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ABSTRACT 

The Beowawe geothermal system in northern Nevada is a s 

controlled, water dominated resource with a measured temperat 

(414°F). Surface expression of the system consists of large 

sinter terrace that is present along a Tertiary to Quaternary 

escarpment. Several companies have explored the area and a 

volume of surface and subsurface data are now available on t 

thermal fluids occur in a 1,220 m (4000 feet) thick section 

volcanic rocks and in underlying quartzite and argil lite of 

Valmy Formation. The fluids flow to the surface along sout 

trending faults. 
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The geothermal f l u i ds contain about 1400 mg/1 to ta l dissolved 

Fluid chemistry suggest a s i l iceous reservoir rock without s i igni f icapt 

interchange with carbonate rocks. 
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INTRODUCTION 

The Beowawe Geysers geothermal system i s located 80 km ;;outhwest of Elko. 

Nevada, and 10 km southwest of the l i t t l e town of Beowawe (F ig . 1) . ' The 

geothermal system is a high-temperature water dominated resource, whic 

appears to be s t ruc tu ra l l y con t ro l l ed . A la rge , act ive opaline s in ter 

has formed from springs and geysers issuing from ha l f way up the Maflpa 

escarpment (Middleton, 1961). The subsurface measured temperature of 

the Ginn 1-13 well (Chevron Resources Co., 1979) is comparab 

calculated geothermometer temperature of 227°C (Mariner and others. 

Commercial explorat ion of the Beowawe geothermal system 

when Magma Power Company, Vulcan Thermal Power Company, and 

Power Company d r i l l e d 12 shallow wells between 1959 and 1965 

S c h i l l i n g , 1979). D r i l l i n g of the explorat ion holes on the 

disrupted the natural geyser a c t i v i t y . Since 1974 s ix deep 

have been d r i l l e d , one each by Magma Energy, Inc. and Getty 

four by Chevron Resources Company. In general only the well 

next to the s in ter deposit have been successful. Forty-one 

gradient holes have been d r i l l e d in the area and several ge 

have been conducted to help define the thermal system. 

Through the Department of Energy's Industry Coupled Pro^ 

data obtained by industry during explorat ion of the Beowawe 

has been made pub l ic . In addit ion geologic mapping and geocfi 

have been carr ied out . The in tegrat ion and evaluation of t 

const i tu te the present paper. 
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Figure 1. Location map of Beowawe thermal area. Geology 
Stewart and Carlson (1977), Ba t t l e Mountain heat 
boundary from Muff ler (1979). 
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BEOWAWE GEOTHERMAL SYSTEM 

Regional Setting 
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The Beowawe KGRA l i e s wi th in the Bat t le Mountain heat f low high iwhere 

conductive heat f low i s greater than 2.5 HFU (Sass and otherk, 1971); Heat 

f low values computed in the Beowawe KGRA average 2.6 HFU (Smith, 1981). 
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The Beowawe geothermal system is located in the north-c(mtral 

Basin and Range physiographic province. Northeast-trending ranges 

represent e a s t - t i l t e d horst or s t ruc tura l blocks bounded by normal 

the dominate regional structures in the Beowawe area. Another s t ru 

trend which l i es about 16 km west of the hot spr ings, i s def i 

northeast trending fau l t s and up l i f t ed Ordovician and Devonia 

c las t i c rocks and i s evident on the regional geologic map (S1; 

Carlson, 1976). This s t ra t i g raph ica l l y u p l i f t e d zone paral le 

of an aeromagnetic high recognized by Stewart and others (1979). The 

Nevada lineament as defined by Stewart and others (1975) would inc l 

north-northwest trending fau l t s and Miocene lava flows on th(> east 

u p l i f t e d zone. 

r t of the 

I t s form 

it 'hral 

r th-

and 

li 
west side 

Oregon-

ude these 

i'de of the 



rock 

bly 

Geology 

Stratigraphy 

In the Beowawe KGRA a 950 to 1300 m thick section of Mi 

basalt lava flows interbedded with tuffaceous sedimentary 

are faulted against Odovician Valmy Formation rocks. The Va 

the area consist of siltstone, quartzite, chert and argil lit 

fractured with pervasive hematite staining in outcrop but is 

black in subsurface drill cuttings. Many diabase and diorit 

Valmy rocks in some of the deep geothermal wells and possi 

greenstones are present. Over 1700 m of Valmy Formation roc 

penetrated without reaching the base of the formation. 

A conglomerate 76 to 90 m thick and containing clasts o 

lithologies and andesite overlies the Valmy Formation (Fig. 

conglomerate is 230 to 533 m of basaltic to andesitic lava 

part of the basaltic-andesite lava flows unit thickens to t 

and 4). The basaltic-andesite unit has not been dated due t 

alteration. The unit (Tba) consists mostly of hematite stai 

flow breccia where exposed in Sec. 16, T31N, R48E (Fig. 3). 
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Tuffaceous sedimentary rocks interbedded with a single 

the basaltic-andesite lava flows. The unit consists mainly 

sandstone, 122 to 183 m thick. The lava flow is andesitic i 

is located near the top of this sequence (Fig. 2). 

A 190 m thickness of basalt flows overlies the tuffaceous sedi 

rocks. This unit is best identified by its stratigraphic position 
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Figure 2. Correlat ion of l i t h o l o g i c and gamma raV logs for 
section in four deep d r i l l holes at Beowawe KGRA 
ve r t i ca l l y adjusted to al ign horizontal data pl 
the tuffaceous sediments un i t ( T t ) . 
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Sec. 1$! T31N, 

e u n i t i i 
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in deep idr i 11 

ick in d r i l l 

). Th6' dacite 

v i t r i c 

a f lov ' i 

l i e s t t e 

fe l s i te iover 

and 

up to 90 

uniformly low gamma log . Correlat ion of the basalt flows in 

R48E, which seem to be over la in by dac i te , with th i s subsurfab 

ten ta t i ve . Porphyr i t ic dacite lava flows over l ie the basalt 

holes and in outcrop. The dacite uni t (Td) i s 290 to 366 m th 

holes and forms most of the Malpais escarpment (Figs. 3 and 4 

consist of several t h i c k , massive, porphyr i t ic flows with sorfle 

scorr ia zones as well as flow breccia horizons. A f e l s i t e lav 

m t h i c k , with only a t race of small feldspar phenocrysts over 

porphyr i t i c dacite u n i t . Where present, the non-porphyri t ic 

porphyr i t i c dacite contact i s an excel lent s t ra t ig raph ic marker. 

A s ign i f i can t unconformity separates the f e l s i t e and porphyr i t i c ciacite 

from the overlying tuffaceous sedimentary rocks which are up to 67 r|i th ick and 

capped by a basalt f low up to 12 m th ick (Figs. 2 and 4 ) . 0\^erlyin^ the 

basalt are th ick gravel and mudstone deposits of Ter t iary to Quaterr|ary age in 

Whirlwind Valley and on the south slope of the Malpais r idge. 

Structure 

The dominant s t ructure in the Beowawe KGRA i s the Malpais Fault 

trends N75°E from the hot springs east and has about 370 m to ta l di 

down to the nor th. West of the s in te r terrace the Malpais f au l t i t 
i 

and a 270 m wide graben separates a small horst from the main r idge 

3). Subsurface data from d r i l l holes indicates another fau l t is 

the west side of the horst . Using the porphyr i t ic d a c i t e - f e l s i t e c 

marker, the small horst in Sec. 18, T31N, R48E, has dropped 140 ma 

po in t , re la t i ve to the r im, the graben has dropped 230 m fronji the r 

s t ra ta west of the horst i s 350 m lower than the r im. 

The Dunphy Pass f a u l t , as mapped by Zoback (1979) and St ruhsacker 
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EXPLANATION 

Active and recent s i l iceous s in te r . 

Inactive si l iceous s inter and sinter-cemented al luvium. 

Alluvium, f ine gravel and sand. 

Landslides and colluvium below slump areas. 

Uplif ted old gravel deposits and tan mudstone. 

011 vine-pyroxene basalt flows with black d I k t y tax I t i c tex ture . 

Tuffaceous sedimentary rocks, white, t igh t gray to buff s i l t s tone , 
porcel lanl te and non-welded t u f f . 

Fels i te Lava Flows; dark brown f e l s i t e or black vesicular v l t r i c zoneslwltn only a trace 
of 1 mm crysta ls of feldspar. 

Porphyrit ic Dacite Lava Flows; 5 to 7 percent 2 mm feldspar pheno<^rysts. 
Is 290 to 366 m. 

I 
sandston^e, 

I 

I 

The thickness 

Basalt Lava Flows; vesicular basalt with 2 mm plagioclase phenocrysts. I The uni t Is 183 
to 195 m th ick with a uniform low gamma response. 

wm Tuffaceous Sedimentary Rocks; tuffaceous mudstone, s i l t s tone and sandstone 
l igh t gray, with an andesit ic lava flow Interbedded. The unit is 

Basalt ic-Andes I te Lava Flows; basalt ic to possibly dac i t i c lava f 
amygdules of celadonite, ca lc i te and quartz. The flow sequence is 230| to 
deep d r i I I holes. 

122 to 1 

ows witr 

83 
•hlte to 
m t h i ck . 

abundant 
533 

Tcj, Conglomerate; c lasts of cher t , s i l t s t one , quartz i te and andesite 
s i l t s tone matr ix . The uni t is 76 to 91 m t h i c k . 

in a sandstone to 

T id , Id Diabase and D ior i te Dikes ( in subsurface on ly) ; o l i ve green to gray fl'ne-gra 
I 

In diabase 
dikes part ly altered to ch lo r i t e and ca lc i te and a few d i o r i t e , dacite an<̂ i hornblende 
andesite d ikes. 

Ov Valmy Formation, siltstone, quartzite, chert and argil I Ite, intensely 

folded with pervasive hematite staining in some areas. 

MAP SYMBOLS 

Contact, dashed where approximately located. 

•• Fault, dashed where approximate or Inferred, dotted where covered. 

Slump block, barbs on upper plate. 

. — . " Photo linear which may be fault produced. 

•"""";',',.ii""" Quartz and calcite veins. 

Dip of contact calculated from contact surface trace or trace to di'-ll I hole 
6 Intercept elevations. 

^B-20 

O Geothermal exploration bore holes. 

•v>. Hot or warm spring or seep. 

/\ steam vent. 

m th ick in 

fractured and 
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is a N20°W trending fault zone which passes 2 to 3 km east of 

and displaces rocks down to the west. This fault zone has a 

topographic expression but where it crosses the Malpais rim i 

of the Valmy Formation only about 260 m (Fig. 3). 

the hot 

A major f au l t trends about N65W from the head of the lai ]dsl ide 

g. 3). 

signif 

t offsejts the top 
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cant 

J 
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15, T31N, R48E, to the east limit of hot springs activity (Fi 

fault has a displacement of about 890 m, down to the south, based oh' 

of the Valmy Formation in the Collins 76-16 hole and Valmy Formation 

to the northeast (Ftg. 4, AA'). Part of this offset occurs along t 

branch of the Dunphy Pass fault south of their intersection. Offset; 

Dunphy Pass fault north of their intersection adds another 200 to 260 

displacement between Valmy Formation outcrops and the Collins hole. 

Small grabens indicating extensional faulting are present close to the 

hot springs. In addition to the 270 m wide graben extending 

the sinter terrace, a small wedge-shaped graben with the felsite un 

, T31N, 

n section 

This 

the top 

Dutcrop 
I 

west 

on the 

m of 

southwest from 

it exposed, 

R48E. On 

m wide and 

is present on the north end of the small horst in section 18 

the ridge top south of The Geysers sinter terrace a small graben 7C 

650 m long is parallel to, and has about the same extent as the crest of the 

sinter terrace (Fig. 3). 

Sinter Deposits 

The oval shaped siliceous sinter deposit is 1.9 km wide. The 

deposit and its mode of formation have been studied in some 

and Cole (in press). Although hot springs are active at the 

sinter terrace (Fig. 3) and probably have been in the past, 

appears to have been deposited by thermal water issuing froir 

more than 60 m above the lower part of the sinter deposit. 
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steam is issuing from vents on top of the s in ter mound, along what is thought 

to be the t race of the Malpais f a u l t . An o lder , more eroded s in te r terrace 

stands about 6 m above the crest of the recently act ive terrc^ce. Th'e: older 

terrace i s cut o f f abrupt ly on the north side suggesting that mo^eme|nt;on the 

Malpais fau l t has o f fset the terrace c res t . 

Small exposures of s i n t e r , most too small to map, occur along the Malpais 

f a u l t t race east to the east edge of section 17, T31N, R48E. Along and above 

th i s s in ter i s a band of a r g i l l i z e d and hematite stained rock (F ig . i l l ) . 
I . . 

Higher on the escarpment above the f au l t t race , chalcedonic s in ter t j i t l s open 

spaces in a less a l tered flow breccia. Above the zone of s i l i c a in f i i [ I l ing and 
j i 

the main s in ter terrace an a r g i l l i z e d , acid leached zone with gypsuji) present 

penetrated in the center of Sec. 9, T31N, R48E by thermal gradient 

R48E 

with 

a l l uv i 

The subsurface extent of the system has been p a r t i a l l y 

d r i l l holes. Chevron wells Ginn and Rossi, 2 km southwest 

were hot but did not produce s ign i f i can t thermal f l u i ds (Chi 

of 

defined 

ev 

I 

the 
1 

ron 

occurs i n the f low breccia. These three zones extend 700 m northeast 

main s in te r terrace and terminate abruptly against the N65°W trending 

and the r e l a t i ve l y impermeable f e l s i t e f low. 

Hydrothermal System 

Extent and Controls 

The surface extent of the hydrothermal system i s l im i ted to| t l i 

s in ter deposits in the N 1/2 Sec. 17 and the S V2 S V2 Sec. ^, T31N, 

hot springs in a swampy area in the NE I/4 of Sec. 18, T31N, 

The area enclosed by the 20 HFU contour (F ig . 5) corresponds 

of surface manifestat ions. Outside of th i s area s i l i c i f i e d 

of the 

f au l t 

(Fi? 
I 

the 

urn 

area of 

R48E, plus 

w 3 ) . 
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EXPLANATION 

» CHEVRON TEST WELLS 
• THERMAL GRADIENT HOLES 
• USGS PIEZOMETER NESTS 

0 400 800 1200 1400METERS 

0 2000 4000 6000 FEET 

Y-^o"}! 
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R.47 E.SR.48E. ^ 

Figure 5. Heat f low at Beowawe from Smith (1981) . Contours 
20, 40 heat f low u n i t s , w i t h SI u n i t s i n d i c a t e d i 



produce from a los t c i r cu la t i on zone in the depth in terva l 558 to 665 

to 2150 f e e t ) . The upper t h i r d of t h i s zone is a subunit which can 

correlated in the four deep wells on gamma logs. The lower JDart| of 

c i r cu la t i on zone in well 85-18 i s a subunit (588 to 670 m desth) wh 

correlates \/ery well on gamma logs between the other three dsep jwel 

i s 94 to 113 m th ick (F ig . 2) . The gamma log fo r t h i s in terva l iin 

i s qui te d i f f e r e n t , however, and the in terva l i s only 82 m thick' . . 

therefore be concluded that well 85-18 e i ther penetrated a n 

1979, 1980). Getty's Col l ins w e l l , 600 m south of the s in te r terracpei 

f a i l ed to penetrate the thermal reservoir (Getty Oil Company, 1980) 

Chevron wells 85-18 and 33-17, both col lared on the s in ter deposi t , 

reported to be re l a t i ve l y successful. The base of the high thermal 

which appears to be the top of the thermal system i n Chevron 85-18 c!o 

with the base of the tuffaceous sedimentary rock un i t (F ig . 6 ) . Thils 

that the tuffaceous uni t (Tt on Figs. 2 and 4) caps thermal f luicis 

18. Elevations of s t ra t ig raph ic units penetrated in well 85-18 are I 

essent ia l ly the same as in Col l ins 76-17 and therefore both are on 

side of the Malpais f a u l t , in the foot wall block (F ig . 4, A-A).j ]iif\y 

85-18 a producer and 76-17 not a producer? Beowawe 85-18 is though 
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ormal f au l t which 

can 

has about 12 to 30 m of displacement and a l te ra t ion along the fau l t ,has 

changed the rock's radioact ive character, or t h i s in terva l i 

d i f fe ren t l i tho logy than in the other deep we l l s . 

Structures, pa r t i cu l a r l y the Malpais Faul t , seem to be 

control for the Beowawe geothermal system. The hot springs 

in the Quaternary Malpais f au l t where several small grabens 

near the in tersect ion of the Malpais f au l t with a major N651« 

s occupied by a 
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f a u l t . The hot springs in the NW I/4 NW V4 Sec. 17, T31N, R48iE, are n^ar the 

projected in tersect ion of the north-western branch of the Malpais f i u l t and 

the N65°W trending f a u l t . 

There i s also evidence for some s t ra t ig raph ic control of the ge 

system. As noted above, a tuffaceous uni t in Beowawe 85-18 seems to 

reservoir i n that w e l l . On the Malpais escarpment, east of tjhe iTn\ 

a l t e r i 
I 

c res t , thermal f l u i ds have moved through a flow breccia uni t 

and f i l l i n g or ig ina l open spaces wi th chalcedony. Sinter extends f 

covers the flow breccia at the east end of the terrace on the esca 

flow breccia occurs at about 1,550 m elevat ion (5080 f e e t ) . The!Co 

hole penetrated a l imoni te-sta ined s i l i c i f i e d zone from 1,610 t o l l , 
i 

elevat ion. Thermal gradient hole GB-35, 500 m northeast of the Col 

penetrated an a r g i l l i z e d and s i l i c i f i e d f low breccia between 1524 a 

elevation. 

othermal 

cap the 

;eri terrace 

n[g the rock 

om and 

rpmeht. The 

ins 76-17 

Structural Model 

Based on the geologic map (Fig. '3) and subsurface data (Figs, 

conceptual model of the system can be made. Recharge from the west 

possibly north on the Argenta rim moves down faults and southeast t 

dipping beds until the water is heated at considerable depth. The 

rises along open fault breccias formed by the extension faultingj al 

Malpais fault system near its flexure and intersection with the !N65 

fault. The northwest trending fault is down to the south and probab'l 

paral about 75 to 80 degrees south, s imi la r to the quartz veins which 

s t ruc ture . The in tersect ion of the Malpais f au l t with the p-e-ex is t i 

dipping f au l t may have produced a steep, i r regu la r and highly brecc 

(F ig. 4, C - C ) . Although the surface trace in tersect ion of these f 
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the east end of the sinter deposition, which has been less active, t 

the ba!> 

encountered in 76-16, GB-35 and exposed along the Malpais escarpinent. 

Based on t h i s model the best potent ial area for product 

(F ig . 7) . The depth to the base of the potent ia l production 

deeper along the east-west axis and toward the west end of t 

ion 

ie a 

area corresponds well wi th the area of highest heat flow ( F i ^ . 5) . 

Chemistry 

Geochemical Surveys 

Geochemistry can be an e f fec t i ve explorat ion guide in t 

environment. Chemical in te rac t ion between rocks and f l u ids 

temperatures resul ts in the development of charac ter is t i c chemical 

compositions of subsurface f l u i ds (Truesdel l , 1976) and the 

d i s t i nc t i ve trace element signatures upon reservoir rocks (Bamford 

1980; Christensen and others, 1980). Fluid chemical geothermometers 

useful fo r estimating subsurface temperatures from compositi 

he 

e 

f a u l t s ' 

of the in tersect ion would dip west and be under the main terrace at 

Ter t iary sect ion. The thermal f l u ids r ise along the f au l t i i i tersect ibh and 

connected fau l t s wi th in the less permeable Valmy Formation then spread out 

somewhat in the flow breccias of the basal t ic-andesi te uni t (Tba). 

addit ion to the main flow up the Malpais f a u l t , subsidiary e):tensioh'a 

such as the one forming the small graben in the center of Sec. 17, 

transmitted thermal f l u ids higher in the Ter t iary rock. Thermal; f l 
! 

in the past spread out w i th in f low breccias in the porphyr i t i c daci 

depositing s i l i c a and producing the shallow (60 to 120 m deep) ailte 

can 
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te 
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ll f a u l t s . 

If3IN, R48E, 

ds have 

(Td) 

rat ion 
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zone would be 

imposit 
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waters i f careful a t ten t ion i s given to the fundamental assumptions 

and others, 1974). Major element f l u i d chemistry and l i g h t 
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are widely used as tracers of the o r ig in of f l u i ds (Hem, 197C 

1975). Trace element signatures developed in rocks preserve 

integrated record of f l u id - rock in teract ion and thus provide 

; Taylor, 

the time 

valuab 

i n to the thermal and convective h is tory of the geothermal system^ 

Chemistry of Thermal Fluids 

The thermal f l u i ds discharging at the surface and obtained from' wells in 

the Beowawe area are notable fo r t h e i r low concentrations of 

ins ight 

dissolved' 

mater ia l . Analyses are l i s t e d in Table 1. In general , the f l u i ds an,e 

a lka l ine (ph = 8 - 9) and have less than 1400 mg/1 t o t a l dis 
j 

solved so 

Sodium i s the pr inc ipal ca t i on ; ch lo r ide , su l f a te , and carbonate 

a l l s ign i f i can t anions. Trace elements which are frequently enriched 

thermal f l u ids in other geothermal systems ( E l l i s , 1979) such asj As 

L i , Rb, Cs, F, and Br, are a l l present in r e l a t i v e l y low concentrat 

l i d s . 

species are 

Compositions previously reported fo r f l u i ds drawn from the :Gin 

10 

wells (Christensen, 1980) suggest that these waters were highly contaminated 

by d r i l l i n g f l u i d s . These f l u i d s , col lected during early d r i l l jstem 

t e s t s , have s i g n i f i c a n t l y greater Ca and Mg concentrations apd markecfiy 

d i f f e ren t cation proportions than the springs. 

in 

Sb, W, B, 

ns. 

and Rossi 

Chemical geothermometers (Truesdell, 1976) calculated for the 

and flow 

uids from 

of Na, 

the hot springs and the geysering wells indicate temperature of f l u i d 

equ i l i b ra t ion of approximately 200-210°C. In general, the geothermometers 

based upon quartz saturat ion may be more re l i ab le fo r Beowavje waters 

those involv ing cation ra t ios due to the low concentrations 

Ca. Temperatures predicted from discharge f l u i ds are consis 

shut- in well temperatures of approximately 210°C (Chevron Resource 

1980). 

than 

, and 

tent with measured 

iCol, 1979, 



TABLE 1 

FLUID COMPOSITIONS FROM THE BEOWAWE AREA 

Si02 

Na 

K 

Ca 

Mg 

Li 

B 

Cl 

F 

SO4 

H2S 

HCO3 

CO2 

TDS 

pH (20 

T, °C, 

=C) 

collection 

265* 

234 

15 

<.25 

<.5 

1.3 

2.0 

4 

1.2 

100 

906 

8.4±.2 

95° 

357* 

261 

27 

<.25 

<.5 

1.5 

2.2 

10 

1.2 

103 

329* 

214 

9 

_ _ . * S S f 

— 

tr. 

1 

50 

6 

89 

1120 

9.0+.2 

95° 

* a l l ana ly t ica l values in mg/1 

* * ( — ) indicates value not determined 

1. Hot spring below s in te r terrace (Christensen, 1980) 

2. Blowing well br ine (Christensen, 1980) 

3. Vulcan 2A well br ine (Cosner and Apps, 1978) 



Although the s a l i n i t i e s and trace element concentrations 

concentrations are h igh. This suggests that the sampled f l u i 

in equi l ibr ium at elevated tempertures with feldspar or mica-

l i t h o l o g i e s . Several condit ions could resul t in t h i s part icu 

I f reservoir l i t ho log ies are volcanic or sedimentary units cohtainin 

feldspars or other a lka l i -bear ing minerals, f l u i ds must have 

effective residence times within the system and consequently have un 

are l o w , 

d is woul 

rearing 

lar chemi 

g 

s i l i c a 

hot be 

i 

s t r y . 

had short 

Valmy Formation, 
I 

prec ip i ta t ion or 

f low through a low-surface-area environment. A l t e rna t i ve l y , 

have equi l ibrated with s i l iceous reservoir rock, such as the 

or may have become depleted in a l ka l i elements due to mineral 

the formation of a l t e ra t i on minerals. The unusually low concentration of Ca 

indicates that d i rec t movement of f l u ids to the surface from a carbonate 

reservoir at depth does not occur and suggests that the carbonate-reservoir 

model (Edmiston, 1979; Swi f t , 1979; Zoback, 1979) may not be 

r e l a t i ve l y l i t t l e chemical in te rac t ion with the reservoir rocks. Th 

a consequence e i ther of rapid f l u i d transport through the system or 

f l u i ds 

dergone 

i s may be 

of f l u i d 
I ' 
I , : . , 
may simply 

r e a l i s t i c . 

Trace Element Geochemical Zoning 

The chemistry of a number of surface rock samples from the Beowavl̂ e area 

which have c lear ly been affected by in te rac t ion with thermal fluids 

rized in Table 2. Samples from NE V4 NW V4 . Sec. 16, numbers 1, 2 , 

document the trace element signature associated with the chalcedonic 

present along the N65°W trending fault in that area. Arsenic is con 

enriched and relatively high concentrations of Ag occur in semple 2. 

from the active geothermal area are relatively enriched in He (samp 

Mn (sample 3), compared to the concentrations of altered rocks from 

Canyon, probably reflecting the dilute chemistry of the thermal flui 

Beowawe. The concentrations in drill cuttings of these elements and 

IS summa-

iihd 5, 

veining 

istently 

Samples 

4), and 

lite 

ds at 
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T i * 

P 

Sr 

Ba 

Mn 

Co 

Cu 

Pb 

Zn 

Ag 

As 

Li 

Be 

Zr 

La 

Ce 

Hg 

TABLE 2 

TRACE ELEMENT GEOCHEMISTRY OF SELECTED SURFACE SAMPLES 

1 2 3 4 5 

2530 

458 

81 

1090 

42 . 

<1 

6 

15 

<5 

<2 

145 

36 

5.4 

250 

34 

59 

2790 

903 

136 

1390 

60 

2 

9 

22 

39 

4 

65 

15 

4.4 

314 

50 

96 

2640 

468 

202 

971 

123 

2 

7 

17 

22 

<2 

7 

42 

3.4 

219 

40 

64 

212 

28 

158 

10 

15 

53 

<10 

21 

<2 

45 

18 

2.9 

173 

31 

40 

5.3 

7100 

2760 

934 

1790 

20 

31 

<5 

12 

<5 

0.8 

32 

11 

2.6 

314 

38 

55 

19.8 

* a l l analyt ica l values in mg/kg 

1. S i l i c i f i e d , a r g i l l i z e d volcanic breccia. White Canyon 

2. A rg i l l i zed volcanic breccia. White Canyon 

3. Opaline s in ter from s in te r terrace 

4. A rg i l l i zed volcanic from s in ter terrace 

5. Altered basal t ic-andesi te at the mouth of White Canyon 

6. Altered Valmy rocks from near the Bar i te mine, 3 miles e 
spr ings. 

2060 

440 
i 
98 

210 
i 
60 

82 
I 
20 

<10 

I 
6 
! 

0.96 

<25 

17 

0.9 

197 

5 
<10: 

1.4! 

ast iof the hot 



(A) 

Figure 8. Concentrations of four elements in d r i l l cutt ings 
in terval 0-30 meters in 26 shallow gradient holes. 



the depth interval 0-30 meters in 26 shallow gradient wells a 

map section in Figure 8. Distributions at other depth intervals 

are presented in Christensen (1980). These four elements have been 

be readily remobilized by thermal fluids in other systems and 

concentrations in thermal gradient holes has proven to be a u 

guide where near-surface movement of thermal fluids has occur 

1980). 

re presented in 

to 

their 
i 

seful exploration 

red 

150 meters 

found to 

(Christensen, 

ately to The coherent near-surface enrichment of As and Li immedi 

of the act ive system and the peripheral Mn enrichment to the 

context consistent wi th a system in which the f l u i ds s l i gh t l y 

As and Li discharge from along the Malpais Fault and flow dovmslope 

alluvium or permeable bedrock. As the f l u i ds coo l . As and Li 

near the discharge point and Mn more d i s t a l l y . 

the west 

The spatial distributions of these elements are , however, neither 

laterally nor vertically continuous. This suggests that ther-e is not 

has there been in the past, pervasive movement of thermal fluid thrdu 

sampled rock, but rather that isolated chemical anomalies represent 

intersection of the drill holes with fractured zones or permeable hor 

north are in 

enriched in Mn, 

were deposited 

within 

through which fluids have coursed. The relatively weak geochemical 

in rock associated with the present system as compared to the more 

enrichments in the exhumed chalcedonic veins suggest that the present 

are more dilute than the older fluids. 

The distribution of Hg is broadly similiar to Mn and may al;so 

deposition from relatively cool fluids that have moved downs 

along the Malpais fault. The highest concentrations of Hg occur 

lope, from a source 

well B-9-

79, located on the eastern edge of Fig. 8. Details of the Hg diistr,i:t)utions in 

i n 

now, nor 

ghout the 

ie 

izons 

i'gnatures 

pronounced 

f l u ids 

re f lec t 



t h i s well are shown in F ig . 9 along with a l i t h o l o g i c l og . OomparisiDif 

l i t h o l o g i c and geochemical log indicate that zones of intense Hg dep'p^-

are associated with s i l i c i f i e d al luvium. 

The downhole d i s t r i bu t i ons of As and Hg in the Ginn, Ros 

geothermal tes t wells are shown in Figure 10. The concentrat 

elements are s i g n i f i c a n t l y greater than in the shallower gr aci 

The observed enrichments of As and Hg in these wells (Fi 

e ra l l y coincident with zones of hydrothermal f l u i d flow thro i 

rocks as in ferred from the temperature-depth logs. For examfile, in 

si, and 

ions he 

ent hoi 

85-18 

of both r(! 

gure 10) 

gh fractured 

Gi 

of conve 

of the 

tion 

es, 

are gen-

nn 1-13 

tive arsenic is enriched in the interval from the top of the zone 

flow, 1600 m (5250 ft), to 2440 m where a major structure is 

(Struhsacker, 1980). Similarly, the temperatures reported for the Rossi well 

indicate that convective heat transfer is dominant at depths 

m; As and Hg are enriched within the same interval (Figure lO). In 

18, the concentrations of these elements are again greatest vnthin th'b' lower 

portions of the well. p*Cconstant enrichments of Hg occur ai: highe 

than those of As in Ginn 1-13, reflecting the greater mobili"y of Hg 

temperatures. One possible explanation for these relationships has 

vided by the recent studies of Christensen and others (1980) 

nized a similiar pattern of Hg and As enrichment in wells at 

springs, Utah and demonstrated that at temperatures near 250°C As i 

being deposited without Hg. On the other hand, Hg without associat 

deposited only on the margins of the thermal field. While both eleme 

be deposited in the central portions of the geothermal field 

below about 225°C, these relationships suggest that temperat 

between about 5000 and 7000 feet may have been above 250°C i 

ures in Gi;nn 1-13 

intersected 

below about 1200 
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Locally coincident concentrations of As and Hg near 5200 feetj in Ginn 1-13, in 

Rossi 21-13 and in 85-18 may have been deposited at slightly lower 

temperatures. Continued upward migration of As depleted therlmal fluids in 

rocks penetrated by Ginn 1-13 and in alluvium in B-9-79 may account fbr the 

relatively high concentration of Hg in these rocks. 

The observed distributions of As and Hg in these drill holes siig'̂ est that 

have traveled 

The 

these elements have been remobilized by thermal fluids which 

along permeable structural breaks and permeated the fractured rocks, 

general absence of both Hg and As enrichments in the upper portions 

Ginn 1-13 and Rossi 21-13 suggests that the near surface parts of t 

field to depth of several thousand feet have been relatively 

Hydrothermal Alteration 

Surface Alteration 
, I 

The present geothermal system and previous thermal activity have produced 

alteration in the Beowawe KGRA. The general distribution of argillic 

alteration, hematite staining, silicifiction and veins is indicated on' Figure 

11. Most and possibly all of the alteration and veining in "he Valmy 

Formation is from older activity. The best evidence for thi; conclusion is 

exposed at the barite mine in Sec. 12, T31N, R48E, three miljs east of the hot 

springs. The Valmy Formation rocks are eugeosynclinal sediments (Roberts and 

of: both 

ie thermal 

impermeayle. 

others, 1967) and the disseminated barite mineralization at the minej 

restricted to the Ordovidan rocks, may be volcanogenic in origin. 

Ordovician rocks a re hematite stained at the barite mine and some of 

hematite staining extends into overlying Tertiary conglomerate which 

present in channels cut into the Valmy Formation. The hematite sta 

truncated by the angular unconformity which cuts the conglomerate and Valmy 

which is 
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Formation rocks. The tuffaceous sedimentary rocks above the unconfornity are 

overlain by basal t ic-andesi te lava f lows. Closer to the hot spring^', in the 

north hal f of Sec. 16, T31N, R48E (F ig . 11), hematite s ta in ing and (l^u^rtz 

veins are res t r i c ted to the Ordovician rocks and the Ter t iary basal t l 

andesite lava flows (Tba). The younger porphyr i t ic dacite i ^ re lat ivppy 

unaltered. 

The surface a l te ra t i on associated wi th the geothermal system exh 

ve r t i ca l zonation. The lowest exposed zone consists of strongly hemat i t ica l ly 

i b i t s a 

pais fau sta ined, a r g i l l i z e d rock exposed along and j us t above the Ma 

of the main s in ter terrace (F ig . 11). The matrix and phenocrysts o 

dac i t i c rock are al tered to clay but r e l i c texture remains with whi 

feldspar crysta ls in hematite stained matr ix . A l tera t ion i s 

flow breccia but less a l tered blocks remain. Minor botryoid^l quartz; 

present and small areas of s in ter are present at the surface 

A zone of s i l i c a deposit ion occurs above the hemat i t i ca l ly sta 

f the 

most c 

te 

orri 

I t east 

i n 

zone. The f low breccia i s unaltered to a r g i l l i z e d along block surfaces and 

chalcedonic material f i l l s open spaces and forms small veins 

chalcedony i s hor izonta l ly banded. The s i l i c a zone merges with the top of the 

s in te r terrace to the west and slopes s l i g h t l y down h i l l to the east 

against the N65°W trending f a u l t shown in Figure 11 and cross secti 

Figure 4. 

The t h i r d and highest a l te ra t ion zone is one of complet 

and acid leaching. The dac i te , both f low breccia and massi 

to c lays, probably k a o l i n i t e . Gypsum and minor botryoidal q 

in t h i s zone. The a l te ra t ion is generally th icker and more complete 

breccias, but some massive rock has been a l te red . This a r g i l l i z e d ai|id 

a l tered 

p'lete in 

i s 

ed 

Some c 

e a rg i l 

rock, ve 

f the 

and ends 

oiii lAA' 

l i z a t i on 

i s al tered 

uartz are present 

in flow 



bleached zone extends fo r 1.5 km, occurring j us t above the main s intef- ' terrace 

where a l te ra t ion is the strongest and extends east where i t ejnds agaiitist a 

f e l s i t e lava flow (F ig . 11). 

Subsurface Al tera t ion 

The f ine grained f e l s i t e (Tf) i s unaltered in the d r i l l holes. ]rhe 

porphyr i t ic dacite which extends to a depth of 710 to 1460 feet (216 

depending on the d r i l l hole, i s generally unaltered except fc 

breccia exposed east of the s in te r terrace and encountered i r 

17 w e l l , which was discussed wi th surface a l t e r a t i o n . In Beowawe 85 

is minor hematite s ta in ing in the dac i te , pyroxenes are part 

ch lo r i t e and there i s minor se r i c i t e in. the glass matr ix . 

r the 

A l tera t ion i s stronger in the basalt flows (Tbf, F ig . 2 

of higher permeabil i ty and greater suscep t ib i l i t y to a l te ra t 

of a l te ra t ion i s var iable wi th in the uni t but generally pyro 

p a r t i a l l y al tered to c h l o r i t e , celadoni te, saponite and calc i 

minor a l te ra t ion of plagioclase to se r i c i t e and ch lo r i t e and 

sta in ing i s present. 

The tuffaceous sedimentary rocks (Tt) are weakly a l t e r e i to ser i 

c h l o r i t e , ca l c i t e and clay with some secondary quartz and traces of 

The pyroxene and plagioclase crysta ls are unal tered. Moderate to s 

hydrothermal a l te ra t ion is present in the basal t ic-andesi te 

y altered: to 

I probabT 
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extent 

m'atrix is 

re i s 
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which are capped by the tuffaceous sedimentary rocks. Quartz and cal 

W^ 
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s present veins are present, especial ly i n Beowawe 85-18, and py r i te i 

Pyroxene i s generally a l tered to ca l c i t e and celadonite and the mat'ri 

a l tered to s e r i c i t e , c a l c i t e , ch lo r i t e and saponite. Plagioclase i 

a l tered to s e r i c i t e , c h l o r i t e and quartz. 
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Dacite and diabase dikes cut the uni t in the Ginn and Rc 

of the dikes are strongly al tered but others are unaltered s 

a l te ra t ion predates some of the dikes. 

The metamorphic l i t ho log ies of the Valmy Formation are r 

susceptible to a l te ra t ion and can not be d i r ec t l y compared to 

I I I 

ssi ho 

ggesti 

es. Some 

"!g 

ot very 

the voTbanic 

rocks. Quartz and ca l c i t e vein lets are present with minor p y r i t e . 

in the Valmy rocks generally have mafic minerals a l tered but 

is f resh . 

The data from avai lable holes is not su f f i c i en t to dete 

the a l te ra t ion i s related to the current geothermal system, 

l i t t l e stronger in Beowawe 85-18 where i t is most intense in 

andesite lava flows u n i t . 
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EXPLORATION METHODS 

Exploration efforts for an electrical power resource haye been cb'nducted 

in the Beowawe KGRA for over twenty years with most of the activity in the 

past ten years (Struhsacker, 1980). During this time various methodSj 

including drilling, thermal studies, chemical studies, geologic mapping and 

geophysical surveys have been employed to gain an understanding of the| thermal 

system and select drill sites. This study will attempt to evaluate what each 

exploration method contributed toward these two goals. 

Geologic Mapping 

The Beowawe KGRA has been mapped by "Zoback (1979), Struhsacker (1980), 

Chevron Resources Company (unpublished data), and the current author,has 

remapped the central area (Fig. 3). As part of the geologic study, available 

cuttings from drill holes have been logged and rock samples age dated. The 
• : I 

mapping has defined the major faults which may be controlling the near surface 

flow of the thermal system. The lithologic logs have defined the Tertiary 

stratigraphy and in combination with the surface geology have allowecl 

determination of structural offset, dip of beds, better definition offault 

locations and their dips. The age dating has determined the 

igneous activity and placed a minimum age on some of the alteration. 

because all the age dates were about 16 m.y., the dates did not dist' 

between igneous events. The geologic mapping has defined a limited 

encloses Beowawe 85-18 and 33-17. The geologic mapping does not account for 

the silicified alluvium found in thermal gradient hole B-9, 

R48E. 

area (Fig. 7) which coincides with the high heat flow area Fig. 5)', 
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Thermal Studies 

The 41 thermal gradient holes at Beowawe have defined th 

thermal anomaly (F ig . 5) and provided valuable information on 

st ructure and d i s t r i bu t i on of elements mobilized by the thermal f lu i 'ds l 

e! near 

geol ogjc 

ure sucic'ess, i t 

surface 

Although d r i l l i n g a near surface thermal anomaly does not ens 

should be noted that the two deep wells d r i l l e d before the thermal grjkdient 

holes f a i l ed to produce adequate thermal f l u i d f low, but two 

wells d r i l l e d a f te r the study were re la t i ve l y successful. I t shoulcl 
i 

remembered that of a l l the surface or near surface explorat ion method 

thermal studies d i r e c t l y measures the resource in a spacial (j i istribiit; 

s ince. 

D r i l l i n g 

of the 
J, 

also D r i l l i n g as an explorat ion method i s the most d i rec t bu 

cos t ly . Shallow thermal gradient holes are a necessary phase in mo 

explorat ion programs. To be most e f fec t i ve the thermal gradient dr 

should be done a f te r the water geochemistry, the geologic mapping a 

prel iminary geophysical surveys as appropriate for the area, 

deep explorat ion holes. Based of the geologic mapping and s 

s tud ies, more a t ten t ion should have been given to the area n 

and northeast of the hot springs during thermal gradient dr i 

d r i l l e d in deep al luvium should be extended to bedrock where 

urface 
'I I 

orth, northwest 

Iling. 

below surface water affects and add to the structural control. 

Deep exploration drilling, when all factors are favorable, is i^eessary 

ed closbi to each 
' \ ' f ' '• 

other ear ly in the explorat ion cycle but fa r from the surfade expression of 

to confirm a resource. The two deep explorat ion wells d r i l l 
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the thermal system provided very interesting structural and strat 

but failed to produce from the thermal system. When adequate dat 

holes, such as wire line logs, cuttings and fluid samples are not 

and saved, such as from the Vulcan wells, then little value is sa 

exploration cost. 

Chemistry 

Fluid chemistry studies have provided data which can be 

scaling and corrosion problems during production. Reservoir 

temperatures can be predicted with geothermometer calculat ion 

chemistry studies can also give an ind ica t ion of the type of 

and the rate of turnover in the system. 

ive i n Trace element geochemical zoning appears to be inconclus 

surface at Beowawe but generally agrees with the concept of major dislipliarge 

along the Malpais f a u l t . The deep trace element zoning sugge 

s t ruc tura l and l i t h o l o g i c control of thermal f l u i d movement, 

not appear s i gn i f i can t l y d i f f e ren t between the producing and 

wells for the avai lable data base. A larger data base, par t i 

other producing wells i s needed before i t can be determined i 

be used to define the current system at Beowawe. 
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RESTROSPECTIVE EXPLORATION STRATEGY 

as Beowawe 

r terrace, 

The f i r s t explorat ion step at a geothermal occurrence silich 

would be to sample a l l of the flowing springs around the sinte 

including the springs in the swampy area to the west. This geochemiicpp survey 

would give information on the reservoir temperature, f l u i d cl]iemistry,| types of 

reservoir rocks to be expected and some ind icat ion of the systems siz'e|and 

turnover ra te . ' i 

The second step should be geologic mapping of the area, 

would define the structures and type of a l te ra t ion associated 

providing a data base on which to select and locate geophysic; 

bet ter define structures and look for indicat ions of the extent 

a l t e ra t i on and thermal f l u i d s . 

Heat The t h i r d step would include geophysical and geochemical surveys! 

f low, e lec t r i ca l r e s i s t i v i t y and se l f -po ten t ia l surveys would use the 

expression of the system as a reference point and be interpreted in 

the known st ructures. Geochemical so i l and outcrop sampling should 

exposed a l te ra t ion zoning and f l u i d chemistry as a reference] Unfo 

geochemical character izat ion of the a l te ra t ion zones at the Surface 

yet been done. The water sampling from springs and wells ma^ extend to a 

regional bases during t h i s phase to determine mixing and possible recharge 

areas and thereby f low path of the thennal f l u i d s . 

The fourth step would be thermal gradient hole d r i l l i n g , 

should be s i ted based on a combination of the geologic and geophysica 

base with some consideration given to locat ions that w i l l p 

geologic and geochemical data in addi t ion to temperatures, ^tud^ o 
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of 

cuttings will greatly add to the geologic and geochemical dalja base 

refine interpretation of the geophysical data. The results 

gradient drilling may point out the need for additional studi 

of the methods previously employed. 

At this point in the exploration program the near surface extent 

character of the thermal system and its history should be fairly well 

defined. Total expenditures to this point should be under a mil loni ,i 

dollars. Reservoir target models should be well formulated. 

The fifth step is drilling a deep exploration well whici" given 

base generated above would have a good chance of being successfully 
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FIGURE CAPTIONS 

Location map of Beowawe geothermal area. Geology generali 
Stewart and Carlson (1977), Bat t le Mountain heat f low hig^ 
boundary from Muff ler (1979). 

Correlat ion of l i t h o l o g i c and gamma ray logs fo r the 
section in four deep d r i l l holes at Beowawe KGRA. The 1 
v e r t i c a l l y adjusted to a l ign horizontal data plane at thell 
the tuffaceous sediments uni t ( T t ) . 

Geologic map of the Beowawe thermal area, by Brucb S. 

Geologic cross sect ions. See Figure 3 for descri 

Heat f low at Beowawe from Smith (1981). Contours 
20, 40 heat flow un i t s , with SI units indicated i 

Temperature survey and l i t h o l o g i c log for Beowawe 
Temperature survey from l oven i t t i (1981, Fig. 5) . 

Pattern indicates the area of best potent ia l for 
production based on reservoir conceptual model, 
explanation of geologic symbols. 

Concentrations of four elements in d r i l l cut t ings 
in terval 0-30 meters in 26 shallow gradient holes 

Mercury concentrations and l i t h o l o g i c log for wel 
of section 9, T.31N.,R48E. 

Downhole d is t r i bu t ions of arsenic and mercury in 
three deep d r i l l holes at Beowawe KGRA. 
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