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ECOrWNIC CONSIDERATIONS FOR GEOTHERMAL EXPLORATION \\\ 
THE WESTERN UNITED STATES 

Robert Greider-
San Francisco, Calif. 

INTRODUCTION • , • • 
Gaotherraal exploration in the United States,' to date, has been 

conducted by industrial companies with experience in using geology and 
geophysics for the location and evaluation of oil, gas, and minerals. 
This experience, obtained over many years, has resulted in•tha building 
df data banks of basic geologic and geophysical information concerning 
geothertnal resource areas. •• Table 1, "Characteristics of favorable 
geotheruial areas", suroaarizes soma of this basic information. 
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. '•• • . . . TABLE 1 • ' . - • 

CHARACTERISTICS. OF FAVORABLE' GEOTHERMAL AREAS • 

PROXI>ar£ TO COOLING IGNEOUS INTRUSIVE. . . ; 

RESERVOIR WITH HIGH BASE TEMPERATURE AT REASONABLE DEPTH. 200° TO 300° 

RESERVOIR tiUST BE PERMEABLE AM) EXTENSIVE WITH lilPERlEABLE C.̂ P. 

••E£SERV0IR KATER I!.' A RECE.^5GEABLE SYSTEM.- COjaTCTION CISCUIATION. 

W.\TER SHOULD KOT CONTAXS. LARGE QUANTITIES 0? DISSOLVED SOLIDS. 

DISPOSAL SYSTEM FOR FLJIDS AFTER HEAT DISSIPATION. 

C OPTIMUM. 

- " . ^ • _ 

Geological areas offering moderate risks for geothermal exploration 
have been examined in- detail by natural resource development companies 
or vsll-fiaanced individual investors. E:cploration to locate a geo
thermal prospect will be the high risk part of the geothermal industry 
and, as such, requires nanagement by groups experienced in assuming 
risks, such as the petroleum industry. Table 2 compares the exploration 
requirements of the'petroleum industry and geothermal exploration, 
requirements. This management group will be experienced in reducing 
the e.tpected delays of four to five years before commencement of income 
from the development and production of geothernal heat. The sale of 
the geothermal heat to the electrical producing organization and the 
return of the cooled fluid that transported the heat from the subsurface 
geothenzal reservoir completes tVie high risk phase of the geothermal' 
industry. This high risk part will, require a high rate of return on' 
the risk capital invested (Table 3). 
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TABuS 2 
CO^tPASISOM aETCSEi) PEtP-OLETJM A '̂D GEOTHEaKM- EX?LO?ATIO?l Aim PRODU'CTION VMCEnCaES 

EX?L0R.\TIO:i 

PETRDLEUM 

GEOLOCT-CEOPnYSICS 

P.o.EDICT ASD DETEfCttirS RESERVOI?, E X T E : ! ! , 
<}Uiu,m, A>n) DEPra. TKA? CC:~IGG5.\IIO:<, 
PRZSSmiE AM3 NATUaE OF ELESEEVOra FLOIDS. 

UUro LEiVSE 

OBTAIN LEASES O.N TERMS ESIASLISHED FBOM 
ASC/E DATA • • 

ExrLoa.Mo.vi WELLS ' 

. DSSICSED XO DETEiWINE RESEKVOIR ELCIDS, 
' KATVRE AKD PaODUCTIVITY. 

PSODBCTIOS 

DRILLIKG 

ROTARY !an) Oa AIR . 

C O g L E T I O S 

INCLUDES C.\SI!iG ASO TUBIKG, BOriOJi EOLE 
COMPLETION AND StmfACE SSP.AP..-\TOa INSXiUXATIONS 
FOR WIDE RA:>'CE PRESSURES AND VOLL'SSS. 

FIELD DEVELOPMENT 

DESIGNS D£PE^JD tJPON KARKZI •AN'D EFFICIENT Pj:COVERY. 

CEOTHE.a.'UL 

SAME - MIKOa DITFEaENCES I S DATA 
CATdESliiC TECHNIQUES 

SAMi 

SA.ME 

SAME 

S . y E - SA:-1E PaoSLEMS AS IN LOW PR£SSt reE , 
VOLUME HET CAS CO.»i?L£XIOiSS 

SIMILAK S l r t FIELD AREA WILL BE 
KORE CO.SPACT. 

' T.-UILE 3 . . • ' . . . 

CEOTBER-MAI. IKDUSTRt - • ' . . . 

• I . EXPLOa.\TIQS - DSVELOP.MENT - PgODL'CTIOS • ' • 

A . HIGHER RISKS R-IQUIRE HIGHER RTTJa:*. " . 

B . EXPERIENCE IN OIL & CAS TR.ViSFEaA3LE. ' ' , -' 

1 , MANAGEMENTS'KOaMALL^ RIS'iC ORIENTED. - " ' . . ; ' 

, 2 . EXPLOaATION D.ATA ACQDXSITION S. l irTEapRETATION. 

. • 3 - PaCLLIN'" IN Dtl'E.aSE CEOLOCIC SECTIONS, WIDE CU.HATIC C O N P m o . N S & E-XTENSrvS 
COVER.^i;-iESlAL GUIDELINES. • ' . • 

A. pRonuciiON A;,-D DISPOS.U O ? FLUIDS A T HIGH VOLDJES. 

I I . POVER PRODUCTION 

A . LOySR R I S K - FIXED PATE OF RETL^a.'!. 

B . RECEIVIKC OF STE.AM OR W.̂ TER I S 3 5 0 ° TO 4 0 0 ° F TEMPEiATJaE R.«;CE. 

C . CEN'EPJVTINC AVP DISTRIBUTI'JC ELECtRICITY. 

I I I . PXCO'/ERV OF CO.'^STnrSNTS OTK.'a TH-V-i E>rERCY 

A . L'NUSUAL C I R C L ' > ! S T A ; ; C E S . 

B . BV EITHER T OR I t . 
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The organization receiving the heat carrying fluid will probably 
design, build and'operate the electrical generating equipment. 
Management of the power plants at The Geysers, California; Cerro Prieto, 
Hexico; .Larderello, Italy; and Wairaki, New Zealand, has provided a 
background of power plant problems and design solutions to these factors, 
so that now the electrical generation phase is "low risk" (Table 3). 
A fixed rate of return, with consideration for research and development 
expenditures in fitting present technology into the peculiar character
istics of each producing area, probably will be established by the public 
utility commissions in each geothermal resource producing state. 

Exploration programs to' find geotheriaal resources must offer a 
potential return (for the risk taken) that is competitive with the re
turn expected if the same funds could be used to explore for oil, gas,-
coal, or uranium-(Table 4). To acquire geothernal e.xploration funds, 
the rate of return should be more attractive for the geothermal projects 
than for more familiar fuels. Figure 1 shows the magnitude of produc
tion being obtained at The Geysers Pield in California^ Competitive 
fuels- are being, sought by sophisticated exploration.groups with know
ledge and experience that provide the investor with a reasonable chance 
of success at calculable risk factors, technology and prescribed budget 
framework. The majority of exploration programs for geothermal resources 
will be required to use a. similar economic evaluation fo.rmat to obtain 
the extremely large funds required to develop a successful find. 

. • • ', . - . TABLE 4 • • . 

' CO.MPETITION FOR CAPITAL 

• I. HJ>IDS FOR GEOraERMAL EXPLORATION AND PRODUCTION PROVIDED FROM SOLTICES THAT HAVE A 
- . \nOE INVESTMENT CHOICE. 

, II. . OIL. GAS. CO.A.L & UB.̂ SIUM EXPLOKAIION MAT0R2. ' • "• 

A. TECHNIQUE EFFECTIVENESS KNOWN. 

B. PREDICTABLE COSTS & TIMS FRAMES. 

C. . RISK FACTORS CONFIR.MEP BY STATISTICAL SUCCESS. 

D. SHORT F.Ui. BETWEEN SUPPLY £. PREDICTED DÊ LAND ASSURES RAPID DEVELOPHENT ASD SALE. 

'III. GEOTISRMAL KUST tJEET ECONO>gC CRITERIA OF - ' . . . 

A. EXPLORER & PRODUCER HIGH RETURM EARLY PAYOFF. • • • 

B. POWER PRODUCING UTILITY LOU'ER RISK & RETURN REGULATORY RATES. . 

IV. PREDICTION OF PROFITABILITY FOR GEOTHERMAL IIWESTMENT. 

A. AFFECTED BY EVOLVING REGULATIONS. 
1. LEASE SALES 
2 . EXPLORATION PROCEDURE " • . . 
3. LOCATION OF AND THE M.Î -NER OE DRILLI^^G 
«. S?ACI;;G OF WELLS 
5. PL-vn & IAND SITES 

B. TYPE OF CyNERSHI?. . . . 

• C. TREATlffiNT 0? ES'LOSATICN & DEVELQPJEST EXPENDITL-RES FOR TAX ANALYSIS. 

D. TREATMSrr C? PSODUCTION T/OffiS. 
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Figure 1. GEYSSRS GEOTHERMAL FfELO 
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The profitability of any geothermal exploration program In. the 
western United States will ba affected by:- - v 

.1, Inclusion of total geological, geophysical and'land costs of, 
•all exploration'work leading to the completion of each successr-
• f u l •field,. _•• • • I ' 

2.- The length of time between program initiation and payout of all ' 
• ^ expenditures, or until a positive, cash flow is. reached. . . 

.3. Location, terrain and geology of the development site: as 
- -,:. drilling and production costs "are influenced by these factors. 
, . The value of an electrical' gerLerating plant at" the anoiuaiy's., 

•, ' '. location Setermines the price"..the utility can .afford to pay -' 
for ithe;, heait. ' . •' " • V • •• -' ! -' 

• 4, Erice for competitive fuels in the market area. 
.. 5- Tax structure and treatment of all costs applicable to this '/ 

. . depletable resource of .heat. . . _., - • •-
^ 6,- Ecological expectations existing before and after developnient. 

- -'• Federal,, state and county regulations are being developed now to 
"provide control'of lease sales, exploration procedures, location, 'manner 
of drilling, spacing of development wells, siting of steam tran'smission 
pipelines, generating plants and the electrical tcanstqission lines,. 
These- controls can significantly affect the desirabiiity of finding and 
.developing geothermal resources. If the costs imposed by .these regu-
., lations are such as to increase the price of geothermal .heat, to an-
.amount'that would not offer attractive savings over Gonventional fuels, 
the funds tb explora for geothermal resources will be restricted and 
also "associated activities. The recognitioti inust be tnade that geo
thermal heat is.a new coacodity not. envisioned during the tints waters , 
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were considered simply surface or near surface x%'ater, potable, fit for 
agriculture, or deeper subsurface briny water not suitable for regu
lation or use, except in oil-production. Thus, a sane approach should 
be made to determine the governmental agency responsible for regulation 
of geothermal activities. The mining of sand and gravels from a gold 
placer claim is regulated considerably differently, for example, than 
sand and gravel mining for concrete aggregate recovered under a.lease. 
In the same way,, brines producing steam or carrying heat under pressure 
are different from potable water. 

ECONOMICS • . . - • . . • • • • 
The majority of published geothermal energy profitability reports 

have ignored treatment of exploration and development e>:penditures. 
The" treatment of these items niust be consistent with state and federal 
tax laws. For example, expensed items are those deducted from income 
in the year of expenditure. Capitalized items are those that have a', 
tangible or salvageable value and are depreciated during the life of 
the project in a manner prescribed by Internal Revenue Service regu- • 
lations. . ' • . • " • . 

Expenditures that; are of a regional or of a reconnaissance nature, 
such as costs incurred in establishing the stratigraphy of a' geologic 
province, are.expensed. Expenditures that lead directly to the acquisi
tion or retention of land in an area of interest are usually capitalized. 
Regional geophysical surveys, such as aerial magnetometer mapping, ivould • 
be expensed. Geophysical surveys to detail the configuration of an 
anomaly to establish where to acquire leases would be capital in nature. 
Detailed temperature surveys on a leased prospect would be capitalized. 

A payment to acquire a lease from the owner of the geothermal re
sources is treated as a lease bonus and is capitalized. Subsequent 
payments to maintain the lease in effect, if paid over certain definite 
uniform periods of time, are rentals and are expense in nature. Royalty 
payments prescribed ia the lease or in the assignment of a lease to a-
third party are expensed. 

Costs of unsuccessful exploratory wells may. be expensed in the year 
incurred. Successful wells may be treated in a simple manner with all 
costs incurred considered to be capital in nature. If you elect to 
expense Intangible costs incurred in drilling and completion of a suc
cessful well, this may be done. All wells must be treated consistently 
following such an election. The intangible expensed costs may normally 
account for 70% to 75% of the well's costs and do not have salvageable 
value- at the completion of the project. These costs include: the loca
tion preparation, move in and move out of the rig, transportation of 
supplies and crew, drilling costs on a footage drilled basis or on a 
set day rate for the rig and crew, drilling fluids, cement, logging, 
testing and preparing the well for completion. All supplies used on 
the location are included in the expense category. 

Tha tangible costs, comprising 25% to 30% of the well's costs, are 
usually for items having salvageable value. These include capital items 
such as all casing, t-abing and well head equipment. Separators, gauges, 
valves and transmission lines are also capital in nature. 
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•Revenue will usually.be calculated-on the basis of .Btu's supplied^ 
or fdr each kilowatt hour, df electricity produced by the geotherTsal r 
:heat. Royalty is paid to the owner of the geothermal resource on the 
basis of heat ̂ supplied the electrical generating plant. At The Geysars . 
Field, 0-5 mils per kilowatt hour of electricity produced is paid for 
reinjection of condensed fluid from the generating plant- This is not 
considered a payment subject to royalty computation. The ,e:-:pensa for 
reinjection of fluids in a liquid-dotninated systeiii will be considerably 
larger than for a vapor-domiriated systeia, such as The.Geysers, due to , 
the rgreater volumes of liquid to manage and the greater increase ip . 
corro'sive material left.after the steam has flashed.-from tha liquid. " " 

The precise anovint of money .generated by sales of the geothermal. 
resource from fluid-flash systems arid heat extractioa systems cannot ' -• 
preseritly he determined as the tax treatment has not been: tested in, 
- cduirt-: \ The extensive coll eet idh of data on geotherma i systems from 
around-the world now support"-the thesis that these systems are deplet'— 
ahlfe in pressure, volume and temperature and will eventually be allowed 
depletidn allbwance for income tax" computation. The flow of 'money 
generated b'y sales, less the expense items and the capitali.zed items* -
depreciation, will determine, the amount df income 'subject to income tax-. 

Items subtracted from revenues.include: -exploration, salaries, 
benefits, travel expenses, research taanagemeat aijd administrative allo
cations, ad valorem taxes (county and state) and production or severance 
taxes. Indirect charges, .such as depreiciation on capitalized items and 
depletion allowances based on cost of a property or on a percentage of 
gross income, are deducted from revenue. Funds, teaainina after deduct
ing -income taxes are those remaining to pay. out the investment which _ . 
includes irivestErents in' previous failures. This deduction of income 
tax payments is frequently overlooked in geothermal economic discussions. 

tJow 1-et us examine the fram.ework of ah ekgloration btidgeit. The 
eomponent costs of the various segments of. the exploration, program, must ' 
fit within the magnitude bf expenditures that can be allocated to the 
total budget. At this time, the exploration'-budget, will.probably -. '•-, 

-' i n c l u d e : - .. ' . , ' ' . . - - . . . ' :"•• 

GEOLOGY 

GEOCHEMISTRY 

GEOEHYSICS 

-Salary, office and field expenses average $3,000 to'. 
$4,000 per geologist per month - - Exp'&ns^ all recon^ 
naissance expenditures. (Table 5),.- . •'. '" ' . 
-Geologist and assistant with vetiicle and analysis by. 
"cocmsrcial laboratory-will cost $10jOOO. to $14J:,000 -
per month - Expense. (Table 5) . • •"-'. 

.-Gravity $10,000 per month - . Expense- •. 
Airborne magnetometer $5.00 to $10.00 par square-
mile - Expense, - • - • . -' 
Electrical Resistivity or. Micronoise $li3yOdb to 
$15,000-per project - Expense. 
Detailed .surveys on or resulting in acquisition' of 
leased prospects $10,000 to. $14,000 - Capitalize, 
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LMro'-ACQUISITION 

DRILLING 

Temperature stirveys drilling costs $1-50 per foot 
for holes-up to 500 feet deep- This results -in the 
. average prospects temperature-surveys costing 
$10,000 to $15,000 per month, exclusive of geologl- "• 
. cal interpretatlpii.. (Table 5) 
Reconnaissance-surveying costs ̂ are expensed^ Detail 
temperature, surveys, on a close grid -will be capital
ized if leases are fcUken or refalaed., 

-•T-Lease bonus- paid will be dependent o"n location of 
the nearest. geothermal prodiiction, interest shotm 
by academic or governmental research projects and 
degree of economic development. Wildcat areas will 

., require $1-00 per -acre bonus (capitajiged) and $1.00 • 
per acre per year rental (expensed), Competitive 
areas may require $5.00 to $10.00 per acre bonus 
after production has been established.in the area. 

.Broker or landmeQ will, cost $65.00 to .$130.-00 per - ' ' 
day during, leasing acti-vity. This sua is capitalized.. 
It.is anticipated that an average sized prospect 
should require $45,000 to $60,000 - Capitalize, 
•Table 5 summarizes these costs. 

-Exploratory well costs in the United States will 
, _ , average §20.0.0 to $30.00 per foot down to 5,000 feet 

in most"geothermal provinces located in sedimentary 
basins- In remote; areas pr those, with igneous 
interbeds, costs will he $30-$60 per "foot. To run-
casing and prepare for production will cost approxi-

. • : mately $10a00^ to $15000^ per .foot down to'5,000 
. feet. Wells ca-pable of. productitm will be capital" • 

- ' izfed.. Noa-coramercial wells that are abandoned will be 
expensed. When the lease or the failure is aban
doned, all capital items charged to the site will ' 
be expensed. 'See-Table 5 for a breakdown of these 
costs. •• 

The above costs indicate that an average area of .interest can cost 
approximately $75,000 to $.95,000 before 'knowing that dtilling is justi
fied. If one out of four areas of interest is judged to be worthy of 
drilling for temperature and water quality data, the cost will be .-•. 
$300,000 to $330,000 par drlllable prospect. Though most .exploration 
programs will locate steaming water, we must assume one out of four .of 
the prospects drilled for. temperature and salinity "data will have suf
ficient economic or technical encouragement to run pipe and complete 
for extensive test lag. The three unsuccessful wells will cost $10.0,000 
to $200,000 each, and the completed well $150,000 to $250^0,00, for a •• 
possible average total of $650,000 of ejcploratory drilling costs for 
each well wot.th extensive testing,- If one out of four of these locate 
an anomaly lar,ge. enough to be commercial, the program will be-attractive. 
The cumulative exploration expenditures fdr all the prospects leading 
.•up to. aind including t'ne sixteen prospects evaluated by,drilling for 
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each succ'es'sful prospect comprise the "risk" money attributable to the 
success and must 'be paid'out by that success. The cumulative expendi
ture average for the example given is $8,000,000- It is believed that 
an experienced geological-geophysical team can improve on these statis
tics in the next few years. There will probably be a more favorable . 
success ratio in the early stages of gedthermai energy exploration as • 
the large, easily detected anomalies will be the first drilled- As the 
industry matures^, higher risk projects will, be explored and this 16:1 
ratio will be approached. . ', - . 

Federal regulations- prohibit the discharge df degrading effluent 
into a river system. TheTefore, as liqiiid-dominated'systems are the •' 
most likely system tp be found, the developMnt stage of prospect analy
sis /should require plans for injection wells costing nearly $125,000 for 
a 5,000 foot deep well.. As a result of the" large volumes of liquid 
produced in a hot water geothermal field, tha ratio df, injection wells 
to producers will be nearly 1:2,. EnvlrdnmenCal. concerns will dictate 
returning the cooled fluids^ to or near the original reservoir. Pield 
operation costs will be approximately $30,000 per well, per year. 

A review of"case histories of geothennal energy developments indi
cates that a'prospect located 75 to 100 miles from a market, to. warrent 
deyelopment,, should have the potential to support the generation and 
marketing of '250 to 275 megawatts in a base load situation. Any opera
tion with a smaller goal than this cannot support the exploration risk,• 
the field development Investment and the charges for time value of 
capitol invested while waiting for revenue to be generated. 

' in a valid aiialysis of inv'e'stnient opportunity, one must assign a 
time value of money to all monies invested for "n" number of years prior 
to any revenue being received. -A common value of money today is 12 1/2% 
if the venture phase is low risk, and 15% if moderate .risk is expected.' • 
The .value of money (VOM) for any period o.f time after the money is 
Invested is eaiculated by the following formula: . - ' • . 

. (Value, of money today) (1 4- interest rate) = Value of money -'., • ' • 
• ' after "n" years- In a .similar manner., revenue expected in . 
... "o" years reduced to present value is calculated in the follow- . • 

ing formula: Value of money today = (Revenue expected) 
. (1 +, Interest rate) : , 

. Figure 2 shows the value of money invested for any period of , -
time up to twenty years at varying Interest rates. For example-, 
one million dollars of income eight years from.now discounted at 
.15% is valued at $325,000- Thus I t can be seen that the effect 
of several years' -wait from exploration to initiation of sales 
of tieat is disastrdus in the rate of return; thereby, endangering 

• the .economic viability of a proj-ect (Figure 2), 
The amount and time that laoney is invested with no re-wenue being 

.received may be reduced, thus improving the economic viability of the 
project, by' the acceptance ,of basic reservoir- eng ine ef ing data obtained 
from the carefully, designed,'initial drilling and text jirpgrams. Studies 
by Dti H. 1. Ramey, of Stanford University, on reservoir performance 
and .reserves forecast for, the liquid-dominated, geothermal 'system in 
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Figure 2 . ELAPSED TIME BET'NEEN INITAL IfJVESTMEHT AHO' 

, BEGINNING Of REVENUE 

New Zealand and the vap.dr-domihated system at the Geysers, demonstrates 
that it is not necessary td completely develop a geothermal field 
befor.e designing the electrical generacing plant." Reliable predictions 
on field size can be made using material balance analysis of broadly 
spaced wells completed in a common reseTyoir. .- • 

The price for stesin produced from, the only produeing steain field in 
the United States, the Geyser.s, is approximately 3 mils per kwh gene
rated (Figure 1). This price is yery,cheap today compared to conven- • 
tional electrical generating plants using ths low sulfur fuels required:-
by the Environmental Protection Agency. The, sharply lower operating 
costs for geothetsal plants compared to conventional plants using the 
low sulfur fuels results from elimination of boiler plant and auxiliary 
equipment Investmant and operating charges plus eliminating the $ .̂ .0 
to $ .90 per million 3tu Ibw sulfur fuel used to fire the boiler plant, 

A study done by Kestinghbuse in the Spring of 1973, equated oper
ating ,and fuel costs for cbal, oil, and nuclear generating systems. 
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In t h i s s tudy, the geothennal f i e ld development costs were subs t i t u t ed 
for the steam supply system of ,conventional p lan ts - I t was shoim tha t 
approximately 6-3 mils pair kwh or '$250 per kw c a p i t a l costs would be 
a reasonably comp.etitiye pr ice for geothermal resources when nuclear 
fue l i s priced a t 21 cents a mi l l ion B t u ' s and nuclear c ap i t a l costs 
a re held to $400 per kw. . " 

Reviewing the various cost fac tors associa ted with exploring for 
a 250,000 kw (minimum) geothermal hot water f i e l d , i t i s estimated 
tha t the" f i e ld can be found for $8,000,000.. ¥ l t h careful plahning, ' . 
the d r i l l i n g and completing of the 50 producing wells o£ the f i e ld 
w i l l cost a t a miniiaum of $7,500,000, and the 25 inject ion d isposa l • 
wel l s w i l l cost $3,500,000 to $5,000^000. Using the experience and 
knowledge gained in New Zealand and Cerro P r i e t o , Mexico, the- t o t a l 
subsurface and surface cap i t a l itvvestment steam f a c i l i t y over a- 35- • . 
year f i e l d l i f e w i l l require between-$26,00.0,000 and $24,000.,000-
Operating "expenses, including remedial wel l work, r e d r i l l s , overhead, 
mineral and property taxes , abandonment cos t s j in ject ions costs arid, 
roya l ty payEiets, w i l l t o t a l ,apprdximate"ly $2,300,000 per year or 
$75„000,000 to-$80,000,000 for the projec t l i f e . . Table 6, loca ted a t 
the end o.f the paper, summarizes these cos ts - . • ' " . 

The following Table i s a summary of t h e technical condit ions and 
ecdnpmlc parameters used in developing the economic model of a 275•MI'? 
hot water geothermal f i e l d . i.'.. • .. ". 

TASLt 7. • - - • j : • . 

' • - • ECOKOWIC i-BDEL " "' ". ' 

• EXFLORAiiios^aoG!yii TdRoucu PRaouci ioa ' 
275 JIKEUn. SUPPLY, . . "'- '-• . 

IKCLUDSS ALL GEOLOGICAL, CEOPifYSICAL Aii'D LMO EXPbajlitjKSS • iSEQUIStED 
FOR DRILLING SIXIEES PROSPECTS TO'DISCO'.'HR ONE' FIELD" THAI 'cAH KEE1-THE' 
REtiyiREMEMTS Kra -tUISSIZE 0?. PaOOUCIIO.M. - •' 

1 . FF.ODUCTlONEA'tE HIU- BE WE A-reRAGE OF COMFIETZK WEILS. AT. CESSO 
' PKIETO, flEXICa. - " • ' i . • 

2 . PRiDDUCINC WELLS SJACED 10 ACKES APAaT. INJECTIOM VELLS ON FIELD 
'PEaiPHEKY. ' " , •'• • . 

3 . 10 FSODUCIMCr WELLS ASD FIVE nJJECriO.S PELLS KEQQIKED FOR EACH 
5S m Timj.i!rE, " ' , 

4 . -60J PL.WI F.iCIOR,. SbS ERDDL'CEIC WELL FACTOS AJiD 20S SIKTOST • ' 
CAPACITY^ • . " " 

" 5 . a o x ^AKDSIM ROl'AI.tl'EXPES3E. 
6 . MlliSajU. AiiD 'PROtiUCIIOS ••TA;1ES-ARE 62 0~ GROSS HOSXIWC-lifTEaEST • 

n!co;-E. . " ' ' • ' . -
7.. 22% DEPLEIIO.M :CS£Dir. • , ' 

IfrvEST^!E îT ( joao) 
OPESATIHG EXPENSE, TAJCES S HDIALXt (5,000) 
YEARS TO CO:-f?LETE PAVOUT 
KATE PE Rt-rUPi' 
ii-ET PfiiDFIT PER YEAR APtE.S-P-WOUT': (50QQ)-

TILE PAYOiJT Tl'«E t'.W BE OZCSEASED TO 6.'4 'it. '^S-.- Aim EAtE Or P£TtJKi'lS-
CREJ\S£D -iO 17:^j IF CD IHE PRICE OE FU'EL .IS- IKCREjVSEO TO 5.fi MILS PER 
(Oill CEiiER.-VTED; (2) THE DRILLIKC SC[iEQi,T"E OF:TI!E FIELD i s .=iDJ[iSTEO' TO 
A'Ctui-L fiOD'JLE cE;,-E.^.i.iiKG ^ u - m 'co:ffLeT-i"o.", "Aiin (.3j m:;E.i.y. 'kto- P S O -

.nuCt,IOH -TAXES .!..V£, tSELB TO 5K OF IHCO^E. 

ft.B ̂ aT, FES RWH 

Sioi'DDO TO S24,QDO 
$75,000 TO ?SO,QOO 

7.3 YEARS 
13.71 
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' To accelerate the utilizatidn of geothermal resources, more know
ledge is needed in: , . 
, • A. The geological, erigineering and economical factors that ehar-

acterize favorable .gedthermai ..areas for expiqration. 
• ' B. The designing and testing o£ methods.'for gerierating.,electricity" 
;. '.. • using hot waters-in the 300" F to 400'' F. (150''C to ,210°C.) 

. ..- •- temperature range. ' •. - ." 
' •- C» Well completioa methods that can. reduce corrosioa, scale build

up and control of very friable sands that cause in-sand pluggiag 
• . • " add erosion; at teraperatu-res above 450°F '(23Q°C) . . -" • 

D- Understanding reservoir behayidr" under drillad.and produttion 
; • '; - " 'regimes-.- . • - . : • ' • ' 

•E.' Detert3ittiiig factors that create the large occurrence of 150°G •.• 
,'' . - "to ZlCC reservoirs of hot watet> and how the very limited 
., •' .' number of those above .ZBO^C remain, hot and will respond'to " -

;••• reinjectiQn of fluids of a cooler temperature. 
'.=• y. Eariy recognition of the ultimate pdtential?.of a geothermal 

' -., • anomaly sd that an economic rate df .development may be planned. 
G, The exploration success for conventidital fuels and their 

; . being available in sufficient amounts during the next l5 years. 

In summary, it should be lioted that the future for geothermal 
energy presents attractive economic obljecfcives and opportunities. 
These are not only restricted to the attractive California, energy inar— • 
ket- In the future, we should see the scope of geothermal exploration ' 
expanded, for up to xiow around the world regional geothermal prospect— 

• ing has been limited to those hot spring areas offering eicploratloa 
potential. This is the same as limiting oil exploration to areas of 
oil seeps. By analogy with the petroleum industry, it is 'therefo3re 
expected that there is a significantly greater amount of geothermal 
energy to be found in, the future than t'hat recognized b'y hot sjpring.s 
a l d n e . . • • - . ' . • • ' •• 

S5 
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TABLE 5" 

GENERAL GEOTHEMIAL PROJECT BUDGET. COSTS 

GEOLOGY 

GEOCHEMISTRY. 

EXPLOIIATION. 

SALARY, OFEICE AHD FIELD-EXPENSE • 
REGIONAL EVALUATION - EXPENSE • 
• SPECIFIC PROSPECT CONFtGURATIQN - CAPITALIZE 

GEOLOGIS.T, FIELD ASSISTANT VEHICLE -,'• -
AMD CO>a;ERCIAL LAB. ANALYSIS ' • ' 
.llEGOHNAISSANCE - EXPENSE 

- EVALUATION OF AREAS OF INTEREST - CAPITALIZE '•: i 
• • - .• BOREHOLE; TEMPERATURE (WATERS).-' EXPENSE ...". 

GEOPHYSICS' GRAVITY . -• - -. -'.-.' ' 
, BROAD COVERAGE -- EXPENSE '-. ' "-' -̂  

CLOSE SPACED EVALUATION OF PROSPECT - CAPITALIZE 

' - ' . MAGNETICS - EXPENSE " . ; , . ; — 

"̂. . • • MICRONOISE • '• ' . .. . "•• •-,--••-'. -
• .• ,.- RECONNAISSANCE - EXPENSE . - ' 

. DETAIL PROSPECT -.CAPITALIZE 

ELECTRICAL RESISTIVITY " . ' 
RECONNAISSANCE - EXPENSE 
DETAIL PROSPECT - CAPITALIZE 

• -. . • • TEMPERATURE SURVEYS ' ^ - . ' ' ' ' ' ' . 
• • 200' DEPTH EECONNAISSMCE - EXPENSE' • 

.'"-,., ,500• DEPTH PROSPECT EVALUATION - CAPITALIZE 

$3»000'TO $4,000 PER MONTH 
PER GEOLOGIST., 

$10.,000 TO $14,000 PER MONTH 

• $10,000 ?ER MONTH.' •>.. '-'"'' "' 

feoOO TO $10,000 PER MONTH 

$10,-000 TO $15,000 PER .MONTH 

$10,000 TO $15,000 PER MONTH 

$30,000 PER MONTH** 

* ADD.$10,000 PER MONTH FOR CALIFORNIA 



•" " •• , TABLE 5 - . - , • - ; '." 
'• . (.cont.) = , * • " . -
, •• ' LAND ACQUISITION COSTS 

THE FORM OF-LEASE AND THE TERMS ARE BEPENDENT' UPON THE STATE LAWS AND THE, TYPE OF PREDOMINATE 
OWNERSHIP - FEE, STATE,. FEDERALi INDIM, OR RAiLROAD GRANT. 

Cfi 

FEE 

ST.̂ T£-

FEDERAL 

INDIAN .LANDS: 

- SIlffiLE OWNERSHIP: 

10,000 TO 20,000 ACRES MUST.BE OBTAINABLE IN A. REASONABLY 'GÔ ffACT BLOCK. 
,ALLCiWS EXPLORATIONS TO DEFINE THE CENTER OF HEAT AND CONTROL D'EV.ELOP,MENT„ 

•" NQRMAL AS- FILL IH TO OTHER ACREAGE." ".-' ' ' ,•.-,• 

- AT THIS.TIME, ACQUISITION IS NOT ASSURED. ' ' ' ' , . " 

"- WESTERN TRIBES PREFER'TO NEGOTIATE INDIVIDUAL 'VENTURES. " - " " 

RAILROAD.. GRANTS - ALTERNATE SECTIONS USUALLY FEDERAL - THIS IS NOT AVAILABLE, ADDITIONAL 
COMPLICATIONS. WHERE SUEEACE ASD SUBSURFACE RIGHTS^ ILAVE BEEN SEPARATED. 

BONUS 

PERSONNEL 

•- . • •• ' • ' : ' • ••-. ACQUISITION COSTS ; - . . - . . 

WILDCAT AREAS, LITTLE DATA ON SUBSURFACE ' .-. •: $1,00 PE!R ACRE 

SEMI-DEVELOPED AREAS .WITH STRONG DATA AT DEPTH , $5.00 TO $10.00 PER ACRE 

•DEVELOPED AREAS WITH POWER PRODUCTION ' ',-. • ' ' - $1,000 PER ACRE 

LANDMEN KNOWLEDGE OF GEGTHERMAL PRACTICES -r " . ' . •- • ' 
$65.00-TO $13Q:00 PER DAY. . '• . .; . _. >':'"'.,/'" '• .'" 

TOTAL LEASING, COST $2.00 TO $3.50 PER ACRE 



TABLE 5.' 
(cont.) 

EXPLORATORY DRILLING, COSTS 

SEDIMENTARY SECTION- • '-; .' '- . ;,..';' •- '',..'... '''\- -̂ ' - • ' • ' ' 'A - : ' - ' 

AKEA RHAS0NAi3LY NEAR DRILLING SERVICES: DOWN TO 5,000 FT,, $20 TO $30/FT. 
FOR DRILLING & LOGGING,, $1,200 TO $2,000 PER DAY'-'* - '•.-./...... '.-;_;• • ;• •.-'' 

CO^[PLETI0N WITH CASING & PERFORATIONS PLUS SURFACE-VALUES: - AVERAGE T.d~'.. 
• - 5,000 FT., $10 TO $15/ET.-\. ' : ' ' . - ' '̂  " ' 'V' ' ";- ,•''': •••' ,'•'- ' 

.' . " ••••- ' '= . -, ...''.".= ••' " •''..•.-•-.-•- TOTAL'-.. 5" •.. • -. '\. ' .y-'^-' .'•••"' :" 

$125,000 

65.GOO 

$190.OOP 

.IGNEOUS "INTERBEDS & RtMOTE AREAS • •' •' ; •'\ .' V'""' 

DRILLING COSTS TO DEPTHS OF 1&,000 FT.^ FROM $30 TO $fit> PER FOOT OR ' ,1 
$3,000 TO $6>000 PER DAY -• ; ; •'. .,_,' •"-. • ' - .; '.. A- - , 

COMPLETION WITH OPEN,HOLE-IN'FRACTURED RESERVOIR, $8.00 TO $15.00 --..-; 
. PER,FOOT •••,.,-• . • . . . ; : .J." 

• ' " • ' • ' - TOTAL • .. ' , 

CAPITALIZE SUCCESSFUL TESTS (KAY EXPENSE INTANGIBLE) • ;" 2 ' /--

-• INTANGIBLES; ACCOUNT FOR 70% TO 75% OF ALL COSTS, INCLUDING LOCATION 
PREPARATION, RIG MOVE IN & OUT/ DRILLING AND DAY RATES 
DRILLING FLUIDS,,CEMENT, LOGGING, TESTING, & PREPARING 
m L L FOR COMPLETION. • :. . .' 

' TANGIBLES;. INCLUDE CASING, TUBING, WELLHEAD EQUIPMENT •• •'. 

.$250,000 

60.0QG 

$310.000 

'i.-'/i':.'^: ',^'':^-:^''T* 

I. .' 1, , , ' 

'. " ' - S . - i . 



ON 

..,; . • " " ' . .-•• ' - TABLE 6 ' ' • " ' . - . : ; " - • : • . . • • ' • ' . , ; ' " - : • 

E s t i m a t e d C o ' s t s f o r E x p l o r i n g f o r a n d D e v e l o p i n g a 2 5 0 , 0 0 0 kw G e b t h e r m a l H o t W a t e r F i e l d . 

EXPLORATION .- : ,' " . ' . .. ',, • ' ' . " • •-' :. . - , .- ,: --
GEOLOGY: '"" --.; '. . ' ' • ' • ' - . ^ " . ' . ' : - • 

SALARY, 'OFFICE AND FIELD EXPENSE 

GEOCHEMISTRY: ' .., ^ ' . ' ••' • • " ' ' - ' 
GEOLOGIST^ A S S ' X . , VEHICLE AND ANALYSIS - " , ' ' 

. GEOPHYSICS: ' ' -' . " ' • • / ' 
GRAVITY • - , . ."-. •. . '- .. . • . 

'. HAGNETICS . - '. . , . • " . ,"• - - • 
MI.GRpNOISE - " , -' • . • 
R E S I S T I V I T Y ' ' - • : . 
TEi-lPERATURE SURVEYS • ." ,-

LAND A C Q U I S I T I O N : - ; " •'. '' . ''.̂  " • - ,. A ' . 
WILDCAT - ' ' ' .. .; • • -. •" • . ' • • ' - - . • • ' • ' 
SEMI-DEVELOPED A R E A . ' ' - •'•• ^ '" ' ' - ' • •", ' " 

PERSONNEL : '• . - ' ' , . ' " - . . . • . . • ' 

•DRILLING:. . ' . . • • , - , ' , . . 
EXPLORATORY WELL TO 5 , 0 0 0 FEET 
COMPLETE .WITH CASING - ' - , 

SUtMARY OF C O S T S : . '•• ' • • " : . " ' • •;: . ;.• -
AREA OF INTEREST : ' . . . ' ' 

, FOR ONE DRILLAELE AREA FOUR AREAS i ; rLL BE WORKED • 
ONE AREA OUT OF SIXTEEN DRILLED. FINDS 2 5 0 , 0 0 0 KW FIELD •' 

TOTAL EKPLORATION COSTS '' " •.'' ;. 7-": 7"" " "" "•""' 7 ' ."., .. •• . . 

DEVELQPmHT ' . '• ; ' ' ; / ' ' -̂  •-. . 7:. " ' ' ' ' . 
5 0 PRODUCING'WELLS = •; - ' ^ 
25 INJECTION WELLS " '. ; " • • - . • . ' . . . . 

TOTAL SURFACE AND SUBSURFACE CAPITOL INVESTMENT COSTS 

OPERATING '• ' . . . : ' ' . - - .'. ' " • '.- "• " • '. ' ' 
ESTIMATED OPERfVTING EJCPENSES, TAXES AND ROYALTY FOR 35 YEAR 

$2,300,000 per year • • • . ' , ' ,-

••; $3,000 TO $4,000 PER MONTH 

$10,000 TO $14,000 PER MONTH" 

$10,000 PER MONTH 
$'5.00 TO $10..00 PER SQUARE MILE 
$10,000 TO $15,000 PER MONTH 
$10,00.0 TO $20,000 PER MONTH 

: $1.50 PER FOOT TO 500 FEET ... 

• *• ..$45,000 TO $60,000 PER PROSPECT 
.. . ?1.00 PER ACRE BONUS 

$5.00 TO $10.00 PER ACRE 
••• ' $65.00 TO $130.00 PER DAY 

••' . $20.00.10 $30.00 PER FOOT 
flO.OG TO $15.00 PER FOOT 

.' $75,000 TO $95,000 " 
• $300,000.TO $380,000 

.. .\*r$B,000,000 

$7,500,000 TO $10,000,000 
- .'• $3.500,000 TO $ 5,000.000 
• . $21,000,000 TO $24,000,000 

• . .'• (includes explo.ratioa Costs) 

FIELD LIFE 
$75,000,000 TO $80,000,000 
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OEPARTME^^- OF TKE INTERIOR 
UNITED STATES OEOLOOICAL SURVEY TO ACCOUPAHY MAP UR-30 

MERCURY IN THE UNITED STATES 

(Exclusive of Alaska and Hawaii) 

By Edgar H. Bailey 

INTRODUCTION 

This map shows the location of mercury distrias and 
deposits in the United States (exclusive of Alaska and Hawaii). 
The map" was compiled from published reports and from data 
in the files of the Geological Survey. All map locations arc 
numbered consecutively in each state and names, geographic 
coordinates, and selected references are given in the Index: 

The estimated total quantity of mercury present before 
depletion by mining was used to assign districts to size 
categories; both produaion and reserves are included without 
distinaion. Three sizes of mercury deposits are shown on 
the map: dqjosits of more than 100,000 flasks (76 pounds 
per flask); large deposits, but containing less than 100,000 
flasks; and small deposits. Most mercury districts contain 
only one large deposit and many smaller deposits and occur
rences, but a few distrias contain several large deposits. 

Geology 

The mercury deposits of the World are confined, with a few 
minor exceptions, to a broad belt of late Tertiary orogeny 
and volcanism, a part of which extends through the Western 
United States. For many major deposits such as the New 
Idria mine in Califomia, however, no close relation to a vol
canic source can be demonstrated, and most deposits are at 
least.a few miles from surface exposures of late Tertiary or 
Quaternary volcanic rocks. Most of the domestic mercury 
deposits are found in California and a few in Oregon and 
Nevada. Within this tectonic belt mercury deposits occur in 
rocks of all ages and of all common varieties. Structures 
responsible for ore localization are equally as varied. In some 
mines there are well-formed structural traps with "caps" of 
relatively impervious material, generally sh^le or gouge, but 
in some major deposits no structural control is obvious. In 
general, however, deposits in similar kinds of rocks exhibit 
similar structural environments, and an understanding of the 
geologic relations in one deposit can be of value in appraising 
or developing another deposit in the same kind of rock. 

Mercury ores are formed relatively near the surface and 
appear to extend downward from the surface to a maximum 
depth of about 2,500 feet, reached at the New Almaden mine 
in Califomia. The bulk of the ore that has been mined has 
come from depths bf 1,000 feet or less. Because the deposits 
were formed near the sur&ce in orogenic belts, it is likely that 
any geologically ancient deposits have been eroded away, and 
all deposits that can be accurately dated are Pliocene or 
younger in age. 

The principal ore mineral in mercury deposits is cinnabar, 
HgS, but metacinnabar, native mercury, and several rare mer
cury minerals arc found in some deposits. Because of their 
near-surface environment, mercury deposits exhibit great geo
logic variety, and even the major deposits have little in com
mon other than their content of cinnabar and a gangue of 
silica or carbonate minerals. Pyrite, or more rarely marcasitc, 
is a constituent of ores in rocks containing considerable iron, 
but in iron-poor rocks the iron sulfides are rare or absent. 
Stibnice accompanies the ore in some geologic provinces, and 
minor amounts of arsenic are not uncommon. Other metals, 
such as gold, silver, or base metals, are rarely present in more 
than trace amounts. In a few places a base-metal assemblage 
contains mercurial tetrahedrite, but these ores have not been 
a major,source of mercury. 

Production 

The conterminous United States has produced a little more 
than 3,190,000 flasks of mercury, or nearly one-sixth of the 
World's supply. This has come principally from depxjsits in 
the Far Westem States, but the deposits in Texas are notable 
exceptions and smaller deposits have been mined in Arkansas. 
The most produaive mines, as well as the largest number, are 
in California. The Terlingua district in Texas makes that 
state second in order of production, closely followed by 
Nevada and Oregon. The total and relative production by 
state through I960 is as follows: 

State 

Califomia 

Texas 

Nevada 

Oregon 

Idaho 

Arkansas 

Arizona 

Production 

(Thousands of flasks) 

2,753.5 

147.2 

127.1 

103.3 

• 30.5 

11.4 

7.0 

Washington 6.6 

Utah 3.4 

Percent of total 

86.3 

4.6 

4.0 

3.2 

1.0 

.4 

.2 

.2 

.1 

Within these states at least. 350 mines have produced mercury, 
but about 90 percent of the total production has come from 
only 20 mines. 



I 

The following sections describe briefly the salient features 
of the regional and local geology of the more productive mines 
and distrias of the conterminous United States. Similar brief 
accounts of these deposits, as well as other mercury deposits 
of the World, are given by Pennington (1959). For more 
detailed descriptions one may refer to the references cited. 

Distribution of deposits 

California 

In Califomia the principal deposits occur in the Coast 
Ranges in a belt about 350 miles long, extending from near 
Santa Barbara on the south to Clear Lake on the north. Along 
this belt, which has yielded more than 80 percent of the pro
duction ofthe United States, 18 districts are remarkably evenly 
spaced at intervals of about 25 miles. 

The geology of the Coast Ranges is exceedingly complex. 
The oldest and most widely exposed rocks belong to the 
Franciscan formation of Jurassic and Cretaceous age, which 
consists of highly deformed, though not metamorphosed, 
graywacke, siltstone, and greenstone, with minor limestone and 
chert. This formatiori is intruded by tabular and plug-like 
masses of serpenrine; locally their margins arc hydrothermally 
altered to a rock consisting of silica minerals and magnesian 
carbonates, known as silica-carbonate rock, and many of the 
mercury ore bodies occur in this rock. Overlying this base
ment complex are thick sequences of sediments ranging in 
age from Cretaceous to Pliocene. Especially in the area 
between San Francisco and Clear take there are extensive 
flows of younger lavas ranging in composition from basalt 
to rhyolite. 

Although 60 percent of the mercury produced in California 
has come from ore bodies in silica-carbonate rock, some large 
deposits are in younger sediments and volcanic rocks. Where 
mineralization can be dated it ranges from late Pliocene to 
Recent. Structurally the deposits show a variety ol environ
ments—some are along faults, though there are none along the 
great San Andreas rift; some are along margins of serpenrine 
intrusives; some are in fractured sediments; and some are in 
relatively unbroken Recent volcanics. No close relationship 
to either granitic intrusives or younger volcanic rocks can be 
demonstrated for the majority of the deposits. Cinnabar is 
the common ore mineral, but in a few deposits metacinnabar 
is more abundant, and in at least two smaller deposits, narive 
mercury is the predominant dre mineral. 

Altoona district. —This district, in the northeastern part oi 
Trinity County, contains the Altoona mine, which has pro
duced about 35,000 flasks, and a few other mines with very 
small production. The mine is on the East Fork of the Trinity 
River in the southern part of the Klamath Mountains. The 
mine workings are in an area of porphyritic diorite and minor 
serpentine of Mesozoic age. Presumably the diorite intrudes 
the serpentine, although the relations are not clear in the mine. 
The rocks are cut by several faults; the ore minerals, 
cinnabar and some narive mercury, occur in and near the feult 
gouge and are accompanied by considerable pyrite and a little 
ankerite, barite, and quartz. 

Wilbur Springs district.—This district, in Lake and Colusa 
Counties, is about 15 miles east of Clear Lake. It contains a 
dozen mercury deposits, of which the largest, and only one 
producing in I960, was the Abbott mine, with a production 

record of perhaps as much as 43,000 flasks 

The Abbott mine is near the northwest end of a tabular 
mass of serpentine which is interlayered with shale and gray
wacke of Early Cretaceous age. The serpentine is believed 
to have been a flow that was deposited with the sediments. 
Pans of the serpentine are hydrothermally altered to form the 
opaline silica-carbonate rock that is the host for the ore. 
Cinnabar and minor metacinnabar are the ore minerals; 
gangue minerals are marcasite, calcite, and hydrocarbons with 
minor quartz. The cinnabar replaces the silica-carbonate rock 
along fractures and fills cracks to form relatively small, but 
often quite rich, ore bodies. 

Clear Lake district.—This disrrict, which is about 75 miles 
north of San Francisco, contains the Sulphur Bank mine, 
which has produced nearly 130,000 .flasks, and a few other 
mines with very small production. Graywacke, siltstone, and 
greenstone of the Franciscan formation are overlain by late 
Tertiary and Quaternary continental sediments and volcanic 
rocks that range in composition from basalt to rhyolite. The 
ore deposits are Recent, and thermal waters are currendy 
depositing some mercury and antimony. 

Knoxville tiistrict.—This district, at the intersection of Napa, 
Yolo, and Lake Count!*, contains the Knoxville mine, with 
a production of nearly 121,000 flasks, the Reed mine, with a 
producrion of over 26,000 flasks, and several less productive 
mines. The dominant geologic feature of the district is a 
large mass of serpentine, the eastern margin of which is sep
arated from the sedimentary rocks of the Knoxville formation 
of Jurassic age by a fault. All the large ore bodies found in 
the district have been-in sicila-carbonate rock formed from 
the sheared serpentine adjacent to this fault. Late Tertiary 
tuff and basalt blanket a small part of the area, and the ore 
of one of the smaller rhines occurs in silicified tuff 

Mayacmas district.—This district, in parts of Sonoma, Lake, 
and Napa Counties, is the third most productive district in 
California. Unlike most districts, it contains several mines 
with large production as well as dozens of smaller ones. The 
more productive mines and approximate production are Oat 
Hill (162,000 flasks^. Great Western (105,000 flasks), Aetna 
(66,000 flasks), and Mirabel (42,000 flasks). 

The rocks of the district are.mostly graywacke, shale, and 
greenstone of the Franciscan formation, which are mildly to 
intensely folded and cut by many faults and wide shear zones. 
The axes of the folds, and the faults and shear zones, trend 
west-northwest; large sill-like masses of serpentine intruded 
along the shear zones have a similar trend. Parts of the area 
are overlain by flat or gently inclined silicic flows and tuffs of 
Pliocene and Pleistocene age, and younger basalt flows locally 
cap some of the lower hills in the eastern part of the distria. 

The mineralized area is about 25 miles long and 7 miles 
wide, but the more productive deposits lie within half a mile 
of a straight line drawn through the length of the district. 
Most ofthe ore bodies occur in .silica-carbonate rock formed 
by hydrothermal alteration of marginal parts ofthe serpenrine; 
but ore bodies of the highly productive Oat Hill mine arc 
along faults in graywacke of the Franciscan formation, and at 
the less prcxduaive Cloverdale mine the ore is in chen of the 
Franciscan formation. Cinnabar is the usual ore mineral, but 
native mercury is abundant. 

Guemetiille district. —This district, two miles north of the 



issian River in central Sonoma County, contains the Sonoma 
jGreat Eastem-Mt. Jackson) mine, which has produced about 
85,000 flasks. 

The rocks of the area are chiefly graywacke and shale of 
the Franciscan formation, serpentine, and silica<arbonate rock. 

The mine is at the intersection of a major fault traceable 
northwestward for at least 20 miles and a secondary fault that 
trends eastward. A tabular mass of serpentine that extends 
northwest and east from the fault intersection is extensively 
altered along its southwesterly margin to silica-carbonate rock, 
and other silica-carbonate rock has formed within the serpen
tine along secondary shear zones. Thick breccia comp>osed 
of shale and graywacke borders the serpentine and also occurs 
along shears that separate faulted portions of the serpentine; 
much of it is altered to a dense hard rock that cannot be dis
tinguished easily from the silica-carbonate rock. 

Cinnabar, the only important ore mineral, occurs with small 
amounts of pyrite and hydrocarbons disseminated in favorable 
parts of the silica-carbonate rock. Ore bodies are both tabular 
and pijxlike in form. 

New Almaden district.—This district, about 50 miles south
east of San Francisco, has yielded about 40 percent of the 
domestic mercury. The New Almaden mine, with a record 
of more than 1,000,000 flasks, the Guadalupe mine, with more 
than 100,000 flasks, and several other mines with relatively 
small produaion lie within a belt about 5 miles long and a 
mile wide. The deposits in this area were the first discovertrd 
in the United States, and between 1850 and 1900 they yielded 
enormous quandries of mercury. During the World War II 
years these mines produced about 10,000 flasks, but in subse
quent years they have been worked chiefly by small groups 
of lessees. 

The deposits of the New Almaden mine were first recog
nized to contain mercury ores in 1845, and, except for very 
brief periods of inactivity in recent years, have been mined 
ever since. 

The ore bodies formed in silica-carbonate rcKks near con
tacts with rtKkS of the Franciscan formation. Where these 
contaas arc relatively flat, the ore lies in jtruaural highs such 
as apices of domes or anticlines; where contacts arc steep the 
ore appears to be localized by the presence of fractures. Cin
nabar, the only important ore mineral, replaces the silica-
carbonate rock that was formed by hydrothermal alterarion of 
serpentine. Although replacement extended only a few inches 
away from the fractures, it was so complete that commonly 
over 50 percent of the rock was cinnabar. In the major ore 
bodieSj steep fractures occur as swarms so closely spaced that 
much of the intervening rock is rich ore. 

Small amounts of sulfides such as pyrite,. stibnite, chalcopy-
rite, bomite, galena, and sphalerite, plus narive mercury 
accompany the dimabar. Introduced gangue minerals in
clude quartz, dolomite, and hydrtxarbons. 

The Guadaulpe mine, about 4 miles west of the New 
Almaden mine has the same geologic setting. 

New Idria district.—This district is in northeastem San 
Benito County, about 140 miles southeast of San Francisco. 
In I960 the New Idria mine was one of the leading producers 
in the United States, having produced about 500,000 flasks. 

The mine is on the northern margin of the large pluglike 

mass of serpentine and Franciscan rock which intrudes the 
shales of the Panoche formarion of Late Cretaceous age. Near 
the plug the shales are warped up-ward, and in the mine'area 
they are overtumed so that they dip steeply southward toward 
the plug. In most of the mine area the rocks above the 
inward-dipping margin of the plug are sedimentary rocks 
ofthe Fran'ciscan formation, which form a thin selvage around 
the serpenrine." Most of the ore occurs beneath a thrust fault 
near the margin of the plug. In addition to the marginal 
fault, there are other faults, some of which of&et the main 
thrust and are important because they aeatc structures favor
able for ore deposition. 

Ciniubar is the chief mineral, but in some ore bodies 
metacinnabar is an important constituent. Pyrite and mar
casite are abundant in places, but generally are minor 
constituents of the ore:. Carbonate minerals and quartz are 
also locally common, but much ofthe ore contains no obvious 
nonmetallic gangue. 

San Luis Obispo district.—In northwestern San Luis Obispo 
County an elongate area of about 75 square miles contains 
several dozen relatively small mines with an aggregate .pro
duction of over 80,000 flasks of mercury. About 80 percent 
ofthe produaion came from the Oceanic mine (41,000 flasks) 
and the Klau mine (26,000 flasb). 

Much of the area is underlain by sedimentary rocks of the 
Franciscan formation and serpentine intrusive into them. 
These rocks are unconformably overlain by Cretaceous sedi
mentary rocks in the eastem part of the area and Miocene 
sediments and diabase sills in the western pan. Folds axes 
trend northwest, and the area is broken, into slivers by a scries 
of faults trending roughly parallel to the folds. Rhyolite' 
stocks and dikes were intruded in late Teniary or Quaternary 
time. 

Oregon 

Mercury mines in Oregon have yielded about 100,000 flasks, 
of which about 90 percent has come from five mines—Bonanza 
(35,000 flasks), Black Butte (17,000 flasks). Horse Heaven 
(17,000 flasks), Opjlite (15,000 flasks) and Bretz (10,000 
flasks). Although occurrences of mercury ores are widely 
distributed throughour the state, the productive deposits are 
in restriaed areas in the central, southwest, and southeastern 
parts. Most of the deposits are in Tertiary rocks of pre-
Miocene age, but in the Opalite district in southeastern 
Oregon large ore bodies occurred in tuffs and lake beds of 
late Miocene age. The widespread Columbia River basalt of 
Miocene and Pli(Kene(?) age, andesite of Pliocene age in the 
high Cascades, and younger intrusives are remarkably un-
mineralized. 

Southtvestem Oregon.—h mineralized belt, extending from 
Medford to Cottage Grove, includes the rwo most productive 
mines in the State, the Bonanza and Black Butte, as well as a 
dozen other small mines and prospeas. Most of the deposits 
are in sedimentary rocks and lavas of Eocene age, but some 
small ore bodies have been found in the underlying schists of 
Devonian(?) age. Most of the ore bodies formed along 
normal foults and are accompanied by widespread veinlets of 
quartz and carbonates. As cinnabar is generally disscmiruted 
in the country rock beyond the limits of ore shoots, the ore 
bodies are bordered by unmined mineralized rock that pro
vides a sizable reserve of low-grade ore. 



The Bonanza mine workings are in a sequence of arkosic 
and tuffaceous sandstones, shales, and tuffs assigned to the 
Umpqua formation of Eocene age. The ore occurs along a 
zone of fractures which parallels the bedding and is developed 
in tuffaceous sandstone near its contact with overlying shale. 
In the ore zone the tuffaceous sandstone is extensively altered 
to clay and contains small disseminated crystals of cinnabar 
along with rare metacinnabar and native mercury. Other in
troduced minerals arc quartz, chalcedony, various carbonates, 
and minor, through widespread, realgar and orpiment. 

The Black Butte mine is in flows and beds of Eocene 
andesitic lavas, tuffs, and breccias that dip to the northeast 
and are intruded by irregular masses of basalt and andesite. 
The volcanic rocks are hydrothermally altered over a wide 
area and silicified more locally. Calcite veins and veinlets are 
abundant, and opal, chlorite, sericite, pyrite, and marcasite oc
cur in minor amounts. Small crystals of cinnabar are scattered 
through much of the rock within and below the fault, but 
only in the richer pans of the shoots does it occur in distinct 
veinlets. 

Southeastern Ortgon.—\n southeastern Oregon two distrias 
contain ore bodies distinctly different from those of the'rest 
of the state. The highly productive Opalite district, which 
lies in southern Malheur County and extends into Nevada, 
contains the Opalite and Bretz mines. Deposits in the Steens 
Pueblo Mountains area in southern Harney County have 
yielded very little mercury but are notable because of the 
abundance of mercurial tetrahedrite (schwatzite) that occurs 
in quartz veins with cinnabar, pyrite, chalcopyrite, galena, 
magnetite, and barite. Some of the cinnabar in the oxidized 
zone is. clearly secondary, but some of the more crystalline 
cinnabar is believed to be primary. 

"he Opalite mine is in an area of nearly flat lying lake beds 
and tuffs of Miocene age. The ore occurs in a lenticular 
blanket of chalcedony, commonly referred to as opalite, formed 
by silicification of the beds. Cinnabar is scattered through 
much of the upper half of the opalite blanket, but the best 
ore is in and adjacent to steep fractures and breccia zones. 
Minor amounts of native mercury and mercury oxychloride 
(terlinguaite) accompany the ore; pyrite is present in very 
minor amounts. The rocks beneath the opalite blanket have 
been extensively altered to clay, and locally a little cinnabar 
occurs in the argillized lake beds. 

The Bretz mine, which has yielded more than 10,000 flasks 
of mercury, is in Miocene tuffs and lake beds adjacent tp a 
fault bounded on the north by andesitic and rhyolitic pyro
dastic rocks. In contrast to the ore bodies formed in a similar 
geologic setting in the Opalite mine area, .the ore bodies of 
the Bretz mine are largely in unaltered lake beds or argillized 
tuffs layered along fault zones. The cinnabar occurs dissemin
ated in the lake beds and as thin films along the bedding 
planes, but locally the beds contain high-grade bunches and 
"nodules. 

Central Oregon,—An area in eastern Jefferson County and 
Crook County contains the Horse Heaven mine, with a pro
duction of about 17,000 flasks, and nearly a score of small 
mines and prospects. Ore bodies are in andesite and basalt 
flows and tuffs of Eocene age or in younger intrusive plugs 
of andesite or rhyolite, but nearly all the more produaive ore 
bodies are in brecciated marginal pans of a rhyolite plug. 

The most abundant ore mineral is cinnabar, which generally 

fills openings but locally replaces the host rock. Native 
mercury is locally abundant, and metacinnabar, though scarce, 
is widely distributed. The principal gangue minerals are 
marcasite, carbonates, and silica minerals. The wall rocks are 
extensively altered to clays. 

Washington 

Although mercury minerals have been found at several 
places in Washington, the only production has been from the 
Morton district in Lewis County. The district is unusual 
because some of the best ore occurs in seams of coal. 

The mineralized area extends northeasterly about two miles 
and has a width of about half a mile. The rocks are shale, 
tuffiaceous sandstone, and coal assigned to the Puget group of 
Eocene age, and basic sills and dikes that have intruded them. 
Several faults, formed at different times and having different 
kinds of displacement, appear to have localized the ore. Most 
of the cinnabar produced comes from brecciated sediments 
along a steep fault, but two of the richest ore bodies are in 
relatively unbroken sandstone beneath a clay gouge developjcd 
along a gently dipping thrust fault. 

Idaho 

Idaho contains two mercury mines with significant produc
tion—the Cinnabar (Hermes) mine near Yellow Pine, with a 
production of about 15,000 flasks, and the Idaho-Almaden 
mine near Weiser with a production of nearly the same 
amount. 

The Cinnabar mine is in limestone and shale strata of 
Paleozoic(?) age that are a part of a series of .metamorphosed 
sedimentary rocks forming a roof pendant in the granite of 
the Idaho batholith. Dikes of aplite and granite that cut the 
sedimentary rocks and are exposed in the underground work
ings do not appear to be genetically related to the ore. The 
host rocks were argilhzed, sericitized, and silicified along.a 
broad fault zone prior to mineralization. Cinnabar, the only 
ore mineral, ocurs as fracture filKngs and disseminations 
chiefly in the altered limestone; associated with it are pyrite, 
stibnite, realgar, and orpiment. 

The main ore body of the Idaho-Almaden mine is of the 
opalite type and occurs as a blanket above beds of feldspathic 
sandstone which are pan of the Payene formation of Miocene 
and Pliocene age. In the mineralized area an anticline 
is crossed by a pronounced northwest-trending sag, the mar
gins of which are in part flexures and in pan faults of small 

"displacements. Fractures with little or no offset are devel
oped both parallel to the anticline and to the trans-verse 
downwarp, forming a series of blocks; much of the best ore 
is in places where these fractures are closely spaced. The 
dominant silica mineral is opal, but chalcedony also is 
common; clay minerals are abundarit in places but are incon
spicuous in much of the opalite. Cinnabrj-, the only ore min
eral, is disseminated as minute crystals in the opalite and also 
occurs in steep opal veins that fill fracture zones. A very 
small amount of pyrite accompanies the ore. 

Nevada 

Nevada contains more than 100 mines that have produced 
some mercury, distributed among about 30 districts, most of 
which are confined to a northerly trending.belt in the central 
third of the State. Ore bodies are unusually diverse; they in-



elude small deposits containing some of the richest ores ever 
mined in the United States as well as large bodies of low-
grade ore. Host rocks are equally varied as they include 
sandstone, limestone, sinter, opalite, rhyolite, andesite, and 
granitic rocks. The mines in andesitic flows and breccias, 
however, have yielded two-thirds of the total production. By 
the end of 1959 the State had produced about 120,000 flasks 
of mercury of which more than half came from the Cordero 
mine. The mine is in an extension of the opalite distria of 
southeastern Oregon. 

The rocks in the mine area are andesitic flows, breccias, 
and tuffs of Tertiary age. Near the surface, parts of these 
rocks were silicified to form opalite, but the rocks below the 
shallow opalite are largely argillized rather than silicified. The 
chief ore mineral is cinnabar, although native mercury and 
mercury oxychlorides were found in small amounts in the 
near-surface workings. Cinnabar occurs disseminated in the 
porous altered volcanic rocks, accompanied in many places by 
microcrystalline hemarite, and in veins with silica minerals 
and abundant pyrite and some marcasite. The opalite, con
sisring of both chalcedony and opal, contains cinnabar dis
seminated through the rock in an irregular fashion; however, 
the major pre bodies are stratigraphically below the opalite 
in a mineralized zone about 500 feet long and 100 feet wide. 

Utah 

Nearly all the 4,000 flasks of mercury recovered in Utah 
has come from three mines, and all but 110 flasks was pro
duced prior to 1910. Most of the produaion came from the 
Sacramento gold mine, in the Mercur district in Tooele 
County. Here eanhy cinnabar occurs in bands in altered 
limestone of Late Mississippian age adjacent to a dike and 
fracture zone. The Lucky Boy mine near Marysvale in Piute 
County yielded in the 1880's about 250 flasks from tiemannitc 
(mercury selenide) ore occurring in limestone. 

Arizona 

Southern Arizona contains more than twenty small merairy 
mines and prospects with an aggregate production of 5,000 
flasks. The larger mines are the Ord in the Mazatzal Moun
tains in western Gila County and the Sunflower and Pine 
Mountain mines lying a few miles west of the Ord mine in 
eastern Maricopa County. 

Most of the deposits in Arizona occur along fault zones in 
Precambrian schists. The mineralogy of some of the ores is 
unusual; in the Dome Rock Mountains cinnabar occurs with 
gold, wulfenite, and copper minerals, and in the Mazatzal 
Mountains the lodes contain tourmaline, mercurial tetrahe
drite, and other copper minerals. Although the ore bodies 
occur along well-defined structures and contain some rich ores, 
the overall grade has been too low to permit sustained mining. 

Texas 

Texas is in second rank among mercury-producing states 
because of the large output from the Terlingua distria. The 
district has yielded more than 140,000 flasks of mercury since 
producrion began in 1895, and over 90 percent came from the 
Chisos-Rainbow mine (100,000 flasks), the Maricopa mine 
(20,000 flasks), and the Study Butte mine (10,000 flasb). 

The Terlingua distria, which is mainly in Brewster County 
in the southern part ofthe Big Bend region, is a narrow east-
ticnding area about 20 miles long. The layered rocks of the 

district consist ofabout 5,000 feet of Cretaceous limestone 
and shale overlain by early Tertiary volcanic rocks. These 
are intruded by dikes, sills, and. laccoliths that have composi
tions ranging from basaltic to rhyolitic, with a widespread 
phase characterized by analcite. The district is dominated by 
an east-trending monocline, which is broken in places by 
northwest-trending graben. Small faults • of northeasterly 
trend are abundant, and many of these are mineralized. 
Other struerural features that have localized important ore 
bodies-are collapse breccias in pipelike and tabular bodies. 

The Chisos-Rainbow mine lies immediately north of a prom
inent graben in gently folded and strongly faulted Cretaceous 
shale and limestone. Here three types of ore bodies have 
been mined: (1) deposits in calcite veins, (2) deposits near 
the contact of the Devils River limestone with the overlying 
Grayson formation of Late Cretaceous age, and (3) deposits 
in brecciated rocks. The vein deposits are in calcite-filled 
fissures along steep normal faults. Only parts of the veins 
are mineralized with cinnabar, and few-ore shoots are over 
100 feet long or as much as 100 feet deep. The deposits 
along the contact in limestone beneath the Grayson forma
tion are in flat troughlike zones of altered rock localized by 
faults of smaU displacement in the underlying limestone. In 
these zones cinnabar generally occurs only within 50 feet of 
the contact. The breccia deposits, richest and most produc
tive in the mine, occur in fault breccia zones in limestone and 
in a pipelike body of breccia in the Grayson formation. The 
pipe ore body is a vertical cylinder of breccia composed of 
jumbled blocks and fragments of limestone with cinnabar en
closed in a matrix of clay in the Grayson formation. 

At the Mariposa mine erosion has stripped the Grayson 
formation from all but the central part of the deposit; most 
ore bodies are therefore exposed at the surface. Along 
northeast-trending faults of small displacement the limestone 
just below the clay was dissolved by hydrothermal solutions, 
producing elongate zones of altered clay that sagged and col
lapsed into the limestone. These altered zones, which are 
locally 100 feet wide, are termed "cave fill zones" and are 
locally mineralized with cinnabar. Near the surface, parts of 
the zones also contained notable amounts of calomel, mercury 
oxychlorides, native mercury, montroydite, and rarer mercury 
minerals. 

The Study Butte mine workings are mainly in a wedge-
shaped sill of fine-grained quartz syenite intruded into cal
careous shales of Late Cretaceous age. Cinnabar occurs 
principally in the intrusive rock but also forms ore in the 
shale. Seams of cinnabar and pyrite ranging from a film to 
an inch.in thickness were deposited along steep northeast-
trending fractures in the intrusive rock. The ore in the shale 
occurs as irregular impregnations and veinlets of pyrite, 
cinnabar, and calcite. 

Arkansas 

About 10,000 flasks of mercury have been recovered from a 
single district in the southwestem part of Arkansas. More 
than rwo dozen mines and prospeas occur in the district along 
an east northeast-trending belt over 30 miles long and less 
than a mile wide. Small ore bodies occur in sandstone of 
late Paleozoic-age; some are pipe-like and formed at fault 
intersections, and others are tabular parallel to the bedding. 
The ore consists of cinnabar disseminated in sandstone. 
Minor amounts of several rarer mercury minerals have been 



found, and a little pyrite and stibnite accompany the ore. 
Gangue minerals are quartz and dickite. 

Mercury Index 

District or region 

Arizona 

1. Mazatal Mountains 
Faick, 1958 

2. Dome Rock Mountains 
Lausen and Gardner, 1927 

1. Pike County 
Gallagher, 1942 

Arkansas 

California 

1. Patrick Creek 

2. Beaver Creek 

3. Altoona 
Swinney, 1950 

4. Wilbur Springs 

5. Clear Lake 
Everhart, 1946 

6. Knoxville 
Averitt, 1945 

7. Miayacmas 
Yates and Hilpen, 1948 

8_ Guerneville 
Myers and Everhart, 1948 

9. Oakville 
Fix and Swinney, 1949 

10. Vallejo 

11. Mt. Diablo 
Ross, 1940 

12. New Almaden 
Bailq-, 1951 

13. Phoenix 
Hawkes and others, 1942 

14. Stayton 
Bailey and Myers, 1942 

15. Central San Benito 
Yates and Hilpert, 1945 

16. New Idria 
Eckel and Myers, 1946 

17. Parkfield 
Bailey, 1942 

18. San Luis Obispo 
Eckel and others, 1941 

19. Rincohada 
Eckel and others, 1941 

20. Cachuma 
Everhart, 1950 

Lat.N. Long.W. 

33°32' 114°19' 

34°10' 93°35' 

41-58' 

41-57' 

41-08' 

39-04' 

39'TO' 

38°-.l 

38-45' 

38-34' 

38-27' 

38-07' 

37-54' 

37-14' 

37-24' 

36-57' 

36-37' 

.36-21' 

35-55' 

35-41' 

35-11' 

123° 54' 

122-50' 

122-33' 

122-26' 

122-41' 

122-22' 

122-42' 

122-59' 

122-26' 

122°11' 

121-53' 

121-'51' 

121-23' 

121-13' 

121-00' 

120-38' 

120-19' 

121-03' 

120-22' 

21. Los Prietos 

22. Tehachapi 
Bailey and Swinney, 1947 

23. Coso 
Ross and Yates, 1943 

Idaho 

34-43' 119°53' 

1. Yellow Pine 
Schrader and Ross, 1926 

2. Weiser 
Ross, 1956 

Nevada 

1. Opalite 
Yates, 1942 

2. National 
Roberts, 1946a 

3. Bottle Creek 
Roberts, 1940b 

4. Poverty Peak 
Bailey and Phoenix, 1944 

5. Tuscarora 
Bailey and Phoenix, 1944 

6. Ivanhoe 
Bailey and Phoenix, 1944 

7. Dutch Flat 
Bailey and Phoenix, 1944 

8. Imlay 
Bailey and Phoenix, 1944 

9. Goldbanks 
Dreyer, 1940 

10. Mt. Tobin 
Bailey and Phoenix, 1944 

11. Spring Valley 
Bailey and Phoenix, 1944 

12. Antelope Springs 
Bailey and Phoenix, 1944 

13. Wild Horse 
Dane and Ross, 1942 

14. Castle Peak 
Bailey and Phoenix, 1944 

15. Union 
Bailey and Phoenix, 1944 

16. Belmont 
Bailey and Phocmx, 1944 

17. Pilot Mountains 
Phoenix and Cathcan, 1952 

18. Fish Lake Valley 
Bailey and Phoenix, 1944 

19. Fluorine 

Bailey and Phoenix, 1944 

Oregon 

1. Oak Grove 

34-33' 119-40' 

35-13' 118°32' 

36-01' 117°47' 

44-55' 115-18' 

44°15' 116-41' 

42-00' 

4l?45' 

41-23' 

41-22' 

41-20' 

41-07' 

41-08' 

40-31 ' 

40-30' 

40-21' 

117-55 

117-35' 

118-17' 

117-25' 

116-13' 

116-35' 

117-28' 

118-10' 

117-41' 

117-32' 

40-17' 118-06' 

40°08' 

39-51' 

39-28' 

38-54' 

38-38' 

38-22' 

37-53' 

118°05' 

117-28' 

119-37' 

117-31' 

116-58' 

117°55' 

118° 18' 

36°53' 116°38' 

45-04' 



Schuette, 1938 

2. Horse Heaven 
Waters and others, 1951 

3. Ochoco 
Schuette, 1938 

4. Maury Mountain 
Schuette, 1938 

5. Bear Creek 
Schuette, 1938 

6. Black Butte 
Wells and Waters, 1934 

7. Bonanza-Nonpareil 
Brown and Waters, 1951 

8. Tiller 
Schuette, 1938 

9. Trail 
Schuette, 1938 

10. Steens-Pueblo Mountains 
Williams and Compton, 1953 

11. Opalite 
Yates, 1942 

Texas 

1. Terlingua 
Yates and Thompson, 1959 

2. Mariscal 

Utah 

44-40' 120°35' 

44° 24' 120-30' 

44-05' 120-25' 

44-01 ' 120-43' 

43-33' 123°08' 

43° 23' 123° 10' 

43°02' 122°56' 

29-19' 103-40' 

29°07' 103-12' 

40° 19' 112° 12' 1. Mercur 
Gilluly, 1932 

2. Mt. Baldy (Lucky Boy mine) 38°24' 112-16' 

Washington 

1. Monon 46°35' 122°18' 
Mackin, 1944 
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FIGURE' .IST.-'i.—Nonorthoffonal contracflon-crack polygons in 
biLsalt, OeviLs Post Pile National Moininient, Calif. (Photo 
by Gordon W. Greene.) 

etc.) may produce an oriented orthogonal system. This 
is consistent witli the observed fact that ceramic poly
gons evolve gradually. The classic occurrences of col
umnar basalt joints described in the literature seem to 
be of the nonorthogonal type; consistent with the re
quirements of thermal and mechanical homogeneity and 

.low plasticity (fig. 187.5). 
Dessication polygons in mud and shrinkage polygons 

in concrete seem geneiully to be of the orthogonal type, 
' although certain complications beyond the scope of this 

paper are intix>duced by their plastic behavior. Inas-
nmch as cracks in these media are often irregular, they 
iiave many "convexities" at which orthogonal intersec
tions (fig. 187.4a) could be confused with nonorthogonal 
ones (fig. 187.4rb) as the cracks widened. Laboratoi-y ex
periments by the writer confinn that in general mud-
cracks propagate slowly, do not branch, and fomi 
orthogonal intereections. This is consistent with the 
present point of view which calls for high propagation 
velocities and bi-anching to produce nonorthogonal 
intereections. 

• ^ f̂̂ iyiiSiTv m m m 

188. CURVATURE OF NORMAL FAULTS IN THE BASIN AND RANGE PROVINCE OF THE WESTERN 
UNITED STATES VS6ef ff. L / Q O 0 

By JAMES G . MOORE, Menlo Park, Calif. 

Work done in cooperation tvith the Nevada Bureau of Mines 

Recently many new data have become available on 
details of the topogi-aphy of the Basin and Range prov
ince. The new series of Army Map Service topographic 
maps provides almost complete coverage of the province 
at a scale of 1: 250,000 with a 200-foot contour inter^'al. 
One of the most striking features that the maps show 
is the nonlineai-ity of the ranges. Many of the ranges 
are arcuate, the longer ranges being linked segments of 
arcs. The arcuate ]iattern of a range as a whole is be
lieved to reflect the arcuate pattern of the main bound
ing fault. 

Many of the individual ranges of the Basin and 
Range province are tilted Cenozoic fault blocks (Davis, 
1925; Mackin, 1960; Osmond, 1900). Tlie geology of 
many ranges is still little understood, but geologic map
ping in recent years has yielded information on the 
direction of tilt of some of the ranges. The criteria by 
which the direction of Cenozoic tilt of ranges is deter
mined are listed in order of decreasing reliability : (a) 

general direction of dip of Cenozoic sedimentary and 
volcanic rocks, (b) distribution of rocks of different 

' ages within a range, (c) topographic asymmetry of a 
range, (d) dip of major Cenozoic normal faults, and 
(e) general dip and structure of pre-Tertiary strata. 
In addition, criteria which point to the asymmetiy 
(and hence direction of tilt) of the intermontane basins 
also provide data on the Cenozoic tilt of adjacent 
ranges. These criteria include topographic shape of 
basin surface as well as the topography of the buried 
bedrock surface determined by geophysical measure
ments, chiefly gravity surveys. 

An intei-esting relation appears to exist between the 
tilt of eacJi I'ange and its map plan. Many of the 
ranges exhibit an arcuate map pattern. Fairly simple 
tilted block mountains are made up of a single arc 
which is generally from 10 to 30 miles long with a 
radius of cun'ature of 20 to 40 mile.s, and the ranges 
are generally tilted toward the convex side of the arc. 
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T A B L E 188.1.—Fault block ranges in Ihe Basin and Range province shotving direction of curvature and probable Cenozoic till. Fifty-five 
of better known ranges have been selected 

Range 

Abcrt Uim 

Argvis Rivwge - _ -_ 

BeUed Range- . . 

Of'f*n Oropk Hiiiiyn 

J5ast If 11 111 bol cit Ruiigc - - . 
Egaii Ratigc northern par t . - _ 
Kgan Range fjoutliorn par t „ - _ - . . 
iMigcne Mountains - - - _ - - . . 
Fish Springy Range- -

llcjn.sf Ran£fo _ _ _ -__ 
Inv'o Range sontH end -
Ivawich Range - _ . . _ . 

Kings River i{ange, southern part 
IClamattv Lake, rim east o f - . - - . 
La« t̂ Chance Ranee - - - . _., , 
Mineral Mountains - - _ 
Monitor Range 
Newfoundland Moun ta ins . . . 
North Promontory Mountains 
Oquirrh Mountain.S-- . : . . . _ _ 
Csgood Mountains, .southern par t _ 
Puhrock Range (southern) 

Poker Jirn Ridge 
Reveille Rnngo. 
Rubv Mountains . . 
Seven Troughs Range 
Sheep Range . - - . - _ . _ 
Shoshone Range, south par t . . 
Simpson Park Mountains 
Singatsc Range « _ . - . , _ , . 
Spruce Mountain Ridge 
Stansbury Mountains 
Steens M o u n t a i n . . . 
Sulphur Springs Range 
Terrill Mountains 
Toivabe Range ' 
Virginia Range . . 
Wah Wall .Mountains 
Warner Mountains . 
West t[iunbol<lt Range 
West Tintic Mountains 
Winter Rim 

Total . . . . . 

Army Map Service sheet 

Klamath Falls 
Death Valley . . 
Bca th Valley . . . 
Death Valley 
Goldficld. . . . . . 
Vya 
L\nid . . . . 
Reno . . 

Winnemucca 
Death Valley . 
Delta 
Brigham City . . 
Winnemucca 
Elv . -
Lund 
Lovelock _ _ - . 
Delta 

Lund . 
Delta 
Death Valley, 
Ooldfiold --
Elko 
Vva 
Klamath F'.ills 
Goldfield 
Richfield . 
Millett 
Brigham City 
Brigham City 
Tooele 
McDermi t t - . . . 
Caliente , . 
Death Valley. . . . 
Adel - . -
Goldficld- - -
Elko- . - - -
Lovelock 
Caliente 
Winnemucca 
Millett 
Reno 
EIko- - -
Tooele 
Adel . . 
Mil le t t . 
Reno . . 
Millett - -

Richfield. -. 
. \ l turas 
Lovelock 
D e l t a . -
Klamath Falls 

East tilt 

Convex 
cast 

X 
X 
X 
X 

X 

' X 

X 

X 

X 

X 
X 
X 

' X 
X • 

X 

X 

X 
X 

X 
X 
X 

X 

X 

X 
X 

25 

Convex 
west 

' X 

1 

Straight, 
Irregular 

X 
X 

X 

X 

X 

X 

X 

X 

8 

West tilt 

Convex 
east 

X 

1 

Convex 
west 

X 

X 

X 

X 

' X 
X 

X 
X 

X 
X 

X 
X 
X 

' X 

X 

X 

16 

Straight, 
Irregular 

. -

. 

X 

X 

X 

X 

4 

' BcXcrs to mnges composed of more than one linked orcimtc segment. 
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For example, the north-trending I-Iouse Range in west
ern Utah is convex to the east in plan and is tilted to 
tile east. The central Ruby Mountains of northeastern 
Nevada is convex tb tiie west in plan and is tilted to tlie 
west. More complex ranges are made of several of 
these arcuate segments, as, for example, the Egan 
Range and tlie Toiyabe Range of central Nevada. Each 
segment must l>c considered rather tiian the range as 
a whole, and clearly delincd arcs of the scale indicated 
above generally ai'e convex towaid the direction the 
range is tilted. Ranges that are nearly straight in 
plan are generally (ho-Se which are more horstlike, that 
is. Hanked on Ijotli sides by inajoi- faults. 

Table 188.1 lists .">r) ranges about which there is some 
data on the direction of tilting. Of 34 ranges tilted 
east, 2.5 are convex east, 1 is convex west, and 8 are 
rather straight or irregular in shape. Of 21 ranges 
tilted west, Ki aie convex west, 1 is convex east, and 
4 are straight or iri-egiilar in shape. This i-elation l>e-
tween the arcuate plan and sense of tilt of mountain 
blocks is not entii-el^' consistent, l>iit the pattern is re
peated so frefiuently that it is considered to l>e an 
•iinixntant feature of basin-range structure. The curva
ture of the favdt block ranges reflects the curvature of 
the main bounding fault in plan ; hence, the fault itself 

FicuHK 1S.S.I.—nicK'k diagram .showing typical curvutiu-e and 
lilt of ranges in the Uasin and Range province. Tho fault 
surface is helieved to IR.> douhl.y concave {.spoi>n-.slia|>ed) 
toward the downthrown side. 

is believed to be convex toward the direction of tilt of 
the range, or concave toward the downthrown side of 
the fault (fig. 188.1). 

There is evidence Ihat the master normal faults which 
bound the ranges are also cui'ved in section so that they 
dip less steeply with depth. Tilting and rotation of 
blocks is facilitated by a downward flattening of the 
fault surface (De Sitter, 1956, p. 155), and perhaps for 
this reason tho main normal faults arc shown in recent 
papers (Mackin, 1900, p. 112; and Osmond, 1960) to 
flatten with depth. Davis (1925) calls on a mathemati
cal anal3'sis and expeiiments to show that normal faults-
.should flatten with depth. Longwell (1945) finds that 
many normal faults in southern Nevada flatten down
wards. 

The fact that many normal faults in the Basin and 
Range province are concave in i^lan toward the down-
thrown side, together with the evidence that many are 
concave in section upwards, indicates thtit many of the 
fault surfaces are probably doubly concave toward the 
downthrown side. This double concavity suggests that 
the fault surfaces are sj-)oon-sliaped in much the same 
waj' that the faults that Iwund many landslides are 
sjioon-shaped surfaces (Eckel, 1958, p. 24). 
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18!>. VOLCANISM IN EASTERN CALIFORNIA—A PROPOSED ERUPTION MECHANIS.M 

By L. C. PAKISEH, Denver, Colo. 

Geologic and geopliysical evidence suggests that the or stress relief in ofl'sets of a major left-lateral en-
volcanic rocks :ilong tiie eastern front of the Sierra echelon shear zone (fig. 189.1). Tiiis hypothesis was 
Nevada were erupted from regions of relative tension recently put forward for the volcanic activity in Owens 
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Even as Mount St Helens began to 
awaken last February, a 3-day 

conference on the tectonics, volca-
nology, and geothermal potential of 
the Cascade Range was held at the 
U.S. Geological Survey in Menlo 
Park, Calif. The conference, spon
sored by the Survey's Geothermal Re
search Program, drew about 150 par
ticipants from government agencies, 
universities, industry, consulting 
firms, the Geological Survey of Cana
da, and the Pacific Geoscience 
Centre; they presented results of a 
wide range of research projects rang
ing from the Garibaldi belt of south
ern British Columbia to the Lassen re
gion of northern California. 

Topics included regional geologic, 
tectonic, geophysical, and geochemi
cal studies, crustal structure, volcanic 
petrology, volcanic hazards, hydro-
thermal systems and attendant altera
tion, hydrologic setting of Cascade 



volcanoes, geophysical exploration 
methods for geothermal systems, and 
specific examples of drilling for geo
thermal resources in the Cascades. 
The multidisciplinary scope of the 
conference and the representation of 
research groups from government, 
academia, and the private sector 
created an extremely productive at
mosphere of cooperation and enthu
siasm for continued multidisciplinary 
coordinated studies in the Cascades. 

The final afternoon of the confer
ence was devoted fo 5 workshops on 
the status, coordination, and future 
direction of different aspects of Cas
cade geoscience with stress on im
proving the understanding of geolog
ic processes and the geothermal re
source potential of the range. The 
results of the workshops reflected the 
major points of the earlier presenta
tions, as well as considerable ex
change of ideas and data that took 
place during breaks and in workshops 
themselves. 

Knowledge of the regional stress 
field and of tectonic processes oper
ating in the Cascade region through 
time is critical to an understanding of 
Cascade volcanic and hydrothermal 
systems. Installation of additional 
seismic stations, especially in Ore
gon, will lead to improved location of 
earthquake hypocenters and regional 
compilation of epicenters and focal 
mechanisms. Delineation of faults, 
mapping of dikes and volcanic vent 
locations, and paleomagnetic studies 
are improving models of the relations 
of volcanism to plate interactions, ro
tations and translations of crustal 
blocks, and the locations of pre
existing structures. The tectonic envi
ronments of neighboring regions 
(e.g., the Juan de Fuca Plate, the Co
lumbia Plateau) can be used to shed 
light on the tectonics of the Cascade 
Range—information that is directly 
applicable to prediction of fracture 
patterns that may control the move
ment of geothermal fluids. 

Much is being learned of the nature 
of the crust beneath the Cascades 
from seismic-refraction, teleseismic, 
aeromagnetic, gravity, magnetotellur
ic, and geomagnetic-induction sur
veys. Deep seismic-reflection lines, 
such as those being undertaken by 
COCORP, and additional seismic-re
fraction profiling using blasts at quar
ries and construction sites could fur
ther improve the picture of deep 
crustal structure beneath the range. 
The nature of the High Cascade-
Western Cascade boundary in Ore
gon and of the transition in composi
tion of the exposed crust along the 
axis of the range in southern Wash
ington are among pressing problems 
that might be attacked with those 
techniques. 

A Mount Garibaldi 

• Mount Baker 

• Glacier Peak 

Seattle 

• Mount Rainier 

Mount St Helens 

A A Mount Adams 

• A Mount Hood 
Portland 

A Mount Jefferson 

A Three Sisters 

A Newberry Volcano 

A Crater Lake 

A Mount McLaughlin 

J 

A Medicine Lake Volcano 

A Mount Shasta ; 

I 

A Lassen Peak 

Mount St Helens is merely the most active volcano of the Cascade Range. 

The convective transfer of heat to 
the upper crust through volcanism 
probably provides an increment of 
thermal energy above the regional 
conductive component and sustains 
Cascade geothermal systems. Further 
detailed volcanologic and petrologic 
studies are needed, both on the scale 
of long-term geologic evolution and 
on the scale of individual eruption se
quences. Such research should be 
complemented by isotopic and petro
chemical studies of mid-Tertiary 
plutons and their wall rocks. The 

techniques of tephrochronology, pa
leomagnetic stratigraphy and geochro
nology need to be more extensively 
applied to mapping and stratigraphic 
studies, with emphasis on coordinating 
them with petrochemical and isotopic 
research. Further development of new 
geochronologic techniques, such as 
thermoluminescence and U-Th dis
equilibrium dating, would be ex
tremely useful. It is clear that the Cas
cade volcanic chain must be treated 
in segments, rather than as a whole, 
and that we need to learn much more 
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about volcanism away from the major 
andesitic stratocones. The goal should 
be to determine time/volume/com
position relations of the different 
regions of volcanism in the Cascade 
province. 

The current eruption of Mount St 
Helens underscores the urgency of 
establishing a coordinated program 
to assess volcanic hazards, monitor 
Cascade volcanoes that may be dan
gerous, acquire baseline data, and 
learn fo predict eruptions. I5 is also 
recommended that the research com
munity cooperate fo improve its pre
paredness to maximize the scientific 
benefit from studies of any future vol
canic eruption. 

Geologic mapping is fundamental 
to evaluating the geothermal poten
tial of the Cascade region. Compila
tion of existing maps has been under
taken; new mapping, both regional 
and detailed, is urgently needed. The 
U.S. Geological Survey is compiling a 
geological map of the range at a scale 
of 1:500,000 that can be used fo target 
areas for further study and to serve as 
a base for data from regional gravity, 
aeromagnetic, and other geophysical 
surveys. We also need compilation of 
existing geochemical data and period
ic release of new data. It was sug
gested that a digitized data bank be 
set up to include sites of dated and 
chemically analyzed samples and 
measurements of geophysical proper
ties such as heat flow, gravity, and 
magnetotellurics. 

The hydrologic setting of hydro-
thermal systems in the Cascades is 
just beginning to be evaluated. There 
may be 2 broad classes of hydro-
thermal systems: those directly asso
ciated with volcanic edifices, and 
those associated with fracture sys
tems and faults, particularly in the 
Western Cascades. The configura
tion, circulation patterns, and sources 
of heat for Cascade hydrothermal sys
tems are virtually unknown, partly 
due to the near-surface hydrologic re
gime characterized by flow of cool 
meteoric waler in fractures or zones 
of high permeability enclosed in rela
tively impermeable rocks. Analyses of 
spring and surface waters for chloride 
content and stable-isotope ratios may 
detect an imprint of a hidden hydro-
thermal system within a given drain
age basin. A knowledge of the struc
tural geologic setting is necessary to 
understand the hydrothermal 'plumb
ing systems'. Examining fossil hydro-
thermal systems exposed in the West
ern Cascades and in some eroded 
High Cascade stratovolcanoes will 
help model modern hydrodynamics. 
Refining and testing models will re
quire confirmatory drilling of a few 
deep (greater than 2 km) holes into 

and perhaps through Cascade hydro-
thermal systems. 

Before any drilling is undertaken in 
a particular area, detailed geological 
and geophysical studies should be 
made in order to site holes appropri
ately. Geophysical-exploration tools 
that have been effective include resis
tivity, magnetotelluric, and aeromag
netic surveys. Shallow drilling for 
thermal-gradient studies is hampered 
by near-surface hydrology, as men
tioned earlier. Many holes result in 
'stair-step' or even reversed thermal 
gradients. Shallow heat-flow holes 
are best sited in impermeable rocks in 
valley floors. Considerably more care
fully sited drilling will be needed in 
order to document regional variations 
in heat flow and to define anomalous 
areas. Preliminary data suggest a 
steep positive gradient in regional 
heat flow from west to east in the vi
cinity of the Western Cascade—High 
Cascade transition in Oregon and a 
region of high heat flow over a prob
able graben structure within the High 
Cascades. Regions of low near-sur
face heat flow, which may be areally 
extensive (e.g., the Medicine Lake 
highland), generally seem to corre
spond to topographically high re
charge areas. 

The consensus was that a few deep 
drill holes are needed soon, at an 
early stage of research and explora
tion, so that the relative merits of the 
various geochemical- and geophysi
cal-exploration tools can be evaluated 
and calibrated at specific sites in the 
Cascade environment where thermal 
anomalies are well documented. 
Such drilling could possibly be done 
under the auspices of the Continental 
Scientific Drilling Program, now 
being formulated by the National Re
search Council, or by cooperative in
dustry/government projects such as 
those presently conducted by the De
partment of Energy. Existing data 
from exploration geophysical sur
veys, geochemistry of waters, and 
logging of shallow drill holes suggest 
that viable geothermal resources exist 
within the Cascade Range. It appears 
that these resources can be defined 
and, where appropriate, developed 
with minimal impact on the environ
ment. 

The response from the research 
and exploration communities to the 
conference and the results of the 
workshops underscore the benefits 
of such meetings in providing a con-, 
tinuing forum for discussion and 
coordination of efforts during the ac
tive phases of multidisciplinary re
search. 
Charles R. Bacon 
U.S. Geological Survey, 345 Mid
dlef ield Road, Menlo Park, Calif., 
94025 
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U.S. Geologicai Survey geotiiermai 
researcii program in tiie Cascade Range 

INTRODUCTION 

This list summarizes U.S. Geological Survey 
(USGS) activities that are already in progress or are 
about to begin in the Cascade Range of Oregon, 
Washington, and California. The list is divided in
to two parts: (1) projects associated with the 
geothermal research program, and (2) activities 
outside the geothermal research program. Work in 
progress by non-USGS groups under contracts, ex
tramural grants, or Department of Energy funding 
is not included. 

The Cascade Range comprises one of the ma
jor belts of active volcanoes of the world. Being 
located near several population centers, the 
Cascade volcanic chain would seem to be an attrac
tive prospect for the development of geothermal 
energy. However, the geotherma! potential of the 
Cascades cannot be accurately assessed until the 
geological history of the region, its structure, 
hydrology, and volcanic and hydrothermal pro
cesses are more thoroughly understood. 

In combination with other research groups, 
the U.S. Geological Survey Geothermal Research 
Program has undertaken a number of long-term 
geologic, geophysical, geochemical, and 
hydrologic studies of the Cascade Range on both 
regional and local bases. A geologic map of the 
Cascade Range will be compiled and supplemented 
with detailed mapping in specific areas. 
Aeromagnetic, gravity, and heat flow maps are be
ing prepared to complement the geologic maps. 
Additional geophysical investigations include both 
active and passive seismic, electrical, and remote 
sensing techniques. Petrologic and geochrono-
logical data are being acquired in conjunction with 
geologic mapping. Studies of the geochemistry of 
hydrothermal alteration and geothermal fluids 
have also been initiated. Reports and maps will be 
published by the USGS and in scientific journals as 
individual projects are completed. 

A significant portion of the work included in 
the USGS program is being done by universities, 
state agencies, and private institutions under con
tracts and extramural grants. Throughout these in
vestigations, a conscientious effort is being made 
to coordinate activities with others working in the 
Cascade Range under funding from different 

sources (for example, the Department of Energy). 
The Geothermal Research Program Coordinator 
has designated Charles R. Bacon, Menlo Park, 
California, as geologist responsible for coordina
tion of USGS geothermal investigations in the 
Cascades. 

Letters after researchers' names indicate 
USGS offices in the following cities: D = Denver, 
Colorado; MP = Menlo Park, California; 
R = Reston, Virginia; S = Seattle (LIA), 
Washington; and SLC = Salt Lake City, Utah. 

USGS PROJECTS IN THE CASCADE RANGE 
ASSOCIATED WITH THE GEOTHERMAL 
RESEARCH PROGRAM 

Geophysical studies 

Geothermal geophysics—D. R. Mabey (SLC): 
Evaluation of KGRA's in Cascades using geophysical 
data including aeromagnetic, gravity, SP, MT, AMT, 
EM, and active seismic techniques. 

Teleseismic and microearthquake geothermal 
studies—H. M. Iyer (MP): Delineation of magma 
systems and the deep structure under the Cascades, par
ticularly in Oregon, through microearthquake surveys 
and teleseismic P-wave studies. 

Geothermal/Tectonic seismic studies—C. S. 
Weaver (MP): Detailed seismicity studies to understand 
the tectonic environment of the Cascades in relation to 
possible geothermal systems, particularly in central and 
southern Washington. 

Active seismic exploration of geothermal 
sources—D. P. Hill (MP): Detailed determination of 
the velocity structure of the crust and upper manlle 
beneath the Cascades. Use of this information in inter
preting the pressure-temperature conditions in the crust 
in conjunction with laboratory measures of physical 
properties. 

Geoihermal processes, heat flow—A. H. Lachen
bruch (MP): Measurement and theoretical studies of 
heat flow in the Cascades of northern California and 
southern Oregon. 

Geoelectric stutlies—W. D. Stanley (D); Use of 
deep electrical sounding techniques to investigate crusial 
structure beneath the Cascades. 

Geophysical characterization of young silicic 
volcanic fields—D. W. Williams (D): Characterization 
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of volcanic geothermal areas using gravity, 
aeromagnetic, and other geophysical data. 

Engineering geophysics—H. D. Ackermann (D): 
Determination of the relationships between the rock 
properties in areas of geothermal interest and their 
seismic-wave transmission properties from seismic 
measurements in the field. 

Geothermal regional studies—R. Simpson (D): The 
use of deep-sounding magnetotelluric measuremenls to 
provide information on broad crustal-manlle structure 
and on areas of geothermal interest. 

Electrical techniques applied to shallow- to 
medium-depth exploration for geothermal resources— 
D. B. Hoover (D): Development and application of 
AMT, SP, and telluric techniques for exploration and 
characterization of geothermal systems to a depth of 
about 1 km. 

Transient geomagnetic and telluric investiga
tions—J. N. Towle (D): Use of a geomagnetic-telluric 
array to study the conductivity of the crust and upper 
mantle under the Cascades. 

Heat flow. Crater Lake—D. L. Williams (D): 
Measurement of heal flow in bottom sediments and 
photographic coverage of selected sites on the boitom of 
Crater Lake, Oregon. 

Seismic stratigraphy and geologic history of the 
floor of Crater Lake—C. H. Nelson (MP): Detailed 
seismic reflection profiling of the floor of Crater Lake 
to study sedimentation processes and relations between 
submerged volcanic features. 

Lineament analysis—D. Knepper (D): Preparation 
of maps of hneamenis in the Cascade Range from 
LANDSAT imagery. 

Geologic studies 

Geology of Newberry and Three Sisters 
Volcanoes—N. S. MacLeod (MP): Geologic mapping 
and relaled siudies of Newberry and Three Sisters 
volcanoes. Geologic map of the west half of the Cres
cent 2° Quadrangle, Oregon. 

Hydrothermal alteration in the Cascades—M. H. 
Beeson (MP): Detailed field mapping and laboratory 
petrological and mineralogical studies of selected areas 
of hydrothermal alteration associated with active and 
fossil geothermal syslems of Western and High 
Cascades. 

Geology of young volcanic rocks and ihermal areas 
in and around Lassen Volcanic National Park—L. J. P. 
Muffler (MP): A geologic study of the volcanic rocks 
and hydrothermally altered areas in the region of Lassen 
Peak lo provide the geologic framework for under
standing the geothermal resources of the southernmost 
Cascades. 

Regional volcanology—R. L. Smith (R): Classifica
tion, characterization, and geothermal evaluation of 

volcanic syslems in the Cascades. 
Volcanology and petrology of Mt. Shasta—R. L. 

Christiansen (MP): A sludy of the volcanic evolution of 
Ml. Shasta and the Cascade Range in its vicinity. 

Medicine Lake Volcano—J. M. Donnelly (MP): 
Geology of Medicine Lake Highland with emphasis on 
its volcanic evolution in lime, space, and composiiion. 

Volcanic evolution of Ihe Crater Lake region—C. 
R. Bacon (MP): Geology and petrology of Ml. Mazama 
and vicinity, with emphasis on processes leading lo the 
development of shallow silicic magma reservoirs. 

Ml. St. Helens—W. Hildrelh (MP): Geochemistry 
and petrology of Mt. St. Helens, in collaboration with 
the USGS volcano hazards siudies and other non-
Survey researchers. 

Regional petrologic reconnaissance of the 
Cascades—W. Hildrelh (MP): Geochemical and 
isotopic reconnaissance of the many lesser vents bet
ween the major stratocones to develop a better 
understanding of the characteristic scales and 
longevities of the Cascade volcanic foci. 

Geologic map of the Cascades—R. G. Luedke (R): 
Compilation of a geologic map of the Cascade Range in 
California, Oregon, and Washington lo be used in con
junction with regional geophysical maps for evaluation 
of the geothermal resource polential and tectonic regime 
of the modern Cascade Range. 

Fluid geochemistry and hydrology 

Rock-water interactions—R. O. Fournier (MP): 
Development of geochemical lechniques for estimating 
conditions deep in hydrolhermal systems from 
chemistry of geoihermal fluids. 

Geochemical indicators—A. H. Truesdell (MP): 
Application of chemical and isoiopic methods to the 
Sludy of geothermal systems to determine subsurface 
temperatures, flow directions, origins, and ages of 
geothermal waiers. 

Chemistry of thermal waters—R. H. Mariner 
(MP): Collection and analysis of liquid and gas samples 
from ihermal springs and wells of the Western and High 
Cascades for chemical and isoiopic data used to 
estimate reservoir temperatures, outline areas for fur
ther geothermal exploration, identify potential pollu
tion problems, and estimate recharge-discharge rela
tions. 

Geothermal hydrologic reconnaissance of Ihe 
southern Cascades—E. A. Sammel (MP): Description 
and evaluation of the hydrology of several geothermal 
areas in the southern Cascades, including the Klamath 
Falls, Newberry, Medicine Lake, Shasta, and Lassen 
areas. 

Hydrologic siudies al Mt. Hood—J. H. Robison 
(MP): Hydrologic reconnaissance of Mt. Hood with 
emphasis on the warm springs and drill holes on the 
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North and /Middle Sister, part af the Three Sisters 
Wilderness Area now being studied by the USGS as pari 
of its geothermal research program. (Oregon Slate 
Highway Division photo) 

tion of interpretive text to go with preliminary Bouguer 
gravity map of California (1:750,000). 

Geomagnetic polarity lime-scale and paleosecular 
variation—E. A. Mankinen (MP): Paleomagnetic dala 
from volcanic areas in California, Nevada, Arizona, 
and New Mexico will be used to determine paleosecular 
variation in the western United Slates during the last 
five to six million years. 

Geophysical studies in Medford 2° Quadrangle 
(CUSMAP)—R. J. Blakely (MP): Graviiy and 
aeromagnetic siudies in the Medford 2° Quadrangle. 

Thermal infrared siudies of Cascade volcanoes—J. 
D. Friedman (D): Repetitive thermal infrared surveys of 
Cascade volcanoes for the purpose of delineating and 
monitoring areas of anomalously high surface 
lemperalure. 

Remote sensing geothermal—K. Watson (D): 
Preparations of master image set for Ml. Hood and 
Newberry Crater areas from repetitive thermal infrared 
and multispectral data and ground meteorological 
measurements. 

Geologic studies 

south flank. 

Geochronology 

Potassium-argon dating—M. A. Lanphere (MP): 
Determination of age and evolution rale of volcanic 
ceniers in the Cascades using K-Ar radiometric dating. 

Thermoluminescence dating—R. J. May (MP): 
Development of the thermoluminescence (TL) dating 
technique for volcanic rocks in the age range of 10' to 
10' years. 

Carbon-14 dating-S. W. Robinson (MP): Use of 
radiocarbon dating to provide chronology of episodes 
of late Pleistocene volcanism and lacustrine episodes in 
areas of geothermal potential. 

Paleomagnetic studies—C. S. Gromme (MP): 
Dating young volcanic rocks using the paleomagnetic 
record of Holocene secular variation and the applica
tion of other paleomagnetic and rock-magnetic techni
ques lo the sludy of volcanic geothermal syslems. 

USGS ACTIVITIES OUTSIDE THE 
GEOTHERMAL RESEARCH PROGRAM 

Geophysical studies 

Pacific states geophysical studies—A. Griscom 
(MP): Synthesis and interpretation of gravity and 
aeromagnetic data over northern California to gain a 
better understanding of the regional tectonism and 
structure. 

California gravity—H. W. Oliver (MP): Prepara-

Volcanic hazards overview—D. R. Mullineaux (D): 
Preparation of overview maps of volcanic hazards for 
Oregon (1:1,000,000) and western U.S. (1:2,500,000). 

Volcanic hazards—D. R. Crandell (D): Rocks and 
unconsolidated deposits of volcanic origin and of late 
Quaternary age are being studied at volcanoes in 

Newberry Volcano, near Bend, Oregon. Note Big 
Obsidian Flow in center of photo. The USGS is studying 
Newberry Volcano and surrounding volcanic features 
wilh its geothermal research program, (Oregon Stale 
Highway Division photo) 

L.-

OREGON GEOLOGY. VOL. 41. NO. 7. JULY 1979 105 



Washington, Oregon, and California for the purpose of 
evaluating potential hazards from future eruptions. In
cludes recent eruptive histories of Glacier Peak (J. E. 
Beget, Univ. Washington), Mt. St. Helens (R. P. 
Hoblitl [D]), Ml. Hood (Crandell), Ml. Shasta (C. D. 
Miller [D]), and studies of Holocene pyrodastic flows 
(Crandell). 

Tephra hazards, Cascade Range volcanoes—D. R. 
Mullineaux (D): Study of large single shower beds of 
tephra, mainly from Ml. St. Helens and Mt. Mazama, 
to evaluate potential tephra hazards downwind from 
Cascade Range volcanoes. 

Tephrochronology of the western region—A. M. 
Sarna-Wojcicki (MP): Isolopic age determination, and 
correlation of late Cenozoic ashes and luffs by means of 
instrumental neutron activation, X-ray fluorescence, 
and electron probe analyses of volcanic glass, and by 
petrography and paleomagnetism. Includes studies of 
tephra units and source areas in the south, central, and 
north Cascade Ranges. 

Sacramento Valley — Norlhern Sierran 
Foothills—E. J. Helley (MP): Preparation of geologic 
maps of Quaternary alluvial deposiis and late Cenozoic 
volcanic rocks of the Sacramento Valley and Northern 
Sierran Foothills, with special emphasis on the age of 
associaled faulting. 

Medford-Coos Bay Quadrangles (CUSMAP)—J. 
G. Smith (MP): Preparation of a multidisciplinary land-
resource analysis folio of Medford 2° Quadrangle, with 
primary emphasis on the evaluation of potential mineral 
resources and their relation to regional structure, lec-
tonostratigraphic units, and plale tectonic models. 

Geochemical exploration of Medford 2° Quad
rangle (CUSMAP)—D. J. Grimes (D): Collection and 
analysis of stream sediment samples for 32 elemenis; 
preparation of preliminary maps and identification of 
target areas for detailed studies. 

Mineral resources of Spirit Lake Quadrangle—R. 
P. Ashley (MP): Preparation of a geologic map and 
reports on geology and mineral resources of Spirit Lake 
15' Quadrangle, Washington. 

Wenalchee 2° Quadrangle—R. W. Tabor (MP): 
Preparation of geologic maps of four 1:100,000 quads 
making up Wenalchee 2° Quadrangle, Washington, 
with emphasis on tectonics. 

Port Townsend 1:100,000 Quadrangle, Washing-
Ion—J. T. Whetten (S) and H. D. Gower (MP): 
Preparation of geologic map with emphasis on tec
tonics. 

Geologic map of Columbia Plaleau; Columbia 
River Basall—D. A. Swanson (MP); Genesis of 
basall—T. L. Wright (R): Continuing studies of Colum
bia River Basalt in southeastern Washington and nor
theastern Oregon. 

Seismo-leclonic analysis of Pugel Sound pro-
vlnce—H. D. Gower (MP): Investigation of suspected 
Quaternary and bedrock faults by marine seismic profil
ing; aeromagnetic, gravity, and geologic investigation; 
geologic reconnaissance of arcuate topographic feature 
east of Seattle in Western Cascade Range. 

Tectonic analysis—K. F. Fox, Jr. (MP): Compila
tion of tectonic map of Washington (1:500,000). 

Mt. Baker monitoring—D. Frank (S): Photo
graphic surveys of fumarolic emission and associated 
snowmelt patterns, and chemical analysis of stream 
draining Sherman Crater for the purpose of monitoring 
activity of Ml. Baker. 

Wilderness studies 

Caribou-Thousand Lakes—A. Till (University of 
Washington) 

Baker Cypress-Lava Rock—J. A. Peterson (MP) 
Sky Lakes—J. G. Smith (MP) 
Salmo Priest-F. K. Miller (MP) 
Three Sisters-N. S. MacLeod and G. W. Walker 

(MP) 
Mt. Washington-N. S. MacLeod (MP) 
Ml. Hood-Zigzag—T. E. C. Keith (MP) 
Goal Rocks—D. A. Swanson (MP) 
Glacier Peak—J. G. Evans and R. W. Tabor 

(MP) D 
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f Character and Chronology of Basin Development, 

Western Margin of the Basin and Range Province 

ABSTRACT 

Near the western margin of the Basin and 
Range Province in an area encompassing some 
1,500 km- between Mono Lake, California, and 
Yerington, Nevada, six structural basins con
tain thick accumulations of Miocene-Pliocene 
sedimentary and volcanic rocks. From ap
proximately 22 to 18 m.y. ago, the area was a 
highland from which ignimbrite ilovvs of 
Oligocene age were generally eroded. Sub
sequent eruptions of andesitic rocks blanketed 
the area with flows and breccia. Between about 
12.5 and 9 to 8 m.y. ago, the area became an 
integrated basin of sedimentation in which 
some 2,500 m of strata accumulated. During 
this period, faulting, along west and north
west trends, and volcanism occurred. Within 
the basin, surface environments varied from 
fluvial to lacustrine, and basin margins fluctu
ated, the maximum extent of the basin having 
been reached about 10.5 m.y. ago, but a single 
integrated basin persisted. By appro.ximaiely 
7.5 m.y. ago, the region had been disintegrated 
by normal faulting into existing structural 
blocks. Faults of this episode generally trend 
northeast, east, and northwest. Relative 
tectonic quiescence ensued for about 4 m.y. 
During this time a well-graded erosional sur
face evolved and vvas locally covered by basic 
volcanic flows and silicic protrusions, com
monly emplaced along faults of the earlier 
episode. Broad upwarping and block faulting 
during the Quaternary Period produced the 
present topography. In contrast to trends of 
faulting prior to 7.5 m.y. ago. Quaternary 
normal faults have a north orientation. These 
faults terminate en echelon in structural warps 
or by abrupt decrease in displacement to define 
a northeast-trending lineament across the area. 

' Present address: U.S. Geological Survey, Denver, 
Colorado 80225. 

parallel to the Mono Basin-Excelsior zone to 
the south and the Carson lineament to the 
north. 

INTRODUCTION 

The region studied for this report includes a 
thick sequence of stratified rocks, both sedi
mentary and volcanic, that is exposed over an 
area large enough to encompass six existing 
structural basins in the western part of the 
Basin and Range Province. The sedimentary 
rocks in the sequence vary sufficiently in 
lithology and facies characteristics to provide a 
stratigraphic basis for interbasin correlation and 
for interpretation of depositional environ
ments. Furthermore, many of the rocks are 
datable by radiometric means, and the sequence 
is nearly continuous from about 12.5 to 6 m.y. 
ago. Coupled with the younger sequence in
volved in studies made in the adjacent Mono 
Basin area (Gilbert and others, 1968; Christen
sen and others, 1969), a nearly continuous 
record of the last 13 m.y. is provided for this 
general region. The report that follows 
describes first the character, age, and relations 
of the various rock units, and then considers 
the chronology and character of the late 
Cenozoic deformation. 

The area that has been mapped extends more 
or less continuously from Fletcher and Lucky 
Boy Pass on the south to Smith and Mason 
Valleys on the north, and from the western 
flank of the Wassuk Range to the western part 
of the Pine Grove Hills (Fig. 1). Mapping on a 
scale of 1:62,500 or larger vvas completed in 
most areas where late Tertiary sedimentary and 
volcanic rocks are exposed; less attention was 
given 10 older volcanic rocks, and basement 
rocks were not difl'erentiated. 

An extensive gravity survey was made to 
supplement surface mapping, the results of 
which will be reported in a later publication. It 
is expected that the gravity data will provide 
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Figure I . Index map showing part of the wcjtem heavy lines are Quaternary norma) faults referred to in I 
margin of tiie Basin and Range:Province. Dots outline the tO(t. 
the approjcimate area ..mapped during ttiii study, and fj 

additibrial iriformarion on the depth and con-
•figuration qf'exi'sting structural basins in which 
-the younger sedimentary rocks; are preserved. 

GENERAL CHARACTER .'iND 
AGE O F ROCK KNITS . 

Regiotia] Basement 

GraJiiiic, -metavolcanic, and metasedimen
tary rock.'! of jN êsoEoic age are the basement 
rocks of the region. Over large areas they are 
buried unconforrriably by thick accumulations 
oF Cenozoic sedinncntar.y and volcanic rocks. 
Most of the Ctj^Jsed basement vvithin the 
region studied for this report consists of quarti 
monzonite: or granodiorite together wii?h a 
variety of more' mafic intrusive rocks. Aleta-
morpjiic rocks occur as sniaii remnants or 
pcndarits in the.grarfitic intrusive rocks. They 
are unddubtedly of Triassic aiid /urassic age 
(Moore, 1960, 1969), but they were- not dif
ferentiated. 

Qua"rtz;monzonite.masses in the western Pine 
Grove Hills have been dated radiometrieally as 
87 and 90' m.y, old (Krueger .-and Schilling, 
1971, p. 11). These dates correlate the Pine 

;Grove Hilisi.plutpn wifh'fhe Cathedral Range 
intrusive epoch of Late Crctaceoiis age in the 
Sierra ^s'evada,(Everiidcn and Kistler,,, 19?0}'. 'A-
Late Gretaeeous age has also been reported for 
plutons, in the Wassuk Range at Lueky Boy 
Passand nearPbvyell jN-Iountaini buta plutpn at 
the northern end of the VVassuk Range has a 
Late Jurassic age of 140 m.y. (Evernden and 
Kistler, 19'7;0). Clearly,, niore than one intrusive 
epoch is represented by the granitic rpcks'.of the 
-area; 

Older Volca Ilic Rocks 

The oldest Cenozoic rocks are rhyolitic 
ignimbri te flows'., tha t are proba biy correla ti ve 
vvith the Hartford Hill rhyolite tuif in the 
\''irginia Range (Moore, 1969), Witliin the 

"area mapped, the'se ignimbrites occur in thin 
sequences in the westefn.Pine Grove'Hills, near 
i\'Iorgan Ranch, arid at two localities along the. 
eastern .margin of Coal Valley (Fig. 2). They 
are more widespread and -thicker to' the^north 
along the norrheast margin of East Walker 
Valley and on the northern flank df the Gray 
Hills; southeast of Yerington. West of Yering
ton, in' the northern Singatze Range, a thick 
sequenec of rhyolitic ignimbrites was mapped in 
detail by proffett (1972), who reported K-Ar 
ages;for them ranging frpm 25 to 28 m,y. The 

Grove Hills were, deterrtiin'ed by Eastwood 
(1969) as 22i'8 and 28;8 m.y. Farther'south, 
similar roeks havi rig "similar ages were rnappcd 
east of MonOfLakefGilbert and withers, IMS). 
During early Miocene time, rhyolitic ignim
bri ti:$ probably eoyered hiost of thi.s part of 
western Nevada and adjacent parts of Caii
forriia. Within ifpproximately 5 to yfn.y., how
ever, they had been deformed .ind extensiveiy 
eroded, for ..N'fioj;ehe andesite. overlaps 'them 
and rests directly ;on eroded basement over, 
nlost of the' area mapped for this study. 
> Andesitic flows arid elastic rocks of A'tibcene 

age are vvidespread.and locally thick in western 
Nevada and in 'the Sierra Nevada ridrthward 
from Mono Lake\(Ros5, 1961;,Slemmons, 1966; 
Gilbert and othersi 1968; Bonhamr 1969; 
Moore, 1969). Flows,,and coarse brcefia prc-
dorninate, but tuffand andesitic sandstone and 
con gl 0 m e ra te a re i n te r bed ded i n many places: 
Locally, at' the base-, of the sequence in the 
southem Singatze Range and in the western 
part of the Wassuk Range; bouldery. sedi
mentary lenses containing a Variety of base
ment rocks represent drainage.channels across: 
.the: underlying surface. Xhese •t:hahnels appear 
to.trerid roughly east. 

The K-Ar-age ofa.h'Grnblendeiandesite flow 
about 15 mi above granitic basement in the 
central Cambridge Hills is appro.^imately 15 
m.x. (K.A2493. Table 1). Proff^tt (19/2) re-. 
ported K-Ar ages of andesite flows' in the 
northern Singatze Range .from 17.0 to l8.9 
m.y. In the Mono Basin area, the oldest' 
aiidesite flows are interbedded with rhyolitic 
ignimbrite about .22 m.y. old (Gilbert and 
others. 1968; samples K A1974, KA2000, 
KA2074). 

Andesitic rocks of equivalent age in the 
southern part of the area mapped have been 
silicified,, argillized, and prppylitized almost 
beyond recognition. Extensive exposures of 
these aftered rocks occur in the canyon of the 
East Walker River southeast of the.Pine Grbve 
Hills, and alo ngv the western flank ofthe Wassuk 
Range for several kilometers north and.south of 
tiucky Boy Pass, Near the East Walker River 
(N, 38''26.45', W. 118=58:5'}, hydrothermally 
altered andesite is overlain unconforrnably by 
unaltered remnants of .a hornblende-biotite 
andesite flow having an average K-Ar age of 
12.2 m.y. (K>\2362, KA2364, KA236S, Table 
1). A dikelike mass of similar andesite in the 
same-area, also unaltered, was intruded alohg'a 
fault bet\veen;altered andesite anrf hfs•;.•:•'->"•"• •' 
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y.. W362 
M2384 
ltA2368 
" M S n 
KA2373 

W2379fl 

I W2375 
I KA2380 
I KA2381 
I KA2440 
I lt«438 
I M2S03 

' KA2434 
KA2S8I 

Andesite ( f l o . ) ' 
N38''J6.45' - UI 18-58.35' 

JndesUe (dike) 
N38-27.3' - KllS-58.55' 

yn9°OI.8' Hornblende 0.6550 2.76115 1.7956 

Homblende-blotlte andesite dike and flow 

Plagioclase 
Hornblende 
Biot i te 
Biot i te 
Hornblende 

0.5377 
0.6159 
6.123 
5.489 
0.631 

5.19389 
4.63701 
I.05060 
0.99832 
5.14858 

M243) 
I M2432 

IU2439 

M2341 
KA2365 
KA2366 
KA2367 
ICA2369 
KA2496 
M2497 
ICA2582 

KA2370 
I M2502 

KA2435 
I KA2437 

KA2428I) 
iM2427 

Tuff 
N38°24.8' 
Tuff 
N38°28.8' 
Tuff 
«38'37.2' 
Tuff 
N38-36.97' 
Tuff 
K38°43.85' 
Andesite 
N38°47.9' 

Tuff 
N38»41.15' 
Tuff 
N38-4I.85' 

Aldricli Station Forrotton 

- wiiB-se.s' 

- WI I8 °58 .7 ' 

- W1I8-54.9' 

- W1I8°56.3' 

-I'1I9»10.63' 

W119°12.1' 

- Wn9'05.3' 

• Wl19-04.5' 

Biot i te 6.111 
Plagioclase 0.5239 
Hornblende 0.66895 
Plagioclase 0.5795 
Hornblende 0.5837 
Plagioclase 0.4154 

I Hornblende 0.6593 
I Hornblende 0.7205 
I Biot i te 6.627 

0.19171 
5.00115 
4.01535 
5.06752 
2.92661 
3.09160 
3.42699 
4.31707 
0.91006 

Plagioclase 0.6165 3.62521 

£ ° i l V j l l a foraation 

IPlagioclase 0.6051 
I Hornblende 0.6479 3.38040 

1.01648 

Hornblende 0.5538 3.22236 

N38-40' - W119-I2.5. 

J i ? ' « - K . - '" '8 '58.3' 
« « . « - f r • " I l ' - I O . B ' 
N38''35.4' . WI18°S5 15' 
N38-42.5' - K l l l - o l . r 
N38-42.75' - W119"09 T 
N38-52.65' - W119OT|:55' 

Basalt f l a « 

5.86923 
5.53146 
5.20183 
5.43180 
5.11579 
2.98161 
2.85923 
8.94159 

Perl i te 
N38°34.9' 

Per l i te 
N38-36.5' 

Per l i te 
N38''37.0' 

Rhyolitic protrusions and intruslo 

1.1611 
1.3254 

13.4685 
12.1607 
1.4556 

12.4257 
1.2121 
1.1467 
1.2102 
1.3381 
0.7931 
1.5483 
1.4797 

11.3416 

1.2649 

1.0250 
1.2248 

0.9318 

2.4435 
2.1949 
2.4895 
2.2352 
2.2303 
2.2062 
1.8124 
1.4035 

PCA2494 

ICA2436 

I KA2491 
I KA2513 

• W119-07.4' 

W119-02.7' 

W119'"02.3' 

Oac l te 

N38-40.5 ' - M119-02.8 ' 
lUiyollte 
"38-39.6' - W119°05.25' 

Biot i te 
Sanidine i 
Plagioclase 
Biot i te 
Sanidine t 
Plagioclase 

I Biot i te 
ISanidine > 
• Plagioclase 
Plagioclase 0.6686 

6.272 
2.584 

6.6045 
3.788 

6.400 
4.183 

Biot i te 7.165 

I.04844' 
2.48456 

0.91486 
4.00287 

0.98639 
5.47083 

0.87441 

1.12696 

8.2547 
2.6246 

8.2698 
4.4882 

8.1397 
4.4248 

0.6859 

8.6362 

a m s l sedli^ntary. rocks, Salth v , i i , „ 

H»-45.63. - W119.,3.8. ISi"o^le""" I ' d l ' ^.'^^^ 0.4204 
5.1695 
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K.A2373, Table 1). Unconformities between 
altered and unaltered andesite were also 
mapped some 15 km farther south, by Johnson 
(1951) and Al-Rawi (1969) north of Bodie and 
again south of .Aurora, where one ofthe younger 
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unaltered andesites has a K-Ar age of 12.5 m.y. 
Thrs unconforrnuy represents a disdnct period 
of faulting, hydronermal alteration,^ and 
Z Z ^ " ' ' J 7 ' ' Miocene time. In this paper 
the term older andes.te" refers to andesitic 

rocks that antedate this discontinuity and are 
older than about 15 m.y. 

Upper Miocene and PUocene 
Sedimentary Formations 

.Axelrod (1956) named and described three 
sedimentary formations in Coal Valley which" 
together measure appro.ximately 2,500 m in 
thickness and constitute the Wassuk Group. 
The two oldest of these, the Aldrich Station 
and Coal Valley Formations, are fluvio-
lacustrine deposits consisting largely of ande
sitic detritus and containing numerous tuff 
beds. The younger Morgan Ranch Formation 
consists largely of basement detritus; it con
tains numerous coarse sedimentary breccias and 
a few tuff beds. Fossil floras and mammalian 
faunas collected from these formations have led 
to age assignments of upper Barstovian-lower 
Clarcndonian for the Aldrich Station Forma
tion, Clarendonian-lower Hemphillian for the 
Coal Valley Formation, and Hemphillian for 
the Morgan Ranch Formation (Axelrod, 1956, 
p. 61; Evernden and others, 1964, p. 162-164). 

Four K-Ar ages determined for biotite from 
tuff beds in the uppermost part of the Aldrich 
Station Formation, as defined by Axelrod 
(1956), average 11.0 m.y., and a date for 
biotite from a tuff bed near the base of the Coal 
Valley Formation is 10.8 m.y. (Evernden and 
others, 1964). The boundary between Aldrich 
Station and Coal Valley Formations is hereby 
redefined, and all of the foregoing tuff beds are 
considered to be lower Coal Valley. Biotite 
from tuff near Wilson Canyon in the southern 
Singatze Range in what is now recognized as 
the upper part of the Coal Valley Formation 
has a K-Ar age of 9.3 m.y. (Evernden and 
others, 1964). During the present study, K-Ar 
ages were determined for tuff beds at different 
localities in the Aldrich Station and Coal Valley 
Formations (Table 1). These dates taken in 
conjunction with those reported by Evernden 
and others (1964) indicate for the Aldrich 
Station Formation, as presently defined, an age 
ofabout 12.5 to 11 m.y., and for the Coal Valley 
Formation an age of about 11 to 9 m.y. The 
overiying Morgan Ranch Formation is itself 
overlain unconformably by olivine basalt flows 
as old as 7.4 m.y.; it has also been intruded by 
rhyolitic rocks appro.ximately 7 m.y. old. 

Formations of the Wassuk Group extend the 
length and breadth of the area mapped, but 
\hey now are preserved in separate structural 
Vns . From south to north, these basins are 

Fletcher Valley and Baldwin Canyon, Coal 

Valley, Wichman Valley, East Walker Valley, 
Pine Grove Flat, and Smith Valley (Fig. 1). 
Stratigraphic relations show, however, that the 
formations accumulated in a single large basin 
having a northwest trend and extending at 
times beyond the limits of our mapping. 

Younger Volcanic Rocks 

Tuff and andesite breccia and flows in the 
Aldrich Station and Coal Valley Formations 
testify to continuing volcanism during late 
Miocene and early Pliocene time. The large . 
volume of volcanic debris in these formations 
was partly derived from erosion of older 
andesites, but much of it vvas supplied by 
contemporary volcanism. One center of 
contemporary eruption has already been 
mentioned, a dike and flow of hornblende-
biotite andesite near the East Walker River 
south of Coal Valley, which has an age ofabout 
12.5 m.y. A few other eruptive centers are in
ferred near localities where flows or coarse 
eruptive breccia are interbedded in the sedi
mentary formations, for example, at the north
eastern end of Coal Valley and south of Wilson 
Canyon. Otherareasof active volcanism during 
this period, between about 8 and 12.5 m.y. ago, 
have been reported to the south in the Bodie 
Hills and eastern Mono Basin (Gilbert and 
others, 1968; Silberman and Chesterman, 
1972), to the vvest in the Sierra Nevada 
(Slemmons, 1966), and to the north in the 
Virginia Range (Bonham, 1969). 

Volcanic rocks younger than the Morgan 
Ranch Formation include flows of olivine 
basalt and andesite and irregular intrusive 
bodies and protru.sions of flow-banded rhyolite 
and dacite. Smallflovvs of olivine basalt ranging 
in age from 6.6 to 7.4 m.y. (Table I) occur 
north and east of Morgan Ranch, at a number 
of localities around the Pine Grove Hills, and 
in the Singatze Range. Intrusions and pro
trusions of flow-banded rhyolite and dacite, 
many of them glassy and perlitic, are abundant 
in the central and eastern parts of the Pine 
Grove Hills and along the eastern margin of the 
range. The average of four K-Ar ages for 
feldspar in these rocks is 5.8 m.y.; the average 
age for biotite is 6.9 m.y. (Table 1). The 
southern portion of the Pine Grove Hills 
structural block, known as Bald Mountain, 
was the center of late andesitic eruptions, and 
most of the range south of Nye Canyon is 
covered by andesite flows. Along the south side 
of Nye Canyon and at the southwest margin 
of Wichman Valley, andesite flows of the Bald 
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ft'Iotintain complex overlie.olivine basalt flows 
having '-ages of 6.'6' and 618 m.y. (KA2365, 

' K:A2367). The andesite flovvs represent a 
distinctly younger volcanic episode than both 
thebasalt'and rhyolite, for in Nye Canyon they 
are unconformable against rhyjnlite and -are. 
separated'from the dated basalt by gravel and 
lenticular shale. Reliable radipmerncidating.bf 
the Bald Mountain andesite complex- has riot 
been .possible,, presumably be'cabsc of abundant 

.inclusions .of .glass throughout feldspar phcno-
crysrs'and widespread oxidation of mafic min
erals; however, vyccorisider aif age;pf at least 5 
m.y. likely. Our judgment is-based on the fact 
that the Bald jNft)un t'ain rocks were erupted 
prior to the upwarp wbich has produced re
juvenation and.extensivcdisseGribn in the area. 
.A small,•completely separate andesitic eorriplex 
intrudes the upper part of the- Goal Valley 
Formation north of the mouth of Pine Grove 
Canyon and may have been erupted during^this 
'sahie interval. 

Volcanic :rocks younge'r than the Bald 
"K'fountain complex have nqt been recognized 
within the area m.-jpped during, the present 
study. Pleistocene basalt flows occur along; the 
southern marginof the area,,near Fletcher, and 
vqlcanic'.rocks, younger than 3.5 t'6 4 in.y. are 
widespread farther south (Gilbert and others, 
1968). Pleikocerie volcanic rocks, 'mostly 
basaltic flows, alw occur farther north in the 
area between Truckee and; the Virginia,Range; 
reports df these w'eTfe summarized by Bonham 
(1969, p. 39). ' 

Younger Sedimentary Deposits and 
Erosional Surfaces 

Tuff interbedded with'arkosic sandstone and 
conglomerate at the southeast margin'of Smith 
Valley (Fig. 3; N. 3^46 ' , \V. I19.°r4') has a 
K-Ar age of about 5. m.y. (RA2491,, KAZ513, 
Table 1). These strata are, therefore, late 
Hemphillian (Evernden atid others, 1964, 
Table 6). They overlie upper Coal Valley strata 
tincopforfhably and have themselves been 
tilted to the northwest by as much as 20°. The 
exposed thickness is:approximately 60 m. 

Pediment gravel and alluvium cover most of 
the-surface in the large structural depressioris 
wliere the .Miocene-Pliocene sedimentary for
mations are preserved. In Coal Valley, three 
pediment levels can be distinguished, the 
highest and oldest of which has been named the 
Lewis Terrace by .'\xelrod (1956, Fig. 2). This* 
surface now stands 250 m above the East 

Walker River; near .Aldrich Station it has been 
dissected by tributary streams to a depth on 
the .order of 150 m (Fig. 4). Two lower and 
ypung'er pedinicnts are evident" above the level 
of present drainage channels in many parts of 
Coal Valley. Also, along, the eastern margin' of 
the P i n c G rpv e H i 1 Is, t h ree pe.d ime n t lev els* can 
be distinguished, and at Icjsst two can be 
distinguished in Easf Walker Valley, Fletcher 
Valley, and along the southeast margin of 
Smith Valley. Wherever the pediment-surfaces 
have nor- been dissected and remain intact, the 
underlying rocks arc concealed by pediment 
gray el, biit the gravel is 'everywhere only a 
veneer. In most parts of the. area, extensive 
bedrock 'exposures are :o be found in the 
numeroiisgulches-that have been cut into the 
pediments. 

Remnants ofthe Lewis Terrace ate.preserved 
on hilltops., and ridges south? arid west of 
Aldrich .Station, where they -truncate tilted 
.flows of older andesite an^ strata of the 
Aldrich Station,. Coal Valley, 'and Mbrgan 
Ranch Formations (Fig. 2). The- surface is 
remarkably even and is rpantled by coarse, 
subangular gravel from 1 to 25 rn thick which 
was derived frorn local basement rocks and 
-Miocene andcsite.'The broad.extcnt.and gen
eral accordance of the Lewis Terrace wit'h-
erosion surfaces-cut'across basement both liorth 
and west of Coal Valley are evident and im-
pressivre vvlien vievyed from the terrace level, 
just north of Aldrich Summit (Fig. 4)'. The 
suf&ce slopes generally westward toward the -
East Walker River, approximattely 50 m per 
km,near"the base ofthe Wassuk Range and less -
steeply farther west. Near the river at the 
southwest corner of Coat Valley, accordant 
surfaces on granitic rock-have little .apparent _. 
slope, and west bf the river, they-'slope east-' 
ward. Taken together, these remnants of the 
Levvis surface suggest a very broad,, well- ' 
graded valley, presumably the valley of the 
East Walker River at an earlier stage in its 
history. 

A detailed structural chronology requires-
that the age of the Lewis surface be estithated 
as closely as possible. It is older than the 
regional uplift which has caused the youthful 
dissection pf the area, and that uplift was 
presumably coincident with the late period of 
defdrmatioh in Mono Basin, which began be
tween 3 and 4 m.y. ago (Gilbert and others,: 
1968). The Lewis surface was the landscape at 
that rime, but jt undpubtedry had evolved 
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during, a considerable period of tectonic 
stability, and erosion, A surface'of-lovy relief, in 
places cut across tilted -Morgan R,aneh strata 
nnd buried locally by basalt flpws-SiS to 7.-4 
m.y. old, probably represents the early part of 
that period of erosion, for that surface west of 
Cor'il Valley and west of Morgan Ranch is ac
cordant with the Lewis Terrace. North of-Coal 
Valley,' however, remnants' .of basalt flows 
.stand 6,0 to 90'm above adjacent parts q£ the 
Lewis? surface cut across granitic basemetit, 
indicating; some further'evolutipri of the surface 
after outpouring;of the flpwsin that area (Fig, 
4), Furtliermore, the occurrence of sedi
mentary deposits, about 5 lii.y. pld and as thick 
as 60'm in Smith Valley •indicatesat least local 
dowiriwarpirig and basl/i filling while the Levvis 
surface eyol-ved. Thus, wc regard theLewissur
face to be the product of slow erosibnduring a 
period pf relative tectonic (quiescence, that 
lasted about 4 m.y. Probably the surface 
evolved rho're rapidly and ŵ as largely de
veloped duririg the early part ofthis periodtand 
thereafter was but little modified-until regional 
rejuveharion began 3 to 4'm',y, agp. 

A fossil mammalian fauna frorn pockets of 
sandstone iii the. northern part of Wichman 
Valley (Fig.'2) isjreported to be of Blancan age, 
approximately 1:5 to'3'.> tii.y. (Macdonild, 
1956; Evernden and othere, 19,64, Table 6). 
The.deposits containing, these fossils.are, theire-̂  
fore, younger than:the Lewis surface, and they 
presumably accumulated during the period of 

regional rejuvenation vvhile a younger pedi
ment graded'to the rejuvenated riyervvas de
veloping across W'ichman Valley. Inthe vicinity 
of thefoksillqcality (N. 38^37.8', W, f 19=0,80, 
strata as thick as 200' m and tilted westward 
are .exposed beneath younger, coarse pediment 
gravels. The tilted strata include mudstone, 
arkosic sandstone and siltstone; pebble con-
glpmerate, dia'tpmltc, and tuff. Exposures are 

'fragmentary so that the structure and relations 
of the deposits are.un'certain, jGoal Valley beds 
crop out farther east, and the tilted beds at the 
fossil locality appear to be :in an.overlying 
position. Farther west, a .small, isolated 
remnant of olivine basalt (undated) overlies 
pebble eohglomeratJe similar to that near'the 
fossil locality,, and near-the western margin of 
Wichman Valley, small exposures of tilted 
tuffaceous riiudstone and arkosic sandstone and 
conglomerate are intruded and, overlain by 
rhvolitic-perlite having ali average age of 6.5 
m/y. •(KA3435, KA2437, KA2428R, kA2427). 
We regard the deposits confainingthe Blancan 
fossils.'as .being a local aceumulation lying un
conformably on older tilted strata; whieh are 
probably Morgan Ranch, 

STRATIGRAPHY OF THE 
WASSUK GROUP 

The three-formations.assigned to the Wassuk 
Group by Axelrod (1956) "are of special im
portance to this report because their dis
tribution and internal facies changes provide 

Figure 4. Levvis Terrace; viewed north from tquiv- beds of the Goal Valley Formation. Peaks rising above 
"lent surface on the north side of Aldrich Summft- the surface in the background are capped by a basalt 
Pediment gravel mantling the surface rests on tilted Sow 712 m.y. old. 

file://'/xelrod
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evidence concerning the times: and extent of 
basin develbpment and, locally,, of 'faulting. 
These formations, tbe Aid rich S tation, Coal 
Valley, and Mprgan R.anch, crop: out' rribre 
widely than Axelrod described in his> treatise on 
the flora ofthe type locaUty. Characteristics of̂  
the form'ations at their type localities were 
summarized by Axelrod (19.56, p. 23-35, Fig. 
3). This; portion of our report' describes the 
areal extent, important •charaeterisdcs, and m-
tfabasihal correlation of the fortriacions. We 
concluderthat thev were deposited successively 
in a.basin thatdifTeret! itfsi'zeand configurafion 
during late Miocene and Pliocene" ti trie. The 
maximum extent of the basin was reached 
about f 0;5' m.y. ago-during deppsirion:'of the 
Coal .Valley F.brmaiion. During, deposition of 
each forrnation the' basin was sigriiiEicantly 
larger than present basins in this portion bf the 
Basih and Range Province. 

Aldrich Statioii Formation 

This forrnation crpps, put in separate fault 
block's from near .Aldrich Station northward to 
WilsgaCanyon (Figs. ,2, 3, 5). It is composed of 
"an easily recpgnizable sequence of carbonaceous 
mud,stpne 'and siltstone, .diatomaceous shale, 
li thie arenite, .and pebbly lithic a.renite beds; 
the; finer grained rocks-"are domiwrit. Thih 
vitric tuff beds/are present in,all sections, and 
iinits of vitrie crystal tuff, locally reaching, 
thicknesses of 55 m, are. present'•at Aldrich" 
Station, La{:ion, Mickey,..ahd Wilson Canyons 
(Eig. 5). Gbrrelation'of specific tuff unifi;, 
bovv'ever,.is.ribt alvvays pbssiblc-ampng sections, 
biit,generally, similar sequences can be identic 
fied. Stratified and massive andesite 'tuff 
breccia,units are inierbedded in the upper part 
of the formation Ln the southern part of the 
:Singat2e Range south of Wilson Canyon, and 
thin lenses of tuff breccia are'preseht southwest 
of Aldrich Station. An undated .sequence of 
andesite. tuff breccia',,, tuff, thin carbonaceous 
shale, and lithic arenite, underlying a thin 
sequence of typical Aldrich Station rotks in the 
northeast corner of Coal Valley, may be cor-
relativewith a part of the "formation'at other 
sections. 

We'concur with the interpretation of Axel
rod ( 1 ^ 6 , p. 26-28) that the rocks were 
deposited in alternating lacustrine and fluviatile 
environrnents, vvith lacustrine-conditiotis pre
vailing ayoss- the basin for longer durations 
than fluviatile conditions. Erupcions, of ande-
sfte tuff breccia occurred near the basin mar
gins late in Aldrich Station time. 

The terrigenous rock's are gericrally pale 
brown,and upon weathering or drying assume a 
characteristic white or very pale-orange color. 
Beds split shaly Jo produce smooth slopes 
locally interrupted by ledges of resistant sahd-
'Stone or tuff beds. Red beds, at places cbntain-
ing cobbles and boulders of older andesite, 
mark the base of the forniation, southwest of' 
Aldrich Station,, in the East Walker Valley, 
and south of W'ilson Canyon, 

The formation rests uncanfprniably on the 
iequehce of older andesite flows and tuff 
breccia. Gerierally, the contact is-sharp and 
relief along it seems tp be' ipvy. Elsewhere the 
formation is faulted along 'high^angle faults 
against various units: including the .Morgan 

• "ftanch Formation (Mickey .Canyon; Fig. 3) 
and Mes'dzdic graniiiicor metamorphic rocks 
(south of Lapt)ii: Canyon; Fig. 2)... 
^_Ar .^Idrjch Station the formation is aboijt 
755 m,thick.' Northward along the west ilank 
ofthe Wassuk Ra nge tp the East, Walkfer Valley 
the fofmatioii' thins,-and inthelast evposurCs it 
is-about 300 m diick (N. 38''37.-2', W. 118°-
54.67'). Withiiva distance, of 2.4 km westward 
frojn that locality,, the formation thins to;about 
185 m-. Such abrupt '.thinmng, largely at the 
expense of diatomaceous claystone: and; mud-
stone near the-cen ter third of ~the':fbrmation; 
'may -reflect incipient uplift near the Cam
bridge and Gray Hills. .At:i\'iickey Canyon the 
Aldrich Station is,37"(l,.m thick, but it ,thit;kens 
notthvvard to about 730 m at Wilson Canyon as 
tuff breccia beds appear in the formation. The 
most marked thickness, .change occurs at the 
sputhern exposures of the formation where the-
formation thins from 610 tprab'p'ut 70 m acrossa 
fault that was acrive.durittg deposition. 

"Hniformly fine-grained rocks comprising, the 
forrnation across the- area attest to- a nearly 
continuous "depp'sitional basin surrounded by 
land areas of low relief. The 'appro.ximate 
positions of the southern and northern margins 
of the basi,n can be defined by facies and 
thinning relations (Fig. 5,). From >Aldfich 
Station southwest tp the limits of the exposure 
west of Aldrich Summit, the. formation thins 
abruptly.across.a wesi-northwest-trending fault 
(N. 38''28.67', W. U8.°55' to N. 38''29.05', 
W. i r r 5 6 . 3 ' ; Fig. 2). Ivlost .ofthe thinning 
Occurs in the lower half of the formarion,. 
seemingly by the loss through convergence-or' 

'Axelrod (1956, p, 24J measured 1:,235 m, but this 
thiclci5ess includes some beds (his unit As) .assigned in 
this report.to the Coal Valiey Formation, 
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stone; Thcsc-pjiie rocks charactcfize^the;major 
parr of the formation across the. region. .Sey era! 
disii'n'ctiye units can, hOvveyer, be f.raced .Jrom. 
valley-to, valley to facilitate correlation among 
.wccions now separated by bedrock uplifts' 
(PA 5)- ; 

&nc such unit in the JowcJr part of the'forma-
tion.-js a remarkable bed of andesitic. tu:(f (unit 
Ca of A-xelrod, 1956, p. 30), interpreted ijcre as 
being an--,ash-'fl,bw' fuff. "Tiie" base of the bed: is 
coarse- grit composed ;q:f,angular fragipents oT 
andesit'ic tuff, granite, and feldspar. In the 
cparse-gfained part >re' ang'iiiar blocks and 
fragments' as much as 35 m long, torti from 
underlying portibns of the! forma rion."-and in-
corpbrated at odd angles witliin the bed, .The 
grain size decreases uniformly upward to the 
jop, which consists.'pf-silt''arid cay-.sized par-" 
ticles. The center of the bed vveatliers to reveal 
closely spaced tubules; aligned npftnal to the 
contacts of the bed, which are,interpreted as* 
being for-jned by channels' of ga'srstrearning 
during cooling of the bed. The bed thickens 
from a feather edge to about 150 m south of 
.Lewis. Terrace, biii.t nprthvvard ,as. far -as East 
Walker Valley the thickness ranges from 5 to 
125 m. In general, the thinner sections are 
farthef.;.east tharj tbcfhickcr ones. 

.\ second.unit;.,important for correlation in 
the upper part pf the Coal VaKey Formation 
along the; cast flank of the Pine Grove Hills 
and west flank of die.Singatze Rapge, consists 
of a sequence of white-weathering tuffaceous 
siltstone and shale bcdŝ  containing a few thin 
layers' of buff aphanitife, pstracpdal limestone 
and hornblende purnice tuff fealcareous sand
.stone and fine-pebble congloinerafe beds locally 
infcrfinger with the finecgrained rocks, and the 
upper part of the unit contajns-beds of dis
tinctive thinoHtie'tufa. In Cdai Valley the unit 
i,̂ ' 45 m thick; limestone and tufa beds are 
absent, but shale and hornblende pumice tuff 
beds persist. There the younger iVfofgan Ranch 
Formation rests unconformably on the unit but 
truncates it" 0,5 khi farther .south (N. 30°30', 
W. 11 A s s y . On the, east flank of the Pine 
Grove Hills, the unit is-about IQQ m thick and 
is overlain by as niuch as 55.0 m of typi.cal rocks 
of the Coal Valley Formation. The unit "then 
ihins northward to 5,0 m on the hdrdi side of 
Wilson Canyon, where it is separated below by 
a1»ut 55 rn 'df.'arjdi:sitic sihsrooe, 'Sandstone, 
and pebble, conglomerate beds from a con
spicuous biotite crystal tuff and basalt breccia 
unit. Eyer/jden and others (1964, p. J 78; 
K.;\485) dated the crystal tuff as 9.3 m.y. old, 
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although foljpwing .Axelrod (1956, p.-(57J; they' 
a.ssig,hed the unit,to the M.organ Ranch .Forrria-
tibn. Clearly, the.se rocks belong to the' Goal, 
Vailey Formation, and the date establishes an 
eajiy HemphiJiiaJi age for;the upper part ofthe 
formation. The lower part of the formation, 

.dated at;approximately If m.y.,-is of Claren^ 
danian-age. 

Several faciei c/&nges eah be defined in the 
Coal V-'alley Formation using the two described 
units for reference. Southwest from Lewis Ter-
rac"ei.-:inc,reasing;amoi!nb of •'coa.rse'sedi.mentary' 
brcecia interiitJger with sandstone a/id con-
gidmerate. beds. -At the southwes'rernmost e,v-
posurcs; of the formatipn (N. 38?37;5', W. 
I J^^Oj, massive beds of sedinienrary breccia 
form the eririrc prese'rved part af the forma
tion. Rocic Fragrnents in the breccia units in
clude andesite and propylitized andesite of 
.Mioccfje age and metav^oleanic, metasedimen
tary.; and gram'tic rocks'of Mesozoic age. The 

,edge t)f the basin along which ba,semcrit rocks' • 
vvereexposed lavtpnly a short distance west and 
southwest. Farther southwest,,s%hdy .younger 
latite" ig'nira'bfite'Units (about ,9.5 -m'iy.)-•a're 
separated from Miocene andesite or jN'fesozoic 
baserhcht .rocks by only a veneer of andesitic 
sandstone and conglomerate (Gilbert and 
otheis; J9(55;p. 286].." . . _ ,. 

in the lower part'of the Coal VaUey Forma
tion; mudstone and siirsforie beds and car-
b6nac66us;.siIts(one beds are common between 
Lewis Terrace on the .south and near Lapon 
Canyon on the north. These.rocks grade south
ward ihfp'andesiticsandstGne interbedded vv̂ ith 
andesitic tuff breccia and northward into 
andesitic sandstone aiVd: siitstone. These tela-

• tipnsisuggest that.the deepest.part of the basin, 
in which Jacusfrihc and paludal environments 
prevai/ed, lay its the area of the present Coal 
Valley. A similar unit consisting of diatomar 
ceous mudst6ne,„s!ltstone, and very fihe-graiiied 
svindstqne, as much-as 25 m thick, overlies the 
marker andesitic tuff from Lewis Terrace to 
Lapoh Canyon. .Soiith and north of these 
localities the unit thinsand grades Into saiid-
stoni; and siltstone beds of fluviatile: origin. 
Apparently, fora.second n'meduringdeposition 
of the Goal Valley Formation, a lacustrine en
vironment perststed in the Coal Valley ;area, 
longenough for a significant thickne.wof sedi
ment to accurriolate before fluv;iatilc sedimeJits 
again blanketed the area. 

A pronounced facies change occurs in the 
lower part of the formation in the vicinity of 
VVifson Canyon (Figs. 5. 6"* * ' -' 
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Figure 6. Schematic representation of Aldrich 

Station and Coal Valley strata across late Clarcndonian-
early Hemphillian faults in the souihern Singatze 
of the Pine Grove Hills, the lower part of the 
formation contains dominantly fine-grained 
rocks including siltstone and fine-grained sand
stone, locally tuffaceous, that weather to form 
smooth, soft slopes. The lowermost beds are 
juxtaposed against older andesite along a fault 
just south of Wilson Canyon (N. 38°48.5', W. 
119°13.0'), but the upper pordon of these beds 
extends continuously across the fault and across 
Wilson Canyon. This relation dates movement 
along the east-trending fault (Figs. 3, 6) as 
latest Clarcndonian. Finer grained rocks that 
arc not offset by the fault intcrfinger rapidly 
northward across Wilson Canyon with coarse 
sandstone, conglomerate, and bedded sedi
mentary breccia. Clasts include granodiorite 
and granitic debris, metavolcanic rocks, and 
^'Iiocene andesite. 

On the south flank of Mount Wilson, clasts 
coarsen to as large as 4 m across adjacent to a 
northeast-trending fault. There the Goal Valley 
Formation is composed mostly of granodiorite 
boulder conglomerate. .'Xlong the fault ncariy 
all of the conglomerate sequence on the south 
abuts granodiorite on the north (Fig. 3). How
ever, the uppermost beds of boulder conglom
erate and overlying beds, including the dis
tinctive biotite crystal tuff and basalt tuff 
breccia, can be mapped unbroken across the 
projection of the fault. Southward the boulder 
jed intcrfingers in a succession of .sandstone 

and siltstone beds. The fault was active during 
deposition of part of the formation vvith the 
upthrown block of basement rock on the north 
contributing granitic debris to the basin ad
jacent on the south (Fig. 6). 

Although most rock fr.igmcnts in the Coal 
Valley Formation are andesite and altered 
andesite, clasts of granitic composition or min-

Range near Wilson Canyon and Mount Wilson. North
ward coarsening of Coal Valley strata reflects proximity 

. ofthe basin margin. 

erals derived from granitic rocks are locally 
important constituents and are significant in 
interpreting the tectonic history of the region. 
As noted, coarse granitic debris is abundant 
near the identifiable margins of the basin on the 
southwest and north. Within the basin the 
lowermost 185 m and the uppermost 275 m of 
the formation on the north flank of the Pine 
Grove Hills contain granitic clasts. Similarly, 
the upper quarter of the formation in Coal 
Valley is locally arkosic. These occurrences in
dicate that basement rocks were exposed, 
fK).ssibly by recurrent faulting west ofthe basin', 
during early and late Coal Valley time. Both 
the granitic debris and the thick sections of 
andesine sediments in the upper part of the 
formation suggest the possibi ity that progres
sive uplift along the western margin of the 
basin led to erosion of previously deposited 
Coal Valley .sediments there, and to their re-
deposition together vvith granitic debris farther 
east in the continuously subsiding deeper 
portion of the basin. The apparent near con
formity between the Coal Valley and overiying 
Morgan Ranch Formation in the deeper part of 
the basin lend support to this interpretation of 
progressive, rather than abrupt, uplift to the 
west. 

Complete sections of the Coal Valley Forma
tion are exposed only at the north end of the 
Pine Grove Hills and at the southern end of 
Coal Valley; elsewhere in the area only partial 
sections arc present, owing to later faulting or 
erosion. At the former locality the formation is 
about 1,350 m thick, whereas at the latter we 
measured 970 m. 

At most localities the Coal Valley Formation 
rests unconformably on older units. North of 
Mount Wilson it rests on granitic basement 

. 

h 

I 

rocks; south of Mount Wilson and also west of 
.Mdrich Summit, it rests on older andesite. 
Disconformity with the underlying .Aldrich 
.Station Formation is evident near .Aldrich 
Station and at Lapon Canyon where cobble 
conglomerate comprises the basal Coal Valley 
beds. Unconformable relations are especially 
evident in the southern part of the Singatze 
Range where the Coal Valley rests on progres
sively older beds of the Aldrich Station from 
north to south (Fig. 3). 

The Coal Valley Formation vvas deposited in 
a basin that extended beyond the present limits 
of its outcrop. The eastern basin margin is un
known, but judging from the thickness and 
extent of beds along the west flank of the 
Wa.ssuk Range, it must have been east of the 
range. Similarly, the western margin is un
known; coarser facies in the vicinity of the Pine 
Grove Hills suggest a margin not far beyond 
the present hills. On the south a margin must 
have extended east-southeast from Fletcher 
toward Powell Mountain. During deposition 
the northern margin migrated progressively 
northward vvith time, overstepping fault blocks 
rising across the southern part of the Singatze 
Range (Fig. 6). It is likely that the final north
ern margin lay at the latitude of the present 
central part of the range. Thus, the basin 
seems to have been elongate in a northwest 
direction. Uplands composed primarily of 
andesitic volcanic rocks must have been rising 
to the southwest, west, and northwest, vvith 
faulting and erosion at least locally exposing 
crystalline basement rocks. Within the basin, 
localized volcanic eruptions produced andesite 
breccias interbedded in the formation. 

Morgan Ranch Formadon 

.•\t the type locality the Morgan Ranch 
Formation consists of coarse clastic sediments 
overlying Coal Valley strata and in fault con
tact with granitic basement along the western 
margin of Coal Valley. It measures as much as 
400 m thick in this area. The primary basis for 
distinguishing the sequence is a change from 
tuffand andesitic sandstone, which characterize 
the Coal Valley Formation, to arkosic sand
stone and breccia derived principally from 
granitic and metamorphic basement rocks. The 
general color of the two units also differs, being 
gray to light brown in the Coal Valley and 
orange-brown to yellow-brown in the overlying 
.Morgan Ranch strata. The Morgan Ranch 
sequence coarsens upward, and the uppermost 

portion is largely coarse, poorly sorted breccia, 
which .Axelrod (1956) interpreted as fan-
glomerate deposited against a rising escarpment 
in front of a basement high. Feldspathic 
sandstone, commonly coarse and pebbly, is 
interbedded with breccia units and pre
dominates in the lower part of the formation. 
The sandstone beds are as much as 3 to 6 m 
thick; many are cross-bedded and show scour 
along upper and lower surfaces. 

The name Morgan Ranch is used in this 
study also for arkosic strata that crop out ex
tensively vvest and north of Alorgan Ranch 
and along the northeastern margin of the Pine 
Grove Hills (Fig. 3); limited exposures occur at 
the northeast end of Coal Valley. These rocks 
are composed largely of debris derived from 
local basement rocks vvith a variable admixture 
of andesitic debris. They are generally similar 
in character and age to type Morgan Ranch 
strata, but they are thicker and tend to be 
finer grained. .Along the northeast flank of the 
Pine Grove Hills, Morgan Ranch strata are 
approximately 1,225 m thick, and most of the 
exposed sequence consists of well-bedded, 
brown sandstone, siltstone, and shale or mud
stone. Beds of coarse, poorly sorted breccia are 
ajso present and are as characteristic of the 
formation here as they are in the type locality, 
particulariy in the upper part of the forma
tion, but in most exposed sections the breccia 
beds are fewer and thinner than they are in 
Coal Valley. Breccia units are interbedded with 
friable, brown sandstone, and they contain 
principally granitic and metamorphic debris 
and relatively little andesitic debris. The coarse 
breccia beds contain blocks 1 to 2 m across, 
vvith sporadic larger blocks, and they occur in 
units as much as 15 to 25 m thick. Typically, 
such units are graded without distinct stratifi
cation, and the upper portions are made up of 
fragments no larger than 5 or 6 cm. Fine
grained breccia also occurs separately in units as 
much as 1 m thick. 

The relation between Morgan Ranch and 
Coal Valley Formations is variable. In most 
places, exposed contacts are faults. Where 
depositional contacts can be mapped, as in 
Coal Valley, stratification is generally approxi
mately parallel in the two formations, and they 
appear conformable. Axelrod (1956) reported 
that they are conformable. Careful mapping in 
Coal Valley shows, however, that stratal units 
in the underlying Coal Valley Formation are 
progressively overlapped southward. To the 
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north the two do indeed appear to be con
formable, but at the northwestern margin of 
Coal Valley a pronounced local unconformity 
occurs. Both formations are truncated along a 
fault against granitic basement east of Morgan 
Ranch (Fig. 2). On the upthrown block north 
of this fault. Coal Valley strata are absent, and 
the Morgan Ranch Formation rests directly 
on older andesite. Both formations have been 
displaced, but Coal Valley strata together with 
any Aldrich Station strata originally present 
had been removed from the upthrown block 
before Morgan Ranch strata vverc deposited. A 
similar unconformity is evident across the fault 
at the mouth of Scotts Canyon (Fig. 3). South 
of Pine Grove Canyon (N. 38°41.3', W. 
119°5.3'), Morgan Ranch strata disconformably 
overlie the Coal Valley Formation. 

Facies changes in the iVIorgan Ranch Forma
tion along the northeast flank of the Pine 
Grove Hills are evident but can be delineated 
only in a general way. Part of the section ex
posed northeast of Mickey Canyon Spring 
consists primarily of thin-bedded, gray, silty 
shale which is commonly carbonaceous; the 
section coarsens to the southwest. Breccia is a 
lithofacies particularly characteristic in the up
per part of the formation, but it also varies 
laterally and is partly controlled by proximity 
to the fault bounding the basement block. 
Many individual breccia units terminate 
abruptly. For example, northeast of Mickey 
Canyon Spring, where the exposed section 
strikes toward the fault (Fig. 3), breccia units 
increase in number, coarseness, and thickness as 
the fault is approached. South of Pine Grove 
Canyon, the upper part of the exposed section 
contains abundant units of coarse breccia; 
traced northwestward toward Pine Grove 
Canyon, breccia units lens out and the equiv
alent section becomes largely sandstone with 
only a few interbedded breccia beds. 

Units of porous limestone and calcite-
cemented breccia arc interbedded in the 
Morgan Ranch Formation at several localities 
along the Pine Grove Hills fault zone. They 
have the appearance of tufa-type deposits and 
were probably produced by springs emerging 
along the fault. They are inierbedded through 
about 100 m of section, indicating that the 
fault was presumably active during deposition 
of the strata. Best exposures of these rocks are 
to- be found on the southeast flank of ^'Iount 
Etna (Fig. 3); others occur northwest of 
Mickey Canyon Spring. 

These facies relations suggest to us that the 
fault bounding the Pine Grove HiUs basement 
block approximately delineates the western 
margin of Morgan Ranch deposition. The for
mation probably accumulated, as .Axelrod 
(1956) inferred, in front of a rising basement 
block, the breccia representing both the times 
and the places of most active colluvium and ' 
fanglomeratc deposition, the finer facies rep
resenting the more distal depositional environ
ments on the suksiding block to the northeast. 
Such origin would probably produce thicker 
sections to the vvest near the fault and thinning 
to the east, but this cannot be established from 
existing surface exposures. 

PERIODS OF FAULTING 
AND WARPING 

Quaternary movement along normal faults 
has produced steep escarpments and delineated 
a number of the most prominent ranges and 
valleys in this general region, notably the 
escarpment near Topaz Lake facing .Antelope 
Valley, and the eastern escarpments of the 
Carson Range facing Carson Valley; the Pine 
Nut Mountains and Wellington Hills facing 
Smith Valley; the Singatze Range facing 
.Mason Valley; and the Wassuk Range facing 
Walker Lake and Whisky Flat (Fig. 1). These 
escarpments are all steep and lofty and have 
been relatively little eroded. Their youthful 
age has been demonstrated in a number of 
places. Along the southern part of the Wassuk 
Range, olivine basalt flows having an age of 
about 3.5 m.y. have been displaced the full 
height of the range front (Gilbert and others, 
1968). The escarpment of the Sierra Nevada 
facing Mono Basin is younger than basaltic 
flows having a K-Ar age of about 3 m.y. and 
also younger than the earliest glacial stage 
(Curry, 1966; Gilbert and others, 1968). 
Recent movement along the front of the 
Carson Range has long been recognized (Law-
son, 1912; Moore, 1969, Fig. 8). A basalt flow 
that caps the Singatze Range and is offset by 
the frontal fault about 7 km north of Wilson 
Canyon has a K-Ar age of 7.25 m.y. (KA2582). 

By contrast, geologic relations mapped dur
ing the present study demonstrate that the 
faults delineating the Pine Grove Hills and 
Coal Valley structural blocks are older than 
about 7.5 m.y. and have not been reactivated 
during the Quaternary deformation of the 
region. The eastern front of the Pine Grove 
Hills, for example, is not a Quaternary fault 
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scarp despite the fact that the margin of the 
basement block is a fault of large displacement; 
nor has the fault,zone that bounds the base
ment block west and northwest of Coal Valley 
h.id Quaternary movement. 

Deformation during early or middle Miocene 
is indicated by the unconformity between 
rhvolitic ignimbrite 22 to 28 m.y. old and 
andesite 15 to IS m.y. old. The vvide regional 
distribution of the ignimbrite units suggests 
that they formed a more or less continuous 
terrane during the time of eruptions, but they 
arc lacking in many parts of the area mapped 
during the present study. Younger andesite 
flows lie directly on basement rocks in the 
southern Singatze Range, in the Cambridge 
Hills, on the structural high between Coal 
X'alley and East Walker Valley, and along the 
margins of Fletcher Valley (Figs. 2, 3). It ap
pears that the area mapped vvas structurally 
high and eroded during the period between 
about 18 and 22 m.y. 

Faults of late .Miocene age have been mapped 
near the southern margin of Coal Valley and in 
ihe .southern Singatze Range. One near the 
East Walker River, south of Coal Valley (N. 
3S''27.4', W. 118°59.9'), is the contact between 
altered andesite and granitic rock and has been 
followed by a dikelike intrusion of younger 
andesite having an age ofabout 12.5 m.y. The 
younger andesite has not been sheared, as is 
evident from its glassy contact selvages, and 
fault movement must have occurred between 
about 12.5 and 15 m.y. This fault trends ap
proximately east and is nearly vertical. A 
second fault cutting .Aldrich Station and lower 
Coal Valley strata north of .Aldrich Summit 
trends west-northwest to northwest, dips 
steeply, and was active during deposition of the 
displaced strata. In the Singatze Range, two 
cast-northeast-trending faults, one just south 
of Wilson Canyon and the other on the south 
flank of Mount Wilson, displaced lower Coal 
Valley strata but are overlapped by upper Coal 
Valley beds only slightly older than 9.3 m.y. 
(Figs. 3, 6). Major displacement along the 
southern fault occurred during an interval 
between deposition of Aldrich Station and Coal 
X'allcy strata. On the downthrown block to the 
south. Coal Valley beds unconformably overlie 
an .Mdrich Station sequence 740 m thick, 
whereas on the upthrown block to the north, 
Coal Valley beds rest directly on older andesite 
flows. The uppermost .Aldrich Station strata 
have a K-Ar age of 11.15 m.y. (KA2581), and 

the oldest unfaulted Coal Valley strata are only 
slightly older than tuff dated as 9.3 m.y. old. 

Movement along many of the faults began 
before and continued after .Morgan Ranch 
deposition. .Along some of these faults, such as 
near Morgan Ranch and at Scotts Canyon, 
earlier movement followed by erosion of Coal 
Valley and .Aldrich Station strata from the up-
thrown blocks has resulted in local uncon
formities where younger Morgan Ranch beds 
overlap the faults. The evidence for both pre-
and post-Morgan Ranch movement along 
these faults is indisputable, and a similar history 
is probable along many other faults in the area. 
.Along the Pine Grove Hills fault zone, move
ment during Morgan Ranch deposition is 
indicated by facies relations of .Morgan Ranch 
strata, but pre-Morgan Ranch movement can
not be proved, because all of the sedimentary 
formations are confined to the downthrown 
block. This very fact, however, suggests that 
movement along the Pine Grove Hills fault 
zone probably began during pre-Morgan 
Ranch time, resulting in removal of older 
strata and exposure of basement rocks vvest of 
the fault by the time Morgan Ranch strata 
were accumulating. Perhaps movement along 
the fault zone vvas more or less continuous. 
Arkosic Morgan Ranch strata would then have 
accumulated east of the uplifted block when 
and where ba.sement detritus became pre
dominant. If such vvas indeed the history, one 
must conclude that the boundary between 
Coal Valley and ^•Iorgan Ranch Formations is a 
lithologic boundary that is probably not the 
same age throughout the area. 

Morgan Ranch strata, as well as older strata, 
have been faulted and tilted, locally to high 
angles. This deformation vvas completed before 
eruption of the younger volcanic rocks 6 to 7 
m.y. ago. East of Mickey Canyon Spring, a 
flow of olivine basalt having a K-.Ar age of 7.1 
m.y. (KA2497) unconformably overlies the 
tilted and faulted formations of the Wassuk 
Group, and a dikehke mass of the basalt is 
intruded along the Pine Grove Hills fault 
southeast of the spring. In the southern 
Singatze Range north of Mount Wilson, 
olivine basalt having a K-Ar age of 7.25 m.y. 
(KA2582) unconformably overlies tilted Coal 
Valley beds faulted against granitic basement. 
Likewise, north of Morgan Ranch, rilted and 
faulted Morgan Ranch Strata are buried by 
relatively undeformed basalt having an age of 
6.6 m.y. (KA2366). .An andesite flow belonging 
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to the Bald Mountain complex buried tilted 
Morgan Ranch Formation and older andesite in 
fault contact with granitic basement west of 
Morgan Ranch (Fig. 2). Furthermore, rhyo
litic protrusions have been emplaced along and 
across the Pine Grove Hills fault. The largest 
and most numerous of these occur west of 
Wichman Valley, where they have obscured 
the fault boundary between granitic basement 
and Morgan Ranch Formation (Fig. 2). The 
northernmost is a small protrusion situated 
squarely on the fault at Mount Etna notth of 
Scotts Canyon (Fig. 3). 

The structural history of this area during the 
last 7 m.y., since the eruption of basalt and 
andesite flows and rhyolitic protrusions, does 
not include reactivation of earlier faults. Broad 
uplift has occurred, however. This is clear from 
the rejuvenation of the East Walker River 
along its course between Bridgeport and 
Mason Valley. The river is incised below the 
Lewis surface by as much as 250 m in the area 
vvest and southwest of Coal Valley. The 
amount of incision decreases northward and is 
negligible at the southern end of Mason Valley, 
so that the uplift has the appearance of a broad 
upwarp. The sequence of dissected younger 
pediments below the Lewis Terrace testifies to 
some periodicity in the upwarping movement. 

A more pronounced and local upwarp has 
produced the higher elevation of the old 
erosion surface on the summit of the Pine 
Grove Hills and is responsible for the present 
relief of that range. Specific evidence of the 
upwarp can be seen along the northern flank 
of the range. Here, young basalt flows were 
erupted onto surfaces of low rehef cut across 
relatively nonresistant sedimentary formations. 
The flows are now tilted northward at angles as 
high as 20° and have been deeply dissected. 
Even here, however, older faults were not 
reactivated despite the proximity of the 
Singatze fault block which was uplifted during 
Quaternary time. Displacement along the 
young fault zone at the eastern front of the 
Singatze Range diminishes southward from 
Wilson Canyon and disappears at the Pine 
Grove Hills upwarp, about 8 km south of 
Wibon Canyon. 

Other local Quaternary upwatps may be 
present in the region but are not clearly dis
tinguishable. The Cambridge Hills may be one, 
but exposures along its margins are so poor that 
structure and history are uncertain. Along the 
eastern side of the Cambridge Hills, relatively 

small escarpments trending north are sug
gestive of normal faulting, and this may be a 
small Quaternary fault block, tilled westward 
like others in the region. 

GEOMETRY OF STRUCTURES 

Regional Configuration 

Faulting prior to 7.5 m.y. produced struc
turally low areas in which the iVIiocene-Pliocene i 
sedimentary formations are preserved, and in
tervening structurally high areas where older 
rocks are now exposed and elevations are gen
erally higher. Each large structural block is 
itself complexly faulted, but the gross con
figuration of structural highs and lows reflects-
the structural trends characteristic of the eariier-
period of Basin-Range deformation. These 
trends arc typically northeast to east and 
northwest. Goal Valley, for example, is 
separated from Fletcher Valley and Baldwin 
Canyon to the south and from Wichman; 
Valley and East Walker Valley to the north by, 
structural highs that trend east-northeast and 
northeast, respectively. The Gray Hills trend 
nearly east and separate two structural lows. 
East Walker Valley to the south and Pumpkin 
Hollow to the north. The Pine Grove HiUs 
trend northwest. 

By contrast, all of the Quaternary fault' 
block ranges in the region have general trends; 
that are north or north-northwest (Fig. 1).; 
These younger fault blocks stand prominently^ 
in the general topography, and they tend to 
obscure the earlier structures and structural, 
trends. However, many faults within the 
young-range blocks are of earlier (Tertiary) age i 
and trend northeast or northwest at marked* 
angles to the general north trend of the range.' 
as a whole. Over most of the area mapped? 
during the present study, Quaternary faulting { 
vvas minimal or did not occur, and the major" 
fault zones trend either northwest or north- ? 
east. 5 

Miocene-Pliocene Faults 
3 

Most of the faults mapped during the present 
study are normal faults that have displaced _ 
formations of the Wassuk Group and older; 
volcanic rocks but have not been active during I 
the last 7.5 m.y. Most dip at angles between 50'' 
and 70°, but dips range from 40° to verrical. 
Most individual faults of this age, as well as 
major structures, trend northeast, but some 
individual faults and fault segments trend 
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iie.irly north. Of the latter, only a few have 
i.irse displacement and seem significant. One of 
ihese on the vvest flank of the southern part of 
ihe Singatze Range (Fig. 3) forms the east 
bimndar'v' of the sedimentary section in that 
;irea. .-Xnother at the mouth of Scotts Canyon 
h.id both pre- and post-Morgan Ranch move
ment, and another at the southern end of East 
W;ilker Valley truncates a sequence of Aldrich 
Sf.ulon strata 300 m thick against granitic base
ment. Several north-trending faults along the 
eastern margin of Coal Valley are relatively 
small and may have had Pleistocene movement. 
The most extensive fault zones having the 
larqcst displacements are the Pine Grove Hills 
fault zone forming the northeastern margin of' 
the Pine Grove Hills basement block and the 
Coal Valley fault zone forming the northwest 
ni.irt;in of the Coal Valley block and the south
east margin of the Pine Grove Hills block, 
'f hese fault zones consist of fault segments that 
strike in difl'erent directions producing an ir
regular fault trace that is locally zig-zag. Be
cause of this irregularity, we conclude that 
movement along the zones has been dip-shp 
wiiliout significant strike slip. 

.\long the Pine Grove Hills fault zone, the 
basement complex forming the higher part of 
ihe range is faulted against Morgan Ranch 
strata, except along the northernmost and 
.southernmost parts where older andesite is 
faulted against granitic rocks (Fig. 3). The trace 
of ihe fault can be mapped in detail from a 
liule south of Pine Grove Canyon to the 
northernmost part of the range; farther south, 
il is obscured by rhyolitic protrusions that 
bury or intrude it (Fig. 2), so that only the 
general location of the fault can be determined. 
.N'orthwestward from Pine Grove Canyon, the 
general trend of the fault zone is N. 60° W., 
hut the trace is irregular and consists of seg
ments as long as 2 km which strike northwest, 
north, and east-northeast. Where the attitude 
of the fault surface can be determined, it dips 
away from the range at an angle of about 60°. 
Southeastward from Pine Grove Canyon, the 
general ttend is S. 35°, E. 40° as far as the 
souihern margin of Wichman Valley. There the 
lault bounding the basement block turns west-
•souihwest beneath andesite breccia units and 
flows of the Bald Mountain complex and reap
pears 3.5 km to the south where it strikes east 
ihrough Morgan Ranch to an intersection vvith 
ihe Coal Valley fault zone (Fig. 2). 

The Coal Valley fault zone is the margin of 

the basement complex vvest of Coal Valley. Its 
general trend is northeast, but its trace is 

• irregular. For about 3 km east of Morgan-
Ranch, the trace is zig-zag, consisting of short 
east, northeast, and northwest-trending seg
ments (Fig. 2). In this area the fault surface 
dips toward Coal Valley at an angle of 40° to 
45°. Farther east, poot exposui-es preclude de
tailed mapping, but the general trend con
tinues northeast. South of Morgan Ranch, the 
general trend of the fault zone for about 5 km 
is approximately north, and again the trace is 
very irregular. The fault surface dips steeply 
eastward in this area, but at one locality the dip 
is steeply westward. The fault turns again 
toward the southwest and continues across the 
East Walker River toward the structurally low 
area south of the Pine Grove Hills. South of 
Morgan Ranch, the Coal Valley fault zone is 
the southeastern terminus of the Pine Grove 
Hills structural block. 

Fault structures on the western flank of the 
Wassuk Range between Lucky Boy Pass and 
.Aldrich Station arc a series of northeast-trend
ing horsts and grabens bounded by steeply 
dipping normal faults (Fig. 2). Most note
worthy is the Baldwin Canyon graben within 
which about 600 m of Coal Valley strata are 
exposed between granitic basement on the 
northwest side of the graben and older andesite 
and basement rocks on the southeast. Farther 
north also, the eastern margin of Coal Valley is 
cut by faults trending northeast into the Was
suk Range, although some north-trending 
faults occur here as well. Faults cutting sedi
mentary strata within Coal Valley most com
monly have northeast trends. 

The structure east of the Cambridge Hills is 
obscured by pediment gravel and alluvium. 
Rocks exposed at the southern end of East 
Walker Valley have been displaced along faults 
trending northeast, northwest, and north. To 
the north, our gravity traverse across the Gray 
HiUs shows a pronounced negative anomaly in 
the north end of East Walker Valley relative to 
gravity values over basement in the Gray Hills. 
These data are not yet fully analyzed, but a 
fault along the southern margin of the Gray 
Hills, trending approximately east, is probably 
to be inferred with a buried sequence of 
Miocene-Pliocene sedimentary rocks south of 
it. 

Major Miocene-Pliocene faults cross the 
southern Singatze Range near Wilson Canyon 
and along both the north and south flanks of 
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Mount Wilson. .All are normal faults having 
dips between 45° and 70° and trends that are 
east-northeast or northwest. They are demon
strably older than 7.5 to 9.3 m.y. Moore (1969, 
p. 19) reported that a major fault zone trending 
east-northeast marks the southern end of the 
Pine Nut Mountains and suggested that this 
may be the same as the east-northeast-trending 
fault zone crossing the Singatze Range at 
Wilson Canyon. Whether the two are the same 
fault zone cannot be established, but they 
probably are of similar age and have had little 
or no Quaternary movement. The present 
study demonstrates conclusively that the fault 
crossing the Singatze Range at Wilson Canyon 
was active during late Miocene time (Clarcn
donian) and has not been active since. Present 
rehef at the soiKhern end of the Pine Nut 
Mountains is probably to be attributed to rela
tively deep erosion of nonresistant sedimentary 
rocks on the downthrown block to the south 
rather than to late fault movements. 

Folds Related to Miocene-Pliocene Fauldng 

Low-amplitude folds, approximately 0.5 to 3 
km across, are associated with faults in Coal 
Valley and near Pine Grove Canyon (Figs. 2, 
3). The folds undoubtedly developed as normal 
faulting deformed the margins and floors of the 
present basins. .Axes ofthe folds trend N. 30° E. 
to N. 90° E., although a fold at Lewis Terrace 
trends N. 70° W. Several are cross folded into 
asymmetric basins. For example, northwest of 
Lapon Canyon (Fig. 2), two such folds whose 
dominant axes trend northeast parallel to the 
Coal Valley fault zone are arranged en echelon 
between east-northeast-trending faults vvithin 
Coal Valley; their minor axes trend nearly due 
east. Beds of the Wassuk Group at Levvis Ter
race are folded in a westward-plunging syncline, 
the axis of which is normal to a strong basin-
ward saUent in the Coal Valley fault zone (Fig. 
2). Folding there seems to have occurred as 
basement rocks vverc forced prowlike along the 
fault into the sedimentary section. 

Small folds south of Wilson Canyon, whose 
axes trend north to northeast, appear to be 
related to movements along a swarm of small 
north-trending faults that cut the upper Coal 
Valley strata in that area (Fig. 3). 

Quaternary Faults 

Range-front fault zones bordering the north-
trending ranges of Quaternary age character
istically have zig-zag traces, and the fault scarps 

show topographic salients and re-entrants. 
These features are clearly depicted by .Moore 
(1969) for the Carson Range, Pine Nut Moun
tains, and Singatze Range. Of these young 
fault blocks, only the southernmost portion of 
the Singatze Range has been mapped during 
the present study. Here, the surface of the 
frontal fault dips toward Mason Valley at 
angles between 50° and 60°. The zig-zag trace 
of the east-facing escarpment and of the frontal 
fault is evident, pardcularly just south and 
north of Wilson Canyon. At least some of the 
jogs in the range front coincide with locations 
of large Miocene-Pliocene faults within the 
range block. For example, the earlier cast-
northeast fault just south of Wilson Canyon 
probably controlled the prominent east trend 
of the range front at that point. Similarly, the 
easterly jog of the frontal fault zone 3 km 
farther north coincides with an earher east-
northeast-trending fault that crosses the range 
on the south side of Mount Wilson, and the 
succeeding northwesterly jog is apprcximately 
in line vvith an earlier northwest-trending 
fault that crosses the range north of Mount 
Wilson and along which west-dipping Coal 
Valley strata have been faulted down against 
the graniric basement of the range summit. In 
similar fashion, the Pine Nut Mountains-
Wellington Hills frontal escarpment shows an 
easterly jog at the juncture between the two \ 
blocks, where an east-northeast fault zone of 
presumably pre-Pleistocene age crosses the 
ranges. 

SUMMARY AND CONCLUSIONS 

Cenozoic History 

The earliest Cenozoic rocks in the area 
studied are rhyolitic ignimbrite flows of early 
Miocene age; these are succeeded by wide
spread andesitic flows and breccia. Deforma
tion during early and middle Miocene time is 
indicated by an unconformity between the 
.Miocene andesite flows and underlying rhyo
litic ignimbrite. Few details are known about 
this early deformation, but the absence of 
rhyolitic ignimbrite over much of the area 
mapped indicates that this area was relatively 
high. By approximately 12.5 m.y. ago, how
ever, the same area was the site of sedimenta
tion in an extensive basin. The record of events 
thereafter is preserved more completely in a 
thick sequence of upper Miocene and Pliocene 
sedimentary and volcanic strata that accumu-
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lated in the basin. Stratigraphy and facies • 
characteristics of these strata, which now are 
preserved in separate fault blocks, indicate that 
all the strata were deposited in a single large 
basin that was much more extensive than 
present basins in the area. Volcanism was con
temporaneous vvith sediment accumulation, 
for many strata are volcanogenic; centers of 
eruption were mostly close to the margins of 
ihc basin of accumulation or beyond them. 

Fault movements contemporaneous with 
sediment deposition have been established at a 
numbcrof localities. By approximately 7.5 m.y. 
ago, the original basin and the extensive sedi
mentary formations that accumulated in it had 
been disintegrated into the separate structural 
blocks that now characterize the region. We 
conclude that the fault movements that ac
complished the breakup of the once con
linuous sedimentary terrane were in progress 
during an interval between approximately 10 
and 8 m.y. ago; that is, they began during Coal 
Valley deposition and continued during Mor
gan Ranch deposition. Faulting had ceased and 
an erosion surface of low relief had developed 
by about 7.5 m.y. ago. Basic flows and rhyo
litic protru.sions were erupted locally onto this 
surface. During a period of tectonic inactivity 
which lasted until 3 to 4 m.y. ago, a well-graded 
erosion surface evolved. Broad pediments ex
tended across the less-resistant sedimentary 
rocks preserved on the lower structural blocks, 
and accordant surfaces of low relief developed 
on the higher blocks where older rocks are 
exposed. .Across this graded surface, the 
courses of the East and West Walker Rivers 
were established. 

During the Quaternary period, warping and 
faulting resumed. Young fault-block ranges and 
valleys, which are the most prominent features 
of the present regional topography, developed 
at that time, and the rivers were incised across 
the upwarped and upfaulted areas. 

Basin-Range Deformauon 

At least two distinct periods of late Cenozoic 
deformation can be recognized in this portion 
of the western Basin and Range Province. 
Data from the area mapped during the present 
study establish an earlier period of iaulring and 
tilting prior to 7.5 m.y. ago. Data from the 
adjacent Mono Basin area establish another 
period later than 3 to 4 m.y. ago (Gilbert and 
others, 1968). Development of the extensive 
and remarkably even Lewis erosion surface 

between these two periods of deformation in
dicates that they were separated by an interval 
of little tectonic activity that lasted about 4 
m.y. Significantly, this interval vvas also an 
interval of minimum volcanic activity in the 
Mono Basin area, where volcanism has other
wise been essentially continuous during the last 
12 m.y. (Gilbert and others, 1968). The only 
volcanism recorded in the Mono Basin area 
during that interval is a small volume of 
rhyolite in the western Bodie Hills which has 
been dated at 5.3 to 5.7 m.y. (Silberman and' 
Chesterman, 1972). 

Stress relief during the later period of Basin-
Range deformation did not follow the pattern 
established prior to 7.5 m.y. ago. The earlier 
period was characterized by normal faults and 
fault blocks having northeast and northwest 
trends. The more recent deformation has been 
characterized by tilted fault blocks that trend 
north to north-northwest and by broad areas of 
warping vvith little faulting. Zig-zag traces of 
young range-front fault zones are at least 
pardy a reflection of earlier fault structures 
within the range blocks, but the north trend of 
zones along which major Quaternary displace
ments occurred is in marked contrast to the 
trends of earlier fault structures. A similar 
variation between early and late fault patterns 
in the western Basin and Range Province has 
been reported by Ekren and others (1968) at 
the Nevada Test Site, but there the change in 
pattern occurred about 10 m.y. earlier, be
tween 14 and 17 m.y. ago. 

The pattern of Quaternary deformation in 
the area of this report is distinctive and is 
separated from adjacent segments of the west
ern Basin and Range Province by two major 
northeast-trending structural zones (Fig. 7). To 
the.south is the Mono Basin-Excelsior Moun
tains zone (Shawe, 1965, Fig. 7; Gilbert and 
others, 1968) in which left lateral movement 
during Pleistocene and Holocene time has been 
recognized. The zone also has been a locus of 
Quaternary volcanic activity. South of the 
Mono Basin-Excelsior Mountains zone. Quat
ernary deformation has been characterized by 
large, continuous horsts and grabens trending 
approximately north: Owens Valley graben, 
Inyo-White Mountains horst, and Fish Lake 
Valley graben. The junction of the zone and 
the fault structures to the south is marked by a 
structural "knee" where trends change from 
north to northeast (Gilbert and others, 1968, p. 
313-314). To the north is the Carson lineament. 
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Figure 7. Sketch map showing major fault zones and 
lineaments near the v^estcrn margin of the Basin and 
Range Province and the patiern of Quaternary faulting 
and warping. P.L. ZN. is zone of faulung in the 
Pyramid Lake area, and M.B.-E.M. 23>J. is Mono 
Basin-Excelsior Mountains structural zone. Traces of 
the Walker Lane, Pyramid Lake zone, and Carson 
lineament are after Shav̂ -e (1965, Fig. 8), and traces of 
short faults south of the Carson lineament are after 
Moore (1969, Pl. 1). 

extending as much as 150 km northeastward 
from Carson Ci ty (Shawe, 1965, p . 1373-1375) 
and forming the northern boundary of the 
regional block including the area of this report. 
Quaternary s tructural trends north of this 
l ineament are nor th or northeast, except near 
Pyramid Lake where a northwest-trending zone 
of Quate rnary faults (Bonham, 1969) seems to 
be a cont inuat ion of the Walker Lane described 
to the southeast (Shawe, 1965, p . 1374). 

With in the block bounded by the Mono 
Basin-Excelsior Mountains zone, the Carson 
hneament , and the Wassuk Range, Quaternary 
deformation has included a broad southern area 
of warping vvith minimal faulting and a north
ern area of block faulting (Fig. 7). Most of the 
mapping dur ing this study has been in the 
southern area where broad warping has been 
iKf f-KnrTf-n-rk'-ic trvlf or Oiiarrrnrirv deforma

tion. Quaternary fault-block ranges occur en 
echelon in a belt that extends southwestward 
from the northern end of the Wassuk Range. 
T h e alignment of the southern ends of these 
fault blocks establishes a northeast-trending 
lineament that is approximately parallel to the 
Mono Basin-Excelsior Mountains -cont and to -
the Carson lineament (Fig. 7). T h e fault blocks 
are much smaller than those south of the Mono 
Basin-Excelsior Mountains zone, and they 
have all been tilted westward and are separated 
by east-dipping normal faults. Range-front 
fault zones typically terminate in areas of 
warping (Moore, 1969, p . 16); one example of 
this, the southern terminus of the Singatze 
fault block, has been documented in the present 
report. 

Near the Carson lineament, at the northern 
ends of the Pine N u t Mountains and the • 
Singatze and Wassuk Ranges, the structural 
trend changes from north to northeast and east ; 
(Fig. 7; Moore, 1969, Pl . 1). This change in ' 
trends seems to define a structural " k n e e " 
adjacent to the Carson lineament similar to the ; 
" k n e e " along the southern margin of the Mono '. 
Basin-Excelsior Mountains zone. If so, the • 
lineament defined by en echelon termination of 
Quaternary fault zones near the center of the '• 
regional block described here may represent a ' 
break at depth in the crust between a rela
tively more stable block to the south deformed * 
by warping and a block to the nor th deformed i 
primarily by horizontal shear at dep th resulting ' 
in normal faulting at the surface. 
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ABSTRACT ,.- • 
, A ' ''I*'' 

To understand the timing of exten-
sional defofitiation which has occurred in 
the Gre'at Basin since the close of the/ 
Sevier orogeny, a compilation of normal 

,<^-''̂ fault ages was made for Nevada and 
wes tern U t a h . Avai lable Uterature 
indicates that normal faulting occurred 
there on a regional scale in the/Late 
Mesozoic and Early and Middle Tertiary 
as well as in' the Late Tertiary and 
Quaternary. .'There is no apparent spatial 
pattern in' the age of initial normal 
faulting in Nevada and Utah; apparent 
areal differences in the intensity of fault 
development for a given time period may • 
be real or a function of missing strati-

" graphic units needed to define properly 
the ages of faulting. Although Late 
Tertiary and Quaternary normal faults 
vVould probably be classified as basin-
range faults by most workers, a question 
remains as to the nature of the Late 
Mesozoic and Early and Middle Tertiary 
noTmal faults. They could ' represent 
initial basin-range type extension, or they 
could represent a distinct episode of 
extension between the Sevier and "Basin-
Range" orogenies. 

' INTRODUCTION 

The Basin and Range Province has 
long attracted the attention of geologists, 
because of its unusual physiographic 
character with many generally north-
trending ranges and alternating basins. 
Early theories on the origin of the ranges 
were summarized by Nolan (1943) and 
include suggested origins by erosion, 
reg ional compress ion , and regional 
extension. Regional extension is now the 
most widely accepted theory. Normal 
faults are the predominant Cenozoic 
structure of the province, but as will be 
discussed later, the actual definition of 
basin-range structure is by no means 
clear. 

To understand the age relationships 
of extensional deformation in a part of 

'Geologist, Continental Oil Company, 
Albuquerque, New Mexico 87112. 

the Basin and Range Province—the Great 
Basin, a summary of normal fault ages in 
Nevada and western Utah (figure 1) was 
compiled based on published informa
tion. The study was specifically aimed at 
extensional tectonism that has occurred 
in the Great Basin since the Late 
Mesozoic Sevier orogeny (Armstrong, 
1974); at least part of that post-Sevier 
extension is considered classic basin-range 
faulting. This paper presents the results of 
that summary (Loring, 1972) updated as 
of mid-1974. 

This study attempted to analyze 
the age qf normal faulting that was 
associated with regional extension in the 
Great Basin. Consequeijtly, Umits were 
placed on the data used. Only those 
normal faults found within the physio
graphic Basin and Range Province or in 
i m m e d i a t e l y ad jacent areas were 
c o n s i d e r e d . Normal faults obviously 
re la ted to local structures such as 
intrusive domes were excluded. Faulting 
identified as basin-range faulting and 
block faulting was considered along with 
normal faulting; high-angle faults were 
also included if they had no obvious 
liistory of reverse or solely strike-slip 
movement. 

AGE OF NORMAL FAULTING 
IN THE GREAT BASIN 

This sect ion describes selected 
examples of Mesozoic through Middle 
Tertiary normal faults as given in the 
hterature. More emphasis is placed on 
Mesozoic t h r o u g h Middle Tertiary 
faulting than on later structures because I 
believe earlier faulting is most often over
looked. Late Tertiary and Quaternary 
faul t ing is illustrated but not fully 
described. Loring (1972) gives a more 
detailed description of Mesozoic through 
Quaternary normal faults. Where ages are 
given m millions of years, the 1964 time 
scale of the Geological Society of London 
(1964) has been used to assign them to 
Tertiary epochs. Paleocene and Eocene 
are considered Early Tertiary; OHgocene 
and Early Miocene, Middle Tertiary; 
Middle and Late Miocene and Pliocene, 
La te T e r t i a r y ; and Pleistocene and 
Recent, Quaternary. 

This paper does not attempt to deal 
with the volcanic record of the Great 
Basin. Eariy hterature' references to 
stratigraphic age undoubtedly will be, or 
have been, changed on the basis of radio
metric dating. Consequently ages based 
on the relationship between faults and 
undated volcanic rocks are considered 
tentative pending radiometric age deter
minations on the volcanic units. 

Figures 2 through 5 show localities 
of Mesozoic-Ear ly Tertiary, Middle 
Tertiary, Late Tertiary, and Quaternary 
normal faultmg in Nevada and Utah. 
Numbers adjacent to Mesozoic, Early 
T e r t i a r y , and Middle Tertiary fault 
descriptions in the text refer to fault 
localities on figures.2 or 3. The strike of 
faulting to the nearest 45 degrees is 
indicated on the figures. 

Mesozoic-Early Tertiary 

Normal faults dated as Mesozoic or 
Early Tertiary or both are found in 
Nevada and Utah (figure 2). In the 
northern Muddy Mountains of southern 
Nevada, Longwell (19^49) mapped the 
generally north-striking Baseline normal 
fault that offsets the Late Cretaceous 
Willow Tank Formation but does not 
affect most of the Late Cretaceous or 
Eariy Cenozoic .'Overton Fanglomerate 
( 1 ) . Bowyer (1958) reported north-
trending, tilted fault blocks, which he 
claimed to be Late Cretaceous or Early 
Tertiary in age, in. the south Virgin 
Mountains of southern Nevada (2). These 
blocks were probably younger than 
Mesozoic strata and thrusts but were 
offset by strike-sUp faults prior to 
depos i t i on of Miocenef?) lake beds 
(Bowyer, 1958)." 

Southwest of Las Vegas in the 
Goodsprings quadrangle, some normal 
faults may be Late Mesozoic to Middle 
Tertiary in age (3). Some north- and 
northwest-striking normal faults displace 
thrusts but contain pre-Miocene minerali
zat ion; other normal faults are still 
younger but preceded Miocene igneous 
activity (Hewett, 1931). Since the thrusts 
are pre-Late Jurassic to Late Cretaceous 
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Figure I. Index map to selected mountain ranges of Nevada and Utah. 

in age (Burchfiel and Davis, 1971), the 
normal faults are between Late Mesozoic 
and Miocene in age. Late Mesozoic or 
Early Tertiary northwest-striking high-
angle faults are reported from the Yucca 
Flat area in Nye County (Hinrichs, 1968) 
(4). 

A few normal faults in Lincoln 
County in east-central Nevada cut the 
CretaceousC?) volcanic rocks and Paleo
zoic rocks but not Middle Oligocene and 
y o u n g e r volcanics (Tschanz and 
Pampeyan, 1970) (5). According to 
Tlireet (I960), Eariy to Middle Tertiary 
block faul t ing occurred throughout 
east-central Nevada (6). Threet noted that 
high-angle faults displace older folded and 
thrust-faulted surfaces and that many also 
break Early Cenozoic sediments and 
volcanics but that these early faults lack 
geomorphic expression. 

Normal faulting in the Bristol Pass 
region between the Bristol and Fairview 
Ranges is mostly older than probable 
Late Eocene to Oligocene volcanism 
(Langenheim and others, 1971) (7). Some 
normal faulting, including a north-
northwest-striking range-front fault, is 
younger than the volcanism (Langenheim 
and others, 1971). North-south faults and 
the range-front and related faults cut and 
are cut by a west-northwest, high-angle, 
transverse fault set, so all the faults 
appear to belong to the same structural 
event (Langenheim and others, 1971). 
Some of these faults truncate the Tertiary 
volcanic rocks, whereas others appear to 
be overlapped by the volcanics. 

In the southern Egan and Schell 
Creek Ranges, normal faulting had started 
by the beginning of the Cenozoic 
(Kellogg, 1960) (8). In the southern Egan 

Range, several northeast-striking normal 
faults are Eocene in age as shown by 
paleogeologic reconstructions that are 
prior to deposition of the Eocene Sheep 
Pass Formation (Kellogg, 1964) (9). The 
east- to northeast-striking Shingle Pass 
normal fault had some Eocene move
ment, indicated by a wedge of Eocene 
conglomerate immediately north of the 
fault, and some Late Eocene or Early 
Oligocene uplift; movement continued 
into the Late Tertiary (Kellogg, 1964). 
Depression of the hanging wall of the 
largest low-angle normal fault in the 
southern Egan Range began in Eocene 
time (Kellogg, 1960). This and other 
low-angle normal faults in the area 
originally dipped 31 to 58 degrees but 
were later tilted to their present low angle 
by normal faulting and tilting in Late 
Tertiary time (Kellogg, 1960). Some of 
the north-striking normal faults in the 
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Figure 2. Localities of Late Mesozoic-Early Tertiary normal faulting in Nevada and Utah. Lines indicate the strike of faulting to the nearest 45 degrees. 
Numbei.s correspond to references in the text. 

Egan Range probably began in the Early 
Tertiary, and some have been inactive 
since the deposition of the Oligocenef?) 
volcanics rocks, according to Playford 
(1962) (10). 

Northeast-striking, high-angle faults 
in the White Pine, Grant, and Horse 
Ranges are probably Mesozoic to Eocene 
in age, according to Moores and others 
(1968, 1969), based on a paleogeologic 
map of the pre-Eocene and Oligocene 
depositional surface (11). Moores and 
others (1968) also reported that normal 
faulting of moderate displacement was 
initiated in Middle to Late Eocene time. 
They cited Kellogg's (1964) evidence for 
Eocene faulting in the Egan Range to 
support their hypothesis that normal 
faulting began at the same time in the 

White Pine, Grant, and Horse Range 
areas. Faulting continued during the 
Oligocene, but major movement on these 
normal faults was Miocene. In the 
northern Schell Creek Range, Dechert 
(1968) reported that some high-angle 
faults of unspecified trend are Mesozoic, 
although most are Tertiary (12). 

In the Fish Creek Range, the 
north-striking Jackson normal fault cuts 
post-Permian, pre-Cretaceous thrusts but 
is overlain by the Cretaceous Newark 
Canyon Formation (Nolan, 1962) (13). 
This normal fault is therefore Mesozoic, 
probably Cretaceous. The northwest-
s t r ik ing Ruby normal fault is also 
p robab ly younger than the thrusts 
(Nolan, 1962). Some of its motion 
preceded the deposition of the Creta

ceous Newark Canyon Formation, and it 
helped to localize Eocene hornblende 
andes i t e i n t rus ions (Nolan, 1962). 
P robab le Early Tertiary north- to 
northeast-striking normal faults cut the 
Cretaceous Newark Canyon Formation 
and are cut, in turn, by Eocene andesites 
(Nolan, 1962). 

In the Hawthorne and Tonopah 
quadrangles of western Nevada, Ferguson 
and MuUer ( 1 9 4 9 ) suggested that 
principal movement on normal faults 
took place during basin-range faulting, 
probably beginning in the Early Tertiary 
(14). Northeast- and northwest-striking 
high-angle faults in the Sand. Springs 
Range of Churchill County supposedly 
formed shortly after intrusion df Creta
ceous granite, because some faults offset 
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the'granite but not the associated dikes 
(Beat and others, 1964) (15). Other faults 
in the area have been active until 
recently. 

In the Antler Peak quadrangle, 
Cretaceous orogenic movements caused 
block faulting and the formation of local 
basins in which Cretaceous continental 
s ed imen t s were deposited (Roberts, 
1964) (16). Some north-striking normal 
faults are Eocene and Late Eocene or 
Early Oligocene in age (Roberts, 1964), 
Tlie Eocene faults are dike filled, and 
since the Late Eocene or Early Oligocene 
intrusions follow the fault zones, the 
faulting may have begun in the Eocene. 
Late Eocene or Early Oligocene faults cut 
the intrusions. 

Near Winnemucca, Nevada, block 
faulting may have begun in the Early 
T e r t i a r y , because Early Te r t i a ry 
s ed imen t s were deposited in inter
montane basins perhaps formed by block 
faulting (Hawley and Wilson, 1965) (17). 
In the Getchell area of the Osgood Moun
tains, the north-striking, predominantly 
dip-slip Getchell fault system was active 

. during both Cretaceous and Quaternary 
time (Berger and Taylor, 1974) (18). The 
fault system apparent ly controlled 
emplacement of dikes dated as 88-91 
million years old; Quaternary alluvium is 
offset along a southern extension of the 
fault system (Berger and Taylor, 1974). 
In the Jackson Mountains, north-striking, 
high-angle, dip-slip faults involve only 
pre-Tertiary rocks as young as Early 
Cretaceous but not rocks of Cretaceous 
or Tertiary age; therefore, they are 
probably Cretaceous or Early Tertiary 
(Willden, 1963) (19). 

A Late Mesozoic to Early Tertiary 
age is given to northeast- and northwest-
striking high-angle faults in the Rowland 
quad rang l e of northeastern Nevada 
(Bushnell, 1967) (20). The faults are 
possibly pre-intrusive (Late Cretaceous), 
based on the shape of one intrusion, and 
while some faults do not disturb the Late 
Cretaceous granite, others do but do not 
dislocate Miocene volcanic rocks. Farther 
north at the Nevada-Idaho border ui the 
Jarbidge quadrangle, northeast-striking 
faults may be Late Eocene in age (Coats, 
1964) (21). They cut Paleozoic rocks; but 
the restricted distribution of the Late 
Eocene Meadow Fork Formation, the 
large size of boulders in it, and its abrupt 
change in thickness suggest that the unit 
accumulated in a narrow trough with 
s teep walls, possibly bounded by 

. northeast-striking faults. 

Eardley (1963) reported that some 
of the basin-range faults in western Utah 
began m the Eocene or Oligocene and 
c o n t i n u e d to be active during the 
Pliocene and Early Pleistocene. In the 
Ashbrook district of northwestem Utah, 
north- and east-striking normal faults 
predated possible Late Eocene or Early 
Oligocene intrusions and ore deposits but 
closely followed the Laramide revolution, 
acco rd ing to Peterson (1942) (22). 
North-striking normal faults in the Raft 
River Basin dated from the Early 
Tertiary, but most had formed in the 
Middle and Late Cenozoic to Recent 
(Nace and others, 1961) (23). The faults 
displaced structures as young as Late 
Cretaceous or Early Tertiary in age, and 
some were active at about that time 
(Nace and others, 1961). Paleocene 
normal faults in the Lakeside Mountains 
were related to uphft of the Northern 
Utah Highland, according to Doelling 
(1964) (24). Basin-range block faults 
occurred later in the Lakeside Mountains. 

Possible Eariy Cenozoic high-angle 
faults are found in the Pilot Range of 
northern Utah where they cut known 
Mesozoic structures but have little or no 
topographic expression (O'Neill, 1969) 
(25). They produce up to 7,700 feet of 
stratigraphic separation. In the Silver 
Is land Mountams that straddle the 
northern part of the Utah and Nevada 
border, block faulting began in the Early 
Tertiary and continued to the Late 
Tertiary (Schaeffer, 1960; 1962) (26). 
Northwest-, northeast-, north-, and east-
strikmg internal normal faults in the 
Silver Island Mountains may have created 
basins in which early volcanic rocks, 
probable Early Tertiary sediments, and 
later rocks were deposited. Intrusion 
followed early block faulting. Schaeffer 
noted that there is a 45 to 90 degree 
difference between the strikes of major 
internal normal faults and the youngest 
phase of northeast-striking block faulting, 
which he identified as basin-range type. 
He concluded that the primeval topog
raphy of ranges and basms was analogous 
to today's topography and that so-called 
basin and range topography may have 
formed several times since the Early 
Tertiary. 

South of the Great Salt Lake in the 
Oquirrh Mountains, west-, north-, and 
northwest-striking liigh-angle faults of 
large displacement may be Late Creta
ceous to Middle Tertiary in age (Gilluly, 
1932) (27). The faults are minerahzed 
and crossed by a rhyoUte dike and, 
therefore, were in existence before Late 
Eocene or Oligocene igneous activity. 
They are no older than the folding of 

Late Cretaceous age. Movement has 
contmued to Recent time (Gilluly, 1932). 
Northwest-strikmg block faults date from 
the Eariy or Middle Tertiary (GUluly, 
1928). Gilluly reported that the faults are 
all later than folding in the range, which 
he dated as latest Cretaceous or earliest 
Tertiary. At least one of the faults 
appears to be minerahzed, and Gilluly 
dated minerabzation as pre-Miocene and 
possibly pre-Eocene Wasatch Formation. 
Movement on the faults was renewed 
later in the Teftiary. 

On the west slope of Mount 
Timpanogos in the southern Wasatch 
Range are northwest-striking normal 
faults whose age cannot be determined 
accurately from local field evidence but 
which are probably Eocene to Recent, 
based on regional evidence (Olsen, 1955 
[citing Eardley, 1951, and Hunt and 
others, 1953]) (28). Two large north-
northwest-striking normal faults on the 
eastern side of the range are at least 
Eocene in age because they offset Late 
Cre taceous thrusts and the earliest 
volcanic rocks of the Tibbie Formation, 
which are probably Eocene (Baker, 1964) 
(29). One branch of one of these faults 
does not d isplace younger Eocene 
volcanic rocks. Both large faults are 
termmated by the Wasatch fault zone and 
have little effect on the present topog
raphy in the Wasatch Range (Baker, 
1964). 

The East Tintic and Boulter Moun
tains area also has Eocene normal faults. 
Contours on the surface that existed prior 
to deposition of Eocene volcanic rocks in 
the East Tintic Mountains show it was 
similar to the present surface in general 
relief, but Eocene ore bodies are not cut 
by faults (Morris and Anderson, 1962) 
(3 0). North-striking normal faults of 
small displacement in the central East 
Tintic Mountains are Middle or early Late 
Eocene, since they are younger than the 
larger stocks but were the structural 
control for the late dikes and plugs 
(Morris, 1964a; 1964b) (31). Foster 
(1959) stated that basin-range block 
faulting in the East Tintic Mountains area 
took place from Late Eocene through 
Early Miocene (32). 

To the west in the Thomas and 
Dugway Ranges , normal faults of 
unspecified trend may have formed 
during or very soon after Cretaceous or 
Early Tertiary thrusting (Staatz and Carr, 
1964) (33). Nolan (1935), in his paper on 
the Gold Hill quadrangle which includes 
the Deep Creek Mountains of west-centtal 
Utah, gave evidence for several stages of 
n o r t h - to northwest-striking normal 
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faul t ing assoc ia ted with stages of 
thrusting of Cretaceous or Paleocene 
(Early Eocene in his paper) age (34). 

. These thrusts and normal faults are older 
than an Eocene or Oligocene quartz 
monzonite that cuts them. They are also 
oyerlain unconformably by the Eocene(?) 
White 'Sage Formation. The faults are 
younger than Triassic rocks, and since 
Nolan believed there was no known Early 
Mesozoic deformation in the area, he 
dated the faults as Cretaceous or Early 
T e r t i a r y . More stages of north- to 
northwest-striking normal faults that 
began in the Cretaceous or Early Eocene 
continued into the Eocene (Nolan, 1935). 
These faults cut the Eocenef?) White Sage 
Formation but are older than fourth 
cycle faults that are cut off by the Late 
Eocene or Early Oligocene intrusion. 
However, the normal faults of this stage 
are rather rare and of small throw. Bick 
(1966) also found evidence for Late 
Mesozoic to Late Eocene faulting in the 
Deep Creek Range (35). The north-
striking Reilly Canyon normal fault had 
motion before and after formation of the 
North Pass thrust, but this normal fault is 
older than the Late Eocene to Middle 
Miocenef?) Ibapah stock. 

To the southeast in the Sevier 
Valley, there was Early or Middle Eocene 
and Middle or Late Eocene normal 
faulring (Spieker, 1949) (36). Eocene 
normal faulting of unspecified trend 
apparently occurred on the west side of 
the Gunnison Plateau (Spieker, 1949). 
Tlie Paleocene Flagstaff Formation is 
faulted against the Eocene Green River 
Formation. Since these two formations 
Ue on opposite sides of the fault and both 
Ue on the Jurassic Arapien Shale (Zeller, 
pe r sona l c o m m u n i c a t i o n [cited in 
Spieker, 1949]), faulting must have 
occurred between the deposition of the 
F l a g s t a f f and the Green River 
Formations. On the east side of the 
Gunnison Plateau, a N. 35° E. vertical 
fault had offsets in Eocene time. Initial 
faulting offset the Middle Eocenef?) 
Green River Formation but not the Late 
Eocene (? ) Crazy Hollow Formation. 
Minor normal.faulting in the Late Eocene 
and Early OUgocene in the nearby 
southern Pavant Range was reported by 
Crosby (1959); major normal faulting 
occurred during the Miocene (37). 

Early to Middle Tertiary block 
faulting along a north-striking fault on 
the east flank of the San Francisco 
Mountains occurred prior to the intrusion 
of a Tertiary quartz monzonite stock, 
since the stock obliterated part of the 
fault (East, 1966) (38). The fault is over

lapped at its ends by Early Tertiary 
conglomerate and mid-Tertiary volcanic 
rocks. In the Star Range of Beaver 
County, north-striking normal faulting 
began in Late Cretaceous or Early 
Tertiary time (Baer, 1962) but had later 
movement that elevated the range (39). 
Normal faults cut thrusts but were used 
by Tertiary intrusions for entry. 

According to Averitt (1962), move
ment on the Hurricane normal fault zone 
has occurred intermittently since Early 
Tertiary time (40). The Eocene Wasatch 
Format ion and overlying Eocene to 
Miocene(?) volcanic rocks show, the 
greatest displacement across the fault. 
Lovejoy (1974) reported that faulting 
along the Grand Wash and related faults 
probably began during Laramide time 
(41). On stratigraphic evidence he dated 
the uplift of the nearby Beaver Dam 
Mountains as Laramide; on structural 
evidence he determined that the Cedar 
Pocket Canyon and Gunlock faults are 
essentially contemporaneous and that 
these faults are the same age as the uplift 
of the Beaver Dam Mountains. Since the 
Cedar Pocket Canyon and Gunlock faults 
are northern continuations of the Grand 
Wash fault, Lovejoy concluded that the 
Grand Wash fault also dates from the 
Laramide. 

Middle Tertiary 

Nolan (1943) reported in his paper 
on the Basin and Range Province in Utah, 
Nevada, and California that block faulting 
began in the Early Oligocene and 
continued to the present. He based this 
conclusion on the work of Stock and 
Bode (1935) in the Death Valley region. 
Many o t h e r authors have used an 
Oligocene age for the beginning of basin-
range faulting, based only on Nolan's 
conclusion. Figure 3 shows the distribu
tion of Middle Tertiary normal faulting. 

The localities on which Stock and 
Bode (1935) based their Early Oligocene 
date for the age of basin-range topog
raphy are in the Amargosa Range (1). The 
basal Umestone breccia of the Early 
Ol igocene T i tus Canyon Formation 
contains material that has been derived 
from Paleozoic rocks in the immediate 
vicinity, probably to the west, based on 
the northeast dip of cross-bedding. This 
suggested to Stock and Bode that the unit 
accumulated on the flanks of a mountain 
range that was in a position similar to the 
present Grapevine and Funeral Mountains 
and that this indicated an Early Oligocene 
age for the present basin-range topog
r a p h y . R e y n o l d s (1974) apparently 
disagreed with the interpretation of Stock 

and Bode because he stated that uplift of 
the Grapevine Mountains block occurred 
between 20 and 16 milhon years ago 
(Early and Middle'Miocene). Between 16 
and 13 mil l ion years ago (Middle 
Miocene), there was northeast-striking 
normal faulting in northeastern Death 
Valley; between 11 and 7 million years 
ago (Late Miocene) there was north-
striking faulting; and from 7 million years 
ago to the present there has been north-
northwest normal or right-lateral faulting, 
according to Reynolds (1974). 

Local structural basins had been 
formed in Nevada by Oligocene time 
(Van Houten, 1956 [citing Axelrod, 
19 5 0 ] ) . According to Van Houten, 
Oligocene mud, sand, and gravel were 
deposited in local basins that had been 
outlined by faulting by the Oligocene in 
southwestern Nevada and adjacent states. 

Albers (1967) reported that basin-
range dip-shp faults m southwestern 
Nevada between Reno and Las Vegas are 
Middle and Late Tertiary in age and trend 
predominantly north-south (2). In the 
L a t h r o p Wells quadrangle of south
wes tern Nevada, north-striking steep 
faults range from Oligocene to Recent in 
age (Burchfiel, 1966); the evidence for an 
Oligocene age is citation of Stock and 
Bode's conclusions (1935) (3). 

In the northern Nevada Test Site, 
there were two periods of normal faulting 
in the Middle and Late Tertiary (Ekren 
and others, 1968, 1971) (4). The eariier 
no rmal faul ts had predominant ly 
northeast and northwest strikes and 
formed during the Early and early Middle 
Miocene (26.5-17 million years ago). 
These faults occur in both pre-Tertiary 
and Tertiary rocks; so they probably 
began to form after the oldest Tertiary 
rocks (2 5 miUion years old) were 
deposited. Lavas erupted from vents 
locaUzed by these faults 18 million years 
ago and were then cut by faults of the 
same t r e n d . These northeast- and 
northwest-striking faults were truncated 
by Middle and Late Miocene (17-7 
mil l ion years), north-striking normal 
fau l t s . Late Miocene rhyoUtes were 
i n t r u d e d a l o n g s o m e of t h e 
north-trendmg fractures. Carr (1974) also 
reported that basin-range faulting m the 
Nevada Test Site was well established 
prior to initiation of major volcanism 
about 15 milhon years ago (Middle 
Miocene). He said many of these faults 
were repeatedly reactivated from 15 to 6 
million years ago. 

At Goldfield, northeast-striking, 
east-dippmg shingle faults formed about 
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Figure 3. Localities of Middle Tertiary normal faulting in Nevada and Utah. Lines indicate the strike of faulting to the nearest 45 degrees. Numbers 
correspond to references in the text; letter-number combinations refer to localities on figure 2. 

21 milhon years ago (Early Miocene) near 
the end of pre-mineral volcanism (Ashley, 
1972) (5). Northwest-striking shingle 
faults formed about 21-20 mQlion years 
ago, cutting a rhyodacite ash-fiow tuff 
but precedmg hydrothermal alteration 
and ore deposition (21-20 million years 
ago) (Ashley, 1972). Basin-range faulting 
began 2 to 4 million years after ore 
deposition (Middle Miocene) (Ashley, 
1972). 

In the southern Egan and Schell 
Creek Ranges, normal faulting dates from 
the beginning of the Cenozoic, but 
normal faults were more numerous and of 
larger displacement in the OUgocene and 
Miocene (Kellogg, 1960, 1962) (6). Eariy 
Oligocene north- and west-striking normal 
fau l t s in the southern Egan Range 

originaUy had dips of 31 to 58 degrees. 
Late Tertiary and Quaternary tUting of 
the range also tilted the Oligocene normal 
faults so that they are now low-angle 
normal faults (KeUogg, 1960, 1962). 
These normal faults probably all formed 
during the initial upUft of the range in 
latest Eocene or earliest Oligocene time, 
according to KeUogg (1960). Lumsden 
(1964) stated that the Horse Camp basin 
in the White Pine and northern Horse 
Range area began to form in Oligocene to 
Miocene time (7). The basin postdates 
Oligocene volcanism, but it contams 
10,000 feet of Mio-Pliocene(?) elastics, 
Umestone, and breccia. 

In the White Pine, Grant, and Horse 
Ranges, normal faulting that began in the 
Eocene and continued through the 

OUgocene was particularly active in the 
Early to Middle Miocene (Moores and 
others, 1968) (8). To the east in the 
southern Snake Range, normal faulting 
occurred in several episodes from the 
Middle Ter t ia ry to the Quaternary 
(Drewes, 1958) (9). Drewes based the 
Middle and Late Tertiary age on the 
regional picture and noted that normal 
faults cut Late Tertiary(?) elastics. 

In the north-central Schell Creek 
Range , no rma l faul t ing fol lowed 
deposition of Early Tertiary sedimentary 
and volcanic rocks but preceded deposi
tion of Late Tertiary sediments; it lasted 
through the Quaternary (Young, 1960) 
(10). The N. 20° E. Kalamazoo normal 
fault predates at least part of the North 
Creek Formation (Late Tertiary), wliich 
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overlies it locaUy, but cuts thrusts and 
p o s t d a t e s the Eocene(?)-01igocene(?) 
volcanic rocks. At the Ward mining 
district m the central Egan Range, north-
northwest, high-angle normal faults along 
the present range fronts began to form in 
the Early Oligocene (Heidrick, 1974) 
(11). Deformation continued into the 
Miocene as evidenced by faulted intrusive 
vents, incUned Oligocene ignimbrites, and 
tUting of the range (Heidrick, 1974). 

In the Diamond Mountains of 
Eureka County, Brew (1971) stated that 
north-, northeast-, and northwest-striking 
high-angle normal faults within the range 
are Middle Tertiary or earUer (12). In the 
Dolly Varden Mountains of southeastern 
Elko County, northwest-striking normal 
faults developed during the course of 
Oliogcene volcanism (Snow, 1964) (13). 
Post-Oligocene basin-range faults are the 
youngest structures. In the southern 
Desatoya Mountains, faulting occurred 
throughout the Middle and Late Tertiary 
(Barrows, 1972) (14). A north-trending 
elongate trough formed near the end of 
the Early Miocene owing to faulting and 
possible downwarping;' Middle Miocene 
lake sediments filled the basin (Barrows, 
1972). 

• In the Delno district of north
eastern Elko County, Olsen (1961) stated 
that major movement on normal faults 
i m m e d i a t e l y followed the Laramide 
orogeny, coming before Late Miocene 
and continuing into the Recent (IS). 
Bushnell (1956) concluded that basin-
range block faulting in the Rowland 
quadrangle of northern Elko County is 
mid-Tertiary in age (16). In the Jarbidge 
quadrangle of northern Nevada and 
southern Idaho, a N. 17° E. Oligocene or 
Miocene normal fault does not displace 
the Late Miocene Jarbidge Rhyolite, but 
the hanging wall contams Late Eocene 
rocks (Coats, 1964) (17). 

In the Cache Valley of northern 
Utah, north-striking, high-angle normal 
faults that bound the present valley are 
Middle Tertiary to Quaternary in age 
(WiUiams, 1962) (18). Major faults 
displace rocks as young as the Early 
Tertiary Wasatch Formation and locally 
the Oligocene-Pliocene Salt Lake Group. 
There is no displacement of the Pleisto
cene Lake BonneviUe Group. Uncon
formities within the Salt Lake Group 
indicate that there was faulting and tilting 
during its deposition (WUliams, 1962). 
Marine and Price (1964) thought the 
•Jordan Valley graben has probably been 
filling since the Middle Tertiary (19). 

Along the Wasatch front northeast 
of Provo, Rigby and Hintze (1968) dated 
the Wasatch fault zone as Oligocene (30 
milUon years ago) to Recent (20); Hintze 
(1962) also dated basin-range normal 
faulting in the southern Wasatch Range as 
Oligocene to Recent (21). North-striking 
normal faulting occurred during and after 
the OUgocene in the northern Cedar 
Valley of northern Utah (Larsen, 1960 
[citing Stokes and Heylmun, 1958]) 
(22) . In the Stockton and Fairfield 
quadrangles, there are Middle and Late 
Tertiary northwest-striking normal faults, 
according to Rigby (1959) (23). Accumu
lation of valley-fill deposits in the East 
Tintic Mountains area suggests there was 
intermittent normal faulting near the 
margins of the range in Early and Middle 
Miocene time (Morris, 1957) (24). 

In the Thomas and Dugway Ranges, 
some north-, northeast-, and northwest-
striking normal faults cut Mesozoic or 
Early Tertiary thrusts but predate the 
"older volcanic group" (Staatz and Carr, 
1964) (25). One lead-alpha determination 
on the older volcanic group yielded a 20 
million year age (Jaffe and others, 1959). 
Nor th - and northwest-striking, basin-
range normal faults tilted at least some of 
the older volcanic group but have only 
locally affected the "younger volcanic 
group" (Staatz and Carr, 1964). Rocks of 
the younger volcanic group have been 
dated at 16.2 million years (Park, 1970) 
and 6.0 mUlion years (Armstrong, 1970). 
According to Staatz and Carr (1964), 
some elevation and tilting of the ranges 
probably occurred between Eocene and 
Middle Miocene time as did development 
of Unes of weakness that controlled later 
basin-range faulting. Shawe (1972) stated 
that the present mountain ranges in the 
Thomas, Keg, and Desert Mountains areas 
formed by block faulting in Middle to 
Late Tertiary time; some of the basin-
range faults strike north-northwest (26). 

Basin-range uplift and tUting of 
OUgocenef?) age is demonstrated in the 
Canyon Mountains area by 01igocene(?) 
valley-fill deposits (Campbell, 1974) (27). 
Northward tUting is indicated by the 
deposits that remain only on the south 
side of a major valley. Episodic uplift 
through Late Tertiary time is docu
mented by the remnants of at least five 
pediments (Campbell, 1974). 

In the Needles Range of south
western Utah, Conrad (|]969) found 
evidence for OUgocene Inorth-striking 
faults (28). Bedding and size gradation of 
boulders in the Oligocenei Beers Spring 
Formation suggest a source to the west, 
probably created by local differential 

uplift and depression along north-striking 
faults. 

Based on the mapping of the Late 
Ol igocene Isom Formation on the 
southern Sevier Plateau, mmor block 
faulting seems to have begun by Late 
Oligocene time (Rowley, 1968) (29). 
Faulting that produced the High Plateaus 
of Utah took place after Late Cretaceous 
or Early Eocene folding, probably in the 
Middle Tertiary but possibly earUer 
(Hunt, 1946) (30). In the Red HUls area, 
block faulting may have begun in the 
Oligocene (Threet, 1963), since part of 
the Paleogene upper Quichapa Formation 
is widespread to the west but poorly 
developed to the east of the Colorado 
Plateau margin (31). 

P o s t - E o c e n e , p re -Miocene(? ) 
normal faulting on the west side of the 
Colorado Plateau near Hurricane Cliffs is 
indicated by faults that cut the Eocene 
Wasatch Formation but not Miocenef?) 
lava (Hunt, 1956) (32). Kurie (1966) 
found evidence for a post-Eocene but 
pre-Late Cenozoic Hurricane fault (33). It 
cuts the Wasatch Formation, and its 
presence is indicated by the paleogeology 
at the base of the Late Cenozoic lavas. 
Gardner (1941, 1952) concluded that the 
least impor tan t disturbance on the 
Hurricane fault of southwestern Utah and 
northern Arizona was post-Eocene and 
pre-Miocene; it formed a pattern for later 
faults (34). The fault cuts the Eocene 
Wasatch Formation, but the scarp was 
leveled by erosion before being covered 
by Miocenef?) lavas. 

To the south in the western Grand 
Canyon, movement on the north-striking 
Grand Wash fault began in Early Miocene 
time (Hamblin, 1970) and lasted until 
after 6 mOlion years ago (35). The Late 
Miocene Muddy Creek Formation is not 
displaced across the southern trace of the 
fault. 

Late Tertiary 
and Quaternary 

Figures 4 and 5 show the distribu
tion of Late Tertiary and Quaternary 
normal faulting in Nevada and Utah. 
Unnumbered data points are taken from 
Loring (1972). Numbered fault localities 
have been discussed in the preceding 
paragraphs. 

DISCUSSION OF THE AGE 
OF NORMAL FAULTING 
IN THE GREAT BASIN 

The or iginal d i s t r i b u t i o n of, 
sediments and the effect of erosion play 

I , 
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Figure 4. Localities of Late Tertiary normal faulting in Nevada and Utah. Lines indicate the strike of faulting to the nearest 45 degrees. Letter-number 
combinations refer to localities on previous figures; unnumbered localities are taken from Loring (1972). Numbers preceded by MET are for 
localities from figure 2; those preceded by MT ate from figure 3. ' 

an important Umiting role in the deter
mination of ages of normal faulting. 
Because roughly half of Nevada and 
western Utah is composed of basins filled 
with Late Tertiary or Quaternary sedi
ments, the chances of finding strati
graphic evidence for pre-Late Tertiary 
fault motion in the region are greatly 
reduced. Furthermore, since not every 
range has a complete Mesozoic and 
Tertiary section, the chances of proving 
older faulting are even less. The problem 
of the presence or absence of pertinent 
stratigraphic evidence for dating the 
mitiation of faulting must be kept in 
mind when comparing figures 2 through 
5; Ihat there are more localities.for Late 
T'Tiiary and Quaternary normal faulting 
does not necessarily mean normal faulting 

was less extensive in Late Mesozoic-Early 
Tertiary and Middle Tertiary times. 

The limitations of the priginal 
extent and preservation of rock units are 
pa r t i cu l a r ly miportant in evaluating 
whether there was a shift with time in the 
distr ibution of normal faulting. For 
instance, in southwestern Nevada, most 
localities have faulting dated as Late 
Tertiary or Quaternary with only a few 
older examples. But m the Spring Moun-
•tains, for example, there are no rocks of 
C re t aceous th rough Oligocene age 
(Albritton and others, 1954). In the 
Lathrop Wells quadrangle, there are none 
from Mississippian through Oligocene age 
(Burchfiel, 1966). In the Hawthorne arid 
Tonopah quadrangles, there are none 

between Jurassic and Miocene (Ferguson 
and MuUer, 1949). SimUar stratigraphic 
l i m i t a t i o n s occur in northern and 
west -cent ra l Nevada, suggesting that 
apparent shifts of normal faulting with 
time in Nevada and Utah may not be due 
to tectonic processes but may be the 
result of the Umited occurrences of Early 
Tertiary stratigraphic criteria. 

A comparison of figures 2 through 
5 indicates no significant shift with time 
in the distribution of normal faulting. In 
general, it seems that the faulting has 
occurred in the same areas of the Great 
Basin dur ing Late Mesozoic-Early 
Tertiary and Middle Tertiary times and 
that there has been no migration in the 
faulting between the Early and Middle 
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Tertiary. Late Tertiary fault localities 
o u t n u m b e r o lde r faul t local i t ies , 
'particularly in Nevada. Late! Tertiary 
faults also' are found in. areas in west-
centTal , southwestern, and nor therh 
Nevada that have only sparse reports of 
Ear ly asnd. Middle tertiary faulting. 
However; it woiild be difficult to say that 
there' was an actual shift;in faultiri^ west-
ward with time, because Late Mesozoic-
Early Tertiary fault localities, although 
few, aî e irepdrted from the saiite genijial 
areas as Late Tertiary faults. As has been 
pointed out, the preponderance of Late 
Tertiary" fault:localities may be due to the 
lack of Early Tertiary rocks in niuch of 
the Great Basin. Iti general, •Quaternary-
fault localities fall in areas where there 

was Late Terjiary faulting; and the 
c o n v e r s e is also general ly t r u e . 
Quaieriiary faulting has-been reported iri 
almost all areas of the Great Basin with 
the exceptidn bf ce'ntfal. Nevada. Thus, 
there doe.Sf.not appear tg be any consiis-
tent pattern in the initation of normal 
faulting vvithin Nevada and Utah. 

The-apparent absence of faulting of 
Quaternary and other ages iri central 
Nevada is not. real and is"most,.likely due 
to a scarcity of published reports about 
the aieai at least those reports which give 
faiilt ages. A, largejpartvof the area which 
lacks fault ages lies within the Nevada 
Test Site; this itriay explain why few 
papers deal with it; As Stewart's (1971) 

'paper showed, however,, normal faulting 
is widespread in central Nevada. 

RE'LATIONSHIP OF NORMAL 
AND BASIN-RANGE FAULTING 

It is apparent from the data- just 
p r e sen t ed tha t normal faulting has 
Occurred in the Great Basin since the 
close of the Cretaceous. The major 
questions are how much of this normal 
faultirig represents basin-range faulting 
and when did basin-range faulting faegin, 

Fenneman (1931) described the 
Basin and Range Province as a physio
graphic p rov ince , t o p 0 g r a p h icaUy 
distiriguishe'd by isolated, roughly 
paraUeL mountain ranges separated by 
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desert basms. Although Nevada, western 
Utah, . southern Oregon, southwestern 
Arizona, and parts of California, Texas, 
New Mexico, and Mexico are included in 
the province, there is minor disagreement 
as to its exact borders, particulariy in 
Mexico. ' 

In spite of the fact that the basins 
and ranges are now known . to be 
structurally controlled, the actual defini
tion of basin-range structure is not clear. 
G i 1 be rt ( 1 9 2 8 ) d e f i ned basin-range 
structure as being the fault block struc
ture of the present ranges in the Great 
Basin, noting that the boundaries of the 
tectonic Basin and Range Province are 
distinct from those of the Great .Basin 
drainage district. Using this restricted 
definition, however, the age of basin-
range.structure is immediately limited by 
rates .of erosion, for once the range is 
eroded, the faults can no longer be called 
basin-range faults. 

Mackin (1960) questioned whether 
the term basin-range structure should be 
restricted to GUbert's definition of block 
faulting that produced existing ranges or 
be. broadened to apply to Cenozoic block 
faulting without regard for the relation
ships of the faul t ing to present 
topographic form. As Mackin noted 
(1960, p. 106-107): " . . . if commonly 
held rates of erosion are accepted as true, 
there can be no topographic evidence of 
early Tertiary deformation-perhaps this 
point Ues behind the Idea that Great 
Basin block faulting occurred chiefiy 
during the late Tertiary." 

Using either Gilbert's or Mackin's 
definition of basin-range faulting, one 
would conclude that the Late Tertiary 
and Quaternary normal faults indicated 
on figures 4 and 5 are most Ukely basin-
range faults. There would probably be 
l i t t le disagreement among geologists 
familiar with Great Basin tectonics that 
basin-range faulting is at least Late 
Tertiary in age. But as Mackin pomted 
o u t , erosion eliminates the obvious 
criteria for identifying older basin-range 
faults-the mountains and basins them
selves. In the absence of Early or Middle 
Tertiary mountains or even basin-type 
fill, it may be difficult to describe normal 
faults of that age as basin-range faults. 

There seem to be two alternative 
explanations for the Late Mesozoic and 
Early and Middle Tertiary normal faulting 
d e s c r i b e d in the U te ra tu re and 
summarized in this paper. One is that the 
early normal faulting represents the 
mitiation of regional extension in the 
Great Basin whose culmination was the 

Late Tert iary-Quaternary structural-
geomorphic Basin and Range Province. 
Tiiese Early and Middle Tertiary "basin-
range faults" may not fit Gilbert's defini-
t i o n because they are not now 
accompanied by mountains. Perhaps they 
were never range-front faults. But they 
may htive been the first extensional 
features formed in the tectonic episode 
that eventually formed the present basins 
and ranges. This explanation would then 
conclude that the extensional deforma
tion that created the Basin and Range 
Province in the Great Basin began at the 
end of the Cretaceous or early in the 
Cenozoic. 

The alternative explanation for the 
pre-Late Tertiary normal faults described 
in this paper is that they are not basin-
range faults and that they are unrelated 
to extensional basm-range tectonism. This 
faulting would then represent a period of 
extension that followed the regional 
compression of the Sevier orogeny and 
that preceded the regional extension of 
the Late Tertiary "Basin and Range" 
orogeny. Perhaps this early faulting was a 
secondary effect of volcanism within the 
Great Basin, or some prolonged after
effect of the Sevier orogeny. 

CONCLUSIONS 

The evidence presented m this 
paper suggests that regional normal 
faulting in Nevada and Utah occurred 
during the latest Mesozoic and Early and 
Middle Tertiary as well as during the Late 
Tertiary and Quaternary. There was no 
apparent spatial migration of normal 
faulting through the Tertiary. 

A l though Late Te r t i a ry and 
Quaternary-normal faults appear to be 
more numerous than older ones, it is 
difficult to evaluate whether this is true. 
The fact that the younger faults out
number older ones could be a function of 
the extensive Late Tertiary and Quater
nary volcanic and sedimentary cover of 
the Great Basin, which provides criteria 
for dating young faults but masks older 
faults and rocks. 

The Late Tertiary and Quaternary 
normal faults described in this paper 
would probably be considered basin-range 
faults by most workers. But the problem 
of whether the Late Mesozoic to Middle 
Tertiary normal faults are also related to 
b a s i n - r a n g e t e c t o n i s m remains 
unanswered. 

If the extension that created the 
Late Tertiary-Quaternary Basin and 
Range Province did begin in the Early 

Cenozoic or even the Late Cretaceous, 
then there would have to be modifica
tions of a number of proposed origins of 
the province based on plate tectonics. 
Atwater (1970) suggested that the Basin 
and Range Province is part of a transform 
boundary between the North American 
and Pacific plates related to the San 
Andreas transform, which she dated as 
apparently no older than Middle Tertiary. 
She dated basin-range deformation as 
ranging between 20 and 5 million years 
old. Christiansen and Lipman (1972) 
agreed with Atwater's (1970) theory on 
the origin of the Basin and Range 
Province. McKee (1971) related basin-
range faulting in the Great Basin to the 
subduction of the East Pacific Rise off 
western North America and the resulting 
extension of the overlying crust, dating 
both the faulting and subduction of the 
rise as Middle Miocene. Scholz and others 
(1971) concluded that the Great Basin is 
an ensialic interarc basin and that crustal 
extension is due to a spreading mantle 
diapir beneath the crust. They dated the 
beginning of basin-range faulting at about 
25 million years ago. A Middle to Late 
Tertiary age for the initiation of the San 
Andreas transform boundary, for the 
initiation of extension due to a subducted 
East Pacific Rise, or for the spreading of a 
mantle diapir in an interarc basin leaves 
these models unable to account for Early 
Tertiary or Late Mesozoic extension in 
the Great Basin. Perhaps extension in the 
Great Basin began in the Early Tertiary or 
Late Mesozoic as back-arc spreading 
behind a subduction zone off western 
North America, simUar to what Karig 
( 1 9 7 0 , 1971a, 1971b) has described 
behind active trenches in the western 
Pacific Ocean. 

If the Late Mesozoic to Middle 
Tertiary normal faulting described in this 
paper does not represent the beginning of 
basin-range tectonism, then a new model 
must be developed to account for it. This 
Early Cenozo ic extensional episode 
would fall between the compression of 
the Great Basin in the Sevier orogeny and 
the extension of the same area in the Late 
Tertiary and younger "Basin and Range" 
orogeny. This early extension could be 
related to volcanism in the Great Basin or 
to some after-effect of the Sevier 
orogeny. Its relationship to plate activity 
in western North America may very well 
depend on when the subduction of the 
Farallon plate (Atwater, 1970) ceased, a 
question stUI not satisfactorily resolved. 
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