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PREFACE 

Because of an ever-increasing need for energy 'in our nation, 

Utah, along with other Rocky Montain states, is being called upon, due 

to its energy-richness to accelerate mining, developing and processing 

its fossil fuel resources. Crude oil and natural gas production is 

increasing; wild eat drilling is occurring; and oil shale extraction 

is being considered 'as are test wells for tapping our state's 

25-billion barrels of tar sand deposits; geothermal leases are being 

offered; five electric power generating plants are under considera-

tion, of which only one is currently in operation; and alunite 

magnitude will obviously impact the.economic, social and physical 

character of the entire state. 

Recognizing a need for current information regarding energy 

resources.projects and potential development throughout the state, 

the Department of Community Affairs has published this report. Al

though many in-depth studies and publications have been conducted 

and published on the various projects currently being considered in 

Utah,, no single document offers a profile (ff projects, by region, 

such as this report contains. 
' ( 
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This report is not intended to be an in-depth analysis of 

energy resource deve.lc)pment or of the impacts these projects will 

have on the state; however, it does give a broad overview of some 

potential policy implications should all these proposed developments 

occur. 
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FOREWARD 

Prior to embarking on this project, the authors of this report 

set forth an overall objective: to provide energy resources information 

related to energy development, specific project data, and federal and 

state rules and regulations pertaining to energy resource development 

in the form of a comprehensive report and make it available to local 

and state officials, legislators, private enterprise, and citizens. 

The authors would like to offer special thanks to GTen 

Merrill, artist for the Utah Department of Highways, for generously 

giving his time to provide us with several sketches. Thanks also 

to the Highway Department for the photograph on the cover of this 

document, 
V 

The data included herein is not original research, but is 

the most current information available to date. Thus, we owe a 

debt of gratitude to all those persons without whose studies this 

manual would not be possible. Our hope is that this compilation 

of data will serve as a ready reference in the hands of decision 

makers at all levels of government. 
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A STATEWIDE OVERVIEW OF POTENTIAL ENERGY RESOURCE DEVELOPMENT 

Introduction 

One of this nation's primary concerns today and in the future is 

energy. It is estimated that the United States' current energy demands 

could triple by the year 2000. In order to meet the goal of energy 

self-sufficiency and reduce the nation's dependence upon imported 

resources, we are faced with the long-term effects of this policy. Along 

with other western states, Utah is experiencing a traumatic demand for 

its long dormant energy-related resources responding to the nation's 

impending energy crisis. 

Strictly defined, energy resources refer to natural occurring 

minerals in either solid, liquid, or gaseous state which, when extracted 

from the earth, are suitable in their natural form or are capable of con

version into usable energy sources. These include coal, oil, oil shale, 

tar sands, geothermal, natural gas, and uranium. Because of Utah's 

richness in these resources (See Table I) along with alunite and potential 

solar energy, Utah will be heavily impacted. But how and when will that 

impact occur and what will be the effects of national energy policies on 

our state? This report is intended to accentuate the importance of these 

issues on the state's future growth and development. 

Energy resource development can be defined as large scale public 

or private development which, because of its magnitude, will likely 

present social, political, economic, or environmental issues of more 

than local jurisdiction or capability. 



TABLE I 

INVENTORY OF UTAH'S ENERGY RESOURCES 
January 1, 1975 

Resource 

Coal 

Gilsonite 

Oil and 
natural gas 
1iquids 

Natural 
gas 

Oil-
impregnated 
sandstone 

Uranium 

Oil Shale 

Year 
first 

produced 

1850 (1) 

1870 (2) 

1888 

1907 

1895 

1975? 

1912 

Year 
first 
major 

production 

1900 
(3) 

about 
1900 

1948 

1935 

1975? 

1950 

Estimate of 
original reserve 

24.00 billion 
short tons 

45.0 million 
' short tons 

775,512,000 
barrels 

1.389 trillion 
cubic feet 

26.0 billion barrels 
of oil in place 

30.0 million 
short tons 

Estimate of total 
production 

to end of 1974 

0.35 billion 
short tons 

(350 million s.t.) 

4.5 million 
short tons 

to end of 1964 
(no data for 1965-74) 

511,000.000 
barrels 

0.364 trillion 
cubic feet 

(364 billion cu. ft.) 

none 

12.1 million 
short tons 

Total remaining 
of original reserve 

(percent) 

23.65 billion 
short tons 
(98.5%) (6) 

41.5 million 
short tons 

to end of 1964 
(90%) (5) 

264,512,000 
barrels 
(34%) 

1.025 trillion 
cubic feet 

(74%) 

26.0 billion barrels 
of oil in place 

(100%) (6) 

17.9 million 
short tons 

(60%) (7) 

Possible remaining 
resource 

(indicated/inferred 
category) 

' 15.00 billion 
short tons 

(4) 

not known 

200-300 million 
barrels 

0.250 to 0.400 
trillion cubic feet 
(250 to 400 billion 

cu. ft.) 

not known 

no estimate 

No production until 1980-1985. 100% of 90-115 billion barrels remains unexploited. (6) 

(1) Approximate first production. 
(2) First records kept. 
(3) First year of million ton production, 
(4) Under less than 3,000 of cover. 

(5j Indicate 65-70% remaining at end 1973. 
(6) No estimate of % recoverable 
(7) 0.26% grade. 

I 

I 

Source: Utah Geological and Mineral Survey 
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Energy resource development will most likely impact existing communities, 

generating new towns, and the building of new recreation subdivisions, 

creating a corresponding demand for more tourist facilities in this 

region, and encouraging the extraction of other major mineral resources. 

Utah has grown rapidly. Projections indicate a dramatic increase 

in the near future. In three years the population of the state increased 

nine percent from 1,059,273 in 1970, to 1,157,000 in 1973. Eighty percent 

of the population currently resides along the Wasatch Front on less than 

five percent of the land. The population of the state is expected to 

increase considerably during the next two to three decades. In the 

eight or nine counties where energy resources are most plentiful and the 

population is now sparse, development is anticipated to be the greatest. 

Of the major projects now being planned in Utah, two of the 

largest are the Kaiparowits Power Plant and the Intermountain Power 

Project. The immensity of the Kaiparowits and the IPP projects is demon

strated by the fact that 9.0 million tons of coal, which is the estimated 

annual production of both plants, will generate 3,000 megawatts of 

electric power, which is sufficient for a population of 2,500,000--over 

twice the 1974 population of the entire state of Utah. 9.0 million tons 

of coal will also save 33 million barrels of oil. This is more than the 

total amount of petroleum products used in Utah each year. At present 

market prices, 33 million barrels of oil would cost approximately $400 

million. 

Other projects are the Allen-Warner Energy System (Warner Valley 

Project) in Garfield and Washington Counties and the alunite project in 

Beaver County in Southern Utah; Utah Power and Light plants (Huntington, 



•6-

Emery, and Garfield plants) in Southeastern and Central Utah, and coal 

mining in the Southeast; and oil and oil shale development in the 

Northeastern portion of the state. (See Tables II & III) Table V indi

cates direct employment resulting from coal mining throughout the state; 

whereas. Table IV shows projected coal development. 

Communities in Garfield and Kane Counties will undoubtedly expand 

in population. Other areas include the Uintah Basin area, particularly 

Vernal. Bonanza could increase to 17,000, doubling in size, due to the 

prototype oil shale development. Roosevelt, located in the center of the 

oil rich Uintah Basin, is one example of a town which has already boomed 

as a result of oil development. The increased population led to increased 

demands for facilities and services outstripping funds and resources of 

the city to provide them. The Uintah Basin area has already changed 

significantly as a result of the oil in the Bluebell, Cedar Rim, and 

Altamont fields. Milford has grown as a result of the development of 

aluminum in the Wah Wah Mountains. St. George is expected to expand 

because of the Warner Valley Project and related facilities around the 

Dixie Project. Significant growth can be expected along the Wasatch 

Front since recreational developments, such as Park City, continue. 

Copper and mineral interests further have the potential for causing 

growth. 

A recent development to be watched closely is the discovery of 

oil in Summit County, approximately fourteen miles east of Coalville.. 

American Quasar made the oil discovery. Although precise information 

on the drilling will not be available until the fall:of 1975, some 

information is known. Three wells have, been drilled. One well is 



producing now, one well is expected, to be producing within a short period 

of time, and the outcome of the third well is unknown. The oil well which 

is now producing is expected to continue for fifteen to twenty years. It 

will yield 1,522,000 barrels of oil and 1,217,600 M.C.F. of natural gas. 

Although it is not known how extensive this new oil field is, it is 

generally felt that it is significant. 

Constraints 

An important problem facing new towns or increasing growth of 

existing towns revolves around obtaining funds to cover "front end" costs 

of providing public services. Before tax revenues become available to the 

local governments from increased production costs such as fire, police, 

new schools, water, sewage disposal, roads and transportation facilities, 

communications facilities,,housing and support businesses and other services 

must be planned for and provided for the additional population. Local 

governments, largely rural, have part-time public officials and lack the 

funds and often the planning staffs to prepare for the social costs of the 

problems which emerge. 

Because Utah's population and economy are small, the state is vulner

able to demands arising elsewhere. In short, our growth problems will be

come increasingly complex with a corresponding need for more information 

and coordination. Problems of equity, accountability, fair access to use 

and development of resources and others need to be considered as they 

relate to the constraints, guidelines, and control mechanisms of planning 

for energy resource development. What are the social costs of crime, 

health, and other social problems which come with growth? What are the 

amenities of growth that is planned? 

BaiwaMWMBigmMi^^ 
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Some of the constraints surrounding potential energy projects will 

make comprehensive planning difficult to maintain, for example: Can 

energy production be consistent with adequate environmental safeguards? 

Manpower and service demands will increase with increased population. 

The economic structure of many conmunities and possibly the state will be 

altered. How can Utah maximize these changes to improve the quality of 

life for Utahns? 

In the event that energy develoJDment comes into conflict with 

other kinds of values or interests in land use, i.e., environmental, 

agricultural, recreational, natural or scenically beautiful areas, how 

can these conflicts be resolved? These are a few of the questions which 

are presently being pondered by public officials at all levels of govern

ment. 

The fact that Utah may not have enough water to support all the 

energy-related developments which its resources may attract.is evidenced 

in the July, 1974 publication of the Department of Interior's study. 

Water for Energy in the Upper Colorado River Basin. Focusing only on 

oil shale, coal conversion, and coal-fired electric generating facilities, 

the study concludes that the demand for water from these sources could 

reach 243,450 acre-feet per year in the near future, which is more water 

than remains in Utah's Colorado Basin portion, the area where most energy 

related development would be located. The State Engineer now has applica

tions for water presently on file in an amount which exceeds Utah's 

remaining share of Colorado River water. As a result of the demand for 

water and its insufficient quantity, difficult choices, based on potential 

costs and benefits associated with alternative potential water uses, will 
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have to be made. What is the most desirable mix of uses which the state 

can attain? Other competing interests for the use of water will need to 

be considered, i.e., agriculture, municipal and industrial, recreation, 

fish and wildlife, and so forth. 

What about water potential ways of creating energy? Because of 

its vast desert areas, Utah has the possibility of developing geothermal 

resources and generating solar energy. In Brigham City, Utah Power and 

Light Company has the necessary approval from the Division of Water Rights 

to begin drilling. However, operations have been suspended pending 

evaluation and further research. Phillips Petroleum Comp^any is currently 

drilling at Roosevelt Hot Springs in Beaver County. A cooperative pro

ject involving Utah Power and Light, Geothermal Genetics, Inc. and 

McCulloch Oil Company includes plans to drill wells this year. Geophysical 

work is currently in progress. In addition to Utah Power and Light, other 

solar energy projects in the state are being considered. The University 

of Utah, Brigham Young University, Utah State University, and the State 

Solar Advisory Committee are all conducting research projects. 

National Policy 

The law of the land as stated in the National Environmental Policy 

Act (NEPA) checks energy developers and federal government agencies which 

approve energy projects. This may help balance out the either-or, 

development vs. environment syndrome, since it stresses placing environmen-

I tal considerations along side other considerations. The 1969 Act claims 

I that"Man is his environment." Such a claim has far-reaching implications 
I • 

I for all of us as we relate to nature and the way in which it is being 
? • 

L planned now and in the future. 
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In order to understand the federal framework within which any 

energy development must operate, a brief review of the NEPA Law is necessar 

at this time. For a further elaboration of the law's requirements, a copy 

of the act has been included in the Appendix (See Figure 2) of this report. 

The law requires two things: (1) that federal agencies, in conjunction 

with developers, explain what they are going to do, how they are going to 

do it, and what effect it will have oh the environment; and (2) discuss 

the possible alternatives to the initial proposal. 

The crux of the law is the Environmental Impact Statement (EIS) 

which is a system of reporting procedures on all major projects which 

"significantly" affect "the quality of the human environment." There are 

five important elements in an EIS: (See Figure 1 of Appendix for EIS 

Flow Chart) 

1. The environmental impact of the proposed action - the negative 

and positive effects of the project. 

2. Any adverse environmental effects which cannot be avoided should 

the proposal be implemented - the harmful effects of the project 

are noted. 

3. Alternatives to the proposed action - other plans for accomplish

ing the same objective inclijding the alternative of not doing 

the project at all. 

4. The relationship between local short-term uses of man's 

environment and the maintenance and enhancement of long term 

productivity - how the values of the land may be preserved 

over time; 

5. Any Irreversible and irretrievable commitments of resources which 

would be involved in the proposed action should it be implemented -
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the change or removal from the environment situations or 

materials which can never be replaced. 

This comprehensive statement includes preliminary inventory 

information such as: vegetation, soils, water bodies, circu

lation systems, land ownership, scenic areas, cultural areas, . 

scientific areas, mineral resources, geologic features, and 

areas of potential industrial or conmunity development. 

Although a project cannot be stopped under NEPA, suits can be filed 

to determine the accuracy of the EIS under the law. It further allows for 

public participation and state and local agency review and comments on 

projects. Federal agencies are required to make their regulations consis

tent with federal environmental law under this Act. 

A Council on Environmental Quality (CEO) is established in the 

Executive Office of the President through this Act also. For information 

concerning other federal agencies such as the Environmental Protection 

Agency (EPA), set up by the CEQ, the acts they administer, and other 

pieces of pertinent federal and state legislation, we refer the reader 

to Handbook of Federal and Utah State Laws on Energy/Mineral Resource 

Development (See Bibliography). 

It is the intent of this report to provide an overview of potential 

energy resource development facing the state. Hopefully it will illustrate 

the complexity of problems, pointing out social, political, economic and 

environmental implications surrounding possible energy development in 

Utah. No attempt has been made to provide ansv/ers to these critical issues; 

however, the following alternatives are inherent: How do we want to develop? 

What do we want to preserve or protect? And, how best can these goals be 

achieved? 
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Format of Report 

In addition to the introduction, this publication contains two 

major sections. An analysis of the projects currently being proposed in 

each region throughout the state is discussed. Some of the major 

socio-economic problems that could accompany the affected communities 

are presented; however, this section is primarily a statement of the 

phase of each project at the current time. 

Each major region of the state corresponds to a multi-county 

planning district system, utilized in the state for a more effective 

delivery of services to local government. This concept is discussed in 

the third section of the book. Additionally, how state and local govern

ments are or might be interacting to resolve energy resource development 

problems is discussed in this section. What contributions to date, 

both financially and in terms of legislation, have occurred to support 

local government and to help alleviate the total burden resulting from 

this development is also reviewed. 

Two additional sections of this report consist of an appendix and 

a bibliography. The appendix contains the NEPA law, a flow chart describ

ing the EIS process, and a model executive order establishing an energy 

planning development council. 

A list of references is attached at the end. It refers the 

reader to more in-depth studies from which this information has been 

extracted. 
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TABLE II 

PROPOSED ENERGY RESOURCE 
DEVELOPMENT IN UTAH 

County 

Beaver 

Carbon 

Daggett 

Duchesne 

Emery 

Garfield 

Iron 

Kane 

Sevi er 

Uintah 

Washington 

Wayne 

Proposed Energy Resource DevelojDment 

alunite, geothermal, tar sands 

coal, Utah Power and Light 

natural gas 

oil shale, mining 

Utah Power and Light - Emery Plant, 
Utah Power and Light - Straight Canyon 
(No. Emery) 
Utah Power and Light - Huntington Plant 
Intennountain Power Project 

oil, coal fields, Kaiparowits, tar 
sands, Utah Power and Light 

geothermal, alunite 

coal, Kaiparowits 

Utah Power and Light, Intermountain 
Power Project 

oil, oil shale, gilsonite mining, strip 
mining 

Warner Valley, Dixie Project 

Utah Power and Light, Intermountain 
Power Project, tar sands (oil - im
pregnated sandstone J 



TABLE III 

PROJECTED UTAH POWER GENERATING PLANTS 

Company or Project 

Utah Power and Light Company 

''Utah Power and Light Company 

Southern Cali fornia Edison 
San Diego Gas 
Salt Lake River Project 
Arizona Public Service 

Nevada Power 

Los Angeles Water & Power 
Board, et a l . 

Uintah Water Conservancy 
D is t r i c t 

Bureau of Reclamation 

Bureau of Reclamation 

Bureau of Reclamation 

''Utah Power and Light Company 

Location 

Huntington Canyon 
Huntington, Utah 
Emery County 

Emery 
Emery County, Utah 

Kaiparowits Plateau 
Kane County 

Warner Valley 
St. George, Utah 
Washington County 

Wayne County, Utah 
(Intermountain Power 
Project) 

Uintah County 
White River 

SYAR 
Utah County 

DYNE 
Utah County 

Sixth Water 
Utah County 

Garfield 
(Alternate s i te is 

Utah County) 

1 Fuel 
Capacity! Type 

845 MW 

830 MW 

3000 MW 

500 MW 

3000 MW 

3 MW 

8 MW 

33 MW 

90 MW 

830 MW 

Coal 

Coal 

Coal 

Coal 

Coal 

Hydro 

Hydro 

Hydro 

Hydro 

Coal 

Water Requirement 
and Source 

14,000 AF/Y 
Electr ic Lake 

. 14,000 AF/Y 
Canal 

50,000 AF/Y 
Lake Powell 

10,000 AF/Y 
for both 
Virgin River 

50,000 AF/Y 

" 

14,000 AF/Y 
Unknown 

Completion 
Date 

1974 - 430 MW 
1977 - 415 MW 

1978 - 415 MW 
1980 - 415 MW. 

1980 - 750 MW 
1981 - 750 MW 
1982 -1500 MW 

1979 - 250 MW 
1980 - 250 MW 

1980 

1978 

1981 

1981 

1981 

? - 415 MW 
? - 415 MW 

Remarks 

Water Rights Reserved 

7,000 AF/Y purchased 
from i r r igators 

Coal - from slurry 
l ine 

I n i t i a l planning 
stage 

Tentatively planned 
for 1984 

I 

* I f Utah Power goes to wet dry-cooling in 1978, water requirements w i l l be cut in hal f . 



TABLE IV 

PROJECTED UTAH COAL DEVELOPMENT 
January 1, 1975 

Company or Project 

California Portland 
Cement 

McCulloch Oil Co. 
(Braztah Corp.) 

Peabody Coal Co. 

Utah Power & Light 
Company 

Inspiration 
Development Company 

Consolidated Coal 
Company 

Kaiparowits Project 

Nevada Electric 
Power Company 

Geographic Location 
of Production 

Central Carbon 
County, Utah 

Castle Gate, Carbon 
County, Utah 

Huntington Canyon, 
Emery County, Utah 

Straight Canyon 
Emery County, Utah 

Ferron Canyon 
Ferron, Emery County 

Emery. Emery County, 
Utah 

Central Kane County, 
Utah 

Western Kane County. 
Utah 

Status of 
Proposal 

Firm ,, 

Firm 

Firm 

Firm 

Tentative 

Tentative 

Tentative 

Tentative 

Approximate 
Development 

1975 

1974 to 1980 

1977 

1978 to 1980 

1975 to 1980 

1975 to 1980 

1978 to 1982 

1978 to 1902 

Projected 
Use 

Cenient Plant 

Power 
Generation 

Power 
Generation 

Power 

Unknov/n 

Commercial & 
Power 

Generation 

Power 
Generation 

Power 
Generation 

Point of 
Consumption 

California 

Midwestern 
United States 

Mine Mouth 

Mine Mouth 

Unknown 

VIest Coast and 
Midwest 

Mine Mouth 

St. George. UT 
Las Vegas, NV 

Type of 
Transportation 

Truck & Rail 

Rail 

Conveyor 

Truck or Con
veyor 

Truck & Rail 

Truck & Rail 

Conveyor 

Slurry 
Pipeline 

Production 
Annual Tons 

500,000* 

6,500.000* 

1.200,000 

2,500,000 

500.000 to 
1.000,000 

1,000,000* to 
4,000,000 

10.000.000"^ 

11,500.000 

Remarks 

Will reopen Premium Coal 
Co. Mine 

Contract with American 
Electric Power Co. 

Second Unit, UP&L Power 
Plant (Huntington Plant) 

UP&L H. Emery Power 
Plant 

To be developed on 
private land 

To be opened on Fee Land 
Initially - Trucked to 
rail at Salina or Price, 
Utah 

Impact Statement In 
Progress 

Impact Statement Requirec 
In Progress 

Inteniiountalh Power Emery, Wayne, and Tentative 1900 to 1905 Power Calnville, 
Plant Sevier Counties, UT Gefieratlon Wayne County, 

Utah 

Conveyor and/ 
or rail 10.000,000 Developed by Utah and ; 

Calif. Pvt. Utility 
Coal Acquisition & Env. 
Above data being acquired 

Utah Power and Light Escalante. Utah 
Company 

Proposed 1980 to 1985 Power 
Generation 

Mine Mouth Conveyor 6,000,000 May be Dependent on Water 
Supplies and Environment 
Issues 

Valley Camp and 
Routte County Dev. 

Atlas Minerals 

Buck Canyon 
Mining Co. 

Clear Creek 

Wayne County 

G/and County 

Tentative 

Firm 

Proposed 

1977 to 1980 

1975 

1976 

Commercial 

Power 
Generation 

Conmercial 

West & Midwest Rail 

California Truck & Rail 

Truck 

1,300,000 Preliminary Mine Planning 
in Progress 

600,000 to 
1,000.000 

25,000 

*Also Included on list of coal mines - operational 
Source: Utah Department of Natural Resources 
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TABLE V 

PROJECTED NEW DIRECT EMPLOYMENT 
RESULTING FROM COAL MINING 

Garfield County 
Utah Power & Light 

<ane County 
Kaiparowits 
Warner Valley 

Carbon County 
McCullough-Braztah 
Var. Other Operators 

Emery County 
Various Operators 

Grand County 
Western America 
Energy Company 

Wayne County 
Intermountain Power 

TOTAL 

1975 

0 

0 
0 

200 
1524 

1163 

0 

0 

2887 

1976 

0 

18 
0 

600 
1714 

1223 

100 

0 

3655 

1377 

12 

125 
0 

800 
1959 

1358 

120 

18 

4403 

1973 

84 

258 
200 

950 
2153 

1683 

120 

126 

5584 

1979 

180 

681 
300 

1000 
2184 

1808 

120 

268 

6541 

1980 

455 

1135 
400 

1100 
2214 

2158 

120 

681 

8264 

1981 

760 

1453 
400 

1150 
2216 

2208 

.120 

1135 

9442 

1982 

973 

1808 
400 

1150 
2222 

2258 

120 

1453 

10384 

1983 

1211 

2070 
400 

1150 
2227 

2283 

120 

1808 

11259 

1984 

1387 

2280 
400 

1150 
2229 

2308 

• 

120 

2070 

11944 

1985 

1528 

j 

23931 
400' 

{ 
J 

11501 
2280i 

2303 

120i 

20R0 

12459 

NOTE: Does not include secondary or service jobs created as a riesult of new jobs in basic 
industry. Projections are as of May, 1975. Administrative delays, technological 
or environmental problems, market conditions, or new projects could alter this 
schedule. 

Source: Reports & Analysis, Utah Department of Employment Security 
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A REGIONAL PERSPECTIVE OF PROPOSED ENERGY PROJECTS 

SOUTHEASTERN AND CENTRAL UTAH 

INTRODUCTION 

Southeastern and Central Utah encompass tv/o multi-county planning 

districts which together include ten counties. The Southeastern Utah 

District comprises Carbon, Emery, Grand and San Juan Counties. The 

Central Utah District covers Juab, Millard, Sanpete, Sevier, Piute, and 

Wayne Counties. Both regional are herein treated together, since the 

majority of the energy.activity will occur in four of the ten counties--

Cairbon and Emery in the Southeastern region, and Sevier and Wayne Coun

ties in the Central region. 

DISTRICT PROFILE 

t Coal 

Emphasizing the future importance of coal on Utah's economy. 

Dr. Hellmut Doelling, Chief of Economic Geology for the Utah Geological 

and Mineral Survey, recently stated: "By 1985 there could be 8,000 mega

watts of new generating capacity in Utah to serve both Utah and the entire 

southwest market. This would involve mining of some 36 million tons of 

coal annually, providing employment for 10,000 miners, 4,000 power plant 

workers, and nearly 20,000 employees for indirect facilities and service 

industries." These estimates compare with the total tonnage produced in 

1974 of approximately 6.0 million tons requiring a work force of about 

1,800 miners. 

During previous decades, Utah coal was used almost exclusively for 
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space heating, for firing railroad locomotives, for small in-state 

electric power plants, for manufacture of steel, and some export. 

In future years it appears that coal for large in-state power 

generations plants will be the largest demand. There will also be 

large.tonnages shipped to other, states. Utah's coal is in demand 

due to its low sulphur content which minimizes pollution and its high 

BTU rating. Use in the steel industry will likely continue. Such new 

users as coal gasification and coal liquification could utilize large quan

tities as soon as production technology is perfected. 

Coal and Other Mining Activities. 

Mining is the. number one industry in Southeastern Utah, which in

cludes: uranium, potash, petroleum, and natural gas. These activities 

are situated near the eastern edge of the Wasatch plateau, where geologic 

uplifting has exposed coal seams. The forested plateau is used for grazing 

and is also a source of water for agriculture and urban development in 

Caste! Valley. 

The Emery Company mining and processing of bituminous coal has been 

the largest industry, then uranium, sand and gravel, and natural gas. 

Deposits of coal in beds over 30 inches thick amount to 3,477,000 

tons. Much of the coal contains coal resin which has many possibilities 

for future development. 

In 1969, seven companies were actively operating in Emery County. 

Although mining has been the primary, industry, it has undergone the largest 

decline in terms of number of jobs over the last few years. Since 1955, 

the number of jobs associated with agriculture has declined by more than 

one-half. 
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At the present time, there are two types of coal being mined in the 

area. Kaiser Steel Corporation and U.S. Steel are operating mines to 

produce coking coal, which is used in the steel industry. U.S. Steel's 

production goes to its operation in Provo. Kaiser Steel produces coal 

for its Fontana, California steel operation and sells coking coal to other 

users. In 1973 this coking coal amounted to roughly half of the production 

and half of the work force in the industry. 

The other coal mined in the area is primarily used for power plant 

operation. The growth projected is almost entirely related to production 

for power plants. 

Valley Camp Coal is beginning operations in the Clear Creek-Schofield 

area and could employ 200 persons by 1976. 

According to the Department of Employment Security, for every job initially 

in the coal mining industry, 3/10 of a job would be created in allied industry, 

which means that for every 100 jobs in the coal industry, 30 jobs would be 

created in the community. In seven or eight years, allied jobs would be 

parallel or equal to every job in the mines. 

The following companies are knov;n to be interested in Utah coal pro

perties and major uses could develop: 

Company 

Consolidation Coal Co. 

Peabody Coal Co. 

El Paso Natrual Gas Co. 

Sun Oil Company 

Pacific Gas and Electric 

Location 

Emery & Kane Counties 

Emery & Kane Counties 

Kane County 

Garfield 

Use 

Electric Power 
or Gasification 

Electric Power 
or Gasification 

Electric Power 
or Gasification 

Electric Power 
or Gasification 

Carbon & Emery Counties Electric Power 

Source: Claude P. Heiner, President, Claude P. Heiner & Co., August 14, 1974 
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Other companies with a demonstrated interest in Utah coal resources 

are the following: 

Company Location Use 

Peter Kiewit Co. , 

Coastal States Energy Co. 

Inspiration. Development Co. 

Western America Energy Corp. 

San Juan County 

Emery County 

Emery County 

Grand County 

Electric Power 
dr Gasification 

Electric Power 

Electric Power 

Electric Power 

If a substantial number of these projects or. others materialize, it 

is evident that enormous demands will be placed upon state and local 

governments to absorb the increase. Thus, it becomes quite apparent 

that such developments would cause changes in the number, character, and 

distribution of our population, including social, economic, political and 

cultural adjustments. (See Appendix for Projected Employment Resulting 

from Coal Mining in Utah). 

Petroleum and Natural Gas Resources 

Utah's petroleum and natural gas resources are located in two major 

fields--greater Red Wash and the Greater Aneth Field in San Juan County. 

There are 25 billion barrels of tar sand deposits near Glen Canyon Recrea

tion Area, in San Juan County, and the Uintah Basin. 

Presently, Utah is the fourth largest producer of uranium in the United 

States; however, it produces 30 percent of the total national reserve. With 

increasing stress beipg placed on the use of nuclear generation to supply 

electrical energy, uranium production will remain important. 

In 1972 Utah produced 412,000 tons of ore containing 819 tons of 

high grade ore. Utah is fifth in reserve tonnage, and its ore grade is 

the richest in the nation. Uranium ore is mined in San Juan, Grand, Emery, 

and Garfield Counties. 
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San Juan County's major industry is uranium mining. Although mining had 

declined since the late 1950's, the demand for uranium is now increasing. 

The demand is based on defense requirements which are subject to national 

and international policy considerations. 

Grand County will experience an increased employment activity in the 

exploration and development of new oil and gas fields in support of our 

nation's demands for energy fuels. Presently several major oil companies 

have been successful in their "Wild Cat" drilling for oil and gas, causing 

increased exploration and drilling in the Cisco and Thompson area, creating 

an estimated 30 to 60 new jobs during 1976. 

Although petroleum production has declined, a large quantity of 

petroleum remains in the area. In 1965, 183 million barrels were pumped 

out of the Aneth oil fields; approximately 268 million barrels remain. 

Tar Sands 

One of the most important deposits of tar sands in Utah is in Wayne and 

Garfield Counties with an estimated 14 billion barrels in the Tar Sands 

Triangle-Circle Cliffs area, located west of the confluence of the Colorado 

and Green Rivers. (See Map) 

Tar sand is a sandstone or unconsolidated sand with heavy oil or tar 

occupying the spaces betv/een the sand particles. The thick or solid tar is a 

hydrocarbon identical in chemical composition to conventional crude oil except 

for its low gravity and solid state. It may be referred to as asphaltic sand, 

bituminous sand, tar sand, or oil sand, as these terms are all synonymous. 

Vanadium 

'Atlas Minerals Division has started construction at their Moab-based 

plant, on a new vanadium circuit, and expansion of their present uranium 

mill facilities is to be completed by mid-year, creating an estimated 100 
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jobs at the close of 1976. This new mill development is expected to 

increase both their mill capacity and ore processing capabilities. Ore 

bodies coritaining vast reserves of vanadium and uranium ores will be 

processed. This new development, coupled with the increased market price 

for copper* vanadium and uranium has caused considerable exploration and 

development of new copper and uranium mining properties and the reopening 

of smaller mining operations. This is expected to create an estimated 50 

to 75 new jobs by the end of 1976. 

Potash Buttes Gas and Oil has started a long range exploration and 

development of potash mining properties located at the 10-mile area north 

of Moab. During the next year, their continued exploration activity will 

create an estimated 18-20 new jobs. Long range development of mine and 

mill is expected to create an estimated 250 to 300 new jobs by 1978. 

Potash consumption in the U.S. has increased 10 percent annually and 

consumption is anticipated to increase at a 7 percent annual rate to 1970 

and at 6.3 percent per year rate from 1970 and 1980, 

Potash mining and processing from reserves north of Monticello may 

eventually increase employment. 

Water Constraints 

The greatest constraint in developing the energy resources may be the 

availability of water. Utah'has 300,000 acre feet of water unallocated under 

the Colorado River Compact. For development of energy resources in the 

upper and lower Colorado River basins, the state engineer has applications 

totaling more than 1,200,000 acre feet. The prototype oil shale development 

will require between 150,000 and 200,000 acre feet annually for development. 

Thus, providing water for energy may require transfers, exchanges, and in 
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some cases reallocation of water rights. For example, farms in Carbon 

and Emery Counties are being purchased to gain water rights for supplying 

the Huntington power plant with sufficient water. How can decisions per

taining to development of resources be made in such a v/ay as to optimize 

the values in land and the constraints of water supply in the arid region? 

Will v/ater ultimately be diverted from the Central Utah Project for this 

purpose? If so, how wilTit be transported? These are questions that 

will eventually determine the scope and extent of energy development acti

vities in this region. 

Near Albion there is Navajo sandstone from which water could be 

mined as coal is mined. However, it must be extracted 700 feet below the 

coal. There are 380 million tons of coal in Southeastern Utah. Should 

this water be mined? Would the drilling for this water consumption be 

useful in terms of coal and oil shale extraction?, 

In Emery County the use of ground water to augment surface water does 

not appear to be feasible because of a vast shale formation which underlies 

the area retarding the flow of underground water and is also a source of 

salt contamination. 

Water comes from the watersheds in the Wasatch Mountains to the west 

for irrigation and domestic use. Culinary water is taken from sources in 

adjacent canyons; to avoid need for treatment, Huntington has developed 

a spring source in Huntington Canyon, and Emery Town utilizes a well supply. 

The sewage gathering system and disposal plant from Castle Gate to 

Viellington, which was completed several years ago, should accommodate the 

expected growth in the Price River drainage area for now. Probably the 

most serious problem in Carbon County is culinary v/ater accumulations and 

distribution. Studies have been conducted and the Price River Water 
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Improvement District is planning to construct a water system to accorranodate 

the anticipated growth from Castle Gate to Wellington, as soon as adequate 

finances can be secured. They will acquire shares of Scofield water from 

local farmers, set up a water treatment plant in the area of Royal and sell water 

to established water companies which are presently buying water from Price 

City to allow additional water hookups for Spring Glen, Carbonville, South 

Price, Wellington, and Miller Creek, 

MAJOR ENERGY PROJECTS 

CARBON-EMERY COUNTY COAL MINING ^ 

The nation's energy crisis has brought into focus the tremendous 

potential which coal has in satisfying present and future fuel needs. In 

1973, the total coal production for all coal industries in Carbon and Emery 

Counties was .approximately 4 million tons. It is expected that in the next 

few years coal production will increase substantially in this area. 

The demand for trained miners is currently critical in the Carbon-

Emery Region for two basic reasons: 

(1) Approximately 30 to 40% of the present work force employed in the 

mines are past the UMWA retirement eligible age of 55. Further, 

there are few miners between the ages of 30 and 50, Consequently, 

the remainder of the mining labor force consists of young, inexper-

ienced personnel. Much pre-employment training is required to 

meet industrial standards of the Coal Mine Safety Act of 1969 

thus resulting in the quantity of inexperienced miners. 
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(2) A large quantity of highly trained miners will be needed to fill 

the foreman positions in the coal mining industry with the pre

sent production expansion. To illustrate, it is felt that about 

660 new mine foremen will be!required by the year 1977, To be a 

mine.foreman, the law specifies that a miner must have four years 

mining experience and pass prescribed examinations. What this 

means is that the yearly growth of mine foremen-will reduce the 

total number of personnel already employed in the mines, inasmuch 

as the foreman candidates are those people who have been employed 

during four prior years. 

To emphasize the socio-economic impact of expanded coal production in 

the Carbon-Emery area, the following examples are sited. McCullough Oil 

(carbon fuel) Company recently signed a letter of intent with American Electric 

to' supply them with coal. McCullough Oil has estimated that within four 

years the peak yearly shipment to American Electric will be 6 million tons 

annually within the next four years. This is a 25-year contract, To 

accomplish this, McCullough will have to increase its work force from 225 

in 1974 to 625 in 1975 to 1,050 in 1976 to 1,275 in 1977. 

McCullough is presently constructing a new coal washing plant located 

at Castle Gate which will handle 20,000 tons of coal per day. Castle Gate 

was an existing community, and the company re-located the people and their 

homes to another nearby town. In addition to the washery, four unit train 

loading facilities are planned by McCullough Oil at Castle Gate. Kaiser 

Steel's train loading facility can load 83 cars of 100 ton capacity in 53 

minutes; therefore, these four new units will have the potential of 

increasing loading facilities fourfold. ^ 
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Table VI on the following page illustrates the employment projections 

for Utah mining industry in Carbon and Emery Counties. As the chart 

indicates, the total employment for the year 1973 v/as 1,607 and the pro

jected total for the year 1S78 is 4,024. This represents a 150% increase 

in total employment. 

It is important to note that both Carbon and Emery Counties exper

ienced a population decrease betv/een 1960 and 1970. Emery County popula

tion dropped 7.4% and Carbon County decreased 26% during the last decade. 

An area that was near a point of stagnation and decline is now beginning 

to boom. To illustrate, in 1973, coal production in Utah was between 

325 and 340 million tons. Of this amount, 11% was produced from Carbon 

County and 20% from Emery County. Hence, 97% of the extracted coal in 

Utah for the year 1973 war produced in the Carbon-Emery area. 

Between 1970-1973 the-population of Carbon County had grown from 

15,547 to approximately 17,000, and 8.0 percent total growth rate. Mean-

While, Emery County grew from 5,137 to 6,800 persons, a 32 percent total 

growth, 30 percent of which occurred between 1972-1973 (Utah Industrial 

Development Information System, 1974). This growth can be attributed to 

renewed mining activity and to power plant construction. 

Projected Population Growth 

The reversal from past population trends will continue due to 

the pressure for coal development nationally, the federal drive for 

"IBtBllritilV". 



TABLE VI 
A 

COAL HINE EKPLOYMEHT 

EMERY COUNTY 

1975 1976 1977 1978 1979 1980 1981 1982 1983 1984 1985 

American Coal 

Peabody Coal 

Browning Coal 

U. S. Steel 

Sun Valley Coal 

Coop Mining 

Utah Power & Light 

Inspiration Copper Co. 

Mountain State Resources 
(Arizona Electric Power) 

230 

260 

140 

300 

5 

30 

270 

400 

140 

300 

5 

30 

Included in 

INA INA 

300 

420 

140 

325 

5 

30 

Utah Power 

INA 

300 

450 

140 

325 

5 

30 

250 

and L-

INA 

300 

475 

140 

325 

5 

30 

250 

ight Co. 

INA 

300 

500 

140 

325 

5 

3D 

500 

estimates 

INA 

300 

550 

140 

325 

5 

30 

500 

INA 

300 

600 

140 

325 

5 

30 

500 

INA 

300 

650 

140 

325 

5 

30 

500 

INA 

300 

675 

140 

325 

5 

30 

500 

INA 

300 

700 

140 

325 

5 

30 

500 o 

INA 

Total 965 1145 1220 1500 1525 1800 1850 1900 1950 1975 2000 
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Kaiser Steel Corp. 

U. S. Fuel 

Carbon Fuel 

Plateau Mining Co. 

Valley Camp Coal 

California - Portland 
Cement 

Swisher 

U. S. Steel 

Total 

1975 

600 

187 

620 

220 

150 

80 

44 

50 

1956 

TABLE VI 
B 

COAL MIME 

CARBOf 

1976 

600 

187 

1050 

330 

200 

120 

54 

50 

2591 

EKftOYHEKT 

1 COUHTY 

1977 

600 

187 

1275 

480 

270 

120 

59 

50 

3041 

1978 

600 

187 

1500 

600 

300 

120 

63 

50 

3420 

1979 

600 

187 

1600 

600 

300 

120 

74 

50 

3531 

1980 

600 

187 

1700 

600 

300 

120 

84 

50 

3641 

1981 

600 

187 

1800 

600 

300 

120 

86 

50 

3743 

1982 

600 

187 

1900 

600 

300 

120 

92 

50 

3849 

1983 

600 

187 

2000 

600 

300 

120 

97 

50 

3954 

1984 

600 

187 

2150 

600 

300 

120 

99 

50 

4106 

1985 

600 

200 

2200 

650 

300 

120 

100 . 
to 

50 ' 

4220 
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en,r.rgy self-sufficiency, the demand for lev/ sulfur coal and the state

ments of intent and e/riploymenc projections in Carbon and Emery Count.ies. 

Presently, coal mining and power generating conipanies are expected to 

bring 4,741 new mining employees to the Carbon-Emery area by 1979 (not 

including'any associated construction employment.) Betv/een 1973-1974, 

551 new miners v/ere employed, a 33 percent increase. 

In addition to an increase in mining and power company employment, 

substantia] increases in the service-employment sector are expected. 

Population Forecast 

For the Carbon-Emery area, the Utah State Department of Employment 

Security (USDES) has compiled eniplô 'ment projections by company from 

1975 to 1985, v/hich a re presented in Table 11-20. The population nf 

Price may grow 23 percent during the life of the project, if 50 percent 

of the new population decide to reside in this population center. This 

is a probable settlement pattern due to Price's size and the generally 

high availability of goods and services. 

If 20 percent of the nev/ population settles in Castle Dale, its 

population could bs doubled from approxiraately COO-1200 by 1985. Huntington 

could be the conimunity chosen by up to 10 percent, and grow from 1200-.1500. 
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17,000 

17,600 

21,300 

24,900 

27,600 

6,800 

8,400 

10,400 ' 

12,800 

13,500 . 

23,800 

26,000 

31.700 

37,700 

41,200 

I • TABLE VII 

I • 
f POPULATION FORECASTS 1973 - 1977 ( Impacted) 
I - • • , . 

CARBON AND EMERY COUNTIES 

CARBON EMERY TOTAL 

1973 

1974 

1975 

1976 

1977 

POPULATION FORECASTS 1973 - 198& (Basic) 

CARBON AND EMERY COUNTIES 

CARBON EMERY TOTAL 

1973 17,000 6,800 23,800 

1974 17,600 6,900 24,500 

1975 18,500 7,300 25,800 

1976 19,400 7,600 27,000 

1977 20,300 7,800 28,100 

1978 21,300 8,200 29,500 

1979 22,200 8,600 30,800 

1980 . 23,300 8,800 32,100 

1981 24,400 9,300 33,700 

1982 25,400 9,,900 35,300 

^983 26,500 10,400 . 36,900 

^584 27,500 11,000 38,500 

^525 28,500 11,500 40,000 
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The availability of housing and utilities, however, will determine where 

settlement will occur and be comfortably absorbed. The current limita

tions in the area are on available housing and utilities, and this 

situation has made it difficult to determine the most probable settlement 

patterns. The development of water purification and treatment plants and 

the attraction of housing developers to the Carbon-Emery area will determine 

the final settlement patterns. 

The new population generally will come from outside the state or the 

local community, will be young, and will have small children. The con

struction-related population will be transient, though some may become 

miners or for other reasons may choose to remain in the area. 

If the Carbon-Emery area economic development is to proceed at the 

rate at which coal company figures suggest, the resulting coal-boom would 

require intensified planning efforts in order to accomodate that growth. 

Boom growth has been defined as anything above 5-7 percent, depending 

upon the size of the town (DRI, 1974). The small towns of the study area 

cannot comfortably handle accelerated growth, without adequate supplies 

of housing, taxes and public facilities, and without the prerequisite 

lead time to plan for growth or to attract outside investments. These 

are the additional constraints to rapid growth which should be addressed 

by the companies involved. 

Housing 

The housing situation in the Carbon-Emery area, primarily in terms of 

the percent of new housing, housing conditions, and availability will be 

adversely affected. 
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Between 1970 and 1974, the increase in housing demands for new con

struction and coal mining employees brought on a rapid decline in avail

able-housing. In September, 1974, a permanent home was virtually impossible 

to find at anything but inflated prices in either Price, Huntington, or 

Castle Dale. Prices in October were at least five times greater than 

the going prices of approximately -five years ago. 

Some rental units are available. When available, rents for one-room 

units average $250.00 a month. Local hotels and motels are renting rooms 

by the month to facilitate short-term employees. One indication of the 

shortage of housing was evidenced last spring when all of the motels were 

filled with construction employees. While mobile home parks do exist, 

they are in improved areas and offer little in the way of housing alter

natives. 

The number of available water taps, both,for new housing units and 

trailer units, has been low in both counties. The availability of water 

taps has directly influenced the number of units that could be constructed, 

as has the increased cost in building materials. In 1973, the City of 

Price had 20 conventional and 15 mobile home water taps. As of November, 

1974, 30 conventional and 16 mobile home taps had been pruchased in Price 

for the year. The number of,new homes being built in Price in 1973 differed 

from the indicated water taps (which are usually connected and paid for 

last); Price records show 59 new housing units constructed with only 35 

water taps for the same area. The actual number of housing starts is some

what indeterminate. 
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In surmiary, the pattern of employment will become more industrial, 

the new labor force will largely be from outside the area, high wage 

scales will have an inflationary effect on the local economy, the availa

bility of labor for service related jobs will decline and an increased 

demand for trained employees and vocational training will result from the 

proposed action. 

PROPOSED ENERGY-RELATED DEVELOPMENTS 

Several new power generating plants are presently under construction 

throughout the State. (See Appendix A ). It is estimated that each 

1,000 megawatts of generating capacity will involve: (1) 3 million tons 

of coal per year; (2) 15,000 acre feet of water per year; (3) 1,000 

workers in'coal mines, power plants and equipment maintenance and repair; 

(4) 2,200 to 2,400 workers total in direct and indirect employment; 

(5) $400 to $500 million in capital expenditures; and (6) 4,000 to 5,000 

total population supported by the above employment. These requirements 

could vary in individual cases depending oh the structure of the local 

economy, coal mining conditions, etc. It is apparent, however, that 

regardless of the actual number of plants that ultimately will be con

structed, the magnitude on the local area is significant. A brief 

description of each of the possible plants is discussed in this section. 

UTAH POWER AND LIGHT COMPANY - HUNTINGTON PLANT 

The first unit of this steam electric plant was begun last year and 

is now in operation. The second unit is well on its way and is scheduled 
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'- , 

for completion in 1977. It consists of 430,000 kilowatts and costs 

approximately $96,000,000. It is referred to as the Huntington Plant 

because the name of the town near where it is located is Huntington in 

Emery County. This site was chosen because of the availability of coal 

and water. 

Water is supplied from Huntington Creek and stored in Electric Lake, 

which was formed by a Utah Power and Light Dam. 1.2 million tons of coal 

per year is being supplied by the Peabody Coal Company for use at the 

plant. 

The initial unit has a plant efficiency of 82/lOOths pounds of coal 

i per kilowatt hour. Pollution control equipment will be installed. It 

will include particulate removal, cooling towers, and ash disposal methods 

to prevent air and water pollution. 

The two units together will generate a total of 2 million kilowatts. 

Each of the above units is 430,000 kilowatts. Also, each of the units 

uses approximately 4,000 tons of coal daily. A yearly pro.iection requires 

1.2 million tons of coal for each unit. The four units, when complete, 

will consume 4.8 million tons of coal annually. Placing this in per

spective, total coal production in the State of Utah in .1973 was 5.2 

million tons. 

The labor force growth in Emery County is all directly or indirectly 

related to coal mining. In addition to the power plant for Utah Power 

and Light Company, Mountain States Resources has purchased property in 

Emery, Utah that may be developed for Arizona Electric Power. The 

employment at coaT mines in Emery County is expected to increase from 

1,165 in 1975 to 1,365 in 1976 and 2,000 by the year 1985. 
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Additipnally, it is expected that Consolidated Coal Company will take 

over the Browning coal mine in Emery and increase production up to 500,000 

tons within less than a year's time. This will mean an increase of 100 

jobs, or a total of 140 jobs. It is anticipated that this coal will be 

shipped out of the State. It is very probably that an approximately 

65-mile railroad will be built from the Price-Wellington area to this 

property close to Emery. 

Socio - Economic Impacts 

Emery County has need for enlarged and improved water and sewer 

systems in Huntington, Castle Dale, Orangeville and Emery. Green River 

and Ferron are in the process of enlarging their distribution systems at 

present. Cleveland, Elmo and Lawrence have recently completed new water 

mains from their source of water in Huntington Canyon. All of the 

communities need better sewage disposal systems. 

UTAH POWER AND LIGHT COMPANY - EMERY PLANT 

The proposed site of the Emery Electric Generation Plant encompasses 

approximately 2,000 acres of land located in the west-central, portion of 

Castle Valley, near the town of Emery, Utah. Most of the land is in the 

Manti-La Sal NationaVForest, with nine-tenths of the land being privately 

owned and one-tenth of it being BLM-administered land. 

The generating complex will include two 415 megawatt (total of 

830MW) coal-fired steam-electric generating.units. This plant would 

utilize coal from the same mine serving the existing Huntington lines , 

currently under consideration for the Huntington Second Unit. Associated 
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with the generating units will be environmental control systems, induced 

draft wet-dry cooling towers, electrical switch-yard, and office and 

maintenance buildings. Stacks for these two units are planned to be 

approximately 600 feet high. 

UP&L plans the construction start for the first 415 mw unit by 1975 

to meet their demand needs by 1978 or 1979. A short-term construction 

period of three years will be required for the first unit. 

UP&L is the sole applicant. BLM is the lead federal agency for 

preparation of the EIS. 

The company has prepared an environmental report and the Bureau of 

Land Management has contracted with a consultant to analyze the Company 

proposal. This analysis has recently been completed and the statement 

preparation process has been initiated. The next scheduled action is to 

produce the Draft of the statement by November 1975. 

Coal Reserves 

UP&L has applied for a lease sale of about 12,000 acres of coal land 

on North Horn Mountain.to supply the Emery generating complex. 

The coal reserves, as estimated by the Geological Survey, are 

tabulated below. . 

Estimated Coal in Place, 6 Feet 
or More in Thickness (Thousand Tons) 

Coal Bed 

Hiawatha 
Bl ind Canyon 

Total . 

Transport 

Measured 

13,240 
16,130 
29,370 

Indicated 

27,580 
18,820 
46,400 

Inferred 

13,360 

13,360 

Total 

54,180 
34,950 
89,130 

Coal from the North Horn Mountain coal lease area will be transported 

by a conveyor belt system from the mine portal to the generating system. 
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The conveyor will be approximately eight miles long, above ground, and 

covered. An extension of the Denver and Rio Grande Railroad into the 

coal fields is being considered. 

Water Requirements 

Consumptive water use for combined units 1 and 2 (860 mw rated 

capacity, 830 mw rated output capacity) is estimated to be 10,420 

acre-feet per year. Consumptive water use by project component is shown 

below: 

Component 

Cooling Tovyer 
Ash Handler System 
Evaporative Coolers 
Sootblowers 
Wet Scrubbers 
Coal Dust Suppression 
Raw Water Basin 
Clearwell 
Wastewater Pond 

Average Rate 
(gpm) 

3944. 
358., 
190. 
60. 

1930. 
24.5 
25. 
3. 
10. 

Annual Use 
(acre-feet) 
6374. 
417. 
307, 
97. 

3120. 
40, , 
40, 
5, 
16. 

Total 6444.5 gpm 10,416. ac. ft. 

An additional annual supply of 3,420 acre-feet may be.available from 

Millsite Reservoir if the necessary contractual arrangements can be made. 

If they cannot, water will have to be conveyed either from Huntington or 

Cottonwood Creeks whenever additional rights can be acquired. 

Economy 

The amount of money forecasted to be injected into the local economy from 

UP&L in 1978 employment will be $17,502,000 as shown in the Table III-3, 
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TABLE III-3 ; . 

INCOME GEHERATED BY UP&L IN 1978 

TYPE OF 
EMPLOYEE 

Plant 

Mine 

Constructi 

Service 

AVEPxAGE 
- INCOME 

$12,500 

12,500 

on.10,000 

8,000 

NUMBER OF 
EMPLOYEES 

10 

160 

1,040 

225 

INCOME 
(1000) 

$ 125 

2,000 

10,400 

1,800 

INCOME 
• MULTIPLIER 

1.04 • 

1.66 

,1.14 

1.22 

TOTALS 
(1000) 

$ 130 

3,320 

11,856 

2,196 

TOTALS: . ' $14,325 $17,502 

SOURCE: From data provided by UPSL, THK and Assoc., and the 
U.S. Department of Corrmerce and the BLM. 

Overall Impact . 

The counties of Carbon and Emery will be impacted by the proposed 

plant at Emery because of the new employees and their families who will 

move into the area. The proposed action will employ 1,210 persons at 

peak construction in 1978, and will cause an immigration of approximately 

3,788 persons to the communities of Price in Carbon County, and Huntington, 

Castle Dale, Ferron, Orangeville, and Emery in Emery County. The first 

three coimiunities will receive the major influx, as much as 80-90 

percent, and the remainder will settle in the latter three communities, 

which are generally smaller and offer fewer services . A few may settle 

outside the communities depending upon the enforcement of county land 

use controls which requires that larger tracts per unit, 3-5 acres, be 

developed outside local communities. 



-44-

INTERMOUNTAIN POWER PROJECT 

The Intermountain Power Project is a joint venture by a number of 

power companies and municipalities to design and construct a coal-fired 

electric power generating plant to be located in Wayne County. Since 

this is a sparsely populated area, it is probable that a new community 

would have to be constructed. The participating members of the combine 

are the Intermountain Consumers Power Association (26 municipalities in 

Utah and a consortium of cities in California). 

The size of the pov/er plant is intended to be 3,000 megawatts, the 

same size as Kaiparowits, however, the size may be altered as the results 

of feasibility studies become available. The proposed schedule for 

development is shown in Table below. 

Phase 

Feasibility study begun by 
City of Los Angeles 

Receipt of company proposal 

Feasibility study to be completed 

Begin construction of Unit #1 

Unit #1 Operational 

Schedule 

March 1974 

October 1975 

December 1975 

January 1978 

June 1981 or 1982 

Subsequent units will become operational at twelve to eighteen 

month intervals thereafter. 
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Total cost of the project is estimated to be $1.5 billion; however, 

if the present rate of inflation continues the cost could easily be in 

the $2.0 billion range. 

The Salt Wash area of Wayne County is the preferred plant site at 

this time. It is approximately 10 miles north of the town of Caineville. 

State Highway #24 going southeast from Loa, Bicknell, and Torrey passes 

through Caineville approximately 16 miles west of Hanksville. 

It is estimated that 2,500 workers will be required to construct 

the plant; 1,000 additional construction workers to open and develop 

coal mines; 3,000 coal miner; and 400 plant operators. 

Coal will be obtained a few miles north of the plant site in Emery 

County, and would be transported either by rail or conveyor belt to the 

plant. However, the exact coal source has not yet been confirmed. 

The plant will require approximately 50,000 acre feet of water, 

mostly for cooling. Water would be obtained from both surface and 

underground sources. Test v/ells have been driven in the area with 

promising results. It is also proposed to.construct a dam on the Fremont 

River about six miles south of Caineville. The dam would impound 50,000 

acre feet of v/ater which would be used jointly by the power plant, 

agriculture, and recreation.. 

A 1,700 foot test v/ater well and two small observation v/ells are pre

sently being drilled for IPP near its study site in south central Utah. The 

wells will allow project engineers to gain more information about the water 

bearing properties of the rock and rock fracture systems of the area for 
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the feasibility study. There is the possibility of additional quantities 

of irrigation water to be available for agriculture as a result of the 

construction of water storage facilities that could jointly serve the 

project and local users. 

Economic Impact 

Economic benefits would accrue toi the area from the approximately 

450 employees required to staff the completed power plant. Coal mining 

operations in support of the project will also provide a substantial 

increase to the region's economy, employing approximately 200 people. 

PROJECTED NEW DIRECT EMPLOYMENT 
RESULTING FROM THE INTERMOUNTAIN POWER PROJECT 

1975 1976 1977 1978 1979 1980 1981 1982 1983 1984 1985 

250 875 1586 2290 2534 2266 1919 1274 691 

250 875 1586 2290 2534 2141 1562 810 181 

125 357 , 464 510 

INTERMOUNTAIN POWER 
PROJECT 

Plant Construction 

Plant Operation 

Coal Mine 

Water Development 

0 

0 

NA 

NA 

0 

0 

NOTE: Does not include secondary or service, jobs created as a result of new 
jobs in basic industry. Projections are as of May 1975. Administrative 
delays, technological or environmental problems, market conditions, or 
new projects could alter this schedule. 

Source: Reports & Analysis, Utah Department of Employment Security 
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Environmental Consideirations 

Numerous field programs have been initiated which involve studies of 

various environmental issues. An estimated $1 million has been allocated 

for the environmental studies. It is a particularly sensitive project 

also because of its close proximity tb Capital Reef National Park. Another 

problem concerns securing permission from the federal government to use 

the water in the Fremont River even though It is part of Utah's Upper 

Colorado River entitlement. A positive factor is that it is estimated 

the coal required to generate 3,000 megawatts of power would save 35 

million barrels of oil annually. 

Westinghouse Environmental System Department of Pittsburgh, Pa., is 

now engaged in preparing an environmental impact study of the area. The 

study includes a thorough evaluation of existing conditions and what 

affects the plant, transmission lines, coal mine, and other features 

would have upon the physical, social, and economic conditions in the area. 

The Bureau of Land Management is working with both Westinghouse and the 

city of Los Angeles in the development of this report. 

Studies relating to the.population increase, housing and community 

facilities have not yet been completed. 



SOUTHERN UTAH 

INTRODUCTION 

The southern portion of the state is experiencing an unprecedented 

demand for its energy related sources resulting from the nation's recent 

impending problems in energy resources. This area is characterized by un

developed natural resources and sparse population. 

Most of the land in both Kane and Garfield counties, in which many 

of the proposed energy developments lie, is owned by the federal govern

ment. To illustrate, less than 10 percent of Kane County and approximately 5 

percent of Garfield County are privately owned. In addition, bo.th Kane and 

Garfield Counties experienced a decrease in population over the last decade. 

Between 1950 and 1970, Kane and Garfield Counties had a population decrease 

of 9.2 percent and 11 percent respectively. The 1970 census data indicates 

the population of Kane County at 2,427 and Garfield County at 3,157. 

The purpose of this section of the report is twofold: (1) to discuss 

the proposed energy related developments in the area; and (2) to explain 

the anticipated socio-economic impacts resulting from the energy develop

ments. 



DISTRICT PROFILE 

KAIPAROWITS POWER PROJECT 

The Kaiparowits Power Project is a proposed coal-fired electric 

generating station consisting of four 750 megawatt units for a combined 

name plate rating of 3,000 megawatts. The plant will utilize coal mined 

from the Kaiparowits Plateau, which is about 8 miles northeast of Nipple 

Bench and approximately 7 miles southeast of Four Mile Bench, (see project 

area map). The coal will be mined underground; consequently, strip or other 

surface mining is not planned at this time. The coal will be transported by 

closed conveyor. The average coal to be utilized in the Kaiparowits Power 

Project contains about one-half of one percent sulfur. Much of the eastern 

coal currently being used for electric generation contains as much as five 

percent sulfur or ten times more sulfur. The Kaiparowits Project will 

burn about nine million tons of coal a. year or a total of approximately 

315 million tons during the expected 35-year life of the plant. 

The primary participants in the power project include the following 

utility companies: 

1. Southern California Edison Company 

2. San Diego Gas and Electric Company 

3. Arizona Public Service Company 

4. Salt River Project 

Kaiser Engineers, Division of Kaiser Industries Corporation, will be respon

sible for designing and constructing the coal mines. A new subsidiary of 

Kaiser Industries Corporation will operate the mines. 

. Site alternatives began in 1964j and during this 11-year period, 

nineteen sites on the Kaiparowits Plateau have been identified and investi

gated. Currently, two sites. Nipple Bench and Four Mile Bench, are under 

I: 
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consideration for ultimate selection. Nipple Bench site is located 10 miles 

ncrth of the Utah-Arizona border, and approximately 15 miles from GTen Canyon 

Dam. Four Mile Bench is about 15 miles north of Nipple Bench. 

The Governor's Kaiparowits Planning and Development Advisory Council 

passed a resolution indicating Nipple"Bench as the preferred site for two 

reasons: (1) reduced plant visibility from the city of Page, Wahweap Marina, 

and Lake Powell: and (2) improved meteorological conditions necessary for 

proper dispersion of stack emissions due to the higher elevation and unob

structed terrain surrounding the site. 

A major criterion in the plant site selection among the alternative sites 

is visual exposure from the recreational areas. It is envisioned that the 

plant facilities will be situated so that visual exposure will be minimized 

through utilization of topographic features of the land. Moreover/access 

roads, water!ines, and transmission lines will run through existing cooridors 

to decrease disruption of the natural landscape. 

The water for plant cooling will be drawn from Lake Powell. To minimize 

the effect on the users of the lake and recreation areas, the water intake 

devices will be below the lake. . An agreement with the United States Depart

ment of the Interior for the withdrawal of the water from Lake Powell has 

been consummated. The lake v/aters will be recycled at the power station 

through evaporative cooling tov/ers. The v/ater which cannot be recycled will 

be contained in watertight ponds where it will be evaporated by the sun. 

Development Impact 

The socio-economic impact generated from the Kaiparowits Power Project 

will be phenomenal. It is anticipated that a new town of 15,000 must be 

constructed to house the construction and operation personnel involved 

with the Kaiparowits Project.' This will be a herculean task to plan and 

develop a viable new community with necessary amenities. Facilities 



-52-

for construction personnel must be ready for occupancy at the time of the \ 

construction of the plant. The target date for plant construction is Tate 1975. 7] 
f 

It is important to note that the new town is intended to be more than / 

merely a "company town." Studies are currently being undertaken to determine j 

the feasibility and marketability of various new town sites. The new town \ 

will require approximately 2100 acres of land. Of this amount, 1,100 acres I 

will probably be developed for public and recreational purposes. \ 

The following is a tentative breakdown of the land use for the new town: i 

1. Open space recreation such as golf courses, parks, baseball diamonds, 

and swimming pools—240 acres. 

2. Sanitary land fill located outside of the urban development—200 ac res . I 
I 

3. Sewer and water disposal areas—50 acres. 1 

4. Public shcools including elementary, junior high, and high school — 

105 acres. • I 

5. Airport—400 acres. j 

6. Streets—107 acres. „ , 

TABLE I summarizes the land use for the new town. 

TABLE I 
NEW TOWN REQUIREMENTS 

Land Use 

Public Ff .ilities 

(Hospital, Civic Center, etc.) 

Schools 

Residential 

Commercial 

Industrial 

e tc . ) 

ubtotal 

Acres 

40 

105 

856 

19 

92 

1,112 

% of Total 

2 

5 

41 

1 

4 

53 
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Land Use 

Streets 

Water and Sewer Treatment 

Sanitary Landfill 

Parks and Recreation 

Airport 

Subtotal 

Subtotal 

TOTAL 

Acres 

107 

50 

200 

357 

240 

400 

% of Total 

5 

2 

10 

17 

11 

19 

640 

2,109 

30 

100 

TABLE II indicates the expected and optimistic outlook of population, 

employment, and housing needs for the new town in 1986. 

TABLE II 

POPULATION, EMPLOYMENT, AfJD HOUSING NEEDS IN 1986 
EXPECTED OUTLOOK COMPARISON 

Parameter 

Operations Employment 

Indirect Employment 

Total Population 

Conventional Housing 

Mobile Homes 

Total Housing 

Expected Outlook 

2,090 

4,180 

13,704 

3,209 

1,375 

4,584 

Optimistic Outlook 

2,09Q 

4,598 

15,234 

3,759 

1,375 

5,134 

Source: Brigham Young University Center for Business and Economic Research 
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TABLE I I I provides a breakdown by job t i t l e of the expected growth 

of co"al-mining related employment for the Kaiparowits Power Project: 

TABLE I I I 

ANTICIPATED COAL-MINING YEARLY GROWTH 
FOR THE KAIPAROWITS POWER PROJECT 

Job T i t l e FY-76 FY-77 FY-78 FY-79 Total 

Mechanics and Elect r ic ians 

Foremen and Fireboss 

Entry Occupations 

Operators, Underground 

Operators, Outside 

Other Sk i l l ed Occupations 

TOTAL 

50 

50 

100 

85 

180 

25 

120 

20 

70 

500 

127 

135 

43 

220 

20 

55 

600 

128 

135 

37 

145 

10 

45 

500 

390 

500 

105 

485 

50 

170 

11,700 
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TABLE IV i l l u s t r a t e s the forecasts f o r mobile homes and conventional 

homes based upon an op t im is t i c outlook. 

TABLE IV ' 

FORECASTS OF HOUSING UNIT REQUIREMENTS 
OPTIMISTIC OUTLOOK 

Year 

1974 

1975 

1976 

1977 

1978 

1979 

1980 

1981 

1982 

1983 

1984 

1985 

1986 

Mobile Home 

11 

338 

992 

1,663 

2,162 

2.401 

2,254 

2.107 

1,960 

1,813 

1,666 

1,519 

1.375 

Conventional Home 

297 

710 

1.212 

1,798 

2,434 

2,607 

2,766 

2,885 

3,311 

3,581 

3,759 

Total 

11 

338 

1,289 

2,378 

3,374 

4,199 

4,638 

4,714 

4,726 

4,698 

4,977 

5,100 

5,134 

Source: Brigham Young Universi ty Center for Business and Economic Research 
Estimates. 

TABLE V on the fo l lowing page is a summary of populat ion, housing, 

school enrol lment, and r e t a i l sales impact resu l t ing from the Kaiparowits 

new town, assuming that Four Mile Bench is selected as the plant s i t e . 
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TABLE V 

SUMMARY OF POPULATION, HOUSING, SCHOOL ENROLLMENT 
AND RETAIL SALES IMPACT OF NEW TOWN 

(INCREMENTAL INCREASE, ASSUMING FOUR MILE BENCH PLANT) 

Population Impactl/ 

New Town 
Glen Canyon City., Church Wells. 
and Vicinity 

Other Kane County 
Bryce Valley 
Other Garfield County 

Subtotal—Utah 
Arizona 

Total Population 

Household Impact 

New Town 
Glen Canyon City, Church Wells, 

and Vicinity 
Other Kane County 
Bryce Valley 
Other Garfield County 

Subtotal—Utah 
Arizona 

Total Households 

School Enrollment Impact 

1975 

311 

639 

173 

355 

Year 

1980 

10,531 

521 
130 
654 
130 

11,966 
1,085 

13,051 

3,397 

1985 

11.524 

409 
135 
683 

. 135 
12.886 

795 
13,681 

3,492 

46 
14 
32 
11 

275 
79 

168 
42 

211 
42 

3,860 
350 

124 
41 

207 
41 

3,905 
241 

4,210 4,146 

1995 

14,009 

629 
165 
838 
165 

15,846 
941 

16.787 

4.245 

203 
50 

254 
50 

4.802 
285 

5,087 

Kane County 
Garf ie ld County 
Arizona 

Total School Enrollment 

Retail Sales Impact?/ 

New Town 
Other Kane County 

Subtotal —Kane County 
Garf ie ld County 

Subtotal—Utah 
Arizona 
Out of Area 

Total Retail Sales 

34 
9 

31 
74 

$ — 
149 

$ 149 
349 

$ 498 
1,813 
2,367 

$4,678 

2,827 3,071 
198 209 
273 201 

3,298 3,481 

$24,883 $17,581 
2.556 1,686 

$27,439 $19,267 
850 670 

$28,289 $19,937 
5,402 2,641 

13,912 8,205 
$47,603 $30,783 

3,377 ! 
229 '. 
214 I 

3,820 

$24,642 
1,831 

$26,473 
740 

$27,213 
2,451 
7.646 

$37,310 

y While average household size would no doubt be slightly larger in some communities than 
in others (i.e., higher in Bryce Valley, lower in Arizona), no attempt has been made 
to estimate— i.e., same average household sizes used for all communities. 

2/, In constant 1975 dollars. 

Source: Development Economics, Inc. 



Flat, (2) Four Mile Bench; and (3) East Clark Bench. Four Mile Bench 

remains a viable new town site only if the plant site is located at some 

area other than the Four Mile Bench. The East Clark Bench site is the 

least desirable for several reasons: (1) it is the most desolate of the 

three sites with frequent winds; (2) it lacks natural esthetic surroundings 

for landscaping; (3) of the three sites, it requires the greatest travel 

time for workers commuting to and from work; and (4) it has the hottest 

summers and coldest winters. Thus, the-tv/o northern sites. Long Flat and 

Four Mile Bench, appear to have a better potential for adequate living 

conditions. 

In addition, a primary reason for Long Flat or Four Mile Bench being 

selected over East Clark Bench as the new town site is the economic effect 

the new town could have on Utah's economy. A new town located at either 

Long Flat or Four Mile Bench would have the potential of becoming a regional 

shopping center. However, East Clark Bench is a smaller town site, and 

according to an advanced new town feasibility study, "a town site at East 

Clark Bench would preclude supporting regional shopping facilities, a larger 

portion of the residents of East Clark Bench and other towns would do their 

shopping in other areas of Utah and Arizona (Flagstaff)." 

Moreover, if the new town were located on Four Mile Bench or Long Flat, 

then access from the north would be necessary. This would be mo.st 

advantageous to Garfield, Piute, and Sevier Counties, as well as the entire 

State of Utah. 

. • I • - 5 7 - • 

g: . An important factor to consider in planning housing for the new town 

is the ability of individuals working at the Kaiparowits Plant to afford 

the housing units supplied. To illustrate, lending institutions throughout 

the United States currently tend not to lend more than 2.5 times the amount 

of an individual's annual income for mortgage loans. Accordingly, a plant 

worker earning $10,000 a year could afford a house costing about $25,000. 

Three alternative town sites are currently being considered: (1) Long i 
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The coal for the Kaiparowits Pov/er Project is in Utah. The water to 

be utilized for the plant cooling operation is in the State of Utah. Any 

pollution from the plant would likely be in Utah. Also, Utah will have to 

deal with and provide for the tremendous influx of people. Consequently, 

public officials feel strongly that the future new tov/n site be located on 

either Four Mile Bench or Long Flat to maximize the economic benefits to 

Utah and not Arizona. 

ALUNITE MINE AND PROCESSING PLANT DEVELOPMENT 

The location of the proposed alunite mine processing is situated in 

western Beaver County, Utah, in the southern Wah Wah Mountain Range, 

approximately 60 miles northwest of Cedar City, and 30 miles southwest 

of Milford. It is projected that 3,660,000 tons per year of.alunite ore 

will be mined and transported to adjacent processing plants where alumina 

will be produced as the primary product. The anticipated capacity of 

the processing plant is 500,000 tons per year of alumina, 370,000 tons 

per year of potassium sulfate, and 448,000 tons per year of sulfuric 

acid. 

In addition to the mining and processing complex, an extensive infra

structure, including an electric power generation plant with sewage treatment 

facilities, transportation and utility systems, and administration buildings 

are also planned. The target date for beginning construction is the latter [ 

part of 1975. | 

During the construction phase of the Alunite Project, a full range t 
' . . • i 

of professional, skilled, semi-skilled, and unskilled employees are required. | 

TABLE VI provides an estimated labor force breakdown during the con

struction phase. 



•59-

TABLE VI 

ALUNITE PROJECT 

MANPOWER SUM.MARY FOR CONSTRUCTION PHASE 

Category 

Pipefitters 

Laborers 

Operating Engineers 

Carpenters 

Boilermakers 

Ironworkers 

Millwrights 

Electricians 

Number Percent of Total** 

360 

120 

108 

108 

180 

108 

108 

108 

1,200* 

30 

10 

9 

9 

15 

9 

9 

9 

100 

:'k. 

• » 

* Total number of construction workers will vary throughout the construction 

period, but will average about 1200 employees. 

** The percentage of each category of worker will vary with the stage of, 

construction and is therefore shown only to provide an approximation of 

the average need. 

It is expected that approximately 1000 employees of all job categories, 

professional skilled, and unskilled, will be required for full operation. 

TABLE VII shows the number of employees needed during the operations phase. 
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TABLE VII 

ALUNITE PROJECT 

SUMMARY OF MANPOWER REQUIREMENTS DURING THE OPERATIONAL PHASE I 

Area 

General Management 

Mining 

Crushing and Grinding 

Roasting 

Leaching and Separation 

Potassium Sulfate Plant 

Sulfuric Acid Plant 

Phosphate Fertilizer Plant 

Alumina Plant 

Power Plant 

Unskilled and Semi-skilled Laborers 

TOTAL 

No. of Employees 

76 

83 

99 

40 

63 

40 

22 

121 

259 

41 

150 

994 

, 

1 
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Table VI n illustrates the time schedule for both construction and 

operating employment. 

TABLE VIII . 

DIRECT EMPLOYMENT, CONSTRUCTION AND OPERATING, 1975-1978 

Year Quarter 
Direct Employment 

Construction 

150 

450 

900 

1,250 

1,250 

1,800 

1,800 

1,700 

1,200 

400 

-0-

-0-

-0-

Operating 

— 

— 

— 

— 

— 

80 

150 

230 

560 

800 

1.000 

1,000 

1,000 

Total 

150 

450 

900 

1,250 

; 1,250 

1,880 

1,950 

1.930 

1.760 

1.200 

1.000 

1,000 

. 1,000 

1975 

1976 

1977 

1978 

IV 

I 

II 

III 

IV 

I 

II 

III 

IV 

I 

II 

III 

IV 

Source: Earth Sciences, Inc. 
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As previously mentioned, construction activity is tentatively scheduled 

to begin in the fourth quarter of 1975 with a work force of 150. In the 

first half of 1977, the labor force will peak at a level of 1800, after 

which it will decline to zero in the second quarter of 1978 when construction 

will essentially be complete. Permanent employment in the plant will ten

tatively begin in the first quarter of 1977 with a work force of 80. In 

early 1978, the number of operating or permanent personnel will increase 

steadily reaching an initial capacity level of about 1,000. The combined 

labor force will reach a peak of approximately 1,950 in the second quarter 

of 1977. 

Direct employment at the mine represents only part of the total 

employment impact in the project region. Table IX provides an estimated 

indirect employment projection based upon operating employment multipliers 

and construction employment multipliers. Table X provides yearly totals 

of direct and indirect employment. As shown in Table X, the sum of direct 

and indirect employment at the end of 1978 is 2,604. It is assumed that 

there will be a one quarter lag in the response of indirect employment 

to a change in direct employment. 

As a result of the large employment impact, there will also be a sub

stantial increase in population. Figure XI illustrates the expected popu

lation impacts. These population impacts are broken out into three 

components: (1) the impacts associated with construction; (2) impacts 

generated from operations; and (3) impacts perpetuated from indirect 

employment change. The first population impact will be incurred during 

the fourth quarter of 1975 when construction begins, it will increase 

to a level of approximately 7,000 in the third quarter of 1978. 
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Year 

1975 

1976 

1977 

1978 

TABLE IX 

INDIRECT EMPLOYMENT IMPACTS, 1975-1978 

Quarter 
IV 

I 

II 

III 

IV 

I 

II 

III 

IV 

I 

II 

III 

IV 

Indirect Employment^ 

Construction based'' Construction basecf Total 

45 

135 

270 

375 

375 

540 

540 

.510 

360 

120 

— 

— 

— 

— 

— 

128 

241 

369 

898 

1,283 

1,604 

1,604 

45 

135 

270 

375 

375 

668 

781 

879 

1,258 

1,403 

1,604 

1,604 

^It is assumed that the response of indirect employment lags the change in 
direct employment by one quarter. 

Based on a total employment multiplier for construction employment of 1.3 

B̂as'ed on a total employment multiplier for operating employment of 2.604. 

SOURCE: Earth Science Inc, 
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TABLE X 

DIRECT, INDIRECT AND TOTAL EMPLOYMENT IMPACTS, 1975-1978 

Year 

1975 

1976 

1977 

1978 

. Quarter 

IV 

II 

III 

IV 

II 

III 

IV 

II 

III 

IV 

Direct 
Employment 

150 

450 

900 

1,250 

1,250 

1,880 

1,950 

1,930 

1,760 

1,200 

1,000 

1,000, 

1,000 

Indirect 
Employment 

• — 

45 . 

135 

270 

375 

375 

668 

781 

879 

1,258 

1,403 

1,604 

1,504 

Total 
Employment 

150 

495 

1,035 

1,520 

1,625 

2,255 

2,618 

2,711 

2,639 

2,458 

2.403 

2,604 

2,604 

SOURCE: Earth Science Inc. 
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TABLE XI 

POPULATION IMPACTS, 1975-1978 

^ 
^ m 

m 

1 

1 
I 

1 

Year 

1975 

1976 

1977 

1978 

Quarter 

IV 

I 

,11 

I I I 

IV 

I 

II 

I I I 

IV 

I 

II 

I I I 

IV 

Population Imp 

Construction^ Operating 

270 

810 

1,620 

2,250 — 

2,250 

3,240 214 

3,240 401 

3,060 615 

2,160 - 1,140 ; 

720 2,140 

2,675 

2,675 

2,675 

)acts 

Indirect^ 

— , 

120 

321 

722 

1,003 

1,003 

1,787 

2.089 

3,355 

3,753 

3,753 

4,291 

4,291 

Total 

270 

'930 

1,981 

2.972 

3.253 

4.457 

5,428 

5.764 

6,225 

6.428 

6,428 

6,966 

6,956 

^Based on a population/construction employment multiplier of 1.8. 

Based on a population/employment multiplier of 2.68. 

SOURCE: Earth Science Inc. 
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It is anticipated that employee housing will be made available in 

existing nearby communities. City and county officials are well aware of 

this fact and consequently, they are planning to upgrade their public 

services to ameliorate potential future pressures. As a result, there are 

no plans for establishing a permanent town site or adjacent to the project 

area. However, during full operation of.the project, more new communities 

will probably have to be established at a future time. One possible site 

is the existing town of Lund, which is virtually unoccupied. 

Consideration should be given to the desire of the people who will be 

working permanently at the mine and plant complex. Possibly the people 

working the project may desire to move closer to their work since driving 

times will be lengthy from all existing population centers. 

ALTON COAL MINING PROJECT 

A proposal has been made by the Nevada Power Company of Las Vegas, 

Nevada and the city of St. George in Utah, to work jointly in developing a 

power project for these two areas. The Nevada Company is proposing approx

imately a 2,000 megawatt plant to be located near Las Vegas. A 500 megawatt 

plant is being planned in Warner Valley east of St. George City. The power 

generating operation for these two proposed projects calls for the con

struction of a slurry pipeline from the Alton; Coal Fields. It is proposed 

that the coal will be strip mined in the Alton area and that water will be 

added to the coal in the form of a slurry to carry it from the coal fields 

to the power operation. 

The Alton mining operation wiIT take place approximately 8 to 10 miles 

east of Glendale and some 5 to 8 miles south of the community of Alton in 

Kane County. (See project area map). 

Developers anticipate that at peak construction of the Alton Slurry 

Line, 450 construction workers will be needed. Once the construction of the 
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slurry line is completed, then approximately 450 employees will be engaged in 

the mine operation. Thus, a relatively constant employment force from the 

construction stage to full operation is generated. 

The Alton mining operation will take place in close proximity of 

existing communities. Consequently, the impacted communities will have to 

expand their present water and sewer facilities in order to accommodate the 

immediate growth of the area. However, this project will not have as great 

a "people impact" as the Kaiparowits Project, ^ ' 

In addition to the mining operation, it is anticipated that secondary 

enterprises will be developed to accommodate and support those involved.in 

the mining operation. Accordingly, about 900 new jobs and subsequently 900 

new families are projected to migrate into the Long Valley area in the next 2 

to 5 years. An increase in 900 families implies a population increase of 

approximately 3,000 persons. This population increase alone would more 

than double the present population of Kane County. Most of the new families 

are expected to locate in the areas between Mt. Carmel Junction and Alton. 

Some discussion has evolved around the possibility of creating a new 

town in the Alton area to support the energy development projection. 

However, it would appear that the development of a new town at this time 

would not be necessary. The existing communities of Glendale, Orderville, 

and Mt, Carmel could absorb the additional population influx without additional 

urban expansion. Furthermore, the open and agricultural lands that exist in 

Long Valley could still remain in tact. 

EL PASO NATURAL GAS COMPANY COAL GASIFICATION PROJECT 

Extensive coal leases on and around the Four Mile Bench area in Kane 

County are held by El Paso Natural Gas Company. Recently, exploration by 

El Paso has been undertaken to determine the extent of coal available in 
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the area. As mentioned in the introduction of this section, early explorations 

indicated that there is a rich supply of coal on the north slope of the 

Kaiparowits Plateau. 

Company officials have stated that preliminary plans have been formulated 

to remove the coal from the area by mining and shipping the product to other 

markets for gasification or use in steam generating power plants. Further, 

some serious consideration has been given to the idea of extending a railroad 

line southward from Marysvale, Utah, some 100 miles north of the Kaiparowits 

area for the purpose of hauling the coal by train. 

Presently there is a permanent crew of about 35 men involved with this 

operation. A few of the workers live on the Kaiparowits Plateau while 

the other workers come to the site on a daily basis. 

It is conceivable that several hundred miners could become permanently 

employed if an extensive mining operation were undertaken within the area. 

However, due to the uncertainties involved, it would not be realistic at -

this time to attempt to determine whether Bryce Valley area would be capable 

of supporting the proposed El Paso Gas Company Project. When additional 

information is available indicating the extent of the El Paso coal reserves 

and until more definitive planning has taken place relative to their dis

position, the socio-economic impacts are difficult to assess. 

Depending on the size of the project, the Bryce Valley area should be 

able to accommodate this development. If Bryce Valley is not able to cope 

with the influx of workers, then Butler Valley should be considered as an 

alternative site for urban development. 

TENNECO OIL DEVELOPMENT 

Tenneco Oil Company currently has about 35 oil wells in operation in 

Garfield County. Company officials have indicated that these wells will 

' 
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continue to be .in operation for at least another 10 years. Also, during this 

time, other wells will no doubt be drilled in this area. About 50,000 barrels 

a day of crude oil are presently being produced from the 35 wells. Tenneco 

Company does not anticipate the construction of any processing facility in 

the county. Accordingly, they ship their oil by truck and possibly in the 

future they plan to ship by pipeline to refining facilities. 

Tenneco Oil Company currently is not a large employer. In the event 

that oil exploration is successful, it is not anticipated that there would 

be a large increase in permanent employment in the area. 

Because Tenneco Company is the largest single customer of GarKane 

Power for electrical power service for their well sites, Tenneco could be 

considered to be an indirect employer. With increases in oil field operation, 

additional increases in the GarKane work force would no doubt result. 



UINTAH BASIN 

INTRODUCTION 

Utah's Uintah Basin consists of Daggett, Duchesne, and Uintah 

Counties. 

The current population of the Uintah Basin according to estimates 

made in 1973 is 29,400 with 700 inDaggett County, 13,800 in Duchesne 

County and 14,900 in Uintah County. 

DISTRICT PROFILE 

Oil Shale 

The greatest possibilities for energy development in the Uintah 

Basin is keyed to pil sha^le. Total oil in Basin shale is estimated to be 

900-1,300 billion barrels. (Present oil consumption in the U. S. is less 

than 10 billion barrels per year.) 

The "richest" oil shale is located in the southern half of Uintah 

County. These reserves are estimated to be about 25 feet or more thick, 

and contain at least 25 gallons of crude oil per ton of oil bearing rock. 

The entire oil shale area covers about 1,200 square miles and is estimated 

to contain 90-115 billion barrels of crude oil. For location of areas of 

potential oil shale development, see Figure 1. 

The Bureau of Land Mangement (BLM) has set aside certain of its lands 

which are underlaid by "rich" oil shale. The Bureau has proposed a 

prototype oil shale leasing program which involves two sites in Utah. 



OIL SHALE 
SITES 
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Sites have also been proposed in other states. Recently, the Colorado 

lands were leased by oil companies for the prototype leasing program as 

outlined by BLM. The two Utah sites are adjacent to each other along the 

White River. Together they cover an area of 10,240 acres. These sites 

lend themselves to either the in-situ process (which involves the processing of 

shale while it is still in the ground) or conventional mining methods. 

The overburden of the sites are such that strip mining is also feasible. 

Other natural resources in the Uintah Basin include coal in southern 

Uintah County and western Duchesne County, phosphate in Daggett County, 

oil in Duchesne and Uintah Counties, and gilsonite in Uintah County. 

Plans to develop oil shale are centered primarily in the south

eastern part of the Basin in three different areas by three different 

groups. The largest oil shale project will be developed along the White 

River by three oil companies which have formed the. White River Oil Shale 

Corporation. The Corporation will lease tracts of land from the Bureau 

of Land Management. The refining would be done in a retort using what 

is known as the Paraho Process. This process produces oil and leaves a 

rock residue called "spent shale." The refinery would be built near the 

shale tracts. Petroleum, electricity and nitrogen rich fertilizer will 

be produced. The entire operation will require perhaps 2,000 employees 

and will cost about $1 billion. A new town may be built near the oil 

shale project to house workers and.employees of supporting businesses and 

industries. A dam may be built on the White River to provide water for the 

project and the town. 

A second major oil shale project contemplated is on state land near 

the Colorado border and will be developed by the American Gilsonite 
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Company. Oil. will be produced from the shale by what is called the "in-situ" 

process. "The in-situ process involves pumping hot gasses into the ground 

causing the shale to fracture and melting out the oil. Once the oil is 

melted out of the shale, it can be pumped to the surface." This process 

uses considerably less water than other methods. About fifteen employees 

are involved in this project at the present time. In yet another project 

the Oil Shale Company of America is considering the possibility of develop

ing oil shale on state land just south of the eastern flank of the Uintah 

and Ouray Indian Reservation. However, an inadequate water supply is 

available for developing oil shale at the present, but the proposed dam 

on the White River could provide sufficient water resource. 

The final environmental statement for the federal prototype oil. 

shale leasing program completed indicates that the oil shale industry 

could produce 60,000 barrels per day at first and expand to 375,000 

per day after the industry is totally developed. "The Department of" 

Interior estimates that there is approximately 107,000 acre feet per 

year of water available for oil shale development in the Uintah Basin. 

An oil shale industry producing 350,000 barrels per day would have to be 

introduced into the Basin in order to use all of this 107,000 acre feet 

per year if all other industry is held at present levels. According to 

the Department of Interior the area will not support an industry this heavy 

with the present state of technology. 

I 

i l : 

Cr. 

Crude Oil 

Some projections have indicated that crude oil production in the 

Uintah Basin would top out about 1980, but recent discoveries have assured 



•74-

an expanding industry beyond this date. If the new fields are developed 

to the fullest extent, the ultimate recovery could amount to as much as one 

billion barrels making the Uintah Basin one of the ten largest onshore 

discoveries in the United States. However, development of crude oil in 

this area is somewhat difficult due to the location including the physical 

nature of the hydrocarbon, the amount of gas which can legally be flared 

off, and high drilling costs. Many of these obstacles can be overcome 

especially in the face of the current crude oil shortage. 

Natural Gas 

Recoverable natural gas supplies in the Uintah Basin have been 

estimated to be between 1,000,000 and 2,000,000 MCF (thousand cubic feet). 

At the present time. Mountain Fuel Supply Company's,service area is the 

only reasonable market and the main purchaser of Basin produced natural , 

gas. Another pipeline from the coast to tap Colorado markets is presently 

being planned. This pipeline is still, in the planning stages. Plans now 

exist for a natural gas refinery at loka in Duchesne County. 

Several qas fields have been developed in natural qas reservoirs below 

oil bearinq rock in the "rich" oil shale areas. At present, the Uintah 

Basin has not been completely explored for crude oil and natural qas. The 

sediments below the presently explored deposits mav contain undiscovered 

natural gas as well as crude oil reserves. 

Phosphate 

The Mead Peak Phosphatic Shale, a member of the Phosphora Formation, 

is exposed and is open to strip mining along the north and south slopes 

of the Uintah Mountains. In some places, the phosphate veins are up to 

three miles wide. The Birch Creek area is the site of the main phosphate 
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strip mining operation in the area. The main market for this mine is a 

fertilizer plant in Salt Lake County, but outlets are maintained throughout 

the Western United States. 

The future of the phosphate industry appears to be good at the present 

time due to an increasing demand for commercial fertilizer. Recently, 

however, there have been some environmental objections to heavy use of 

phosphate fertilizers. Even though the firm owning the mining operation has 

not openly proclaimed expansion plans, it is known that water has been 

committed from the Jensen Unit of the Central Utah Project for additional 

phosphate production. 

Gilsonite 

Gilsonite is a solid, soft, tar-like bitumin which appears in nearly 

vertical veins extending to the surface around the tovm of Bonanza in the 

southem part of Uintah County. The veins run from thicknesses of -a fraction 

of an inch to 20 feet, extend vertically to 1,800 feet, and are as long as 

14 miles. The original gilsonite deposit was estimated to be about 45 

million tons. Of this, about 36 million tons are left. This is 85 percent 

of the known gilsonite of the world. Approximately two-thirds of the 

gilsonite deposits are located in Uintah County and one-third in Duchesne 

County. Most recently the production of this unique mineral has diminished. 

Improved technologies have made it possible to substitute liquid hydro

carbons for some gilsonite uses. 

Gilsonite is mined from veins in an open-pit operation and taken to 

a slurry preparation plant. Once in the slurry, the gilsonite is trans

ported by.pipeline from Bonanza to a refinery at Grand Junction, Colorado 

72 miles away. At any given time, when the pipeline is in operation, there 
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are about 1,400 tons of gilsonite in the line. The gilsonite is mixed with 

240,000 gallons of water. The slurry travels at a speed of about 3 miles 

per hour. It takes about 24 hours to reach the refinery. Even though 

technological innovations have slowed the production of gilsonite. it is 

still a heavy in-basin user of water. The White River is the main source 

of water for the company town of Bonanza and gilsonite production. 

Coal 

Deposits of bituminous coal are found in the Uintah Basin but ex

ploration has been on a small scale and coal is mined for local use only. 

The outcrops of coal occur in three main fields. The Henry Fork Field in 

Daggett County contains several exposed coal beds ranging in thickness 

from less than a foot to 10 feet. The thickest is the Fraughton bed 

which is exposed in four locations with a range of 15 to 28 feet. The 

remaining beds attain a maximum thickness of 19 feet. The Tabby Mountain 

Field in Duchesne and Wasatch Counties contains 25 local beds with a range 

in thickness from half a foot to 28 feet. 

Gypsum 

There are at least four known gypsum deposits in the Uintah Basin. 

Exploration and development of gypsum has not been extensive and, therefore, 

knowledge about the quality and quantity of reserves are limited. The known 

reserves in the Basin are of low quality and have not been developed. 

Bituminous Sands 

Various kinds of bituminous sands, sandstone, asphalts and rock are 

found in the Basin. These sands and asphalts contain up to 15 percent 
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hydrocarbon by weight and have only been used thus far for asphalt in 

road paving. Approximately 90 percent of the reserve is contained in five . 

major deposits. These deposits generally lend themselves to strip mining 

and could be a possible crude oil source. These sands have received 

attention from various sources at different times, but as yet remain 

essentially undeveloped, 

Nahcolite and Trana 

These minerals occur in thin, small deposits scattered throughout 

the Basin, They are not commercially developable alone but will be pro

duced to a limited extent as a by-product of oil shale retorting. 

SOCIO - ECONOMIC IMPACTS 

As in the case in other regions in the state, the central question 

is, "How will development of the energy resources affect the social and 

economic life of the communities in the Uintah Basin?" According to a 

recent study conducted by the State Planning Office, if the oil shale 

reaches its full potential by 1980, the population will increase by over 

14,000 persons. (See Table # 7 ). Such an increase in population will 

significantly alter all services provided by government including water 

and sewer facilities, medical facilities, police and fire protection, 

recreation facilities. An overview of existing public facilities already 

being impacted by new growth indicates the following status: 

Public Services 

Water and Sewer 

Duchesne City has recently completed a study on water and sewer 

projects. The report indicated that the city system can handle a population 



Alternative 
Future IV 
includes oil 
shale and 
Central Utah 
Project 

Alternative 
Future 0 
(most likely,) 
Expanded 
petroleum 
exploration 
and pro
duction 
only. 

(IV-0) 
(Impact of 
IV) 

School Age 
Population = 
Primary and 
Secondary 
only. 

POPULATION 
1975 

35.63; 

35,131 

+199 

1980 

49,870 

37.133 

+12.737 

Change 
Over 
1975 

+14.237 

+1.699 

+12,538 

1985 

46,899 

36,440 

+10.45S 

Change 
Over 
1975 

+11.266 

+1,006 

+10,260 

UINTAH BASIN M.C.D. 

NUMBERS EMPLOYED 
1975 

14.888 

14.799 

+89 

1980 

21.369 

15.619 

+5,750 

Change 
Over 
1975 

+6,481 

+820 

+5.661 

1985 

19.898 

15.467 

+4,431 

Chang( 
Over 
1975 

+5,010 

+660 

+4,342 

SCHOOL AGE POPULATION 
1975 

9.551 

9,503 

+48 

1980, 

11.320 

0,302 

+2.938 

Chang< 
Over 
1975 

+1.769 

-1.121 

+2,090 

1905 

10.851 

8,761 

+2.090 

Change 
Over 
1975 

+1,300 

-742 

+2.042 

DWELLING UNITS REQUIRED 
1975 

10.025 

9.971 

+54 

1980 

14.799 

11,150 

+3.641 

Chang(^ 1985 
Over 
1975 

+4,774 

+1,187 

+3,587 

14,522 

11.406 

+3,116 

Change 
Over 
1975 

+4,497 

+1.435 

+3,062 

• 

0 0 
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up to 9,000 people (population 1970 - 1,094). Any new water developments 

would involve taking, water from the Duchesne River. The sewer system is 

reported to be adequate. 

Roosevelt Cityhas need to expand its water system, and it is currently 

negotiating with the Ute Tribe on developing a pipeline from Big Springs. 

If the tribe gives permission, this pipeline might be funded by a grant 

from the Economic Development Administration. The existing water line 

system is inadequate, but the city is in the process of replacing the lines, 

Roosevelt owns wells which are not in use but prefers to wait on developing 

them until it can be seen if the Big Springs project will be built. The 

sewer system has been labeled inadequate by the Environmental Protection 

Agency (EPA); EPA is also funding a new sewer lagoon. 

No water and sewer studies have been done for Vernal but the systems 

are considered to be adequate for the present. 

Daggett County and Manila have been unsuccessful thus far in obtaining 

funding from federal agencies for water and sewer projects. However at 

present, both jurisdictions have all the water they require, but the 

storage capacity is limited. During the peak tourist season, water often 

runs short and should be pursued through obtaining additional finances. 

Road Development 

Roosevelt and Vernal both need an alternate route for trucks. Oil 

drillings, pumpings, and the construction of the oil pipeline in the 

Altamont-Bluebell region have so increased the traffic on those roads that 

the roads system there badly needs to be upgraded. If the oil shale 

industry proceeds, then roads serving it will have to be paved and brought 

up to standard. Since the State Highway Department needs five years, to 
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plan road construction, the time lag may cause problems if this scheduling 

is strictly adhered to. Roads would then need to be improved before there 

could be plans made or dollars allocated. 

Medical Facilities 

Studies are being made on hospital and doctor care in the Basin. 

Services in Roosevelt, Vernal, and Ashley Valley are adequate. Duchesne 

City has the services of two doctors three days per week who are flown in 

from the Wasatch Front. There is no physician or hospital care available 

in Manila or Daggett County. If the Basin were to experience a large 

influx of permanent residents, an expansion of medical facilities should be 

logically expanded. 

Zoning 

Although all of the communities and counties in the Basin have zoning 

ordinances, there is inadequate enforcement 3n some jurisdictions due to 

the lack of trained personnel. The small tax resources in Daggett County 

particularly make hiring an enforcer difficult. Vernal City and Uintah 

County have the best enforcement of zoning ordinances in the Basin. If 

energy development brings in large numbers of persons, stricter zoning 

would be required for orderly development. 

Environmental Impact 

Environmental impact due to oil production has not been high. There 

have been isolated cases of streams being polluted by oil spills from 

trucks or wells. The oil refinery in Roosevelt has caused complaints 

from nearby property owners about the smoke and smell from the burning of 

waste oil. 
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New Town 

If-the oil shale development should prove feasible to justify its 

full potential, there exists a possibility that a new town may be built 

to accomodate the influx of workers. At this time, however, plans for a 

new town site are indefinite. Should the town be constructed, it would 

have to be self contained including public utilities, housing, schools, 

commercial and recreational facilities. 
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UTAH'S STRATEGY IN PLANNING AND 
COORDINATING ENERGY RELATED ACTIVITIES 

INTRODUCTION 

As previously mentioned, the energy related developments are having 

and will have a substantial impact on Utah's physical and economic social 

patterns. Utah State government officials have developed a framework and 

and process to provide intergovernmental planning coordination in order to 

ameliorate adverse community development impacts occurring within Utah. 

Two other steps which have been taken by public officials to assist 

local governments in alleviating the problems attendant to energy resource 

development in the state are: (1) State financial contributions from the 

Four Corners Regional Commission to the impacted areas; and (2) State 

legislation oriented toward assisting affected communities. Each of these 

state contributions will be discussed in the following section. 

Intergovernmental Planning Coordination System 

The elements in the Utah intergovernmental planning coordination 

system include the following: (1) multi-county districts; (2) multi-county 

associations of government; (3) Governor's Advisory Council on Community 

Affairs; (4) state, agencies; and (5) state/local planning and coordination. 

Inasmuch as these elements in the system have been sufficiently discussed 

in a previous document, this report will merely make mention of their 

existence. For a detailed discussion of this intergovernmental planning 

coordination system, it is recommended that the reader obtain a copy of 

the publication prepared jointly by the Utah State Department of Community 

Affairs and the Office of State Planning Coordinator entitled, Inter

governmental Planning Coordination: The Utah Experience. 
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However, during the past year a new element has been added to the 

Utah Intergovernmental Planning Coordination System. This element is re

ferred to as Energy Planning and Development Advisory Councils. 

Energy Planning and Development Advisory Councils 

In anticipation of significant energy impact occurring within the 

state, the local and state officials have recognized the importance of 

providing a means whereby all proposed energy developments are coordinated 

and reviewed. As a result, the Governor in August, 1974, signed an 

executive order which created a Kaiparowits Planning and Development 

Advisory Council to guide and coordinate activities related to the Kaiparo

wits Power Project in Southern Utah. Also, in November, 1974, the Governor 

signed a similar executive order that established a planning and develop

ment advisory council for the Uintah Basin oil projects. 

The Kaiparowits Planning and Development Advisory Council is composed 

of local officials, state agency staff, federal representatives, state 

senators and representatives, and company representatives. Appendix 

contains the full text of the Governor's executive order which created the 

Kaiparowits Planning and Development Advisory Council. 

The Uintah Basin Advisory Council is somewhat different in structure 

from the Kaiparowits Council. It consists of local officials and state 

representatives. However, to augment the council, a technical committee 

was established at the same time the council was created. The technical 

committee contains representation from state agencies, federal agencies. 

University of Utah, Utah State University, and private enterprise. It 
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I 
J should be mentioned that the technical committee operates on the request 

of and in response to the council. Moreover, this committee is intended 

to prepare specific studies requested by the Council. Appendix includes 

the complete executive order creating this council. 

In addition to these two councils, Emery, Grand, and Carbon County 

public officials have requested the establishment of a similar planning 

and development advisory council to ensure meaningful planning and 

coordination relative to coal development in their areas. Once the local 

officials determine the format and membership for their council, then an 

executive order will be drafted and signed by the Governor. 

The primary purpose of these development advisory councils is to 

provide a framework through which all available resources can be directed 

to make certain that proper planning and orderly growth and development 

I occur. Thus, joint planning and decision making among federal, state, and 

local governments and the developers are enhanced through the utilization of 

this concept of advisory councils. Further, each council provides a 

forum, consisting of a host of disciplines whereby the struggle between 

energy and ecology can be reconciled. Moreover, the differing points of 

view are discussed and integrated to ensure that they are consistent with 

the overall best interests of the state. 

Figure 4 illustrates the,policy making and management relationsip 

of the Kaiparowits Planning and Development Advisory Council with 

respect to Kane and Garfield Counties and the companies. As the chart' 

indicates, policy making and issue resolution flows between the 

advisory council and the companies. Kane County will retain power 

.1 
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and control of its traditional governmental functions of final site 

planning review, approval, and monitoring, since the proposed energy 

project will occur in Kane County. 

STATE RESOURCES CONTRIBUTED TO ENERGY IMPACTED AREAS 

Financial resources contributions from federal and state funds 

for energy impacted communities have been significant for fiscal year 

(FY) 1975. The primary funding,source for energy impacted communities 

has been the Four Corners Regional Commission (FCRC). The Four Corners 

Regional Comnission is composed of Utah, Colorado, New Mexico and 

Arizona. Since the inception of the Commission in 1967, the emphasis , 

in allocating the federal money appropriated to the Commission has been 

on the construction of public projects considered essential to economic 

advancement of communities in the region. For FY 1975, the proportion 

of funds allocated to Utah was $1,357,850. Of this amount, 43 percent 

was awarded to communities In Utah experiencing an influx of energy 

related development. The following is a break out of the amount of 

money allocated to each community. The funds were allocated under 

two classifications: (1) technical assistance and (2) supplemental 

grants. Technical assistance money is for specific public works 

studies. Supplemental grants, as the.name implies, supplerent other 

federal grants for actual construction of a project. 
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Technical Assistance Grants 

1. Uintah Basin energy impact study 

2. Virgin Town culinary water study 

3. Wayne County Master Plan 

4. East Carbon City Master Plan 

5. Kenilworth Town culinary water study 

TOTAL 

Supplemental Grants 

1. Uintah Basin Vocation Training Center 

2. Beaver City sewer treatment facility 

3. Beaver City sewer collection facility 

4. Ouray Park Town culinary water system 

5. Glendale Town culinary water system 

6. Roosevelt City culinary water system 

7. Bicknell culinary water system 

TOTAL 

Four Corners 
Reg. Commission 
Funds 

$44,000 

10,000 

20,000 

10,000 

7,500 

Total 
Project 
Costs 

$44,000 

10,000 

20,000 

10,000 

7,500 

$91,500 $91,500 

$20,000 

26,600 

53,000 

75,000 

27,500 

200,000 

92,000 

$494,100 

$60,000 

542,700 

1,060,900 

300,000 

232.500 

250,000 

389,000 

$2,835,100 

In addition to the above funds distributed to energy impacted communi. 

ties, the State contributed $25,000 for the staffing of an energy regional 

office in Denver. The purpose of this regional office is to coordinate 

energy activities occurring within each of the States in the Region. 

Additionally, the state has received financial assistance from the 

Federal Energy Administration to assist in energy related planning and 

development. Following is a breakout of the funds allocated to various 

state agencies relating to energy research: 
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Department of Business Regulatior;is $21,005.56 

Department of Natural Resources 7,532.85 

Utah Geological & Mineral Survey 6,110.00 

State Planning Coordinator 12,249.25 

Department of Community Affairs 12,764.05 

University of Utah 
Research: Tar Sands 7,162.34 

Data Bank 3,333.24 

TOTAL $70,157.29 

STATE LEGISLATION AFFECTING ENERGY RESOURCE DEVELOPMENT 

During the 1975 session of the Utah State Legislature, several bills 

dealing with energy resource development in the state were discussed. The 

following is a brief description of the key pieces of legislation passed. 

RESOURCES DEVELOPMENT ACT 

This act allows a company which is building an industrial plant to 

pre-pay its sales and use taxes. In Utah, sales tax and use tax are four 

percent state assessments on any goods sold within the state. However, 

the use tax is one that applies to items purchased outside the state 

which are brought in to be used. A credit,is given to the company 

prepaying the taxes at the time when the company would normally pay the 

tax, A special account will be maintained within the state general fund 

from which funds will be appropriated. 

BUILDING SCHOOLHOUSES ACT 

This Act provides a means whereby school districts can raise money 

for school construction and expansion that is caused by the development 

of new industrial plants that require large numbers of workers for their • 

construction and operation. It further requires a school district con-
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frented with increases in enrollment to the extent that new buildings , v 

must be erected to: 

1) bond to its maximum capacity (at least once every other year) 

until building needs are met; 

2) maintain an annual property tax levy for capital outlay and 

debt service combined of not less than 18 mills; 

3) act to get as many state and federal funds as are available 

for building construction. 

If the school districts are unable to provide minimal facilities, 

they are authorized to enter into lease-purchase agremenets or lease with 

option to buy agreements with private builders who will construct minimal 

facilities. If the school distiret cannot find builders, then it may 

enter into an agreement with developers of an industrial plaint to build 

schools under a lease purchase agreement. N 

SPECIAL SERVICE DISTRICT ACT 

This act implements an amendment to the Constitution of the State of 

Utah which was approved by the voters in 1974. 

The Special Service District Act is designed to help those counties, 

cities, and towns which do not have broad tax bases to bond for public 

improvements without exceeding their debt limitations. Previously, Utah's 

smaller rural areas were strapped with single purpose districts which had 

to meet stringent debt limitations. 

Under the provisions of the subject act, special service districts 

may issue bonds up to 12 percent of the fair cash value of the assessed 

property within the district. However, a district may also issue 

guaranteed bonds in addition to and in excess of the 12 percent limitation. 
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The use of guaranteed bonds allows one or more taxpayers within the district 

to guarantee debt service. The bonds are especially useful to those 

local jurisdictions which anticipate new towns or rapid development due 

to above normal industrial and economic growth. 

LOANS FOR MUNICIPAL WATER SYSTEMS 

This bill appropriated $2 million dollars to the Board of Water 

Resources to be used as supplemental money for cities and towns to con

struct and improve their water supply systems. The money is to be loaned 

to the cities and towns and guaranteed by bonds. In setting priorities 

and determining how the money should be allocated, preference was given 

to cities and towns in the state which have experienced heavy increases 

in population as a result of new industry—particularly energy related. 
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FIGURE 2 

THE NATIONAL ENVIRONMENTAL POLICY ACT 

Sec. 

PURPOSE 

2. The purposes of this Act are: To declare a 
national policy which will encourage productive and enjoy
able harmony between man and his environment; to 
promote efforts which will prevent or eliminate damage to 
the environment and biosphere and stimulate the health and 
welfare of man; to enrich the understanding of the 
ecological systems and natural resources important to the 
Nation; and to establish a Council on Environmental 
Quality. 

TITLE I 

DECLARATION OF NATIONAL 
ENVIRONMENTAL POLICY 

Sec. 101. (a) The Congress, recognizing the profound 
impact of man's activity on the interrelations of all 
components of the natural environment, particularly the 
profound influences of population growth, high-density 
urbanization; industrial expansion, resource exploitation, 
and new and expanding technological advances and recog
nizing further the critical importance of restoring and 
maintaining environmental quality to the overall welfare 
and development of man, declares that it is the continuing 
policy of the FtderaJ Government, in cooperation with 
State and local governments, and other concerned public 
and private organizations, to use all practicable means and 
measures, including fuiancial and technical assistance, in a 
manner calculated to foster and promote the general 
welfare, to create and maintain conditions under which 
man and nature can exist in productive harmony, and fulfill 
the social, economic, and other requirements of present and 
future generations of Americans. 

(b) In order to carry out the policy set forth in this Act, 
it is the continuing responsibility of the Federal Govern
ment tc use all practicable means, consistent with other 
essential considerations of national policy, to improve and 
coordinate Federal plans, functions, programs, and re
sources to the end that the Nation may-

(1) fulfdl the responsibilities of each generation as 
trustee of the environment for succeeding generations; 

(2) assure for all Americans safe, healthful, produc
tive, and esthetically and culturally pleasing surround
ings; 

(3) attain the widest range of beneficial uses of the 
environment without degradation, risk to health or 
safety, or other undesirable and unintended conse
quences; 

(4) preserve important historic, cultural, and natural 
aspects of out national heritage, and maintain, wherever 
possible, an environment which supports diversity and 
variety of individual choice; 

(5) achieve a balance between population and re
source use which will permit high standards of living and 
a wide sharing of life's amenities; and 

(6) enhance the quahty of renewable resources and 
approach the maximum attainable recycling of deplet-
able resources. 
(c) The Congress recognizes that each person should 

enjoy a healthful environment and that each person has a 
responsibility to contribute to the preservation and en
hancement of the environment. 

Sec. 102.. The Congress authorizes and directs that, to 
the fullest extent possible: (1) the policies, regulations, and 
public laws of the United States shall be interpreted and 
administered in accordance with the policies set forth in 
this Act, and (2) all agencies of the Federal Government 
shall-

(A) utilize a systematic, interdisciplinary approach 
which will insure the integrated use of the natural and 
social sciences and the environmental design arts in 
plarming and in decisionmaking which may have an 
impact on man's environment; 

(B) identify and develop methods and procedures, in 
consultation with the Council on Environmental Quality 
established by title II of this Act, which vvill insure that 
presently unquantified environmental amenities and 
values may be given appropriate consideration in deci
sionmaking along with economic and technical considera
tions; 

(C) include in every reconimendation or report on 
proposals for legislation and other major Federal actions 
significantly affecting the quality of the human environ
ment, a detailed statement by the responsible official 
o n -

(i) the environmental impact of the proposed ac
tion, -̂  

(ii) any adverse environmental.effects which cannot 
be avoided should the proposal be implemented, 

(iii) alternatives to the proposed action, 
(iv) the relationship between local short-tenn uses 

of man's environment and the maintenance and 
enhancement of long-term productivity, and 

(v) any irreversible and irretrievable commitments 
of resources which would be involved in the proposed 
action should it be implemented. 

Prior to making any detailed statement, the responsible 
Federal official shall consult with and obtain the 

. conunenis of any Federal agency which has jurisdiction 
by law or special expertise with respect to any environ
mental impact involved. Copies bf such statement and 
the comments and views of the appropriate Federal, 
State, and local agencies, which are authorized to 
develop and enforce environmental standards, shall be 
made available to the President, the Council on Environ
mental Quality and to the public as provided by section 
552 of title 5, United States Code, and shall accompany 
the proposal through the existing agency review processes; 

(D) study, develop, and describe appropriate alterna
tives to recommended courses of action in any proposal 
which involves unresolved conflicts concerning alterna
tive uses of available resources; 



(L) recogjiiis the worldwide and !ong-rar.ge character 
of environmenui problems and. where consistent with 
the foreign polii:.' of the Uniled States, lend appropriate 
support to inilii'ives, lesoiutions. and ptograms designed 
lu maximize international coopsration in anticipating 
and preventing i decline in the quality of mankind's 
world environment; 

<F) make available to States, counties, municipalities, 
institutions, arc! individuals, advice and information 
useful in restoring, maintaining, and enhancing the 
quality of the environment; 

(G) iiviliaie xid utilize ecological information in the 
planning and de-elopment of resource-oriented projects; 
and 

(H) assist the Council on Environmental Quality 
estabUshed by title II of this Act. 
Sec. 103. All agencies of the Federal Government shall 

review their present statutory authority, administrative 
regulations, and current policies and procedures for the 
purpose of determining whether there are any deficiencies 
or inconsistencies therein which prohibit full compliance 
with the purpose; and provisions of this Act and shall 
propose to the President not later than July 1, 1971, such 
measures as may be necessary to bring their authority and 
policies into conformity with the intent, purposes, and 
procedures set forth in this Act. 

Sec. 104. Nothing in Section 102 or 103 shall in any 
way affect the specific statutory obligations of any Federal 
agency (1) to comply with criteria or standards of 
environmental quality, (2) to coordinate or consult with 
any other Federal or State agency, or (3) to act, or refrain 
from aciing contingent upon the recommendations or 
certification of any other Federal or State agency. 

Sec. 105. The policies and goals set forth in this Act are 
supplementary to -.hose set forth in existing authorizations 
of Federal agencies. 

TITLE II 

COUNCIL ON ENVIRONMENTAL QUAUTY 

Sec. 201. The President shall transmit to the Congress 
annually beginning July 1, 1970, an Environmental Quality 
Report (hereinafter referred to as the "report") whieh shall 
set forth (1) the uatus and condition ofthe major natural, 
nunmade, or. altered environmental classes of the Nation, 
including,but not '.imited to, the air, the aquatic, including 
rnarine, estuarine, and fresh water, and the terrestrial 
envitotunent, including, but not limited to, the forest 
dryland, wetlands range, urban, suburban, and rural envi
ronment; (2) current and forseeable trends in the quality, 
management and utilization of such enivornments and the 
effects of those trends on the social, economic, and other 
requirements of the Nation; (3) the adequacy of available 
natural resources for fulfdling human and econorruc re
quirements of the Nation in the light of expected popula
tion pressures; (4) a review of the programs and activities 
(including regulatory activities) of the Federal Government, 
the State and lc»:al governments, and nongovernmental 
entities or individuals, with particular reference to their 
effect on the environment and on the conservation, 
development and utilization of natural resources; and (5) a 
program for ren-.ndying the deficiencies of existing pro
grams and activi-ies, together with recommendations for 
'egi.si3tion. 

Sec. 202 Ther: is created iri the Executive Office ofthe 
President a Couniil on Environmental Quality (hereinafter 
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referred to as the "Council"). The Council shall be 
composed of three members who shall be appointed by the 
President to serve at his pleasure, by and with the advice 
and consent of the Senate. The President shall designate 
one of the members of the Council to serve as Chairman. 
Each member shall be a person who, as a result of his 
training, experience, and attainments, is exceptionally well 
qualified to analyze and interpret environmental trends and 
inforrrution of all kinds; to appraise programs and activities 
of the Federal Government in the light of the policy set 
forth in title 1 of this Act; to be conscious of and responsive 
to the scientific, economic, social, esthetic, and cultural 
needs and interests of the Nation; and to formulate and 
recommend national policies to promote the improvement 
ofthe quality ofthe environment. 

Sec. 203. The Council may employ such officers and 
employees as may be necessary to carry out its functions 
under this Act. In addition, the Council may employ and 
fix the compensation of such experts and consultants as 
may be necessary fot the carrying out of its functions under 
this Act, in accordance with section 3109 of title 5, United 
States Code (but without regard to the last sentence 
thereof). 

Sec. 204. It shall be the duty and function of the 
Council-

( I ) ' t o assist and advise the President in the prepara
tion of the Environmental Quality Report required by 
section 201; 

(2) to gathet timely and authotative information 
concerning the conditions and trends in the quality of 
the environment both current and prospective, to ana
lyze and interpret such information for the purpose of 
detern\ining whether such conditions and trends are 
interfering, or are likely to interfere, with the achieve
ment of the policy set forth in title I of this Act, and to 
compile and submit to the President studies relating lo 
such conditions and ttends; 

(3) to review and appraise the various programs and 
activities of the Federal Government in the tight of the 
policy set forth in title 1 of this Act for the purpose of 
determining the extent to which such prograrns and 
activities aie contributing to the achievement of such 
policy, and to make recommendations to the President 
with respect thereto; 

(4) to develop and recommend to the President 
national policies to foster and promote the improvement 
of environmental quality to meet the conservation, 
social, economic, health, and other requirements and 
goals of the Nation; 

(5) to conduct investigations, studies, survey*, re
search, and analyses relating to ecological systems and 
environmental quality; 

(6) to document and define changes in the natural 
environment, including the plant and animal systems, 
and to accumulate necessary data and other information 
for a continuing analysis of these changes or trends and 
an interpretation of their underlying causes; 

(7) to report at least once each year to the President 
on the state and condition of the environment; and 

(8) to malce and furnish such studies, reports thereon, 
and recommendations, with respect to matters of policy 
and legislation as the President may request. 
Sec. 205. in exercising its powers, functions, and duties 

under this Act, the Council shall-
(1) consult with the Citizens' Advisory Committee on 

Environmental Quality established by Executive Order 
numbered 11472, dated May 29, 1969, and with such 

representatives of science, industry, agriculture, labor, 
conservation organizations. State and local governments, 
and other groups, as it deems advisable; and 

(2) utilize, to the fullest extent possible, the services, 
facilities, and information (including statistical informa
tion) bf public and private agencies and organizations, 

and individuals, in order that duplication of effort.and 
expense may be avoided, thus assuring that the Council's 
activities will not unnecessarily overlap or conflict with 
similar activities authorized by law and performed by 
established agencies. 

Sec.206. Members of the Council shall serve full time and 
the Chairman of the Council shall be compensated at the 
rate provided for Level II of the Executive Schedule Pay 
Rates (5 U.S.C. 5313). The other members of the CouncU 
shall be compensated at the rate provided for Level IV of 
the Executive Schedule Pay Rates (5 U.S.C. 5315). 

Sec. 207. There are authorized to be appropriated to 
carry out the provisions of this Act not to exceed $300 OCO 
for fiscal year 1970, $700,000 for fiscal year 1971,'»nd 
$ 1,000,000 for each fiscal year thereafter. 



-98-

FIGURE 3 
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EXECtrerVE ORDER 

WHEREAS, tha introduction of new oil activities into 
Daggett, Duchesne, and Dintah Counties will have an impact of 
considerable jnagnituda on the existing pattern of development; 
and 

WHEHEAa, in anticipation of this impact, there exists 
a need for a coordination process to facilitate planning and 
decision making between federal, state, and. local governntnts; 
and the private sector concerning oil resource development; 
and 

WHEREAS, tha local elected officials of Daggett, 
Duchesne, and Uintah Counties recognize the importance of 
providing a means by which all proposed activities having 
a direct influence on the future development of the area 
should be reviewed and taken into consideration: 

NOW, THERErORE, I, Calvin I..̂  Rampton, Governor of 
•the State of Utah, by virtue of tlie authority vested in me 
by tha Constitution and Laws of the State of Utah, do hereby 
order as follows: "~ 

Under the dixection of the Uintah Basin Association 
of Governments, there is hereby created a Planning and 
Development Advisory Council, to guide and coordinate 
activities related to oil development and report its 
recommendations and findings to the Association of Govern
ments. 

The purposes of the Council are: 

1. Function as a local clearinghouse for oil 
planning and development activities tinder— 
way or proposed for Daggett, Duchesne, and 
Uintah Counties. 

2. Develop and provide state and county local 
input to the environment statement being 
developed by the United States Department 
of interior. Bureau of Lcuad Management. 

3. Identify and/or secure funding and other 
resources froa participating governmental 
and private agencies, to assist in planning 
and development efforts related to the 
Uintah Basin oil projects in the three 
counties, as needed. 

A. Direct and/or carry out specific oil . 
development related planning or develop
ment activities, as requested by the 
counties or other participating govern
mental units. 
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5. Functio.T as the liaison and cOTjr.unication 
body between private developr.ent corporations, 
federal, state, and local agencies directly , -̂  
related to the Uintah Oil projects in 
Daggett, Duchesne, and Uintah Counties. 

6. Implement a process whereby conmunity input 
may be received and reviewed by the Council 
and a continuing public education program 
is carried out. 

7. Coordinate Dintah Basin and other oil con
struction and development planning with 
county planning and municipal development 
so as to attempt to prevent an influx of 
workers and related population to areas 
where there are not adequate and attractive 
housing and related facilities. 

The Covmcil shall consist of thirteen (13) repre
sentatives as follo'.*s: 

Hollis G. Hullinger, Chairman, Uintah Basin 
Association of Governments 

Warren Richardson, Chairman, Uintah County Commission 
J. Rulon Anderton, Chairman, Duchesne County Commission 
Albert H. Neff, Chairman, Daggett County Commission 
Harvey Madsen, Chairman, Vernal City Planning Conunission 

. Orlan Cook, Uintah County Planning Commission 
Lawrell Jensen, Roosevelt City Planning Commission 
Kilmer Murray, Duchesne County Planning Contmission 
Dale Workman, Duchesne City Planning Commission 
Carl Collett, Daggett County Planning Commission 
Glade Sowards, State Representative 
James Drollinger, Mayor, Vernal 
Daniel^Dennis, State Representative î 

' • . * -

To augment the Pl̂ inning and Development Council, a "~--̂  . 
Technical Committee shall be established to: N.̂^ ^ 

1. Operate on the request of and in response 
to Uintah Basin Planning and Development 
Advisory Council. 

2. Prepare specific data, studies, and documents, 
as requested by the Council related to oil 
development. 

The Technical Committee shall consist of twenty-four 
(24) representatives as follows: 

Milton,L. Weilenmann, Department of Development 
Services 

William Kremin, E.nployment Security, Vernal 
Clair Huff, Division of V?ildlife Resources, Vernal 
Mark H. Crystal, Division of State Lands 
Ed Lovelace, State Highway Departr.snt, Orem 
David Behrens, Forestry and Fire Control, Heber 
Charles R. Henderson, Tri-State Oil Shale Commissioner 
Rees C. Madson, Environmental Affairs Coordinator 

and Field Representative, White River Shale 
Oil Corporation 

Dale Carpenter, Department of Natural Resources 
Barry Saunders, Division of Water Resources • 
Robert F. Guy, Division of Water Rights, Vernal 
William G. Bruhn,' Department of Cort-.-.unity Affairs 
Burton L. Carlson, State Planning Coordinator 
Dr. Robert F. Loga.t, Department of Economics Y 

Utah State University 
Dr. Richard E. Turley, .Mechanical E.ngineering, 

University of Utah 
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From Seismic Refraction Studies 

G. R. K E L L E R , ' R . B , SMITH, AND L . W . BRAILE^ 

Department of Geology and Geophysics. University of Utah. Salt Lake City. Uiah 84112 
\ • , 

A seismic refraction profile was recorded along the southern Wasaleh front in Utah to investigate 
cruslal structure in the transition zone between the Great basin and Colorado plateau provinces. Inter
pretation of both refracted and reflected phases indicates a thin (~25-km) crust, a low Pn velocity (~7.5 
km/s), and a cruslal low-velocity layer in the approximate deplh range of 8-15 km. Correlation with pre
vious geophysical studies suggests that these features are present throughout the transition zone and that a 
mantle upwarp extending at least 50 km east of the boundary between these provinces (Wasatch front) is 
present. .This upwarp may be of considerable tectonic significance, since it approximately coincides with a 
zone of high seismicity, the intermountain seismic belt. 

»1 

Iter 

^iPuring the summer of 1972 the University of Utah con-
,<Siictcd a detailed seismic refraction survey along the bound-
'ay between the Great basin portion of the Basin and Range 

jfpfoyince and the Colorado plateau of the weslern, Uniled 
lo^toles (Figure 1). The refraction line (Figure 1, line 1-2) ex-
[ateldcd 245 km south from a shot point in the Great basin and 

; aoued the Wasatch front into the Colorado plateau approxi-
paiely 140 km south of the shot point. We will use ihe term 

Pisalch front in a general sense to refer to the physiographic 
undary between the Great basin and Colorado pla-

paUfMiddie Rocky Mountains in Utah. 
IJFundamental differences in tectonics and crustal and upper 

nite structure between the Great basin and Colorado pla-
, Juhaye been recognized by several workers (Eai.dley [1962], 
^ ^ t a L [1972], Prodehl [1970], Bucher and Smith [1971], 

Ifalolhers). The Great basin is generally characterized by high 
,jjJll,flow (2 HFU (heat flow unit) or more), thin crust (~30 
^ffl),low/'n velocity (•>'7.8 km/s), and extensive late Cenozoic 

anism and normal faulting. The Colorado plateau is char
med by lower heat flow, a thicker crust (~40 km), and 

IsJpHiozoic epeirogenic uplift. However, little is known aboul 
:-,detailed crustal structure along the transition zone be-

Ititeri the two areas. For this reason a seismic refraciion sur-
yitwas conducted along the tectonic boundary between the 
at'basin and the Colorado plateau to investigate the de-

^JW;of,continuity of crustal structure between these two dis-
^''^lydifferenttectonic provinces and to delineate the extent 

drcharacteristics of the transition zone. 

ASfelv.; ' DATA ACQUISITION AND ANALYSIS 

iQuarry blasts from the Bingham canyon copper mine, 30 
IJ îouthwest of Salt Lake City, Ulah, were used as energy 
arees'for the refraction survey. The blasts were recorded at 
lUtions along a 245-kra-long profile (Figure 1, line 1-2) 

at) average station spacing of approximately 3.5 km. Sla-
ttiere never more than 2-3 km from a line representing a 

KJiouth azimuth from the shot point. Vertical, in-line, and 
iverse seismometers were employed at each station. The 
;were recorded on analog tape and later digitized. Prq-

iSl?' ':^' ' • • • ' 

•S" ^ B ^ 

^ • f . KEffa l E ^ * 

"? ;? '̂ Tf7.̂  
Ct̂ x; ff-a xss\ 

p : : * Hfrrjl ^ssa 

^ > , . ji--n--.i ' - • ^ • 
- * • ' ' - ' . ^ ^ . . 7 C^ tS- , 

.....-•̂  < ^ ^ m 

'ml 

M^̂ ow at Department of Geology, University of Kentucky, Lex-
yrii/Kentucky 40506. 
pNowal Department of Geosciences, Purdue University, Lafayette, 
i&iai'47907. 
•SW-:'--
'ICopyright © 1975 by the American Geophysical Union. 

cedures for data acquisition and reduction are similar to those 

described by Braile et al. [1974]. 

The digitized seismogramis were migrated and corrected for 

elevation differences to a 1.5-km above sea level datum prior 

to plotting on reduced travel time record sections. Band-pass 

filtering from 2 to 5 Hz was applied to the data as an aid in en

hancing later arrivals. However, arrival times for analyses 

were picked ort the original unfiltered records. 

Arrival times were determined for phases corresponding to 

both first/and later arrivals of refracted and reflected phases. 

These times were used as input to a program that computed an 

Fig. I. Index map of sludy area. Line 1-2 shows profile location of 
this sludy; line 1-3, profile location of Braile et al. [1974]; and line 4, 
Delta-West profile [faron et al., 1964]. The stations in this study were 
fairly evenly spaced and never niore than 2-3 km from line 1-2. Shaded 
pattern represents, intermountain seismic bell; lighl hachured lines, 
Cenozoic faults; heavy lines with slant hachures, easternmost extent 
of the upper mantle upwarp; and heavy dashed lines, boundaries be
lween physiographic provinces. 
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Fig. 4. Velocity-depth models derived from interpretation of both P wave and S wave refracted and reflected arrivals 

counted for by model A with a pronounced S wave LVL cor
responding in depth to the P wave LVL. The S velociiies in . 
model A were derived by using the layer thicknesses de
termined from the P wave data and varying velocities until ob
served and theoretical travel times for the ^g and SnR arrivals 
from both the in-line and the transverse component could be 
matched. In a similar fashion, the late SnR arrivals could only 
be accounted for in model B by assigning a high Poissbh's ra
tio (0.33) to the lowest crustal layer. This situation resiilted in 
an S wave LVL corresponding to this layer for which there was 
no additional evidence. 

DISCUSSION 

Inspection of Figure 4 demonstrates that models A and B 
have several features of tectonic significance. These include a 
relatively thin crust, a low F« velocity, anomalously low 5 
wave velocities, and, in model A, a crustal LVL. 

The anomalously low Pn velocity of 7.4 km/s is well es
tablished on our record sections. However, if the Moho were 
dipping, this velocity would represent an apparent velocity. A 
crustal thickness less than 30 km in northern and western Utah 
is well established [Berg et al., 1960; Eaton et a i , 1964; 

S f 7 ^ 

Prodehl, 1970; Mueller and Landisman, 1971; Braile el £M 
1974]. The southern end of our profile is located eastoflhj 
Wasatch front within the Colorado plateau where crufl 
thicknesses of approximately 40 km have been report 
[Roller, 1965]..'Thus any dip along our profile would bea3 
pected fo be to the south, the result being a higher truevelofS 
ity. In the extreme case of a 25-km crust at the shot point and;, 
40-km crust at the southern end of the profile the true upp(}-
maritle velociiy could be as high as 7.7 km/s. However, v/efrf; 
that the lack of evidence for abrupt i:rustal discontinuities sui 
as the crustal thickening observed by Braile et al. [1974] if 
northern Utah and the thin crust (25-30 km) interpreted f̂  
the eastern portion of the Delta-West line [Eaton el at., 1 
Mueller and Landisman, 1971; Landisman et al., 
dicales that significant' dip along our profile is 
Further, for individual traces the ratios of the amplitudes*!; 
Pn a,nd PnR at distances beyond 150 km are similar when Ikl 
syntRetic and observed record sections are compared. ThisoM 

' servation indicates that at least the velocity contrasts allhe*J-! 
discontiniiity in the derived models are approximately c«a 
reel. Hence we suggest an upper mantle velocity along OM 
profile of 7.5 i O . l k m / s . " . -̂  "ftJ 
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M 

optimum velocity ./nodel by a generalized linear inversion 
method [Braile, 1973]. The vertical component seismograms 
were then compared to theoretical seismograms generated for 
the optimum models by the reflectivity method [Fuchs and 
Mueller, 1971]. In computing the synthetic seismograms a sim- . 
pie 2-Hz wavelet was used as a source wavelet so that in
dividual arrivals could be distinguished. This choice was also 
predicated on the variability of the true source wavelet be
tweeri blasts. 

INTERPRETATION AND RESULTS 

In discussing the data the following notation is used for 
identification of individual phases: Pg (Sg) is refraction from 
the lop of an upper crustal layer with P (S) wave velocity of' 
approximately 6.0 (3.5) km/s, Pc (Sc) is refraction from the 
lop of the lower crustal layer with P (5) velocity of approxi
mately 6.5 (3.5) km/s, and Pn (Sn) is refraction from the up
per mantle-crust boundary (Moho) wilh P (S) velocity of ap
proximately 7.4 (4.1) km/s. An R following the symbols 
denotes a refiection from the top of the corresponding layer; 

PIR denotes a reflection from the top of a low-velocity laysj 
( L V L ) , . - •• • • • • . • ' * i f 

Several phases are identifiable on the vertical componc^ ĵi 
seismograms (Figure 2). The Pg arrivals are readily observMj 
from 10 lo beyond 100 km. The phase Pn becomes a firsl ar,,̂  
rival at approximately 145 km and is identified lo the end of' 
the profile. The PnR phase is well defined as later arrivall' 
from IOO km to the end oflhe profile. Later arrivals (1 0-1 5j' 
after Fg) interpreted as PcR are distinguishable from 50 to90; 
km, and less well defined later arrivals interpreted as /'//?art«| 
observed from aboul 20 to 50 km. Beyond approximately Ŵ  
km the PIR travel times closely approach those of Pg sothfl' 
these two arrivals are not distinguishable. "t-

With the exception of 5g arrivals.from 10 to 65 km ihfe 
transverse, and in-line record sections (Figure 3) ge lerall) 
lacked arrivals that could be. correlated for a significaffl' 
distance. However, poorly defined SnR arrivals may be d* 
tinguished from 100 fo 150 km. 

The velocity models derived from the interpretation of ibî f 
observed data are shown in Figure 4. Layer thicknesses and^ 

• • • • • • ' ' 7 r 
i'i. 

M t j m 

¥ 
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«l iLities were determined bythe inversion technique using P' 
*f 'C travel times for both refracted and reflected waves, 'When 
•If vals interpreted as PIR were included in the/inversion, 
r ielA, which contains an upper crustal low-velocity layer, 
•J obtained.,However, if the F /^ ai'rivals are not included in 
ih' inversion, model B containing no LVL is obtained. 

\,model similarto a model A has been interpreied albng the 
DctBrWest refraciion profile (Figure 1, line 4,) by Mueller and 
Lc disman [1971], Landisman et al. [1971], and Miieller and 
^heller [\912]. Using thie inversion technique, we interpreted 
•••c Delta-West dala and obiained a model wilh a 28-km crust 
iru an LVL in the deplh range of 8.5-13 km. This model is 
liirilar to both model A and Mueller and Landisman's [1971] 
0 ijinal interpretation. 

Similar to the Delta-West profile, large-amplitude arrivals 
csl rpreted as reflections from the boltom of the L \ L (PcR) 
rc identifiable on our record sections from 60 to 90 km 

(̂  sure 2) The synthetic seismograms for model A are shown 
11 Igure,5 and predict large-amplitude Fc,/? arrivals in this 

same distance range. In fact, if each trace is looked al in
dividually, the ratios of the amplitudes of Pg and PcR in this 
distance range are similar when the synthetic and observed rec
ord sections are compared. Thus on the basis of inversion re
sults and corriparison of the synthetic seismograms with the 
observed data, model A including the LVL is preferred. The 
correlation belween model A and the Delta-West profile 
models also favors model A. . 

Our generalized interpretation of the S wave dala is tenta
tive because of the paucity of coherent S wave arrivals. The 
weak SnR reflections observed from 100 to 150 km (Figure 3) 
arrived almost 2 s later than would be predicted by assuming 
the P velocities and layer thicknesses of either model A or B 
and assigning a Poisson's ratio of 0.25 to all layers. TheS'g ar
rivals define the S velocity of the upper crust to be approxi
mately 3.5 km/s, requiring a Poisson's ratio near 0.25. 
Thus the lale SnR arrivals suggest that Poisson's ratios lower 
iri the crust are greater than 0.25. Delayed SnR reflections, also 
observed by B/-fli'/e er: a/. [1974] for norlhern Utah, are ac-

250 

lorizonlal component record sections (reducing velocity 3.5 km/s). Upper section is in-line component; lower sec-
is.transverse component. Lines correspond lo theorelical 5,wave arrival limes calculated for model A. 
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Fig 5 CrustdVmodels from refraciion siudies in the region of Ihe 
1*1' on zone between the Great basin and Colorado p\aieau-Mid-

Ct\ •> ky Mountains provinces. From left to right, as is shovvn in in̂  
V \ t ) , the models are arranged in west lo east order. Mode! E is for 

\r M R Ural Nevada (after the rnode) from Eureka, Nevada, of Hill and 
'U»( [l%7]) D^W is the model for the area of the Nevada-Utah 
w«e' K and far west central Ulah (our inlerpretalion of Ihe Della-
•turrofile) B IS the rnode! for tV\e area surrounding the Great Sail 
KAt ifler Berg et at.. 1960],' A is model A of this sludy, W is the 
fsdcl for the area of the'Wasatch Mountains in nonheaslern Ulah 
JSSI Jrai/e et al, 1974], M-R 'is the model for the Middle Rocl(,y 
•tc. iins in nonheaslern Utah and southwesierri 'Wyoming [afler 
'irimtnal, 1974], and C-P is the model for the Colorado plateau in 
i^l*" stern Utah {after Rolteri 1965]. The large numerals are P veloc-
wkin kilometers per second. 

The major difference between model A and model B is the 
•Sarvc of a crustal LVL, and our preference for inclusion of 
Aai-zer IS based upon several observations. If PIR arrivals 
Leid'ntified and their travel,limes included in the inversion 
•»«" ', Ihen an LVL is present in the derived model. Large-
J f mde arrivals that are delayed by 1.0-1.5 s relative lo Pg 
W i sent and are interpreted as reflections from the bottom 
dl iV LVL (PcR). Model A correlates well with velociiy 
taat derived for nearby areas that include an upper cruslal 
tNI I'ersistence of the Pg phase beyond 100 km may be due 
•'̂ v j-angle PIR arrivals arriving nearly simultaneously with 

h 
CONCUUSIONS 

iJ iT 

V t cruslal velocity models in Figure 6 depict the variations 
I t I..lal structure across the transition zone between the 

i i t l idsin and the Colorado plateau-Middle Rocky Moun-
fhese models suggest a mantle upwarp of low-velocily 

" 1 " ll (~7 5 km/s) roughly centered beneath the Wasaich 
ind approximately coincident wilh a zone of high 
itv, the intermountain seismic belt [Smith and Sbar, 
The exact width and configuration of the mantle up-
re difficult to ascertain. However, our refraction profile 
30 km west of the Wasatch front and terminates 50 km 
this boundary (Figure 1). Because this profile shows no 
e of significant.changes in crustal structure, a mini-

tS-'̂  "idth of at least 80 km for the upwarp is suggested. 
M wieiic variation data taken on an. east-west profile across 

UC. ;at basin-Colorado plateau transition [Porath, 197l] 
iff' n upwarp of high-conductivily tnaterial centered b^-
Wii" le Wasaich front. Moreover, heat flow data [Sass et a i , 
ini I'oy et a l , 1972; Costain and Wright, 1973] show the 

Great basin-Colorado plateau transition in a zone ofihigh heal 
flow. Together these data suggest a mantle upwarp associated 
iWith low Pn velocity, high heal flow, and low resistivity. 

An implication of Ihe east-west extent of the mantle up
warp is that the physiographic boundary-(Wasaich front) be
tween the Great basin and Colorado plateau is clearly west of 
Ihe iransition in crustal structiire belween these provinces. 
This observation is in accord wilh similar conclusions drawn 
from other refraciion siudies [Ryall and Stuart, 1963; Braile et 
al., 1974]. Also Shuey et a i [1973] have recenllyfdocumcnted a 
lateral change in crustal magnetization between the Greal 
basin and Colorado plateau-that occurs 50 km east of the 
physiographic boundary. • . ! 

.The presence of the upper cruslal low-velocily layer may be 
related lo the mechanism of Cenozoic faulting and seismicity. 
As was proposed by Shurbet and.Cebutl [197;\], an LVL could 
provide a region of low rigidity capable of absorbing the large 
displacements,.associated wilh Cenozoic block; faulting char
acteristic of the Great basin. Thus the presence of an LVL east 
of the Wasatch front could provide an explanation for the 
presence of Cenozoic block fauUing east of the province i 
boundary (Figure 1). The shallow seismicity characteristic ow 
iVie intermountain seismic bell |Smil/i ank Sbar, 1974] also ex; 
tends east of the Wasaich front and is roughly coincident with 
the easternmost zone of Cenozoic norrnal faulting. The shal-
low nature of the seismicity could be due in part to the LViL 
acting as a low-rigidity layer in which the occurrence ilol 
earthquakes would be reduced. ( I 

We conclude that a mantle upwarp is-suggested alonglth 
Irarisition zone (Figure I) between ihe Great basin andjlh 
Colorado plateau. This conclusion! is based upon observ, 
lions of a thin crust (~25 km), a low Pn velocity (-^7.5 kin/ ' 
hi'gh heat flow, and high seismicity along the transition zone. 
we assume that this feature continues further norlh along t 
iritermountain seismic belt, as was suggested by Smt(/i a 
Sbar U974] and Bra'tle el al. 11974], and is relatively ftxed w 
respect to a westward moving North American plale.Jwe ; 
speculate that the Greal basin isiaciively growing easiwarj 
the expense of the Colorado plateau. 

Finally, we suggest that an upper crustal LVL is pr i 
throughout the transition zone belween the Greal .basif 
Colorado plateau-Middle Rocky Mounlains proyincea 
correlation of high heat ftow,,ilQw resistivity, shallow sq 
ity, Cenozoic normal faulting, and anomalous magneij 
wilh the crustal LVL suggests a genetic relationship, 
data are not sufficient lo define the mechanism. 
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ABSTRACT 

Potassium-argon age determinations on volcanic rocks, including some from 
recently defined stratigraphic units, from central and southwestern Utah provide 
a chronology of volcanism of Oligocene to middle Miocene age in this region. 
These data demonstrate the feasibility of, and provide a framework for, correlation 
throughout the High Plateaus region and adjacent areas of the Basin and Range 
province. 

INTRODUCTION 

Potassium-argon age determinations were made on samples of volcanic rock 
from the southwestern High Plateaus of Utah (southern Sevier Plateau, northern 

•Present address: (Reck) 201 Mimosa Way, Menlo Park, California 94025; (Rowley) 1050 
South Foothill Drive, Denver. Colorado 80228. 
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and central Markagunt Plateau, and southern Tushar Mountains) and adjacent areas 
of the Basin and Range province. These determinations were made in the potassium-
argon laboratory at Ohio Slate University. Figure 1 illustrates the Tertiary stratig
raphy of the central Utah region, as determined by Anderson and Rowley (1975), 
who collected the samples used in this study. 
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Figure I. Correlation chart of Cenozoic stratigraphy of central Utah (after Anderson and 
Rowley, 1975). 
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J T I Z r ^ ' r """'" ' " " ^ ' ' ^ ^^ ' ^ ' potassium-argon method and are reported 
n Table . Potassium was determined by flame photometry, using a ZeiTs PF 5 

z s : c Z : 3 ^ \ 7 : ' T 7 ""•"'"" '""•'"•"•'"" "*-« ™.i''o 

f o m p o T i S T ^ ^ ' ' " ^ ^ ^ " ^ " ° " ^^^^^^^-^ ' ' var t ion i ê pê ^̂ ^̂ ^̂  

standard deviation (s ) by a factor o V 2 T h . . " ; ' 7 . '"'̂ '-^asmg the estimated 

Of an analyses w o u f d t O^Vprem,S/n^ w l t S t ^ d ^ r (.l '0 ^ °^ ^^^ '^ ' ' -
Argon analyses were made by isotope dilution, using extract on systems similar 

o those descrtbed by Dalrymple and Lanphere (1969^ and Evernden and CuU 
(1965). Tracers used were manifold or "batch" tracers, calibrated with Tpreds 1 
of about 1 percent (coefficient of variation). Isotope ratios were measurei o^ 
a Nuclide. 6-n^ radius, 60° sector mass spectrometer oper ted Tn he" at c T l d T 
T e reproducbihty of argon analyses by the Ohio Stale laboatory is general y 
With n ± 2 percent, as has been demonstrated previously-(Fleck and others 197 )' 

= ' ^ o : z i s i ^ 7 t : : - : ; r : : , - : ; 7 ^ 
ratios determined for each spectrometer analysis. ^ 

DISCUSSION OF RESULTS 

Of the 13 different geologic units shown in Table 1, two have a definite rmt^e 
m age and represent sequences accumulated over a significant per od of ttme 
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TABLE 1. POTASSIUM-

Sample 
Geologic unit* no. 

Younger basalt R-29 

Iron Point intrusion R-28 

R-34 
Horse Valley Formation R-38 

R-31 

R-32 
Dry Hollow Formation R-16 

EM-1 

R-17 
Older basalt R-20 

R-22 

R-3 
R-12 

Osiris Tuff [̂ _24 
ES-1 

BauersTuff R-II 

R-27 
R-23 
R-15 

Mount Dutton Formation R-5 
R-13 
R-19 
k-1 

R-9 
Bear Valley Formation ^ ^ ^ 

Isom Formation „ „ 
(Baldhills) 

Isom Formation D •, 
(Blue Meadows) 

Needles Range Formation R-25 

Post-Claron Tuff R-4 

Andesite R-21 

•After Anderson and Rowley (1975). 
•After Anderson and Rowley (1975); NBM 

Tushar Mountains; MP = Markagunt Plateau; 
Plateau. 

Lat 
(N) 

37°51.8' 

37''50.9' 

38°04.2' 
38°06.7' 
38°04.8' 

38°16.9' 
38°I6.5' 
38°57.5' 

38°14.3' 
38°12.3' 
38°12.0' 

38°09.9' 
38° 11.6' 
38°10.5' 
38°57.5' 

37'=50.0' 

37°45.3' 
38° 11.4' 
38°I2.7' 
37°57.1' 
38°09.5' 
38°15.r 
38°12.r 

37°51.7' 
37°52.2' 

37°5I.3' 

37°58.2' 

37°42.4' 

38°00.4' 

38°11.8' 

Long 
(W) 

112°46.4' 

112°42.r 

113°03.6' 
113°00.r 
I13°10.5' 

112°26.8' 
112°28.0'' 
l l l°48.2' 

112°28.8' 
112°23.4' 
I12°26.7' 

112°01.8' 
1I2°36.3' 
112°30.6' 
m°48.2 ' 

112°3I.O' 

112°40.6' 
I12°29.6' 
112°33.8' 
112°34.7' 
112°35.9' 
112°15.4' 
112°06.2' 

112°33.6' 
112°32.0' 

112°34.0' 

I12°26.0' 

112°46.0' 

112°32.5' 

112°26.5' 

= northern Black Mountains; STM 
SSP = southern Sevier Plateau; WP 

Arsa' 

MP 

MP 

NBM 
NBM 
NBM 

STM 
STM 
WP 

STM 
r STM 

STM 

SSP 
STM 
STM 
WP 

MP 

MP 
STM 

• STM 
MP 
STM 
STM 
SSP 

MP 
MP 

MP 

MP 

MP 

MP 

STM 

= southern 
= Wasatch 

ARGON AGE DETERMINATIONS 

Materials 

W 

(%) 
1.727, 1.701 

Moles ""Ai^ 
(per gram x IO"'") 

0.0134 

w 
w 
w 
B 

B • 
S 
B 

W 
W 
W 

B 
B 
B 
B 

P 

W 
W 
P 
W 
P 
H 
B 

P 
B 

P 

P 

B 

B 

W 

1.268, 1.272 

3.341,3.324 
2.679, 2.668 

- 6.961,6.961 

7.032,6.931 
7.149,7.201 
6.963, 7.020 

2.385,2.418 
2.788, 2.788 
2.844, 2.785 

7.207,7.184 
6.945, 6.884 
7.056, 6.962 
7.163,7.137 

I.OIO, 1.006 

1.374, 1.385 
1.695, 1.691 
0.649, 0.649 
1.249, 1.244 
0.842, 0.858 
0.794, 0.794 
6.595, 6.550 

0.844, 0.842 
7.197,7.243 

1.000, 0.998 

1.016,0.997 

7.202, 7..176 

6.826, 6.784 

1.884, 1.901 

0.4481 

1.1349 
0.9865 
2.7291 

2.7114 
2.8002 
2.7366 

0.9370 
1.1125 
1.1181 

2.9377 
2.7345 
2.8156 
2.8518 

0.3999 

0.5109 
0.6932 
0.2839 
0.4659 
0.3888 
0.3696 
2.9530 

0.3610 
3.1024 

0.4476 

0.4546 

3.7000 

3.7946 

1.1159 

""Ar* 
(%) 

33.1 

62.7 

66.8 

84.7 

Age** 
(m.y.) 

11.0 

27.2 

32.5 
62.7 
73.5 

71.2 
80.8 
66.5 

86.7 
86.9 
85.9 

65.4 
68.8 
78.7 
51.8 

41.5 

51.5 
82.4 
26.7 
41.2 
38.6 
38.8 
66.4 

36.1 
56.1 

56.2 

0.44 ± 0.04 

19.7 ± 0.5 

19.0 ± 0.6 
20.6 ± 0.4 
21.9 ± 0.4 

21.7 ± 0.4 
21.8 ± 0.4 
21.8 ± 0.4 

21.8 ± 0.4 
. 22.3 ± 0.4 

22.2 ± 0.4 

22.8 ± 0.4 
22.1 ± 0.4 
22.4 ± 0.4 
22.3 ± 0.4 

22.1 ± 0 . 6 

20.7 ± 0.5 
22.9 ± 0.4 
24.4 - 0.8 
25.1 ± 0.7 
25.5 ± 0.5 
26.0 ± 0.8 
25.1 ± 0.4 

23.9 a: 0.5 
24.0 ± 0.4 

25.0 a: 0.4 

25.2 t: 0.4 

28.7 ± 0.5 

31.1 * 0.5 

32.8 ± 0.5 

§B = biotile; W = whole rock; H = hornblende; P = plagioclase; S = sanidine. 
'Radiogenic. 
**Error estimate, made in manner similar to that of Cox and Dalrymple (1967), represents 

one standard deviation. 
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TABLE 2. COMPARISON OF K-AR RESULTS WITH ANALYSES REPORTED BY 
OTHER LABORATORIES 

Geologic unit 

Bauers Tuff Member 
Osiris Tuff 
Isom Formation (Baldhills) 
Isom Formation (Blue Meadows)' 
Needles Range Formation 

Previous K-Ar 

29. IS 

(m.y.)* 

21.5(a) 
20.3(d) 
25.0(a) 
25.8(a) 

(a); 28.6(h) 

age(s) 

29.3(k) 

K-Ar age 
(m.y.) 

(Table 1) 

22.1 
22.4 
25.0 
25.2 
28.7 

Best estimate 
of age (m.y.) 

21.7 
22.4 
25.0 
25.5 
28.9 

*Letters indicate age reported by (a) Armstrong (1970); (d) Damon (1968); (h) R. K. Hose 
(1974, oral commun.; analyses by J. D. Obradovich); (k) Kistler (1968). Ages are mean 
values if multiple determinations are reported. 

'Armstrong's value was reporled lo be for "Roger Park Breccia," but is considered Isom 
Formation by Anderson and Rowley (1975). Localities are identical. 

^Armstrong's samples 831, 170B, 834B, and 183B were included here, although omitted 
from his (1970) average. 

"events." That is, any range in age has not been demonstrated by radiometric 
dates, although the low precision of determinations on the Needles Range Formation 
would permit an interpretation of real age differences among cooling units. A 
comparison of results obtained in this study with age determinations reported by 
others is shown in Table 2. 

Theage obtained on biotite from the Needles Range Formation (28.7 m.y.) compares 
favorably with previously reported determinations. As noted by Mackin (I960) 
and Cook (1965), and as demonstrated by Gromme and others (1972), Best and 
others (1973), and Nairn and others (1975), the Needles Range Formation is composed 
of several members of at least slightly different ages. Armstrong (1970) has suggested 
from a statistical standpoint that any age difference among members is, however, 
not demonstrable, as the precision of analyses of this unil is lower than normally 
expected. This low precision (about 4 percent coefficient of variation) may be 
due in part, however, to real age differences. Additional (unreported) analyses 
by J. D. Obradovich, U.S. Geological Survey, Denver, for R. K. Hose show 
a similarly large variation, but a similar mean. These samples, DKA numbers 
1009-1013, from the Confusion Range (lat 39°19.5' N., long 113°41.5' W.) yield 
ages of 29.7 ± 1.2, 29.8 ± 1.2, 29.0 ± 1 . 1 , and 26.5 ±1 .1 m.y., respectively 
(R. K. Hose, 1974, oral commun.). If the ages from all sources (excepting three 
excluded by Armstrong, 1970) are pooled, a mean value of 28.9 m.y. with standard 
deviation of 1.2 m.y. (4.3 percent coefficient of variation) is obtained from the 
18 available determinations. The "true age" of the Needles Range Formation may 
be slightly older, as suggested by Armstrong (1970). However, until a complete 
study relates dated samples to the proper cooling units, or additional information 
adequately disqualifies some of the determinations, the 28.9 ± l.2-m.y. value should 
be considered the best estimate of the radiometric age of the formation. 

Our age determination of plagioclase from the Baldhills Member of the Isom 
Formation (25.0 m.y.) is identical lo that obtained by Armstrong (1970) from a 
whole-rock sample. Armstrong considered that determination to be too young. 

based on stratigraphic correlations placing the dated unit below the "Roger Park 
Breccia," upon which ages of 25.8 and 27.2 m.y. were obtained. Our sample 
number R-7, from almost exactly the same locality as Armstrong's sample 167 
(25.8 m.y.), gives an age of 25.2 m.y. on plagioclase. Sample R-7 was collected 
from the Blue Meadows Tuff Member of the Isom Formation, which is probably 
the same unit as that sampled by Armstrong. As with the Baldhills Member, the 
age dates obtained by the two laboratories on different material are indistinguishable 
within experimental error. Because of the large difference in potassium content 
between our samples and those of Armstrong (0.999 percent versus 4.76 percent 
K+ for the lower member), incomplete argon loss after formation is extremely 
improbable. If loss did occur, it must have been complete loss (resetting) at about 
25 m.y. B.P. and must have occurred over an extremely large area. This is even 
less probable, as older units would also be totally reset, and this is not observed. 
For these reasons, the average ages of 25.0 m.y. and 25.5 m.y. for the Baldhills 
and Blue Meadows Members of the Isom Formation, respectively, must be considered 
representative of the times of emplacement. Armstrong's determination of 27.2 
m.y. cannot be explained with existing information and must await further investiga
tion. The age, however, is well within the range of analyses on the Needles Range 
Formation, which also contains abundant biotite and hornblende. 

Four samples of Osiris Tuff were analyzed in this study, three collected by 
Anderson and one (ES-1) by Edward Erb while he was a graduate student at 
Ohio State University. These analyses are consistent, with a mean age of 22.40 
m.y. and standard deviation of 0.25 m.y. (1.1 percent). A sample reported to 
be Osiris Tuff was analyzed by Damon (1968), who reporled a value of 20.3 ± 
0.5 m.y. That this age represents the time of formation for the Osiris Tuff is 
improbable, as it is much greater than three standard deviations from the mean 
of the other analyses. 

The Dry Hollow Formation, as restricted by Anderson and Rowley (1975), is 
composed of gray and brown porphyritic •rhyodacite(?) lava flows. This follows 
the original definition of the Dry Hollow Latite of Callaghan (1939), which was 
later redefined by Callaghan and Parker (1962) to include a variety of mafic and 
intermediate lava flows and tuff units of different ages. The redefinition by Anderson 
and Rowley (1975) restricts the Dry Hollow Formation to flows of intermediate 
composition that postdate the Osiris Tuff (Tuff of Osiris; Williams and Hackman, 
1971) and predate the Mount Belknap Rhyolite. Strata below the Osiris Tuff and 
above the Needles Range Formation in the Sevier Plateau region are referred 
to the Mount Dutton Formation by Anderson and Rowley (1975). 

As indicaled by Table 1, in this context the Dry Hollow Formation marks a 
distinct time horizon that apparently is preseni (perhaps discontinuously) from 
the southern Tushar Mountains to the area of Salina, Utah, on the Wasatch Plateau. 
Our three samples give essentially identical ages, averaging 21.8 m.y. Armstrong 
(1970) reported an age of 24.5 m.y. for "Dry Hollow Latite." which he considered 
equivalent to the Isom Formation. Armstrong's sample (170) was collected near 
Glenwood, Utah, where he also sampled the Needles Range Formation (170B), 
and only a short distance southwest of Salina, Utah, where Edward Erb col
lected samples (Table 1) of the Osiris Tuff (ES-1) and the Dry Hollow Formation 
(EM-1). The 24.5-m.y. age obiained by Armstrong (1970) is significantly older 



•han the Osiris Tuff and probably represents a unit in the older part of the Mount 
Uutton Formation of Anderson and Rowley (1975) and not the Dry Hollow Formation. 
The age and stratigraphic position of the sampled unit are similar to those of 
the Beaver Tuff and Kingston Canyon Tuff Members of the Mount Dutton Formation 
(Anderson and Rowley, 1975), from which samples R- l , R-13, and R-15 were 
collected. As mentioned by Armstrong (1970), they are also similar to those of 
the Isom Formation. However, these units are considered to be derived from 
local sources, physically separate from those of the Isom Formation (Anderson 
and Rowley, 1975). 

The ages of the Needles Range Formation at the base of the volcanic sequence 
(28.9 ± 1.2 m.y.), the Osiris Tuff (22.4 ± 0.3 m.y.), and the Dry Hollow Formation, 
as restricted (21.8 ± 0.1 m.y.), are now well established. These units and the 
Mount Belknap Rhyolite, dated by Bassett and others (1963), are lithologically 
distinctive and cover large areas of the High Plateaus region, providing a basis 
for extending the mid-Tertiary slraligraphy through much of the remaining Marysvale 
volcanic center. Combined with dala compiled by Armstrong (1970), the determi
nations reported here demonstrate that the same straligraphic units can be traced 
well into the Basin and Range province. 
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PRECAMBRIAN GEOCHRONOLOGY OF THE NORTHWESTERN 

UNCOMPAHGRE PLATEAU, UTAH AND COLORADO 

By CARL E. HEDGE ', ZELL E. PETERMAN •; J. E. CASE •̂ 
and JOHN D. OBRADOVICH ', > Denver, Colo.; = College Station, Tex. 

Abstract.—During an orogeny about 1,700 m.y. ago a sequence 
S of sedimentary and volcanic rocks was folded and metamor-
"i- phosed. The basement on which these rocks were deposited has 

not been recognized, and any history prior to 1,700 m.y. ago has 
been obscured by the intensity of this orogeny. Precambrian 
sedimentary rocks less than 1,700 million years old are unknown 
In this area. Gneissic granodiorite was intruded approximately 
L670 m.y. ago. No further record exists until after the emplace
ment of a batholithic mass of Vernal Mesa Quartz Monzonite 
approximately 1,480 m.y. ago. A later biotite-muscovite granite 
was probably intruded about 1,400 m.y. age. This chronology 
correlates with chronologies determined for other parts of 
Colorado. 

The Uncompahgre Plateau is a tectx)n:c and physio
graphic high that extends northwestward from the San 
Juan Mounttims in southwestern Colorado to the Uinta 
basin in east-cfentral Utah. Precambrian igneous and 
metamorphic rocks are exposed in the deeper canyons 
along the northwest half of the plateau. Case (1966) 
has recently made a combined geological and geophysi
cal study of the northwestern part of the plateau. A 
geochronological study of these rocks, because of their 
location, provides a stepping stone for the construction 
of regional correlations of Precambrian events. The 
closest other exposures of Precambrian rocks are in the 
Black Canyon of the.Gunnison River 60 miles to the 
east (Hansen and Peterman, 1968) (p. C80-C90, 
this chapter) and in the San Juan Mountains about 100 
miles to the southeast (Silver and Barker, 1967; Bick-
ford and others, 1967). 

GEOLOGY OF PRECAMBRIAN ROCKS 

Four major units of Precambrian rocks with charac
teristic lithology and geophysical properties have been 
recognized by Case (1966), The oldest unit consists of 
thousands of feet of complexly folded metamorphic 
rocks. This unit can be subdivided into feldspathic 
gneiss, amphibole gneiss, porphyroblastic biotite-micro-

cline gneiss, and biotite gneiss (Case, 1966, fig. 1, p. 
1428-1429). The relative ages within this sequence art; 
unknown, but the structural relations suggest that the 
feldspathic gneiss is the oldest unless the whole sequence 
has been overturned. The entire sequence has been 
folded repeatedly and metamorphosed to a high grade. 
These rocks are iiiterpreted as being largely metasedi
mentary, but some parts may represent metamorphosed 
igneous rocks, and some of the amphibolites were prob
ably emplaced as mafic sill-like intrusions. 

The second major unit is composed of gneissic 
granodiorite. This rock intruded the sequence of meta
morphic rocks. I t varies in composition from granodi
orite to quartz monzonite and varies in texture from 
foliated to massive. 

In the central part of the area mapped by Case (1966) 
there is an elliptical pluton of metagabbro and meta-
diorite. It also intruded the metamorphic sequence, but 
is nowhere^n contact with the gneissic graiiodiorite. 

The Phanerozoic rocks on the southwest flank of the 
Uncompahgre Plateau, in this area, are apparently 
underlain by coarsely porphyritic biotite-quartz mon
zonite, the fourth major unit. Exposures of this rock 
are widespread (Case, 1966; Shoemaker, 1956). These 
exposures and the rock's unusually high magnetic sus
ceptibility enabled Case (1966, fig. 11, p. 1441) to de
lineate an elongate batholith trending northwest along 
the southwest flank of the plateau. This rock has a very 
distinctive appearance. Shoemaker (1956) first noted 
its striking similarity to the Vernal Mesa Quartz Mon
zonite of thei Black Canyon of the Gunnison River 60 
miles to the'east (see Hansen and Peterman, 1968). 
The lithologic similarity is so impressive that we be
lieve that they are correlative, although perhaps not a 
single, continuous mass at depth. 

The Vernal Mesa Quartz Monzonite is generally 
massive. I t intruded ,both the metamorphic rocks and 
the gneissic granodiorite. These facts and its more dis-
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cordant style of intrusion suggest that it is the young
est of the four major units. ' ' 

Although not occurring in the area mapped by Case, 
another type of granite crops out in the eastem part 
of Unaweep Canyon. I t is a pinkish-gray medium-
grained two-mica granite which locally contains garnet. 
Shoemaker (1956) believed it to be the youngest gran
ite in the area, and we have seen intrusive contacts of 
this granite into the Vernal Mesa Quartz Monzonite. 
This young granite is practically identical Avith the 
typical Curecanti Quartz Monzonite of the Black Can
yon and strongly resembles some of the bodies of Silver 
Plume Granite exposed in tlie Front R^nge. 

AGE DETERMINATIONS 

Four rock units were dated by the whole-rock Rb-Sr 
method. These were the feldspathic gneiss and porphy
roblastic gneiss members of the metamorphic sequence, 
the gneissic granodiorite, and the biotite-quartz mon
zonite. The metagabbro was unsuitable for Rb-Sr dat
ing. Hornblendes from a satellite hornblendite and 
from an amphibolite within the metamorphic rocks 
were dated by the K-Ar method. Sample localities are 
shown on figure 1. 

The Rb-Sr analytical data for all the samples are 
given in table 1 and the K-Ar data in table 2. Analytical 
procedures were the same as those described by Peter
man and others (1967). The uncertainty in the Rb'V 
Sr** ratio is dz3 percent and that of the Sr^/Sr^o is 
0.1 percent. The K-Ar ages have an uncertainty of ± 3 
percent. 

The feldspathic gneiss, which may be the oldest rock 
in the area, is unfavorable for dating by the Rb-Sr 
whole-rock method, because it has a very low rubidium 
content and a relatively high' strontium content. We 
used this age method, however, because we decided that 
this determination would be less affected by obviously 
later events. The feldspathic gneiss gives an age of 
1,630 m.y. (fig. 2) with a very large uncertainty of 
±130 m.y., owing to the unfavorable Rb/Sr ratio of 
the rock. 

The porphyroblastic gneiss has a more favorable Rb/ 
Sr ratio and gives an age of 1,670 m.y. (fig. 3) with 
the smaller uncertainty of ±30 m.y. We interpret these 
ages as approximating the time of metamorphism rather 
than the time of deposition (see Hedge and others, 
1967), 
. The gneissic granodiorite, which intrudes the meta

morphic rocks and is probably late tectonic, gives an 
age of 1,670±40 m.y. (fig. 4). 

Only two samples of Vernal Mesa Quartz Monzonite 
fresh enough for dating were obtained from this area. 
The analytical results are plotted, together with analy

ses of samples of Vernal Mesa Quartz Monzonite from 
the Black Canyon, in figure 5. This isochron indicates 
an age of 1,480±40 m.y. The samples from the two areas 
all fit the line well within experimental error, thus sup
porting the lithologic correlation. 

T A B L E 1.—Sample locations and whole-rock Rb-Sr analytical data 

iRb and Sr concentrations determined by isotope dilution, except where otherwise 
IndlcatedJ 

Sample 
No. 

D 1 2 6 5 — 
D I 2 6 6 — 
D1267 ._ . 
D 1 2 7 0 - . . 

D 1 2 7 1 - - . 

D1273_ . -

D 1 2 6 9 . . . 

Location 

Lat <N.) 

38°59.0' 
38°59.0' 
38°59.0' 
38''59.0' 

38°59.1 ' 

38°56.4' 

38°59.0' 

Long (W.) 

Concentration 
(ppm 

Rb 

Feldspattiic gneiss 

109°10.3' 
109°10.3' 
109°10.3' 
109°9.8 ' 

109°9.7' 

109°9.2' 

109°9.8' 

8 .63 
6 .24 

16.65 
2 .39 

18 .41 

11.46 

» .7 

> 
Sr' 

404 
344 
392 
326 

305 

108 

»259 

Ratios 

Rb»VSrM 

0.0618 
.0525 
.1229 
.0213 

.1746 

.3068 

Sr!i/Sr»i 

0.7040 
.7041 
.7056 
.7028 
.7034 
.7060 
.7066 
.7097 
.7098 

Porphyroblastic gneiss 

D 1 2 8 6 — 
D 1 2 8 7 . . . 
D 1 2 8 8 . _ . 
D 1 2 8 9 — 

39°2.5' 
39°2.5' 
39°2.5' 
39°2.5' 

109°7.5' 
109°7.5' 
109°7.5' 
109°7.6' 

8 4 . 5 
117 
126 

9 2 . 5 

313 
319 
313 
302 

0.782 
1.063 
1.163 

.887 

0.7207 
.7271 
.7296 

• .7228 

Gneissic granodiorite 

D 1 2 7 2 . . . 
D 1 2 7 7 — 
D 1 2 7 9 — 
D 1 2 8 0 - . -

38°57.2' 
38°56.7' 
38°56.5' 
38°56.2' 

109°3.6' 
109°7.9' 
109°3.2' 
log-s.s' 

172 
167 
142 
108 

137 
102 
148 
317 

3.629 
4 .747 
2.779 

.986 

0.7871 
.8105 
.7660 
.7239 

Quartz monzonite 

D 1 2 9 0 . - . 
D 1 2 9 2 . . . 
D 1 2 9 I - . 

38°50.7' 
38°45.6' 
38=45.8' 

108°32.9' 
108°54.7' 
108°54.7' 

114 
112 

' 1 1 6 

287 
652 
542 

1.151 
.499 

0.7280 
.7142 

Cons tan ts : Rb8 'X5=1 .39X10-" y r" ' 
R b 8 ' = 0 . 2 3 8 g p e r g R b 

1 Normal Sr. 
' Fractionation effects corrected for by normaliilng observed Sr"/Sr" ratio to 0.1194. 
> Determined by X-ray fluorescence. 

T A B L E 

D1268-
D 1 2 7 6 . 

D1268-
D1276 . 

2.—Sample 

Sample No. 

Sample No. 

locations and K - A r 
blende 

analylical data for horn-

Location 

Lat (N.) Long (W) 

39°59.0' 109°10.3' 
38°56.5' 109°8.6' 

Ai« 
(moles/gram) 

1 .44X10- ' 
1 .40X10- ' 

Radiogenic 
argon 

(percent) 

97 
96 

K (percent) 

0.3G7 
.395 

Age (m.y.) 

1,460 ± 5 0 
1, 360±50 
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EXPLANATION 

Mesozoic and Paleozoic rocks 

' mMM7 
Vernal Mesa 

Quartz Monzonite 

Metagabbro and 
metadiorite 

Gneissic granodiorite 

Metamorphic rocks 

V = 

15 MILES 

Precambrian rocks 
undifferentiated 

Contact 

Sample locality 
and number 

FiQtjEE 1.—Map of generalized Precambrian geology showing sample localities in the northwestern Uncompahgre 
Plateau. 
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FiQDEE 2.—Rb-Sr isochron plot for samples of the feldspathic 
gneiss from the metamorphic sequence. Age=l,630±130 m.y.; 
initial Sr"/Sr"=0.7026. 
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1.0 1.2 1.4 

FIGURE 3.—Rb-Sr isochron plot for samples of the porphyroblas
tic gneiss from the metamorphic sequence. Age=l,670±30 
m.r.; initial SrVSr''^=0.7022. 
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0.720 

0.700 

-

/ 

/ 

012800^ 

1 

D1279o'' 

/ 

1 

D1272o 

^ 

i 

D1277o 

' 

-

1 1 

Rb87/Sr86 

FIGURE 4.—Rb-Sr isochron plot for samples of the gneissic 
granodiorite. Age=l,670±40 m.y.; initial Sr°'/Sr'''^=0.70l. 
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0.700 

FIGURE 5.^Rb-Sr isochron plot for samples of the Vernal SiM* 
Quartz Monzonite. Solid dots, samples from the Uncompahprf 
Plateau; circles, samples from the Black Canyon of the Gunni
son Biver. Age=l,480±40 m.y.; iniUal Sr'VSr"=0.7037. 
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The biotite-muscovite granite from the east end of 
Taawecp Canyon was not dated as part of this study. 
kgfA fnJin this rock have been published, however, by 
AMrich and othei-s (1955, 1958). They reported K-Ar 
4ftd Kl)-Sr ages of biotite of 1,300 and 1,370 m.y., re-
flj(j<:tively. These same authors reported an isotopic U-
M> onalysis of an apatite from this rock. This U-Pb 
jg« i.s rather sensitive to the common lead correction 
which is chosen. When we use the value which B. R. 
poo (oral commun., 1968) found for a similar rock 
ffoin central Colorado, a Pb^VPb^"^ age of 1,490 m.y.-
\s obtained. Wliile more dating needs to be done, this 
fOck appears to be approximately contemporaneous 
with tho Curecanti Quartz Monzonite of the Black Can-
jOn (1)410 ni-y-) according to Hansen and Peterman, 
JOeS) (p. C80-C90, this chapter), which it strongly 
rescniblps. 

Tlio K-Ar ages of the hornblendes fi-om the amphibo-
ilio and tlio hornblendite are 1,460 and 1,360 m.y., respec
tively. These do not fit the chronology established by the 
Rb-Sr ages, and we believe that the K-Ar ages have been 
PBSct by what must have been significant regional 
thennal effects accompanying the emplacement of the 
jouiiger granites. 

SUMMARY AND CORRELATIONS 

We interpret the Precambrian history of the north
west Uncompahgre Plateau as follows: A thick accumu
lation of sedimentary and volcanic rocks was deposited 
and probably intruded by basic sills prior to 1,700 m.y. 
ago. A complex history of folding and metamorpliism 
culminated about 1,700 m.y. ago, and late in this oro
genic cycle the gneissic granodiorite was emplaced about 
1,670 m.y. ago. Although no age was obtained from the 
metagabbro, its degree of metamorphism and its tectonic 
setting suggest that it too was emplaced in the 1,650-
1,700 m.y. interval. 

The next major event was intrusion of the Vernal 
Mesa Quartz Monzonite 1,480 m.y. ago. This was appar
ently followed fairly closely by intrusion of biotite-
muscovite granite, probably in the 1,400-1,450-m.y. in
terval—the last major Precambrian event which has 
been recognized in this area. 

A correlation of this history together with that of 
other areas in Colorado is summarized in table 3. The 
metamorphic rocks from the Uncompahgre Plateau ap
pear to be slightly younger than those from nearby 
areas, but the relatively large uncertainties of the ages 

TABLE S.—Provisional correlation chart for some major Preca-mbrian units of Colorado 

IThe petition of the geologic name on the chart approximates the radiometric age except where modified by known geologic relationships. 
A question mark above or below the name indicates that the precise position on the chart Is not known. Numbers in parentheses refer to 
m)urcea of data as follows: (1) Peterman and others (1968); (2) Hutchinson and Hedge (1967); (3) Hedge (196T) ; (4) T. W. 
Stern (in U.S. Geological Survey, 1964, p. A95) ; (5) Hedge and others (1967) ; (6) Pearson and others (1966) ; (7) B. R. Doe (oral 
commun., 1968) ; (8) Wetherill and Bickford (1965) ; (9) Hansen and Peterman (1968) ; (10) Bickford and others (1967) ; and (11) 
Sliver and Barker (1967)] 

•C (m.y. 

t.<00 -

l.«50 

1.100 -

1.550 

1.600 ~ 

1.650 

1.700 -

1.750 

1.800 -

FRONT RANGE 

Silver Plume and Sherman 
Granites (1,2.3) 

Boulder Creek Granite 
(1.2.3.4) 

Metamorphism (5) 

Idaho Springs Formation (5) 

SAWATCH RANGE 

'S t . Kevin Granite (6,7) 
Pegmatites (8) 

• 
Granite to granodiorite (8) 

-Augen gneiss of Trout Creek-
(Mosquito Range) (2) 

BLACK CANYON 

Curecanti Quartz Monzonite 
(9) 

Vernal Mesa Quartz 
Monzonite (9) 

Pitts Meadow Granodiorite <9) 

Black Canyon Schist (9) 
•? 

UNCOMPAHGRE UPLIFT 

? 
Bioti te-muscovite granite 

7 

Vernal Mesa Quartz 
Monzonite 

Gneissic granodiorite 
Porphyroblastic gneiss 
Feldspathic gneiss 

NEEDLE MOUNTAINS 

Eotus Granite, gabbro of 
Electra Lake, granit ic 
dikes (10.11) 

• Uncompahgre Formation (11) 

Posttectonic granites (10,11) 

Metamorphism (11) 
Twilight Granite (11) 
Irving Greenstone (11) 
Vallecito Conglomerate (11) 

^ - R. Doe reports a U-Pb zircon age of 1,420 m.y. for the St. Kevin Granite, compared with a whole-roek Isochron age of 1,470 m.y. reported 
1>T Pea rson and others (1966). 
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from this area make it possible that the metamorphism 
is exactly correlative. Muehlberger and others (1966) 
reported three ages from the buried basement to the 
north and west of this area.Tliese indicate that the two 
periods of igneous and metamorphic rocks activity ap
proximately 1,400-1,450 m.y. and 1,700-1,750 m.y. ago 
afl̂ ected rocks for an'as-yet-undetermined distance north 
and west of the Uncompahgre Plateau. 
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INTRODUCTION 

The following data are from published material, 
personal communication with various geologists famil
iar with the region, and from three months Tertiary 
reconnaissance by the writer and W. J. Pelletier. 

The Tertiary rocks of this region can be con
veniently grouped into four broad lithologic types: 
(1) fluviatile and lacustrine sediments of Late Miocene 
and Pliocene age, the Salt Lake group; (2) basalt 
flows of from Middle (.') Miocene to Recent age, the 
Snake Rivet basalts; (3) an essentially-acidic volcanic 
series of flows and pyroclastics of Oligocene and Mio
cene (?) age; and (4) post-orogenic conglomerates, 
sandstones, and shales of Earliest Paleocene to Early 
Eocene age, the Wasatch group and upper beds of the 
Henefer formation. They are not co-extensive in their 
distribution (see Figure 1). The Salt Lake group is 
the most widely distributed in the region under discus
sion, since it can be found in most, if not all of the 
valleys and along many of the elevated benches on the 
flanks of mountain ranges. Its distribution is not shown 
in Figure 1. 

Salt Lake Group 

This name was originally given by Hayden (1869) 
to light-gray to white beds outcropping in Salt Lake 
and Morgan Valleys, Utah. These light-colored beds 
in Morgan Valley have been subsequently named the 
Norwood tuff (Eardley, 1944). Because of its lower 
Oligocene age (vertebrate remains of Titanothere and 
an artiodactyl), rhyodacitic composition, and largely 
fluviatile origin, this formation would seem to be more 
genetically related to the Oligo-Miocene volcanic series 
mentioned above than to the basinal deposits of the 
considerably younger remainder of the Salt Lake group 
(see Figure 2) . 

In southern Cache Valley Williams (1952) has 
subdivided the Salt Lake group into the basal Colling-
ston conglomerate, the West Spring formation, and the 
uppermost Cache Valley formation, all in unconform
able contact (see Figure 2 ) . The Collingston conglom
erate, 2,500— feet of boulder and cobble conglomerate 
with a white calcareous and tuffaceous (?) matrix, is 
well exposed in Hyrum Bench along the southwest side 
of Cache Valley about 12 miles south of the city of 
Logan. It is in fault contact with upper Paleozoic rocks 
in this locality, but at the north end of Wellsville 

Mountain overlies red Wasatch group. The West 
Spring formation, exposed only on Hyrum Bench, is 
described by Williams as 1,200 feet of mostly soft, 
earthy, gray mff, occasional pebble conglomerate, and 
thin compact stromatolitic limestone in the basal por
tion. Thin-bedded tuff, mffaceous sandstone, and 
pebble conglomerate make up the bulk of the Cache 
Valley formation, 1,000 to 2,000 (?) feet in thickness. 
Its base is marked by large round stone conglomerate; 
occasional porous oolitic and bioclastic limestone is 
present in the formation. Most of the central portion 
of Cache Valley is underlain by flat-lying beds of the 
Cache Valley formation. Exposures are plentiful along 
the banks of the Bear and Little Bear Rivers. On the 
basis of plant material (Brown, 1949) and a fresh
water molluscan fauna (Yen, 1946), a Middle to Late 
Pliocene age is assigned to the Cache Valley formation. 

In the Mink Creek area of southern Idaho (T. 14 
S., R. 40 E.), in the northern end of Cache Valley, 
Keller (1952) has measured 5,643 feet of Salt Lake 
group resting upon Cambrian rocks. He recognizes an 
upper conglomerate member (3,400'—) and a lower 
mff member, 2,200 feet of interbedded thin-bedded 
white limestone and soft mff. The lowermost 25 to 
30 feet of this section are basal pebble and cobble con
glomerate. That Williams' breakdown of the Salt Lake 
group is not recognizable in Keller's section is indica
tive of the rapid facies changes so common in these 
Late Tertiary basinal deposits. Keller describes "very 
fine grained tuffaceous petroliferous limestone" in the 
upper part of his Tuff member, which may be correla
tive with an 83 foot unit of "smoke-gray thin-bedded 
platy petroliferous limestone" measured by Williams 
(1948) across the Junction Hills horst (Sec. 15, T. 
13N., R. 2 W . ) . 

Exposures of Salt Lake group in Marsh Creek Val^ 
ley, Bannock County, Idaho, are relatively few because 
of the development of thick Pleistocene (? ) and Recent 
fans along the valley sides. Near the town of Virginia, 
in the banks of Marsh Creek, however, 50— ieet of 
horizontal Salt Lake group consist of soft white marl 
and thin silty limestone. From the bank of an old 
dump ground one quarter mile south of the town of 
Downey a jawbone with 4 teeth of Merychippus cf. 
isonesus date the beds Late Miocene (Bartovian). This 
fossil is in the University of Utah collection. Further 
north in the vicinity of McCammon, strata of Salt Lake 



• t « ^ j > .*t.»,>«=i m^wrr\^^m.^f i<^pi*:»m 

F O U R T H A N N U A L F I E L D C O N F E R E N C E - 1 9 5 3 

[ 

^ Inferred Western Limits 
* * .of Wasatch Group Deposition 

._. .^___ Inferred South-Eastern 
L imi t of Acidic Volcanics 

Approximate Southern L im i t 
of Snake River Basa l ts 

3/ / 

U' 

4 
I 

• I^SALT LAKE: C I T Y 
Pi 

FIGURE 1.—Distribution Map of Tertiary Volcanics and Post-
Orogenic Sediments of Northern Utah and Southeastern Idaho. 
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FIGURE 2.—Composite Stratigraphic Column, Tertiary of Northern Utah. 
(After Eardley, 1944, and Williams, 1952) 
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. . group are overlain by 40=*= feet of Snake River basalt, 
Pleistocene (?) age, which has flowed southward and 
southeastward along the valley floor burying the Ter-

' tiary lacustrine deposits. 

In Bear Lake Valley, particularly near the town of 
Georgetown, exposures of the Salt Lake group are 
plentiful in the low hills and road cuts. Largely cal
careous light-brown mudstone, greenish tuffaceous 
shale, and light-gray silty limestone, these beds are 
abundantly fossiliferous — ostracods, gastropods, pele
cypods, fish, and plant remains. Yen (1947) reports a 
molluscan fauna of Late Miocene age in the vicinity of 
Georgetown. Traced northward towards Soda Springs 
the Salt Lake group again passes beneath Snake River 
basalt flows. The Salt Lake group in Bear Valley 
probably rests on both Triassic and Eocene rocks and 
attains a thickness of up to 3,000 feet. 

High dips — up to 40 or 50 degrees — in beds of 
the Salt Lake group in parts of the region under dis
cussion have been produced by rotation of fault blocks 
and drag along major boundary faults at valley sides. 
In some local areas, small open folds and anticlinal 
noses may reflect minor compression associated with 
"ramp" rather than "graben" valleys. Excluding the 
Oligocene Norwood tuff, the Salt Lake group is a time 
equivalent of the Idaho-Payette formations of south
western Idaho and the Humboldt formation of north
eastern Nevada. 

Volcanic Rocks 

Volcanic rocks outcropping in the area under dis
cussion are the Late Tertiary Snake River basalt and an 
unnamed Middle Tertiary series of rholitic to andesitic 
flows and pyroclastics. 

The Snake River basalt, so named for its extensive 
regional development in the plains of the Snake River 
in southern Idaho, is a series of 12 to 14 (? ) thin flows 
in the type area. The formation represents intermittent 
basic extrusions occurring probably from Middle Mio-
cent (? ) to Recent time. It is dated by the interbedded 
and overlying fossiliferous basinal sediments, the Idaho 
formation, Payette formation, Hagerman lake beds, etc. 
in south-central and southwestern Idaho. In south
eastern Idaho, Snake River basalts have apparently 
flowed southward in local lobes (see Figure 1) con
fined to present-day valleys. These flat-lying flows 
rest on Paleozoic to Tertiary rocks and are largely of 

^ Late Pliocene and/or Pleistocene age. Their southward 
thinning and overlying relationship to beds of the Salt 
Lake group can be seen just north of the town of Mc
Cammon, between Soda Springs and Georgetown, and 
in the northern portion of Grand Valley. 

Lower parts of Snake River basalt in the type area 
are probably correlative with upper flows of the Colum
bia River basalts of southeastern Oregon. 

Few data are available on the "acidic" volcanic 
series (Oligocene and Miocene ?) of southeastern 
Idaho. Where seen, however, these interbedded flows 
and pyroclastics are uplifted with the mountain ranges, 
topographically higher than the younger Snake River 
basalts. Dips are generally low or flat. Two localities 
of notable occurrence are the north ends of the Caribou 
Range and the Bighole Range. Figure 1 shows the 
inferred southern limit of thicker acidic volcanics in the 
area under discussion. As previously mentioned, the 
Oligocene Norwood tuff of northern Utah may be a 
local expression of this same period of vulcanism. 
Andesite tuffs and breccias of the Park City area, also 
in northern Utah, could be contemporaneous with the 
Norwood tuff (Eardley, 1944) . 

Rhyolite flows interbedded with older Snake River 
basalts of southwestern Idaho seem assignable to this 
same acidic volcanic series. 

Wasatch G r o u p 

Early Tertiary deposits of red conglomerate, sand
stone, and shale of northern Utah and southeastern 
Idaho are western equivalents of a generally finer-
grained sedimentary series in southwestern Wyoming, 
named the Wasatch group by Veatch ( 1 9 0 7 ) , who 
subdivided the deposits into the lower Almy formation 
(Middle Paleocene ? ) , the Fowkes formation (Upper 
Paleocene ? ) , and the upper Knight formation (Lower 

• Eocene ? ) . In the Morgan Valley area, Morgan County, 
Utah, Eardley (1944) has mapped these three forma
tions of the Wasatch group and also named a new 
formation, the Henefer, unconformably below the 
Wasatch group (see Figure 2 ) . The Henefer forma
tion, red to gray shale, sandstone, and pebble to boulder 
conglomerate, is probably of latest Cretaceous and 
earliest Paleocene age since it is above the Upper Cre
taceous Frontier formation. 

In Morgan Valley Eardley describes the Almy for
mation as 3,200— feet of chiefly red cliff-making con
glomerate but with some sandstone and shale in the 
upper part; the Fowkes formation as 800 feet of light
gray grit, sandstone, and shale, largely of volcanic 
origin; the uppermost Knight formation is a series of 
red conglomerate, sandstone, and shale 5,000— feet in 
thickness. The Wasatch group thins markedly eastward, 
from 9,000± feet in Morgan Valley to 3,000-6,000 
feet in the Evanston area of southwestern Wyoming 
(Veatch, 1907) . The coarseness of the Early Tertiary 
sediments in the Morgan Valley area, the truncation 
of older formations by younger, and the prominent 
folds in the strata together record recurrent crustal 
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compressions in this region during Early Tertiary time. 
Even the Lower Oligocene Norwood tuff, which un
conformably overlies parts of the Wasatch group, 
shows some folding. 

About 35 miles north of the Morgan Valley area, 
in the Logan Quadrangle, Williams (1948) reports 
thin patches of Wasatch group widely spread in the 
eastern and southern parts oi the quadrangle. Its 
average thickness is about 300 feet. It is not known 
to which of the three formations in the Wasatch group 
these beds are equivalent, as Wasatch deposits can not 
be traced in continuous outcrop from Morgan Valley 
into Cache Valley in the Logan Quadrangle. Basal 
Wasatch in William's area is a distinctive brown stro
matolitic, pisolitic, or algal limestone from 0 to 83 
feet thick (p. 1144) . Above the limestone are red 
pebble to cobble conglomerate. 

Extensive outcrops of Wasatch group are known 
east and southeast of Bear Lake. Scattered outcrops 
occur about 6 miles north of the town of Georgetown, 
Idaho, and on the southwest side of Bear Lake near 

Garden City. The inferred western limit of. Wasatcl 
distribution is shown in Figure 1. The upper Nort l 
Horn formation, the Flagstaff formation, the Coltor 
formation, and the lower part of the Green Rivei 
formation of the Gunnison Plateau area of central Utal 
seem to cover approximately the same time interval a: 
the Wasatch group of northern Utah. 
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ABSTRACT: In southeastern Utah, the Triassic Moenkopi Formation is composed mainly of red and yellowish-gray 
siltstone, sandstone, niudstone, and limestone. Continuity of individual units Is one of the characteristics of 
this formation and provides a basic for regional correlation. For the purpose of this study, the Moenkopi Forma
tion was divided Into five members: (1) Hosklnnlnl, (2) lower slope-forming, (3) Sinbad Limestone, Ci) ledge-
forming, and (5) upper slope-forming. . ' . 

The Moenkopi Formation was deposited on a moderately uniform and gentle west slope which was bordered and 
sometimes covered by an epicontinental sea. Throughout Moenkopi deposition, a number of environments moved across 
this slope; however, five fairly distinct sequences of deposition can be recognized. The HoskinnLii Member con
sists of subaqueous but probably nonmarine deposition in an enclosed basin or restricted bay. The lower shallow 
marine and paralic sequence of rocks includes the lower slope-forming, Sinbad, and basal ledge-forming members. 
They were deposited in a variety of shallow marine and shoreline environments and contain locally abundant fos
sils, including the Mee'koaeras fauna. Most of the ledge-forming member consists of deltaic sediments. An exten
sive deltaic system spread westward Into the Sinbad sea. 'Recognition of this delta is based upon the horizontal 
distribution of ledge-forming sandstone and the vertical sequence of facies. A marine transgression reworked 
deltai.c sediments and deposited the extremely continuous beds of the upper slope-forming member In a variety of 
paralic and shallow marine environments. Evidence of a regressive depositional sequence, followed by fluvial 
deposition. Is present at the top of the Moenkopi at Several localities. 

The petroleum potential of the Moenkopi Formation of southeastern Utah is related to delta front sandstones 
in and adjacent to the San Rafael Swell, Circle Cliffs, and Teasdale uplifts. 

INTRODUCTION ... 

The Moenkopi Formation of Early Triassic age was 
named by Ward (1901, p. '(03) for rocks exposed in the 
valley of the Little Colorado River southwest of Moen
kopi, Arizona. In southeastern Utah and elsewhere on 
the Colorado Plateau, this unit constitutes part of an 
extensive redbed sequence that was Initiated In the 
Pennsylvanian Period with the uplift of the Ancestral 
Rockies and continued into the Late Jurassic or Early 
Cretaceous. The Moenkopi Is composed of red and yel
lowish-gray siltstone, sandstone, mudstone, and lime
stone, with minor amounts of conglomerate and gypsum. 
The terrigenous materials were derived from the Uncom
pahgre element of the Ancestral Rockies (Fig. 1); this 
extensive highland is composed of Precambrian gneiss, 
schist, and grariite (McKee, 1 SS**) . 

Four major uplifts in southeastern Utah - the San 
Rafael Swell, Teasdale uplift. Circle Cliffs uplift, . 
and Monument upwarp - provided the areas of investiga
tion (Fig. 1). The first two areas, together with the 

Publication authorized by Director, Utah Geological 
and Mineralogical Survey. 

^ Read before the Ji ,it Annual Meeting, A.A.P.G.-
S.E.P.M. (A.A.P.G. Session, Rocky Mountain Symposium 
11), Denver, Colorado, April 19, 1972. Manuscript re
ceived, October 27, 1972; accepted, January 22,.1973. 

area of confluence of the Green and Colorado Rivers on 
the Monument upwarp, were those most intensively stud
ied by the author. The majority of the interpreta
tions presented In this paper are based on these field 
observations. 

STRATIGRAPHY 

Regional Relationships 

The Moenkopi Is a wedge-shaped deposit that thick
ens to the northwest from a zero edge (?) near the 
Utah-Colorado border. Within the area of study, thick
nesses range from about 200 ft in the eastern portion 
of the Monument upwarp to nearly 900 ft near Torrey, 
Utah, in the western Capitol Reef area (Fig. 2). The 
limestone content of the formation also Increases to 
the northwest, ranging from less than 3 ft over most 
of the Monument upwarp to over 100 ft in parts of the 
Teasdale uplift area. West of the study area, in west
ern Utah and eastern Nevada, the limestone thickness 
increases to more than 1500 ft and dominates the sec
tion. . 

In the Circle Cliffs, Teasdale uplift and San 
Rafael Swell areas, the Moenkopi Formation unconform
ably overlies the Permian White Rim Sandstone, or the 
"Kaibab Formation". Relief of from 15-30 ft can be 
observed locally along this unconformity; regionally. 

The Mountain Geologist, v. 10, no. 1, p. 1-17 
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Fig. 1. Index map of southeastern Utah showing the 
areas of investigation. 

the discordance probably is much greater. A detailed 
account was given by Orgill (1972). In the Monument 
upwarp, the contact between the Triassic and Permian 
Systems exhibits complex relationships. Prior to 
1959, the Hosklnnlnl Member was considered to be a 
tongue of the Permian Cutler Formation, and the Moen
kopi Formation was thought to unconformably overlie 
the Hosklnnlnl Member. Stewart. (1959) demonstrated 
that the Hosklnnlnl was more closely related to the 
succeeding strata, so he assigned this unit to the j 
Moenkopi Formation and considered Its age to be Early 
Trlassic(7). Since 1959, most authors have followed | 
Stewart's recommendation, and the HosklnninI generally 
Is considered to be the basal member of the Moenkopi 
Formation in the Monument upwarp. The Hosklnnlnl Mem
ber overlies the White Rim Sandstone, the Organ Rock 
Formation, or the DeChelly Sandstone, all of Permian 
age. At most localities this contact appears to be 
unconformable. At the foot of the Orange Cliffs, the 
Hosklnnlnl is thin, in places poorly exposed, and ] o -
cally the same color as the White Rim Sandstone. At 
that locality, the top of the White Rim Is silty an(!l 
friable, and the nature of the basal Moenkopi contact 
is obscured. 

At all locations, the Upper Triassic Chinle For
mation unconformably overlies the Moenkopi. At most 
localities, the relief on the Chlnle-Moenkopi erosion
al surface ranges from a few ft to a few tens of ft; 
however, in the central Circle Cliffs area, approxi
mately 300 ft of relief can be demonstrated on this 

surface by comparing measured surface sections of the 
upper Moenkopi (Fig. 3). In the San Rafael Swell and 
northern Monument upwarp areas, the basal Chinle con
sists of the Moss Back Member, the Monitor Butte Mem
ber, or the Temple Mountain Member. In the remaining 
areas, the basal Chinle normally is the Shinarump Mem
ber. 

Regional Stratigraphy of Southeastern Utah 

The three informal and two formal members used in 
this study are modified from U. S. Geological Survey 
terminology (Stewart and others, 1972). The primary 
basis for correlation is the continuity of the various 
units, which Is demonstrated by key beds that are di
rectly traceable for long distances. The character
istic lithology and landform of the individual members 
provide easy recognition. A carbonate unit bearing 
the Meekoaeras fauna provides an Important reference 
horizon over much of the area. The five members, in 
ascending order are: (I) Hosklnnlnl Member, (2) low
er slope-forming member, (3) Sinbad Limestone Member, 
(4) ledge-forming member, and (5) upper slope-forming 
member. Only the latter two are present over the en
tire area of study (Fig. k ) . 

Hosklnnlnl Member 

The Hosklnnini Member, originally defined as a 
tongue of the Cutler Formation by Baker and Reeside 
(1929, p. I'i22), was placed in the Moenkopi Formation 
by Stewart (1959), who demonstrated that it can be cor
related with the Tenderfoot Member of the Moenkopi For
mation in the salt anticline region. In the area of 
investigation, the Hosklnnini outcrop is restricted to 
the central and eastern portions of the Monument up
warp. The western pinchout generally U e s within five 
or ten mi east or west of the Green and Colorado rivers 
(Fig. h ) . The Hosklnnini can be distinguished from 
the upper Moenkopi by its reddish-brown color, which 
generally is more brilliant than the overlying members. 
Over most of the Monument upwarp, the Hosklnnini aver
ages 70-100 ft In thickness. It consists of fine
grained, poorly sorted, reddish-brown sandstone and 
silty sandstone containing well-rounded, medium- to 
very coarse-grained "floating" quartz detritus that 
distinguishes the member from other Permo-Triassic red-
beds. These grains are scattered throughout individ
ual beds and commonly occur as concentrated pods or 
stringers. The abundance of these grains decreases 
upwards, and they generally are absent in the upper 
10-30 ft (Stewart, 1959, p. 1859). Common accessory 
minerals are white mica, feldspar, and lesser amounts 
of black mica. Most of the unit is well cemented with 
silica and iron oxide, but locally calcite and gypsum 
serve as cementing agents. 

Bed thicknesses average 2-3 ft and individual 
beds are continuous for miles (Fig. S ) . Strata near 
the top of the Hosklnnini generally are thinner than 
those near the base; at many localities, this differ
ence permits dividing the member into two units. 
Stewart (1959, p. i860) described a "crinkly" bed 
which generally marks the horizon of this bedding 
change In most areas. Faint discontinuous laminations 
are the only common primary sedimentary structure; they 
probably represent poorly preserved or partly develop
ed ripple cross-stratification. If viewed on a cut 
and polished surface, the small-scale sedimentary 
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Figs. 2A and 28. Cross sections of the Moenkopi Formation In southeastern Utah showing the relationships of 
the five members used in this report. The location of the cross sections is shown on Fig. 1. 
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structures appear as very complex cross-stratification 
with cut-and-fill structures and indicate that at least 
some of the Hosklnnini was deposited by currents. Sec
ondary structures related to post-depositional slump
ing are common in the Hosklnnini. Commonly, a sequence 
of beds displays a very complexly distorted pattern, 
with beds above and below completely undisturbed. 
Slumping structures are described in detail by Stewart 
(1959) and Thaden and others (196't). 

The Hosklnnini Member trends north-south and is 
present over an area about 'tO-SO mi wide and 120 mi 
long. The northern, southern, and eastern edge; are 
concealed beneath younger sediments; however, the west
ern edge commonly is well exposed. The rate at which 
this western edge thins is unusual and is described in 
detail by Thaden and others (1969, p. 35-36). Abrupt 
thinning from over 100 ft to several ft in less than a 
few mi Is common. The western edge of the Hosklnnini 
Member Is conglomeratic and contains angular clasts of 
white chert up to several in, in diameter. Presumably, 
this chert was derived from the "Kaibab Formation", 
which now is absent but possibly once was present on or 
near,the western edge of the Monument upwarp. 

Other than the presence of conglomerate along its 
western edge, the Hosklnnini does not exhibit definite 
horizontal facies distribution. Mullens (I960, p. 276-
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Fig. 3- North-south cross section of the Moenkopi 
Formation in the Circle Cliffs showing the amount of 
relief created by pre-Chinle.erosion. 
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Fig. k. Map showing distribution of the members of 
the Moenkopi Formation. The small arrows show direc
tion of sediment transport in the ledge-forming member 
as shown by sedimentary structures. The bi-lobed line, 
drawn through points that contain approximately kO per
cent by thickness of ledge-forming sandstone and silt
stone, is believed to show the position of major del
taic 'lobes during the deposition of the ledge-forming 
member. The ledge-forming member and the upper slope-
forming member are present over most of the area of 
study except where the latter has been removed by pre-
Chinle erosion. 
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Lower slope-forming Member 

The informal term "lower slope-forming member" 
(or lower member) has been used by many workers, most 
recently by Stewart and others: (1972), for that part of 



MOENKOPI FORMATION, SOUTHEASTERN UTAH 

Fig. 5. Photograph of the Hosklnnini Member (Mh) In 
White Canyon, showing both the contorted or slumped 
and the even bedding. The Hosklnnini here is about 
80 ft thick. 

the Moenkopi Formation that lies between the Permian 
rocks and the Sinbad Limestone Member, or between the 
Hosklnnini Member and the ledge-forming member. In 
this report, the lower slope-forming member is restrict
ed to that portion of the Moenkopi which underlies the 
Sinbad, or traceable Sinbad equivalents. The lower 
slope-forming member is not recognized In the Clay 
Hills, White Canyon, or Elk Ridge areas because the 
Sinbad horizon cannot be identified in these areas. 
At these localities, the slope-forming unit underlying 
the sandstone ledges is included in the ledge-forming 
member because It is considered to be genetically re
lated to this member. The lower slope-forming member 
is recognized in the San Rafael Swell, Teasdale uplift, 
northern Circle Cliffs, and northwestern Monument up
warp. Thicknesses range from a few ft near the south
eastern pinchout to 235 ft in the northern San Rafael 
Swell. It is composed of micaceous, ripple-marked, 
pale reddish-brown to grayish-red or yellowish-gray 
siltstone, shale, and very fine-grained sandstone, 
with minor limestone and gypsum. This member exhibits 
continuous, even beds generally 1-6 in. In thickness. 
Lenticular beds are extremely rare. Channeling is 
very small scale (inches to a few feet) and apparently 
Is restricted to the sandy units. At most localities, 
individual beds can be traced the length of the out
crop, generally from several hundred yards to a mile. 
Most of the sandstone beds greater than one ft thick 
display low-angle cross-stratification (less than 10 
degrees), and many of the thin beds are ripple marked 
or show ripple-mark cross-stratification. Mud cracks, 
common in overlying units, are absent or rare in the 
lower slope-forming member; but at some localities, 
gypsum occurs as secondary crosscutting veins or as 
thin seams parallel to bedding. Pyrite Is common In 
the yellowish-gray beds but apparently is absent in 
the reddish- olored beds. 

The thin carbonate beds are silty or sandy and 
locally fossiliferous. Mollusks are the dominant mac
rofauna, and conodonts have been reported by Orgill 

(1972, p. 155). These carbonate units are most com
mon In the San Rafael Swell near the top of the mem
ber and probably Intertongue westward with the over
lying Sinbad. Other signs of organic activity include 
bloturbation, burrowing, and various tracks and trails. 

The lower slope-forming member thickens Irregular
ly to the north-northvest from a zero isopach that 
approximately parallels the Colorado River from the 
northeast corner of Canyonlands National Park to a 
few miles north of the mouth of the Dirty Devil River, 
and then westward to the northern Circle Cliffs 
(Fig. h ) . 
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Fig. 6. View of the Moenkopi Formation at the north
eastern flank of the San Rafael Swell where Interstate 
70 highway enters the "reef". The lower slope-forming 
member (Ml), the Sinbad Limestone Member (Ms), and the 
uppe' slope-forming member (Mu) are typical of expos
ures elsewhere in southeastern Utah; however, the ledge-
forming member (Mlf) contains relatively few ledge-
forming units here. The topmost ledge just above the 
color change can be correlated around much of the Swell. 
The Moenkopi Formation, which is 866 ft thick here. Is 
overlain by the Chinle Formation and underlain by the 
Permian Kaibab Formation. Note that the lower two-
thirds of the Moenkopi Is nonred. 

Several distinct facies can be recognized in the 
lower slope-forming member. In the southern San Rafael 
Swell, the Teasdale uplift, the northern Circle Cliffs, 
and the southernmost Orange Cliffs, the member consists 
entirely of even-bedded siltstone and minor mudstone 
and limestone, with a few thin sandy beds (Fig. 6). 
In most of the San Rafael Swell and the Circle Cliffs, 
the member is not red; in the northeastern and south
western Swell, the member is partially red; in the 
Teasdale uplift and southern Orange Cliffs, the member 
Is completely red, with the exception of the lowest and 
uppermost beds. Local scattered basal chert-pebble 
conglomerate up to 50 ft thick, and probably related 
to post-Kalbab topography and erosion, is present in 
the San Rafael Swell, Teasdale uplift, and southern 
Orange Cliffs (Orgill, 1972). Fossils, including un
identified conodonts, occur in these beds in part of 
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Fig. 7. Photograph of the "angular unconformity" or 
"delta beds" within the lower slope-forming member in 
Stillwater Canyon, along the Green River. The angular 
beds, otherwise identical to the normal flat-bedded 
units, dip eastward at 10-15 degrees. They are pres
ent for at least 20 mi north and south parallel to the 
canyon and are at least 8 ml wide. This bedform is 
probably related to delta or estuary deposition. The 
cliff is about 80 ft high. 

Fig. 8. Photograph of the Moenkopi Formation in 
Stillwater Canyon near the northern boundary of Can
yonlands National Park. The lower slope-forming mem
ber (Ml), which comprises nearly one-half of the for
mation, contains a relatively high proportion of ledge-
forming sandstone and siltstone. The Sinbad Limestone 
(Ms) is less than 5 ft thick and forms a light-colored 
bench on the red units below. Because of complex in
tertonguing between the ledge-forming (Mlf) and upper 
slope-forming members (Mu), the boundary between them 
is questionable. Note the nonred upper one-half of 
the '(62-ft-thick Moenkopi. 

the San Rafael Swell. In the northern Orange Cliffs 
and Island in the Sky areas, three facies are present. 
The basal unit Is composed of red, even-bedded silt
stone with a few minor thin sandstone beds and is sim
ilar to the lower slope-forming member of the Teasdale 
uplift area. This unit Is overlain by a typical se
quence consisting of red siltstone and sandstone In 
which all of the beds dip eastward at an angle of about 
10 degrees through a vertical thickness of as much as 
80 ft (Fig. 7). These beds were believed to be delta 
foresets by McKnight (19'tO, p. 5'*) and are referred to 
Informally in the present paper as the "delta beds", 
They are exposed In Stillwater Canyon along the Green 
River for a distance of over 20 mi, where they are 
overlain with distinct angular unconformity by the al
ternating sandstone and siltstone facies (Fig. 8). In 
parts of Stillwater Canyon, over 180 ft of sediment 
separate the Hosklnnini and Sinbad Members. In the 
northern San Rafael Swell, the typical even-bedded 
siltstone facies contains one or more fairly continuous 
blanket-like sandstone units (Fig. 9). These are be
lieved to be the western equivalents of the uppermost 
facies In Stillwater Canyon. 

In most areas, the lower slope-forming member 
forms a smooth or slightly Irregular slope, except 
where it forms a cliff beneath the resistant Sinbad. 
In Stillwater Canyon, the member forms slopes and 
ledges. 

Orgill (1971, p. 155) reported a Lower Triassic 
conodont, Neopr ion ioduB(?) , from the lower portion of 
the lower slope-forming member in the western San 
Rafael Swell. This genus occurs also in the Meeko
aeras beds of Nevada (Orgill, 1971, p. 155). Because 
the overlying Sinbad contains representatives of Meek

oaeras fauna and is regarded as Lower Triassic, the 
age of most or all of the lower slope-forming member 
probably is Lower Triassic. 

Sinbad Limestone Member 

Gllluly and Reeside (1928, p. 65) applied the term 
Sinbad Limestone Member to a prominent limestone se
quence in the Moenkopi Formation which is exposed in 
the Sinbad area of the San Rafael Swell. The Sinbad 
Member Is present over the entire Swell, the Teasdale 
uplift, most of the northern and western Circle Cliffs, 
and the northwestern portion of the Monument upwarp 
(Fig. k ) . The Sinbad Member is a yellowish-gray or 
yellowish-brown limestone, dolomite, and calcareous 
siltstone. The carbonate rock is extremely variable, 
both vertically and horizontally, and contains micrlte 
(lime mud), oolites, shell debris, unabraded fossils, 
quartz grains, and dense aphanitic dolomite. In gen
eral, dolomite increases in an easterly direction; a 
yellow color commonly indicates greater dolomite con
tent. Individual beds range in thickness from less 
than one in. to about three ft. 

Sedimentary structures include planar and trough 
cross-stratification with "sets" up to one ft thick, 
small-scale ripple-mark cross-stratification that is 
locally strongly bidirectional (commonly called "her
ring-bone structure"), mud cracks, numerous tracks and 
trails, burrowing and other bioturbatlon, intraforma-
tlonal conglomerate, and several structures believed 
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Fig. 9. Photograph of the lower slope-forming (Ml) 
and Sinbad Limestone Members (Ms) of the Moenkopi For
mation near Lockhart Box, in the north-central San 
Rafael Swell. The prominent sandstone in the middle 
of the lower slope-forming member is heavily oil-im
pregnated and Is believed to be a beach-bar complex. 
That part of the section between the 2 black lines 
consists of alternating siltstone and fossiliferous 
limestone and probably represents a zone of intertongu
ing between the two members. About one-half of the 
urrlt within the approximately 250 ft of section shown 
in the photograph is nonred. Five mi to the south and 
five mi to the west, the entire section Is nonred. 
The lowest beds above the upper line contain the 
Meekoaeras fauna. 

Ledge-forming Member 

The ledge-forming member (lower ledge-forming 
member of Davidson, 1967) is recognized at all locali
ties in the study area. East of the Colorado River, 
the member constitutes most of the Moenkopi Formation, 
and to the west It forms from one-half to one-third 
of the formation. Thicknesses average about 200 ft 
In eastern sections and 250-350 ft In western sections. 
It is the only member above the Hosklnnini that is 
not several times thicker In the western areas than 
in the east. It Is a complex unit, containing nearly 
every lithology present elsewhere In the Moenkopi 
Formation, and is composed chiefly of interbedded 

to be algal in origin. Stromatolite mounds several 
in. high are found in Stillwater Canyon, and thin lay
ers or mats are common at many localities. Numerous 
vugs, some of which may be birdseye structures, are . 
characteristic of the thicker carbonate beds. 

The Sinbad Member thickens regularly to the north
west and attains a thickness of over 100 ft on the 
Teasdale uplift. In most sections, the Sinbad Member 
can be divided into a lower blocky, thick-bedded car
bonate rock; a middle thin-bedded, silty carbonate; 
and an upper dense, medium-bedded pellet-bearing car
bonate, usually dolomite. Eastward and southward,to
ward the shoreline, the Sinbad Member Includes more 
sand grains and generally Is more dolomitic. In most 
outcrop areas, the Sinbad Member forms a cliff or 
bench (Fig. 9). 

The Sinbad Member contains the Meekoaeras fauna 
in the San Rafael Swell, Teasdale upwarp and Still
water Canyon areas (McKnight, 19'tO) . Over 20 ammor 
nites were collected at scattered localities in the 
San Rafael Swell and Teasdale upwarp; these include 
Meekoaeras sp. and A n a s i b i r i t e s sp., together with 
several species not yet identified. Numerous gastro
pods, pelecypods, a few scaphopods, and echlnoderm 
fragments also were collected at numerous localities. 
The Meekoaeras fauna occurs In the Meekoaeras zone of 
the Lower Triassic Series (Kummel , 195't; McKee, 195'*). 

Fig. 10. Photograph of the mostly red ledge-forming 
member In the extreme southeastern San Rafael Swell, 
showing prominent ledge-forming units. The cliff Is 
over 80 ft high. This figure, together with Nos. 11, 
12, and 13, demonstrate the decrease in ledge-forming 
units along a south-to-north line 30 mi In length in 
the San Rafael Swell. 

units of very fine-grained sandstone or silty sandstone 
and siltstone (Fig. 10). Both lithologies may be red 
(grayish-red to pale reddish-brown) or nonred (pale 
yellowish-brown to tannish-gray). The sandstone units 
form conspicuous ledges and benches that are separated 
by slopes composed of siltstone similar to that of the 
lower slope-forming member but generally more Intense
ly ripple-marked. At some localities, mudstone (silt 
and clay) and, rarely, claystone is interbedded with 
the si 1 tstone. 

The ledges are composed of three intergradational 
lithologies. The most common is fine- to very fine
grained sandstone composed of quartz and feldspar. 
The sand grains are fairly well-sorted, generally an
gular, and are embedded in a fine silt matrix that gen
erally is red in color. The sandstone typically is 
very micaceous and well indurated. Cementing agents 
are calcium carbonate. Iron oxide, and, probably, sil
ica. The second most common lithology is very similar 
to the first but is slightly coarser and occasionally 
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Fig. II. Photograph 10 mi north of Fig. 10, showing 
Increasing amount of siltstone and decreasing red 
color in the ledge-forming member. The red, flat-
topped butte is the upper slope-forming member. The 
thin, ledge-forming unit at the color change (white 
line) can be traced around most of the San Rafael 
Swell. 

Fig. 12. Photograph 5 nil north of Fig. 11, showing 
the pinchout of one ledge-forming sandstone and the 
silty nature of a lower one. All but a few beds are 
nonred. 

has a silty matrix. The third type of sandstone is 
much less common than the first two and usually Is 
present only east of the Colorado River. It is a fine-
to medium-, or rarely coarse-grained, sugary-textured 
sandstone with angular, colorless quartz grains. This 
unit locally is conglomeratic and generally occurs as 
continuous beds less than 2 ft In thickness. Most of 
the ledge-forming sandstone units display low-angle 
(less than 10 degrees) cross-stratification, although 
higher dip angles are common locally. Channels are 
present at many localities but are very small scale, 
and basal relief rarely is greater than 2 ft. Bedding 
in all outcrops is both lenticular and persistent; 
however, the eastern sections usually contain more 
lenticular units, and the western sections more per
sistant units. Ledges range from several in. to 108 
ft in thickness, but average 5-30 ft. 

The intercalated siltstone, mudstone, and thin 
sandstone units display a wide variety of sedimentary 
structures, including ubiquitous ripple marks and mud 
cracks, load casting, disturbed bedding, intraforma-
tional conglomerate, horizontal and ripple-mark strat
ification, burrowing structures, tracks and trails, 
feeding marks, and sole markings. Raindrop prints and 
cubic salt casts also have been reported (McKee, igS**). 

The geometry and facies distribution provide 
strong clues to the origin of the ledge-forming member. 
The AO-percent line on a plot of the percentage of 
ledge-forming sandstone at each measured section re
veals a distinct bllobed pattern (Fig. k ) . The ̂ tO-
percent line is significant because the ledge-forming 
sandstone percentage drops off rapidly below this per
centage. Field documentation is particularly well dis
played in the San Rafael Swell, where the percentage 
drops from ^5 to less than 15 in 30 mi (Figs. 10-13). 
Where the ledge-forming sandstone percentage drops be

low approximately 30 percent, it becomes difficult, at 
some localities, to differentiate the ledge-forming 
member from the upper slope-forming member (Fig. 13). 
Accompanying this facies change is a color change from 
red to nonred, and deposits of tar-Impregnated sand
stone occur in the nonred strata. 

The ledge-forming member displays several import
ant vertical changes. The base everywhere Is composed 
of 10-50 ft of slope-forming siltstone, thin sandstone, 
or mudstone below the first ledge-forming sandstone. 
This unit is Impossible to separate from the lower 
slope-forming member where the Sinbad Member is absent; 
for this reason, the lower slope-forming member is not 
recognized over much of the Monument upwarp. At many 
localities, the top of the ledge-forming member con
tains one or more relatively thin (average 3-10 ft 
thick), continuous, fine-grained sandstone ledges. 
One ledge can be traced around most of the San Rafael 
Swell (Figs. 6, 11, 13); another (possibly the same) 
ledge can be correlated throughout'much of the area 
around the confluence of the Green and Colorado rivers. 

Few diagnostic fossils have been found In the 
ledge-forming member. The remains of scouring rushes(?) 
are found in the Elk Ridge area. Numerous trace fosr 
siis, including tracks, trails, swim marks, burrows, 
and feeding marks, are scattered throughout the mem
ber; and some questionable mollusks were found in the 
southwestern San Rafael Swell. Smith and others 
(1963, p. 13) report L i ngu la specimens from the Teas-
dale uplift area; Davidson (1967, p. 21) reports fish 
scales and myalinids characteristic of Lower Triassic 
strata elsewhere in the world from the Circle Cliffs 
area; McKee (195't, p. 70, 71) reports trackways from 
the Capitol Reef area and the Bears Ears on southern 
Elk Ridge, and fish and amphibian remains from the 
Bears Ears and Indian Canyon in southeastern Canyon-
lands National Park. Irwin (1971) essentially corre
lates the ledge-forming member with the Virgin Member 
of the Moenkopi Formation in southwestern Utah. This 
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Fig. 13. Photograph of Windowblind Butte, in the ex
treme northwestern San Rafael Swell. The ledge-form
ing member (Mlf) is completely nonred and contains 
only a few ledge-forming units. It is difficult to 
separate from the nonred upper slope-forming member 
(Mu). The dashed line marks the contact which is the 
continuous ledge of Figs. 6 and 11. 

Fig. I'l. Photograph of the upper slope-forming mem
ber in the southwestern Circle Cliffs showing key beds 
that can be correlated around entire Circle Cliffs and 
possibly to the San Rafael Swell. The striped appear
ance in the lower portion of the member is caused by 
intercalated thin, nonred ripple-marked siltstone beds. 
The member here is about 270 ft thick. Light-colored 
Shinarump Conglomerate (white line) caps the section. 
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correlation, in conjunction with the Lower triassic 
age of the underlying Sinbad Member and the possible 
\Lower Triassic fossils from the Circle Cliffs, place 
the age of the ledge-forming member as probable Lower 
Triassic. 

Upper slope-forming member 
Bi'^ 

The upper slope-forming member includes all the 
strata of the Moenkopi Formation between the highest 
ledge In the'ledge-forming member and the base of the 
overlying Chinle Formation. This division was used by 
Smith and others (1963), and has been used in modified 
form by Davidson (1967), and Stewart and others (1972). 
The latter two authors recognize a cliff-forming member 
above the upper slope-forming member; however, field 
recognition of this unit is partly dependent upon the 
nature of the landforms in the overlying Chinle, mak
ing the unit difficult to define. At several local
ities in the San Rafael Swell, and possibly In Still
water Canyon, a distinctive unit crops out at the top 
of the Moenkopi Formation; but because of the limited 
extent and uncertain relationships, the author prefers 
to discuss it along with the upper slope-forming 
member. 

Except where removed by pre-Chinle erosion,the 
upper slope-forming member is present o'-Je.r the entire 
area of study. The member displays a fairly consist
ent and uniform west to northwest thickening from a 
few tens of ft over much of the Monument upwarp to ap
proximately '(OO ft in the Teasdale uplift. The member 
is composed of several distinct lithologies, the most 
abundant of which is reddish-brown, fissile-weathering, 
micaceous shale. Because of the fissility, primary 
sedimentary structures are difficult to study, but the 
unit appears to be very finely laminated. Interbedded 

with the mudstone at h- ' \ l ft Intervals are continuous, 
platy, 0.12-2.0-in.-thick, ripple-marked, micaceous 
siltstone beds that generally are pale yellowish-gray 
or grayish-blue in color. They give the slope a dis
tinctive striped appearance (Fig. I'l). The upper part 
of the member contains massive-weathering, silty mud
stone and sandy siltstone in beds that average 3*5 ft 
in thickness. Some of the beds are "structureless"; 
while others contain "wispy" or faint laminations and, 
rarely, distinct small-scale cross-stratification. 
Most of the beds become finer grained upwards and lack 
channeled bases. Commonly, the top fewjn. ..weather to 
small, thin slabs. These units form obvious ledges in 
the otherwise smooth slopes and are easily traced for 
long distances (Fig. I'i). Several of these ledges can 
be traced throughout the San Rafael Swell. The number 
of ledge-forming beds increases upwards in the member, 
and this part commonly weathers into a cliff, especial
ly where protected by the overlying Shinarump or Moss 
Back Members of the Chinle Formation. Gypsum also is 
common in the upper part of the member, occurring both 
as beds up to 2 ft in thickness and as cross-cutting 
veins. Thin beds of fine-grained limestone and dolo
mite are common at some localities. In parts of the 
San Rafael Swell, fine-grained sandstone In beds up 
to 8 ft thick is present at the top of this member. 

Several general statements can be made concerning 
the distribution of the various lithologies within the 
upper slooe-forminq member. The fissile mudstone and 
interbedded thin, ripple-marked siltstone are present 
throughout the section at all localities. The other 
lithologies are prevalent in the upper one-third to 
two-thirds of the member in sections west of the 
Colorado River. Gypsum and carbonate content increase 
to the west, as does the number of massive siltstone 
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beds. This, however, may be partially related to the 
amount of the upper slope-forming member that had been 
removed by pre-Chinle erosion. For example, in Still
water Canyon and the Circle Cliffs areas these units 
locally are absent due to channeling at the base of 
the Chinle Formation. In the White Canyon and Elk 
Ridge areas, much of the member probably has been re
moved by erosion at the base of the Chinle; the nature 
of the top of the upper slope-forming member in these 
areas is unknown. 

No fossils have been found in the upper slope-
forming member. However, it is part of a sequence 
with few unconformities that contains rocks of Lower 
Triassic age. It is overlain with erosional uncon
formity by rocks of Upper Triassic age. Based upon 
this evidence, the age of this member may be Early or 
Middle Triassic. The upper slope-forming member may 
roughly correlate with the Shnabkaib and upper red 
members of the Moenkopi Formation of southwestern 
Utah. Because both of these members overlie rocks 
containing the T i r o l i t e s fauna, which occurs near the ^ ^ 
of the Early Triassic faunal zones (McKee, 195^), many 
authors have assigned the uppermost units of the Moen
kopi Formation a Middle Triassic(?) age. 

DEPOSITIONAL ENVIRONMENTS 

A major goal of this study is to present prelimi
nary ideas concerning the depositional environments of 
the Moenkopi Formation of southeastern Utah. Most pre
vious papers have dealt with the formation from a lim
ited areal extent and have postulated the depositional 
environments from evidence dealing primarily with color, 
continuity of the beds, or presence or absence of ma
rine fossils. According to Hawley and others (1968), 
color probably is related to the porosity of the units, 
to structure of the region, and to regional, postdepo-
sitional alteration. Stratal continuity, though useful 
and used extensively as evidence in this report, does 
not, by Itself, indicate depositional environment. Ab
sence of marine fossils does not exclude a marine ori
gin for much of the formation. The main criteria used 
by the writer in postulating depositional environments 
are, in order of importance, the following: (1) geom
etry and horizontal and vertical relationships of the 
facies and members; (2) sedimentary structures; (3) 
fossils; Ct) known paleogeography; and (5) sediment 
properties such as grain size, sorting, and mineralogy. 

Most workers in this region agree that the Moen
kopi Formation was deposited on a nearly planar surface 
at or near the edge of a sea. Continental conditions 
prevailed to the east, while marine conditions were 
dominant to the west. Most of the area of investiga
tion lies within this east-west trending transition 
zone and, therefore, the sediments are presumed to be 
in part marine and In part non-marine in origin. The 
author tentatively concludes that most of the Moenkopi 
Formation west of the Colorado River Is marine and par
alic, and that the bulk of it east of the river is par
alic and continental In origin, with minor marine depo
sition. 

Because of the low depositional gradients and the 
relatively stable conditions present throughout much 
of the study area during Early Triassic time, environ
ments changed slowly; the resulting sedimentary units 
are gradational and commonly Intertongue with adjacent 
facies. However, several distinct episodes of deposl-
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tion are recognizable: (1) The Hosklnnini episode, 
(2) a lower marine and paralic episode, (3) a deltaic 
episode, arid Cl) an upper marine and paralic episode. 
A fifth episode, probably fluvial, corresponds to the 
few exposures of the fine-grained sandstone sequence 
at the top of the upper slope-forming member in the 
San Rafael Swell. The rock sequences representing 
these depositional episodes cross time lines. 

Hosklnnini Episode 

The Hosklnnini Member displays no direct evidence 
to indicate Its origin. Paleogeography, however, does 
provide some useful Information. Chert conglomerate 
in the Hosklnnini in the White Canyon area suggests the 
presence of a positive area to the west. No time-
equivalent rocks occur to the south or southwest, and 
extensive highlands lay to the east and southeast. 
This member pinches-out and probably lacks equivalents 
to the northwest and north (Stewart, 1959), and no 
known connections to a sea existed to the northeast. 
Apparently, the Hosklnnini depositional area was rim
med by land. Indications of fluvial conditions, such 
as channeling and extensive cross-stratification, are 
absent; continuous beds and Indistinct ripple lamina
tions indicate deposition under widespread subaqueous 
conditions. By definition, such a body of water would 
be a lake, an inland sea, or a highly restricted bay. 
The presence of gypsum and carbonate rock units In 
White Canyon and a deficiency of fossils everywhere in 
the unit support this hypothesis. A similar conclusion 
was reached by O'Sullivan (1965, p. 55). He further 
stated that much of the contorted bedding may be due 
to subaqueous sliding of unconsolidated sediments. 
Perhaps the sliding or slumping was caused by earth
quakes that may have originated in the salt anticline 
region to the northeast. A second possibility is that 
much of the "structureless" bedding was caused by ex
tensive bioturbatlon. The origin of the coarse "float
ing" sand grains In the Hosklnnini Member is not well 
understood. Perhaps alluvial fans at the foot of the 
Uncompahgre highlands to the east entered the "lake" 
and became unstable. The resulting turbidity flows 
and mudflows might have been capable of transporting 
the coarse sand grains Into the center of the basin. 
Wind action may have transported some of the grains. 

Lower Marine and Paralic Episode 

Rocks in the lower slope-forming member, Sinbad 
Member, and possibly lower part of the ledqe-forming 
member probably were deposited in and adjacent to nor
mal marine waters. Marine fossils at the base (Orgill, 
1971) and top of the lower slope-forming member In the 
San Rafael Swell, and marine fossils at most localities 
in the Sinbad Member provide the best support for this 
hypothesis. Unfossiliferous, thin-bedded, ripple-
marked siltstone was deposited by unrestricted currents, 
such as are found on tidal flats and on shallow sea 
bottoms. 

Evidence of a prograding shoreline, possibly a 
delta, is found near the middle of the member in the 
San Rafael Swell and Stillwater Canyon areas. A con
tinuous fine-grained sandstone unit is present in the 
northern half of the San Rafael Swell. This unit dis
plays consistent northwest-dipping low- and medium-
angle cross-stratification, a gradational base and top, 
and thicknesses ranging from 11-30 ft, and averaging 
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Fig. 15. Photograph in northeast San Rafael Swell of 
sandstone in the lower slope-forming member. This is 
the same sandstone shown on Fig. 9- The prominent 
channel disrupts the otherwise very consistent north
west dip of the cross strata and is believed to be a 
tidal or inlet channel in a beach or bar sandstone 
complex. The arrow indicates a geopick used for scale. 

about 18 ft. At some localities, the sandstone bed is 
cut by channels several ft wide and several ft deep 
that are filled with sandstone similar to that of the 
main unit (Fig. 15). The main sandstone body is be
lieved to be an offshore bar or beach deposit cut by 
tidal or inlet channels. This sandstone reservoir con
tains a large tar sand deposit (Fig. 9 ) . 'n Stillwater 
Canyon, several similar sandstone units are present. 
One can be traced laterally and continuously for over 
2'4 mi, covering an area of over 288 sq mi. This sand
stone is coarse- to very fine-grained and displays 
several types of cross-stratification that show con
sistent west or northwest dip directions. Immediately 
below this unit occurs an angular unconformity that 
overlies eastward-sloping sandstone and siltstone beds 
(Fig. 7 ) . This sequence of "delta beds", together with 
the overlying sandstone units, probably were deposited 
in a complex river-mouth environment, perhaps in a 
delta or estuary. The angular beds may be true "Gil
bert Delta"-type foresets that are characteristic of 
homopycnal flow which occurs when a river enters a 
fresh-water body. The extensive sandstone could rep
resent delta-front bar, beach, and shallow marine de
posits. 

Because the lower slope-forming member thins 
rapidly and pinches out in the Circle Cliffs, southern 
Orange Cliffs, and Island in the Sky areas, no wide
spread equivalent is believed to be present east or 
south of these areas. 

Perhaps due to climatic change in the source area, 
clastic terrigenous sedimentation waned and permitted 
widespread carbonate deposition to take place. The 
sea may not have shifted eastward; only a change in 
quantity of material being deposited needed to have 
occurred. Both the Sinbad Member and the lower slope-
forming member were deposited in a variety of marine 

and paralic environments. 
Shoreline deposits are present within the Sinbad 

Member in a band that extends from Stillwater Canyon 
through the Orange Cliffs and southwestward to the 
southern Circle Cliffs. In Stillwater Canyon, where .. 
the Sinbad Member Is less than 5 ft thick, algal 
stromatoliteSj thin, laminated algal mats, birdseye 
structure, and the paucity of.fauna (gastropods and . -
a few reported ammonolds) may be indicative of an In
tertidal or a supratidal environment. Further south, 
in the Orange Cliffs and Circle Cliffs areas, the edge 
of the Sinbad Member Is very sandy and may represent 
a nearshore marine or beach deposit. 

Elsewhere, the Sinbad Member is thicker and con
tains both nearshore and offshore deposits. Fossili
ferous calcarenite, containing a diverse marine fauna, 
probably represents norrnal shal low marine conditions. 
Similar rock with dwarfed fossils may indicate some
what restricted marine environments. Oolites, mud 
cracks, ripple marks, cross-stratification, and bio
turbatlon may Indicate shoal areas, such as oolite 
bars, or tidal mud shoals that formed islands or shal
low platforms in the sea. Strongly bimodal, small-
scale cross-stratification In the San Rafael Swell Is 
suggestive of tidal flat deposition. The thin, dense, 
pellet-bearing dolomite that is present at the top of 
the Sinbad Member at many localities may have been de
posited under evaporitic conditions In shallow lagoons. 

The overlying siltstone at the base of the ledge-
forming member initiated the return to terrigenous 
clastic deposition. However, this change in lithology 
does not necessarily indicate a significant change In 
depositional environment. Rather, this unit probably 
was deposited under shallow marine and paralic con
ditions and probably represents a prodelta deposit. 

Deltaic Episode 

Numerous lines of evidence indicate that a large 
portion of the ledge-forming member was deposited in 
a delta complex; The vertical facies indicates that 
the unit is part of a prograding sho.reline. The bi-
lobed distribution of the ledge-forming sandstone unit 
indicates that it probably is deltaic in origin (Fig. 
'l). Several facies are recognizable within the delta 
system: prodelta, delta front, delta slope, delta 
plain, and fluvial and delta distributary. Within 
each facies, numerous subenvironments can be recog
nized; however, the project has not progressed far 
enough to discuss many of these in detail. 

Fluvial and delta-distributary facies 

Because of the similarity of the fluvial facies 
and the delta-distributary facies, they are discussed 
together. Where the geographic position of the river 
in relation to the delta Is known, the two facies can 
be separated. Three types of deposits are common in 
these facies. The most characteristic deposit con
sists of massive-weathering, ledge-forming sandstone 
bodies that range up to 108 ft In thickness (averaging 
10-20 ft), are broadly lenticular, display erosional 
bases, and commonly contain a few conglomeratic or 
coarse sandstone units (Fig. 16). Generally, the sand
stone becomes finer grained upward. These sandstone 
bodies are interpreted as river or distributary chan
nels. Interbedded with the ledge-forming units are 
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Fig. 16. Photograph of part of the ledge-forming mem
ber on Elk Ridge, showing lenticular and channeled 
sandstone that was probably deposited in a fluvial-
delta distributary environment. 

two kinds of fine-grained deposits. The first deposit 
consists of thin, even-bedded siltstone and mudstone, 
with a few thin intercalated sandstone units. This 
unit contains a number of sedimentary structures which 
indicate deposition on flood plains or mud flats; they 
are interpreted as overbank deposits. Rip-up or in-
traformational conglomerate is common. The second 
fine-grained deposit consists of "structureless", 
knobby-weathering mudstone or jandy siltstone. Two 
different depositional environments are possible for 
this second unit if the assumed fluvial origin is cor
rect. It may represent swamp or levee deposits in 
which the original lamination has been destroyed by 
plant roots and other organisms, or it may have been 
deposited very rapidly out of suspension and traction 
by rapidly waning currents following the breaching of 
a natural levee. Neither the bases nor the tops of 
these units are erosional; generally, they grade up

ward into fissile or platy siltstone or mudstone. 
The fluvial and delta distributary facies is most 

prominent east of the Colorado River. Although dis
tributary sandstone channels probably are present fur
ther west, they would be difficult to separate from 
other sandstone bodies. 

Delta-plain facies 

Thinner and slightly finer-grained sandstone 
ledges, commonly 0.5-6 ft thick; and interbedded 
flaggy sandstone and siltstone, finely laminated silt
stone and mudstone, and massive "structureless" mud
stone constitute the bulk of the delta plain facies 
(Fig. 17). Except where they are crossed by a dis
tributary, channels over one ft deep are uncommon. 
This facies is characterized by an abundance of sedi
mentary structures that are as numerous and diverse 
as any other comparable portion of the Moenkopi For
mation. The bases of nearly all of the sandstone beds 
display some form of load casts or flute casts. Rip
ple marks and mud cracks are ubiquitous; and many 
kinds of disturbed bedding, sandstone dikes, and pil
low weathering are common. Studies of modern deltas 
have shown that much of the growth of the delta plain 
Is caused by crevasslng. The load spreads over the 
adjacent low-lying area In thin, widespread sheets 
and Is rapidly deposited in crevasse splays. McKee 
(1939) describes another mechanism of delta plain 
sedimentation for the arid region at the mouth of the 
Colorado River. Since the early 1930's, much of the 
water and most of the sediment of the Colorado Rjver 
has been retained by man-made dams. Therefore, this 
river deposits all of its sand-sized load before en
tering the Gulf of California. On the middle part of 
the delta, the Colorado River has deposited a number 
of small, subareal, fan-shaped deltas which are com
posed of sand that displays a strongly peaked 0.2-
mm-size distribution. The deposits are characterized 

Fig. 17. Photograph taken i'i mi north of Hite on the 
Dirty Devil River at the mouth of Poison Spring Can
yon, showing complexly interbedded siltstone and sand
stone of the ledge-forming member thought to be de
posited in a delta plain environment. The amount of 
section shown is about 30 ft. 
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by delta foresets which dio about 10 degrees down
stream in sets that average 10 ft in length. These 
foresets are deposited on, rather than in front of, 
the delta topset beds. At a number of localities, 
especially In the southern San Rafael Swell and east
ern Teasdale upwarp, similar deposits occur in the 
Moenkopi Formation. 

A number of factors, including red coloring and 
beds of primary gypsum, suggest that the Moenkopi For
mation may have been deposited under arid conditions. 
If so, perhaps much of the surface water transporting 
the sediment evaporated or seeped underground; and 
much of the sand-sized sediment periodically was de
posited on the delta plain. If subsidence was rapid 
enough to bury these deposits before a major flood or 
a change in climate took place, the fans could be pre
served. 

U-ti It 
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Delta-front facies , • 

The delta front facies comprises sediments 
thought to be deposited on the edge of the active part 
of a delta. Included In this complex facies are beach, 
tidal flat, estuary, bar, and near-shore shallow-water 
deposits./ The nature of the delta front at any one 
place depends upon whether marine or fluvial processes 
dominate at that particular point (Scott and Fisher, 
1969). Where marine processes dominate, sheet or blan
ket sand and silt deposits form; and where rivers dom
inate, elongate channels and bar-finger sand deposits 
dominate. Using criteria presented by Scott and 
Fisher (1969), the Moenkopi delta probably was slightly 
marine dominated. This postulation is based mainly on 
the sheet-like nature of many of the ledge forming sand 
bodies of the delta front facies. Other criteria used 
by Scott and Fisher Include the probably medium size 
of the drainage basin feeding the delta (southwestern 
Colorado and, possibly, northern New Mexico); the high' 
proportion of sand in the deltaic deposits; the lack 
of straight, narrow, and deep distributary channels; 
and the postulated arid climate that presumably re
duced the volume of water In the rivers. Units in the 
ledge-forming member interpreted to have been deposit
ed in the delta-front facies, consist of continuous or 
broadly lenticular, very fine-grained sandstone and 
interbedded thin silty sandstone and siltstone. The 
sandstone ledges average 5-20 ft in thickness and dis
play very low-angle to nearly horizontal cross-strati
fication, ripple cross-stratification, and trough 
cross-stratification in sets from several in. to 10 ft 
thick. Several sequences of deposition occur in the 
various sandstone ledges, including erosional base 
fining upward, nonerosional base fining upward, and 
non-erosional(7) base coarsening upward. The latter 
probably represents a prograding sand bar deposit. 
Ripple marks are locally abundant but generally are 
far less common than in the delta plain facies. Cur
rent indicators within the delta front facies are very 
consistent in any one locality and usually are perpen
dicular to the edge of the delta lobe (Fig. k ) . Some 
are bimodal and may indicate tidal flat deposition. 
In many localities, low-angle (5-10 degrees) unconform
ities are present in the delta front sequence. Com
monly, these large-scale features are over 100 ft long 
and truncate the underlying beds (Fig. 18). These may 
be foreset beds or, possibly, some type of large-scale 

,submarine channeling. The delta front facies is both 
well developed and well exposed in the southern Circle 

Fig. 18. Photograph of the ledge-forming member in 
the southeastern San Rafael Swell, showing lenticular 
and continuous sandstone ledges and angular bedding. 
This type of deposit is probably characteristic of 
the delta front facies. Faulting has offset the out
crops. The cliff and slope in the center of the pho
tograph Is 70-100 ft high. 

Cliffs, western Teasdale uplift, and southern San 
Rafael Swell areas, but is poorly developed and less 
extensive in the Orange Cliffs area. 

Delta slope facies 

The delta slope facies Includes those sediments 
deposited farther off shore on the subaqueous slope of 
the delta. Essentially, it is a transition between 
the delta front and prodelta deposits and consists of 
interbedded units of each of these facies. There is a 
sharp reduction in the number of ledge-forming sand
stone units In a distal direction (Figs. 10-13). The 
few sandstone ledges present are continuous for miles 
and probably have been reworked a number of times 
(Fig. 19). The bases of these units generally do not 
channel into the underlying beds. The sandstone is 
very fine-grained and silty and, in places, displays 
low-angle planar cross-stratification or ripple lami
nation. In the northern San Rafael Swell, parts of 
one continuous ledge contain slump and channel features 
similar to those described in the presumed off-shore 
bar deposit in the lower slope-forming member. Parts 
of the delta slope-fades may contain off-shore bars 
that locally projected above the surface of the sea. 
However, the bulk of the deposits in the delta slope 
facies consists of thin-bedded or platy, silty sand
stone and siltstone, and fissile mudstone. From the 
description of the localities and the rock units, the 
fish scales and mayalinids reported by Davidson (1967) 
probably came from the delta slope or delta front 
facies. The probable marine origin of these fossils 
supports the hypothesis for the origin of the facies. 

The area of Interfingering between the delta front 
and the delta slope facies contains considerable petro
liferous sandstone deposits. In addition, the forma-
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tion is generally nonred in these areas. The updip 
gradation of more porous sandstone into less porous 
siltstone or mudstone may have trapped the petroleum 
and associated natural gas and water. These fluids 
then reduced or hydrated the red iron oxide (hematite) 
to nonred iron oxides and pyrite. The color change 
does not seem related directly to marine versus non-
marine environments, but It can be explained by the 
"bleaching" of redbeds by migrating fluids trapped at 
permeability barriers. The secondary origin of the 
color is supported by the fact that In many localities, 
red-nonred boundaries cross bedding planes and other 
sedimentary structures-

The delta slope facies is present In the north
western and central Circle Cliffs, west-central San 
Rafael Swell, and northwest Monument upwarp areas; and 
probably Is present at, and west of, the westernmost 
exposures of the Moenkopi in the Teasdale uplift area. 

Prodelta facies 

Fine silt and mud deposited at the distal margins 
of the delta by dominantly suspension processes com
prise the prodelta facies. Because of the probable 
shallowness of the Moenkopi sea, wind- and tide-
induced currents were able to rework some of the de
posits and create many ripple marks and small-scale 
cross-stratification. In most places, the prodelta 
facies is a monotonous sequence of platy- to fissile-
weathering siltstone and mudstone. In some of the 
areas in the eastern part of the study area, the pro-
delta facies contains thin sandstone beds. The pro-
delta is present at all localities at the base of the 
ledge-forming member, and in most places forms a con
spicuous slope between the Sinbad Member (where pres-' 
ent) and the lowest ledge in the ledge-formlng member. 
The prodelta deposits thicken westward; and In the 
northwest San Rafael Swell, they dominate the deltaic 
episode and enclose most of the other facies (Fig. 20). 
This is characteristic of prodelta facies in most 
modern and many ancient delta systems. 

Close of deltaic deposition 
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Fig. 19. Photograph in the northern San Rafael Swell 
of the ledge-forming (Mlf) and upper slope-forming mem
bers (Mu). The relatively few, thin, continuous silty 
ledges In the ledge-forming member are characteristic 
of the delta slope and prodelta facies. Several sand
stone units are present at the top of the upper slope-
forming member. The massive cliff of the Moss Back 
Member of the Chinle Formation rests unconformably on 
the upper slope-forming member of the Moenkopi Forma
tion. The unit that divides the two members of the 
Moenkopi can be traced around the San Rafael Swell 
(Figs. 6, 11, and I3). This picture displays over 
'too ft of Moenkopi. 

Upper Marine and Paralic Episode 

The high degree of continuity and the thin, even 
bedding of the upper slope-forming member Indicate 
that the upper marine and paralic sequence was deposit
ed under widespread, uniform, low-energy conditions. 
The overall deposit indicates a lack of any appreciable 
paleo-relief, and, probably, the topography of the 
region was very similar to that proposed by Irwin 
(1965) for the theoretical epicontinental sea. He sug
gested that very gentle slopes, less than one ft per 
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Fig. 20. Idealized sketch of the facies and members of the Moenkopi Formation of southeastern Utah 
from southeast to northwest. The location of the tongues is diagrammatic. 

change of sea level of 5 ft on a slope of 0.5 ft/mi 
would cause the shoreline to migrate 10 mi. Second, 
external forces or changes In sedimentation applied 
to an extensive, uniform environment would cause dif
ferences in sediment type. These external changes in
clude periodic intense storms, changes in amount of 
sediment In the system, and changes In climate. The 
Intercalated fissile mudstone and ripple-marked silt
stone may reflect the migrations of environments of 
slightly different energy levels caused by slight 
changes in sea level. However, the continuous (for 
more than 25 mi) "massive" siltstone and mudstone 
units probably indicate rapid deposition In widespread, 
nearly Identical environments. In areas of low relief, 
these conditions exist for a very short time during 
storms: widespread, shallow, turbid water inundates 
several normally different environments and leaves a 
rather uniform extensive deposit (Ball and others, 
1967). Commonly, these beds grade upward or horizon
tally Into current-bedded siltstone that displays 
current-parting lineation and poorly preserved ripple 
marks. I ntraformational conglomerate, present at some 
localities, also may characterize storm deposits (Ball 
and others, I967). 

Bedded gypsum, common throughout the sequence, 
suggests the presence of lowlands adjacent to a sea 
and an arid climate. .Some of the gypsum may have been 
deposited in shallow lagoons or other bodies of water 
that had only periodic or restricted connections with 
the sea. Lucia (1972) postulated evaporite deposition 

on supratidal flats that may have been periodically 
flooded perhaps every 20 years; the balance of the 
time, the source of gypsum and other salts can be from 
ground water or sea-water springs. The intercalated 
elastics, which generally dominate the cycles, can be 
derived from the land by wind and periodic sheetwash, 
and from the sea by storms or periodic rises In sea 
level. 

In parts of the San Rafael Swell (especially the 
eastern portion), siltstone and sandy siltstone are 
conspicuously abundant; and in Stillwater Canyon, good 
field evidence of intertonguing between the ledge-form
ing member and the upper slope-forming member can be 
shown. These two observations probably indicate that 
the deltaic and the upper marine and paralic episodes 
are partly diachronous and that, at times, the waning 
delta to the east provided coarser sediment to the 
upper slope-forming member. 

In the" northeastern San Rafael Swell, about 270 
ft above the ledge-forming member, the upper slope-, 
forming member contains several ledge-formlng sandstone 
units up to 8 ft thick (Fig. 19). The base of the bas
al sandstone may be unconformable, and it contains 
coarse quartz detritus. These sandstone units are be
lieved to have been deposited over a larger area and 
then later removed by pre-Chinle erosion. Perhaps 
they represent a change in depositional regime from 
low-energy paralic and shallow marine'envi ronments to 
higher energy fluvial environments, similar to those 
represented by the overlying Chinle Formation. The 
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fact that these ledge-forming sandstones are Interbed
ded with normal units of the upper slope-forming mem
ber indicates that this change took place gradually. 
The original' extent of these sandstone units Is not 
known. ?. 

Pre-Chinle Erosion 
/ - • • • 

The amount of material in the Moenkopi Formation 
that was removed by pre-Chinle erosion probably was 
j:onsiderable. Because of the lateral continuity of 
beds observed in the even-bedded fine elastics in the 
upper slope-forming member, local thickness variations 
of more than a few ft are probably related to post-
depositional erosion. In the San Rafael Swell, marker 
beds that can be traced long distances and, thereby, 
provide horizontal reference planes, exhibit erosional 
•relief of over 2'(0 ft (Fig. 3). In the northeast and 
(Southwest Circle Cliffs, the Shinarump Member of the 
Chinle Formation locally rests on the ledge-forming 
member. The maximum measured thickness of the upper -
slope-forming member in the Circle Cliffs is 295 ft 
(Davidson, 1967), which demonstrates that at least 
that much erosion occurred prior to deposition of the 
Chinle Formation. Relief between 30 and 120 ft can 
be documented at other locations in southeastern Utah. 
With the exception of the San Rafael Swell, where the 
basal Chinle unit consists of the Moss Back Member or 
the basal mudstone, the greatest erosional relief oc
curs where the basal unit Is the Shinarump Member. 

CONCLUSIONS 

A high degree of continuity, a key fossi1-bearing 
unit, and generally excellent exposures allow the 
Moenkopi Formation to be correlated within and between 
the four major uplifts of southeastern Utah. This 
northwestward-thickening, predominantly non-fossi1If
erous clastic sequence represents several episodes of 
marine, paralic, and fluvial deposition. The follow
ing statements summarize the sequence of events during 
Moenkopi deposition: 
1. In the eastern part of the study area, the Hos

klnnini Member was deposited under subaqueous, 
but probably non-marine, conditions. 

2.. To the west, possibly at about the same time, 
scattered chert-pebble conglomerate and sandstone 
were deposited, possibly under both continental 
and marine conditions. 

3. Marine and paralic conditions developed on a slow
ly subsiding, westward-sloping plain. This cul
minated In the deposition of a fossiliferous car
bonate sequence, 

't. An influx of clastic sediment from the southeast 
terminated carbonate deposition and slowly forced 
marine conditions to the northwest, as a complex 
deltaic system prograded westward across the area. 

5. Sedimentation waned with respect to subsidence, 
and the'latest deltaic sediments were reworked by 
marine and paralic processes. 

6. A widespread, low-energy paralic and shallow-
marine environment developed on a surface of low 
relief. 

7. Subsidence ceased, and the sea was forced from 
the area by uplift and nonmarine sedimentation. 
Fluvial conditions and erosion preceded Chinle 
deposition. 

Although this investigation did not emphasize the 
petroleum potential of the Moenkopi Formation, never
theless a sizeable portion of the field work was spent 
mapping the extensive tar sand deposits of the San 
Rafael Swell and other areas. The following prelimi
nary conclusions summarize the petroleum potential of 
the Moenkopi Formation in southeastern Utah. 
1. The tar sands of the San Rafael Swell and Circle 

Cliffs areas consistently occur within delta/front 
sheet sands, and beach and offshore bar j^_/idstones. 

2. These deposits are not feasible to'mlne'at; present, 
due to economic limitations and environmental re
strictions. 

3. If sufficient permeability is present, subsurface 
stratigraphic traps located in delta front and 
other sandstone units may contain commercial pe
troleum accumulations recoverable by primary 
techniques. Buried traps such as these may con
stitute a significant economic potential. 
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ip--- ABSTIL^CT. Most of the silicic volcanic rocks of the Great Basin are ignimbrites rather 
^?f- rit'" Isva flows. The more common types were probably formed by nuees ardentes' which 
tesS iprrtd laterally as density currents of very high fluidity, but there are aberrant types that 
" ' ^ - auT be in some manner transitional belween ignimbrites and lava flows, and the whole 
^ '~ poblrm of mechanism of origin is as yet little understood. Uncertainty on this score is of 
„ , ea concern here; mapping of many of the units indicates that, whatever their origin, they 

^& ' iMumed a distribution approaching that of an equal volume of water, filling valleys to a 
?#j; common level and forming sheets of substantially uniform thickness where the relief of 

•' jlie'pre-existing surfacewas low. Some of the individual ignimbrites are many hundreds of 
Irri ihick and have an areal extent of as much as 10,000 square miles. Because each of 
liinr. extensive and initially fiat sheets were formed everywhere at the same instant of 

:-, tlicy arc very nearly ideal stratigrapliic units. They occur in most parts of the Great 
• HUiin and range in age through most of the Tertiary. 

Eleven ignimbrites which are widespread in southeastem Utah, are described and 
jivrn formal stratigraphic names. The fact that the oldest of them lies unconformably 
»rross the beveled edges of thrusts and folds involving late Cretaceous strata indicates that • 
the beginning of volcanic activity post-dates the Laramide orogeny. As planar units which 
provide a record of Tertiar)' cruslal movements, the ignimbrites confinri the Gilbert theory, 
Micd originally on physiographic evidence, that block faulting has been the characteristic 
type of post-Laramide deformation in the Great Basin. The stratigraphic'istructural ap
proach makes it possible (1) to work out the geometry of the block faulting with a pre-
fisinn not obtainable by use of displaced erosion surfaces; (2) to deal with episodes of 
hlnck faulting that occurred during the early Tertiary and are not expressed by the present 
lopo!:raphy; and (3) to crossdale these and other geologic events on a regional scale. 

On the basis of detailed work in southwestern Utah, and reconnaissance elsewhere, it 
i» stated as a deliberately provocative working hypothesis that block faulting has been the 
only type of regional tectonism in the Great Basin in post-orogenic time. The first require
ment in testing this hypothesis is the recognition, as such, of flexures and thrust faults 
developed (1) by emplacement of hj-pa^yssal intrusions, and (2) by gravity sliding from 
Pnmary relief features raised by intrusion and block faulting. These two classes of struc-
'urej are of much interest in their own right; their significance for present purposes is 
Dirrely that they may be readily mistaken as evidences of regional tectonism. Equally 
cntical is the need for distinguishing post-orogenic deformational effects from those pro
duced during the orogeny. Examples are given of use of the ignimbrites in making these 
"liHinctions, 

INTRODUCTION 

It is no-w genera l ly recognized tha t the s i l ic ic volcanic rocks of the G r e a t 
" a s m , commonly cons ide red to be l ava flows in ea r ly geologic r epo r t s , a r e 
nearly all i g n i m b r i t e s ; tha t is , a s this t e r m is used h e r e , deposi t ional i ini ts 
lormed by e rup t ions of the n u e e a r d e n t e type . A t t e n t i o n h a s been called b y C. 
^- noss ( 1 9 5 5 ) to the w i d e s p r e a d o c c u r r e n c e of these special k inds of py ro -
claitic rocks in the Cord i l l e ran reg ion , a n d i n d i v i d u a l un i t s or s equences of 
"ni ls have been descr ibed in m a n y p laces in t he G r e a t Bas in a n d n e i g h b o r i n g 
provinces in recent yea r s (e .g . Mansf ie ld a n d Ross , 1 9 3 5 ; Gi lber t , 1 9 3 8 ; 
U l l a g h a n , 1 9 3 9 ; Enlows, 1 9 5 5 ; S a b i n s , 1 9 5 7 ) . - ' 
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My acquaintance with Great Basin volcanic rocks dales from the field 
seasons of 1950-52, wliich were spent largely .in mapping a thick and varied 
sequence of them in the Iron Springs district in southwestern Utah for the 
U. S. Geological Survey (Mackin and Nelson, 1959). Mapping of adjoining 
areas (fig. 1) by University of Washington graduate students, R. L. Threet 
(1952) in the Red Hills to the northeast, E. F. Cook (1952, 1957) in the Pine 
Valley Mounlains and W. R. McCartliy (in progress) in the Gunlock area to 
the south, H. R. Black (in progress) in the Bull Valley district to the south
west, G. M. Miller (1958) J n the JVah_\Vah Range to the northwest. ^ n d K H . 
East_X1256) in the San Francisco Range to the north, has greatly broadened 
our knowledge of the stratigraphic succession worked out in Iron Sprjngs, and 
has added many new units. An investigation of the basin-range problem in 
eastern Nevada in 1955, for the Gulf Oil Company, quickly resolved itself into 
a regional reconnaissance of the volcanic rocks because it vvas apparent that 
there, as in Iron Springs, the stratigraphy of these rocks is an indispensable 
key to an understanding of basin-range structure and topography. An unex
pected dividend was the discovery that some of the Nevada units are definitely 
correlatable wilh units in southwestern Utah. E. F. Cook worked with me in 
Nevada early in tlie 1955 season, and bas subsequently continued the strati
graphic sludy of the Nevada volcanics independently, paralleling similar work 
by me in the Great Basin in west central Utah during the 1955 and 1956 sea
sons. Threet (1952, 1956) has spent parts of several seasons extending his 
mapping eastward from the Red Hills into the Colorado Plateau. A tour to 
examine relationships between uranium ore deposils and igneous rocks in the 
Great Basin during 1957, in company with Atomic Energy Comrriission per
sonnel familiar with geolog)' in the vicinity of the ore bodies, provided an op
portunity to observe, in many new places, volcanic sequences which for the 
most part conform with, or are instructive variations of, stratigraphic and 
structural palterns that have been determined in southwestern Utah over the 
past eight years. 

The theme of this paper is a combination of two points suggested above: 
(1) that as depositional units tliat were deposited as essentially, horizontal 
sheets, the Great Basin ignimbrites serve as ideal reference planes for meas
urement of Tertiary deformation, and ( 2 ) , that as layers of great areal extent 
they provide a means of cross-dating Tertiary episodes of deformation, intru
sion, metallization, and other geologic events, from place to place throughout 
much of the province. The.concepts developed are based primarily on studies 
in southwestern Utah, but they are advanced here as working hypotheses ap
plicable to the Great Basin as a whole. The hypotheses are outlined briefly, 
without the detailed statement of evidence and reasoning, the formal maps and 
sections, and the careful qualifications, that would be needed in presentation 
of a specific conclusion regarding a particular place. The treatment of a given 
hypothesis is intended, not to prove that it holds true in the area used as an 
example, but merely to establish its claim to consideration as a possible ex
planation of relationships of the type stated, in any area. When a point is sel 
forth as a definite conclusion, this is a promise that it 'will be adequately docu
mented in later reports. References to the literature are intended, not so muci 
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to support the point under discussion, as to indicate that the same point has 
been made earlier by others. 

The regional stratigraphic study of the Tertiary volcanics indicates that 
»<)me individual ignimbrites are hundreds of feet in thickness over an area 
mea.sured in many thousands of square miles. These great sheets represent the 
frothing eruption of many hundreds of cubic miles of magma, perhaps within 
a period measured in weeks or months. The total volume of Tertiary silicic 
Tolranic rocks in the Great Basin is of the order of magnitude of 50,000 cubic 
milt's. It seems reasonable to suppose that the transfer of so enormous a quan
tity of material from depth to the surface, in eruptive episodes that occurred 
from place to place and from time to time during the Tertiary, must be in some 
manner genetically related to episodes of block faulting that were in general 
.•imilarly distributed in space and time (Longwell, 1950, p. 427-428) . An early 
draft of this article called attention to the striking similarity in pattern rela
tionships between basin-range structure and the sets of antithetically tilted 
•lump blocks formed in clay which fails by reason of withdrawal of lateral 
-iij'liurt, and suggested that Great Basin block faulting is an expression of a 
romparable slump-creep movement of segments of the crust toward a "free 
»ide'' created by the rapid expulsion of very large volumes of magma formed, 
by fusion of crustal rock. But this "eruptive-tectonic" hypothesis for origin of 
ba-'in-range structure ramifies persuasively in many directions—starting as an 
innocuous after-thought, it quickly became a Part II, equal in size to the 
oHiiinal article. This overgrowth of an appendage wholly different in substance 
and approach from the body of the paper called for surgery—the present 
article, which treats the structural significance of the volcanic rocks in a de-
Triplive sense, will be followed in a forthcoming issue of this journal by a 
.•ctjuel dealing wilh some possible genetic relationships between eruptive acti-
*'ty and deformation during the jK)st-orogenic period in the Great Basin and 
"eighlxiring provinces. The fact that there will be a sequel needs to be noted 
« r c because reference is made to it at a number of places in this article, and 
^"•au.ie discussion of some aspects of the timing and geometry of basin-range 
•""ncments is deferred to it. 

_ Both articles are bundles of working hypotheses, the first at the field re-
. ' ' " " * 'e\el and the second at the level of underlying causes. Some of the 
•ntcrprclations that seem to fit the "facts" in southwestern Utah may be in-
. j^""*^*- ^"d it is quite likely that concepts which are valid in that area may not 

<i true for the remainder of the Great Basin. But these are not serious de-
•* m articles such as these; it is more imjxirtant that a working hypothesis 
provocative than that it be right. The merit of the articles depends on the 
n to which, by giving new meanings to familiar relationships, and sharpen-

' ^ perception for inter-connections that might otherwise be missed, they 
o accelerate the gathering and analysis of the data needed for an eventual 

' Cretan.ling of the post-orogenic history of the Great Basin. 

This 
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WiUiams, and the other University of Washington graduate students natnej 
above; R. R. Coals, H. R. Cornwall, Harold Masursky,_W. H. Nelson, D. W. 
Peterson, C. A. Repenning, R. J. RoberU, C. S. Ross, R. L. Smith, and D. G. 
Wyant of the Geological Survey; Ben Bowyer, A. E. Granger, and B. J. Sharp 
of the Atomic Energy Commission; J . C. Osmond of Gulf Oil Company and 
D. P . McGookey of The Texas Company; and Professors H. J. Bissell, R. A. 
Christman, E. F . Cook, W. F. Jenks, John Lemish, Peter Misch, John Rodgera, 
E. M. Spieker, R. L. Threet, and H. E. Wheeler. I am particularly indebted lo 
Howel Williams for generous help at every stage of the sludy. Survey discus
sion groups at Denver and Menlo Park did much to clarify some of the con
cepts. 

IGNIMBRITES AS STRATICR-^irHlC UNITS 

Terminology'.—Discussion of volcanic rocks as stratigraphic units requires 
sets of terms which apply to and distinguish belween (a) the depositional unit 
formed by a single eruptive episode, this being the basic stratigraphic element 
observed in the field, (b) the rock type or types comprising this unit, and (c) 
the eruptive mechanism. Terms are available to fit these needs, but because 
some of them have been applied in different and overlapping senses, it is neces
sary to state the manner in which they a re used here. A review and discussion 
of the .terminology of volcanic rocks is now in preparation by E. F. Cook. 

. The term "nuee ardente" was proposed by Lacroix (1908) , and later 
rhodified by Perret (1935); for a special type of erupdye mechanism observed, 
-at Mount Pelee and La Soufriere. It is the general consensus that the nuee 
ardente originates'by frothing of 'the magma and bursting of the bubbles of the 
froth to give rise to a mass of hot gas so charged with comminuted pumice as 
to-be heavier than a i r ; this mass "boils" from the vent, and moves downslope 
under the influence of gravity (see for example, Anderson and Flett, 1903, 
p . 394; Bell, 1942, p. 525-528; Fenner, 1923, p. 72 ; Finch, 1935; Williams, 
1957, p . 59-65). In this respect the nuee ardente contrasts sharply with the 
genetically related Plinian eruptive mechanism, dn which the fragmented 
pumice is violently propelled upward from the vent arid spread laterally by 
•winds, losing all or most of its heat before settling to the ground. The nuee 
ardente spreads laterally, on the "ground, as a density current of very high 
mobility—it may attain hurricane velocity in a short distance and its charge 
of solid particles may be glowing hot when it comes to rest. Cauliflower clouds 
of ash and gas 'which rise from the surface of the density current phase are an 
integral part of the nuee; the contrasted deposits of the two phases are usuaDy 
gradatiorfal. 

"Nuee ardente" is widely used by students of modern volcanism for this 
general ^ 'pe of eruption, readily qualified as Peleean, Katmaian, and so on, to 
designate nuees with the particular habits of those observed at those places. If 
we may judge by the thickness, lateral extent, degree of welding, and other 
features of their deposits, the Tert iary eruptions of the Great Basin would 
compare v\'ith those of modern times as the explosion of a hydrogen bomb with 
the bursting of a firecracker. Because they are of an altogether different order 
of magnitude, there is no reason lo believe that the observed eruptions are 
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Tertiary Volcanic Rocks in Soulhiveslern Utah 

Bood models of those of the past. It is probably true, as pointed out by Howel 
Williams (oral communication) that most of the Tertiary nuees Issued from 
finsures rather than from central vents, but to call them "nuees ardentes of the 
tssure eruption type" would be to beg a very important question. "Nuee 
ardente of the Great Basin type" has some advantages, but anyone familiar 
with the rocks in question is aware that they represent a -wide variety of rpe-
chanisms of eruption and spreading, which are not well understood. In this 
paper "nuee ardente" without qualifiers merely means that the characteristics 
of the ancient pyroclastic deposits indicate an eruptive mechanism, the closest 
approach to which in modern times is that to which this term was applied by 
Lacroix and Perret. The alternative is to invent a new word, and the only 
justification for so doing is the argument that ."nuee ardente" should be re
stricted to the small scale eruptions to which it was first applied. This pious 
thought is not realistic. As indicated above, the term has been used loosely, 
:̂ twicrally for the type of eruption which operates as a density current, by many 
workers for many years; its virginity could not be restored, even if it were 

desirable to do so. - • ' ' ~ 
— An understanding of the mechanism of origin of the volcanic rocks of the 
Great Basin depends primarily on accumulation of data regarding such factual 
matters as the areal extent of individual units constituting the Tertiary succes
sion; the principal types of units represented; and lateral and vertical varia
tions in degree of welding, size of rock fragments and crystals, and the many 
other lithologic features that characterize each type—until these things are 
known we do not even know what a theory of origin must account for. The 
first essential step in this direction is the working out of the regional strati
graphy of the volcanic rocks; we are now in this stage of the investigation. 
Origin is not an issue in this article—the concept stated above in oversimplified 
form, that the ignimbrites were spread laterally as density currents of very 
high fluidity, is significant only in that it provides a rational explanation for 
their observed habits of form and distribution. These rh^slitie-and latitic units 
nowhere exhibit the bulbous forms that are characteristic of silicic lava flows, 
hut show instead a distribution approaching that which would be assumed by 
sheets of water, surrounding hills and filling lowlands and valleys to a common 
level. 

Zirkel used "welded" and "fused" at a number of places in his descrip-
^ons of silicic rocks of the Fortieth Parallel collections, for example, "a pumice-
hreccia which the microscope discovers to be composed of numerous fragments 
welded or cemented closely together" (1876, p. 2 6 7 ) . It is clear that he was 
aware of the unusual nature of these rocks, but his meaning of "welded" seems 
'o have been quite different from its present meaning as applied to volcanics. 
•he term was first used in the modern sense by Iddings in discussion of the 
fnicroscjopic features of a volcanic rock occurring in Yellowstone Park ; he 
"escribed the structure as "a (ionfusedly twisted arrangement of glass fibres 
and film's," and suggested that the rock might have been formed "by exploded 
'fagmenU of molten material . , . which, fall together in a heated condition, 
plastic enough to weld together in a compact mass" (p. 404-406). The con
cept of welding is now, usually associated with the nuee ardente type of erup-
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tion, and "welded lufT' is sometimes used for llie depositional unil, lo express 
tlie idea that it was formed by that type of eruption. But use of the term jn 
this sense, that is, for the depositional unit, will almost always give rise to 
stalemenls to the cffect~lhat a given welded tufl is nonwelded in the upper 
part, or, perhaps, shows no w'clding whatsoever. This nonsensical wording jg 
tbe consequence of an unwarranted extension of a descriptive term, referrine 
to a special manner of lithification, to a depositional unit that may be lithified 
hy different processes and in different degrees from level to level and from 
place to -place. "Welded tufl^' will be used here in Idding's sense as a roc^ 
term, applicable t o a hand specimen or a ledge, usually wilh qualifiers to in-
dicaie the degree of welding. 

The term ignimbrite—"fire cloud rock"—was first defined by Marshal] 
as. the rock comprising a nuee ardente deposit, without regard for the degree 
of welding (1932, p. 200) . In a later paper (1935) the term is used in this 

.sense and also to mean the nuee ardente depositional unit, as such. It has come 
to be used widely in the first sense. But the pressing need, in any discussion of 
the stratigraphy of ancient volcanics, is for a term with Marshall's second 
meaning; that is, for the depositional unit formed by tbe nuee ardente type of 
eruption without regard for degree or method of lithification from level to 

,. level or from place to place. Ignimbrite is used in this sense in this paper. 
Actually there is no serious conflict between the two meanings, because the 
context usually makes it clear which is intended. "Ignimbri te" in any sense 
is anathema to a number .of outstanding students,of volcanic rocks, but it is 
firmly'fixed irffhe literature, is better than any alternative term that has been 
proposed, and is a great deal better than a new term—like "nuee ardente" it 
will irri tate some readers, but will confuse none. 

Lateral exierai^^^^The proposition that certain individual ignimbrites and 
ignimbrite sequences are regional in extent will seem to many geologists 
familiar with the Great Basin so patently true as to be scarcely worth staling, 
and to others, incredible. 

Perhaps the latter attitude stems in part from the fact that our conceptions 
of Great Basin volcanic rocks have been based largely on studies in mining 
districts, where the \'o]canics are commonly so intensely deformed and altered 
by intrusions that district-wide mapping of individual depositional units is 
difficult or impossible (see, for example, Weslgate, 1932, p . 27 ) . Moreover, in 
many mining districts the volcanic seciion consists of lava flows, breccias and 
agglomerates, interlensing in disorderly fashion and laced by dikes and sills, 
the whole clearly an ancient,:Volcanic pile in which many of the units change 
drastically in thickness and pinch out entirely within short distances. Such 
areas of strong deformation and alteration, and /o r initial stratigraphic com
plexity, are the worst possible places for working out stratigraphic relation
ships, particularly in a suite of volcanics which did not conform to any concept 
of origin available at the lime when most of the mining districts were mapped. 
Now that it is known that many ignimbrites have very great lateral extent, it is 
evident that the stratigraphic relationships of the volcanics can best be worked 
out in areas of simple structure remote from centers of intrusion and vulcanism 
In many instances the firm stratigraphy thus established can then be carried 
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Lack into the areas of complexity, where the ignimbrites serve as keys to geol
ogic problems that could not be solved locally. 

Probably a much more important explanation of the general failure to 
reto-nize the usefulness of ignimbrites as regional stratigraphic units is the 
fact that most workers in the Great Basin have been preoccupied with other 
a.<pecls of the geology, and have been inclined to dispose of the volcanics with 
a single tnap color or, if something more is required by obvious differences in 
lithology or structure, to lump them in the fewest possible cartographic units. 
An attitude that is very common in the present generation was expressed by 
Spurr in 1901 (p. 2 2 5 ) : 

Our knowledge of the ranges . . . is comparatively slight, since . . . the volcanic 
rocks are so abundant that nearly everywhere they mask the structure. 

The italics are mine. It goes without saying that this dim view of the vol
canics is not conducive to rapid strides'in the understanding of their stratigra
phy. Individual depositional units are not apt to be mapped separately if it is 
taken to be a certainty, without looking, that they have no continuity; and the 
fact that many of tlie units are readily correlatable from range to range is not 
apt to be recognized if such correlation is considered to be impossible. 

The literature provides some noteworthy e.xceptions to these generaliza-
lions. Studies by Ransome (1909) in the Goldfield district, Nevada; Ransome, 
Emmons, and Carrey (1910) in the Bullfrog district, Nevada; and Callaghan 
(1939) and Kerr and others (1957) at Marysvale, Utah, are examples of the 
a-^ of Tertiary volcanic units in working out structure in mining districts of 
extraordinary complexity. Anderson and Russell (1939, p. 243-247) identified 
the .\omlaki tuff of Pliocene age in the northern Sacramento Valley as a nuee 
ardente deposit, and used it as a key bed in stratigraphic siudies over an area 
of about 2000 square miles. The Rattlesnake tuff is now recognized as a single 
ignimbrite (Wilkinson, 1950) that may have covered as much as 5000 square 
miles in eastern Oregon in Pliocene time (Campbell and others, 1958) . Van 
Houten's (1956) "vitric tuff" is a distinctive suite of Mio-Pliocene tuffaceous 
deposits rather than an individual depositional unit, but igTs said to be recog-. 
nizable and usable as a stratigraphic datum throughout most of Nevada and in 
neighboring parts of the Great Basin. 

It is literally true that some of the \'olcanic units of the Iron Springs 
di.<trict are so distinctive lithologically,..so well exposed, and so obviously con
tinuous, that they very nearly map themselves—seven "flows" were distin
guished in a reconnaissance study in 1908 (Leilh and Harder, plate 1 ) . 
• loreover, the volcanics are readily separable inlo unconformable sequences 
^nich predate and postdate the ore-bringing intrusions, and a knowledge of 

<-* detailed stratigraphy of the pre-intrusive and post-intrusive sequence is 
'^^ential to any understanding of the localization of the ore bodies and virtually 

cry other aspect of Tertiary siructure and physiography. In other words, in 
ron Springs it was both practicable and necessary to workW'ith the individual 
epositional units comprising the volcanic section, and this work quickly 

^ n g e d my attitude from one close to Spurr 's to the diametrically opposed 
P^ition of this paper, which lumps the pre-Cambrian, Paleozoic and Mesozoic 

as a pre-Tertiary basement complex, of interest chiefly as the underpin-
" '"g of the volcanics 
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Fig. 1. Location map. TTie Tertiary volcanic rocks have been subdivided and mapped 
on a scale or 1/62,500 or larger in the districts defined by solid lines. A-A' and B-B' indi
cate the approximate location of the sketch section in figure 5 and the restored section in 
figure 3, respectively. The general trend of the Iron Springs Gap structure is showm by 
the heavy dash-dot line; this siructure is greatly distorted by six intrusive bodies which 
are aligned along it. 

An area of about 3,000 square miles centering around Iron Springs has 
been mapped on a scale of 1/62,500 or larger by members of the University 
of Washington group named earlier. With this substantial area as a proving 
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!*• J ^ ^ ? S w " * ' ^°^ principles of ignimbrite slraligraphy, regional reconnaissance by 
'"••^-El^f^-'flsa lijilicalcs that an area of about 10,000 square miles in the Great Basin and 

^ / ^ ^ f e ' t i s a High Plateaus in southwestern Utah can be tied together by one or more 
h '*^^i^ ' ' s iv>ip* ol ignimbrites. Cook has independently developed a correlation network 

N*'^^Mi ' £ f 4« »fea of comparable size in eastern Nevada. 
*v ' v ^ ^ ® ^ ' ' ' ^ Identification of individual ignimbrites in these reconnaissance studies is 

r. ̂ ^^^vfcfctrd in the field on conventional lithologic characteristics and, of course, as 
'^v^tm «n correlation of stratified rocks, on similarity in sequence. A laboratory 
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QUICHAPA FORMATION 

General statement.—Discussion of systematic stratigraphy is beyond the 
•cope of this article, but an understanding of the general nature of the volcanic 
vi.!-.---io[i and the approximate age relationships are essential for what follows. 
Kor case of reference in this article, in the companion paper by Williams, and 
in other papers now in preparation by the University of Washington group, 
certain volcanic units that are known to be regional in e.xtent are assigned 
formal straligraphic names. " " ' " ' ' ' " " 

The Quichapa formation^ is not at the base of the volcanic section in 
Southwestern Ulah, but it is in several respects well suited to introduce and 
itliLitrate the concept of a regional stratigraphy based on ignimbrites. The 
three or four ignimbrites comprising the formation were spread over a surface 
of low relief throughout most of the area where they have been mapped, and 
there was no roughening of any of the units by erosion prior to emplacement 
of the ne.vt unit. These circumstances mean (1) that the Quichapa ignimbrites 
-*how none of several sorts of internal complexities associated with strong relief 
on the underlying surface, and (2) that they lend to be substantially uniform 
»n thickness and to be in the same orderly sequence over very large areasi 
.'loreover, the Quichapa units are characterized by unique sets of lithologic 
Icatures and complements of minerals that make them rather readily and posi
tively identifiable. Finally, it so happens that the Quichapa sequence includes 
tne three principal types of ignimbrites which occur in the Great Basin, so that 
•iJost other ignimbrites can be succintly described as variants of one or another 
of the Quichapa units, as types . 

The various makeshift names that have been used in the past for the 

' -^ks designation of the Quichapa as a group (1957, p. 53) corresponded with my usage 
Ch • u ' ''™E. But in addition to the regional ignimbrites which make up most of the 
VU'chapa, which need formal stratigraphic names, there are in many places lava flows and 
?.'v"^'°<^i intercalations which are best referred to in lithologic terms. It is a well estab-
f ^ T ' ^ ? ' ^ formation may include undesignated units of member rank, but that all 

Jn r " formations comprising a group should carry formal stratigraphic names (Ashley, 
"•»). Chiefly for this reason, I now favor a formational rank for the Quichapa. 

if3;^'.^777T%'-€'S-'^^ '7 , ^ ^ -



TABLE 1 

Com])aralive Nomenclature of the Volcanic Succession in Soulhweslem Ulah 

Leith and Harder, 1908 
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Quichapa units, and the formal stratigraphic names that are proposed for them 
here and used in William's paper, are shown in table 1. The type localities, all 
in the Iron Springs district, are as follows: Leach Canyon tuff, the soulh side 
of Leach Canyon, Deseri Mount quadrangle; Swett tuff, the west-facing scarp 
of the Swett Hills, Desert Mound quadrangle; Bauers luff, Bauers Knoll, Cedar 
City, N. W. quadrangle; Harmony HiUs tuff, the Harmony Hills, specifically, 
the south side of Right Quichapa Canyon, Mount Stoddard quadrangle. At 
these places the units are in the order of superposition shown in the table. 
Elsewhere in the district there are lava flows or other volcanic rocks, local in 
origin and extent, at every contact. • ' 

Routine descriptions of the units are given in the reports cited in table 1, 
and the percentages of the principal rock-forming minerals are shown by histo
grams in William's paper and in figure 2 of this paper. Descriptions at the 
type localities, given below, stress certain features of the units which bear on 
problems of origin. 

Leach Canyon tuff.—As seen ih cliff exposures in the vicinity of Leach 
Canyon, the Leach Canyon tuff is a single depositional unit, remarkably uni
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form in lithology through a thickness of 450-500 feet. Except at the base and 
araf the top the rock consists of a matrix with the texture of unglazed jwrce-
Uin, "ray to flesh in color, enclosing fragments of dark red felsite, light gray 
pumice, and other rocks, and crystals of quartz, feldspar, biotite, and other 
pvro"enic minerals, mostly broken. A square foot of exposure commonly shows 
five to ten readily visible lithic fragments. The fragments make up as much as 
10 percent of the rock, and the pyrogenic minerals range from 15 to 25 per
cent. There is no suggestion of grain-size stratification, but some favorably 
tituated faces exhibit a poorly developed foliation paralleling the base of the 
unit, brought out by a preferred orientation of lenticules of pumice and other 
rock fragments and mineral grains. The foliation plane shows no lineation; 
there is no alignment of inequidimensional fragments or grains, and the pumice 
lenticules are shapeless blotches. The absence of lineation indicates that the 
foliation is a compaction structure, not a flow structure in the conventional 
vn*e. 

The stony-textured material grades downwiird uniformly or through a 
zone of interlensing into black, gray, or salmon silky-liislred vitrophyre which 
ranges from zero to several tens of feet in thickness. The proportions and types 
of rock fragments and mineral grains in the vitrophyre are substantially the 
•ame as in the stony-textured material. There may or rriay not be a layer of 
:"iKrrMlanl ash as much as ten feet thick a t t he base. 

In the upper 50 to 75 feet of the unit there is a gradual decrease in the 
number and size of the rock fragments, and in the degree of induration. In 
*ome places the uppermost few feet consist of distinctly bedded tuff, rich in 
pumice granules; this part of the deposit is evidently air-fall ash. The slightly 
indurated .upper phases are preserved only under special circumstances, to be 
oiillined below. 

The conspicuous rock fragments, the general absence of sorting, the com-
I'lcle gradation from basal vitrophyre to ashy top, and other characteristics of 
Inc Leach Canyon tuff indicate, on the basis of the field relations alone (with
out recourse to the microscope), that the unit as a whole cannot be a lava flow 
nor an ordinarily air fall tuff nor any combination of these; it is clearly the 
»"rt of unit for which the term "ignimbri te" was proposed by Marshall. It is 
»n all respects closely similar to the Bishop tuff of California (Gilbert, 1938). 

Bauers tuff.—^The Bauers tuff differs from the Leach Canyon tuff in three 
*fay4 that are of petrogenetic interest: (a) the content of pyrogenic mineral 
erains is appreciably lower (10 to 15 percent as compared with 15 to 25 per-
"^ntt ; (b) foreign rock fragments are rare or absent; and (c) it is much more 
strongly indurated. At Bauers KnoU and in about 95 percent of its outcrop 
Jrra m the Iron Springs district it consists of three intergrading but sharply 
^ntrasted phases: a basal vitrophyre about 10 feet thick; a middle lilhoidal 
F^<e characterized by a conspicuous compaction foliation, 150 to 200 feet 
* ' c k : and an upper non-foliated lilhoidal phase, 10 to 40 feel thick. •• 

Ine basal vitrophyre is black and has the glassy luster and conchoidal 
•Aclure of obsidian. Toward the top it is flecked with red spherulites. The 

n.-ition to the overlying lilhoidal phase is generally deeply weathered, a fact 
suggests that the vitrophyre was predisposed to rapid weathering by al-
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Fig. 2. Phenocryst composition of certain volcanic units. 
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terat ion effects associa ted wi th dev i t r i f i ca t ion . T h e fact tha t th i s t ype of t r a n s i - . 
ion zone is r a r e l y exposed exp l a in s w h y , in s i m i l a r i g n i m b r i t e s e l sewhere in t h e 
Great Basiri, it h a s been mi s t aken for a c o n t a c t be tween a th in glassy l ava flow 
and an o v e r l y i n g s tony- tex lured flow o r i n d u r a t e d pyroc las t i c depos i t . 

T h e fol iated l i lhoidal p h a s e is pa l e r e d to deep r ed -b rown in color . T h e 

foliation is m a d e a p p a r e n t b y a p a r a l l e l i s m of l igh t g r a y lent icules tha t m a k e 

up as m u c h a s 10 pe rcen t of the rock . T h e len t icu les r a n g e in size f rom b a r e l y 

visible wisps t o 5 inches in th ickness a n d m a n y feet in l e n g t h — t h e r a t i o of 

ihickness to l eng th is ex t r eme ly v a r i a b l e , r a n g i n g from 1:2 to 1 :25 . T h e folia

tion tends to confo rm with the b a s e of t h e un i t a n d the re is no l inea t ion in t he 

foliation p l a n e — " l e n g t h " of t he l en t i cu les , seen in a face n o r m a l to t he folia

tion, is ac tua l ly the d i ame te r of i r r e g u l a r d i sco ids . T h e lent icules t e r m i n a t e b y 

wedging ou t o r f ea the r ing out , o r in a n g u l a r faces tha t a r e sugges t ive of frac

ture but a r e r agged ly g r a d a t i o n a l w h e n v iewed wi th a lens. T h e y a r e in s o m e 

respects superf ic ia l ly s imi l a r to the flattened p u m i c e inclus ions in the L e a c h 

Can)-on tuff, bu t the re is reason to bel ieve t h a t t hey were formed p r i m a r i l y b y 

recrystall ization of gas- r ich p o r t i o n s of t h e conso l ida t ing a n d c o m p a c t i n g 

ignimbri te m a t e r i a l . T h e field a n d l a b o r a t o r y ev idence b e a r i n g on this m a t t e r , 

and views exp res sed in the l i t e r a t u r e , a r e too involved for discussion h e r e ; i t 

suffices to s a y t h a t t h e g r a y lent icules a r e e a r m a r k s of the midd le fol iated p h a s e 

of the Bauers tuff t h roughou t i ts k n o w n a r e a of d i s t r i b u t i o n . 

The fol iated p h a s e g r a d e s u p w a r d , u sua l ly wi th a decrease in d e p t h of 

color, into the mass ive l i lhoida l p h a s e w h i c h c o n t a i n s no lent icules . I n m o s t 

places the mass ive l i lhoidal p h a s e is o v e r l a i n d i rec t ly by the H a r m o n y Hi l l s 

tuff; it r ings to the h a m m e r up to the con tac t , a n d the contact is kn i fe -b lade 

sharp, so tha t a spec imen can be t a k e n ac ro s s it . 

Th i s r e l a t i onsh ip is a n o m a l o u s . If an i g n i m b r i t e is defined as t he depos i t 

The vertical dimension of the columnar section is about "WCX) feet; no scale is given 
o^ause the section is composite, intended to convey only the general order of magnitude 
of the thickness of the units. All are not present in any one place. Most of the contacts 
«re erosional disconformities and some are angular unconformities. Sedimentary and vol
canic rock units of local extent, which are intercalated at every contact, are not shown. 

Degree of induration is indicated schematically in the columnar section by three pat-
' T*" ^ '"sht stipple for slightly indurated, friable rock; a heavy stipple for moderately 
mdurated rock with a firm lilhoidal matrix; and a heavy stipple combined with horizontal 
uno for vitrophyre and lilhoidal rock of lava-like hardness. 
. Ine histograms are arranged in three rows corresponding with the general types of 
"inimbrites discussed in the text. The left column includes histograms for units of the 

arniony Hills type, characterized by a relatively high percentage of cryslais and a low 
\i<^\7 °^ induration. The Minersville tuff, which has a very thick vitrophyre at or near 
• ^, °?5s where it is best known, is an exception to this rule. The column on the right 

< '̂ydes the Bauers tuff and three other units of the same type, characterized by a low 
""lent of crystals and an assemblage of lithological properties indicative of high tera-

^rature at the Ume of emplacement; the Hole-in-the-Wall and Baldhills members may be 
*°me manner transitional between ignimbrites and lava flows. 

H should be noted that the percentages of crystals shown in the histograms includes 
grains large enough for identification by binocular study of stained slices. This per-

-•age may be considerably lower than the percentage of crystals based on study of thin 
D" ' ^ " ^ ^ petrographic microscope, 

^ j j , ^ "arlicularly in the volcanic units with a low percentage of crystals, the phenocryst 
f. 11^3^'^'°'^ *^ shown by the histograms has little significance with regard to the rock 
§1 i i ( 3 ' 7 ° J example, as noted in the text, a chemical analysis of the Baldhills member in

ed that it is in the latite-quarlz latite compositional range. 

itlrf'9£&''fsim^m 
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formed by a nuee ardente type of eruption, an ashy top should be as much a 
part of it as a vesicular top is a part of a lava flow. Actually the massive 
lilhoidal phase of the Bauers tuff, only a few tens of feet thick at most, is 
everywhere present throughout an area of about 50 square miles mapped in 
detail in the Iron Springs district; there are neiihcr erosional channels cut 
into or through it, nor any of the remnants of the ashy material that might be 
expected to survive for a long lime on a flat surface in places remote frpm 
water courses. These facts c-ount heavily against stripping away of a non-
resistant lop of the unil by ordinary erosional processes as an explanation of its 
absence. 

A part of the answer is supplied by tlie fact that in one part of the district 
(the Antelope Hills) where tbe next overlying rock is an andesite flow, there 
is a complete gradation from the massive slony phase into light gray moderate
ly indurated ash, 30 to 50 feet thick, at the lop of the unit. The suggestion is 
that the ashy phase was elsewhere removed, not by ordinary erosion, but by 
hurricane sand-blasting by the nuee by which the Harmony Hills ignimbrite 
was formed; it was preserved only wliere protected by an armor of andesite 
flow rock. This hypothesis is supported by the fact that where the massive 
lilhoidal phase of the Bauers ignimbrite is overlain directly by the Harmony 
Hills ignimbrite the knife-blade contact is itself "welded"—it is described by 
R. A, Christman in our field notes for 1950 as a "blow-torch contact". If the 
idea expressed by "blow-torch" is correct, the difference between the nature 
of the contact where the overlying rock is, (a) another ignimbrite and (b) a 
lava flow, is yet another example of the contrast that is to be anticipated be
tween contacts in which the covering material was formed by a process (a) 
capable or (b) incapable of erosion (Mackin, 1950, p. 62 ) . 

The rarity of fragmental inclusions in the Bauers luff, its conspicuous 
foliation, and especially ils lava-like hardness from base to top where the ashy 
phase is missing, mean that this unil poses the field problem—lava flow or 
ignimbrite? The absence of lineation, implying that the foliation is a compac
tion siructure; and the fact that this silicic rock unil is a tabular sheet of 
enormous areal extent, a re the most obvious field criteria. Under the micro
scope the shard structure, and the fact that most of the mineral grains are 
angular fragments of crystals, are diagnostic. 

Swett tuff.-—The Swett tuff which underlies the Bauers tuff in the Iron 
Springs district (table 1) can be concisely described as a Bauers type of ignim
brite, that is, it is characlerized by the same low content of mineral grains, 
rarity of foreign rock fragments, and a very high degree of induration. The 
basal vitrophyres and lilhoidal phases of the two units differ in detail, but iso
lated specimens can be distinguished only on the basis of a mineralogie contrast 
(fig. 2 ) . The Swett tuff ranges from 30 to 45 feet in thickness in the Swett 
Hills. Whether its absence from the section in some places in southwestern 
Utah is due to nondeposition or erosion is a special stratigraphic problem that 
needs no discussion here. 

Harmony HUls luff.—The rock composing the greater part of ihe Har
mony Hills member is tan to light red brown in color. Grains of biotite, 
plagioclase, and other pyrogenic minerals make up 30 to 45 percent of the rocL 
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The biotile grains are cleavage flakes which lend to be oriented subparallel 
with the base of the uni t ; the resulting foliation makes it possible to obtain an 
Altitude in most ledge outcrops. The thickness ranges from 3(K) to 350 feet in 
the Harmony Hills. It is for the most part only moderately indurated; except 
a noted below, there is no sign of welding. In contrast with the Bauers mem
ber, the Harmony Hills member poses the field question, ignimbrite or airfall 
tuff? 

Perhaps the most compelling evidence bearing on this question is presence 
near the base of the unit of schlieren of black vitrophyre which grade into 
the surrounding rock, forming the "wilsonite" of the New Zealand writers 
(for example, Marshall, 1935, p. 330) . In some places the schlieren coalesce 
to make a massive vitrophyre layer comparable with that of the Bauers luff. 
It is significant also that most of the Harmony Hills member shows no grain 
size stratification—in so thick a deposit, covering an area of several thousand 
square miles, an absence of sorting indicates a method of spreading other than 
dispersal by winds. 

Pock marks or nodes on some exposures of the basal part of the Harmony 
Hills luff call attention to the presence of inclusions, etched out by differential 
weathering, which might readily escape notice on a fresh break because the 
lithology is similar to that of the enclosing rock. The inclusions are rounded 
to suban'g'ulaf'discoids, commonly a few inches in greater diameter, oriented 
parallel ivith the base of the unit. They are clearly cognate in that they are 
certainly in some manner consanguineous with the rock unit in which ihey lie, 
but their mechanism of origin is uncertain and the problems are much too in
volved for discussion here; for the moment, the point made is that inclusions 
characterize the lower part of the Harmony Hills tuff in some places, and that 
fhey are autoliths rather than xenoliths. 

Lateral extent of the Quichapa units.—It is a good general principle that, 
in the measure that an hypothesis is inherently unlikely, the evidence required 
to endow it with a given degree of validity must be strong in the same meas
ure. Certainly it will seem in the highest degree unlikely to nearly everyone, 
perhaps "impossible" to some, that individual ignimbrites are correlatable 
from Brian Head (Cedar Breaks) in the Colorado Plateau for a distance of 
about 100 miles westward to the Upper Narrows of the While River near Hiko, 
^^cvada. But the evidence supporting the correlation is very strong. We deal 
'*'ith three or four units, each more or less unique in mineralogy, in the same 
*^uence in each of the histogram columnar sections in Williams' chart and in 
•"any other measured sections as well. Identity of the units is further checked 
">• suites of heavy accessories and by special "index minerals"; for example, 
P^n concentrates of material weathered from the Leach Canyon tuff show an 
amount of sphene of an altogether different order of magnitude than the con
ant of this mineral in other ignimbrites studied to date in the Great Basin. 
-And it should be noled that the laboratory work merely confirms correlations 
'^"tatively established in the field on the basis of general lithology, types and 
Pfopvortions of inclusions, jointing habits, and weathering and erosion forms of 
'•": individual 
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The best field check of the correctness of correlation is success in predic-
tion of the ph)'sical properties of the units nex-t overlying and underlying the 
one in sight on the basis of the known succession. The Quichapa units have 
met this test so consistently in so many places that it is no longer surprising to 
find the sequence in proper order in an area examined for the first lime—it is 
any flaw in the order that is anomalous. The explanation, if it can be W'orked 
out, is usually in terms of topographic features, residual or formed by con
comitant deformation or local volcanism, which prevented the spreading of the 
missing unit lo the place in question, or caused it to be unusually thin or thick. 

The areal extent of the Quichapa formation in southwestern Utah only, 
that ds, not including its extension in southeastern Nevada, is about 2500 square 
miles. A conservative average thickness of 1000 feet makes the volume about 
500 cubic miles. 

The Qiiicliapa units as lithologic types.—As staled earlier, the Quichapa 
sequence includes representatives of the three principal types bf ignimbrites 
which make up the Tertiary volcanic sequences in the Great Basin. Ignimbrites 
of the Harmony HiHs type are characlerized by a large percentage of pyrogenic 
crystals and a low degree of welding. Inclusions are typically cognate; they 
may be about or may make up a large share of the rock. Ignimbrites of the 
Bauers type are characlerized by a low content of pyrogenic crystals and a high 
degree of welding. Inclusions are usually rare or absent. Where the vertical 
section is complete ignimbrites of this type commonly show the four grada
tional but distinct lithologic phases described above. Ignimbrites of the Leach 
Canyon type are intermediate belween the Harmony HUls and Bauers t)'pes in 
content of crystals and degree of welding. Angular fragments of other rocks 
are usually abundant. 

The foregoing paragraph fairly bristles with questions. What is meant by 
"degree of welding"? How can this and other properties of ignimbrites be 
quantified as lines of evidence bearing on such petrogenetic questions as tem
perature at time of emplacement? Is it a valid generalization that there is an 
inverse relationship belween crystal content and degree of welding in the 
Tertiary ignimbrites, and between either or both of these properties and the 
nature and percentage of inclusions? If there are such relationships are the 
several so-called types of ignimbrite merely arbri lrary divisions of one or more 
completely gradational sets of properties, or do the ignimbrites fall into natural 
groups corresponding with genetic classes? How do the sets of properties vary 
with differences in chemical composition? There must surely be changes in a 
single ignimbrite, from the vicinity of the vent to the distal margin, in tem
perature at the time of consolidation and also in tbe nature and percentages of 
mineral grains and inclusions; is it proper to attempt to evaluate the petro
genetic significance of differences in these properties in different ignimbrites 
without taking into account lateral variations in the same ignimbrite? Is there, 
in single eruptive episodes such as that represented by the Quichapa formation, 
a consistent order of occurrence of the same ignimbrite types? Do the same 
rules apply to sequences of ignimbrites in different parts of the Great Basin, 
and of different ages during the Tert iary? 
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The^,c questions are worth asking because tlicy bring out the full mc inmg 
of a point suggested eir l icr We are not "drowning in data" relating to ignim 
briles wc hive as yet only a small fraction of the dala needed for i n analysis 
of the origin of these rock units Work with single vertical sections, and map 
ping in limited areas, are good starts, but because many of the units are re 
gional in extent, any comprehensive study of tlicm must be on the «iinc ^^cale 
The first step must be the restoration, as of the time of their origin, of a 
representative number and viriety of the Tertiary ignimbrites, the cMdcnce 
that is basic to such restoritions can be obtained only by regional str i t igraphic 
"Indies 

POST QUICHAPA VOLCAMCS 

General s tatement—Spreading of the Quichapa ignimbrites as fliltish 
sheets over a tolerably level plain was followed by a protracted period during 
which continued or recurrent volcanism was accompanied by emplacement of 
laccolithic intrusions in the Iron Springs district Tbe intrusions produced 
dome moiinlTins as much as several thou<^and feel high The lowlands belween 

lul idj irenl to the intiu i\c dorncs \Nere the ^ite of depo ition of (a) direct 
volcanic products as lava flows, ignimbrites and lahars, and (b) detrital ma 
(ernis supplied by erosion of the domes The detrital materials consist mainly 
of fragments of the Quichapa and older volcanic rocks, but in =;onie places in 
elude Tertiary and Meso/oic ^sedimentary rock types and fragments of intru 
«iNe rock—the sequence charly repre ents the ero--ional deroofing of the 
intrusne domes The record is complex because the direct volcinic products 
and the detrital materials interfinger irregularly, and especially beeaii e iddi 
tional intrusions were empliced from time to time during the period deform 
mg the older inlerinlrusion trough deposits and radically chinging patterns of 
erosion and deposition 

Rencher formation—The Rencher formation (Cook, 1957, p 57 59) con 
-ists predominantly of crystal igniinbrities and other volcanic rocks which may 
rest directly on the Harmony Hills member of the Quichapa formation, or on 
aprons of detritus bordering the intrusive domes, or unconformably across the 
tnincated edges of all the older strata on the flanks of ^lome of the domes 

Page Ranch format ion—The Rencher formation is overHin by the Page 
Ranch formation (Cook, 1957, p 61 6 3 ) , a compo'^ite unit typically exposed 
•n an ea=t facing scarp two miles northwest of Page Ranch and one mile soulh 
^est of Old Irontown Historic Site (see Page R inch quadrangle) The lower 
part of the scarp consists of crudely bedded fanglomerate, made up chiefly of 
subangular blocks of the Harmony Hills tuff and other Quiehipa ignimbrites, 

ere ne-.ignafed the Irontown member of the Page Ranch formition The upper 
pan of the scarp consists of a v i tnc ignimbrite of rhyolitic compoiition, here 

Signaled the Kane Point tuff for a peik of that n ime •several miles to the 
uthwest on the ^ame scarp These two members of the P i g e Ranch formation 
"^rlv represent the filling of a syncliml trough belween the Iron Mountain 
na Mount Stoddard intrusions There has been little or no deformation of the 

ge Kanch formation at the type locality, but elsewhere in the Iron Springs 
, '^"' ^'or example, on the east side of an intrusion that underlies parts of 

'he Antelope Hills) it has been sharply flexed 
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Hoover Mackin—Structural Significance of 

Age relationships.—The Leach Canyon luff, the lowest ignimbrite of the 
Quichapa formation, has a zircon age of 28 m.y. (Jaffee, wrillen communica-
l ion) . One of the Iron Springs intrusions (Three Peaks) is 22 m.y., and the 
Kane Point tuff is 19 m.y. on tbe same basis. These figures suggest thai the 
Quichapa formation is Oligocene and that the Rencher-Page Ranch period of 
extrusive-intrusive igneous activity is lale Oligocene or early Miocene. 

Younger volcanics.—In tbe Bull Valley district a sequence of volcanics 
which is equivalent in part to the Page Ranch formation is overlain unconform
ably by a younger sequence consisling of lava flows, ignimbrites, and volcanic-
derived sediments, dominantly rhyolitic in composition (oral communication, 
H. R. B lank) . Rocks of the same lithology and position in the section are 
present in a number of other places in southwestern Utah (for example, the 
Mount Belknap rhyolite of Marysvale, Callaghan, 1939). As far as is now 
known, these young rhyolitic rocks j-astdate the emplacement of all the larger 
laccolithic intrusions. They differ from the older volcanics in that they are 
commonly associated with small plugs that were probably local feeders. While 

~ there bas been as yel no attempt to work out the unit-by-unit stratigraphy of. 
these rocks onja regional scale, there is no reason for believing that they were 
spread as sheets of greal lateral extent, as were the older volcanics—tbe avail
able evidence indicates rather that their present limiled distribution corre
sponds approximately wilh their original extent. They are commonly regarded 
as Mio-Pliocene of Pliocene in-age. 

Local volcanism, chiefly' the spreading of basalt flows and the building of 
small volcanoes, has continued through tlie Pleistocene into Recent lime (see 
Gardner, 1941 ; Threet, 1952; Cook, 1957) . 

PRE-QUJCHAPA VOLCANICS 

Isom formation.—The Quichapa formation is underlain by a sequence of 
• volcanics made up chiefly of ignimbrites and lava flows, wilh intercalations of 
sedimentary rocks, collectively designated the Isom formation (table 1 ) . The 
type locality is the southern slope of an east-west ridge just north of Isom 
Creek in the northwestern part of the Iron Springs district (Three Peaks 
quadrangle. Sec. 5, T. 35 S., R. 12 W . ) . At the type locality and generally in 
southwestern Utah the Isom formation rests on the volcanics of the Needles 
Range formation (see below), but in some places it lies on the Qaron forma
tion or on older volcanic rocks of local origin. The Isom formation is as yel 
the least known of the volcanic sequences of southwestern Utah, both as regards 
its internal stratigraphy and the origin of the anomalous porphyries which 
characterize i t ; it is a complex of problems that cannot be profitably attacked 
'until after the stratigraphy and origin of the overlying and underlying se
quences bave been worked out. 

At the type locality the lower part of the Isom formation consists of an 
ignimbrite of the Leach Canyon type, a few lens of feet thick, which has not 
been definitely identified elsewhere and needs no formal stratigraphic name. 
Tbe principal member is a sheet of porphyry of latitic composiiion (Leith and 
Harder, 1908, p . 58, analysis^C), glassy lo lilhoidal in texture, black to dark 
red-brown in color, with a strong platy part ing and an unusual blocky frao 
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ture which causes it to break into roughly cubic granules. It is here designated 
the Baldhills member for its occurrence in a ridge of that name (see Three 
Peaks quadrangle) which trends northward from the type locality of the Isom 
formation. The uppermost member of the Isom formation at the type locality is 
a sheet of latite porphyry, lilhoidal in texture and purplish gray in color, with 
light gray lenticules similar to those of the Bauers tuff. This unit is rarely more 
than 40 feet thick, but it is very widespread and is here named the Hole-in-
the-Wall member for its occurrence at the east end of a pass of that name, two 
miles north of the type locality of the Isom formation. 

The Baldhills and Hole-in-the-Wall members exhibit some of the features 
of ignimbrites of the very highly welded type represented by the Bauers luff, 
but they have internal structural features indicative of viscous flow, and other 
features, as vesicules, which mark them as aberrant types. The fact that their 
mechnism of origin is not known, does not detract from their value as strati
graphic units. 

The Isom formation is at most only about 500 feet thick in the Great 
Basin in southwestern Ulah. It thickens greatly and is widespread in the High 
Plateaus, but not enough is yet known of its distribution to justify an estimate 
of areal extent and volume. 

Needles Range forrriation.—-The Needles Range formation consists pri
marily of crystal-rich ignimbrites of.the Harmony Hills type. Colors are com
monly pink to dark red brown,- but range widely from black in the solidly-
welded vitrophyre phases that occur near the base of some of tbe units to light 
gray in their almost incoherent uppermost parts. The type locality is the_east 
side of the Needles Range at and south of the Garrison-Milford Highway. In 
this vicinity the Needles Range ignimbrites resit on an erosion surface with a 
local relief of as much as 500 feet cut in Paleozoic rocks, or on early Tertiary 
(?) fluvial and lacustrine sediments or older •volcanics which lie in erosional 
and tectonic depressions in that surface. There is in most places no evidence of 
any considerable lapse of time between the deposition of these rocks and the 
spreading of the first ignimhrite of the Needles Range formation—the sub
jacent volcanics are arbitrarily excluded from, the formation on the basis of 
lithology. In most places the Needles Range formation is sharply defined at the 
top by the glassy latitic rocks of the Isom formation. 

Many sections of the Needles Range formation include two, and some sec
tions include three separate ignimbrites. The lower of the two members at the 
|}"pe locality is here designated the Wah Wah Springs tuff, for its occurrence 
just south of Wah Wah Springs, fifteen miles west of the abandoned mining 
'own of Frisco. At this place the unil is 700-800 feet thick and is probably 
substantially complete—it shows a complete gradation upward from a black 

'trophyre at the base to a light gray nonwelded ashy top. The upper member 
at Uie type locality is designated the Minersville luff for its occurrence in the 
• "nersville Canyon of the Beaver River, where it is represented chiefly by 
dark gray to black devitrified tuff several hundred feet thick, underlain by the 

.. ;^ij ^" wah Springs tuff and overlain by the Isom formation. 
£• '€-^--\. Lateral variations of these and other as yet undesignated members of the 
I fc ^<*dles Rane 
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m u n i c a t i o n ) finds that one o r m o r e of t h e s ame uni t s a r e w i d e s p r e a d in eastern 

N e v a d a . T h e no r th - sou th d i m e n s i o n is a b o u t 125 mi les f rom the la t i tude of 

Levan to tha t of C e d a r Ci ty . T h e a r e a l ex ten t is a t least 1 0 , 0 0 0 s q u a r e miles. 

A conserva t ive e s t ima te of a v e r a g e ih ickness of a b o u t 5 0 0 feel m a k e s the 

volume well ove r 1 0 0 0 cub i c mi l e s . 

S l r a t i g r a p h i c p r o b l e m s . — B e c a u s e t h e Need les R a n g e i g n i m b r i t e s a re the 

oldest of t he r eg iona l i g n i m b r i t e shee t s in sou thwes t e rn U t a h , a n d because 

t h e y seem lo b e a p p r o x i m a t e l y c o n t e m p o r a n e o u s wi th t h e first ma jo r break

down of t h e G r e a l Bas in r e l a t i ve l o t l ie H i g h P l a t e a u s , t h e a g e of t he Needles 

R a n g e fo rmat ion is a m a t t e r of spec ia l in te res t . I t is ce r t a in ly Eocene or 

Ol igocene , b u t i l c a n n o t b e d a t e d closely in t h i s l ong s p a n of t i m e on the basis 

of any ev idence now ava i l ab l e to m e . T b e fol lowing d i scuss ion is in t ended , not 

so m u c h to es tab l i sh t he t i m e r a n g e of t h e N e e d l e s R a n g e fo rmat ion , as to 

b r i n g ou t the n a t u r e of c e r t a i n s t r a t i g r a p h i c p r o b l e m s in the G r e a t Basin-

Colorado P l a t e a u t r ans i t i on zone ( see cap t i on lo fig. 3 ) , a n d to ind ica te the 

— ^ j - s c v --ww- -EV- - 1 5 -

WL ISG5 

-s>|»CP-

K r H . . 

I- Fig. 3. Diagrammatic restored section prior to the beginning of eruptive activity. 
The section trends southeastward from the southeastern part of the Wah Wah Range 

lo the Colorado Plateau in the vicinity of Cedar City, Utah. Tlie over-all length is about 
50 miles, hut the seciion is not to scale. WW is in tlie present position of the southeastern 
part of the Wah Wah Range; EV, Escalante Valley; IS, Iron Springs district; CV, Cedar 
Valley; CP, Colorado Plateau. 

The major ihrust which brings Paleozoic rocks over Navajo sandstone in the Wah 
Wah Range has been mapped by G. M. Miller (1958). It corresponds approximately in 
position -mth the so-called Wasaich Line ( W L ) , shown by Eardley (1951, fig. 178, p. 316) 
as the "front of major ihrust sheets" (see also Spieker, 1946, fig. 20). The principal 
Laramide structure in ihe Iron Springs district is the Iron Springs Gap siructure (ISGS), 
a foreland decollement thnist which brings the Jurassic Carmel limestone over the Cre
iaceous Iron Springs sandstone; the zone of gliding is a g>psiferous horizon in the lower 
part of the Carmel (Mackin, 1954). At K-H the K refers to the Laramide Kanarra fold 
(Gregor)- and Williams, 1947) ; the H refers to the late Tertiar)^ Hurricane fault (not 
shown), which follows ihe trend of the Kanarra fold in part of its course. 

The Hurricane fault zone is the western boundary of the Colorado Plateau. The broad 
belt belween it and the southeastem Wah Wah Range has the Mesozoic and early Tertiary 
stratigraphy of the Plateau, and the antithetic block fault siructure of the Great Basin—it 
is referred to in the text as the Great Basin-Colorado Plateau transition zone. The Claron 
sediments were derived chiefly from Laramide ihrust ranges in what is now the Wah Wah 
area, but were furnished in part by ridges formed by the foreland struciures. The Needle* 
Range ignimbrites vsere spread across the upper surface of the drawing while Qaron 
sedime'nlation-^wa5 still in progress in some places. The ignimbrites cannot be shown -vvili-
out drastic modificSTion of the base of the drawing because the eruptions were immediately 
preceded or accompanied by foundering of the western part of the section. 

role of i g n i m b r i l e s in t h e even tua l so lu t ion of t he se p r o b l e m s . T h e discussion 

s t a r t s wi th t h e . sedimentary Cla ron f o r m a t i o n , w h i c h gene ra l l y unde r l i e s the 

Need les R a n g e fo rmat ion in t h e t r ans i t i on zone a n d in t he P l a l e a u . ' , 
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The Oaron forination consists of as much as 1500 feet of fluvial and 
lacustrine sediments, first described by Leith and Harder in the Iron Springs 
dbtrict (1908, p. 4 3 ) . I l is not complete at Mount Claron, but the intended 
rpck conteni is clear from' the Leith and Harder mapping and text treatment. 
In detailed remapping it is possible to carry four lo seven lithologic members 
throughout the district (Mackin, 1954).. These members need no discussion 
here, but are worth mention because at least three of them have exact equiva
lents in the Pink Cliffs at Cedar Breaks, 20 miles to the cast and 5,000 feet 
higher, near the crest of the Markagunt Plaleau. In general, both in the Iron 
Springs district and at Cedar Breaks the formation consists of a lower part 
made up chiefly of freshwater limestone, sandstone, and conglomerate, char
acteristically red in color, and an upper part made up chiefly of sandstone and 
conglomerate, characteristically light gray in color, wilh one or more interbed
ded layers of white limestone. The gray unit is increasingly tuffaceous toward 
the top. Gregory called the Cedar Breaks strata Wasatch or "Pink Cliffs 
Wasatch" and considered them to be Eocene on the basis of fresh-water shell 
raaterial (1949; 1951, p. 50-52). But Claron is preferable to Wasatch as a-
formation name (Spieker, 1946, p. 137-139), and is used hereafter in this 
paper both for the Great Basin and the Plateau occurrences; "red Claron" and 
"gray Claron" are used informally, in much the same sense as Gregory's "red 
Wasatch" and "white Wasatch," for ease in reference lo the lower and upper 
parts of the formation.^ 

In the Iron Springs and Red Hills districts the Claron formation rests, on 
an erosion surface -vv-bich truncates Cretaceous and Jurassic strata locally over
turned in Laramide foreland folds (Mackin, 1954, fig. 4 ; Threet, 1952, p . 76-
79)—the Claron is clearly post-Laramide (see fig. 3 ) . The "red Claron" con
tains no igneous detri tus; shards and other pyroclastic materials first appear 
in the "gray Claron." 

Ignimbrites of the Needles- Range formation rest concordantly on the 
gray Qaron" in an area of many hundreds of square miles in the transition 

zone and the Plateau. In some places, as in the northern part of tbe Iron 
Springs district, there is a lag mantle of quartzite pebbles at the contact and/or 
bentonitic weathering of the tuffaceous Claron sediments just below the con
tact. In the Red Hills and the Bull Valley districts ignimbrites that are quite 
certainly members of the Needles Range formation seem to be interbedded at 
the top of the Claron,. that is, there are Claron-lype sediments above, as well 
as below, the first Needles ignimbrites. And it may be noled that, in some 
places in the transition zone, volcanics similar to those which underlie the 
i^eedles Range formation al its type locality lie between the Claron formation 
and the Needles Range formation. The over-all relationships suggest that the 
explosive eruptions represented by the pre-Needles volcanics and the tuffaceous 
"materials in the upper part of the "gray Claron" culminated in the paroxysmal 
"uees which spread the Needles ignimbrites across a Claron fluvial and lacus-
"ne plain which was in some places still the site of deposition of daron- type 

4,<t '»7^^ ' ' :^^:^^ 
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^ Paper^now in preparation by Threet will explain' why it is not practicable to use 
gorjs "Brian Head formation" in a discussion of the detailed stratigraphy of the vol-

'*"•": rocks of the High Plateaus. 
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sediments. This would imply that if the "gray Claron" is Eocene,'the Needles 
Range formation is also Eocene or earliest Oligocene. 

Where ihe Needles Range formation rests on the Claron formation in the Iron Sprinn 
district il is generally less than 1(X) feel thick, but in the Wah Wah Range and generally 
lo the west, where it lies on a mature erosion surface cut in older rocks, the thickness ji 
1000 lo 1500 feel. Because much of the nonvolcanic sedimenls comprising the Claron wert 
derived from ihe west, il is believed ihat the erosional topography in the Wah Wah a t ^ 
must have stood above llie level of the Qaron depositional plain, and that il subsided io . 
mediately prior to or during ihe spreading of the Needles ignimbriles (fig. 3 ) . 

As shown by Threet's mapping in the Markagunt Plaleau (paper in preparation) 
and reconnaissance by me in tlie Tushar and Paunsaugunt Plateaus, two or more of tlie 
units of the Claron-Needles-Isom-Quichapa sequence are seen in many sections in ihij 
southern part of the High Plateaus. Tliese widespread units are essentially concordant in 
a regional sense, but they are inlercalaled with volcanics of local origin in many places, 
and where the local "volcanic piles" allained considerable heighl, the regiona! units lend 
to wedge out by overlap on their flanks. The slraligraphy is further complicated by ero. 
sional removal and non-deposition of some of the units as a result of local dcfornialion. 
The relationships are particularly complex in the vicinity of centers of eruptive aclivity; 
in the Tushar-Marysvale eruptive area, for example, the Needles Range formalion ii 
equivalent in part of Callaghan's Bullion Canyon group (1939), and the Isom fonnation 
is equivalent in pait lo his Dry Hollow latite. Many unsolved slratigraphic problems need 
no discussion here. The point is simply that what are now the Greal Basin in soulhweslem 
Ulah and the southern High Plateaus were parts of a single fiuvial and lacustrine deposi. 
tional plain during Claron time, and continued through Needles, Isom, and part ol 
Quichapa time to be a single volcanic field consisling chiefly of regional ignimbriles, sur. 
mounted in places by volcanoes and perhaps intrusive dome mounlains. The "breakdown" 
along the Hurricane and related faults which made the transition zone a part of the Great 
Basin in topography and altitude seems to have started during Quichapa time (fig. 3) . 

The youngest Creiaceous sedimentary unil (the Kaiparowits formalion) cut by the 
regional unconformity beneath the Claron is said lo be Laramie in age on the basis of 
invertebrate and plant fossils (Gregory, 1950, p. 55-56). As indicated above, the Leach 
Canyon tuff has been zircon dated al 28 m.y., which tentatively places it close to the 
Oligocene-Miocene line of the lime scale. The order of occurrence of major geologic 
events in southwestern Utah belween these dates is reasonably well known, but the timing 
of the events in this long interval is not at all known. For example, it is established that 
the beginning of igneous activity post-dates the close of Laramide orogenic deformation in 
this area by a period of time long enough for erosional beveling of Laramide structures 
and deposition of 400 to 600 feet of nonvolcanic sediments comprising the "red Qaron." 
The hypothesis for origin of the eruptive magmas to be presented in the sequel to this 
article makes the absolute length of the time interval between the main orogenic event in 
an area and the beginning of volcanism in the same area a matter of special interest, but 
because the "red Claron" is dated loosely only as Eocene, the overlying tuffaceous "gray 
Claron" may range from lower Eocene lo middle or lale Oligocene—that is, the time span 
between the orogeny and the eruptive aclivity may be a few million lo as much as 30 
million years. If the "gray Claron" is Green River (see below), then the question arises aj 
to how the 20 to 30 million years that separate "gray Qaron" time from Leach Canyon 
time should be apportioned within the Needles Range and the Isom formalions, and to the 
"gray Qaron"-Need]es, Needles-Isom, and Isom-Quichapa interformalional contacts. The 
difficulty lies in the fact that ihcse units are regionally concordant. If the lenlative dales 
suggested above are even approximately correct, erosional processes on the volcanic plain 
must have been for most of the lime in a slate of suspended animation which bespeaks a 
low altitude relative lo base level. 

Correlation of the Claron formalion of the Pink Qiffs and soulhweslem Ulah with 
the section in central Ulah, where the detailed history of orogenic and early post-orogenic 
events has been worked out by Spieker and his Ohio Slate group, has long been uncertain 
because the intervening Mar)svale-Tushar volcanic pile makes il impossible to "walk out" 
the sedimentary units. Spieker (1949, p. 35) and others have noled the presence of inter
beds of tuff in the Green River formation of central Utah, and Muessig (1959) has pre
sented evidence indicating that volcanism which started in Green River time culminated 
in the spreading of a thick pyroclaslic unit which is exposed in highway cuts just south 
of Chicken Creek reservoir, eight miles southwest of Levan. This unit is an ignimbrite,-
generally similar in lithology to those of the Needles Range formation. It is overlain con-
cordantly by Muessig's (rolden Ranch formation, consisting of volcanic boulder •co^ 

-lomcrate and luff: 
eruptive center (M 
„f the (kilden Rai 
upper Middle Eoc< 
ihc Tintic eruptive 

Chicken Creel 
ihe area wiihin wh 
^•ilh confidence. If 
River, which is gr 
p,ay be equivalent 
rrcasingly tuffaceo 
,,hic.h is red in col 

This general ' 
straligraphic rclali 
Hum, 1956, p. 18, 
rondilions of sedii 
time in central ar 
of the Needles Ra 

Work by Dor 
of Muessig's area 
seen in the field b 
ably Keedles Rar 
overlies a thick s< 
Gulch formalions, 
ihis reason McGo 
pional ignimbrite 
ihe Green River 
preparation, that 
arc respectively 
Gray Gulch, whi 
view the Needles 

I t is only 

men ta ry a n d ' 

the poss ib le £ 

example , t h e 

Analysis of t l 

llie genera l p 

lion, would n 

the .«cope of ' 

by Sp ieker , 

M-dinienlary 

)«i?l-oro<:eni< 

imcerta in a t 

],L-cr\ workei 

events wi th 

Cross-c 

.earlier, the 

Kiliite" age 

reduced as 

Il is • 

find tha t I 

volcanic p 

Th 
G I 
Ih 
itf 



' 5 S • ' • • * . — • -• •• 

J , . i * ' i * V - > • • ' • . • - . - „ , 
.4 .. f'}. . . . ' y > * " . - * -I . • • ' i 

™ , ' ' * ' • . . ' • , •• " . 

ISJS. — i _ 

, v . ' 

-., . ,»..•.*• ',;'&i'iii;i!'.5»-'v'' v . .• • 

f. J . t 

* K * ..." 
" " 1 ' 

ah wilh 
arogenic 
ncertain 
ilk out" 
jf inier-
las pre-
ninatcd 
it south 
mbriie. 
in con-
;r con-

» 

1 
i 
V 

Tertiary Volcanic Rocks in Soulhwcslern Utah 103 

»I,.mrrale and luffaccous sediments said to have been spread southward from the Tintic 
rniptive center (Muessig, 1951; Morris, 1957, p. 30) . The Sage 'Valley limestone member 
of the Golden Ranch formalion has yielded fossil plants regarded by R. W. Brown as 
opprr Middle Eocene in age (Muessig, 1951). Morris slales that two intrusive bodies of 
ifw! 'Tinlic eruptive center have been zircon dated as 46.5 and 38 m.y. (1957, p. 30 ) . 

Chicken Creek reservoir is several tens of miles beyond the northeastern border of 
the area within which the Needles Range formation is well enough known to be correlated 
«ii(h confidence. If ihe ignimbrite there is a Needles Range member then Muessig's Green 
Ri»er, which is gray in color and increasingly tufl'aceous and bentonitic toward the top, 
ro»y be equivalent in part to the "gray Claron" of southwestern Utah, which is also in-
rrrasinply tuffaceous and bentonitic toward the top. The underlying Flagstaff formation, 
iihiih is red in color and nonvolcanic, may be equivalent to the nonvolcanic "red Claron". 

Tliis general view has been held for some time by Spieker on the basis of regional 
»trali}:raphic relationships and lithologic similarities (1946, p. 136; 1949, p. 32; see also 
llunt. 1956, p. 18, figs. 55 and 56). Il implies that the major change from nonvolcanic 
rondilions of sedimentaiion lo dominantly volcanic conditions occurred at about the same 
limr in central and southwestern Utah, and that the first regional ignimbrite, a member 
of llie Needles Range formation, spread over both areas late in Green River time. 

Work by Donald P. McGookey near Richfield, in central Utah about 50 miles south 
of Muessig's area, indicates a different history. His section includes two volcanic units, 
u-rn in the field by me under his guidance and in company wiih Spieker, which are prob-
ilily Needles Range and Isom members. But McGookey's Needles Range member ( ? ) 
o\rr!ii-s a thick sequence of fluvial and lacustrine sediments, the Crazy Hollow and Gray 
Cutrh formations, which is said to rest unconformably on the Green River formation. For 
iliM ri-.isiiM .McGookey thirjks that the Needles Range member (? ) which is the first re-
..•!'.M.il ipMimbrite.of his area is considerably younger than the ignimbrite which rests on 
ih.r Green River at Chicken Creek reservoir. He suggests further, in a paper now in 
ptrparalion, that the central Utah equivalents of the "red Claron" and the "gray Claron" 
arc respectively the Crazy Hollow, which is dominantly red and nonvolcanic, and the 
• '.ray Gulch.-which is gray and increasingly tuffaceous toward the top. According to this 
>irw the Needles Range forrnati^n is perhaps early Oligocene in age. 

It is only necessa ry to visual ize a r e s t o r e d section i n c l u d i n g t h e sedi 

mentary a n d vo lcan ic uni ts in ques t ion to m a k e c lear how wide ly v a r i e d a r e 

the possible a r r a n g e m e n t s of t ime l ines c o n n e c t i n g the different p l aces , for 

cvample, t h e T i n t i c , Marysva le , a n d s o u t h w e s t e r n U t a h e r u p t i v e c e n t e r s . 

.Analysis of t he conflict ing and inconc lus ive e v i d e n c e known to m e b e a r i n g on 

the genera l p r o b l e m , a n d pa r t i cu l a r ly on t h e a g e of t he Need les R a n g e fo rma

tion, would not b e wor th the space it wou ld o c c u p y a n d it is in a n y case b e y o n d 

the scope of this p a p e r . T h e poin t m a d e h e r e is s imply tha t ( 1 ) as e m p h a s i z e d 

oy Spieker , cor re la t ion of complex ly i n t e r t o n g u i n g fluvial a n d l a c u s t r i n e 

f<"dinientary un i t s of the type t h a t c h a r a c t e r i z e t he la te -orogenic a n d e a r l y 

post-orogenic pe r iod in the Colorado P l a t e a u - G r e a t Bas in t r ans i t i on z o n e i s 

uncertain a t bes t a n d ( 2 ) , when t he r eg iona l s t r a t i g r a p h y of t he vo lcan ics h a s 

" ^ ^ worked out t h e ign imbr i t es will p r o v i d e a m e a n s of c ross -da t ing geo log ic 

«^ents with a p rec i s ion not ob ta inab le b y a n y o t h e r me thod . 

Cross -da t ing es tabl ishes only t he re la t ive o r d e r of events . As i n d i c a t e d 
" r l i e r , the i g n i m b r i l e s conta in e n o u g h r a d i o a c t i v e subs tances t o a l low " a b 
solute age d e t e r m i n a t i o n s wi th in ce r t a in l imi t s of e r r o r , wh ich wil] s u r e l y b e 
rruuced as t he m e t h o d s a r e perfected. 

It is i n t e r e s t i ng , after a r r i v i n g l a b o r i o u s l y a t t h e ideas s ta ted a b o v e , to 
find tha t D u t t o n ' s s tudies in the H i g h P l a t e a u s n o r t h a n d south of t he T u s h a r 
volcanic p i le led h i m t o slate , in 1 8 8 0 : 

These tufas . . . rest everywhere upon beds which are either of Bitter Creek or 
Green River age . . . and must have been deposited before the final dessication of 
ihe Great Eocene lake, which appears to have taken place throughout that part of 
Its expanse now covered by the High Plateaus after the middle and before the 
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close of the local Eocene. Tliey are widely distributed and could not very prob. 
ably be supposed to have accumulated in local temporary lakelets. Thus, then, thj 
opening of the eruptive activity goes back into Eocene time (1880, p. 57). 

In most places Dutton's " tufas" are ignimbrites or water-laid ash deposits be
longing to the Needles Range formation. 

Those interested in historical aspects of the ignimbrite concept will find 
delightful reading in Dutton's troubled discussion of the origin of the Needles 
rocks. He points out first that they could not be ordinary airfall pyroclastics 
because the trajectories required to explain the distance of movement of the 
fragments would be fantastic. More or less by default, he regards them as 
having been derived from erosion of older volcanics. Some well-bedded de
posils in the East Fork Canyon in the Sevier Plaleau are in fact stream-laid— 
Dutton's difficulty was with the manner of origin of inlercalaled units more 
than 100 feel thick which show no bedding or sorting. He remarks again and 
again the lava-like hardness of these rocks (see, for example, 1880, p. 56, 79, 
244-245), and their close resemblance lo lavas even under the microscope 
(p. 8 0 ) . The hardness is credited to metamorphism (p. 245) . But it is noted 
on the next page that they are underlain by sedimentary rocks which show 
"no trace of alteration." The conclusion is that the "tufas" must have been 
especially susceptible lo metamorphism, of a-type of which little is known (p. 
247-248)'-. 

Summary.—The silicic volcanic rocks of the Great Basin are predominant-' 
ly ignimbriles rather than lava flows. Some of the individual ignimbriles are 
many thousands of square miles in areal extent. They are very nearly ideal 
stratigraphic units in that (1) each was formed everywhere at the same instant 
of geologic time, (2) their upper surfaces were essentially flat when formed, 
and (3) they exhibit a wide variety of distinctive physical properties useful in 
correlation. 

. The eruptive activity began in southwestern Utah after the close of the 
Laramide orogeny, being separated from it by a period of time sufficient for 
(1) erosional beveling of orogenic structures developed in late Cretaceous 
rocks, and (2) deposition of fluvial and lacustrine sediments cromprising the 
lower part of the Claron formalion. A'olcanism started late in Claron time. The 
same ignimbriles which overlie the Claron cxmformably in the Colorado 
Plateau are widespread in the Great Basin, where they rest directly on an ero
sion surface of considerable local relief cut chiefly in Paleozoic rocks. The 
Qaron and the associated ignimbriles are considered lo be post-orogenic 
rather than lale orogenic because the deformation siructures seen in these rocks 
are differient in kind from those ihat characterize the orogeny. 

The volcanic section in southwestern Utah consists of (1) a Needles-Isora 
sequence, perhaps Eocene or early Oligocene in age, (2) a Quicbapa-Page 
Ranch sequence, of perhaps Oligo-Miocene age, and (3) an unnamed sequence 
of late Tertiary rhyolite flows and pyroclaslic units. Correlation with other 
parts of the Greal Basin and the Colorado Plaleau is as yet lincertain, but 
enough is known to make it evident that it will be possible to establish an ig
nimbrite slraligraphy for tbe Tertiary on a regional scale. 

Questions that will b& automatically resolved by tbe regional slratigraphic 
approach are (1) location of vent areas and (2) whether episodes of eruptive 
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activity in the various parts of the Great Basin were contemporaneous, or were 
otherwise systematically or randomly placed in time. The ignimbrite stratigra
phy will provide a much-needed basis for working out the post-orogenic de
formational history of the Great Basin, to be considered in the next section. 
Finally, a well-established regional stratigraphy is a prerequisite for obtaining 
data on lateral and vertical variations in thickness, degree of welding, sizes of 
crystals and clasts, and other original features of ignimbriles, that are essential 
to any understanding of the origin of tliese extraordinary volcanic units. 

THE BASIN-RANCE PROBLEM 

The physiographic approach.—The history of thought regarding tbe origin 
of basin-range topography has been summarized by Davis (1903, 1905) , 
Gilbert (1928) , and most comprehensively, with respect to its slrat igraphic 
and structural aspects, by Nolan (1943) ; tbe high points that are significant 
for present purposes can be stated very briefly: 

King stated (1870) that the present topography was formed by erosion of 
highlands produced initially by the deformation recorded by structures of the 
pre-Tertiary rocks comprising the ranges. This view is representative of the 
h.ihils of thought current at that time, as exemplified by the theory held by 
:lie Rogers brothers and Lesley for the origin of the Appalachian Mountains. 
The deformational history of an area was interpreted solely on the basis of the 
."Iructures of the rocks—landforms entered into the thinking,only as indicating 
the recency or antiquity of the orogeny. : 

Gilbert (1874, 1875) saw a difference in kind between the narrow, .V-
'haped erosional valleys that dissect the ranges and the broad alluvium-floored 
basins that lie between them. He noled, moreover, that the trend of the ranges 
commonly differs from the trend of their internal structures, and that at many 
range fronts the structures are truncated by straight baselines not adequately 
explained by erosion alone. He concluded from these and other physiographic 
relationships that the ranges must correspond with blocks raised relative to the 
adjoining basin blocks by movement on range-front faults. Powell (1877) , and 
at about the same time King (1878) , recognized the possibility of two distinct
ly different types of crustal movements in tbe Greal Basin, and Powell espe
cially made tbe point that the folds and otber strongly compressional structures 
Within the ranges pre-date and must have been deeply eroded prior to the block 
faulting. Dutton (1880, p. 48) stated this view succinctly: 

These flexures are not, so far as can be discerned, associated with the building of 
the existing mountains in such a manner as to justify the inference that the flex
ing and the rearing of the ranges are correlatively associated. On the contrary, 
the flexures are in the main older than the mountains, and ihe mountains were 
blocked, out by faults from a platform which had been plicated long before, and 
after the inequalities due to such pre-existing flexures had been nearly obliterated 
by erosion. 

In opposition to these views, Spurr (1901) pointed out (1) that many 
"'gh-angle faults within the ranges have no topographic expression, and (2) 
"lat there are no faults at many range fronts, where the alluvial dejxisits of the 
^alleys overlap on the range-forming rocks. He made il clear that he depended 
°n the solid geology that could be seen in a ledge and beaten with a hammer . 

7&w^m 
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not on landforms; on this basis he insisted that ihe existing topography could 
be accounted for by erosion of folds, without benefit of later block faulting. 

In reply to Spurr, Davis (1903, 1905) defended the Gilbert concept and 
developed tlie physiographic criteria for block faulting in the form now found 
in most geologic textbooks. Wilh his usual perception for essentials he outlined 
the geologic history of the Great Basin in terms of (a) growth of an ancestral 
range of King Mountains during the Laramide orogeny, (b) reduction of these 
mounlains to the Poivell Plain in early Tertiary lime, and (c) subsequent 
formation of the Gilbert Ranges by block faulting (Davis, 1930) . 

If to the many oversimplifications of the last two paragraphs one more is 
added lo the effect that block faulting began or occurred chiefly in late Ceno
zoic time, then we have the version of the basin-range theory expressed by the 
familiar Davis diagram showing a tilled block consisling of folded strata, 
bounded on one or both sides by faults, in process of burial by upbuilding 
basin fills of its own detritus. This picture may be thought of as representing 
the general consensus at the end of the heroic period—the Gilbert-Powell-Dutlon 
period—of development of the basin-range concept. It is difficult, looking back 
over the years, to grasp fully the impact of the new, much needed, and ob
viously good idea which was the crux of that, concept, i.e., that the origin ofa 
range as a topographic feature may be an entirely different matter'from the 
origin of its inlern£j structures. 

The development of the concept in this century is marked by an increasing 
aw^areness that the first-cycle block-fault range is only one of a variety of range 
types that occur in the Greal Basin. Marked contrast in the stages of erosional 
development of different ranges was recognized early by Davis (1905, see also 
1925) as indicating differences in the date of faulting from place to place. The 
graded slopes extending basinward from many ranges were definitely identified 
as pediments rather than alluvial fans; that is, as erosion surfaces cut in the 
range-forming rock or in Tertiary fluvial and lacustrine deposits which ac
cumulated under topographic conditions wholly different from those of the 
present. Blackwelder (1928) led the way in constructive criticism of the one-
cycle version of the concept, emphasizing the need for discriminating between 
fault scarps and fault-line scarps w'hich, while superficially similar to each 
other in form, are. wholly different in geologic meaning. Represeniative of the 
attainment of maturity in our understanding of the significance of landforms 
with regard to the Tertiary deformational history are Nolan's review of the 
literature (1943) and many recent papers dealing, with individual ranges (for 
ex-ample. Sharp, 1939) . 

The structural approach.—The physiographic criteria for block faulting 
apply lo best advantage in ranges in an early stage of erosional development— 
the morphologic features indicative of faulting are quickly blurred and mav 
be losl altogether in ranges that have advanced beyond early maturity. Thi? 
means that, insofar as topographic form is concerned, the more deeply eroded 
ranges might as well be Tertiary anticlines as Tertiary fault blocks. It means, 
also, if commonly held rates of erosion are accepted as true, that there can l>e 
no topographic evidence of early Tertiary deformation—perhaps this point lie; 
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S. behind the idea that Great Basin block faulting occurred chiefly during the late 
% Tertiary. 
'$.: Even in those ranges where it is well preserved, the "pre-faulting" erosion 
% surface can be used for measurement of block'tilting and fault displacement 
Ŝ  only in very general terms because it was in most places a surface of consider-
W able local relief (see, for example, Eardley, 1933). And there is always a ques-
fe' lion as to whether the "pre-faulting" surface is a "Powell Surface" in the 
^ '• jense of Davis' meaning, that is, an erosion surface which pre-dates the be-
W. ginning of block faulting, or whether it may have been developed during a 
'C. period of relative crustal quiet between two episodes of block faulting. The 
i 7 ' dilTiculty in dealing with the deformational and erosional liistory of a Great 
ii Basin range in quantitative terms on the basis of a restoration of the "pre-
S-7 faulting" erosion surface is brought out clearly by Gilluly's sensitive handling 
I? of the problem in the Oquirrh Range (1928, p. 120-122). 
•̂ '.~ Structural and stratigraphic evidences of block faulting which are at least 
'E' in principle free from these limitations were described by Russell (1884) in 
•t"" southern Oregon, where Steens Mountain and other ranges consist mainly of 

mid-Tertiary basalt. The ranges are sharply asymmetric in form. The gentle 
"back-slopes" correspond approximately wilh the homoclinal dip of the basalt, 

•i and the scarp slopes in many places show complex structures, generally credited 
i ' to step faulting, drag effects, or superficial slides. There has been question as 
Si-, to whelher the main faulting is reverse or normal (Smith, 1927; Fuller and 
* ' VTaters, 1929) and there is a possibilily that some of the ranges are asymmetric 
;f-;- anticlines (personal communication, Harry Wheeler) . Definite answers await 
-1: detailed mapping based on unit by unil stratigraphy of the volcanics. 
>*! figure 4, a section of Umlanum Ridge in Central Washington, brings out 
i- p<'int that asymmetry of form coupled with homoclinal structure in a ridge 

.̂ . .| formed by uplift does not necessarily mean that the ridge is a fault block. The 
i|_.. ilruclure o{ the north side of Umtanum Ridge is e.iicellently exposed where the 
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Fig. 4. Diagrammatic structure section of Umtanum Ridge. 
\ ' 3 : - ton -n.^ section is located just west of the Columbia River near Priest Rapids, Washing 
'•-•'^7 h , , | .**̂  ^^^ P*" '̂ °^ ' ' " ' Yakima Basalt, of late Miocene age. The section include 
7r7-r Bj^** i'/^'^Sr^phic units that are rapidly mappable throughout this part of the Columbia 

n. Itie unit shown in solid black below the surface and restored by dotted lines above 
fa?:, U m ^ f* '? .̂ '"''lespread porphyritic flow, distinguished in the drawing to bring out the 

'iW: • s»d' • .^''°"5hips. The dash-dot line indicates the approximate level and form of a 
I'ffs EanL"u''I '* bevels the steep limb of the fold in places remote from the main drainage 
sIs'K'. »^re. the pediment is covered by alluvium, the ridge simulates a tilted fault block. 
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Columbia River cuts across it diagonally. The flows and inierbeds shown are 
good cartographic units (Mackin, 1955) . The siructure is a fold, overturned 
and overthrust to the north. Where this and other similar struciures in Centra! 
Washington are remote from main streams tlie shattered basalt of the sleep 
limb is commonly truncated by a pediment (Waters, 1955, p. 676-679) and 
tbe topographic high is on the gently dipping limb as much as a mile from the 
surface trace of the axial plane of the fold. The nature of the siructure is ap
parent in most places because the pediments are in various stages of dissection, 
bu t*^ the lowlands were completely veneered by alluvium, the topographic 
from and homoclinal structure of tbe ridge might well be taken lo mean that 
il is a tilted fault block. The Columbia Basin is, of course, an altogether dif
ferent structural province from this Great Basin, but an image of Umtanum 
Ridge, as it would appear if the drainage happened to be internal, is a salutary 
item in the mental equipment of anyone dealing wilh the basin-range problem 
in the Great Basin. 

Louderback (1904, 1923) is properly credited wilh bringing structural evi
dence afforded by Tertiary rocks, chiefly volcanics, lo bear on the origin of 
typical Great Basin ranges in" northwestern Nevada.-"Davis . (-1930, p . 299) 
made "louderback" a specific name for an erosion remnant of a lava flow on 
the back slope of a tilted fault block consisting primarily of complexly-
structured pre-Tertiary rocks. The advantage of the tilled flow (the structural 
approach) relative to the tilled erosion surface (the physiographic approach) 
lies in the fact that il is planar—if the "louderback" flow is exposed al a low 
altitude adjacent to the range front it provides a means, not only of proving 
the general nature of the deformation, but of measuring it very closely (fig. 
6 ) . Moreover remnants of the flow may remain as structural evidence of block 
faulting long after the range has been beveled by erosion. The particular points 
made here; are (1) that ignimbrites are available throughout much of the 
Great Basin to serve in the role of louderbacks. and (2) that they are wide
spread sheets susceptible to the regional stratigraphic approach. 

llluslralions oj basin-range structure.—Figure 5A is a diagrammatic sec
tion across several ranges in soulhweslem Utah, not along any straight line, but 
offset lo transect the ranges where the structural relationships of the volcanic 
rocks are most clearly seen. The approximate latitude of the section was de
termined by the fact that the volcanics thicken markedly southward in each of 
the ranges until the pre-Tertiary rocks are lost to sight, and thin northward 
until erosion remnants of this sequence of volcanics are so scattered that they 
do not provide a structural picture. The relationships shown in the section are 
based on straligraphic reconnaissance in which the principal concern was with 
measurement of sections rather than with areal or structural geology as such. 
Much remains to be learned about tbe structure, and the stratigraphy as well, 
but the essential relationships in figure 5 are well established. 

The first of these is that the Needles Range formation was originally con
tinuous throughout the area of the seciion. This conclusion is based on the fact 
that the two principal members of the formalion (the Wah Wah Springs tuff 
and tbe Minersville luff), and certain members of the overlying Isom forma
tion, are definitely correlatable from range to range. Residual peaks of older 
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Fig. 5. Diagrammatic structure sections in southwestern Ulah. 
Seciion A extends southeastward Irom Garrison near the Nevada line to Beaver, Ulah, 

and llienre eastward into the (Colorado Plateau. Tlie Tertiary volcanic rocks, shown in 
I'lliil Ivlack, rest mainly on Paleozoic rocks in the western half of the section, and mainly 
on ihe Claron formalion in the eastern half (see fig. 3). In the Needles and Wah Wall 
ranges ihe Needles Range formation is 0-500 feet thick and makes up most of the volcanic 
n-ijupnce. It thickens eastward to 1000-1500 feet in the Tushar Plateau, but the marked 
incriase in thickness shown diagramatically iri the section is due chiefly to the fact that, 
in the Tushar area, it is overlain by thick Isom units and by several thousand feet of posl-
Isom Rows and pyroclastics. The east-dipping homoclinal structure that characterizes the 
volcanic rocks in the Needles, Wah Wah, San Francisco, and Mineral ranges is greatly 
dijiorled in parts of the San Francisco and Mineral ranges by Tertiary intrusions; the 
inlrusions, and their structural effects, are not shown. Faulting began in Needles time or 
'srlier, but most of the fauUing that conlrols the lopography is middle or late Tertiary. 

Section B passes east-west through the southem part of the Mineral Range, three to 
fije miles south of the Beaver River. The sequence consists of Needles, Isom, and lower 
Quichapa ignimbrites, interbedded with lava flows and lahars from the Tushar eruptive 
'rnter. The unit shown in solid black is a member of the Isom formation. 

rock may have protruded through the volcanics, and there is reason to believe 
"lat block faulting was in progress in some places during Needles time, but the 
similarity in the volcanic sequence from range to range indicates that the 
•'Cfdles nuees ardentes swept across the entire span of the section. 

The interpretation shown in the section, which makes each range a tilted 
•ault block bounded by normal faults, is the traditional basin-range theory, 
••'early exemplified by Butler's sections of the San Francisco Mountains and tlie 
adjoining ranges (1913; 1920, figs. 2 and 5 3 ) . It could be argued, because 
"ot a single range-front fault is exposed, that tbe faults might just as well be 
•Averse as normal, or for^that matter, that the Tertiary structure might be 

"•awn as a series of asymmetric folds of the Umtanum Ridge type, with the 
* ^ p western limbs of the anticlines nowhere exposed. 

Ih 
i erhaps the most direct objection to the fold hypothesis is simply that, if 

^fe were in fact weslern limbs consisting of volcanic rocks, these should be 
"posed somewhere, in so many ranges, at, or north or south of, the line of 

•ion. Circumstantial evidence bearing on the question is as follows: 
Section B in figure 5 is an east-west section through the South Mineral 

^ S e (the Mineral Range south of the Beaver River ) . The volcanic strata dip 
'^ard in a belt four to six miles wide. If the faults were not recognized, the 

*** '̂ion could be taken to mean a thickness of the order of 10,000 feet. Actually 
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il includes distinctive units that are repealed as many as five times—the thick
ness is less than 2,000 feel. The faults brancli and rejoin, so that their number, 
and the slraligraphy of the fault blocks, varies considerably along the strike. 
This pattern relationship, the stratigraphy of the volcanic rocks, and the fact 
that there are generally no reversals in dip in these rocks, prove that the slruc-
lure wiihin this range cannot be a system of asymmetric folds. Gilbert's con
clusion, based primarily on morphology, ihal hasin-range deformation was by 
fault displacement of "comparatively rigid bodies of strata" (1874, p. 48) is 
borne out by the fact that the characteristic structure in the Tertiary volcanic 
rocks, whatever the scale, is ihe homocline—the lilted slab bounded by faults. 

The dip of only a small percentage of the faults in the South Minera] 
Range is ascertainable. Of these, mosl are high angle normal and a few are 
high angle reverse. If siructures due to intrusion and other non-tectonic causes 
are for the moment left out of account, normal faulting is the rule and reverse 
faulting the exception in the Tertiary volcanic rocks within the ranges in 
southwestern Utah. Gilbert's generalization that range-front faults probably 
have the same geometry as faults within the ranges, and are therefore probably 
normal holds true for the few range front faults in southwestern Ulah for 
which attitudes have been determined, and for other places in the Great Basin 
where special attention has been directed to this problem (see, for example, 
Gilluly, 1928, p. 1113-1116). 

If one word expresses the habit of basin-range faulting more completely 
than any other, it is "antithetic," in the sense that, regardless of the direction 
of the dip of the faults, their throws lend lo be opposite to, and lo counteract 
the effect of, the dip of the faulted strata (fig. 5 ) . Perhaps the best way lo grasp 
how firmly fixed is this habit is the hard way, by being repeatedly rebuffed 
by repetition of the same units, again and again, in measurement of a great 
many sections of homoclinally dipping volcanics; antithetic faulting is so com
mon that in measuring sections it should be assumed to be present unless 
proven to be absent. The ranges themselves tend lo form antithetic groups; 
that is, the direction of till is commonly not reversed from range lo range, but 
tends to remain the same for a small number of ranges, and then to be in the 
opposite direction for the next small number. This relationship is seen in nearly 
every traverse across the range trends. Any theory of origin of basin-range 
structure must take it into account. 

A generalized east-west section from the Toquima Range in central 
Nevada to the House Range in Utah, in a paper by John Osmond (in press) 
came lo my attention after this article was substantially completed. Osmond's 
section is similar lo those in figure 5 in that the direction of lilt of each of the 
thirteen ranges shown in il is indicated diagrammatically by a thick black dash 
representing a sheet of "early Ter t iary" volcanic rock; it differs in that the 
direction of tilt is more frequently reversed. The tilt directions can be expressed 
by a formula in which E and W, meaning eastward and westward, are coupled 
with integers for the number of ranges inclined in each direction. For Osmond's 
seciion this is, from west lo east: 2W, 3E, 2W, IE , 2E, IW, IE. 

There is, of course, no a pr ior i reason why some of the ranges of the 
Great Basin should not be Tertiary anticlinal folds rather than fault blocks. 
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The chief asson for thinking that none were formed by folding is simply that 
no unequi^^"cases have been described. Unequivocal means after elimination 
of (I) d r^Slds and other structures formed by draping of Tertiary strata 
over fault & & , (2) local folding due to jamming belween blocks, and (3) 
anliin" anSsmpressional folding around intrusions, and other pseudotectonic 
effects to besuasidered later. 

It "oes'sthout saying that Tertiary strata are needed to demonstrate a 
Tertiary foHlhe fact that a range corresponds with an anticlinal structure in 
Paleozoic r^. icannot be taken as proof that.tbe range as a topographic fea
ture is a TsSry anticline unless it can be demonstrated that the Paleozoic 
.itrala remai^'flat until folded during the Tertiary. If the anticlinal structure 
is defined ^^Ethrust plane it must be demonstrated, in addition (1) that the 
ihrust was ssEly flat when it was formed, and (2) that it was not folded dur
ing the waiiastages of the orogeny in which it was formed or during subse-
que-nt perioifei, pre-Tertiary compressive deformation. In attempting to show 
thai the ranssrof the Great Basin were formed by erosion (not by faulting), 
.'̂ jMirr (1901gs,219-240) proved that the structure of the pre-Tertiary rocks 
ii.i' IKJ (lireGSearing on the origin of the ranges by simply pointing out that 
the niimberiffiranges showingJaiTliclinal structure in 'pre-Tert iary rocks is 
npialed or essded by j h e number in'which the structure is synclinal. What is 
more compelfe, most ranges are neither anticlinal nor synclinal but, to the 
evlcnt that I^Gonsist__of.folded strata, are both from place to place because 
the trend ofi&fbid axes is diagonallcTtHe trend of the ranges. Finally, and 
most compel^gis the line of evidence mentioned earlier; namely, that Ter
tiary volcanicEScks, characterized by simple homoclinal structure, commonly 
rest on an umnformity which bevels the edges of compressional structures 
developed in.&:pre-Tertiary rocks. Some o l the ranges in Osmond's section 
bring out t h ^ e i n t very clear]y% and the list of examples could be greatly 
extended if daKEwere any point in so doing. The most recently described and 
most strikingi^tmple known to me is the case of the Stansbury Mountains in 
t l ah ; the sts^are of the pre-Tertiary rocks is anticlinal, but the range is 
shown by R i^ r (1958) fo be a Tertiary fault block on the basis of physio
graphic relatiaiijis and the structure of scattered erosion remnants of Ter
tiary volcanics. 

Spurr cnSfcthe homoclinal structure of Tertiary rocks to folding unless 
there is concfjsB; evidence that it was formed by faulting. It is of course true 
that, if the inCasning basin floor is c-oncealed by alluvium, adjacent ranges in 
^'hich TertiarjsHcks dip in opposite directions can be interpreted either as 
hfnbs of a sir^fold, or as a pair of oppositely tilted fault blocks, provided 
(a) that attei&atis limited lo a single cross-section, not to the arrangement 
°f the ranges. i^an and (b) thai this cross-section is viewed out of the con-
^^t oj its r e ^ ^ ' setting. 

Opposed S r i n adjacent ridges in the Pennsylvania .Appalachians can 
^ confidently Mirpreted as limbs of a fold even though the structure of the 
'nterveiiing va%fe concealed, because (1) the axial parts of the many folds 
are excellently-^ised throughout the Pennsylvania Ridge and Valley prov
ince; (2) the tsEsidges and the valley in question are elements of a systematic 
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map pattern that is uniquely associated with plunging folds; and (3) drag 
folds, fracture cleavage, and other internal structures in both ridges indicate 
strain relationships known to he characteristic of the limbs of folds. But in the 
Great Basin all three lines of evidence indicate that block faulting, not folding, 
was the general habit of deformation during the Tertiary. 

This is noi lo say that there was no folding anywhere, nor at any time. It 
means, rather, tliat evidence of folding merits special attention; a question 
certain to be encountered very early in any inquiry into the origin of basin-
range structure is vs'hether the kind of stress condition manifested by dip-slip 
movements on faults inclined 60° to 70° , which 'was surely the "normal" stress 
condition in the Great Basin, was reversed by one or more episodes of apparent 
crustal shortening during the Tertiary. But it means also that the "burden of 
p r o o f is on Tertiary folding as an interpretation of geologic elements that are 
equally well explained by Tertiary block faulting and/or pre-Tertiary folding 
—something more than opposed dips is needed to prove a Tertiary fold in the 
Great Basin. 

Siructure and topographic.forrn.-^FiguTe 6 serves as a basis for discussion 
of the timing of basin-range mojv'ements in southwestern Utah. The volcanic 
unil shown in solid black in diagram A is supposed to have been'spread over. 

Fig. 6. Relationships between structure and topographic form. 

the area just prior to the block faulting. The basins are occupied by playa 
lakes and are in process of filling by detritus washed in from first-cycle ranges. 
That the ranges are tilted fault blocks would be suspected on the basis of topo
graphic form alone even if there were no volcanic rocks, but as indicated earlier 
tbe presence of the volcanics, and especially the knowledge that the several 
occurrences are parts of an originally continuous sheet, make it possible to 
work out the erosional and deformational histories in a degree of refinement 
that could not otherwise be attained. 

The dashed line indicates a later stage of erosional development, pro
duced -with respect to baselevel at some remote place, such as a lower playa or 
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the sea. The basin floors are pediments cut in the earlier fill, and the range 
front in the center of the drawing is a resurrected fault scarp. The dotted line 
indicates a still later erosional stage, wilh the ranges reduced to low relief. In 
the stages represented by the dashed and dotted lines the principal, and per
haps the only evidence of the episode of block faulting is the structure of the 
volcanic rocks. 

Diagram B is similar to A except that the volcanic unit is overlain by a 
thick sequence of weak sediments deposited prior to the faulting. All the pro
files, solid, dashed, and dotted, are entirely erosional. There are probably no 
simple, large-scale examples of this case as such, but tilted sedimentary se
quences deposited under conditions wholly different from those of the present 
time are common in some parts of the Great Basin. 

A common variant of these histories is the spreading of a younger se
quence of volcanics across the erosion surface in any erosional stage in either 
diagram foflowed by a second episode of block faulting, on the same faults or 
new ones, and with the same or the opposite direction of block tilting. 

The precipitous Hurricane scarp in the latitude of Kanarraville, Utah 
(Gardner, 1941), is analogous to the fault scarp in figure 6. The fact that the 
Eocene ( ? ) Claron formation and the Oligocene ( ? ) Leach Canyon-tuff are 
substantially conformable in the Plateau and the Great Basin -indicates that 
probably no major movement on the Hurricane fault occurred during the early 
Tertiary. Movement started during the mid-Tertiary and continues to the 
present. The same conclusion applies to many other scarps in the Great Basin. 

At the other extreme are extensive areas where there is basin-range struc
ture but no basin-range topography. In the East Burbank Hills, for example, 
wide-spaced erosion remnants of the Needles Range formation represent the 
deeply inset edges of tilted fault blocks, preserved in what is now a late mature 
landscape (fig. 5A) . The relationships are analogous to those shown by dashed 
and dotted lines in figure 6. The faulting is certainly much older than that in 
the Hurricane zone—the advanced erosional stage suggests that it probably 
occurred during the early Tertiary, with little or no reactivation during the lale 
Tertiary. And the subdued erosional topography of the East Burbank Hills, 
^^hich passes beneath the surrounding alluvium with a contact that is irregular 
in plan and generally shows no break in slope, is overlooked on the west by 
the rugged and straight-based front of the Snake Range, credited by Drewes 
' i9o8, p. 237-238) to normal faulting of as much as 7,000 feet during middle 
and late Tertiary time. 

Two or more episodes of normal faulting are demonstrated by structure, 
stratigraphy, and relationships of the faults to intrusions and metallization in 
"lany places in the Great Basin (see, for example,' Ferguson, 1924; Hewett, 
'931; Gianella, 1936). 

Finally, some areas, for example, the greater part of the Iron Springs dis-
i c t show little or no evidence of block faulting even though there are volcanic 

^'^ks of several ages to record such movements. 

Ihe fact that Great Basin block faulting may have no topographic expres-
'°n raises a question as to whether "basin-range structure" should be re-
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stricted lo what seems to have been ils original meaning, i.e., the block fault 
structure that produced the present ranges, ' or whelher it should be explicitly 
broadened to conform with what it means to most people working in the Great 
Basin, i.e., Cenozoic block faulting without regard for the relationship of the 
faulting to topographic form. It is used in the latter sense throughout this 
paper. 

Swm.m.ory.—Gilbert and his colleagues concluded on physiographic 
grounds that the relief features formed by orogenic deformation in what is 
now the Great Basin area were reduced by erosion to a surface of moderate 
relief, and that the present Basin ranges were formed by block faulting. This 
fundamental distinction between orogenic and post-orogenic stages of deforma
tion was established early in the investigation of the geology of the Colorado 
Plateau, where the early Tertiary Claron is clearly unconformable across the 
^reat east-throwing Laramide monoclines but is displaced by the west-throwing 
Terliary faults. In the Plateau-Great Basin transition zone in southwestern 

'Utah the Qaron lies on an erosion surface which bevels foreland folds and 
thrusts developed in lale Cretaceous and older rocks, and is itself involved in 
typical Great Basin antithetic block fauhing.Tn the Great Basin to'the west; the 
^laron is not present as a continuous sedimentary deposit, but'ibe'igriimbrites 
which are conformable with if in the Plateau and tlie transition zone serve the 
same critical role, namely, as stratigraphic units that were spread as flat sheets 
across the stumps of the orogenic structures, and therefore provide a record of 
post-orogenic deformation. The ignimbrites confirm the Gilbert-Davis view that 
the Basin ranges were formed by block faulting. 

More specifically, the ignimbrites permit a working out of the geometry of 
the Great Basin block-fault type of deformation with a precision that would 
not otherwise be possible. And because they range in age ihroughoul much of 
the Tertiary and are virtually ideal time-slraligraphic units, they provide a key 
(a) to such problems as whether the block faulting bas been episodic in a 
regional sense or random in distribution in space and time, (b) to the relation-
ship of the block faulting to eruptive activity, and (c) to many other elements 
of the geologic history that are essential to any uriderstanding of the mechanism 
of deformation. ~^ 

INTRUSIONS AS "STRUCTURE-MAKERS" 

Antithetic faulting associated wilh inlrusions of low structural relief.— 
The topography and exposed geology in figure 7, if encountered in the field in 
the Great Basin—without benefit of the subsurface relationships shown in the 
section—might well be taken to mean that the alluvium-floored basin is under-
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* It is interesting to note that "basin-range" was not, to Gilbert, a contraction of ranges and 
the intervening alluviated basins, but a designation of a member of the syslem of the 
Ranges of the (Great) Basin. Basin-range structure is the fault block structure believed 
by Gilbert to be characleristic of the Great 'Basin. He stales (1928, p. 1) : 

--̂ If with the advance of knowledge geologists shall conclude the fault block slnir-i Ĵ 
ture is not the dominant structure of the Basin Range, the term Basin Ranftfron Springs district. 
structure can no longer be used in ils original sense and may properly be 
abandoned. 

For use as an adjective it is preferable to reduce the capital letter to lower case, and 
il makes for clarity if the words are hyphenated, i.e., basin-range lopography. 
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Iain by a down^faulted block consisling of the same volcanic rock units which 
form the ranges on either side. The fact that the volcanic rocks stand highest 
along the borders of the basin, and dip away from it, might be construed as 
evidence that the faulting is of the ramp type—that is, that tbe major faults Tre 
thrusts which curve back under the ranges (Willis, 1928, p. 510 537) The 
minor normal faults e.xposed along the scarps would then be regirded as super 
ficial slips. But if the same relationships were viewed through glasses of a 
different color, the normal faults might be seen as the principa] structural ele 
ments or symptomatic of them, and the ranges might appear as tilted blocks in 
a setting of regional "tension." 

How little the topography and exposed geology justify either of these 
views can be brought out by considering some elementary physiographic rea 
soning, and by additional items of information as to tbe subsurface geology of 
the basin floor. 

If throughout its course each of the paired scarps corresponds with a rc 
sislant-over-weak-rock relationship, and if the^ graded slopes are everywhere 
.illiivium-veneered pediments rather than aggradational surfaces, then the lopog 
raphy is fully accounted for by differential erosion and cannot be con idcrcd 
evidence of block faulting. The point is worth making because thi«; topographic 
relationship—the broad, flattish-floored basin flanked by rugged ranges with 
straight base lines—lends to be associated with basin-range structure even 
though both Gilbert and Davis were careful lo point out that the physiographic 
criteria for block faulting do not apply to the case shown in figure 7 But the 
association is so strong that the step faults along the range-fronts tend to clinch 
the ca.=e for block faulting. 

It would take only a few strategically locaied exposures, revealing that the 
sub-alluvium floor across the entire 'width of the basin consists of the weak 
sedimentary rock which underlies the scarp-forming strata, to eliminate block 
faulting as an essential element in the geologic history. These e.xpo ures would 
indicate that the structure is an arch, deroofed by erosion, with inversion of 
relief because the axial area at this leve:l is composed of weak rock 

Depending on the color of the glasses through which the arch is viewed, 
it may be seen as a compressional anticline, proof positive of crustal shortening 
-subsequent lo the spreading of the Tertiary volcanics. It might seem that the 
normal faults in both limbs would give pause to this view. But if the coloring 
of the glasses is deep enough the faults are seen, not as anomalous structures, 
but as evidence of a period of relaxation after the period of compression, or as 
evidence that there have been periods of crustal shortening and lengthening 
from time to time during the Tertiary. 

Because he can look deeper than the floor of tbe basin, the reader has been 
aware all along that the structure in figure 7 is an intrusive arch. The model 
•or the drawing is the Neck of the Desert, an alluvium-floored lowland in the 
'ron Springs district. The lowland and the bordering ranges are superficially 
similar to basin-range topography, but the scarps are actually cuesta faces, 
*ept sleep and straight by sapping—^ihey are clearly in Dutton's department, 
rather than Gilbert's. The presence of a concordant intrusion at depth is proved 
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Fig. 7. Diagrammatic section across "The Neck of the Desert," Iron Springs district, UuV' 
The vertical scale is exaggerated—the valley floor is four to six miles wide and tW 

lotal relief is only about IOOO feet. The fact that the graded slopes at the base of lU 
scarps are pediments, rather llian the surfaces of thick alluvial fills occupying a grab,* 
indicates that the step faults in the vicinity of the scarps could not have been form^Vi 
"gravity sliding" from faces oversteepened by rapid uplifting movements on major'f«u2 
which are now concealed. The possibility that some of the tilted blocks at the base of iV 
scarps may be Toreva-type blocks, slumped from faces oversteepened by sapping, caimsi 
be eliminated by field evidence in every instance. But the fact that the same typej ej 
antithetic faults occur in many places remote from scarps indicates that this i)-pe |J 
"lengthening fault" is indigenous in the stretched roofs of intrusions of low structunl 
relief. 

by drilling for iron ore which occurs as replacement pods al the intrusive coo. 
tact. -.- - . . . . . 

This type of Structure—^the intrusive arch or dome—^is seen in soulhwcsJ-
ern Utah in every stage of erosional development from ( l ) " t h e unbre'achei 
arch of volcanics; through (2) the first topographic reversal, the erosional 
lowland on the Cretaceous; to (3) the second topographic reversal, the moun. 
tain mass formed by the resistant intrusive rock. ExceUent exposures at aB 
erosional levels make it evident that antithetic normal faults of the type sliown 
in figure 7, which have been variously misinterpreted in the foregoing discuv 
sion, are in fact commonplace structures in the stretched roofs of the Iroo 
Springs intrusions (Mackin, 1954jfig. 4 ) . They are members of the family of 
"roof-lenglhening" faull¥I(SG^eckflSclien:)> of the Cloos school, observed in many 
intrusions (see, for exainples, BaHcf 1937; Robinson, 1913, fig. 23) and 
Heautifully developed in the model siudies of Hans Cloos (1939) . Their sr-
ifangemenl in the intrusive arches and domes of Iron Springs is strikinrb 
similar to that developed above salt domes on tbe Gulf Coast (Wallace, 19-Wf 
and "salt anticlines" of the Colorado Plateau. 

It is evident from this that antithetic norma] faulting cannot be taken to • 
mean that the range in which it occurs is a basin-range fault block. Anlithdic 
normal faulting is a symptom of local lengthening, and this may occur in • 
basin-range fault block, in a dome or arch caused by intrusion, in the outer 
parts of compressional folds of the concentric type, and in any other situation 
involving horizontal elongation. 

Compressional structures associated with intrusions of high structural re
lief.—Figure 8 brings out the familiar point (see, for example. Balk, 1937, 
p. 101-106) that intrusions of high structural relief commonly make room for., 
themselves in part by shouldering aside the confining rocks. Most intrusive ; 
faults around the structurally sleep sides of the Iron Springs intrusions are 
near-vertical, but some have dips as low as 45° into the intrusions. Some in
trusive thrusts have throws exceeding 1000 feet (Mackin, 1954, sections C and 
D ) . 
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may occur as a rninor siructure interrupting the uniformity of the outward dip 
on the flank of an inlrusive arch or dome, or il may stand alone as the princi-
pal border structure of an intrusive body. 

Implications.—-A number of workers in the basin-range province (e.g^ 
Lasky, 1947; Nolan, 1950) have made the good point (1) that the Tertiary 
intrusions exposed at all levels from tops to floors make il reasonable to suppose 
that there must be many more not yet deroofed by erosion, and (2) thai future 
production of metallic ores will probably come from blind ore bodies around 
these intrusions. The concern here is wilh the buried intrusions, not as "ore-
bringers," but as "structure-makers." 

Structures formed by intrusion can be most readily identified as such (1) 
where the intrusive rock is exposed, and (2) where the structures are developed 
in strata that are otherwise undisturbed (Baker, 1935) . And it does not re
quire much imagination to consider the possibility that the same types of 

"Structures, observed nearby in the saine rocks, may h^av'e been formed by intru
sions which do not crop out. This is the situation in the Iron Springs district, 
where four exposed intrusions, with a total area of about thirty-four square 
miles, have subsurface extensions or companion bodies that are al least equal to 
the outcropping bodies in areal ex-tent. Throughout the district, in places many 
miles from tbe exposed inlrusions, deformation structures which include thrusts 
and overturned monoclines in Tertiary strata are inlrusive rather than tectonic. 

The literature, and discussions with many geologists with diverse special 
fields of interest, indicate that there is a tendency to regard Tertiary inlrusions 
in the Great Basin as stocks or plugs, rather than laccolithic bodies, unless 
there is compelling evidence to the contrary. This prejudice is significant for 
present purposes because it carriers the connotation that the area of structural 
influence of an intrusion is apt to be limited to the immediate vicinity of ils 
area of exposure. When the evidence is viewed through glasses colored by UM-
in southwestern Utah, there is reason to believe (1) that many of the Tertiary 
intrusions were emplaced along low-dipping planes of easy parting—bedding 
planes in areas of simple siructure and flat thrusts in areas of complex struc
ture, (2) that they made room for themselves largely by upflexing and upfault-
ing their roofs rather than assimilation or stoping, and (3) that their lateral 
extent and hence their areas of structural influence are in many cases very 
much greater than their areas of outcrop. 

There is, of course, no formula for distinguishing between intrusive struc
tures and tectonic siructures. The dome, tbe arch, and the monocline, indeed, 
flexures in general as opposed to bomoclines, are suggestive of intrusive origin. 
Intrusive faults may be normal or reverse, and they may throw away from or 
toward the stmctural high—the only'common denominator of intrusive struc
tures is that all must be parts of "enlargement" patterns, expressing the upward 
and outward growth of the intrusive bodies. 

Dikes, sills and hydrothermal alteration effects suggesi the presence of a 
subjacent intrusion, but the reverse is not true. These elements of the "meta
morphic halo" are so remarkably limiled in ex'tent around many ofthe exposed 
Tertiary intrusions that their absence in a given structure, for example, a 
dome, does not mean thai the structure is not inlrusive. 
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As slated above, dcforination siructures formed by intrusions are mosl 
reatlily identified as such in strata that are otherwise flat. The difficulty of in
terpretation is greater (1) where the intrusive structures are superposed on 
one or more older generations of tectonic structures, or (2) where they have 
been broken and tilted by post-intrusive tectonism. Recent papers describing 
the deformation of flat overlhrusts by expiosed intrusions and further distor
tion of the resulting compound struciures by normal faulting (e.g., Gilluly, 
1956; Drewes, 1958), suggest tbe difficulties that may be anticipated in the 
diagnosis of the same types of polygenetic structures where the inlrusions are 
concealed. A good approach to the complexities of Great Basin relationships is 
via Hunt's exposition of the rich variety of intrusive structures in the Colorado 
Plateau and his analysis of the mechanism of origin of these structures (Hunt, 
1953; 1958). 

It is my impression that intrusions have been greatly underrated as 
"structure-makers" in the Great Basin. This prejudice is helpful, not harmful— 
it means merely that before structural features seen in the field or described in 
the literature are accepted as evidence of a type of post-orogenic regional 
tectonism other than block faulting, due consideration should be given the 
possibility that they are intrusive. 

STRUCTURES FOR.MED BY GRAVITY SLIDI.NC FROM PRIMARY RELIEF FEATURES 

The Iron Mountain slide.—Figure 8 is modeled after the Iron Mouniain 
intrusion in the Iron Springs district. The lower drawing (section C) is a 
diagrammatic section through the intrusion, showing an interpretation of ihe^ 
present geologic relationships. The restorations in sections A and B^are helpful 
in distinguishing three different generations "of structures that •are combined 
in section C. " ' "' ~ 

Section A includes tbe essential elements of the pre-intrusive geology. The 
thrust fault is a part of the Iron Springs Gap structure.(see fig. 3)- . I t is not 
directly involved in the topic under consideration here, but is shown for later 

' , reference. 

i The second generation of struciures, in Seciion B, belongs to the class 
; just discussed; that is, they are struciures formed directly by emplacement of 
* . the intrusion. L, M, and N are intrusive faults, normal, high angle reverse, 
, _ »nd low angle reverse, respectively. 

'{'. Section C shows a third generation of siructures, formed by the sliding of 
- 5 . nuge masses of rock from the flanks of the growing intrusive dome—these 
i 3 . ''""^'tires are associated indirectly, rather than directly, with the room-making 
f (7. process. For what it may be worth by way of introduction to the problem, the 
; I .<fcductive approach is as follows: 

ji' Strata known to have been substantially flat prior to tbe emplacement of 
\ I We Iron Mountain intrusion are now near-vertical in the border zone. The 
" '̂  "ructural relief of the intrusion is at least 3000 feel—the same order of mag-

*'tude as the thickness of the cover at the time of intrusion. The rate of em-
facement is not known, but it is clear that there was only one episode of 

n rather than a succession of episodes—there is no cross-cutting of 
d or partly solidified porphyry by apophyses of later porphyry. The 
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emjilncement may have occurred during a period of a few years or a few ien» 
or hundreds of years—the period was probably not measured in thousands or ' 
millions of years. The rate of growth of the intrusive dome as a *opograph|<. 
feature dierefore probably greatly exceeded the rate of lowering by norma] 
ero.-iional processes, the more so because the uppermost of the updomed strata 
"̂ êiT, massive ignimbriles of lava-like hardness. These considerations indicate 
that the flanks of the growing intrusive dome may well have been grealjr 
oversteepened, and that there is nothing inherently improbable in the idea of 
sliding of parts of the roof on a grand scale. Burbank's analysis of stress rela-
lioiKships in the roofs of laccolithic domes led him to the same conclusion 
(1932, p. 4 9 ) . 

Slides from relief features produced by various types of tedonic deforma. 
ion bave been described in many parts of the world (for a brief analysis, see 

De Sitter, 1956, p . 266-292). The concept of sliding from igneous intrusive 
domes is less familiar, perhaps in part because only a small percentage of in
trusions form topographic features sleep enough to cause sliding, in part be
cause most intrusions of pre-Tertiary age have been so deeply eroded that sucb 
slides as may have occurred have been removed, and in part because slides 
Iroin intrusive domes have been interpreted as thrusts due directly to the in-
triisive room-making process or to regional tectonism.~ • .: • -

To explain shallow faulting in the plains area adjacent lo the Bearpa* 
Mountains, Montana, Reeves (1946) suggested that a load of volcanic rocks 
on tlie flanks of a low arch of probable intrusive origin was relieved plainsward 
by wholesale sliding along beds of Jientonitic shale. Reeves' hypothesis may. 
have to be modified because Pecora {writt'eh communication) finds that the 
earliest volcanic rocks of the uplift rest with angular unconformiiy on exlen-
sivv;ly block-faulted sedimentary formations. Evaluation of the slide hypothesi» 
is Iveing made by Pecora and co-workers who are currently mapping the Bear-
paw Mountains uplift in detail. 

Sears (1953) has recently suggested thai the famous Amargosa Chaos of 
the. Death Valley area, ascribed by Noble (1941) to Tertiary thrusting, may hr 
in ^iart a superficial slide associated with emplacement of an intrusion exposed 
nciirby. 

A mass of brecciated rock that clearly overlies faulted and slickensided 
"Ter t i a ry lake beds," in the Contact mining district in northeastern Nevada, 
was regarded by Schrader as a result of a thrust fault or a landslide (1912, 
P- 143-145; 1935, p . 38 ) . Schrader described the anomalous relationship* 
conipetently, but he was concerned primarily with the economic geology of the 
oisirict , and he did not discuss the relative merits of his two explanations. In a 
p a p e r . dealing with the possibility of mistaking Tertiary or (Quaternary fan-
glo.merale-mudflow breccia for evidence of Tertiary flat thrusting in the Grtal 
Ba«in, Hazzard and Moran favor the view that Schrader's breccia mass waj 
formed by landsliding "related lo a previous erosion cycle" (1952, p. 855). ll» 
loc-ation about two miles south of the southern contact of a large inlrusive hoij 
suggests that the sliding may have occurred al the lime of emplacement of tl* 
intrusion, as at Iron Mouniain, but this hypothesis does not comport will ' 
ScBirader's view that the intrusion predates the "Tertiary lake beds." I ha»« 
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Tertiary Volcanic Rocks in Soulhtvestern Utah 

not seen the field relations. The structure is mentioned here merely as an ex
ample of a type of anomaly—brecciated jirc-Tcrtiary rock resting on Tertiary 
rock—encountered in many places in the Great Basin; the possible explana
tions always are (1) ordinary landslide, precipitated from a relief feature 
formed by erosion, (2) "gravity slide," precipitated from a relief feature 
formed by tectonism or intrusion, and (3) low-angle thrust. 

The deductive considerations outlined above, and the other possible cases 
of slides from growing intrusive domes, are of interest only as background and 
to make it clear that the idea is not new. Field relations indicating that the 
crescent of complex structure southeast of Iron Mountain was formed by slid-
in" are spelled out in detail in a report now in preparation, which includes the 
colored maps and sections on which a demonstration must depend. What fol
lows is an outline of several lines of evidence intended to explain the slide 
theory, not to prove it. 

Most exposures in the slide area can be mapped as consisling of one or 
another of eleven well-defined members of the Claron formalion and the vol
canic sequence. Were it not for this firm slraligraphy, which can be carried 
into the slide zone from the bordering areas, nothing could be done with the 
internal structure of the slide mass. The upper and outer part of the mass con
sists of a pile of imbricate plates made up chiefly of volcanic rocks in older-
over-younger relationship (fig. 8, section C ) . T h e lower and inner part consists 
of a chaotic jumble of Claron arid Iron Springs sedimentary rocks, with as 
many as four repetitions of the same Claron members, all nearly vertical and all 
with the straligraphic tops outward. Certain individual stratigraphic units with
in the chaotic mass have strike lengths of as much as two miles. These "solid" 
slabs lie in a breccia consisling of one or several rock types." Slickensides pass 
from block to block through the matrix, and the breccia is so highly indurated, 
particularly where it is composed of volcanics, that it stands as ledges in bold 
relief. Clearly it is not in any sense a mudflow-fanglomerate deposi t^but a 
crush breccia. Restoration of the structure indicates that it was formed a s m u c n 
as 2(X)0 feet below the surface of the ground (fig. 8 ) . The relationships are 
taken to mean that the sliiJe consisted of two dynamically contrasted parts, an 
upper plale consisting of forward-riding sheets of competent volcanic rocks, 
*nd a lower chaotic mass of crushed and rotated slabs of the relatively incom
petent Claron and Cretaceous sedimentary rocks. 

The fiossibility that the structure might have been caused by Tertiary 
"irusting is eliminated by the fact that it occurs only adjacent to thai part of 

, the liorders of the Iron Mouniain and other intrusions where the intrusive con-
"ct is nearly verlical—elsewhere iri the 3000 square miles that have been 
tapped in detail by the University of Washington group the Tertiary sedi-
•Senlary and volcanic rocks show no suggestion of this type of structure, or 
°*ner evidence of strong regional compression. Moreover, the pattern of the 

ormation, both with regard to gross distribution and the orientation of in-
rnal structures, proves that the movement was not in _..^ ^ 

'On but was radially outward from Iron Mountain to the south, southeast, and 
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The possibility that the structure could have been formed directly by the 
intrusion, as part of the room-making process, is eliminated because it stariT" 
half a mile to a mile out from the intrusive contact, on the far side of a norma] 
intrusive border zone (fig. 8) and by other relationships that can be shown 
adequately only on detailed maps and sections. 

Slides from tecionic features.—Some Great Basin fault scarps stand at 
angles considerably exceeding the angle of repose, and it is likely that block 
faulting was more active at some places and times during the Tertiary than it 
is now. There is, therefore, nothing inherently improbable in the proposition 
that slides, of the same order of magnitude as lliose.on the east side of Iron 
Mountain, may have been shed from oversteepened fault scarps. Tlie possibiliiv 
that the. "turtle-back complexes" of Death Valley were formed in part by slid
ing was not eliminated by evidence outlined in Curry's preliminary slalemeni 
(1954) of his. theory that the "turtlebacks" are folded parts of flat ihrusls of 
Tertiary age. No attempt to evaluate_'Eliding.(Bucher, 1956, p. 1310-1311 )• 
versus Tert iary thrusting as an explanation of the features of the Death Vallev 
area is needed here. It may be staled simply that sliding is a possible or even 
likely alternative to Tertiary thrusting in the Great Basin as an explanation ol 
structural complexities involving Tertiary rocks, particularly if these complexi
ties are localized near major structural features, •whether intrusive or tectonic 
The slide concept is easy to grasp where the structural anomalies are in the 
shadow of a high range; il is not so obvious, but no less likely, where erosional 
reversal of lopography has reduced to a lowland the elevated place from which 
tbe slides might have been shed. 

Earl Cook suggested in the field that erosion remnants of slides should lie 
called, not klippen, but slippen. This term certainly does not belong in our new 
glossary, but it is a good catchword, well suited to keep in mind an hypolhe.-i-
that is an essential part of the mental field equipment of geologists working in 
the Great Basin. 

POST-OROGENIC VS OROGENIC STRUCTURES 

Introduction.—^To this point the focus has been on ignimbrites as refer
ence planes for measurement of post-Laramide deformation; Laramide orogenic 
siructures have been considered simply as elements of a pre-Tertiary "base
ment complex." Here the emphasis shifts to use of the ignimbriles in distin
guishing between the effects of orogenic and post-orogeriic deformation. Tliere 
are two points of view: 

To the geologist concerned primarily with the orogenic deformation, the 
structure of the Tertiary volcanics may be of interest only as a measure of a 
distorlion that must be removed from the struciures of the subjacent rocks a» 
a first slep in analysis of these older structures. The student of Tertiary de
formation is concerned with the opposite side of the same coin; if he mislakenly 
considers certain structures, actually formed during the Laramide orogeny, to 
be post-orogenic, this error is certain lo vitiate his analysis of post-orogenic 
deformation. 

The discussion to follow proceeds from the simple case of removing the 
distorting effects of block tilling from orogenic siructures, to the somewhil 
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Fig. 9. Distortion of an orogenic structure by Tertiary deformation. 
Sections A and B show contrasted interpretations of two different issues: (1) whether 

ihcre is or is not a single thrust of regional extent; and (2) whether deformation after 
the main orogeny was by folding or block faulting. These issues are entirely independent 
of each other; the regional thrust might as well have been combined with post-orogenic 
block faulting in Section B as wiih late- or post-orogenic folding in Seciion A. 

Section C is a restoration prior to the beginning of Tertiary deformation, based on 
ihe altitudes of the older rocks after the volcanics are rolaled back to the horizontal. 

Effects of simple rotation.—Section A in figure 9 shows three sedimentary 
rock units, a sandstone, a limestone, and a shale, exposed in four ranges, L, M, 
-', and 0 , separated by volcanic rock and alluvium. In ranges L and 0 low 
angle thrusts bring the limestone over the younger shale. In ranges M and N 
•he sedimentary rocks are in tbe normal order of superposition, but there is a 
Mne of gliding at the contact of the sandstone and the limestone. 

The heavy dashed line in Section A shows an interpretation of the struc
ture based on the attitudes of faults and bedding in the pre-Tertiary rocks only, 
that is, on the basis of geologic observations in the Spurr tradition which lumps 
the Tertiary volcanic rock with the alluvium as part of a superficial blanket, 
and leaves the landforms to the physiographers. According to this inlerpreta-
t'on, the older-over-younger thrusts in ranges L and 0 , and the planes of 
younger-over-older decollement gliding in ranges M and N, are at the base of 
' e same far-traveled thrust plate. Folding of tbe thrust may be assigned to a 

aning stage of the orogeny or, if the attitudes of the volcanics are taken into 
'^ounl, the folding may be considered to be Tertiary. If the implication that 
e Hat-floored basin between ranges M and N was developed by erosion in 
'Slant sandstone is disturbing, minor range^front faults can be postulated, 

"t these are incidental lo the bed rock structure. 

figure 9 B is an alternative interpretation of the same observational data, 
" ' ^I'h the attitudes of the volcanics credited to block faulting. 
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Figure 9 C is a restoration of the Laramide siructure, drawn to conform 
with the altitudes in the older rocks corrected by rotating the volcanics bati 
to borizontalily. The thrust in range L was formed wilh a westerly dip of I50 
not an easterly dip of 17°. The thrust in range 0 is an entirely different struc. 
ture ; the original dip was 65° . The amount of decollement movement in ranges 
M and N is not known but may be only a few lens of feet or hundreds of feet. 
Bedding-plane gliding is to be expected at contacts of rock units of different 

. competence even in areas of mild deformation; tbe zones of gliding in ranges 
M and N are not evidence that the thrust faults in ranges L and 0 are parts of 

• a single fiat thrust of regional dimensions. 
The restored section of figure 9 C is modeled after relationships in the 

Greal Basin^Colorado Plateau transition zone in southwestern Utah. The west
ern of the two structures is the Iron Springs Gap thrust seen on tbe east side 
of the Iron Mountain intrusion (fig. 8 ) . The eastern structure is the Kanarra 
fold of Gregory and Williams (1947) . The unconformable cover, shown in the 
sections as consisting entirely of volcanics, acluafly is made up of the Eocene 
Claron formation overlain concordantly by the volcanics (compare wilh fig. 3). 

The Iron Springs Gap thrusi and the Kanarra fold are about 15 miles 
apart. The Claron is substantially conformable with the Creiaceous between 
these struciures, and east and west of them. Tbe Iron Springs Gap ihrust is 
clearly a foreland structure, similar in all essential respects to the Pine Moun
tain thrust of the Cumberland Plaleau (Rich, 1934; King, 1951, p. 128-130). 
The counterpart of the Chattanooga shale as a widespread zone of decollement 
gliding in the southeastern Great Basin is a zone of shaly and gypsiferous 
limestone near the base of the Carmel limestone, just above the lop of tlie 
Navajo sandstone. The Kanarra fold cannot be considered a "break through" 
from this decollement horizon because the fold involves the Navajo and sub
jacent rocks at least as old as Kaibab. It ex-hibits the strongly compressional 
features of tbe Iron Springs Gap thrust but in other respects is more closelv 
akin to the east-throwing Laramide monoclines of the Colorado Plateau. The 
relatlonshifis shown in figure 9 C are not easily seen in the field or on a geol
ogic map because both the Laramide struciures are obscured, not only by 
simple block tilting of the type shown in figure 9, but .a lso by-strong and 
sharply localized Tertiary deformation (Threet, paper in prepara t ion) . 

A basin-range fault superposed on an orogenic structure.—The Kanarra 
fold, overturned and overthrust to the east, was beveled by erosion and the 
slump was covered by the Eocene Claron formalion and silicic volcanic rocks 
of probable Oligocene age prior to the beginning of Hurricane faulting (fig. 
lOA) . Hurr icane faulting began in mid-Tertiary time and has continued lo the 
present (fig. IOB). Two surficial elements which further complicate the field 
relations but have been omitted from the diagrammatic sections a re : massive 
rock slumps of the Toreva type (Reiche, 1937), which clutter parts of the fault 
scarp; and basalt flows of several ages, broken and lilted by Jogs of movement 
in the fault zone (Gardner, 1941), 

In a segment of the Hurricane scarp south of Cedar City, Utah, the Qaron 
formalion and tbe silicic volcanics bave been entirely removed by erosion ex
cept for remnants at the base, as shown in figure IOB. Rocks of Permian to 
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Fig. 10. Structure of the Hurricane fault zone. 
Tlie rock units shown diagramatically in the Kanarra fold in Seciion A do not eor-

mpond wilh the actual stratigraphic succession, which ranges in age from Permian to 
Crriaci-ous. The unconformable cover consists of the Claron formation overlain by volcanic 
rocii. 

.\i indicated in Section B, the Claron and the volcanics have been entirely removed by 
ermion from the upthrown side of the Tertiary Hurricane fault. The compressional struc-
larrj ihal characterize the fault zone long predate the movement that formed the scarp. 

'!ic:.n-cinis age composing the fault zone are in many places vertical or over
turned, and are involved in eastward thrusts. The scarp is clearly due to late 
Tertiary and Quaternary faulting. These relationships inight well be taken to 
mean tliat the compressional structures in the fault zone were formed by the 
cru.-ital movement ihat made the scarp; that is, that the Hurricane fault is a 
rnmplexly shattered thrust of late Cenozoic age. That the compressional struc
tures predate the beginning of movement on the Hurricane fault, and that the . 
hiolory i.s that shown in the diagrams, must be pieced together: (1) from the 
Work of Cook to the south, where a part of the west limb of the Kanarra fold is 
rapj>od by Claron and volcanic rocks on the down-thrown side of the Hurricane 
fault (Cook, 1957, fig. 46) ; (2) from the work of Threet to the north (1952, 
p . 3 ) , where the east limb of the fold is similarly capped on the upthrown 
>idc of the fault; and (3) by analogy with the Iron Springs Gap siructure, 
*>hich 15 preserved in ils entirely, with its unconformable cover of Claron and 
Volcanics, in the Iron Springs district (Mackin, 1954) . 

-Similar cases of alignment of basin-range faults, which conlroi the present 
p^craphy, with older compressional siructures have been described along the 

W'jcrn border of the Great Basin in central Utah by Eardley (1933, 1951, p. 
Ja -̂.L-̂ G) and Spieker (1949) . 

Uislortion of an orogenic structure by a Tertiary intrusion.—Figure 8 
•o*»4 clearly the theory that the Iron Springs Gap structure, a low-angle 

^ ''t ol Laramide age, was turned on end by emplacement of the Iron Moun-
. ' " '"'rusion. The evidence on which this view is based will be presented 

lere-—the structural relationships would be equally effective for present 
^ rp ,>-^ ,f (hgy ^.g|.g gn[;j.gjy hypothetical. It is evident (1) that analysis of 
^ ramide structure must start with subtraction from it of the deformational 
^ ^ ** ° f ' h e intrusion, and (2) that this operation is dependent on the pres-
^ e (Jaron in the role of a reference plane known to have been flat after 

orogeny and prior to the intrusion. 
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iî 'yiiaVr"..' .';W.. - . • , • . . • ^'''"4^, 

/ . Hoover Mackin—Siruciural Significance of 

It might seem that the best way lo learn the form of the Laramide struc
ture would be to map it In places where there is no intrusive distortion. The 
difficulty is that tliere are no such places. At least six intrusions of the Iron 
Mountain type are aligned along the structure in southwestern Utah, and it is 
exposed only w'bere the intrusive uparcbing has caused removal of the Tertiary 
cover. 

The Claron and the volcanics make it possible not only to separate the 
deformational effects of the orogeny from those of the intrusion, but also lo 
establish their relative ages. The six Intrusions mentioned above are evidently 
localized along the orogenic structure, but this does not mean that they were 
formed during the orogeny, as might appear likely on deductive grounds. Em
placement of tbe intrusions is definitely post-orogenic; tbe interval was Ion" 
enough for beveling of the Iron Springs Gap thrust, deposition of the non
volcanic "red Claron" and the tuffaceous "gray Claron," and spreading of two 
sequences of ignimbrites. 

The complexity resulting from superposition of intrusive structures on 
older orogenic structures is such that the two generations of siructures are apt 
to be confused, particularly if conclusions are based on sludy of an area too 
small in size to provide an . adequate variety of structural and slratigraphic 
relationships. For example, the Iron Springs Gap ihrust, which can be readily 
proven lo be a regional tectonic structure, might easily be connected under
ground or through tbe air in figure BC with the slide plane which ))asses be
neath the chaotic structure in Tertiary rock in the outer part of the intrusive 
border zone. This type of error resulls In a misreading of both the orogenic 
and post-orogenic history. In this instance both the Laramide thrust and the 
Tertiary slide are lost lo the record, and their unhappy combination is a Ter
tiary thrust which is not there. 

GENERAL SUMMARY 

Gilbert and his colleagues concluded, primarily on physiographic grounds, 
that the ranges of the Great Basin were formed by a type of deformation—• 
"dominantly vertical displacements of. comparatively rigid blocks"—markedly 
different from the deformation recorded by tlie tight folds, low angle thrusts 
and otber orogenic struciures exhibited by the pre-Tertiary rocks composing 
the ranges. Many later students of the Great Basin have been led by physio
graphic and other lines of evidence to the same fundamental generalization: 
that the block fault type of tectonism represents not merely the waning of the 
orogeny, but a distinctly different phase of tbe diastrophic cycle, with habits of 
deformation different in kind from those of the orogenic phase. 

Within this generalization there are many questions: Was the block fault
ing episodic In a regional sense, with brief periods of province-wide faultinp 
separated by protracted periods of crustal quiet? Or was it in some other 
manner systematic, as spreading in one or more 'v\'aves entirely across the 
Great Basin from one side to the other, or outward from the center toward 
both sides? Or was It seemingly haphazardly distributed in space and lime? 
Was there a period of quiesence between the close of the orogeny and the be
ginning of the block faulting? Or was the deformation continuous, merdj" 
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rhancin" in type, abruptly or gradually, and everywhere at the same time or at 
different times in different places? Equally critical lo any analysis of the post-
oro-cnic deformation is a knowledge of the geometry of the fault blocks, in-
rludin" their sizes, the dip of the faults relative lo the direction of tilting, and 
oiTcially whether the tilt directions are haphazard or are systematically 
oriented in different parts of the province. 

The principal point made in this paper is that ignimbrites, formed by 
nuiVs ardentes of Incredible magnitude w-hich swept with hurricane velocity 
arro.-rs much of the Great Basin again and again during tlie post-orogenic 
|>criod, provide a basis for cross-dating the block faulting and other geologic 
events with the precision required if the questions as to relative liming out
lined above are to be'answered. Because they were originally flat-surfaced, the 
ipnimbrilcs permit exact and detailed measurement of tbe post-orogenic cruslal 
movements. And they are unique stratigraphic units in still another sense— 
m<).*t of them contain enough radioactive material to perinlt determination of 
"absolute"' age within certain limits of error, which will surely be reduced as 
the melhods are perfected. 

It niight he argued that, because there has been strongly compressive de-
fiirnialioii during the Tertiary in California, there should have been folding 
and ihriisting at the same time in the Great Basin. This sort of deductive rea-
Miiing, whether based on observed relationships in an adjoining province or 
on general concepts as to stress conditions in or under the crust, is all right in 
ii.i way. But il has been demonstrated in district after district, by physiographic 
evidence and by mapping of the Tertiary volcanics, that the Gilbert theory of 
the block fault origin of the Basin ranges is valid, and that the range.front 
faulis are as a rule normal. This does not by any means eliminate tbe possibili
ly that there were episodes of strongly compressive regional tectonism in the 
<'r«-at Ba.<in in the Tertiary. It may be even true that all of the post-orogenic 
deformation has been compressive in some places. Perhaps some of the ranges 
are doubly-plunging Pliocene anticlines. The point made here Is that, in a 
province where the characteristic type of Tertiary deformation bas been a 
Jiwtling of blocks bounded hy nonnal faults, evidences of strongly compressive 
n-gionai tectonism are of special interest and importance to our eventual un
derstanding of causes and mechanisms of the post-orogenic movements, and 
i'hould be fully reported. An obvious requirement of such reports is a slale-
meiit of the evidence indicating that the compressional structures are post-
orogenic, and that they were not formed by emplacement of by^pabyssal 
intrusions, nor by gravity sliding from relief features raised by intrusion or 
ni.gh angle faulting. 

The Tertiary Ignimbriles have been considered here primarily as rock 
avers of great areal extent which permit the working out of the post-orogenic 

' yormalional history in a degree of accuracy and detail that would not other
wise be possible; the "structural significance of the volcanic rocks" in this 
article is entirely descriptive. An article to follow shortly will develop the hy
pothesis that the eruptive activity and the deformation are related also in a 
cCnetic sense, that is, that episodes of block faulting which have occurred from 

t"e to time and from place to place during the Tertiary represent failures of 

/ 
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KENT C. CONDIE Department of Geosciences, New Mexico Institute of Mining and Technology, Socorro, 
New Mexico 87801 

C. K. BARSKY Department of Earth Sciences, Washington University, St. Louis, Missouri 63130 

Origin of Quaternary Basalts from the 

Black Rock Desert Region, Utah 
ABSTRACT 

Knovvn relative age relations and element 
distributions in Quaternary high-alumina and 
tholeiitic basalts from the Black Rock Desert 
region in Utah are adequate to identify both 
long-term (--̂  10' •yrs) and-short-term ( ^ 10' 
yrs) geochemical trends. Qne major long-term 
trend is a decrease in Sr.froin the oldest to the 
youngest basalts. Sr distribution coefficients de
termined from plagioclase phenocryst-ground-
mass pairs suggest an origin for this decrease 
involving removal of about 40 percent plagio
clase by fractional crystallization. Progressive 
increases in K, Rb, and REE, and approximate 
constancy of most major'"and some trace ele
ments over this range indicate in addition to 
removal . of plagioclase, removal of small 
amounts ('^ 7 percent) of olivine, orthopy
roxene, and Fe-Ti oxides, and also contamina
tion of the magmas with about IO-percent of 
Sr-poor granitic rock. More than enough heat 
is available from the latent heats of crystalliza
tion to melt this amount of contaminant. A 
model is proposed in which primary olivine 
tholeiite magmas are initially collected in deep 
(15 to-35 km) crustal chambers arid receive 
small additions of mantle-derived magmas as 
they move upward in the crust and undergo 
extensive fractional crystallization, and minor 
contamination over the last million years. 

Short-term, time-dependent geochemical 
trends occur in the fiows of the youngest vol
canic field (the Ice Spring field). These trends 
show increasing Fe, Ca, Zn, Qu, Ti, Mn, and 
Sr and decreasing Si, Ni, Co, Mg, Na, K, Rb, 
and Nb with age of eruption. To explain these 
trends, .a mode! is proposed involving both 
progressive tapping of a zoned magma chamber 
and removal of 10 to 15 percent of Mg-rich 
.orthopyroxene during fractional crystallization. 

. INTRODUCTION * 

- The basalts of the Black Rock Desert'reglon 
in western Utah (Fig. 1) were first described by 

Gilbert (1890). Field studies by the author^ 
have shown that Gilbert's early field work was 
accurate and thorough. The basalts occur near 
the eastern edge of the Great Basin province 
and occupy the central part ofthe Black Rock 
Desert Valley which is a graben bounded on the 
west by the Cricket Mountains horst and ori 
the.east by the Pavant Range horst. 

Existing data Indicate that basaltic vol
canism began in the Black Rock Desert region 
-^ 10^ yrs ago and continued sporadically until 
perhaps a few thousand years ago. Many of the 
basalt flows in the region are closely associated 
with Pleistocene Lake Bonneville deposits and 
terraces. Some were extruded prior, some dur
ing, and some after Lake Bonneville time. All 
three types of basaltic lava, aa, pahoehoe, and 
block, occur in the region, with block lava 
being most abundant. Field work by Condie 
indicates that a minimum of seven basaltic vol
canic fields can be defined in the area. From 
north to south, these are the Deseret, Pavant, 
Ice Spring, Tabernacle, Kanosh, Black Rock, 
and Cove Fort fields (Fig. I). A zone of small 
north-trending, high-angle faults is coincident 
with the major centers of volcanism (Fig. 1) 
and may be a surficial expression of deeper 
fracture zories controlling the locatloris of these 
centers. 

The chronology of Lake Bonneville still 
remains uncertain, especially in terms of an 
absolute time scale (Crittenden, 1963; Morri
son, 1966). The lake fluctuations as described 
by Morrison (1966) are summarized in modi
fied form in Figure 2. In terms of the Interrela
tions of the basaltic eruptions to the stages of 
Lake. Bonneville, the following factors are im
portant (Eardley and others, 1957; Bissell, 
1963; Morrison, 1966): (I) The white marl is 
assumed to have been deposited during ,the 
Bonneville 1 level; (2) the Provo lake tufa so 
abundant at some locations on the Provo shore
line is assumed to have been deposited at the 
maximum lake level during the Provo stage; 
(3) the Bonneville shoreline is assumed to 
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ORIGIN OF QUATERNARY BASALTS^ 

have formed at the Bonneville 2 level; and (4) 
the intermediate shorelines are assumed to 
have formed during the Alpine stage. Employ
ing these factors, the age relations between the 
lake levels and the basalts in the Black Rock 
Desert region are shown in Figure 2. 

The Quaternary basalts of the Black Rock 
Desert region are of particular interest in that 
they record sporadic basaltic volcanism that 
occurred in a rather small geographic area dur
ing the last ^ 10' yrs. It is the purpose of this 
investigation to report geochemical variations 
of these basalts as a function of their ages of 
eruption in an attempt to more' accurately 
evaluate the relative roles of fractional crystalli
zation and of crustal contamination In the 
genesis of basaltic magmas. , 

ANALYTICAL METHODS 

After mapping and studying field relations 
of each volcanic field, 21 samples of basalt were 
selected for detailed geochemical work. Sample 
locations are shown in Figure 1. Thin sections 
were prepared from each sample and at least 
one polished section from each volcanic field. 
Modal analyses were made of some samples and 
modal estimates of all samples. The results are 
summarized In Table I in terms of modal 
ranges for each volcanic field. 

Plagioclase phenocryst compositions were de
termined optically by the Michel-Levy method 
and checked In some cases by x-ray diffraction. 
Plagioclase phenocrysts were separated from 
three samples (21, 22, and 24) by combined 
use of heavy liquids and a Franz magnetic sepa
rator. The first sink portion of the heavy liquid 
separation was found to closely represent the 
groundmass and was analyzed as. such. 

Major elements (except Na) and Rb, Sr, Ba, 
K, Ni, Zr, Cu, and Zn were determined by 
nondestructive x-ray fluorescence using meth
ods previously described ' (Reynolds, 1963; 
Condie, 1967a, 1967b; Condie and others, 
1969). Calibration curves were constructed 
from pellets of standard rocks (W-1, BCR-1, 
AGV-1, GSP-1, Syenite-1, Gr, and T-l) ; W-1 
was used as the standard for the trace elements. 
Na, Mn, Sc, Hf, Co, and six rare earth elements 
(REE) (La, Ce, Sm, Eu, Tb, Lu) were deter-
mined" by nondestructive neutron activation 
analysis, using a Nal detector with a 400 chan
nel analyzer (Na, Mn) and a Ge (Ll) detector 
with a 1024 channel analyzer (Sc, Hf, Co, and 
REE). Details of the methods are described in 
Condie (1967b), Condie and others (1969), 

Gordon and others (1968), and Condie and Lo 
(1972). Nb was determined by a modified Nb 
thiocyanate spectrophotometric method (Gri-
maldi, 1960) and K In the plagioclase separates 
by atomic absorption spectrophotometry. Ma-

^ jor element analyses and trace element analyses 
are given in tables on deposit with NAPS.' 
Trace element analyses are also given in Table 2. 

Estimated analytical errors are as follows: 
Covell's method (Covell, 1959) was used to 
calculate the errors for Sc, Hf, Co, and REE: 
(a) < 5 percent. Si, Al, Ti, Fe, Mg, Ca, K, Na, 
Rb, Sr, Zr, Cu, Zn, Mn, Co, Sc, La, Ce, and 
Sm; (b) < 10 percent, Ni, Ba, and Lu; (a) 
< 25 percent, Eu, 'Tb, and Hf. Although Eu 
and Tb have rather large calculated errors, the 
observed precision allows a Eu anomaly to be 
reproduced within about 5 percent where E u / 
Eu* is equal to the observed chondrite-normal
ized Eu value divided by the value obtained by 
drawing a straight line between Sm and Tb. 

GEOLOGIC SETTING AND 
PETROGRAPHY 

Black Rock Volcanic Field 

.The Black Rock volcanic field is herein de
fined as the series of basalt flows extending east 
from Black Rock Station and then north to 
Beaver Ridge (about 15 km west of Meadow, 
Utah; Fig. 1). The discontinuous nature of the 
field on the geologic map is due to a partial 

• covering with Lake Bonneville and Holocene 
stream deposits. The basalts of this field form 
the resistant cap rock on plateaus with abrupt 
escarpments east of Black Rock Station and 
along the western edge of Beaver Ridge. Sev
eral small outliers of the field are overlain by 
gypsum lake deposits and then by basaltic 
andesites of the Cove Fort field just south of 
Black Rock road. On the extreme northeastern 
corner of the field, flows of the Tabernacle field 
overlie the flows of the Black Rock field. The 
lower contact of the oldest flows in the field is 
exposed, at several localities west of Black 
Point (Fig. l).and along the cliff faces east of 
Black Rock Station and on Beaver Ridge. At 
these localities, the basalts rest on white tuffa
ceous clays, marls, and siltstones of the Sevier 

'These tables (NAPS no. 01621) may be obtained by 
writing to COM Information Corp.-NAPS, 909 Third 
Ave., New 'Vork, New York 10022, enclosing $5 for 
photocopies, or $2 for microfiche. Make checks payable 
to NAPS. 
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graphic similarity of basalts of the Deseret field 
. tb those of the Black' Rock field suggests a 

similar age df extrusion. 
Petrography. The Deseret basalts are com

posed of about equal amounts of plagioclase 
(Anso) and augite and exhibit a well-developed 
ophitic texture. Augite crystals up to 2 mm 
long may completely engulf smaller ('~ 0.5 
mm) plagioclase crystals. Plagioclase is often 
zoned. Vesicles, some lined with calcite, com
pose as much as 30 percent of the rocks and 
iddlngslte alteration is common in the olivine 
which occurs as small ( < 0.1 mm) interstitial 
crystals. Fe-Ti oxides occur chiefly as euhedral 
microphenocrysts, although some irregular 
grains occur, in residual glass. Unlike other 
basalts in the Black Rock Desert region, the 
opaque fraction of these samples is composed 
chiefly of ilmenite which occurs as tabular 
crystals as much as 0.3 mm long. 

Pavant Volcanic Field 

The Pavant field is named for the prominent 
volcanic cone, Pavant Butte (Sugarloaf Moun
tain) located about 25 km west of Holden, 
Utah. In addition to Pavant Butte, the field 
consists df numerous basalt flows around and to" 
the south of the butte (Fig. 1). Pavant Butte, 
first described by Gilbert (1890), is a large tuff-
cone about 270 m high. It is composed of par
tially to completely cemented and well-bedded, 
yellow and gray cinder and ash with sparsely 
distributed larger pyroclastic fragments. A 
well-formed crater about 0.5 km in dlaineter is 
breached on the south and both the Bonneville 
and Provo terraces are well developed on the 
butte; the absence of.the Alpine terraces of 
Lake Bonneville, however, indicates a post-
Alpine age for the butte. Gilbert (1890) sug
gested subaqueous eruption for the butte and 
cited evidence that although most of the activ
ity occurred prior to the development of the 
Bonneville shoreline, some activity occurred 
after the lake receded from the Bonneville level 
(Gilbert, 1890, p. 326-327). 

Most of the basalts in the Pavant field are the 
pahoehoe type and contain abundant pressure 
ridges, lava tubes, and polygonal joints.'They 
are covered in varying amounts by ash from 
Pavant Butte, Lake Bonneville sediments, and 
Holocene sand dunes. A major fault zone, the 
Devil's Kitchen fault (Fig. 1) trends northwest 
through the south-central part of the field. 
Excellent columnar joints as well as the best 

flow cross sections are exposed on the west-
facing fault scarp. One to two flows can be seen 
along the scarp; the upper flow is 1 to 2 m thick 
and the lower one is > 18 m thick (the base is 
not exposed). 

Sample 13 from the central part of the 
Pavant field'gives a K-Ar whole-rock age of 
220,000 ± 260,000 yrs (C. E. Hedge, 1970, 
personal commun.). How meaningful tbe age Is, ' 
however, is questionable because of its large 
uncertainty. If.tbe date is approximately accu
rate and the sample contains negligible excess 
Ar^", it would appear that some volcariic activ
ity began in the Pavant field as much as 200,000 
yrs ago. Most data^ however, suggest that the 
major period of volcariism began at Pavant 
Butte in late Alpine time and persisted until 
the latter part of the Bonneville stage (Fig. 2 ) . ' 

Petrography. The Pavant basalts exhibit 
greater petrographic variability than any ofthe 
other basalts in the Black Rock Desert region. 

, As shown in Table 1, they are composed chiefly 
of plagioclase, clinopyroxene (augite), Fe-Ti 
oxides, and olivine. Traces of apatite and cris
tobalite occur In some samples. Vesicles, some
times partially filled with calcite, limonite, and 
chlorite, compose as much as 20 percent of the 
samples. The average groundmass crystal size 
ranges from 0.05 to 0.3 mm, and the textures 
range from intergranular to intersertal. Plagio
clase occurs in three distinct manners: ground-
mass crystals (43 to 60 percent); micropheno
crysts (5 to 20,percent); and phenocrysts (2 to 
5 percent). The microphenocrysts range from 
0.5 to 1 mm in length and the phenocrysts from 
several millimeters to ^^ I c m . Both are ap
proximately the same in composition, ranging 
only from Anso to Ansi, and both show pro
nounced oscillatory zoning. The phenocrysts of 
plagioclase commonly have altered centers and 
show varying degrees of resorption, while the 
microphenocrysts are extremely fresh and show 
only slight effects of resorption. Augite is 
limited chiefiy to the groundmass where it oc
curs Intergrown with plagioclase. Olivine, with
out reaction rims, occurs as microphenocrysts 
(;$, 0.5 mm in size) closely associated vvith 
plagioclase microphenocrysts. Fe-Ti oxides vary 
greatly in abundance, composing as much as 10 
percent in some samples. Magnetite predomi
nates over ilmenite as the primary oxide phase. 
The rnagnetlte occurs as irregularly shaped, 
interstitial groundmass crystals ( ^ ().2 mm in 
size), while ilmenite occurs chiefly as platelike 
crystals in residual glass. 
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Kanosh Volcanic Field 

The basalt flows located west and northwest 
of Kanosh (Fig. 1) are herein designated the 
Kanosh volcanic field; Black Rock Volcano^ 
located about 3 km west of Kanosh appears to 
have been the major eruptive center for the 
field. The volcano Is composed chiefly of a dis
sected cinder cone with basalt flows near the 
base. Although lacking the Alpine terraces of 
Lake Bonneville (5100 to 5280 ft), Black Rock 
Volcano is cut by the Bonneville terrace, and 
cinder and ash near the base of the cone have 
been reworked by lake currents. The absence of 
intermediate terraces indicates a late- or post-
Alpine age for the volcano. Because of their 
similar mineralogy, the basalt flows occupying 
the fault block east of Beaver Ridge (Fig. 1) 
are considered to be part of the Kanosh field. 
The sparsity of Bonneville sediments on these 
flows suggests a mid- to late-BonnevIlle age. 
Evidence,was not found to support a subaque
ous origin for the flows. Existing data suggest 
that the Kanosh volcanism was at least in part 
contemporary with the volcanism in the Pavant 
field to the north. 

Petrography. Basalts from the Kanosh field 
are similar in most respects to basalts from the 
southern part of the Pavant field. They differ 
from the latter basalts, however, in that they 
contain more plagioclase, less clinopyroxene, 
and abundant microphenocrysts of magnetite. 
The composition of the plagioclase is also some- . 
what more sodic (An48) (Table 1). 

Tabernacle Volcanic Field 

The Tabernacle field, located about 8 km 
northwest of Meadow (Fig. 1), is the smallest 
field in the Black Rock Desert region, covering 
an area of only about 12 km^ The field is com
posed of basaltic flows which were erupted 
from the base of Tabernacle Hill, a small tuff-
cone near the center of the field. This cone, 
which contains an outer crater approximately 
0.5 km in diameter breached on the northwest, 
is composed of partially to completely ce
mented cinder and ash (tuff-breccia) with 
abundant inclusions of country rock. The-
cemented nature of the cone, as pointed out by 
Gilbert (1890), may indicate subaqueous erup
tion. Two small spatter cones near the center pf 
the crater were produced during late stages of 
the volcanic activity and were probably sub
aerial eruptions (Gilbert, 1890). The Provo and 

Alpine terraces of Lake Bonneville do not occur 
on Tabernacle Hill. 

The basalt flows in the field are the pahoehoe . 
type containing abundant pressure ridges and 
lava tubes of varying sizes and degrees of col
lapse. Unlike the Pavant and Kanosh fields,. 
only a small arriount of Lake Bonneville sedi
ment covers the Tabernacle flows. This fact, 
together with the field's prominent topographic 
expression, attests to the youthfulness of the 
volcanlsrii. An unusual pillowlike and brecci
ated character of the outer edges of the flows 
may have been produced as the flows advanced 
into Lake Bonneville waters with the lava 
fronts at approximately water level. Existing 
data suggest that volcanic activity began at 

. Tabernacle Hill sometime during the Bonne
ville 2 lake level forming the outer subaqueous 
tuff-cone (Tabernacle Hill) and continued into 
the late Bonneville and perhaps early Provo 
stages when most of the lavas were erupted. • 

Petrography. The basalt flows of the Taber^ 
nacle-field are uniform in mineralogical com
position. They are porphyritic, containing from 
10 to 15 percent of large plagioclase phenocrysts 
(2 to 8 mm long) in a fine-grained intersertal 
groundmass of plagioclase, augite, and Fe-Ti 
oxides. Most of the samples contain from 10 to 
50 percent vesicles, often fined with calcite. 
The plagioclase phenocrysts are strongly re
sorbed and zoned, having an average composi
tion of about An65. Augite and ohvine occur 
principally as groundmass phases. Fe-Ti oxides 
(chiefly magnetite) compose as much as 11 per
cent of the rocks and occur as small ( ^ 25/i) 
groundmass crystals. 

Ice Spring Volcanic Field 

The Ice Spring field is located about 15 km 
west of Fillmore and occupies an area of about 
20 km^. This field, which was described by 
Gilbert (1890), Is composed of basalt flows that 
were erupted from a complex volcanic center 
in the south-central part of the field. This 
center consists of three large craters and several 
smaller ones in varying degrees of preservation. 
The large craters are Cresent (0.5 km diam.), 
the oldest of the three; Miter (300 m diam.); 
and Terrace, a collapsed crater (300 m diam.). 
Cresent and Miter craters are breached on the 
west where most of the lavas appear to have 
erupted. The complete absence of Lake Bonne
ville sediments on' the flows as well as the ab
sence of Lake Bonneville terraces developed on 
the craters indicates a post-Lake Bonneville 
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age for the volcanism (Fig. 2). The sparsity of 
plant and soil cover also attest to the youthful
ness of the field. 

The basalts of the Ice Spring field are of the 
aa type except near the eruptive center where 
pahoehoe dominates. It appears that the basalts 
were very fluid at the time of eruption (forming 
pahoehoe), loosing their -volatiles and increasing 
in viscosity as they moved outward, thus devel
oping aa Structure. The flows were erupted 
onto the Pavant flows along the northern edge 
of the field'. It appears that the oldest flows in 
the field moved northward, forming the north
ern lobe of the field, vvhile later ones moved 
westward,'and the youngest ones flowed south
ward. Insufficient exposure does not permit a 
more detailed account of flow stratigraphy or 
of relations of crater development to flow 
eruption. 

Petrography. The Ice Spring basalts are the 
finest grained and most enriched in Fe-Ti 
oxides in the Black Rock Desert region; the 
groundmass exhibits an Intersertal texture, and 
the average grain size is ^ 0.05 mm. Vesicles 
occasionally lined with calcite compose from 
5 to 30 percent of the flows. Zoned plagioclase 
microphenocrysts (0.1 to 0.3 mm long) oc<;ur In 
some samples. Rare large ( < 1 cm long) pla
gioclase phenocrysts, which are strongly zoned 
and resorbed, occur in most samples. Unlike all 
other basalts In the Black Rock Desert region, 
the Ice Spring flows contain orthopyroxene as 
microphenocrysts (--̂  1.5 mm long) and as a 
groundmass phase. Traces of augite also occur 
as microphenocrysts and In the groundmass, 
but olivine was not observed In any of the 
rocks. Extremely fine-grained Fe-TI oxides 
(chiefly magnetite) compose as much as 15 per
cent of the samples. Rare granitic rock frag
ments ^ 4 cm in size were found In the flows 
near Ice Spring on the northeastern edge of the 
field. The presence of such rock fragments sug
gests that- the Ice Spring flows may have been 
contaminated to a smaU degree with sialic 
crustal material. 

Cove Fort Volcanic Field ' 

The Cove Fort field, located southwest of 
Cove Fort, Utah, is composed ofa sequence of 
basaltic andesites (with silica contents > 56 
percent) which were erupted from the base of 
Cove Fort crater near the eastern extremity of 
the field (Fig. 1). Gove Fort crater is composed 
of loose red cinder and ash and is about 1 km 
in diameter; flows appear to have moved chiefly 

to the west and south from the crater. One long 
tongue of lava extends southwest from the 
crater for about 20 km. 

The basaltic andesite flows in the Cove Fort 
field are for the most part poorly exposed due 
to extensive soil and plant cover. Along the 
northern edge of the field, the flows rest on 
gypsum deposits which have been interpreted 
as deposits from an evaporite lake associated in 
time with the last stages of Lake Bonneville 
(Zimmerman, 1961).' If this interpretation is 
correct, the Cove Fort field is post-Lake 
Bonneville in age (Fig. 2). Perhaps the most 
unique feature of the Cove Fort flows is the 
ubiquitous presence of quartz xenocrysts and 
the occasional presence of small granitic rock 
fragments. 

Petr'ograJDhy. The basaltic andesites from 
the Cove Fort field are composed chiefly of 
plagioclase with small amounts of augite and 
Fe-TI oxides. Plagioclase occurs both as pheno
crysts and in the groundmass; the phenocrysts, 
which range from 1 to 5 mm long, are strongly 
resorbed and zoned. Textures range from inter
granular to Intersertal. These basaltic andesites 
are unique among the basaltic rocks of Black 
Rock Desert region in that they contain 1 to 2 
percent of quartz xenocrysts. The quartz occurs 
as rounded grains ranging from 1 to 3 mm in 
diameter and as composite (quartzite) grains 
several millimeters in size. Individual grains 
are always surrounded by reaction rims of 
augite. The quartz appears to have been de
rived from granites and quartzites (or sand
stones) from the basement. Of the Fe-Ti 
oxides, magnetite greatly exceeds llmenite and 
both phases are limited to the groundmass. 

GEOCHEMICAL VARLATION 

Major Elements 

When plotted on an AI2O3 versus Na20 -1-
K2O diagram (Fig. 3) (Kuno, 1960),the basalts 
from all volcanic fields in ' the Black Rock 
Desert region except the Ice Spring, Deseret, 
and Cove Fort fields are high-alumina basalts. 
Those from the Black Rock and Tabernacle 
fields are particularly rich in AI2O3 ( > 17 per
cent). Basalts from the Deseret and Ice Spring 
fields are tholeiites or transitional tholeilte-
high-alumlna basalts. Basaltic andesites from 
the Cove Fort field also fall' In the high-
alumina field when their quartz xenocryst-
corrected Si02 values (55 to 57 percent) are 
considered (Fig. 3). It can be seen in Figure 3 



f^3^.,^*3J^^%3^7^il^,X<^i^7i7 1 . ''. ^ -"7 
V ̂ % i 7^3:.^0%7 ^<^, ̂  ̂ \ 

^ ' • X H T ' 

i*f' 

- ' J ' 
^":-

" / T " ^ * , " S ./•**.,^^''.,>*p''''^s-|f',. <^ 4 ^v . 

ORIGIN OF QUATERNARY BASALTS, UTAH 341 

. % N O j O + K 2 O 

Figure 3. Alumina versus alkalies diagram for 
basalts from the Black Rock Desert region: (A) •= 
Black Rock field; (+ ) = Deseret field; (D) = Pavant-
Kanosh fields- (O) = Tabernacle field; ( • ) = Ice 
Spring field; ( A) = Cove Fort field. Arrow points in 
direction of decreasing eruptive age for flows of the 
Ice Spring field. 

that, exclusive of the Deseret and Cove Fort 
fields, a rough trend of decreasing AI2O3 with 
decreasing age exists. KjO also increases from 
the oldest to the youngest of these basalts 
(Figs. 4, 5). Other major elements, however, 
do not'exhibit apparent age-dependent trends 
over this interval. All of the Black Rock E)esert 
basalts, except those from the Cove Fort field, 
appear to have evolved along an, iron-enrich
ment trend sirnilar to the Skaergaard intrusion 
(Wager and Brown, 1967). Over-all secular 
trends on AFM or Fe versus SiOj diagrams are 
not apparent. It is also clear from Figure 3 and 
from trace elerrient data discussed below that 
within-field element trends exist in the Ice 
Spring field. These trends also appear to be 
related to eruptive age as discussed later. 

The decrease In AI2O3 and increase in K2O 
from the oldest to the youngest of the Black 
Rock' Desert basalts (excluding the Deseret 
and Cove Fort fields) suggests a genetic rela
tion for these basalts which were erupted over 
the last million years. In order to quantitatively 
evaluate this relation, trace element concentra

tions have been determined in samples from 
the Black Rock, Pavant, Kanosh, Tabernacle, 
and Ice Spring fields. 

Alkali and Alkaline-Earth Elements 

It is evident from Figures 4 and 5 that K and 
Rb increase; Sr decreases; and Ba scatters, al
though perhaps increasing from the oldest to 
the youngest of the Black Rock Desert basalts. 
The trends of K and Rb are similar to those 
observed in most Igneous-rock series and to the 
Skaergaard and Palisades trends (Nockolds and 
Allen, 1953; Wager and Brown, 1967; Walker, 
1969). The approximate constancy or slightly 
increasing behavior of Ba is similar to that ob
served in the Skaergaard where Ba remains un
changed until the extreme late fractions when 
it increases rapidly (Wager and Brown, 1967). 
It Is, however, unlike the Palisades and most 
igneous-rock series vvhich show a major increase 
In Ba with fractionation. The striking decrease 
in Sr with inferred degree of fractionation In 
the Black Rock Desert basalts (Fig. 5) is unique 
when compared to most igneous-rock trends 
which exhibit approximately constant or in
creasing Sr with fractionation. 

In a previous paper, we defined a "normal!' 
and a "Sr-depletion" trend for basaltic magmas 
(tholeiites and high-alumina basalts) under
going fractional crystallization (Condie and 
others, 1969). It is now clear from,pubhshed 
geochemical data on basalts that a two-trend 
model is oversimplified and that a spectrum of 
trends exists between the two extremes. The 
basalts from the Black Rock Desert region are 
unusual in that Sr decreases as a function of K 
rather than increasing or' remaining approxi
mately constant as it is observed to do in all 
other basaltic provinces for which data were 
available to the authors. The Black Rock 
Desert basalts do exhibit, however, typical in
creases in K/Sr, Rb/Sr, Ca/Sr; this is less pro
nounced in Ba/Sr with increasing K (Figs. 4, 
5). Rb is enriched rapidly relative to K and,Ba 
over this same interval, as evidenced by the 
rapid decreases in the K / R b and Ba/Rb ratios 
(Fig. 4). 

It was previously suggested that plagioclase 
fractional crystallization may be responsible for 
Sr-depleted basalts (Condie and others, 1969). 
Since plagioclase is the only mineral being re
moved from a fractionating basaltic magma 
which incorporates significant amounts of Sr, 
it is of interest to further examine plagioclase 
crystallization as a mechanism for the Sr-
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depletion observed in the Black Rock Desert 
basalts. To estimate the distribution coefficient 
of Sr between plagioclase and coexisting melt 
(Dsr"'*^"'"). plagioclase phenocrysts were sepa
rated from three of the porphyritic samples 
(21,-22, and 24) and coexisting ' plagioclase 
phenocryst-groundmass pairs were analyzed for 
Sr. K 'was also determined in these pairs. Rb in 
the plagioclase was below the level of detecta-
bility ( ~ 1 ppm) by x-ray fluorescence. The 
results of these analyses are given in Table 2 
and plotted together with whole-rock data in 
Figure 5. It can qualitatively be seen from this 
figure that removal of plagioclase drives the re
maining liquid In the correct direction to pro
duce the observed trend. 

To determine tbe amount of plagioclase -
necessary to be removed to produce the ob
served decrease In Sr in the Black Rock Desert 
basalts, calculations were made using the Ray
leigh distribution law, assuming the initial con
centration of Sr equal to 500 ppm, a final con
centration equal to 300 ppm, and Dgr"'"^"''' = 
1.8 (Table 2). The results indicate that 43 per
cent plagioclase must be removed to produce 
the observed decrease. Such an amount of crys-
talll2atlon, however, does not explain the ex
tremes of the other element trends shown In 
Figure 4. For instance, using the observed 
distribution coefficient for K, D K " ' " ^ ' " " = 0.2 to 
0.3 (Table 2), a final liquid is produced with 
only 0.8 percent K, whereas the observed value 
is about 1.2 percent. Removal of 43 percent 
plagioclase (Anso-eo) also leaves significant 
deficiencies of Si, Al, Na, and Rb and excesses 
of Mgj Fe, and Ti in the final basaltic magmas 
which are not observed. 

The excesses of Mg, Fe, and Ti, however, can 
be overcome by allowing collectively_,about 7 
percent crystallization of olivine (Foss) (3~per^ 
cent), clinopyroxene (2 percent), and mag
netite (2 percent). In order to compensate for 
most of the deficiencies, however, it appears 
necessary to contaminate the fractionating 
magma with Sr-poor, silica- and alumina-rich 
rock. This is not unreasonable since, as previ
ously mentioned, small fragments of granitic 
rock were found in parts of the basalts from Ice 
Spring field. The amount of contamination of 
the basaltic magmas with granitic rock of gran
odiorite composition to produce a final basaltic 
magma with the observed K, Si, Al, Na, and 
Rb concentrations was calculated from the 
data. An average granodiorite composition 
(Turekian and Wedepohl, 1961; Taylor, 1969) 

was chosen since it most closely approaches the 
average composition of the upper Precambrian 
crust. Any granitic rock between granite and 
quartz diorite in composition and containing, 
< 400 ppm Sr, however, can be assumed with
out significantly changing the calculation. The 
results indicate that 10 percent contamination 
of the oldest magmas, those of the Black Rock 
field, together with about 50 percent fractional 
crystaUlzation (43 percent plagioclase, 3 per
cent olivine, 2 percent clinopyroxene, and 2 
percent Fe-Ti oxides) will almost precisely 
reproduce the element trends shown in Figures 
4 and 5, as well as approximately reproducing 
the observed major element distributions in the 
final basaltic magmas. If the smaller Sr distribu
tion coefficient, Dsr"'"^'"^ = 1.5 (Table 2), is 
chosen, about 45 percent plagioclase must be 
removed to produce the observed decrease in 
Sr. It is, however, somewhat more difficult to. 
reproduce the other element distribution pat
terns with this amount of plagioclase crystalli
zation. If the contaminate granitic rock were 
unusually rich In biotite, hornblende, or mag
netite, or contained appreciable interlayers of 
amphibolite, less than 7 percent of olivine 4- ' 
cUnopyroxene -|- magnetite could be removed 

- from the magmas to preserve material balance 
for Fe, Mg, and Ti. However, experimental 
work on basaltic systems (Yoder and Tilley, 
1962; Green and RIngwood, 1967) arid the 
presence of olivine and clinopyroxene pheno
crysts in many of the older and intermediate-
age basalts indicate that it is unlikely that less 
than 7 percent of these phases were removed. 

The rapid decrease in the K / R b and Ba/Rb 
ratios with decreasing age (Fig. 4) is probably 
related to the preferential acceptance of K and 
Ba (with smaller ionic radii) into the plagio
clase structure as compared to Rb. The riet re
sult js a relative enrichment'in Rb in the frac
tionating,, magriia. Contamination by grano
diorite with a K / R b ^ 230 and a Ba/Rb ^ 5 
would also tend to decrease the K / R b and 
Ba/Rb ratios. The rapidly decreasing Sr in the 
Black Rock Desert basalts is also responsible for 
the increase in Ca/Sr ratio with decreasing age. 
This ratio, which is observed to decrease in all 
basaltic provinces for which data were availa
ble to the authors, is a sensitive indicator of the 
ratio of plagioclase to clinopyroxene crystal
Uzed from a magma, as pointed out by Brooks • 
(1968). Since clinopyroxene strongly discrimi
nates against Sr, in most basaltic provinces, 
enough clinopyroxene relative to plagioclase 
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has been removed from tbe fractionating mag
mas to prevent the (2a/Sr from increasing. In 
the Black Rock Desert basalts, however, the 
reverse has been true where the plagioclase/ 
clinopyroxene ratio of the phenocrysts being 
removed is calculated to be in the range of 15 
to 30. . 

It should be pointed out that'the model pro
posed by Griffin and Murthy (1969) involving 
the partial melting of hornblende and phlogo-
pite-bearlng periodotites in the upper mantle 
may also be employed successfully to produce 
relative Sr-depletion. It will not, however, ac
count for both decreases Ln Sr and Increases in 
K and Rb as are observed in the basalts from 
the Black Rock Desert region. 

If the "proposed model involving dominant 
plagioclase crystallization and contamination 
with granitic basement rock is correct, heat 
must be provided to digest the contaminant 
rock. Since evidence of superheat was not 
found in the basalts, a calculation was made , 
to ascertain if enough heat could be obtained 
from the latent heat of crystalhzation of plagi
oclase to melt the granitic contaminant. Assum
ing a specific heat for granite = 0.25 cal/gm, a' 
heat of fusion for granite = 63 cal/gm, a latent 
heat of crystalhzation for plagioclase = 100 
cal/gm (Clark, 1966), and a temperature dif
ference of the contaminant and magma of 
about 700° C, 2400 calories are needed to melt 
10 gms (10 percent) of contaminant per 100 ,̂ 
gms of melt. Only 24 gms of plagioclase per 
100 gms of melt (24 percent) needs to be re
moved to supply this many calories. Crystalli
zation of olivine, clinopyroxene, and magnetite 
would supply additional heat, and hence less 
than one-half of the heat derived from the 
crystallization of 43 percent plagioclase is 
needed to melt the contaminant. The remain
der of the heat would be lost by conduction 
and escape of volatiles. 

Zirconium and Hafnium 

The close geochemical coherence of Zr and 
Hf in the Black Rock Desert basalts is illus
trated in Figure 6. Both elements and the 
Zr /Hf ratio remain approximately constant 
from the oldest to the intermediate-age basalts. 
A striking enrichment m both Zr and Hf, how
ever, occurs in the youngest basalts from the 
Ice Spring field. The Black Rock Desert basalts 
differ from most differentiated tholeiite series 
which show increasing Zr and Hf with frac
tionation (Gottfried and others, 1968; Brooks, 

1969; Walker, 1969). The approximate con
stancy of the Zr/Hf ratio in the Black Rock 
Desert basalts is similar to that observed in the 
Skaergaard complex (Brooks, 1969), but unlike 
the Great Lake intrusion in Tasmania which 
exhibits a decreasing Zr/Hf with fractionation 
(Gottfried and others, 1968). The magnitude 
of this ratio ( ~ 70), however, in the Black 
Rock Desert basalts is larger than that ob
served in the Skaergaard and many other 
basakic rocks (35 to 40) (Brooks, 1969, 1970). 
- Crystalhzation of large amounts of plagio
clase and small amounts of olivine, clinopyrox
ene, and Fe-Ti oxides should enrich residual 
magmas in Zr and Hf since these elements do 
not substitute to any degree in the above 
minerals. Fe-Ti oxides, however, may be an 
exception. Walker (1969) has recently reported 
approximately 300 ppm of Zr in magnetite 
from the Palisades sill. A Zr distribution coef
ficient of approximately 2 Is suggested, if the 
chilled margin of the Palisades is used to esti
mate' the liquid composition. A distribution 
coefficient > 10, however, would be necessary 
to prevent the residual magmas in the Black 
Rock Desert region from becoming enriched in 
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Zr if only 2 percent magnetite is removed. For 
this reason, it is suggested that the aipproxi-
rnately constant Zr and Hf distributions reflect 
both Fe-Ti oxide and, minor zircon removal 
during fractional crystallization. The enrich
ment in Zr arid Hf in the Ice Springs basalts ap
pears to reflect the injection of a new batch of 
mantle-derived magma into the system that is 
enriched in Zr and Hf. 

Niobium, Titanium, Manganese, 
and Scandium 

Nb Increases rather smoothly from the oldest 
to the youngest of the basalts (Fig. 7). The 
comrnonly observed close coherence of Nb and 
Ti (Fleischer and others, 1952; Gottfried and 
others, 1968), however, is not found in the 
Black Rock Desert basalts. Ti remains approxi
mately constant and hence the Nb/T l gradually 
increases with fractionation (Fig. .7). The 
approximate constancy of Ti can be accounted 
for by the removal of about 2 percent of Ti-
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Figure 7. Nb, Ti, Mn, Sc, and the Nb/Ti ratio in 
basalts from the Bbck Rock Desert region as a function 
of K. Symbols and arrow as in Figure 3. 

bearing magnetite and contamination of the 
magma by 10 percent granodiorite as suggested 
by the model calculations. If most of the Nb in 
the Black Rock Desert basalts resides in Fe-Ti 
oxides as suggested by Gottfried and others 
(1968) for Nb in mafic rocks, it must have been 
rejected relative,to Ti as fractionation pro
gressed, to account for the Increasing Nb/T i 
ratio. The Ti contents of the Ice Spring basalts 
are somewhat higher than the older basalts in 
the Black Rock Desert region which average 
about 0.85 percent Ti (Fig. 4). This increase 
may reflect, as with Zr and Hf, the Injection of 
a new batch of Tl-rich magmas Into the system 
just prior to the extrusion of basalts at the Ice 
Spring stage. 

Mn and Sc remain approximately constant 
over the observed fractionation interval (Fig. 
7). This distribution of Mn Is different from 
that observed In most stratiform sheets which 
show Increasing Mn with fractionation (Wager 
and Brown, 1967; Walker, 1969). Sc behaves 
differently in various intrusions. It shows a 
distinct maximum In the Skaergaard layered 
series (Wager and Brown, 1967), decreases with 
fractionation In the, Great Lake intrusion 
(Greenland and Lovering, 1966), and hke the 
Black Rock Desert basalts, remains appiroxl-
mately constant in the Palisades sill (Walker, 
1969). Sc also does not show strong coherence 
with any major element in the Black Rock 
• Desert basalts, a characteristic which has pre
viously been noted for Sc In many Igneous rocks 
(Norman and Haskin, 1968). In order to remain 
approximately constant in the Black Rock 
Desert basalts, Mn and Sc must have been re
moved from the magmas In sufficient amounts 
to offset their corresponding enrichment 
caused by the extensive plagioclase removal. 
Because of the very small amounts of minerals 
removed which accept Mn or Sc, or both 
(olivine, clinopyroxene, and Fe-Ti oxides), 
during fractional crystallization, large dis
tribution coefficients (>10) for these elements 
are implied. 

Copper and Zinc 

Cu remains approximately constant and Zn 
shows an Irregular distribution roughly in
creasing from the oldest to the youngest of the 
Black Rock Desert basalts; such distributions 
result in a slightly increasing Zn/Cu ratio 
(Fig. 8). The rather constant Cu distribution 
contrasts strikingly to stratiform sheets which 
show increasing Cu with fractionation until the 
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Figure 8. Cu, Zn, and the Zn/Cu ratio in basalts 
from the Black Rock Desert region as a function of K. 
Symbols and arrow as in Figure 3. 

very late stages (Wager and Brown, 1967; 
Greenland and Lovering, 1966; Walker, 1969). 
Crystal field theory distortion effects (Curtis, 

' 1964) predict that Cu'^^ should be preferentially 
rejected from octahedral sites relative to most' 
other divalent transition elements and Mg"̂ ^ 
during fractional crystallization. The increase 
in Cu as a function of increasing-fractionation 
in stratiform sheets can be explained by such 
distortion effects. Cu also may occur as Cu+' 
which can be extracted from a magma to a 
limited degree by substitution in crystallizing 
plagioclase (Taylor, 1965; Damon, 1968). Such 
Cu removal may have been significant in the 
Black Rock Desert basalts where plagioclase 
was the dominant crystallizing phase. It is s'ug-
gested Cu+' removal in plagioclase and Cu+^ 
enrichment caused by crystal field'distortion 
effects approximately balanced each other in 
the Black Rock Desert magmas resulting in an 
approximately constant Cu distribution. 

The geochemical behavior of Zn Is not well 
known in stratiform sheets; however, total 
bond energy calculations (Damon, 1968) pre
dict that Zn+^, hke Cu+^, should be enriched 
relative to other transition elements and Mg"*"' 
as fractionation proceeds. The rough increase in 
Zn from the oldest to the youngest of the 
Black Rock Desert basalts is consistent with 
this prediction. 

Nickel and Cobalt 

Ni, Co, and the Ni/Co ratio decrease from 
the oldest basalts to those of intermediate age; 
Ni, however, is anomalously enriched in the 
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Figure 9. Co, Ni, and the Ni/Co ratio in basalts 
from the Black Rock Desert region as a function of K. 
Symbols and arrow as in Figure 3. 

young Ice Spring basalts (Fig. 9). Also a fair 
coherence of Ni and Co with Mg (but not with 
total Fe) exists in the Black Rock Desert 
basalts. Decreasing Ni and Co with fractiona
tion and a coherence with Mg also characterize 
stratiform sheets and igneous-rock series 
(Nockolds and Allen, 1953; Greenland and 
Lovering, 1966; Wager and Brown, 1967; 
Walker, 1969). Such trends are also predicted 
from total bond energies and crystal field 
'theory (Curds, 1964; Damon, 1968). Analyzed 

' olivine and pyroxene phenocrysts from Hawai
ian tholeiites have Ni distribution coefficients 
of 10-25 and 2-5, respectively (Anderson, 
1970, and 1970, personal commun.). Using 
distribution coefficients in these ranges and the 
Rayleigh distribution law, the observed de
crease in Ni (from 150 to 75 ppm) from the 
oldest to the intermediate-age basalts can be 
produced by approximately the same amounts 
of fractional crystallization and contamination 
calciilated in the Sr-depletion model. The 
striking Increase of Nl iri rhe Ice Spring basalts 
is interpreted (as with Ti, Zr, and Hf) as 
having been produced by the injection of a 
new batch of mantle-derived magma into the 
system which was Ni-rich.-

Rare Earth Elements 

The concentrations of the rare earth ele
ments (REE) in the Black Rock Desert basalts 
are similar to those reported in other tholeiitic 
basalts (Frey and others, 1968). Both in-
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dividually and collectively, the REE.increase 
in abundance from the oldest to the youngest of 
the basalts (Fig. 10). The average concentra
tion of 4 REE (2La -f Ce -f Sm -b Eu) is 77, 
87, and 117 ppm In the oldest, intermediate-age 
and youngest basalts, respectively. As shown in 
Figure 11, however, the relative REE dis- • 

• tribution patterns do not change appreciably 
from the oldest to the youngest basalts. 

In order to quantitatively evaluate these 
trends in terms of the proposed fractional 
crystallization model, plagioclase-groundmass 
pairs from two porphyritic samples were 
analyzed for several REE and distribution 
coefficients (plag/grdm) were calculated (Table 
2). The distribution coefficients are similar to 
those reported by Schnetzler and Philpotts 
(1970) for a variety of volcanic rocks and 
predict that if plagioclase is the major crystal
lizing phase, the residual liquids should in
crease in REE as observed in the Black Rock 
Desert basalts. Employing the Rayleigh dis
tribution law and allowing for 10 percent con
tamination with average granodiorite (Towell 
andothers, 1965; Taylor, 1969), the Increase in 
REE as a function of decreasing age of the 
basalts can be reproduced by crystallizing ap
proximately 40 percent plagioclase and small 
amounts of olivine, clinopyro.xene, and mag
netite as previously proposed. 

The fact that Sr decreases yet Eu increases 
from the oldest to the youngest basalts indi
cates that Eu did not significantly follow Sr 
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during fractional crystallization; the distribu
tion coefficients in Table 2 support this con
clusion. However, as has been shown by Phil
potts and Schnetzler (1968) and Schnetzler and 
Philpotts (1970) in other volcanic rocks, Eu is 
concentrated more in plagioclase than the 
other REE (Table 2), reflecring the fact that 
Eu can occur in the -1-2 as well as the -|-3 
valence state. Assuming the distribution coef
ficients in Table 2 and employing the Rayleigh 
distribution law in the mariner suggested by 
Philpotts and Schnetzler (1968), a 17 percent 
negative Eu anomaly should exist in the young 
Ice Spring basalts after the proposed 50 percent 
(43 percent plagioclase) fractional crystalliza
tion. Since the estimated precision of the 
Eu/Eu* is about 5 percent, an anomaly of at 
least 12 percent should be observed. The 
digestion of 10 percent cf granodiorite would 
either not affect the Eu anomaly of the mag
mas or cause it to be even more negative, as 
Eu/Eu'* in granodiorite ranges from about 0.7 
to 1. The absence of a Eu anomaly in the 
young basalts may reflect progressively in
creasing oxidizing conditions accompanying 
fractional crystallization and contamination. 
Towell and others (1969) have discussed the 
possible role of oxidation and reduction in con
trolling Eu anomalies in crystallizing magmas. 
Progressive oxidation accompanying fractiona
tion of the Black Rock Desert basalts would 
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Figure 10. Rare earth elements in basatts from the 
Black Rock Desert region as a function of K. Symbols 
and arrow as in Figure 3. 

Figure 11. Chondrite-normalizcd rare earth element 
distributions in basalts from the Black Rock Desert 
region. Symbols as in Figure 3. 
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convert more Eu+^ to Eu+', and thus progres
sively concentrate Eu in the later liquids rela
tive to the earlier ones. Such an increase may 
have approximately offset the Eu decrease due 
to preferential removal of Eu'^'' in plagioclase. 

TRENDS IN THE ICE SPRING FIELD 

The only volcanic field in the Black Rock 
Desert region to exhibit clearly defined within-
field geochemical variation is the Ice Spring 
field. More extensive sampling of the other 
fields, however, may also reveal such variations. 
Figures 3 through' 10 show systematic variation 
of most . islements. Although, as previously 
mentioned, the critical field relations in the Ice 
Spring are not conclusive as to the details of 
flow stratigraphy, they do suggest that the 
northern lobe of the field (where samples 5 
and 6 were collected) is the oldest and the 
southeast lobe (where sample 8 was collected) Is 
the youngest (Fig. 1). Assuming these observa
tions, to be correct, the geochemical trends iri 
the Ice Spring field appear to be related to 
relative ages of flow eruption, perhaps rep
resenting a time span on the order of 1000 yrs. 
The trends are Indicated in Figures 3 through 
10 by arrows pointing in the directions of in
ferred decreasing age of eruption. The results 
indicate that Fe, Ce, Zn, Cu, Ti, Mn, and Sr 
Increase and Si, Nl, Co, Mg, Na, K, Rb, and 
Nb decrease from the oldest to the youngest 
fiows. To explain these distributions, a model is 
herein proposed, involving both progressive 
tapping of.a zoned magma chamber and frac
tional crystallization accompanying eruption. 
A zoned magma produced by earlier fractional 
crystallization is envisioned just prior to 
eruption. The earlier fractional crystalhzation 
Involving chiefly the removal of plagioclase 

. resulted In an enrichment of K, Rb, Na, Ba, 
Zr, Hf, Nb, and volatiles (principally H2O), 
and a depletion in Ca and Sr in the upper part 
of the magma chamber. Tapping of progres
sively deeper levels in the chamber during' 
eruption can hence account for the observed 
decreases in K, Rb, Na, Nb, and in the K/Sr 
and Rb/Sr ratios (Figs. 4, 5), and Increases in 
Sr and Ca In the flows with decreasing eruptive 
age. The increase in K /Rb and Ba/Rb over 
this same interval indicates that Rb was more 
concentrated In the upper part of the magma 
chamber than were K and Ba. 
. It is not likely that the decreases in Si, Mg, 

Ni, and Co were produced by the proposed 
zoning, since progressive tapping bf the zoned 

magma chamber should produce increases 
rather than decreases In these elements. It is 
proposed, therefore, that these decreases reflect 
further fractional crystallization during and 
between eruptions involving chiefly removal of 
Mg-rich orthopyroxene rather than plagioclase. 
The fact that orthopyroxene occurs as micro
phenocrysts in the Ice Spring basalts supports 
this model. The change in the major crystal
lizing phase from plagioclase to orthopyroxene 
may be related to an Increase in water pressure, 
particularly In the upper parts of the magma 
chamber. Experimental studies of Yoder and 
Tilley (1962) indicate that increased water 
pressures can significantly lower the melting 
points of plagioclase without appreciably af
fecting pyroxenes and olivine. It is unlikely 
that the water pressure in the Ice Spring magma 
chamber exceeded 2500 kb, however, because 
amphibole becomes a major liquidus phase 
above this pressure (Yoder and Tilley, 1962). 

Calculations indicate that removal of 10 to 15 
percent.of Mg-rich orthopyroxene (including 
perhaps some olivine) from the original Ice 
Spring magma can prtxluce the observed de
creases in Mg, Si, and Ni. A Ni distribution 
coefficient, DNi""^-""" = 2, which is close to 
the average of distribution coefficients deter
mined from the orthopyroxene-groundmass 
pairs in Hawaiian basalts (Anderson, 1970, and 
also 1970, personal commun.) was used In the 
calculations employing the" Rayleigh dis
tribution law. The close coherence of Ni and 
Co in minerals from mafic igneous rocks 
(Smlrnova and others, 1969) suggests that the 
Co decrease is also controlled by orthopyroxene 
removal. The observed increases in Fe, Zn, Cu, 
Ti, and Mn are consistent with 10 to 15 percent 
removal of orthopyroxene, provided negligible 
amounts of these elements are contained in the 
orthopyroxene. 

The suggested slight decrease In Al from the 
oldest to the youngest flows (Fig. 3) suggests 
.that a small amount of plagioclase accompa
nied the orthopyroxene crystallization—not 
enough, however, to disturb the K, Rb, Sr, and 

. Ca zonation in the magmas. The presence of a 
few plagioclase microphenocrysts in-the basalts 
is consistent with this interpretation. The 
absence of increases in Ba, Zr, and Hf with 
eruptive age is puzzling, since these elements 
should be almost completely rejected from 
orthopyroxene. A small amount of zircon crys
tallization may have offset any enrichment in 
Zr and Hf, and Ba zonation in the magma 
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chamber may have offset any Ba enrichment. 
Since Sc is not observed to increase during the 
earlier fractionation periods and hence should 
not be zoned in the magma chamber, an 
orthopyroxene distribution coefficient =^1 is 
the most probable cause of the approximate 
constancy of this element (Fig. 7). 

Although only two samples from the Ice 
Spring field were analyzed for more than three 
REE, the data suggest approximately constant 
or slightly decreasing R E E contents from the 
oldest to the youngest flows; La, for which four 
analyses are available, supports this conclusion 
(Fig. 10). Differences in the relative REE 
distribution patterns are not apparent during 
the eruprive history (Fig. 11). The approximate 
constancy or slight fall in the REE with 
eruptive age is interpreted in terms of progres
sive tapping of the proposed zoned magma 
chamber with REE concentrated toward the 
top, together with the orthopyroxene-crystal
lization which would tend to concentrate REE 
in the later liquids. These two opposing effects 
may have produced the approximately constant 
or only slightly falling REE trends. The 
absence of a change in the Eu/Eu* over this 
interval supports the proposed model, sug
gesting that plagioclase was not an Important 
crystallizing phase and also implies that oxidizr 
ing conditions were approximately constant. 

CONCLUSIONS AND DISCUSSION 

Recent geochemical studies of young basalts 
from the Basin and Range province indicate 
that alkali basaltic volcanism vvas Important in 
this region during the late Cenozoic (Best and 
others, 1966; Wise, 1969; Lipman, 1969; Lee-
man and Rogers, 1970). Leeman and Rogers 
(1970) have further suggested petrologic 
provincialism in the western United States 
with high heat flow, thin crust, and alkali 
basaltic volcanism characterizing the Basin 
and Range province. The data reported 
herein for the basalts from the Black Rock 
Desert region together with sparse data from 
other localities (LeMasurier, 1968; Leeman 
and Rogers, 1970; K. C. Condie, unpub. data) 
suggest, however, that tholeiitic or high-
alumina basalts were the dominant • basalts 
erupted in the northern and eastern Great 
Basin during late Cenozoic time. In general, 
crustal thickness and the degree to which the 
lower crust can be defined increase northward 
in the Great Basin (Prodehl, 1970); such 
changes are paralleled by an increase in the 

abundance of late Cenozoic tholeiitic and high-
alumina basalt. Thin crust ( ^35 km), however, 
characterizes the eastern Great Basin. In the 
Black Rock Desert region, for instance, the 
crust ranges from about 30 to 34 km (Prodehl, 
1970). The eastern Great Basin appears to be a 
major exception to the general association of 
thin crust with late Cenozoic alkali basalts 
described by Leeman and Rogers (1970). 

The existence of a rough trend from high-
alumina to more tholeiitic basalt (as well as 
•systematic trends in K2O and many trace ele
ments) as a function of decreasing ages of 
eruption suggests a genetic relation between 
most of the basalts in the Black Rock Desert 
region. Basalts from the Deseret and Cove Fort 
fields are notable exceptions and do not appear 
to be directly related to the main sequence of 
basaltic evolution. A decrease in Sr from the 
oldest to ,the youngest of the Black Rock 
Desert basalts is most readily Interpreted In 
terms of fractional crystallization involving 
removal of about 40 percent plagioclase. The 
results of this study Indicate that Sr may pro
vide a valuable Index to the amount of 
plagioclase removal In magmas that have under
gone fractional crystallization in chambers 
<35 km deep. In order to reproduce most 
major and trace element distributions in the 
Black Rock Desert basalts, it is also necessary 
to crystallize small amounts of olivine (3 per
cent), clinopyroxene (2 percent), and Fe-Ti 
oxides (2 percent) and to contaminate the 
magmas with about 10 percent of Sr-poor, 
granitic rocks. (Calculations indicate that more 
than enough heat is available from the heat of 
crystallization of the minerals being removed 
to melt this amount of granitic component. 

In terms of recent experimental studies 
(Green and Ringwood, 1967), it appears that 
the rough trend from high-alumina to more 
tholeiitic basalt in the Black Rock Desert 
region Is most readily interpreted in terms of 
progressively shallower levels of fractional 
crystallization as a function of time. The data 
are most consistent with a model'lnvolvlng the 
collection of mantle-derived olivine tholeiite 
magma in a deep (15 to 35 km) crustal reser
voir or reservoirs ~10* yrs ago. Part,of this 
magma was extruded to form the oldest vol
canic field, the Black Rock field. Further 
fractional crystallization and contamination of 
the magma as it moved upward in the crust, 
together with small additions of mantle-
derived magma, produced later magmas which 
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were extruded to form the younger volcanic 
fields. Although varying degrees of partial 
melting in the mantle may also have influenced 
the history of the basalts, geochemical varia
tions indicate that crustal fractional crystalliza
tion and minor contamination played the 
dominant roles. With exception perhaps of 
Zr, Hf, Ti, and Ni in the younger basalts, any 
geochemical patterns resulting from varying 
degrees of partial melting In the mantle appear 
to have been masked by the extensive crustal 
fractional crystallization. ' New batches of 
magma entering the crustal reservoirs as 
fractionation proceeded either represented 
only minor contributions that did not disturb 
tbe fractionation trends or/and fractionation 
proceeded just far enough after each addition 
to return the magma to the previous or to an 
advanced stage of fractional crystallization 
before the next eruptive period. The large 

. amount of Zr, Hf, Ni, and Ti In the youngest 
basalts (Ice Spring field) may reflect the ad
dition ofa new batch of mantle-derived magma 
rich in these elements. In terms of the experi
mental data of Green and Ringwood (1968), 
the basaltic andesites from the Cove Fort field 
may have been produced by fractional crystal
lization of hydrous alkali basalt at depths of 30 
to 40 km. Significant contamination of these 
basaltic andesites with sialic crustal material 
may be also in part responsible for their 
anomalous character as compared to most 
other basalts in the Black Rock Desert region. 

Why the basalts from the Black Rock Desert 
region (and the eastern Great Basin in general) 
were collected in shallow fractionation cham
bers while the alkali basalts which characterize 
much.of the Basin and Range province were 
collected and underwent fractional crystalliza
tion In deep (>35 km) chambers Is unknown. 
The reason, however, may be related to the 
Wasatch Fault zone (including subsidiary 
faults) which forms the eastern edge of the 
Great Basin. This fault zone, which developed 
along an earlier structural discontinuity (pre-
Cenozoic and perhaps Precambrian in age; 
Condie, 1966) may have roots extending into 
the upper mantle 'which provided easy access 
for basaltic magmas in the eastern Great Basin 
to move into crustal fractionation chambers. A 
corollary to this hypothesis would suggest that 
the alkali basalts which characterize much of 
the Basin and Range province did not ac
cumulate in shallow fractionation chambers 
because most basin and range fracture systems 

extend only to shallow (..535 km) depths; only 
at times of eruption when gas pressures were 
high did these magmas move rapidly to the 
surface through the shallow fracture systems. 

ACKNOWLEDGMENTS 

The authors gratefully acknowledge the as
sistance of C. B. Belt, Jr., who analyzed the 
plagioclase separates for K by atomic absorp
tion, and David Gottfried who analyzed the 
basalt samples for Nb. M. J. Potts, Scott 
Sibley, Stanley Sun, and M. M. Murray are 
thanked for their help with analytical work 
and computer programs. The cooperation of 
A. E. Elliott at the reactor facility at the 
University of Missouri at Rolla Is also grate
fully appreciated. A critical review of part of 
the paper by W. S. Wise, M. G. Best, and 
R. V. Fisher has resulted in significant im
provements. The research was sponsored in 
part by NASA Grant NGR26-008-006. 

REFERENCES CITED 

Anderson, A. T., Jr., 1970, Nickel in basaltic olivine 
and glass: Am. Geophys. Union Trans., v. 51, 
p. 443-444. 

Best, M. G., Hamblin, W. K., and Brimhail, W. 
H., 1966, Preliminary petrology and chemistry 
of late Cenozoic basatts in the western Grand 
Canyon region: Brigham Young Univ. Ge
ology Studies 13,'p. 109-124. 

Bissell, H. J., -1963, Lake Bonneville; Geology of 
southern Utah Valley, Utah: U.S. Geol. Survey 
Prof. Paper 257-B, p. 101-130. 

Brooks, C. K., 1968, On the interpretation of 
trends in element ratios in differentiated igne
ous rocks, with particular reference to stron
tium and calcium: Chem. Geology, v. 3, p. 
15-20. 
1969, On the distribution of zirconium and 

hafnium In the Skaergaard intrusion. East 
Greenland: Geochim. et Cosmochim. Acta, v. 
33, p. 357-374. 
1970, The concentrations of zirconium and 

hafnium in some igneous and metamorphic 
rocks and minerals: Geochim. et Cosmochim. 
Acta, V. 34, p. 411-416. 

Clark, S. P., Jr., 1966, Handbook of physical con
stants: Geol. Soc. America Mem. 97, 587 p. 

Condie, K. C , 1966, Late Precambrian rocks in the 
northeastern Great Basin and vicinity: Jour. 
Geology, v. 74, p. 631-636. 
1967a, Petrology of the late Precambrian 

tillite association in northern Utah: Geol. Soc. 
America Bull., v. 78, p. 1317-1344. 
1967b, Geochemistry of early Precambrian 

graywackes from Wyoming: Geochim. et 
Cosmochim. Acta, v. 31,-p. 2135-2149. 



' • • # ^ -

: -T^r-: 

:i3 
^Mk!Mk737M3Mi7la& &^R#ivisii^iJ i;te-.,fe-fej.tfe>3:ifeaAirVife,'g-iC:.^AC^ iiajai#tf^4v.e 

ORIGIN OF QUATERNARY BASALTS, UTAH 351 

Condie, K. C , and Lo, H. H., 1972, Trace-element 
geochemistry of the Louis Lake batholith of 
early Precambrian age, Wyoming: Geochim. 
et Cosmochim. Acta (in press). . 

Condie, K. C , Barsky, C. K., and Mueller, P. A., 
1969, Geochemistry of Precambrian diabase 
dikes from Wyoming; Geochim. et Cosmo
chim. Acta, v. 33, p. 1371-1388. 

Covell, D . F., 1959, Determination of gamma-ray 
abundance directly from the total absorption 
peak: Anal. Chemistry, v. 31, p. 1785-1790. 

Crittenden, M. D., Jr., 1963, New data on the iso
static deformation of Lake Bonneville: U.S. 
Geol. Survey Prof Paper 454-E, 31 p. 

Curtis, C. D., 1964, Applications of the crystal-
field theory to the inclusion of trace transition 
elements in minerals during magmatic differen
tiation; Geochim. et Cosmochim. Acta, v. 28, 
p. 389-403. 

Damon, P. E., 1968, Behavior of some elements 
during magmatic crystallization; Geochim. et 
Cosmochim. Acta, v. 32, p . 564-567. 

Eardley, A. J., Gvosdetsky, V., and Marsell, R. E., 
1957, Hydrology of Lake Bonneville and sedi
ments and soils of its basin (Utah): Geol. Soc. 
America Bull., v. 68, p. 1141-1202. 

Fleischer, M., Murata, K. J., Fletcher, J. D.; and 
Narten, P. F., 1952, Geochemical association 
of niobium (Columbium) and titanium and its 
geological and economical significance; U.S. 
Geol. Survey Circ. 225, 13 p. 

Frey, F . A., Haskin, M. A., Poetz, J., and Haskin, 
L. A., 1968, Rare earth abundances in some 
basic rocks: Jour. Geophys. Research, v. 73, 
p. 6085-6098. 

GJbert , G. K., 1890, Lake Bonneville and volcanic 
eruption: U.S. Geol. Survey Mon. 1, p . 
319-339. 

Gordon, G. £. , Randle, E. K., Goles, G. G., Cor-
. liss, J. B., Beeson, M. H., and Oxley, S. S., 

1968, Instrumental acrivation analysis of stan
dard rocks with high resolution x-ray detec
tors; Geochim. et Cosmochim. Acta, v. 32, p. 
369-396. 

Gottfried, D. L., Greenland, P. L., and Campbell, 
E. Y., 1968, Variation of Nb-Ta, Zr-Hf, Th-U, 
and K-Cs in two diabase-granophyre suites; 
Geochim. et Cosmochim. Acta, v. 32, p . 
925-947. 

Green, D. H., and Ringwood, A. E., 1967, The 
genesis of basaltic magttias; Contr. Mineralogy 
and Petrology, v, 15, p . 105-190. 
1968, Genesis ofthe calc-alkaline igneous rock 

suite: Contr. Mineralogy and Petrology, v. 18, 
p. 105-162. 

Greenland, L., and Lovering, J. F., 1966, Fractiona
tion of fluorine, chlorine, and other trace ele- . 
ments during differentiation of a tholeiitic 
magma: Geochim. et Cosmochim. Acta, v. 30, 
p. 963-982. 

Griffin, W. L., and Murthy, V. R., 1969, Distribu

tion of K, Rb, Sr, and Ba in some minerals 
relevant to basalt genesis: Geochim. et 
Cosmochim. Acta, v. 33, p . 1389-1414. 

Grimaldi, F. S., 1960, Determination of niobium 
in the parts per million range in rocks: Anal. 
Chemistry, v. 32, p . 119-121. 

Kuno, H., 1960, High-alumina basalt: Jour. Petrol
ogy, V. 1, p. 121-145. 

Leeman, W. P., and Rogers, J. W., 1970, Late 
Cenozoic alkali-olivine basalts of the Basin-
Range Province, U. S. A.: Ctontr. Mineralogy 
and Petrology, v. 25, p . 1-24. 

LeMasurier; W. E., 1968, Crystallization behavior 
of basalt magma, Santa Rosa Range, Nevada; 
Geol. Soc. America BuU., v. 79, p . 949-972. 

Lipman; P. W., 1969, Alkalic and tholeiitic basaltic 
volcanism related to the Rio Grande depres
sion, southern Colorado and northern New. 
Mexico: Geol. Soc. America Bull., v. 80, p. 
1343-1354. 

Morrison, R. B., 1966, Predecessors of Great Salt 
Lake; Utah Geol. Soc. Guidebook, v. 20, p. 
77-104. 

Nockolds, S. R., and Allen, R., 1953, The geochem
istry of some igneous rock series: Geochim. et 
Cosmochim. Acta, v. 4, p. 105-142. 

Norman, J. C , and Haskin, L. A., 1968, The geo
chemistry of Sc: A comparison to the rare 
earths and Fe: Geochim. et Cosmochim. Acta, 
v: 32, p. 93-108. 

Philpotts, J. A.,, and Schnetzler, C. C , 1968, 
Europium anomalies and the genesis of basalt: 
Chem. Geology, v. 3, p . 5-13. 

Prodehl, C., 1970, Seismic refraction study of 
crustal structure in the western United States; 
Geol. Soc. America Bull., v. 81, p. 2629-2646. 

Reynolds, R. C , Jr., 1963, Matrix corrections in 
trace element analysis by x-ray fluorescence: 
Estimation of the mass absorpdon coefficient 
by Compton scattering: Am. Mineralogist, v. 
48, p. 1133-1143. 

Schnetzler, C. C , and Philpotts, J. A., 1970, Parti-
, tion coefficients of rare-earth elements betvveen 

igneous matrix material and rock-forrriing min
eral phenocrysts II: Geochim. et Cosmochim. 
Acta, V. 34, p . 331-340. 

Smirnova, N. P., Nesterenko, G. V., and Al'muk-
hamedov, 1969, The mode of occurrence of 
nickel and cobalt in mafic rocks: Geoch. 
Internat., v. 5, p. 363-372. 

Stokes, W. L., 1962, Geologic map of Utah: Utah 
Geol. Survey. 

Taylor, S. R., 1965, The application of trace ele
ment data to problems in petrology: Physics 
and chemistry of the Earth, Vol. 16, p . 135-
231. 
1969, Trace element chemistry of andesites 

and associated calc-alkaline rocks: Oregon 
Dept. Geol. and Mineral Industries Bull., .v. 
65, p. 43-64. 

Towell, D. G., Winchester, J. W., and Spirn, R. V„ 

^r^'SE^S^^^E:^''^^^^^^'^""'""' 



352 CONDIE AND BARSKY 

1965, Rare-earth distributions in some rocks 
and associated minerals of the batholith of 
southern California: Jour. Geophys. Research, 
v. 70, p . 3485-3496. ,-

Towell, D. G., Winchester, J.W.,and Spirn, R. V., 
1969, Europium anomalies and the genesis of 
basalt: A discussion: Chem. Geology, v. 4, p . • 
461^65 . 

Turekian, K. K., and Wedepohl, K. H., 1961, 
Distribution of the elements in some major 
units of the earth's crust: Geol. Soc. America 
BuU., V. 72, p . 175-192. 

Wager, L. R., and Brown, G. M., 1967, Layered 
igneous rocks: San Francisco, W. H. Freeman 
and Co., 588 p. 

Walker, K. R., 1969, The Palisades SUI, New 
Jersey: A reinvestigation: Geol. Soc. America 

Spec. Paper 111, 116 p. 
Wise, W. S., 1969, Origin of basaltic magmas in the 

Mojave Desert area, California; Contr. Min
eralogy and Petrology, v. 23, p. 53-64. 

Yoder, H. S., Jr., and TiUey, C. E., 1962, Origin 
of basaltic magmas: An experimental study of 
natural and synthetic rock systems: Jour. Pe
trology, v. 3, p . 342-531. 

Zimmerman, J. T., 1961, Geology of the Cove 
Creek area, MiUard and Beaver Coimties, 
Utali [M.S. thesis]: Salt Lake City, Utah 
Univ., 91 p. 

MANUSCRIPT RECEIVED BV T H E SOCIETY MARCH 

3, 1971 
REVISED MANUSCRIPT RECEIVED JULY 19, 1971 

PRINTED IN U.S.A. 

...-'V {.'lifK-.lfll.. 



-^ 

' Mil 
' '^y 

; # 
r-M 
•• - n 

'•• 3 

iSilfiFUMIi I i'*,,-

AREA 
UTeast ' 
_Strat 

Bishop 

1 1^ 

^, 

^ v ••; 

'31,: 

7:; '̂: 

' iiT:, 
-*S','-' 

<s:V'r^ A!^ 

A K 

BULLETIN OF THE GEOLOGICAL SOCIETY OF AMERICA 

V O L . 35 . pp. 279.304 JUNE 30 . 1924 

RELATIOA'S OF T H E BEOWiS'S P A R K F O R M A T I O N AND T H E 
, B I S H O P CONGLOMERATE, A N D T H E I R ROLE I N 

T I I E ORIGIN OF G R E E N AND Y A M P A R I V E R S ^ 

BY J U L I A N n . SliAIiS 

{Presented before the Society Decemher 2S, 19'23) 

CONTENTS 
l^age 

Introduction '• 270 
Kegioiial geologic reliit ion.s. . . ; . . . ; •. ' 280 
lMa.1oi- problems 2S0 
Origin of the courses of Grocii and Tauipii river.s 2.S1 
Browns Park formation ; •... 284 

Character and source , 284 
• Age 286 

The syucliual structure and its cau.se .• 287 
Bishop conglomerate 288 

Chrtracter and .source 2SS 
Age 2Sn 

Correlation of the Browns Park fonnation and tho Bislioi) conglomerate. 2S9 
Additional evidence for superpo.sition from the Browns Park fonnatiou.. 208 
Suuiiiiary of geologic histor.v .'JOI 

IxTIv'ODDCTIOX 

Is the cour.se of Green River across the Uinta Mountains that of an 
antecedent or a. superposed stream ? If superposed, on what forrnatio:! 
was its course established?- These questions have been tlie subject of 
lively discussion for half a century, •svithout being conclusively answered. 
Much interest has been manifested also in two formations of this region, 
the Bishop conglomerate and the Browns Park formation, the age, origin, 
and interrelations of -ivhicli have not been completely understood. 

During field-work for the United States Geological Survey in 1921 
and 1922 the writer.had an opportunity to s tudy the Browns Pai'k forma
tion tlironghout its entire known area of outcrop, and has liecome con-

^ Mamiscriiit received I).v tho Sccrt.'tjiry of tho. Socicl.v .lanu.ii-y 2.S. 10-_;4. 
riibllslic'd !.•>' permission of ti>e Diicctoi' of tlie U. S. Geological Siu-ve.v. 

(279) 

http://cau.se
http://cour.se


2.^0 .1.1). SE.VKS—Ki-:L.-\:nOKS oi.'' TIU-: i:;r;o\vN3 1'.\I:;K FOi!-\i.-\'riO-N 

'i^-rr 

vinced that this formation supplies the key to the relations of Green 
River and the Uinta Mountains. 
' Before presenting the problems and the proposed soliitionSj the waiter 

Irishes to express his deep obligation to his associates, W. H. Bradley, 
James Gilluly, and K. K. Landes, for their splendid cooperation in this 
study and for many valuable suggestions that they have contributed. .\t 
all times during the progress of the work ideas have been so freely e.\-
changed that it is impossible to give more specific credit to each. man. 

REGIOXAL GEOLOGIC RELATION'S 

The Uinta Mountain anticline is a broad, flat-topped, east-'̂ vest fold, 
approximately 150 miles long and 30 to' 40 miles ivide, but only thn 
eastern portion of the major arch lies witliin tlic area here described 
(figure 1). The axis of upfolding is continued to the sontheastward, 
however, as the less prominent Axial Basin anticline, on which are the 
two' sharp domes of Cross and Juniper Mountains. The Uinta jMonn-
tain-Axial Basin arch is flanked on each side by a great structural basin, 
the one on the north being known as the Green River basiii and the one 
on the south as the Uinta, basin. 

The oldest rocks ofthe region arc exposed in tlie middle part of thp. 
Uinta Momitain anticline and in the Cross and Juniper Mountain domes. 
These rocks consist principally of the '"'Uinta'"' red quartzites and sand
stones, about 12.000 feet thick, -M'-hich are possibly of early Cambrian age. 
Younger Paleozoic and Mesozoic formations make up the flanks of.the 
arch. Eocene formations cover the outer edges and fill the Green River 
and Uinta basins. In a broad zone along the crest of the eastern half of 
the Uinta j^fountain-.Axial Basin arch the Browns Park formation lies 
on older rocks with angular unconformity ranging from 10 to 100 de
grees. The Bishop conglomerate, capping isolated peaks and uplands 
north of the arch, also occurs in isolated areas high on the southern 
slope of the,Uinta Mountains. 

M A J O R PiiOBLEii.s 

Of the many problems to be found-in this region, two stand out with 
especial sharpness: The first ,is the origin of the: ijresent courses of 
Green and Yampa rivers, which have carved remarkable canyons in tho 
upfolds without apparent regard,for structure or the relative hardness 
of strata. The second problem deals with the. curious attitude of the 
Bi'owns Park forniafion, which, though lying approximately on the crest 
of the Uinta ]\rountain-Axial Basiirarch, lias the structure of a well-
defined syncline. In seeking an explanation of the second problem—tliis 
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umisiial structural relationship—data liavc been found wliich the writer 
believes supply a satisfactory solution of the first problem. 

ORIGIN OF T.I-IE CODUSESOF GUKEN AND YAMI'A R,ivi-:RS 

Green River flows southward in Wyoming for many miles on soft, 
nearly horizont-il Eocene beds; then, without deflection, plunges into the 
north flank of the Uinta Mountains. Southward and eastward its course 
is through a number of canyons eroded .in the hard Mesozoic and Paleo
zoic rocks which here constitute the mountain ma.ss. From these canyons 
the rivei (inriixt'' into the open \ illov of Biowns P.iik T\cn lure, 

FiGur.K 2.—Linlore Canyon 

Looking downstrenm. 

however, it does not keep witliin the soft sandstones of the Browns Park 
formation, but makes several detours througli spurs of the mountain by 
short canj'ons cut iu the "Uinta" quartzite. Bej'ond the park the obvious 
course of Green Biver would be a continuation southeastward, through 
low country and soft rocks,, to a junction with the Little Snake, but 
instead the river swings sharply southward and has cut its way across 
the main range by way of Lodore Canyon, about half a mile deep in the 
'"T^inta" quartzite (figure 2). The river, after cutting through the main 
range and being joined by the Yampa, emerges into a synclinal valley,, 
through wliich it could apparently'find an easy outlet westwjard in soft 
beds to the lowlands south of the mountains, but instead it again pursues 
the harder way and crosses Split Mountain by a deep cariyon. 

, f " i f 
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The course of Yampa River is no less reniarkaide. Its intrenched 
meanders cut in Mesaverde rocks on the noj'th flank of the Axial Basin 
anticline, its deep caiiyons through the hard rocks of Juniper and Cross 
.Afouiitain.?, and its bold entrance into the eastern end of the Uinta Moun
tains are more notalile because the river apparently could have easily -
avoided obstructions by a course through low country in soft beds of th'e 
Browns Park formation. . ' ' ' 

The interest of early explorers and later students of this region was' 
keenly aroused by these striking canyons, and numerous attempts have 
been made to explain their origin. Powell- felt sure that Green River 
is an antecedent stream, and that it maintained its course across the 
slowly rising arch, "as the saw revolves on a fixed pivot, while the log 
through which it cuts is moved along." On the other hand, Emmons^ ,\ 
was convinced that both Green and Yampa rivers were superposed, their ' 
courses being established on soft overlying Tertiary formations. Powell's 
conception was accepted by C. A. White, Le Conte, Geikie, and others; 
Emmons' theory was adopted by King, Irving, W. M. Davis, and Sucss. 
Modifications have been suggested by other students, but in the main 
these two theories have formed the basi.s of all explanations ofl'ered. -The 
opposing.views have been summarized by Hancock,'' who also contributes 
several valuable points in favor of a superpo.?cd origin for Yampa River. 

The writer is convinced by the reasoning of others and by his own 
observations that the theory of antecedence is absolutely untenable. It 
is diflicult to'.picture such an even balance between elevation and erosion 
that Green River could maintain, its course across an uplift of 25,000 
feet, including a fault on wliich, according to Powell's figure, the rocks 
were.upthrown 23,000 feet against the river. Granting that such a bal
ance miglit persist, nevertheless it seems impossible' that the .present 
courses of .Green and Yampa rivers were established prior to the deposi
tion of the Eocene beds in Green Eiver basin and of the Browns Park 
formation on the eastern part of the arch. This deposition would liave. 
buried such earlier channels under several thousand feet of .sediment, 
and it .seems inconceivable that the'rivers could reestabltsh themselves 
and cut down to rediscover their original channels at all points. Othei-
reasons ivhich seem to render untenable the theory of antecedence will 
be brought out farther on in this paper. 

There remains the explanation by superposition. If this be accepted, 

= J, W. Powe l l : E.-cploration of the Colorado River of the \1'cst nnd Irs triluiliii-les 
LST;-,. p. 1S2. . . . 

= S. F. E m m o n s : TJ. S. Cool. Expl. 40th P a r , vol. 2, .FST", pp. .104, 107. • 
' E. T. Hancock: The history of a portion of Yampa River, Colorado. ,iiul i ts possible -

bearing on tha t of Green River. U. S. Geo!. .Survey Prof. Paper 00, 1015, pp. 1S3-1S9. 

ORIGIN- O F COURSES OF GREEN AND YA .MPA RIVEHS 283 

» 

?* 

1% 

•f-: 5 L • 

a further question arises: On what formation were'the river courses es
tablished? I t could not have been the Cretaceous beds, as these shared, 
fiillv in the arcliing. Only Eocene and later deposits, therefore, need bo 
considered; 

The Eocene rocks (Wasatch, Green River, and Bridger formations) 
must also be excluded as a possible basement. I n t h e first place, at .some 
time after the close of the Eocene tlie valley of Browns Park was eroded, 
and later this depression, as well as territory far to the eastAvard, on the 
axis of the arch, \vere buried beneath many hundred feet of the Browns 
Park formation. No previously established rivers could have, maintained 
their courses across such an area of erosion,and deposition. In the second 
place, the writer believes that the eastern end of the Uinta Mountain 
arch was never covered by Eocene formations. The fact that no remnant 
of such Eocene cover has ever been authentically reported is negat've 
evidence for this statement. ]*Iore positive evidence is that the Eocene 
sediments of Green River and Uinta basins were derived largely from 

• the Uinta Mountains, and, though connecting eastward aroimd the arch 
over the site of the present Axial Basin anticline, they overlapped or.ly 
the outer edges of the main arch. Details of this evidence, which is 
presented more fully in another paper,^ may be summarized here. On 
the north side of the arch the mountainward limit of Eocene deposition 
is .shown in four ways:, (a) several bodies of conglomerate, \y\ih. boulders 
up to six feet in diameter, occur near the mountains in the AVasatch and 
Green River,formations; by their position, lithology, and rapid gradation 
basinward into fine sediments, they can best be interpreted as alluvial 
fans: (b) distiiict overlap and attendant thinning of the Wasatch south
ward is seen on Vermilion Creek; (c) in sections 23 and 24, township 9 
north, range' 100 west, the Bridger rests directly on Cretaceous and 
.Jurassic rocks, having overlapped the edge of the Wasatch and Green 
River deposits; (d.) the Bridger at this locality contains many layers of 
coarse conglomerate, although notably free from them farther out in the 
basin. - _ 

Possibilities are thus narrowed dow-n' to the post-Eocene rocks—the 
Browns Park formation and the Bishop conglomerate.' Emmons''' be
lieved that the course of Green River was estab]i.shed on the Bishop con
glomerate, which at one time covered most of the eastern part of the 
mountains; Hancock" suggested that Yampa River was superposed from 

U. S. Geol. Survey Prof. Paper 
= J . D. Sears and W". H. Brad ley ; Relations of the W'a.satch and Green River forma 

tions in northwester i i ,Colorado and southern Wyomin 
i;?2-F (in p repara t ion) . , 

» S. F . E m m o n s : U. S. Geol. E.^pl, 40th Par. , vol. 2, 1S77, p. 205. 
' E. T. Hancock : The hisiory of a portion of Yampa River, Colorado, and i ts ppssible 

bearing on t h a t of Green Uiver. XJ. S. Geol. Survey Prof. Paper 00. 1915, p. 188. 
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the, .Browns Park- formation. .'\.s the IBishop eoii.glomerate lias always 
been considered distinctly younger than the Browns Park, these conce]:its 
and the evidience submitted in their support have seemed to be in conflict. 
The writer proposes to reconcile these conflicting views by showing that 
tlie Bishop conglomerate is actually the basal part of the Browns Park 
formation; that the synclinal attitude of the Browns Park was caused 
chiefly by deformation; and that tlie courses of l.)oth rivers, were estab
lished on the .Browns Park. 

BiiowNS PARK FORMATION 

CII,llf,\CTER ,\yD SOURCE. /.— -

The Browns Park formation, named by Powelf̂  from its typical ex
posures in Browns Park, consists predominantly of soft, chalk-white 
sandstone. Its color, the peculiar lumpy appearance of its weathered 

Fir.L'Ri'; 3.—IJasat Congloiticratc of the IJron^.ns Pa rk Foi-niation. 

This photograph was taken in section 1, township 9 north, range 101 w-est, Colorado. 

fragments, and the ease with which it breaks down into loose, deep sand 
differentiate it sharply from all other formations of the region, except 
possibly the Nugget sandstone, of Jurassic age, which is distinguished 
by its remarkable cross-bedding. In general, the Browns Park is well 
bedded, although cross-bedding is not uncommon, especially east of Cross 
i^fountain. Unequal resistance to weathering of the various sandstone 

' .T. W. Powel l : Report on the geology of the-eastern portion of the Uinta Mountains 
and a region of country adjacent thereto, 1876, p. 44. 

lavers gives the impression of many- shale beds alternating uitli the 
sandstones; in reality, there is very little da}- in the formation. The 
sandstone is made up almost wholly of well rounded quai'tz grains 
cemented with lime. At places west of Little Snake River hard layers 
of cliert and chalcedony occur in tlie lower part of the forniation. 

A conglomerate of varicolored pebbles is found at the base of the 
Browns Park formation east of Little Snake River; it crops out con
spicuously north of Yampa .River upstream from the .Juniper Mountain 
canyon. Farther west the ba.se of the formation is marked by a con
glomerate of red quartzite pebbles and boulders reaching a diameter of 
two feet (figure 3). This red conglomerate, ranging in thickn'ess from 
a few inches to several hundred feet, is in striking contrast to the white 
sandstone above. It is seen almost everywhere along the northern edge 
of the Browns Park outcrops between Little Snake River and Vermilion 
Crock, in the outlier of the forniation north of Cold Spring ]\Iountain, 
and also at the northwestern end of Browns Park. Just west of Little 

^ouf/? Abr^7 

FiGur.i; 4.—Sketch Scition sho\,:,n(i Retations of the Bi-oi,:ns Pai-l-, lifiilije,-, and Green 
Rifcr Formatiousi icc.-it of Li t t le SmiL-c Ri rc r , CoJoraito . 

Snake River, where the Browns Park forination rests on southward-
dipping Bridger beds with a marked angular unconformity, the boulders 
of the-conglomerate arc inconspicuous, though'the red color is noticeable. 
.\t this locality the relations'were misunderstood and ingeniously mis
interpreted by geologists of the King Survey." Bridger beds, faulted 
down against Green 'River shales lying to the north, were thought to 
underlie the Green Eiver, and hence were called Wasatch. The red con
glomerate was described as a band of. red shale, and with some of the 
overlying cherty layers of the Browns Park was also included- in the 
Wasatch. The discordance in dip was explained as an intraformational 
"aneonforniity in tlie Wasatch. The true relations are shown in figure 4. 

There can be no doubt that the basal conglomerate of the Browns 
Park forniation west of Little Snake River -was derived chiefly from the 
red "Uinta" quartzite. It will be shown that there is also good reason 

' C l a r e n c e Kin.ii; U. S. Geol. Expl. 40 th 'Pa r . , vol. 1. l.S7.?i pp. SOfi, 3S5-3S0. 
S. F. E m m o n s : Idem..vol. 2. 1877. p. 220. 
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to believe that the white sand making up the body of the fonnation had 
the same source. It has long been recognized that Mesozoic and Car
boniferous rocks of the Uinta Mountains furnished the sediments of the 
Wasatcli, and that Carboniferous rocks supplied the material for the 
Green River forniation. Conglomerates of Mississippian gray cherty. 
limestone are abundant in the Bridger near its margin. By Browns 
Park time erosion had cut down into the great mass-of red "Uinta" 
quartzite forming the core of the arch, and after the outpouring of the 

' coarse material that later con.solidated as the conglomerate, further 
weathering and erosion involved the breaking down and leaching of tho 
quartzite to white sand. Such a color change is unusual, but the reti 
quartzite does today produce just such white sand. At places in the 
mountains tiny' alluvial fans of pure white sand are found where gullies 
emerge from steep slopes of red quartzite. Boulders of the quartzite 
show various stages of leaching, the color change passing from red 
through a dirty yellow to white. Some cobbles M-ere found to lie in ])art 
yellow and in part the original brick red. Sections of quartzite viewed 
under the microscope show that the red color belongs to the cement which 
fills the spaces between the secondarily enlarged white or colorless quartz 
grains. Another indication of the origin is given by .small grains of 
yellow and brown agate found in the Browns Park at least as far east 
as Godiva Ridge; these are similar to agates observed in the "Uinta" 
quartzite of the mountains. 

The thickness of the formation is at least 1,200 feet,. as .shown by 
.measurements east of Vermilion Creek; before erosion it was probably 
much thicker. 

.40B . . ' ' 

" The age of the Browns Park has long been in dispute and guesses have 
ranged from Eocene to Pliocene. By various autliors the forination has 
been correlated with the Green River, the Bridger, and the Uinta (all 
of Eocene age) ; parts of it have been mapped as Wasatch, Green River, 
Cathedral Bluffs red beds memlDer of the Green River, Laney shale mem
ber of the Green River, and Bridger. Until a, discovery by Professor 
Douglass in 1923, no identifiable fossils had ever been obtained from it. 
The writer, like all earlier worker.?, found only certain thin branching 
tubes which have the appearance of stems or twigs. I t can be stated with 
certainty, however, even without the evidence of fossils, -that the forma
tion is younger than'the Bridger. The writer has personally traced the 
contact of Browns Park and Bridger continuously bet-̂ veen Little Snake 
River and Vermilion Creek, a distance of 20 miles. The lithology of the 
two formations.is quite different; the Browns Park lies on the Bridger 

with an angular unconformity nowhere less than 10 degrees, and alinost. 
all of the way the base'of tlie Browns Park contains its striking red con
glomerate. These facts were recognized and clearly understood ' by 
Powell,'" who said: "'The unconformity with the . . . Green River-
and Bridger beds is well exhibited in the Dry Mountains in many fine 
exposures. . . . Conglomerates are found at the base, in some locali
ties having a great development." 

Again, in describing tlie relations on Little Snake River, interpreted 
by King and Emmons as an unconformity within the Wasatch, PowelP' 
wrote: "The [Browns Park] group is exposed from summit to base, and 
is seen to rest unconformably upon Bridger beds." -It is remarkable that 
such definite statements should have been generally overlooked, and that 
so many students have assigned the BrowTis Park to an earlier date. 

In August, 1923, was published a statement'^ that Prof. Earl Douglass 
had recently made "three very important discoveries of fossils in the 
Browns Park' formation south of Sunbeam,-Colorado." These were re
mains of vertebrates, mostly of carnivorous types. Professor Douglass 

. W;as quoted as believing the formation to be probably of Miocene age. 
These fossils were later examined by Mr. 0. A. Peterson," who says he 
believes them to be probably of lower Miocene age, although they may 
belong to the uppermost Oligocene. 

THE .^Y.^'CLr^',\L• ,'^rRVCTVRE .iXD JT.S C.-tUSE' 

Through its entire area of outcrop the Browns Park formation (as 
generally understood) has the structure of a flat-bottomed syncline with 
.sharply upturned edges. Along its southern margin the northward- dips 
range from'3 to 26 degrees; on its northern niargin the beds dip south
ward 6 degrees in the vicinity of Cedtir Mountain and reach a maximum 
of'60 degrees on the southern edge of Sand Wash basin. This attitude 
is in striking contrast to that of the underlying beds, for the syncline is 
superposed directly on the crest of the L^inta Mountain-Axial Basin arch. 
BctAveeh the outward-dipping older rocks and the inward-dipping sand
stones of the Browns Park, there is anguhir unconformity ranging from 
10 to 100 degrees (figure 5). • . " 

During the first season's work in the eastern part of the field no dips 
greater than 30 degrees and no evidence of post-Browns Park movement 
"M'cre observed. The unusual structure seemed most readily explainable 

" J . W. Pon-ell : Report on the geology of the eastern portion of the Uinta Mountains 
and a re.̂ -ion ot country ad.jacent thereto, 1S70, p. 108. 

" Idem, p. 44. . 
'=SaIt I.akeMin. Rev., vol. 25, no. 10, 102.3.-p. 14. ' ' 
" Letlor to Mr. T. W. Stanton. November 8. i;i2':.l. 

XIX—BULL. GEOL. SOC. .\,M.. VOL. ."̂ S, 1023 
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as original dip, caused by deposition of the .[ormation on the sloping 
margins of an old erosion trough. Browns Park itself is clearly "such a 
trough, and its ea.stward coiitiiuiation seemed plausible enough, as tlie 
forniation is bounded by ridges on the north and south. By this concep
tion the upturned edges of the .Browns Park would actually mark the 
original limits of sedimentation.- - . 

Ijater studies showed conclusively that depositional slope could have 
been no more than a minor factor, possibly sufficient to cause the. gentle 
di]is'along fhe south .margin and the eastern part of the north margin. 
For the dips of 30 to GO degrees, post-Browns Park movement must be 

Fu:i,-in; .•">,—I'rano,,iin-d nni/ntar Cnconfor.nitit lct,i:cen II,e R,ro„:ns Pa r i : and WasaUli 
Pfinnal ton.-. 

Photograph taken in section 10, tow-nshi]) 7 north, r.'ingc tiG west, Colorado. Browns 
Park dijis 15 degrees to Ihe right ; Wasatcli diiis 40 degrees to the left. Note also angle 
Ijelw-eeu the contact and the Ijeddiii.^ of the Browns Park . 

invoked, and of such movement there is abundant proof. This late tilt
ing and faulting not only explains the present attitude of the Browns 
Park, but also furnishes the key for correlating the Browns Park "ivith 
the Bishop conglomerate; it will therefore be discussed more fully in the, 
sectioii on the equivalence of these formations. 

BISHOP CONGLOMER.VTE 

C1I..\.RACTKR. . \SD SOURCE 

The Bishop conglomerate, so named by PowelP'' because of the remnant 
which caps Bishop iMoiintain, consists of waterworn and subangular 

'* Idem. p. 44. 
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pebbles and boulders embedded in a finer gravel and sand niatri.v. Th.e 
material is predominantly red quartzite (in part leached to dirty yellow 
or white) and to a lesser extent gray cherty limestone. Patches of the 

. conglomerate are found high on the south flank of the L'iiita Mountains. 
North of the arch, the forination caps several psaks and the ridges and 
upland sloping gently nortlnvard to A.s.pen Mountain, and also caps 
Washakie Mountain. 

Lithology.and distribution show clearly that the conglomerate in this 
region was derived from the Uinta Mountains. In an excellent jjaper 
Eich'^ describes the forniation north of the Uinta Mountains as gravel 
consolidated at the base, loose at the, top, and i-anging in tliickness f rom-
8 to 200 feet; he points out that the conglomerate truncates the structure 
of tlie older formation.s, and concludes that it was laid down on a remark
ably even peneplain sloping away from the Lnnta ^fountains. 

AGE 

Earlier writers seem to have been unanimous in believing the Bishop 
conglomerate to be younger tlian the Browns Park. Doubt may have 
been implied, but was not expressed, by the statement of Powell tliat "the 
Bishop Mountain conglomerate . . . has been found to lie uncon
formably on all the other geological fonnations of this region, except the 
Browns Park,' and possibly on the latter also." So far as the writer 
knows, this.view is not supported by any example of tindoubtcd Bishop 
conglomerate resting on the Browns Park. Such an example may pos-
sibly be. furnished by. boulders of gray limestone scattered over the 
BroM-ns Park on the Yampa-White River divide, but this is very ques
tionable. 

CORRELATION OF THE BROWNS PARK FORMATION AND THE bisirop 
C O N G L O M 1-.RATE 

The lack of known Bisho]) conglomerate resting 011 the Browns Park 
merely opens the way for correlating the two formations. Other facts 
indicate more .positively that the Bishop conglomerate is in reality the 
basal conglomerate of the Browns Park, laid bare by tlie removal of the 
soft white sandstone. ' - . ' 
- In appearance the two conglomerates are practically identical. Both 
consist almost wholly of red quartzite and contain relatively little of the 
gray limestone which forms the bulk of the conglomerates in tlie Eocene 
formations.. Boulders and pebbles in tlie Brown,?'Park and the Bishop 

" J . L. R i c h : The pliyslography of the Ri-fhop conglomerate, southwestern ,Wvoming. 
.four. Gcplog.v, vol. 18, no. 7, 1910,. pp. (i01-G,'12. 

hi 

w 

W î 
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are well rounded or subangular. The min.gling of many sizes indicates 
lack of thorough sorting during deposition. This lithologic resemblance 
is so complete that at certaiii localities it led earlier workers to identify 
as Bishop a conglomerate that can bo definitely .shown to form the base 
of the Browns Park forination, even though they believed the Bishop to 
be younger than the Browns Park. One instance, in which the apparent 
error was. corrected, is cited by Powell:" "There are.some conglomerates 
on the peaks of the Dry Mountains which at one time I believed to belong 
to-this [Bishop] period, but now I think they are of the Brown's Park 
age." At this locality, in township 9 north, range 100 west, several con
spicuous dip slopes of the conglomerate can be traced witli certainty 
under white sandstone of the.Browns Park formation. 

A second rca.son for'correlation is presented by Green and.Ya!mpa 
rivers. I t has already been shown that these rivers must have established -
their courses on either the BrowTis Park or the Bishop conglomerate. 
Let us assume for the moment that the Bishop is actually the younger . 
of the two formations. In this case the rivers could not have established 
their present courses on (a) the -Browns Park, for their channels would 
have been afterward buried by the Bishop conglomerate. Furthermore, . 
if Green River had established its course before the time of the Bi.shop, 
it seems impossible to explain the area .of Bishop conglomerate mapped 
by Powell just south of Green River below the mouth, of the Yampa. 
This area is at an elevation of '7,600 feet, the highest point south of the 
rivers. Assuming that its material is the characteristic red quartzite, it 
must have been derived from the main outcrops of the "Uinta" quartzite 
farther north and could not have been carried to its present site across a 
precxistont canyon of Green Eiver. On the-other hand, the present river 
courses vrere probably not established on (b) the Bishop conglomerate, 
for in such a case the conglomerate must have covered part, if not all, of 
the Browns Park formation. I t is hardly .conceivable ,that, if this had 
occurred, no trace of such a cover would remain. Thus the assumption 
of difference,in age leads to a dilemma which can be easily escaped by 
considering the Bishop conglomerate as the base of the Browns Park. 

The third and most important line'of evidence for the correlation of 
the Browns, Park formation and the Bishop conglomerate involves the 
post-Browns Park nKJvement which, as already stated, caused the syn
clinal attitude of the forination. At first sight the greatest obstacle to . 
correlation seems to be fhe present marked difference in elevation of the 
two formations. The surface of the Browns Park ranges from 5,200 feet 

•̂̂  .1. W. Powell : Report on the geology of the eastern portion of the Uinta Mountains 
and a region of country adjacent thereto, 1870, p. 170. 
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along Green River to about '7,300 feet in the valley just south of Diamond 
Peak. The Bisliop conglomerate is between 9,000 and 10,000 feet above 
sealevel on Diamond Peak and Bishop Mountain, and slopes gently north
ward to an elevation of 7,600 feet near Aspen Mountain. This discord
ance of elevation is probably the main reason that led Powell and others 
to consider the Bishop conglomerate and the Browns Park forination of 
different ages. The difficulty disapjiears and the correlation is given 
greater weight by an analysis of the deformation and paleo])hysiography 
before and after Browns Park time. Powell advanced the theory that 
after Browns Park deposition the eastern end of the Uinta. Mountain 
arch collapsed and a graben was formed on its crest. Additional proofs 
of this movement have been gathered, and the writer is convinced that 
by the collapse of the arch the two parts of the Browns Park forniation 
were brought to different levels. Data on wliich this conception is based 
may be outlined as follows: 

(1) The south flank of the arch is cut by a great fault, nearly '50 miles 
long, extending from the eastern end of the uplift westward to and be
yond Green River. This was called tlie Yampa fault by Powell,'' who 
says that the rocks on the.north side are downthrown from 3.000 to'5,000 
feet. The Yampa fault marks the southern edge -of tlie graben. 

(2) The west side .of Cross Mountain is cut by a north-south fault, 
with downthrow on the west, which brings Mancos shale against the 

, Carboniferous. Broiyns Park beds in the angle between Yampa and Little 
Snake rivers have been mapped by Schultz as stopping abru]itly a.sra'inst-
this fault, showing it to'be, at lea.st in part, of post-Browns Park age. 
This fault seeins to mark the eastern edge of the main downward move-' 
ment.. Between the eastern end of the Uinta Mountain arch, Ci'oss 
Mountain, and the Yampa-White River divide the lower surface of the 
Browns Park slopes genth' northward, owing eitlier to deposition on a 
sloping surface or .to Avarping into the graben. The basal conglomerate 
in this vicinity consists mostly of gray limestone boulders. 

(3) Eastward from'Cro.ss j\fountain the effect of the graben movement . 
scem.s to have been a gentle westwa'rd tilting of the Browns Park fonna
tion. Although the Browns Park in ithis area is thought to be derived 
frpm the Uinta Mountains, its lower surface now slopes gradually west
ward, from elevations of 0,800 feet at Cedar Mountain and 6,000 feet at 
Juniper Mountain to an elevation of 5,000 feet in Browns Park. 

(4) Along the northern edge of the Browns Park outcrop,?, hetween" 
Cedar'Mountain and Sand Creek, that fonnation dips gently southward. 
Between Sand Creek and Vermilion Creek the southward dips are much 

Iden p. 208. 
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steeper, reaching a luaximiini of GO degrees. Tlie edge of the .Browns 
Park lioro lies along the southern border of a zone of disturbance that 
affects the AVasatch, Green River, and Bridger formations. This zone 

- consists of a number of anticlinal axes and faults cn echelon, wliich show 
unmistakable downward movement on the south side into, the graben, 
Tlie Browns .Park, with its basal red conglomerate, ends in northward-
facing escarpments; it approaches closely, but at no place crosses, the 
anticlinal axes or faults. As the Browns Park forms the ridge, and the 
Eocene beds to the north in Sand Wash basiii are at a lower elevation, 
tliesc escarpments can not ihark the edge of deposition which stopped 
short of the zone of disturbance. The only possible explanation seems to 
be that.the region to tlie south was depressed after Browns Park time, 
and that the .soft Browns Park beds north of the zone, left at a much 
higher elevation,'have been entirely eroded. 

(5) Farther northwest, toward Vermilion Creek, the Browns .Park lies 
on successively older formation.?, from Cretaceous down to Pennsylva
nian. The older rocks dip about 30 degrees northeast; the Browns Park 
dips 13 degrees southw^estward into the graben. Along the contact in 

! this vicinity the soft white sandstone of the Browns Park formation has 
been generally 'eroded, and the basal conglomerate, which at places 
reaches a thickness of several hundred feet, forms a conspicuous dip 
slope. The surface of this slope is approximately parallel to the surface 
on which the conglomerai-;'. was laid down. • Half a mile east of Vermilion 
Creek the dip slope ends alH-n)3tly and the contact swings sharply down
stream with the dip. Northwestward, however, the old surface, on which 
the conglomerate was dcpo-^iied and from which it has only recently been 
alinost completely removed, continues for several miles as a terrace slop
ing ioicard the mountain and truncating the edges of the resistant Park . 
City formation anil Wc'ber ciuartzite. This striking topographic feature 
is shown in figure 6. Still farther northwestward the terrace is inter
rupted for a mile or two by higher edges of the .Park City formation, 
which must have stood above the general terrace level at the time of its • 
erosion. Beyond this, near Irish Lake, the terrace is resumed, but the 
surface is practically level instead of sloping toward the mountains. A 
mile fartlier northwest the terrace is thickly covered with the red con
glomerate of the Browns Park, which here forms a notable dip slope 
northeastward, airaij from the mountains, and passes northward under , 
white sandstone of the Browns Park forination. This curious terrace is 
interpreted as the mountainward edge of an old peneplain, most of which 
has been destroyed by erosion. Its original slope was northeastward, but . 

'3M 

•r:-im 

southeast of Irish Lake it has lieen twisted and given a so-.tliwestward 
slope by the collapsing of the Uinta .Momitain arcli. 

(6) The outlier of the Browns Park north of Irish i.ake extends 
northwestward around the flank of Cold Spring Mountain, to the head 
of the creek soutli of Diamond Peak. Its northern edge is at or near.a 
large fault wliich extends from I'̂ ast Fork of 'Vermilion Cn-ek to the ' 
southern slope of Diamond Peak. The westward extension of this fault 
is obscured by deiiris from Diamond Peak, but most probably it connects 
with the great Uinta fault, which reaches far westward into Utah. If 
not continuous, at least the faults are alike in having their planes riearly 

View taken westward, on the nor theastern Uank ol the L'irita Mountain uplift. Upper 
canyon of Vermilion Creek in right foreground ; Ir ish Canyon, through Mississippian 
limestone of Cold Sprin.g Mountain, in center background; remnant of basai conglom
erate of the Browns Park forniation on ed.ge of terrace in left foreground. 

vortical and the rocks on the .south side upthrown. Powell estimated that 
the throw of the Uinta fault is 23,000 feet. .Some of this, as indicated 
by the mapping of Schultz,'^ must have been post-Wasatch. The fault 
southeast of Diamond Peak must be also in part later than Wasatch, 
ilesaverde and ilancos, south of the fault, are brought against Wasatch 

-north of it, and both sides are dragged sharply to a vertical,or even much 
overturned position. For the sake of simplicity, the latter fault will iii 
tills paper be treated as the southeastward extension,of the Uinta fault. 
. Relations of the Browns Park forination to the.Uinta fault are ab-

"•.-V. R. Schul tz : Oil pos.sibilities in .-md around Baxter ba.sin, in the Iiock Springs 
uidift. Sweetwater County, Wyoming. U. S. Geol. Bull. 702, pi. 1. 1020. 
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nonnal. If correctly interpreted, tliese relations form an important liiik 
in the evidence for a graben. PowelP" suggested that after .Browns Park 
deposition a great reversal occurred along the line of the Uinta fault, by 
which the rocks on the south side fell 3,000 feet. With this conception 
the writer is in perfect accord, although part of Powell's, reasoning was 
based dn an erroneous identification of colored clay shale at the base of 
the Wasatcli (north of the fault, in township 11 north, range 101 west) 
as "T'la'ming Gorge" (at least in part Morrison).-" From this it may be 
concluded that the basal conglomerate of the BroAvns Park south of the 
fault and the Bishop conglomerate north of it were once, a continuous 
layer, and that the present difference of elevation is due entirely to later 
movement. Proof of reiersed movt.'incnt on tlie Uinta fault is, therefore, 
very important. '} 

In section 1, township 10 north, range 101 west, the dip slope of tlie 
basal conglomerate of the Brovins Park (already described as the north-. 

<Sou-//7ii'e,sf A/o ̂ M e a . n ' 

FiGLiM-: 7.—Sketch Section ..shon-iiir/ l a s a l Conylonicrale of Broivn.-s Park Forination 
rc-iting on and ending iateraUy again.it Htvciilij dipping Meiarerde Saiid.-itonc.i 

view- is on Vermilion Creek, Colorado. 

ward extension of the terrace seen at Vermilion Creek) is covered with 
detached areas of fhe white sandstone. It dips gently northeastward and. 
truncates the. vertical Mancos and 'Mesaverde beds. Several hundred 
feet from the main Uinta fault, which is .here concealed by alluvium of 
"\''erniilion Creek, the conglomerate'stops abruptly against a low ridge of • 
vertical Mesaverde sandstone. This curious relation, which is observable' 
at intervals for a mile and a half to the northwest, is .shown diagram
matically in figure 7. Overlap must, be ruled out as a possible exphina-
tion, as the surface on which.the conglomerate was laid down slopes 
evenly northeastward into the sandstone ridge. If the Mesaverde sand
stones had existed as a hogback at the time of deposition, previous ei'osion 
would have taken the form of a strike valley on tlie mountainward side 

" .T. W. Powe l l : Report on the .geology of tlie eastern portion ot the Uinta .Mountains 
and a region of country adj.-ici.'UC tliereto, 1S70. p. 20.^. 

-•<• Idem, p. 20G. 
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of the hogback, and the slope near the ridge would have been away from 
the ridge, not toward it. The surface of erosion was instead a sloping 
peneplain, and the abrupt ending of the. Browns Park and of the old 
erosion surface on wliich it lies may be considered as proof of the re
versed movement on the Uinta fault. The line of'termination marks the 
plane of the reversed fault, which at this locality does not exactly coin-' 
cide with the original fault-plane. The absence of drag in the Browns 
Park formation at this locality may be explained by its position over the 
edge of hard Mesaverde sandstone. As the ncsy slipping must have oc
curred, practically along the bedding of the-Mesaverde, the hard layers 
would move as a' block and overlying horizontal beds would not bo 

Fiouttt: 8 ,—Inirofonnat ionat Vnconforinity in the Ilron-n.-i J 'ark Format ion 

'I'he view is nortliwest of Ladore I'ost OOice. Colorado 

subjected to twisting. ' Farther northwest the Browns Park near the 
fault lies on Mancos shale, which was much more distorted by the re
versed movement. Here the BroAvns Park shows distinct drag, the south
ward dip in one case reaching GO degrees. 

At several localities west of Diamond Peak additional instances of 
drag caused by reversed inovement have been noted by Powell-^ and-
Pieeside.'2 

(7) Not all of the downward movement on this side of the graben 
took place on the Uinta fault. During the collapse of the arch there was 
distributive faulting and movement through the mass of "fiinta" quartz-

-' Idem, p, 20(;, 
'-=.1. B. Reeside. .Jr.; Personal communication. 102.S. 

http://again.it
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ite in Cold Spring ]\fountain. Some of these faults inay he seen wliere 
they cross Bull Canyon, at tlie southeastern end of tbe mountain. Tlieir 
throw hiust be to the south, as at several places on tlic southern slope of 
Cold Spring Mountain tlie quartzite dips distinctly southward, contrary 
to the normal dip on the flank.of the Uinta Moiuitain arch. On the 
north side of Browns Park (valley), northwest of Ladore Po.st Office, the 
Avhite saiidstone of the Browns Park formation dips-25 degrees to the 
south, but flattens a .short distance out in the valley. In sections 7 and 
18, townshijj 10 north, range 102 west, this tilting of the Browns Park 
formation may be resolved into two stages. The basal part of the forma
tion, several hundred feet thick, containing much chert and clialcedony, 
dips 23 degrees to the south; tlie ujaper portion, consisting almost wholly 

.South A ' o r f h 

C O L D .A 

E](u;i;i; 0,—Sketch Section of a pont-ISroionn I 'ark F a u l t on the nor th Si'ic of .Jlroimi.^ 
J 'ark near itii upper End 

'1" IJ p ::= Browns Park formation, 

of fine-grained white saiidstones, dips only 7 degrees and truncates the 
lower portion (figure S). This intraformational unconformity and the 
variation in lithology may be the reason why several earlier writers as
signed all of the southward-dijiping sandstones pn the nortli side of 
Browns Park to tbe Green River. The unconformity, however, seems to 
be only local, as a mile southeastward along the outcrojj no trace of it 
could be found. , Moreover, at other places, especially on Little Snake 
River, the lower part of the Browns' Park above the basal conglomerate 
contains similar layers of chert and clialcedony. 

A fault on Cold Spi'ing Mountain, with downthrow on the south, may 
also be seen at the upper end of Browns Park. The Browns Park beds 
have been dragged shiirply upward, and the basal red conglomerate is 
exposed, as shown in figure 9. 

-M 

-vr-e 

(8) The present attitude of the Bishop conglomerate 
is in itself cv identic for the collapse of the Uinta Moun
tain arch.. From an elevation of nearly 10,000 feet on 
Diamond Peak the conglomerate slopes northward to 
an elevation of 7,000 [cot near Aspen ^Mountain (sliow-n 
diaorammatically in er'oss-section, figure 10). . Grant-
in<r- tliat the conglomerate was laid down on an even ' 
peneplain sloping away fr'om the Uinta ,Mountains, as 
suggested by Rich,-^ obviously this peneplain at the time 7. 
of deposition, must have extended southward and south- | 
westward, with increasing elevation, to connect Avitli '̂  
outcrops of "Uinta" quartzite tliat were the source of | 
niaterial. If Cold Spring ^tlountain was the source, it g 
must have stood at a higher elevation than Diamond I 
Peak, so as to give the necessary grtidient for tran.spor- r-. 
tation. If the main portion of the Uinta ilountains | 
was the source, Cohl Spring ilountain must have liad k 
an elevation intermediate between that of the main ? 
range and tliat of Diamond Peak, so' as to form part of -̂  
the slope down whicli' the material -was carried. Yet if 1 
the pre-Bishop surface is restored by projection south- p 
•ward from Diamond Peak, it is found to pass nearly -. 
2,000 feet above the crest of Cold Spring iWountain, c 
wliich has a maximum elevation of 8,500 feet. By what .Z. 
means has the present low elevation of its crest been . J 
caused? Erosion is dismissed without hesitation, for. --
it is scarcely conceivable that nearly 2,000 feet of hard, ^ 
cherty Mississippian limestones and red "Uinta" quartz- | 
ite on Cold Spring Mountain could have been removed, i; 
while the soft Eocene beds of Diamond Peak, protected |. 
only by tli<2 cap of Bishop conglomerate, were practically f 
untouched. In this statement the writer takes issue 
strongly with Rich,̂ "' who cites these differences of. ele
vation to support his tlieory of the resistance of gravel 
to weathering. In his earlier jiaper'-" Rich admitted the 
possibility that the differences were due to downthrow 

-̂  rt. L. Rich : The v'bysiograiiliy ot the P.ishop conglomerate, 
southwestern Wyoming. .Tour, <?!eolijgy, vol. 18, no. 7, 1910, pp. 
GOS-Cia. 

- ' .7, L, R ich : Gravel as a res is tant rock, .lour. Geolo.gy. vol. 19, 
OO.'^-.JOI. • • • 

-̂  J . L. R ich : The physiograithy of the Bishop conglomerate, sovithw 
•Tour. Geology, vol. IS, no. 7, IOIO, pp. C22-C24. 
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'.vai'd tor two miles, until it turns once more and, joined by East Fork, 
crosses the whole series of Mesozoic and Paleozoic strata against the dip, 
finalh' reaching the~.Browns Park beds. Its course is marked by two 
canyons. The larger canyon, about'800 feet deep, is cut through the 

I 
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->-^r«*:,i 
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The rod "Uin ta 
I ' l a v n , l , . ^En t i - e i , chcd i teande,- . in ,Ui 

ll Cannon ... . . „ , , wal,lion 
tn." quar tz i te is overlain unconformably by white sandsliuies ot th 

Park formation. 

Park City formation and \\''eber 

le Browns 

...,,.1 ,\ euer quartzite. Tlie upturned edges of tliesc 
formations, are truncated by the terrace already, described, from wliicl; 
the basal conglomerate of tlie Browns J'ark apparently Jias only recently 
been partly eroded. The relative iiosition of this terrace and of tlie 
Brown.- l^ark formation, wJiieh now rests on. tho older r,-..,i---- --- ' - " — . . . . . . . . J l . L i t e 

i' rests on. tlio ohler rocks on both sides 

J . 

SU-M.MAI;^' OF GiOOLOG IC HISTi.iKI- -,..v \ 

f
'^^fe'^of "Vermilion Creek, point unmistakably to a once continuous cover of 
^f^^ 'Brovnt , Park on which the stream first cut its. channel. 

^ '' Another interesting feature of the Vermilion Creek draiiiage is its 
* j - i..-? illustration of stream piracy. The writer believes that at one time the 
wS . ^ mai*n streiin ran through Irish and Bull canyons, and that later it was 
r beheidcd by a brancli of East Fork. The bottoni of Bull Canyon is some-
g/i-_^i-\ \hit hi5,her and Irish Canyon is several hundred feet higher than the 
^ ? ^ - ^ {̂ bed of Vermilion Creek. The present channels in Irish Canyon are not 
m 7 3 ' ^ tho«e of streams which could carve such a type of vallej', and the northern 
g%.^.* end of the canyon now drains into the interior basiii around Irish Lake. 
S ^ £r-"^Furtliermore, Venriilion Creek in its course through the Wasatch heads 
£ "̂  '^straight for Irish Canyon, but turns aside where it meets harder rocks. 
C^<f ! ^Between this bend arid Irish Canyon the position of the old channel is 
^ ~~ ^ indicated by a wind gap and a reentrant in the conglomerate of the 
^ ^ 3 B^o^^ns Park formation. In this piracy post-Browns Park tilting was 
^ ^ •" probibh nn important factor. -This tilting was partly the movemeht 
Ki^^ ,̂̂ -f shown bv the slope of the terrace and partly an inclination toward the 

""^^ <5outhea t shown by local southeastward dips ofthe Browns Park between 
- I n h and Bull canyons as compared with the normal soutliwestward dips 

.̂,- el'e'ttheie along its northern contact. Otlier factors, such as the iiortli-
i ^ f i ^ ^ we«t southeast strike of the older rocks and the relations of hard and 

soft t r i t i , helped to permit East Fork to lower its channel more rapidly 
;ancl by headward erosion of a branch to tap A'ermilion Creek aliove its 

f , u _ entrance into the hard rocks. 

^'v** -n. SUMMARY OF GEQLOGIC ILSTORY 

i '^•^^ - The geologic history of the region; based chiefly on the evidence pre-
\sf-̂  "ented in the^foregoing pages, may be suinmivrized as follows: 
^^^ 'w-i-'̂  Man} thousand feet of sedimentary rocks were laid down with prac-
t J -^ ticil conformity through Paleozoic and. Mesozoic time. After the close 
^T. •^ of the Cretaceous the Uinta Mountiiin arch was uplifted many thousand 
I ~i ij- feet piitly by fold ing, partly by faulting. Vigorous erosion of the arch 
41^ ^V"g.*'~ during and following the uplift supplied material for the extensive 

^ ^%Eocene deposits which filled the Green River and Uinta basins, united 
p ^ around the .eastern end of the Uinta Mt/untain arch, lapped over the 

^ ^ outer edges of its flanks, and probably covered the somewhat eroded crest 
...^c- of the low Rock Springs anticline, At̂  some' time after the close of 
"-* " ^ Eocene dcpositiou the Uinta Mountain arch was further uplifted. This 

-1 second movement, though probably of less displacement, covered a wider 
area and the axis of the Uinta Mountain arch was continued far soutli-
oastiiird is the Axial Basiii anticline. The Eocene strata, which, of 
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-course, shared in this movement, are now I'ouiid dip])ing away from the 
folds. At this time or possibly a little later the .A.xial Basiii anticline 
was further deformed by the sharp domes of Cross and ' Juniper 
Mountains. 

A long period of quiescence followed, during wdiich the eastern Uinta 
region was eroded to mature topogriiphy. Mountains and ridges were 
comparatively low arid the total relief probably did not exceed 3,000 feet. 
Strata on the southern flank of the Uinta Mountain arch were beveled; 
on the opposite side a broad peneplain stretched northward from the 
eastern part of the arch and from the Axial Basin anticline, truncating 
Eocene and older rocks and perhaps merging with the peneplain on the 
southern flank of the Wind River Mountains, described by Blackwelder.-"' 
Owing to higher elevation or to fracturing,, the crest of the Uinta Moun
tain arch was subject to more rapid erosion, and there began the carving 
of the great intermontane valley of which the lower part is now known 
as J3rowns Park. The headward extension of this valley far beyond the 
present limits of the park is indicated by the terrace above the canyons 
of Green River upstream from the park and by the westward continua
tion of the cliffs that mark its south ivall. Browns Park valley opened 
east^vard across the site of .Dry Mountain and merged with the north
ward-sloping peneplain, from which it was separated farther west by a 
low range of hills. High on the south flank of the arch.was a siinilar 
brit lesser valley, the "Summit Valley" of Powell," that drained east
ward and probably turned southeastward along the line of the present 
Lodore Canyon. Tlie,.\xial Basin anticline was deeply eroded and Cross 
and Juniper Mountains were left as isolated masses of much the same 
appearance as tliey have today.. 

Climatic changes or, more probably, regional uplift caused a rejuvena
tion of the streams, whicli began a vigorous, attack on the red quartzite 
core of the LTintas. Some material was carried from the eastern part of 
the arch, and the Brown.? Park valley was greatly deepened; more was 
brought from the higher western part of the range. There resulted a 
great outpouring of red quartzite boulders, which were laid down as con
glomerate eastward to Little Snake River and northward for many miles 
over the broad peneplain. On the south flank of the arch the hollows 
were filled and the beveled surface was partly covered. ."Vs time wx'iit on, 
streams lost some of their carrying power and brought white sand de
rived from the quartzite. Browns Park liecame filled wilh. a great thiek-

^ E l i o r Blackw-elder : Post-Cretaceous history of the mountains of ccnti-al western 
Wyoming. .Tour. Geology, vol.' IS, no. ?,, lOlo, pp. 103-207. 

-•' .1. W. Powell : Report on Hie geology of the eastern portion ot tlic Uinta Mountains 
and a regiiui of country ad.jacent thereto, .•\tlas. Map A. 18711 
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^ness of this sand, which spread up the valley by headward overlap beyond 
the earlier deposits of conglomerate. Overlap also gradually covered the 
slopes of the hills and mountains eastward to and including Cross and 
Jumper Mountains, until in all the eastern part of the Uinta Range only 
the highest Tcmnants of the older rocks protruded above the cover of 

V white sand. 
I I this period oi deposition had been succeeded by further arching or 

by regional uplift, drainage would have followed tho same directions if 
^ not the same channels, as before, and the conglomerate -and sandstone 

would have been largely swept away by rejuvenation of the strea-ms that 
made them. In Browns Park time, however, tilting on the south side 
of Cold Spring Mountain served as the forerunner of a new type of 

^ movement, and after deposition "was complete the eastern end of the 
^ Uinta Mountain arch collapsed, forming a great graben. The collapse 

was caused by a single large fault on the soutli, by flexures and distrib-
utne faulting on the north, by tilting and some faulting on the eastj and 
bv tilting on the west. Along the margins of the graben the Browns 
Park formation was given an inward dip by upward drag on the faults. 
\ s far east as Cedar Mountain, tlie BrowTis Park formation, was ..tilted 
^^est\^ard toward the drag syncline whicli lies just north of the Yampa 

i- fault Guided by this sloping surface and this syncline, the drainage of 
/^„the Axial Basin anticline, naturally formed a westward-flowing major 

}- stream—Yampa River. Its course over the covered portions of Cross and 
Juniper Mountains was accidental. 

..-. The eastern part of the Uinta Mountains had previously stood at a 
loT êr elevation than tho western part. By collapse, this difference was 
greatly incrcasecl, and a vigorous stream, .the young Grijen River, began 
its eastward course approximately above the old Browns Park valley. A 

.;. northward turn was barred by Cold Spring. Mountain and by fault-scarps 
on the north side of the graben. The river may have continued "south-

V eastward to the end of the arch, there turning .southward in the syncline 
"nest of Cross Mountain to join the Yampa. In this case Lodore Canyon, 
ma,} be due to headward erosion and piracy by a stream which ran soiith-

^^ "ward in the slight depression left after, filling of the lower portion of 
t-"" Summit Valley. On the other hand, if the white sandstone was thick 
.^ ^ enough to..coveT the site of Lodore Canyon, Green River may have orig-
_ mally turned southward along this line, being diverted by the westward 

tilt of the Browns Park formation. The thickness of sandstone needed 
.̂.- to cover Lodore Canyon seems to argue against the second possibility, 
fi but the entrenched meanders of Lodore Canyon and the topography in 

its vicinity point to superposition rather than to headward erosion. 

XX—BL-I.I, Gi:oL, Soc. A.M., YOL, 1023 
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North of the graben the streams flowed down a northward-sloping sur
face of Browns Park sandstone, in time cutting to the basal conglomerate 
of that formation, wdiich covered the old peneplain. TJiey may have 
drained into a river which skirted fclie edge of the peneplain in the low-
ground, 'where it merged witii the peneplain on the southern flanks of 
the Wind River Mountains. Owing to low gradient and the fact that 
these streams were running on dip slopes, erosion was com para ti vel}' 
sloir. On the other hand, tributaries of Green River, such as Vermilion 
Creek, had steep gradients into the graben and could attack and under
mine the edges of the northward-dipping strata. By such rapid liead-
warcl erosion Vermilion Creek succeeded in capturing a part of the ' 
northward drainage. By the same method Green River may have grown 
northward, capturing the major drainage of Green River basin and 
diverting it southward through Browns Park and Lodore Canyon. (This 
hi'pothesis is supported, hy the present course of Red, Sage, and Salt 
Wells creeks, which, as shown on figure 1, flow northward and then west-

. 'n^ard before joining Green River. Such courses suggest tliat these 
• streams were originally tributaries of a river which did not flow south

ward to tlie Uinta JMountains. The absence of similar anomalies in the 
upper part of Vermilion Creek may be due to lateral planation during a 
period of temporary baselevel, when the lower par t of the stream first 
cut down into hard rocks.) Meanders in Green and Yampa rivers that 
are noir deeply entrenched may have developed during a period of tem- . 
porary baselevel, caused, pcrJiaps, when Green Rivor cut through the 
overlying Browns Park formation and encountered the hard rocks of 
Split Mountain. 

'Witii the courses of the rivers once firmly established in the Browns 
Park beds, only time was needed to lower their channels and carve out 
their wonderful canyons. 
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INTRODUCTION 

- ••Although dikes i n the region about Ithaca have been known for many 
'years, neither extended petrographic study of them nor reliable chemical 
analyses have been published. In view of the unusual nature of tlie rock 
and the isolation from other igneous intrusions, a somewhat more de
tailed investigation of the occurrence of these dikes and tlieir chemical 
and,mineral composition seemed desirable. The results of this investi
gation are presented in greater detail.in a thesis deposited in the library 

,of Cornell Uniicrsity. 

REVIEW OF LITEILATUKE 

The first known record of the igneous intrusions in the small area 
under consideration is that by Vanuxenv"-^.° concerning the dikes at 
Ludlowville. The dikes at Syracuse and in 'East Canada Creek, near 
Manheim, were noted at about the same time. 

'Manusc r ip t received h.v the Secretary of the Society .lune 2: 
' Introduced liv A. C. Gill. 
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' t ' . 7 CRETACEOUS STRATIGRAPHY AND FACIES PATTERNS — 
AREA • 
UTne 
Cret,. ,: 
St rat 

NORTHEASTERN UTAH AND ADJACENT ARE 
LYLE A. HALE and 

FRED R. VAN DE GRAAFF mmum mgrmm 
INTRODUCTION 

The Cretaceous rocks of northeastern Utah and 
adjacent areas were deposited along the west-
central margin of a large sedimentary basin that 
extended from the Gulf of Mexico to the Arctic 
Ocean and eastward to the central plains. At the 
present time these deposits are presei-yed within 
the various deep synclinal basins,,typically the Uinta 
Basin of northeastern Utah and the Green River 
Basin of southwestern' Wyoming, that vyere formed 
along adjacent mountain uplifts during the Lara
mide orogeny. Anticlinal uplifts for the most part 
have been eroded into Cretaceous or older rocks 
leaving on their flanks excellent although discon
tinuous exposures for study. 

These isolated outcrop areas have been thoroughly 
studied and described by many authors since the 

LYLE A. HALE is presently employed as a staff 
geologist by Mountain Fuel Supply Company. His 
academic training in geology was received at Utah 
State University where he was graduated with a B.S. 
degree in 1948. He continued his geologic studies, at 
the University of Wyoming and was awarded his M.S: 
degree from this school in 1950. Throughout the latter 
portion and immediately following his academic train
ing the author worked part-time as a geological 
assistant for the U. S., Geological Survey and as a 
field geologist for Amerada Petroleum Corporation. 
In 1951 he became associated with Mountain Fuel 
Supply Company. The writer is well known in the 
Rocky Mountains through six previous publications 
dealing with Upper Cretaceous stratigraphy. These 
papers have appeared in-guidebooks of the Wyoming 
Geological Society and the Rocky Mountain Associa
tion of Geologists. He also coedited the 1961 guide
book for the Wyoming Geological Society. Mr. Hale 
resides in Bountiful, Utah, and is affiliated with the 
American Association of Petroleum Geologists, Wyom
ing Geological Society, Rocky Mountain Oil & Gas 
Association, and the Intermountain Association of 
Petroleum Geologists (President, 1963;. First Vice-
President, 1962). 

FRED R. VAN DE GRAAFF is a geologist employed-' 
by Mountain Fuel Supply Company. He received his 
geologic training, at Utah State University. He was' 
graduated from this institution with a B.S. degree 
in 1959 and an M.S. degree in 1962. While in gradu
ate school he worked for Mountain Fuel Supply 
Ggmpany as a geologist during the summers. - Upon 
receiving his M.S. degree he became employed full-
time by Mountain Fuel. The writer has published 
a previous paper dealing with Upper Cretaceous 
stratigraphy which appeared in the 1961 guidebook 
of the Intermountain Association of Petroleum Geolo
gists. Mr. Van De Graaff presently resides in Vernal, 
Utah: ' • 

territorial surveys. Consequently, a complex strati-' 
graphic nomenclature has evolved as type locality 
names were applied by the various' geologists in 
their particular areas of study. Only in recent 
years has subsurface and faunal control become 
sufficient to portray with reasonable accuracy the 
regional stratigraphic framework and paleogeo
graphic conditions. 

The primary purposes of this paper are to: (1) 
show the • relationship between basinal and prove
nance tectonisms and sedimentary facies patterns, 
(2) illustrate and briefly describe the paleogeog
raphy and stratigraphic framework of this part of 
the Cretaceous sedimentary basin, and (3) demon
strate basin to basin continuity of lithogenetic units 
by strandline correlations and faunal control.. Figure 
1 is an index map of the subject area showing the 
major tectonic features, the Cretaceous outcrop 
areas in key section localities and their location 
with respect to major towns and other reference 
points. The approximate Mesaverde-Mancos facies 
boundary is indicated by a dashed line. 

METHODS OF ILLUSTRATION 

, In this study five different facies and correspond
ing depositional environments are recognized, as 
modified after Spieker (1949). Symbols as shown on 
figure 2, have been used in construction of the litho
facies maps and restored sections that correspond 
to the dominant lithology in a particular formation 
or facies. Nine significant transgressions and re
gressions of the shoreline are designated from oldest 
to youngest T, through T,,; R, through R̂ , adopted 
after Weimer (1960). 

, The restored sections were constructed from an 
integration of all electrical log data in basinal areas 
which were tied to faunally controlled stratigraphic 
sections in key outcrop areas. In each case, the 
youngest or. best controlled marine transgression 
was used as a reference plane. Except- for slight 
.vertical exaggeration of significant thin, beds,'the 
sections above and below the datums were plotted 
to scale. The Cretaceous-Tertiary boundary is 
difficult to define especially in the subsurface. 
Therefore, the remaining thickness of the Creta
ceous section below the boundary is arbitrary in 
some areas. Detailed formational descriptions are 
beyond the scope of this paper. Rather^ the authors 
have attempted to demonstrate only the gross facies 
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FIGURE 1.—Index map Uinta Basin and adjacent areas showing Cretaceous outcrop areas and posi
tions of restored stratigraphic sections. ' • . • 

. / •-
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relationships and salient features of the depositional 
history and reference is made at appropriate times 
to the wealth of detailed published information. The 
Wasatch Plateau-Book Cliffs area is the focal point 
of the discussions. With a few exceptions the 
stratigraphic nomenclature in these areas will be 
used and then related to lithogenetic equivalents 
elsewhere. In discussing geologic ages, American 
provincial nomenclature will be used. Their equiv
alent European provincial ages may be noted by 
referring to figure 3. 

REGIONAL STRATIGRAPHIC SETTING 
AND FRAMEWORK 

During deposition of Cretaceous sediments, the 
subject area (fig. 1) was a part of the marginal 
depositional site on the western border of the shal
low sea. Throughout the Cretaceous a principal 
tectonically active provenance encroached eastward 
across north-central Utah as an allochthonous 
feature or a series of wavelike folds and imbricate 
thrusts. This feature has been described by Eardley 
(1934), Baker (1947), and Bissell (1952). Its 
final basinward surge along the Deer Creek and 
Strawberry thrusts carried this feature to the 
western margin of the map area in Late Cretaceous 

time. The periodic uplifts and eastward movements 
of this provenance was a major factor in the develop
ment and configuration of facies patterns in the 
depositional basin to the east. A thick varied 
sequence of coarse clastic rocks was deposited in 
a foredeep parallel to the provenance. Finer elastics 
were then^ carried eastward across alluvial fans, 
floodplains, and swamps by stream systems that 
discharged their sediments into the shallow epicon
tinental sea. Periodic pulses of subsidence in a 
continually downwarping depositional site, not only 
provided space for deposition and preservation of 
sediments but triggered widespread transgressions, 
of the sea over bordering lowlands. These opposing 
crustal movements (uplift of the source areas and 
downwarping of the basin) were the primary forces 
responsible for the intricate intertonguing frame
work of the Cretaceous rocks. In general, during 
the early part of Cretaceous time the dominant 
sedimentary trend .^as transgression of the sea as 
reflected by the progressive westward shift of the 
shoreline and associated environments. In the 
middle Late Cretaceous, the cycle reversed with 
regressive, eastward movements predominating 
until the close of the Cretaceous. This general 
pattern was interrupted frequently by minor but 

SEDIMENTARY FACIES SYMBOL E^IVIRONMENT 

CONGLOMERATE. UNSORTED, MASSIVE PIEDMONT , HIGHLAND 

COARSE SANDSTONE AND VARIEGATED SHALE , CROSS 

BEDDING COMMON 
INLAND FLOOD PLAIN , CHANNEL 

COAL WITH INTERBEDDED SANDSTONE AND SHALE — SWAMPY LOWLANDS AND MARGINAL FLOOD PLAIN 

SANDSTONE, BUFF TO WHITE, MASSIVE, TO THICK 

BEDDED , WELL SORTED 
TRANSITIONAL - LITTORAL AND BEACH 

SHALE AND SANDY SHALE 

SANDSTONE , FINEGRAINED , SHALY THIN-BEDDED 
SHALLOW MARINE 

FIGURE 2.—Legend showing facies symbols used on all maps and cross sections. 
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FIGURE 3.—Correlations of Cretaceous formations in adjoining areas of Wyoming, Utah, and Colorado. 
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ĵ RED . ' ^ : ^ ; ^ ^ . ; \ < y : v ; ; : : : : : X : : : ^ ; } ; : : ^ ^ 
" • • • • • • , • • * 

. . V 

• ' Js 
I . ' . ' . . ' r ' —— — — - - ——.^.^.^.^-

<'3 
• o 
DIO 

. . . . . • ; » • 

GRAND* JCT. --
w - « a - . . _ _ 
• ' * m M* • * — 

.••• ,* • •• 
;:V..;.v/r_----

y a m i l » j 

FIGURE 4.—Lithofacies map of Mowry-Aspen transgression T l . 



INTERMOUNTAIN ASSOCIATION OF PETROLEUM GEOLOGISTS 121 

. XB / • 

KEMktERER 

"^:h^sEi=^:zEr^::.\ ,>c C U M B E R L A N D 
^ i ^ ^ ^ , u ^ . ^ X t „ ^ p _ , ^ 

- rrTTT — ~ - ^ _ ? • • • 

r * : v 
= T . ^ - - i C z : ^ , 

•COALVILLE V i i = ^ H i - a - : : ^ T A ~ H E - ^ ^ "~ 

WYO J ^ , „ 
SPRING ^ ^ _ ' ; ; ^ , 

VERMILION 

SOURCE DIRECTION 

J g GRAND JCT 

So 

SC m / / 0 ^ 
3773 

" ^ AREA o r EROSION 
OR NONDEPOSITION 

FiGtJRE 5.—Lithofacies map of Frontier-Ferron regression R2; 



122 T H I R T E E N T H ANNUAL .FIELD CONFERENCE — 1964 

3? 
s:;,";/ 
o \o ^ •» • " /\\-y7':'-'^^'33^~ ^ " ^ — ' "^~~" 

3'i :77707^^^^^B 

V "•'••' °\77 

^^•^=--="-=e^=^^^^^::=r^^SocK T ^ 3 . \ ' / na^- -̂ -
'^~^3Z~~^ - ';:fz3^ir37^1.''"' '̂ .5»&̂ '1*« * 

BERLAND; 
GAP 

, - - — J ^ " ^ y - C H U R C H ^°=^n^ = ^ — ^ ^ y ' T -
~r^^^-^:£P BUTr ES. :F^=^:^=- - :^> . - ; 

" J^'^yA'Ns'tqiN^^;;=i_j^^^;:^:^^i^==:5:=r3^r 

" • - V ' " " ^ ' o i „ '̂ '-'•.<-.':---':'.-,:r :^,i.^-2=-::^.—«.—..^.ytr-'~^.^—'^ ^35"".; 
^ . . " ^ 7 ° ° ' . " " ? o -• '^'.-•'r-'.-''.'!-r^.^„ ' ^ - = ^ • ^ - ^ ^ ^ . 1 ? = ' . ^ ^ ^ " ^ . t — •• ' . 

.^7r7rj77r7rr^.r.^.s-^^.rrs-.^v^S73l Bt'E P j p ; 

• - ^ • / „ A , % ' 
•** —*-*'"— H,fcr- _7iTr — ra^ r r . * • * * • • 

, .;COALyiLLE°= o • "^"^ "%°"^.^'t^H'-:v^:^^^2--.^t^i^^^^:S'V*^ 

V.v.V'H-;^r; 

j ^ 5 « n ^ f e n c J l . 

/ I J . 

17- -VERMILION_-.r-. 
^H^-_CREEK 7i r - .£ l -__.v , , i i : , ;^_^______.___ 

. o o o « )̂  
° o o <, o ° ° JV;:.•^•.^•/.•.^^^:.•.•^-=^VERNAL^=-i^:--rL^.•.^ 

^ • O ° O B ! « R E D - _ 
<• o . • ° i » C R E E K ° " ° 

: " C0UCHE5NE" •••' " f '• >rf5::^'=Hf=^ 

•" •• f' NARROWS ' 7 - I o 
• '^ - i »'' o 

PRICE 

'*^^- _ ^ OL ^3fl J 

"-irv-_-_-_-:5£HHHr3;C RAI C rf 

^^w^*- . ,J f ! : , H ' 

" ^ "~^ -w^^—: 

> ^ 
./"_^ ~IL..-L" • •.i_-__^^*"'^^r" — ~^i'T 

H i 

• ^ > ^ - j==jCfc:==3: 

GREEN, RIV 

T. 

tf*^ "f^^rrfi^ />7^U)e7fs U S ^ 7 yn 
m i t t s 

So 

FIGURE 6.—Lithofacies map of Castlegate Sandstone and equivalents. 



INTERMOUNTAIN ASSOCIATION OF PETROLEUM GEOLOGISTS 123 

' \ ' . - ' '°^3 ° °o°y7 ;̂;}33:73EviMEft33i'3:k 

.° > . °. ^. ' '^^T^t ' - ' - '^Trr — — - - ^ 
^^^S i=^* .V^ , ' ^Y^f iAXi . r i : ^oLoT-i-------

" . • . 0 • » . • • ;-,::-:-."-;::.;.::.-:-:--.V.:-V--.;.;-.-.r- ^^^^^-^ITT^^^^^^^-T 
l - l " * n ' • " - . * ' . • . • . . - . • . . • . ' . . " . • . " • • • . . ? • . • - • • - • • 311. 1 / r - !->& I A I *• 

"V" \'.iK 

iVERNAL . - ^ ^ t i -

^^7^; :}} :7^i^^^7l^^ 

RANG e LY -_-=3_^.j 

p ^ ( ^ a ^ I 0 \ P r t ' ' O . ' t ' . • * . ' • ' • ' • ' ' • ^ • • ' • ^ "••*•* • • •*• ' •*• 'KV' .V" I i • ' ' I ' . ' ' ! iT ' ' ' ~ rT 7, ~ j r : - — " ] - ' — ~ , ^^ —77171—^_2— 

^ ^ ^ ^ S : v)//:*.'-. FJL -̂

:v.w 

^ ^ mZ/m^f 

FIGURE 7.—Lithofacies map of Lewis Shale and equivalents, ti;angression T9. 



A 

Coalv i l le 

B 

Red creek 

4 5 m ll« I 

Wasatch Plateau 

7 5 m i l « t ' 

Ter f iary Currani M^, 

f p . • . . • ' • ' , ' • . , / . . • , . , ' . ' , - ^ • . . • , ,• , •- ..- ' • • • . , , . . ' • • ••••- ' I * . . . • > ' " 

I 7 Echo Canyon . :77 ' '3 r - \- ' 3 / 7 ' - ' ' 7 : : / ' 7. - \ . ' • \ ; .- ^" ' ' ' -. ' • - ^ " / ^̂  - V • ; • •;• ..•rPn 

?^V;--°J: ;'.•';•/.';'. '-ION • •' •''•'•:"'•>'' ^ ^Aj^^g^g^^^^^^^^^^fCTe^^^cglg. 

Afer//) ^ 
'tiorn, / \ . . 

* , r 

I ^1 11 >i r ^1 ir ' I >'• I t > \ * . **f 

-Price River-
• I t . I I I I • I l l i " i i ^ 

:Casfleqaft 

(L7pfon\ •'-

r n —— . — - Upper- Mancos 
--Blue_ Gafe 

'Ferron 7ass Creek77.:7337.:337.777'^^^^^±=±y:-..-''*_—-_ \—~. , p : -—•_^— • — - —'- — '— fFer ro r 

73 77o/h^7S7!^33^3^S£^7^^ 

p400C 

-3000 

-2000 

•IOOO 
5 0 0 

•0 

S 

M 
K 

Z 

> 

•z-
"Z 
G 
> 
t-l;-
^ • i 

M 

o 
o 
o 
z 
1 ^ 

M 

o 
w 

CD 

FIGURE 8.—Diagrammatic restored section of Cretaceous rocks, Coalville to Wasatch Plateau, Utah. 



(WEST) (E^AST) 

WASATCH. PLATEAU BOOK CLIFFS 
SAN RAFAEL SWELL (WOGOSIDE) 

-4000 

I 
UTAH j COLORADO 

DOUGLAS CR. ARCH 
UINTA BASIN 

4,6 Miles -90 Miles • 

MEEKER AXIAL BASIN 
PICEANCE BASIN 

' 5 0 Miles - 3 0 Miles 

-3000 

-2000 

•IOOO 

r^^m^^'^^Fox'WmtTk 
- ± ^ ^ . 

L o 

nrr tn 

< 
z 
< 
t-
2 
o 
1 

. - , ; ; • - : - : — - . , . . . . . - ^ . 11 - • .l^;a,•feD^;,vV^v,^:^•"M^h•,^,-,^:,--^^< • • ^ - - - = . ^ - . — . . _ . _ _ _ * 7 — — BUCK lonque - _ — — 

• : ; : ; , i ^> , . v ,v . / . ° .V„ ' . i Cg5//gg'q?^g^j/^/feK6_—-^^ : - . r : • . : • . • • • . . . ; ^ ^ . _ ^ _ : . _ r -,- • • ••-- * - « • -^ _ _ _ _ 
E^[-^?Sp- '^^^/gc^7;gH^"^!^-^H=^f^f^- '7?^T .-̂ .̂  .*r-f^-T=^^T^Tr-~".'^[^; '_Ut7Der Mancos — — — ~ — ~ — ~ — ~ — ~ ~ ~ . - r ~ 7 3 ~ ~ ^ ' ' ^ ^ 

° • ; ° , : - . : - ; ° . : : x i''''''̂ ^^^@-afesia:v:^-S^;^a:-;?a^ : . - . > : _ : . • _ - ^ ' • • - ; . • • • _ - " „ • , -r 
•T? — — ̂ (vc^ Tongue - ~ _ ~ _r~-J"_r "_ 

C05 _ _Z~ _7" _ _ _J7 _^ 

L.A. Hale " 1961 

„ '' i | -

FIGURE 9.—Diagrammatic restored section of Cretaceous rocks, Wasatch Plateau, Utah to Axial basin, 
Colorado. 
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significant transgressions and regressions of the 
shoreline. Actual separation of the area into the 
present tectonic framework did not occur until the 
Laramide (post-Cretaceous) orogeny, although 
embryonic growth of the Uinta Mountain and 
Douglas Creek arches, and renewed movements of 
the Uncompahgre uplift can be detected by iso
pachous mapping. 

LOWER CRETACEOUS 

GENERAL STATEMENT.—The Early' Cretaceous 
history of the region is recorded by a relatively 
thin sequence of rocks. Considerable controversy 
exists in present literature regarding depositional 
history and particularly in regard to the Jurassic-
Cretaceous boundary. Stokes (1944, p. 951) first 
defined a fluviatile bed-red sequence in east central 
Utah (formerly assigned to the Morrison Formation 
of Jurassic age) to the Lower Cretaceous and named 
these rocks the Cedar Mountain Formation (with 
a basal Buckhorn Conglomerate Member) . He 
recognized these rocks at nearly every outcrop 
locality in the map area and correlated them (in 
part) with the thick Kelvin Formation at Coalville. 
Other authors (Haun, 1959, and Weimer, 1962) 
demonstrate a south-southwestward intertonguing 
relationship between the Dakota-Mowry sequence 
and beds in the upper Morrison of Lower Cretaceous 
age. Without reviewing all the detailed interpreta
tions and evolution of stratigraphic nomenclature, 
the interpretation most logical to the writers is 
as follows: 

MOWRY SHALE.—At the beginning of Early Cre
taceous time, the map region was dominantly a 
land area of fluviatile red-bed deposition which 
persisted with some local hiatuses until late Mowry. 
The invasion of the Early Cretaceous sea (T,) 
transgressed across southern Wyoming and north
western Colorado and reached it's maximum extent 
at the Douglas Creek arch and central Uinta Basin 
in latest Mowry (fig 4) . 'The transgressive shore-
Hne deposit is the Dakota Sandstone. I ts relation
ship to the underlying red beds probably varies 
locally from reworked and intertonguing to deposi
tional onlap. The zero position of the Mowry is 
well controled in northwest Colorado but due to 
depth of burial cannot be delineated across northern . 
Utah. Figure 4 depicts the largely inferred paleo
geographic setting and facies patterns during Mowry 
deposition. The Mowry thickens gradually to the 
east and northeast into Colorado and Wyoming but 
the main axis of deposition was in southwestern 
Wyoming, where equivalent shales, called the Aspen, 

a t ta in a thickness of 2,000 ft. Over most of the 
map area a significant unconformity separates the 
Mowry from the overlying Frontier (fig. 3); 

The environment of the Mowry sea was conducive 
to abundan t marine life. Characteristic fauna 

' Neogastroplites and others accurately date these 
rocks. 

U P P E R CRETACEOUS 

GENERAL STATEMENT.—Earliest Upper Cretaceous 
rocks are apparently .represented only in the western 
parts of the region. The initial regressive cycle 
recorded in the Upper Cretaceous probably began 
in latest Mowry as fluviatile deposition of the lower 
Frontier (R, ) a t Coalville, Utah, and at Cumber
land Gap, Wyoming (Hale, 1963), and extends 
through the Belle Fourche epoch (fig. 3). Except 
for isolated localities at Grand Junction, Colorado, 
and Rawlins, Wyoming, rocks equivalent to this 

' age are probably missing. 

In Greenhorn and early Carlile time the second 
marine transgression inundated the region. This 
transgression marked the beginning of a long 
period of sustained marine shale deposition in the 
eastern par t of the area that makes up the main 
body of the Mancos Shale. I ts thickness ranges up 
to 5,000 ft. and spans all of Colorado and lower 
half of Montanan time. Westward and northwest
ward the Mancos marine shale facies intertongues 
with wedges of nonmarine and marine sandstone 
facies. These units have all been assigned local 
formation (or facies) names as indicated on the 
restored sections (figs. 8 and 11). Still farther 
west, these nearshore facies thicken in the foredeep 
area and grade to a fluviatile sandstone and con
glomerate facies. 

TLTNUNK SHALE,—The thickest and most com
plete record of the second transgression (Tj) is 
the Tununk Shale of the Wasatch Plateau area. 
The Tununk is recognizable in the subsurface as 
far west as Sanpete Valley in central Utah. I t is 
represented by the Allan Hollow Shale Member at 
Coalville and an equivalent shale member in the 
Frontier a t Cumberland Gap. The Tununk thins 
rapidly eastward along the Book Cliffs but equiv
alent shales^ar'e' recognizable "as far east as Grand 
Junction. Elsewhere in the region Greenhorn rocks 
were either not deposited or were removed by post-
depositional erosion. The Tununk and equivalent 
shales are accurately dated by the distinctive fauna 
Inoceramus labiatus (Greenhorn) and Collignonic-
eras ivoollgari (early Carlile). 
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FERRON FORMATION.—The first regressive (Rj) 
cycle of major proportions which occurred in Carlile 
time is recorded by the Ferron Formation (and its 
equivalent the Frontier). The Frontier was deposited 
in response to the second uplift of the provenance 
that shed sediments eastward in a broad fan-shaped 
pattern in northeastern Utah. The equivalent 
paludal and transitional facies of this regression 
formed the initial phase of an eastward bulging 
deltahke feature that persisted in the northern 
Uinta Basin area until early Pierre time. The gen
eral facies patterns during late Carlile time are 
schematically portrayed on figure 5. This feature has 
been somewhat arbitrarily termed the "Vernal 
delta." At approximately the same time another 
provenance became active in south central Utah 
and shed a wedge of deltaic-type sediments (Fer
ron) northeastward into the Castle Valley area 
(Katich, 1954). The Ferron is a thick (780 ft.) 
sequence of coal-bearing sandstones and shales in 
the southem Wasatch Plateau but changes rapidly 
eastward to a thin-bedded marine sandstone and 
shale facies (fig. 9). A narrow marine embayment 
apparently existed in the Clear Creek area that 
isolated a northeast-projecting tongue of deltaic 
sediment in the type Ferron area. Similarly the 
Frontier Formation at Red Creek is a comparatively 
thick (760 ft.) sequence of coal-bearing^n'd associ
ated transitional rocks. The formation' thins east
ward, and coal beds persist'as far east as-the Vernal 
area (fig. 10) before disappearing by^facies change 
to dominantly thin marine sandstones and shale. 
During latest Carlile the thrust belt to the west 
became active and the late Carlile portions of the 
Frontier at Coalville and Cumberland Gap (repre
sentative of most of the eastward facies of Frontier 
and Ferron) were removed by erosion. The coal-
bearing strata of the Frontier and Ferron grade 
both upward and downward into marine rocks 
indicating a complete though slightly asymmetrical 
cycle of deposition. However, overlying transitional 
rocks are much thinner, indicating the transgressive 
phase (Ta Niobrara) was much more rapid than 
the (R2) regressive phase. 

Unconjormable relationships.—Tbe closely con
trolled faunal record of the Carlile epoch indicate 
the existence of a significant and widespread uncon
formity between the basinward facies of the Frontier 
and underlying Mowry Shale (fig. 3). Omissions 
in th^ faunal assemblages, which embrace early 
Carlile' to Early Cretaceous, were noted by Reeside 
(1955) at Vermilion Creek and in the Vernal region 
(Blue Mountain locality) by Cobban and Reeside 
(1952). Recent detailed work by Weimer (1962) 

presents evidence that the hiatus is attributable to 
post-depositional growth of an embryonic Uinta 
Mountain arch. Correlations by Hale (1960) indi
cate the temporarily positive' area may also' have 
included the southwestern part of Wyoming (exclu
sive of the thrust belt). - —.-, - . -

BLUE GATE SHALE.—Following the Frontier re
gression the third and most sustained marine trans
gression occurred in Niobrara time.. The sea rapidly 
inundated the swamps and adjacent fringe areas 
of the Vernal and Ferron "deltas." The initial 
transgression ( T J intertongued westward with 
coarser elastics of the upper Frontier at Coalville 
and Cumberland Gap and reached its maximum 
advance an unknown distance west of these local
ities. In the southwest the shales of this trans
gression (Blue Gate) reach a thickness of 2,000 ft. 
and have been identified as far west as Sanpete 
Valley (subsurface) west of the Wasatch Plateau. 
About 1,500 ft. of equivalent shales are present 
at Red Creek. In the north, sandstone tongues 
associated with a separate northern provenance 
appear in the lower Baxter Shale on the north 
plunge of the Rock Spring uplift (fig. 11). These 
sandstones, which produce gas at the Nitchie Gulch 
field, are of marine origin and are assigned to the 
upper Frontier Formation. 

EMERY SANDSTONE.—Still in early Niobrara the 
sea began a fluctuating but inexorable retreat from 
the area. The next regression (R3) is recorded by 
the Mesaverde (undivided) at Red Creek and the 
Emery Sandstone at the Wasatch Plateau. The 
character and distribution of the Emery (like the 
Ferron) is well known from an abundance of sub
surface data in the Wasatch Plateau area (Hale, 
1959). The Emery is dominantly a marine sand
stone facies along the east front of the Plateau 
but thickens westward and changes rapidly to a 
coal-bearing facies beneath the Plateau area. Facies 
strike in this area is about north-south and the 
juxtaposition of the coal-bearing marine interface 
indicates a long period of shorehne stability. Con
trol for the facies strike northward across the west 
side of Uinta Basin is practically nil. However, 
a critical subsurface control point south of Soldier 
Summit, between Price and the Red Narrows, 
indicate a definite eastward swing in facies strike 
of the Emery (and other Mancos equivalent) in the 
direction of Duchesne. This change in facies strike 

, corresponds to the southeast fringe of the Vernal 
"delta" which built eastward along a main axis 
of deposition between Red Creek and Vernal. At 
Red Creek, equivalent and slightly older rocks of 
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the Mesaverde thin eastward by intertonguing with 
the Mancos Shale and change almost completely 
to a marine shale facies before reaching the Vernal 
outcrop area (fig. 10). Due to total lack of con
trol,, the intervening facies pattems must be 
inferred. Equivalent rocks on the north flank of 
the Uinta Mountains are represented by upper 
marine shale in the Spring Creek-Manila outcrop 
area and presumably also the upper (subthrust) 
Hilliard Shale of southwestern Wyoming. In the • 
overthrust area, equivalents appear to be the lower 
Adaville and lower Echo Canyon Conglomerate in 
the Coalville area. Throughout the eastern half 
of the map area there is a widespread sandy shale 
facies that is believed to be the lithogenetic equiv
alent of the Emery. Locally well-developed sand
stone facies occur over the Douglas Creek arch 
and Axial basin areas are called the Emery (?) 
or "B" zone and Meeker Sandstone. Both local 
developments are believed attributable to winnow
ing action in a shallow marine (shoal) environment 
during embryonic growth of the Douglas Creek and 
Axial basin anticlines since isopachous studies indi
cate optimum development over these features. 
Kopper (1962) believes the "B" zone sands were 
derived from a delta that projected south from the 
Rangely area. 

The Emery Sandstone and equivalents are dated 
as Telegraph Creek and in part Eagle. In the 
Grand Junction area Katich (1956) found fossils 
of both ages in a sandy shale zone 800 ft. below 
the Mesaverde which he considers the probable 
equivalent to the Emery Sandstone. At Vermilion 
Creek Reeside (1955) reports a Telegraph Creek 
fauna in a sandy zone in the Mancos 2,470 ft. below 
the top arid Eagle fossils 1,324 ft. below the top. 
Still farther north at the Rock Springs uplift in 
Wyoming, Telegraph Creek fossils are reported in 
the Airport Sandstone by Hale (1950). Eagle 
fossils are found in the upper Blair Formation by 
Smith (1961). These age relations are indicated 
on the north to south restored diagram (fig. 10). 
Significantly, the increase in range of these fossil 
zones is indicative of northward thickening of 
contemporaneous deposition toward Wyoming. 
Based on the interpretation, regression R3 (Airport 
Sandstone), transgression T^ (upper Baxter), and 
regression R^ (basal Blair Sandstone) are believed _̂_ 
to have occurred contemporaneously with the 
Emery regression in Utah. 

MASUK SHALE.—Following the Emery regression 
a fifth transgression (T^) occurred in Eagle time 
as recorded by the Masuk Shale in Wasatch Plateau 
area. The Masuk, a distinct marine shale along 

the east front of the Plateau, changes facies rapidly 
westward (in the subsurface) and blends with the 
Emery and Blackhawk-Star Point as a dominantly 
coal-bearing sequence. Consequently, the Mesa
verde facies boundary is placed at the base of the 
Emery west of the Plateau. No subsurface data 
exists for control to the north across the Uinta 
Basin; however, at Soldier Summit a definite swing 
in facies strike from essentially north-south to a 
northeasterly strike is evident from well data. 
Equivalent rocks at Red Creek are. either missing 
due to an unconformity or are represented in the 
upper Mesaverde. Tentatively, the Masuk is cor
related with the middle Blair transgression (T5) 
in the Rock Springs uplift (fig. 11). Elsewhere 
time equivalent rocks are in the upper part of the 
Mancos and Steele Shales. A convergence of time 
lines is evident from stratigraphic thinning over 
the Douglas Creek arch and adjacent Book Cliffs 
(fig. 9). 

BLACKHAWK FORMATION.—The major coal-bear
ing formation of the Mesaverde Group in the 
Wasatch Plateau-western Book Cliffs area is the 
Blackhawk Formation. It is underlain by a series 
of regressive marine sandstones, the Star Point 
Formation. The Blackhawk Formation is subdivided 
into five members named for coal mines in the 
Price-Sunnyside area (Clark, 1928). Each member 
consists of coal beds at the top with an underljdng 
prominent littoral marine sandstone. The Black
hawk represents the first regressive phase of the 
Mesaverde as defined in this area but actually is 
the fifth major regression (RT) in the total Creta
ceous sequence (fig. 9). The Blackhawk is tenta
tively assigned to upper Eagle based on correlations 
with better controlled sections elsewhere. 

; The coals of the Blackhawk disappear to the 
southeast by facies change as the formation splits 
into eastward-pointing marine sandstone beds which 
in turn intertongue with the Mancos Shale as 
schematically portrayed on figure 9. Young (1955) 
describes in detail the intertonguing relationships 
of the Mancos and Mesaverde Groups along the 
Book CHffs outcrops. Marine sandstones of the 
Blackhawk are recognizable in deep wells in the 
central Uinta Basin, but sparse control serves only 

-to establish a general northeasterly facies strike. 
At Coalville the Blackhawk is tentatively correlated 
with the lower Echo Canyon Conglomerate. Equiv
alent rocks at Red Creek are presumed to be miss
ing due to post-depositional uplift and erosion of 
upper Mesaverde rocks (fig. 3, column 5). East
ward at Vernal, the uppermost Mancos and part 
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of the Asphalt Ridge Sandstone is correlated with 
the Blackhawk (fig. 10). Equivalent rocks else
where in Utah and Colorado are upper Mancos 
Shale. In the Rock Springs • area, formations 
tentatively correlated with the Blackhawk are the 
upper Blair including the Chimney Rock Tongue 
which carries an Eagle fauna (Smith, 1961). 

CASTLEGATE SANDSTONE.—Following deposition of 
the Blackhawk, about the beginning of the Pierre 
epoch, a pronounced orogenic uplift occurred in the 
central Utah provenance. As a result, thick massive 
conglomerates accumulated in the foredeep and 
spread eastward as a broad alluvial fan. The names 
applied to the coarse elastics are the Echo Canyon 
at Coalville, the Currant Creek at Red Creek, and 
the Price River conglomerates as exposed west 
of Price (fig. 8). At all three localities the con
glomerates rest unconformably on older Cretaceous 
rocks. The accelerated rate of erosion and sedimen
tation had a pronounced effect on the basinward 
depositional patterns. • As the incoming sediments 
exceeded available space the shoreline rapidly re
gressed to the east. The initial regressive sandstone 
(Ru), the Castlegate Sandstone, rapidly buried the 
swamps and floodplains of the Blackhawk and 
spread far to the east across Utah and into Colo
rado. An apparent lag in sedimentation in the 
present Uinta Mountain area developed a conspicu
ous "S" pattern in the facies strike (fig. 6). This 
configuration contrasts with a prevailing north
easterly strandline strike as interpreted by Zapp 
and Cobban (1960, 1962), and others. 

Between Price and Green River the Castlegate 
is a poorly sorted, in part conglomeratic, sandstone 
of fluviatile (inland) origin. East of Green River 
it is associated with a thin narrow belt of lagoonal 
deposits, then it grades to a tongue of littoral and 
shallow marine sandstone which wedges out near 
the Colorado border. The Castlegate Sandstone is 
easily recognizable in the subsurface in the eastern 
Uinta Basin and adjacent Douglas Creek arch. 
Extensive drilling for natural gas in the Castlegate 
since its discovery at Rabbit Mountain (west side 
of Douglas Creek arch) in 1951 has provided good 
correlation control with outcrops at Rangely. In 
this area the Castlegate is correlated with the Rim 
Rock sandstone as restricted by Hale 1959, plate 
I I ) . Thin coals and associated lagoonal beds appear 
near Rangely. The sandstone thickens westward by 
intertonguing with the underlying Mancos. Near 
the state line the overlying shale (Buck Tongue) 
grades to a coal facies and the Castlegate, or in this 
area Rim Rock sandstone of 'Walton (1944), be

comes the base of the undivided Mesaverde Group 
in Utah. Near the Vernal area the Rim Rock over
lies the Asphalt Ridge Sandstone of Walton (1944). 
From Rangely eastward, the. Castlegate. grades,.froni,-
littoral to shallow neritic. It is a prominent marine 
sandstone tongue that persists as far east as 'Wilson 
Creek near Meeker before grading into Mancos 
Shale (fig. 6). ., 

No direct correlations can be made northward 
into Wyoming because of complete, erosion of the 
section from the Uinta Mountain arch. Excellent 
Cretaceous exposures on the north flank of the 
Uinta arch in the Spring Creek Gap area between 
the new Flaming Gorge Reservoir and Clay Basin 
have been examined and correlatives, not only of 
the Castlegate Sandstone, but also of overlying 
units, have been recognized. In this area a promi
nent hogback-forming . sandstone the Race Track 
sandstone.(of local usage) splits from the undivided 
Mesaverde hear the Green River. It projects east
ward, gradually thins by gradation to shale at the 
base, and changes into an indistinct sandy shale 
zone at Clay Basin. The Race • Track sandstone 
was initially correlated to the northeast with the 
Chimney Rock Sandstone in the Rock Springs 
uplift by Hale (1955). However, subsequent well 
data estabUshes that the Chimney Rock Sandstone 
is missing by reason of facies changes in the Spring 
Creek Gap outcrop and that the Race Track 
sandstone correlates with a sandstone in the mid
dle Black Butte Tongue of Hale (1950) of the 
Mancos Shale (see fig. 12). . . 

The Race Track sandstone is equivalent to 
the upper Mancos Shale at Vermilion Creek outcrop 
and also in wells drilled in the Vermilion Creek 
basin to the northeast. The Morapos Sandstone 
of the Axial basin area has been interpreted as an 
offshore bar development equivalent to the Castle
gate. However, recent work by Zapp and Cobban 
(1960) indicates the Morapos is slightly, older. 
Tentatively, the Cow Creek Sandstone in the Deep 
Creek area (Hale, 1961) is considered an offshore 
bar. development roughly equivalent to the Race 
Track-Castlegate interval (fig. 10).. 

Fossil. evidence, tends .'to support the foregoing 
regional correlations. The index fossil Baculites 
asperiformis has been reported in association vnth 
the Castlegate Sandstone by Zapp and Cobban 
(1960) and others. Smith (personal communica
tion) has found the same fossil in the middle of 
the Rock Springs Formation on the west flarik of 
the Rock Springs uplift and just above the Cow 
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Creek Sandstone south of Rawlins since publication 
of his 1961 paper. 

P R I C E ' RIVER FORMATION.—Following the initial 
flood of coarse Castigate conglomerate, sedimenta
tion rate waned slightly btit maintained a dominant 
regressive (inland) character through deposition of 
the overlying Price River Formation (R , ) . The 
Price River which formerly included the Castlegate 
as a lower member is a sequence of coarse lenticular 
sandstone and shale about 900 ft. thick in Price 
River Canyon. Westward the Price River_ merges 
with Castlegate equivalents as a continuous massive 
conglomerate facies. The lithogenetic relationship 
with the Currant Creek and Echo Canyon conglom
erates is indicated on figure 8. Eastward from these 
areas the conglomerate facies gradually changes to a 
coarse sandstone and shale. These rocks in turn 
change to a coal-bearing facies and at ' the base 
intertongues with the marine Mancos Shale as 
indicated on the restored sections. Two significant 
marine transgressions occurred during early Price 
River deposition. Although the resulting shale 
deposits are facies of the marine Mancos they are 
discussed as depositional events during Price River 
time. 

Buck Tongue of Mancos Shale.—Concomitantly 
• with the regressive depositon of the early Price 

River Formation, relatively sudden downwarping 
of the Cretaceous- basin triggered a widespread 
inundation (T,) of the shoreline and bordering 
swamps and lowland area. The maximum westward 
advance of the shoreline, which has been recognized 
at nearly every outcrop, has been superimposed on 
the lithofacies map of the Castlegate as a dashed 
line (fig. 6) . Marine shales, deposited as a result 
of this transgression and the ensuing regression, are 
called the Buck Tongue of the Mancos in the Book 
Cliffs. Equivalent shale units have been recognized 
east of Vernal between the state line and Meeker, 
Colorado. Time stratigraphic equivalents in Wyom
ing are the marine shales and, sandstones of the 
upper Black But te Tongue as defined by Hale 
(1950, 1955). In contrast to the slow regression 
of the Buck Tongue-Sego Sandstone, the Black 
Butte was deposited during a period of stable shore
line conditions. At Spring Creek Gap these equiv
alent rocks form a conspicuous strike valley be
tween the . Race Track sandstone and the Ericson 
escarpment to the north. Marine shales of the 
Buck Tongue and equivalents rest in sharp contact 
with the underlying regressive deposits. At the 
point where these rocks pinch out the overlying 
shales merge vnth the main body of the Mancos. 

The Castlegate-Buck Tongue interval constitutes 
a typical asymmetrical cycle of deposition, as 
defined by Weller. (1960) in tha t no transitional.^ 
or gradational boundary exists between t h e " two " 
units. Basically the asymmetry is caused b y - ( l ) 
a gradual regression as sediment supply exceeded... 
space, resulting in an upward gradation from shale 
to sandstone, and (2) epeirogenic downwarping of 
the depositional site followed by a rapid inundation 
and shoreward- shift of all depositional environ
ments. This results in a sharp contact between 
littoral and lagoonal type deposits and marine shale. 
This is in contrast to both regressive and trans
gressive deposits recorded in the Ferron and Emery 
members to the west. 

Lower Sego Sandstone.—The stratigraphic record 
of the Price River and equivalents indicates con
tinued regressive deposition during and subsequent 
to the Buck Tongue transgression. After the sea 
had reached its new position over the Castlegate 
it began a slow retreat (Rj) as recorded by the 
regressive sandstone of the Price River (and Neslen) 
Formation called the Sego Sandstone (fig. 3) . This 
is at tested to by the intertonguing relationship of 
basal Sego and Buck Tongue shale and eastward 
stratigraphic rise of the facies boundary in the 
eastern Book Cliffs-Rangely area. 

In contrast, the Rock Springs uplift area received 
thicker contemporaneous deposits and was a locality 
of stable shoreline conditions as indicated by the 
rapid facies change of the upper Rock Springs For
mation. In general, dominantly coal-bearing rocks 
intertongue to the southeast with a dominantly 
littoral marine sandstone facies then abruptly 
change to marine sandy shales and sandstones of 
•^the upper Black But te Tongue (Hale, 1950, 1955) 
and shown on (fig. 11). An overlying regressive 
sandstone tongue, the Brooks Sandstone (Smith, 
1961) is correlated with the lower Sego (fig. 3 ) . 
The section at Spring Creek Gap, along a facies 
strike of about N. 40 E., exhibits the same strati
graphic sequence and general facies relationships. 

An offshore bar . relationship is indicated in the 
eastern Book Cliffs near Grand Junction (Young, 
1955, pL 3 ) . The lower Sego had previously been 
correlated and identified with the Morapos Sand
stone of the Axial basin area (Hale, 1959, pi. 
2). New well control and faunal data reveals-
this correlation is incorrect. As indicated previ
ously, the correct stratigraphic position of the 
Morapos based on faunal evidence is just beneath 
the Castlegate. The occurrence of the fossil Bacu
lites scotti Cobban (reported by Cobban, 1958) 
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dates the Sego as middle Campanian (Crow Creek 
level of the Pierre Shale). Fossils collected from 
the Brooks Sandstone by Smith (1961) and iden
tified by Cobban reveal an age of "not younger 
than basal, Parkman" or approximately equivalent 
to the Sego. 

Anchor Tongue of Mancos Shale.^—During the 
initial regressive phase of the lower Sego another 
pulse of subsidence (epeirogenic, downwarping) 
occurred. Again the shore and.inland areas were 
inundated by a more hmited transgression (Tg). 
The new shoreline position is not accurately con
troled but appears to have the same general config
uration as T,. The maximum landward advance 
reached the west plunge of.the Rangely anticline. 
From this locality the zero line extends aboiit S. 
40-45° W. to a point in the Book Cliffs due north 
of Crescent Junction. Inundation of coal swamps 
is evident in the eastern Book CHffs (Young, 1955, 
pi. 3) but elsewhere the general effect was one 
of deepening the marine environment and super
imposing neritic shales in sharp contact with littoral 
and beach sandstones. Thickness ranges from 0-200 
ft. 

In the Rock Springs area, the Coulson Shale 
(Smith, 1961) is believed to be the direct time-
stratigraphic equivalent of the Anchor Tongue (fig. 
12). 

Upper Sego Sandstone.^After the rapid Anchor 
Tongue transgression, deposition of Price River age 
rocks continued with a final retreat (Rg) of the sea 
from northeastern Utah being recorded by the upper 
Sego Sandstone. The upper Sego is a typical light
gray, Httoral, marine sandstone. Generally, it is 
overlain by a coal or carbonaceous shale that marks 
the base of the Neslen in the eastern Book CHffs 
east of the wedge-edge of the subjacent Anchor 
Tongue. Minor transgressions, similar in scope and 
duration to the Anchor Tongue, continued to occur 
in the Book Cliffs north and east of Grand Junc
tion as observed by Young (1955), but the domi
nant sedimentary trend was rapid regression and 
a subsequent long period of continental deposition. 
An equivalent sandstone marks the base of the 
main body of the coal-bearing Mesaverde rocks in 
the Rangely area (Hale, 1959). However, the Sego 
of the Rangely area was erroneously correlated 
eastward with the Morapos Sandstone by Hale 
(1959, pL 1). Subsurface control is still not suffi
cient for accurate correlation but tentatively the 
upper Sego is approximately equivalent to either 
the Loyd Sandstone of Konishi (1959) or his 
first sandstone about 100 feet below the Loyd. 

Correlations essentially along facies strike indicate 
the upper Sego is approximately the time-strati-
graphic equivalent of the McCourt Sandstone as 
defined by Smith (1961) in the south Rock-Springs 
uplift (fig. 12). In this area the McCourt, 105 ft. 
thick, marks the base of the Ericson Formation. It 
has been correlated in the subsurface along a facies 
strike of abbut N. 40° E. and tied with the outcrop 
both at Spring Creek Gap arid Clay Basin. A 
similar sandstone in the same stratigraphic position 
has been recognized at the base of the lies at Ver
milion Creek. The McCourt Sandstone is apparently 
equivalent to the Hatfield Sandstone of the Deep-
Creek area as defined by Hale (1961). 

Neslen fades.-—During middle and late Pierre 
(Price River) time continental deposition predom
inated over the region except for minor marine 
invasions in the eastern Axial basin area (see fig. 
1). The provenance to the west continued to shed 
coarse detritus into the foredeep areas at Coalville, 
Red Creek, and Red Narrows. Finer elastics were 
carried eastward into the inland floodplain areas. 
The bulk of these sediments appears to have 
bypassed these areas and accumulated in the down
warping basinal area to the east. Thus, relatively 
thin fluviatile rocks (typically the Price River) 
are represented by thicker contemporaneous de
posits farther east. Correlations of time-strati-
graphic units eastward reveal the typical basinward 
shift of environments and stratigraphic rise of facies 
boundaries. 

The fluviatile rocks of the lower Price River 
gradually give- way eastward to a coal-bearing 
facies in the eastern part of the Book Cliffs. Young 
(1955) named this 100-1,000 ft. section the Neslen 
coal-bearing facies of the Price River to replace 
the Mount Garfield Formation (Erdmann, 1934) 
in the Grand Junction area. The same coal-bearing 
sequence' was recognized by Gale (1910) in the 
Vernal-Rangely area and along the Douglas Creek 
arch. Later the name lies Formation was applied 
from Axial basin terminology. However, the writers 
believe the Book Cliffs terminology is more appro
priate to the Mesaverde rocks in these areas because 
of the basic similarities in lithology and facies 
relationships. The coal-bearing character of the 
Neslen"" persists'eastward into the Axial. basin " 
although interbedded Hght gray Httoral sandstones 
appear in the Meeker area. This sequence of beds 
is called the lies Formation. Marine rocks become 
increasingly common eastward and shale tongues 
appear in the Pagoda area (Zapp and Cobban, 
1960). 
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Equivalent rocks in the Rock Springs area con
sist of 350-800 ft. of coarse poorly sorted con
glomerates and coarse sandstone of the Ericson 
Formation. The general character of this formation 
indicates a separate provenance located in north
western Wyoming. If properly correlated, the 
orogeny of the Ericson provenance corresponds in 
time to later phase of the central Utah orogeny, 
younger than Castlegate. The flood of coarse sedi
ments rapidly buried the swamps that typified the 
Rock Springs Formation and shifted the various 
depositional environments to the southeast and 
east. The depositional strike appears to conform 
generally, with the facies strike (N. 40° E.) of the 
underlying Rock Springs as evident from correla
tions with the section at Spring Creek Gap. Abrupt 
thickening occurs to the southeast in the VermiHon 
basin area (Douglas and Blazzard, 1961, fig. 4) 
and coal beds begin to appear first in the middle 
of the formation. At Vermilion Creek, the section 
is dominantly sandstone, but contains several coal 
beds in the middle part of the formation. This led 
Sears (1924) to name the sequence the lies Forma
tion. In the Deep Creek area the Ericson and lies 
are equivalent to most of the undivided Mesaverde 
(Hale, 1961). 

Support for this correlation is the observation, 
both at the outcrop and in the subsurface, tha t the 
regression of the Ericson-Iles was comparatively 
rapid with little, if any, significant stratigraphic 
rise of facies boundary. Interpreted in this manner 
the Ericson-Iles and Mancos boundary is nearly 
a stratigraphic plane over wide areas in south-
central Wyoming and northwestern Colorado. These 
dominantly continental and coal-bearing rocks inter
tongue extensively with dominantly marine rocks 
in the Oak Creek area (Zapp and Cobban, 1960). 
The above facies relationship is also apparent east 
of the Deep Creek area in Wyoming. 

Farrer facies.—This name was applied by Young 
(1955) to all non-coal-bearing strata of the Price 
River Formation in the western Book Cliffs area. 
Thus, the Farrer as a facies unit includes strati
graphic equivalent of the Neslen east of Woodside. 
Consequently, as Young pointed out, the contact 
between the two facies rises stratigraphically to the 
east. This rise should normally decrease the thick
ness of the Farrer facies bu t ' instead it thickens 
to about 1,200 ftr 'near Grand Junction, Colorado. 
This is interpreted as thicker contemporaneous 
deposition. Gale (1910) noted a similar non-coal-
bearing sequence comprising the upper Mesaverde 
at Rangely. Continued eastward facies changes and 

stratigraphic rise of the barren and coal-bearing 
facies boundaries is apparent. At Axial basin an 
equivalent coal-bearing sequence 1,700 ft. thick is 
called the Williams ForkFormat ion . In this area-
the Williams Fork is separated from the lies For
mation by a prominant, white (l i t toral or beach) 
sandstone called the Trbiit Creek. Southwest of 
Meeker the Williams Fork includes continental 
equivalents of the Lewis Shale. At Vermilion Creek 
only a thin section of the Williams Fork is pre
served beneath the Tertiary unconformity (fig. 10). 
In adjacent Wyoming, the Almond Formation, 600-
800 ft. thick in the Rock Springs uplift, is correlated 
with the Williams Fork Formation. The contrast 
in • thickness between these two formations is 
believed to be due to either intertonguing with the 
overlying Lewis or thicker contemporaneous deposi
tion or a combination of these.-

LEWIS SHALE.—While continental rocks of the 
Price ' River and related formations were being 
deposited, the ninth and final marine transgression 
(T„) occurred in northwestern Colorado and south-

central Wyoming. This transgression, recorded by 
marine rocks of the Lewis Shale, was apparently 
rapid as evidenced by thin, basal, transgressive, 
marine sandstones. The sea transgressed the region 
from the northeast, inundating the swamp and 
floodplain deposits of the Williams Fork and Al
mond Formations. Significant pauses in the trans
gression permitted shoreline and offshore sand 
buildups most notably in the Wamsutter arch area 
(Patrick Draw field) east of Rock Springs, Wyom
ing. The Lewis sea reached its maximum advance 
during the Mobridge epoch of the Pierre along a 
northwest-southeast line between Rock Springs, 
Clay basin, and Meeker, Colorado, as depicted on 
figure 7. The ensuing regression (R.j) was slow as 
indicated by extensive intertonguing with the con-" 
tinental Lance and its regressive marine sandstone 
the Fox Hills (fig. 10). During this retreat a max
imum of about 2,600 ft. of marine shale and sand
stones accumulated in the downwarping basinal 
area to the east. Two prominent equivalent sand
stone facies are developed in the Lewis Shale. 
Haun (1959) described a fine sandstone facies tha t 
projects from the Maybell-Vermilion Creek area 
northeastward across the Sand Wash basin into 
Wyoming (fig. 7). His isopachs indicate a north
east-trending axis of deposition. This facies cor
relates with the Dad Sandstone Member of Hale 
(1961) of the Lewis Shale, 1,000 ft. thick in the 
Deep Creek area. Both deposits, interpreted as sepa
rate marine delta-fringe deposits, divide the Lewis 
into upper and lower units. - ,_ , , . ,. . , 
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Fossils in the Lewis Shale indicate an age range 
of late Pierre (Virgin Creek to possibly lower Elk 
Butte epochs). , 

NORTH HORN FORMATION.—Cretaceous history in 
the Wasatch Plateau area ended as it began with 
deposition of fluviatile red beds. The North Horn 
Formation consists of variegated elastics and lacus
trine limestones about 2,200 ft. thick. '. Its lower 
contact is gradational with the Price River but the 
comparative features, particularly color, are a sharp 
contrast. Another significant contrast is the reverse 
direction of thickness change. The North Horn thins 
eastward and its lower part is correlated with the 
Tuscher Formation, 200 ft. thick. In the central 
and eastern Book CHffs the Tuscher rest uncon
formably on the Farrer. 

A unique feature, of the North Horn is the ap-
parrent fact that the Cretaceous-Tertiary boundary 
is located within the formation with no apparent 
hiatus. Spieker (1946) reports dinosaurian remains 
of late Montanan (Maestrichtian) age in the lower 
part. The middle part is barren but the upper beds 
contain Paleocene mammal remains. 

Since,the Currant Creek Formation may include 
T.ertiary- and Cretaceaus-age rocks, the North 
Horn is apparently equivalent to the upper part. 
Tentatively, the North Horn is correlated with 
uppermost Echo Conglomerate and part of the 
Knight Formation at CoalviHe. 

LANCE FORMATION.—While red beds were being 
deposited in central Utah in the closing stages of 
the Cretaceous, thick floodplain and paludal sedi
ments were deposited in the downwarping basin to 
the east. These sediments which comprise the Lance 
Formation, represent the final regression (RJ in 
the region. The underlying Fox Hills is its regres
sive marine sandstone. Thicknesses of the Lance 
range from zero feet in the west, due to post-
Cretaceous erosion, to 1,000-1,400 ft. to the east.. 
It appears likely that local source areas emerged 
as a result of embryonic folding of the Douglas 
Creek arch, Sierra Madres and possibly others. 
However, it is evident that major folding and devel
opment of the present tectonic framework did not 
occur until the close of Cretaceous time. 

CRETACEOUS-TERTIARY UNCONFORMITY 

The unconformable relationship between , the 
Cretaceous- and Tertiary-age rocks, particularly the 
Lance-Fort Union, is not fully known, because of 
similar lithologic character and resulting difficulty 
in picking the boundary. However, on a regional 

basis the unconformity cuts downward into pro
gressively older beds in an east to west direction. 
Significantly, the unconformity can be traced in 
the subsurface from the VermiHon basin southwest 
toward the Uinta Mountain upHft. As the upHft 
is approached the unconformity cuts progressively 
downward through the Lance and Lewis and at the 
Vermilion Creek section the Tertiary rocks rest 
on the lower WilHams Fork Formation (figs. 10 and 
11). It is apparent, therefore, that except for 
embryonic growth in Carlile time the Uinta Moun
tain uplift did not develop until early Tertiary 
except for some apparent folding in the western 
part of the range (BisseH, 1952) and others. 

SUMMARY AND CONCLUSIONS 

The following significant conclusions can be made 
relative to the Cretaceous depositional history of 
the subject area. 

(1) The primary source area of Cretaceous 
sediments was eastern Nevada and western Utah. 
It gradually moved eastward across Utah as a series 
of wave-like folds or imbricate thrusts and reached 
the map area (fig. 1) in latest Cretaceous. 

(2) Periodic tectonisros of the provenance accel
erated sedimentation and, along the basinal down
warping, were the principal factors influencing 
sedimentary facies pattern. 

(3) Nine principal transgressions and regres
sions occurred during the Cretaceous. 

(4) The initial marine transgression occurred 
in late Mowry with deposition of Mowry Shale. 
Transgressive marine deposition predominated until 
middle Niobrara when the trend reversed to domi
nantly regressive deposition. 

(5) Marine deposition prevailed over the east
ern area from Early Cretaceous (Mowry) to Pierre 
and in excess of 5,000 ft. of Mancos Shale accumu
lated. Traced westward and northwestward the 
Mancos intertongues extensively with continental 
and associated marine rocks. 

(6) In middle Montanan time a pronounced up
lift of the provenance shed coarse elastics eastward 
and accelerated-regressive deposition. • — 

(7) ' During this rapid regression three sharp 
basinal subsidences caused widespread inundation 
of beach and marginal swamp areas in northeast 
Utah and adjacent Wyoming and deposited west-
pointing (transgressive) shale tongues. 
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(8) While about 2,100 ft. of coarse fluviatile 
sediments (Castlegate to lower North Horn) were 
being deposited, the downwarpinjg basin to the east 
received about 6,300 ft. of contemporaneous beds 
(upper Mancos through Lance) . 

(9) Development of the present tectonic frame
work did not occur until early Tertiary time, 
although embryonic growth of the Uinta Mountains 
(CarHle) and Douglas Creek arch (Niobrara) and 
renewed movements of t h e ' Uncompahgre uplift 
are apparent from isopachous mapping. 

(10) Finally, correlations and interpolations of 
stratigraphic data between the Green River and 
Uinta Basins indicates the Uinta Mountains did 
not affect the development of post-Frontier facies 
patterns. 
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V A Finlayson/er 
August 20, 1974 

UTAH GEOTHERMAL REVIEW 

Since January 1972, Geothermal Kinetics Inc. (GKI) with assistance 
from Utah Power & Light Company has conducted numerous geological geo
physical, and geochemical studies in Utah and surveys continue in Utah 
and Idaho. 

A. Exploration 

(1) Aerial photography from high altitude or satellites were used 
to outline major buried batholiths or volcanic intrusive 
centers. 

(2) Geochemical analysis of the hot springs in these major areas 
of interest were made by GKI and checked independently by 
Professor Helgesen of Berkeley. Using SiO„ and the sodium 
potassium or sodium potassium calcium ratios as thermometers, 
minimum reservoir temperatures of 375°F to 400°F were indicated 
for the site in Box Elder County, Utah. 

(3) Ground noise surveys were conducted. Seismic noise studies are 
commonly made by all exploration groups including the USGS and 
major oil companies. By use of computers, the noise signals 
are Fourier analyzed and frequency profile maps produced. The 
generating force for seismic noise anomalies is not well under,-
stood. 

(4) Deep Resistivity surveys were conducted by Dr Keller and his 
staff at Group Seven, a wholly owned subsidiary of GKI. At the 
time the studies were made during the winter of 1972 and early 
summer of 1973, Group Seven was the only company doing deep 
resistivity surveys with a penetration of over 5000 feet. Usable 
values as deep as 15,000 feet have been obtained. At the Box 
Elder County Anomaly, conductances ranged from 1000 to 4000 mlios. 

"".(S) Time-domain electromagnetic soundings were made to gain more 
information about the depth of the anomaly. 

(6) Pole-Dipole Resistivity Sections were also made to obtain depth 
information. 

(7) Rotating dipole resistivity surveys and ultra-deep electromagn.etic 
surveys were then carried out. Dr Keller's final conclusion from 
all of the studies predicted temperatures of 320°F to 360°F with-^. 
a goethermal potential as great as 25,000 to 50,000 megawatt-
years for the Box Elder-Cache Valley Sites combined. 
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(8) Active Seismic surveys were conducted by Petty-Ray Company 
utilizing the Vibroseis technique. This study was to gain 
better information on the Box Elder site prior to drilling of 
any wells so that the stratigraphy might be deduced. No deep 
wells exist in the area. 

B. Leasing 

With the information from the exploration program, three areas 
were leased in Utah; 

1. Box Elder County Site (25,000 acres) 
2. Cache County Site (25,000 acres) 
3. Iron County Site (50,000 acres) 

Utah Power & Light Company and GKI filed on water rights within 
the areas. Utah Power & Light Company also holds an exclusive agree
ment with the Shoshone Bannock Tribe to develop geothermal resources 
at Fort Hall in Idaho and resistivity studies are now being conducted 
on that site. 

C. Utah Steam Venture 

On December 26, 1973 Utah Power & Light Company and GKI entered 
into an agreement to develop geothermal resources at the Utah and 
Idaho sites. On February 20, 1974 well drilling commenced at the Box 
Elder County Site about seven, miles north of Brigham City in Section 
16, Township ION. Range 2 West. A 13-3/8 inch casing was installed 
to 3,232 feet, a 9-5/8 inch casing installed to 8,973 feet, and a 
7 inch liner installed to 10,388 feet. The total depth of 11,005. 
feet was reached on June 21, 1974. The following corporations were 
involved during the drilling: 

(1) Geo Drilling Company, a subsidiary of GKI, conducted 
the drilling. 

(2) Baroid supplied mud materials and a 24 hour service for 
mud logging, including gas in the mud, mud termperature, 
and drilling rate. Microscopic examination of drilling 
cuttings was performed. 

(3) Dresser Atlas performed a number of downhole logs including 
temperature, neutron lifetime,resistivity, and porosity. 

(4) Halliburton Services cemented the casings and ran drill •'" 
stem tests. 

(5) Air Equipment and Drilling, Inc. supplied air for latter 
drilling. 
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The following consultants examined the data from the well: 

(1) J H Smith, geothermal engineer from KRTA, Auckland, New Zealand. 

(2) Galen Haugh, a petrologist from Brigham Young University 
examined drill cuttings from samples taken every 10 feet. 

(3) Greg Francis, a geologist from Mountain Fuel Supply Company 
examined the cuttings to help identify the lithology. 

(4) James Kuwada, Vice President of Rogers Engineering Company 
is advising the Utah Steam Venture on well chemistry and 

, power generation feasibility. 

C. Present Status 

The drilling has pinpointed a potentially important geothermal 
zone of alteration. Three major normal faults and two major thrust 
faults were encountered. The well encountered 438 feet of fracture 
permeability in the geothermal alteration zone (10,354 to 10,792 feet). 
It is believed that a test 3,930 feet to the east of the present well 
(Davis #1) could have encountered up to 6,500 feet of geothermal re
servoir with the top of the reservoir at 6,000 feet. A logical question 
is why was this second location not drilled first, especially since the 
. Group Seven resistivity anomaly was centered east of the Davis #1 drill 
site. The reason was that accepted geological theory for the area 
predicted that a well 3,930 feet to the east of Davis #1 would have 
been in pre-Cambrian igneous and metamorphics at 6,000 feet without 
the concealed first thrust fault. The well proved accepted theory 
false and shows that the Wellsville Mountains to the east are a remnant 
of at least two thrust sheets and have no roots. 

The following tests have been made or are continuing at 
present: 

(1) Water samples collected from the geothermal zone by means 
of a drill stem test produced results of about 85,000 ppm 

- .—- -total dissolved solids with 51,000 ppm chlorides, 30,157 ppm 
sodiinn, 1,720 ppm calcivrai, 2,396 ppm potassium and 315 ppm 
Si0«. From the samples, a final equilibrium temperature 
between 400°F and 500°F is predicted. 

(2) The drill stem test by Haliburton gave fluid flow rates of 
339 gal/min at 4,000 feet in depth, 1,000 gal/min at 7,450 feet 
and a fluid flow rate greater than 3,000 gal/min at total depth. 
Flow rates to the surface range from 3 to 7 gal lons/m.inute. -̂,, 

James Kuwada estimates that for a well of this depth, a flow 
rate of more than 1,000 gallons/minute at a temperature 
in excess .of 400°F would be needed for the well to be commercial 
for a double flashed steam power plant. 
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(3) The well is presently closed in while Dr Keller conducts 
temperature measurements. On June 21, at conclusion of 
drilling the bottom hole temperature was at 105°F. The 
temperature reached 272°F when the well was closed in. 
The temperature has remained constant for five weeks and 
is expected to remain so for one to two more weeks before 
heat from the zone reaches the well bore by conduction. 

E. Future Program &. Alternatives 

Adequate temperature information must now be collected. 
Equilibrium temperatures in excess of 300°F are assured and with 
the promising flow rate, the area might support a binary power 
plant. If the temperatures do reach 400°F, then a double flash 
power plant design might be feasible. Various proposals for tempera
ture measurements are now being studied. 

Alternative sites for study would include the lease in 
the Escalante Desert of Iron County and the Roosevelt Hot Springs 
area east of Milford, Utah. Geophysical studies have just been 
completed in Iron County where the resistivity survey showed a large 
anomaly. A well drilled by Pan American Oil Company in 1970 just 
outside the eastern border of the anomaly produced 10,000 barrels/hour 
of low saline water (5,000 ppm) at 195°F. 

The Roosevelt Hot Springs area is a much smaller anomaly 
according to our surveys, but does have a shallow steam well drilled 
to 266 feet by Thermal Power Company of Utah. The temperature of 
the steam exceeded 270°F. 

Hf^ 
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. Figure 1. Outline map of Utah. Hachures 
""'cate area of University of Utah aeromagnetic 
'"'ey. Also shown are mean residual field 
^"es in gamma for four survey subdivisions. 

ABSTRACT 

An aeromagnetic survey of central 
Utah has given improved resolution of a 

-regional anomaly previously recognized 
from satellite magnetometer data. The 
anomaly consists of a gradient from a 
high over the Colorado Plateau to a low 
over the Basin Range province. Magnetic 
profilesare-fitby a model in which the 
Curie isotherm deepens eastward in a 
belt up to 80 km wide, whose western 
side is about 50 km east of the Basin 
Range physiographic margin. The mag
netic profiles could also be fit be a 
change of average crustal susceptibility 
instead of Curie depth. In either case 
we conclude that the major lateral change 
between Basin Range and Colorado 
Plateau crustal geophysical parameters 
occurs not at the Fenneman physio
graphic boundary but more than 50 km 
eastward of it. This suggestion is found 
to be consistent with data from seismic 
refraction, geomagnetic variation, 
geochemistry, and geologic structures. 

INTRODUCTION 

The Colorado Plateau and Basin 
Range (we will use "Basin Range'' in
stead of the more popular "Basin and 
Range" because it is less awkward and 
seems to be the original term (Mackin, 
1960, p. 114]) physiographic provinces 
of the western United States differ 
markedly not only in surface geology 
but also in crustal geophysics. Heat flow 
is low to normal in the Colorado Plateau, 
and high in the Basin R^irge (Roy and 

; *^EOLOGY 

others, 1968; Sass and others, 1971), 
The Moho is deep under the Colorado 
Plateau, shallow under the Basin Range 
(Prodehl, 1970), The purpose of this 
paper is to present new aeromagnetic 
data on the nature of this fundamental 
crustal transition and to review other 
relevant published data. 

SURVEY- - - • - -

In June 1971 the University of Utah 
flew an aeromagnetic survey of nearly 
half the state of Utah (Fig, I). Its 
outlines were chosen to complement the 
aeromagnetic coverage of the U.S. 
Geological Survey and thus enable 
preparation of a complete state map. 
Data collection and compilation were 
performed so as to retain the broadest 
of anomalies: almost the entire survey 
was at the same barometric.altitude of 
12,000 ft. North-south flight hnes were 
spaced at ~2 mi, and east-west tie lines 
at about 17 mi; lines w-ere up to ~200 mi 
long. A teinporary base station magnetom
eter was maintained within -^100 mi of 
the airplane. Daily variation was removed, 
reducing data to the mean nighttime 
value for June 1971. In low-gradient 
areas, fhght lines and tie lines agreed to 
about ~57 . Residual values were comput
ed by removing the 13th order spherical 
harmonic expansion POCO 6/71, supplied 
by J. C. Cain and R. Sweeney of the 
National Aeronautics and Space Adminis
tration. In the area of the survey this 
field was quitesimilar to the Sth order 
1965.0 IGRF. The difference was nearly 
constant, ranging from 384 to 393 y. 
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Figure 2. East-west profile across north
eastern Utah. Crosses = residual magnetic field 
averaged over latitude from 39°26' to 40°28'. 
Solid line = anomaly computed for indicated 
crustal thickening, assuming average suscepti-
bUity of 0.006 CGS units. 

REGIONAL ANOMALY 

This paper discusses only the broadest 
features of the magnetic data; a detailed 
contour map is to be released soon 
through the U.S. and Utah Geological 
Surveys. .Most notable is a change in mean 
residual from positive in the eastern part 
of the survey to negative in the western 
part (Fig. 1). .As illustrated in Figure 2, 
the change occurs over ~50 km. This 
regional magnetic pattern can also be 
identified on the satellite magnetometer 
map of Zietz and others (1970), w-here 
the contours over Utah strike north-south 
and define a gradient from a high o'ver 
the Colorado Plateau to a low over the 
Basin Range province. The satellite map 
shows the high rising toward the south, 
leading, to a sharp peak over west Texas, 
This trend is also confirmed by our data: 
in both of the eastern subdivisions (Fig. 1) 
there is a mean southward increase in 
magnetic residual of 0.2 7 per km. .By 
contrast, the north-south trend in the 
western blocks is smaller and not always 
in the sense of a southward increase. 

CURIE DEPTH 

As Zietz and others (1970) have 
correlated the satellite magnetic anomalies 
with regional heat flow-, we will consider 
the relation between magnetism and 
temperature. 

Residual magnetic anomalies are due to 
the magnetism of crustal rocks at a tem
perature below the Curie point of magne
tite. This temperature is 580°C in Fe3 O4 
but is significantly reduced by substitu
tional titanium. Curie points as low as 
100 C have been measured for some 
volcanic rocks i.Nagata, 1961, p. 96). In 
plutonic rocks, however, the titanium is 
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largely exsolved as ilmenite. Buddington 
and Lindsley (1964, p. 313) gave the 
titanium content of magnetite in equi
librium with ilmenite for various oxygen 
buffers. These data suggest that for rocks 
in the deep crust and upper mantle the 
titanium content of the magnetite spinel 
phase will be 5 to 10 mole percent Ulvo
spinel, corresponding to a Curie point of 
560° to 520°C. Thus we consider that the 
magnetism of rocks disappears over a 
rather narrow depth interval correspond
ing to this temperature range. We will 
refer to this as the Curie depth, and the 
overlying rock as the magnetic crust. 
The estimates of Blackwell (1971) would 
place the Curie depth at about 22 km in 
the Basin Range province, and at 37 km 
in the eastern United States which the 
Colorado Plateau may resemble in 
thermal structure. 

It is well known that an anomaly is hot 
much affected by upward or downward 
continuation through a vertical distance 
less than its horizontal wave length. 
Therefore, an anomaly broader than the 
magnetic crustal thickness, such as the 
anomaly described in the preceding 
section, is insensitive to the depth of 
its source within the magnetic crust. 
Such regional anomalies reflect lateral 
variations in the vertical integral of 
magnetization. An analogy might be 
made with smoothed free-air gravity 
anomalies which reflect lateral varia
tions in the vertical integral of density. 
In .analogy to the Pratt-Hayford and 
.Airey-Heiskanen theories of isostasy, 

"it niay be hypothesized that regional 
magnetic anomalies are due to varia
tions either in average magnetization 
or in Curie depth. Zietz and others 
(1970) supposed that the residual 
magnetic gradient from Basin Range to 
Colorado Plateau is due to gradient of 
Curie depth. We will now consider the • 
anomaly in more detail using this 
hypothesis. 

PROFILE ANALYSIS 

Figure 2 shows a stacked east-west 
profile across the northern part of the 
survey, together with the profile pre
dicted for an eastward increase of Curie 
depth. No adjustment of zero level has 
been made. Note that for the western 
part of the profile the data is -^20 7 
below the computed curve. This may be 
an error in the base level of our survey, 
arising either in daily variation correction 
or in main field removal. However, it is 
much smaller than the anomaly amplitude 
of >200 7. 

The model shown in Figure 2 closely 
fits the broad features of the data. How
ever, some parameters of the model are 

more critical than others for this fit. 
All depths could be simultaneously 
increased or decreased by 10 km wi[)-
great effect, so there is poor resoluijo 
on Curie depth. What is critical, as in 
cated before, is the lateral change of 
vertical integral of crustal susceptibiii 
In particular, the beginning of iheea. 
ward increase cannot be moved more 
10 km from its optimum longitude a; 
111 7.5 without significant deterior 
of the fit. Additional uncertainty mî  
be attributed to the location of this 
"corner," both because the profile K 
sents an average over latitude and 
because it has limited extent westwa,-
from the corner. As a further check,« 
computed the field predicted by this 
model at an altitude of 300 km, takir 
into account the finite north-south e\ 
of the Colorado Plateau. The result \-v 
a broad anomaly of 25 7 amplitude s 
stantially like that shown on the sate 
map of Zietz and others (1970), 

South of 39° lat the situation is m 
complex. Our survey has lesser east-*ri 
extent (Fig. 1), although it is still 
characterized by negative mean residt 
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Figure 3. Smoothed aeromagnetic map ^̂  
south-central Utah. Dashed line = limi' °' ''*'' 
actually used; contours outside dashed li"' ^ 
extrapolations. Data were reduced to po''^' 
smoothed with low pass filter cutting otfJ'^ 
wave lengths of 20 km. Distances .Xp ^:•^ 
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Figure 4. Stacked magnetic profiles com
pared to model of Curie downwarp. Profiles 
,̂ . B, and C are perpendicular to corresponding 
segments in Figure 3, and are averaged over 
length of segment. Profiles were then shifted 
by offsets Xj and X^ indicated in Figuie 3 to 
bring extrema into near coincidence. Profde M 
computed for model indicated at bottom of 
figure. 

10 the west, and positive mean residual 
to the east. The character of the map is 
completely different, because much of 
the exposed rock is igneous, whereas, 
inthe survey area north of 39°, igneous 
outcrops are rare. Figure 3 shows some 
"lajor features of the southern data. It , 
omits the southeastern border of the 
survey, w-hich was flown at a barometric 
altitude of 8,500 ft instead of the 
barometric altitude of 12,000 ft. 

The parallelism of the contours in the 
eastern side of Figure 3 is striking. The 
feature most easily traced is the linear 
low or alignment of lows whose center is 
"larked by heavy hnes. Southward it may 
Retraced at least 100 km into Arizona 
on the map of Sauck and Summer (1971). 
'^'orthward it connects with the trough 
"111 15 long, shown in Figure 2. 

GEOLOGY 

One cause that may be proposed for 
a long linear magnetic low is hydrother
mal alteration caused by solutions rising 
along deep crustal fractures (Gay, 1972, 
p. 8). In the present case we do not see 
how this hypothesis could be either 
proved or refuted. However, most of 
the mapped alteration in the area of 
Figure 3 is near Marysvale (Callaghan, 
1939; Kerr and others, 1957). The 
magnetic map shows the Marysvale area 
as a saddle, and we believe the relatively 
low magnetic field there may well be 
caused by alteration. However, the field 
near Marysvale is not as low as that in 
the long linear low. 

WhUe the exact course of the lineament 
marked in Figure 3 is clearly due to lateral 
discontinuities of susceptibility within the 
crust, we propose that this low does 
approximately mark the western edge of 
the Curie depth downwarping under the 
Colorado Plateau. The extent to which 
this is so may be judged from Figure 4. 
On each of the profiles labeled A, B, and 
C, the minimum near the label corre
sponds to a segment of the linear low. 
To the west of these lows are highs, each 
probably due to deep-seated intrusives 
(Eppich, 1972; Schellinger, 1972). These 
relatively local highs are conspicuously 
absent from the model profile M. Note, 
however, that on each profile (A, B,.C) 
the background does agree with the 
model. In all cases the western part has a 
negative mean value and a slight eastward 

., slope. .Although modeLM show_n„in.. .._.. 
Figure 4 is not exactly the same as that 
in Figure 2, we do not consider the 
difference significant, in view of the rela
tively large local anomalies in Figure 4. 

LOCATION OF PROVINCE 
BOUNDARY 

Figure 5 traces the course across our 
survey area of the low that we consider 
to mark the western edge of the Curie 
depth downwarping under the Colorado 
Plateau. Note that this low is at least 
50 km east of Fenneman's ph>'sio-
graphic boundary between the Basin 
Range and Colorado Plateau provinces. 
This boundary is based on topographic 
or geomorphic criteria. Other evidence 
considered in placing the major bound
ary includes: 

. 1 . Stratigraphy and Sedimenution. 
Roughly coincident with the present 
physiographic boundary is the Wasatch 
Line, which demarcates regions with 
very different sedimentary records 
(Stokes and Heylmun, 1963). If this 
line is defined precisely, it generally 
appears to be -ivest of the physiographic 
boundary, by on the order of 10 to 
30 km (Mackin, 1963). 

2. Cenozoic Block Faulting. The dis
tinguishing characteristics of the Basin 
Range province are arid climate and block 
faulting (Thornbury, 1965, p. 471). 
However, the block faulting continues 
about 50 km east of the topographic-
break (Fig. 5). 

3. Seismicity. Epicenters are concen
trated in a north-south zone called the 
Intermountain Seismic Belt by Sbar and 
others (1972). The east-west extent of 
this zone is roughly from the physio
graphic boundary eastward to the limit 
of block faulting. However, south of 
38 N. the seismic belt appears to swing 
westward. 

4. Seismic Refraction. A high-resolu
tion seismic refraction profile extending 
from the Basin Range province into the 
Middle Rocky Mountains province 
(Braile and others, 1973) shows that 
the thin crust of the Basin Range 
province continues ~50 km east of the 
physiographic boundary before abruptly 
starting to thicken. 

5. Gravity. Regional Bouguer gravity 
maps (American Geophysical Union, 
1964; Montgomery, 1973) show a steep 
gradient all along the physiographic 
province boundary from high values in 
the Basin Range to low values in the 

Figure 5. Relation of aeromagnetics to 
physiography. Solid lines = physiographic prov
ince boundaries of Fenneman and Johnson 
(1946); dashed line = alternative physiographic 
boundary chosen by Hunt (1956) and by 
Thornbury (1965). This latter boundary is 
apparently based on geologic structure as well 
as topography; our data might be considered to 
favor Hunt boundary over Fenneman boundary. 
Dotted lines located linear aeromagnetic lows 
.shown in Figures 2 through 4. Hachured lines 
trace eastern limit of Basin Range block 
faulting. 
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Middle Rocky Mountains and the High 
Plateaus provinces, which lie along the 
western margin of the Colorado Plateau 
north of 37° N. In part this may be just 
the decrease of Bouguer gravity with 
increase of altitude due to isostasy. 

6. Geomagnetic Variation. Vario
meters have been operated in east-west 
profiles at 37° N., 38°30' N., and 40° N. 
(Reitzel and others, 1970; Porath and 
Gough.. 1971). The 38°30' profile unam
biguously shows anomalously high upper 
mantle conductivity under the High 
Plateaus, which these authors call the 
Wasatch Fault Belt. Near the eastern edge 
of the High Plateaus is a precipitous 
eastward decrease in upper mantle con
ductivity, which is interpreted to mean 

a plunging of the mantle isotherms in the 
1000° to 1500°C range. 

7. Geochemistry. Recently, Lipman 
and others (1971) plotted K20/Si02 
ratios for Cenozoic andesites of the 
western United States. In the western 
Pacific, this quantity is proportional to 
depth of a Benioff seismic zone. The 
depths calculated by Lipman gradually 
increase eastward, but with a sharp dis- ' 
continuity along a line extending north-
south from Canada to Mexico. This line 
passes east of the Marysvale volcanic 
area (Fig. 3) and hence defihifely 
eastward of the boundary between 
Colorado Plateau and Basin Range 
provinces. 

8. Heat Flow. As yet there are no pub
lished heat-flow values in the western 
Colorado Plateau, although the high heat 
flow^ in the Basin Range province is 
confirmed along its eastern border (Sass 
and others, 1971). 

DISCUSSiON 
Our aeromagnetic survey, corroborat

ing the satellite map of Zietz and others 
(1970), has shown that the vertical 
integral of crustal magnetization increases 
eastward in a belt up to 80 km wide, 
whose western side is about 50 km east 
of the eastern boundary of the Basin 
Range physiographic province. Supposing 
that this represents a thickening of the 
magnetic crust (that is, a deepening of 
the Curie isotherm), then we corroborate 
the isotherm shape inferred from geo
magnetic variation (see no. 6, above). 
It is further predicted that the high 
heat-flow characteristic of the Basin 
Range province will be found to continue 
eastw-ard, at least to the dotted line in 
Figure 5. 

The magnetic profiles could also be 
modeled by a lateral change in suscepti
bility rather than in Curie depth. One 
argument against this is that any change 
of susceptibility which is really regional, 

no 

that is, on a broader scale than individual 
flows and intrusions, would most Likely 
occur between regions of distinctly 
different geologic history. Thus the most 
likely locus of a lateral change of average 
crustal susceptibility would be the 
Wasatch Line, which is definitely to the 
west of the magnetic gradient (see no. 1, 
above). More direct evidence of a change 
in Curie depth can be found by compari
son of the power spectra of eastern and 
western blocks of magnetic data 
(Schellinger, 1972; Shuey, in prep.). 

In conclusion, we propose that the 
major lateral change between Basin Range 
and Colorado Plateau crustal geophysical 
parameters occurs not at the physiograph
ic boundary but some 50 to IOO km 
farther east. This conclusion can be 
drawn not only from aeromagnetics but 
also from geologic structures, seismic 
refraction, geomagnetic variation, and 
geochemistry. Of the eight types of 
evidence considered above, only gravity 
is not easily reconciled with this 
conclusion. 
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