13 20 154 86 & 23
TOTAL 1026 1905 6597 2802 3029 2900 3691 3080 1656 1788

Upon leaving the chamfering machine, the tile is dried,
and buffed on two additional machines and finally pack-
aged at the end of the line (Fig. 19).

Stone production by NMT—Production records of
NMT for the last 10 years (Table 5) show sales of seven
commercial varieties of New Mexico stone and four types
of product: slabs, ashlar, rubble, and crushed stone.
Apache Golden Vein is included for completeness, but it
is an altered limestone, not a travertine.

Data for Temple Creme and Santa Fe Ivory and for
Desert Gold and Desert Creme are combined. Produc

iy

FIGURE 18—One surface of the billets cut in Figure 17 are finished
on the seven head polishing machine of the NMT tile line.

tion trends show a general increase in all travertine vari-
eties since start up, particulatly for Vista Grande, Temple
Cream/Santa Fe Ivory, and Scheherazade through 1992.
Vista Grande and Desert Gold/Desert Creme wete very
popular in 1987, principally as crushed and rubble re-
spectively. Until 1993 production of slabs (the most ex-
pensive travertine product) rose substantially for all va-
rieties except Vista Grande. Temple Creme slabs were the
most popular, but the lack of high-quality reserves cur-
tailed sales. Santa Fe Ivory has replaced Temple Creme as
NMT's premier white travertine but presently is on

>~ 2.

FIGURE 19—Square tiles are packaged, at the end of the tile line,
for shipment to customers.
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standy while light-colored travertine resources are de-
veloped. In 1994 Scheherazade was the most popular trav-
ertine in both the ashlar and rubble categories. The pro-
duction of rubble has varied widely among the five types
of stone used, but Vista Grande was most popular in late
1980s. Crushed travertine production was volatile over the
10 year period, with Vista Grande and Desert Gold
particulatly popular in 1987. In 1994 Desert Gold/Desert
Creme were the most popular. In recent years total New
Mexico travertine production has decreased to 20% of
total NMT production.

Due to market and trend changes in natural stone,
limestone has become very popular as dimensional stone
products for paving and cladding. With the huge reserves
of limestone in the United States and few operations saw-
ing the stone thin into slabs and tiles, NMT took the ini-
tiative and started bringing in stone from Indiana, Kansas,
Texas, and Oklahoma to saw into thin dimensional
products. In four short years, limestone has become a
very large segment of NMT's activity. Along with
fabricating limestone, NMT is also producing marble
slabs and soon tile for Colorado Yule Marble Company.
NMT is also producing cut-to-size projects out of
Colorado Yule and Vermont marbles.

The new tile line is producing only limestone tiles and
much of the slab production is not from New Mexico
stone. NMT cuts a great deal of Indiana Limestone. The
names of this stone are varied, but it all comes from the
Bedford /Bloomington area where producers call it Stan-
dard Buff (NMT calls it Sterling) and Standard Gray
(NMT's name is Windsor Select). When the "hard top" of
Indiana is sold by NMT, its is processed and marketed as
Yukon Silver. This latter stone is waste in Indiana. NMT
is marketing this Indiana stone because it is inexpensive, it
can be cut thin, and they do not have to spend time and
expense filling voids as is done with the travertine.

NMT buys and cuts other stone, principally from Texas,
Oklahoma, and Kansas. The Texas stones are: Adobe
Rose, Valencia Ivory, Flamingo Rose, Fossil Beach (Big
Spring), Classic Gray (Abilene), and Texas Cream and
Texas Shell (Austin). The last two stones used to be called
Cordova Cream and Cordova Shell. NMT gets Plaza Gray
and Hillsboro stone from eastern Kansas, and Sebastian
from Oklahoma.

NMT has recently purchased the old Siaz quarry at Abo
Pass about 20 mi southeast of Belen and north of U.S.
Highway 60. They plan to start quarrying the rock called
Silver Mist. It is a greenish-gray chloritic schist that was
marketed as a flagstone and building stone in the past.

Rocky Mountain Stone Company (RMS) markets
stone for NMT in New Mexico. Finished travertine is
displayed at the RMS stoneyard on the Pan American
Highway just west of Interstate 25 south of the Jefferson
exit in Albuquerque. Some travertine is shipped to
sculptors for carving or to marble shops and dealers
primarily for distribution to furniture manufacturers.
RMS aggressively markets their products in many parts
of the United States and has sold large quantities of stone
in such distant states as New Jersey and Washington.
RMS travertine products are now beginning to penetrate
international stone markets as well.
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