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AR STR ACT 

Chemical i n t e r a c t i o n  o f  thermal b r ines  w i t h  
r e s e r v o i r  rock i n  t h e  Roosevelt Hot Springs 
thermal area has resu l ted  i n  t h e  development o f  
d i s t i n c t i v e  t r a c e  element signatures. Geochemi- 
ca l  analys is  o f  s o i l  samples, shal low tempera- 
ture-gradient  d r i l l  ho le  c u t t i n g s  and deep d r i l l  
ho le  c u t t i n g s  provides a three-dimensional 
perspect ive o f  t r a c e  element d i s t r i b u t i o n s  w i t h i n  
t h e  system. D i s t r i b u t i o n s  o f  As, Hg and L i  
prov ide t h e  c leares t  expression o f  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 t h a t  L i ,  fo l lowed by As and Hg, are 
progress ive ly  deposited by outward f lowing, 
cool ing,  thermal f lu ids.  Hg, i n  cont ras t  t o  As 
and L i ,  i s  d i s t r i b u t e d  on ly  w i t h i n  the  outer  
por t ions  o f  t h e  thermal y s t e m  where temperatures 
are less  than about 225 C. Heating experiments 
i ndi  ca te  t h a t  extensive Hg remobi 1 i zat ion  i n  
Roosev I t  s m l e s  occurs a t  temperatures as low 
as 20O9-25O8Cmp This suggests t h a t  t h e  d i s t r i -  
b u t i o n  o f  Hg l a r g e l y  r e f l e c t s  t h e  present system 
thermal conf igura t ion  and t h a t  t h i s  d i s t r i b u t i o n  
may be a usefu l  s o l i d  geothermometer. 

s t r u c t u r a l l y  con t ro l led ,  p r i m a r i l j  by i n t e r -  
sect ions of several p r i n c i p a l  zones o f  f a u l t i n g  
( N i  e l  son and others, 1978) . Reservoir 1 i tho-  
l o g i e s  are predominantly g ran i te ,  gneiss, and 
sch is t  . Surface spr ing and fumarole deposi ts  
consi s t  o f .  bedded opal i ne s i n t e r  and m i  nor  n a t i v e  
su l fu r .  A l luv ium i s  l o c a l l y  cemented by s i l i -  
ceous s i n t e r  and has been a l t e r e d  i n  vary ing 
degrees by downward- moving acid-sul f a t e  waters 
(Parry and others, 1978). The area i s  c u r r e n t l y  
being explored f o r  commercial power production. 
Seven product ion w e l l s  have been d r i l l e d  w i t h  a 
maximum per-wel l  product ion c a p a b i l i t y  o f  4.5 x 
105 kg/hr  o f  combined vapor and l i q u i d  a t  a 
shut - in  bottom hole temperature near 260OC (Ward 
and others, 1978) . 

Geothermal f l u i d s  from t h e  Roosevel t system 
are re1 a t i  vel y d i  1 u te  , near-neutral , NaCl b r ines  
(7000 mg/l TDS) . Anomalous concentrat ions o f  
f l u o r i n e ,  arsenic, l i t h i u m ,  and boron are t y p i c a l  
o f  f l u i d s  both from sur face discharges and from 
deep we l ls  i n  t h e  system. 

TRACE ELEMENT DISTRIBUTIONS 

INTRODUCTION 

A1 though the  geochemistry o f  geothermal 
f l u i d s  and deposi ts  i s  well-known, l i t t l e  i s  
known about the  d i s t r i b u t i o n  o f  t r a c e  elements 
w i t h i n  s o l i d s  o f  a c t i v e  geothermal systems. The 
numerous surface samples and deep d r i l l  ho le  
c u t t i n g s  from t h e  Roosevelt Hot Springs 
geothermal system provide an unusual oppor tun i ty  
t o  examine t r a c e  element d ispers ion  pa t te rns  i n  
t h r e e  dimensions w i t h i n  a h i  gh-temperature 
hot-water geothermal system. These d i s t r i b u -  
t i o n s ,  formed i n  response t o  temperature 
gradients  and f l u i d  f l o w  w i t h i n  t h e  system, place 
cons t ra in ts  on t h e  geometry o f  t h e  present system 
and prov ide i n s i g h t  i n t o  i t s  thermal and 
convective h is to ry .  

GEOLOGIC SETTING 

The Roosevelt Hot Springs thermal area i s  
loca ted  on t h e  western f l a n k  o f  t h e  Mineral 
Mountains near the  eastern margin o f  t h e  Basin 
and Range province. The geothermal system i s  

Chemical i n t e r a c t i o n  o f  thermal b r i n e  w i t h  
t h e  r e s e r v o i r  rock has r e s u l t e d  i n  t h e  
development o f  d i s t i n c t i v e  t race  element signa- 
tures. S u r f i c i a l  mater ia ls  which have been 
a f fec ted  by t h e  thermal f l u i d s  are character ized 
by anomalous concentrat ions o f  Mn, As, Sb, L i ,  
Be, Hg, and W (Bamford and others, 1980). 

A t  depth w i t h i n  t h e  Roosevelt system, t h e  
thermal b r ines  have produced broadly  p e r s i s t e n t  
t r a c e  element d ispers ion  pat terns t h a t  are 
1 argel  y consi s ten t  w i t h  t h e  present thermal 
regime. The d i s t r i b u t i o n s  o f  As, L i ,  and Hg are, 
i n  general, independent o f  rock type  and prov ide 
t h e  c leares t  expression o f  hydrothermal a c t i v i t y  
w i t h i n  t h e  f i e l d .  Although broadly  developed, 
hydrothermal e l  ement concent r a t  i ons are no t  
pervasive throughout t h e  r e s e r v o i r  rock, but  
ra ther  r e f l e c t  t h e  geometry o f  past and present 
f l u i d  f l o w  channels. 

The d i s t r i b u t i o n  o f  temperature and o f  t h e  
elements As, Hg, and L i  w i t h i n  t h e  two product ion 
w e l l s  Thermal Power 14-2 and 72-16 and the  
nonproducing d r i l l  ho le  Get ty  O i l  Company 52-21 
provides an i n s t r u c t i v e  geochemical sec t ion  
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across the  southern margin o f  the  geothermal 
system (Figure 1). Each geochemical data p o i n t  
represents a composite d r i l l  c u t t i n g  sample o f  a 
100-foot i n t e r v a l  (Samford, 1978) t h a t  has been 
c l a s s i f i e d  according t o  s t a t i s t i c a l l y  d i s t i n c t  
geochemical populat ions ( S i n c l a i r ,  1974). The 
anonialous populat ions are c l o s e l y  associated w i t h  
f r a c t u r e  zones, 1 oca1 1 y in tense a r g i  11 i c 
a l t e r a t i o n ,  and deposi t ion o f  s i l i c a ,  p y r i t e ,  and 
i r o n  oxides . Widespread Hg and As anomal ies ,  
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  t h e  upper 
por t ions  o f  wel ls  14-2 and 72-16 suggest t h a t  
these f r a c t u r e  zones are s teeply-d ipp ing f l u i d  
f 1 ow channel s . Hot water i n f  1 ow present 1 y occurs 
a t  95 m (312 f e e t )  and 190 m (628 f e e t )  i n  72-16 
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(2860-2890 f e e t )  i n  14-2. 

Comparison o f  t h e  t r a c e  element 
d i s t r i b u t i o n s  suggests t h a t  L i ,  fo l lowed by As 
and Hg, a r e  p rogress ive ly  deposited w i t h  
decreasing temperature by outward -f 1 owing thermal 
f lu ids .  Hg i s  d i s t r i b u t e d  o n l y  w i t h i n  t h e  ou ter  
por t ions  of t h e  reservo i r ,  conforming c l o s e l y  t o  . 
t h e  present thermal patterns. We be l ieve  these 
r e l a t i o n s h i p s  r e f l e c t  t h e  extreme m o b i l i t y  o f  Hg 
w i t h i n  t h e  high-temperature por t ions  o f  t h e  geo- 
thermal system. The absence o f  Hg a t  t h e  870 m 
hot  water e n t r y  i n  w e l l  14-2 suggests t h a t  
temperatures are present ly  t o o  h i g h  f o r  Hg depo- 
s i t i o n  a t  t h i s  s i t e  and,therefore,that f l u i d s  
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Fig. 1 D i s t r i b u t i o n s  o f  temperature, Hg, As and L i  i n  th ree  d r i l l  ho les across the Roosevelt Hot Springs 
thermal area. 
populations. Depths shown i n  thousands o f  feet. 

Concentrat ion ranges presented represent s t a t i s t i c a l l y  d is t ingu ished numerical 
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were probably no h o t t e r  than about 225OC a t  t h e  
t ime o f  Hg depos i t ion  a t  o ther  places i n  t h i s  
system. A l t e r a t i o n  assemblages associated w i t h  
the  870 meter e n t r y  cons is t  p r i m a r i l y  o f  p y r i t e  
and ch l  o r i  t e  (Ba l l  antyne, 1978; G1 enn and Hul en, 
1979) cont ras t ing  sharp ly  w i t h  t h e  more o x i d i  zed, 
hemati te-bear ing assemblages present i n  t h e  
upper par ts  o f  t h e  d r i l l  ho le  between 250 and 600 
meters. Oxidized assemblages are t y p i c a l  o f  t h e  
near-surface 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  deposi t ion i n  a now l a r g e l y  impermeable 
p o r t i o n  of t h e  f r a c t u r e  zone (Bamford and others, 
1980). The m o b i l i t y  o f  Hg i n  t h e  temperature 
range o f  t h e  geothermal r e s e r v o i r  was exper i -  
menta l ly  inves t iga ted  by measuring the  temper- 
a t u r e  dependence o f  Hg l i b e r a t i o n  from e i g h t  
Roosevelt s o i l  and d r i l l  c u t t i n g  samples. Hg 
re lease from a l l  samples became s i g n i f i c a n t  a t  
abobt 208OC w i t h  maximum Hg l o s s  occurr ing i n  t h e  
200 -250 C temperature range. Comparison w i t h  
pub1 i shed decomposition temperatures f o r  various 
Hg compounds (Koksoy and others, 1967; Landa, 
1978) suggests t h a t  most o f  the  Hg i n  t h e  
mater ia ls  inves t iga ted  e x i s t s  as adsorbed Hg 
r a t h e r  than i n  s u l f i d e  minerals. Results o f  
these simp1 e heat ing experiments suggest t h a t  t h e  
d i s t r i b u t i o n  o f  Hg per iphera l  t o  the thermal 
center  i s 1 arge ly  produced by t h e  present thermal 
conf igura t ion  o f  the  system. 

Concentrations o f  A s  and L i  occur throughout 
t h e  system and are c o n s i s t e n t l y  enhanced about 
present f l u i d  e n t r y  po ints .  L i  enrichments not 
associated w i t h  present e n t r i e s  are i n  p a r t  
c o i  n c i  dent w i t h  zones o f  more i ntense p l  agi o c l  ase 
a l t e r a t i o n ,  p rov id ing  evidence o f  o lder  f l u i d  
channels i n  the  lower par ts  o f  wel l  14-2 and 
upper p a r t s  o f  d r i l l  ho le  52-21. The absence o f  
present high-temperature f l u i d  f l o w  i n  52-21 i s  
evidence o f  t h e  t rans ience o f  s p e c i f i c  f l u i d  
pathway geometries dur ing  t h e  l i f e  o f  t h e  system. 

Se lec t ive  a n a l y t i c a l  e x t r a c t i o n  experiments 
designed t o  i d e n t i f y  t h e  t r a c e  element loca t ions  
among mineral components o f  rocks demonstrate 
t h a t  l i t h i u m  occurs predominantly i n  s i l i c a t e  
minerals. Arsenic occurs as a t race  cons t i tuent  
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  oxides 
formed from t h e  ox ida t ion  of arsenica l  p y r i t e .  
Microprobe analys is  reveals  up t o  3.7 weight 
percent 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 we l l  as w i t h i n  
p y r i t e  grains. 

The c h a r a c t e r i s t i c  t r a c e  element zones 
i d e n t i f i e d  from deep d r i l l  ho le  c u t t i n g s  
i n t e r s e c t  the  ground surface over t h e  system and 
are manifest as we l l  i n  c u t t i n g s  from shallow 
d r i l l  holes and i n  s o i l s .  Recent studies have 
demonstrated t h a t  c u t t i n g s  from shallow 
temperature-gradient holes are a usefu l  medi um 
f o r  t h e  de tec t ion  o f  large-scale geochemical 
enrichments r e l a t e d  t o  shal low f l u i d  f l o w  w i t h i n  
geothermal systems (Bamford and others, 1980) . 
Analyses o f  d r i l l  c u t t i n g s  from 32 shal low temper- 
a ture-gradient  holes d r i l l e d  over approximately 

310 square k i  1 ometers reveal a pronounced 
enrichment o f  Hg and As i n  mater ia l  over ly ing  t h e  
known geothermal resource re1 a t  i ve t o  mater i  a1 
away from t h e  system. 

Anomalous concentrat ions o f  Hg and As i n  
s o i l s  occur i n  a ser ies  o f  c l o s e l y  spaced 
northeast- and northwest - t rend ing  zones t h a t  
r e f l e c t  the  geometry o f  f l u i d  channels i n  t h e  
uppermost p o r t i o n  o f  t h e  reservo i  r ( F i  gure 2 )  . 
These d i r e c t i o n s  para1 l e 1  t h e  dominant s t r u c t u r a l  
t rends  mapped by Nie lson and others (1978) on t h e  
western f l a n k  o f  t h e  Mineral Mountains. Po in ts  
o f  f l u i i f  discharge, marked by deposi ts  of s i n t e r  
and arsenic  concentrat ions up t o  7 t imes 
background values, t y p i c a l  l y  occur a t  t h e  
i n t e r s e c t i o n  o f  t h e  two s t r u c t u r a l  trends. 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  ons are  o f  fundamental 
importance t o  near-surface f l u i d  f low (Capuano 
and Moore, 1980). The area o f  anomalous Hg 
concentrat ion i s  more dispersed than t h a t  o f  As, 
r e f l e c t i n g  t h e  greater  r e l a t i v e  m o b i l i t y  o f  Hg i n  
t h e  low-temperature environment. 

CONCLUSIONS 

Analys is  o f  s o l i d  . mater ia ls  from t h e  
Roosevelt Hot Springs thermal area reveals  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  elements 
r e l a t e d  t o  t h e  temperature conf igura t ion  and 
f l u i d  f l o w  w i t h i n  t h e  geothermal system. 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  associated 
w i t h  s p e c i f i c  f l u i d  pathways, whereas Hg i s  more 
broadly  d i s t r i b u t e d  w i t h i n  the  cooler  ou ter  
p o r t i o n s  o f  t h e  thermal system and i s  l o c a l l y  
independent o f  through-going f ractures.  

Local d i f fe rences  between t h e  known phys ica l  
geometry o f  t h e  Roosevelt system and t h e  observed 
geochemical d ispers ion pat terns suggest t h a t  
l o c a l  f l u c t u a t i o n s  i n  temperature and f l u i d  
convection have occurred i n  response t o  
f r a c t u r i n g  and sea l ing  o f  r e s e r v o i r  rock. The 
presence o f  As and L i  anomalies apart from 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  holes and o f  As and 
Hg enrichments i n  s o i l  over present ly  i n a c t i v e  
f l u i d  discharge po in ts  a re  evidence o f  t h e  
t r a n s i e n t  nature o f  s p e c i f i c  f l u i d  pathways. 

Recognit ion o f  t h i s  t r a c e  element zoning 
w i t h i n  a geothermal system d u r i n g  exp lo ra t ion  may 
a i d  d e f i n i t i o n  o f  t h e  size, shape, and f low 
p a t t e r n  o f  t h e  system. 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 elemental abundances 
f u r t h e r  prov ide c r i t i c a l  cons t ra in ts  necessary 
f o r  modeling t h e  phys ica l  and chemical processes 
operat ing w i t h i n  t h e  system. 
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Fig. 2 D i s t r i b u t i o n s  o f  As and Hg i n  s o i l s  over the  Roosevelt Hot Springs thermal area. 
f o o t  sample g r i d  locat ions.  
and others, 1980). 
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