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ABSTRACT

This report describes a geologic study undertaken to evaluate the nature
of structurai and stratfgraghjcdcontrqls within the Beowawe geqtherma}“system;'
| Eurekqgaﬁé;yander‘thﬁf%é;; Nevada. The study is part of a compréhensive |
-onQOiﬁéfcase study of the Bébwawe geothermal system sponsored by the Division
of Ggothermai Energy of the Department of Energy under the Industry Coupled
Program.,‘This study‘includes geologic mapping at a scale of 1:24,000 and

‘lithOIogic'logs of deep Chevron wells.

| - Two major normal fault systems control the configuration of the Beowawe
geothérmal system. Active hot springs and sinter deposits lie along the
Malpais FéUlt zone at fhe base of the Malpais Rim. The Malpais Rim is one'of
several"east-northeast-striking; fault-bounded cuestas in north central
Nevada. A steeplyAinciinéd scarb é]ope‘faces northwest towards Whirlwind
Valley. ‘The general inclination of the»vqlcénic rocks on the Malpais dip

slope is 59 to 10° southeast.

| The Malpais scarp slope exposes normal faults on a northwest trend‘that
predéte the déyeiobmentvof.the Malpais scarp. An 01190¢ene.to Mibcene graben,
_1preseﬁ£l&:cdnfinihg1thé:kn6wh:geothermalsyétem. developéd along this trend.
| ; The hOrtﬁ-nbhthweﬁt-tfending.bunphy’Pass’Fault zbne,east ofrthe sinfer terrace
is-théfeastern;bddndary‘of the grabén.r The westérn boundary of the grabéﬁ' ‘
appears to cross ﬁhe Malpais Rim in Horse Heaveh’but is poor]y exposed. A
1200_m-thick_seCtjon’of Miocené basaltic andesite, dacite, and basalt flows

; acédmuléted-within the developing grabenvand,cdvéred a middle Tertiary



sequence of tuffaceous sediments, tuffs, and andesite flows, and the subjacent

Ordovician valmyAFormation.'

'rné Malpais Fault zone developed after the eruption of the Miocene
volcaniCS; the normal faults'controlling the scarp primarily strike east-north-
east toieast-west. However, these faults define tWO'flexures»in the overall
east-northeast-trend of the Malpais Rim; The Geysers occur at one of these

flexures. A_setfof steeply-dipping east-northeast and east-west-trending

,‘faults.COntrolling,the Malpais Rim scarp slope apparently carry hot fluid to

1 the surface. 'Northwest“and west-northwest-trending vertical faultslmay limit

the northeastern and southwestern extent of modern surficial thermal activity.

‘The intersections of these faults and the Malpais fault may serve as deep

- conduits for the geothermal system. At the southwest end of the terrace, the

Malpais scarp curves to the sOUthwest.Iwhereas elements of the east-northeast

~.'fault set appear to continue westward 1nto the valley, creating a subtle

horst like structure and permttting the westward migration of thermal fluids.

The deep Ginn and'Rossi wells penetrate the Tertiary volcanics and the

| ‘valmy»Fonnatlon. Hydrothermal alteration minerals in these wells are
1a,Hesvertically zoned from a clay-calcite-quartz-pyrite assemblage above 600 m
: "m(2000 ft) of depth to a quartz-calcite-mixed chlorite and clay~pyrite-
| ;ser1c1te-epidote assemblage below 1400 m (4500 ft) Alteration intensity. is
ﬂ'variable due to varylng fracture and lithologlc permeabilitles and diverse ;

'l!thologic compos1tions.

_ The faults controlling the Malpais scarp also served as conduits for

'hydrothermal fluids earller 1n the evolution: of the scarp. Uplift along the



‘Malpais scarp within and east of the Dunphy Pass fault zone exposes the Valmy

~ Formation and a swarm of chalcedony-carbonate veins. Broad areas of

‘silicification,‘argillizatjon. and brecciation invade the Valmy formation and

the Miocene roloanics. The intersection of these two major fault zones is,
perhaps. a deep conduit for modern thermal fluids. A zone of anomalously Tow
re51st1v1ty extends from the surface at the modern sinter terrace to 900 m
(3000 ft) of depth within the Dunphy Pass Fault zone. The silicified zone
presently appears to divert fluid Iateral]y to the modern hot springs.

-JirPermeable zones of fractured Valmy Formation and volcanic rocks probably serve

as satelllte reservoirs at shallow to intermediate depths.

Regional heat flow_data indicate that circulation of fluid to a deep

reservoir is necessary to explain the nigh measured temperatures'of 2140C

encountered at a depth of 2880»m‘(9460'ft) in the Ginn well. Geologic

evidence is inadequate to‘determine_if the deep reservoir resides in the

~siliceous rocks of the Roberts;MOuntains thrust or,Within deeper carbonates.



INTRODUCTION

The'Beowawe geothermal'system. also known as The Geysers, lies 30 km N

(18.6 mi) southeast of Battle Mountain, astride the Lander-Eureka county 1ine

in the: Whirlwind Valley of north-central Nevada (Figure 1). Beowawe ranks

'among the hottest of the numerous - known geothermal systems in the Great Basin
l (harside and Schilling, 1979) Several small-geysers, hot springs, and
'r.fumaroles captured the attention of early settlers in the area. The

-:geothermal system has builtia large opaline sinter terrace along the

"fault-controlled Malpais Rim on thelsoutheast margin of the Whirlwind Valley.

The sinter terrace is'about 75 m high and 850 m Tong by 30 m wide at the crest

(Oesterling; 1962) " The effluent of the system flows northeasterly down the

Whirlwind Valley to the Humboldt River.

The vigorous geothermal activ1ty prompted considerable exploration -effort

in Beowawe in the late 1950s for a resource amenable to electrical power

;generation.» Magma Power Co., Vulcan Thermal Power Co., and Sierra‘Pacific

}iPower‘Co;, drilled a total of 12 shallow wells between 1959 and 1965 (Garside,

1974). - Several of these wells tapped fluid in excess of 2000C at depths of

"less than 300 m (1000 ft) directly below the terrace. Two wells drilled for
. the Sterra Pac1fic Power Co. tested potential in fractures on the crest of the

‘«”Malpais le. These. wells all appear to have been-designed to test the

reservoir potential of the Malpais fault zone beneath the 51nter terrace.

This work however, did not result in commercial energy production,: and in

- 1973, exploration actlvity resumed with the drilling of the Ginn No. 1-13 well
| -fby Chevron-American Thermal Resources, Inc. ‘The 2915 m (9563 ft) Ginn well
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and the subsequent 1733 m (5686 ft) Rossi No. 21-19 well of Chevron U.S.A.,

~Inc. tested angarea 2.4 km (1.5 mi) west of the sinter terrace. Magma Energy,

Inc. drilled the 1829 m (6000 ft) Batz No. 1 well at the base of the sinter

terrace-in 1975‘(Zoback 1979). The Chevron wells expanded the prospect area

fand presented the possibility of a deep target within the Malpais fault zone

or subSIdiary fractures.

_ Chevron Resources Co. and Getty 0il Co. are currently investigating the
energy potential of the area. Each company has submitted geophysical, -

geological and geochemical data to the U. S. Department of Energy as’ provided

by contracts for geothermal reservoir assessment in the Industry Coupled

Program. Ongoing studies by these groups and the Earth Sc1ence Laboratory of

Athe Univer51ty of Utah Research Institute point to the need for additional

detailed structural and stratigraphic work in the vicinity of the geothermal

, system.v This report descrlbes the results of mapping at a scale of 1: 24000

(Eigure>2),,includes summary lithologic logs of cuttings from theﬁChevron
wells Ginn ho. 1-13 and Rossi No. 21719 and describes the nature.and |
1nten51ty of hydrothermal alteration at the surface and at depth.
Interpretations of Chevron resistiv1ty and shallow seismic data by Smith and
others (1979) and Smith (1979). and major element analyses and K-Ar dates of
volcanic rocks performed by Drs. S. H. Evans and F. ‘H. Brown-of the Department '

of Geology and Geophysics of - the Universuty of Utah and reported herein.

g contribute to the structural and stratigraphic models. B

Previous‘Work.

f, The-first'published account'ofjgeothermal*activity at Beowawe appeared in



r‘an'art1c1e written by A. S.'Evans for an 1869 issue of the Overland Monthly.

T. B. Nolan and G. H. Anderson (1934) provided the first geologic description
of'the geothermal system and‘includedvanaiyses of three water'samples.
Oesterling. (1960) subsequehtly'prepared an unpublished geological appraisal of'
the Beohahe:prospect for the Southern Pacific Company.‘ He incorporated this
report in a public presentation ehtitled "Geothermal Power Potential of

Northerh Nevada" (1962). His reconnaissance map includes the immediate

- prospect area at 1:2400 scale with cross sections and an account of the early

drilling and we]l'testings Rinehart (1968) attempted to establish seismic

signatures and Short time temperature\histories of the water in three of the

rgeysers. He also related the effects of the early exploration work on the

Beowawe ‘thermal features. Moresrecently, Zoback (1979) integrated the

'generalized‘geology of the Malpais Rim and adjacent areas with the results of

b1pole-d1pole resistivity, self potential, seismlc noise, grav1ty, and

‘magnet1c 1nvest1gatlons.

'AdditionaT summaries of the local‘oeoiogy.vgeochemistry, and exploration

f’f_hlstory appear in Gars1de (1974) Hose and Tay]or (1974), ‘Wollenberg and
B others (1975 and 1977), and Gars1de and Schilling (1979) Reg1onal studies
4'descr1b1ng the Beowawe area 1nclude those of Stewart ‘and Carlson (1976),
‘ Stewart and others (1977), and Roberts and others (1967) Reports by Gilluly
'and Gates (1965), Gilluly and Masursky (1965). ‘Zoback (1978), and Zoback and

Thompson (1978) provide valuable 1nformation from areas peripheral to the

'geothermal system. Olmstead,and others (1973) list sources of geologic and

hydrologic data for the Crescent Valley.{ whirlwind Valley area.
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‘GEOLOGIC SETTING

The Beowawe geothermal system l1es near the axis of the Basin and Range

| phys1ograph1c prov1nce (Stewart and others, 1977). The Malpais Rim is one of

several east-northeast-striklng cuestas in north- central Nevada (Figure 1),
and with the Argenta Rim, forms the northern termination of the 320 km-1ong

Shoshone Ranyge. The Humboldt River truncates the northeast ends of the

‘Malpais andergenta Rims, North-northeast-trending normal faults dominate the
| reéional’structural terrain of north-central»Nevada, giving rise to the major

‘rangesrand valleys (Fjgure.l). HoNever, within thelmapped area, the regional

fault trend turns easterly to produce the observed cuestas. Major north-

| :northweSt-trending cross-fractures, occurring within the study area, laterally
- confine a sequence of middle Miocene calc-alkaline to alkaline flows. These

'flows,comprise most of the outcrops in the mapped area and represent the

central.portion of an elongate'middle Miocene volcanic field that overlies the

Oregon Nevada lineament and extends from southeast Oregon to central Nevada

(Stewart and others, 1975 Zoback 1978 and Zoback 1979) The flows

“.hs accumulated in north-northwest trending grabens produced by middle Miocene

rift!ng along the Uregon-Nevada l1neament. Zoback (1978) named this structure
the Northern Nevada R!ft. In the Cortez and Roberts Mountains to the

southeast of Beowawe. the rift. structures confine swarms of parallel

i;‘north-northwest»trendlng diabase d1kes., Gilluly and Masursky (1965) believe

'»,nthat these dikes were the sourees of the flows in those areas.

The volcanics of the Beowawe geothermal area lie unconformably on alloch-

thonous lower Paleozo1c s1l1ceous eugeosynclinal rocks (Figure 2) In the
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vicinity of the <tudy area, the siliceous rocks lie in fault contact upon the

subJacent autocntnonous carbonates along the Upper Devonian to Lower Missi551p-

pian Roberts Mounta1n<thrust of the Antler Orogeny (Stewart and others, 1977).

The main thrust and the many subsidiary faults as exposed in the Crescent '

"'-Valley quadrangle have severely fractured and folded the upper plate while
‘llgently folding the lower plate (Gilluly and Gates, 1965) Thrust faults,
folds, and younger sedimentary rocks related to several subsequent orogenies

l further complicate this complex structural terrain 1n peripheral areas.

'Ekposures of Paleozoic rocks within the mapped'area are limited to the

3'scarpfslope of the Malpais Rim east northeast of The Geysers (Plate 1).

~»Roberts and others (1967) and Zoback (1979) considered the siltstone,

quartzite, chert, and 51liceous conglomerate to be part of the Ordovician

: Valmy Formation. The Valmy. or its,distal correlative, the Vinini Formation,

appears‘in a similar Structural‘setting on the north and east sides of the

‘;T:.;;Argenta_Rim_outside the‘mapped_area'(Roberts and’others, 1967). Extensive
feﬁ?}reXposures*Of the Vinini'oCCUr in the‘Tuscarora Mountains immediately to the
‘l,;tnortheast of the Argenta and Malpais Rims. Thrust faults of the Antler

iy;aﬂrogeny place the Valmy against the Devonian Slaven chert on the west Slde of

;fthe Argenta le (Stewart. 1969) The Valmy and the Slaven formations outcrop

(_j&;over large portions of the Mount Lewis area in the northern Shoshone Range, to
? “the southwest of Whirlwind Valley (Gilluly and Gates, . 1965) These rocks, ‘

’along with lesser amounts of the feldspathic Silurian Elder Sandstone on Mount

Lew1s. comprise the Roberts Mountain allochthon in the Beowawe vicinity. The

Ginn No. 1 1? and R0551 No. 21 19 wells located at tne base of the Malpais Rim

rpenetrate rOcks interpreted as Valmy Formation below depths of 1350 m (4500

10
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TABLE 1

;; K-Ar Age Dates for Tertiary Volcan1cs | ;  v - g
‘ (sample locations on Plate I) S

| Moles/gm o 40
o o - ; , ‘ _ 0 (x1011) %Ar : ,
Sample No, - Unit Material Dated Weight (gms) %K : Rad ., atm __ Age §m.¥.§
NV78W 79-85  biotite Biotite 0.34495 6.71 45,610 24 38. »
.~ dacite TN , R o | } o o
NV/BW 79-84  hornblende Biotite. 0.40630 6.64 - 44,934 18 38.6 + 1.3
h andesite i - _ B - ' _ _
NV/BW 79-180 = pyroxene - Plagioclase - 2,08253 : 0.89 2.499 81 16,1 + 0.6
S - dacite . L o ‘ ' ' o . . ‘
_NV/BW 79-154 pyroxene .= Sanidine . 0,52108 - 6.54 18,2989 32 16.1 + 0.5
ST dacite . . s T , _ , -
NV/BW 79-104  young basal- ~ Whole Rock  3,32479 . 127 - 3.653 . 53 16.6 + 0.7
L - .- tic andesite . SRR S o , ' » - :
© NV/BW 79-104 young basal- . Whole Rock . 3.01703 1,27 3,692 61 16,7 0;7
o ~ tic andesite -~ R _ ' o a
~ NV/BW 79-21 . 1late basalt - ﬂholexkock : 5.06662 .76  2.172 69 16. 3 + 0.8

NV/BN 79-112 late basalt  Whole Rock 2.13857 0.83 ~  2.390 © 68 165108

, Constants Used:

A = 4,962 x 10 1°/yr.:
A = 0,581 x 10 1°/yr. -
K¥O0/Kpoq = 1.167 x 107 Mole/Mole

" Analyst: S. H. Evans




- ft) (Plate 1 and Figure 3). However, horizons of a dirty sandstone suggest
that tectonic slices of Elder Sandstone may lie within the section.
Quantities-of black and shaly siltstone resemble the Vinini Formation. Small
"windows in the allochthon peripheral to Beowawe expose carbonates of the
eastern miogeosynclinal assemblage. The carbonates occur neither at the
surface ingthe mapped area nor at the depths penetrated by the drill holes.
VHoweuer; onermay presume that they occur at greater depths throughout the

area,

~

Seueral large Meso;oic felsic stocks intrude Paleozoic and Mesozoic
n,'sedimentary rocks_in the Cortez Mountains, whereas numerous'small Lower to
middle Tertiary felsic stocks intrude loweriPaleozoic rocks in the Shoshone
Range south of the study area (Muffler, 1964; Gilluly and Masursky. 1965;
Gilluly and bates, 1965).

STRATIGRAPHY

”Ordovician Valmy Formation

', The Valmy Fornation, exposed along the Malpais scarp, consists pre-

e . dominantly of light grey siliceous 51ltstone with significant amounts of

L-“quart21te, sandstone, bedded chert. and siliceous conglomerate. Zoback (1979)

.:Roberts and others.(1967) Gilluly and Gates (1965) provide a detailed

’}:petrographic discription of the Valmy Formation in the Mount Lewis area.‘i
aPetrographically, the siltstone containszquartz grains of uniform size with

. ,minor detrital feldspar_and mica.-ylt'exhibits a”mosaic texture with lobate,

"}sutured grain boundaries and pervasive overgrowths of quartz.’ The siltstone

grades into a medium- to coarse-grained white quartzite. Good exposures of

13



these'rocks occur in sections 10, 15, and 16, T31IN, R48E, where the'quartzite'

 forms prominent east- northeast -trending outcrops and near the Red Devil mine
“in section 6, T31N, RA9E. Shearing related to Paleozoic tectonism and |
'Tertiarydtensionalffracturing generally{obscureS”the‘true attitude of the
bedding units;'.Tectonism has also obscured the stratigraphic relationships

~ and thickness of the unit though Roberts and others (1964) determined that the

Valmy is at least 2400 m thick in Eureka County. Gilluly and Gates (1965)

,suggest that the unit may approach 7500 m in thickness in the Mount Lewis

area .

2 Chertjlayers'of»variable thicknesses occur'sporadically within the
siltstone.. Open-pit barite mine developnent and extensive dozer cuts in
sections 11 and 12, T3IN, R48E(reveal‘bedded chert.horizons in excess of 30 m
thick dipping approximately 20 degrees to7the east-southeast. The chert is
lignt-grey; black, brown, orrlight green with'indiVidual beds 5 to 15 cm

- thick. The green chert commonly occurs as thin interbed films up to 1 cm
t‘thlck although some axposures contain alternating layers of green and black
.‘_or brown chert several centimeters thick. Bedded chert exposures in the |
southern half of the northeast quarter of section 11 are predominantly green. '
»f,The cherts also contain sporadic green and black shaley partings, as well as
}’*; highly yariable thicknesses of bedded nodular oarite. The nodules are
‘Jconmonly¢less,than’1 cn in_diaheter'and occur infa'light'green shaley or

" cherty matrix.

OccaSIOnal exposures of clean quartz sandstone occur. in close association

.w1th a silicious conglomerate. The sandstonevis very clean with subround to
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.round fine to medium grains. Zoback (1979) distinguished a chert

conglomerate with poorly sorted subangular to subround variegated clasts from

a pebble conglomerate With'well sorted, rounded siliceous pebbles of a white,

" grey, or black color. These rocks are well exposed in the Red Devil Mine
“workings, but appear- only as float to the southwest along the Malpais scarp

" front.

Tectonism has severely fractured the Valmy rocks and produced some:

'cataclastic texture and foliation. Quartz{and chalcedony oyergronths have

also modified the original textures. ,The:abundant‘red coloration of the Valmy

noted bynzoback (1979) along thevMalpais SCarp.slopelis most likely hematite

~ and limonite related-to late Tertiary and Quaternary hydrothermal activity.

 The limonitized zone extendsﬁsouthwest to The Geysers area (Figure 9).

Old Tuffaceous Sedimentary Rocks

funit exists in the float wharever the Valmy crops out on the Malpais’ le,

A regionally w1despread section of felsic tuffaceous sedimentary rocks

igrests unconfonnably on the Valmy Formation (Plates 1 and 2). Evidence for the

1

":although exposures are poor due to the incompetent nature of the interbedded
"}{~sed1nentary rocks and tuffs. The»tuffaceous unit typically forms a gentle |
= ifhslope compared with the steeper exposures of the Valmy Formation and the -
| ‘Moverlying lava flows.' Fresh exposures of the unit occur in the gravel pits to
- anthe south of the Red Devil Mine and on an oversteepened slope hnnediately to
‘ljfthe east of the toe of the prominent Quaternary landslide on the Malpais scarp
.slope (Zoback, 1979) Two additional small exposures occur on the scarp slope

umnediately to the east and west of the barite mine in section 12. Maximum
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observed thicknesses range from 125 m in the Rossi well to 70 m on the Malpais

.scarp slope.

-~ The tuffaceous sedimtntary rocks outcrop widely on the eastern. northern,

‘and western scarp slopes of the Argenta Rim (Stewart and’ others. 1977)
.Gilluly and Gates (1965) and Gilluly and Masursky (1965) observed similar
gravelly tuffaceous rocks lying between Paleozoic rocks and the middle Miocene

_basaltic andesite pile in the Mount Lewis area and on the Cortez Mountains.

Tuffaceous sedimentary rocks form subdued hills to the east of Beowawe along

| .the Humboldt River (Stewart and Carlson, 1976) These deposits are probable

‘continuations of the Red Devil exposure.

_ The Ginn well penetratesfthe’tuffaceous sedimentary unit at depths from

1257 to 1275 m (4190 to 4250 ft).and from lﬁZOvto 1365 m (4400 to 4550 ft) of

‘ depth (Figure 3); a hornblende-biotite-andesite flow occupies the intervening

interval. The Rossi well cuts a similar section with tuffaceous sediment from

:'kﬁ1200 to 1248 m (4000 to 4160 ft) and 1272 to 1335 m (4240 to 4450 ft) The |
:f5;intervening lava flow crops out only along the glide plane on the west side of
‘ jthe Quaternary landslide in the north-central part of section 15 (Plate 1). 4
(Cobbles of the flow rock are common in many exposures of the tuffaceous sedi-
lv'a‘:mentary section in the area. A potassium-argon dating of biotite phenocrysts
'suggests an age of 38.7 t 1 3 m.y. (Table 1, sample NV/BN79-84) Cobbles of a

closely associated biotite dacite yield an age of 38.8 t 1.3 m.y. from '

R separated biotite phenocrysts (Table 1, Plate 1)

. The tuffaceous sedimentary rock unit is composed of gravel sand. and

L silt in. a tuffaceous matrix interbedded with thin airfall or: water—lain tuff




layersii Cross bedding in the gravels suggests fluvial deposition. 'The |
gravels are most conspicuous in subdued outcrop leaving an abundance of -
rounded to Subangular s111ceous pebbles in a bentonltic 501l._ The pebbles are
predomlnantly chert quartz1te, siliceous siltstone, and sandstone. The

- black, brown, grey, and green cherts of the Valmy formation are distinctive.
>Sporedic concentrations of cobbles and boulders from the Valmy quartzite and
Sillceous‘conglomerate appear in the float, and a variety of middle Tertiary

1 felsic andhmafic VOlcaniC»clasts are also common. These clasts are clearly
"distinguishéble from the local middle to late Miocene volcanics. The
,tuffaceous mdtrix conbainS'fine- to medium-grained feldspathic sand, broken
feldspar;.quartz, and‘mafic‘crystals, and variable amounts of fresh to partly :
altered glass'shards. Carbonate is common as a cement. The ash layers are
buff.to.grey and range up to ; meter in thickness, containing well preserved

brown glass shards with minor admixed fine-grained detrital material.

The 1nterbeddeo hornblende biotite andesite contalns about twenty percent
'plagloclase flfteen percent hornblende, and three percent biotlte as anhedral
'fphenocrysts 1n a llght grey mlcrollt1c to aphanitlc groundmass. The
plagioclase phenocrysts are commonly 2:to.4 mm in length and occasionally
attain 10‘mm‘1nvlength. The larger plagioclase phenocrysts display well
deVelopediioning; The hornolende‘phenocrysts vary from 1 to 10 mm in ength.
Biotite forus scattered books about S‘mm'in'diameter; Magnetite, a common'
accessory mineral ’occurs as finely dlsseminated'subhedral grains; Magnetite
: and btotlte commonly replace the hornblende phenocrysts as probable deuterlc

- alteratlon products. The groundmass is thoroughly argill1zed in the drill
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13 hoIefintercepts and in much of the outcrop. However, portions of the outcrop

contain well preserved groundmass and plagioclase phenocrysts.

' _Middle Miocene Volcanic Rocks

A thick sequence of volcanic flows covers the tuffaceous sediments in the
vic1n1ty of The Geysers (Plates 1 and 2) The cuesta scarp slopes expose up |
-to 600 m of the volcanic section in Horse Heaven to- the southwest of The
'jGeysers and on the northern side of the Argenta Rim. The flows form cliffs on |
the scarp slopes and d1p gently to the southeast at five to ten degrees. The
Ginn ‘and Ross1 wells penetrate 1200 m of volcanics above the tuffaceous
sediments. The locally great thickness of the section contrasts with normal

regional thicknesses of less than 300 m (Zoback 1979)

" Our mapping, petrography, and petrochemistry indicate considerable
compositional variability through the Malpais Rim section and, in conjunction
with the deep drilling record, allow the Subd1V1510n of the lava flow

' sequences prevrous]y mapped onl/ as basaltic andeSite (Figure 2). The

_volcanicvsection includes. 600 m of basaltlc ande51te w1th minor basalt, 300
- 'm-of pyroxene dacite, 40 il of tuffs and tuffaceous sedimentary rocks, 100 m of
_f:basaltic andesite. and 10 to 30 m of basalt in ascending order above the lower

i'to middle Miocene tuffaceous sedimentary rocks. ‘Basaltic ande51te

predominates throughout the vo)canic field south of the Humbo]dt River

- (Gil]uly and Masursky, 1975 Gilluly and Gates. 1975), although several

rhyolite flows occur in the Cortez Mountains. Rhyolite flows - and domes with
basalt cap flows increase in abundance relative to the basaltic andesites

between the Humboldtvkiver and the Oregon -;Nevada}border,(Stewart and
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':'Carlen;>1976).' Major element compositions as plotted in Figure 7 indicate
that7the[volcanic‘sequence in the study area has calc-alkaline'and alkaline
COmponents;' The followinn sectlons will discuss the details of the maJor ‘rock

types of the volcanic section in the v1cinity of the geothermal system.

VOld Basaltlc Andesite | .
The old basaltlc andesite unit is a thick plle of lava flows wlth

“occas1onal 1nterbedded thin horizons of felsic tuff and volcanic agglomerate.

2 The only recogniied oUtcrop of.the unit'exposes approximately of 300 m Of-‘

| flows on the scarp slope of the Malpais R1m ln Horse Heaven {Plates 1 and 2).

A small exposure of tuffaceous sedimentary rock (Stewart and others, 1977)

fmarks the bottom of the basaltlc andesite unit in this. local1ty. The Ginn and

R0551 wells, however, penetrate much thicker basaltlc andesite sections of 828

m and 765 m respecttvely, substantlating Zoback's (1979) proposed

s

-;northwest trendlng middle M1ocene graben between Horse Heaven and White Canyon

- ’(Flgure 3)

The-unit is, predominantly,_a‘medium-grey pyroxene-bearing basaltic

~ andesite with-ininor olivine. -Plagioclase occurs as'microlltes:and as 1 to 4

. ,y”mm-long phenocrysts w1th 1ntergranular cllnopyroxene.e The rock also contains

‘7f»finely disseminated accessory magnetite along with occaslonal apatlte.

’.,Vesicular zones locally contaln chalcedony. calc1te, chlorite, clays, and

S zeolltes. ‘,v'_f

The deep wells lntercept tuffaceous sedimentary rocks at depths between

',‘500 and 702 m.r The tuffs contaln angular quartz and feldspar fragments ina

1

matrlx,of clay and carbonate. Several volcanlc agglonerate hor1zons appear in
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ithe‘Horse Heaven oUtcrop, but arendiffiCUlt'to recognize in drill cuttings.
’, The coarse angular basaltic andesvte clasts rest in a clay-rich matrix and are‘.e
generally well weathered. However,~the Spread in SiO2 values from samples of
.'=the basaltic andesite sequence taken frmn drill cuttings and one outcrop

’} indicate a range in rock type from basalt to andesitel,

7 The sample density is insufficient to identify any vertical trends in
irdck composition. Petrographic ev1dence indicates that the maJority of the
sequence sampled in the drill holes resembles the flows which, at a depth of
975 m (3200 ft), yielded an 5‘02 value of 54.5 percent of the total oxides
o (Tabte. 2). o

v The drill cuttings (Chevron, 1979) reveal intermittant zones of moderate
- to intense hydrothermal alteration throughout the basaltic ande51te sequence.
| The tuffaceous rocks are strongly altered as well. A later section of this

: report w1ll descrioe the nature of this alteration.

Pyroxene DaCite o
The scarp slopes of the Malpais and Argenta Rims expose prominent cliffs

of pyroxene dac1te lava flows. The flow sequence attains its maximum

-’.:thickness of 300 m in the v1c1n1ty of The Geysers and the Chevron wells (Platev

lfjg72) The flows appear to have filled a north northwest trending graben now -

"”vrf”;partly exposed in both the Walpais and Argenta scarps. The dac1te_sectionw

,T_. 1SubdiVisions regardless of suite taken from Cameron and others, (1980):
- ‘Basalt (53<% Si07), basaltic andesite (53-56% Si02), andesite (55 63%
‘sSiOZ) dac1te (63-70% 5102), and rhyolite (>70% 5102) o v
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thiné‘abruptiy to a maximun thicknesshof 60 m across the eastern graben
boundary fault at white Canyon. The unit maintains its maximum thickness as
it extends southwestward to an abrupt termination along the western graben
boundary,fault, The graben boundary . is exposed on the Malpais scarp slope in
YHOrse Heaven and on the dissected Argenta dip slope in the northweét,quarter

) of section 15, T31N, R47E. fhe graben margin in Horse Heaven juxtaposes the
fpyroxene dacite against the old basaltic andesite.' Spurck (1960) and Willson
(1960) mapped large areas of flows on the Argenta R1n and the northeast end of
the Malpa1s Rim that are correlat1ve with the pyroxene dac1te unit. The
petrographlc and outcrop character1stics of the Shoshone Andesite of their
reports are essentlally identical to those of the pyroxene dacite described in
this report. -Potassium-argon dates of plagioclase phenocrysts from the middle

_of‘thevdacite_sectton indicate an age of 16.1 fo.6 m.y. (Table 1, Plate 1).

_ ’Ihe pyrorene dacite unit diéplays considerable compositiona] and textural
variability throughout the section. The cliffs of the Malpais and Argenta
Rims are dominantly glomeroporphyritic pyroxene dacite,.which we refer to as
the!daoite porphyry. The_c]iffs consiet of at ]east four fifty m-thtck flows

Lthat dispiau a crude columnar; Spheroidaliy‘weathered jointing; One possible

| source for these flows occurs at the western graben margin south of Horse . |
. Heaven, where a vertlcal dike fol]ows the boundary fault to the surface. The
flows are 11ght brown to grey on fresh exposures and weather to a deep red
brown. Phenocryst clots comprlse ten to th1rty percent of the rock. The
clots typ1ca11y contain several phenocrysts of plagioclase, clinopyroxene,
'ol1v1ne, magnet1te, and apatite. The proport1on of phenocrysts and their

degree-of agglomeration decreases irregularly upward through the p1le of

2



"flous._llhe corners of most plagioclase phenocrysts are rounded by‘resorption;
pyroxene'and oliVine commonly=appear'to'émbay the plagioclase as well.
Occasional flows display feldspar overgrowthS-on plagioclase phenocrysts. The
"plagloclase is usually fresh, whereas the pyroxene and in particular, the
ol1v1ne may be altered. Some seeondary m1nerals, includlng chlorite, calcite,
chalcedony, smectites, iddlngslte,‘magnetite, and hematitic limonite, are most

‘Tikely related to the deuterie alteration of the phenocrysts.

The groundmass of the pyroxene dacite is typically aphanitic-crystalline
| to glassy with variable amounts of microlites. Irregular networks of

fine- gralned quartz and feldspar commonly enclose glassy patches. Some

'_horlzons,reveal,1nc1pient perlitic textures with secondary clays occupying

concentric fractures. At least two distinct horizons contain abundant
Spheruloids of devitrified dacite in a matrix~of fresh or weathered dacite.
'The Spheruloids range from 1 toﬁlO cnoin diameter.and form a nodular'grus upon
.the weatherlng of the flow unit. Phenocrysts comnonly overlap the spheruloid
boundaries and are fresh‘to weakly altered. Outcrops of spheruloidal flows
occur throughout the Malpais and Argenta R1m areas, but the best exposures
”jappear ln the cut of the'eastern geyser terrace access road. and on the Malpals |
Rim crest. 1n the eastern half of Section 3, T30ON, R47E. A black vitrophyre
'L‘w1th phenocrysts s1milar to those of the dac1te porphyry marks the top of this

'*nsequence. The v1trophyre unit contalns several spherulo1dal hor1zons.

A glassy flow sequence, termed‘the'aphanitic daoite,'lies conformably on'
" the dac1te porphyry. Numerous red brown aphanitlc flows interfinger with

-black aphanlt1c dacite flows that display a dense platey jointing controlled

e
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‘by fiuidal banding. The red brown flows contain variable amounts of

‘nncrolites that produce a trachytic texturs in the uppermost of these floas.,
z'_Sparse phenocrystsrresemble those of the dacite porphyry. The flows in this
v‘,sequence are typically 3 to 5 m thick. Blocks from the red brown flows
comprise much of a thin volcaniclastic horizon exposedIOn the east wallvof
White Canyon; ;This horiion mey‘be either an interflow rubbTe zone, a voTcanic
'agglonerate. or a paleo—coiluvium on the eaet marginAof\the Miocene graben. |
Unueuaily erratic joint patterns_and.intense_hematitization of these'flowsAon

the upper floor of White Canyon suggest possible vents for the aphanitic

dacite flow sequence along the eastern graben margin.

Major element analyses snpport the use of the term dacite to characterize
vtheiflow sequences just described (Table 2). Si02 for the dacite porphyry
‘ranges from 65 to 63 percent, whereas the flows of the aphanitic dacite

- 'sequence approach the composition of andesite with decreasing age.

White Canyon Tuffaceous Sedimentary Rocks
| A thin unit of- tuffaceous sedimentary rock and air fall tuff lies
:unconfonnably on the pyroxene dacite. The most extensive exposure of. the Unit
occurs on the upper floor of White Canyon with approximately forty meters of
| 'well bedded buff to light gray tuffaceous sandstone, siltstone, poorly
consolidated ash and porcellanite (Plate 1). Normal faulting along the
';eastern margin of the middle Miocene graben has downdropped and folded the
| tuffaceous unit 1nto a gentle syncline. The unit thins to Tess than thirty
"meters as it extends southwestward beneath a cap of basalt. Cavities

excavated by erosion and animals occasiona]ly provide exposures of the
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}basalt+tuff contact, but basalt talus and cblluvium.generally obscure the

iincompetent tuffs. Tuff fragments near animal burrows and bentonitic soils
}'r‘are the- principal clues to the location of the tuffaceous unit. Deep gullies o
fhave.exposed ‘the unit on the lower reaches of the Argenta dip slope beneath
the basalt-cap or similar basaltic andesite flows, but the tuffaceous sediment
'unitiappears to pinch out to the northnest. A'pink to gray nonwelded
pumice-lithic tuff appears at the top of the unit on the south and'east sides
of the Argenta dip slope. Er051onal and constructional topography, on the
pyroxene dacite, and post-tuff erosion account for considerable variability in

- the areal distribution and thickness of the tuffaceous unit.

_ ‘ ‘The bulk of the section-is composed'of buff-colored tuffaceous sandstone.
‘The sandstone contains pyroxene dacite and old basaltic andesite clasts,
broken quartz and feldspar phenocrysts, and abundant subaligned brown to black
glass shards with a few intact bubble’ walls. Rare fragments of carbonized
’wood also appear in the sandstone. Thin interbedded grey pyroclastic and
siltstone horizons, containing well-preserved shards with occasional
phenocryst fragments, interfinger with the sandstone. Calcite is the dominant
cement and thoroughly permeates certain horizons forming a coarse-grained

mosaic pattern. Interbedded porcelanite layers up to ten cm thick along with,

e the fine bedding suggest a lacustrine environment of deposition for the unit.

The pumiceous lithic tuff of the Argenta Rim contains more than sixty percent
fresh pink to grey rhyolitic pumice clasts with ten percent black obsidian
fragments in a shard-rich matrix. The large pr0portion of pumice clasts to

'finer matrix suggests substantial winnowing by fluvial or wave action. _These
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tuffaceous materials strongly resemble‘the'older tuffaceous sediment unit but

do not contain pre-Miocene clasts.

Young Basaltlc Andesite 4 ,

,‘ " A sequence of five to eight basaltic andesite flows lies unconformably
~upon the White Canyon unit or the pyroxene dacite and caps the dip slopes of
the Malpais and Argenta Rims (Plate 1). The flow sequence attains its maximum
thickness of 300 m immed1ately south of Horse Heaven and tapers to the south
-for ten km along the east flank of the Shoshone Range (Gilluly and Gates, -
'1965). The,basaltic andesite caps the Malpais Rim east of White Canyon.with a
thickness of 40 m. lhe unit}is‘also uidesgread on the Argenta dip slope
‘reaching thicknesses of 150 m. The flows range from 2 to 16 m in thickness,
and_display crude columnar‘or_blocky jointing. Deep gullies and canyons out
the'cuesta dip slopes, but erosion of the original constructional flow surface
has been minimal; Therefore;fcomplete exposures of the basaltic andesite

section are common.

Slm1lar basaltic andesite flows are wldely distributed in varying
quantit1es throughout the northern Nevada rift. Gilluly and Masursky (1965)
describe 105 m of basaltic andesite and basalt flows on the dip slope of the
Cortez Wountains and suggest that diabase dikes exposed on the scarp slooe
}serued as conduits feedlng the,flows.’ Zoback (1978) describes a 400 mfthlck

basaltic andesitevsection beneath the rhyolites and basalts of the Midas K
| trough area north of.theiﬂumboldt’River; The character of those basaltic’

andesite occurrences strongly resembles that of the flows in the Beowawe area.
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Post-volcanic faulting has apparently fragmented a major regional flow

sequence.

A whole rock potassium-argon dating of basaltic andesite cap flow,. '
preserved in slump blocks to the east of the Quaternary landslide, suggests an
age of 16.7 + 0.7 m.y. (Table 1). McKee and Silberman (1971) report a whole
rock date of 16.3 m.y. from basaltie andesite oh the east flank of the
Shoshone Range south of Beowawe. Other reported basaltie andesite dates from
* the northern Nevada rift range from 14.5 to 16.3 m.y. (McKee and others,

1971).

The dark gray basaltic andesites contain fifty percent euhedral
plagioclase laths with twenty percent 1ntergranular anhedral pyrbxene, twenty
pefcent intersertal»brown glass, fiQeito ten percent magnetite, and minor
olivine. Plagioclase and pyroxene graihs are eommonly less fhan one mn in
length, but isolated phenocrysts up to five m in length also occur. Some of
. the flows are highly vesicular with sbokadic calcite, elay, chalcedony, and.
zeolite ffllings. One of the flows within the seetion contains intergranular

cavities forming a diktytaxitic texture.

The comp051tion of the basaltic andesite resembles the average andesite
: of Nockolds (1954), but is lower in SiO2 than the average of Chayes (1969),
The 5102 contents of several samples from the Malpais and Argenta Rims range

from 52 to 56 percent (Table 2).
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LatefBasalt

N A thin sequence of one to three basalt flows caps portlons of the Malpais
and Argenta dip slopes (Plate 1). The basalt, between White Canyon and Horse
Heaven;tlies'unconformably-on the middle Miocene tuffaceous.sediments. The
flows'ocoupy the dnainageS’and basins on a subdued butyirregular erosional
surface developed-on the tuffaceou5ﬁsed1ment. Much of this exposure conslSts‘
ofgone 2 m-thick flow displaying a crude columnar to blocky jointing. Frost
action and-slumoing of the onderlying tuffaceous sediments has reduoed the
thin:flow‘unit in some aheas to a pile of jumbled basalt blocks on a
bentonitic'soil. Subdued'ekposures,of the basalt occur on the floor of the
westtend‘of Whirlwind'Valley where two/flows lie directly on the trachytlc
dacite and locally on lntervening patches of tuff. The basalt flows, with two
to three subjacent basaltic andesite flows, extend northward and northwestward
from the lower slopes to'the crest of the Argenta Rim. The basalt does not
extend to the western and southwestern portions of the Angenta Rim due-to

'recent‘erosion and local topographic highs»during the eruption of;the flows.

" Two new whole rock K-Ar dates of the basalt exposed on the Whirlwind
Valley floor and on the Malpais dip slobe tndicate an age of 16. 3 to 16v5 +

: 0.8 m.y., essentially the same age as the young basaltic andesite (Table 1)

' The valley flow and the flow capp1ng the Malpais dip slope between White
e Canyon and Horse Heaven are essentially identical in composition (Tablerz )
and in thin section; The basalt cap flows, sampled at five localities on the
Malpais and Argenta dip slopes, have 5102 contents ranging from 47.6 to 48, 7
percent. These data refute Zoback 3 hypothesis (1979) that the valley flows
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are correlative with alo meye old basalt flow capping the Sheep Creek Range
dated by McKee and Silberman (1970)

The basalt is dark gray'to black and weathers to dark brown. The rock

displays a distinctive diktytaxitic texture that is easily recognized in hand

esample. The minute inter-crystal cavities are commonly devoid of secondary

minerals, however, thin vesicular horizons at the tops of the flows contain
secondarv.calcite,-silica, and clays. The typical subophitic,textured basalt
occasionally exhibits an ophitic texture. Euhedral plagioclase microlites and
abundant phenocrysts, up to 5 mn in length 1ie partly enclosed by subhedral
phenocrysts of clinopyroxene and sporadic subhedral phenocrysts of olivine,
Magnetite is a common accessory mineral as’fine.euhedral disseminations. The

primary minerals are usually fresh with the exception of olivine, which is

- often altered to iddingsite.

Diabase Dikes
. The Ginn well oenetrates diabase over several intervals within the Valhy

Formation below 1615 m (5300 ft) (Figure 3) Four samples\of diabase

. cuttings. selected fromn unaltered to weakly altered intervals in the bottom

1280 m (4200 ft) of the hole, yield Sio2 contents ranging from 47.2 to 50.8

‘percent. Basalts with 5102 contents in this range occur in the older basaltic

- andesite sequence and in the late basalt. Muffler (1964) sampled a diabase

dike exposed on the scarp slope of the Cortez Mountains, which contained very
similar amounts of major and‘nmnobile'elenents.f The compositional similarity
of the diabase cuttings from the Ginn well to the exposed dikes of the Cortez

Mountainssand the overlying'flow sequences at Beowawe and the Cortez Mountains
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’suggests that a swarm of middle Miocene dikes lies beneath the whirlnﬁnd
Valley. In support of this possibility. Swift (1979) attributes a .

north-northwest striking electrical anisotropy. observed in a Chevron MT
.survey at the Beowawe geothermal prospect. to bodies of conductive Valmy

_country rock confined between resistive diabase dikes.

' Late Tertiary Gravels

Approximately 10 too20 m of gravel 1ie on the dip slope of the Malpais .
Rim between White Canyon and Horse Heaven (Plate 1). The gravelsllie
.unconformably on the White Canyon tuffaceous sedimentary rocks'and late basalt
and, to the south along the east flank of the Shoshone Range, overlies the
dacite vitrophyre sequence and young basaltic andesite. The gravels do not
- occur on the Argenta dip slope. "The uniform thickness of ‘the unit suggests

hdeposition on a surface of low relief. The\unit includes debris from the

~ young basaltic andesite and basalt units described_above. The clasts range

- from sand to.cobbles'in'size-and are subrounded to well rounded;

The distribution, geometry, and composition of ‘the gravel unit suggest
that it predates the uplift of the Malpais cuesta (Zoback 1979). The. gravels :
appear to have filled a depreSSion created by subsidence within the
north-northwest striking graben during and perhaps, after Miocene volcanism,
'The structural details of this graben appear in a later section of this

report.:

Tertiary-Quaternary Lands1ides .
| A very striking lobate landslide of probable Pleistocene age extends 2 km
from a detachment zone high on the_Malpais scarp slope<to the Whirlwind Valley _

o
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'floor apprOximately 3'kmveast'of The Geysers (Plate 1). The scarp face of the

B ,landslide exposes basaltic andesite and the uppermost pyroxene dacite. whereas b,

the glide plane of the landslide lies in the Oligocene to early Miocene
_ [

- tuffaceous sediment.

i: To the east of the young slide, large mappable blocks of basaltic
andesite, lying on the older tuffaceous unit, have slumped toward the valley _
in a_step-like fashion. The»stratigraphy is well preserved in these blocks.

Other slump blocks of~tbis type apoear at the base of the_Malpais scarp slope -

| .between the barite mine and the Red Devil Mine. Erosion has modified the

shape of the stump blocks in this area.

- Larger slump blocks have separated from the Malpais scarp slbpe‘in Horse
Heaven., Here,'a-one- by two-kilometer_block has detached from the scarp‘along

a north-south fracture at the convex séarp‘fleere'that marks the mouth of -

~Horse Heaven.- A 7 km-long segment of the Malpais scarp crest, in the

‘_ - southwestern oart of Horse Heaven, has slumped toward the valley. The blocks

in Horse Heaven have rotated toward the valley producing dips4of"15Ato 50 |

degrees on the Tertiary lava flows and. probably. covering the traces of the

range front fault. vfe

Quarternary Siliceous Sinter

Siliceous srnter produced by hot Spring and geyser activity at The
Geysers covers a mappable area of about two. square kilometers along the base

of the Malpais Rimv(Plate 1) Thermal activity has built a sinter terrace .

_approximately 60 m thick. Nolan and Anderson (1934) and Zoback (1979) provide ,

detailed descriptions of the sinter deposit. The sinter is.typically opaline -



withjmincr clays, carbonates,_and suifates. The sinter terrace exhibits
promfnent'layering ofdcemented sinter‘clasts and massive sinter. The unit
contains,significant quantities of pyroxene dacite colluvium sTumped from the ,
Malpaisvscarp»slope. Clastic sinter hcrizons,iincorporatedacolldvium, and |

. cavfties formed after 0rganic;material:create pordsity in the terrace.

 The prom1nent terrace appears to be a product of the rapid deposition of
s1nter as . evidenced by the absence of maJor erosional unconformities on the
terrace.A However,,mlnor exposures of eroded sinter occur between talus cones
at the base of the scarp s1ope to”thereast of the terrace. Two other s1nter}
depos1ts outcrop from beneath a thin cover of colluvium along the trace of the
South Cross Fault. One lies at the base of the Malpais scarp slope
inmediately west of the active sinter terrace. vThe other, exposed in a'drill

.pad cut at the crest of the Malpais SCarp above the sinter terrace, lies at
o the‘intersection of a N70E-trending fracture and the South Cross Fault (Plate

| 1,); ' : . : : '
hHOLE-ROCK CHEMISTRY OF THE MIOCENE VOLCANICSv

The maJor flow units of the Mlocene volcanlc sequence in the study area
_have distlnctive maJor element compositiona1 characteristics. These
: characterist1cs have proven useful in the discrimination of sim11ar-look1ng
aphan1tic flow units for the purposes of mapping and the logging of well
cuttings;; Table 2 presents whole-rock»chemicalvanalysés representative‘of
hand samples and well cuttings'from the‘mapped volcanic units of the»study
area. Well cutting samples were hand p1cked from hor1zons that appeared fresh

1n th1n sect1on.
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| "jThe Harker variationvdiagrams (Figure 4) distinguish three basic rock:
types within the volcanic pile: a basalt group including samplespfrom the
diabase, old‘basaltic andesite, and late basalt- a basaltic andesite group

» including samples from the old and young basaltic andesites; and a dacite
..group including samples from the dacite porphyry and aphanitic dacite of the
pyroxene dac1te. Each of the plots of the major elements versus SiO2 produce ’
distinct populations of points. The pyroxene dacite unit contains rocks with
high SiOzvand‘alkalis, and}low MgO, totalkFe, and CaO, compared to thevbaSalts
and basaltic ande51tes. The A1203 content of the pyroxene dacite is generally
' lower than that of the less siliceous rocks. The alkali content of the dacite
declines slightly with decreasing 5102, whereas the Mg0 content increases

| slightlyf Total Fe and Ca0 contents of the dacite increase more sharply‘with
decreasing $i0,. The late basalt and young basaltic andesite show similar
variability of major elements versus Si02. although CaO and Mg0 increase, and
K20 decreases ‘more sharply with decreasing Sioz. The total Fe (Fe0) content

1ncreases sllghtly from the young basaltic ande51te to the late basalt., The

. old basaltic‘andesite and diabase sample have similar major element contents

and show similar variability of these elements with silica. However, flows of
“the old basaltic andesite appear to- have a w1der range of . SiO2 contents. The

-analyses produce similar groupings on an AFM diagram as shown in Figure 5._

'Figure‘ﬁ depicts the variation of the Difierentiation Index (DI) with' l
o elevation relative to the top of the pyroxene dacite unit. Analyses below'thel :
datum are from cuttings of the Ginn well. The first fouryanalyses,-above the_
datum, represent a sequence of young basaltic andesite flows that'overlie'the_

dacite aphanitic on the Argenta Rim in the SE 1/4, section 17, T31IN, R47E.
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,<Thehfifth analysis}is an example ofvthe latelbasalt.flows that conformably

_ overlie:the young basaltic andesite on portions of the Argenta dip slope.

| Figure 6 indicates that three cyclicalvcompOSitional changes occurred during
the eruption,of the-volcanic pile. 'The_limitedvdata suggest that the old
basaltic andesite_becomesvmore siliceous upward to the_tuffaceous horizons

- that occupy an erosionalvunconformity between 610 and 732 m. The hasalt flous
lying above the tuffaceous horizons may represent the beginning of a new cycle
of volcaniSm. The more siliceous pyroxene dacite probably formed later in |

- this cycle.

Outcrop,data‘suhstantiate the slight decrease in DI values with depth
indicated by the analyses of the Ginn well samples in Figure 6. The decrease
' of DI values represents the decrease in SiO2 content of the dacite vitrophyre
_ relative to the dacite porphyry. The young basaltic andesite unit, lying
unconformably on the pyroxene dacite, shows a similar decrease in DI values,
"though the DI values are distinctly lower than those of the pyroxene dacite.
The late basalt continues the trend of decreasing DI and represents the

‘termination of basaltic- andesite volcanism at this locality. The basalt lies

. conformably on the young basaltic andesite, where present, and is slightly

younger. “The total alkali to 5102 diagram in Figure 7 indicates that the
Miocene lava flows and dikes at Beowawe»plot within the fields of alkalic and

highsalumina'basaltfparentagelidentified'by Kuno (1969).
~STRUCTURE

Pre-Tertiacy Structure

Gilluly and Gates (1965) mapped numerous Paleozoic thrust sheets in the
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'Crescent Valley quadrangle. Stewart and others (1977) extended map coverage
, of this structural terrl|n to the north on the west flank of the Argenta Rim.
The outcrops}of the Valmy_Formation on the scarp slope of the Malpais Rim
provide a glimpse of the structural chaos exposed in these areas (Plate 1).
Pods'and horizons of fault breccia‘are'common and often'stand in relief at the
. SUrface'due to sillcification. Fault contacts between 1ithologic horizons are
arcommon, The-dips and strikes of the bedding units are highly irregular due to
,_the_abundance of_fractures,andvtight drag folds. All of the various rock
'types are thoroughly shattered. The exposures of the Malpais Rim and the
- fractured'nature of the rocks‘sampled in the deep Chevron wells (Chevron,
'1979) tndicate that'this_structural terrain persists at depth beneath
.‘;Whlrlwind Valley (Smith and others, 1979)'but do not provide firm evidence for
the local depth andiorientation of the Roberts Mountain thrust or other major
thruSt features. The ainn well does not pene;rate the thrust, thereby
establ1sh1ng a minimum depth of 2915 m for the structure. The potentially
{great thlckness of the thrust plate perm1ts an additional 1 or 2-km of depth

"f-to the thrust horizon. The Roberts Mountain thrust horizon appears to be

‘:'sign1f1cantly depressed in:the whlrlwind Valley area’ relative to the windows

‘3&g :1exposing the thrust in the surrounding ranges. These windows occur in the _

"Tuscarora Mounta1ns to the northeast the Pinyon Range to the east ‘the Cortez :

o Mounta1ns to the south, and the Shoshone Range to the southwest (Stewart and

"'L-s'carlson, 1976).

‘v,Tertiagy Structure i |
 The M1ocene northern Nevada r1ft has profoundly controlled the

.development of the structural setting of the Beowawe geothermal area. Zoback
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(1978, 1979) described the major structural elements of the rift and applied
her'regional model to the local.structure of the geothermal area. Our mapping

effort substantiates and refines her generalized structural models.

Normal faults have'produced the topography and post-0ligocene geologic

env1ronment of the Beowawe area. Two major fault sets control local geology

and topography (Figure 8 and Plate 1): a N50-70°E trend that has produced the

Malpais and Argenta Rims, and,an.orthogonal7N15-359wttrend that COntrols spurs
and canyons on the two cuestas (Zoback, 1979). Two additional fault sets have

influenced the location and evolution of the hydrothermal system at Beowawe.

~ Elements of a N40-70W trend appear to restrict the outflow of hydrothermal

fluid laterally along the Malpais scarp (Oesterling, 1962). A N80-90E
fracture set has localized hydrothermal activity in the past and contributed

to the structural development of the Whirlwind Valley (Zoback 1979; Smith and

~others, 1979)

The Malpais and Argenta scarps define the N50-70€E faolt'trend in the

'Whirlwlnd.Valleyvarea; Two cuspate flexures diVide the-Malpais scarp into

: three'segments~ the east- northeast Horse Heaven segment. an intervening

concave segment , and the east northeast segment between The Geysers and

Beowawe Statron (Figure 8 and Plate 1) / Faults controlllng the latter two

~ segments are called the Malpa1s fault zone in this report. The Malpais Rim
;forms the southern margin of Horse Heaven and marks the northeastward

‘extension of the Corral Canyon Fault mapped by Gilluly and Gates (1965) in the

Crescent Valley quadrangle to the south. D1p-sl1p offset, down to the

north-northwest. diminishes eastward from a maximum of 500 m in Horse Heaven

40



b

-7 1000 Meter |

SooNOL AWK

- FIGURE 8
STRUCTURE LOCATION
MAP
Corral Canyon Foult™
Malpais Faut (curved segment)
Malpais Faute (Beowaws segment)
Dunphy Pass Foult |
North Cross Fautt
South Cross Foult
Terrace Fautt .-
Horst Foult
Whirlwind Butte-
Vcllyy Horst
o foult (inferred where dashed)
7~ contact (inferred where dashed)
)'2 strike ond dip of flows '
¥ Chevron test holes

(4

N -




s

[4

" to0m, as the Corral Canyon fault terminates in the dip slope ‘of the Malpais
. scarp, south of The Geysers. One maJor fault with 300 m of offset and at

' ,least two faults of minor displacements (<100 m) branch northward from the

Corral Canyon fault to the flexure at the mouth of Horse Heaven.-~"

The concave segment between The Geysers and Horse Heaven, renews the

';;east northeast trend of the: Corral Canyon fault en echelon fashion, but

© deviates to the northeast forming a flexure in the Malpais Rim at The Geysers

(Figure 8,_Plate 1). Maximum dip-slip displacement on this segment is

;A'approximately 400 m as indicated by the elevation of the basalt cap unit cut
: byrthermal;gradient holes in the valley (chevron,'1980). A‘parallel

sUbsidiary fault probably forms the northwestern structuralvboundary of the.
fault block that forms the hill southwest of the sinter terrace in Section 18.
The hill is called Whirlwind Butte for the purposes of this report.

. ‘Lithologies observed in several thermal gradient holes (Chevron, 1980)

indicate a maximum dip slip,offset of 60 m, Cross faults appear to terminate

_ ‘.this subsidiary fault with about 90 m of offset at each end of the butte.
| ~0esterling (1962) mapped -an antithetic fault on the southeast side of the
';butte. which drops a small wedge about 90 m between the Malpais scarp and the

',butte. He called this the Horst. Fault.

‘LThefBeowawe‘segment of the Malpais scarp is an_additional en echelon

element of[the Corral.Canyon fault trend (Figure_a, Plate 1). The fault drops

~ the WhitevCanyon tuffaceous sedimentary’rocks7about 210 m into Whirlwind
Valley immediately north of White Canyon, as evidenced by lithologic data from
- a thermal gradient hole (Chevron,'1980).'ilhe minimum possible dip-slip offset
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:f'on the Beowewe segment is approximately 150 m in the ViCinity of the barite
 mine. The scarp slope reveals the Ordovician Valmy formation beneath thin.
’;layers of the old tuffaceous sedimentary rocks, - dacite. White Canyon |

”‘~‘tuffaceous sedimentary rocks and basaltic andesite. R

| The Terrace Fault, identified by Oesterling (1962), traverses the uphill

| :edge of the sinter terrace and is part of the Beowawe segment., He suggested
" that the Terrace Fault and a possible northeastward extension of the Horst

Fault serve as the near-surface conduits for thermal fluids within the Beowawe

I'.'

"isegment of the Malpais scarp.

‘The N50-70E-trending faults have tilted the lava flows of the Malpais and

‘Argenta blocks to the south-southeast at dips that range from five to ten

"degrees depending on the effects of cross faults. The scarp slope is steep

with inclinations,ranging from thirty degrees on talus and colluvium to

E vertical'on'eiposed flows. .The steep scarp slope profile suggests that the

| - main fault zone is near vertical at shallow depths (Plate I1). Electrical

resistivity modeling by Smith (1979) supports this proposed fault geometry and

E extends the nearbvertical fault plane to depths in excess of 900 m. vA

: llifracture zone. penetrated by the Ginn well: at about 2850 m of depth. may be o
o the Malpais scarp fault indicating a decrease in the dip of the fault plane

‘jWTth depth (Chevron. 1979) However. this fracture Zone may be subsidiary-to

- the main fault. :

The le-ssw fault trend formed a major graben during the late Tertiary

fefalthough its effect on the local topography is presently more subtle than that

' of the N50 70E trend. Satellite imagery reveals a strong north northwest-
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:trending topographic 1ineament that transects the Malpais le between White

‘ .vCanyon and the young landslide. continues 1nto the Argenta Rim along a low

:topographic-spur, and ends in Dunphy Pass (Garbrecht 1978) The Malpais

'scarp slope, immediately east of White Canyon, reveals the Juxtap051tion of
_ Valmy quartzite and 51ltstone against aphanitic and porphyritic dac1te along
| north northwest- trending fractures. The N15 35w fault trend in White Canyon -
and on the Malpais dip slope, forms a horsetail pattern on the map (Plate 1).
These faults produced dip-slip motion to the west-southwest. We refer_to this
fracture set as the Dunphy Pass Fault Zone (replaces the ‘name |
' Whirlwind-Crescent Fault in Smith and others, 1979;[Figure 81). Lithologies
:encountered in the Ginn and Rossi'wells (Chevron, 1979; Smith and others,
1979) and in the Batz‘wellv(Zoback- 1979) indicate’that as much as 1200 m of
Miocene - volcanics and younger alluvium accumulated within a develOping graben
bounded on the east by the Dunphy Pass Fault. Additional northwest trending
..faults cut the Malpais scarp immediately west and east of ‘White Canyon though

v7'displacements on these fractures are small.

~ The N25w-trending fault marking the western limit of the dacite porphyry
in Horse Heaven, appears to have been the western margin of the Miocene
v'graben. The exposed thickness of the dacite porphyry. in juxtaposition with
l_the early basaltic andeSIte unit suggests a minimum displacement of 240 m
| “down to the northeast. Other lesser faults-of this orientation cut the Horse
Heaven segment of the Malpais scarp. The basaltic'andesitelcap flows and
minor north northwest trending normal faults on the dip slope of the Argenta
‘ ;Rim generally obscure the northward- continuation of the western graben margin; '

However,vdeep.gullying in the northwest.quarter.of section 15, T3IN, R4TE

o



exposes dacite porphyry and.'probably.:the trace of‘the graben}margin fault.
This' fault extends'to the Argenta?Rim’at the head of Water Canyon (Figure 1)
and, perhaps, influenced the entrenchment of that canyon in the Argenta scarp
slope._ Renewal of activity on the western graben margin has been slight but‘
‘the minor normal faults of the Argenta dlp slope may “have inherited their

- orientations from the underlying graben structure.

,rne N40570w_fault'set*cutSjthe,Malpais'Rim at_ThefGeysers flexure. The

. most prominent'of these fractures confines:the’surficialfgeothermal features
on the southwest. Oesterling (1962) called this fracture the South Cross /
Fault (Figure 8,1Plate 1). This fault cuts the Malpais dip slope and crest on
a slightly curving’N60-70w trend and transects‘the.northeast end of Whirlwind
Butte immediately;West of the sinter terraCe. The South Cross Fault has
dropped the northeast end of the butte 90 m rotating the flows 25 to 30:

' degrees to the north. The fault enters the Malpais scarp slope to the _
southeast and continues to the west edge of White Canyon. Vertical offset on
the fault between the scarp crest and the canyon does not exceed three meters.

-The South Cross Fault probably terminates the Terrace Fault.

The North Cross. Fault (Oesterling, 1962) terminates the succession of
young thermal vents at the east end of the 51nter terrace (Figure 8, Plate 1)
-»kThe fault strikes about N45W and dropsvthe dacite.vitrophyre to the northeast
90 m into jUxtaposition with the-dacite porphyry. 'lwo’additional fractures'of
vSimilar orientation, though of lesser displacenent, cut the Malpais scarp

slope on either Slde of the North Cross Fault.

The NB0-90E faults,comprise a set of»fractures,yith minor.displacements



that'diverge slightly from the general Malpais scarp trend. Chalcedony veins
occupy‘numerous fractures of this orientation'at the mouth of White Canyon.
This portion of the Malpais scarp slope'aligns with'the veins. The dips of
‘the exposed veins range from eighty degrees north to eighty degrees south due
to the rotation,of fault blocks on the scarp slope. The east-northeast-
‘trending extension‘of the Terrace Fault appears to truncate the chalcedony
'veins. The resiStivity modeling and shallow seismic reflection intérpretation
- of Smith and others (1979) and Smith (1979) suggest that these fractures
continue westward through the Whirlwind Valley, forming ‘the northern edge of a
subtle east-west oriented horst to be referred to as. the Valley Horst. The
_ horst exposes the basalt cap unit and underlying dacite vitrophyre on the _
western floor of the valley. The fault set then develops a splay that breaks
'the crest and dip slope of the Argenta scarp into several blocks. Shallow
| seismic reflection data suggest displacements ranging from 30- 60 m, down to
the north (Smith and others, 1979; Smith, 1979) Another E-w trending
fracture appears to traverse the northern edge of Whirlwind Butte. -
| complementing offset on the South Cross Fault to produce a 100 m—deep

;alluvium—filled depression revealed-by.a‘Chevron»(1980) thermal gradient hole.

Six vertical fractures oriented N80-90E cross the crest of the Malpais o
Rim south and southwest of the sinter terrace. These.fractures also transect
':whirlwind Butte fault block, where they have been displaced about 100 m to the
north by the‘valleyward,movement of that block. dvertical displacements on

these fractures do not exceed 20 m where exposed in the Malpais Rim.

Fault patterns and horizontal slickenslides on fault surfaces suggest the

A



possibility of lateral offset on faults in the study area. 1oback'(1978,
1979) emphasizes the significance of lateral offset on fractures of the

northern Nevada rift that are oblique to the modern west-northwest direction

. of least principal regional stress. She maintains that the north-northwest
- fractures- parallel to the rift exhibit right- lateral components of |

vdiSplacement and that east-northeast fractures exhiblt left- ]ateral components

of displacement. Left-lateral offset of segments of the linear aeromagnetic
.highvof the Oregon-Nevada Lineament; supported by‘ohserved slickensides on
faults‘of the northern Nevada graben and the orthogonal cuestas, provided
evidence for her hypothesis, However. our evidence is insufficient to confirm
the occurrence of lateral components of displacement on faults in the study

area.

Evidence for recent'movement on faults in the Beowawe geothermal area is

1imited.':Oesterling'(1962) described'a 15'm-high scarp, possibly related to

,earthquakes,'along the Terrace Fault, The fracturing displaced sinter and

exposed an area of intensely arg1l]ized dacite porphyry bedrock and colluvium
on the scarp slope above the s1nter terrace. The North and South Cross

Fractures l1m1t the lateral extent of thls fresh scarp. However. this

.fracture may represent slump1ng of the sinter terrace due to saturation of the

sinter and the highly altered co]luvium,and bedrock. A faint remnant of a

young scarp extends 0.5 ki]ometers}east'Of'the active sinter terrace on the

uphill side ofipatches‘of older sinter (Plate 1). Fresh scarps do not appear -

‘}elsewhere'along the southern margin_of Whirlwind Valley, although the Malpais

scarp slope between the terrace and the Quaternary landslide preserves

youthful triangular facets. The steep slopes and cliffs of the concave scarp
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segmeﬁt indicate.reéent and rapid uplift of competent rocks. Parallel retreat
of thg Ma1pais“scarp slope has been negligible. A subdued scarp extends along
the}eaSthn»hglf of the trace of the Corral Canyon Fa&lt on the soufhefn

' margiﬁ'qfvﬂofsé Hgaven:(Platé i). The séarp appears_tO'havé suffered;
'cbnsiderabfe‘mass wasting. This featu}e does not croés the large slump blocks
on the southwest end of the Malpais SCQrp SIOpe. A youthful scarp truncating -
the alluvial fan’on'the'ndrthside of the Horse Heaven flexure may well be a
prOduct of lateral eroéion‘dufing severe.fiash flood conditions in the Horse

Heaven drainage, rather than of recent faulting.

Nuﬁerous‘young scarps occur in thé_region surrounding the Beowawe
}geothékmal area (Stéﬁart andiothers; 1977; Wallace, 1979). Recent scarps in
falus,and co]luvﬁdm appear dnlﬁhe‘north and westvsides of the Argenta Rim.
Aerial photos also reveal numéroUs norther]y‘and ﬁortheasterly‘thending scarps
immediately to the'westléf the Argénta Rim on the floor of the Reese River

-Valley (Stewart and others, 1977) (Figurgvl);j'EéétgwestQtrehding scarps
| paraliél thé Weétern’front bf tﬁe’Shoshone.Range to the‘southﬁest of thé
Argenta Rim. These frécﬁures alignvweil with the_e]éments of the N80-90E
fad]t'sei thét trénsects the Argenta Rim in sections 17 and 29 af the west end
of the Whirlwind Valley.  Wallace (19?9)Asuggest§‘that these §carps are less .
'ihan 2000'yeqrs §ld.' wél]ace (1979) alédridentifies several scarps of similar
age ét Boulder Flat.northeést of, ahd on trend with, the Argenta scérp (Figuhe
“1). Table 2 lists theéé and'additional young-scarpS'identified by Wallace
(1979). The‘yOUtthI surficial features and modefnvrégional seismicfty
| ~ (Slemmons and'oihers,:IQGS) indicate that the northern Shoshbne Range is

séismitally active,
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TABLE 3

List of Young Fault Scarps Identified by Wallace (1979)
near the Beowawe Geothermal Area

(See-Figure-l for approximate locations)

KRR - APPROXIMATE

S LOCATION o o . " ORIENTATION
| ‘v'Boulder Flat (northeast of Argenta le) e .'»ENE

(':1Lower Reese River Valley (west of Argenta Rim) ' N-S, NNE, + ENE

Crescent Fault (northward extension of Cortez Mtns)' NNE
"':>Crescent Fault (southwestward extension of Cortez Mtns) ENE

‘ ‘Crescent Valley (south of Hot Springs Point) ENE + NNW
'_' Carico Lake (southwest of Crescent valley) - k | NNE
| ”~nSimpson Park Mtns bounding fault (northwest side) o . ENE

~Dry Hilis bounding fault (northwest. 51de) . ENE - NE
e -‘Middie Reese RiverVValiey SR ; L | }NNE

Sulfur Springs Range _ - PR o o -__A N-S
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<2,000
<2,000
<2,000

< 12,000

<12,000

<12,000
<12,000

> 12,000

> 12,000
>> 12,000



* HYDROTHERMAL ALTERATION

B Hydrothermal,alteration,_in close spacial association with the Malpais |
Fau]t, extends_from The Geysers to the town of Beowawe (Figure 9). The modern

hydrothermalAactivity,‘centered'on the sinter terrace and“a peripheral area of

- altered outcrop,,ltes'atithe western end of this 10 km-long alteration zone .

(Figure 9). Uplift on the Ma]pais'Fault and erosion have exposed areas of

‘silica veining, argillization and limonitization on the Malpais scarp slope

east of the sinter terrace. The 1ntensity of alteratlon varies greatly along .
thlS portion of the alteration zone, apparently due to the- 1nf1uence of cross
fractures and I1tho1og1es w1th1n the Ma]pals Fault zone during hydrothermal
act1v1ty. However, colluvium and landslides obscure port10ns of the Malpais
Fault trace and associated a]teratwon. ~0ur study of the relat1onsh1ps of the
alteratlon to mapped structures and lithologies perm1ts a rough reconstruction
of the evolution of hydrotherma] act1vityralong the Malpais Fault. The
followindlbaragraphs Will,describe these relattonships and'distinguish

portions of the alteration zone based on structural association.

~The Geysers sinter.terrace is a product of continuing recent hydrothermal

,activity. The}thiCkest accurulation of sinter lies along the trace of the
- Terrace'Fault, Which‘contro]svthe location of hot springs and-fumaroles on the

| terrace'(Figure 9). »The North and South Cross Faults confine the active hot

Sprlngs sinter terrace, and related bedrock a]teration to a 0 6 km length of

- the Terrace Fault. The terrace tapers rap1dlv toward the valley though a thin
Jayer of cemented detr1tal sinter and extends down the Whirlwind Valley

‘drainage for about 1.5 km. Two Tinear east-west trend1ng s1nter mounds of ]ow
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relief lie at the foot of the‘terrace. one-of which. appears to have developed

from the overflow of several near—boiling springs about 300 m northeast of

- Nhirluind Butte. The other mound liesv650 m to the‘north and east of the

eastern end of the sinter terrace near the base of the eastern access road.

This mound 1is currently the site of several cool seeps. :

' Several fractures in . the footwall of the Terrace Fault have controlled

‘the circulation of thermal fluids and resultant alteration of ‘the dacite

porphyry in the footwall. Excavation of the terrace drill road during the
fall of 1979, revealed ‘open fractures in warm, damp ground. Some of the open

fractures contain coatings of white gypsum needles. The dacite is thoroughly

~argillized to white kaolinite with abundant orange-red to'bronn'limonite on

the fractures and altered phenocrysts (Figure 9).~-Veinlets of'opal occupy
some fractures. Although the degree of argillization decreases progressively

uphill from the terrace.'spOtty;argillic alteration.and_limonite-coated

- fractures 0ccur'as‘muchias 50 m Vertically above the terrace.

| The weathered'condition and partial}burial of the previously described

sinter deposits on the trace of the South Cross Fault and on the -trace of

‘Malpais Fault. immediately east of the sinter terrace, indicate that they are

older than the active terrace (Figure g). Their ages are uncertain. Altered

'bedrock lies beneath and peripheral to these deposits. Thin opaline veins up
"to 5 cm in thickness occupy fractures in dacite porphyry within the trace of

'South Cross Fault at the base of the Malpais scarp slope. Although colluvium

obscures most of the altered rock east of the sinter terrace. patches of

limonitized and argillized colluvium at the top of the debris slope mark the
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extension of the altered zone to White Canyon. A'30 m-wide zone of strongly
argillized and fractured dacite vitrophyre occursfin the access road cut.
_Orange-red to bronn limonite coats fractures. Opal and carbonate veinlets are
~ most abundant at the intersections of the Malpais Fault with
northwest-trending cross faults. The'previously mentioned patches of sinter
and sinter;cemented talus outcrop between debris cones on the Tower portions

of the scarp slope.

The intersection of the Malpais Fault w1th the Dunphy Pass Fault zZone was
fthe locus’ of intense hydrothermal activity. Uplift.on-the-Malpais Fault has
exposed a dense swarm of east-west-trending chalcedony-carbonate veins cutting
vdaCite porphyry and vitrophyre at the mouth of White Canyon (Figure 9). The
chalcedony is banded with 0ccasional carbonate;bearing layers that leave
silica pseudomorphs upon weathering. Severalilarge, near-vertical veins of.1
}toh2 m in thickness stand in relief over a strike length of about 0.6 km. The
Malpais fault‘truncates thevVeins to thevwest at the edge of whirlwind Valley.
"The maJor veins are not traceable to the east of the north- northwest trending
' fault contact between the dacite and the Valmy quartzites and siltstones.

However. abundant chalcedony veinlets and veins with thicknesses up to 0.3 m

‘ ~~4cont1nue eastward through the highly fractured Vaimy Formation to the young

Vlandslide.’ The abundance of chalcedony veins drops drastically in Valmy
exposures to the east of the landslide,~ The‘discrimination of post-Miocene
silica veinsiand fault breccias in Valmy outcrops from those attributable to
Paleozoic thrust faults is difficult due to the resemblance of the young
:hydrothermal s1lica to vein silica in the chert and fractured quartzite

_,horizons of the Valmy. However, continuous east northeast to east-west-
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.trending veins and breccia zones are likely to be products of the Malpais

‘Fault and. assoc1ated hydrothermal activity.

The exposed vein swarm and attendant zone of alteration is 0.2 km wide at
an elevation of 1476 m (4920 ft) in the mouth of'White Canyon. and extends to
anlelevation of 1645 m'(5400 ft) on the east wall'ofithe'canyon. _Several thin
chalcedony veins.fstriking N7OE, cross the middle of the White Canyon gorge.
These veins appear to follow fractures subsidiary to'the main Malpais Fault.

,“Chalcedony and opal also. fill fractures of the Dunphy Pass Fault zone and open
&'spaces in a subparallel paleo-colluvium or pyroxene dacite flow breccia unit
“on the eastern wall of White Canyon. This zone extends southward for one km

- . up the canyon between elevations of 1585 m (5200 ft) and 1645 m (5400 ft).
~The elevation of the top of the alteration ione increases in a step-like
‘.»manner eastward along the Malpais scarp slope to an altitude of 1700 m (5600

y ft) on the west side of the landslide detachment zone. The observed

| lf displacements of the alteration zone indicate renewal of motion on the Dunphy

o “pass Fault zone subsequent to,the-deposition of the chalcedony veins. The

volcanic country rock in the vein swarm is pervasively argillized with thin

chalcedony veinlets on fractures. Clays replace both phenocrysts and ground

 mass v with variable intensity increasing toward the silica veins.' Our.

: ?preliminary x-ray diffraction data indicate the presence of both kaolinite and
';:montmorillonite. Abundant red to yellow brown limonite forms films on

fractures and replaces disseminated primary magnetite in the groundmass of the
- volcanic rock. Argillized rock within the most intensely brecciated éxposures

of the Malpais Fault zone contain disseminated pyrite that weathers to yellow

"‘Lfbrown and yellow green limonites. Preliminary trace element geochemistry
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indicates that these zones contain significant arsenic. Portions of the fault
breccia, associated gouge, and country rock are pervasively silicified to
'jaSperoid._ The paleo-colluvium, in particular, is thoroughly silicified near
the mouth of.white canyon. The unit appears to have been highly permeable,
permitting the flow of thermal fluids through open spaces and into the matrix
: of comminuted country rock and soil. Iron oxides deposited in the matrix give
the rock a red, flinty character. Pervasive silicification of this unit

" extends to the south 0.2 km along the east wall of White Canyon. The older

: tuffaceous sedlment horizon is strongly argillized and occasionally converted
to porcellanite where altered. The less reactive Valmy country rock commonly
| contains red brown limonite on fractures with lesser amounts of clays.

Silicification has converted some of the siltstone to porcellanite as well.

| £vidence of hydrothermal alteration‘does not extend along the Malpais Rim

}_;southwest'Of-the sinter terrace. Hhirlwind Butte exposes hydrothermally
“altered rock only at its northeastern end. However. several other sites of
“hydrothermal activity of undetermined association occur in the Beowawe area.
“A 60 m-long by 3 m-high zone of travertine-cemented dacite porphyry colluvium

‘lies in the steep eastern wall of a gully about 650 m east of the barite-mine

s in section 12 T31N R48E. The gully truncates an old slump block and exposes

"5,:;dacite porphyry lying unconformably on the older tuffaceous sediment. The

-sstravertine-cemented colluvium occurs at the contact between the two units.
"‘The carbonate is massive to bladed in*texture.-fThe main Malpais Fault trace
 probably. lies beneath the slump block. . There is no‘evidence for-a cross.fault

~at this locality.
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At the Red Devil Mine (Figure 1). 5 N4OE-trending vertical fracture zone
| controls a 30 m-wide fault'brééci;_in Valmy quartzite, siltstone, and chert
pébble conglomerate. A northwest-trending cross fault may interséct the
vnortheasterly trending fault at this locaiity. Silicffication has converted
large areas of siltstone to'porcéllanite.  The.breccia.has'abuhdant'open
sbaces and thin zones of mylonite. Quartz-pyrite veins and pyrite films

~ occupy some of the fractures in the breccia zone. Sporadic cfnnabar occurs on
fraCtube surfaces. _Neathering of the pyritéjhasgproducgd an gbundance of
'}yellow:oréngéito,yéIiéwibroﬁﬁ3lfﬁon%fe“iﬁyéohe'bbfffdnsfo%lfﬁe'ﬁrééCia. The
‘relative age of this mineralization is uncertain. However, the strong |
limonitiiation of the Valmy Formation in the'hiil‘djrectly south of the town

~ of Beowawe seems related to thé‘activity of the Malpais Fault.

Gilluly and Gates (1965) briefly describe a small area of "brightly
colored siliceous sinter, opal.‘ahdvchaICedbnY.and a surrbdnding zone of much
~altered lavas” in the Fire Creek drainage five km to the south of Horse Heaven
| and Oufsidé of our happed areé. Thgy-do-nét'ibcéte ihjs oc;urrence,precisely,
~ and mention no eViQence of recent activity. The Mjocené flows offer the only
<¢on£rq] on #hewqge»of this hydrothermal deposit. . . |
"If Tﬁe:Giﬁn$éHd'§b§§i:wé1ls4beﬁetfﬁiéwa éfu&ély'igﬁédfééqUencé of
hydrothermal alterat{oh products (Figure 3). Our lithoiogic logs of the well
cuttings indicate'thét the two wells intercepted similar prdgressions of
altération‘minekal assemblages at'approximately theISame'depths; The X-ray

= diffkaction daté bf:cuttings'frpm thg G{nh wéli'support £hese observations

(Table 4). The shallowest depth at which alteration clearly attributable to
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hydrothermal a]teration‘occurs is about 460 m (1500 ft). Above this depth,
clays, zeolites, iron oxides, silica, and carbonate_occur in the lava flows,
but these minerals are not easily distinguished from those of deuteric
processes. The shallowest hydrothermal alteration occurs in the old basaltic
andesite and appears as the deterioration of plagioclase pﬁehoorysts to
calcite aod clay and repiacement of pyroxene and olivine bytclays and minor
chlorite. The clays are green or brown and probably belong to the smectite
groupa Alteration intensifies irregularly over the next 450 m}of depth.
Mixed-layer clays and‘chlorite become more common alteration products and
epidote appears, occasionally. as grains after plagioclase below 900 m. (3000
ft). The shallowest pyrite occurs as abundant dtsseminated grains in
argillized tuffaceous horizons between 628 m (2060 ft) and 747 m (2450. ft).
Pyrite persists to greater depths as disseminations and in silica or calcite
veinlets. The interbedded older tuffaceous sediment aod hornblende andesite
units, at a depth of 1220 m (4000 ft), are strongly argillized and contain
chlorite and‘mixed-layer‘clays after the mafic minerals, and calcite with
clays after plagioclase phenocrysts. Some sericite may occur wtth clays
rep]acing groundmass and plagioclase phenocrysts. Quartz-calcite veinlets and

" pyrite disseminations are abundant.

The Valmy Formatioo}has a‘jong history of regiona] metamorphism dating
back to the pre-Tertiary orogentes. The products of younger hydrothermal
: events are superimposed on the metamorph1c fabric. The regiona1 metamorphic
’ products are generally f1ne grained. However, quartz, ser1cite, chlorite, and
-possibly‘actinolite are recognizable in thin section, plaoing these rocks in

the greenschist faciesaof‘metamorphism. A weak slaty cleavage distinguishes
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metamorphic sericite in the siliceous siltstone.  Al1 of the Valmy Formation
rocks are brittle and highly fractured. Quartz-pyrité-Calcite veinlets are
common and locally contain epidote grains. Occasional cavities contain drusy

quartz.

| The'diabasic basalt to basaltic andésite intercepted within the Va]my'
secfion ranges from fresh to strongly propyllitized, although all samples
observed.preserve the diabasic texture of the fresh rock. Calcite,
hixed-lqyer clays, and epidote replace,ﬁiagiociase, whereas chlorité and clays
repiace mafic minerals.,»Quafti-pyrite-télcite veinlets 6ccur, but are less |
common than,ih‘the Valmy Formation. The altered diabase contains fine]y

disseminated pyrité. Paragenetical]y, quartz and pyrite commonly postdate

chlorite and clays'in the veinlets and are followed by calcite and clay. This

sequehce generally persists in both the Miocene and Ordovician sections.

'Y"Ih generdl.fhydrothermal-a]teratibn through the Miocene-volcahic section

-‘changes with depth from a clay-calcitefquartz-pyrite to a chlorite-calcite~

clay-quartz~pyrite assemﬁlage. A quqrtz-caléiteQmixed chlorite and

clay;pyfitg-seriCite-epidOte assemblage characterize the alteration of all

‘rocks below the Ordovician-Tertiary contact. Tuffaceous horizons reveal a
‘predominént.séricite-quartz-clayfcalc1té-pyrite assemblage. The intensity of

'hydrothermal a]terétion_is highly yariable depénding on fractufe and

lithologic premeability.

- Minerals formed by weathering, deuteric.alteration.‘earliér thermal

‘events, and fegfona] metamorphism may confuse the alteration zoning pattern -in

thé~drill holes. The epidoté.of the'Mioqene volcanic section; in particular,
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may be misleading; the early basaltic andesite unit may exhibit
propy]itization as old as Miocene age. However, epidote grains in
quartz-pyrite veinlets are most likely to be related to hydrothermal activity.
Pyrite_in the volcanics is clearly hydrothermal in origin, but some of the

pyrite in the Valmy Formation is probably diagenetic, syngenetic, or

‘metamorphic.

The_temperatureadepth curve (Figure 10) from the Ginn well (Chevron,
1979) provides evidence for the distribution of hydrothermal fluid flow in the
vicinity of the well and the observed eoning of alteration minerals toward
higher.temperatures of formation with depth. The well penetrates a major
fracture zone below 2438 m (8000 ft) and becomes essentially isothermal to
total depth with.a makimum temperature of 214°C occurring at 2883 m (9460 ft).
Chemical geothermometer calculations as applied to waters of the boiling
springs and steam wells at The Geysers. suggest the presence of a reservoir

with temperatures of about 225°C (Renner and others, 1972; Mariner and others,

. 1974; Muffler, 1978; Robinson, 1979). Minor temperature reversals occurring
-in this interval suggest the presence of cold water entries. The low gradient

_persistslupward to a depth-of 1682 m (5520 ft), indicating significant

convective heat loss over this 1nterva1. The high gradient extending from

1682 m upward to a depth of about 300 m suggests conductive heat loss. The

suggested temperature and hydrologic conditions below 1682 m could induce the
observed hydrothermal alteration, whereas the absence of fluid at shallower

depths precludes the ongoing'formation ofrthe.alteration minerals observed

’there, 'These obseruations,compiement petrographic data, suggesting that

alteration'mineralslhave reduced the:permeability of the rock at shallow
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depths thereby restricting the flow of the hydrothennai system. The
probability of fault-controlled fluid flow suggests that the observed thermal
gradients and alteration minerals may depend on the proximity of the well to a
fluid-bearing fracture at. any given depth rather than the proximity to a heat -

source at greater depth.

Thermal fiuids of the modern hydrothermal system are anomalous in
composition compared to other‘hydrothermal systems oi similér temperatures in
- the Basin and Range. The fluids, with lTess than 1500 ppm total dissolved
solids,'have low sélinities in spite of their appahéhtly active role in the
productidn of alieration minerals (Table 5). The chlorine content is very low

Whiie>5102 levels are unusually high.

The compositions of the thermal fiuids}at Beowawe closely resemble those
of the water of the nearby Humboldt River. This evidence, coupled with the
short thermal fluids résidence'timé indicéted by the low salinities, suggests
that the Humboldt River may recharge the Beowawe geothermai system. The Tow
salinities suggest that the modern fluidé are not related to the hydrothermal
system that’prodUCed the strongly mineralized and altered zone in White

'Canyon.
DISCUSSION OF THE GEOLOGIC HISTORY

The chronology of Tertiary volcanism established by the stratigraphyiand
ages of the flows permits.the reconstruction of the Oligocene to Recent
struétural history of the Beowawe geothermal area (Figures 11 and 12). The

old tuffaceous sedimentary rocks with the intercalated 38.5 : 1.3 m.y. old
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TABLE 5 (cont.)

Hot spring on Horseshoe Ranch, 1 mi N.E. of Beowawe, Sec. 32, T32N,
R49E, collected by D. C. White, analyzed by H.C. Whitehead and
J.P. Schluch, U.S.G.S. HZS estimated in the field, (taken from
Roberts et al., 1967).

Beowawe Geysers, pool below terrace, Sec. 17, T31N, R48E, collected by
- D. E. White, analyzed by H.C. Whitehead, U.S.G.S. Si0y gravi-
metric; also reported: Sr. O ppm; I, 0.0 ppm, (taken from
‘Roberts, et al., 1967). ‘

Beowawe Geysers, small geyser, Sec. 17, T31N, R48E, collected by T. B.
Nolan end G, H. Anderson, analyzed by E. T. Allen, Geophysical
Laboratory (Nolan and Anderson, 1934, p. 227). B, As, and H2S
reported as B,0,, Aso4, and S. (taken from Roberts, et al., 1967).

Beowawe Geysers, hot spring, Sec. 17, T31N, R48E, collected by R. F.
Garnett, Beowawe, analyzed by S. C. Dinsmore, Univ. of Nevada
{ggggn and Anderson, 1934, p. 227), (taken from Roberts, et al.,

Beowawe Geysers, geySer, Sec. 17, T31N, R4BE, collected by R. F. Garnett,

Beowawe, analyzed by S. C. Dinsmore, Univ. of Nevada (Nolan and
- Anderson, 1934, p. 227), (taken from Roberts, et al., 1967).

Hot Springs Point, Sec. 11, T29N, R48E, collected by G. C. Simmons,

ana]{zed by C. G. Mitchell, U.S.G.S., (taken from Roberts, et al.,

Vulcan 2 well, o sinter terrace, Sec. 17, T32N. R48E, Eureka County, NV,

analyzed by Abbot A, Hanks, Inc..(Lawrence Berkeley Laboratory, 1977).

Humboldt River sampled at Beowawe by the U.S.G.S,, analyzed by the
- U.S.G.S. (Eakin and Lamke, 1966). )
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hornblende andesi;e flows accumulated unconformably on the Ordovician Valmy
Formatioh. Evidence for stfuctural control of the thickness and areal
distribution of these units is inconclusive. However, the overlying old
basaltic andesite accumulated to a thickness of 600 m within a
north-northwest- treﬁding graben (Figure 12a). The ages of the old basaltic
andesite and the grabeh are uncertain. Ah erosional unconformity occurs in
the tuff and tuffaceous sedment séquencé near the top of the old basaltic
andesite. Therefore, the basalt above the tuffs of the old basaltic andesite

‘may be a part of the subsequent pyroxene dacite eruptive sequence.

The 16.1 Tos m.y. old pyroxene dacite accumulated within the graben and
overflowved theieastefn boundary represented by the Dunphy Pass Fault zone
(Figure 12b). The White Canyon tuffaceous sedimentary rocks and the young
basaitic andesite flows also appear to have overflowed the graben margin
toward the east and nowiappear‘as the thin cap sequence on the Malpais Rim
east of white Canyon (Figure 12, c and d). The unusually thick tuffaceous
sediment‘séction in White Canyon apparently accumulated against a topographic
high‘creatéd by the graben(bdundary fédlt before ovérlapping the graben
margin. Faulting remained active or resumed on the Dunphy Pass Fault zone
afterifhe cessation of volcanism; this accounts for the elevation of the
volcanic units, in the east wall of White Canyon, relative to cdrresponding
horizons in the Malpéis'dip slope to the west. The total vertical
diSpiacement of.théktob of the dacite unit, from the upperrfloor of White
Canyon to its highest exposure on the Halpa1s Rim, is about 200 m. The White
Canyon tuffaceous sed1mentary rocks and young basa]tic andesite a]so appear to

have overlapped the western graben margin. as evidenced by the presence of
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these units on both sides of the boundary fault. Erosion has locally stripped
these units fron the Melpa1s dip siope exposing the fault and the pyroxene
dacite. The 16.5 ¥ 0.7 m.y. old late basalt was the final eruptive product
and appears to have remained within the graben boundaries (Fjgure 12e). Age
dates from the Miocene volcanic sequence indicate thét the flows above the old
basaltic andesite eruoted in rapid succession between 15.5 and 16.7 m.y. ago.

The graben appears to have deepened'as volcanism progressed.

The late Miocene gravel accumulated on the late basalt withln the graben
(Figure 12e) The east-northeast and east-west-trending faults of the Malpais
‘Fault Zone.displace the gravel andlall older units. These faults show no
evidence of having eontrolled the deposition of the gravel or any older units,
suqggesting tnat fault movements producing the Malpais scarp postdate the
deposition'of'the gravel. The late basalt provides theibeSt constraint on the

maximun age of the scarp.

Hydrothermal fluids depositing chalcedony. opal, and ninor.carbonate
circulated within the Malpaie Fault and connected portions of the Dunphy Pass
Fault. The elevation of segments of major east-west- trending 'veins and minor
north-northwest trending veins in the Malpais scarp east of White Canyon
.indicates that the scarp may have grown as much as 180 m since the deposition
- of'the veins. The hydrothermel fluids appear to have invaded and sealed the *

: fractures of the Malpdis-bunphy Pass Fault intersetfion early in the
development of the Malpais scarp._ The zone of intense alteration between

.'White Canyon and the sinter terrace has undergone only minor uplift.
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Therefore, this alteration zone and the sinter terrace appear to be products

of Pleistocene to Recent hydrothermal activity.
CONCLUSION

The observed structures and lithologies coupled with measured fluid
temperatures and comp051tions provide models for the hydrothermal conduits,
reservoir, and recharge mechanisms. The following paragraphs will address

each of these subjects. Figure 13 illustrates‘these models.

Shallow Conduits

The intense hydrothermal activity of The Geysers at the structural
intersections of the Malpais Fault zone and the North and South Cross Faults
indicates that fracture conduits confined to the Malpais Fault zone lie
beneath the sinter terrace. The snall displacements observed on the cross

faults suggest’that these fractures and therefore the conduit may not extend

to great depth'atzthis locality. East-west-trending fractures may also'serve
,'as conduits feeding the hot springs on the flats at the foot of the terrace.

- However, the Dunphy Pass Fault, as the eastern boundary of the 1500 m (5000

ft) deep northwest-trendlng graben must extend to a depth in excess of 3000 m

(10,000 ft). Therefore, the intersection of the Malpais and Dunphy Pass Fault

~.zones is the most likely structure to accommodate a deep conduit.‘ Numerical

modeling of reSistiVity data (Smith and others, 1979; Smith 1979) ‘suggest
that ab ohm-meter low-resistivity zone exists below a depth of 915 m (3000 /
ft) at the intersection of the Malpais and Dunphy Pass Fault zones. This zone
extends to the‘west'and reaChes the surface at the sinter terrace. The zone

represents either thermal fluids or conductive alteration minerals from an
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Qiderlhydrothermal system. A 300 ohm-meter high resistivity body extends from

about 900 m depth to the surface within the fault intersection just east of
thte Canyon,'perhaps representfng the silicified zone in Ordovician and
Tertiary rocks above the deep conduit. Sealing of the shallow portions of the
conduit; suggested by the presence of the vein swarm, may preSently divert
hydrothermal fluids to the west along the Malpais Fau]tvzone, ultimately
producing‘the sinter terrace above’permeable fault intersections. Fault

geometr1es 1n the v1c1n1ty of the 5inn well are also favorable for the

;westward migration of thermal f1u1ds from the conduit at White Canyon. The

Malpais Fault and east-west_fractures passing through and north of Wh1rlwind

‘Buttebare probable conduits. However, the existing data do not eliminate the
bpoSsibility‘thdt the intersection of the South Cross and Malpais Faults may be

‘the principal deep conduit.

“‘Reservo1r Mode]s

The Beowawe geothermal system appears to sustain shallow and intermediate

‘depth reservo1rs at and above the 2915 m depth penetrated by the G1nn well.

Temperature data suggests that a deep reservoir may be the source for these

reservoirs. The s1m11ar1ty of the measured and calculated temperatures

suggest that the waters encountered 1n the shallow wells and the deep Ginn and

| 'Rossi wells,are near the deep reservo1r temperature. The depth and nature of

any deep reservoir is uncertain,

Declining or unreliable fluid prbduction rates encountered after drilling
(Oesterling, 1962; Chevron, 1979) suggest that the sealing df'the-faults and

fractures in the country rock may reduce permeahility and ‘conserve heat and
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fluids in shallow to medium depth reservoirs without rapid recharge. The low

. thermal conductivity of rocks in the thick Miocene volcanic pile may produce

further conservation of heat. These reservoirs probably lie within fractured
zones of the Valmy’qumation and Miocene lava flows, and within interfloﬁ
-gravel zones. The'fraetured competent horizons of the Valmy Formation and
Miocene lava flows may have locally high permeability, tﬁough'perhaps Tow
borosity, sustained by tectonic actiyity along the major faults. Although a

thick carbonate sequence capable of sustaining a geothermal aquifer probably

'exists at depth:beheath.the Beowawe area (Edmiston, 1979; Zoback, 1979), we

tind neither geologic nor geochemical evidence to indicate that the Beowawe

thermal fluids flow from such a reservoir.

Recharge Models

Fractdres due‘to normal faulting prdbably carry cold groundwater to

»depth, supplying a reservoir either within fractured siliceous rocks or

carbonates; The nearby Humboldt River is, berhabs, the most reliable water
source in the region. Water from the Humboldt River can access the Malpais
Fault at the town of Beowawe and the Dunphy Pass Fault on the north side of

the Argenta Rim. A playa lake at the mouth ‘of the Whirlwind Valley maintains

- a static water table at or slightly below the elevation of the Humboldt River ‘

Just downstream of Beowawe. This static water table extends to the southwest
across the trace of the Dunphy Pass Fault zone (Olmstead and Rush, 1975),
within whirlwind Valley, pernitting access of cold water to this portion of
the fault zone. Fractured\Pale0201c siliceous roeks lying beneath the
alluvium of the Humboldt River valley between Beowawe and the hortheaSt‘corner.

of the‘ArQenta Rim may also carry grdundwater to great'depths.“ An alternative
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reCharge mechanism to be considered is the northward lateral movement of hot
fiuid from the depths nf the Crescent Valley to the Beowawe geothermal area
along thé southward extension of the Dunphy Pass Fanlt zone. Hnt Springs
Point 1ies onnthfs fault trend. Permeable 1ithologies may also figure

_prominantly in this mechanism.

In conélusion, the available data support the fault-controlled recharge
of shal1nw‘reservoirs.withﬁn‘the Micoene volcanics and the fractured siliceous
rocks of the upper plate of the Roberts Mountain thrust. The data suggest
that:thése rgsérvoirs derive fluid from an‘unidentiffed deep reservoir by
means-nf a;éonduit,at‘the highly fracturéd‘Malpais-Dunphy Pass Fault
| interﬁection;A'Silica has sealed this conduit at shallow depths, possibly
causing the locus of nodern nydrothermal activity at the surface to occur to

the west within the Malpais Fault zone.
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116° 35’

116° 40°
EXPLANATION

~
| > Opaline Sinter (Quaternary)
UJEI: dainly  laninated  opal with  layers  of
2z opal-cenented sinter clasts and colluvium.
l1.|0:<
8%‘3 Landslide Deposits (Juaternary)
33

Q-O Qac| Alluvium and Colluvium {Juaternary)

\/
!

Tg | Coarse Gravel (Miocene - Pliocene)
Contains coboles and pebdles of pyroxene
gacite (Td), young basaltic andesite (Tba),
and late basalt (7o),

H

T Late Basalt (Mioscene)
Thin flows of Dblack diktytaxitic basalt
containing occasional macroscopic grains of
olivire set in a subophitic matrix of
plagioclase and clinonyroxene. The flows
display crude columnar ta Blocky jointing,
The K-Ar aye is 16.5 £ 0.3 m.y.

Young Basaltic Andesite (Miocene)
Thin flows of Dbrown to 9lack hasaltic
indesite with plagioclase and olivine
phenocrysts  set in a felty matrix of
plagioclase, clinopyruxene, and brown glass.
The flows display crude blocky jointing, The
K-Ar age is 15.7 £ 0.7 mn.y.
w White  Canyon  Tuffaceous  Sedimentary  Rocks
pd (miocene)
w well bedded buff to grey tuffacecus gravel,
O sandstone, siltstone, poorly consolidated
Q npyroclastic deposits, and porcellanite.
24 Gravel and sandstone conprisz most of the
W unit and contain clasts of pyroxene dacite
] (Td) and basaltic andesite, broken quartz and
0 feldspar phenocrysts, and abundant subaligned
0 brown to black glass shards with a few intact
f - 3 bubble wiHs. Punice clasts abundant near
P § : _ , the top of the unit.
57 BATZ #10 s TV e s A 2 Y TN NS ‘ IS |
; . - T}Le& {3 171 " y ! \ A’ \TIETRN \ {;-\v DN / 200 “ {‘ \\U 7AN o j / N G oS !
17 / c A AT ) WY, ) WS o / NN~ — 2 1 ) ) LA 167 ¢ ). St Pyroxene Dacite (Miocene)
WA R P & AN X NC e PR =g\ 72 B OO\ NN ST S 1 SN Lower portion of tne unit contains thick
’ ) \ ; v '/ flows of  gJloweroporphyritic  dacite with
aoundant aygygregates of plagioclase, pyroxene,
olivine and nagnetite phenocrysts in a glassy
yroundmass. Some flows contain sanidine
inicrolites  as  well, Flows of Dblack

spheruloiaqal vitrophyre cap the dacite
porphyry. The upper portion of the unit
contains thin flows of interbedded black and
red-brown  aphanitic  dacite with  sparse
phenocrysts of  plagioclase and  abundant

maynetite, The red-brown flows display
platey jointing. The K-Ar age is 16,1 ® 0.5
AR

01d Basaltic Andesite (Miocene?)
A grey to olack sequence of mafic lava flows
which range in composition from basalt to

andesite. Tne flows contain plagioclase
] phenocrysts set in a wmatrix of plagioclase,
o > pyroxene, and ainor  olivine. Sequenca
2 cont_ains interflow rubble zones and felsic
=t tuffts.

<

ROX

Tts | 01d Tuffaceous Sedimentary Rocks (0ligocene-

g: Miocene)

| The unit contains 1interbedded tuffaceous
layers of gravel, sand, and silt. The matrix

] of tnese Dbeds contains broken feldspar,
quartz, and mafic crystals with
wall-preserved glass shards. Tne yravel

layers contain abundant siliceous pebbles
from the Valuy Formation witn lesser amounts
of felsic and mafic volcanic clasts. Buff to
grey ash layers occur internittently.

e
LOWER MIOCENE
AN

Tha An  interbedded horndlende Doiotite andesite
flow (38.6 t 1.3 wm.y.) cccurs in the lower
portion of the unit, The rock contains 20%
plagioclase, 15% horndlende, and 3% bistite
as anhedral phenocrysts in a light grey micro-

] litic to aphanitic groundnass. iMagnetite is
coamon as  disseminated grains. Volcanic

<ZI xenolitns are common.
O
5SS valay Foraation (Jrdovician)
0 Predoninantly light cgrey siliceous siltstone
8] with tnick horizons of guartzite, sandstone,
% hedded chert, and siliceous conylomerate.

MAP SYMBOLS

-7 Contact, dashed where approximately located.

Normal fault, dashed (Tong) where
/ approximately located, dotted where
J concealed, Dball indicating dip of fault
e plane, dasned (short) where inferred fronm

¢ geophysics.

~ Strike and dip of beds and flow horizons.

O  Deep geothermal well.

.|54 K-Ar age date sample location.
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