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ECOROMIC CONSIDERATIONS FOR GEOTHERMAL EXPLORATION 'IN:
THE WESTERN UNITED STATES =
. : C Robert Gre:’.dez:-l‘/-:'>

San Francisco, Calif.

INTRODGCTION ‘ : o :
Geothermal exploration in the United States, to date, has been
conducted by industrial companies with experience in using geology and
1geophysics for the location and evaluation of oil, gas, znd minerals.
This experience, obtained over many years, has resulted in.the building
6f data banks of basic geologic and geophysical information concerning
geothermal resource areas. .. Table 1, “Characteristics of favorable
geothatmal areas", summarizés some of this basic information.

g;pn/, o . . M»&w&wm%

. TABLE 1 -

CHARACTERISTICS. OF FAVORABLE GEOTHERMAL AREAS °
1. PROXIMITY TO COOLING IGNEOUS INTRUSIVE. -

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

3. RESERVOIR MUST BE PERMEABLE AND EXTENSIVE WITH TMPERMEABLE CAP.

4. “BESERVOIR VATER IN A RECEARGEABLE SYSTEM: CONVECTION CIRCULATION.

5. WATER SHOULD KOT CONTAIN. LARGE QUANTITIES OF DISSOLVED SOLIDS.

6. DISPOSAL SYSTEM FOR FLUIDS AFTER HEAT DISSIPATION.

Geological areas cffering moderate risks for geothermal exploration
have been examined in-detail by natural Tesource development companies
or well~financed individual investors. Exploration to locate a geo-

thermal prospect will be the high risk part of the geothermal industry -

.and, as such, requires manégement by groups experienced in assuming .
risks, such as the petroleum industry. Table 2 compares the exploration
raquirements of tha petvoleum industry and geothermal exploration.
requirements. This management group will be experianced in recducing

. the expected delays of four to five years before commencement of income
from the development and production of geothermal heat. The sale of
the geothermal heat to the electrical producing organization and the
return of the ccoled fluid that transported the heat from the subsurface
geotherwmal reservcir completes the high risk phase of the geothermal
industry. This high risk part will require a high rate of return on’
the risk capital invested (Tzble 3). s
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TABLE 2 .

COMPARISON BETWEEN PETRQLECY AMD GEOTHERMAL EYDLO2ATION AMND PRODUCTION PROCEDCLRES

) EXPLORATION
PETROLELM

GEQLOGY-GEQRHYSICS

PREDICT AND DETERMINE RESERVOIR EXTENT,
QUALITY, AND DEPTH. TRAP CONTIGURATION, o
PRESSURE AND NATURE OF REISERVOIR FLOIDS.

LAND LEASE

OBTAIN LEASES ON TERMS ESIABLISHED TROM
ASOVE DATA .

. DESIGNED TO DEITERMINE RESTRYQIR FLUIDS,
" NATURE AND PRODUCTIVITY.

PRODUCTION
DRILLISG

ROTARY MUD OR AIR

INCLUDES CASING AND TUBING, BOTIOM EOLET
COMPLETION AND SURFACE SETPARATOR INSTALLATIONS
FOR WIDE RANGE PRESSURES AND VOLUMES.

FIELD DIVELOPMENT .
'DESIGNS DEPEND UPON }"AR.:\:.I "AND EFFICIENT P.SCOVERi.

GEOTHERMAL

SAME - MINOR DISFERENCES IN DATA
CATHERING TECHNIQUES

SAE . o
SAE |, - _ e oL

SAME

SAME < SA'E PROBLEMS AS IN LOW PRESSURE,

VOLIME WET GAS COMPLETIONS

3 .. -

SII{ILAR SUT FIELD ARZA WILL B"
MORE COMPACT.

T'\BLE 3

G"OTHE? MAL INDUSTRY

EXPLORATION ~ DEVELOPMENT ~ PRODLCTION

1.
A. HICHZ2 RISKS REQUIRE RICEZR RETVRN.
B. EXPERIENCE IN OIL & GAS TRANSFERASLE.
.. L. MANAGEMENTS NORMALLY RISK OQRTENTED. :
. 2. EXPLORATION DATA ACCDISITION & INTERPRETATION.
. 3. D2ALLING ¥¥ DIVE
) COVERSMENTAL CUIDELINES.
4. PRODUCTION AND DISPOSAL OF
IL. POWER PRADUCTION
A. LOWER RISK - FIXED PATE OF RETLRY.
. B. RECZIVING OF STEAM OR LATER IN 350° TO 400°F TEMP
C. CENZRATING SND DISTRIBUTING ELECTIRICITY.
ITI. RECOVERY OF CONSTITUZNTS OTHIR THAN EVERGY
A.  UENUSUAL CIRCUMSTANCES.

B. BY ELTHER ¥ OR IL.

RSE CEZOLOCIC SECTIONS, ‘vLDE CLIMATIC CONDITIONS & EXI’"‘JSI‘«A

FLUIDS AT HIGH VOLOMES. - - . -

ZRATURE RANGE.
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The organization receiving the heat carrying fluid will probably
désign, build and operate the electrical generating equipument.
. Management of the power plants at The Geysers, California; Cerro Prieto,

Mexico; 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 geothermal 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 geothermal exploration funds,
the rate of return should be more attractive for the geothermal projects

-+ ‘than for more familiar fuels. Flgure 1 shows the magnitude of produc-

tion being obtained at The Geysers Field 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 cdlculable risk factors, techmology and prescribed budgzet
framework. The majority of exploration programs for geothermal resources
will be required to use 2. similar economic evaluatioa formac to obtain
the extremely laroe funds requ1Led to develop a successful flnd

TABLE 4

" COMPETITION sox‘cﬁytTAL

© 1. TONDS FOR GEOTAERMAL EAPLORATIOV AND PRODUCTION PROVIDED FROM SOURCES THAT RAVE A
- . WVIDE INVESTMENT CHOICE. .

II.. OIL, GAS, COAL & UBANIUM EXPLORATION MATUSZ.
A. TECHNIQUE EFFECTIVENESS KNOWN.
B. PREDICTABLE COSTS & TIME FRAMES.
C... RISK FACTORS CONFIRMED BY STATISTICAL SUCCESS.

D. SHORT FALL BETWEEN SUPPLY & PREDICTED DEMAND ASSURES RAPID DEVELOPMENT AND SALE. .

"IXTI. GECTHERMAL MUST MEET ECONO)C'LC CRITERIA OF
‘ A. EXPLORER & PRODUCER HICH RETURM EARLY PAYOFEF. )
B. RPOWER PRODUCING UTILITY LOWER RISX & RETURN RECULATORY RATES.

IV. PREDICTION OF PROFITABILITY rbR GEOTHERMAL INVESTMENT.

A. AFFECTED BY EVOLVING REGULATIONS.
1. LEASZ SALZS
2. EXPLORATION PROCEDURE '
3. LOCATION OF AND THE MANNER OF DRILLINC
4. SPACING OF WELLS . ) .
5. PLANT & LAND SITES i ‘L

B. TYPE OF CWNZRSHI?.

€. TREATMENT OF ':".?_"";'..ORATLCN & DEVELOPMENT EXPENDITURES FOR TAX ANALYSIS.
D. TREATMENT CT P20DUCTION TAXES.
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‘The profitability of any geothermal exploratlcn program iu the

" western United Statés will ba affected by:: g

X. 'Inc1u51on of total geological, geophysical and land costs uf .
all ehploratlon vork leading to the comnletlon of each success—
ful £ield, : :

' 2. The length of time between program lnltlatlonrand payout of all
. expenditures. or Gutil a positive cash flow is reached. :
3. Location, terrain and geclogy of the devéldpment sité: as
-+ 'drilling and production costs are infludnced by these factoers.
The value of an electtical’ generatlng plant at the anomaly's
location deternlnes the price’ the utlllty can afford to pay
.. for the. heat. S :
' 4. Price for competitive fuels in the market area. ' .
.- 5. Tax structure and treatment of all costs appllcable to this ﬂ
_ depletable resturce of. heat. -
,‘6. Eeological expectations existing before and after development._
‘Federal, state and gauaty regulatlons are being devalopad now o

‘provide control of lease sales, exploration proceduress, location, manrer

of drllllng, spacing of development wells, siting of steam tramsmission
pipellnes,_generatlng Pplants and the eletfrical transm1551on lines. )
These controls can significantly affect the desirability of flndzng gnd

. .developing geothermal resources. If the costs imposed by these ragu~
. latiods aré such as to increase the price of geothermal heat to an

awount that would not offer attractive savings over conventional fuels,
the funds to explore for geothermal resources will be restricred and

_ also associated -activities. The rezognition must be made that geo-~

thermal haat is. a new commodity not. envisioned during the tima waters

N
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" were considered simply surface or near surface water, 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 respousible 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.

ECGNMOMICS

The majority of publlshed geothermal energy profltablllty reports
have ignored treatment of explo:et;on and development expenditures.
. The treatment of these items must be consistent with state and federal
tax laws. For example, expensed items atre those deducted froa income
_in the year of expenditure. Capitalized items are those that heve 2.
tangible or salvageable value and are depreciated during the life of
- the project in a manner prescribed by Internal Revenue. Service regu- -
lations. . \ :

Expenditures thaL are of a reglonal 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 zerial magnetometer mapping, would .
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 in the lease or in the assignment of a lease to-a:
third party are expensed.

—_———

Costs of unscccessful exploratory wells may. be expensed in the year
incurred. Successful wells may be treated in-a2 simple manner with all
costs incurred considered to be capital in rature. If you elect to
expanse 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 rlg, 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.

The tangible costs, comprising 25% to 30% of the well' s costs, are
usually for items hzving salvageable value. Thesa include capital items

such as all casing, tubing and well head equipment. Separators, gauges,
“valves and transmission lines are slso capital in nature.
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Revenua will usually be calculated an the b3515 of Btu's suppl:ed )

or for each kilowatt hour, of electricity produced by the geothersal .

‘heat. Royalty is paid to the owner of the geothermal resgurce on the
‘basls of heat .supplied the electrical generating plant, At The Geysers .
- Field, 0.5 mils per kilowatt hour of electricity produced is paid forx

reinjection of condensed fluid from the génmerating plant. This is not
considered a payment subject to royalty computation. The expense for

reinjection of fluids in 2 liquid-dominated system will be considerably

larger than for a vapor—domlnated system, such as The Geysers, due to

‘the greater volumes of liquid to ma2nage and the greater increase in |
‘corrosive material left.after the steam has flashed. from the liquid.

The Frecise amouynt of money generated by sales of the 0e0thermal

' resource, from fluid-flagh systems arnd heat extraction systems cannot o

presently ‘be determined as the tax treatment has not been tested in’

ccbuttl T The eXtensive collection of data on ‘geothermal systems from

around -the world now support -the thesis that these systems arxe deplet—
able in pressure, volume and temperature and will eventually be allowed
depletion allbwance for income tax computation. The flow of money

, generated by sales, less rthe eéxpense items and the capitalized 1temsA'

deprec1ation, will determine.the amount of income ‘subject to income ‘tax.
‘Ltems subtracted from revenues include: -exploration salaries,

benefits, travel expenses, research manageneat and administrative alle-
_cations, ad valorem taxes (county and state) and production or severance
Indlrect charges, such as deprecidtion on capitalized items and

taxes.

depletion allowances basad on cost of a Propsrty -or on a percentage of
grass iucome, are deducted from revenue. Funds remaining 2fter deduct—

ing -income taxes are those repaining to pay out the investment whlch

includes iavestwents in previous failures. This deduction of income

‘' tay payments is. frequently overlooked in geothermal economic discussions.

Now let us examine the framework of an ehploratlon budget. The
component costs of the various segments of the exploration program must
fit within the vagnitude of expenditures that cag be allacated to the
total budget. At this time, the exploratiom budget. will. probably -

>,,-Geologlst and assistant with vehicle and analy51s by
"~ .. ‘commarcial laboratory-will cost $10,000 to $14 000 .
S . - per moath - Expense. (Tdble 5) -
GROPHYSICS - . —Gravity $lG 000 per menth - Expense. -

. o ‘Airborna pagaetométer $5.00 to 310 GO par squara
mile — Expense. - -
Electrical Resistivity or Mlcronolse $10 000 Lo

515, 000 -pex project — Expense. : .
Detailed .surveys on or resulting 1n acquisxtion af
léased prospects $10,000 to $I4,000 - Capitalize. -

w

.‘iuc}ude; : o . . N X i

s GEOLQGY ~Salary, office and field exﬁenseé average $3 000 to. o
e g N " $4,000 per geologist per month ~ Expense all recon— -
. o paissance expenditures. (Table 5) . . - ’
GECCHEMISTRY
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Temperature surveys drilling costs $1.50 per foot
for heles up to 500 feet deeps This results dn the

- . averdge prospects temperature-surveys costing

310, 000 to $15,000 pex month, exclusive of genlogl—'
.cal interpretatlﬂn..(xable 5) . :
Reconnaiszapce- surveying costs .ara expensed:. Detail
temperature, surveys on a closz grid will be cepital-

L ) : ized if leases are taken or retdiaed.

. LAND-ACQUISITION | -<Lease bonus paid will be dependsnt on locatlcn ok
: . . the nearest.geothermal prodiuction, interest shown

" by academic or govermmental researech projects and
- : - degree of economic development. Wildcat areas will
t ' : .. réquire $1.00 per acre bonus (cépitalized) 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 lendmen will cost §65.00 to $130.00 per :
T day during leasing activity. This sum is capitalized.
. Tt is anticipated that an average sized prospect
© should require $45,000 to $60,000 - Capitalize:
' . ‘Table 5 summarizes these costs.
" DRILLING . —Exploratory well costs in the United States will
- o average $20.00 to $30.00 per foot dows ta 5,000 feet

in most geothermal provinces located in sedimentary
basins. In remote: areas or those with igneous
interbeds, cests will be $30-$60 per foot. To runm

casing and prepare for production will cost approxi—
mately $10,008 to $15,00% per .foor down to 5,000

. feet. Wells capable of productien will be capital- .
ized. Noa-commercial wells that arée abandoned wlllbe
expensed. When the lease or the Tailure is aban~
doned, all capital items charged to the site will'®

be eernsed. ‘Bee- Table 5 for a breakdown of these

. costs, ‘ . . .

The above costs indicate that an ava abe area of .interest can cost
aporoximately $75,000 to %95, 000 befdrée knowing that drilling is jUbtl*
fied. If onme out of four areas of intérest is judgad to be worthy of
drilling for temperature and water quality data, the cost will be :

' $300,000 to $380,000 per drillable prospect. Thougn»vobt exploration
programs will locate steaming water, we must assume one gut of four of
the prospects drilled for temperature and salinity data will have suf-
fieient economic or technicai encouragement {o Tun pipe and complete
for extensive testing. The three uasuccessful wells 'will cost $100,000
to $200,000 each, znd the completed well $150,000 to $250;000, for a
possible average taotal of $650, 000 of exploratory drllllng costs for
each well worth extensive tevtlng. If one out of four of these locate

- an anomaly largze. enouZh to be commereial, the progr am will be attractive.
The cumulative'Ehplor¢Llon expendltures for 211 the prospects leading

sup to.and ineluding the sixteen prospects evaluated by drilling for

51



edch’ successful prospect comprise the "risk" money attributable to the ‘
success and must be paidfout by that success. The cumulative -expendi-
ture average for the example given is $8,000,000. It is believed that

©an, experlenced geological-geophysical team can improve on these statis-—

tics in the mext few years. There will probably be a wmore favorable
succéss ratio in the early stages of geothermal energy exploration as
the largs, easily detected ancwmalies will be the first drilled. As the
industry matures, hlgher risk projects w111 be explored and this 16 L

‘ratico will be approachad.

Federal regulations prohibit tha dlscharge of degradlng effluent

. dnto a river system. Therefore, as 11quid—dom¢nated systems are the

mest likely system to be found, the developmént stage of prospsct 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 volunes of llquld

cproduced. in a hot water geothermal f£ield, the ratio of injection wells

to producers will be mearly 1:2. Enﬁirdnmental.concerns will dictate
returning the cooled fluids: to or near the ofiginal reservoir. TField

Operatlon costs will be approximately $30,000 per well, pexr year.

"A review of case histories of geothermal energy developments 1nd1~

- cates that a prospect located 75 to 100 wmiles from a market, to warrent

devglopmegt, should have the potential to support the geﬂerabion and
marketing of 250 to 275 megawatts in a base load sitypation. Any opera-

ftlon 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 bea generated. '

In a valid adalysis of investment opportunity, one must: assign a

time value of money to a1l monies invested for "n'" number of years prior

to any revenué being received. A common value of doney taday is 12 1/2Z
if .thé venture phase is low risk, and 15% if modexrate risk is expected.
The value of money (VOM) for any period of time after the money is -

. 1nvested is calculated by the following formula'

{Value of doney tﬂday)(l 4 dnterest rate)” = Value of ﬁOney
< after "n" years. .In a similar manner, revenue expected in
Ma" years reduced fo present valué is calculated in the follow~
g 1no 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 1nterest rates. For example,
. one million dollars of income eight years from now discounted at
we 13% is valued at $325 000. Thus it cap bz seen that the effect
-+ of several years' wait from exploration to initiation of sales _
of heat is disastrous in the rate of returnp; thereby, endangering
the economic viability of a project (Figure 2).

The amount and time that nmoney is invested with no revanue bexng

receivéd may be reduced, rhus improving the economic vizbility of the

project, by the acceptance of basic reservoir engineering data obtained
from the carefully designed’initial drilling and text programs. Studies
by Drs H. J. Ramey, of Stanford University, on ressrvoir parformance '
and .reserves forecast for the liquid-dominated. geothermal system in
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’ New Zealand and the vapo*—domlnated system at the Geysers,’ demonstrates
that it is not necessary to completely develop a geothermal field
before designing the electrical generating plant.’ Reliable predictions
-on field size can be made using material balance aqalyals of broadly
gpaced wells completed jn a common reservoir. '
The price for steam produced from the only producing steam field in
: the United States, the Geysers, is approximately 3 mils per kwh: gene—
‘yated (Figure 1). This price is very cheap today comparéd to conven—

tional electrical ‘gensrating plants using the low sulfur fuels required-

. by the Envivonmental Protectien Agency. The sharply lower operating
costs for geothermal plants compared to conventional plants using the
Jow sulfur fuels results from elimination of boiler plant and auxlllary
equipment investmsnt and oPerating charges plus eliminating the § .
to $ .90 per million Btu low sulfur fuél used to fire the boiler plant.
A study done by Westinghbuse in the Spring of 1973,

equated oper—
ating and fuel costs for co4al,

0ll, and nuclear geunerating systems.
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In this utudy,‘the geotbérméi Fiald developméht costs wereg substituted
. for the steam supply system of conventional plants. It was shown that
approximately 6.3 mils per kwh or %250 per kw capital costs would be

"a reascqably competitive price for geothermal resources vhen nudlear
fuel is priced at 21 cents & million Btu s and nuclear capital costs
are held to $400 pex kw.
- Reviewing the varipus cost factors assoclated with explorlng for
a 250,000 kw (mlnlmum) geothermal hot water field, it 1s;est1mated
that the field can be found for $8,000,000. With careful“plahniﬂg,
the drilling and completing of the 50 producing wells of the field
will cost at a minimm of $7,500,000, and the 25 injection disposal
" wells will cost $3,500,000 to $5,000,000. . Using the experience and
knowledgé gained in New Zealand and Cerro Prieto, Mexico, the: total _
subsurface and surface capital investment steam facility over a 35-. .
year field life will require batween- $20,000, 000 and $24,000,000.
Operating expenses, including. remedial well Work redrills, overhead,
mineral -and property ‘taxes, abandonment costs; 1nJect10ns costs and .
. royalty pajymets, will total zpproximately $2,300,000 per year or
$75,000,000 to $80,000,000 for the project llfe.< Table 6, lucated ‘ar -
the end of the paper, summarizes thése costs. ’
The following Table is a summary of the technlcal conditlons and

economlc ‘paraméters used in developing the economic model nf a 275 MW
hot water geothermal f£1eld. - :

.
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TABLE 7,

scdwﬂulc ODEY.

. "' EXPLORATION PROCRAM THROUCH PRODUCTION |

275 W FUEL SUPPLY, . . hE
INCLUES ALL GEOLOGTCAL, GEOPEYSICAL AD LAND EXPENDYTORES: REQUIRED -
FOR, DRILLING SIXTEEN PROSPECIS TO° DISCOVER ONE FIELY TRAT T CaN MEET THE
REQUIKENENTS FOR THIS SIZE QF PRODGCTION.

‘L. PRODUCTION RATE WILL BE THE AVERAGE OF _COMPLETED WELLS. AI gemRo ‘). . 7
. . ' PRIETO, MEXICQ. i o

. 2.. ‘PRODUCING WELLS SPACED 10 ACRES APART. INJECTION AELLS»ON FIETD o
oo PERTPHERY . )

3. 10 PRODUCING WELLS AND FIVE INJECTION VELLS REQUERFD FOR EACH - { "~
55 MY TURALNE.

4. “B0% PLANT FACTOR,. 90% PRODUCING WELL FACTOR ASD 20% s;axnaw T N

. CAPACITY. . LT ST )
’s, .mz MANTMI ROYALTY EXPEN .

= , H. HMINERAL, AND ‘E’?ODUCT[‘J‘I T:\.{ES A‘\R._ 62 oF G?OSS x‘omns H.T"REST ' . ’ Lo

. - I"CQ‘ i, ; . - .
7.. 22% DEPLETION CREDIT. - . ‘ - . B

DEVELOMMENT 70275t - - 4.8 MIT PER EWR

TUVESTMENT ($000) . $20000 TO §24,.000 ) ) .
OPERATING EXPENSE, TAXES & ROYALIY {3000) §75,000 TO 580,000 . -
YEARS TO COMPLETE PAYOUT 7.3 YEARS '
RATE OF RETURY - 13.71
NET PROFIT FER YEAR AFTER- PAYOUT' (§600) . R

THE PAYQT TS MAY BT DICRIASTO TO 6.4 YEARS, AWD BATE QF P.ETUR-\ IN- -
CRE:\SED 0 17%; IF (1) THE. PRTC:. oF "L""L IS THCREASED T0 3.4 MILS FPER LT
KL?I GEE ERATED; (2) THE DPJL[.I_?»" Sf‘hr.Dt.’[.E OF: THE FLELD I5 ADJLSLED 10
ACTUA L "ODJIE. GENERATING PLANT COMPLETIDY, -AND (3) HERERAL AND PRO-
DUCT I TAKES ARE HELD 10 5% OF INCOME.
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SUMMARY v :
T To accelerate the utlllzatian of geothermal resuurces, mare know-
ledge is needed in?

A, The geolagical, englneerlng and economnical facters that char—
- acterize favorable geathermal .areas for exploratloq.

using hot waters din the 300 ¥ to 400° F (150 C to 210° C)
temperature range.

C: Well. completion. methods that can reduce corros;on, scale hull&-

. up and control of very friable sands that cause 1n—sand plugging.

and erosiom at temperatures above 450°F (230°C). :
D. JUnderstanding IeSEEVOLI behav1or uuuer drillad. and productlcn
" ‘regimes. v
R, Detern_nlng factors that create the lnrge occurrence of 150 g -
\‘to 210°C teservoirs of hot water, and how the very limifed
.~ number of those above 230°C réiain hot and will respend -to
! o reingectlon of fluids of a cocler temperature.
% ¥, Early recognition of the ultimate potential.of a geothermal
. © anomaly so that an economic rate of development may be planned.
* 6. The exploration success for conventional fuels and their

] being available in suffi cient amgunts durting the next 15 Yyears.

In summary, it should be noted that the future for géothermal
energy pressents attractive economic objectives and opportunities.
These are not only restricted to the attractive California. energy mar-
ket. In the future, we should see the scope of geothermal exploration -
expanded, for up to mow around the world regional geothermal prospect—
ing has been limited to those hot spring areas offerlng exploration
potential. This is the same as limiting oil exploration to arsas of
oil seeps. By analogy with the petroleum industry, it is ‘thercfore
- expected that there is a significantly greater amount of geothermal

energy to be found in the future tha1 that recognized oy hot springs
alone. . . .

. B. The designing and testing of methods for generating. electric1ty‘;'
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- TABLE 5 y
* GENERAIL, GEOTHERMAL PROJECT BUDGET COST&
: : 4 EXPLORATION . S oo
GEOLOGY, SALARY orrxcn AND FIELD~ _EXPENSE. . o .§3,000 TO $4,000 PER MONTH
i REGIONAL EVALUATION ~ EXPENSE : = - R - PER GEOLOGISI,
"SPECIFIC PROSPECT CONFIGURATION - CAPITALIZE et
GEOCHEMISTRY. . GEOLOGIST, FIELD ASSISTANT VEHICLE -~ - :gfg;“‘“,‘:f»slh,ooorro,sl4,ooo=BER~M0NTH
: AND COMMERCIAL LAB. ANALYSIS s T T P
RECONNAISSANCE ~ EXPENSE ’ T At
- EVALUATION OF AREAS OF INTEREST - CAPITALIZE ;
- BORE. HOLE TEMPERATURE (WATERS) ~ EXPENSE ... I LA O
GEOPHYSICS ~ CRAVITY ‘ SRS .- $10,000 PER MONTH.

BROAD COVERAGE = EXPENSE i o S
CLOSE SPACED EVALUATION OF PROSPECT - CAPITALIZE

MAGNETICS = EXPENSE ~ . . . - ..$5,000 TO $10,000 PER HONTH

MICRONDISE Coh Lo LT 1610,000 TO $15,000 PER MONTH

RECONNAISSANCE - EYPENSE
DETAIL PROSPECT - CAPITALIZE

ELECTRICAL RESTSTIVITY £ $10,000 TO $15,000 PER MONTH

RECONNALSSANCE - EXPENSE
DETAIL PROSPECT ~ CAPITALIZE

TEMPERATURE SURVEYS™ - ' B L'w~‘:$3b,ocq PER MONTH#*
200" DEPTH RECONNAISSANCE - EXPENSE T
500' DEPTH PROSPECT EVALUATION - CAPITALIZE

*‘ADD.$ID,000 PERVMDNTH FOR CALIFORNIA
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- TABLE 5
(cont.) |
LAND ACQUISITION COSTS

THE TORM OF LEASE AND THE TERMS ARE DEPENDENT UPON THE STATB LAWS AHD THE TYPE OF PREDOMINATE
OWNERSHIP =~ FEE, STATE, FEDERAL; INDIAN, OR RAILRDAD GRANT.

FEE _— "'; =~ SIMPLE OWNERSHIF: .
10,000 TO 20,000 ACRES MUST BE OBTAINABLE IN 4 RLASONABLY COMPACT BLOCK.,

" ALLOWS EXPLDRATIONS TO DEFINE THE CENTER OT HEAT AND CDNTROL DEVELOPMENT,

STATE -~ .. - NORMAL AS FILL IN TO OTHER ACREAGE,
FEDERAL - =~ AT THIS TIME, ACQUISITION IS NOT ASSURED. | ,
INDIAN LANDS - ~ WESTERN TRIBES PREFER TO NEGOTIATE INDIVIDUAL vnmrunns.

RAILROADJGRANTQ ~ ALTERNATE SECTIONS USUALLY FBDERAL - THIS Is NOT AUAILABLE. ADDlTIONAL

vCOMTLICATIOWS WHERE SURFACE AND SUBSURFACE RIGHTS HAVE BEEN SEPARATED.

. ACQUISITION COSTS

BONUS 1 - = WILDCAT AREAS, LITTLE DATA ON SUBSURTACE . - $1. 00_PER ACRE
... = SEMI-DEVELOPED ARGAS WITH STRONG DATA AT DEPTH $5:00 0 $10.00 PER ACRE
. © ¢ - DEVELOPED AREAS WITH POWER PRODUCTION . - $1,000 PER ACRE
PERSONNEL "= LANDNEN KNOWLEDGE OF GEOTHERMAL PRACTICES = = :
. $65.00.70 $130.00 PER DAY,  .° o I |
“";_°_?[]:"f;.:";- TOTAL LEASING €OST < .i. " $2.00 70 §3.50 PER ACRE . -

- B - . L [
TR . . . o . Y + .
e T . . . T SR ety
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S TABLE 5
S (cont.)

EXPLORATORY DRILLINC. COSTS et

SEDIMENTARY SECTIDN

AREA REASONABLY NEAR DRILLING STRVICES: DOWN TO 5 000 FT., $20 TO sao/rT;*jfwﬁ

FOR DRILLING & LOGGING,. $1,200 TO $2,000 PER DAY "~ ™ % -,
COMPLETION WITH CASING & PERFORATIONS PLUS SURFACE VALUES - AVERAGE TO TaEe o
~ 5,000 FT.y $10 TO $15/FT. L C R S GSgUUO' ,

- TOTAL.., =

ICNhOUS INTERBEDS & REMOTE AREAS

DRILLING COSTS TO DEPTHS OF 6, 000 FT. TROM $30 T0 $60 PER Foor OR g H
$3,000 TO $6,000 PIR DAY _ _ i :fr

COMPLETION WITH OPEN JHOLE: IN FRACTURED RESERVOIR, $8 00 TO $15 00 .y
. PER ¥oT . . . o R R ,";_"5" 60,000
SR o S TOTAL .. .77 _8310,000
CAPITALIZE SUCCESSFUL TESTS (MAY EXPENSE IVTANGIBLF) ." E '
- INTANGIBLES: ACCOUNT FOR 70% TO 75% OF ALL COSTS, INCLUDING LOCATION o
: PREPARATION, RIG MOVE IN & OUT, DRILLING AND DAY RATES -
DRILLING FLUIDS, . CEMENT, LOGGING, TESTING, & PREPARING - -
. . WELL TOR COMPLETION. ‘ ! e
| TANGIBLES:  INCLUDE cnsxnc, TUBING, WELLHEAD EQUIPMENT e

" $125,000

. $250,000

e e L e g o e
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Estimted Costs for Exploring for and Developing a 250 000 kw Geothermal Hct Water Fiel&
EXPLORATICN L o
GEOLOGY: - S R
SALARY,” OFFICE AND FIELD TXPENSE © $3,000 TO $4,000 PER MONIH
GEQCHEMISTRY: . o o -
GEOLOGIST; ASS'T., VEHICLE AD ANALYSTS - © $10,000 T® $14,000 PER MONTH
GEOPHYSICS: - __ , U
GRAVITY  + -~ . . e .. 7 . $10,000 PER MONTH
MAGNETICS R S ' © - $5.00 TO $10.00 PER SQUARE MILE
MICRONOISE = - , T L $10,000 TO $15,000 PER MONTH
RESISTIVITY S ‘ : . ... 410,000 TO $20,000 PER MONTH
TEMPERATURE SURVEYS : s L « . '§1.50 PER FOOT 10 500 FEET
LAND ACQUISFTION:- '-vﬂt’ ot e ae Tt 845,000 TO §$60,000 PER PROSPECT
WILDCAT * c o .7 m= T $1.00 PER ACRE BONUS
SEMT-DEVELOPED AREA -~ - - "~ " © . " AT $5.00 TO $10.00 PER ACRE
PERSONNEL  : = T T T $65 00 TO 5130 00 PER DAY
DRILLING: . T o
EXPLORATORY WELL TO 5,000 FEET -~ s y .$20 00. TO $30.00 PER FCOT.
COMPLETE ‘WITH CASING ' S o . $10.00 TO $15.00 PER TFOOT
SUMMARY. OF COSTS: o e T §
AREA OF INTEREST . - o S 7 $75,000 TO $95,000
. TOR ONE DRILLABLE AREA FOUR AREAS WILL BE WORKZD - _ - %300,000 10 $380 000 -
ONE AREA OUT-OF SIXIEEN DRILLED. FINDS 250,000 KW FIELD ~ .'.° L
TOTAL EXPLORATION GOSTS ' ° .77 72”7 777 _.*;5;§$a 000, 000
DEVELOBYENT <. . :‘f' B f L';4@“ S
50 PRODUCING' wELLs C oo R . $7, 500 000 10 $10, 000, 000
25 INJECTION WELLS = . ; ‘ CoUT.o. .- -+ 83,500,000 10 § 5,000,000
TOTAL SURFACE AND SUBSURFACE CAPYTOL INVESTMENT cosrs . - .§21,000,000 TO $24,000,000
D T . I (includes exploration Costs)
OPERATING v - e :

ESTIMATED OPERATING E}\PENSES TM{ES AND ROY&\LTY FOR 35 YEAR 'FIELD LII‘E
$2,300,000 per year - - : . A I $75 000, 000 T0 $80 000, 000




DEPARTMENT OF THE INTERIOR
UNITED STATES QEOLOGICAL SURVEY

-

TO ACCOMPANY MAP MR- 30

MERCURY IN THE UNITED STATES
(Exclusive of Alaska and Hawaii)

By Edgar H. Bailey

INTRODUCTION

This map shows the location of mercury districts ‘and
deposits in the United $tates (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 are
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
categorics; both production and reserves are included without
distinction. Three stzes of mercury deposits are shown on
the map: deposits 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 districts 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 excends through the Western
United States. For many major deposits such as the New
Idria mine in California, however, no close relation to a yol-
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 shale 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 2 maximum
depth of about 2,500 feet, reached at the New Almaden mine
in California. The bulk of the ore that has been mined has
come from depths of 1,000 fect or less. Because the deposits
were formed near the surface in orogenic belts, it is likely thac
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,
Hg$, but metacinnabar, native mercury, and several rare mer-
cury minerals are 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 marcasite,
is a constituent of ores in rocks containing considerable iron,
but in iron-poor rocks the iron sulfides are rare or absent.
Stibnite 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 tracc amounts. In a few places a base-metal assemblage
contains mercurial tetrahedrite, but these ores have not been
2 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 deposits in
the Far Western States, buc the deposits in Texas are notable
exceptions and smaller deposits have been mined in Arkansas.
The most productive 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 1960 is as follows:

Production

State  (Thousands of flasks) Petcent of total

Cilifornia 2,753.5 86.3
Texas 147.2 4.6
Nevada 127.1 4.0
Oregon 103.3 3.2
Idaho . 305 1.0
Arkansas 114 4
Arizona 7.0 .2
Washington 6.6 2
Utah ’ 34 1

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



The following sections describe briefly the salient fearures
of the regional and local geology of the more productive mines
and districts 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
derailed descriptions one may refer to the references cited.

Distribution of deposits

California

In California the principal deposits occur in the Coast
Ranges in 2 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 of the 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 she
Franciscan formation of Jurassic and Cretaceous age, which
consists of highly deformed, though not metamorphosed,
graywacke, siltstone, and grccnstonc with minor limestone and
chert. This formation is intruded by tabular and plug-like
masses of serpentine; locauy their margins are hydrothcrmally
altered to a rock congsisting of silica minerals and magnesian
carbonates, known as silica-carbonate rock, and many of the
mercury ore bodies dccur in this rock. Overlying chis base-
ment complex are thick sequences of sedimencs ranging in
age from Cretaceous to Pliocene.  Especially in the area
berween San Francisco and Clear Lake 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 of environ-
ments—some are along faults, though there are none along the
great San Andreas rift; some are along margins of serpentine
intrusives; some are in fractured sediments; and some are in
relatively unbroken Recent volcanics. No close relacionship
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, native
mercury is the predominant ore mineral.

Altoona district.— This district, in the northeastern part of
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 native mercury, occur in and near the fault
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 1960, 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.
Parts 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 smatl, but
often quite rich, ore bodies.

Clear Lake district, —This district, 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 currencly
depositing some mercury and antimony.

Knoxville district. —This distric, at the incersection of Napa,
Yolo, and Lake Countids, contains the Knoxville mine, with
a production of nearly 121,000 flasks, the Reed mine, with a
production of over 26,000 flasks, and several less productive
mines. The dominant geologic feature of the diserict is 2
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 basale blanket a small part of the area, and the ore
of one of the smaller mines occurs in silicified tuff.

Mayacmas distriet.—This district, in parts of Sonoma, Lake,
and Napa Counties, is the third most productive district in
California. Unlike most districts, it contains several mincs
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 tocks of the district are.mostly graywacke, shale, and
greenstone of the Franciscan formation, which are mildly to
intensely foided 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 incruded
along the shear zones have a similar trend.  Parcs of the area
are overlain by flar or gently inclined silicic flows and cuffs of
Pliocene and Pleistocene age, and younger basale flows locally
cap some of the lower hills in the castern part of the district.

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 che length of che diserice.
Most of the ore bodies occur in silica-carbonate rock formed
by hydrothermal alteration of marginal parts of the serpentine;
but ore bodies of the highly productive Oat Hill mine are
along faults in graywacke of the Franciscan formation, and at
the less productive Cloverdale mine the ore is in chert of the
Franciscan formation. Cinnabar is the usual ore mineral, but
native mercury is abundant. '

Guerneville district. —This district, two miles north of the
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assian River in central Sonoma County, contains the Sonoma
(Ureac Eastern-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-carbonate rock.

The mine is at the intersection of a major fault traceable
northwestward for at lcast 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 sccondary shear zones. Thick breccia composed
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 pipelike in form.

New Almaden district.—This district, about 50 miles south-
cast of San Frandisco, has yiclded 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 relativ
small production lie wichin a bele about 5 miles long and a
mile wide. The deposits in this area were the first discovered
in the United States, and berween 1850 and 1900 they yielded
enormous quantities 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 rocks near con-
tacts with rocks of the Franciscan formation. Where these
contacts are relatively flat, the ore lies in structural 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 alteration of
serpentine.  Although replacement extended only a few inches
away from the fracutes, it was so complete that commonly
over 30 percent of the rock was cinnabar. In the major ore
bodies, 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, bornite, galena, and sphalerite, plus native mercury
accompany the cinnabar. Introduced gangue minerals in-
clude quartz, dolomite, and hydrocarbons.

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

New Idnia distriq.—This district is in northeastern San
Benito County, about 140 miles southcast of San Francisco.
In 1960 the New Idria mine was one of the lcading producers
in the United States, having produccd 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 formation of Late Cretaceous age. Near
the plug the shales are warped upward, and in the mine’area
they are overturned 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
of the Franciscan formation, which form a thin selvage around

‘the serpentine. Most of the ore occurs beneath a thrust fault

near the margin of the plug. In addition to the marginal
faule, there are other faults, some of which offset the main
thrust and are important because they create structures favor-
able for ore deposition.

Cinnabar 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 ase
also locally common, but much of the ore contains no obvious
nonmetallic gangue.

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

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 eastemn part of the area and Miocene
sediments and diabase sills in the western part.  Folds axes
trend northwest, and the area is broken. into slivers by a series
of faults tending roughly parallel to the folds. Rhyolite’
stocks and dikes were intruded in late Tertiary 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), Opalite (15,000 flasks) and Bretz (10,000
flasks). Although occurrences of mercury ores are widely
distributed throughout the state, the productive deposits are
in restricted 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
Miocenc and Pliocene(?) age, andesite of Pliocene age in the
high Cascades, and younger intrusives are remarkably un-
mineralized.

Southwestern Oregon.— A mineralized belt, extending from
Medford to Cottage Grove, includes the two most productive
mines in the State, the Bonanza and Black Butte, as well as a
dozen other small mines and prospects. 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 faults and are accompanied by widespread veinlets of
quarez and carbonates.  As cinnabar is generally disseminated
in the country rock beyond the limits of ore shoots, the ore
bodics ‘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 ruffaceous 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 2one 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 are quartz, chalcedony, various carbonates,
and minor, through widespread, realgar and orpiment.

The Black Burte mine is in flows and beds of Eocene
andesitic lavas, tuff$, and breccias that dip to the northeast
and are intruded by irregular masses of basalt and andesite.
The volcanic rocks are hydrothermally altered over 2 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 parts of the shoots does it occur in distinct
veinets.

Southeastern Oregon.—In southeastern Oregon two districts
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 litle mercury but are notable because of the
abundance of mercurial tetrahedrite (schwarzite) 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 wffs 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 cxtensively 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 to a
fault bounded on the north by andesitic and rhyolitic pyro-
clastic 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 castern Jefferson County and
Crook County contains the Horse Heaven mine, with a pro-
duction of about 17,000 flasks, and ncarly 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 productive ore
bodies are in brecciated marginal parts 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 2 mile. The rocks are shale,
tuffaceous 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 developed
along a gently dipping thrusc 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 genecrically related to the ore. The
host rocks were argillized, sericitized, and silicified along-a
broad fault zone prior 1o mineralization. Cinnabar, the only
ore mineral, ocurs as fracture fillings 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 part of the Payette 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 part faults of small

“displacements.  Fractures with little or no offset are devel-

oped both parallel to the anticline and to the transverse
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 abundant in places but are incon-
spicuous in much of the opalite. Cinnabur, the only ore min-
cral, 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 bele in che central
third of the State. Ore bodies are unusually diverse; they in-



clude 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 yiclded 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 district 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 voleanic rocks, accompanied in many places by
microcrystalline hematite, and in veins with silica minerals
and abundant pyrite and some marcasite. The opalite, con-
sisting of both chalcedony and opal, contains cinnabar dis-
scminated through the rock in an irregular fashion; however,
the major ore bodies are stratigraphically below the opalite
in 2 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 buc 110 flasks was pro-
duced prior to 1910. Most of the production came from the
Sacramento gold mine, in the Mercur district in Tooele
County. Here earthy 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 yiclded in the 1880’s about 250 flasks from tiemannite
(mercury selenide) ore occurring in limestone.

Arizona

Southern Arizona contains more than twenty small mercury
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
castern 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 Mazarzal
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 district. The
district has yielded more than 140,000 flasks of mercury since
production 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 flasks).

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

district consist of about 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 cast-trending monacline, which is broken in places by
northwest-trending graben.  Small faults- of northeasterly
trend are abundant, and many of these are mineralized.
Other structural 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 contace 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 small displacement in the underlying limestone. 1In
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 marrix 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, moncroydite, and rarer mercury
minerals.

The Study Butte mine workings are mainly in a wedge-
shaped sill of fine-grained quartz syenite intruded into cal-
carcous 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 2 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 southwestern part of Arkansas. More
than two dozen mines and prospects occur in the district along
an cast norcheast-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 faule
intersections, and others are tabular paraliel 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 La. N. Long W.
Arizona
1. Mazatal Mountains 33°58" 111°2¢’
Faick, 1958
2. Dome Rock Mountains 33°32" 114°19’
Lausen and Gardner, 1927
Arkansas
1. Pike County 34°10°  93°35'
Gallagher, 1942
California
1. Patrick Creek 41°58' 123°s4’
2. Beaver Creek 41°57" 122°50
3. Altoona 41°08' 122°33’
Swinney, 1950
4. Wilbur Springs 39°04" 122°26'
5. Clear Lake 39°70" 122°41'
Everhart, 1946
6. Knoxville 38°,1 122°22°
Averitt, 1945
7. Mayacmas 38°4s" 122°42'
Yates and Hilpert, 1948
8. Guerneville 38°34' 122°59’
Myers and Everhart, 1948
9. Oakville 38°27" 122°26'
Fix and Swinney, 1949
10. Vallejo 38°07" 122°11’
11. Mt Diablo 37°54" 121°33’
Ross, 1940
12. New Almaden 37°14" 121°91"
Bailey, 1951
13. Phoenix 37°24' 121°23'
Hawkes and others, 1942
14. Stayton 36°57" 121°1%’
Bailey and Myers, 1942
15. Central San Benito 36°37° 121°00’
Yates and Hilpert, 1945
16. New Idria 36°21' 120°38’
Ecke! and Myers, 1946
17. Parkfield 35°55" 120°19’
Bailey, 1942
18." San Luis Obispo 35°41' 121°03'
Eckel and others, 1941
19. Rincohada ) 35°11" 120°22’
Eckel and others, 1941
20. Cachuma 34°43" 119°53’

Everhare, 1950

21.
22,

23.

10.

11.

12

13.

14.

15.

16.

17

18.

19.

1.

Los Prietos

Tehachapi
Bailey and Swinney, 1947

Coso
Ross and Yates, 1943

Idaho

. Yellow Pine

Schrader and Ross, 1926

. Weiser

Ross, 1956
Nevada

. Opalite

Yates, 1942

. National

Roberts, 19402

. Bottle Creek

Roberts, 1940b

. Poverty Peak

Bailey and Phoenix, 1944

. Tuscarora

Bailey and Phoenix, 1944

. Ivanhoe

Bailey and Phoenix, 1944

. Dutch Flat

Bailey and Phoenix, 1944

. Imlay

Bailey and Phoenix, 1944

. Goldbanks

Dreyer, 1940
Mt. Tobin
Bailey and Phoenix, 1944
Spring Valley
Bailey and Phoenix, 1944

Antelope Springs
Bailey and Phoenix, 1944

Wild Horse
Dane and Ross, 1942

Castle Peak
Bailey and Phoenix, 1944

Union
Bailey and Phoenix, 1944

Belmont
Bailey and Phoenix, 1944

Pilot Mountains
Phocenix and Cathcare, 1952

Fish Lake Valley
Bailey and Phoenix, 1944

Pluorine
Bailey and Phoenix, 1944

Oregon
Oak Grove

34°33'
35°13’

36°01’

42°00'
41°43
41°2%'
41°22'
41°20'
41°07'

41°08'

39°s1’
39°28'
38°54'
38°38'
38°22'

37°53'

45°04'

119°40'
118°32°

117°47'

115°18°

116°41'

117°53

117°35'
118°17
117°25’
116°13’
116°35'
117°28’
118°10’
117°41'
117°32’
118°06'
118°05’
117°28’
119°37°
117°31’
116°38’
117°55'
118°18’

116°38’

121°58’



Schuette, 1938

2. Horse Heaven 44°40" 120°35'
‘Waters and others, 1951
3. Ochoco 44°24' 120°30'
Schuette, 1938
4. Maury Mountain 44°05' 120°25'
Schuette, 1938
5. Bear Creek 44°01" 120°43’
Schuette, 1938
6. Black Butte 43°33' 123°08'
Wells and Waters, 1934
7. Bonanza-Nonpareil 43°23" 123°10'
Brown and Waters, 1931
8. Tiller 43°02" 122°5¢'
Schuette, 1938
9. Trail 42°38' 122°58'
Schuette, 1938
10. Steens-Pueblo Mountains 42°35" 118°32'
Williams and Compton, 1953
11. Opalite 42°00" 117°55'
Yates, 1942
Texas
1. Tetlingua 29°19" 103°40’
Yates and Thompson, 1959
2. Mariscal 29°07" 103°12
Utah
1. Mercur 40°19' 112°12°
‘Gilluly, 1932
2. Mt. Baldy (Lucky Boy mine) 38°24' 112°16'
Washington
1. Morton 46°3%’ 122°18'
Mackin, 1944
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Figuge " 187.5.—Nonorthogonal contraction-crack polygons in
basalt, Devils Post Pile National Monument, Calif. (Photo
by Gordon W. Greene.) :
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GEOPHYSICS

Coneal

etc.) may produce an oriented orthogonal system. This
is consistent with the observed fact that ceramic poly-
gons evolve gradnally. 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

B409

low plasticity (fig. 187.5).

Dessication polygons in mud and shrinkage polygons
in concrete seem generally to be of the orthogonal type,

" although certain complications beyond the scope of this

paper are introduced by their plastic behavior. Inas-
much as cracks in these media are often irregular, they
have many “convexities” at which orthogonal intersec-
tions (fig. 187.4a) could be confused with nonorthogonal
ones (fig. 187.4b) asthe cracks widened. Laboratory ex-
periments by the writer confirm that in general mud-
cracks propagate slowly, do not branch, and form
orthogonal intersections. This is consistent with the
present point of view which calls for high propagation
velocities and branching to produce nonorthogonal
intersections.
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By James G. Moore, Menlo Park, Calif.

Work done in cooperation with the Nevada'Bure;a-u of Mines

Recently many new data have become available on
details of the topography of the Basin and Range prov-
ince. The new series of Army Map Service topographic
maps provides almost complete coverage of the province
ut a scile of 1: 250,000 with a 200-foot, contour interval.
One of the most striking features that the maps show
is the nonlinearity of the ranges. Many of the ranges
are arcuate, the longer ranges being linked segments of
arcs. The arcuate pattern of a range as a whole is be-
lieved to reflect the arcuate p.lttem o‘r 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, 1960). The 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, (¢) 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 asymmetry
(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 interesting relation appears to exist between the
tilt. of each range 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 curvature of 20 to 40 miles, and the ranges
are generally tilted toward the convex side of the are.
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TapLe 188.1.—Fault block ranges in the Basin and Range province showing direclion of curvature and probable Cenozoic tilt.
: of better known ranges have been selected

Fifty-five

Range

Army Map Service sheet

East tiit

West tilt

Straight,
irregular

Convex
east

Straight,
frregular

Argus Range. - . .. ...

C Bare Mountain . ..o e

Belted Range. ..o _.__.
Black Rock Range, southend__________________

Cedar Mountains ..o . _.___ S,
Cortez Mountains. ... oo L _____
Coso Range
Deep Creek Range. .. ... .. _____.__.
Dove Creek Mountains. ... . . ... ...
East Humboldt Range_ ... . . . _________.__
Egan Range, northern part .. ... _..______..
Egan Range, southern part_ ... _______._.._
~Eugene Mountains_ ... ... ___.__....
Fish Springs Range_ ... .. .......
Fortification Range..__.__ e me e mmmmeeeeea
Crant Range
ltouse Range
Inyvo Range, sonthend_________.______________

Klamath Lake, rim east of
Last Chance Range. . . o oo oeooo oo oo on
Mineral Mountains. oL ...
Monitor Range
Newfoundland Mountains. ..o __________
North Promontory Mountaing _.______.________
Oquirrh Mountains. - -« . ... __._._..
Osgood Mountains, southern part__._______.____
Pahrock Range (southern) . ________ . _._.___.____
Panamint Range
Poker Jim Ridge
Reveille Range.. ..o oo oo e
Ruby Mountains. ... ... ... .. e
Seven Troughs Range_ ... ... ...

Shoshone Range, south part . _______ ... ______
Simpson Park Mountains.________________.____
Singatse Range :
Spruce Mountain Ridge_ . ____________________.
Stansbury Mountains. ... _ ... . ___.._..
Steens Mountain.______.____._______.__.____.__.
Sulphur Springs Range_ . ... ____ .. __........
Terrill Mountains ... . ... ...
Toiyabe Range_ oo o . . ___ e
Virginia Range - .. ___ ... ..__
Wal Wah Mountains_ ... ... . ... .._..
Warner Mountains  _ ... ... . . ._._..-
West Humboldt Range. ..o .. ____._...
West Tintic Mountains_ .. ... .. ___..___._
Winter Rim_ ...

Klamath Falls__..___
Death Valley___._.__
Death Valley_ ...
Denth Valley. .. ...
Goldfield_ __________
Vya
Lund. oL L._ ..
Reno
Toocle. .. .._.___.
Winnemueea ... .
Death Valley ... ..
Delta_ .. .. _..__.
Brigham City____.__
Winnemuccea

Lovelock. ... __.__
Delta .o ...
Lund. .. _._ . __..__.
Lund. ...
Pelta_. ...
Death Valley...._..._
Coldfield. .o __..._.
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Goldfield. ... _.___.
Riehfield_. _.._.___.
Mitlett,
Brigham City_._____
Brigham City.._....
Tooele_ - . ____.__

Culiente
Winnemucca
Millett,
Reno

Reno

Alturas ... ____._.
Lovelock . _______.__
Delta. ... ____._._

t Refers to ranges composed of more thun one linked arcuate segment.
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GEOPHYSICS

For exumple, the north-trending Flouse Range in west-
ern Utah is convex to the east in plan and is tilted to
the east. The central Ruby Mountains of northeastern
Nevadu is convex to the west in plan and is tilted to the
west. More complex ranges are made of severnl of
these arcuate segments, as, for example, the Egun
Range and the Toiyabe Range of central Nevada. ISach
segment. must. be considered vather than the range as
a whole, and clearly defined nres of the scale indicated
above generally are convex toward the direction the
range is tilted. Ranges that are nearly straight in
plan are generally (hose which are more horstlike, that
is, lanked on both sides by major fanlts.

Table 188.1 Jists 55 ranges about which there is some
data on the direction of tilting. Of 34 ranges tilted
east, 25 are convex east, 1 is -convex west, and 8 are
rather straight or irregular in shape. Of 21 ranges
tilted west, 16 are convex west, 1 is convex east, and

4 are straight or irregular in shape.  This relation be-
“tween the arcuate plan and sense of tilt of mountain
blocks is not entirvely consistent, but the pattern is re-
peatedd so frequently that it is considered to be an
important feature of basin-range structure. The curva-
ture of the fault block ranges reflects the curvature of
the muin bounding fault in plan; hence, the fault itself

Ficuke 188 1.—Block dingram showing typical curvature and
tilt of ranges in the Basin and Range province. The fault
surfice is believed to be doubly concave (spoon-shaped)
towurd the downthrown side.
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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 that the master normal faults which
bound the ranges are also curved 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
tlis reason the main normal faults are shown in recent
papers (Mackin, 1960, p. 112; and Osmond, 1960) to
flatten with depth. Davis (1925) calls on a mathemati-
cal analysis and experiments to show that normal faults:
should flatten with depth. Tongwell (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 plan toward the down-
thrown side, together with the evidence that many are
concave in section upwards, indicates that many of the
fanlt surfaces are probably doubly concave toward the
downthrown side. This double concavity suggests that
the fault surfaces are spoon-shaped in much the same
way that the faults that bound many landslides are
spoon-shaped surfaces (Eckel, 1958, p. 24).

v "
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VOLCANISM IN EASTERN CALIFORNIA—A PROPOSED ERUPTION MECHANISM

By L. C. Paxiser, Denver, Colo.

Geologic and geophysical evidence suggests that the
voleanic rocks along the eastern front of the Sierra
Nevada were erupted from regious of relative tension

.

or stress relief in offsets of a major left-lateral en-
echelon shear zone (fig. 189.1). This hypothesis was
vecently put forward for the voleanic 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 codperation and enthu-
siasm for continued multidisciplinary
codrdinated studies in the Cascades.

The final afternoon of the confer-
ence was devoted to 5 workshops on
the status, codrdination, 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-
éxisting 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.
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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-
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 codrdinating
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 codrdinated program
to assess volcanic hazards, monitor
Cascade volcanoes that may be dan-
gerous, acquire baseline data, and
learn to predict eruptions. Is is also
recommended that the research com-
munity codperate to 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 to 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 water 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

18 August 1980  Gectimes

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 inimpermeable 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
coérdination of efforts during the ac-
tive phases of multidisciplinary re-
search.

Charles R. Bacon

U.S. Geological Survey, 345 Mid-
dlefield Road, Menlo Park, Calif.,
94025



U.S. Geological Survey geothermal
research program in the 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 geothermal 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
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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. lIyer (MP): Delineation of magma
systems and the deep structure under the Cascades, par-
ticularly in QOregon, through microearthquake surveys
and teleseismic P-wave studies.

Geothermal/Tectonic seismic studies—C. S.
Weaver (MP): Deiailed 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 mantle
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.

Geothermal 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 studies—W. D. Stanley (D): Use of
deep electrical sounding techniques to investigate crustal
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-éounding magnetotelluric measurements to
provide information on broad crustal-mantle 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 heat flow in bottom sediments and
photographic coverage of selected sites on the bottom 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 lineaments in the Cascade Range from
LANDSAT imagery.

Geologic studies

Geology of Newberry and Three Sisters
Volcanoes—N. S. MacLeod (MP): Geologic mapping
and related studies 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 systems of Western and High
Cascades.

Geology of young volcanic rocks and thermal 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 to 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
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volcanic systems in the Cascades.

Volcanology and petrology of Mt. Shasta—R. L.
Christiansen (MP): A study of the volcanic evolution of
Mt. 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 time, space, and composition.

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

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

Regional petrologic reconnaissance of the
Cascades—W. Hildreth (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 to be used in con-
junction with regional geophysical maps for evaluation
of the geothermal resource potential and tectonic regime
of the modern Cascade Range.

Fluid geochemistry and hydrology

Rock-water interactions—R. O. Fournier (MP;j:
Development of geochemical techniques for estimating
conditions deep in hydrothermal systems from
chemistry of geothermal fluids.

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

Chemistry of thermal waters—R. H. Mariner
(MP): Collection and analysis of liquid and gas samples
from thermal springs and wells of the Western and High
Cascades for chemical and isotopic 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 the
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 studies at 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 of the Three Sisters
Wilderness Area now being studied by the USGS as part
of its geothermal research program. (Oregon State
Highway Division photo)

south flank.

Geochronology

Potassium-argon dating—M. A. Lanphere (MP):
Determination of age and evolution rate of volcanic
centers 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. Grommé (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 to the study of volcanic geothermal systems.

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

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

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

Thermal infrared studies 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
temperature.

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

Geologic studies

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).

VYolcanic 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
with its geothermal research program. (Oregon State
Highway Division photo)
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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.
Hoblitt [D]), Mt. Hood (Crandell), Mt. Shasta (C. D.
Miller [D]), and studies of Holocene pyroclastic flows
(Crandell).

Tephra hazards, Cascade Range volcanoes—D. R.
Mullineaux (D): Study of large single shower beds of
tephra, mainly from Mt. 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): Isotopic age determination, and
correlation of late Cenozoic ashes and tuffs 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—Northern Sierran
Foothills—E. J. Helley (MP): Preparation of geologic
maps of Quaternary alluvial deposits and late Cenozoic
volcanic rocks of the Sacramento Valley and Northern
Sierran Foothills, with special emphasis on the age of
associated 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, tec-
tonostratigraphic units, and plate tectonic models.

Geochemical exploration of Medford 2° Quad-
rangle (CUSMAP)—D. J. Grimes (D): Collection and
analysis of stream sediment samples for 32 elements;
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.

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

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

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

Seismo-tectonic analysis of Puget Sound pro-
vince—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 Mt. 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)

Mt. Hood-Zigzag—T. E. C. Keith (MP)

Goat Rocks—D. A. Swanson (MP)

Glacier Peak—J. G. Evans and R. W. Tabor
MP) O

"Thank goodness! Extinet just in the nick of time!"

(C) Punche ROTHCO
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CHARLES M. GILBERT
MITCHELL W. REYNOLDS*

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 flows of -

Oligo¢ene 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 arca 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, surfacc 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 approximately
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 cnsued for about 4 m.y.
During this time a well-graded erosional sur-
face evolved and was 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
laulting 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 1s exposed over an
arca large enough to encompass’ six existing
structural basins in the western part of the
Basin and Range Province. The sedimentary
rocks in the scquence vary sufficiently in
lithology and facies charactenistics 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 was completed in
most areas where late Tertiary sedimentary and
volcanic rocks are exposed; less attention was
given o older volcanic rocks, and basement
rocks were not differentiated.

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

Geological Society of America Bulletin, v. 84, p. 2489-2510, 7 figs., August 1973
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:additiondl information en the dépth and con-
iguration ofexisting structural basins 1n which
‘the yaunger sedimentary rbicks are preserved,

GENERAL CHARACTER AND
AGE OF ROCK UNITS

Regional Basement

Granitic, Jnefavolcanic;,” and metasedimen-
tary rocks of Mesozoic age are the basement
rocks of: the reégion. Over large areds they are
buried unconformably. by thick accumulations
of Cenozoic sédimentary and volcanic rocks.
Most of the ecxpased basement within ihe
region studied for this report consists ol:quartz
monzenite: or grancdiorite togéther with a
variety of more mafit intrusive rocks. Meta
morphit rocks occur as. smiall remnpants or
pendants in the. granitic intrugive rocks, They
are undoubtedly of Triassic and Jurassic age
(Moore, 1960; 1969}, but they were not dif-
ferentiated. ’

Quartz.monzonite-masses in the western Pine
Grove Hills have been dated radiometrically as
87 and 90" m.y. old (Krueger -and Schilling,
1971, p. 11). These dates correlate the Pine
{Grove Hills pluton with!the Cathedral Range
intrusive epoch of Late Cretaceous age in the
‘Stefra Nevada (Evernden and Kistler, 1970}, A
Late Cretaceous age has. also béen reported-for
plutens, in’ the Wassuk Range at Lucky Boy
Passand near Powell Mountain; but a pluton‘at

the northern end of the Wassuk Range has a

Larte Jurassic age of 140 m.y. (Evernden and
Kistler, 1970). Clearly, miore than one intrusive
epoch isreprésented by the granitic rocksof the
arca;

Older Volcanic Rocks

The' oldest Cenozoic rocks are rhyolitic.
ignimbrite flows. that are.probably corselative

with the Hartford Hill rhyelite wuff in- the
Virginia Range (Moore, 1969). Within the
‘arca mapped, thése ignimbrites occur in thin
sequences 1a the westetn:Pine Grove Hills, near

Morgan Ranth, aid at two localities along the:

east¢rin margin of Coal Valley {Fig. 2). They
are more widéspread and -thickér to’ the north
along the northeast margin of East Walker
Valley and ‘on the northern ftank of the Gray
Hills; southeast 6f Yerington. West of Yering-
ton, i the northern Singitze Range, a thick
sequenee of rhyolitic ignimbriveswas mapped in

derail by Proffete {1972), who reported K-Ar

ages:for them ranging from 25 to 28 m.y. The
foes of twn dreiendaWen s by @ h

Grove Hills were. determinéd by Eastwood
(1968) as 22:8-and- 28:8 m.y. Farther south,
similag rocks having Similar ages were mapped
east of MonosLake {Gilbert and Bthers, 1968).
During- early’ Mioeene time, rhyolitic ignim-
brites' probably covered most of this part of
western Nevada and adjacent. pirts of Cali-

Ipinia, Wichin dpproximdtely 5 to 7 m.¥., how-

ever, they Had been deformed dnd extensively
croded, for Miacené andesite overlaps them
and rests directly .on ertided basement over.
raost of the aréa mapped for chis study,

. Andesiuc flows and ¢lastic rocks of Mibcehie
age are widespread. and locally thick in western
Nevada and in 'the Sierra Nevada northward
trom Monc Lake (Ross, 1961; Slemmons, 1966;
Gilbert and othets; 1968; BRonham, 1969,
Moore, 1969). Flows.and coarse breceia pre-
domiaate, but tuff-and andesitic sandstone and
conglomerate are interbedded: in many plices:
Locally; at the base of thé sequence in the
southern Singatze Range and in the weitern
part -of the Wassuk Rangg, bouldery sedi-
mentary lenses containing a ‘variety of base-
ment rocks represent drainage.channels across:

‘the:underlying surface. Thesé channels appear
to,irend roughly east.

The K-Ar-age of a:.harnblende-andesite flow
about 15 m above granitic basenient in the
céntral Cambridge Hills is approximately 15
m.y. (KA2493, Table 1}. Proiféte (1972) re-

‘ported K-Ar ages of andesite flowy in the

nogthern Singatze' Range from 17.0 to 18.9
m.y. ln the Moro Basin area, the oldest”
aridesite flows are interbedded with rhyolitic
ignimbrite about 22 m.y. ofd (Gilbert and
others, 1968; samples KAIS74, KA2000,
KAZ074). ,

Andesitic rocks of .equivaleat age in the
sbuthern’ part of the arfea mapped have been

silicified, argillized, -and propylirized almost

beyond recogoition. Extensive exposures of
these alfered rocks vceur in the canyon of the,
East Walker Riversoutheast of the Pine Grove
Hills, and along.the western flank of the Wassuk
Range [orseveral kilomerers north and south of
[;ucky Boy: Pass, Near the East Walker River
(N. 38°26.45';, W. 118°58.5"), hydrothermally
altered andesite is overlain unconformably by
unzltered rempants of .a libinblende-biotite
andesite flow having an average K-Ar dge of
12.2 my: (KA2362, KA2364, KA2368, Table

‘13, A dikelike mass of similar andesire in the

same-area, also unaltéréd, was intruded alongza
faple between:aliered andesire and bassmansot
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Dates on sample from same hand specimen

Department of Geology and Geophysics,

University of California, Berkeley, sample number

altered

Aurora, where one of

KA2373, Table 1). Unconformitjes between

the younger

and unaltered andesite were also This unconformi
’ b’ Oh .
Rawi (1969) north ofégdic“:gg of faulting,

unaltered andesit

ty represents a
) hydrothermal

erosion during late Miocene 1
the term “older andesite”

es hasa K-Ar age of 12,5 m.y.
distinct period
alteration,
me. In this paper
refers to andesitic

and
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formations accumulated in a single large basin
having a northwest trend and extending at
times beyond the limits of our mapping.

Upper Miocene and Pliocene
Sedimentary Formations

Axelrod (1956) named and described three
sedimentary formations in Coal Valley which-
together measure approximately 2,500 m in
thickness and constitute the Wassuk Group.

The two oldest of these, the Aldrich Station
and Coal Valley Formations, are fluvio- testify to continding volcanism during late

lacustrine deposits consisting largely of ande- Miocene and early Pliocene time. The large .
sitic detritus and containing numerous tuff volume of volcanic debris in these formations
.. beds. The younger Morgan Ranch Formation was partly derived from erosion of older
consists largely of basement detritus; it con- andesites, but much of it was supplied by
tains numerous coarse sedimentary brecciasand  contemporary  volcanism. One center of
a few tuff beds. Fossil floras and mammalian contemporary eruption has already been
faunas collected from these formations have led mentioned, a dike and flow of hornblende-
to age assignments of upper Barstovian-lower biotite andesite near the East Walker River
‘ Clarendonian for the Aldrich Station Forma-  south of Coal Valley, which has an age of about
tion, Clarendonian-lower Hemphillian for the 12.5 m.y. A few other eruptive centers are in-
" Coal Valley Formation, and Hemphillian for ferred near localities where flows or coarse
the Morgan Ranch Formation (Axelrod, 1956, eruptive breccia are interbedded in the sedi-
p. 61; Evernden and others, 1964, p. 162-164). mentary formations, for example, at the north-
Four K-Ar ages determined for biotite from eastern end of Coal Valley and south of Wilson
, tuff beds in the uppermost part of the Aldrich ~ Canyon. Other areas of active volcanism during
} Station Formation, as defined by Axelrod this period, between about 8 and [2.5 m.y. ago,
'} (1956), average 11.0 m.y., and a date for have been reported to the south in the Bodie
. biotite from a tuff bed near the base of the Coal  Hills and castern Mono Basin (Gilbert and
. Valley Formation is 10.8 m.y. (Evernden and others, 1968; Silberman and Chesterman,
*  others, 1964). The boundary between Aldrich 1972), to the west in the Sierra Nevada
* Station and Coal Valley Formations is hereby (Slemmons, 1966), and to the north in the
redefined, and all of the foregoing tuff beds are  Virginia Range (Bonham, 1969).
considered to be lower Coal Valley. Biotite Volcanic rocks younger than the Morgan
from tuff ncar Wilson Canyon in the southern Ranch Formation include flows of olivine
Singarze Range in what is now recognized as basalt and andesite and irregular intrusive
the upper part of the Coal Valley Formation bodies and protrusions of flow-banded rhyolite
' has a K-Ar age of 9.3 m.y. (Evernden and and dacite. Small flows.of olivine basalt ranging
others, 1964). During the present study, K-Ar  in age from 6.6 to 7.4 m.y. (Table 1) occur
ages were determined for tuff beds at different  north and east of Morgan Ranch, ata number
localities in the Aldrich Station and Coal Valley  of localities around the Pine Grove Hills, and
Formations (Table 1). These dates taken in in the Singatze Range. Intrusions and pro-
{  conjunction with those reported by Evernden trusions of flow-banded rhyolite and dacite,
and others (1964) indicate for the Aldrich many of them glassy and perlitic, are abundant
» Station Formation, as presently defined, an age  in the central and eastern parts of the Pine
of about 12.5 to 11 m.y., and for the Coal Valley = Grove Hills and along the eastern margin of the
Formation an age of about 11 to 9 m.y. The range. The average of four K-Ar ages for
overlying Morgan Ranch Formation is itsclf feldspar in these rocks is 5.8 m.y.; the average
. overhin unconformably by olivine basalt flows age for biotite is 6.9 m.y. (Table 1). The
{ asold as 7.4 m.y.; it has also been intruded by southern portion of the Pine Grove Hills
rhyolitic rocks approximately 7 m.y. old. structural block, known as Bald Mountain,
N Formations of the Wassuk Group extend the was the center of late andesitic eruptions, and
length and breadth of the area mapped, but most of the range south of Nye Canyon is
9 k:y now are preserved in separate structural  covered by andesite flows. Along the south side

. ins. From south to north, these basins are of Nye Canyon and at the southwest margin
‘3 Fletcher Valley and Baldwin ‘Canyon, Coal of Wichman Valley, andesite flows of the Bald

v
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Younger Volcanic Rocks
Tuffl and andesite breccia and flows in the
Aldrich Station and Coal Valley Formations
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Mountain complex everlie.olivine basalt Aews.

having ‘ages of 66 and 6.8 m.y. (KA2365,

"KA2367). The andesite flows réprésent a

distincily younger volcanic: episode ‘than both
the basalvand rhyolite, for in Nye Canyon they
are unconformable against rhyolite and. -are
separated from the dated bisalt by gravel and
lenticular shale. Reliable radipméﬁ'i'c-;dziting‘b;b‘f

the Bild Mountain andesite complex- has rot-

been npo§sible“pr_ésumabl); betause of sbundant
‘inclusions -of iglass throughout feldspar phene-
crystsand Widespread oxidation of mafic min-
erals; however, weconisider afige:of at leasr 5
m.y: likely, Our judgment is-based on the faet
that the Bald Mountiin racks were erupted
prior to the upwarp which has produced re-
juvenation and.extensive dissection in the area.
A small,-completely separatc-andéitie complex
intrudes the upper part of the- Coal Valley
Formation fiorch.of the mouil of Pine .Grove
Canyon and may have been erupted during this
‘sanie interval.

Voleanie tocks younget than thé Bald
‘Mountain complex have not been recognized
within the- area mapped: during, the present
study. 'P,leig__toccneb'_égalt flows gctur along the
Southern margin-of the area, near Fleccher, and
voleanic: rogks, youngeér than 3.5 to 4 m.y. are
widespread farther south (Gilbert and others,
1968). Pleistocene  voleanic. rocks, ‘mosily
basaltic flows, also occur farther north in the
afea between Truckee and the Virginia Range;
reports of thigse weie summarized. by Borham
(1969, p. 39).

Younger Sedimentary- Deposits and
Erosional Surfaces

Tofl interbedded with-arkasic sandstone and
conglomerate at the southeast margin‘of Sinith
Valley {(Fig, 3; N. 38°46’, W, 119°14") has a
K-Ar age of about 5 m.y. (KAZ491, KAZ513,
Table 1). These strata ‘are, therelore, late
Hemphillian  (Evernden. and others, 1964,
Table 6). They overlie upper Coal Valley strata
unconformably and have themselves been
tilted 1o the Aerthwest by as.much a5 20% The
exposed thickness is:approximately 60 m.

Pediment gravel and alluvium cover most of
the sucface in-the large structural depréssiais
where the Miocene-Pliocene sedimentary for-
mations are preserved. In Coal Villey, three
pediment levels can be distinguished, the
highest and oldést of which has been named the
Lewis Terrace by Axelrod (1956, Fig. 2). This
surface now stands 250 m above  the East

GILBERT AND REYNOLDS _ oL

Walker Rivér; near Aldrich Station it has been
dissected by tributary streains to 4 depth on
the-order of 150 m (Fig. 4): Two lower and
younger pediménts are evident above the level
of present drainage channels in many pafts of |

Cual Valley. Also, along the eastern margin-of |
£,

the Pine Grove Hills, three pediment levelscan f'

be distinguished, ‘and ar least two can be ¢
distinguished in East Walker Valley, Fletcher

Valley, and along the sputheast ‘margin’ of
Smitlr Valley. Wherever the pediment-surfaces §
have not been dissected and remain intact, the -
underlying rocks -arc concealed by pediment i

gravel, bur the gravel is *&yé‘r);whcr‘t only a £l

veneer. 1o most parts of the: area, extensive ¢
bedrock ‘exposures are to be found in the &
numerous-gulches-that have-been cut into the
pediments, H
Remnants of the Lewis Terrace are. preserved ;
on hilltops. and ridges south: and west of §
Aldtich Station; where they truncate tilted §
fows of older andésite and strata of the
Aldrich Station, Coal Valley, ‘and Morgin
Ranich Formations (Fig. 2).  The surface is

-4

remarkably even and is mantled by coarse, :
¥l

1

subangular gravél from 1 to 25 m thick which
was ‘derived from locil basement récks and

‘Miccene andesite. The broad_extent.and. gen-

eral accordance of the Lewis Teriace with -
erosion surfaces.cutacross basement both sorth
and west of Coal Valley are evident and im-

pressive when' viewed from the terrace level ¥

just north of Aldrich Summiit (Fig. 4}, The

surface slopes generally westward toward the -\
East Walker River, approsimately 50 m per ]
km nearthe base of the Wassuk Range.and less . |

steeply farther west, Near the fiver at the '

southwest corner of Coal Valley, -accordant
suefaces on -granitic rock. have little -appafent._,
slope, and. west of the river, theyslope. east-" -
ward. Taken together, these remnants of the

Lewis surface’ suggest a very broad, well- ‘T"f‘
graded valley, presumably the valley of the 1

Eatt ‘Walker River at an carlier stage in its
history. T

A detailed structural chronolagy' requires: -
thar the dge of the Lewis surlace be estimated
as closely as possible. It is. older thap the
regional uplift which has caused the youthful
dissection ‘of the aréa, and that uplift was
presumably coincident with the fate period of
deformatien in Mono Basin, which. began. be-

tween 3 and 4 m.y, ago (Gilbert and others, =3
1968). The Lewis surface was the landscape at %

that time, but it undoubtedly had evolved 3

g
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during, @ considerable period of tectonic
stability and erosion. A surlace oflow relief, if
places cut dcross tiltéd -Morgan qu}ch strata
and buried locally by basalt flows 6.6 to 7.4 .
m.y. old, probably represents the early part o’fr
it period of erasion, for that surface west of
Conl Valley and west of Moigan Ranch is dc-
cordant with- thie Lewis Terrace. North of Coal

. Valley; however, remnants .of basalt fows

stand 60t 90 m above adjacent parts of che
Lewis: surlace .cut acress granific basement,
indicating some furthéc evolution of the surface
after butpournng;of the lows-in 'tha‘t area (F‘lg_,
4). Furthermore, the ‘occurrence ‘of sedi-
mentary deposits’about 5 m.y. old and as chick
as'60' m in Smith Valley indicates-at least local
downwarping and basin filling while the Lewis
surface evolved, Thus, we regard the Lewis sur-
face to be ‘the product of-siow eresionduring a
period of relative tectonic iquiescence that
lasted about 4 m.y. Probably the surface
cvolved more rapidly and was Nargely de:
veloped during the early parx of this Eenod:and
thereafrer was but little mbdified-until régional
réjuvenation began 3 to 4-m.y. ago. 7
A fossil mammalian fauna from pockets of
sindlstone in the, northérn. part of ‘Wichman
Valley (Fig.?) is'reported 1o be of ’B!an;ayr{r age,
approximately 115 07 3.5 m.y, (Macdorald,
1956; Evernden and -others, 1964, Table 6)
The deposits containing these fussils.are, there:
fore, yourigey than the Lewis surldce, an(_i} they
presumably accumulared during the period of

Figire 4. Lewis Térrace; viewed northi frém equiv-
alent surface on the ndrth side of -Aldrich Sumsmit-
Pediment gravel mintling the surface rests on dited  flow 7.2 m.y. old.
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regional rejuvenation while a younger pedi-

-ment graded' to the rejuvenared miverwas de-

veloping across Wichman Valley. In‘the vicinity -
of the fossil localiry (N. 38°3E.8’I, W. I19°0.87),
strata as. thick as 200 m and tilted westward

-are exposed benéath younger, coarse pédiment

gravels. The tilted strata include mudstone,
arkosic sandétone and silistong; pébble con-
glomerdte, 'digtomire, and tuff. Exposures are

fragmentary se that the structure.-and relations

of the deposits are uncertain, Coal Valley beds
crop out farther east, and the tilted beds ar the
fossil loeality appear to be in an overlying
position. Farther west, a small, isolared
remnant of olivine basalt {undated) overlies
pebble conglomerate similar to thiat near the-
{ossi} locality, and near:the western margin of
Wichman Valley, small exposures of tilted
tuffaceous rhudstone and Arkesic santstone and
conglomerate are intruded and overlain by
rhyolitic perlite havirg an ‘average age of 6,5
m.y. (KA2435, KA2437, KA2428R, KA2427).
We regard the deposits con'tainingjthc l:__%lancan
fossils a5 being a lotal accumulation, }y‘g,_gg un-
conformably on older tilted strata, which are
probably-Morgan Ranch.

STRATIGRAPHY OF THE ,
WASSUK. GROUP -
The three formations.assigned to the Wassuk
Group by Axeliod (1956) are of special im-
portance to this report because their dis-
tribution and internal faciés changes provide

beds of the Coal Valley Formation, Praks rising'abpvc
thé surface in the background aré capped by ‘@ basalt
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evidenée’ concerning the times-and extent of
basin devélopment and, locally, of Taulting:
These' formations, the Aldriéh’ Station, Coal
Valley, and Morgan Ranch, erop: dut’ miore
widely than Axclrod described in his.treatise on
thie flora of the type locality, Characreristics of
the formations at their rype localities were
summarized by Axelrod (1956, p. 23-35, Fig.
3). This portion of our-reporr’ describes. the
areal extent, important ‘characteristics, and -
trabasinal corrclation of the formiations. We
concludethat they were deposited successively
in-a basin that différed nsize and configuration
during late Miocene and Pliccene timé, The
maximum extent of thé basin was reached
about 10:5 m.y. ago-during deposition:of the
‘Cual Valley Formation, During. deposition of
cach formation the basin wwas sigtiificantly
largér than present basins 1n this portion of the
Basinand Range Province.

Aldrich Station Fosmation

This formation CIops, out 10 $eparate faule
blocks. from near Aldrich Station northvitd to
‘Wilson:Canyan (Figs. 2, 3, 5. Tt iscomposed of
an easily recognizable sequénce of tarbonaceous
mudstone ‘and siltstane, diatomaccous shale,
lithic arepite, and pebbly Tithic arénire beds;
the. finer grained rocks are dominaft. Thin
vitric tuff bedsare preseot in-all sections, and:
units of vitrie crystal tuff, locally reaching.
thicknessés of 95 .m, .are. present tat Aldrich
Station, Lapon, Mickey,:and Wilson CGanyons.
(Fig. 5). Correlation of specific tuff unis,
however, is.not always possible.among sections,
but generally. similar sequencés can be identi-
fied.” Stratihed and -massive andesite ‘tuff
breccia units are interbedded in the upper part
of the formation in the souchern part of the
Singatze Range south of Wilson Canyon, and
thin lenses of tuff breceia are pretent southwest
of Aldiich Station. An undated sequence of
andesite. tuff breccia,. fuff, thin -carbonaceous
shale, and lithic arenice, underlying a ‘thin
sequence of typical Aldrich Station rocks in the

GILBERT AND REYNOLDS . -

The terrigenous rocks are gencrilly pale -
brown.and upen weathering or dryingassume'a
characteristic white or very pale-erange color.
Beds split shaly to produce smdoch slopés
locally intefrupred by ledges of resistant sand-
stone-or il beds. Red beds; ar places contain-
ing cobbles and boulders -of older -andesite, .
mark the bage of the formarion. southwest .of
Aldrich Stauon, in the Fast Walker Valley,
and sourh of Wilsen Ganyon,

The formation rests unconformably on the
fequence of older andesite flows and tuff
breccia. Gerierally, the contact. is sharp and
relief along it seems to be Tow. Elsewhere the
formation is faulted along “high-angle faults
‘against various units including the Morgan

- Ranch Formation (Mickey Canyor; Fig. 3)

and ’Afff_ﬁsbzdic granitic.gr metamorphic rocks
{south of Lapon Canyon; Fig. 2.,

At Aldrich Station the formation is abour
755 m thick.! Northwird dlong the west flank
6f'the Wassuk Range to the East Walker Valley
the formation thifns;and in'the last exposurcs it
is-about 300 m chick (N. 3893727, W. 1185
24.67"). Within a distance of 2.4 km westywiard
from: that locality, the férmation thins ro:about
185 m: Such abrupr thinping, largely ar the
expense -of diatomaceous claystone afd: mud-
stone near the.center third of Thc’:fbrmaziorj;
may -reflect incipient uplift near the Cam-
bridge and Gray Hilli. At Mickey Canyan the
Aldrich Station 15,370. m thick, but it thickens
northward to'about 730 mar Wilson Canyon as
tuff breccia beds appear in the formation. The
most marked thickness change occurs at the
southerts éxposurés of the formation where thie”
formation thins from 610-to:abdur 70 m icrossa
fault-that was active during deposition.

Uniformly fine-grained rotks comprising the
forination across the- area attest to:.a pearly
continugus depositional basin surrounded by
land arcas of low relief. The ‘approximate
positions of the southern and northern margins

of the basin can be defined by ficies and

thifining relations (Fig. 3). From Aldtich
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Figure 5. Correlation of Wassuk-Group sirita from Coal Valley to the southern pan of theSingatze Range,

Station southivest to the limits of the exposure J

northeast corner of Coal Villey, inay be cor- A 5 3y -

relative with a part of the formation at other  west of Aldrich Summit, ‘the {ormation thins ) o 3 3§ S5, B . = .

sections, ] Aafruptlyacrossa west-northwest-trending fault ~ § o 5 géé,;f £ gs 3 = g 2 o
We concur with the interpretation of Axel- (N. 38°2B:67, W. 118755 to N. 38°29.05', } S : 2ES 388 g $ES E N s g

rod (1956, p. 26-28) that the rocks were  W. 118°56.3"; Fig. 2). Most of the thinning b & 2 §§E 2 2‘,“3'5{:- g e 3 SEaz i

depésited in alternating lagustrine dnd fuviatile oceurs- in “the lower half of the. formation, @ $ e E;E B & %';-j':’ & g8 g % 2 £

environments, with lacustrine-conditions pre- seemingly by the loss through convergence or’ e § il g ggﬁ il & 5558 Sl g8 % ¥ 2% :

vailing acsoss the basin for longer durations ‘ 9 & £35% 83 & 338 3 T8 2

than fluviatile conditions. Eruptions of ande- 1 Axelrod’ (1956, p, 24) mcasured 1,235 o, but this 2 F 0 vsEs 2y 3 Tsy % e

site tuff breccid decurred near the basin mar-  thickness includes. s beds (his' unit. Ag) .asiigned in = & is #$Y3 -

gins-late in Aldrich Station time. this report-to the Coal Valley Formaticn. » b
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i tinming 133:11'::1&0&“:50;1?;2;5;‘16“; lended g)t fbf{zs‘t partazfay: aérésf“ﬁm@ sirésfofk;h;: §  scone: Thcsq"‘fs_ain_c‘ racks cf;aracccfi;e:tlxe:{qajgr ai,i.haff:g-h-. [@1_19.,.,‘,,‘53 ‘*\;{clrod (]955; p67); l‘h'ey'
sediments and an increase jp the umounig' VDf* mﬂg;fg fae ""»Gt [h% C¢Pi€:'10f tb? P EES'C“E Wa'? - parcof the for_matmn ACrass the. reglon.,863eral assighed the unir ¢, the ;H,org;»m Ranch Forrig.
Conglomerage in the [ormarign .L'cnses .Df: su _mangc (N. 38 36‘,‘?"{! SV LIgS 328) s a2 distinctive LS cap, however, be traced from tion, Qlea_rly, these rocks bel_o_ng Y0 the (gt
andusian p«esbk-mnglommw o o "Clln ; IEQS}I" ¢ Margin fuggested by Ehmnu}g af the valley-tg, valley 1o facifira e currelqt{qn among Sf:;iiz:}' Fo_rmgu_gm‘, and: the dat¢ establishes 3p
of the B but songh e faulipcijblslc U:td u;mqtvéron andumterﬁngcrmg«qf volcaqg: brecciy SECLIONS . oy Scpasated by bedroey uplifes: easly Hemphitlizn age for:the upper part of the
oulder Eﬂilgiomcrate' beds gpy the g an aﬂ.ntu_&i ) B L (Fig. 5). _ _ . fc.prmar{'op.‘ Thc‘lovf'cr( part of t‘h_:?' fo.rm::i.('u;n,:
focks in the thinmeq Stratigraphic seerBC Thej ool lﬁ':d?‘Pprf',x”’!-‘““-"‘?‘-afé'lﬂS-Suggesra‘- 3 Onesuchunicig the lower part of the formg- dated approximately 11 m of Clasen.

Clases ove andestn :ilteredg ;sdésit”é‘ “U';l- deos{rfona basmv ELGgat? in a northest “»’ tion i 3 remarkable heg of andesitic. py {unit danian age . Cili be dec 1
g”réinitc; the o atrie A ‘ﬁsuaﬂ ‘mdt‘si;ic an ection ajf;d eﬂ,campassmg th: area af foyr Ce of .{\xelrod, 1956, p. 30),. mrerpr&ted })cri;:'zls ) ch;:mj! facies ch‘efrfges'-gan b; QCﬁn_edwu'lv rh‘e
arkosiy s d. Cléar‘ly i m):!t(w:is : r"?r _Pr_escnr. va EYs and pyprg of three Present f - being an.ash-floy, t0lf. The base af the bed s an} \fallgy_lf‘@qm@tg_qn Using the rywyg de.s:cnbcd
ring o sition. AL, C48 ko £ 25 active mounm;n.ranges. coarse: griy composed of Angular fragmenrs of units for fef?rqnce; Spa;thx}'v;st from Lg:ms:]’vcr-
weeer 5 d€position, 4.8 ki fary ersouth Lyt . )} andesitic. e Tanite; gng leldspar. In. 1he racc,,;,m'creasmg?amounr,s‘i:af”coarse“’sed;memary'
VESU near e Eage Walker Ve and eaq; at C‘?Q*VHUEY Formatiop : e B e e blocks gnd 1. F0E N vi - :
. e and e : J  coarsegrained PArt are angular blotks ang breecia ntecfnger. with sandstone and can:

’ . . i o agr I - ) N X : wo LAl
gliltj;\ J?hgaf?)g; t-hgfmmaumg 13:;!3::@1_. Thus ;‘T}F CQHI, Va]lg::'y qumgrm_? is the most | {ragmens: 46 much- a5 35 m ](mg,: trn from giemcratq beds, A ¢ the southwes’tﬁjrnmmt £X-
,_g‘f’_ﬁ?fmﬁ fo be, ‘thned biyiay .1"'d5§Pf€3difomﬂf}§’n of the Wassuk Group as ¢ un”dcz‘lying Portions of rlie- f;jﬁr;m,a\r‘:on;and 10~ posures: of the Ormation (N, 38%°27.57, W,

rich Summy,. b presence of e towth  soiper o9 3 Parar ns. The ! corporated-at odd angles Within' the e, The 119°07), massive beds of sedf,mmrar,y :brecciﬁ
faul; describ, daboye Lt by e oo g v -l emmmtv‘?“‘“vr?'})_s ‘of the formatian aré . grain size decrez}ses ugl@brmly upward to the forim the CALrE Srgseryed part of ‘the f.'om}a-
' CGabove, negy Yot Cnorthisyg. ong z\_'fudeprmg Creek at he sauth edge of - 16D, which CONSIsts. of -gilt ‘and dlay-sized Par--tion. Rock {ragments i the breccia: unjyg in-

8T8 that thegay rha s Arpin o ; - T e . ( L AL ? S UKL . P
BESts thy - southc;‘n,margm Df the bagip may. f!tbf?f Valley where anly 3 thip Portion gf b tcles. The cenger of the hed weathers to, reyeg] clude andesite ypg Propylitized andesite of

s ~

ot i et th O pougpes oo i pose; 1t i Bt ey spueey boa geed oreal v e pode o Sranitc e lcanic, metzsgipmer
ilson fl‘anycn in the i e Rg'an‘ o ']J 1! N .gqsu{cs ‘; f«-at;Pf‘f‘fSCllt bas;n are 10 Baldiyin K contacts of the bed, which afc_lnqggprctet:l_ as r.ary;’and‘v:grar_n*l_“l‘c rc')csk-er ‘ _’Mcspzo;c age. The

3 basin’ mager, nearby on r‘ﬁe»r;orth ‘T,hemp les th@t}"o'r‘l. o COM S type seerion 1 Coal Vajle t bagg. fo'rm_ed by channcls; of gAs:streaming edge of thc‘ basin along whmh'_ basement rocks .
Portion of 1 form el conrginsv b ! ‘ owsr ‘-’Ie. Qrm}gnon crgps our zscontmuously from uang cooling of the hed, Th.f_ bed th;ck‘m;‘ vwere’&xpuggd lay f«onb’f’i g{wr; d}%@““ west and
stone, silrgror and car onac’oué‘yg c? ﬂ,’;ud - J‘,’Io{ganw ?snch DOrthward 1o ph north flank.of b from a_feathe, edge to-about 150 south of 5?‘.‘&‘_“_’.?-"?- Efl‘r;_[“her ??”th"?'*?"’t'¢'$l‘,§llti'y- Younge;
With fense on Exrfuc arentie 0 Cb’;c eds ou}nt_ ¥ilson in the Singatz Range, noreh of i -ewis Terrgee, by northward a5 £, as East  larige §nimbtite ypjys {about 95 y-) are
glomerse Upwars the g ancg ; e EE? whic : lé '1s{absem (Profferr 1972 € -norgh- - X\'E_H\er Valley the ;h;ckne_s; ranges f;pm 5 to separated frorp _qucenc andesite op I\'f_tis()?'l‘}‘l‘c
Congloms ré‘mcmalses o s 0“0 ﬁ:e : Fc \\:es}z u} g Ehf Pine Groye Hills and ¢he west 125 m, 1n genera], the thinger SeClions gre bascmcnt«.mckgf By only 5 \f‘(‘.‘_ﬂ(‘f_t{_ﬁl{lf ‘andesm’c,
are presenes conspic i ofvi{f!tl I an of ¢ ¢ W assuk I_{angn; dgl’in; he known, farther eggy than z_hc*g};u;};prwonc‘s‘ o sand{s‘ton_ew and ‘conglomergge {Gilbere and
Worked ibr}rc Grvstfl toff present i A ?""}m’ West to_f‘?“ig,efﬁfl’.tx fespectively, of the formg. | . A seccu}dvumt;.\lmportan,t\fqr corre‘lanpn”m others; 1955;‘ P 23@_._ i s
SeQuence and i yp finer, rgine 4 :) ]”;]:ft }:'5 “?;1 (F & 2, 3). ) " the upper Part of. the Cogj Valley Ft:rmatl_:c:-ﬁ b the lower part’of ‘_the”-,Ct‘Jai.lfralley-l?grma‘-
Aldsich Statin, Farmar‘iaﬁ" a z‘\I'l‘SiC 40 of the /.nd(:s;tic,sandstanc, 'pebble:alnd’_cubb!e con- - ¢ along he cast flank of the Pmc'Grqve_ H;ﬂfs tian; mudsl_:one‘ and mﬂltsmﬂ'e ':f:ds and car-
{CKey Canyon glomerate, 4n. mudstone: d siltstone are -y and“west flgnk of *rhé,singat‘ze Range,-consisr‘s bouacéou.ﬂsdfstme« beds are £Ommon berwgen

frnon.stra_r\'es.eqpivalc~nce of ‘the rocfis, Absur dominang rocks ihrthéifom'lation (Fig. 5). Beds,
5 m s{rauglvrapiycall‘)f above ghq tuffar Wilson of vitricotcrys‘tal tuffare s?:artefed*t‘hrc’)ughr'tihe
—Anyon, unj s ulﬂ'ﬂsf,tranhcd andesire ryygp breccia, formation', and lenses thickﬂccumularion’srof ‘

of g Sequence of whiw%ycathgfing tuffaceous Lewis Terrace on the soygh, and negy Lapon
siltstone and shale- beds, containing g fay, thin Canyon on the noecp, These rocks grade soyth-
layers of bufr aphanigic, Gitracodn) limestone ward ihto,’andtsitjc;sza"ndstcnq igterbedde_d with
and hornble_nde, Pumice tyf Calcarepyg sand- andesiric 1 receia land northward {pyq
Stone and ﬁnéip'ébb!c"coxlgiaxncrar“e beds locally andesitiz satidstong a9, siftstone, These tels-
{ Merfinger with the fnergrained rocks, -asd the- tjons;suggest‘ that,thc::dcepes;, pare of the basin,
UPPer part of the unit “onins. beds of i, in which lacustrine 55y paludal ERVIZGnmengs
tincrive thinslitie tafa. Jn Caal Valley the unjf Rrevailed, lay in the area of the: bresent gl
1545 m thick; limestone and tuf2’ beds are Valley, A similar ypj¢ consisting -of diatoma.
absent, but shale gnd ‘hornblende Pumice tyf ceousmudstﬁne.»sﬂtsmnc; and very fihe-graineg
beds pergise. Therethe Younger Morgag Ranch sandstone, 45 much.ay 75 4, thick, Overlies the
Formarigg rests unconférmably on the unir by marker andesitic yF from Leywis Térrace 1o
‘ Jat; , e ho (N 3o PO Can ; And gopd elce T

Southeagy T‘he fidrtherp Targin of the sed;. basis fo, I&Visin downwarg the formarign e lt»‘ 'D’S‘ \ Jaithee o (N 30 ol Lapc?n' Can},ﬂn-_ ;Sngth o it % these

{? fg;ir} gss;:nsisﬁema h;‘::mre‘?‘; no;th. of be;Jﬂ ary initial}y described by Axelrgd (1958, - Groye Hills, the ygi, 5 abour 100 thickand  sone and siltstone beds of luviarile origin
volcants, exioned oL andegjiie E 29— J). We Dlace the boun1 ary at thq base of Soverlan by as much _25,5),9 m-a{ typlg-g_ﬂ rocks ;\ppa‘rcntiy', {qr, a.second Umeduring degf)g_xrgon
2te - Tertiary and oy . % Uppermost {Ag) Aldrich Spqyl it of the Coa) Valley Formation, Tha unit ‘then of the Coa} Valley Formatian, 4 lacywmeep—
Ly -an Q”a_.tef“‘") uplift and 0 detail, the Stratigraphje SUCCession va e thing forthivard ¢ 5p M 0N’ thé figry); side iof VITORmen Persisted in the Coial Valley apeq

Wilson Canyon, where itis “eparated belogy by iar)g;::nough for a significane thicknesg.qf sedi-
abour 55 M of “andesivie silistone, Sandstone, ment o aci:,umula_te‘ belbreﬂux’fiitilc sedimen g
and pebple conglomergpe beds from, & €on- gpain blamketed the ares,

SPicuoys biotite erystal tuff.and basalt breccia A Pronounced fa¢jes change OCCurs in the
uniy, E_yemden and others {1964, P 178 lower part of the farmation jy the Vicinity of
KA485) dared the crystal ryfr 5 9.3 m.y. olg] Wilson Canyon (Fips & gy 1 th

g;rti_cuo;s. ng—g;@ned facies of the Aldrich monotongys Succession of ‘interbedded blujsh-
Sra fon .ormat‘:qqjmmed:atel};"ad]acentl 10 the gray or L‘)Hb'cfgray Weathering andesitic sapq-
Presen Fanges” indicy pee that the basin ey~ Stone, pehbhle conglomeraré:,‘and tuffaceoussify. .-
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Figure 6. Schematic representation of Aldrich
Station and Coal Valley strata across late Clarendonian-
carly Hemphillisn faults in the southern 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 portion of these beds
extends continuously across the fault and across
Wilson Canyon. This relation dates movement
along the cast-trending fault (Figs. 3, 6) as
latest Clarendonian. Finer grained rocks that
are not offset by the fault interfinger rapidly
northward across Wilson Canyon with coarse
sandstone, conglomerate, and bedded sedi-
mentary breccia. Clasts include granodiorite
and granitic debris. metavolcanic rocks, and
Miocene 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 Coal Valley
Formation is composed mostly of granodiorite
boulder conglomerate. Along the fault nearly
all of the conglomerate sequence on the south
abuts granodiorite on the north (Fig. 3). How-
ever, the uppermost beds of boulder conglom-
crate_and overlying beds, including the dis-
unctive biotite crystal toff and basalt tuff
br‘c;cia, can be mapped unbroken across the
projection of the fault. Southward the boulder
bed interfingers in a succession of sandstone
and siltstone beds. The fault was active during
deposition of part of the formation with 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 fragments 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

- of the 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,
possibly by recurrent faulting west of the basin,
during early and late Coal Valley time. Both
the granitic debris and the thick sections of
andesitic sediments in the upper part of the
formation suggest the possibility 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 with granitic debris farther
cast in the continuously subsiding deeper
portion of the basin. The apparent ncar con-
formity between the Coal Valley and overlying
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; clsewhere in the area only partial
scctions are present, owing to later faulung 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
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rocks; south of Mount Wilson and also west of
Aldrich 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 Ceal Valley Formation was deposited in
a basin that extended beyond the present limits
of its outcrop. The castern basin margin is un-
known, but judging from the thickness and
extent of beds along the west flank of the
Wassuk 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 cast-southeast from Fletcher
toward Powell Mountain. During deposition
the northern margin migrated progressively
northward with time, overstepping fault blocks
rising across the southern part of the Singatze
Range (Fig. 6). 1t is likely that the final north-
ern margin lay at the latitude of the present
central part of the range. Thus, the basin
secms to have been elongate in a northwest
direction. Uplands composed primarily of
andesitic volcanic rocks must have been rising
o the southwest, west, and northwest, with
faulting and erosion at least locally exposing
crystalline basement rocks. Within the basin,
localized voleanic eruptions produced andesite
breccias interbedded in the formation.

Morgan Ranch Formation

At the type locality the Morgan Ranch
Formation consists of coarse clastic sediments
overlying Coal Valley strata and in faulc 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
tufl and 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
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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, js
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 west and north of Morgan 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 with 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
also present and are as characteristic of the
formation here as they are in the type locality,
particularly 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,
with sporadic targer 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 vogether with
any Aldrich Station strata originally present
had been removed from the upthrown block
before Morgan Ranch strata werce deposited. A
similar unconformity is evident across the fault
at the mouth of Scotts Canyon (Fig. 3). South
of Pine Grove Canvon (N. 38°41.3/, w.
119°5.3), Morgan Ranch strata disconformably
overlie the Coal Valley Formation.

Facies changes in the Morgan Ranch Forma-
tion along the northeast flank of the Pine
Grove Fhills are evident but can be delineated
only in a general way. Part of the scction 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 cxposed scction
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 are 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 interbedded through
about 100 m of section, indicating that the
fault was presumably active during deposition
of the strata. Best exposures of these racks are
to" be found on the southeast flank of Mount
Etna (Fig. 3); others occur northwest of
Mickey Canyon Spring,

Thesc facics relations suggest to us that the -

fault bounding the Pine Grove Hills basement
block approximately delincates the western
margin of Morgan Ranch deposition. The for-
mation probably accumulated, as Axelrod
(1956) inferred, in [ront of a rising basement
block, the breccia representing both the times

and the places of most active colluvium and -

fanglomerate deposition, the finer facies rep-
resenting the more distal depositional environ-
ments on the subsiding bluck to the northeast.

Such origin would probably produce thicker |
sections to the west 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 faules
has produced steep escarpments and delincated
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 castern 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;
nur has the fault.zone that bounds the base-
ment block west and northwest of Coal Valley
had Quatcrnary movement. .

Delormation during early or middle Miocene
is indicated by the unconformity between
rhyolitic ignimbrite 22 to 28 m.y. old and
andesite 15 o 18 m.y. old. The wide regional
distribution of the ignimbrite units suggests
that they formed a more or less continuous
terrane during the time of eruptions, but they
are lacking in many parts of the arca mapped
during the present study. Younger andesite
flows lic directly on basement rocks in the
southern Singatze Range, in the Cambridge
Hills, on the structural high between Coal
Valley and East Walker Valley, and along the
margins ol Fletcher Valley (Figs. 2, 3). It ap-
pears that the area mapped was 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
the southern Singatze Range. One near the
East Walker River, south of Coal Valley (N.
38°27.47, \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 of about 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 faulr 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
Valley strara. On the downthrown block to the
south, Coal Valley beds unconformably overlie
an Aldrich 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
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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,
carlier 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
indicared 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 faule
zone probably began during pre-Morgan
Ranch time, resulting in removal of older
strata and exposure of basement rocks west of
the fault by the time Morgan Ranch strata
were accumulating. Perhaps movement along
the fault zone was more or less continuous.
Arkosic Morgan Ranch strata would then have
accumulated east of the uplifted block when
and where bascment detritus became pre-
dominant. If such was indeed the history, one
must conclude that the boundary between
Coal Valley and Morgan Ranch Formations is a
lithologic boundary thar is probably not the
same age throughour the area.

Morgan Ranch strata, as well as older strata,
have been faulted and rtilted, locally to high
angles. This deformation was completed before
eruption of the younger voleanic 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 dikelike 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.
(K A2582) unconformably overlies tilted Coal
Valley beds faulted against granitic basement.
Likewise, north of Morgan Ranch, tilted 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 north of
Scotts Canyon (Fig. 3).

The structural history of this arca 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
west 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 relief cut across
relatively nonresistant sedimentary formations.
The flows are now tilted northward at angles as
high as 20° and have been decply 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
Wilson Canyon.

Other local Quaternary upwarps 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
castern side of the Cambridge Hills, relatively
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small escarpments trending north are sug-§
gestive of normal faulting, and this may be a
small Quaternary fault block, tilted westward
like others in the region. .

GEOMETRY OF STRUCTURES

Regional Configuration
H

Faulting prior to 7.5 m.y. produced struc-
turally low arcas in which the Miocene- Pliocene w
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 earlier:
period of Basin-Range deformation. These-
trends arc typically northeast to east and
northwest.  Coal 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 L
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 Hills:
trend northwest. Lo :

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 gencral topography, and they tend to
obscure the earlier structures and structural,
trends. However, many faults within the’
young-range blocks are of earlier (Terviary) agei
and trend northeast or northwest at markedd;
angles to the general north trend of the range’
as a whole. Over most of the area mapped3}
during the present study, Quaternary faulting !
was minimal or did not occur, and the major-
fault zones trend ecither northwest or north- ¢
east. “
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
the last 7.5 m.y. Most dip at angles between 50°
and 70°, but dips range from 40° to vertical.
Most individual faults of this age, as well as

major structures, trend northeast, but some
individual faults and fault segments trendi
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nearly north, Of the latter, iny a-few have
iarge displacement and scem significant. One of
these on the west flank of the southern part of
the Singarze Range (Fig. 3) furrps ti_n: east
poundary of the sedimentary section in that
aren. Another at the mouth of Scotts Canyon
had both pre—and pust—Morgan Ranch move-
ment. and another at the southern end of East
Walker Valley truncates a sequence of Aldrich
Station strata 300 m thick against granitic base-
ment. Several north-trending faults along the
castern margin of Coal Valley are relatively
small and may have had Pleistocene movement.
The most extensive fault zones having the
largest displacements are the Pine Grove Hills

fault zone forming the northeastern margin of”

the Pine Grove Hills basement block and the
Conl Valley fault zone forming the northwest
murgin of the Coal Valley block and the south-
cast margin of the Pine Grove Hills block.
These fault zones consist of fault segments that
strike in different directions producing an ir-
reaular fault trace that is locally zig-zag. Be-
cause of this irregularity, we conclude that
movement along the zones has been dip-slip
without significant strike slip.

Along the Pine Grove Hills fault zone, the
basement complex {orming the higher part of
the 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 the fault can be mapped in detail from a
litde south of Pine Grove Canyon to the
northernmost part of the range; farther south,
it is obscured by rhyolitic protrusions that
bury or intrude it (Fig. 2), so that only the
general location of the fault can be determined.
Northwestward from Pine Grove Canyon, the
general trend of the fault zone is N. 60° W,
but the trace is irregular and consists of seg-
ments as Jong as 2 km which strike northwest,
north, and east-northeast. Wherc the attitude
of the fault surface can be determined, it dips
away {rom the range at an angle of about 60°.
Southeastward from Pine Grove Canyon, the
general trend is S. 35°, E. 40° as far as the
southern margin of Wichman Valley. There the
fault bounding the basement block turns west-
southwest beneath andesite breccia units and
flows of the Bald Mountain complex and reap-
pears 3.5 km 1o the south where it strikes east
through Morgan Ranch to an intersection with
the Coal Valley fault zone (Fig. 2).

The Coal Valley fault zone 1s the margin of
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the basement complex west 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

cast, northeast, and northwest-trending seg-

mencs (Fig. 2). In this area the fault surface
dips toward Coal Valley at an angle of 40° to
45°. Farther east, poor exposutes preclude de-
tailed mapping, but the general trend con-
tinucs 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 are a series of northeast-trend-
ing horsts and grabens bounded by stecply
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 traversc across the Gray
Hills 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 10 9.3 m.y. Moore (1969,
p- 19) reported that a major fault zone trending
east-northeast marks the southern end of the
Pinc 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 the
probably are of similar age and have had lirtle
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 (Claren-
donian) and has not been active since. Present
relief at the southern 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 Faulting

Low-amplitude folds, approximately 0.5 to 3
km across, are associated with faults in Coal
Valley and near Pinc Grove Canyon (Figs. 2,
3). The folds undoubredly developed as normal
faulting deformed the margins and floors of the
present basins. Axes of the 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 within
Coal Valley; their minor axes trend nearly due
east. Beds of the Wassuk Group at Lewis Ter-
race are folded tn a westward- plunging syncline,
the axis of which is normal to a strong basin-
ward salient in the Coal Valley fault zone (Fig.
2). Folding there seems to have occurred as
basement rocks were 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
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show topographic salients and re-cntrants.
These features are clearly depicred by Moore
(1969) for the Carson Range, Pine Nut Moun-
tains, and Singatze Range. Of these young
faulr 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, particularly 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 earlier ecast-
northeast-trending fault that crosses the range
on the south side of Mount Wilson, and the
succeeding northwesterly jog is approximately
in line with 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 granitic 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 cast-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 derails 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 complertely 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 arca. Volcanism was con-

temporancous with sediment accumulation,

{or many strata are volcanogenic; centers of

cruption were mostly close to the margins of

the basin of accumulation or beyond them.

Fault movements contemporaneous with
sediment deposition have been established at a
number of localitics. By approximately 7.5 m.y.
ago, the original basin and the extensive sedi-
mentary {ormations 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-
tinuous 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 protrusions 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 Deformation

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 faulung and
tiing 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
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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 was also an
interval of minimum volcanic activity in the
Morno 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 defarmation 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 with little faulting. Zig-zag traces of
young range-front fault zones are at least
partly 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,




2508 GILBERT AND REYNOLDS

Lineotion defined by
fen echelon termination
\ of major Quaternary

\ normal faults

\

Figure 7. Sketch map showing major fault zones and
lineaments near the western margin of the Basin and
Range Province and the pattern of Quaternary faulting
and warping. P.L. ZN. is zone of fauling in the
Pyramid Lake area, and M.B.-E.M. ZN. is Mono
Basin-Excelsior Mountains structural zone. Traces of
the Walker Lane, Pyramid Lake zone, and Carson
lineament are after Shawe (1965, Fig. 8), and traces of
short faults south of the Carson lineament are aftér
Moore (1969, PL. 1).

extending as much as 150 km northeastward
from Carson City (Shawe, 1965, p. 1373-1375)
and forming the northern boundary of the
regional block including the area of this report.
Quaternary structural trends north of this
lincament are north or northeast, except near
Pyramid Lake where a northwest-trending zone
of Quaternary faults (Bonham, 1969) seems to
be a continuation of the Walker Lane described
to the southeast {Shawe, 1965, p. 1374).
Wichin the block bounded by the Mono
Basin-Excelsior Mountains zone, the Carson
lineament, and the Wassuk Range, Quaternary

. deformation has included a broad southern area

of warping with minimal faulting and a north-
ern area of block faulting (Fig. 7). Most of the
mapping during this study has been in the
southern area where broad warping has been
sho sharenetericnie arvle nf OQuaternary deforma-

\ I, T tion. Quaternary fault-black ranges occur en
"9 . 18 echelon in a belt that extends southwestward

from the northern end of the Wassuk Range.
The alignment of the southern ends of these
fault blocks establishes a- northeast-trending
lineament that is approximately parallel to the

Mono Basin—Excelsior Mountains zone and to -

the Carson lincament (Fig. 7). The 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 cxample 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 Nut Mountains and the .
Singatze and Wassuk Ranges, the structural
trend changes from north to northcast and east :
(Fig. 7; Moore, 1969, P). 1). This change in -
trends seems to define a structural “‘knee”
adjacent to the Carson lineament similar to the ;
“‘knce” along the southern margin of the Mono *
Basin-Excelsior Mountains zone. If so, the-
lincament 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 north deformed .
primarily by horizontal shear at depth resulting *
in normal faulting at the surface.
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ABSTRACT L o

To understand the timing of exten-
sional degorﬁatlon which has occurred in
the Great Basin since the close of they
Sevner orogeny, a compilation of normal

e “fauit ages was made for Nevada arld

western Utah. Avanlab]e literatfire
indicates that normal favlting occurred
thete on a regional scale in the/Late
Mesozoic. and Early and Middle Tertrary
as well as in the Late Tertiary and
Quaternary <There is no apparen’t spatial
pattern in’ the age of mmzﬂ normal
faulting in Nevada and Utah apparent
areal differences in the mtenérty of fault
development for a given trm,’e 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
would 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
normal 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,
regional compression, 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

»
. YGeologist, Continental Oil Company,
Albuquerque, New Mexico 87112.
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. DISTRIBUTION IN TIME AND SPACE
OF LATE PHANEROZOIC NORMAL FAULTING

IN NEVADA AND UTAH

by Anne Kramer Loring'

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 of normal faulting that was
associated with regional extension in the
Great Basin. Consequently, limits were
placed on the data used. Only those
normal faults found within the physio-
graphic Basin and Range Province or in

immediately adjacent areas were.

considered. Normal faults obviously
related 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
history of reverse or solely strike-slip
movement.

AGE OF NORMAL FAULTING
IN THE GREAT BASIN

This section describes selected
examples of Mesozoic through Middle
Tertiary normal faults as given in the
literature. More emphasis is placed on
Mesozoic through Middle Tertiary
faulting than on later structures because 1
believe earlier faulting is most often over-
looked. Late Tertiary and Quaternary
faulting is illustrated but not fully
described. Loring (1972) gives a more
detailed description of Mesozoic through
Quaternary normal faults. Where ages are
given in 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; Oligocene
and Early Miocene, Middle Tertiary;
Middle and Late Miocene and Pliocene,
Late Tertiary; and Pleistocene and
Recent, Quaternary.

Utah Geology, Vol. 3, No. 2, p. 97 to 109

This paper does not attempt to deal
with the volcanic record of the Great
Basin. Early literature' 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 S show localities
of Mesozoic-Early Tertiary, Middle
Tertiary, Late Tertiary, and Quaternary
normal faulting in Nevada and Utah.
Numbers adjacent to Mesozoic, Early
Tertiary, 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 (1949) mapped the
generally north—strrkmg Baseline normal
fault that offsets the Late Cretaceous
Willow Tank Formation but does not
affect most of the Late Cretaceous or
Early 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-slip faults prior to
deposition of Miocene(?) 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-
zation; 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 1. 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
Cretaceous(?) volcanic rocks and Paleo-
zoic rocks but not Middle Oligocene and
younger volcanics (Tschanz and
Pampeyan, 1970) (5). According to
Threet (1960), Early to Middle Tertiary
block faulting 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.
Numbers correspond to references in the text.

Egan Range probably began in the Early
Tertiary, and some have been inactive
since the deposition of the Oligocene(?)
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

¥ Ty ey L e . .
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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-

striking Ruby normal fault is also
probably younger than the thrusts
(Nolan, 1962). Some of its motion

preceded the deposition of the Creta-

! e

ceous Newark Canyon Formation, and it
helped to localize Eocene hornbiende
andesite intrusions (Nolan, 1962).
Probable 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 Muller (1949) 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 of Creta-
ceous granite, because some faults offset

mmm - AT LY R SINRL™ ‘W’m’:



‘Early Oligocene in age (Roberts,

160 '

the ‘granite but not the asséciated dikes
(Beal 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
sediments were deposited (Roberts,
1964) (16). Some north-striking normal
faults are Eocene and Late Eocene or
1964).

. The 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

Tertiary,
. sediments

because Early Tertiary
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 apparently controlled
emplacement of dikes dated as 8891

- 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 Euarly Tertiary
(Willden, 1963) (19).

_steep walls,

A Late Mesozoic to Early Tertiary
age is given to northeast- and northwest-
striking high-angle faults in the Rowland
quadrangle 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-ldaho border in 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
possibly bounded by

- northeast-striking faults,

G

Eardley (1963) reported that some
of the basin-range faults in western Utah
began in the Eocene or Oligocene and
continued to be active during the
Pliocene and Early Pleistocene. In the
Ashbrook district of northwestern Utah,
north- and east-striking normal faults
predated possible Late Eocene or Early
Oligocene intrusions and ore deposits but
closely followed the Laramide revolution,
according 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 uplift of the Northern
Utah Highland, according to Doelling
(1964) (24). Basin-range block faults
occurred later in the Lakeside Mountains,

Possible Early 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
Istand Mountains 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-
striking 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 basins 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 high-angle faults of
large displacement may be Late Creta-

" ceous to Middle Tertiary in age (Gilluly,

1932) (27). The faults are mineralized
and crossed by a rhyolite dike and,
therefore, were in existence before Late
Eocené or Oligocene igneous activity.
They are no older than the folding of
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Late Cretaceous age. Movement has
continued to Recent time (Gilluly, 1932).
Northwest-striking block faults date from
the Early or Middle Tertiary (Gilluly,
1928). Giltuly 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 mineralized, and Gilluly
dated mineralization as pre-Miocene and
possibly pre-Eocene Wasatch Formation.
Movement on the faults was renewed
later in the Tertiary.

On the west slope of Mount
Timpanogos in the southern Wasatch
Range are northweststriking normal
faults whose age cannot be determined
accurately from local field evidence but
which are probably Eocene to Recent,
based on regional evidence (Qlsen, 1955
[citing Eardley, 1951, and Hunt and
others, 1953]1) (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
Cretaceous thrusts and the earliest
volcanic rocks of the Tibble Formation,
which are probably Eocene (Baker, 1964)
(29). One branch of one of these faults
does not displace younger Eocene
volcanic rocks. Both large faults are
terminated 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)
(30). 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
(Morrs, 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-central
Utah, gave evidence for several stages of
north- to northweststriking normal
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faulting associated 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
overlain uncénformably 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 Larly
Tertiary. 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 Eocene(?) 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
Miocene(?) Ibapah stock.

To the southeast in the Sevier
Valley, there was Early or Middle Eocene
and Middle or Late Eocene normal
faulting (Spieker, 1949) (36). Eocene
normal faulting of unspecified trend
apparently occurred on the west side of
the Gunnison Plateau (Spieker, 1949).
The Paleocene Flagstaff Formation is
faulted against the Eocene Green River
Formation. Since these two formations
lie on opposite sides of the fault and both
lie on the Jurassic Arapien Shale (Zeller,
personal communication [cited in
Spieker, 1949]), faulting must have
occurred between the deposition of the
Flagstaff 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 Eocene(?)
Green River Formation but not the Late
Eocene(?) Crazy Hollow Formation.
Minor normal.faulting in the Late Eocene
and Early Oligocene 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-
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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 wére 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
Formation 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 other 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 limestone breccia of the Early
Oligocene Titus 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-
raphy. Reynolds (1974) apparently
disagreed with the interpretation of Stock
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and Bode because he stated that uplift of
the Grapevine Mountains block occurred
between 20 and 16 million years ago
(Early and Middle Miocene). Between 16
and 13 miltlion 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,
19501). 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-slip faults in southwestern
Nevada between Reno and Las Vegas are
Middle and Late Tertiary in age and trend
predominantly north-south (2). In the
Lathrop Wells quadrangle of south-
western 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 earlier
normal faults had predominantly
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 (25 million years old) were
deposited. Lavas erupted from vents
localized by thiese faults 18 million years
ago and were then cut by faults of the
same trend. These northeast- and
northwest-striking faults were truncated
by Middle and Late Miocene (17-7
million years), north-striking normal
faults. Late Miocene rhyolites were
intruded along some of the
north-trending fractures. Carr (1974) also
reported that basin-range faulting in the
Nevada Test Site was well established
prior to initiation of major volcanism
about 15 million years ago (Middle
Miocene). He said many of these faults
were repeatedly reactivated from 15 to 6
million years ago.

At Goldficld, northeast-striking,
east-dipping shingle faults formed about

o e e —————

’
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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 million years ago (Early Miocene) near
the end of pre-mineral volcanism (Ashley,
1972) (5). Northwest-striking shingle
faults formed about 21-20 million years
ago, cutting a rhyodacite ash-flow tuff
but preceding 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
rormal faults were more numerous and of
larger displacement in the Oligocene and
Miocene (Kellogg, 1960, 1962) (6). Early
Oligocene north- and west-striking normal
faults in the southern Egan Range

originally had dips of 31 to 58 degrees.
Late Tertiary and Quaternary tilting of
the range also tilted the Oligocene normal
faults so that they are now low-angle
normal faults (Kellogg, 1960, 1962).
These normal faults probably all formed
during the initial uplift of the range in
latest Eocene or earliest Oligocene time,
according to Kellogg (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 contains
10,000 feet of Mio-Pliocene(?) clastics,
limestone, and breccia.

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

Oligocene was particularly active in the
Early to Middie Miocene (Moores and
others, 1968) (8). To the east in the
southern Snake Range, normal faulting
occurred in several episodes from the
Middle Tertiary 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(?) clastics.

In the north-central Schell Creek
Range, normal faulting followed
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 Tertjary), which

<
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overlies it locally, but cuts thrusts and
postdates the Eocene(?)-Oligocene(?)
"volcanic rocks. At the Ward mining
district in 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, inclined Oligocene ignimbrites, and
tilting 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 earlier (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
immediately followed the Laramide
orogeny, coming before Late Miocene
-and continuing into the Recent (15).
.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 contains 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
(Williams, 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 Bonneville Group. Uncon-

formities within the Salt Lake Group -

indicate that there was faulting and tilting
during its deposition (Williams, 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
million 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 Oligocene 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 norma! 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).
North- 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 million 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 lines 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 tilting of
Oligocene(?) age is demonstrated in the
Canyon Mountains area by Oligocene(?)
valley-fill deposits (Campbell, 1974) (27).
Northward tilting 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 ([1969) found
evidence for Oligocene fnorth-striking
faults (28). Bedding and size gradation of
boulders in the Oligocene: Beers Spring
Formation suggest a source to the west,
probably created by lOC?l differential
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uplift and depression along north-striking
faults.

Based on the mapping of the Late
Oligocene Isom Formation on the
southern Sevier Plateau, minor 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 earlier
(Hunt, 1946) (30). In the Red Hills 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).

Post-Eocene, pre-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 Miocene(?)
lava (Hunt, 1956) (32). Kurie (1966)
found evidence for a post-Eocene but
pre-Late Cenozoic Hurricane fauit (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 important 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 Miocene(?) 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 million 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 original distribution of,
sediments and the effect of erosion play
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FFigure 4. Localities of Late Tertiary normal faulting in Nevada and Utah. Lines indicate th;e 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 are from figure 3. :

an important limiting 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. Furtherntore, 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
initiation of faulting must be kept in
mind when comparing figures 2 through
S: that there are more localities.for Late
Tectiary and Quaternary normal faulting
does not necessarily mean normal faulting

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

" The limitations of the original
extent and preservation of rock units are
particularly important in evaluating
whether there was a shift with time in the
distribution of normal faulting. For
instance, in southwestern Nevada, most
localities have faulting dated as Late
Tertiary or Quaternary with onl)" a few
older examples. But in the Spring Moun-

‘tains, for example, there are no rocks of

Cretaceous through Oligocene age
(Albritton and others, 1954). In the
Lathrop Wells quadrangle, there are none
from Mississippian through Oligocene age
(Burchfiel, 1966). In the Hawthorne and
Tonopah quadrangles, there are none

between Jurassic and Miocene (Ferguson
and Muller, 1949). Similar stratigraphic
limitations occur in northern and
west-central 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 limited 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 during 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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Figuré 5. Localities of Quaternary normal faulting: in; Neévada and. Utah. Lings inditite the.strike of faultihg T the fiearest 43 degrees Letter-number
combinations refer to localities on previous figures; unnumbcrul localities are taken from Lofing. {19?"] Nilmbers preceded by MET are fér
localities from figure 2; those preceded by MT are from figure'3.

Tertiary. Late Tertiary” fault localities
outnumber older fault lOC&lltLBS
Particularly in }\Ievada‘. Late: Tertxary
faults .also' are foupd in. areas in west-
central, southwedtérn, and northerd
Nevada that have Only sparse reports of
Early and Middle Ternary faulting.
However; it would be difficult to say that
there’ was an actudl shift’in faulting west-
ward with time, because Late Mesozmc-
‘Early Tert1ary Tault locahttes, although
few, ure reported from ‘the same general
areas as Late Tertiary faults. As hasbeen
pointed out, the préponderance of Late
Tartiary Iault localities may be due to the
lack of Early Tertiary rocks in ‘much of
the Great Basin.
fault localities fdll in aréas whetre there

In general Quaterhary:

was' Late Tertiary faulting, and the
converse is also pgenerally true.
Quiternary faulting Was:been répdrted in
almost all areas of the Great Basin with
the: exception of cefitfal. Nevada., Thus,
there, doe;s, not appear to be any consis-
tent patiern in the initation of normal
faulting within Nevada and Utah.

‘The-apparent absence of faulting of
Quaternary and other ages in ceritral
Nevada is not_real .and is most,likely due
to a scarcity of ‘published reports about
the-drea; dt least those repoits which give
fault ages. A large part-of the area which
lacks fault ages lies within the Nevada
Test: Site; this .may explaifi why few
papers deal with it. As Stewart’s (1971)

distinguished by

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

RELATIONSHIF OF NORMAL
AND BASIN-RANGE FAULTING

Tt is apparent from the data just
presented that normal faulting has

‘gecurréd in the Gréat Basin since the

tlose of ‘the Cretaceous. The major
questions are how much of' this normal
faulting répresents basin-range faulting
and when did basin-range faulting begin.

Fénnéman {1931) described the

Basin and Range Trovince as a physio-

topographically
isolated, roughly
moyntain -ranges separated by

graphic province,

parallel,
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desert basins. 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, particularly 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.
Gilbert (1928) defined 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 Gilbert’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 faulting 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 lies behind the ldea that Great
Basin block faulting occurred chiefly
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 likely basin-
range faults. There would probably be
little disagreement among geologists
familiar with Great Basin tectonics that
basin-range faulting is at least Late
Tertiary in age. But as Mackin . pointed
out, 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 Middte Tertiary normal faulting
described in the fliterature and
sunmarized in this paper. One is that the
early normal faulting represents the
initiation of regional extension in the
Great Basin whose culmination was the

Late Tertiary-Quaternary structural-
geomorphic Basin and Range Province.
These Early and Middle Tertiary “basin-
range faults” may not fit Gilbert’s defini-
tion because they are not now
accompanied by mountains. Perhaps they
were never range-front faults. But they
may have 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 basin-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 in 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.

Although Late Tertiary 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
basin-range tectonism remains
unanswered.

If the extension that created the
Late Tertiary-Quaternary Basin and
Range Province did begin in the Early
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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, similar to what Karig
(1970, 1971la, 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 Cenozoic 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 still not satisfactorily resoived.
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