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A.9STRACT 

Chemical Interact ion of thenr.al br ines wi th 
rese rvo i r rock In the Rooseve-lt Hot Springs 
thennal area has resulted In the developrnent of 
d i s t i n c t i v e trace element s ignatures. Geochemi
cal analysis of soi l samples, shallow tempera
tu re -g rad ien t 6 r \M hQ-le cu t t i ngs and deep d r i l l 
hole Cutt ings provides a three-dimensional 
perspect ive of trace element d i s t r i b u t i o n s w i t h i n 
the system. Dis t r ibu t ions of As,- Hg and Ll 
provide the clearest expression of hydrothermal 
a c t i v i t y . . Comparison of these d i s t r i b u t i o n s 
Suggests that L i , follo-n-ed by As and Hg, are 
progress ive ly deposited by outward f l ow ing , 
c o o l i n g , therraal f l u i d s . Hg, i n contrast to As 
and L i , 1s d is t r ibuted only w i t h i n the outer 
por t ions of the thennal system where te.-nperatures 
are less than about 725 C. Heating experiments 
i nd i ca te that extensive Hg re~,obil i i a t i o n In 
Roosevelt samples occurs at tenperatures as low 
as 200 -750 C. This suggests that the d i s t r i 
bu t ion of Hg large-Iy r e f l e c t s the present system 
thermal conf igurat ion and that t h i s d i s t r i b u t i o n 
ir.ay be a useful so l id geothermometer. 

INTRODUCTION 

Although the geochemistry of geothermal 
f l u i d s and deposits is wel l -known, l i t t l e is 
known about the d i s t r i bu t i on of t race elements 
w i t h i n so l ids of active geothennal systems. The 
nu.T£rous surface samples and deep d r i l l hole 
cu t t i ngs from the Roosevelt Hot Springs 
geothenna-]; system provide an unusual opportuni ty 
to examine trace element d ispers ion patterns in 
three . dimensions wi th in a high-temperature 
hot-watsr geothennal system. These d i s t r i b u 

t i o n s , formed in response to temperature 
gradients and f l u i d flow w i t h i n the system, place 
cons t ra in t s on the geometry of the present system 
and provide insight i n t o i t s thermal and 
convect ive h i s to ry , 

GEOLOGIC S E n i N G 

The Roosevelt Hot Springs thermal area Is 
located on the western f lank o f the Mineral 
Mountains near the eastern margin of the Basin 
and Range province. The geothermal system i s 

s t r u c t u r a l l y con t ro l l ed , p r imar i l y by i n t e r 
sect ions of several p r inc ipa l zones of f a u l t i n g 
(Nielson and others, 1978). Reservoir l i t h o 
log ies are predominantly g ran i te , gneiss, and 
s c h i s t . Surface spring end fumarole deposits 
consist of bedded opaline s in te r and minor nat ive 
s u l f u r . Al luvium is l o c a l l y cemented by s i l i 
ceous s in te r and has been a-ltered in varying 
degrees by downward-nraving ac id-su l fa te waters 
(Parry and others, 1978). The area is cu r ren t l y 
being explored for commercial power product ion. 
Seven production wells have been d r i l l e d wi th » 
maximum per -wel l production capab i l i t y of 4.5 x 
103 kg/hr of co.i i ined vapor and l i q u i d at a 
shu t - in bottom hole temperature near 260OC (Ward 
and o thers , 1978). 

Geothermal f l u i d s from the Roosevelt system 
are r e l a t i v e l y d i l u t e , near-neut ra l , NaCl brines 
(7000 mg/l TDS). Anomalous concentrations of 
f l u o r i n e , arsenic, l i t h i u m , and boron are typ ica l 
of f l u i d s both from surface discharges and frora 
deep wel ls in the system. 

TRACE ELEMENT DISTRIBUTIONS 

Chemical i n te rac t ion of thermal br ine wi th 
the reservo i r rock has resulted in the 
development of d i s t i n c t i v e trace element signa
t u r e s . S u r f i c i a l materials which have been 
af fected by the thermal f l u i ds are characterized 
by anomalous concentrations of Hn, As, Sb, L l , 
Be. Hg, and W (Bamford and others, 1980). 

At depth w i th in the Roosevelt system, the 
thermal brines have produced broadly pers is tent 
t race element dispersion patterns tha t are 
l a rge ly consistent wi th the present thermal-
regime. The d i s t r i bu t i ons of As, L i , and Hg are, 
i n genera l , independent of rock type and provide 
the c-learest expression of hydrothermal a c t i v i t y 
w i t h i n the f i e l d . Although broadly developed, 
hydrothermal element concentrations are not 
pervasive throughout the reservoir rock, but 
rather r e f l ec t the geometry of past and present 
f l u i d f low channels. 

The d i s t r i b u t i o n of temperature and of the 
eletrents As, Hg, end Ll w i th in the two production 
wel ls Thermal Power 14-2 and 72-16 and the 
nonproducing d r i l l hole Getty 011 Company 52-21 
provides an Ins t ruc t i ve geochemical sect ion 
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Chrisiensen c t a l . 

'•-^icross the southern r«!rg1n of the geothermal 
• systeni ( f i gu re 1) . Each geochemical data point 

represents a cc^iposite d r i l l c u t t i n g sample of a 
lOO-foot i n te rva l (Ba.-ford, 1978) that has been 
c l a s s i f i e d according to s t a t i s t i c a l l y d i s t i n c t 
geochemical populations ( S i n c l a i r , 1974). The 
anomalous populations are c l ose l y associated wi th 
f r a c t u r e zones, l o c a l l y Intense a r g i l l i c 
a l t e r a t i o n , and deposit ion of s i l i c a , p y r i t e , and 
i r o n ox ides. Widespread Hg and As anomalies, 
d i s t i n c t i v e geophysical responses - and temperature 
p r o f i l e s (Glenn and Hulen, 1979) i n . the upper 
po r t i ons of wells 14-2 and 72-16. suggest that 
these f rac ture zones are s teep ly -d ipp ing f l u i d 
f low channels. Hot water I n f l ow present ly occurs 
at 95 m (312 fee t ) and 190 m (528 f e e t ) i n 72-16 

and at 480-550 m (1600-1100 feet) and 870-630 m 
(??.60-2890 fee t ) in 14-2. 

Comparison of the trace element 
d i s t r i b u t i o n s suggests that L l , fol lowed by As 
and Hg, are progressively deposited wi th 
decreasing temperature by outward-f lowing thermal 
f l u i d s . Hg is d i s t r i bu ted only w i th in the outer 
port ions of the rese rvo i r , .conforming c losely to 
the present thermal pat terns . We bel ieve these 
re la t ionsh ips r e f l e c t the extreme mobi l i t y of Hg 
w i th in the high-temperature port ions of the geo
thermal system. The absence of Hg at the 870 m 
hot water entry In wel l 14-2 suggests t h a t , 
temperatures are present ly too high for Hg depo
s i t i o n at t h i s s i t e and, therefore, that f l u i d ' . 

*l 

T ? - I 6 -=iJJ 

B > £0 ppb 

• 5-20 ppb 

D - 3 ppb 

MERCURY 
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B > 15 ppm 

E3 5-15 ppm 

D * 5 ppm 

LITHIUM 

18 > 32 ppm 

15 ZO-32 ppm 

D * 20 ppm 

F i g . 1 D is t r ibu t ions of temperature, Hg, As and L1 in three d r i l l holes across the Roosevelt Hot Springs 
thermal area. Concentrat ion ranges presented represent s t a t i s t i c a l l y dist inguished numerical 
populat ions. Depths shown i n thousands of f ee t . 



C h r i s t c n s e n e t a l . 

' v e r e p r o b a b l y no h o t t e r t h a n abou t 225 C at t he 
t i m e o f Hg d e p o s i t i o n a t o t h e r p l a c e s i n t h i s 
s y s t e m . A l t e r a t i o n assemblages a s s o c i a t e d w i t h 
t h e 870 n f l e r e n t r y c o n s i s t p r i m a r i l y o f p y r i t e 
and c h l o r i t e ( B a l l a n t y n e , 1 9 7 8 ; G lenn and H u l e n , 
1979) c o n t r a s t i n g s h a r p l y w i t h t h e more o x i d i z e d , 
h e r . a t 1 t e - b e a r 1 n g assemblages p r e s e n t i n t he 
uppe r p a r t s o f t h e d r i l l h o l e be tween ZSO and 600 
i r e t e r s . O x i d i z e d assemblages a r e t y p i c a l o f t he 
n e a r - s u r f a c e a l t e r a t i o n zone and may be t h e 
r e s u l t o f d e p o s i t i o n i n a now l a r g e l y impermeable 
p o r t i o n o f t h e f r a c t u r e zone ( B a m f o r d and o t h e r s , 
1 9 8 0 ) . The m o b i l i t y o f . Hg i n t h e t e m p e r a t u r e 
range o f t h e . geo therma l r e s e r v o i r was e x p e r i 
m e n t a l l y I n v e s t i g a t e d by n * a s u r 1 n g t he temper 
a t u r e dependence o f Hg l i b e r a t i o n f r o m e i g h t 
R o o s e v e l t s o i l and d r i l l c u t t i n g samp les . Hg 
r e l e a s e f r o m a l l samples became s i g n i f i c a n t a t 
abou t 200 C w i t h maximum Hg l o s s o c c u r r i n g I n t h e 
200 - 2 5 0 C t e m p e r a t u r e r a n g e . Compar ison w i t h 
p u b l i s h e d d e c o m p o s i t i o n t e m p e r a t u r e s f o r v a r i o u s 
Hg compounds (Koksoy and o t h e r s , 1957; Landa , 
1978) s u g g e s t s t h a t most o f t h e Hg I n the 
c - J t e r i a l s i n v e s t i g a t e d e x i s t s as adsorbed Hg 
r a t h e r t h a n i n s u l f i d e m i n e r a l s . ' R e s u l t s o f 
t h e s e s i m p l e h e a t i n g e x p e r i m e n t s sugges t t h a t t h e 
d i s t r i b u t i o n o f Hg p e r i p h e r a l t o t he t h e r m a l 
c e n t e r i s l a r g e l y produced by t h e p r e s e n t t h e r m a l 
c o n f i g u r a t i o n o f t he s y s t e m . 

C o n c e n t r a t i o n s o f As and L l o c c u r t h r o u g h o u t 
t h e sys tem and are c o n s i s t e n t l y enhanced about 
p r e s e n t f l u i d e n t r y p o i n t s . L l e n r i c h m e n t s not 
a s s o c i a t e d w i t h p r e s e n t e n t r i e s a re i n p a r t 
c o i n c i d e n t w i t h zones o f miore i n t e n s e p l a g i o c l a s e 
a l l e r a t l o n . p r o v i d i n g e v i d e n c e o f o l d e r f l u i d 
c h a n n e l s 1n t he lower p a r t s o f w e l l 14-2 and 
uppe r p a r t s o f d r i l l ho l e 5 2 - 2 1 . The absence o f 
p r e s e n t h i g h - t e m p e r a t u r e f l u i d f l o w i n 57-21 i s 
e v i d e n c e o f t h e t r a n s i e n c e o f s p e c i f i c f l u i d 
pathway g e o m e t r i e s d u r i n g t h e l i f e o f t h e sys tem. 

S e l e c t i v e a n a l y t i c a l e x t r a c t i o n experin- jents 
d e s i g n e d t o i d e n t i f y t h e t r a c e e lemen t l o c a t i o n s 
a r o n g m i n e r a l components o f r o c k s demons t ra te 
t h a t l i t h i u m occurs p r e d o m i n a n t l y i n s i l i c a t e 
m i n e r a l s . A r s e n i c o c c u r s as a t r a c e c o n s t i t u e n t 
w i t h i n p y r i t e and w i t h i n c r y s t a l l i n e i r o n ox i des 
fo rmed frora t he o x i d a t i o n o f a r s e n i c a l p y r i t e . 
M i c r o p r o b e a n a l y s i s r e v e a l s up t o 3 .7 w e i g h t 
p e r c e n t As i n p y r i t e w i t h s i g n i f i c a n t concen 
t r a t i o n v a r i a t i o n between as w e l l as w i t h i n 
p y r i t e g r a i n s . 

The c h a r a c t e r i s t i c t r a c e e lement zones 
i d e n t i f i e d f r o m deep d r i l l , h o l e c u t t i n g s 
I n t e r s e c t t h e ground s u r f a c e o v e r t h e sys tem and 
a re r . a n i f e s t as w e l l i n c u t t i n g s f r o m s h a l l o w 
d r i l l h o l e s and i n s o i l s . Recent s t u d i e s have 
d e t r o n s t r a t e d t h a t c u t t i n g s f r o m , s h a l l o w 
t e m p e r a t u r e - g r a d i e n t h o l e s a r e a u s e f u l .medium 
f o r t h e d e t e c t i o n o f l a r g e - s c a l e geochemica l 
e n r i c h m e n t s r e l a t e d t o s h a l l o w f l u i d - f low w i t h i n 
oeo thenr ia l systems (Bamfo rd and o t h e r s , 1 9 8 0 ) . 
A n a l y s e s o f d r i l l c u t t i n g s f r o m 37 s h a l l o w t empe r 
a t u r e - g r a d i e n t h o l e s d r i l l e d o v e r a p p r o x i m a t e l y 

310 square k i l oi-.c-ters r e v e a l a p ronounced 
e n r i c h m e n t o f Hg and As I n m a t e r i a l o v e r l y i n g t he 
known geo ihe rma l r esou rce r e l a t i v e t o rT.ater1al 
away f r o m t h e s y s t e m . 

Anon-.alous c o n c e n t r a t i o n s o f Hg and As i n 
s o i l s o c c u r i n a s e r i e s o f c l o s e l y spaced 
n o r t h e a s t - and n o r t h w e s t - t r e n d i n g zones t h a t 
r e f l e c t t he geometry o f f l u i d c h a n n e l s i n t he 
uppermost . p o r t i o n o f t h e r e s e r v o i r ( F i g u r e 2 ) . 
These d i r e c t i o n s p a r a l l e l t h e dom inan t s t r u c t u r a l 
t r e n d s mapped by N i e l s o n and o t h e r s ( 1 9 7 8 ) on t he 
w e s t e r n f l a n k o f t h e M i n e r a l M o u n t a i n s . P o i n t s 
of f l u i d d i s c h a r g e , marked by d e p o s i t s o f s i n t e r 
and a r s e n i c c o n c e n t r a t i o n s up t o 7 t i m e s 
background v a l u e s , t y p i c a l l y o c c u r a t t h e 
i n t e r s e c t i o n o f t he two s t r u c t u r a l t r e n d s . The 
d i s t r i b u t i o n s o f As and Hg i n d i c a t e t h a t 
s t r u c t u r a l i n t e r s e c t i o n s a re o f fundamenta l 
i m p o r t a n c e t o n e a r - s u r f a c e f l u i d f l o w (Capuano 
and H o o r e , 1 9 8 0 ) . The area o f anomalous Hg 
c o n c e n t r a t i o n I s more d i s p e r s e d t h a n t h a t o f A s , 
r e f l e c t i n g . t h e g r e a t e r r e l a t i v e m o b i l i t y o f Hg i n 
t h e l o w - t e m p e r a t u r e e n v i r o n m e n t . 

CONCLUSIONS 

A n a l y s i s o f s o l i d m a t e r i a l s f r o m , t h e 
Rooseve l t Hot S p r i n g s t h e r m a l a rea r e v e a l s a 
c h a r a c t e r i s t i c d i s t r i b u t i o n o f t r a c e e lements 
r e l a t e d t o t h e t e m p e r a t u r e c o n f i g u r a t i o n and 
f l u i d , f l o w w i t h i n t h e geo the rma l s y s t e m . The 
d i s t r i b u t i o n s o f As and L i are c l o s e l y a s s o c i a t e d 
w i t h s p e c i f i c f l u i d p a t h w a y s , whereas Hg I s more 
b r o a d l y . d i s t r i b u t e d w i t h i n t h e c o o l e r o u t e r 
p o r t i o n s o f t h e t h e r m a l sys tem and I s l o c a l l y 
i ndependen t o f t h r o u g h - g o i n g f r a c t u r e s . 

Loca l d i f f e r e n c e s between t h e known p h y s i c a l 
geomet ry o f t he R o o s e v e l t s y s t e m - a n d t h e observed 
geochemica l d i s p e r s i o n p a t t e r n s sugges t t h a t 
l o c a l f l u c t u a t i o n s i n t e m p e r a t u r e and f l u i d 
c o n v e c t i o n have o c c u r r e d I n response t o 
f r a c t u r i n g and s e a l i n g o f r e s e r v o i r r o c k . The 
presence o f As and L l anomal ies a p a r t f r o m a c t i v e 
f l u i d e n t r y p o i n t s i n d r i l l h o l e s and o f As and 
Hg e n r i c h m e n t s I n s o i l ove r p r e s e n t l y i n a c t i v e 
f l u i d d i s c h a r g e p o i n t s a re e v i d e n c e o f t h e 
t r a n s i e n t n a t u r e o f s p e c i f i c f l u i d p a t h w a y s . 

R e c o g n i t i o n o f t h i s t r a c e elemrent zon ing 
w i t h i n a geo therma l sys tem d u r i n g e x p l o r a t i o n may 
a i d d e f i n i t i o n o f t h e s i z e , s h a p e , and f l o w 
p a t t e r n o f t h e s y s t e m . The c h a r a c t e r i s t i c 
s p a t i a l d i s t r i b u t i o n s and e l e m e n t a l abundances 
f u r t h e r p r o v i d e c r i t i c a l c o n s t r a i n t s necessa ry 
f o r m o d e l i n g t h e p h y s i c a l and c h e m i c a l p rocesses 
o p e r a t i n g w i t h i n t h e s y s t e m . 
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Fig, 2 D is t r ibu t ions of As and Hg i n so i l s over the Roosevelt Hot Springs thenr^ l area. Points mark 500 
foot sample g r id l o c a t i o n s . The posi t ions of wells 14-2 and 72-16 are i n d i c a t e d . ( a f t e r Bamford 
and others, 1930). 
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FLUID-MINERAL EQUILIBRIA IN A HYDROTHERMAL SYSTEM, ROOSEVELT HOT SPRINGS, UTAH 
CAPUANO, R.M., and COLE, D.R., Earth Science Laboratory, University of Utah 
Research Institute, 420 Chipeta Way, Suite 120, Salt Lake City, Utah, 84108 

Calculation of the thermodynamic properties of aqueous solution and 
mineral compostitions in the system Nap,0-K„0-Ca)-MgO-FeO-FepO.,-Al„0--

H20-H2S-C02'-HC1 at temperatures and pressures corresponding to liquid-
vapor equilibrium of.H2O permits a quantitative comparison of altera
tion mineral assemblages observed in a geothermal system with mineral 
equilibrium relationships calculated for the coexisting reservoir fluid, 
fhe compostition of the deep reservoir fluid at Roosevelt Hot Springs 
calculated from analyses of the sampled liquid and steam fractions is a 
NaCl fluid with 9900 ppm TDS, maximum estimated - temperature of 278°C, 
and a pressure corresponding to liquid-vapor equilibrium of H2O. 
Fluid tapped at 250°C is computed to have a reservoir pH= 5.6, PC02= 14 
atm, log PO2 between -35 and -38 atm, PH2S= .023 atm, and log activity 
ratio of K+/H+=3.3, Ca++/H+2= -0.5, and Mg++/H+2= -3.9. 

Theoretical alteration mineral assemblages in equilibrium with the 
deep reservoir fluid at 150°, 200°, 250°, and 300OC are calculated and 
compared with observed alteration assemblages in drill cuttings' des
cribed by Ballantyne (1978, 1980), Parry (1978) and Rohrs and Parry 
(1978) from geothermal producing wells. Mineral assemblages calculated 
to be in equilibrium with the reservoir fluid heated to 300°C include 
sericite, K-feldspar, quartz, calcite, pyrite and hematite and are in 
close agreement with those found in higher temperature (>225°C) deep 
alteration assemblages.of producing wells. The addition of montmoril
lonite and mixed-layer clays to the lower temperature (<225°C) alter
ation assemblages described at.shallower depths in the producing wells 
corresponds to equilibrium assemblages predicted for a fluid undergoing 
cooling from 300°C. 
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Hg AND As SOIL GEOCHEMISTRY AS A TECHNIQUE FOR MAPPING PERMEABLE STRUCTURES OVER 

A HOT-WATER GEOTHERMAL SYSTEM: CAPUANO, R.M., MOORE, J.N. 
Earth Science Laboratory, University of Utah Research Institute, 420 Chipeta Way, 
Suite 120, Salt Lake City, Utah 84108 

A multielement soil geochemical technique has been developed to map 
fault distributions over active geothermal systems. At the Roosevelt 
Hot Springs KGRA, Utah, nearly 550 soil samples on a 500 ft grid 
spacing covering approximately 4 square miles were collected and 
analyzed for Hg and As using, respectively, gold film and colori
metric techniques. Hg concentrations within the survey area range 
from 10 to 5,300 ppb with a local threshold value of 58 ppb; As 
concentrations range from <1 41 ppm with a. local threshold value 
of 6 ppm (Bamford, Christensen, and Capuano, in prep.). 

Geochemical anomalies occur in a series of closely spaced NE and 
NW-trending zones that, parallel'the major fault directions within th.e 
geothermal field (NieTson et al., 1978).. Portions of these anoma- . 
lies not associated with mapped.-faults are believed to reflect 
concealed faults within the alluvium. Zones of high permeability 
characterized by extreme enrichment of Hg and As - and, in places, -
hot spring deposits, typically occur at the intersections of these 
NE and NW structural trends. The distribution of Hg and As suggests -
that faults are more widespread in the alluvial covered portions of 
the geothermal field than have been previously mapped and that the 
intersection of NE and NW-trending structures are of fundamental 
importance to near-surface fluid flow. 

The results of this study suggest that soil geochemistry can be 
used to map faults that lack surface expressions but have hydrologic 
importance to the reservoir and can therefore be an effective 
geothermar exploration tool, particularly in area with alluvial cover. 


