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FIG. 1 Map of Beowawe area showing Whirlwind Va l l ey , Malpais Rim, 

The Geysers, thermal gradient holes, piezometers, and 

hydro log ic cross sec t ion A - A ' . 

FIG. 2 Re la t ion between t o t a l head, pressure head, and e l eva t i on 

( a f t e r Hubbert, 1940). 

FIG. 3 Theore t ica l cross sect ion showing piezometers, head 

d i s t r i b u t i o n , f low p a t t e r n , and hydraul ic gradients ( a f t e r 

Freeze and Cherry, 1979). 

FIG. 4 General ized geology of the Beowawe area ( a f t e r Struhsacker, 

1980). 

FIG. 5 S t ra t i g raphy of Beowawe area w i th measured thermal 
/ 

c o n d u c t i v i t y values. 



F I G . Temperature-depth prof i 1 es'wi th .simi la r therrr-al g rad ients , 

l^ t i i r lwind Val ley, showing i n f e r r e d depths t o water tab le and 

t o top of thermal a q u i f e r . L i t h o l o g i c symbols given i n 

F igure 5. 

FIG. 7 Temperature-depth p r o f i l e s along hydro log ic cross sect ion 

A - A ' , Whir lwind Va l ley . L i t h o l o g i c symbols given i n 

F igure 5. 

FIG. 8 General ized l i t h o l o g y , thermal grad ients and c o n d u c t i v i t i e s , 

and computed heat f low. Chevron Resources Co. Ginn 1-13 

geothermal t es t w e l l . Whir lwind Va l l ey . L i t h o l o g i c symbols 

given i n Figure 5. 

FIG. 9 Map of shal low heat f l o w , w i th genera l i zed , va r i ab le contour 

i n t e r v a l i n mW-m-2 . Discrepancies among neighboring values 

have been ignored. These d i f f e rences may be due to the wide 

range of depths over which the thermal grad ient i s 

c a l c u l a t e d . 

FIG. 10 Map of water tab le e l e v a t i o n , contours in r reters. 



FIG. 11 Map of temperature at top of thermal a q u i f e r , contours i n 

X . 

FIG. 12 Map of e l eva t i on at top of thermal a q u i f e r , contours i n 

meters. 

FIG. 13 Cross sec t ion A-A' showing water tab le thermal a q u i f e r , 

depth to base of a l l uv ium, and v e r t i c a l hydrau l i c grad ients . 

Table 1 . Estimates of heat loss in the Beowawe Geysers area: a) low 

est imate assuming no geyseri ng a c t i o n , b) high est imate 

assuming f low ra te reported by Oester l ing (1952), 

1.5 X 10^ I b - h r - ^ 
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Heat Flow and Thermal Hydrology 

of Beowawe KGRA, Nevada 

ABSTRACT 

Forty 150 m deep thermal gradient holes have been d r i l l e d by 

indust ry i n a 60 km^ area surrounding the Beowawe Geysers as part of 

the Department of Energy/Div is ion of Geothermal Energy's Northern 

Nevada Indust ry Coupled Case Studies Program. Temperature-depth 

p r o f i l e s and measurements of thermal c o n d u c t i v i t y on ch ip samples from 

these holes and from Chevron Resource Company's Ginn 1-13 geotherra l 

exp lo ra t ion hole (2917 m T.D.) have been used to produce maps of heat 

f low and of a shallow thermal aqu i fe r i n the Whir lwind Va l ley . 

The anomalous surface heat loss above the shal low thermal aqu i fe r 

i s estimated to be between 8.6 and 10.4 MW, corresponding to a volume 

f low of water of 0.02-0.03 m^'sec"^. Thermal grad ient and conduc­

t i v i t y data from the deep wel l have a wide range of values (55-

144°C*km'i, 1.59-5.79 W-m'^K-i) but produce a r e l a t i v e l y constant heat 

f l ow of 235 mW-m"2 above a depth of 1600 m. Near- isothermal 

condi t ions i n f rac tured rock below 1600 m depth i nd i ca te the advect ive 

t ranspor t of heat. 

The Dunphy Pass f a u l t zone appears to form the eastern margin of 

the Beowawe hydrothermal system. I f the average heat f low east of the 

Dunphy Pass f a u l t zone, 110 mW-m"^ i s representa t i ve of a loca l 

'background' heat f low, the heat loss at Beowawe when The Geysers are 

dormant exceeds the t o t a l f l u x from a 100-200 km^ area. Heat l o s t 
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through the a c t i o n of The Geysers may increase t h i s est imate by an 

order of magnitude. 

Shallow temperature-depth p r o f i l e s and o p e n - f i l e data from the 

U.S. Geological Survey, Water Resources D i v i s i o n , have been used t o 

create water leve l maps"and to compute v e r t i c a l hyd rau l i c grad ients 

w i t h i n the Whir lwind Va l ley . These basic hydro log ic data show areas 

away from The Geysers where thermal water may r i s e fram depth. 

Add i t iona l hydro log ic data at the loca t ions of several of the therrral 

gradient holes may locate v iab le exp lo ra t i on t a r g e t s . The systematic 

a c q u i s i t i o n of hydro logic data i s recomrrended as a standard component 

Of hydrothermal resource exp lo ra t ion programs. 

1 ^ 
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INTRODUCTION 

The geysering ac t i on of vandal ized we l l s d r i l l e d i n the l a t e 

1950s fo r geothermal exp lora t ion at Beowawe Known Geothermal Resource 

Area (KGRA) may have been the most spectacular hydrothermal phenomenon 

created by man i n the United Sta tes . The blowing wel ls were spudded 

i n a 1-km long opal ine s i n te r t e r race on the south f lank of the 

Whir lwind Val ley i n Eureka and Lander count ies , Nevada, approximately 

50 km east of the town of Ba t t l e Mountain, as shown i n F igure 1 . At 

t h i s t ime (spr ing 1981) The Geysers play i n t e r m i t t e n t l y . 

In the 1970s, exp lo ra t i on f o r a hydrothermal resource capable of 

sus ta in ing e l e c t r i c a l power generat ion has been conducted by Chevron 

Resources Company and Getty Oi l Company. Much of t h e i r geophysical 

data has been acquired and made ava i lab le through the Department o f 

Energy/Div is ion of Geothermal Energy Indust ry Coupled Program, 

(Chevron Resources Co. , 1979; Getty Oi l Co. , 1981). The data from 40 

thermal gradient holes d r i l l e d t o 150 m depth provide t h r e e -

dimensional views of the flows of heat and water. These f lows must be 

known i n order t o assess the area 's po ten t i a l f o r energy p roduc t ion . 

While heat f low studies have been incorporated i n t o numerous 

geothenr.al e x p l o r a t i o n programs (Chapman and o the rs , 1981), 

hydrogeologic i n v e s t i g a t i o n s have been sorely neg lected. This 

omission could be remedied i f e x p l o r a t i o n i s t s were to inc lude 

piezoTCters i n t h e i r shallow d r i l l i n g p lans. A piezometer i s a small 

diameter pipe open t o a water-bear ing format ion at one depth on l y , 

genera l ly at the bot tom, as schemat ical ly shown i n Figure 2. The 
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e l eva t i on at which water stdr.ds i n the piezometer ind ica tes the t o t a l 

hydrau l i c head- at the point of measurement. The hydrau l ic head H i s 

the sum of two components, the pressure head p/pg and the e leva t i on 

head z 

H = z + - ^ (1) 
pg ^ ' 

v^tiere z i s the e leva t i on above an a r b i t r a r y datum, usua l ly sea l e v e l , 

p i s the f l u i d pressure, p the f l u i d dens i t y , and g the acce le ra t ion 

due to g r a v i t y . Water always f lows from areas of higher hydrau l ic 

head to areas of lower hydraul ic head. Figure 2 sketches the r e l a t i o n 

given by equat ion 1 . The elevat ions of s tanding water i n a number of 

piezometers d i s t r i b u t e d over an area, as i n Figures 3a and b, are used 

to produce maps of hydraul ic head. The d i f fe rences i n water l eve ls 

seen i n p lan view can be used to compute the hor izon ta l component of 

hydrau l i c gradient and, i n i so t r op i c nedia, the d i r e c t i o n of ground­

water f l ow . 

A cross sec t ion of hydraul ic heads can be generated i f water 

l eve l s are measured in adjacent piezometers completed at d i f f e r e n t 

depths, i l l u s t r a t e d by Figures 3c and d. The d i f f e rence in e levat ion 

of s tanding water i n adjacent piezorreters can be used t o compute the 

v e r t i c a l hyd rau l i c g rad ien t . Since e leva t i on i s p o s i t i v e upward, a 

negat ive v e r t i c a l hydrau l ic gradient impl ies tha t there is a downward 

component of ground-water f low at t h a t l o c a t i o n . A pos i t i ve value i s 

computed wherever water r ises from depth. 

In areas where water f low a f f e c t s heat f l o w , standard ground-
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water hydro log ic data should be able t o de l ineate zones of upwel l ing 

hot water. Since hot water i s the hydrothenrial resource, water l eve ls 

and v e r t i c a l hydrau l ic gradient data should be gathered as par t of any 

geothermal exp lo ra t i on program. Hydrologic data from the Whir lwind 

Val ley demonstrate the u t i l i t y of i nco rpo ra t i ng ground-water hydrology 

i n t o thermal gradient surveys. 

GEOLOGIC SETTING 

Struhsacker (1980) gives the most thorough desc r i p t i on of the 

s t r a t i g raph i c and s t r u c t u r a l framework of the Beowawe area. Other 

recent geologic summaries are given i n Zoback (1979) and Garside and 

S c h i l l i n g (1979). Figure 4 i s a general ized geologic map of the study 

area showing the loca t ions of piezometers and thermal gradient ho les. 

The Beowawe Geysers l i e along the Malpais f a u l t zone at the base 

of the Malpais Rim. The steep f a u l t - s c a r p slope faces northwest 

towards the Whir lwind Va l ley . T e r t i a r y lava flows and tu f faceous 

sediments crop out on the Malpais d ip s lope. The Malpais scarp 

exposes an o lder normal f a u l t system, the Dunphy Pass f a u l t zone, t h a t 

has a northwest t r e n d . This Oligocene to Miocene f a u l t zone forms the 

eastern margin of a major nor thwest - t rend ing graben tha t is par t of 

the southern extension of a 750 km-long l i n e a r aeromagnetic and 

s t r u c t u r a l f ea tu re ca l l ed the Oregon-Nevada lineament (Stewart and • 

o thers , 1975). The T e r t i a r y vo lcanic sec t ion w i t h i n the graben i s 

approx i rmte ly 1400 m t h i c k ; east of the Dunphy Pass f a u l t zone i t i s 

only 100 m t h i c k . The under ly ing Ordovic ian Valmy Formation i s a 
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shat tered sequence of s i l i ceous eugeosyncl i na l sediments tha t are par t 

of the Roberts Mountains Thrust sheet. Carbonaceous s i l t s t o n e , c h e r t , 

and q u a r t z i t e of the Valmy format ion crop out along the Malpais east 

of the Dunphy Pass f a u l t zone and are encountered by the deep 

geother.mal tes t we l ls i n the Whir lwind Va l l ey . T e r t i a r y diabase dikes 

t ha t in t rude both the Valmy and the volcanic rocks are thought to be 

the source f o r the pronounced aeromagnetic anomaly associated with the 

Oregon-Nevada Lineament and the feeders f o r the T e r t i a r y vo lcan ic 

sequence f i l i n g the graben (Robinson, 1970). 

THERMAL CONOUCTIVIH 

Two parameters must be measured i n order to ca l cu la te heat 

f l ow: thermal gradient and thermal c o n d u c t i v i t y . Figure 5 sumn-tarizes. 

the s t ra t i g raphy of the Beowawe area and presents the me&n and 

standard dev ia t ions of the measured thermal c o n d u c t i v i t i e s f o r each of 

the major rock u n i t s . A l l thermal c o n d u c t i v i t y values were determined 

using a modi f ied d iv ided bar apparatus at the Un i ve rs i t y of Utah 

(Chapman and o the rs , 1981). Computations of the thermal 

c o n d u c t i v i t i e s of the 61 d r i l l - c h i p samples were made using the c e l l 

technique of Sass and others (1971a) but were not corrected f o r i n -

s i t u p o r o s i t y . Had i n - s i t u poros i ty been known from bore-hole logs , a 

co r rec t i on could have been made t o the ca l cu la ted values (Sass and 

o the rs , 1971a). The poros i ty of the a l l u v i a l and tu f faceous mater ia ls 

may exceed 30%; i f so, the c o n d u c t i v i t i e s measured f o r these 

sedimentary un i t s may be 20-30% too l a r g e . The mat r ix po ros i t y of the 
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competent rocks probably averages less than 10%, and the requ i red 

co r rec t ion less than 15%. Uncer ta in ty about the i n - s i t u thermal 

conduc t i v i t y con t r i bu tes t o the range i n the estimates of anomalous 

surface heat l o s s . 

The low thermal c o n d u c t i v i t i e s of the v i t r o p h y r i c dac i te f low and 

shard- r ich tu f faceous sediments r e f l e c t t h e i r high glass content . The 

thermal c o n d u c t i v i t i e s of the volcanic f low and i n t r u s i v e rocks 

c lus te r around 2 W-m"-^-K~i, but a r g i l 1 i z a t i o n of some of the dac i te 

f lows reduces t h e i r conduc t i v i t y s i g n i f i c a n t l y . The high thermal 

conduc t i v i t y and standard dev ia t ion computed f o r the Valmy Formation 

r e f l e c t s the preponderance of q u a r t z i t e in the measured samples and a 

h igh ly v a r i a b l e l i t h o l o g y . 

TEMPERATURE DATA 

Temperature-depth data from 40 thermal gradient holes are part o f 

the o p e n - f i l e data package f o r Beowawe (Chevron Resources Co. , 1979; 

Getty Oi l C o . , 1981). Most of the .12- .15 m diameter holes were 

d r i l l e d to 150 m. Schedule 40, 0.025 m black i r o n pipe plugged at the 

bottom j o i n t was run t o the t o t a l depth and f i l l e d wi th f resh water. 

The holes were then b a c k - f i l l e d and grouted. Temperature-depth data 

were taken i n the pipe a f t e r wa i t i ng a per iod of one t o two months, 

more than s u f f i c i e n t t ime t o a l low the temperature of the water i n the 

pipe to e q u i l i b r a t e w i th the surrounding rock. Selected temperature-

depth p r o f i l e s are shown i n Figures 6 and 7 and the l oca t i ons of the 

gradient holes i n F igure 1 . 
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The four p r o f i l e s i n Figure 6 have thermal grad ients near 

67°C'km~l. Even though t h e i r grad ients are s i m i l a r , t h e i r thermal 

regimes are d i f f e r e n t . The coolest ho l e , B-54, i s completed i n 

a l luv ium and shows l i t t l e d is turbance by ground-water f l o w . This 

gradient may be one of the few i n the Beowawe area tha t represents 

regional conductive heat f l ow; i f so, the computed 'background' heat 

f low would be approximately 118 mW*m~2. 

Hole B-54 also serves as the reference f o r an a r b i t r a r y 

d e f i n i t i o n of ' c o l d ' and ' t he rma l ' f o r the Beowawe area: an aqu i fe r 

• t ha t contains water at a temperature more than 7°C above the 

temperature in hole B-54 at the same depth i s c a l l e d a ' thermal 

a q u i f e r ' ; water less than 7°C above the temperature i n B-54 at the 

same depth i s said to be ' c o l d . ' 

The remaining three p r o f i l e s i n F igure 6 a l l show temperature 

disturbances tha t can be a t t r i b u t e d to the convect ive t ranspor t o f 

heat by ground water. The abrupt i n f l e c t i o n s i n the temperature-depth 

p r o f i l e s are in te rp re ted to i n d i c a t e the depths t o the tops of water­

bearing zones. Holes B-11 and 8-22 i n t e r s e c t a thermal aqu i fe r i n 

which the water i s 36.3°C at 67 m and 39.6°C at 27 m, r espec t i ve l y . 

Hole B-29 appears to in te rsec t co ld water , 26.1°C a t 34 m, w i t h i n a 

layer of b a s a l t , Tb. 

The bottom of the thermal a q u i f e r i n hole B-11 corresponds to the 

contact between the a l luv ium, Qal , and vo lcanic rocks , Td. I f the 

a l luv ium were h igh ly permeable v e r t i c a l l y , the temperature p r o f i l e 

w i t h i n the aqu i fe r would be more near ly i so the rma l . The 57°C'km~l 
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gradient w i t h i n t h i s thermal aqu i fe r suggests t h a t i t has a low 

ve r t i ca l hydrau l i c c o n d u c t i v i t y . I t may conta in numerous t h i n semi-

conf in ing l a y e r s . The convex upward curvature of the temperature-

depth p r o f i l e i nd ica tes a component of ground-water f low upward and a 

pos i t i ve v e r t i c a l hydrau l ic gradient (Sorey, 1971). 

S imi la r hydro log ic inferences have been made f o r a l l the 

temperature-depth p r o f i l e s w i t h i n the V/hirlwind Va l ley . None of the 

p r o f i l e s fo r holes i n the Malpais Rim suggest t h a t the rocks are 

saturated w i t h e i t he r , hot or cold water; these holes cannot be 

included in the hydro logic ana lys i s . The p r o f i l e s from the thermal 

gradient holes along sec t ion A-A' are shown i n F igure 7. A r e l a t i v e 

temperature scale i s used to avoid over lap, but i n c l u s i o n of the 

measured temperature at the shallowest depth permits the recon­

s t r uc t i on of actual temperature p r o f i l e s . Included i n F igure 7 are 

the temperatures at the top of the thermal aqu i f e r and ther i ra l 

gradients ca l cu la ted f o r an i n t e r va l above the thermal a q u i f e r . Also 

shown i n Figure 7 are shallow temperature disturbances t ha t are 

in fe r red to represent the top of co ld water-bear ing zones. I f the 

cold water i n the 'Whirlwind Valley i s unconf ined, these d i s t r i b u t i o n s 

would show the depth to the water t a b l e . 

An e q u i l i b r i u m temperature log of the Ginn 1-13 geothermal t e s t 

wel l is shown i n Figure 8 (Chevron Resources Co . , 1979). The t o t a l 

depth of the hole i s approximately 2900 m and the bot tom-hole 

temperature 213°C. I t i s e s s e n t i a l l y isothermal below a depth of 

2400 m w i t h i n the Valmy Formation. 
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HEAT FLOW 

Thenrial gradients above 2400 m f ron the Ginn t e s t ho le , shown i n 

Figure 8, range from 23 t o 144°C'km~i and thermal c o n d u c t i v i t i e s from 

1.59 t o 5.79 W-m"i'K"^. Above a depth of 1600 m there, i s a st rong 

inverse r e l a t i o n s h i p between the grad ients and c o n d u c t i v i t i e s . When 

m u l t i p l i e d together , these wide ranges of values produce a near ly 

constant est imated heat f low averaging 235 mW*m"2 (5.5 H F U ) . Below 

1600 m the temperature gradients decrease sys temat i ca l l y ; the hole i s 

e i t h e r penet ra t ing a hot water-bear ing s t ruc tu re or a permeable 

fo r r ra t i on . Given the f rac tu red character of the Valmy Formation 

(Evans and Theodore, 1978), i t i s l i k e l y tha t there i s some sor t of 

high-temperature hydrothermal rese rvo i r below a depth of 1600 m. 

The near ly constant conductive heat f low above the i n f e r r e d deep 

reservo i r i nd ica tes that the T e r t i a r y volcanic sect ion acts as a 

r e l a t i v e l y impermeable cap. This po in ts to the necessity f o r 

perrreable s t ruc tu res at The Geysers and anywhere else tha t hot water 

i s r i s i n g f rom depth. I t also provides a cont ro l on the est imate of 

anomalous surface heat loss ca l cu la ted from the shallow thermal 

gradient ho les . 

Figure 9 i s a map of the i n t e rp re ted values of heat f low along 

the f'telpais Rim and above the shallow thermal aqu i fe r i n the Whir lwind 

Va l l ey . In most of the area west of the Dunphy.Pass f a u l t zone, the 

heat f low exceeds the ca lcu la ted value i n the Ginn tes t h o l e ; 

immediately west of The Geysers i t exceeds 3350 mW-m"̂  (80 HFU). The 

Whir lwind Va l ley and Malpais Rim apparent ly receive heat from both the 
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deep rese rvo i r and a shallower hee.t source that i s presumably 

connected t o the deep reservo i r along permeable s t r u c t u r e s . The 

shallow thermal aqu i fe r i s a supplen^ntal source of heat i n the 

Whi r lw i nd V a l l e y . 

I f a thermal aqu i fe r were to be a source of heat below the 

Malpais Rim, i t must occur at depths greater than the 160 m reached by 

the thermal grad ient ho les. One p laus ib le in ference f rom.Figure 9 i s 

that a thermal aqu i fe r may be found southeast of The Geysers. This 

area is one of th ree zones w i th heat f low above 251 mW-m~^ t h a t 

radiate from the cent ra l area of highest heat flow.- These three zones 

coincide w i t h mapped f a u l t s that i n te rsec t at The Geysers, as 

ind icated i n Figure 4. While "it i s possible tha t these f a u l t s may be 

conduits f c r upwel l ing hot water from the deeper r e s e r v o i r , hydraul ic 

head data a re requ i red t o resolve whether they a l low hot water to f low 

away from The Geysers or channel hot water to The Geysers. 

A d i f f e r e n t thermal regime is apparent east of the Dunphy Pass 

f a u l t zone. Four of the values of heat f low along the Malpais Rim 

average 110 mW-m"^, near the 'background' value given by Sass and 

others (1971b) f o r t h i s por t ion of the Basin and Range Province. The 

Dunphy Pass f a u l t zone appears to form the eastern margin o f the 

Beowawe hydrothermal system. The 110 mW-m"^ average value and the 

118 mW'm"2 values from hole B-54, Figure 6, appear t o be r e a l i s t i c 

values fo r 'background' heat f low. 

The o rde r of magnitude o f the anomalous surface heat loss above 

the shallow thermal aqu i fer i s ca lcu la ted by i n t e g r a t i n g the heat f low 



Chri s t i a n Smith 

tha t exceeds the assumed background, 110 mW-m"^, over the area of 

Figure 9. De ta i l s of the i n t e g r a t i o n are given i n Table 1 . Two 

estimates are presented because the areas enclosed by the contours are 

a r b i t r a r y and the heat f low out of the s i n t e r ter race i s unknown. The 

low es t imate , 8.6 MW, assumes an average heat f low out of the s i n t e r 

te r race of 2500 mW-m"2 (50 HFU). The high estimate f o r heat loss 

above the a q u i f e r , 10.4 MW, assumes a l a rge r area of anomalous surface 

heat loss and an average heat f low out of the s in te r te r race equal t o 

the 3580 mW-m~2 (86 HFU) ca lcu la ted a t the nearest thermal grad ient 

ho le . 

The anomalous heat loss ca lcu la ted from Figure 9 i s supported by 

the flow of water w i t h i n the shallow thermal aqu i fe r . Assuming tha t 

the water has an i n i t i a l temperature Ti equal t o 98°C and t h a t i t 

cools to the average ambient temperature Ta o f 13°C, we can ca l cu la te 
it' 

tine volume f low of water Q w i t h i n the aqu i f e r 

Q ' P c , (Ti - Ta) (2) 

where p i s the densi ty of the f l u i d , c^ i t s s p e c i f i c hea t , and P the 

anomalous heat l o s s . The low est imate of 8.6 MW could be supported by 

a volune f low rate of 0.024 m^-sec"^ (380 gal -min"^) and the high 

est imate of 10.4 MW by a f low of 0.029 m^-sec-^ (460 g a l - m i n - ^ ) . 

I f the 'background' heat f low were 110 mW'm"^, the estimates o f 

anomalous heat loss at Beowawe correspond t o the t o t a l heat f l u x from 

an 80-96 km^ area. Since only a f r a c t i o n of the t o t a l heat i s l i k e l y 

to be t r a n s f e r r e d to deeply c i r c u l a t i n g water , the area over which the 

10 
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Beowawe hydrothermal system gathers heat i s l i k e l y t o be approximately 

an order of magnitude la rger , 1000 km^. 

These est imates of surface heat loss are i n s i g n i f i c a n t compared 

t o the es t imate of the heat loss due to the ac t i on of The Geysers. 

Since The Geysers are now i n t e r m i t t e n t and since t h e i r d ischarge i s 

poor ly known, the heat loss due to f l u i d discharge i s tenuous. 

Oester l ing (1952) reported a discharge of at l eas t 1.5 '10^ l b ' h r " i . 

I f t h i s d ischarge were e n t i r e l y sa tura ted l i q u i d a t 110°C t h a t cools 

to 13°C, the heat loss would be 75.8 MW. I t i s l i k e l y t h a t a por t ion 

of the discharge would be steam and tha t the temperature would exceed 

110°C; f o r t h i s case, the heat loss due to f l u i d discharge would be 

s i g n i f i c a n t l y l a r g e r . The f l u i d discharge must be reasured before a 

r e l i a b l e assessment of the power product ion at Beowawe can be made. 

THERMAL HYDROLOGY 

Shal low, c o l d per turbat ions i n the temperature-depth p r o f i l e s 

from gradient holes i n the Whirlwind Val ley l i k e those i n Figures 6 

and 7 have been i n f e r r e d to correspond to the depths t o the top of a 

zone sa tura ted w i th co ld water. Figure 10 i l l u s t r a t e s tha t t he 

e levat ions o f these shallow temperature d is turbances conform w i t h the 

e levat ions of the co ld water t a b l e i n the USGS piezometers. For t h i s 

reason, they are thought to i nd i ca te the depth to the water t a b l e . 

The e l e v a t i o n of the water t a b l e i n the Whir lwind Va l ley 

decreases s y s t e m a t i c a l l y down the va l l ey from west to east . At a 

playa lake beyond the eastern edge of Figure 10, a l l the ground water 

11 
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i n the va l ley i s presumably discharged by evapotranspi r a t i o n . 

In F igure 10, the area around The Geysers i s shown to be an area 

where the water t a b l e i s unusually h i g h . This may be i naccu ra te ; i t 

i s unclear whether the hot water the re e x i s t s under a r tes ian or water-

t ab le cond i t i ons . ^Addit ional piezometers near The Geysers would 

c l a r i f y t h i s unce r t a i n t y . 

As shown i n Figure 7, most of the temperature-depth p r o f i l e s i n 

the Whirlwind Val ley contain abrupt downward i n f l e c t i o n s . These 

i n f l e c t i o n s occur at a wide range of depths and at elevated 

temperatures and ind ica te zones where heat t ranspor t i s dominated by 

advect ion. They have been used to i n f e r the depth to the top of the 

thermal a q u i f e r ; the temperatures at the downward i n f l e c t i o n s i n 

thermal grad ients are shown i n F igure 11 and t h e i r e levat ions i n 

Figure 12. The marshy ground at the top of the s i n t e r t e r race def ines 

the highest e l e v a t i o n where mater ia l i s known to be saturated w i t h hot 

water. The hot springs around the base of the te r race provide 

add i t iona l c o n t r o l s on the e leva t ion of the thermal a q u i f e r . The 

near- rad ia l symmetry of the temperatures suggests tha t the area o f The 

Geysers contains the p r i n c i p l e source of hot water f1owing i n t o the 

al luv ium of t h e Whir lwind Va l ley . This symmetry a lso suggests t h a t 

the changes i n thermal gradient picked from the temperature p r o f i l e s 

represent the depths t o a s i n g l e , l a t e r a l l y continuous outlHow system. 

The map o f the top of the thermal a q u i f e r . Figure 12, d isp lays a 

more complex pa t t e rn than the map of temperatures and does not r e f l e c t 

the west - to -eas t hydrau l ic gradient o f the water t a b l e . The hot water 
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f lows away from The Geysers t o the southwest, west, and n o r t h . 

Thennal water leve ls are higher w i t h i n the outcrop west of The Geysers 

than they are i n the adjacent a l l uv ium. Wi th in the a l l u v i u m , 

r e l a t i v e l y h igh thermal water l eve ls are sustained to the west of The 

Geysers. To the southwest or nor th of The Geysers, the ther i ra l 

aqu i fe r occurs below the water t a b l e . In these areas the aqu i fe rs may 

form e f f e c t i v e l y independent f low systems. 

High water leve ls in Figure 12 i n d i c a t e areas where hot water 

f lows more f r e e l y , that i s , por t ions of the thermal aqu i fe r t ha t are 

more permeable. The outcrop to the southwest and the bur ied extension 

of the Malpais Fault to the west of The Geysers appear t o be more 

permeable than other areas of the Whir lwind Va l l ey . A comparison of 

Figures 4 and 12 suggests that the s t r u c t u r a l zones t ha t i n t e r s e c t a t 

The Geysers mainta in permeabi l i ty away from The Geysers. 

F igure 12 shows only the hor izon ta l grad ient of the top of the 

thennal f l ow system. The v e r t i c a l hydrau l ic g rad ien t , requ i red t o 

obta in a three-dimensional understanding of the hydro log ic regime of 

the Whir lwind Va l l ey , i s shown along cross sec t i on A-A' of F igure 

13. The cross sect ion includes the land su r face , geologic s t r u c t u r e , 

the i n f e r r e d e levat ions of the water t a b l e , the top of the thennal 

aqu i f e r , and the cal culated v e r t i c a l hydrau l i c gradient values from 

USGS piezometers. The highest hot water l eve l occurs below the 

outcrop southwest of The Geysers. North of the outcrop the water 

leve l decreases and the v e r t i c a l hydrau l i c gradient of the co ld water 

above i t i s la rge and directed down. There i s a s t rong downward 
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component of ground-water flow north of the western extension of the 

Malpais F a u l t . 

Since v e r t i c a l hydraul ic gradient data are not a v a i l a b l e from the 

thermal gradient holes d r i l l e d i n and near the outcrop, holes B-22, 

B-31, and B-37, we cannot decipher the hydrologic system t h a t i s 

responsible f o r these observat ions. One p laus ib le hypothet ica l f low 

system l i m i t s the source of hot water to The Geysers and suggests tha t 

the thermal water w i t h i n the outcrop i s perched above r e l a t i v e l y 

impermeable vo lcanic rock. The downward hydrau l ic gradient north of 

the Malpais f a u l t would show that ground water cascades over the 

buried s t r u c t u r e i n to the a l luv ium. This simple f low system may be 

appropriate fo r the outcrop but i s incompatible w i th the i n f e r r e d high 

thermal water l eve ls f u r t he r to the west along the extension of the 

Malpai s f a u l t . 

The top of the thermal aqu i fe r i s nearer the surface along the 

t race of the western extension of the Malpais f a u l t zone than i t i s t o 

e i the r the south or the no r th . This impl ies tha t warm water may f low 

to both the nor th and south away from the f a u l t zone. The s implest 

f low system tha t accounts fo r t h i s observat ion requi res a source of 

warm water; the western extension of the Malpais f a u l t zone may be 

leaking warm water i n t o the a l luv ium of the Whir lwind Va l l ey . 

I f the bur ied f a u l t zone were a loca l source of hot ground water, 

the v e r t i c a l hydrau l ic gradients computed from piezometer data along 

i t s t race would i nd i ca te an upward f low of water. Structures t ha t 

al low water to r i s e from depth may prove to be v iab le geothermal 
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exp lo ra t i on t a r g e t s . Hydrologic ana lys is of thermal data from Beowawe 

suggests t ha t the western extension of the Malpais f a u l t zone and the 

outcrop southwest of The Geysers may be v iab le t a r g e t s . 

REC0Mt€NDATIONS 

The hyd rau l i c head of the shal low thermal f low system at Beowawe 

and any o ther hydrothermal exp lo ra t ion t a rge t w i t h ex i s t i ng thermal 

gradient holes could be read i ly obtained by conver t ing the e x i s t i n g 

thermal g rad ien t holes to piezometers by p e r f o r a t i n g the casing below 

the top of the thermal aqu i fe r . In a d d i t i o n , a shal lower companion 

piezometer open below the water tab le would make i t possible to 

compute the v e r t i c a l hydraul ic gradient at these l oca t i ons . To obta in 

these hydro log ic data i t would be necessary t o re -en te r and per fo ra te 

e x i s t i n g thermal gradient holes and t o d r i l l or auger shal low, 30 m 

companion piezometers. Even i f conduits f o r upwel l ing hot water were 

not l oca ted , the hydrologic data would sure ly augment the e x i s t i n g 

thennal data and r e f i n e the conceptual model of the resource. 

Convert ing thermal gradient holes t o piezometers may not provide 

r e l i a b l e hyd rau l i c head values due to the d i f f i c u l t y of insur ing tha t 

the per fo ra ted i n t e r va l is open to only an i s o l a t e d por t ion of the 

aqu i f e r (Benson and o thers , 1980). However, i t should be possib le to 

obta in both hydro log ic and thermal data from piezometers tha t are 

l a t e r converted to thermal gradient ho les . In areas where shallow 

d r i l l i n g i s planned, holes tha t i n t e r sec t an aqu i fe r could be 

i n i t i a l l y completed as piezometers. A screen and a we l lpo in t would be 
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attached to the pipe and set at. the bottom of the ho le , the annulus 

f i l l e d w i t h gravel to the top of the screen and grouted to the 

sur face. A f t e r the s t a t i c hydraul ic head i s obta ined, the screen 

could be plugged w i t h cement and the hole f i l l e d w i t h water , 

convert ing i t t o a thermal gradient ho le . Companion piezometers would 

be needed t o ob ta in v e r t i c a l hydraul ic gradient data. This procedure 

i s recommended as an i n t e g r a l part of f u t u re hydrothermal exp lo ra t i on 

programs. 

At any geothermal prospect where d r i l l i n g encounters water , the 

water is a source of da ta . The hydro!ogic- thermal f i e l d procedure 

recommended here requires repeated s i t e v i s i t s and the d r i l l i n g and 

completion of add i t i ona l shal low, t h i n ho les . This expanded 

exp lo ra t ion program i s predicated on the assumption tha t i t i s 

worthwhile to gather as much meaningful data as possible a t a • 

reasonable p r i c e . The p o s s i b i l i t y of l oca t i ng v iab le deep d r i l l i n g 

ta rge ts wi th ground-water hydrology should encourage geothermal 

exp lo ra t ion managers to incorpora te hydrologic data a c q u i s i t i o n i n a l l 

t h e i r exp lo ra t i on p lans. 
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a) Low Estimate 

Contour I n t e r v a l 
(mWm"2) 

1674< 
837-1574 
419- 837 
251- 419 
167- 251 

Average Heat Flow 
(mWm-2) 

2500 
1250 
625 
335 
210 

Area 
(km^) 

0.64 
1.18 
7.23 
4.76 
8.55 

Heat Loss 
(MW) 

1.6 
1.5 
4 .5 
1.6 
1.8 

22.35 11.0 

Background heat l oss 110 22.35 2.4 

Anomalous surface heat loss above thermal aqu i f e r 8.6 



b) High Est imate 

Contour I n te ra l 
(mWm"2) 

1674< 
837-1674 
419- 837 
251- 419 
167- 251 

Average Hee 
(mW"m" 

3580 
1250 
625 
335 
210 

i t 

^) 
Fl ow Area 

(km2) 

0.64 
1.18 
9.16 
4.97 

11.17 

• H e a t Loss 
(MW) 

2.3 
1.5 
5.7 
1.7 
2.3 

28.58 13.5 

Background heat 1 oss 110 28.58 3.1 

Anomalous surface heat loss above thermal aqu i f e r 10.4 

Cont r ibu t ion from f l u i d discharge = 

Mass f low X (enthalpy (3 110°C - enthalpy (S 15°C) 

Total anomalous heat loss 

75.8 

89.3 
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The Beowav;e Geysers H e near the base o f a Basin and Range f a u l t scarp near 

B a t t l e Mountain, Nevada. They have a t t r a c t e d e x p l o r a t i o n f o r geothermal e l e c t r i c 

power gene ra t i on . The h igh- temperature (200-1- C) hydrothermal system appears t o be 

c o n t r o l l e d by the i n t e r s e c t i o n o f f a u l t sets t h a t tap deeply c i r c u l a t i n g water i n an 

area w i t h high reg iona l heat f l o w (>100 mW-m , 2.5 HFU). 

: 2 

Forty 150 m thermal gradient holes have been drilled in a 60 km area sur­

rounding the Beowawe Geysers as part of the DOE/Division of Geothermal Energy's 

Northern Nevada Industry Coupled Case Studies Program. Thermal gradients have been 

calculated and corrected for topography for these holes. Measurements of thermal 

conductivity were made on chip samples from these holes and from Chevron Resources 

Company's Ginn 1-13 geothermal well (2917 m T-D.). These data have been used to "̂  

produce maps of heat flow and of the shallow thermal aquifer. 

Thermal gradient and conductivity data from the deep well have a wide range of 

values (51-141°C-km~ , 1.59-4.62 W-m~ -°C~ ) but produce a constant conductive heat 

flow of 234 mW-m~^ (5.6 HFU) above a depth of 1600 m. Low (30°C-km"-^) gradients 

below 1600 m indicate advective heat transport in the fractured rock. If extra­

polation of this gradient is accurate, the maximum temperatures predicted by 

geothermometry (250-1- C) would be encountered at depths of 3.75-̂  km. Thus, the zone 

of advective heat transport may be 2.0-f- km thick. 

2 
The detailed heat flow map defines a 12 km area with heat flow above 234 
-2 2 

mW-m , the value from the deep hole. Using the 12 km area predicted from heat flow 
and the 2 km thickness predicted from thermal gradient and geothermometer data, one 

3 
can predict a volume of advective heat transport of 24 km . 


