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to the Rio Grande (the arbitrary western limit of the||Van:S|Pe(;os| 
province). The gradation apparently continues farther westMaPOTito|thel 
calcalkalic suite of the Sierra Madre Occidental. In-the Trahs^^^ ',, 
the largest caldera complexes,(and the only ones showinglresurgence^^^^^ 
and repeated collapse) are the less alkalic ones hearesitlithel, Rio \ 
Grande. , , • •] ' l | l | | I \ 

Trans-Pecos magmatism began about 46 m.y. ago, culminmed lin | 
voluminous eruption and intrusion at 35 to 30 m.y., and exten^eMtp aft | 
least 16 m^y. before present. The younger limit is not well established ' 
in time or space, because erosion has removed most of the y.qungec 
lavas and tuffs. Initiation and cessation of magmatism in the ManSiTl 

V W \ '" lilt" ''' e- 11 

Pecos province were both earlier than those in the Rio Grande|>Rift.| 
Major normal faulting in the. Trans-Pecos began after ^31.5|^y;l|ago| 
and continues, and thus is broadly contemporaneous with faultrngliny 
the Rio Grande Rift. Trans-Pecos faults do not define! a cqn̂ ifiiliqjUsl 
graben system, but strike north and north-northwest, followingWfher ^ 
trends. \ U|l''"''" 

The Trans-Pecos province may be a southeastern extension IqfpKie 
Rio Grande Rift in terms of structure, but not of magmatism. | 
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SEISMIC AND GRAVITY MODELS OF THE SNAKE RIVER PLAIN | 
BRAILE, Lawrence W.; Dept. of Geosciences, Purdue University, West 
Lafayette, Indiana 47907; and KELLER, G.R., Dept. of Geological 
Sciences, University of Texas at El Paso, El Paso, Texas 79968^ I 

Seisinic refraction profiles from quarry blastsi 
in southeastem Idaiio and from the Bingham, Utah! 
copper mine along with existing refraction liines 
from Boise, Idaho to Mountain City, Nevada ha!'Ve 
been interpreted to determine the crustal. and\ upp 
mantle structure of the Snake River Plain (SRP). 
The refraction data and surface wave dispersion 
interpretation confirm that the western SRP hê s 
approximately 42 km crust having an anomalously 
thick lower crustal layer. . The Pn velocity in|th& 
western SRP is 7.9 km/sec. Pn velocity and crust-l, 
al thickness decrease in the eas t e m SRP toward \ 
Yellowstone. The crust is ~ 2 8 km thick and th'e \ 
Pn velocity 7.6 km/sec near Big Southem Butte o n 
the east'em SRP. Although no seismic data are | 
available, gravity models and correlation with \ 
published topography, heat flow and crustal age | 
data suggest that the crust thins further towardl 
the Yellowstone region. Gravity models consistent 
with the seismic data have been developed. These 
models show progressive crustal thinning along th''e 
SRP from west to east with this density effect oft-
set by mantle density variations resulting in a \ 
combined -100 mgal anomaly at Yellowstone from th6 
western SRP. \ 

The surface volcanics appear to be thin (£ 2km) \ 
in the e a s t e m SRP and both the gravity ajad seismic 
data indicate that a 'Basin and Range* type crust ..] 
underlies the volcajiics in the eas t e m SEP. ' 
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able data and relevant information concerning potential geothermal energy 
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Energy Research and Development Administration through the federal 
grant made by that office. 
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PREFACE 

The economy of the area surrounding the Rio Grande Valley in New 

Mexico and Texas is dependent on water and energy, two interrelated 

resources that are becoming increasingly scarce and more expensive. As 

this region and the rest of the United States seek solutions to pressing 

resource availability problems, it becomes imperative that potential energy 

sources of all types be carefully assessed. This is particularly true for the 

Rio Grande area where the availability of sufficient -water, so critical in this 

arid area, is totally dependent on the availability of reasonably priced 

energy. 

The Rio Grande Valley has many features that suggest the presence 

of thermal waters of possible economic importance. Studies in New Mexico, 

and more limited experience in the Texas portion of the Valley, have pro

vided data that lay the groundwork for further and more detailed analysis 

of the geothermal setting. The great demands for energy in the region dic

tate that this energy source and every other possibility be thoroughly 

evaluated. 

The workshop reported on in this volume was held to bring together 

individuals with expertise and interest in the assessment and utilization of 

geothermal energy in the Rio Grande Valley plus those who could speak to 

the present and future demand for energy there. The themes of the workshop 

were 1) What do we know now about the potential for geothermal energy? 



2) What needs to be done to thoroughly assess the potential? and 3) Does the 

region's demand for energy resources provide sufficient incentive for pro

ceeding with resource assessment and consideration of uses for the 

resource? As expected, more questions were posed than answered, but one 

conclusion can safely be stated: the region needs energy and the geothermal 

potential is significant enough to warrant further study. 

The workshop was ably organized, coordinated, and operated by Tom 

Kleeman, Consultant to Turner Collie & Braden Inc. of Houston, Texas who 
S' 

authored this report. Funding was provided by the U.S. Energy Research 

and Development Administration through the Bureau of Economic Geology at 

the University of Texas at Austin, by the New Mexico Energy Resources 

Board through the New Mexico Energy Institute at New Mexico State Univer

sity, and by the Texas Governor's Energy Advisory Council. The University 

of Texas at El Paso hosted the workshop, providing facilities and staff sup

port. An informal steering committee consisting of Dr. Frank Kottlowski, 

Director of the New Mexico Bureau of Mines and Mineral Resources; 

Dr. Robert San Martin, Director of the New Mexico Energy Institute at 

New Mexico State University; Mr. Joe Ventura, Executive Director of the 

Texas Governor's Energy Advisory Council, and Charles G. Groat, Chair

man, offered suggestions and guidance. Many individuals contributed time 

and effort to the workshop; special appreciation goes to Susan Conway of the 

Texas Governor's Energy Advisory Council and Dr. William Cornell and 

James Parker of the University of Texas at El Paso. 



We would like to express our appreciation to the following persons for 

their presentations to the informal workshop sessions on resource explora

tion and assessment. Dr. Carlos Aiken, Department of Geology, Texas 

Christian University; Robert Curtis, Department of Geological Sciences, 

University of Texas at El Paso; Chris Henry, Bureau of Economic Geology, 

University of Texas at Austin, Dr. Eugene Herrin, Department of Geophysics, 

Southern Methodist University; Dr. G. R. Keller, Department of Geological 

Sciences, University of Texas at El Paso; and Rick Kopp, Department of 

Geological Sciences, University of Texas at El Paso. 

Charles G. Groat, Chairman 
Workshop Steering Committee 



CHAPTER I 

INTRODUCTION 

This report is the product of many months' work related to the geo

thermal energy potential of the Rio Grande Region of New Mexico and West 

Texas. The report contains information brought to light at a recent geo

thermal resource workshop held in El Paso , Texas on the 15th and 16th of 

December 1976. The workshop data are augmented with information from 

other sources as well. 

The report i s , as the workshop was, ambitious in its scope. It covers 

a wide range of subjects relating to geothermal resources. For the first 

t ime, the total framework of the region's geothermal resources is examined: 

resource exploration and assessment, demand and utilization of resources, 

en-vironmental impacts of resource-related activity, institutional problems 

that ar ise with geothermal resource development, and recommendaion of a 

regional geothermal research and development program. 

Trying to examine the resource system as a whole, rather than speci

fic elements, yielded a generalized report. This maybe timely. All of the 

previous work has dealt with singular aspects of geothermal resource poten

tial: heat flow measurements, geochemistry studies, etc. 

This treatment is concerned with the whole resource system within a 

regional framework. The contributors to the El Paso meetings came from 

a broad range of professions. There were geologists, economists, geo

physicists, political scientists, and engineers, and they came from 

Turner Collie(£^Biaden Inc 



government, academia, and the private sector. This is another reason for 

more generalized characteristics of this report than are found in standard 

energy resource assessments. 

The subject of geothermal resource potential in the Rio Grande Region 

has been covered only partially by this work. In the near future further 

efforts will help us to understand better what role geothermal energy might 

play in the energy future of this region. 

The author believes that this broader perspective translates into a 

report that is readable by persons of varied backgrounds. The jargon is 

always rougher on the other side of the fence. Therefore, efforts were 

taken to describe this complex subject in simple and straight forward 

language. 

Turner Collie(^Braden Inc 



CHAPTER II 

WORKSHOP ACTIVITIES 

The workshop sessions were held on the campus of the University of 

Texas at El Paso. The two days of meetings took place on the 15th and 16th 

of December 1976o On the first day, invited speakers presented prepared 

papers to the conference-at-large and answered questions. On the second 

day, the participants met in two smaller workshop sessions: one dealing with 

demand for and utilization of geothermal resources, the other for resource 

exploration and assessment. 

The smaller workshop sessions were designed to allow the interaction 

of participants after they had heard the presentations covering a broad range 

of topics. The group discussions benefitted from the diverse professions of 

the participants (representing the academic research community, private 

industry, and government). The group members could comment on the sub

jects introduced on the previous day as well as other aspects of geothermal 

development. 

F i rs t day's speakers were as follows: 

Vo H. Savage; Southwest Texas State University - "Regional Eco
nomics and the Demand for Electricity" 

W. N. McAnulty; University of Texas at EI Paso - "Geothermal 
Energy and Minerals Development" 

Je r ry Hoffer; University of Texas at El Paso - "Geothermal 
(Geochemical) Indicators in West Texas" 

Jim Combs; University of Texas at Dallas - "Geophysical Indica
tors of Geothermal Resources in West Texas" 

TurnerCoIlie(^Bnaden Inc 



Chandler Swanberg; New Mexico State University - "Regional 
Geothermal Indicators" 

Joel Gevirtz; Resources Systems Research - Synthesis of Geo
thermal Data 

Eugene Herrin; Southern Methodist University - "Regional 
Geothermal Indicators 

Frank Kottlowski; New Mexico Bureau of Mines - "New Mexico 
Geothermal Heat Flow Research" 

Marian Blissett; University of Texas at Austin - "institutional 
Factors that Affect Resource Development" 

R. D. Sadow; Turner Collie & Braden Inc. - "Environmental 
Impacts of Resource Development" 

This report represents the first attempt to gather, collate, and pub

lish the relevant information concerning geothermal resources in the Rio 

Grande Region. As a result of the workshop, new information concerning the 

region's resources is now available. For the first t ime, Rio Grande geo

thermal resource development is treated in the conceptual framework of 

a regional entity. This report addresses the linkage that exists between 

resource use and resource development, between activities in one part of 

the region and activities in another part. 

All of the relevant information about the region has been used in the 

formulation of a preliniinary plan for research into the development of the 

region's geothermal resources . This early planning effort is general enough 

that it is applicable to the broader questions of energy use in the region. 
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Eventually, solar energy could be very important in this portion of the "stm-

belt" and many of the same types of questions will need to be addressed. 
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CHAPTER III 

SUMMARY OF WORKSHOP FINDINGS 

Introduction to the Region of Interest 

The Rio Grande has long been important in the history of American 

civilization. An international boundary, a source of water in an arid envi

ronment (hence the Spanish name ' Great River" for a relatively small one), 

an important geographic reference point for the Indians, explorers, and 19th 

century pioneers, this r iver , like certain larger ones in wetter climates, has 

played a dominant role in the development of the region it t ransverses . 

The headwaters of the Rio Grande are in the mountains of southern 

Colorado (see map. Fig. 1). Flowing southward, the r iver nearly bisects the 

State of New Mexico into eastern and western halves. The river enters 

Texas at its western-most point, north of the City of El Paso, separating 

it on the American side from the City of Juarez on the Mexican side. The 

Rio Grande continues in a southeasterly direction until it reaches Brewster 

County, Texas. Here it loops north (thus, the name "Big Bend" National 

Park) and then curves back into its southeastward course, flowing on to the 

Gulf of Mexico some 1,800 miles from its origin. 

The region of interest is arid to semi-arid. The driest part include 

the Big Bend area and western Trans-Pecos , Texas, which are in the north

eastern quadrant of the Chihuahuan Desert. The rest of the region, parts of 

West Texas, the Texas Panhandle, and the State of New Mexico are semiarid. 
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Dry-land farming is possible in some a reas , but irrigation makes possible 

very high yields. 

Today, the provinces around the r iver are of interest for a new type 

of resource development. The new developers are interested in energy 

resources . There are indications that within the region there are potential 

exploitable geothermal resources . 

Natural gas has been the most important energy source in this 

region--as in many others. It has been used as a boiler fuel for generating 

electricity, heating homes and offices, and as the primary energy source for 

running the pumps employed in irrigated agriculture. Geothermal resources , 

of the type thought to be in this region, are present only in the western half 

of the United States. However, from a national perspective, these resources 

are extremely important. While geothermal resources can be utilized only 

at a specific s i te , their development means that precious-supplies of oil and 

gas are freed for use in other areas . The lack of a coherent national energy 

policy has deterred the development of alternative energy resources that 

benefit specific, localized regions directly and the nation indirectly. 

Until now, efforts to explore for and assess the potential of geother-

mal resources in this region have been carried out in a rather segmented 

fashion without much regard for considerations larger than those of the 

individuals involved in each specific task. The State of New Mexico has been 

TurnerCollie(S5'Braden Inc 



exemplary in funding geophysical and geochemical research aimed at geo

thermal resource exploitation in various locations. The State of Texas has 

funded a geochemistry study for the Trans-Pecos area and the Federal 

Government has sponsored limited projects in both states. Private sector 

investigations have been carried out on a rather limited bas is , as regards 

the whole region, and nearly all of these have taken place in New Mexico. 

In order to assure efficient development, future resource assessment should 

be coordinated in a regionwide framework. 

The remainder of this chapter is a summary of how they can be found, 

how the regional geothermal resources can be used, how they might interact 

with the environment, and how their development relates to the institutions 

of the region. A detailed treatment of the information contained in this sum

mary is presented in Chapters IV, V, VI, and VII. The information con

tained in these chapters was helpful in developing the suggested program 

of research outlined in Chapter VIII. o 

DEMAND AND UTILIZATION 

The Regional Economy and Electricity 

The supply of electricity is vital to the economic health of the region. 

In the regional economy as a whole, 2. 71 kilowatt hours (KWH) of electricity 

are required to generate $1 of income. In projecting economic growth to the 
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year 2020, it is estimated that some 51 billion KWH of electricity will be 

required for a total income level of 29 billion dollars. 

Population growth is expected to be stable and rather low at two per

cent for the entire period. With a projected total income increase of 263 

percent, per capita income is expected to increase dramatically. The per 

capita income in 1974 was only $3,500. In 2020, it is projected to reach 

$13,000. This statistic has important implications for a region which has 

traditionally lagged behind the national per capita income average. 

Since natural gas, which is in short supply, is the predominate boiler 

fuel, the development of geothermal resources may be necessary to guaran

tee the projected economic growth. 

Utilization of Geothermal Resources for Irrigated Agriculture 

Agriculture is of economic importance to both the United States and the 

Rio Grande Region. The State of Texas is the third largest producer of food 

and fiber in the United States and the second leading exporter. One-third of 

the land used for farming in Texas is irrigated and accounts for 70 percent 

of the total output of the Texas harvest. In 1976, the Texas High Plains and 

Trans Pecos , which are in the Rio Grande Region described in this report , 

accounted for 60 percent of the food and fiber output of Texas. Over one-half 

of the state 's irrigated farming operations are in the region. 

Turner Collie(^Braden Inc 
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The irrigation pumps in the region are powered mainly by natural gas 

or by electricity generated by natural gas-fired power plants. Natural gas 

costs have risen dramatically in the past two years , with increases as high as 

200 percent to 500 percent in some areas . In addition to the cost increases, 

the supply shortage is another critical problem. In some areas supply may 

be terminated with as little as 10 to 30 days' notice without the supplier 

showing cause. 

Last year , due to enormous increases in production costs, irrigated 

wheat farmers suffered substantial losses . With regard to natural gas, the 

supply situation has become so undependable and the prices so high that the 

effects in two West Texas counties. Reeves and Pecos, have been extreme. 

Between 1975 and 1976, the number of acres used for irrigated agriculture 

was reduced from 150,000 acres to only 15,000 acres . If an energy alterna

tive to natural gas is not found, the situation will worsen. 

Geothermal Resource Potential and Mining 

The United States is faced with a well-known energy shortage and a 

not-so-well-known shortage of hardrock mineral resources . Minerals 

extraction and processing requires large amounts of energy, particularly as 

more marginal deposits are worked. The development of geothermal energy 

resources could prove to be quite beneficial to the exploitation of minerals 

in the Trans-Pecos area. 
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Known deposits of the following metals exist: berrull ium, titanium, 

iron, gold, copper, mercury, silver, manganese, molybdenum, zinc, tin, 

and tungsten. Industrial rock and mineral resources known in the area 

include: gypsum, limestone, dolomite, sand and gravel, granite, rhyolite, 

basalt , marble , bar i te , volcanic ash, tale, asbestos, bentonite, fluorite, 

halite, sulfur, and uranium. 

In the resurgent cauldron and/or volcanic centers of the Quitman, 

Eagle, Chinati, Solitario, Christmas, Chisos, and Pico Etereo moimtains, 

there are indications of deposits of various metallic minerals . The develop

ment of thermal waters in this area could provide the stimulous to develop 

these mineral resources . 

RESOURCE EXPLORATION AND ASSESSMENT 

Introduction 

At the conclusion of the first day of the workshop, C. G. Groat 

restated concisely the prospects for geothermal resource potential when 

he said. Today we have heard the word 'indicators' used many times. 

There are many indicators that geothermal resources may be present in 

this region. We do not know their extent. At the same time, there is 

no reason to doubt that the resource could exist in this region. 
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In New Mexico high heat flow recordings, the presence of young vol

canism and geochemical work all seem to indicate that geothermal resources 

might be present. Volcanic activity is recorded in historic time and there is 

a high heat region in western New Mexico (see map. Fig. 9). 

Moving south, numerous hot springs are known to occur on both the 

Texas and Mexican sides of the Rio Grande. The preliminary geochemical 

studies and geophysical work indicate the possibility of geothermal ano

malies. The Trans-Pecos is for the geothermal resource explorer an area 

that is both fascinating and frustrating. Because of its remoteness and the 

scarcity of data, recent considerations of the resource potential must of, 

necessity combine both art and science. The local "old t imers" will relate 

to the visitor tales of oil drilling crews that hit a steam pocket, "That 'durn' 

near blew the top off the rig and roared for two days. " There are numerous 

stories of ranchers who drill water wells for cattle and hit hot water which 

was of no use to them. Whether such recountings are actual or apocryphal 

is impossible to know at present and cannot be proved until more data are 

gathered. We need more hard data. In an energy-short society, such stories 

remain tantalizing. 

The above-mentioned accounts, the existence of the warm springs, 

the preliminary research resul ts , and the existence of areas that only 

recently have been considered interesting with regard to geothermal 
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resource potential, have all resulted in the development of numerous ideas 

for resource exploration and assessment. 

Geological and Geophysical Setting 

As shown in the section addressing demand for and utilization of geo

thermal resources , there is a need for the resource throughout the region. 

This section, however, will focus mainly on the geothermal indicators that 

exist in the Trans-Pecos area because of the newness of this information and 

because much of the recent meaningful New Mexico data have been collected 

in private sector assessment and is therefore proprietary. 

The western portions of the Trans-Pecos area are located in the south

eastern part of the Basin and Range physiographic province, which includes 

southern Arizona and New Mexico. 

The Rio Grande Rift system, which is associated with high heat flow 

valves in New Mexico (as defined in this paper), continues from south-

central Ne-w Mexico into Texas, trending south of El Paso on into Mexico 

somewhere west of Big Bend National Park (see map. Fig. 1). 

This rift has been compared with such known geothermal resource 

areas as the East African Rift System and the Salton Trough of Southern 

California and Mexico. (This last area contains the operating Mexican geo

thermal power plant at Cerro Prieto as well as the promising geothermal 

area in the Imperial Valley. ) 
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Quarternary basalt flows are present in New Mexico. The youngest 

igneous rock in West Texas is thought to be late ter t iary, although dating 

has not been accomplished and flows may be younger than tertiary. Faulting 

is extensive in this area, consistent with recent tectonism. Fault zones 

provide avenues for circulating geothermal waters and are likely sites for 

drilling operations. There are numerous warm springs between El Paso and 

Big Bend National Park. There are also many wells of warm water. The 

map in Figure 14 shows the locations of the five warmest springs and three 

of the warmest wells in the rift zone. 

Earthquakes and Micro-earthquakes 

A major earthquake occurred hear Valentine, Texas, northwest of 

Marfa, in August 1931. The epicenter of this earthquake (magnitude 6.4) as 

well as 24 smaller earthquakes is plotted on the map in Fig. 15. Several 

studies have indicated that micro-earthquakes occur continuously in much of 

western and southern Texas-Pecos. Micro-earthquakes correspond highly 

with those areas which have known geothermal resources. Micro-earthquakes 

have been recorded along the Rio Grande Rift system between Las Cruces, 

New Mexico and Albuquerque, New Mexico. 

Turner Collie(?5^Braden Inc 
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Water Chemistry Studies 

Water chemistry studies can be a valuable tool for providing regional 

geothermal information for a relatively low cost. Geologic terrain factors 

must be considered further in evaluating the silica and sodium-potassium-

calcium geothermometers that have been applied in the region; however, 

existing data provide useful indicators. 

Hoffer conducted extensive samplings of area waters , and his findings 

indicate that the most promising areas are : (1) two hot springs in Presidio 

County, (2) one location south of Marfa, and (3) one location east of El Paso. 

Swanberg'.s work indicated an additional well west of Marfa, Texas as being 

anomalous (see map. Fig. 14). 

Heat Flow Data 

Heat flow determinations for the lower rift zone are shown in Fig. 17. 

These heat flow valves indicate that portions of the region are characterized 

by abnormally high subsurfaced temperatures and potential geothermal sys

tems, states Combs. 

The anomalously low heat flow valves (shown in Fig. 17) north of 

Pres ido, Texas, as well as the 1.6 and 1.4 Heat Flow Units (H. F .U. ) 

localities are inconsistent with the expected higher measurements associated 

with the Basin and Range Province. Combs argues that this is due to connec

tive heat transfer phenomena. Obviously, more heat flow information about 
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the region is needed, especially in the Trans-Pecos area which has received 

very little scrutiny. 

Data Synthesis 

Due to some of the inherent problems involved with the standard silica 

and sodium-potas sium-calcium geothermometers, more sophisticated tech

niques are needed. Gevirtz discussed the use of data synthesis techniques 

that could (1) better assess the information gathered in geochemical surveys, 

and (2) relate the geochemical findings to automous geophysical data. 

S3Tithesizing processes described by Gevirtz permit more comprehen

sive assessment of the geothermal resource potential of an area. 
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CHAPTER IV 

DEMAND AND UTILIZATION OF GEOTHERMAL RESOURCES 18 

This chapter deals with the various economic ramifications of geo

thermal energy potential. The material contained in this portion of the 

report came from papers presented at the conference as well as outside 

sources. V. H. Savage of Southwest Texas State University presented a 

paper on the regional economy and the demand for electricity. John Kelly, 

consultant to the Texas Department of Agriculture, discussed the energy 

needs of irrigated agriculture. W. N. McAnulty introduced the possible 

role of geothermal energy for minerals development in the Trans-Pecos 

area. There is additional outside material contained in this section; there

fore, all statements and all conclusions should be considered the responsi

bility of this author unless others are quoted directly. 

THE REGIONAL ECONOMICS AND DEMAND FOR ELECTRICITY 

V„ H. Savage begins his introduction to the regional economy with the 

reminder that, "The production of electricity, economic growth and popula

tion growth are interdependent. Electricity is used in the various economic 

endeavors which in turn provide a substantial part of the income base for an 

area. " Likewise, increased economic growth and population will affect the 

demand for electricity. 

During the past few years , and especially during the harsh conditions 

of this winter, we have witnessed a shortage of natural gas, which is used 
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as a boiler fuel in electricity generation. Producer claims concerning the 

lack of profitability in natural gas production under present regulated condi

tions indicate that further shortages will continue. 

In those areas where natural gas sales were not limited by inter-state 

regulation, major price increases have occurred. The increased price of 

natural gas will be translated into higher costs for electricity. 

In trying to assess the situation with regard to the demand for elec

tricity in the regional economy. Savage had to rely on data that reflected 

short- term price changes and consumption patterns. Obviously there are 

inherent problems in trying to formulate economic forecasts incorporating 

such short- term data. Savage points out the following: 

Over the longer period, changes in life styles, technology, capital 
s tructure, and the production mix tend to increase their own price 
elasticity of demand for any one source of energy. However, the 
'energy cr i s i s ' has not been acknowledged for a sufficient time 
period to all for the institutional and technological forces to exert 
themselves. 

Despite these difficulties, if we are to avoid some of our past mis

takes and begin to plan for our energy future, energy-related economic 

forecasts are very much needed. It should be mentioned that Savage's 

effort was a noble attempt under severe time limitations resulting from an 

unfulfilled previous commitment. In addition to the constraints of time and 

data, there was an unfortunate lack of funds. Although a very useful product 

resulted, future efforts should not be so restricted. 
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The Region 

The reader should keep in mind that the question. What is a region? 

is very complex. Definitions can be elusive. Economists and geographers 

engaged in regional studies continuously argue this question. [Perhaps tiring 

of the "angels-on-the-head-of-a-pin aspect of the argument led one scholar 

to declare that a region is any arbitrary area for which one can obtain funds 

to study. Such forthrightness, if not inspiring, seems at times to be 

accurate. ] 

Several factors determined the boundaries of the region. Since the 

Rio Grande approximated the heart of the area believed to have geothermal 

resource potential, it was decided that the boundaries should be within 500 

miles of the river. This arbitrarily assigned distance is well within the 

range in which the transmission of electricity is economically feasible. 

Existing political boundaries of states and counties were taken into consi

deration. Finally, since the study had to rely on existing economic data, 

the most reliable figures known were to be found in the OBERS 1/ projections 

1_/The OBERS Projections represent the output of a joint effort in a program 
of economic measurement, analysis and projection by The Bureau of 
Economic Analysis which was formerly The Office of Business Economics 
(OBE), U. S. Dept. of Commerce and The Economic Research Service 
(ERS), U. S. Dept. of Agriculture. In Jan. of 1972 The OBE was renamed 
The Bureau of Economic Analysis. P r io r to that time the report of OBE 
and ERS had acquired the acronym OBERS. In the ever changing, i . e . , 
reorganizing, world of bureaucracies this report title offers a symbol 
of permanence. 
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of the Bureau of Economic Analysis (BEA). (See map on the following page.) 

The region includes BEA economic areas 122, 123, 145, 146, and San Juan 

County, New Mexico. These areas include the Texas and Oklahoma Pan

handles, that part of West Texas west of a line originating at the southeast 

corner of the Texas Panhandle and extending approximately 20 degrees south 

by southwest to the southeast corner of Terrel l County, Texas. The area 

designated also includes all of the State of New Mexico. Within the region, 

are vast sparsely populated areas as well as the major metropolitan centers 

of the Texas Panhandle, West Texas (except San Angelo and Abilene), and 

New Mexico. 

Regional Economic Activity, Income, and the Demand for Electricity 

The range of economic activity in the regional economy spans most 

standard economic categories (manufacturing, trade and commerce, govern

ment and services , e tc . ) . Table 1 displays the income derived in the region 

by economic category. The income data are for the year 1974 due to the 

need to relate this information to the data on demand for electricity. This 

was the latest year for which electricity-use data were available. 

The economic activities create direct demand for electricity, as pro

duction inputs, and the derived income produces additional indirect demand 

through the household sector. Future demand for electricity will be deter

mined by the growth of existing economic sectors and the development of new 
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TABLE 1 

Total Income and Income Derived 

from Each Broad Economic Category 

West Texas, New Mexico Region, Year 1974 

(Thousands of 1967 Dollars) 

Economic Activity, 
Earnings and Income 

West Texas, 
New Mexico 

(total) 

Total Personal Income 

Total Earnings 

Agriculture 

Mining 

Contract Construction 

Manufacturing 

Transportation, Commercial 
& Public Utilities 

Trade 

Fire 

Services 

Government 

8,018,055 

6,151,509 

785,728 

372,524 

343,152 

602,775 

459,097 

1,000,752 

248,644 

851,217 

1,487,620 

6,151,509 

Source: Computed from 1972 OBERS Projections: V2 BEA Areas 
U. S. Water Resources Council, Washington, D.C, 1974. 
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activities in the regional economy. It should be remembered that the inter

dependent nature of an economy is such that future economic activity will 

also depend on the supply of electricity for growth to take place. 

The 1974 data for electricity use in the region were available only in 

categories broader than those in Table 1. These categories were industrial, 

commercial, other (agriculture, government employment, and all remaining 

undesignated acti-vlties), residential (households), and other income (not to 

be confused with the category "other"). This group includes rents , interest, 

government t ransfers , etc. This last category does not require direct inputs 

of electricity, but demand will be affected through the residential sector 

which derives increased purchasing power from this sector. The electricity 

use data are presented in Table 2 by broad economic category in 1000 KWH. 

This table also contains the data in Table 1 after it has been combined in 

compatible economic categories. 

Households, as seen in Table 2, account for only 20 percent of the 

regional demand for electricity. This is an important point and Savage 

notes the following: 

This fact renders the analysis of electricity demand based simply 
on population growth (a common practice of less rigorous analysts) 
very suspect. Regional population declines could be accompanied 
by increased production in the various electricity-using industries 
dictating an increasing demand. 

Turner Collie(S'Braden Inc 



25 

TABLE 2 

Income and Electricity Demand by Broad Category 
of Economic Activity and Household Electricity Demand, 
West Texas, New Mexico Region 
(Thousands of 1967 Dollars, Thousands of KWH) 

Income KWH 

Industrial $1,777,548 7,324,719 

Commercial 2,100,613 5,333,000 

Other 2,273,348 3,339,001 

Residential NA 4,343,145 

Other Income 1,866,546 NA 

Total $8,018,055 20,339,865 

NA: Category does not apply. 

Source: Table 1, U. S. Dept. of Agriculture, 1974 Annual Statistical Report 
Rural Electric Borrowers, Federal Power Commission Statistics of 
Publicly Owned Electric Utilities in the United States 1974 and 
Federal Power Commission Statistics of Privately Owned Electric 
Utilities in the United States 1974, Govt. Printing Office, 
Washington, D. C. 1976. 
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From the information contained in Table 2, it is possible to compute 

the number of KWH required to derive a dollar of income from each sector. 

This relationship is shown in Table 3. The industrial sector had the highest 

requirement, 4.14, and other (government agencies, etc. ) the lowest, with 

1.47. The average for the whole economy was 2. 71. 

If one employs certain basic assumptions (less valid over longer time 

frames) of no real change in life styles, technology and capital structure, 

then it is possible to make some predictions of future electricity demand, 

based on the growth rates of the various economic sectors . The ratio of 

KWH to income means that demand for electricity can be computed on the 

basis of total economic activity and not on the more limited basis of popula

tion growth. In the past, the "double-ten" estimate was considered a reliable 

guide in forecasting future electricity demand. 2̂ / With the recent energy 

situation, it seems reasonable to presiome, a priori , that more sophisticated 

techniques are necessary. 

. The OBERS projections indicate a continuous rate of economic growth 

to the year 2000, with a relatively stable two percent population growth. 

Interestingly, the absolute size of the work force is projected to increase by 

2_/The "Double-Ten" assumption was employed for years by those making 
forecasts of future levels of electricity demand. The assumption, substan
tiated by post W. W. II history, was that demand for electricity would double 
every ten years. 
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KWH Required to Produce 
One Dollar in Income by Broad 
Limited Economic Sector 
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Industrial 

Commercial 

Other 

1.00 

1.00 

1.00 

KWH 

4.12 

2.54 

1.47 

Average for Region 2.71 

Source: Table 2. 
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14 percent over the same time period. Savage notes: This, of course, 

implies a changing age distribution and possibly an increase in the incidence 

of working wives. One implication is a reduction in the size of households, 

which by itself on a ceterus paribus basis , implies an increased electricity 

use per capita. ' 

Savage has predicted growth rates for electricity demand, by broad 

category, based on the projected increases in economic activity. Figure 3 

shows these projections for the broad categories of earned income. 

The projected rate of growth of predicted total income is shown on the 

graph in Figure 4. From these growth ra tes , we may derive the projected 

growth rates in the demand for electricity. On the basis of increased total 

income, demand for electricity should increase from 16 billion KWH in 1974 

to about 51 billion KWH in 2020. The rates of growth of inconie and electric

ity use correspond closely (under the above-mentioned assumptions). In 

noting this phenomenon. Savage states: "For although the commerce sector 

and 'other' sector have growth rates in excess of the industrial sector, the 

relative amounts of electricity used produce an increase in the demand for 

electricity which is almost identical to the overall income growth ra te . " 
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The Residential Sector 

Little has been said about the demand for electricity generated by the 

residential sector. Households accounted for 21 percent of the demand in 

1974. Over the time period considered, the beha-vior of this sector becomes 

harder to predict. For instance, if the residential sector accounts for the 

same share of the electricity market in 2020 as it did in 1974, then approxi

mately 14 billion KWH will be consumed by households. However, it has 

been projected that population size will increase very little by the year 2020. 

It is important to note that income for the region is predicted to 

increase at a considerably greater rate (263 percent) than population (two 

percent) according to OBERS statistics. Thus, regional per capita income 

will undergo significant increases, $3,500 in 1974 to about $13,000 in 2020--

measured in constant 1967 dollars. This represents an increase of 242 

percent. 

Given the population projections, it is likely that household demand 

will decline relative to other sectors . Savage, however, has observed: 

. . .other forces will tend to increase the per capita demand for elec
tricity. Fewer residents per household as the population ages will 
tend to produce diseconomies of scale. The smaller households will 
use marginally less electricity due to reduced size. They will not, 
however, use proportionately less . The other force tending to 
increase per capita household demand is increased affluence. While 
the currently affluent may have satisfied their tastes and preference 
for electrical appliances and gadgets, the less affluent still have a 
pent up demand for these conveniences which will manifest itself 
when circumstances permit. 
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Responses of Electricity Demand to Price Changes 

The price of electricity has been relatively stable until recently. 

Pr ices began to move up slowly during the early 1970's and have skyrocketed 

since the fuel price increases following the 1973 boycott. The United States' 

experience with sharp increases in the price of electricity has been short 

termed. 

The work on the price elasticity (change in the demand for electricity 

resulting from a change in the price of electricity) has been based on histori

cal data. Obviously, there are serious problems associated with relying on 

pre-1973 studies. Because of the scarcity of reliable data, the subject of 

price elasticity has not been addressed in this report. 

Regarding the effects of price elasticities. Savage's comment does 

seem to -the point, "The extent that the rate of growth of demand for elec

tricity is modified or reversed depends on whether or not a.lternative sources 

of energy are found, the extent to which they are substitutable, etc. " Given 

the interdependent relationships which exist among the various economic 

sectors, failure to develop alternatives to natural gas will preclude the 

realization of the economic growth that has been projected. Without a 

dependable and relatively inexpensive source of electricity, the per capita 

income levels will not increase as projected and may very well stagnate 

in this area which is already below the national average. 
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UTILIZATION OF GEOTHERMAL RESOURCES FOR IRRIGATED 
AGRICULTURE 

Agriculture is an important component of both the United States' 

economy and the economy of the region under consideration. The United 

States exported from 25 to 30 percent of all food imported by developing 

countries in 1975. 

The State of Texas is the third largest producer of food and fiber in 

the United States and the second leading exporter. A breakdown of the Texas 

agricultural output for selected crops and years is given in Table 4. 

The 1975 harvest in Texas represented 25 million acres of farming 

activity. Approximately one-third, 8.6 million ac res , of the farm land was 

classified as irrigated agriculture. This one-third of the total acres used for 

farming accounted for 70 percent of the total output of the Texas harvest. A 

comparison of the crop statistics in Table 4 reveals the significantly 

increased yields resulting from irrigation. In some areas such as the 

Trans-Pecos , the differential between irrigated and nonirrigated is even 

greater than the state averages. 

The high level of farm output in Texas requires large amoimts of 

energy inputs. Table 5 shows the amount of energy used in agriculturally 

related activities for the period 1 July 1973 to 30 June 1974. Natural gas 
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TABLE 4 

Texas: Harvested Acres, Yield, by Crop and Year 

Year 

1973 

1973 

1973 

1973 

1973 

1976 

1976 

1973 

1973 

Corn 

Irrigated Cotton 

Non-irrigated Cotton 

Irrigated Sorghum 

Non-irrigated Sorghum 

Irrigated Wheat 

Non-irrigated Wheat 

Hay 

Vegetables 

Harvested Acres 

640,000 

1,915,000 

3,285,000 

2,245,000 

4,705,000 

1,000,000 

2,300,000 

2,400,000 

224,000 

Yield/ 
Harvested Acre 

95 bu 

533 lbs 

372 lbs 

92.4 bu 

44.5 bu 

35.4 bu 

17.4 bu 

2.42 tons 

NA 

Total Yield 

60,800,000 bu 

1,020,695 tons 

1,222,020 tons 

2,093,725 bu 

2,093,725 bu . 

35,400,000 bu 

40,020,000 bu 

580,800,000 tons 

NA 
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TABLE 5 

Texas: Energy Purchases and Uses on Farms, 1 July '73 — 30 June '74 

Item 

1. Total purchases 
1 July '74-30 June '73 

Diesel 
1,000 Gal. 

270,000 

Gasoline 
1,000 Gal. 

380,000 

Type of F 

L. P. Gas 
1,000 Gal. 

289,000 

-uel 

Fuel Oil 
1,000 Gal. 

4,500 

Natural Gas 
1,000 Cu. Ft. 

140,000 

Electricity 
1,000 Kwh 

3,329,000 

Of total purchases 
Amounts Used for: 

a) Crop production 
b) Live stock production 
c) Poultry production 
d) Custom services for others 
e) Home heating, cooking and 

other non-farm activities 

Item 2 as a percent of 

Item 1: (approximate) 

a) Crop production 
b) Live stock production 
c) Poultry production 
d) Custom services 
e) Heating, cooking and other 

non-farm activities 

205,000 
35,000 
4,000 

22,000 

4,000 

160,000 
101,000 

10,000 
23,000 

86,000 

119,000 
35,000 
30,000 

2,000 

103,000 

4,000 
200 
— 
-

300 

130,000 
— 
1,000 
1,000 

8,000 

1,250,000 
300,000 
49,000 

3,000 

1,727,000 

75.9% 
12.9% 
1.5% 
8.1% 

42.1% 
26.6% 
26.3% 
22.6% 

41.2% 
12.1% 
10.4% 
35.6% 

88.9% 
8.9% 
— 
_ 

92.9% 
— 
. 1 % 
. 1 % 

37.5% 
9.0% 
1.5% 

. 1 % 

1.5% 22.6% 35.6% 6.6% 5.7% 51.9% 

Source: Texas Department of Agriculture. 
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accounted for approximately 93 percent of the energy used in farm 

production. 

Figure 5 is a map of the three Texas Department of Agriculture (TDA) 

districts that make up the Texas High Plains and Trans-Pecos area. These 

three districts correspond closely with the geographic boundaries of the EDA 

economic regions used in the OBERS projections discussed in the preceding 

section. The High Plains and Trans-Pecos region account for 60 percent of 

the food and fiber produced in the state. 

The information in Table 6 is pertinent to the subject of irrigated agri

culture in this area. This table shows the number of farms, land comprising 

farms, and irrigation pumps by fuel type for 1976. The three districts have 

over 23,000 farming operations covering 41. 25 million acres of land. This 

represents 11 percent of the farms in the state and 29 percent of all Texas 

land used for farming. The 12,000 irrigated farming operations in this area 

account for 52 percent of the state 's irrigated farming operations. The 6.4 

million acres of irrigated farm land in this area represents over 70 percent 

of all irrigated farm land in the state. 

There are 95,000 irrigation wells in the State of Texas and 8 5,000 are 

in the High Plains and Trans-Pecos region. Of these 85,000 irrigation 

wells, 50,000 are driven by natural gas-powered pumps. The second larg

est group are powered by electricity. It is important to remember that 
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TABLE 6 

Number of Farms, Land in Farms and Irrigation Pumps 
by Fuel Type, 1976 

Farms, Land and Irrigation Pumps 

1. Number of farms 

All land in farms (acres) 

2. Number of farms with irrigation 

Land irrigated during '76 (acres) 

Northern 
High Plains 

10,900 

14,350,000 

6,000 

3,900,000 

Southern 
High Plains 

10,500 

9,200,000 

5,600 

2,250,000 

Trans-Pecos 

1,900 

17,700,000 

400 

250,000 

Three 
District Total 

23,300 

41,250,000 

12,000 

6,400,000 

3. Number of irrigation pump motors 

4. Number of irrigation pump motors 
fueled by: 

a) Natural gas 

b) Electricity 

c) L.P. gas (butane/propane) 

d) Diesel and other 

43,000 

31,450 

10,240 

1,240 

70 

40,300 

17,490 

21,790 

1,000 

20 

Source: Texas Department of Agriculture. 

1,700 

1,060 

470 

160 

10 

85,000 

50,000 

32,500 

2,400 

100 

UJ 
. 0 0 
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nearly all of the electricity in the region is generated by natural gas-fired 

power plants. Therefore, nearly all of the irrigation farming in this region 

depends on natural gas. Table 7 breaks down the relative importance of 

energy types on the basis of Btu consumption for each of the three districts 

and for the region as a whole. 

Table 8 displays the amount of energy used, the amount of water 

pumped, and the cost of fuel according to fuel type. This data, as well as 

that shown in the above tables, helps to provide an understanding of the 

relationship between energy use and irrigated farming in the region. There 

are certain deficiencies in the presently assembled data; this subject will be 

covered later in the report. 

With regard to natural gas, two primary problems face the region's 

farmers . One is cost and the other is dependability of supply. Most of the 

farmers operate under contracts which are written on a January-to-January 

basis . From the farmer 's point of view, these contracts are becoming more 

onerous each year. Some contracts have even stipulated retroactive price 

increases. Pr ice increases have been as high as 200 percent to 500 percent 

in some areas . The price of gas sold to farmers has gone up from 38 cents 

mcf (38 cents per 1000 cubic feet) to $1.85/mcf in two High Plains counties. 

It should be noted that the average prices of natural gas, as seen in Table 8, 

range from a low of $1. 35/mcf to a high of $1. 65/mcf. These farmers could 
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TABLE 7 

Relative Importance of Energy Types Used 
in the High Plains and Trans-Pecos Areas 

District 

1-N 

I S 

6 

Three 

Districts 

-': 

Energy Type and Unit 

Natural gas - cu. f t . 

Electricity — Kwh 

L.P. gas —gallons 

Diesel — gallons 

Al l types 

Natural gas — cu. f t . 

Electricity — Kwh 
L.P. gas - gallons 

Diesel — gallons 

Al l types 

Natural gas — cu. f t . 

Electricity — Kwh 

L.P. gas — gallons 

Diesel — gallons 
Al l types 

Natural gas — cu. f t . 

Electricity — Kwh 

L.P. gas — gallons 

Diesel — gallons 

Al l types 

in Pump Irrigation 

Energy Used in 

Pump Irrigating in 

1976 Season 

78,625,000,000 

378,880,000 

6,076,000 

574,000 
xxxx 

22,737,000,000 

403,115,000 

3,500,000 

60,000 
xxxx 

3,286,000,000 

10,810,000 
544,000 

33,000 
xxxx 

104,648,000,000 

792,805,000 

10,120,000 

667,000 
xxxx 

BTU 

Per Unit 

1,062 

3,412 

96,000 

140,000 
xxxx 

1,062 

3,412 

96,000 

140,000 
xxxx 

1,062 

3,412 

96,000 

140,000 
xxxx 

1,062 

3,412 

96,000 

140,000 
xxxx 

BTU Total 

83,500 X 10^ 

1,293 X 10® 

583X 10® 

80 X 10® 

85,456 X 10® 

24,100 X 10® 

1,380 X 10® 

336X 10® 

8 x 10® 

25,824 X 10® 

3,490 X 10® 

37 X 10® 

52x10® 

5 x 10® 
3,584 x 10® 

111,100x 10® 

2,705 x 10® 

972X 10® 

90 X 10® 

114,867 X 10® 

% o f 

Total 

97.8 

1.5 

.7 

— 
100.0 

93.3 

5.4 

1.3 

— 
100.0 

97.5 

1.0 

1.5 

-
100.0 

96.7 

2.4 

.9 

— 
100.0 

Source: Texas Department of Agriculture. 
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TABLE 8 

Energy Used, Water Pumped and Cost of Fuel by Fuel Type, 
1976 Season 

Energy Used, Water Pumped 
and Cost of Fuel 

1. Natural Gas: 

a) Energy used - MCF (000 cu. ft.) 
b) Acre feet of water pumped 
c) Acre feet per MCF (b -!- a) 
d) Cost of fuel per MCF (Dollars) 
e) Cost per acre foot (d-;-c) (Dollars) 

2. Electricity: 

a) Energy used — Kwh 
b) Acre feet of water pumped 
c) Acre feet per Kwh (b -I- a) 
d) Cost of fuel per Kwh (Cents) 
e) Cost per acre foot (d ^ c) (Dollars) 

3. L.P. Gas — Butane/Propane: 

a) Energy used — Gallons 
b) Acre feet of water pumped 
c) Acre feet per gallon of fuel (b -f a) 
d) Cost of fuel per gallon (Cents) 
e) Cost per acre foot (d -:- c) (Dollars) 

4. Diesel: 

a) Energy used — Gallons 
b) Acre feet of water pumped 
c) Acre feet per gallon of fuel (b-^ a) 
d) Cost of fuel per gallon (Cents) 
e) Cost per acre foot (d -f c) (Dollars) 

1-N 

78,625,000 
13,492,000 

.171 
1.25 
7.31 

378,880,000 
788,000 
.00208 

2.6 
12.50 

6,076,000 
186,000 

.0306 
30 

9.80 

574,000 
21,000 

.0365 
35 

9.59 

I S 

22,737,000 
2,309,000 

.102 
1.55 

15.20 

403,115,000 
1,264,000 

.00314 
3.1 

9.87 

3,500,000 
46,000 

.0131 
30 

22.90 

60,000 
2,000 
.0333 

35 
10.51 

6 

3,286,000 
286,000 

.087 
1.65 

18.97 

10,810,000 
24,000 
.00222 

2.6 
11.71 

544,000 
7,000 
.0128 

30 
23.40 

33,000 
1,000 
.0303 

35 
11.55 

Three 
Districts 

104,648,000 
16,087,000 

.154 
1.35 
8.77 

702,805,000 
2,076,000 

.00262 
2.9 

11.07 

10,120,000 
239,000 

.0236 
30 

12.70 

667,000 
24,000 

.0360 
35 

9.72 
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actually purchase the gas at a lower cost if it were delivered in an interstate 

pipeline. Figure 6 is a bar graph that shows the distribution of energy costs 

to farmers in the three regions. 

Such fuel cost r ises act to increase the prices consumers pay for farm 

products. The wheat crop of 1975 brought the farmers $3. 38 per bushel; the 

average price in 1976 was $3.15 per bushel. The 1976 cost of production 

according to the Texas Agricultural Extension Service, was $5.25 per bushel. 

The effect in the long run will be to drive up consumer prices and make farm

ing less profitable. Figure 7 shows a series of graphs which represent how 

the inexorable market forces would drive up consumer prices. 

Also of concern to the farmer is the dependability of the natural gas 

supply. If the prices go up, the farmer may be able to pass these costs on to 

the consumer. If the supply fails, the farmer is faced with a decreased or 

non-existent harvest. Many of the gas contracts stipulate that service may 

be terminated at the option of the pipeline companies with only 10 to 30 days' 

notice and with or without cause. 

With regard to natural gas supply, the situation has become so 

undependable and the prices so high that the effects in two West Texas coun

ties. Reeves and Pecos, have been extreme. Between 1975 and 1976, the 

number of acres used for irrigated agriculture was reduced from 150, 000 

acres to only 15,000 acres . Operations in these two counties might be 
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The following series of graphs are an abstract representation of the interaction of the market 
forces with regard to the supply and demand for wheat. (This does not purport to show the actual 
case since such factors as price and cross elasticities are not known.) 

Period T i 

$3.39/bu. Pi 

0 Ql Q = bu. of wheat 

In time period T l (1975) market equilibrium (Ei) exists where wheat is selling at the price 
of $3.38/bu. Farmers are willing to supply quantity Q i . Buyers demand quantity Qi at that same 
price. 

Production 
Costs a.r. o r 

1976 ^°-^° 

^g'75 $3.38/bu Pi 

^g'^l $3.15/bu P2 

Period T2 

Q = bu. of wheat 
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In period T2 supply has increased and wheat is selling on the average for $3.15 per bushel. 
Assuming no changes in demand (reflected in the stationary demand curve), the new market 
equilibrium can be seen at point E2. This is the point at which the new supply curve S' intersects 
the demand curve. However, in 1976 the costs of production have risen to $5.25 per bushel. With 
a selling price of $3.15 per bushel, farmers will take a substantial lost. The likely response of 
farmers will be a cutback in wheat production as seen in the graph for T3. 

(P3> $5.25) P3 
Period T3 

Q = bu of wheat 

Obviously the actions of the individual farmer have no effect on the market price of wheat. 
However, if it is assumed that most farmers responding to the 1976 loss will reduce their wheat 
production, there will be a decreased supply available. In T3 it is assumed that demand has re
mained the same while supply has decreased - manifested by a shift in the supply curve from 
S ' -S" . The new market equilibrium point is E3. This point is assumed to be at a price greater than 
$5.25 per bushel. 
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marginal with regard to other areas in the region; however, once the supply 

situation becomes serious enough in the rest of the region, similar reduc

tions will occur. 
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RESOURCE EXPLORATION AND ASSESSMENT 47 

Recent heat flow m e a s u r e m e n t s taken in New Mexico (Re i te r , et a l , 

1975) indicate a nor th-south pa t te rn of t empera tu re differentials as shown on 

the map (Figure 9). The nor th-south line divides the normal heat flow region 

which extends throughout mos t of the cent ra l and ea s t e rn United Sta tes , from 

the high heat flow region found in the wes te rn one-half of the country, p a r t i c 

u la r ly the Basin and Range Province of wes te rn New Mexico and southern 

Ar izona . 

The New Mexico heat flow, work has indicated that the highest heat flow 

l ies in genera l along the Rio Grande Rift.. (This might mean that potential 

geothermal r e s o u r c e s will be found only in the wes te rn one-half of the s t a t e . ) 

This may indicate an unwarping of the mant le above even that of the regions 

of high heat flow e l sewhere , with a cmistal thickness of only 15-20 km 

beneath the rift zone. Al ternat ively , the rift could have a normal Basin and 

Range c rus ta l th ickness , but with extensive in t rus ive activity in the c ru s t . 

E i t he r of these two poss ib i l i t ies would lead to ex t remely high regional heat 

flow v a l u e s , and to an even g r e a t e r possibi l i ty for the occur rence of geother

ma l a r e a s beneath this ve ry anomalous province than beneath the general 

heat flow regions of the wes te rn United Sta tes . 

This a r e a in the high heat flow region i s cur ren t ly regarded as having 

high potential for the production of geothermal power. Curren t ly in New 
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Mexico, there are several ongoing geothermal resource assessments , some 

of which are commercial, albeit on a limited basis. 

The disposition of the high/normal heat flow division, once it crosses 

the Texas border, is unknown. There are good measurements of surface 

heat flow in the Pecos River valley of Texas and along an east-west line just 

north of the Texas-New Mexico border. The published heat flow measure

ments (Herrin & Clark, 1956) were obtained from studies of temperature 

measurements in oil wells in or near the Pecos River valley. These results 

indicate that the area east of a line between Carlsbad, New Mexico, and Fort 

Stockton, Texas, has a normal thermal gradient for the continental interior 

(about 1.1 cal/cm2 s e c ) . Thus, the dotted line on the map (Fig. 9) indi

cates the easternmost border of the potential high heat flow region. Of 

interest is whether or not the area to the west of the Pecos River valley--

the Trans-Pecos (indicated on the map by the diagonal l ines)--is in the high 

heat flow region. There are many reasons to seek additional information 

about the little known Trans-Pecos area. 

Most of the geothermal exploration and assessment efforts have taken 

place in New Mexico. A few of the reasons for this are (1) the presence of 

readily observable, very young volcanic formations, (2) early and generous 

funding on the part of the State of New Mexico (the foresight and interest of 
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this state in alternative energy resources has been exceptional), (3) with bet

ter accessibility, this state was covered in earl ier USGS geothermal resource 

surveys which did not include the Trans-Pecos for the most part . The need 

for geothermal resources exists throughout the Rio Grande Region as was 

seen in Savage's paper. However, this chapter will focus mainly on the geo

thermal indicators that exist in the Trans-Pecos. This limitation is partly 

because the information is relatively new and partly because much of the new 

data in New Mexico are proprietary. 

Much of the information in this chapter came from papers presented 

at the El Paso meetings by the following persons: Jim Combs, University of 

Texas at Dallas; Joe Gevirtz, Resource Systems Research; Eugene Herrin, 

Southern Methodist University; J e r ry Hoffer, University of Texas at El Paso; 

Frank Kottlowski, New Mexico Institute of Mining and Technology; Chandler 

Swanberg, New Mexico State University. 

This chapter contains additional information gathered by the author 

from previous research efforts (his own and others) as well as an unpub

lished, recently written (subsequent to the conference) manuscript made 

available by Jim Combs. 
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Geological and Geophysical Setting 

In an unpublished manuscript, Jim Combs describes the following 

geological setting: 

The State of Texas is centered on a Precambrian shield, the Texas 
Craton. Thrust against its southeast margin, during Paleozoic tec
tonic activity, is the Ouachita Folded Belt. Draped over the Ouachita 
Folded Belt is a Cambrian to Recent sequence of gently warped sedi
mentary rocks. To the north and west, a large basin area formed, 
primarily during the Permian. Erosion is now cutting through these 
Paleozoic sequences to form Tertiary and Quaternary sedimentary 
basins. To the south and east , deposition has been and is still building 
out toward the Gulf of Mexico. Fault systems (e.g. , the Balcones-
Luling-Mexia zone) tend to parallel the Gulf Coast in several belts 
from the Central Texas mineral region toward the coast. These fault 
systems have formed discontinuously from the Cretaceous to the 
Miocene. Intermittent tectonic activity is continuing to the present. 

The "semi-stable" portions of West Texas, which are part of the 

Great Plains physiographic province described above, are significantly 

broken in the Trans-Pecos Area of West Texas by the tectonically active por

tions which are located in the southeastern part of the Basin and Range phys

iographic Province (Fig. 10). This highly faulted region, with its Basin and 

Range structural style, has been metamorphosed and subjected to several 

types of volcanic activity. The Trans-Pecos Area of West Texas appears 

to be situated in the southern extension of the Rio Grande Rift System. 

Rio Grande Rift System 

As mentioned above, the Rio Grande Rift System currently provides 

the most promise for potential geothermal resource development in New 
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Mexico. There are many geological and geophysical similarities between 

the Rio Grande Rift System and such known geothermal resource areas as 

the East African Rift System and Salton Trough of Southern California and 

Mexico. The ongoing geothermal resource development projects, as well as 

the Mexican geothermal power plant at Cerro Pr ie to , are located along the 

Salton Trough. 

Some geologists (McAnulty, 1975) claim that the Rift does not extend 

beyond the El Paso-Las Cruces area. However, this argument is countered 

with the presence of the warm springs in western Trans-Pecos , the earth

quake epicenter in Presidio County, Texas, the available geomagnetic var i-

ometry data, the available heat flow data, and tectonism. 

The potential for geothermal resources in New Mexico does not mean 

a priori that the same potential will exist in Trans-Pecos. On the other 

hand, there is no evidence to conclude that this potential may not continue 

into Texas. The map in Figure 11 shows the Trans-Pecos divided into three 

separate physiographic regions. In the discussion that follows, information 

will come to light that is purported to support the claim of a southward 

trending rift. 

The map in Fig. 11 will become important later with discussions 

of the various distinctions between the Rio Grande Rift Zone and the rest of 

the Basin and Range Province in Trans-Pecos. 
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Tertiary and Recent Igneous Rocks 

Again from the unpublished report . Combs has written: 

In West Texas, there is a great variety of Tertiary Igneous rocks. 
The intrusive rocks range in composition from dioritic to granitic, 
and the extrusive rocks and andesitic to rhyolitic (Harvill, 1961; Burt, 
1970). Intrusives, flows, and tuff deposits are all common, particu
larly in the Trans-Pecos region (Fig. 12). There are many types of 
volcanic eruptions, representing different eruptive centers commonly 
differing from and inter-fingering with each other and associated sedi
ments. In addition, the relative stratigraphic relationships place 
most of them between the Upper Cretaceous and Upper Pliocene. 
Although there have been very few absolute age determinations made 
on igneous rocks from the Trans-Pecos area of West Texas, it is 
possible that some of the volcanic eruptions could be younger than 
Tert iary, since Quaternary flows are know to be located in the Basin 
and Range Province of New Mexico. The Tertiary sequence of ash 
flow tuffs and lava beds, ranging in composition from rhyolite to 
basalt and distributed through a thick section of clastic sediments, • 
accumulated on a highly irregular surface of eroded Cretaceous and 
Paleozoic rocks (Maxwell and Dietrich, 1970). 

Faults and Faulting 

Faulting is a significant factor in most areas where geothermal 

resource development is being carried out. There is extensive faulting in 

the Salton Trough area on both sides of the U. S. -Mexico border. This fault

ing is expected in areas of recent tectonism. Fault zones provide avenues 

for circulating geothermal waters . Thus, they are likely sites for drilling 

operations. 
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The Trans-Pecos region has numerous large faults, of the type that 

is important in localizing geothermal circulation (Fig. 13). This faulting is 

consistent with the structural style of the Basin and Range Province. 

The Springs 

The warm springs along the Rio Grande between El Paso and Big Bend 

National Park are legendary in that area. Some have been used at various 

times for recreational and medicinal (mineral baths) purposes. In the 

Trans-Pecos , these springs, occur along the edges of the sedimentary 

basins (bolsons) at what appears to be the surface juncture of boundary 

faults ," Combs wrote. He continued. For example. Groat (1972) has noted 

several of these springs along the periphery of the Presidio bolson. " 

The Map in Figure 14 shows the locations of the five warmest springs 

and three warmest wells in the Rift Zone. The two springs west of Van Horn 

measured 38° C and 48° C. The two downstream springs are approximately 

50° C. In Big Bend National Park there is a cluster of warm springs which 

have an average surface temperature of about 39° C. There are similar 

occurrences on the Mexican side of the border (Groat, 1972). 

West of Van Horn is a well with 35° C water brought from a depth of 

150 meters . The Gulf wells, two wildcat oil wells, are the hottest, with 

water of approximately 80° C from depths of less than a kilometer. 
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In summary, the Trans-Pecos area of West Texas is part of the Rio 

Grande Rift Zone. The Rio Grande Rift System, like the East African Rift 

System or the Salton Trough of Southern California and Mexico, seems to be 

associated with continental overriding of an active sea-floor spreading cen

ter. In the case of the Rio Grande Rift System, the spreading center is or 

was the probable extension of the East Pacific Rise and its associated con

vective system (Cook, 1969). It must be remembered, however, that due to 

the time dependence of cooling and deep temperatures, these geological fea

tures may have existed since Late Cretaceous or Early Tert iary, and evi

dence from surface geophysical exploration of an anomalously high state for 

the shallower crust is needed. 

Earthquakes and Micro-Earthquakes 

The Trans-Pecos is a seismically active area. A major earthquake 

(6.4 magnitude) occurred near Valentine, Texas, northwest of Marfa, in 

August 1931. The epicenter is marked with a star on the map in Fig. 15. 

This map also plots 24 other major quakes. 

If the Big Bend Park is a potential earthquake area as indicated by the 

NOAA seismic risk map, then there should have been movement along the 

younger faults during the last 10,000 years . If this is the case, micro-earth

quakes could still be occurring along the faults at this time. In the sumnier 

i 
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of 1975, Eugene Herrin and John Waugh (unpublished data) established sensi

tive, portable seismic stations in the vicinity of Terlingua and Castolon near 

the western border of Big Bend National Park. Several micro-earthquakes 

were located as occurring to the west of the array. Herrin has subsequently 

measured significant micro-earthquaking from Terlingua, Texas to north of 

Presidio, Texas. 

A team of geophysicists from the University of Texas at Galveston, 

working on a NASA project at the MacDonald observatory, have located con

tinuous micro-earthquakes in the Davis Mountains. 

The presence of micro-earthquakes can be a very important indicator 

of local geothermal anomalies (Cook, 1972). These mi ero-earthquakes can 

result from active faults where geothermal fluids may circulate. Micro-

earthquakes have been recorded along fault zones in the Rio Grande Valley 

between Las Cruces, New Mexico and Albuquerque, New Mexico. This points 

out another similarity of the area along the Rio Grande in Trans-Pecos and 

that in New Mexico. 

With modern portable seismographic equipment, it is possible to cover 

large areas in relatively brief time periods. 

Water Chemistry Studies 

Water chemistry studies are a valuable method of geothermal recon

naissance, in that such studies provide information on so many phases of 
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63 

geothermal development. For example, water chemistry studies have been 

used by a number of workers to estimate reservoir base temperatures, locate 

hidden geothermal systems, determine the origin and history of geothermal 

fluids, evaluate environmental effects associated with geothermal develop

ment and to assess the likelihood of encountering production problems such 

corrosion and/or scaling of geothermal hardware (Swanberg, 1974; Ell is , 

1970; White, 1968, 1970; White et al. , 1971; Fournier and Truesdell, 1973; 

Coplen, 1973; Mahon, 1966; Fournier and Rowe, 1966; Ellis and Mahon, 

1964; Mathias, 1974; Yanagese et al. , 1970). 

While the carbonate formations are a good distance from the area of 

interest , migrating alluvial material from this terrain is rich in carbonate 

debris. Therefore, it is to be expected that groundwater derived from the 

alluvial basins (bolsoms) are enriched in calcium and magnesium. 

Nonetheless, the geothermometers have provided us with a relatively 

cheaper first cut estimate of which areas might be anomalous. Indeed, the 

results' of these findings raise more questions than they answer. However, 

they are the sort of questions that lead to even more reliable estimates of the 

geothermal resource potential in the area. 

In applying both silica(Si02) and sodium-potassium-calcium(Na-K-Ca) 

geothermometers to over 600 groundwater samples in the Trans-Pecos , 

Swanberg and Herrin (1976) have shown considerably higher temperatures in 
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the Basin and Range Prov ince than in the Grea t P l a i n s . Based on S i02naeas -

u r e m e n t s , the geo tempera tu res in the Basin and Range Province averaged 

90°C with a typical range of 75° C to 120°C. Whereas in the Great P l a i n s , 

the same s o r t s of m e a s u r e m e n t s averaged 65° with a typical range between 

45° to 85° C. 

Both geo the rmomete r s indicated the Gulf well south of Van Horn (see 

F ig . 14) as being anomalous . The predic ted r e s e r v o i r base t empera tu re was 

approximately 180°C. The well cu r ren t ly d i scharges wa te r at 82° C. 

These findings a r e consis tent with s i m i l a r r e su l t s obtained by J e r r y 

Hoffer and his group at the Univers i ty of Texas at Dal las . The Hoffer group 

collected 722 water samples from all of the Basin and Range Province in the 

T r a n s - P e c o s a r e a . 

The Hoffer findings indicated th ree locat ions w e r e mos t promis ing 

geothermal a r e a s : 

1) Two hot spr ings in P r e s i d i o County. 

2) One location south of Marfa. 

3) One location eas t of El P a s o . 

These m e a s u r e m e n t s a r e of i n t e r e s t to those involved in geothermal 

r e s o u r c e r e s e a r c h and a r e fine, as far as they go . However, Swanberg and 

Henry pointed out in the El P a s o meet ing that the re were seve ra l difficulties 

that could make the geo the rmomete r s l e s s than wholly re l i ab le . In a volcanic 
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terrain, it is possible for amorphous si l icate be present that is not the result 

of geothermal heat. Also, there is the problem of dilution from migrating 

waters . These factors can have serious effects on the resul ts . The Na-K-Ca 

geothermometer is subject to e r ror in an area which has carbonate and/or 

evaporite formations in the vicinity, as is the case in Trans-Pecos. 

Geophysical Setting 

The following description of the geophysical setting has been provided 

by Jim Combs. 

Several types of regional geophysical surveys confirm an anomalous 

mantle structure for the Basin and Range portion of the Trans-Pecos 

Area of West Texas. For example, anomalous short-period geomag

netic variations are expected above an elevated electrical conducting 

layer, usually implying a local high temperature zone in the crust and 

upper mantle. The Texas Anomaly (Schmucker, 19 64; 1970)where a 

north-south step-type conductivity is suggested, has been cited as a 

typical example. The high electrical conductivity step at a depth of 

160 km toward the west changes to a depth of 320 km on the east under 

Cornudas, New Mexico, with a shallower 150 km-wide highly conduc

tive ridge between Las Cruces and Cornudas. Magnetotelluric and 

heat flow data substantiate this anomaly. When projected along the 32 
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degree north latitude, all of the data imply a thermal imbalance in the 

upper mantle with a 1200°C isotherm which is at a depth of 75 km on 

the west and 200 km toward the east (Warren et al. , 1969). 

Recently, an array of thirty geomagnetic variometers were deployed 

at thirty-three sites in the Trans-Pecos area of West Texas, in south

ern New Mexico, and in northern Chihuahua province, Mexico (David 

Bennett, unpublished data, 1974) to examine in detail the Texas 

Anomaly of Schmucker (1970). Several of the geomagnetic induction 

vectors for a period of about 30 minutes have been plotted in Fig. 16. 

A major electrical conductivity boundary runs southward near El 

Paso. Vectors west of the boundary generally point southeast and tend 

to increase as the boundary is approached. These observations are 

consistent with those of Schmucker (1970) whose broader-scale study 

was located just to the north of the El Paso area. Fur thermore, the 

feature defined by Bennett (unpublished data, 1974) is probably a shal

low crustal conductive volume caused by high temperature and partial 

melting, in the intermediate-to-deep crust. Both conductive features 

(the Texas Anomaly of Schmucker and the El Paso Anomaly of Bennett) 

are probably manifestations of the same regional tectonics; i. e. , 

upwelling of the mantle beneath the Rio Grande Rift Zone. 
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Deep crustal seismic studies east of and adjacent to the Trans-Pecos 

Area do not indicate any type of crustal thinning or anomalous veloci

t ies . Rather they imply a gradual change from a 60 km-thick crust in 

the Texas panhandle to 30 km along the Gulf Coast (Warren and Healy, 

1973). However, no single, long, seismic profile is located anywhere 

in the region of interest. Subcrustal velocities are typically 7.9 km/ 

sec below southern Arizona, western New Mexico, and the Basin and 

Range portion of Trans-Pecos Area, whereas the Great Plains prov

ince of West Texas is characterized by P^ velocities of 8.0 km/sec or 

greater (Herrin, 1969). Isostatic gravity models indicate compatible 

results (Decker and Smithson, 1975). Although few of these data have 

been gathered directly from the region of interest , it appears certain 

that anomalous upper mantle temperatures exist beneath the Trans-

Pecos Area. 

Heat Flow Data 

The following discussion of heat flow measurements comes entirely 

from the unpublished report of Jim Combs: 

Heat flow surveys provide valuable data on the distribution of heat 

within the shallow subsurface and on the rate of temperature increase 

with depth. In other words, thermal exploration techniques provide a 
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direct method for assessing the size and potential of a geothermal 

system (Combs and Muffler, 1973). Heat flow determinations are the 

most effective geophysical technique for locating subsurface geother

mal anomalies. Broad regions of anomalously high heat flux can be 

defined by a few carefully located heat flow boreholes. If the regional 

heat flow so determined is significantly higher than normal, we can 

infer the presence of hydrothermal convective systems and/or young, 

hot intrusive rocks. 

Exploration based only on geothermal gradient measurements is often 

considered sufficient to indicate the presence of a geothermal area 

since the lowest gradients measured over a geothermal anomaly are 

usually about 2 to 10 times higher than the average regional geother

mal gradient. When the mean thermal conductivity of the subsurface 

is essentially constant throughout the complex in which boreholes are 

drilled, the thermal gradients measured are obviously proportional to 

the heat flow values. However, one essential advantage of heat flow 

measurements, as opposed to only making gradient measurements, is 

that heat flow is independent of the in situ thermal conductivity of each 

rock type. Therefore, in nonhomogenous terrains as those of the 

Trans-Pecos Area of West Texas, only heat flow measurements enable 
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us to obtain accurate information on the potentially productive geo

thermal zones. Secondly, by obtaining heat flow determinations and 

not simply gradient determinations, the effects of convective heat 

transfer associated with geothermal systems can be readily identified. 

Many heat flow investigations and measurements have shown high heat 

flow and high temperatures in the New Mexico portion of both the 

Basin and Range province and Rio Grande Rift (Warren et al. , 1969; 

Roy et al. , 1972; Reiter et al. , 1975; Decker and Smithson, 1975). 

As has been discussed above, several surface features attest to the 

continuation of these anomalous conditions through the Basin and Range 

province of West Texas. The heat flow determinations from the 

Trans-Pecos Area of West Texas are presented in Figure 17. 

The solid circles indicate published values (Herrin and Clark, 1956; 

Decker and Smithson, 1975; Swanberg and Herrin, 1976) whereas the 

solid squares are preliminary values derived by the principal investi

gator using published temperature and geological data (Gates and 

White, .1976). These heat flow values indicate that portions of the 

region are characterized by abnormally high subsurface temperatures 

and potential geothermal systems. 

The heat flow values of 1.1 HFU reported by Herrin and Clark (1956) 

southeast of Pecos (Fig. 17) and of 1. 0 HFU reported by Decker and 
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Smithson (1975) indicate that the Great Plains province of West Texas 

is a part of the normal heat flow province of the stable interior of the 

United States. Additionally, the heat flow of 1.3 HFU reported by 

Swanberg and Herrin (1976) from the Big Bend National Park implies 

that some of the Big Bend region lies within the Great Plains normal 

heat flows province. 

The Basin and Range Physiographic province of the western United 

States is considered to be a high heat flow province although heat flow 

values vary greatly throughout the entire Basin and Range. As can be 

seen in Fig. 17 there is considerable variability in the West Texas 

portion of the Basin and Range. The heat flow value of 1. 5 HFU near 

Schafter, north of Presidio, of Decker and Smithson (1975), as well as 

the 1. 4 and 1. 6 HFU localities, all appear to be anomalously low for 

the Basin and Range. Even though these boreholes penetrated both 

sedimentary and igneous rock types, i. e. , sandstone (1.4 HFU), 

tuff (1. 6 HFU) and monzonite porphyry (1. 5 HFU), all three determi

nations are low because of the effects of convective heat transfer. 

If heat transfer in the subsurface is due totally to a conductive t rans

fer mechanism, the measured heat flow will be a constant throughout 

the entire depth of the borehole. However, if there is a significant 
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amount of convective heat transfer the increases or decreases in the 

geothermal gradient as a function of depth are not offset by cor res 

ponding decreases or increases in the thermal conductivity. Numer

ous investigators have argued that since basement rocks and igneous 

bodies (plutons) have very low porosities and permeabilities, there is 

essentially no convective heat transfer in these types of rocks. 

Therefore, by drilling boreholes into these rock types, reliable con

ductive heat flow determinations can be obtained without the problem 

of groundwater circulation and the resultant convective heat transfer 

that is encountered in many sedimentary environments. However, as 

demonstrated in Figure 18 the decrease in the value of heat flow as a 

function of depth is obviously the effect of convective heat transfer in 

the monzonite porphyry pluton. 

Similarly, the effects of convection are seen in the data of Swanberg 

and Herrin (1976) for the Big Bend region. A single deep well pene

trating below the local water table yields heat flow values of 3. 6 and 

1.0 HFU, respectively, for sections of the well above and below the 

water table. In both of these cases, the local heat flow is character

ized by the high values of 2.1 and 3. 6 HFU rather than by the low, 

convectively disturbed, values of 1.0 and 1. 5 HFU, respectively. 
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The new heat flow deteminations indicated by solid squares in Figure 

17 were obtained by using the temperature data, geophysical logs, and 

geological information published by Gates and White (1976). Since the 

geological information provided rock type by using the geophysical 

logs to provide constraints on the porosity, estimates for the thermal 

conductivities could be obtained. Heat flow values were derived by 

combining these, estimated thermal conductivities with the temperature 

data of Gates and White (1976). An example is presented in Figure 19. 

Although these four preliminary heat flow values will need to be veri

fied by more precise temperature and thermal conductivity measure

ments , they provide a further indication that the Basin and Range 

province of the Trans-Pecos is indeed a high heat flow province. 

Data Synthesis 

Standard geothermometers can be a valuable tool in providing low cost 

rough estimates of the resource potential of a region. However, as Swanberg 

and Henry have indicated, there are certain problems inherent in the use of 

this technique. The process of locating specific highly probable geothermal 

resource sites will require more information, in both quantity and sophis

tication, than is available from the Si02 and Na-K-Ca geothermometers. 

This will be particularly true with regard to test well site selection and 

evaluation. 
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J. L. Gevirtz of Resource Systems Research presented the workshop 

with a discussion of techniques to : (1) better assess the information gath

ered in geochemical surveys, and(2) relate the geochemical findings to auton

omous geophysical data from other sources. 

After noting the inherent problems associated with employing standard 

geothermometry, Gevirtz states: 

Therefore, other, more subtle indices of reservoir temperatures 
must be sought. Information already available consists of a fairly 
complete suite of geochemical analyses of waters collected from 
springs and wells throughout West Texas, some heat flow measure
ments, general geology, and varieties of geographic information. At 
the time of this conference, the geochemical and the general geologic 
information is most extensive. [There exist] . . .s t rategies by which 
reliable indices of reservoir temperatures may be extracted from 
the information already available. . . 

In order to avoid some of the problems that result from relying solely 

on Si02 and Na-K-Ca assessments , Gevirtz recommends a broader assess 

ment. He states: 

In situations where mineralogy of country rocks leads to ambiguous 
interpretation of these geothermometers, or where groundwater 
regimes are complex, all quantitative relationships among elements 
should be evaluated with respect to aquifer lithologies from which 
waters were obtained. No doubt some of these relationships will 
reflect nothing more than these lithologies, but if sufficient informa
tion concerning enough elements is available, some relationships may 
reflect water-rock equilibria and can serve as semi-quantitative 
geothermometers. 

The evaluation efforts described above lead to the establishment of 

mappable geochemical provinces. Once the provinces are established, it 
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becomes possible to assess the other geological and geophysical data in an 

organized framework. Relationships between water chemistry and geologic 

features such as fault trends and dated igneous rock bodies may be estab

lished. Those areas in which water chemistry is apparently unrelated to 

local geology are anomalous. Such chemical anomalies would be of interest. 

Through a procedure known as the Unweighted Pair-Group method of 

cluster analysis (Sokal and Sneath, 1963; Sneath and Sokal, 1971) data from 

numerous water sources can be analyzed simultaneously. The procedure is 

capable of indicating previously unsuspected relationships that exist among 

elements in the groundwater of the region. Also, because data are displayed 

as hierarchical relationships, all possible groups can be quickly evaluated 

with respect to their relationship to the existence of a potential geothermal 

resource. 

The data are arranged in an array in which each row represents a 

sample and each column represents an element. Based on certain assump

tions about the nature of the data and their mathematical and statistical 

propert ies , the analyst will make the requisite decisions concerning scaling 

of data and other suitable analysis measures. (For detail, see Sokal and 

Sneath, 1963; Sneath and Sokal, 1971; Gevirtz, Park and Friedman, 1971; 

Gevirtz and Rowe, 1977.) 

Turner Collie(c5^Braden Inc 



79 

Gevirtz describes subsequent iterative process as follows: 

Assuming that these decisions have been made, a symmetric matrix 
containing pariwise similarities representing relationships between 
possible pairs of samples (Q mode) or all possible pairs of variables 
(R mode) is computed from the distributional information in the orig
inal or scaled data array. This similarity matrix is equivalent to a 
covariance matrix if standard variables are compared using the multi
dimensional extension of Pearson 's product-moment correlation coef
ficient (r). From this similarity matrix, the sample or variable pair 
showing the highest similarity (lowest in-space distance) is extracted 
and a new sample is created by averaging the variables for the two 
items (samples or variables). This average sample replaces the two 
original samples. The matrix is reduced by one row and similarities 
involving the two original samples are recomputed using the new 
average sample. 

The process described above is repeated until the original matrix has 

been reduced to triviality. The results of the process described above are 

displayed in a dendogram, such as shown in Fig. 20. A dendogram is a 

polynodal graph representing the structure of theoriginal similarity matrix. 

The graph will demonstrate the hierarchical nature of the relationships. The 

fartherest left boxes represent relationships between individual samples 

while movement to the right increases the number of samples included in the 

group. 

The classification procedures have associated problems of partitioning 

the system into discrete portions somewhat arbitrari ly assigning boundaries 

between groups. " To overcome this problem, Gevirtz describes a companion 
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technique which will "enable visualization of important geochemical, geologi

cal and geophysical gradients. " 

To do so, he employes measures of dissimilarity. Once obtained, the 

results can be presented as a multidimensional scatter diagram. 

Synthesizing procedures described by Gevirtz permit more compre

hensive assessment of the geothermal resource potential of an area. The 

advantages of the analytical techniques described by Gevirtz are: 

(1) No initial assumptions are required. 

(2) Input of samples yields samples in the final result (not aggregates 
of samples). 

(3) Allows easy investigative machine iteration. 

(4) Results are mappable. 

(5) Model will accept mixed-mode data with biasing resul ts . 

(6) Each level of the heirarchy can be evaluated by the researcher . 

(7) A suite of samples is arranged in a manner that permits ready 
interpretation. 
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CHAPTER VI 

ENVIRONMENTAL IMPACTS 82 

Introduction 

The following discussion of the environmental aspects of geothermal 

r e s o u r c e development comes ent i re ly from the paper presented by R. D. 

Sadow of T u r n e r Collie & Braden Inc. , Houston, Texas . The author has 

made only a few minor editing changes to the or iginal paper with i t s c o m p r e 

hensive and concise t r ea tment of the subject . 

Geothermal P r o c e s s Systems 

This paper t r e a t s the environmental aspec ts of the two most likely 

methods of e lec t r i ca l generat ion. In the flashed s team cycle (Figure 21), 

fluid is usual ly received in a liquid s ta te whereby it i s flashed by expansion 

down to a lower p r e s s u r e , then piped to an expansion turbine driving a 

genera to r . The let-down exhaust i s condensed, noncondensible gases 

e jected, and the condensate pumped to a wet-type cooling tower , the blow-

down of which is injected back into a suitable geological format ion. 

The b inary fluid cycle (F igure 22) involves t r ans fe r r ing heat from the 

original hot geothermal liquid (unfortunately few simple dry s team fields a r e 

available for development) to a closed-loop power fluid using heat exchang

e r s . The power fluid i s expanded through a turbine-connected genera to r . 

The hydrocarbon-based power fluid i s then cooled, condensed, and pumped 

back to the exchangers . Cooling towers a r e used for heat reduction loads . 
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and the spent geothermal liquid is injected back into the formation. Unlike 

the flashed steam cycle, no direct contact of geothermal fluid with the turbine 

and condensing system occurs; however, a source of cooling water (if wet 

towers are used) is required. 

Environmental Influences 

Certainly the further development of geothermal energy in the United 

States gives r ise to various regulatory, institutional, and environmental 

difficulties. 

Lists have been developed in the past involving real , probable, or even 

imaginary environmental impacts. Rather than dwell only on these prognos

tications, this paper will attempt to categorize and mention the techniques 

that may be applied to ameliorate them. Evaluations of the actual impacts, 

their magnitude, and type of applicable recognition and control is needed for 

each new situation. In most cases existing technology for monitoring and 

minimizing their adversities is now available. 

Water 

Inherent in the use of connate or natural hot waters is the fact that 

these highly mineralized liquids and vapors are not compatible with above-

ground environments or even conventional liquid steam-handling equipment. 
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Various amounts of sulfates, alkaline hydrozides, heavy metals , mixed 

inorganics, sulfur, carbonaceous, and nitrogeneous compounds are present. 

High temperatures, exchanger scaling silicates, and related insolubles pose 

not only significant environmental, but engineering problems as well. Some 

native fluids range up to 250,000 mg/l (or 250,000 ppm) of the dissolved 

residues or solids. 

In Texas, for instance, receiving waters must not exceed a 85° -98°F 

(Fahrenheit) temperature (depending on location) nor is a freshwater ambient 

temperature rise of over 3° -5°F allowable. Heavy metals such as arsenic, 

boron, barium, lead, mercury, zinc, etc. cannot exceed a range of 0.005 to 

5 mg/l concentration in wastewater effluents. Chloride levels depend on 

location but should not exceed a concentration of 100 to over 5 ,000mg/l 

within the body of water itself. Other states have similar regulations with 

temperatures and salts being even more restricted in the more northern 

latitudes. 

Both the flashed steam and binary fluid units have a similar potential 

for receiving water contamination due to their inherent withdrawal and blow-

down of formation waters . 

Air 

Most geothermal waters contain measurable amounts of carbon dio

xide, hydrogen sulfide, methane, ammonia, and similar noncondensibles. 
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Many of these are in trace concentrations that, when discharged from 

condenser ejectors and wet-type cooling towers of flashed steam plants, do 

not cause a significant air emission and quality problem. 

Due to the ease of recognizing hydrogen sulfide (H2S) odors (usually at 

0.0002 ppm and above) coupled with typical ambient air standards of 0.08 ppm 

by volume, it is seen that source concentrations of even 30-50 mg/l pose 

problems. Roughly, two-thirds of the contained sulfides are soluble in the 

cooling waters of flashed steam plants. This is done by forming elemental 

sulfur particulate so that none are discharged in the gaseous state from the 

binary fluid cycle units. 

Noise 

Besides the rotating equipment involved, the main source of somewhat 

intensely localized noise levels is from various well head si lencers, venting 

and condenser ejector utilized in the ordinary flashed steam plants. Gener

ally, these are typical noises found in most fossil-based utility plants also. 

Geophysical 

Subsidence, local geological deformation, and tilting could be the most 

potentially significant environmental influences brought about by geothermal 

fluid extraction and utilization systems. In various areas of the world where 

extensive groundwater withdrawal for domestic uses is practiced, significant 
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and damaging settlement of local formations (some 7-1/2 feet in 30 years 

just east of Houston, Texas for example) has occurred. 

Thus, one concern is whether or not a direct relationship can be ex

pected in geothermal systems between pressure changes induced in the geo

logical lenses and ground deformation that might result. Both horizontal and 

vertical s t resses and strains might occur due to compaction and seismic 

incidents, and deep tectonic adjustments can result. Even minor s t resses 

or changes can result in serious surface movements. 

Geothermal production can result in vast fluid withdrawals (1,000-

1,500 gal/min. /well) from multiple drilled wells over a relatively large bore 

field. The possibilities of infringement on existing water rights and related 

hydrologic elements should also be considesred. 

Ecological 

All resources involving the ambient a i r , water, and land are affected 

by geothermal energy production. These may include local wildlife and fish

ery habitats, air and water quality, domestic grazing, timber (not in Texas), 

landscape utilization, and allied resource outputs. 

Aesthetics 

Any man-made alteration of an area raises the subject of visual form 

or aesthetics. Geothermal energy plants are more like chemical or natural 
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gas-processing installations than a fossil-fueled or nuclear reactor unit. 

Usually they would be located in rather remote regions, sometimes sur

rounded by rising, waving plumes of steam and fugitive fogs. Inherently, the 

natural landscape patterns would be altered by roads, pipelines, pressure 

relief bat ter ies , power transmission structures, and lines. 

Effects and Preliminary Conclusions 

The overall prospects for geothermal power and usage relates to 

technical and economic feasibilities and environmental acceptabilities. This 

low grade energy source, although diffuse in nature, appears to have signifi

cant potential for commercial power and heat transfer applications. 

Water 

Considering the mineralized, hot effluents involved, it is apparent that 

ordinary discharge to a receiving body of water such as the Rio Grande, 

without extensive final treatment, will not be feasible. Both flashed and 

binary cycle plants share this problem. As practiced in some geothermal 

installations, wastewater reinjection into compatible receiving formations is 

required to minimize environmental impacts. 

The technology of reinjection is well developed by the oil-gas explora

tion and chemical industries. There are about 40,000 brine and 1,200 other 
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wells involving groundwater recharge and waste disposal. Over 200 indus

trial waste injection wells are regulated and operated in Texas alone. 

It is necessary that any reinjection process recognize scale build-up 

tendencies, horizontal permeabilities and backpressure relationships, tem

perature interfaces and depletions, and ultimate reservoir performance. 

Given proper conditions supporting a reliable well reinjection program, the 

overall waterborne implications would seem to be a minimal impact. 

Air 

There is little opportunity for controlled noxious vapors to be emitted 

from a binary fluid cycle plant. If wet cooling towers are used (contrasted 

to air coolers), nearby surface waters are used for tower makeup and local 

freshwater aerosols are formed. 

Flashed steam cycle units utilize both condenser steam jet ejectors 

and cooling towers (wet or dry, depending upon cooling ranges required) 

where sulfides and other noncondensibles are discharged to the atmosphere. 

Hydrogen sulfide gases can be oxidized thermally or with the use of various 

iron-based catalysts, with ultimate discharge back into the formation after 

sulfur particulate filtration removal. Thus impacts can be significant for the 

clashed steam unit if noxious gases are present, but minimal for the binary 

process . 
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Noise 

Technology exists for muffling, shielding, and accoustically treating 

emission sources to minimize decibel exposures. Generally these noise 

minimizations are of most importance to the plant workers. Inherently, the 

binary fluid cycle plant emits less noise than the flashed steam cycle plant 

due to the absence of pulsating gas ejector batteries in the binary fluid cycle 

plant. Thus the overall impacts are not markedly significant. 

Geophysical 

Potentially, the most severe impact created by either the binary fluid 

or flashed steam cycle plant is the possibility of local tectonic changes in the 

earth 's crust related to fluid withdrawal. The occurrence of this alteration 

is related to many factors, including rates and locations of withdrawal, fault

ing mantle s tructures, thermal changes, porosit ies, etc. 

Subsidence is the direct result of compacting layers in the substrata 

and usually assumes an inverted cone shape in intensity. Subsidence, like 

other earth movements, is essentially irreversible with pressure rebounds 

of only some 5 percent possible through recharging pressurization. 

The results of uneven subsidence, horizontal movements, and other 

unforeseen events can lead to significant property damage, changes in drain

age patterns, and related liabilities. However, geothermal production facil

ities will frequently be located in relatively uninhabited, rural areas where 
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the effects would not be as severe as in the more populous a reas . The 

subsurface environmental disturbances, with their surface manifestations, 

can only be guarded against through geological investigations and subsequent 

control networks and survey monitoring. Predictive assessment remains 

inexact, but appreciably indicative, and constitutes one of the main con

siderations of any geothermal project. Balancing aquifer withdrawal with 

recharge rates is an allied study requirement. 

Ecological 

The possibility of any significant ecological alterations as a result of 

geothermal production activity is not considered significant, given the proper 

handling of effluents. Changes in wildlife patterns, vegetation, and natural 

resources would be well localized and profound changes would occur only in 

and around the actual power plant and heat extraction area. (If resource 

utilization stimulated nonelectric users to relocate in the vicinity, the eco

logical impacts could be more extensive. Such a contingency would have 

to be anticipated as development provided more information about the 

resources . ) 

Aesthetics 

Natural landscape patterns, visual effects, open space shapes, and 

forms will be altered by any localized development and construction. Initial 

TurnerColiieC^Braden Inc 



93 

construction and movement activities could cause the most noticable, 

although temporary, disruption. 

The permanent adverse effects are considered to be fewer than those 

connected with fossil-fueled plants. The impact is not considered overly signifi

cant as long as pleasing design and proper master planning techniques are 

used. 
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A number of institutions can play an important role (either positively 

or negatively) in the development of geothermal resources . These include 

federal agencies, state agencies, the geothermal industry, local residents 

and environmentalists, and foreign institutions. (In the Trans-Pecos area, 

there is a possibility of geothermal reservoirs which would lie below both 

sides of the United States-Mexican Border.) The interests of each of these 

groups would, depending on the circumstances, involve one or more of the 

various stages of development: 

1. resource exploration 
2. land acquisition (state owned or private) 
3. resource development 
4. resource distribution 

5. resource consumption 

Marian Blisset, L. B. J. School of Public Affairs, University of Texas 

at Austin, has raised a number of questions that relate to the institutional 

considerations involved in development of geothermal resources. He focuses 

on the gaps in the structure of those institutions which deal with development, 

on identifying those who have a stake in resource development and use , and 

on the effort to identify the decision-making apparatus. The most important 

question he raises at this time in the predevelopment stage i s . What are the 

inadequacies in the law governing or applicable to geothermal resource 

development? " 
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Problems of Definition 

Regarding the future of national geothermal resource development, 

Blissett feels that, 'Current statutory definitions of geothermal energy may 

be inimical to the rapid development of the resource. In fact, the majority 

of definitions do not encompass one or more of the geological, hydrological, 

and thermodynamic characteristics associated with geothermal systems. " 

In reviewing the body of law that governs resource development, there 

is no agreement among the various states as to what geothermal resources 

a re . As Blissett points out, the various states ' laws do not consider the 

total resource system. What is the resource: water, gas, mineral or some

thing else? 

The California law considers the heat of the earth as part of the defi

nition, but it makes no mention of the heat flow ra te . Blissett notes, "The 

Act addresses contaminants of heat transfer media, but apparently excludes 

the media themselves. 

In Oregon the definition of geothermal resources is narrowed to those 

anomalies where the bottom hole temperature (of the well) is greater than 

250°F and the heat is used for the production of heat energy. The State of 

Washington's statutes are even more narrow. The definition considers only 

those resources that are practical for commercial production of electricity. 
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This, of course, would exclude low and moderate temperature resources 

which might be used in process heating or other activities. The 1970 Federal 

Geothemial Act did not take into consideration the geopressured geothermal 

reservoi rs , some of which contain relatively large amounts of methane gas. 

When considering the statutory problems that could occur if resource 

development gets underway in the Rio Grande region, precedent does not 

provide a useful model. Indeed, such examples bear out Blissett 's contention 

that: 

The statutory approach to geothermal energy has been too r e s 
trictive, for it has failed to treat the individual elements of the 
resource as integrated components of a unique resource system. 
This failure has implications for every aspect of resource develop
ment--from questions of resource ownership to the regulation of 
energy and associated products from geothermal formations. 

Resource Ownership 

The question of resource definition becomes more than merely aca

demic once resource ownership comes under consideration. In Texas, water 

resources belong to the surface estate and not the subsurface mineral 

estate--frequently not owned by the same part ies. One additionally compli

cating factor in Texas is the existence of the geopressured geothermal r e 

sources along the Gulf Coast. As mentioned above, methane gas exists in 

solution in many of these reservoi rs . Existing bodies of law would cover 

the extraction of this mineral resource, but do not treat the potential heat 
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and kinetic energy. However, the hot-water-dominated geothermal systems 

that are thought to exist in the Rio Grande Region are not the same kind of 

resource system as the geopressured reservoir systems. This "apples and 

oranges aspect might prove to be difficult at a later date. 

The Texas Geothermal Resources Act of 1975 placed regulation of 

geothermal resource exploration, development and production under the 

Texas Railroad Commission--the agency which regulates the oil and gas in

dustry. In all probability court cases would arise over the ownership of the 

resource no matter how it is defined. 

Before comprehensive laws can be written and regulatory and tax 

policies made, much more must be known about the resource system. P e r 

haps experiences in other states will at least provide an example of the pit

falls facing the lawmakers in trying to deal with the Rio Grande Region. 

Unless the proper planning takes place and the available data are utilized 

intelligently, future resource development might be hindered even after the 

technological problems are overcome. 
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Introduction 

"Which way now? " was one of the main topics of discussion in the 

smaller group meetings held on the second day of the workshop. From these 

discussions and certain information gathered independent of the conference, 

a preliminary plan has evolved. This plan attempts to describe a program 

of research to precede and accompany the development of geothermal 

resources . 

Like the workshop interaction sessions, this research program is 

divided into two parts : (1) resource exploration and assessment, and 

(2) demand and utilization of geothermal resources. 

Regarding demand for the resource, research projects dealing with 

specific applications of geothermial energy should follow, in time sequence, 

confirmation of the existence of an economically viable geothermal resource. 

On the other hand, there are data needs that are of a generic nature. The 

"energy crisis"which is already having serious effects in part of the region's 

irrigated agriculture will spread unless either large quantities of natural gas 

are made available (price considerations aside), or some alternative energy 

source is developed. The economic implications of this problem, both 

nationally and regionally, are serious enough to warrant consideration now 

rather than la ter- - to avoid the procrastinations of the past. 
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However, for the mpst part , questions of resource exploration and assess 

ment are of primary concern. What follows is an attempt to present a 

sequential plan (see Figure 23 ). No doubt there is room for improvement, 

in this plan. Constraints preclude a comprehensive treatment. Nonetheless, 

this plan does offer a preliminary outline of the scope of work within a 

regional context. 

One may assume that most, but not all, of the Phase I field work is 

intended for the Trans-Pecos area. Although a considerable effort still r e 

mains in assessing the geothermal potential in New Mexico, much of the 

Phase I type of work has already been carried out. 

Finally, all of the work presented here is geared to locating, develop

ing, and utilizing economically viable geothermal resources . However, it is 

quite likely that even if these resources are found, their development will 

hinge on the matter of~power plant construction. Building a geothermal (or 

any other type) power plant requires enormous capital investments. Develop

ment of geothermal resources ultimately may well depend upon the ERDA 

demonstration power plant program. 

Any region that is provided electricity from geothermal power plants 

is a region that is freeing supplies of natural gas. For this reason, the 

encouragement of geothermal power plant development is a national concern. 

In the parlance of the economists, there are positive national externalities 
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resulting from these regional economic activities. Restoration of the demon

stration power plant program could be important in the nation's energy 

future. 

Demand and Utilization of Geothermal Resources 

What follows is an outline of research needs. There is not an intended 

implication of time sequence in their order. Also, there is quite probably a 

certain degree of redundancy in this plan; e .g . , certain data pertinent to 

agricultural operations would also satisfy certain regional economic data 

requirements. 

I. Agricultural assessment - As mentioned earl ier in the report , there 

are certain problems with the existing published data relating to 

energy use in agriculture. There is available invaluable information 

that describes how energy is used in agriculture, particularly in the 

energy intensive irrigation sectors. An assessment of this sector 

should include the following: 

A. A collection of all the relevant crop data in the region. 

1. Which crops are irrigated; how extensive are they? 

2. How much water do these irrigated crops require? How 

much will this amount vary seasonally with various rain

fall levels? 
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3. How much energy is used to grow these crops? 

4. What are the relevant crop yields? 

5. What are the production costs? What portion of these costs 

is accounted for by energy use (particularly natural gas)? 

How much will the cost of natural gas increase in the future? 

B. Capital requirements for new equipment. 

1. How many irrigation pumps will need to be converted from 

gas-driven to electrically driven? 

2. How much will it cost? 

3. Should there be tax provisions for these investments? 

C. Estimation of agricultural linkages. 

1. What are the linkages with other economic sectors in the 

region ? 

2. What linkage exists between the agricultural output for 

the region and the national agricultural output? 

II. Develop regional energy data bank. 

A. There exists an immediate need for a regional energy data bank 

to be used for evaluating various aspects of the energy problerns 

in the region. 

B. The first step would be to collect and collate all of the relevant 

published and unpublished energy data pertinent to the region. 
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C. This could be followed with a determination of the information 

gaps within the existing data. 

D. The next step would be to collect sufficient data to close the 

determined gaps. 

E. Following the data collection, it would be necessary to t rans

pose, scale or employ other suitable data preparation methods 

so that all of the information is comparable and useful for 

economic/energy analyses, 

III. Macro-economic analyses 

A. Understanding the relationships between energy use and economic 

activity would be improved by establishing (or at least approxi

mating) the various demand elasticities (price, income, gross) 

for energy under various policy assumptions. 

B. There should be an evaluation of the options for conservation 

and substitution which would alter the elasticity coefficients. 

C. Lead time for conservation and substitution policies should be 

estimated. 

D. Examination of population elasticities would prove useful in p re 

paring for long-run energy needs. Climatic changes, increased 

fuel costs, or the development of alternative energy resources in 

the region could have considerable effects on the region's growth. 
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IV. Micro-economic assessment - Because decisions of regional policy 

makers can have effects on where, how and when resources are 

developed, a knowledge of the inter-industry (or inter-economic 

sector) relationships is indispensable. Such an assessment should 

include the following: 

A. Determine the number and types of primary products in the 

existing regional industrial complex. 

B. Determine the type, source, and relative importance of the 

inputs into the industrial process. 

C. Estimate the likely longevity and cost of the future supply of 

these inputs. 

D. Examine the likely changes (growth and decline) of the existing 

industrial mix and the linkage effects; e. g . , basic and service 

sectors. 

E. Determine the under-employed and unemployed resources in the 

region. 

F . Determine which of the unemployed and under-employed r e 

sources are needed in other parts of the United States' economy. 

This would be a beneficial assessment when decisions of power 

distribution are made. Some economically backward areas might 

benefit from a dependable energy supply. 
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G. Examine the cost-effectiveness of stimulating industry relocation 

by energy-related policies. 

H. Determine income, earnings, and population mtiltipliers. 

V. Capital requirements - Because of its importance during the beginning 

of resource development, the matter of capital investment is treated 

separately from other micro-economic considerations. 

A. How much capital investment will be required to bring about a 

utilization of geothermal resources? 

B. What is the likely return on the investment? 

C. How long is the "pay-back" period? 

D. What is preventing the necessary capital investment from taking 

place today? 

E. What policies should the government pursue to stimulate the 

necessary investments? 

VI. Total resource implications - At some point after economically viable 

resources are proven to exist (and hopefully prior to development)., 

serious consideration should be paid to the following: 

A. Engineering assessment of maximum resource utilization--what 

types of coterminous activities could exist with power plant 

operations. 
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1. Residential and commercial heating. 

2. Industrial process heating. 

3. Agricultural or experimental agricultural applications. 

4. Minerals extraction. 

B. What would be the likely environmental impacts of developing 

geothermal resources? 

C. Institutional arrangements - Once the resource is defined, an 

institutional assessment should be conducted to avoid potential 

conflicts which would halt development in the future. 

Resource Exploration and Assessment 

The following outline is intended to present a sequence for develop

ment. Obviously, the specific tasks and personnel involved in specific 

projects will determine the time required to accomplish the work. For a 

schematic presentation of this outline, see Figure 23. 

[I. Preliminary assessment 

A. Field Work 

1. Geophysics 

a. Heat flow surveys of the Rio Grande Rift system, based 

on existing knowledge of "hot" areas . 
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b. Simultaeous gathering of micro-earthquaking and po

rosity information gathered by same teams doing heat 

flow work. 

B. Analysis of regional hydrological setting. 

C. Assembly of geologic maps. . Geologic maps contain a wealth of 

information. Some of these maps are already published, and 

some need to be collated from the numerous theses and disserta

tions dealing with the geology of the region. These maps would 

need to be checked against field notes. 

D. Geochemistry data should be analyzed with regard to the geologi

cal and geophysical setting. Such an assessment should include 

a synthesis of lithology, structure, hydrology, and the entire 

suite of geochemical elements. 

II. Designation of specific sites for test wells. 

A. Intensive heat flow and geophysical assessments in small (5 sq. 

km) areas . 

B. Reservoir definition. 

C. Determination of well drilling prospects. 

III. Site evaluation. 

A. Exploratory well drilling. 

B. Three-dimensional reservoir modelling. 
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C. Engineering assessment of well data with regard to energy poten

tial of the reservoir . This would lead to the decision of whether 

or not to proceed with power plant construction. 

IV. Post drilling evaluation of reservoir and pre-power plant construction. 

A. Environmental impact analysis. 

B. Beginning of institutional assessment. 

V. Power plant construction. 
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ABSTRACT 

m 

Although the base of the Permian is now generally 
•^agreed to be the base of the Schwagerina zone, 
: § fusulinids are not available across the contact in the 
p i centers of the deep basins. The sea there was too deep 

l^lduring the Late Pennsylvanian for them to live, and too 
1 far beyond the slopes for their transported shells to 
1; reach. Out past the belt of turbidites the rapidly 

igt; deposited shale of the basal Wolfcamp and the slowly 
i i ^ deposited shale of the Upper Pennsylvanian are riot 
i ^ easily distinguished in rotary cuttings. Gamma ray, 
^^resistivity, neiitron, density, and sonic logs show that 
ftithe Pennsylvanian shale contains readily correlatable 
^^members of radioactive, organic, black shale; the 
;S;Wolfcamp lacks such shale. . . -

since 1858 were somewhat similar to those of the 
Carboniferous, and the rocks showed no abrupt change 
or unconformity. It seemed that the Permian might be 
on its way out. 

The third event of 1889 was the issuance of the first 
annual report of the new Texas Geological Survey. The 
marine "Coleman-Albany" was placed at the top of the 
Pennsylvanian, and the continental Wichita with plants 
and vertebrates was considered basal Permian. 
Although it was soon demonstrated that the Albany 
was equivalent to the Wichita, the top of the Coleman 
Junction, now known to be high in the Wolfcamp, was 

IHION.COUNTT SCHLEICHER a TOM GREEN COS. 

SI-
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INTRODUCTION 

11^'.' Most geologists working only on the Pennsylvanian 
^|.;and Permian shelves have not seen sufficient faunal or 
biophysical evidence to constitute a systemic boundary. 
^•However, in the deep basins, where a useful fauna is 
g^lacking and a gap in sedimentation does not exist, the 
''ll^evidence for a systemic boundary is clear. Modern 
i l l stratigraphic principles have helped to find this 
Jl|l)oundary, and sophisticated borehole tools, developed 
S v purposes other than correlation, make its location a 
^??jutine matter. . 

lit'"v.: ' • " ^ 

»̂t#. '77 

p i ^ . ine erection of the Permian System by Murchison in 
^v_041 after only two summers' field work in a strange 
^ , ountry may seem to have been hasty, but it did put a 
fMsShanHl.." -_ .t-- i._ _ .t _ u 1 J- J 

»St 

HISTORICAL REVIEW 

s-fflf "̂  Oil the rocks so they could be discussed 
| | p " ' ^ e r . By 1889 Karpinsky had lowered the base of the 
Ig^j^'^i^n on the basis of ammonites to where it is today 
^4)^ ^^^ing what later proved to be the zone of Schr 

(lower Leonard and Wolfcamp) to Mur-it^ L— Z 

i ^ l ^ ^ ^ ' s original section 

W i p * ^ meantime 
&i#ganized 

the. U.S. Geological Survey was 
Ŝft-of .L —" '^ 1879, and, in accordance with the thinking 
^ ^ P e time, 

^'pToKl SiHjwcu uiai mis rccogimiuu ut 
S#tth» ti^"^' ^"^ Powell ordered his geologists to include 

VW=rrtix̂ - . —^' recognized the Permian System. By 1889 
Kt'iii-tP^'*^^ showed that this recognition had created a 

Plljn iBQn" '̂̂ " i° *he Carboniferous. As Keyes explained 
fei:' .. 9, the fossils which had been found in Kansas 

Fig. 1—Part of cross section across southern 
Midland basin after Bybee, £l al., In Sellards 
(1932). Present correlations dotted; Strawn reef 
added to show depth of sea. Productive "Penn" 
sands are of Wolfcampian age. See Figure 18 for 
an index map showing the location of this and all 
subsequent cross sections. 

-Typical Cisco-Wolfcamp contacts in the central 

58 
and northern Midland basin. 
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Fig. 17—Cross section in the central Delaware basin. 

higher El Paso well actually has a thicker section of 
shale. The conglomerates reach a thickness of almost 
4,000 feet a few miles to the northeast. They wedge out 
completely in the Magnolia No. 1 Cowden "A" (Fig. 15-
A). The deposition of these coarse rocks occupies an 
extremely brief period of time in the Wolfcamp. 

The conglomerates contain pebbles of chert and 
quartz, limestone, shale, and much sand. It is difficult 
to guess how much of the shale is in the form of peb
bles, but it is certain that the Pennsylvanian fusulinids 
are either pebbles themselves or contained in pebbles, 
as the rare cores show. Large boulders or blocks may 
be common in these turbidites. . 

The most spectacular slide block lies off the west 
edge of the Central Basin platform in Pecos County 
(Guinan, 1971). It covers parts of Rojo Caballo, 
Coyanosa, and Gomez fields, extending 16 miles from 
east to west, 9 miles from north to south, and is up to 
2,000 feet thick, including a section of Mississippian and 
Lower Pennsylvanian which is hardly disturbed except 
for fractures. The block slid seven miles into the basin 
during early Wolfcamp, and the debris churned up by 
its toe extends another 20 miles farther west. It is 
underlain, overlain, and surrounded by Wolfcamp 
shale and conglomerate. There must be other large 
blocks'in the Delaware basin, some masquerading as 
fault blocks, but with the wide spacing of the deep gas 
wells, details will not be easy to obtain. 

Obviously one clue to the lower Wolfcamp is its lack 
of correlatability. Unfortunately, one cannot always tell 
whether he is dealing with a limestone or a limestone 
conglomerate, and may try to force through a few 
correlations that should not be attempted. The depth of 
the water during the Wolfcampian did not cause a 
starved basin, because high areas existed around the 
Delaware basin, and the slopes were steep. Material 
and transportation made the Wolf camp, a filler. 

The Midland basin did not haye access to the same 
volume of debris as the Delaware basin. If the northeast 
half of the Central Basin platform was exposed at all at 
the end of the Pennsylvanian, the only result was the 
solution of limestone. On the Eastem shelf there were 
no appreciable exposures near the basin, but faither 
back the geosyncline advancing from the east tilted the 
land slightly above sea level so that much mud and 
some sand reached the Midland basin. The coarser 
sand came to rest on the upper slope, where it may 
contain a few chert pebbles; the finer sand reached the 
east edge of the bottom, just as the basal Canyon sands 
had done previously to a much lesser degree. The 
Wolfcamp sands are productive in Schleicher, Irion, f 
Coke, Nolan, Fisher, and other counties, where theyy: 
are usually called Cisco, Canyon, or even Strawn. T o | 
most Abilene geologists they were low enough j , 
structurally to be Pennsylvanian, especially if one were -̂  
to use Cisco in the older sense and ignore depositional |; 
slopes. To Midland geologists the sands were li 
something different from the shale'and lime mudstone . 
of the western Midland basin and niight therefore well ; 
be Pennsylvanian. •.x 

The problem of the Cisco-Wolfcamp contact was : 
naturally not attacked vigorously on the Eastern shelf, i 
where the two series are so similar that a solution would v; 
have no economic value. The depositional slopes were %• 
recognized by some in such fine articles as Rail and 
Rail (1958), Van Siclen (1958), Jackson (1964), and •' 
Galloway and Brown (1973). However, these authors ; 
were well aware that the available information on . 
fusulinds was hardly sufficient to define the contact. . 
Therefore they employed local names and composite ,.,• 
terms. - i j 

CONCLUSION 

A study of the great mass of date on the radioactivity, 
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used as the base of the Permian for many years. Even 
when Beede and Kniker (1924), working in Kansas, 
stated that the base of the Schwagerina zone was the 
base of the Permian, there was no immediate impact in 
central Texas because the genus had not been collected 
there yet. . 

The discovery of Ordovician oil in Big Lake field in 
1928 stimulated deep drilling in the Midland basin. 
Figure 1 shows an early attempt to correlate the basin 
with the Eastern shelf. As was customary then, the base 
of the Permian was picked too high on the shelf; in the 
basin an attempt was made to go below the lowest Sch-
wagerina, but the lowest Wolfcamp is barren shale 
there, and since the holes were drilled with cable tools, 
the Wolfcamp fossils did not cave downward as they do 
today. Consequently the top of the Pennsylvanian was 
picked much too Wgh in the basin also. 

In 1939 a committee of west Texas geologists headed 
by J.E. Adams advocated that the Permian be ranked as 
a system, and divided it into four series. Noteworthy 
was the recoinmendation that if any older rocks with 
Schwagerina should be found north of the thin surface 
section of Wolfcamp, they should be included in it also. 
The wisdom of this became apparent when a nearby 
well spudded in Devonian chert of the Dugout 
Mountain thrust encountered an additional 6500 feet 
of Wolfcamp below it, older than the type section (Hall, 

Plymoutti CFtd BvnMtuoi Humbl« 
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Fig. 2—Simplified cross sections through 
southern Midland basin. Lower version by 
Cheney (1940) on a nebulous datum implies 
thinning in basin due to upUft at Big Lake. 
Modern version above, using same points but 
hung on sea level structural datum, shows 
thinning was unrelated to uplift. 

1956). One result of the stratigraphic work of that • 
period was that the U.S.G.S. finally conceded in 1941. 
that the Permian was a system, although the Wolfcamp / ; 
was classified as questionably Permian until 1951: . 7 

A cross section indicating the early thinking was': ' 
constructed by Cheney (1940) (Fig. 2). He feh that if the J^ 
Pennsylvanian was thicker on the shelf, the water must ..t 
have been deeper there. Now, using the same points but. '̂ ' 
with sea level for a datum, the opposite conclusion is ; 
reached. A cross section by a committee of the West 
Texas Geological Society in 1940 showed some 
basinward thinning of the Pennsylvanian, but not as 
much as actually existed because of lack of control. 
The W.T.G.S. cross section of 1949 suffered from the 
same defect in Nolan County (Fig. 3). However, where 

N O L ' N COUMT 

Fig. 3—Cross section through northern Nolan 
County, Texas, showing changes in interpretation 
from the 1940 and 1949 sections of the West 
Texas Geological Society. Numbered wells were 
on the 1949 section; only 44 and the Union well 
were on the 1940 section. 

the 1940 section included both Pennsylvanian and 
Wolfcamp shale in the Pennsylvanian, the 1949 
committee had additional "information." This con
sisted of the fact that rotary cuttings contained 
Wolfcamp fusulinids right down to the top of the 
Strawn Limestone, so an imaginary unconformity was 
drawn to make the shale in the western Midland basin 
all Wolfcamp. The theory was that after a regional 
uplift the shale in the basins was removed more easily 
than the limestones on the shelves. Although this idea 
was not especially palatable, it appeared preferable to 
calling all the shale Pennsylvanian when it "obviously" 
contained Wolfcamp fossils. ' 

The guidebook for the 1950 field trip of the Abilene 
Geological Society included a controversial cross 
section from Brown to Schleicher County (Fig. 4). At 
the evening discussion at the First Christian Church in 
Brady on November 3, someone doubted that the 
Pennsylvanian could thin so abruptly from the Eastern 
shelf to the Midland basin. The answer was that the 
correlation was based on Schwagerina cored in the 
Honolulu No. 1 Tisdale near the cross section. After 
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7 P , ^"S' '^—Simplification of cross section by M.L. 
Rhodes and others in 1950, first modem in
terpretation of shelf to basin relationships. 

I^Murther protest that this was illogical, J.E. Adams arose 
i||*and presented the "starved basin" theory, subsequently 
^f^cpublished in the A.A.P.G. Bulletin for December, 1951 
ij¥^-|̂ '8- 5). This has been the foundation of our shelf-to-
/J^oasin correlations ever since. Acceptance of the idea 
jlifl^as put into print when the 1953 Stratigraphic 

f:7 4 . '̂ "^^ Committee of the West Texas Geological 
ASociety agreed that Adams was right and the 1949 cross 

?^ section wrong (Jones, 1953). 

7 7 j > ^ ^ ^ t>efore Adams expounded the hypothesis, John 
;̂ SKich had been working on the problem of shelf and 

^|-Dasm environments from another point of view. Pine 
••?i5;exposures of crumpled slope beds had been known in 
Sfe , ^'^^^or years. Rich integrated this information into a 

^ 1 ^ lassification of shelf, slope, and bottom deposits which 
presented to the 1949 A.A.P.G. convention (Rich, i-'giQcn -"^"V"" I" "»«̂  I ' t ^ rt.rt.r.vj. convention [ 

^ 4 p ^ i 19SI). At the same time Ph. Kuenen was 
l^ii-emonstrating how turbidity currents operated. 
|l»;;j^^^'"theless, on the 1951 fall field trip of the West 
0 3 ^ ^ Geological Society geologists viewed the Rader 
|i|,j •jf'̂ '̂̂ '̂ '̂ " in the Delaware Mountains as a phenomenon 
| |v^"ncer ta in origin unlikely to be encountered again. 
7 7 i c ^̂  ̂ ^^ "^*' dozen years turbidites gradually became 
-^Mb*vP'̂ *?' *'"^ ^^^° " ° ^ ™^"y geologists are reluctant 

'dentify a turbidite on a log in the Delaware basin. 
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Fig- 5—Cross section by M.L. Rhodes appearing 
with 1951 article on the starved Midland basin. 
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EARLY GEOLOGIC HISTORY OF THE BASINS 

The problem of the Pennsylvanian-Permian contact 
in the basins is more easily, understood if one has a 
picture of their earUer history. Although well control in 
the older formations is more sparse, they are relatively 
simple to map on account of the absence of real 
orogeny in the Lower Paleozoic. Those who have 
worked with the basins in Oklahoma, Illinois, and 
Michigan also have a great advantage. 

A single basin, named Tobosa by John Galley (1958), 
formerly occupied the site of the Midland, and 
Delaware basins. It was iformed at the end of Ellen-
burger time as a notch in the south edge of the Texas 
craton, opening southward into the Marathon-Ouachita 
geosyncline (Fig. 6). The predominantly clastic Simp-

Fig. 6—Sites of early Paleozoic deposition, with 
location of three major features formed at end of 
Mississippian time. 

son, the basal deposit of the. Tippecanoe sequence, 
partly filled the trough, so that the succeeding, more 
widespread Mpntoya carbonate thickened only a small 
amount into the center of the Tobosa basin-.-Next, the 
Lower Silurian limestone, made up of the shells of more 
depth-sensitive organisms, thinned into the basin. In 
Late Silurian time subsidence was more rapid so that a 
shelf of thick dolomite partly encircled the thin silty 
limestone deposited in 1500 feet of water. The Lower 

Devonian, restricted in area.as in most of the United , 
States, is more calcareous where it laps high against the 
Silurian shelf than in the deep part of the basin, where' 
it consists almost entirely of siliceous skeletons. ..5 

The movements of Middle -Devonian time' werei^ 
regional in nature so that the first formation of the i-
Kaskaskia sequence, the Upper Devonian Woodforj-V 
Shale, although more widespread than the older for-.* 
mations, still revealed the existence of the Tobosa baan 
by thickening into it, but without any conspicuous;' 
hthologic change. In fact, this peculiar shale ij . 
remarkably uniform over a large part of the east-central.. 
U.S., where a lack of current in the sea permitted the 
growth of a mat of floating plantsl The abundance of 
plants and the slow deposition caused the accumulation 
of rotting material on the foul bottom, resulting in the 
incorporation of much organic matter in the Woodford, 
and the adsorption of uranium compounds on the 
surface of clay particles. It is important to realize that 
the high radioactivity and organic content of the 
Woodford Shale, which may overUe solution-creviced 
Silurian limestone, was not the result of a great depth of 
water, as it was later on in seas with better circulation. 

. Although the Mississippian sea was very widespread, 
the Tobosa basin was still recognizable in it. However, ; 
the general pattern is that the "Mississippian limestone" . 
of Kinderhook, Osage, and Meramec age grades from 
shallow-water, light-colored fossiliferous limestone on 
the north to exceedingly thin, dark, impure limestone 
deposited in the deeper water (as much as 2500 feet) 
farther south. The Chester limestone and shale grade 
completely into shale southwards and thin also, but not ; 
in as great a proportion as the "Mississippian 
limestone." This Chester shale can be distinguished in 
rotary cuttings only with difficulty from the overlying 
Pennsylvanian shale, but rather easily on borehole logs 
by its characteristic pattern of radioactive and organic 
members. The term "Bamett" for the basinal Chester 
has been imported from central Texas. Unfortunately 
some workers have picked the top of the "Bamett" 
from cuttings at the top of the lower Morrow (Springer) 
shale section. In extreme cases the top of the 
Mississippian has even been picked well up in the 
Wolfcamp (Vertrees, 1963) resulting in thicknesses as 
great at 3000 feet (Adams, 1965) for the Mississippian 
shale. Such thicknesses are, of course, inconsistent with 
the history of the basin because the Mississippian is pre-
orogenic; it is not a basal clastic following an orogeny. . 

PENNSYLVANIAN 

At the end of the Mississippian the first orogeny of 
the Paleozoic occurred on the craton. Both the 
Oklahoma and Tobosa basins were divided into two 
unequal parts by uplifts, with the steeper, sides facing 
the deeper parts of the older basins. The slope of the 
east flank of the Tobosa basin was not changed much; 
it was merely interrupted by the Central Basin plat
form, so that the Midland basin was shallower than the 
Delaware basin. In fact, only the western part of the 
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Midland basin remained continually under water, and 
received Morrow shale. Similar shale was carried into 
the Delaware basin where it has sometimes been 
confused with Chester shale. This miscorrelated section 
should not be called "Barnett", but rather "Springer." 

", On the northwest part of the Delaware basin a thick 
•f' section of Umestone and sand in the upper V* of the 

Morrow is easily recognized as such. 

The Atoka, or Bend; which name has precedence, is 
likewise a fiUer in most of the basiiial area, although it 
has more limestone and less sand than the Morrow 
because the upHfts had been somewhat worn down. 
Either the sea was still too ihuddy or the proper 

'MA. organisms had not evolved, because Bend (Atokan) 
limestone does not form "reefs" comparable to the later 

•̂ ŝ  ones. The Bend in the eastern part of the southem 
•p ' Midland basin is very thin, present only in the lows; in 
'^^sthe western part it is thicker and productive. In the 
jn* Delaware basin the Bend Limestone is thickest in the 
^3f northwestern part. It thins southeastward and loses its 
1̂ ', diagnostic fusuUnids, leaving only the smaUer, long-
#11 ranged millerelUds. In the deepest part of the basin the 

Bend is practically indistinguishable.. 

:|;" PaleontologicaUy, the Strawn can be classified with 
p the Lower Pennsylvanian, which means that the chance 
«|! of confusing a Strawn fusulinid with a Bend fusuUnid in 

& 
poor material is certainly much greater than of 

iv misidentifying it as post-Strawn. Time-wise the Strawn 
Improbably belongs in the earUest halif of the Peim-
P sylvanian. Lithologically, it more closely resembles the 
P Bend in the basins. However, the Strawn is often more 
^iclosely alUed with the later Pennsylvanian in thickness; 
^ it was a builder rather than a fiUer where the depth of 
1:̂ : water aUowed it to be. Whether to caU the Strawn 
5'- Upper or Lower Pennsylvanian is reaUy a matter of taste. 
te^' -
M'7-
.p.-: Less elastics were available to the Midland and 
g^.Delaware basins in Strawn, Canyon, and Cisco times.. 
S > deepest areas would have received the least 
^jsediment, so the problem is to map the relative depth of 
' ^ t h e sea. One rough way is to map the present stmcture, 
^^.which ignores ppst-Pennsylvanian upUfts. Another is to 
'z£7^^ limestone, since most organisms with calcareous 
|4jP"ts lived in shaUow (suidit) water during the Penn-
|t|*^vanian just as they do today. Thickness of 

estone by itself does not indicate whether the 'om 
umestone is a reef or a local low. Limestone per-

^pentages generaUy reflect only what intervals were 
1 ^ fleeted. Purity of the limestone is difficult to deter-
î fe;?*"^ precisely enough. Therefore an attempt is made 
s|f-. Ĵ.̂  to see if the presence of fusulinids can be used to 

|*.S»dicate depths and outline basins. 

g;:^..'^e shortcomings of the method are conceded; a Ust 
^r-V identifications wiU suffice only as a starter. Obv-
||.:;r. % fusuUnids cannot be expected in red beds 
S'jjI.P^^'ted on land. Eroded areas must be recognized. 
»f-^^'*.*i^ications are not usually made when the 
ll^pj^'^J'^ens are silicified, dolomitized, or recrystaUized. 
I' ' 8 * ground cuttings can be a hazard, if one is not 
f̂ '̂ 'eKiif!!̂  °^ *^^ situation. Misidentifications do happen. :Si Dot often enough to alter the results. More serious 

is misnumbering of samples, lag, recirculation, and 
caving. The best, and sometimes the only identifiable 
specimens, are not those which have been ground up by 
the biit, but those which have caved, or been reamed, or 
knocked off by whipping of the driU stem. Cores are 
rarely available, so small cuttings brought up with a 
fresh-water mud may not show that Pennsylvanian 
fusuUnids are part of a Wolfcamp conglomerate. 

More control would certainly make the maps (Fig. 7) 
more accurate, but the outlines would not necessarily 

/CANYON S / CISCO " ^ 

/STRAWN ^ 

Fig. 7—Stippled areas represent absence of 
fusulinids due to depth of sea. Comparison shows 
gradual expansion of deep water through Upper 

-Pennsylvanian. 

be more regular. A ridge projecting from the shelf into 
the basin would extend the area of fusulinids. On the 
other hand, a ridge in the edge of the basin, but not 
projecting up into shallow water or connecting with the 
shelf, would be devoid of fusulinids because they could 
not live there and could not be transported up onto it. 

The Strawn map shows that the Delaware basin, 
which is deeper than the Midland basin by present 
structure, previous history, and Uthology, is barren of 
fusuUnids over most of its extent, including a part of 
Lea and Eddy Counties, New Mexico, in which it stiU 
serves as an exceUent Umestone marker. In the Midland 
basin only a patch in the middle around the common 
corners of Schleicher, Irion, Reagan, and Crockett 
Counties lacks fusulinids. At the Barahart field in the 
southeast corner of Reagan County Wolfcamp was 
once thought to overUe Ordovician. If fusuUnids could 
have Uved in the surrounding area, they certainly could 
have lived on the structure. The absolute depth of the 
Strawn sea in the southern Midland basin can best be 
calculated at the Sixty-seven field (Fig. 1), where an 
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uphft at the beginning of Pennsylvanian time caused 
erosion down to Cambrian sandy beds. A "reef" buUt on 
the knob maintained itself at the surface of the water 
untU the end of Strawn time, when it was 1,000 feet 
above the surrounding sea bottom and level with the 
Eastern shelf. Its position at that time is indicated by 
the thinning of Canyon and Cisco shale over it, and the 
submarine lapping out of basal Wolfcamp around it. It 
was drowned at the end of the Strawn. 

The map of Canyon fusuUnids shows that the sub
sidence of the basins at the end of the Strawn not only 
kept fusulinids from living there, but also prevented 
their shells from being carried very far from the 
shelves. A rough rule is that if a Umestone has a good 
self-potential it contains fusuUnids. At any rate, the 
Central Basin platform is completely defined by the 
absence of fusulinids around it. The main part of the 
Horseshoe atoll is also apparent, although the low 
northern segment had already drowned. Some of the 
Strawn "reefs" on the west edge of the Eastem shelf of 
that time (Concho platform of some) had been sub
merged, although a few, such as Jameson in Coke 
County, stayed alive. Nothing new appeared in the 
Delaware basin because, regardless of whether or not 
some local structures might have been growing, the net 
movement was downward. 

How much submergence is necessary to kill a 
Pennsylvanian "reef"? The total subsidence during 
Canyon time can be measrued as the thickness of a 
Canyon "reef" directly over a Strawn re;ef, which assumes 
of course that both reached almost to the surface of the 
sea. It also assumes that there is no tectonic influence, 
which eUminates the Central Basin platform as a 
yardstick. Farther east it should be easier, but the 
Canyon cannot always be distinguished accurately in a 
carbonate mass, especially if part of it is dolomitized. In 
such a mass the highest Canyon may not always overUe 
the highest Strawn. The range is stiU from about 600 to 
900 feet. 

These figures are merely a guide in limiting the 
amount of subsidence which must have taken place at 
the beginning of Canyon time when some strawn reefs 
died, because the stratigraphy of the area demonstrates 
that subsidence of the Eastern shelf continued 
throughout Canyon time. It is true that a lowering of 
sea level due to glaciation could have kiUed the Strawn 
"reefs," and the difference between Strawn and Canyon 
fusuUnids might be used as some evidence, but the 
returning sea failed to re-estabUsh the "reefs" in such 
places as the Sixty-seven Field, so a brief rapid sub
sidence after Strawn time is necessary anyway. The 
conclusion is that the Pennsylvanian lime^building 
animals and plants lived in very shallow water, and 
could not tolerate an appreciable deepening of the sea. 

Continued subsidence of the ..old Tobosa region 
caused the Cisco sea to be the deepest of Pennsylvanian 
time, according to the fusuUnid map (Fig. 7). The 
Horseshoe atoll was further reduced in area, with 
several peaks remaining in Scurry and Kent Counties, 
The gap through the Matador arch, or archipelago, was 

somewhat wider than in Canyon time, and the trough 
v^Bich was actually the northern segment of the 
Midland basin, extended between the AmariUo arc^ 
and the Bravo dome into the south part of the Dalhart 
basin (Fig. 8). The surface of the Central Basin platform 

N E W M E X C 0 

f- . . i , -

1 . > --

V - . 
O K L A H O M A \ 

A R K A N S A S 

'T r ... . ---. P p 

Fig. 8—Maximum extent of deep water in Penn
sylvanian time. Stippled area shows where the 
Pennsylvanian-Permian contact cannot be picked 
by fusulinids.. 

was maintained near sea level by limestone deposition; 
the shale in the bottom of the Delaware basin ac
cumulated more slowly, so the basin deepened. 

The main point of contention is the location of the 
edge of the shaUow water of the Eastem shelf in Cisco 
time, which depends on correlations and ages of rocks. 
Field designations by the RaUroad Commission and 
"industry" tops in this part of the column do not always 
match geological tops. The "picks" often are mere 
"rock-stratigraphic" terms, carried over from a time 
when the Permian was not clearly defined in Texas. 
The 1949 W.T.G.S. cross section was laid out to tie . 
with work of the Abilene Geological Society, but more 
logicaUy should have extended to the limestone masses 
farther east. Thus, the east end of the cross section 
began in the basin of Late Pennsylvanain time, although 
well back on the Eastern shelf of Middle Permian tune. 

In order to show the age of the sloping Umestone 
tongue and the 'Three Fingers" on figure 3, another 
section (Fig. 9) was drawn in northem Coke County, 
beginning at the Blackwell "reef". It proves that the main 
Cisco limestone grades basinward into the "Three 
Fingers." The Flippen does not become radioactive,; 
because it occupies so Uttle geologic time; it merely 
becomes indistinct basinward. 

The depth cf water in Nolan County was about 1500 
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feet at the end of the Cisco (Fig. 3), iii Coke County 
(Fig. 9) ,1400.feet, and in Irion County (Fig. 1) 1300 feet. 
The sea was deeper farther out.in the Midland basin, 
and was certainly over 2500 feet in the Delaware basin. 
In Oklahoma sufficient clastic material poured in from 
the north to almost fill the Anadarko basin while the 
basins in Texas were stiU deep. .-

While it is true that the Upper Pennsylvanian in the 

legibUity. The values wiU be discussed later. 

The southernmost Umit of these organic shales in the 
Midland basin is in central Sutton County. Southward 
the sea was shallower, as could.be anticipated from the 
map of Strawn fusulinids (Fig. 7). The radioactive 
shales in the Shell No. 1 Johnson (Fig. 10-A) at Sonora 
do not occur down in the Canyon or Strawn as farther 
north, but are restricted to the upper Cisco. The 
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Fig. 9—Cross section from shelf to basin in northern Coke County, Texas. 

. Midland and Delaware basins is thin for the amount of 
time involved, the word "starved" should ideally be 

1 restricted to the dark, organic, radioactive layers. For 
, example, on the east edge of the Midland basin are 

basal Canyon sands deposited at a normal rate; most of 
7 the shales were deposited slowly, but not remarkably 
j so. Neither of these rocks has an age equivalent in the 
>. nearest "reefs," although both do farther east. The 
•̂.; starved rocks are the organic shales, equivalent in age 

:r̂  to "reef" limestone, which could only be deposited in 
3-^^^P quiet water. 

4 /^he upper Cisco contains two pairs of radioactive 
d shales. They form a characteristic pattern and are the 
!;/ shales that concern us in this article. If these shales 
.Ji °"tcropped or were cored, their pecuUar nature would 
; ."^ obvious; but since this, is not the case, their 
•'-.. "•stinctive qualities must be deduced from certain 

yPes of borehole logs. No values are shown on these 
lo gs because the curves have been separated for greater 

resistance is the easiest means of identification, 
although the velocity is slowed down somewhat by the 
organic content, indicating that the rock is indeed a 
shale, as the cuttings show. Sandstone is not developed 
in the basal Wolfcamp here. • 

In Schleicher County, the upper Cisco shales are 
conspicuous in the Delta No. 2 Jackson (Fig. 10-B) in 
the Eldorado field one and three-quarters mUes nor
theast of the Skelly No. 1 Jackson, which lies at the west 
end of figure 4 and is also on figure 5. Although the 
shale seems to have only two beds, they each bifurcate 
northward. As the log indicates, productive sand is 
only a short distance above the Cisco. Four hundred 
and eighty feet above the Cisco is a bed of limestone 
correlative with one in the SkeUy No. 1 Jackson and 
also in the Honolulu No. 1 Tisdale, seven miles to the 
northeast where Schwagerina was cored. Between 
these two latter weUs the Umestone varies from 50 feet 
to almost zero, suggesting that it is a turbidite; it is 
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Fig. 10—Typical Cisco-Wolfcamp contacts In the southern Midland basin. 

older than the Saddle Creek of early Wolfcampian age. 

In Irion County a laterolog of the Chambers and 
Kennedy No. 1 Noelke (Fig. 10-C), two miles southwest 
of the Sixty-seven reef sketched on figure 1, presents 
the famiUar pattem. To the northwest in SterUng 
County, the discovery well of the Credo Wolfcamp field 
(Fig. 11-C) is similar. Further west on the Benediun 
structure in Upton County, productive from a thick 
distiUate column in EUenburger dolomite, the upper 

Cisco is very thin (Fig. 10-D). There has been no 
erosion here; the thinner Cisco of the western Midland 
basin thins even more over a pre-existing high. 

In Nolan County (Fig. 11;D) is a typical section.^16" 
miles southwest of the west end of figure 3 and 11miles:-
north of the west end of figure 9. Westward in Martin^ 
County (Fig. 11-B) no difference exists. A well in; 
northeast Terry County (Fig. 11-A) is nearest to the;; 
Northwest shelf, proving that the same environment^ 

the 

Fig. 11—Typical Cisco-Wolfcamp contacts in the central and northern Midland basin. 
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' existed over the whole Midland basin, and that the 
. source of the shale is not the critical factor. In this weU 

• the basal Wolfcamp is a tight, fine-grained, glauconitic 
' sandstone; below the black shales the self potential 
* suggests more sand, but sample logs record it as shale. 
%Eviuently this silty shale was rapidly deposited. 

The organic black shales at the top of the Cisco in the 
Midland basin were laid down during a quiet interval 
when "reefs" could grow, and very Uttle clay mud 
reached the basin. Similar conditions should be ex
pected in the Delaware basin. The area of best control 
in the Delaware basin is around Carlsbad in Eddy 
County, New Mexico. Figure 12 is "hung" on top of the 
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Fig. 12—Cross section from shelf to basin in Eddy County, N.M., near Carlsbad. 
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Third Bone Spring sand (Dean of the Midland basin, 
Tubb of the shelves) because the present regional dip is 
too strong to permit use of a structural datum.-^ This 
sand was surely not absolutely flat during deposition, 
but the cross section does furnish us minimum water 
depths. The Cisco and Canyon are clean Umestone at 
the west end, but deteriorate rapidly eastward, where 
they can be traced but do not contain fusulinids. On 
strike with the east end of the cross section and six 
miles north of it is the Cities Service No. 1 EUzando-
Federal "A" (Fig. 13-A), where the ganmia ray, lateral, 
and sonic curves have the same pattern as logs in the 
Midland bsisin. In addition, a density curve indicates 
that the shales are organic by their light weight. This 

REEVES COUNT/ 

feature can be used without any others to identify thg vf-
top of the Pennsylvanian. i • , ' f 

Eleven miles southwest of the cross section the ^ 
gamma ray and induction curves of the Gulf No. { 3'-
Federal-Lee "J" (Fig. 13-B) are also very'similar to those - ' 
on Midland basin logs. In the southeast comer of the ? 
county the curves on the Texas Pacific No. 1 Phantoin 3 
Draw (Fig. 13-C) are adequate to point out the top of-3^ 
the Cisco, although the gamma ray and sonic curves ";J 
would need some study if the others were not available, 3 

In Culberson Coimty, Texas, the Magnolia No. { •-
Cowden "A" (Fig. 15-A) suggests some uplift, aithougii t 

t 

: 
z 

1 ^ 
U s i 

\ 
Si 

n 
u x 

-TOOO 

-OOOO 

Fig. 14—Cross section in the central Delaware basin. 
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Fig. 15—Typical Cisco-Wolfcamp contacts in the central Delaware basin. 
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not near the surface of the sea, after Cisco time, 
because the Cisco shale is overlain directly by 
Umestone. Ten miles southeast of this weU, the 
Texaco No. 1 State "EV" (Fig. 15-C) was situated in a 
lower structural position, because the main Wolfcamp 
is 390 feet thicker, but there is also a wedge of 1710 feet 
composed mostly of sand and conglomerate. It would 
be unthinkable to include that kind of material in the 
Pennsylvanian, especially since the normal pat tem of 
basinal Cisco appears below it. 

Farther south, at the west end of figure 14, the TXL 
No. 1 Goode (Fig. 15-B) also has a section of 
conglomerate^ One is tempted to call the base of the 
Wolfcamp at the base of the conglomerate, and^include 
some Umestone with Pennsylvanian fusulinids and self 
potential around 9200 feet in the Pennsylvanian. 
However, both of these features are incongruous with 
the Peimsylvanian of this locality. It is obvious that the 
"Umestone" is a congloinerate, and the Cisco is called 
where the shale is both radioactive and resistant. 

ll 

Eastward in deeper water the conglomerate thins, 
and in high wells only a few thin sands may be present 
in the Wolfcamp. Near the east end of Figure 14 the log 
of the Gulf No. 1 Shurtleff (Fig. 15-D- shows a sand 
body overlying the relatively radioactive Pennsylvanian 
shale. Unfortunately, this basal Wolfcamp sand has not 
been identified on sample logs in the Toyah field, but 
since it produces in several wells its presence may be 

assumed. The Chester (Mississippian) shale is more 
radioactive than the Pennsylvanian, and the Woodford 
Shale below it even more so. This well was shown on 
the 1963 cross section of the West Texas Geological 
Society (Vertrees, 1964), but the top of the 
Missisappian was selected at 10,570 feet after a close 
vote. The explanation offered was that the dark shale 
below could not be distinguished from the Mississip
pian by cuttings, which may have been true enough, but 
, in the opinion of the writer, was a powerful argument 
for the proper use of electric logs. 

Farther east and south in the Delaware basin and 
farther from fusulinid control the base of the Wolfcamp 
is less easy to find. Some of the presently popular sonic 
logs cannot be read through part of the Pennsylvanian, 
even on the scale of five inches per 100 feet, let alone 
be traced. Washouts, cycle skipping, and sticking of the 
tool are hazards to correlation. Nevertheless, the three 
logs on figure 16 from the Hershey, Mi \^da, and Pike's 
Peak fields, reading from left to right, are useful 
illustrations of the base of the Wolfcamp. In the 
Superior weU the resistance at . the top of the Penn-
sylv£mian may seem low, but the uppermost black shale 
is a very thin peak which is high for shale, but is not 
conspicuous against the immediately overlying coarse 
clastic section. In the Texas Pacific well the density 
curve is the one that really cUnches the point. In 
working with logs in this part of the basin the use of 
several types is desirable, and the large scale must be 

Pecos Co. 
Texas Pacific 
No.6 Elsinorg 

Ftg> 16—^Typical Gsco-Wolfcamp contacts In central and southern Delaware basin. 
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used to see the precise relationship of the curves. Even 
so, success is not nearly as certain as in Eddy County, 
New Mexico, and the Midland basin. 

LOG VALUES OF UPPER CISCO SHALES 

Gamma Ray 

The gamma ray curve is the simplest and most 
reliable means of distinguishing the peculiar basinal 
shale members of the Cisco from the basal Wolfcamp 
shale. For comparison, the Woodford, probably 
contains about .01 percent uranium here, as elsewhere, 
which is 33 micrograms of radium equivalent per ton of 
formation. Siiice the left half of the log is scaled to read 
a total of anywhere from 6 to 14 micrograms, the 
complete curve of the Woodford cannot be shown. 
Next most radioactive are the organic members of the 
basinal Chester shale, which contain 10 to 13 
micrograms. The Cisco shales are less radioactive than 
the Chester shales, and the basal Wolfcamp is the least 
radioactive of aU. This might sugjgest that a source of 
uranium uncovered after the uplifts in the middle of the 
Devonian was becoming exhausted, but the rate of 
deposition and the amount of organic matter on the sea 
bottom are likely more important, and certainly much 
more important in a comparison of Cisco and Wolf
camp values. 

Precise quantitative determinations are not always 
possible. A few older, logs have the appearance of 
having been run too fast. Perhaps unusually thin 
members in the bottom of the Delaware basin are 
overlooked by the tool. Statistical variations can be 
averaged out, but borehole conditions, such as hole 
diameter, mud weight, cement and casing (if any) can 
affect the reading considerably if they are not standard. 
Corrections can be made but the conditions are not 
always known. On some logs the scale is not shown and 
the tool is not specified. A sampUng of logs suggests 
that 6.3 micrograms might be an average for the basal 
Wolfcamp shale and 8.1 for the Cisco peaks. This 
difference is easily discernible on the log and there is 
rarely an overlap. In thie eastern Midland basin values 
seem to be higher but the proportion is similar. 

Sonic 

The sonic log indicates zones of low velocity, which 
in a carbonate rock are deduced to contain oil, gas, or 
water. Since the identity of the substance cannot be 
determined without further information, the device is 
classed as merely a porosity tool. In a shale section the 
rock is already known to have high porosity containing 
aU salt water, uTiless the velocity is low, in which case 
some residual organic matter is present. 

The Woodford Shale, with up to 20 per cent organic 
matter, might be expected to have the highest transit 

time, especially the middle member. However, the 
middle member also contains the most chert and pyrite 
and therefore reads only 60 to 75 microseconds per foot 
compared to 82 to 90 in the top and bottom. The-
Chester organic shales, consisting entirely of shale, 
read 103 to 118 microseconds. Peaks in the Cisco 
organic shales ire from 95 to 102 microseconds. It is 
hardly possible to calculate the amount of organic 
matter there without knowing its composition and the 
salinity and amount of water also in the shale. The basal 
Wolfcamp shale averages about 85 microseconds. -

Of course, where there has been unusual compaction 
due to.great depth, and squeezing due to tectonism, 
sonic values will be different. . . 

Density' 

One might reason that the density of the upper Cisco 
shales should be higher than that of the basal Wolf
camp shale because of greater depth, greater age, 
higher uranium content, and finer texture. However, 
these factors are overriden by the high organic content, 
and the density pattem faithfully foUows the others. 
The Woodford, Mississippian, and Cisco shales seem to 
have about the same maximum density. The lightest 
Cisco black shale members average 2.40 and the 
heaviest ones 2.55; the lower pair are generally the 
lightest ones. The basal Wolfcamp shales are sur
prisingly uniform, averaging 2.60. While these dif
ferences may seem smaU, they are quite consistent, and 
appear large on field prints. 

Some figures from other areas may be of some in
terest because of recent discussions of the possibiUty of 
the commercial extraction of oU from oil shale in this 
country. In the Woodford equivalent in Kentucky, 
where pyrite is the greatest source of error, the oil yield 
was zero at a specific gravity of 2,679, and 24 gaUons 
per ton of rock at 2.077. The organic matter had a 
gravity of 1, normal mineral matter 2.7, and pyrite 5. 

In the Green River Formation of the Piceance basin 
in Colorado experiments in density logging revealed 
that "shale" with a density of 2.4 yields 12'/j gaUons per 
ton. The famous Mahogany ledge is 60 feet thick and 
would yield 34 gaUons of "oil" per ton; density of this 
rock would be 2.025. The Green River can hardly be 
called a shale, furthermore, it was deposited rapidly in 
very shaUow water. 

Self Potential 

This curve is of less value today in many of the 
deeper wells because of the driUing muds used now. It 
should show a very sUght positive (to the right) ^ 
deflection, attributed to the organic content of the. 
shale. A strong negative deflection means that someone 
has mistaken a Wolfcamp limestone or sandstone for a 
Cisco shale. 
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Resistivity 

The many kinds of resistivity logs used in the last 
several decades under various conditions aU record a 
similar pattem of peaks for the Cisco black shales, 
resembling the maxima in the Chester and Woodford 
organic shales and higher than anjrthing in the Wolf
camp shale. These iCisco peaks coincide with the 
anomaUes on the gamma ray, sonic, and density logs; 
they do not indicate a calcareous element, but rather 
the presence of a non-conductive substance in place of 
part of the salt water tightly held in the shale. The 
actual values of the apparent resistivities are of little 
unportance because it is not possible to determine the 
amounts of water and hydrocarbon in the shale due to 
lack of knowledge of the resistivity of the formation 
water. On the older jconventional logs the peaks are 
three or four times as high as the Wolfcamp shale, and 
about one third as high as Pennsylvanian Umestone. 

I ' • 

Laterologs, reading closer to the true resistivity of 
the shale, show greater relief for the Cisco members, 
unless plotted on a logarithmic scale. The microlog 
device, mounted oh a pad in contact with the shale, 
also records greater contrast, and is often accompanied 
by a caliper survey which sows the black shales do not 
cave Uke the ordinary shales above and below. 

The Athabasca taf sands are evaluated for their 
hydrocarbon content by a combination of density, 
gamma ray, sidewaUJ neutron, and laterolog surveys. 
These agree quite weU with the abundant information 

.,from cores, the main difference being in the shaly 
sections. Similar core information on the Cisco black 
shales would be very 
for electric logs, but 

helpful in setting up parameters 
cores and micrologs are hardly 

1̂ appropriate in this uneconomic part of the section. 

WOLFCAMP 

That the Wolfcanip in the basins looks Uke the 
>-Pennsylvanian is too general a statement to be of value. 

The Wolfcamp, if we could see it on the outcrop, would 
°ot resemble the upper part of the Pennsylvanian; it 
*ould remind us of the Morrow. The Morrow of the 
"•isins has a lower section of shale which has been 
"Confused in weU cuttings with the much more slowly 
"^posited Chester, characterized by radioactive shale 
^embers. This lower shale of the Morrow is succeeded 
^ coarse elastics, indicating deeper erosion of the 
''^'"•ce of the sediment. What has made the Wolfcamp 

^̂ ''* more difficuh problem than the Morrow is the 
: j ^ Undant caving of the long-ranged genus Schwagerina 
"̂ vT̂ ^̂ gh the lower barren shale and across the systemic 
• ."idary. The electric log curves can be easily 

^••"sinterpreted. ; 

K 

" • T h il 
•' to ri-f ^'^^^i that causes the Wolfcamp sedimentation 

_ ujffer from that ot the Late Pennsylvanian is the 
jj ^^^y that occurred in a number of places in the 
Jilted States, usuallyi as a resumption of activity that 

San at the start of the Pennsylvanian. In the region 

under discussion the most important uplifts were the 
AmariUo-Wichita arch, the Matador-Red River arch, 
the Pedernal-Diablo trend, the Ouachita-Marathon 
geosyncline, the Central Basin platform, and an uplift 
along the southwest margin of the Delaware basin. 
These elements rose simultaneoiisly, also vertically, 
according to some who have studied the subject more 
than the writer, except for the advancing Ouachita-
Marathon geosyncUne. . 

The latter structure continued to be thrust toward 
the craton untU late in Wolfcamp time, so that in Pecos 
County it overUes most of the thick Wolfcamp section. 
Its north edge is only 5 or 10 miles south of pre-
Mississippian gas production, and can be approximated 
by a thick wedge of green and red shale of Wolfcamp 
age derived from the thrust, containing pieces of rock 
as old as Ordovician, and some huge slabs of Penn
sylvanian shale. The original thickness of the wedge is 
uncertain because the original steep dips have been 
modified by continued shoving from the south. Surely 
some of the beds are turbidites, reworked from older 
turbidites. The base of the lower Wolfcamp is far below 
this wedge and weU below the thrust itself and can be 
discussed along with the country to the north. 

The maximum thickness of Wolfcamp in the Permian 
basin was derived from Pennsylvanian and older 
sediments of the folded and overthmst geosyncUne 
moving northward; it thus tends to paraUel the 
geosyncline. This thick Wolfcamp is called the Val 
Verde basin, and merges with the Delaware basin at its 
west end (Vertrees, et d., 1960). In Val Verde County 
the Wolfcamp shale with thick wedges of sand is over 
14,000 feet thick; since it is truncated by the Cretaceous 
farther south, the thickness there can only be estimated 
as being "greater." The southernmost gas weU in Pecos 
County, south of the West Grey Ranch field drilled 
over 17,(X)0 feet of Wolfcamp elastics. Probably a large 
part of the Wolfcamp is dipping steeply, but some of 
the dip is. undoubtedly depositional. 

As mentioned previously, the basal Wolfcamp shale 
may superficiaUy resemble the Upper Pennsylvanian 
shale in the Delaware basin, because the basinal 
Pennsylvanian shale was uplifted, eroded, and 
redeposited in the southwest part of the basin, as at the 
Tidewater well on figure 17. Furthermore, the 
Mississippian shale was exposed not only there but also 
over the Central Basin platfonn, from which it was 
largely removed. Logs can distinguish the two, but the 
danger is that one wiU be distracted by a coarsely 
clastic Wolfcamp member overlying Wolfcamp shale. 
Some people have thought that such elastics would 
have to be subaerial deposits, and that the contact 
represents a subaerial unconformity. Study of the 
deepwater channels and turbidites exposed in the 
middle Permian outcrops southwest of Carlsbad, New 
Mexico, should eliminate such notions. 

Figure 14 shows two lenses of conglomerate 
deposited in the lows on either side of the El Paso No. 1 
Grisham and Hunter. These turbidites must have cut 
channels in the lows before fiUing them, because the 
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Northern Trans-Pecos magmatic province: 
Introduction and comparison with the Kenya rift 
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ABSTRACT; .; 

The Trans-Pecos magmatic province of 
West Texas and southern New Mexico is a 
more eroded analogue of the Kenya (Greg
ory) rift in East'Africa. Trans-Pecos alkaUc 
rocks are similar to the basalt-phonolite-
trachyte-rhyplite assemblage from fissure 
and multicenter eruptions, and from some 
central volcanoes, in the Kenya rift. In both 
provinces, quartz-normative and neph-
eline-normative mafic rocks occur, provid
ing likely parents for the entire observed 
range of silica saturation. Thus, no special 
mechanism is needed for deriving silica-
undersaturated and silica-oversaturated 
rocks from one another, because both 
groups evolved independently. The Kenya 
rocks tend to be more mafic and, at the si
licic end of their compositional range, more 
peralkaUc than the Trans-Pecos roqks. 

Similarities in tectonic style, extent and 
duration of magmatism, and igneous rock 
compositions in the two provinces suggest 
that the alkalic rocks in both regipns were 
generated by differentiation from quartz-
and nepheline-nprmative parents in the 
upper parts of elongate mafic or ultramafic 
intrusions, probably diapiric welts that 
.caused doming and normal faulting. 

l l ' . ' , " • . . • • • • • 

INTRODUCnON 
' • ' . • . . • • - . . • . 

Cenozoic alkalic rocks occur in a diffuse 
belt along the eastem margin of the North 
American Cordillera from Montana to 
Mexico (see Barker, 1974, for a bibliog
raphy and list of occurrences). The Trans-
Pecos magmatic province, a segment of this 
belt, is delimited on the east by the Pecos 
River, on the south and west by the Rio 
Grande, and on the north by a line 12 km 
nonh of tbe Texas-New Mexico boundary 
(F'gi 1). Rocks of the same types and ages as 
in the Trans-Pecos province extend for at 
least 200 km southeast into Mexico 
(Daughert)', 1965; Sewell, 1969; Bloom-
field and Cepeda-Davila, 1973; Robin, 
1974). - •'^. .•,. • 
_ This paper is the first of a series on the 
Trans-Pecos province (see Barker and 
"odges, 1977; Barker and others, .1977), 

integrating results of field, petrographic, 
chemical, electron microprobe, experimen
tal and isotopic investigations conducted by 
staff and students of the University of Texas 
at Austin. To provide an overview and to 
point out the petrologic problems to be 
treated in succeeding, more detailed papers, 
this introduction compares the northem 
part of the Trans-Pecos province with a 
classic intracontinental magmatic province, 
the Kenya rift. 

The Trans-Pecos province, with an area 
equal to that of Vermont and New Hamp
shire, contains more than 200 intrusive 
bodies with outcrop areas exceeding 1 km^ 
and extensive, thick, and stratigraphically 
complex volcanic sequences. In this project, 
we have scanted the southem third of the 

•province, specifically the Sol i tar io-
Terlingua region (Lonsdale, 1940) and Big 

Bend National Park (Maxwell and otjiers, 
1967; Carman and others, 1975). 

STRUCTURE 

Faulting and Warping 

Cenozoic structural elements and igneous 
centers "of the Kenya rift and the Trans-
Pecos province are shown at the same scale ; 
in Figure 2. In the Trans-Pecos, north-' 
trending faults are assumed, from their 
orientation and age, to be basin-and-range 
faults. At least in part, north-northwest-, 
trending faults and flexures are reactivated 
Precambrian and Paleozoic dislocations 
(King, 1965, p. 103-107; Twiss, 1970). 
Displacement on some faults probably ex
ceeds 1. km (Wiley, 1970,,p. 121). Basin-; 
and-range faulting apparently was most ac-
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Figure 1. Distribution of Cenozoic igneous rocks, Trans-Pecos magmatic province. Intrusive rocks 
are shown in black; lavas and pyroclastic rocks are showri by stippled pattem. 
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tive in Miocene time (Stevens, 1969), but 
earlier Cenozoic and later Quaternary dis
placements aris known (McKnight, 1968; 
Wilson, 1970; Dasch and others, 1969), 
and seismic activity, continues (Sellards, 
1932; J. Dorman, 1975, oral commun.). 
The Mitchell Mesa ash-flow tuff covered an 
area originally extending for at least 8,000 
km^ in the southwestem part of the Trans-
Pecos province; at the rime (32 m.y. B.P.) 
that this pyroclastic blanket formed, the 
underlying surface had not been displaced 
by basin-and-range faults (Burt, 1970). 

C. L. Baker (1934, p. 169), without men
tioning the strong petrologic similarities, 
applied the term "riftivalleys" to the Trans-
Pecos province, because he considered the 
structure and physiography to be analogous 
to those of the Kenya rift. The corre
spondence is not precise (Eig. 2); the more 
diffuse Trans-Pecos fault pattem produced 
discontinuous grabens interrupted by ir
regular plateaus, not a continuous valley as 
in Kenya. 

Rift faulting in Kenya began in early 
Pliocene time and is still continuing (B. H. 
Baker and others, 1972, p. 45). Normal 
faults of the Kenya rift lie along the crest 
of a dome 1,000 km wide that rose 300 
m in late Miocene time and an additional 
1,400 m during late Pliocene to middle 
Pleistocene time (Baker and Wohlenberg, 
1971, p. 538). These faults are locally 
controlled by Precambrian structural 
trends. Throws on the major faults are 
as. much as 3 or 4 km (Baker and others, 
1972, p. 27). 

Doming in East Africa is indicated by . 
upwarping of broad, low-relief erosion sur
faces. In the Trans-Pecos province, similar 
erosion surfaces have locally survived. An 

^ f ^ ® ^ l | ~^EW MEXICO 

X o " ^ . X.TEXAS 
MEXICO •<!. 

IOO KM 

—T 
I06» 

—1 
105* 

-T 
104° 

— I — 
103° 

Figure 2. A, Tectonic sketch map 
of the Kenya rift, generalized from 

• B. H. Baker and others (1971, p. 193). 
and Baker and Wohlenberg (1971, p. 
539). Bi, Tectonic sketch niap of the 
Trans-Pecos province, generalized 
from Wiley (1970) and Gries and : 
Haenggi (1970). Solid circles are vol
canos in A and major intrusive com-

. piexes in B. Hachured lines indicate 
Cenozoic normal fault (hachured on 
downthrown side). Arrows indicate 
monocline. 

"early Tertiary" surface, marked by a thin, 
widespread, but only locally preserved 
conglomerate, and another surface created 
by a Miocene episode of,extensive postvol-
canic planation have been recognized 
(R. K. DeFord, 1973, oral commun.). Re
construction of regional crustal arching will 
not be feasible until accurate topographic 
maps are: available for the entire, area. King 
(1965, p. I l l ) cited local and incomplete 

. evidence for broad post-Cretaceous doming 
in the extreme northem end of the Trans-
Pecos province. 

Forms of Magmatic Rocks 

In the northern third of the Trans-Pecos 
province, extrusive and pyroclastic rocks 
are rare; laccoliths, sills, and plugs are the 
most common forms. To the southeast, voir 
canic rocks become abundant, and some 
lavas and pyroclastic units have been traced 
to their sources in poorly preserved cal
deras. Fissure and multicenter eruptions 
have not yet been distinguished, owing to 
the advanced degree of erosion. One ring 
dike and two, cone sheets have been found, 
but ring complexes, so characteristic of 
many alkalic provinces, are surprisingly 
scarce. Major inttusive complexes (Fig. 2B) 
are situated in horsts as well as in grabens. 
Thick bolson fill probably covers other 
igneous bodies in the down faulted blocks. 
Thus, in contrast to the situation in Kenya, 
erosion has bared high-level intrusive 
bodies and has dissected volcanic sequen
ces, but erosion and deposition have severe
ly obscured or destroyed primary extrusive 
features; 

In the Kenya rift, erosion has not yet ex
posed intrusive bodies, except for volcanic 

neicks and minor dikes and sills. Magmatic 
activity is therefore expressed almost en- . 
tirely by lava and pyroclastic rocks; Fissure 
and multicenter eruptions are voluminous 
in the rift and on its flanks, but volcanic 
edifices built from single centers (Fig. 2A) 
are confined, with the exception ofthe two 
largest, Mount Elgon and Mount Kenya, to 
the floor of the rift and its westward 
branch, the Kavirondo graben (Wilhams, 
1972). .. 

Gravity Anomalies 

Searle (1970) demonstrated that a posi
tive Bouguer gravity anomaly, as much as 
30 to 60 mgal and 40 to 80 km wide, coin-

; cides with the long axis of the Kenya rift. 
These observations are best explained by 
Searle's model, which incorporates an in
trusion 20 km v/ide that reaches to within 2 
km of the rift floor in places and is com
posed of rocks with a mean density of 2.9 
g/cm' (denser rocks yield poorer calculated 
fits to the observed gravity profiles). Other 
model interpretations of the positive axial 
gravity anomaly include an intrusion 10 km 
wide or a wider, more diffuse zone of dikes 
(Baker and others, 1972, p. 45). 

Reconnaissance gravity studies in the 
Trans-Pecos area have failed to reveal a 
linear positive Bouguer anomaly (Woollard 
and Joesting, 1964), but an anomaly similar 
to that in the Kenya rift may be detected by 
more closely spaced observations. Gravity 
profiles across the northem end of the 
Trans-Pecos province, approximately along 
lat 31°45'N, have been made independently 
by Decker and Smithson (1975) and by K. 
A. Cortes (1975, written commun.). Both 
profiles show a positive Bouguer anomaly 
of approximately 25 mgal on the trend of 
Cenozoic intrusions in the Diablo Plateau 
(Barker and others, 1977). Whether this 
anomaly truly indicates dense intrusive rock 
at depth or merely is an edge effect near the 
major fault bounding the Diablo Plateau 
horst cannot be resolved without additional 
traverses across the intrusive belt farther 
south. 

PETROLOGY 

Rock Types ' : 

The Kenya rift and the Trans-Pecos prov
ince exhibit a distinctive assemblage of 

. basaltic and sodium-rich feldspathoidal 
rocks, trachytes,.and rhyolites. Prior (1903, 
p. 235); and Smith (1931, p. 234-236) 
pointed out similarities between the sodic 
rhyolites and phonolites of Kenya and the 
Trans-Pecos. 

Central volcanoes in the Kenyai rift 
contain tvvo suites — the basalt-phonolite-
trachyte-rhyolite and the nephelinite-pho-
nolite assemblages (Williams, 1972). Rocks 



NORTHERN TRANS-PECOS MAGMATIC PROVINCE 1423:-

of fissure and multicenter eruptions (the 
'•plateau volcanics") belong almost entirely 
to the first group (Williams, 1971, p. 443; 
Saggerson,.]970, p. 40, 73). 

Nephelinites and melilite-bearing rocks, 
are not known in the Trans-Pecos province. 
Neither are carbonatites, vvhich are sparsely 
present in the nephelinite^phonolite as
semblage in Kenya. A nephelinite-phonolite 
suite dcies occur in Texas, in the Balcones 
magmatic province (Spencer, 1969): this 

. province is older (Late Cretaceous), it lies 
east of the Pecos River, and it trends 
roughly at right angles "to the Trans-Pecos 
province. 

Compositions 

Table 1 compares analyses of alkalic rock' 
• iypes in the northern Trans-Pecos province 

with those of the basa l t -phonol i te -
trachyte-rhyolite assemblage of the Kenya 
rift floor and plateau volcanic rocks. Aver
ages for the Kenya rocks do not include 
analyses frorn central volcanoes of the 
nephehnite-phonolite suite. 

Mafic and interrtiediate rocks, those with 

a differentiation index (Thornton and Tut
tle, 1960) of less than 64, are divided ac-. 
cording to the classification used by P. E. 
Baker and others (1974). Basalt has nor
mative plagioclase with at least 50% anor
thite; hawaiire, 30% to 50% anorthite; and 
mugearite, 15% to 30% anorthite. Only 
one analyzed sample in the northern 
Trans-Pecos province has sufficiently calcic 
normative plagioclase (Table 1) to be called 
basalt; similarly, only one of the Kenya 
samples satisfies the definition of mugearite. 
The extent to which these disparities in 
numbers of samples reflect actual differ
ences in abundance is of course unkiiown. 

Of 28 analyzed samples of Trans-Pecos 
basalt, hawaiite, and mugearite, 16 are 
nephelinernormative and 7 are quartz-
normative. Of.22 similar rocks from Kenya, 
9 are nepheline-normative and 7 are 
quartz-normative. The presence of both sili-
ca-oversatiirated and sihca-undersaturated 
mafic and intermediate rocks is significant. 
Parental magmas were available to form 
silica-oversaturated and silica-under-
saturated differentiates. There has been 
much speculation concerning mechanisms 

by which quartz-bearing and feldspath
oidal rocks might be derived from thes 
same parent at crustal levels (Edgar, 1974); ' 
The region of magma generation under 
intraplate igneous provinces may extend 
through a large vertical range, tapping 
magmas with wide variation in silica sat
uration, perhaps during ascent of a diapir. 
Later fractionation, and mixing of the 
coexisting magmas could yield the spectmm 
of rock types observed, from phonolite to 
rhyolite, without any liquid changing corn-
position across a thermal divide during 
crystallization. 

Phonolites and their intrusive equiva
lents, abundant and distinctive rocks in 
both provinces, are not strongly peral-
kalic on the average, thus contrasting 
with the rhyoUtes. Of all the rock types, 
trachytes show the greatest variation, both 
within and between provinces; 

The Kenya rhyolites are more mafic than 
the persodic rhyolites of the Trans-Pecos^ 

. province. A large arnount of rhyolitic rock^ 
in both regions is in the form of ash-flow; 
tuff. In the Trans-Pecos, rhyolite containing 
sodic amphibole forms shallow intrusive 

TABLE 1. AVERAGE COMPOSITIONS AND CIPW NORMS FOR ALKALIC IGNEOUS ROCKS OF THE 
NORTHERN TRANS-PECOS PROVINCE AND THE KENYA REFT V -..-.---

No. of. 
analyses: 

SiOj 
TiOj : 
AI2O3 
Fe^Oa 
FeO 
MnO 
MgO , 
CaO 
NajO, 
K2O 
P2O, 

1 . 
or 
ab 
an 
ne 
ac 
ns 
,di: ; 
wo 
hy . 
ol - ., . 
mt • 
'1 
hm 
ap 

Basalt 

T 
1 

45.53 
2.60 

16.06 : 
2.81 
7.36 

. 0 . 1 7 •-
7.41 
9.63 
4.11 , 
.2.74 
0.78 

16.19 
9.20 

17.28 
. 13.86 

• • • . : . : 

.. 20.43 
. . • 

. • . . 

11.42 ': 
4.07 

.4.94 

1.85 

K 
12 

45.79 
2.77 

16.27 
3.74 
8.16 
0.17 
6.55 

10.76 
2.71 
0.98 . 
0.49 

5.79 
22.93 
29.34 

16.84 
. . . 

0 . 8 3 ; ' 
10.84 
5.42 

• 5.26 
,.' 

1.16 

Hawai 

T 
15 

47.09 
2.75 

16.28 
4;83 
6.92 

: 0.18 
4.76 
7.62 
4.04 
1.82 
1.03 

. ' . • • • ' 

10.75 
33:58 

, 20.91 • 
0.33 

8.17 
.. 

. 8.96 
7.00 
5.22 

• . • . : 

2.44,, 

ite 

. K 
9 

49.89 
' 2.28 

16.97 
•4.57 • 
5.95 
0.24 
3.57 
7.33 
3.92 
2.29 
0.78 

13.53 
33.17 . 

. 21.95 
• • • . 

7.52 

8.25 
0.61 

: 6.63 
4.33 

1.85 

Mugearite 

T • K 
12 

52.71 . 
1.93 

. 16.79 
4.70 . 
3.80 
0.17 
2.49 
5.30 • 
4.93 
3.44 . 
1.30 

0.29 
20.32 
41.72 

. 13.53 

3.34 

4.87 

6.81 
3.67 

. .. 
3.08 

1 

51.53 
2.44 

16.63 
5.53 
3.45 
0.23 
2.44 
6.06 
4.90 
2.83 
0.83 

16.72 
41.46 
15.03 

• • 

7.76 
.. 

. 0 . 5 4 . 
. 3.27 
: 4.80 

4.63 
2.22 
1.97 

Phonolite and 
nepheline 

T 
29 , -'• 

.58.02 
0.20 

18.19 
3.61 
2.03 
0.27 
0.21 -
1.50 
7.99 
5.15 
0.12 

30.43 
43.03 
. , , 

11.85 , 
2.39 
,. 

4.14 
0.77 
.. 

' 4.04 
0.38 

0.28 

syenite 

K 
32 

56.53 
0.74 

17.73 
3.38 
3.32 
0.28 
0.81 
1.99 
7.24 
5.23 
0.18 

30.90 
40.19 

0.44 
11.42 
,';.. 

.. 
" 6.89 

0.87 
4.90 
1.41 
.. 

0.43 

. Trachyte ., -
and syenite 

T K ' . 
23 ; : • • 22 -

64.08 . 6 1 . 5 3 
0.41 0.77 

16.59 14.15 
3.18 3.73 ' 
0.97 4.21 

' 0.16 0.29 ; 
0.28 0.47 : 
1.11 1.53 
6.17 6.95 

; 5.30 . 4.83 
0.14 .... 0.21 

5.45 0.57 
31.31 28.54 
52.21 45.90 

1.92 

7. 10.79 
: . 0.15 

2.26 5.42 
. . 

0.95 5.35 
• • • . . ' " . . ' 

• 2.46 . . 
0.78 1.46 
1.48 . . 
0.33 o;50 

. - : - • • : --:.7 
•'•:-..• Rhyolite . . , - ' : 

- : . T 
12 

72.32 
0.16 

• 12.98 • 
2.16 
1.17 

' 0.12 
; 0.08 

0.29 
5.22 
4.71 
0.03 

23.81 
^ 27.83 • 

.40.55 
. , 

3.19 

. 1.08 

0.87 

1.53 
0.30 

0.07' 

K' 
I't 

71.62 
0.29 

• 9.72 
' 2.03 

4.21 
0.19 
0.10 
6.42 
6.29 

• 4.41 
0.03. 

27.75 
26.06 
25.45 

, , 
5.87 
4.91 
1.67 

6.97 

0.55 

0.07 

Note: CIPW noriTis are in weight percentage. T = northern Trans-Pecos province; K = Kenya rift. 
Data for Kenya are taken from analyses in Baker (1958), Bowen (1937), Macdonald and Bailey (1973), Macdonald and others (1970), McCaJi (1967), 

McCall and Horiiung (1972), Nash and others (1969), Saggerson (1952, 1970), Sceal and Weaver (1971), Smith (1931), and Weaver and others (1972). 
Trans-Pecos averages are of analyses in Clarke (1904), Erickson (1953), Goldich and Elms (1949), Meigeri and Nachreiner (1925), Osann (1896), 

Richardson (1909), Twiss (1970), three unpublished analyses by D. A. Schofield and J. Etheredge (Univ. of Texas Bureau of Economic Geology), and 73 
new analyses by G. K. Hoops (Barker and others, 1977). 



1424 D. S. BARKER 

"2.25 -

. 2.00 -

'. 1.75-

1.50-

Na + K 

Al ' " -
(mol) 

1.00 -

0.75 -

. 0 .50-

0.25 -

< 

f̂  
i '-. 
!l 

1 • 
0 . il 4 5 

. -i _ 

' 

s ^ 
\ ° o 

- , o 

50 

• • • o 

. l ^ c g 

© 

o 

1 
55 . . 

o 

. • ° &h. 

o o 

A r % 

1 1 
60 65 

Wt. % SiOz 

o 

A 
A 

& ; -

<fi : o 
o 

, o 
o 

«.®°° 
V * ^ 0 • 
^ ^ M . ^ 

A . 

1 1 
70 75 

Figure 3. Molecular ratio (Na + K)/A1 versus weight percent SiOj. Open circles = Kenya rift; solid 
circles = Trans-Pecos alkalic rocks; and triangles = Trans-Pecos metaluminous rocks. 

bodies with the sarne composition as wide
spread ash-flow tuffs and numerous flows. 

Despite differences between the averages 
'in Table 1, there is considerable overlap be-
' tween individual analyses from the two 
provinces (Figs, 3, 4). On the (Na -H K)/Al 
•versus SiO-̂  diagrarn of Figure 3, the Kenya 
jrocks show a more pronounced and linear 
increase in peralkalinity with increasing 
silica. The trends ifor the two provinces 
intersect in the compositional range of 
phonolites (55% to 60% Si02 by weight). 

but the Trans-Pecos mafic and intermediate 
rocks are more peralkalic, and rhyolites less 
peralkalic, than the corresponding Kenya 
rocks. Trans-Pecos samples with more than 
60% silica by weight show no significant 
change in peralkalinity from trachyte to 
rhyolite. Greater peralkalinity in Kenya 
rhyolites probably reflects the greater 
abundance of analyzed glasses. Traiis-Pecos 
rhyolites are more commonly holocrystal-
line, and the loss of alkalis during crystalh
zation and devitrification has been amply 

Figure 4. AFM projection (A = NajO 
+ K,0; F = FeO + 0.9Fe2O3; M = 
MgO), in weight percent. Symbols as in 
Figure 3. 

demonstrated (Macdonald and Bailey, 
1973). The AFM plot, in Figure 4 em
phasizes the similarities of the two prov
inces but shows the greater depletion of Fe 
and Mg in the Trans-Pecos rocks. 

Twenty-four Trans-Pecos analyses plot
ted in Figures 3 and 4 as triangles are not 
included in Table 1 becaiise they have no 
Kenya analogues. They represent a pet-, 
rologically and geographically distinct 
group with, relative to the alkaUc rocks, 
lower (Na -I- K)/A1, Ti, Fe, Mn, and P and 
higher Si, Al, Mg, and Ca. To distinguish 
them from the more alkalic rocks, the term 
"metaluminous" is used (Shand, 1951, 
p. 50-51) for these rocks in which (Na + 
K)/A1 is less than one, but (Na -l-,K -1- Ca)/Al 
exceeds one.' None of the Trans-Pecos 
metaluminous rocks is feldspathoidal. 

Initial *^Sr/'^r ratios for alkahc rocks in 
the northem part of the Trans-Peeps prov- -
ince range upward from 0.703 (Hedge, 
1966; Long and others, 1971; Barker and 
others, 1977). The lower values are similar 
to those of oceanic basalts and are consis
tent with magma generation in the mantle. 
No strontium isotope ratios have been pub- : 
lished for the plateau volcanic rocks of the 
Kenya rift. •••.-.• 

Tiines of Emplacement 

Magmatism in the Trans-Pecos province 
and in the Kenya rift lasted a similar 
amount of time, from 43 to 16 and 23 to 0 
m.y. B.P., respectively. Trans-Pecos ages are 
given by Parker and McDowell (1973) and 
Barker and others (1977). Kenya ages are 
summarized by Baker and others (1971). 

Abundances 

The Traris-Pecos igneous rocks, although 
occurring throughout a region nearly as 
large as the Kenya rift, are much less abun
dant, probably because erosion, having re
moved a large portion of the enipted rocks, 
is now exposing narrow conduits and the , 
tops of small subvolcanic chambers. 

Wilhams (1972) estimated theabundance 
of rock types in the Kenya rift. Of the 
plateau volcanic rocks, volumes are 60,000 
krii^ for basaltic rocks, 25,000 kin^ for 
phonolite, and 20,000 km'' for trachyte and 
rhyolite. Central volcanoes total a volume 
of 39,000 km', but volumes of specific rock 
types cannot be estimated because flanks of 

. the volcanoes are so little dissected. 
In the northern Trans-Pecos province, the 

intrusive equivalents of phonolite, trachyte, 
and rhyolite are each estimated to total be
tween 10 and 20 km^ of rock exposed or 
conservatively inferred at shallow depth. In
trusive basalt, hawaiite, and rriugearite 
form approximately 1 km'^. The total 
preserved volume of lavas and pyroclastic 
rocks is on the order of 5,000 km*, with 
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rhyolite the most abundant. At least 
another 20^000 km' is represented by vol
canic rock fragments in Oligocene and 
Miocene sedimentary rocks in the Gulf 
Coast. ;. 

Sequence 

Iri the Kenya rift (WilUams, 1972), basalt 
was erupted first among the plateau vol-
caiiic rocks (23 to 14 m.y. B.P.), mosdy 

' northwest of the subsequently formed gra
ben system,'followed by phonolite (13.5 to 
i l m.y. B.P.). Smaller quantities of basalt 
and phonolite continued to erupt into 
Flolocene time. Trachyte and rhyolite, in
cluding ash-flow tuff, were dominant in the, 
span 7 to 2.5 m.y. B.P. and were subordi-. 
nate to basalt from 2.5 m.y.: B.P. to the 

. present. ; 
In the Trans-Pecos province, the oldest 

and youngest flows are mafic to inter
mediate (Maxwell and others, 1967; Twiss,' 
1970); mugearite and hawaiite are more 
common in the younger rocks. Feldspathoi
dal rocks are younger than some rhyolites 
and are coiitemporaneous with some tra
chyte and quartz syenite. In the Paisanpi 
Pass volcariicrintrusive complex (Parker, 
1975), the sequeiice was rhyolite-tra-
chyte-mugearite and phonolite. 

Petrogenesis .; 

Few of the central volcanoes of the Kenya 
rift have erupted all members of the 
basalt-phonoli te-trachyte-rhyoli te as
semblage. Many show distinctly bimodal 
abundances of rock, types. Sceal and 
Weaver (1971, p. 331) concluded that the 
basalts, mugearites, and trachytes of Paka • 
volcano cannot "have originated from in
dependent sources or by different proc
esses." Similarly, McCall and HornUng 
(1972, p. 100) decided that basalt, phono
lite, trachyte, and rhyolite are comagmatic. 

. atSilali volcano. Weaver and others (1972, 
- P- 192) inferred that "a dyke-hke basahic 

body of batholithic proportions" differ-
entiated into more salic hquids in cupolas to 

•, produce the diversity observed in Kenya 
.; volcanoes. • 

Whole-rock and m i n e r a l compositions 
(see Barker and others, 1977; Barker and 

. Hodges, 1977) demonstrate genetic links 
^ o n g the Trans-Pe<:os rocks and suggest 
diat they attained their wide variety of 

; compositions by crystal fractionation 
V .*'«hin the crust, although oversaturation or 

•"wersaturation of silica was predetermined 
ru-i? ^̂ ^ parent magmas were generated. 
tiulled selvages and cognate inclusionSj 

. ^"^^ of the latter with cumulus texture, 
prmit ûs to follow magmatic evolution 
J^ni silica-oversaturated and silica-un-

tsaturated hawaiites and mugearites. by 
'*=rgent trends to phonolite and rhyolite. 

INFLUENCE OF BASEMENT 
HETEROGENEITY 

The Kenya rift cuts basement rocks that 
are approximately homogeneous with re
spect to age and tectonic history (Baker and 
others, 1972, p. 7). Variations in the base
ment of the Trans-Pecos province, under a 
2- to 3-km section of Paleozoic and 
Mesozoic sedimentary rocks, may have 
influenced the composition of Cenozoic 
igneous rocks. Although the metaluminous 
rocks were emplaced at the same time as the 
alkalic rocks, according to K-Ar ages cited 
by Twiss (1970, p. 150), the two suites 
occur in separate belts (Fig. 5). Basement 
beneath the.metaluminous strip is the "Van 
Horn tectonic belt (Flawn, 1956), which 
contains a sertion at least 6 km thick of 
metamorphosed sandstone, arkose, and 
hmestone intruded by diorite and granite. 
About 1,000 m.y. ago, these rocks were 
folded and thrust against the Texas craton, 
a fairly homogeneous terrane of granite and 
rhyolite. 

The metaluminous Cenozoic rocks were 
emplaced only within the area underlain by 
the Van Hom tectonic belt, and alkahc 
rocks were emplaced through the Texas 
craton at the same time. The geographic 
and compositional differences may reflect 
variations in parent magmas rather than in
teraction between mantle-derived magma 
and crustal rocks. 

IMPLICATIONS OF LINEARITY 

Exposures of feldspathoidal rocks in the 
Trans-Pecos province (Fig. 5) lie in a linear 
array 325 km long. From the northem to 
the, southern ends of this- chain, rocks of 
virtually identical composition and texture 
crop out, suggesting that one magmatic res
ervoir, or a series of chambers exhibiting 
the same distinctive behavior, underlies the 

"C \ 
s 

, . J J C 

7 X ^hp% 

alkalic belt. The extent is comparable to 
that of the reservoir that fed the 25,000 km' 
of phonolite in plateau volcanic rocks of the 
Kenya rift. No variation in age has yet been 
recognized from one end ofthe Trans-Pecos 
belt to the other, such as would be pro
duced by a lithospheric plate moving over a 
plume or hot spot. 

McCall and Horriung (1972) suggested 
that a chain of cupolas, probably extending 
upward from an intrusive body like that in
ferred by Searle (1970) from the positive 
Bouguer anomaly, lies under the floor of the 
Kenya rift and that extreme differentiation 
produced alkalic magmas from subjacent 
basaltic liquid. It is possible that the basalt, 
in turn, was derived from, or served as lu
bricant for, a diapiric welt of mantle rock. 

Perhaps fortuitously, the Trans-Pecos 
belt of alkalic magmatism is parallel to.the 
nearest boundary of the American plate; _ 
and this magmatism was contemporaneous; 
with the most rapid Cenozoic spreading on. 
the Pacific-Farallon plate boundary (Larson:. 
and Pitman, 1972, p. 3655). ' il- : 

Nevertheless, the relationship of Trans-
Pecos igneous activity to subduction re
mains obscure. Lipman and others (1972, 
p. 235) estimated a depth of 400 km to an 
Oligocene Benioff zone under West Texas." 
Many inore rock analyses are now available 
than were used by. them in estimating the, 
K2O content at a given sihca percentage,', 
but their result (5.0% K-O normahzed at 
60% SiOj) is not changed by the newer 
data. Correlation of potassium content with -
depth of magma generation is suspect, as 
Lipman and others (1972) recognized, be
cause the Trans-Pecos roeks are certainly 
not akin to circum-Pacific calc-alkalic 
island-arc lavas, on which the depth esti
mate is based (Hatherton and Dickinson, 
1969). 

Christiansen and Lipman (1972, p. 254). 
used an estimated, time of transition (30 to 
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Figure 5. Tentative boundary be
tween alkalic and metaluminous 
Cenozoic intrusions, Trans-Pecos 
magmatic province. Outcrops of 
phonolite and nepheline syenite are 
shown in black. 
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23 m.y. ago) from "andesitic calc-alkalic 
volcanism" to bimodal basalt-rhyolite vol
canism in Trans-Pecos Texas as one data 
point in their plate tectonic model. This 
" t rans i t ion" is difficult to distinguish in the 
Trans-Pecos province, where the "ande
sites" are alkalic mugearite and trachyte. 

The Trans-Pecos province may resemble 
the Kenya.rift in its independence from a 
subduction zone. The relationship of alkahc 
magmatism to tectonism remains a mat ter 
of debate (Bailey, 1972 ; Barker, 1970; Bass, 
1970). Intracont inental igneous rock prov
inces d o tend to associate with ex tehs ionaF 
faulting, but the fractures may be an effect 
of magmat i sm rather than a cause. Perhaps 
dorning, magmat ism, and faulting are .a l l 

Baker, C. L., 1934, Major structural features of 
Trans-Pecos Texas: Texas Univ. Bull. 3401, 
p. 137-214. 

Baker, P. E., Buckley, F., and Holland, J. G., 
1974, Petrology and geochemistry of Easter 
Island: Contr. Mineralogy and Petrology, 
V. 44, p. 85-100. 

Barker, D. S., 1970, North American feld
spathoidal rocks in space and tirne: Reply: 
Geol. Soc. America Bull., v. 81, p. 3 5 0 1 -
3502. • 
1974, Alkaline rocks of North America, in 
Sorensen, H., ed.. The alkaline rocks: New 

. . York, John Wiley Sc Sons, p. 160-171 . 
.Barker, D. S., and Hodges, F. N., 197,7, Mineral

ogy of intrusions in the Diablo Plateau, 
northem Trans-Pecos magmatic province, 
Texas and New Mexico: Geol. Soc. Amer
ica Bull., V. 88, p. 1428-1436. 

symptoms of mantle diapirism, as suggestedi«~Barker, D. S., Long, L. E., Hoops, G. K., and 
by Koide and Bhanacharj i (1975). Cer
tainly in the Kenya rift and the Trans-Pecos. 
province, the time of greatest faulting fol
lowed the period of max imum extrusion. 

Similar rock suites, including basalt-
m u g e a r i t e - p h o n o l i t e - t r a c h y t e a n d even 
sodic . rhyol i te assemblages, are k n o w n 
within oceanic portioris of l i thospheric 
plates (for example , see Bishop and others , 
1973). •. '' ; :,.;. .:•••;.,..• 

A C K N O W L E D G M E N T S 

- B. H . Baker and L.A.J. WiUiams showed 
the marvels of the Kenya rift t o me and 
other par t ic ipants in the 1969 International 
Field Insti tute of the American Geological 

• Institute. Thei r cont inued help is appre
ciated. Petrologic research in the T^ans-
Pecos province would be impossible with
out the geologic mapping and stratigraphic 

. studies of R. K. DeFord and his students 
~ from 1948 through 1970 . 

This pape r was improved by comments 
f rom B a k e r , W i l l i a m s , D e F o r d , FeUx 
Chayes, P. W. Lipman, Douglas Smith, D . 
F. Parker, Jr. , F. W. McDowel l , and L. E. 
Long, none of w h o m endorse all the in
te rp re ta t ions . The University of Texas 
Geology Foundat ion and the Nat iona l Sci
ence Foundat ion (Grant GA-32089) sup
ported this work . 
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INTRODUCTION 

[he volcanic series, which has been shown to be 
• than the Laramide orogency, is at present very 
iiisfactorily dated by fossil evidence." So, wrote the 
I geologist, C. L. Baker in volume 11 of The 
ilogy of Texas. He went on to say "The series 
iains abundant tuffs, lake deposits, and some 
jlomerates which probably will afford a con-
rable amount of fossil evidence to collectors of 
luate experience, but the search for fossils is still to 
jndertaken" (Baker , 1935, p. 151). 
aker himself was a collector of adequate ex-
ence; I followed him to several East Texas localities, 
asota, and Cold Spring for example, but I am glad 
he carefully picked his way between the West 

as vertebrate fossil localities he so accurately 
iicted would be found and left them for later 
ke-̂ s. 
was led into the vertebrate biostratigraphy of West 
as by Ronald K. DeFord. It was on the West Texas 
(logical Society Fall Field Trip, 1948. 1 can vividly 
ill Ronald energetically directing traffic; asking 
inent, provocative questions and talking about the 
o-Mitchell State No. 1. It was on the first day of that 
1 trip, October 29, at the lunch stop at Cottonwood 
k that I made my first contact with fossil bone in 
it Texas. The long line of cars bunched up close to 
Schlumberger source of supply; the cloud of dust 
iually began to settle and the leader of the day 
ured and hollered at the top of his voice, "Men go 
-a-way, ladies go that-a-way." I followed direction 
perly and in the process of helping to settle the 
I, it came to me: " , that's bone!" Such was 
of the wonderful discoveries of science. If the field 
leader, however, had faced in the opposite 

ction, certain fundamental differences in mam-
>an anatomy make it highly improbable that fossil 
es would have been found that day. 
hat was my first day in the field with Ronald. There 
e_ many others to fbllow. It was a one-sided 
cation - from Orla to Toyah, to Kent, to Porvenir; 
'at;ght me an enormous amount about the geology 
Vest Texas. As a teacher, I was a failure; I could 
î" get his eye trained to find a bone. 

Jst to prove that my first discovery of Tertiary bone 
West Texas was not accidental, let me briefly 
>unt the discovery ofthe only section of continental 
iliferous Paleocene and Early and Middle Eocene 
'exas. Ross Maxwell was Superintendent of Big 
d National Park and in 1950 I stopped to ask him 
ctions so that I could show the students on that 

summer's field course what a dinasaur looked Hke in 
the raw. Ross directed me toward the McKinney Hills 
and we took off. But unknown to Ross was the fact that 
the road crew had just changed a detour and we wound 
up on Tomillo Flat. The badlands there smelled good 
and wiihin a few minutes the students came up with a 
Coryphodon lower jaw. Coryphodon is characteristic of 
the Early Eocene. If the detour hadn't been changed, 
we would have gone to the McKinney Hills where there 
are only dinosaurs. 
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Vertebrate fossil collecting has been moderately 
successful in two areas (fig. 1) of highly dissected 
country close to the Rip Grande and its major 
tributaries. The more northerly is the Rim Rock 
Country between the Sierra Vieja and the Rio Grande 
for a distance of about 50 miles north of the village of 
Candelaria. The southem area includes Big Bend 
Natioiial Park and the dissected country between it and 
the Bofecillo Mts. Late Cretaceous dinosaur-bearing 
sections are known in the northern and southern areas 
(Chart 1, localities 4, 6, 7, 11, 13, 16, 18) and a ver
tebrate fossiliferous section that is unique to Texas 
extending from Middle Paleocene to Middle Eocene is 
found in the Park (Chart 1, localities 8, 9, 10, 13). From 
Late Eocene to Middle Oligocene over the Big Bend 
area in general volcanic activity spread a succession of 
flow rocks and ignimbrites, some of which have been 
dated by the potassium-argon method as shown on 
Chart I and in Wilson et al. (1968), between which are 
intercalated tuffaceous sediments which also contain 
vertebrate fossils (Charts 1, localities 1, 2, 3, 5, 10, 14, 
17, 19, 20, 21, 22, 23). The distinctive lithology of the 
extrusive rocks has helped determine the order of 
superposition particularly in the faulted areas and 
thereby has aided in verifying the temporal succession 
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of the local faunas. 
Many groups of mammals evolved rapidly and 

because the most significant evolutionary changes are 
recorded on their teeth, the hardest parts of their 
anatomy, they make excellent stratigraphic tools for 
dating. They furnish a finely calibrated clock that in my 
opinion can be read to smaller units than the 
radiometric clock. A succession of mammalian faunas 
extending from Middle Paleocene to Early Miocene 
Ages have been discovered in West Texas and furnish a 
key to the geochronology (Chart I). 

Because my audience is more geologically than 
biologically oriented, let me quickly discuss the 

composition of the vertebrate faunas, where they g. 
found and then turn to my interpretation of the 
chronology of some geologic events for which th 
vertebrate fossils furnish the basis. 

Dinosaur-bearing late Cretaceous sediments ar 
found in Big Bend National . Park, the Rim Roclt 
country and at various locahties in northeastern 
Mexico. In the Park, the lower part of the Aguja 
Formation is very near shore; according to 
Hopkins (1965), who studied the sedimentology, it waj 
deposited in a lower tidal flat evironment. Marine 
invertebrates, including Placenticeras, Exogyra and 
Inoceramus, are observable in the alternating yellowish 
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Fig. 1. Some Early Tertiary vertebrate bearing sections, Trans-Pecos Texas. Not to scale. 
Partly afler McKnighl,(1970). 
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ly teeth, marine turtles, the large 
suchus, disarticulated dinosaur 
idance of petrified wood. In the 
lored part of the Aguja, dinosaur 
logs and stumps replace the near-
ivertebrates. 
ina is poorly known. As Dr. Wann 
xas Memorial Museum could te}l 

fragments are abundant, but ar-
• very scarce.. Nonetheless, all of 
f Late Cretaceous dinosaurs have 
n isolated bones. Ceratopsians, but 
adrosaurs, small and large car-
saurs are present (Langston, per-
m, September 1970). 
:auna of the overlying Javehna 
lig Bend National Park is more 
mous sauropod, Alamosaurus, and 
yet, the only ones identified, 
ccurrence of Paleocene vertebrate 
1 the Black Peaks Formation, Big 
It was the southern-most in North 
ilifornians discovered a small 
n Baja California, Mexico. A 
lan fauna of small, medium, and 

taeniodont and phenacodontids 
I Late Paleocene, or Torrejoniar 
espectively. Micromammals have 
jcking up likely looking dirt and 
; it in the laboratory. About 150 
ws; have been recovered. Good 
by this I mean skulls or jaws with 
of single teeth, have only shown 

W.O summers. Judith Schiebout, 
d her study of the fauna, should be 
larisons with Paleocene faunas of 
to. the north. 
ne or Wasatchian age is weU 
le presence of Coryphodon, 
racotherium found in the Hanold 
sed on Tornillo Flat in the Park, 
e correlation is shaky and rests on 
ane lower jaw as Helohyus lenlus. 
collection was more than doubled 
discovery of a new quarry in the 
;ar Agua Fria Mt. A carnivore, 
artiodactyl, Lepiolragulus, and a 
now permit me to tie together 
i Colmena Tuff of the Vieja Group 
is the most common form, the 
uck Hill Group and an unnamed 
ve the Alamo Creek Basalt in the 
to identify these local faunas as 

tan (fig. 2). 
the succession of Early Oligocene 
ocal faunas that are found within 
been a slow and exasperating task 

^ed garfish scales are found at all 
ies and are just like garfish scales 
d the Recent. Fragments of turtle 
tributed and occasionally a well-
is found but turtles like the garfish 

time and of little value for 
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Fig. 2. Some Lale Eocene and Early Oligocene ver-
lebrale localities in western North America. 

correlation. 
In addition, my prize of all prize specimens, the 

skull of the lemuroid Rooneyia viejaensis, is the only 
Oligocene primate skull from North America. There is 
nothing to compare it with. Late Eocene primates are 
also very rare and mostly lower jaws. 

Nonetheless, .some excellent material has come from 
widely separate but prolific localities. The Reeves 
Bonebed has produced skulls and jaws of the small 
oreodont Balhygenys. A higher locality in the Capote 
Mt. Tuff produced camels, carnivores and another 
oreodont, Limneneles. 

The faunas in the Vieja Group span the Early 
Oligocene and furnish a control so that isolated fossil 
remains from the base of the section in the Mc-
Culcheon Group (Chart 1, locahty 1) and the Pruett 
Tuff on the 02 Ranch at Cottonwood Tank (Chart 1, 
locality 3) can be correlated. 

The discovery of an Early Miocene vertebrate fauna 
near Castolon came as kind of a shock. When you look 
for bones and teeth, your eyes are focused on an area 
no more than a few inches from the toes of your boots, 
so when I found a fragment of a large oreodont jaw in 
beds I thought were Late Eocene, it was almost as 
surprising as if I had found a trilobite. Retracing my 
steps later, I am surprised I didn't trip over the fault. 
The Castolon local fauna from the Delaho Fm. (Stevens 
et al., 1969) is the highest Tertiary vertebrate fauna 
known in the Big Bend area. 

As a result of our knowledge of the vertebrate 
faunas, together with a study of the petrology of the 

p r ^ p 4 .ip% f p ^ 

..' lli 

I , ' : ' 

i '6 

T " ? ^ 



sediments in which they are found, we can father 
precisely date the lime of occurrence of five major 
geologic events that occurred late in the history of 
West Texas: 1) the withdrawal of the Cretaceous sea, 
2) the Laramide Orogeny, 3) the beginning of volcanic 
activity, 4) the end of volcanic activity and 5) the time 
of the beginning of Basin and Range faulting. 

Let us examine the stratigraphic and paleontologic 
evidence for the first of the aforementioned events in 
West Texas and adjacent areas. 

Toward the close of the Cretaceous, the epicon
tinental sea began to retreat toward the east and the 
south. Hopkins (1965) in his study on the "Sedimen
tology of the Aguja Formation, Big Bend National 
Park" interprets a shift of environments from tidal flats, 
marshes, lagoons, and beaches to rivers and estuaries. 
He draws an analogy with deposits of the Wadden Sea, 
the Netherlands, as reported by Van Straiten (1954). 

The overlying Javelina Fm. is predominantly clay 
but there are occasional cross-bedded channel sand
stones. It represents swampy, nearshore conditions on 
the continental side of the shore line. 

Continental dinosaur-bearing Late Cretaceous 
sediments of the Picacho Formation are exposed near 
Ojinaga and in the Rim Rock Country. I am unable to 
distinguish them lithologically from the Aguja and 
Javelina Formations of Big Bend National Park. In fact, 
the Late Cretaceous continental deposits can be found 
(fig. 3) from the eastem part of the Park westward to 

the vicinity of Agua Fria Mt., south to Lajitas, around 
the south and west flanks of the Sierra del Mulato (Dpi 
Arenal, 1964) across the Rio Grande from the 
Boficillos Mts. and north to the Ojinaga and Rim Rock 
areas. During the late Cretaceous and early Tertiary 
this area might have been one continuous basin, Uke 
the San Jaun Basin, New Mexico (fig. 4). But unlike the 
San Juan Basin, its original extent has been masked bv 
the igneous activity of the Ohgocene and the block 
faulting of the Miocene. 

The dinosaur faunas in the Aguja, Javelina and 
Picacho Formations, according to personal com-
munication of Dr. Langston, are correlatable with those 
of the Ojo Alamo Formation of the San Juan Basin, New 
Mexico, and the Judith River Formation of Montana. 
These continental formations are in turn approximately 
correlated with the marine Austin Chalk Formation 
and are of Senonian Age. A latest Cretaceous 
Maestrichtian, Triceralops fauna has not been found in 
West Texas or northern Mexico. If a Triceralops fauna 
was present in Big Bend, it is now represented by a 
lacuna between the Javelina Fm. and the Black Peaks 
Fm. (fig. 5). It is possible, however, that the Triceralops 
fauna was a northern one and did not reach as far south 
as Big Bend. But the absence of an Early Paleocene or 
Puercan Age fauna adds to the problem. There is no 
geologic reason to suppose a barrier existed to prevent 
the migration of either land reptiles or land mammals 
from the north to New Mexico and the Big Bend during 

i 

Fig. 3. Approximate area of Lale Cretaceous continental deposits in Trans-Pecos Texas and 
norlhern Mexico. 
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|uring which no accumulation of sediment 
llace. 
[io Grande embayment, the Olmos For-

Piedras Negras Eagle Pass areas is a coal-
hation and represents a very rrearshore 
|)ut so far no identifiable dinosaur remains 
I have been recovered from that area. The 

Iver, is correlated with the Aguja, Javelina 
Formations to the north and west. 

bal swamp conditions did not last very long 
trande Embayment because the Olmos is 
Ithe marine Escondito Formation which 
I Sphenodiscus fauna (Cooper, personal 
Ion, Sept. 1970). The Sphenodiscus Zone 
laccording to Jeletsky (1960) is followed by 
llops zone of the Lance Formation 
[ents latest Creiaceous. The Triceralops 

'represented by a lacuna between the 
and Midway Group in the Rio Grande 

|uth in the eastern part of the Parras Basin, 
larine faunas alternate with near-shore 
junas. I have seen dinosaur remains that 

ired by Dr. Grover E. Murray and his 
four or five localities near Saltillo. 
a sizable collection of dinosaur bones that 

|ought in by ranchers and students from the 
of the Parras Basin. 
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Fig. 5. Cretaceous Tertiary transition in Big Bend 
National Park, Texas. 

In the Sabinas Coal Basin a well-preserved articulated 
ceratopsian was discovered near Palau by students of 
the School of Mines at Nueva Rosita, but where it fits 
in fhe Late Cretaceous section with respect to the 
Sphenodiscus Zone, I do not know. Someday I hope a 
dinosaur expert and a Cretaceous invertebrate 
paleontologist will cooperate on a faunal study of the 
interbedded marine and non-marine formations of 
northeastern Mexico. 
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Fig. 6. Late Creiaceous dinosaur localities in northem 
Mexico. 

The first of the geologic events I mentioned earlier, 
the withdrawal of the Cretaceous sea, occurred in West 
Texas before the extinction of the dinosaurs and in Big 
Bend and the Rim Rock Country, the withdrawal was 
permanent. In the upper Rio Grande embayment near 
Eagle Pass-Piedras Negras, and in the Sabinas and 
Parras Basins, the withdrawal was only temporary. A 
latest Cretaceous and Paleocene Midway sea returned 
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to those areas (Murray et al., 1959) and it is not until 
Oligocene time that marine water finally retreated from 
the Gulf Coastal Plain of Texas . 

The .second major geologic event listed was the 
Laramide Orogeny. Evidence for its date is paleon
tologic, and sedimentologic as well as structural . A 
regional unconformity separa tes Cretaceous from 
Tertiary rock in West Texas and n o r t h e m Mexico. It 
varies from a sharp angular unconformity between 
folded Cretaceous mar ine Hmestone and almost 
horizontal Eady Oligocene volcanic tuffs, to a 
disconformlty in Big Bend National Park between Late 
Creiaceous and Middle Pa leocene . In the Rio Grande 
Embayment marine Late Cre taceous of the E.scondito 
Formation is conformably overlain by the marine 
Midway Group. The same strat igraphic relations are 
found within the Difunta G r o u p in the eastern Parras 
Basin. The area from Big Bend west was affected by the 
Laramide Orogeny; the Rio G r a n d e Embayment and 
Coastal Plain, of course, were not (fig. 7). 

Fig. 7. Tecionic map of Lale c re t aceous Early Tertiary 
of western North America , (after Eardley, 1969). 

In the Park, there is n o sharp Uthologic break 
between Cretaceous and Pa leocene in spite of its being 
an erathem boundary and in spite of a long lacuna. 
Udden (1907) had placed all of the Tornil lo Group on 
Tornil lo Flat in the Cre taceous . The tune change was 
recognized only after the discovery of mammals . 

Classically the Laramide Orogeny was used to 
separate Cretaceous from Ter t iary . It is so used by 
Maxwell and Dietrich (1965) and Maxwell et al. 
(1967). 

Their interpretat ion places the main deformation of 
the Laramide Orogeny during a tune following the 
close of deposition of the JaveUna Format ion (Late 

Cretaceous) and prior to the- deposit ion of the BlacV 
Peaks Formation (Middle Paleocene) . 

Sedimentologic studies of the Aguja and Black Peak 
Formations show no distinct differences between them 
A comparison of the grain size of the sandstones shows 
that ". . .the grain size in the Aguja sandstones ranges 
from very fine sand to medium sand. The coarsest-
grained sediments are confined chiefly to the Upper 
part of the formation, a l though very fine sandstone 
b e d s o c c u r throughout the formation." (Hopkins, 1965 
p. 66). For the Black Peaks Format ion "most samples 
examined are fine sandstones , very fine sandstones or 
very fine muddy sandstones." (Schiebout, 1970, p. 43) ,• 
There is no significant change in grain size from Aguja ' 
to Black Peaks. Schiebout (1970, p . 92) summarized • 
her interpretation of the envi ronment of deposition of 
the Black Peaks Formation as follows: "Western;, 
Tornillo Flat lay on an alluvial plain far from sources of 
coarse sediment. At least two separa te sources con
tributed material to the formation, a volcanic source, 
outside the Big Bend region and older sdeimentary. 
rocks within the region." The environmental in-' 
terpretation based on an analysis of the sediments of . 
the Black Peaks Format ion tones down the structural 
interpretation of Maxwell and Dietr ich (1965) and 
Maxwell in Maxwell et al. (1967). It seems highly 
unlikely to me that strong folding and deep erosion 
could have occurred prior to the accumulat ion of, or 
even during the accumulat ion of the Black Peaks 
Formation. 

It also seems highly unlikely that only sills of the 
same general rock type as the Tertiary were intruded at 
the close of the Cretaceous. The fact that they are 
concordant with broadly folded beds does not 
necessarily mean that the inirusion had to occur prior 
to the folding, but , alternatively, could mean that the 
intrusion followed the bedding planes and occurred 
after the folding. 

In my opinion condit ions did not change mucti at the 
close of the Cretaceous in West Texas . Gent le warping 
accompanied uplift of the area as the sea withdrew and 
provided basins for the slow accumula t ion of con
tinental Cretaceous and Pa leocene rocks. In the areas 
between the basins, removal of Late Cretaceous 
Javelina and Aguja took p lace . The very fine to 
medium sand and clay of these formations was 
reworked into the Black Peaks Fm. 

The first indication of deep erosion is the occurrence 
of reworked Comanchean Umestone pebbles in the 
Early Eocene Exhibit Sandstone Member of the 
Hanold HiU Format ion which is exposed only on 
Tornil lo Flat in the Park . 

Elsewhere in West Texas the earUest Tertiary is 
sometimes a basal conglomera te which underlies the 
volcanic section. It was named the Jeff Conglomerate 
by Eifler (1951) in his study of the BariUa Mts. Since 
then it has been correla ted with a conglomerate in a 
similar position in the nor thern Davis Mts., the Rim 
Rock Country and the BofeciUos Mts . In addition, 
Moon (1953) mapped the "basal cong lomera te" of the 
Buck HUI Volcanic G r o u p which is similar in ap
pearance and lithology to the basal Tertiary 
conglomerate near Lajitas that McKnight (1970) 
correlates with the Jeff. 

If the Jeff is corre la table into the Early Tertiary 
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I tne t^ark the most simUar lithologic unit is the 
ow Sandstone Member of the Canoe For-
t lies at the base of the volcanic section on 
Tornil lo Flat, contains some igneous material , 
ded black chert pebbles and large cobbles of 
ean hmes tone as does the Jeff in the Nor thern 
s. If this tentative correlation is cor rec t , the 
ir't at l eas t , could be Middle Eocene , 
de folding seems best dated as the Middle or 
imide Orogeny as classified by Eardley (1951) 
he orogeny began with gentle warping during 
taceous and the Paleocene , but the major 
ccurred in the Early and Middle Eocene , 
hird major geologic event, volcanic activity, 
1 the rocks that today hold up some of the most 
lar and familiar scenery in West Texas, 
/e flows and ignimbrites have provided 
units to help unravel a very complex pic ture 
furnished samples for radiometr ic da tes . The 
ng tuffaceous sediments have, as Baker (1935) 
I, afforded " a considerable amount of fossil 

Eocene ver tebrates occur in tuffaceous 
s of the Canoe Format ion in the Park . The 
iglomerate of this formation, the Big Yellow 
contains igneous pebbles. The lowest igneous 
: in place, however, is a basalt about 250 ft. 
laxwell et al., 1967, p . 108) It is the p resence of 
;anic p roduc ts that give a lithologic unity to 
$end Park Group and distinguish it from the 
1-volcanic continental sediments of the Tor-
lup below. 
ic sections rest directly on Cre taceous rocks 
lolon, Lajitas and the Rim Rock Country. In 
hern Davis Mts. a rhino tooth collected by 
935) low in the seciion dates the initiation of 
activity there as Early Oligocene. A sizeable 
)m the Colmena Tuff close to the base of the 
roup in the Rim Rock Country is Latest 

The new discovery last summer of well 
d ver tebrate fossils in bentonit ic sed iments low 
ruett Format ion of the Buck HiU Volcanic 
i tes the commencement of volcanism there as 
ene also. This fauna also dates the lowest tuffs 
istolon areas of the Park and the maroon and 
; exposed near the base of Lajitas Mesa. 
3w possible to confidently state that volcanic 
jegan in the Park in Middle Eocene , in the 
a and Vieja areas in the Late Eocene , and in 
lern Davis Mts. in Early Oligocene. 
ive volcanic activity in the Park, at least, was 
by Early Miocene; the fourth geologic event , 
isive igneous rock overlies the Delaho Fm. 
ni the various rock types of the South Rim 
)n the highest unit containing volcanic flow 

recognizable in the Delaho. The South Rim 
)n, however, is intruded by the Chisos Moun-
on. Stevens (1969) in his study of the Castolon 
lid not demonst ra te igneous intrusive rocks 
le Early Miocene Delaho Fm. Nonetheless , the 
s mass of conglomerat ic material in the upper 
he Delaho Formation must be the result of 
intrusion of the Chisos Mounla ins . 

and Clabaugh (1969) published a radiometr ic 
i and 23 m.y., Early Miocene, for a dike swarm 

in the Rim Rock Country. "" 
The last geologic event I wish to discuss is the time of 

the Basin and Range faulting. The fault I should have 
tripped over near Castolon has Late Eocene on the up 
side and Early Miocene on the down side. It is one of 
Maxwell's (MaxweU et al., 1967) Terl ingua Abaha fault 
group and parallels the well-known Terlingua fault that 
forms the face of Sierra Ponce and the mouth of Santa 
Elena Canyon. The Terl ingua fault, in turn, is part of 
the general northwest-southeast grain of West Texas 
produced by Basin and Range faulting (fig. 8). The 
deeply excavated valley of the Rio Grande at Castolon 
exposes the down-faulted fossUiferous Early Miocene 
on the east side of Cer ro Castellan. Cross-sections in 
Stevens (1969) show the position of the Delaho Fm. in 
fault blocks that step down in a southwest direction 
from the Chisos Mts. to the Rio Grande . From the 
evidence of the ver tebra te fauna in the Delaho Fm., 
Basin and Range faulting began in post-Arikareean or 
post-Early Miocene t ime. From the Valentine ear
thquake (Sellars, 1933), we may assume it is stiU going 
on. 

VoiCOnism only 

Sosin ond ronge foultmg 

Both v-oiconism ond foultmg 

Fig. 8. Tecionic map of Middle and Lale Tertiary of 
western North America,- (afler Eardley, 1965). 

In • summary, ver tebra te fossils have provided 
evidence for the presence of a structural in termontane 
basin, the Tornil lo Basin, simUar to those farther north 
and containing a thick early Tertiary section. The 
original extent of the basin, however, has been masked 
by volcanism and block faulting. The dating of ver-. 
tehrates has fixed the t ime of withdrawal of the 
Creiaceous sea as Senonian, the Laramide Orogeny 
folding as Early and Middle Eocene , the begirming of 
Nolcanic activity as Middle Eocene to Early Oligocene 
depending on what area is considered, the extrusive 
\nlcanic activity had ended by Early Miocene and 
preceded ihe beginning of Basin and Range Faulting. 
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Chart 1. Correlation of vertebrate bearing formations, trans-Pecos, Texas. Numbers to left 
of column represent K-Ar dates numbers to right of column represent known occurrences 
of vertebrate fossUs. 
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.ABSTRACT 

Volcanic .scdimenrary rocks of the Vcij;"! Grcnip of Tr,ans-l\'co.s 
Ttx.is contain 7.eolitc, monrniorilloiiite, and silica minerals that 

TJ-ic Chanilicrs and Capote Mountain formations ot the sniily 
are;! were deposited berwcen two volcanic centers. The Van Horn 
Mountains erupt i \e center, 6.5 km north of Candelaria, was most 
act.ive d u r i n g t iepos i t ion ot the C h a n i h e r s . I h e l^'nto 

formed during diagenesis in an open hydrologic system. Volcanic C^anyon-Chinari Mountains center, 20 to .it) km southeast of Can-
{lass shards dissolved in ground water .to provide constiruents for 
iathigenic minerals. Diagenic mineral '/.ones, from top ro hotrom, 

ft HC (1) montniorillonite-opal-gh"iss, (2a) montmorillonire-opal-
iiinoptilohte, (2b) montmor inoni tc -quar tz -c l inopt i loh te , (.3a) 

|:3ontmorinonire-quarrz-analcime, and (3b) analcime-ciuarr/,. Dur-
agdiagenesis the original vitrochisric texture of volcanic sediment 

& "s'as preserved. Montmoril lonire formed coatings on glass shards 
1) 4i.it preserved their outline during replacement by chnoptilolitc. 
j (by or clinoptilolite cement filled much of the remaining inter-

franular space. Analcimc replaced both pseudomorphs of shards 
I pJ interstitial cement that first formed as chnoptilolitc. All aii-

?'jgciiic minerals forn-ied at low temperature and low pressure at 
[•feiia! depths no greater than a few hundred meters. Rocks ii-\ each 
*• ftsic were buried less deeply, and bc.>undaries between zones are 

CiJiigraphically higher in the northeastern than in the southwest-
Ca part of the area. Distribution of clinoptilolirc and analcimc 
*iHC 0 trolled locallv by permeability ofthe host rocks. Diagenesis 
^<i rt d sediment with an original composition simihir to that of 
'i) It into rock con-iposcd of NajO, C a O , .Al.jO:,, and ,SiOj, but 
m'li I' depleted in KjO. Field evidence shows that diagenesis oc-
ati (1 1 early Oligocene time, but zeolircs began to form only 

delaria. was the source of most of rhe material in the Capote 
Mountain formation. Streams carried derrinis into rhe study are;i 
from volcanos to rhe norrh and south and from mountains to the 
west. The streams Coalesced in the northern, part ot the area to torm 
larger rivers, which flowed out ot the Rim Rock Country (Fig. I) 
across rhe volcanic field ro the east, .-\ccumulation ot debris around 
the northern volcanic ceiircr forced rhe a.xis ot srream activity 
southward as the Chambers forn-ied. With growth ot the southern 
center, during deposition of the Capote Mounta in , detritus spread 
northward, gradu;illy shitting the courses of the easl-ilowing 
streams nor thward and burying their earlier deposits. 

The Chambers iormation ranges in rhickness from .-50 m at the 
southern edge of the area to more than 200 m I.S km to the north, 
The thicker, stream-deposited facies contains fining-upward, se
quences: conglomerate made up ot volcanic rock fragments and 
carbonate rock fragments; coarse sandstones comprising rounded 
quartz, sanidine, and some volcanic rock fragments; and fine sand
stones containing ghiss shards and puniice tragments (Fig. .la). 
Overbank deposits are composed primarily ot glass shartls, mosrot 
which are now pseudomorphed by /.eolite. The overbank deposits 
are extensively root mottlecl,. contain calcite concretions, and are 

S"tr 1 ritical thickness of a few hundred meters of sediment had marked by paleosoil hori-/.ons. The thinner southern facies conrain' 
channel deposits and airtall niaterial from various sources. 

The C^apote Mountain formation ranges Irom 400 m rhick at the 
southern boundary ot the area to nearly .550 m at Capote IV'ak. Its 
upper parr has been eroded in the northern one-tliird ot tlie area. 
Like the Chambers formation, it has distinct northern and southern 
facies. The northern one is similar to the immediately untlerKing 
Cliambers, except that it contains more plagioclase in coarse saiul-
stones. It- reprcsenrs deposits of rhe through-flowing streams. The 
southern facies is the apron of material spread out trom the I'inro 
(Janyon—Chinari Mountain eruptive center. Coarse rocks conrain 
abuiulant volcanic rock tragmenrs, and fine rocks contain primarily 

BTOi lated. Kev ivords: i^eocheiuistry, •zeolites, sedimentary j>c-
^ )J,\ volcanic sediments, diagenesis. 

SSreODUCTlON 

fl ptilolitc, analcimc,. niontmorillonire, opal, and quarrz , 
b V"i I n volcanic sediments of the Chambers and Clapote Moun-

^ tia f mations from constituents dissolved from volcanic glass. 
Î it f nations are exposed along the western edge of the Trans-
fern )lcanic field in southwestern Texas (Fig. 1). 

Tic ratigraphic units are shown in Figure 2. Though they con-
•^tr tly of stream-deposited sediment, both the Chambers and shards (Fig. ,3b). (.^uarf/., sanidine, and plagiochise are present in 

pCifvic Vloiintain formations were given the lithologicdesignation niost rocks and abund;inr in niedium sandstones but are less 
^H -̂*! liy DeFord ( i95R). Modern usage restricts tuff to vol- rounded than in the northern facies. To the south, the C!apote 

it., Wi&Rc ic material that has not been transported after its initial .Mountain formation rhins and interfingers with extrusive rocks of 
' J ^ w i on. Normal terrigenous classification schemes are used to the .Shely Group (Maxwell and Dietrich, 19.70). 

w \ > . j h rocks composecl of volcanogenic marerial rew-orked by 
•"^tertiallrniisport-processes (Pettiiohh and others, 197,3, p. 268). DIAGENETIC MINERALS '-

%4imh reason 1 have used the lithologic modifier " format ion" for 
^it-Si!/Chinihers and Capote Mountain rocks to indicate that they are. 

fe 8*nv sequences of sedimentary rocks.-
9 "iii inictric age determinations and'fossil mamnial faunas date 
fiJS'S'fl' resiiccession from the Chambers formation ro the Mitchell 

Wiu 'ar ly Oligocene (Wilson and others, 1968; F. McDowell , 
l ^ i , personal coiTimun.). 

Glass shards :ind puniice fragmenrs are the most abundant origi
nal constiruenrs of rhe Chambers and C^apote Mountain forma
tions. "1 hey also cont:iin abund;int \ olcanic rock lr;igiiu'nts, crv-stals 
of various sorts, and .some carbonate rock tragments. .Action ot 
ground water has resulted in sohition. rccrystalli-/.ation, or re
placement ol much of the x-olcanic glass and in cementation ol the 

^i^^julWicty of America Bulletin, v. 86, p. 615-ft24, 6 figs,. May 1975, Doc. no. ,s040,?. 
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fc ZEOLITIC DIAGENESIS IN OLIGOCENE VOLCANIC SEDIMENTS, TRANS-PECOS TEXAS 

rock. Minerals formed by reaction with ground vvater include opal, 
quartz, monttnorillonite, chnoptilolitc, and analcimc. Calcite, iron 
oxides, manganese oxides, and other nonsilicares also fornicd. 

Opal 

Opal occurs in the upper parr of the section as microscopic 
spheres coating glass shards. Some rocks that contain abundant 
clay but no microscopically visible opal show a strong diffraction 
pattern of disordered cristobalite such as is commonly produced by 
opal (Florke, 1955). Presumably, opal in these samples is masked 
by masses of clay that surround it. N o opal was visible within 
phosts of glass shards except in a few large shards in one sample, 
which had cores of opa l su r rounded by inward-radiating crystals of 
clinoptilolite. 

.Montmorillonite 

. Clay that coats shards, fills pumice tubes and bubbles, and forms 
irregular nodules within shards is moatmoril lonitc. X-ray diffrac
tion traces of oriented aggregates of the .<2-/afraction of most 
Vieja Group rocks had maxima close to 12.4 A, indicating that 

, sodium.is probably the dominant interlaycr cation. Some traces 
had maxima in the viciniry of 15 A and were either more hydrated 
sodium montmorillonite or calcium montmorillonite. Clay coat
ings on shards are aiTiong the first diagenetic products to form. 

d l l S O N UND O T H E H S ( I 9 C I I 

' fe,. Tistuic 2. Stratigraphy of Vieja Group. Formation names arc from Dc-
.̂ fe_.tM<'J (W.S8), as used in Walton (1972). Mammal faunas are those mcn-
:jmit; SvSflasS hy Wilson and others (1968). I'otassium-argon dates from Wilson 
••'P*r»ijii«hcrs(1968). 

Within them, clav plates have preferred orientation parallel 
shard surfaces. In rocks containing glass, rhe coatings are ;i 1 
microns rhick ar mosr. In rocks containing shards rcplaceil 
clinoprilolite, clay coatings are as much as 0.015 mm rhick, aver, 
ing 0.005 to 0.010 mm. Within any one thin section, coatings 
of tmiform thickness on all.shards, but are thinner or nonexisi-
on crystal or lithic grains, Monrinorillonire fills pumice tubes ij 
have diameters on the order of 0.010 mm. These observations si 
gest that montmorillonite formed at grain surfaces where ii 
found now-- rather than deposiring from suspension after transp. 
from some other place of formarion. Some of che constituents 
the clay may have come from glass quite near the site of precip' 
tion and some probably from elsewhere in rhe diagenetic systt 
but rhe proportions from each source cannot be assessed. 

Clinoptilolite 

The clinoprilolite in the Vieja Group has a mean index of rctr. 
;rion that ranges from 1.476 to 1.488. Its x-ray diffraction pattern 
quite similar to that given by Wise and others (1969) for clinopti^ 
lite from Agoura, California (Table 1). Whole-rock.analyses 
samples containing nearly pure clinoptilolite show- that sodium a 
potassium predominate among the cations present, and rhe ze(,)!-
cont;iins a high percenrage of silica. For example, sample , '\+-i' 
contains 5.9 percent K-.O -F Na. ,0 and 1.5 percent C a O , and it r-

, a rano of Si/Si-HAI of 5.84 (Table 2)., 

Clinoprilolite th;ir replaces shards occurs in two habits. A fibro 
fringe. 0;005 to 0.020 mm thick, replaces the outer part oi ;' 
shard. The inner part of most large shards is replaced by large ri 
tangular crysrals, up to 0.05 mm.long and one-sixth to one-third 
wide, that radiate inward from the sharp or gradarional conr. 
with rhe fibrous fringe (Fig. 4a). Clinoptilolite cenient also 
fibrous, btit the fibers are in radiating masses unlike either ot i 
habits fountl withiii shards. Rocks containing clinoprilolite are '> 
viously volcanic sedimentary rocks; the outlines of undistorii 
shards are clearly visible. 

Quar tz 

Diagenetic quartz is commonly visible in thin sections of roc' 
from the lower Chambers forination in the northern part of ri 
study area (Fig. I, sees. J and K). It occurs as mosaics of microci-\ 
talline anhedra and as'singly terminated crystals that project in 
shard ghosts that also contain analcimc. 

Quartz maxima are by far the strongest in x-ray diffractograi; 
of mosr samples from the rest of the srrarigraphic sections in il 
northern part of the area (Fig. 1, sees. B, A, A-(-, and I) and in sau 
pies from the enrire Chambers and lower Capote Mountain lorm 
tions ro the south (sec. C and lower 30 m of sec. E). But in rlic^ 
rocks, visible quartz, all detriral, niakes up only a small traction . 
the material. The rest of the quarrz must be in minute crystals co 
cealed among clay. Such small crysrals of quartz, in sediment ot h r 
sand size or coarser, imist be authigenic. Its crypric habir is simi!. 
to that of opal that occurs higher in the Capote Mountain (sees. ) 
G, and To). 

Aiialcime 

Analcimc occurs in samples from the northern and central p;iv; 
of the area as pseudomorphs after shards and as cement, in ih 
same mode of occurrence as clinoprilolite. Some analcime-rcplacc 
shards have ghosts within them that resemble rhe rexrure of clino) 
tilolitc that replaces shards elsewhere in the sccrion (Fig. 4b). In , 
few rocks, analcimc forms equant 2- to 3-mm concrerions, replac 
ing both shards and cement and preserving rhe vitroclastic textur 
of the rock but surrounded by rock composed pf clinoptilolite anc 
montmoril lonite. These textural relations suggest that analcim 

^ ^ ^ ^ s ^ ^ c ^ ' m m ^ ^ ^ ^ ^ ^ ^ ' ' ^ ^,^yi^;Hi^if^g^^^^p^^^^^^«^v^%^v.^^ 
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Figure 3. a. Photomicrograph of upper Chambers stream-deposited 
facies, section 1 (Fig. 1).. Medium sandstone composed of well-rounded 
quartz and sanidine grains vvith a few volcanic rock fragments. Plane 
polari-icd light, b. Photomicrograph of Capote Mouniain sandstone derived 
from Pinto Canyon-Chinati Mountain sources south of study area. 
Medium sandstone from section E (Fig. 1) composed of angular and suban
gular quartz, plagioclase, sanidine, and volcanic rock fragments. Plane 
polari'icd light. 

replaces clinoptilolite rather than forming directly from solution or 
directly rcplacinggla.ss. Sheppard (1971) reported rhat most anal
cimc in sedimentary rocks replaces other zeolites. The analcimc 
that appears to replace clinoptilolite has a ratio of Si/Si-fAl of 
abcnit 0.72, whereas other analcimc.in the Vieja Group that formed 
as crystals lining joints and vugs has a Si/Si-FAl ratio between 0.69 
and 0 .71 , according to electron-probe and rapid-method analyses 
(Tables 2, 3). This agrees wirh the results of Sheppard and Gude 
(1969) and Boles (1971), .who showed that starting material 
influences rhecomp.osirion of analcimc. 

Diagenetic Asseinblages 

Diagenetic minerals in the Vieja Group occur in three distinct as
semblages, two of w-hich each include two subassemblages. From 

Sample E-121 

X-RAY DIFFRACTOMETER DATA FOR CLINOPTaOUITE IN 
SAMPLE E-121, CAPOTE MOUNTAIN' FORHATION 

Clinoptilolite from 
Agoura, Calif.* 

TTT-t 

(X) 
Obs. ' / I . 

9 . 0 2 
7 .97 
6 .81 
5 .95 

5 .13 
4 . 6 7 • 
4 . 3 7 
3 .99 

3 . 8 5 

3 .56 
3 .47 
3 . 4 3 

MW 
W 
MW 

H 
W 
HW 

8.92 
7.97' 
6,78 

5.61 
5.15 

•4.65 
4.35 
3.964 
3.964 
3.897 
3.74 
3.55 
3.48 
3.419 
3.324 
3.168 

119 
.07 
.974 
.793 
.793 
.728 

00 
3 
2 

2 
7 

14 
2 

55 
55 
57 • 

7 
6-
3 

16 
4 . 

14 
t5 

8 
80 
15 
15 
33 

020 
• 002 

101 

031. 
. 112 

130 
103 • 
132 
004 
042 

• 14T 
21T 

051,114 
. 220 

202 
227 
222 
231 
044 
035 
125 

• 16T 

*- Wise and others, 1969. 
f S = strong diffraction intensity, M = moderate, W , 

Figure 4. Diagenetic textures of Chambers and Capoie Mouniain roei 
a. Shard coated with thin layer of montmorillonite (arrow) and replaeeil i 
fibrous and rectangular crystals of clinoptilolite. Capote Mouniain form 
tion, section E (Fig. 1). Plane polarized light, b. Shard pseiidomorpli 
which analcime has replaced clinoptilolite but preserved texture of dir 
ptilolitc. Chambers formation, section J (Fig. 1). Plane polarized light. 

top to bottom the assemblages are (I) montmorillonite-opal-gin 
(2a) monrmorillonite-opal-clinoptilolire, (2 b) montmori Hour 
quartz-.clinf)ptilolitc, (3a) montmorillonite-quartz-analcime. .' 
(3b) analcime-quarrz..Except for the absence of mordcnite ;imi 
Ca-ciinoptilolite, the progression w-ith depth is similar to the i 
three stages and parr of the fourth srage of the progrc:;sion in • 
Niigata Qil Field, Japan, as described by lijima and Utada (19" 
Potassium feldspar, laumontite, .and phyllosilicates present ii: ' 
lowest parr of the Niigata occurrence are not known in the SK 
Vieja. 

In rocks containing the first asseinblagc, a thin film ot m 
morillonite or spherical mas.ses ot opal coar hydrarcd bur srill ; 
tropic glass shards. Some rocks have calcite cement. This aS" 
blage occurs in rhe Capote Mountain forniation in the upper i 
of the southern section of the srudy area. At section H (Fig. I). 
assemblage is about 220 m rhick, and ir rhins to the norrh. No f 
glass-occurs in the complete section on Capote Peak itself (FV. 
sec. 16). 

Montmoril lonite coats shards alrered to clinoptilolite. 
montmorillonite and clinoptilolite fill pore spaces in rocks com 
ing the second assemblage. In the upper part of the intcr\'ai, v.. 
clinoptilolite predominates, opal is cr)-ptically distributed in 
rock, presumably mixed with clinoptilolite and montmorill ' 
ccmcnrs. Below rhe opal-rich siibassemblage, quarrz is prcseii 
stead of opal. In the southern C^andclaria area, thecl inoprik 
rich assembkige occurs in borh rhe Chambers and C'apotc M-
tain formations, stratigraphically below the Iresh glass asseiiib' 
In the norrlicrn parr of rhe area, ir occiir.s only in rhe highest p. 
the C'apotc Mountain formacion, in rocks deposited cor 
poranec.iusly with those conr;iining only iresh glass in the sou 
part of the area, l l i e opal-rich siibassemblage (2a) ol the c\u\i-: 
lire assemblage is found only in the southern parr ot rhe arc;i i 
Capote Mountain formation. The uppermost part of the C . 
.Vlountain in the northern part of the area, where one wcnikl c 

' to find the opal-rich subassemblage, has been eroded, and ii • 
known whether this subassemblage occurred there. The qiian. 
subassemblage (2b) occurs in the Chambers and lowest C. 
Mounrain rocks in the sourhcrn parr tit the area and in rhe hi 
preserved Capote Mountain beds exposed in the north. 

In the third zone, clinoprilolite is replaced by analcime ii' 
shards and cement. In rocks from che upper part of this zoii' 
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Figure 5. Schematic cross section of Vieja Group iri Candelaria area of southern Rim Rock Country, drawn to remove effects of Miocene and i 
faulting. Distribution of diagenetic assemblages was determined by x-ray and thin section studies of samples from Icuered sections and isolated sarr 
betwecn. Dashed lines extrapolate boundaries beyond areas of intensive control. For sections 6 and 16 (Fig. 1), thickness data are from Peterson (I' 
and position of diagenetic assemblage boundary corresponds to sharp change from unlithified to lithified rock in section 6. 

gives 0.83. Perhaps the lower ratio, is che rcstilc of the small per
centage of Al-rich montinorillonite in H-236. 

Sample T.2-1136 contains larger amounts of monrinorillonire 
than H-236, some opal, and small amounrs of detrital quartz and 
feldspar., but it is mostly fresh glass;. It shows increase of water,, 
soda, lime, magnesia, and ferrous and ferric iron, and some in
crease in alumina, but decreases in silica and potash (Table 2). Such 
changes are consisrenc wirh its increased contenr of sodium mont
morillonite if rhe clay has a noticeable n-iagnesium content. 

Sample A-t-405 is a virric volcanic arenite that contains mont
morillonite,. cliiioptilolite as cement, and pseudomorphs after 
shards, but no glass. It contains less porash than either fresh glass 
or glass-montmorillonite rocks; the small decrease in silica may be 
insignificant (Tabic 2). Its alumina content is lower than rhat of 
rocks containing glass. Its content of soda and lime is greater than 
that of'fresh glass, even w-hcn calcium is adjusted to allow for its 
carbonate concent'. It concains,more water chan do rocks concaining ' 
glass. ' 

The next step in diagenesis is repi-csenrcd by sample K-160, from 
the lower marker horizon of the Chambers fiirmation in the north
ern pare ofthe area. This horizon is anomalous becauseic contains 
no analcimc ac section K, even though it is there overlain by several 
hundred mecers of sedimentary rock chac contains analcinic. 
Though it may be tVom a hydrologically similar bur distinct system, 

its initial composition of nearly pure glass resembles rhac o 
ocher samples considered. There is no reason to believe char cl; 
cal intcracrion between glass gr.ains of this marker and rhe 
tained solutions w-ere differenr from those of other'Vieja C. 
rocks, it thus can be compared to the other samples. K-16(1 
tains abundant quartz and clinoprilolite and some moncm'-i; 
nice. Its chemical composition is consistent with its miner;'.-
compared ro A-1-405, which contains no quartz, it has more 
and less :iliimina. This sample has rhe greatest calcium coiiu 
any of the analyzed rocks; the calcium may be in cither the ci 
che zeolite. 

Sample J-69.5 consists almost entirely of quarrz and an;i' 
Silica and soda arc concenrrntcd in such rocks, but aliiir 
somewhat depleted (Table 2). In quartz-analcime rocks, rhe r. 
oxides is a funccion of the ratio of quartz to analcimc; an.h 
rich rocks should contain less silica and more soda and,:il 
d-ian do quarrz-rich rocks. Calcium would be present as cai 
these rocks; ,|-69.5 was sclecrcd because ir contained little c 
Potash is reduced by a faccor greater than chree from its \. 
H-236. The F-l̂ O concenc, which is less than that of other 
containing zeolite, indicates the lower H.̂ O conrcn'r ol . 
analcime rocks. 

Although the diagenetic process has rerained all other m,; 
ides in proportions approximarely equal to those in the -. 
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Substanciation of che influence of the rario bf alkali to hydrogen 
ions in controlling the solid phase formed from solution during 
diagenesis of volcanic sediment should include an equation th.-3r can 
be used to detcrniine solution composition at the time monrmoril-
lonite ceases to form and clinoptilolice begins to form: 

NaAl5Sir02o(OH), -1- 4Na+ -1- 13 H^SiO,, -1- 4H,0-
montmorillonite 

= 5Na AISi;,0,„ - 6HjO -1- 4H+ 
clinoptilolite 

(2) 

In this equation, che formulas for solid phases have been simplified. 
Taking as tinicy the accivicy of solid phases and wacer, the equilib
rium constanr for equation (2) is vvriccen 

(« i ,+ ) ' . ' ' K = -
( « I I . S i < , . ) ' ' ' • ( « N „ * ) - ' 

Assuming the syscem co contain some fixed concenrrarion of silicic 
acid, such as an amount in equilibrium with amorphous silica, the 
equation can be simplified further and can be inverted: 

K = ^ S a + (3) 

implying chac che activity ratio is a crucial variable. 
Equation (2) is really a sum of two equations: 

NaAls Si702„(OH), -f 40H + 20H.O 
montmorillonite 

= Na+ -1- .SAI(OH)r -f 7H,,SiO., 

and 

(4) 

Na+ + Al(OH)r -f 4H.,Si04 •- NaAISi^O,,, 
• clinoptilolite 

6H2O -¥ 4H2O. (5) 

The equilibrium constant of equation (4), again assuming an acciv
icy of unicy for solid phases and water, is 

. ( ^ S a - i ) • («.,.MHiiii4-)'^ - ( " H 

(f'oir)' ' 

uV (6) 

Ac pH below che dissociacion of silicic acid and in places where 
clinopcilolice is noc forming, che concencration of silica is controlled 
in glass-containing systems likethe Vieja volcanic sediments by re-' 
lacions wich some solid phase. Which of the possible silica-
containing phases— glass, montmorillonite, opal, or some'precur
sor of opal — controls the abuntlance of silica is not importanc for 
now; che face chac silica is noc independently variable is important. 
As moncmorillonice forms during diagenesis in an open syscem, dis-

' solution of glass and hydrolysis of ics consticuent silica and alumina 
cause a constant rise of pH and an accumulation of cations in solu
tion. .Because pH is rising, the amount of aluminate in solution 
must increase, as indicated by equations (4) and (.5), if montmoril
lonite formation'is ro contihtic. Evidence exists that the solubility 
of silicic acid is inversely related co rhe amount of aluminare pres-
enc (Walton, 1973). The amount of silica in solution may actually 
decrease as pH rises, and aluminate becomes more common until 
rhe pH is reached at which silicic acid.dissociates. 

Equarion (2) assumes that aluminum is conserved — :ill th;ir the 
aluminuii-] present in montmorillonire chat dissolves is converred 
into clinoptilolite or vice versa. F,qtiation (4) shows that the 
amount of aluminate in solution in equilibrium with montmorillo
nite is a function of pH. Because pH can change as the rcaccion de
scribed in equation (2) proceeds, aluminare need not be conserved 
during che process, and equarion (2) is noc an accurate description 
of the conversion. Therefore, equation (3), the equilibrium, con
stant, is not a complete description of the chemical controls on 
solid phases formed during diagenesis of volcanic sediment. 

The equilibrium conscanc for equacion (5) is 

K =- (7) 
(''Na-*-) • ( " A K O H U - ) • ('•'11,SiO,)'' 

Forrriacion of clinopcilolice from solution is not a funccion of pH 

but ot sodium ion, silicic acid, and aluminate abundance. Reg;i: 
less of the pH of the system and the rario of hydrogen ions to alk. 
ions, if its ion product is exceeded, zeolite will form. 

One might also conclude that the ratio of alkali ions to hydro;; 
ions is noc rhe variable that controls minerals formed duii 
diagenesis of volcanic sediment if one considers the form 
aluminum in clay and zeolite phases and in solution. Montmorill 
nitc consists of silica and aluminum-oxygen tetrahcdra that : 
bound to aluminum, iron, and magnesium ions in octahedral cu 
dination. Only if the layers so constructed have a deficiency of pi 
tive charge do either alkali ions or hydrogen ions adhere to the 1 • 
side of individual crystals and bind adjacenr layers together. Dm -
clay mineral identification jsrocedures, these cations are comniip-
stripped off and replaced by others, without affecting the cryst;ii 
ity of the layers, themselves. Zeolites consist ot three-dimensic 
networks ot silica and aluminum-oxygen retrahedra; bccausi-
aluminum-oxygen tctri-ihedra have a net negarive charge, poMi 
ions,, most commonly alkali or calcium, are atcached to 
framework. The facility with which these cations can be exchaii, 
led to use of zeolites as ion-exchange media. In both moncmon 

.nite and zeolites,, the cations are stuck on the outside ot a silii 
aluniinum-oxygcn framew-ork; their presence only serves ro ' 
ance charge. Thus, one should expect that cation ratios arc nc; n 
impi;)rranr controls on rhe diageneric process than arc silicic 
;ind aluminate abundance. 

Aluminum in neurral to alkaline solution i.s present as aliin-i!-
ion, A1(0H).,~ (Hem and Roberson, 1967). According 
Moolenaar and'others (1970), aluminate is tetrahedrally co. 
nared. Aluminate readily enters tecrosilicate structure from alk. 
solution, substituting for, silica. If the abundance of alumina' 
great enough in solution, ir will polymerize to form sheets tha; 
proach the contposition A1(C^H).T as they grow larger (Hem 
Roberson, 1967); if sihca is present in sufficient quantity, i' 
sheets serve as nticleii for torn-iation of aluminous cla\-s (Gasn 
1964). Equation (6) shows that with increasing pH, che amoin 
aluminate necessary co form clay becomes much greater, hi 
canic sediment sequences undergoing diagenesis, the pH bee 
so high that at the prevailing alkali and silicic acid concenti,; 
the aniountof aluminate necessary to form clay is greater thai 
required to. form zeolites. 

The solubility product of clinoptilolice is probably excccdci' 
ac che downsrrcam end of che ground-watcrsyscem in volcank 

- iment piles such as che Chambers and Capocc Mountain U 
tions. As iiK-ire sedlmenr accumulates, the area of clinopii 
formation migrates up rhe system. At this time three diag-
zones could be present in the sediment accumulation; one ol 
tercd glass, one with glass and montmorillonite or opal, aiv 
with montmorillonite, opal, and clinoptilolice. The zone ol 
cered glass may be vanishingly small. 

Where clinoprilolite forms, rhe concentration of silicic 
aluminarc, and oihc.-con.stiiucnis is reduced l)rl(.i-,\- s:irurari<'ii 
monrmorillonitc (Fig. 6). As more y.i:i--̂ < d ••..:!.(•>. p!-l risi 
aluminate ion concentration tlocs uot; the S(.>!i;l'iiitv vra-.' 
clinoptilolite is nearly independent of pH. 

I he ratio of ;iluininum to .'Silicon in zeolite is coiiirolh-d 
ratio ot aluminate ro silicic acid in solution (Mariner and Si 
1970). Because the composition ot a solid phase affects 1 
energy, the ratio of aluminate to silicic ;icid of the solution 
the" solubility product of the zeolite. In shore, che clinop 
equilibrium line of Figure 6 may not have exactly 'zero slope, 
certainly has one lower than that of montmorillonite equill' 
Fhe slope will be sufficient to allow for the effect of change.-, 
ution composition caused by accumulacion in solution o 
stitucnts of glass not used in the formation of zeolite (W 
1972). " . • 

In the John Day Formation .of Oregon, a zone of dissolv 
unrcplaced shards ar the top ofthe clinoptilolite zone indicai 
glass shards conipletcly dissolved before precipirarion of din-
lite (Hay, 1963). Moiola (1970) interpreted che presence of'. 
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ABSTRACT 

Faults that displace Quaternary units can be observed in scarps in 
Trans-Pecos Texas and are restricted to two north-trending zones in con
trast to late Tertiary faults that cover the region and strike north, north
west, and west. The western zone of Quaternary faults, near El Paso, is 
usually included as the southern part of the Rio Grande rift. The eastern 
zone of Quaternary faults extends for 300 km from southern New Mexico 
along the Salt Basin graben through Van Horn, Texas; its probable exten
sions and subparallel associates extend southward to Presidio, Texas. This 
belt of faults is parallel to the Rip Grande rift zone and should be consid
ered a southeast extension of that zone. 

These fault zones die out southward into the edge of the Chihuahua 
tectonic belt, a region underlain by a thick Mesozoic carbonate and clastic 
section that in turn rests on a thick layer of evaporites. The evaporite 
zorie may mask Cenozoic normal faulting and thus may define a zone of 
no data rather than a southem limit of basin-and-range or Rio Grande 
graben tectonics. 

All Quaternary and most Tertiary faults trend parallel to pre-existing 
structures. The map pattern of Quaternary scarps suggest a maximum 
extension oriented about S80° W; however, first-motion studies of the 
1931 Valentine, Texas earthquake show a maximum elongation direction 
of S50° to 55°W. This difference may be unique to this one earthquake or 
may be due to the pre-existing lines of weakness that control the location 
of presently active faults. 

i E S i i i e i iHSTiTUTi 

I 

INTRODUCTION 

Late Tertiary faults in Trans-Pecos 
Texas (Fig. 1) form a pattern of north-
and northwest-trending segments that 
occupy a 100 km-wide band roughly par
allel to the southeast-flowing Rio Grande 
from El Paso into Mexico. Quaternary 
fault scarps in the Trans-Pecos area form 
a similar pattern of north- and northwest-
trending segments but are found in more 
'restricted belts that trend northerly within 
the band of late Tertiary faults. 

All faults that cut Cenozoic units, as 
shown on existing geologic maps, and 
photolinears recognized by us were field 
checked to see whether Quaternary units 
were displaced and whether fault scarps 

*Present address, Goetz: Continental Oil 
Company, Uranium Department, Albuquerque, 
New Mexico 87112. 

were present. Some of these scarps are new
ly recognized. Quaternary fault scarps are 
confined primarily to the north-trending, 
300 km-iong Salt Basin graben and to 
the northern end of the Presidio basin 
(Fig. 2), where the fault scarps appear to 
be the southern extension of the Salt Basin 
structures. The only other fault scarps 
formed on Quaternary strata are those 
associated with the Tularosa-Hueco basin 
near El Paso (Fig. 1). These are the north-
trending major scarps that mark the east
ern side of the Franklin Mountains at El 
Paso and continue northward into New 
Mexico for more than 100 km and the 
discontinuous scarps along the eastern 
margin of the Hueco bolson. On the 
Mexican side of the Rio Grande, 50 km 
downstream from El Paso, a major Qua
ternary fault scarp extends southeastward 
for 50 to 60 km, forming the southern 
margin of the Hueco graben. 

_,V NEW MEXICO 

î l \ tsr-r 

'^'^:^4^-.: 
TEXAS 

MEXICO 

0 50 lOOkm 

Figure 1. Map showing location of faults 
that cut Quaternary units (heavy lines) and 
faults that have been active during late Ceno
zoic time in Trans-Pecos Texas and adjacent 
Mexico and New Mexico. Abbreviations, from 
north to south: C-Carlsbad, EP-El Paso, VH-
Van Horn, V-Valentine, THB-Tularosa-Hueco 
basin, M-Marfa, A-Alpine, S-Sanderson, P-Pre-
sidio. Dashed line outlines area of Figure 2, 
Salt Basin graben and related structures. Modi
fied from King, 1969. 
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In Trans-Pecos Texas, Tertiary fault 
trends are parallel to older fault trends. 
The north-trending fault segments are 
parallel to late Paleozoic, Mesozoic and/or 
Laramide faults; the northwest and west 
trends are parallel to late Paleozoic and 
Precambrian faults (King and Flawn, 1953; 
Kottlowski, 1971; Wiley and Muehlberger, 
1971; Kelley, 1971; Black, 1975; and many 
others). As a result, the Salt Basin graben 
of late Tertiary age (Fig. 2), northward 
from Van Horn, consists of north-trending 
segments that step to the west along older 
northwest- or west-trending cross struc
tures. South of Van Horn the graben splits 
with the Wylie Mountains as a horst block 
between the branches. The western branch 
contains all Quaternary fault scarps in the 
graben including the 80 km-long Mayfield 
fault (the longest continuous scarp in Salt 
Basin graben), whereas the eastern branch 
apparently does not contain fault scarps. 

Why the distribution of Quaternary 
faults differs from the late Tertiary basin-
and-range fault pattern is as yet unan
swered. All scarps mapped and described 
are younger than the Pliocene-Pleistocene 
integration of Rio Grande drainage be
tween El Paso and Presidio (see recent 
summaries in Strain, 1971; Hawley, 1975; 
Hawley and others, 1976). The scarps are 
generally steep and if Wallace's (1977) 
criteria are applicable in this region, then 
they are Holocene; however, the steepness 
(and therefore the apparent youthful 
appearance of the scarps) may be because 
they are composed of bouldery fanglom
erates in the southern region, which are 
derived from the early Tertiary volcanic 
sequence (Fig. 3), and of fine-grained 
calichified Salt Basin fill of the northern 
region, which is derived from carbonate 
and fine-grained clastic rocks. 

DESCRIPTION OF SCARPS IN 
SALT BASIN GRABEN 

The majority of Quaternary fault scarps 
in this region trend north or northwest 
and occur singly or in en echelon patterns 
(Fig. 2). Northeast- and west-trending 
scarps are rare and occur: (1) along the 
east base of the Baylor Mountains, (2) 
north of Babb flexure, and (3) along the 
north segment of the Mayfield fault south 
of Van Horn. 

Quaternary fault scarps are short and 
widely scattered along the eastern side of 
the graben but are more continuous along 
the west side and exhibit increasingly larger 
displacements southward (1 to 3 m, Goetz, 
1977). This suggests that the western 
border of the graben is actively subsiding. 

Evidence supporting this is the fact that 
most playa lakes are located along the 
western edge. Some of the lakes have 
linear margins (some of the photolinears 
of Fig. 2 between Dell City and Victorio 
Peak) that might have originated as 
fault scarps. 

Only two fault scarps in Quaternary 
alluvium were found in the New Mexico 
portion of Salt Basin graben, and these 
are located along the eastern margin of 
the graben. The northernmost scarp, 50 km 
above the Texas border, was mapped 
northwest of the Brokeoff Mountains by 
Kelley (1971). A second scarp, 10 km 
south, was mapped in Crow Flat during 
our study. A cluster of faults, in the vi
cinity of Bitterwell Mountain, part of 
which was mapped by P. B. King (1948, 
1965), constitutes the main area of scarps 
on the east side of the graben. Only two 
other fault scarps on the east side of the 
graben definitely can be shown to cut the 
youngest basin fill; one is at the western 
base of the southernmost Delaware Moun
tains, the other is located south of the 
Apache Mountains. 

Fault scarps on the western side extend 
from a locality 8 km south of Dell City 
and continue southeastward to U.S. High
way 180 and form an en echelon pattern. 
From this point the scarps trend south
ward, and the number of scarps decreases, 
but individual fault scarps become longer 
and higher toward Babb flexture, a west-
northwest-trending structure that is re
flected by the change in strike of the scarps. 
Discontinuous scarps are found in the 
Baylor Mountains segment of the graben. 
King (1965) mapped a fault in the basin 
fill west of Baylor Mountains, but the 
fault trace was not found in this study, as 
the area has been plowed and seeded with 
grass within the last few years. 

The fault scarp south of the Baylor 
Mountains parallels the trend of the faults 
east of the Baylor Mountains and corre
sponds with the trend of a sharp change 
in the slope of the basement, as indicated 
by the resistivity work of D. E. White, 
J. J. Gates, M. T. Smith, and B. J. Fry 
(1978, in prep.). 

Discontinuous, eroded fault scarps 
located north, west, and southwest of Van 
Horn show a maximum of 6 m relief and 
continue southward to the north end of 
the Van Horn Mountains. 

MAYFIELD FAULT 

The longest continuous fault scarp, the 
Mayfield fault south of Van Horn, extends 
along the east side of the Van Horn Moun-

Figure 2. Quaternary fault scarps (barb on 
downthrown side) and photolinears (dashed 
lines; no topographic scarp found during field 
check) of Salt Basin graben (SEG; including 
Crow Flat-CF), Presidio Basin (PB), and related 
structures. This area contains all Quaternary 
fault scarps in Trans-Pecos Texas except for 
those near El Paso. Mayfield fault (MF) has 
longest continuous fault scarp and two periods 
of displacement can be demonstrated for the 
reach west of Valentine. Major highways labeled 
with route number. Cities: DC-Dell City, P-
Presidio, V-Valentine, VH-Van Horn. Highlands 
(stippled): AM-Apache Mountains, BM-Baylor 
mountains, BOM-Brokeoff Mountains, BW-
Bitterwell Mountain, DM-Davis Mountains, 
DeM-Delaware Mountains, DP-Diablio Plateau, 
EM-Eagle Mountains, GM-Guadalupe Mountains, 
QM-Quitman Mountains, SV-Sierra Vieja, VHM-
Van Horn Mountains, VP-Victorio Peak, WM-
Wylie Mountains. Structures: BF-Babb flexure, 
CaF-Candelaria fault, MF-Mayfield fault, RR-
Rim Rock fault (shown by dots). Ranches: 
KR-King Ranch, MR-Miller Ranch, WR-White 
Ranch. 
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Figure 3. View northwest along Miller Ranch segment of Mayfield fault, in mid-foreground. 
Approximate displacement: 1.5 m. Present slope angle about 27°. Locality is about 20 km west 
of Valentine, Texas. 

tains and the Sierra Vieja for more than 
80 km. In its northern portion, the fault 

J (Neal fault of Twiss, 1959) trends approxi
mately N10°E and terminates north of 
U.S. Highway 90 by splaying into three 
subparallel fault segments. Each of these 
fault segments is down to the east, and 
each exhibits a throw of 1 m. South of 
U.S. Highway 90, the Mayfield fault has 
a throw of approximately 2 m and is pre
served as a single fault scarp for 35 km to 
the vicinity of the White Ranch. From here 
to its southern termination on the King 
Ranch, the Mayfield fault is represented 
by a series of en echelon fault scarps. In
dividual scarps show displacements ranging 
from 1 to 7 m, and the Miller Ranch seg
ment has experienced recurrent movement. 
At the King Ranch the fault scarps termi
nate, but photolinears continue southward 
for another 10 km. 

In Trans-Pecos Texas recurrent move
ment can only be demonstrated on the 
Miller Ranch segment of the Mayfield 
fault (Fig. 2), west-southwest of Valentine. 
Present are several surfaces whose forma
tion appears to have been initiated by two 
separate episodes of fault movement. The 

/ oldest surface has been displaced approxi
mately 2 m and is eroded back from the 
fault trace. The resulting surface, in turn, 
has been broken by two en echelon faults 
with displacements of approximately 1.5 m 
and 7 m (Fig. 3). Modern arroyo-cutting 
is now forming a new surface by truncating 
the two older surfaces. Dorman (1976, 

written commun.) reports an earthquake 
on 1 August 1975 that was felt in Valentine 
with an epicenter close to the Miller Ranch 
segment of the Mayfield fault. 

In 1931, a major earthquake (Sellards, 
1932) occurred in this region, and the 
major damage was in Valentine, Texas. 
Instrumental data for this period are poor 
and the epicentral locations have large 
circles of confidence. Thus, this seismic 
event cannot be assigned to a specific 
structure. Sanford and Toppozada (1974), 
using Byerly's data, obtained a fault-plane 
solution with a N40°W strike and 74°SW 
dip, not too different from the N35°W, 
down-to-west, near-vertical, fault-plane 
solution of Byerly (1934). The isoseismal 
map of Sellards (1932) shows intensity 
contours that are elongated in a N50°W 
direction, whereas Sanford and Toppo-
zada's interpretation lies closer to N30°W. 
Each of these strikes is essentially that of 
long segments of the Mayfield fault, but 
the Mayfield fault dips steeply east, sug
gesting that it was not responsible for the 
Valentine CcU t̂hquake; however, no geolo
gist searched this region for fault displace
ments after the Valentine quake (Sellards, 
1932), and none were reported by local 
inhabitants. 

Hay-Roe (1957) mapped an east-dipping 
fault extending southward along the east 
side of the Wylie Mountains to just north 
of Valentine. This fault has no scarp in 
the alluvium and is shown as a photo-
linear on Figure 2. 

The Rim Rock fault is a major late 
Tertiary fault that also is the boundary 
between the Mesozoic Chihuahua tectonic 
belt of Mexico and the Diablo platform 
of Texas (DeFord, 1969; Wiley, 1970). 
The main part of the fault, however, is in 
Tertiary rocks along the length of the Van 
Horn Mountains and the Sierra Vieja 
(Fig. 2), where Quaternary displacements 
are not observable. It is also a region of 
high relief and difficult access. It essen
tially parallels major segments of the 
Mayfield fault; the mountain block 
between the two faults is a horst along 
the structural province boundary. 

At its southern termination at the north 
end of the Presidio bolson, the Candelaria 
fault, parallel to the Rim Rock fault, cuts 
old Quaternary terrace deposits and, in 
turn, is truncated by young terrace 
deposits. 

A fault scarp along the west side of the 
Chinati Mountains has a height of 5 m 
and is down to the west (Amsbury, 1958; 
Christopher Henry, 1977, oral commun.). 
Amsbury (1958) and Dietrich (1965) show 
many faults cutting Quaternary-Tertiary 
bolson fill in the area surrounding Presidio, 
but field checks have revealed that most 
of the mapped faults are photolinears 
rather than fault scarps. 

OTHER FAULT SCARPS IN 
TRANS-PECOS TEXAS 

Major fault scarps (5 to 7 m high) in 
Quaternary deposits are found along the 
east side fo the FrankUn Mountains and 
the northeast side of the Sierra de la 
Amargosa in Mexico (Fig. 1). Both of 
these scarps indicate movement down to 
the east. Smaller, discontinuous fault 
scarps extend north toward New Mexico 
along the east edge of the Hueco graben, 
40 km east of El Paso. 

Along the west side of the north end of 
the Quitman Mountains, a few small dis
continuous fault scarps are found. They 
exhibit displacements that are down to the 
west and appear to be unrelated to any 
major structural feature. 

No other scarps formed on Quaternary 
units were found in the remainder of 
Trans-Pecos Texas. 

DISCUSSION 

Field evidence shows that there are two 
main belts of fault scarps in Trans-Pecos 
Texas; both are elongated in a north-south 
direction. The western belt, only briefly 
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mentioned in this paper, is the line through 
El Paso that is usually defined as the 
southern continuation (termination?) of 
structures related to the Rio Grande rift 
(Chapin, 1971; Decker and Smithson, 
1975; Ramberg and Smithson, 1975; 
Woodward and others, 1975; Ramberg 
and others, 1978). This paper has empha
sized another line of fault scarps that lies, 
for the most part, along the western 
margin of the Salt Basin graben and that 
effectively defines the present eastern 
margin of Quaternary faulting in this 
region. Because it is presently active, lies 
parallel to the presently active segments of 
the Rio Grande rift that straddle the Rio 
Grande in southern New Mexico, and is a 
graben of a size comparable to those to 
the west (Ramberg and others, 1978), we 
believe that the Salt Basin graben and its 
possible coiitinuation southward to Pre
sidio, Texas, should be considered an east
ern offset of the Rio Grande rift zone. 

Whether the Rio Grande rift zone 
extends into Mexico is as yet unknown. 
The prominent fault scarps visible in satel
lite imagery in the Quaternary fill of 
southern New Mexico turn southeastward 
in northern Mexico and fade away (Wood
ward and others, 1975). Gries (1977) has 
suggested that if basin-and-range or Rio 
Grande rift structures do extend into 
northern Mexico, then the evidence for 
normal faulting would be lost in the ductile 
flow of the evaporite zone that underlies 
the Chihuahua tectonic belt. 

Because all Quaternary fault scarps in 
Trans-Pecos Texas lie nearly parallel to 
pre-existing structural trends, the pattern 
of stress fields in this area is not uniquely 
defined. The fact that the fault scarps that 
cut Quaternary units do not include all of 
Trans-Pecos Texas that is broken by 
basin-and-range faulting may be either 
a result of our studying too narrow a shce 
of geologic time or of a change in the 
stress field. 
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\'^y£j7 ABSTRACT 

Faults that displace Quaternary units can be observed in scarps in 
Trans-Pecos Texas and are restricted to two north-trending zones in con
trast to late Tertiary faults that cover the region and strike north, north
west, and west. The western zone of Quaternary faults, near El Paso, is 
usually included as the southern part of the Rio Grande rift. The eastern 
zone of Quaternary faults extends for 300 km from southern New Mexico 
along the Salt Basin graben through Van Horn, Texas; its probable exten
sions and subparallel associates extend southward to Presidio, Texas. This 
belt of faults is parallel to the Rio Grande rift zone and should be consid
ered a southeast extension of that zone. 

These fault zones die out southward into the edge of the Chihuahua 
tectonic belt, a region underlain by a thick Mesozoic carbonate and clastic 
section that in turn rests on a thick layer of evaporites. The evaporite 
zone may mask Cenozoic normal faulting and thus may define a zone of 
no data rather than a southem limit of basin-and-range or Rio Grande 
graben tectonics. 

All Quaternary and most Tertiary faults trend parallel to pre-existing 
structures. The map pattern of Quaternary scarps suggest a maximum 
extension oriented about S80°W; however, first-motion studies of the 
1931 Valentine, Texas earthquake show a maximum elongation direction 
of S50° to 55°W. This difference may be unique to this one earthquake or 
may be due to the pre-existing lines of weakness that control the location 
of presently active faults. 
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INTRODUCTION 

Late Tertiary faults in Trans-Pecos 
Texas (Fig. 1) form a pattern of north-
and northwest-trending segments that 
occupy a 100 km-wide band roughly par
allel to the southeast-flowing Rio Grande 
from El Paso into Mexico. Quaternary 
ault scarps in the Trans-Pecos area form 
' similar pattern of north- and northwest-
ending segments but are found in more 
stricted belts that trend northerly within 
! band of late Tertiary faults. 
Ul faults that cut Cenozoic units, as 
wn on existing geologic maps, and 
tolinears recognized by us were field 
ked to see whether Quaternary units 
displaced and whether fault scarps 

esent address, Goetz: Continental Oil 
ny, Uranium Department, Albuquerque, 
jxico 87112. 

were present. Some of these scarps are new
ly recognized. Quaternary fault scarps are 
confined primarily to the north-trending, 
3(X) km-long Salt Basin graben and tb 
the northern end of the Presidio basin 
(Fig. 2), where the fault scarps appear to 
be the southern extension of the Salt Basin 
structures. The only other fault scarps 
formed on Quaternary strata are those 
associated with the Tularosa-Hueco basin 
near El Paso (Fig. 1). These are the north-
trending major scarps that mark the east
ern side of the Franklin Mountains at El 
Paso and continue northward into New 
Mexico for more than 100 km aiid the 
discontinuous scarps along the eastern 
margin of the Hueco bolson. On the 
Mexican side of the Rio Grande, 50 km 
downstream from El Paso, a major Qua
ternary fault scarp extends southeastward 
for 50 to 60 km, forming the southern 
margin of the Hueco graben. 

_,V NEW MEXICO 
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Figure 1. Map showing location of faults 
that cut Quaternary units (heavy lines) and 
faults that have been active during late Ceno
zoic time in Trans-Pecos Texas and adjacent 
Mexico and New Mexico. Abbreviations, from 
north to south: C-Carlsbad, EP-EI Paso, VH-
Van Horn, V-Valentine, THB-Tulatosa-Hueco 
basin, M-Marfa, A-Alpine, S-Sanderson, P-Pre-
sidio. Dashed line outlines area of Figure 2, 
Salt Basin graben and related structures. Modi
fied from King, 1969. 
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In Trans-Pecos Texas, Tertiary fault 

trends are parallel to older fault trends. 
The north-trending fault segments are 
parallel to late Paleozoic, Mesozoic and/or 
Laramide faults; the northwest and west 
trends are parallel to late Paleozoic and 
Precambrian faults (King and Flawn, 1953; 
Kottlowski, 1971; Wiley and Muehlberger, 
1971; Kelley, 1971; Black, 1975; and many 
others). As a result, the Salt Basin graben 
of late Tertiary age (Fig. 2), northward 
from Van Horn, consists of north-trending 
segments that step to the west along older 
northwest- or west-trending cross struc
tures. South of Van Horn the graben splits 
with the Wylie Mountains as a horst block 
between the branches. The western branch 
contains all Quaternary fault scarps in the 
graben including the 80 km-long Mayfield 
fault (the longest continuous scarp in Salt 
Basin graben), whereas the eastern branch 
apparently does not contain fault scarps. 

Why the distribution of Quaternary 
faults differs from the late Tertiary basin-
and-range fault pattern is as yet unan
swered. All scarps mapped and described 
are younger than the Pliocene-Pleistocene 
integration of Rio Grande drainage be
tween El Paso and Presidio (see recent 
summaries in Strain, 1971; Hawley, 1975; 
Hawley and others, 1976). The scarps are 
generally steep and if Wallace's (1977) 
criteria are applicable in this region, then 
they are Holocene; however, the steepness 
(and therefore the apparent youthful 
appearance of the scarps) may be because 
they are composed of bouldery fanglom
erates in the southern region, which are 
derived from the early Tertiary volcanic 
sequence (Fig. 3), and of fine-grained 
calichified Salt Basin fill of the northern 
region, which is derived from carbonate 
and fine-grained clastic rocks. 

DESCRIPTION OF SCARPS IN 
SALT BASIN GRABEN 

The majority of Quaternary fault scarps 
in this region trend north or northwest 
and occur singly or in en echelon patterns 
(Fig. 2). Northeast- and west-trending 
scarps are rare and occur: (1) along the 
east base of the Baylor Mountains, (2) 
north of Babb flexure, and (3) along the 
north segment of the Mayfield fault south 
of Van Horn. 

Quaternary fault scarps are short and 
widely scattered along the eastern side of 
the graben but are more continuous along 
the west side and exhibit increasingly larger 
displacements southward (1 to 3 m, Goetz, 
1977). This suggests that the western 
border of the graben is actively subsiding. 

Evidence supporting this is the fact that 
most playa lakes are located along the 
western edge. Some of the lakes have 
linear margins (some of the photolinears 
of Fig. 2 between Dell City and Victorio 
Peak) that might have originated as 
fault scarps. 

Only two fault scarps in Quaternary 
alluvium were found in the New Mexico 
portion of Salt Basin graben, and these 
are located along the eastern margin of 
the graben. The northernmost scarp, 50 km 
above the Texas border, was mapped 
northwest of the Brokeoff Mountains by 
Kelley (1971). A second scarp, 10 km 
south, was mapped in Crow Flat during 
our study. A cluster of faults, in the vi
cinity of Bitterwell Mountain, part of 
which was mapped by P. B. King (1948, 
1965), constitutes the main area of scarps 
on the east side of the graben. Only two 
other fault scarps on the east side of the 
graben definitely can be shown to cut the 
youngest basin fill; one is at the western 
base of the southernmost Delaware Moun
tains, the other is located south of the 
Apache Mountains. 

Fault scarps on the western side extend 
from a locality 8 km south of Dell City 
and continue southeastward to U.S. High
way 180 and form an en echelon pattern. 
From this point the scarps trend south
ward, and the number of scarps decreases, 
but individual fault scarps become longer 
and higher toward Babb flexture, a west-
northwest-trending structure that is re
flected by the change in strike of the scarps. 
Discontinuous scarps are found in the 
Baylor Mountains segment of the graben. 
King (1965) mapped a fault in the basin 
fill west of Baylor Mountains, but the 
fault trace was not found in this study, as 
the area has been plowed and seeded with 
grass within the last few years. 

The fault scarp south of the Baylor 
Mountains parallels the trend of the faults 
east of the Baylor Mountains and corre
sponds with the trend of a sharp change 
in the slope of the basement, as indicated 
by the resistivity work of D. E. White, 
J. J. Gates, M. T. Smith, and B. J. Fry 
(1978, in prep.). 

Discontinuous, eroded fault scarps 
located north, west, and southwest of Van 
Horn show a maximum of 6 m relief and 
continue southward to the north end of 
the Van Horn Mountains. 

MAYFIELD FAULT 

The longest continuous fault scarp, the 
Mayfield fault south of Van Horn, extends 
along the east side of the Van Horn Moun-

Figure 2. Quaternary fault scarps (barb on 
downthrown side) and photolinears (dashed 
lines; no topographic scarp found during field 
check) of Salt Basin graben (SBG; including 
Crow Flat-CF), Presidio Basin (PB), and related 
structures. This area contains all Quaternary 
fault scarps in Trans-Pecos Texas except for 
those near El Paso. Mayfield fault (MF) has 
longest continuous fault scarp and two period 
of displacement can be demonstrated for the i 
reach west of Valentine. Major highways label 
with route number. Cities: DC-Dell City, P-
Presidio, V-Valentine, VH-Van Horn. Highla 
(stippled): AM-Apache Mountains, BM-Bayl 
mountains, BOM-Brokeoff Mountains, BW-
Bitterwell Mountain, DM-Davis Mountains, 
DeM-Delaware Mountains, DP-Diablio Plat 
EM-Eagle Mountains, GM-Guadalupe Mour 
QM-Quitman Mountains, SV-Sierra Vieja, 
Van Horn Mountains, VP-Victorio Peak,' 
Wylie Mountains. Structures: BF-Babb fl 
CaF-Candelaria fault, MF-Mayfield fault 
Rim Rock fault (shown by dots). Ranch 
KR-King Ranch, MR-MUler Ranch, WR-
Ranch. 
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Figure 3. View northwest along Miller Ranch segment of Mayfield fault, in mid-foreground. 
Approximate displacement: 1.5 m. Present slope angle about 27°. Locality is about 20 km west 
of Valentine, Texas. 

tains and the Sierra Vieja for more than 
80 km. In its northern portion, the fault 
(Neal fault of Twiss, 1959) trends approxi
mately N10°E and terminates north of 
U.S. Highway 90 by splaying into three 
subparallel fault segments. Each of these 
fault segments is down to the east, and 
each exhibits a throw of 1 m. South of 
U.S. Highway 90, the Mayfield fault has 
a throw of approximately 2 m and is pre
served as a single fault scarp for 35 km to 
the vicinity of the White Ranch. From here 
to its southern termination on the King 
Ranch, the Mayfield fault is represented 
by a series of en echelon fault scarps. In
dividual scarps show displacements ranging 
from 1 to 7 m, and the Miller Ranch seg
ment has experienced recurrent movement. 
At the King Ranch the fault scarps termi
nate, but photolinears continue southward 
for another 10 km. 

In Trans-Pecos Texas recurrent move
ment can only be demonstrated on the 
Miller Ranch segment of the Mayfield 
fault (Fig. 2), west-southwest of Valentine. 
Present are several surfaces whose forma
tion appears to have been initiated by two 
separate episodes of fault movement. The 
oldest surface has been displaced approxi
mately 2 m and is eroded back from the 
fault trace. The resulting surface, in turn, 
has been broken by two en echelon faults 
with displacements of approximately 1.5 m 
and 7 m (Fig. 3). Modern arroyo-cutting 
is now forming a new surface by truncating 
the two older surfaces. Dorman (1976, 

written commun.) reports an earthquake 
on 1 August 1975 that was felt in Valentine 
with an epicenter close to the Miller Ranch 
segment of the Mayfield fauh. 

In 1931, a major earthquake (Sellards, 
1932) occurred in this region, and the 
major damage was in Valentine, Texas. 
Instrumental data for this period are poor 
and the epicentral locations have large 
circles of confidence. Thus, this seismic 
event cannot be assigned to a specific 
structure. Sanford and Toppozada (1974), 
using Byerly's data, obtained a fault-plane 
solution with a N40°W strike and 74° SW 
dip, not too different from the N35°W, 
down-to-west, near-vertical, fault-plane 
solution of Byerly (1934). The isoseismal 
map of Sellards (1932) shows intensity 
contours that are elongated in a N50°W 
direction, whereas Sanford and Toppo
zada's interpretation Ues closer to N30°W. 
Each of these strikes is essentially that of 
long segments of the Mayfield fault, but 
the Mayfield fault dips steeply east, sug
gesting that it was not responsible for the 
Valentine earthquake; however, no geolo
gist searched this region for fault displace
ments after the Valentine quake (Sellards, 
1932), and none were reported by local 
inhabitants. 

Hay-Roe (1957) mapped an east-dipping 
fault extending southward along the east 
side of the Wylie Mountains to just north 
of Valentine. This fault has no scarp in 
the alluvium and is shown as a photo-
linear on Figure 2. 

The Rim Rock fault is a major late 
Tertiary fault that also is the boundary 
between the Mesozoic Chihuahua tectonic 
belt of Mexico and the Diablo platform 
of Texas (DeFord, 1969; Wiley, 1970). 
The main part of the fault, however, is in 
Tertiary rocks along the length of the Van 
Horn Mountains and the Sierra Vieja 
(Fig, 2), where Quaternary displacements 
are not observable. It is also a region of 
high relief and difficult access. It essen
tially parallels major segments of the 
Mayfield fault; the mountain block 
between the two faults is a horst along 
the structural province boundary. 

At its southern termination at the north 
end of the Presidio bolson, the Candelaria 
fault, parallel to the Rim Rock fault, cuts 
old Quaternary terrace deposits and, in 
turn, is truncated by young terrace 
deposits. 

A fault scarp along the west side of the 
Chinati Mountains has a height of 5 m 
and is down to the west (Amsbury, 1958; 
Christopher Henry, 1977, oral commun.). 
Amsbury (1958) and Dietrich (1965) show 
many faults cutting Quaternary-Tertiary 
bolson fill in the area surrounding Presidio, 
but field checks have revealed that most 
of the mapped faults are photolinears 
rather than fault scarps. 

OTHER FAULT SCARPS IN 
TRANS-PECOS TEXAS 

Major fault scarps (5 to 7 m high) in 
Quaternary deposits are found along the 
east side fo the Franklin Mountains and 
the northeast side of the Sierra de la 
Amargosa in Mexico (Fig. 1). Both of 
these scarps indicate movement down to 
the east. Smaller, discontinuous fault 
scarps extend north toward New Mexico 
along the east edge of the Hueco graben, 
40 km east of El Paso. 

Along the west side of the north end of 
the Quitman Mountains, a few small dis
continuous fault scarps are found. They 
exhibit displacements that are down to the 
west and appear to be unrelated to any 
major structural feature. 

No other scarps formed on Quaternary 
units were found in the remainder of 
Trans-Pecos Texas. 

DISCUSSION 

Field evidence shows that there are two 
main belts of fault scarps in Trans-Pecos 
Texas; both are elongated in a north-south 
direction. The western belt, only briefly 
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mentioned in this paper, is the line through 
El Paso that is usually defined as the 
southern continuation (termination?) of 
structures related to the Rio Grande rift 
(Chapin, 1971; Decker and Smithson, 
1975; Ramberg and Smithson, 1975; 
Woodward and others, 1975; Ramberg 
and others, 1978). This paper has empha
sized another line of fault scarps that lies, 
for the most part, along the western 
margin of the Salt Basin graben and that 
effectively defines the present eastern 
margin of Quaternary faulting in this 
region. Because it is presently active, lies 
parallel to the presently active segments of 
the Rio Grande rift that straddle the Rio 
Grande in southern New Mexico, and is a 
graben of a size comparable to those to 
the west (Ramberg and others, 1978), we 
believe that the Salt Basin graben and its 
possible continuation southward to Pre
sidio, Texas, should be considered an east
ern offset of the Rio Grande rift zone. 

Whether the Rio Grande rift zone 
extends into Mexico is as yet unknown. 
The prominent fault scarps visible in satel
lite imagery in the Quaternary fill of 
southern New Mexico turn southeastward 
in northern Mexico and fade away (Wood
ward and others, 1975). Gries (1977) has 
suggested that if basin-and-range or Rio 
Grande rift structures do extend into 
northern Mexico, then the evidence for 
normal faulting would be lost in the ductile 
flow of the evaporite zone that underlies 
the Chihuahua tectonic belt. 

Because all Quaternary fault scarps in 
Trans-Pecos Texas lie nearly parallel to 
pre-existing structural trends, the pattern 
of stress fields in this area is not uniquely 
defined. The fact that the fault scarps that 
cut Quaternary units do not include all of 
Trans-Pecos Texas that is broken by 
basin-and-range faulting may be either 
a result of our studying too narrow a slice 
of geologic time or of a change in the 
stress field. 
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ABSTRACT 

Faults that displace Quaternary units, can be observed in scarps in 
Trans-Pecos Texas and are restricted to two north-trending zones in con
trast to late Tertiary faults that cover the region and strike north, north
west, and west. The western zone of Quaternary faults, near El Paso, is 
usually included as the southern part of the Rio Grande rift. The eastern 
zone of Quaternary faults extends for 300 km from southem New Mexico 
along the Salt Basin graben through Van Hom, Texas; its probable exten
sions and subparallel associates extend southward to Presidio, Texas. This 
belt of faults is parallel to the Rio Grande rift zone and should be consid
ered a southeast extension of that zone. 

These fault zones die out southward into the edge of the Chihuahua 
tectonic belt, a region underlain by a thick Mesozoic carbonate and clastic 
section that in tum rests on a thick layer of evaporites. The evaporite 
zone may mask Cenozoic normal faulting and thus may define a zone of 
no data rather than a southem limit of basin-and-range or Rio Grande 
graben tectonics. 

All Quaternary and most Tertiary faults trend parallel to pre-existing 
structures. The map pattem of Quaternary scarps suggest a maximum 
extension oriented about S80°W; however, first-motion studies of the 
1931 Valentine, Texas earthquake show a maximum elongation direction 
of S50° to 55°W. This difference may be unique to this one earthquake or 
may be due to the pre-existing lines of weakness that control the location 
of presently active faults. 

INTRODUCTION 

Late Tertiary faults in Trans-Pecos 
Texas (Fig. 1) form a pattern of north-
and northwest-trending segments that 
occupy a 100 km-wide bsmd roughly par
allel to the southeast-flowing Rio Grande 
from El Paso into Mexico. Quaternary 
fault scarps in the Trans-Pecos area form 
a similar pattem of north- and northwest-
trending segments but are found in more 
restricted belts that trend northerly within 
the band of late Tertiary faults. 

All fauhs that cut Cenozoic units, as 
shown on existing geologic maps, and 
photolinears recognized by us were field 
checked to see whether Quaternary units 
were displaced and whether fault scarps 

*Present address, Goetz; Continental Oil 
Company, Uranium Department, Albuquerque, 
New Mexico 87112. 

were present. Some of these scarps are new
ly recognized. Quaternary fault scarps are 
confined primarily to the north-trending, 
300 km-long Salt Basin graben and to 
the northem end of the Presidio basin 
(Fig. 2), where the fault scarps appear to 
be the southern extension of the Salt Basin 
structures. The only other fault scarps 
formed on Quaternary strata are those 
associated with the Tularosa-Hueco basin 
near El Paso (Fig. 1). These are the north-
trending major scarps that mark the east
ern side of the Franklin Mountains at El 
Paso and continue northward into New 
Mexico for more than 100 km and the 
discontinuous scarps along the eastem 
margin of the Hueco bolson. On the 
Mexican side of the Rio Grande, 50 km 
downstream from El Paso, a major Qua
ternary fault scarp extends southeastward 
for 50 to 60 km, forming the southem 
margin of the Hueco graben. 

Figure 1. Map showing location of faults 
that cut Quaternary units (heavy lines) and 
faults that have been active during late Ceno
zoic time in Trans-Pecos Texas and adjacent 
Mexico and New Mexico. Abbreviations, from 
north to south: C-Carlsbad, EP-EI Paso, VH-
Van Horn, V-Valentine, THB-Tularosa-Hueco 
basin, M-Marfa, A-AIpine, S-Sanderson, P-Pre-
sidio. Dashed line outlines area of Figure 2, 
Salt Basin graben and related structures. Modi
fied from King, 1969. 
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' In Trans-Pecos Texas, Tertiary fault 
trends are parallel to older fault trends. 
The north-trending fault segments are 
parallel to late Paleozoic, Mesozoic and/or 
Laramide faults; the northwest and west 
trends are parallel to late Paleozoic and 
Precambrian faults (King and Flawn, 1953; 
Kottlowski, 1971; Wiley and Muehlberger, 
1971; Kelley, 1971; Black, 1975; and many 
others). As a result, the Salt Basin graben 
of late Tertiary age (Fig. 2), northward 
from Van Horn, consists of north-trending 
segments that step to the west along older 
northwest- or west-trending cross struc
tures. South of Van Horn the graben splits 
with the Wylie Mountains as a horst block 
between the branches. The western branch 
contains all Quaternary fault scarps in the 
graben including the 80 km-long Mayfield 
fault (the longest continuous scarp in Salt 
Basin graben), whereas the eastern branch 
apparently does not contain fault scarps. 

Why the distribution of Quaternary 
faults differs from the late Tertiary basin-
and-range fault pattern is as yet unjm-
swered. All scarps mapped and described 
are younger than the Pliocene-Pleistocene 
integration of Rio Grande drainage be
tween El Paso and Presidio (see recent 
summaries in Strain, 1971; Hawley, 1975; 
Hawley and others, 1976). The scarps are 
generally steep and if Wallace's (1977) 
criteria are applicable in this region, then 
they are Holocene; however, the steepness 
(and therefore the apparent youthful 
appearance of the scarps) may be because 
they are composed of bouldery fanglom
erates in the southem region, which are 
derived from the early Tertiary volcanic . 

.sequence (Fig. 3), and of fine-grained 
calichified Salt Basin fill of the northern 
region, which is derived from carbonate 
and fine-grained clastic rocks. 

DESCRIPTION OF SCARPS IN 
SALT BASIN GRABEN 

The majority of Quaternary fault scarps 
in this region trend north or northwest 
and occur singly or in en echelon patterns 
(Fig. 2). Northeast- and west-trending 
scarps are rare and occur: (1) along the 
east base of the Baylor Mountains, (2) 
north of Babb flexure, and (3) along the 
north segment of the Mayfield fault south 
of Van Horn. 

Quaternary fault scarps are short and 
widely scattered along the eastern side of 
the graben but are more continuous along 
the west side and exhibit increasingly larger 
displacements southward (1 to 3 m, Goetz, 
1977). This suggests that the western 
border of the graben is actively subsiding. 

Evidence supporting this is the fact that 
most playa lakes are located along the 
western edge. Some of the lakes have 
linear margins (some of the photolinears 
of Fig. 2 between Dell City and Victorio 
Peak) that might have originated as 
fault scarps. 

Only two fault scarps ih Quaternary 
alluvium were found in the New Mexico 
portion of Salt Basin graben, and these 
are located along the eastem margin of 
the graben. The northernmost scarp, 50 km 
above the Texas border, was mapped 
northwest of the Brokeoff Mountains by 
Kelley (1971). A second scarp, 10 km 
south, was mapped in Crow Flat during 
our study. A cluster of faults, in the vi
cinity of Bitterwell Mountain, part of 
which was mapped by P. B. Kin'fe (1948, 
1965), constitutes the main area of scarps 
on the east side of the graben. Only two 
other fault scarps on the east side of the 
graben definitely can be shown to cut the 
youngest basin fill; one is at the western 
base of the southernmost Delaware Moun
tains, the other is located south of the 
Apache Mountains. 

Fault scarps on the western side extend 
from a locality 8 km south of Dell City 
and continue southeastward to U.S. High
way 180 and form an en echelon pattern. 
From this point the scarps trend south
ward, and the number of scarps decreases, 
but individual fault scarps become longer 
and higher toward Babb flexture, a west-
northwest-trending stmcture that is re
flected by the change in strike ofthe scarps. 
Discontinuous scarps are found in the 
Baylor Mountains segment of the graben. 
King (1965) mapped a fault in the basin 
fill west of Baylor Mountains, but the 
fault trace was not found in this study, as 
the area has been plowed and seeded with 
grass within the last few years. 

The fault scarp south of the Baylor 
Mountains parallels the trend of the faults 
east of the Baylor Mountains and corre
sponds with the trend of a sharp change 
in the slope of the basement, as indicated 
by the resistivity work of D. E. White, 
J. J. Gates, M. T. Smith, and B. J. Fry 
(1978, in prep.). 

Discontinuous, eroded fault scarps 
located north, west, and southwest of Van 
Hom show a maximum of 6 m relief and 
continue southward to the north end of 
the Van Horn Mountains. 

MAYFIELD FAULT 

The longest continuous fault scarp, the 
Mayfield fault south of Van Horn, extends 
along the east side of the Van Horn Moun-

0 20 40km 

Figure 2. Quaternary fault scarps (barb on 
downthrown side) and photolinears (dashed 
lines; no topographic scarp found during field 
check) of Salt Basin graben (SBG; including 
Crow Flat-CF), Presidio Basin (PB), and related 
structures. This area contains all Quaternary 
fault scarps in Trans-Pecos Texas except for 
those near El Paso. Mayfield fault (MF) has 
longest continuous fault scarp and two periods 
of displacement can be demonstrated for the 
reach west of Valentine. Major highways labeled 
with route number, Cities: DC-Dell City, P-
Presidio, V-Valentine, VH-Van Horn. Highlands 
(stippled): AM-Apache Mountains, BM-Baylor 
mountains, BOM-Brokeoff Mountains, BW-
Bitterwell Mountain, DM-Davis Mountains, 
DeM-Delaware Mountains, DP-Diablio Plateau, 
EM-Eagle Mou n tains, GM-Guadalupe Mou ntains, 
QM-Quitman Mountains, SV-Sierra Vieja, VHM-
Van Horn Mountains, VP-Victorio Peak, WM-
Wylie Mountains. Structures: BF-Babb flexure, 
CaF-Candelaria fault, MF-Mayfield fault, RR-
Rim Rock fault (shown by dots). Ranches: 
KR-King Ranch, MR-Miller Ranch, WR-White 
Ranch. 
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