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ABSTRACT 

I 
Geochemical s tud ies o f  t h e  geothermal system a t  Roosevelt Hot Springs, 

Utah, have l e d  t o  development o f  chemical c r i t e r i a  f o r  recogn i t i on  o f  major 

fea tures  o f  t he  system and t o  a three-dimensional model ' f o r  chemical zoning i n  

the  system. Based on t h i s  improved l e v e l  o f  understanding, several new o r  

modified geochemical exp lo ra t i on  and assessment techniques have been defined 

and are probably broadly  app l i cab le  t o  eva lua t ion  o f  hot-water geothermal 

systems. 

The main purpose o f  t h i s  work was the  development o r  ad, 

geochemical exp lo ra t i on  techniques f o r  use i n  t h e  geothermal 

approach used was mult ie lement geochemical ana lys is  o f  s o l i d  

s o i l s ,  whole rock mater ia ls ,  and +3.3 s p e c i f i c  g r a v i t y  f r a c t  

heavy l i q u i d  separat ion from the  whole rock ma te r ia l .  Whole 

p t a t i o n  o f  s o l i d s  

environment. The 

sampl es i nc l  ud i  ng 

ons der ived by 

rock ma te r ia l s  

were predominantly su i tes  o f  contiguous 10- foot  c u t t i n g s  samples f r o m  geo- 

thermal we1 1 s, but  a1 so inc luded su i tes  o f  c u t t i n g s  samples from temperature 

grad ien t  d r i l l  holes, diamond d r i l l  core, and sur face rock samples. A broad 

spectrum o f  major, minor, and t r a c e  elements was determined f o r  these samples 

and used t o  e s t a b l i s h  s p a t i a l  assoc iat ions o f  hydrothermal element enrichments 

and deplet ions r e l a t i v e  t o  c r i t i c a l  geothermal features.  

P r i n c i  pal zones d i  s t i  ngui shed i n  t h e  geothermal system are  a rese rvo i r  

zone which encompasses a1 1 rock with h i  gh-temperature (>400OF) rese rvo i r  

p o t e n t i a l ,  a se l f -sealed zone developed a t  and beyond t h e  r e s e r v o i r  zone 

margin and which i s  g radua l ly  encroaching on the  rese rvo i r ,  and a per iphera l  

zone developed w i t h i n  and beyond ou te r  pa r t s  o f  t he  se l f -sea led  zone. 
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Hydrothermal element enrichments which charac ter ize  these zones are &s, L1 , 
Be, and Zn (and probably Fe, Mg, Cr, P, Cos N i ,  Cu, Z r ,  La, and Ce) i n  the  

rese rvo i r  zone, espec ia l l y  a t  hot-water en t r ies ;  Hg p lus the  rese rvo i r  zone 

assemblage ( l e s s  Zn?) in i nne r  pa r t s  o f  t he  se l f -sea led  zone; Hg, Mn, and Zn 

p lus the  r e s e r v o i r  zone assemblage i n  ou ter  p a r t s  o f  t he  se l f -sealed zone; and 

Mn and Zn (and poss ib ly  W and Mo) i n  the  per iphera l  zone. Na, S r ,  and 

poss ib ly  Ba are  v a r i a b l y  depleted from rock i n  the  immediate v i c i n i t y  o f  

hot-water e n t r i e s  w i t h i n  t h e  r e s e r v o i r  zone and inne r  se l f -sealed zone. Minor 

Hg enrichments are developed l o c a l l y  i n  the  r e s e r v o i r  bu t  are genera l l y  

several  orders of magnitude small e r  than those which charac ter ize  the  

sel f -seal  ed zone. 

The Roosevelt zoning model appears t o  be broadly  app l i cab le  t o  o ther  

hot-water geothermal systems based on p a r t i a l l y  documented s i m i l a r i t i e s  i n  

hydrothermal element d i s t r i b u t i o n s  f o r  a few of these systems, general 

s i m i l a r i t i e s  i n  thermal water chemistry f o r  many systems, and t e n t a t i v e l y  

i n f e r r e d  causes o f  key element deposi t ion.  The model thus provides a bas is  

f o r  es tab l i sh ing  sol i d s  geochemical techniques app l icab le  t o  the  exp lo ra t ion  

and assessment o f  hot-water geothermal systems i n  general. Three mu1 t ie lement  

techni  ques, de ta i  1 ed so i  1 surveys ( o r  sur face rock sampl i ng) , 1 arge-scal e 

"surface" surveys u t i l i z i n g  shallow d r i l l  ho le  c u t t i n g s  samples (comnonly 

temperature gradient  ho le  c u t t i n g s ) ,  and geochemical 1 oggi ng o f  deep d r i  11 

holes, are ind ica ted  t o  be usefu l .  These techniques, espec ia l l y  the  

geochemical logging, are shown t o  o f f e r  p o t e n t i a l l y  h igh  cost -ef fect iveness 

and, consequently, can be recommended f o r  i n i t i a l  rou t i ne  use. 

2 



The zoning model can possibly be u t l l l t e d  t o  provide Ins ights  I n t o  the 
I 

nature and geometry o f  vapor-dominated systems evolved from hot-water systems, 

but otherwise i s  expected t o  have only l i m i t e d  a p p l i c a b l l i t y  t o  these systems. 

3 



INTRODUCTION 

Work t o  adapt o r  develop mult ie lement geochemical techniques based on 

ana lys is  o f  s o l i d  ma te r ia l s  fo r  app l i ca t i on  t o  the  exp lo ra t i on  and exp lo i ta -  

t i o n  o f  geothermal resources was i n i t i a t e d  a t  t h e  Ear th Science Laboratory 

(ESL) i n  J u l y  1977. A t  t h a t  t ime i n  the  geothermal i ndus t r y  f a m i l i a r i t y  w i t h  

s o l i d s  geochemical exp lo ra t i on  techniques was 1 imited. This, combined w i th  a 

l ack  o f  s p e c i f i c  evidence o f  t h e i r  usefulness, had resu l ted  i n  minimal 

i n t e r e s t  and app l ica t ion .  Only mercury s o i l  geochemistry i n  geothermal 

systems was rece iv ing  s i g n i f i c a n t  a t ten t i on ,  w i th ,  a c t i v i t y  underway both i n  

technique development (e.g., Ma t l i ck  and Buseck, 1976; and Klusman e t  a l . ,  

1977) and i n  exp lo ra t ion  app l ica t ions  by indus t ry .  Primary emphasis i n  t h i s  

work was on reconnaissance scale app l i ca t ions .  

I n  contrast ,  mult ie lement sol i d s  geochemical techniques were being w ide ly  

used by t h e  min ing i ndus t r y  f o r  successful l o c a t i o n  o f  o re  zones i n  s u l f i d e  

systems, some o f  which (espec ia l l y  epithermal c lass  s u l f i d e  systems) could be 

considered pal eoanal ogues o f  geothermal systems i n many important respects. 

Important s i m i l a r i t i e s  both w i th  respect t o  general processes o f  format ion and 

t o  the  spectrum o f  t ranspor ted elements i n  these systems were i n f e r r e d  from a 

v a r i e t y  o f  data (e.g., Skinner, e t  a1 ., 1967, White e t  a1 . , 1971, and Browne 

and E l l i s ,  1970). These s i m i l a r i t i e s  suggested t h a t  c h a r a c t e r i s t i c  hydro- 

thermal element d i s t r i b u t i o n  pat terns (zoning) might develop i n  geothermal 

systems as they do i n  ore-bearing systems and could comprise usefu l  systema- 

t i c s  on which t o  base exp lo ra t i on  and development techniques. 

Weissberg (1969) and Ewers and Keays (1977) a t  t he  Broadlands Geothermal 

Studies by 

- . 
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F i e l d ,  New Zealand, appeared t o  provide. i n i t i a l  t a n g i b l e  evidence o f  

geothermal t r a c e  metal zoning. I n  view o f  t h e  r e l a t i v e l y  low cost  o f  

geochemical techniques, i t  seemed mu1 t i  element sol i d s  geochemistry had t h e  

p o t e n t i a l  t o  become a c o s t - e f f e c t i v e  new technology f o r  t h e  geothermal 

indust ry .  What was needed was proo f  t h a t  t h i s  p o t e n t i a l  was rea l .  

I n i t i a l  work on s o l i d s  geochemistry a t  ESL was d i r e c t e d  t o  p rov id ing  t h i s  

evidence (Bamford, 1978, and Capuano and Bamford, 1978). Because o f  t ime 

c o n s t r a i n t s  and t h e  need f o r  a r e a l - e a r t h  model, t h e  approach taken was 

empir ica l  Emphasis was placed on acqu i r ing  in fo rmat ion  on s p a t i a l  r e l a t i o n -  

ships between reasonably we1 1 -def ined geothermal resources and g e n e t i c a l l y  

r e l a t e d  element pat terns i n  two end-member systems: 

Roosevelt Hot Springs, Utah and t h e  vapor-dominated system a t  The Geysers, 

C a l i f o r n i a .  

neously was t h a t  most o ther  systems were l i k e l y  e i t h e r  t o  be s i m i l a r  o r  t o  

have r e l a t e d  hybr id  c h a r a c t e r i s t i c s .  

broad spectrum o f  t r a c e  elements, known o r  l i k e l y  t o  be present i n  geothermal 

f l u i d s ,  and several d i f f e r e n t  types o f  samples ( s o i l s ,  rocks, and s p e c i f i c  

g r a v i t y  and magnetic f r a c t i o n s  der ived from rocks).  

v a r i e t y  o f  scales i n  order  t o  support, i f  poss ib le ,  several d i f f e r e n t  types o f  

appl i ca t ions .  

the  hot-water system a t  

The r a t i o n a l e  f o r  s t a r t i n g  i n v e s t i g a t i o n  o f  both systems s imul ta-  

The work provided f o r  i n v e s t i g a t i o n  o f  a 

Data were acquired a t  a 

Resul ts repor ted t o  date have suggested t h a t  mu1 t i e l  ement geochemical 

zoning i s  developed a t  both a r e l a t i v e l y  small  sca le o f  over hundreds o f  feet  

around i n d i v i d u a l  steam e n t r i e s  and hot-water e n t r i e s  (HWEs) i n  geothermal 

wel ls ,  and a t  a l a r g e r  sca le o f  over thousands o f  f e e t  both v e r t i c a l l y  and 
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l a t e r a l l y  i n  geothermal systems (Bamford, 1978). 

ava i lab le ,  zoning appeared t o  be q u i t e  s i m i l a r  f o r  bo th  hot-water and vapor- 

dominated systems. New data f o r  The Geysers, however, suggests t h a t  t h i s  

Based on the  l i m i t e d  data 

conclusion i s  probably i n  e r r o r  and does no t  adequately consider the  evolut ion- 

a ry  complexi ty o f  vapor-dominated systems (Moore, e t  a1 . , i n  prep.) . Trace 

elements which d isp layed most cons is ten t  and useful  zoning c h a r a c t e r i s t i c s  

were As, Sb, Zn, Mn, B, and W. A +3.3 s p e c i f i c  g r a v i t y  concentrate sample 

appeared t o  be e s p e c i a l l y  e f f e c t i v e  i n  d e l i n e a t i n g  t h e  hydrothermal t race  

element d i s t r i b u t i o n s  s ince i t  maximized de tec t i on  o f  these elements and 

reduced o r  e l im ina ted  those pa r t s  o f  chemical s ignatures which de r i ve  d i r e c t l y  

from o r i g i n a l  rock-forming mater ia ls .  Other r e s u l t s  i nd i ca ted  t h a t  d e t a i l e d  

mercury - in -so i l  surveys cou ld  be useful  f o r  i d e n t i f y i n g  and mapping s t ruc tu res  

c o n t r o l l i n g  f l u i d  f l o w  i n  geothermal systems and f o r  d e l i n e a t i n g  areas 

ove r l y ing  near-surface thermal a c t i v i t y  (Capuano and Bamford, 1978) 

Subsequent work on mult ielement s o l i d s  geochemistry a t  ESL, both f o r  The 

Geysers (Moore, e t  a1 ., i n  prep.) and t h a t  c u r r e n t l y  repor ted  f o r  Roosevelt, 

has had as i t s  p r i n c i p a l  goals t h e  v e r i f i c a t i o n ,  m o d i f i c a t i o n  and/or t he  

refinement o f  these i n i t i a l  resu l t s .  Add i t iona l  mult ie lement data .have been 

acquired f o r  new we l l s  i n  a manner s i m i l a r  t o  t h a t  p rev ious l y  reported. 

few new and prev ious ly  studied wel ls,  more d e t a i l e d  chemical cha rac te r i za t i on  

has been achieved by analyzing i n d i v i d u a l  ten- foo t  samples. Acqu is i t i on  o f  a 

broader spectrum o f  t race, minor, and major element data has been f a c i l i t a t e d  

by supplementing and supplant ing conventional geochemical analyses w i t h  

analyses by an I n d u c t i v e l y  Coupled Plasma Spectrometer (ICPQ) and has l e d  t o  

recogn i t i on  o f  several add i t i ona l  p o t e n t i a l l y  use fu l  elements. Mercury 

For a 
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d i s t r i b u t i o n  data have been acquired f o r  subsurface samples and provide new 

i n s i g h t s  i n t o  t h e  general behavior o f  mercury i n  geothermal systems and i n t o  

app l i ca t i ons  f o r  such data. Appl i c a t i o n s  o f  t h e  o v e r a l l  geochemical r e s u l t s  

a re  de f ined and described w i t h  s u f f i c i e n t  d e t a i l  t o  permit  i n i t i a l  use by 

others. Also, an est imate o f  p o t e n t i a l  cos t -e f fec t i veness  i s  provided. A t  

Roosevel t on ly  ( t h i s  repo r t ) ,  extensive d e t a i l e d  documentation o f  surface 

arsendc and mercury d i s t r i b u t i o n s  by  g r i d  sampling o f  s o i l s  over cen t ra l  pa'rts 

o f  t he  system f a c i  1 i t a t e s  development o f  a system-scal e geochemical zoning 

model. Aided by a d d i t i o n  o f  t he  u n i f y i n g  surface survey data, t h e  ove ra l l  

geochemical data package f o r  Roosevelt provides new i n s i g h t  i n t o  the  nature 

and geometry o f  t he  geothermal system and advances understanding o f  how 

geochemistry can be e f f e c t i v e l y  used t o  a i d  s e l e c t i o n  o f  exp lo ra t i on  well  

s i t e s  i n  o ther  hot-water geothermal systems. 

METHODS 

For t h i s  study, geochemical data have been acquired f o r  a v a r i e t y  o f  

geologic ma te r ia l s  i nc lud ing  -80 mesh s o i l  f r a c t i o n s ,  surface whole rock 

samples, f l u i d s  from geothermal we l ls ,  whole rock d r i l l  c h i p  samples, and +3.3  

s p e c i f i c  g r a v i t y  concentrate samplhs prepared from the  d r i l l  ch ip  samples. 

This spectrum of data was needed i n  order  t o  cor robora te  t h e  existence of 

spec i f i c  k inds  o f  geothermal geochemical d i s t r i b u t i o n s  and t o  evaluate the  

r e l a t i v e  u t i l i t y  o f  t he  var ious ma te r ia l s  f o r  geochemical exp lo ra t i on  

app l ica t ions .  
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Enhancement o f  near-surface t r a c e  element geochemical s ignatures o f  some 

elements has been accomplished through t h e  separat ion and ana lys is  o f  a non- 

magnetic +3.3 spec i f i c  g r a v i t y  heavy 1 i q u i d  concentrate f r a c t i o n  from o r i g i n a l  

whole rock d r i l l  c h i p  c m p o s i t e  samples. 

and a1 t e r a t i o n  s i  1 i c a t e s  , 1 a rge ly  barren o f  some s p e c i f i c  hydrothermal l y  

der ived t r a c e  elements, a re  removed t o  leave samples which conta in  a l a r g e  

propor t ion  o f  l o c a l  hydrothermal oxides and s u l f i d e s  t h a t  a re  r e l a t i v e l y  and 

sys temat ica l l y  enriched i n  some o f  t h e  t r a c e  elements o f  i n t e r e s t .  The +3.3 

sample f r a c t i o n  tends t o  s e l e c t i v e l y  sample l o c a l  hydrothermal ve in  mater ia l  

and thus can a lso  prov ide documentation o f  hydrothermal r e d i s t r i b u t i o n  o f  

I n  t h i s  manner, most rock-forming 

major and t race  elements (e.g., Fe, Mn, and Zn) which o f ten  appears t o  be 

isochemical a t  t he  scale o f  t h e  geochemical sampling and thus can remain 

undetected i n  who1 e rock sample data. Largest enhancements o f  hydrothermal 

geochemistry, whether t h e  r e s u l t  o f  simple enrichment o r  l o c a l  r e d i s t r i b u t i o n ,  

are obtained where ve in  frequency i s  l o w  and/or ve in  s i t e  i s  small. The +3.3  

sample f r a c t i o n  has add i t i ona l  q u a l i t i e s  of be ing r e a d i l y  reproduced, less  

sens i t i ve  t o  rock type ef fects  than whole rock samples, and reasonably inexpen- 

s i ve  t o  obtain.  Occurrence o f  abundant h igh s p e c i f i c  g r a v i t y  nonhydrothermal 

mater ia l  i n  the  rocks sampled by t h i s  technique can confuse i n t e r p r e t a t i o n  o f  

+3.3 f r a c t i o n  data and must be cont inuously  monitored. 

Sample Co l l ec t i on  and Preparat ion 

D r i l l  c u t t i n g s  from both geothermal exp lo ra t i on  we l l s  and shallow 

temperature gradient  holes are the  predominant type  o f  sample u t i l i z e d  i n  t h i s  

work. I n  rou t i ne  preparat ion procedures, i n d i v i d u a l  ten- foo t  and f i v e - f o o t  

c u t t i n g s  samples were washed t o  remove d r i l l i n g  mud and exo t i c  f ines ,  crushed 

t o  -4 mesh, cleaned o f  i r o n  d r i l l  b i t  and d r i l l  rod shavings w i th  a hand 
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magnet, pu lver ized  t o  -80 mesh, and t h e  r e s u l t a n t  pu lp  stored f o r  analysis.  

I n  most instances, composite samples were a l so  prepared, each commonly 

conta in ing  10 t o  20 o r i g i n a l  samples and represent ing  a 100-foot d r i l l i n g  

i n t e r v a l .  The p r a c t i c e  o f  u t i l i z i n g  composited samples helps smooth p o t e n t i a l  

random sampling biases o f  i n d i v i d u a l  grab samples and decreases the  number o f  

samples which must be analyzed i n  t h e  course o f  p re l im ina ry  geochemical 

s tud ies  t o  a p r a c t i c a l  t o t a l .  

Twenty t o  e igh ty  grams o f  each -80 mesh composite sample were used t o  

prepare t h e  +3.3 s p e c i f i c  g r a v i t y  heavy 1 i q u i d  (methylene i o d i d e )  f r a c t i o n .  

The -3 .3  s p e c i f i c  g r a v i t y  f r a c t i o n  was discarded. A magnetic f r a c t i o n ,  

c o n s i s t i n g  most ly o f  magneti te w i t h  minor res idua l  i r o n  shavings, was 

separated from the  +3.3  s p e c i f i c t g r a v i t y  f r a c t i o n  using a hand magnet. 

sample f r a c t i o n s  were weighed and then examined under a b inocu la r  microscope 

t o  determine t h e i r  approximate mineral  composi t i o n .  

A l l  

I n  order t o  assess the  poss ib le  l o s s  o f  mercury i n  whole rock samples 

r e s u l t i n g  from heat ing dur ing  mechanical g r ind ing ,  n ine  d r i l l  ch ip  samples 

were prepared i n  dup l i ca te ,  one p o r t i o n  being pu lve r i zed  mechanical ly using a 

ceramic p l a t e  pu l ve r i ze r ,  the  o ther  being hand-ground i n  an agate mortar t o  

approximately t h e  same p a r t i c l e  size. Comparison o f  t h e  r e s u l t s  (Table 1) 

ind i ca tes  t h a t  t he  method o f  g r i nd ing  these samples does not sys temat ica l l y  

change t h e  mercury content and should no t  be a s i g n i f i c a n t  f a c t o r  i n  the  

prepara t ion  o f  samples f o r  mercury analysis.  

been obtained by o ther  workers (Koksoy e t  al., 1967). 

Somewhat s i m i l a r  r e s u l t s  have 
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tab1 e 1. Comparl son of Mercury Concentrations 
Prepared by Two Grlndlng Methods. 

Sample 

1 

2 

3 

4 

Mercury Content 

Hand Ground 

5.63 ppm 

11.9 ppm 

, 47.8 ppm 

245. ppm 

559. ppm 

58.7 ppm 

51.0 ppm 

131. ppb 

64. ppb 

-- 

10 

n Dupl icate Rock Samples 

Pul v e r i  zed 

4.71 ppm 

12.1 ppm 

49.4 ppm 

251. ppm 

603. ppm 

73.0 ppm 

55.6 ppm 

109. ppb 

52. ppb 

_ _  ~~ . . . . ... ~~ . . . . - . . . ._ . . - . . - 



S o i l  samples were c o l l e c t e d  a t  approximately 500 f o o t  (152 m) i n t e r v a l s  

on a g r i d  from a depth o f  6 t o  7 Inches (15-18 cm). Se lec t ion  o f  t h e  sampling 

i n t e r v a l  and depth was based on t h e  l a t e r a l  ex ten t  o f  s o i l  mercury anomalies 

along t raverses  and v a r i a t i o n s  o f  mercury content w i t h  depth determined i n  a 

previous study (Capuano and Bamford, 1978). 

polyethylene bags and d r i e d  overnight a t  room temperature. 

mater ia l  was separated w i t h  a s ta in less  s tee l  s ieve and sealed i n  a i r t i g h t  

g lass v i a l s .  

wash, o r  d r i l l  pad, the  sampling s i t e  was moved t o  a nearby l o c a t i o n  w i th  

undisturbed s o i l s  t o  minimize contamination. 

Samples were c o l l e c t e d  i n  

Minus 80 mesh 

Where planned sample l oca t i ons  f e l l  on o r  near a roadway, dry 

F l u i d  samples from geothermal wel l  14-2 were obtained from A. H. 

Truesdel l  o f  t he  Un i ted  States Geological Survey and from John Bowman o f  the 

Department o f  Geology and Geophysics o f  t h e  U n i v e r s i t y  o f  Utah. A f e w  drops 

o f  n i t r i c  ac id  were added a t  t he  t ime o f  c o l l e c t i o n  t o  s t a b i l i z e  t h e  so lu t i on .  

Although both samples had been c o l l e c t e d  more than e igh t  months p r i o r  t o  

analysis,  t h e i r  compositions, except f o r  s i l i c o n ,  are s i m i l a r ,  i n d i c a t i n g  t h a t  

most major and minor element contents a re  r e l a t i v e l y  s tab le  (Appendix G, 

Tables G-1, analyses 1-4). 

s i m i l a r l y  s tab le  s ince some adsorpt ion on conta iners  and c o p r e c i p i t a t i o n  w i t h  

s i l i c a  i s  l i k e l y .  

changes i n  the  t race  element contents o f  water samples w i t h  time. 

It i s  doubt fu l  t h a t  t r a c e  element contents are 

No s p e c i f i c  data are ava i l ab le ,  however, t o  document 

Chemical Ana lys is  

A l l  whole rock d r i l l  c u t t i n g s  samples, surface whole rock samples, f l u i d  

samples, and most t3.3 s p e c i f i c  g r a v i t y  samples have been r o u t i n e l y  analyzed 
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f o r  34 t o  37 major, minor and t r a c e  elements. Na, K, Ca, Mg, Fe, A l ,  S i ,  T i ,  

P, S r ,  Ba, V, C r ,  Mn, Co, N i ,  Cu, Mo, Pb, Zn, Cd, Ag, Au, As, Sb, B i ,  U, Te, 

Sn, W, L i s  Be, B, Z r ,  La, Ce, and Th were determined by means o f  the  ESL 

i n d u c t i v e l y  coupled argon plasma spectrometer (ICPQ). The ICPQ i s  an Appl ied 

Research Laborator ies Model 137 w i t h  a 1080 lines/mm g r a t i n g  and dedicated 

computer opera t ing  system. Meaningful analyses cou ld  no t  be obtained f o r  S i ,  

8, and U i n  s o l i d s  samples, due t o  l oss  o f  S i  and B dur ing  sample d iges t i on  

and t o  v a r i a b l e  Fe spec t ra l  i n te r fe rence  w i t h  U. 

L i m i t s  o f  q u a n t i t a t i v e  de tec t i on  (LQD), represent ing lowest meaningful 

a n a l y t i c a l  values f o r  elements determined by ICPQ are  presented i n  Appendix H. 

Ana ly t i ca l  p rec i s ion  (95% confidence l e v e l  ) a t  t he  LQD i s  approximately 

- loo%, and a t  t e n  t imes the  LQD i s  approximately - 10%. + + 

Conventional a n a l y t i c a l  methods were used t o  check ICPQ a n a l y t i c a l  values 

and t o  analyze f o r  As and Sb, c r i t i c a l  elements which are  more e f fec t i ve l y  

determined by conventional methods than by I C P Q  analysis.  Cu, Mo, Pb, Zn, Ag, 

Mn, Cos N i ,  and Fe check analyses and t h e  Sb analyses were performed us ing 

atomic absorpt ion spectrophotometry (AAS). As was determined by a c o l o r i -  

me t r i c  method. These analyses and a l l  p repara t ion  of d r i l l  c u t t i n g s  samples 

were c a r r i e d  out by Rocky Mountain Geochemical Corporat ion,  S a l t  Lake City, 

Utah. A l i m i t e d  number o f  add i t i ona l  analyses f o r  B i ,  In ,  Sn, and W were 

performed by Coors Spectrochemical Laboratory, Golden, Colorado us ing a 

v o l a t i l e  o p t i c a l  emission spectrographic (OES) method. Co lor imet r i c  As 

determinat ions on d r i l l  c u t t i n g s  samples were made i n  the  ESL Geochemical 

Laboratory and those on s o i l  a t  Georesearch Laborator ies,  S a l t  Lake City, 
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Utah. 

Model 301 Gold F i l m  Mercury Detector  (Jerome Instruments Corp.). 

Mercury was determined on whole rock and s o i l  samples a t  ESL using a 

Minera log ica l  Studies 

L imi ted  minera log ica l  s tud ies were undertaken i n  order t o  i d e n t i f y  the  

minera l  c o n s t i t u t i o n  o f  whole rock and +3 .3  s p e c i f i c  g r a v i t y  samples and t o  

i d e n t i f y  t h e  minera log ica l  l o c a t i o n  o f  those t r a c e  elements w i t h  distr ibd;i?ns 

apparent ly  r e l a t e d  t o  t h e  geothermal system. Methods used i n c l  tlded pet ro-  

graphic examination by t ransmi t ted  and r e f l e c t e d  l i g h t ,  X-ray d i f f r a c t i a n ,  arid 

ana lys is  o f  se lected mineral  g ra ins  by e l e c t r o n  microprobe. X-ray d i f f r a c t i o n  

t races  were prepared using the  f a c i l i t i e s  o f  t h e  Utah Biomedical Test Labora- 

t o r y ,  a d i v i s i o n  o f  t h e  U n i v e r s i t y  o f  Utah Research I n s t i t u t e ,  S a l t  Lake City. 

Smear mounts on glass s l i d e s  o f  mater ia l  hand-ground i n  an agate mortar Mere 

run  a t  20 28 per minute using N i - f i l t e r e d  Cu Ku r a d i a t i o n .  Compositions o f  

selected minera ls  from d r i l l  ch ip  samples and + 3 . 3  concentrates were de ter -  

mined us ing t h e  microprobe f a c i l i t i e s  o f  t h e  Ear th and Mineral Sciences 

Experiment S t a t i o n  o f  The Pennsylvania S ta te  Un ivers i ty .  Mineral gra ins wer? 

q u a l i t a t i v e l y  examined by t h e  e l e c t r o n  microprobe energy d ispers ive  a n a l y t i c a l  

system and q u a n t i t a t i v e l y  anaiyzed using the  t h r e e  c r y s t a l  spectroneters. 

Data reduc t ion  procedures used were those o f  Bence and Albee (1968) w i t h  a 

modi f ied vers ion o f  t h e  - a m a t r i x  o f  Albee and Ray (1970). Optimum detec t ion  

l e v e l s  o f  t h e  system are  on t h e  order  o f  300 ppm, al though actual  l i m i t s  a r e  

more on the  order  o f  1000 ppm. 

Data Presentat ion and I n t e r p r e t a t i o n  

Data f o r  the Roosevelt area are presented on two types o f  computer- 

generated p l o t s :  bar  graph p l o t s  f o r  d i s p l a y  o f  data f r o m  i n d i v i d u a l  d r i l l  
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holes, and p lan and t raverse  p l o t s  f o r  d i sp lay  o f  near-surface and s o i l  data. 

D r i l l  ho le  bar  graph p l o t s  f a c i l i t a t e  i n i t i a l  eva lua t ion  o f  re la t i onsh ips  

among geochemical data , geologic data , and geothermal phenomena. General 

geologic in fo rmat ion  and l o c a t i o n  o f  known or i n f e r r e d  ho t  water e n t r i e s  are 

presented a t  the  scale of t he  bar  graph p lo ts .  Locat ions o f  ho t  water e n t r i e s  

have been determined independently based upon geophysical l ogs  and d r i  11 i ng 

in format ion;  the r e l i a b i l i t y  o f  these determinat ions i s  good f o r  the few 

e n t r i e s  shown. 

Plan p l o t s  o f  near-surface geochemical data der ived  from shal low 

temperature gradient  holes s i m i l a r l y  f a c i l i t a t e  eva lua t ion  o f  large-scale 

areal  d i s t r i b u t i o n  o f  elements r e l a t i v e  t o  the  geologic s e t t i n g  and t o  the  

proven geothermal resource. Because t h e  d r i l l  c h i p  data a re  l i m i t e d  t o  a 

maximum o f  32 values d i s t r i b u t e d  i r r e g u l a r l y  over a r e l a t i v e l y  l a r g e  area, 

p l o t s  have on ly  been roughly  hand-contoured t o  show approximate data trends. 

Minimum contour values are lowest meaningful values determined by inspec t ion  

and r e l a t i o n s h i p  t o  th resho ld  values, i f  ca lcu lated.  

value i s  double t h a t  of t he  preceding lower value, thus he lp ing  t o  assure t h a t  

data v a r i a t i o n s  de l ineated  are r e a l  r a t h e r  than a consequence o f  random biases 

from sampling and a n a l y t i c a l  procedures. 

Each h igher  contour 

I n t e r p r e t a t i o n s  presented i n  t h i s  r e p o r t  a re  based p r i m a r i l y  on t h e  data 

graphics. Only l a r g e  cons is ten t  changes i n  geochemistry are i n te rp re ted  as 

s i g n i f i c a n t .  Approximate background values f o r  p r i n c i p a l  l i t h o l o g i e s  repre- 

sented i n  the  we1 1 samples are establ  ished based on mean values from selected 

sets o f  m in ima l ly  a l t e red  samples (Appendix E).  

d i s t i n g u i s h i n g  chemical va r ia t i ons  due t o  changes i n  rock type from element 

These data f a c i l i t a t e  

14 



enrichments and dep le t ions  due t o  hydrothermal e f fec ts .  I n  some instances, 

however, some o r  many o f  t he  samples used i n  c a l c u l a t i n g  t h e  means were p a r t l y  

a l t e red ,  espec ia l l y  when it was necessary t o  se lec t  samples e n t i r e l y  from the  

producing we l l s  14-2 o r  72-16. 

the more mobi 1 e elements establ  i s h  1 oca1 backgrounds only. High standard 

dev ia t ions  associated w i t h  a few o f  t h e  means (e.g., t h a t  f o r  Mn i n  t he  quartz 

monzonite - Appendix E) i n d i c a t e  l a r g e  v a r i a t i o n s  i n  concentrat ions o f  an 

element w i t h i n  a sample set  and suggest t h a t  t h e  mean thus i d e n t i f i e d  might 

not  represent a useful background value. A s p e c i f i c  t a b u l a t i o n  o f  changes i n  

m i c r o d i o r i t e  chemistry a t  the  2870 t o  2890 HWE i n  we l l  14-2 i s  provided 

(Appendix E, Table E-2) because t h i s  HWE zone corresponds s p a t i a l l y  t o  a rock 

type  change, making i t  d i f f i c u l t  t o  d i s t i n g u i s h  hydrothermal e f f e c t s  f r o m  the  

data graphics alone. 

s o i l  samples f o l l o w i n g  the  s t a t i s t i c a l  methods o f  S i n c l a i r  (1974), and 

L e p e l t i e r  (1969) and, along w i t h  the  background data f o r  s p e c i f i c  rock types 

(Appendix'E, Tables E - 1  and E-Z), he lp  t o  q u a l i f y  t he  term "anomalous" as used 

i n  the t e x t .  

In  these instances, mean values f o r  some o f  

Threshold values have been estimated f o r  As and Hg i n  

Although concentrat ions o f  from 34 t o  37 elements have been determined 

f o r  most samples, data presented i n  t h i s  r e p o r t  a r e  l i m i t e d  t o  a few o f  these. 

Elements and mult ie lement parameters se lected f o r  presentat ion are those w i t h  

d i s t r i b u t i o n s  most c l e a r l y  r e l a t e d  t o  t h e  present geothermal system, and hence 

those with the  most po ten t i a l  as exp lo ra t i on  guides. The complete m u l t i -  

element data package i s  a v a i l a b l e  fo r  open- f i le  inspec t ion  a t  the  Ear th 

Science Laboratory o f  t he  U n i v e r s i t y  o f  Utah Research I n s t i t u t e  i n  S a l t  Lake 

City, Utah. 
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GEOLOGIC CHARACTERISTICS OF THE GEOTHERMAL SYSTEM 

General Geol oqy 

The geology of the  Roosevelt Hot Springs area has been mapped and 

discussed by N ie l  son e t  a1 . (1978). The bedrock geology o f  t h e  area i s  

dominated by f e l s i c  p lu ton i c  phases o f  t he  T e r t i a r y  Mineral  Mountains Pluton 

as wel l  as metamorphic and p lu ton i c  rocks o f  Precambrian age. 

domes, and py roc las t i cs  r e f l e c t  igneous a c t i v i t y  between 0.8 and 0.5 m i l l i o n  

years ago (Evans and Nash, 1978). Hot sp r ing  deposi ts,  fumaroles, and 

hydrothermal a1 t e r a t i o n  ( re1 ated t o  the  present geothermal system) occur 

w i t h i n  a l luv ium on the  western margin o f  t h e  Mineral  Mountains. 

Rhyo l i t e  flows, 

The Roosevel t Hot Springs KGRA conta ins a s t r u c t u r a l l y  con t ro l  led 

hot-water geothermal system (Nie lson e t  al., 1978). There are  no l i t h o l o g i c  

un i t s ,  except the Recent al luvium, which possess s u f f i c i e n t  pr imary permeabil- 

i t y  t o  serve as product ive aqui fers .  Four major f a u l t  t rends are  descr ibed by 

N i e l  son e t  a1 . (1978) . These i n c l  ude 1 arge-scal e north-south-trending, 

1 ow-angl e normal f a u l t s  which have produced 1 ow-angl e westward-dippi ng 

my1 oni t e  zones ; numerous s teep ly  d ipp ing  nor thwest- t rendi  ng f a u l t s  present 

only i n  t he  hanging wal l  o f  t h e  major low-angle f a u l t  and a lso  comnonly marked 

by s i l i c i f i e d  rnyloni te zones; and s teep ly  d ipp ing  east-west- t rending and 

north-northeast-trending normal f a u l t s  t h a t  c u t  bo th  the  hanging and foo t  

wa l ls  o f  the low-angle normal f a u l t s  and extend t o  an unknown depth. The 

low-angle and r e l a t e d  high-angle northwest- t rending f a u l t  zones are c o m n l y  

the s i t e  o f  m i c r o d i o r i t e  dikes. Often both b recc ia ted  and nonbrecciated d ikes 

occupy the  same zone, suggesting several per iods o f  d i ke  i n t r u s i o n  and 
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imp ly ing  several per iods of movement on the  same fau l ts .  Nielson e t  a l .  

(1978) propose t h a t  s t r u c t u r a l  permeab i l i t y  present i n  s t rong ly  f rac tu red  

rocks adjacent t o  my lon i te  zones o r  developed by f r a c t u r i n g  o f  b r i t t l e  

s i 1  i c i f i e d  myloni t e  zones dur ing  recur ren t  f a u l t  movement exer ts  an important 

con t ro l  on the  l o c a t i o n  and con f igu ra t i on  o f  t he  geothermal reservo i r .  

Two major s t ruc tu res  are  exposed i n  the  study area (Figures 1 and 8A) :  

t he  Opal Mound Fau l t ,  i n  the  nor thern h a l f  o f  T27N, R9W, i s  a wel l  def ined 

north-northeast-trending, east-dipping normal f a u l t ;  and t h e  Negro Mag Wash 

Fau l t ,  i n  the  northeast corner of T27N, R9W, i s  an east-west- t rending f a u l t  

w i t h  an i n f e r r e d  extension t o  the  west. 

a c t i v i t y  occur along o r  near the  t rend o f  the  Opal Mound Fau l t  near i t s  

Hot spr ing  deposi ts  and fumaro l ic  

proposed i n t e r s e c t i o n  w i t h  the  poor ly  de f ined westward extension o f  t he  Negro 

Mag Wash Fau l t ,  i n d i c a t i n g  t h a t  t he  Opal Mound F a u l t  o r  both f a u l t s  have been 

zones o f  f l u i d  discharge from the  hot-water hydrothermal system. 

a1 (1976) have suggested t h a t  t he  Opal Mound F a u l t  i s  a major cont ro l1  i n g  

Lenter e t  

s t r u c t u r e  f o r  t h e  subsurface hydro log ic  regime i n  the  area. Reports on the  

subsurface re la t i onsh ips  (Koenig and Gardner, 1977) show t h a t  the  Opal Mound 

F a u l t  i s  an eastward-dipping normal f a u l t  bounding a graben on the e a s t  and a 

narrow ho rs t  on the  west. As p resen t l y  known, t h e  geothermal f i e l d  a t  

Roosevelt Hot Springs i s  bounded by t h e  range f r o n t  on the  east and the  Opal 

Mound F a u l t  on the  west (Nie lson e t  a1 ., 1978). 

i n d i c a t e  t h a t  t h e  geothermal f i e l d  may be terminated t o  t h e  south between 

geothermal we l ls  Utah State 52-21 and 72-16. The nor thern l i m i t s  o f  the  f i e l d  

a re  c u r r e n t l y  not  defined. 

Present d r i l l i n g  data 
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GENERALIZED 6EO106Y 
AND DRILL HOLE LOCATIONS 
Roosevelt Hot Sprin s K6RA 
8 vicinity, Beaver l 0. Utah 

EXPLANATION 
Quaternary hot spring deposits and 
related hydrothermal alteration 

Quaternary al luvium 
Quaternary basalt and basalt andesite 
Quaternary rhyolite domes, flows and 

Tertiary Sevier River Format ion 
tuffs, undivided 

ta r  r i g r o u s  clastic sedimentary rocks/ 
lacustrine marls and subordinate 
limestone 

Tert iary rhyolite (extrusive) 
Tertiary rhyolite porphyry (intrusive) 

Tert iary grqnite, tine-crystalline 
"fine-grained granite" (Tgr) * 

Tert iary grani t ic  rock, undivided 
Permian Kaibab Limestone 

Permian Coconino Sandstome 
Precumbrian biotite-hornblende quartz 

monzonite gneiss j hornblende 9- 
(PCPR )* 

Precambrian feldspar-quartz-biot in 
(*hornblende, *sil l imanite) gneiss; 
"banded gneiss" (Pcbg) and "bWite 
gneiss . (M) undiv ided * 

Fault, approximately located 

F16URE 1 



Surface hydrothermal a l t e r a t i o n  i s  minimal o r  no t  r e a d i l y  detected and 

con f ined  t o  areas o f  recen t  h o t  s p r i n g  a c t i v i t y ,  f a u l t  zones, j o i n t  surfaces, 

and zones o f  base metal m i n e r a l i z a t i o n .  A l t e r a t i o n  i n  many o f  t h e  holes 

d r i l l e d  i n  t h e  d i s t r i c t  and su r face  a l t e r a t i o n  associated w i t h  h o t  s p r i n g  

a c t i v i t y  have been discussed b y  Bryant  and Parry (1977), B a l l a n t y n e  and Par ry  

(1978), Pa r ry  (1978), P a r r y  e t  a l .  (1978), Rohrs and Par ry  (1978), N ie l son  e t  

a1 (1978), B a l l a n t y n e  (1978), and Hulen (1978). Hulen has documented t h e  

coexis tence i n  a l l u v i u m  o f  una1 t e r e d  P le i s tocene  pumice and o b s i d i a n  c l a s t s  

w i t h  a1 t e r e d  c l a s t s  o f  T e r t i a r y  i n t r u s i v e  rock  and Precambrian gneiss, 

i n d i c a t i n g  t h a t  hydrothermal processes have been a c t i v e  w i t h i n  t h e  general 

area p r i o r  t o  d e p o s i t i o n  o f  t h e  a l luv ium. 

Hot s p r i n g  depos i t s  i n  t h e  Roosevel t  thermal area c o n s i s t  o f  o p a l i n e  and 

chal  cedonic s i n t e r  and hemati te,  s i  1 i c a  , c a l c i t e ,  o r  manganese-oxide cemented 

a l luv ium. 

areas. 

been a l t e r e d  by a c i d i c  s u l f a t e  water t o  a l u n i t e  and opal a t  and near t h e  

su r face  , and commonly t o  kaol  i n i  t e ,  a1 u n i t e ,  and montmori 11 on i  t e  between t h e  

surface and the top  of the water tab le  (depth about 100 f e e t ) .  

p y r i t e  occur below t h e  water t a b l e .  

depth o f  about 7400 feet  cons i  s t s  o f  muscovi t e  , c h l  o r i  t e  , c a l  c i t e  , K - f e l  dspar , 
a l b i t e ,  and ep ido te  w i t h  p y r i t e  and sparse c h a l c o p y r i t e  (Pa r ry  e t  a1 ., 1978). 

Gypsum, opal ,  k a o l i n i t e  and n a t i v e  s u l f u r  occur i n  fumarole vent  

Al luvium, f e l s i c  p l u t o n i c  rocks,  and amph ibo l i t e  f a c i e s  gneiss have 

Marcasite and 

Deeper a l t e r a t i o n  sampled t o  a maximum 
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Paleohydrothermal Events 

One o r  more periods of hydrothermal alteration and mineralization have 

affected parts of the Mineral Mountain area prior t o  and probably unrelated t o  

the development of the present geothermal system. Most known economic 

mineralization and concomitant mining activity i n  the range are confined t o  

the southern por t ion  of the Mineral Mountains i n  the Bradshaw District (T29S, 

R9&10W), where gold ,  silver, copper, lead, zinc, and tungsten have been 

produced from contact metamorphic deposits and associated veins (Earl 1 , 1957 

and Nielson et  a1 ., 1978).  

pits are present w i t h i n  and t o  the north of the KGRA. Nielson (personal 

communication, 1979) believes t h a t  hydrothermal events responsible for most of 

the minera l iza t ion  were associated w i t h  Te r t i a ry  igneous a c t i v i t y  and w i t h  t h e  

development of low-angle denudation faults and northwest-trending high-angle 

upper p l a t e  faults about  10 mi l l i on  years ago. The spatial distribution of 

prospects suggests t h a t  these two f a u l t  systems may have served as conduits 

for the mineralizing and rock-altering solutions. Throughout the Mineral 

Mountains area, Tertiary mineralization i s  characterized by copper, l e a d ,  

zinc , go1 d , si 1 ver , tungsten and manganese (Crawford and Buranek , 1957; Earl 1 , 
1957; Bullock, 1976) .  Analysis o f  mineralized rock chip samples from a 

prospect p i t  i n  the KGRA (Table 2,  sample 612)  confirms the hydrothermal 

concentration of copper, lead ,  zinc, and manganese. 

A limited number of malachite-stained prospect 

The geochemical signatures of this mineralization appear t o  be distinct 

from those associated w i t h  the geothermal system. The absence of these 

chemical associations from the materials analyzed, and the very 1 imited 

evidence o f  mineralization w i t h i n  the study area suggest t h a t  geochemical 
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d i s t r i b u t i o n s  r e l a t e d  t o  t h i s  o l d e r  event do no t  s e r i o u s l y  i n t e r f e r e  w i t h  o r  

confuse i n t e r p r e t a t i o n  o f  t h e  geothermal - re la ted  t r a c e  element geochemistry. 

Ep igenet ic  hydrothermal a l t e r a t i o n  o f  severa l  genera t ions  i s  present i n  

d r i l l  c u t t i n g s  samples f rom a l l  o f  t h e  geothermal w e l l s  s tud ied .  V e i n l e t  

m ine ra l s  which occur below t h e  zone o f  a c i d  a l t e r a t i o n ,  i n  decreasing order o f  

abundance, a re :  c a l c i t e ,  c h l o r i t e ,  quar tz ,  s e r i c i t e ,  ep ido te ,  p y r i t e ,  

magneti t e - i l m e n i  t e  * hemati te,  and K - f e l  dspar ( J e f f  Hul en persanal 

c o n u n i c a t i o n ) .  Anhydr i t e  ve ins  a l s o  occur,  b u t  a r e  p r i m a r i l y  con f ined  t o  

deeper p o r t i o n s  o f  t h e  we l l s .  

and c ross-cu t  one another. 

a l l u v i a l  c l a s t s  ad jacent  t o  una l te red  obs id ian  c l a s t s  (Hulen, perscnal 

comnunicat ion),  reasonably e s t a b l i s h i n g  ' t he  age o f  some o f  t h e  v e i n l n g  as 

o l d e r  than t h e  a l l u v i u m  and probab ly  o l d e r  than t h e  present geothermal system, 

The ve ins  and v e i n l e t s  t r a n s e c t  a l l  l i t h a ? s g i e s  

S i m i l a r  v e i n  assemblages have been observed i n  

B a l l  antyne and Par ry  (1978), Rohrs and Parry (1978 1, B a l l  antyne (1978 

and N i e l  son e t  a1 (1978) have descr ibed hydrothermal a1 t e r a t i  on c h a r a c t e r i  s-  

t i c s  f rom c u t t i n g s  f rom t h e  t h r e e  geothermal t e s t  w e l l s  Utah S t a t e  14-2, Utah 

S ta te  72-16, and Utah S ta te  52-21. 

l e a s t  l o c a l l y ,  a l t e r e d  t o  va r ious  assemblages o f  t h e  m i n e r a l s  c h l o r i t e ,  s e r i -  

c i t e  , c l  ay, ep ido te ,  K - f e l  dspar , hemat i te ,  and c a l  c i t e  i n  va ry ing  i n tens i  t y  

th roughout  t h e  e n t i r e  depths o f  t h e  we l l s .  

which no rma l l y  forms o n l y  a t  temperatures g r e a t e r  than about 220OC (Zen and 

Thompson, 1974), throughout a1 1 we1 1 depths and 1 i t  ho l  og i  es, i n c l  ud i  ng t h e  

near-surface a l l u v i u m  ( i n  c l a s t s ) ,  suggests a pregeothermal age f o r  some occur- 

rences o f  t h i s  m ine ra l ,  p o s s i b l y  r e l a t e d  t o  one o r  more o f  t h e  f i v e  T e r t i a r y  

A l l  l i t h o l o g i e s  i n  t h e  t h r e e  w e l l s  are,  a t  

The presence o f  ep ido te ,  a minera l  
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intrusive events recognized by Nielson et a l .  (1978). Other epidote may 

simply have formed earlier i n  the history of the geothermal system when the 

reservoir was much larger t h a n  a t  present (see later discussion of large-scale 

zon ing)  

Major Hydrothermal Features of the System 

Several major hydrothermal features o r  zones defined by hydrothermal 

features constitute important  frames of reference for interpretation of the 

geochemical da ta .  These include hot-water entries (HWEs) , the reservoir tone, 

and the self-sealed zone. For the most par t ,  the general nature of these 

features i s  indicated by their names, b u t  add i t iona l  definition i s  needed i n  

order t o  eliminate ambiguity i n  the use of the terms "reservoir tone" and 

"self-sealed zone." Since this  i s  the f irst  time t h a t  the occurrence o f  self- 
# 

sealing i n  the Roosevelt geothermal system has been described per se i n  

published literature, i t  is also necessary t h a t  available physical evidence of 

i t s  existence be sumnarized. The following information defines, describes, 

and/or 1 ocates these important features for later reference and completes the 

geologic description of the geothermal system. 

Hot Water Entries 

A minimum of 4 separate hot-water entry zones (HWEs) have been 

independently interpreted as occurring w i t h i n  sample intervals investigated i n  

the three geothermal wells Utah State 14-2, Utah State 72-16, and Utah State 

52-21 (hereafter 14-2, 72-16, and 52-21). Definition of the HWEs locations is  

based on interpretations of geophysical logs, mud logs, geologic d a t a ,  and 

well sunary report da ta  (Glenn and Hulen, 1979). 



Hot water entry zones occur i n  14-2 between 1600 and 1800 feet and 

between 2850 and 2890 feet  (Glenn and Hulen, 1979). Discrete entr ies  are 

indicated t o  occur near the boundaries of the lower zone a t  2860 and 2890 

f e e t ,  b u t  cannot be unambiguously distinguished withln the upper zone. 

Two discrete  entr ies  occur in 72-16 a t  312 and 628 f ee t ,  with the deeper 

o f  these possibly contributing t o  well production through flow down the 

outside o f  the casing; cement bond logs have been reinterpreted t o  suggest 

only f a i r  t o  good bonding was obta ined  below 435 feet  i n  the well (Glenn and 

Hulen, 1979). 

zone a t  1245 feet  i n  72-16, w h i c h  could be the main p roduc ing  zone i n  the 

well. 

(Ear th  Science Lab., 1978a, 72-16 mud l og ) ,  placing the origin o f  the l a s t  

Sample was obtained close t o  b u t  above a major lost  circulation 

Sample l a g  was estimated a t  one foo t  when loss of  circulation occurred 

cuttings sample a t  or near 1244 feet .  

Well 52-21 lacks detectable HWEs. 

Reservoi r Zone 

The reservoir zone, as defined i n  t h i s  report ,  includes a l l  rock w i t h  

high-temperature reservoir potential ,  whether o r  n o t  a l l  o f  t h i s  rock actually 

consti tutes a thermal aquifer. The term "zone" i s  used here as elsewhere i n  

the report t o  describe a large volume o f  rock characterized by specific b u t  

not necessarily pervasively devel oped hydrothermal features,  which i n  t h i s  

case include high-temperature water entries.  I n  the well intervals studied, 

only one of the four known HWEs, t h a t  between 2860 and 2890 feet  in well 14-2, 

i s  considered t o  be located within the reservoir zone. The three other known 

HWEs are located near or within the reservoir margin i n  rock displaying 

evidence of  self-sealing and have been included i n  the self-sealed zone 

(bel ow). 
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In terms of thermal regime, the reservoir zone a t  Roosevelt i s  generally 

characterlted by temperatures greater t h a n  400OF (204OC) and indications from 

temperature gradient da ta  (Glenn and Hul en , 1979) of predominant convective 

heat transfer . 
Sel f-Seal ed Zone 

Combined surface a1 teration mapping and subsurface a1 teration and 

geophysical da ta  suggest t h a t  an irregularly shaped she1 1 of self-sealed rock 

has developed around the reservoir zone margin and locally forms a self-sealed 

capping along parts of the Opal Mound Fau l t .  Physical evidence for the 

self-sealing consists primarily of the occurrence o f  hydrothermal features 

(alteration, limonite, and sulfide accumulations, and/or si1 iceous and 

carbonate cements) similar t o  those associated w i t h  active HWEs and hot  

springs i n  rock shown t o  be mostly impermeable by geophysical logging (Glenn 

and Hulen, 1979) and the absence of significant surface leakage, 

14-2, the interval extending from 800 feet, possibly higher, down t o  about 

I n  well 

1800 feet i s  broadly characterized by relatively strong a l t e r a t i o n ,  prominent 

limonite and minor sulfide accumulations, and only local permeability, and i s  

included w i t h i n  the self-sealed zone (Figure 2A). Detectable hot-water i n f l u x  

occurs only between 1600 and 1800 feet where the zone i s  transitional i n t o  the 

reservoir zone. In well 72-16 the self-sealed zone, defined by siliceous and 

carbonate cementation, broadly developed argil l i z a t i o n ,  limonite accumula- 

tions, and limited permeability, i s  considered t o  extend from near the surface 

down t o  and possibly below 650 feet (Figure 3 A ) .  Except for  the two discrete 

and probably minor HWEs a t  or near depths o f  312 feet and 628 feet, the 

altered and sealed rock i n  72-16 i s  relatively impermeable and i s  demonstrably 



capabl e a t  present of preventing significant 1 eakage of the h i  gh-temperature 

f luids  encountered between 1245 and 1254 fee t  t o  the surface. Alteration and 

limonite and sulfide accumulations, similar t o  b u t  i n  p a r t  much less  prominent 

t h a n  those developed i n  wells 14-2 and 72-16, are recognized i n  rock pene- 

t ra ted by the dry well 52-21 (Ballantyne, 1978; Glenn and Hulen, 1979; and ,  

for  sulf ide distribution only, Appendix C ,  Figure C - 1 ) .  

dry, f a i r l y  h o t  (bottom hole temperature i s  206OC), and located within abou t  

one mile of the producing wells 72-16 and 25-15, the occurrence and nature of 

the hydrothermal alteration suggest t h a t  rock penetrated by 52-21 originally 

displayed low t o  moderate reservoir zone permeability and i s  now probably 

ent i re ly  self-sealed. 

Since the well i s  

A t  and near the surface, a variety of geothermal features including hot 

springs deposits, calci te-  and silica-cemented rocks, and prominent alteration 

zones (Hulen,  1978; Nielson e t  a1 ., 1978; Parry e t  a1 ., 1978) a t t e s t  t o  

re la t ively widespread leakage of thermal waters t o  the surface i n  the past .  

Since present leakage i s  minimal, th i s  suggests a self-sealed capping has 

developed locally. Concentrations of the sur f ic ia l  geothermal features near 

the nor th  and south ends of the Opal Mound F a u l t  (Figures 1 and 8A), suggest 

t h a t  the self-sealed capping i s  most prominently developed in these two areas. 

As will be shown below, the inferences of self-sealed zone development 

from al terat ion and geophysical data are also supported by the geochemical 

resul ts ,  since multielement signatures unambiguously associated w i t h  active 

HWEs are a l so  comnonly associated with the older self-sealed fluid pathways 

which collectively define the zone. 
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DETAILED ELEMENT DLSTRIBUTIONS I N  GEOTHERMAL WELLS 

D i s t r i b u t i o n s  o f  major,  minor,  and t r a c e  elements i n  s u i t e s  o f  cont iguous 

10-foot whole rock c u t t i n g s  samples have been determined f o r  two we l ls ,  14-2 

and 72-16, i n  o rde r  t o  p rov ide  more d e t a i l e d  c h a r a c t e r i z a t i o n  o f  s p a t i a l  

re1 a t i o n s h i  ps between hydrothermal chemical p a t t e r n s  and p r e v i o u s l y  descr ibed 

phys i ca l  f e a t u r e s  o f  t h e  geothermal system i n c l u d i n g  known h o t  water  e n t r i e s  

(HWEs), t h e  r e s e r v o i r  zone (as an e n t i t y ) ,  and t h e  s e l f - s e a l e d  zone. S i m i l a r  

data, based on a n a l y s i s  o f  bo th  whole rock  and +3.3 sp. gr. concentrates from 

100-foot composite samples, has been r e p o r t e d  p r e v i o u s l y  f o r  bo th  o f  these 

w e l l s  (Bamford, 1978) and a re  p a r t l y  i nc luded  w i t h  t h i s  r e p o r t  a long w i t h  new 

composite data f o r  t h e  d r y  we l l  Utah S ta te  52-21. For  72-16 ( t o t a l  depth 1254 

f e e t ) ,  111 i n d i v i d u a l  grab samples f rom t h e  i n t e r v a l  85 t o  1244 f e e t  were 

analyzed. For  14-2 ( t o t a l  depth 6108 f e e t ) ,  330 i n d i v i d u a l  grab samples from 

t h e  i n t e r v a l  77 t o  3200 f e e t  were analyzed. For  52-21 ( t o t a l  depth 7,600 

f e e t ) ,  a t o t a l  o f  74 100- foot  c u t t i n g s  composites f r o m  t h e  i n t e r v a l  60 t o  

7,500 f e e t  were made and analyzed. Geochemical da ta  were de r i ved  f o r  bo th  

whole rock  and +3.3 sp. gr. samples f rom these composites. 

Eva lua t i on  o f  t h e  geochemical data and r e s u l t s  which f o l l o w  can be most 

r e a d i l y  accomplished i f  t h e  concepts o f  t h e  r e s e r v o i r  zone and s e l f - s e a l e d  

zone developed above a re  s p e c i f i c a l l y  kep t  i n  mind. 

con fus ion  o f  t h e  zones p e r  se with i n d i v i d u a l  s e l f - s e a l e d  a q u i f e r s  which 

c o l l e c t i v e l y  make up t h e  se l f - sea led  zones and w i t h  i n d i v i d u a l  HWEs which 

This w i l l  h e l p  avo id  

occur bo th  w i t h i n  t h e  r e s e r v o i r  zone and t h e  s e l f - s e a l e d  zone near t h e  

r e s e r v o i r  boundary. It may a l s o  be use fu l  t o  keep i n  mind t h a t  se l f - sea led  



zones probably commonly develop over time and t h a t  hydrothermal features which 

characterize the zone wi l l  comonly be geologically younger i f  located i n  o r  

near active parts of the system and older i f  located well away from active 

parts of the system. Such features can be expected t o  vary i n  frequency of 

occurrence and magnitude of development as a function o f  t o t a l  permeability 

over the l i f e  of the system. 

the feature rather t h a n  i t s  intensity of development t h a t  will be important in 

assigning rock t o  one zone or another. 

I n  most instances i t  will be the occurrence of 

Minor and Trace Elements Anomalies of Geothermal O r i g i n  

S i x  minor or trace elements; As, L i p  Hg, Sr, Zn and Mn, display evidence 

of pronounced, systematic, hydrothermal redistribution under subsurface geo- 

t hemal condi t i  ons. 

are large relative t o  element variations related t o  rock type. In  a d d i t i o n  or 

alternately they display consistent spatial relationships t o  known active HWEs 

and t o  self-sealed entries which collectively define the self-sealed zone. 

Hydrothermal enrichments or depl et  i ons o f  these el ement s 

Arsenic (As) and L i t h i u m  ( L i )  

As and Li display the most definitive and consistent hydrothermal 

behavior w i t h i n  the geothermal system. Anomalous concentrations o f  b o t h  

elements are developed a t  or near a l l  o f  the known active HWEs and are often 

confined t o  w i t h i n  ten feet of the entry (Figures 28, 2C, and 3B, and Appendix 

E, Table E-2). Enrichments a t  the major(?) entries near 2890 feet i n  14-2 and 

312 feet i n  72-16 are among the largest observed t o  da te  while those a t  the 

two remaining entries are similar i n  magnitude t o  anomalies elsewhere i n  these 

we1 s. These add i t iona l  anomalies i n  b o t h  elements are most, prominently 
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FIGURE 28. As, Li, Hg, Sr, Na, Mn, Pb, AND Zn, WHOLE ROCK SAMPLES, 
UTAH STATE WELL 14-2 
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FIGURE 2C. Hg, As, Li Be, lda, and Zn CONCENTRATIONS LESS 
BACKGROUND VALUES, 
UTAH STATE WELL 14-2 
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developed w i t h i n  the  se l f -sea led  zone (e.g., F igures  28, 2C, and 38). Once 

hav ing formed a t  an a c t i v e  HWE, t h e  anomalies apparen t l y  commonly p e r s i s t  even 

when an e n t r y  becomes e n t i r e l y  se l f -sea led .  The degree o f  enrichment o f  these 

elements near a c t i v e  and se l f - sea led  HWEs i s  h i g h  compared t o  reasonable 

background values, rang ing  from 10- t o  25- fo ld  f o r  As and about 2 t o  9 f o l d  

f o r  L i  ( c f .  F igures  2A and 3A wi th  Appendix E) .  

Add i t i ona l  widespread minor  t o  moderate enr ichment o f  L i  w i thout  As i s  

i n f e r r e d  f o r  rocks i n  p a r t s  o f  14-2 and throughout  72-16 based on comparison 

o f  L i  i n  gneiss i n  these w e l l s  wi th L i  i n  gneiss w i t h i n  t h e  predominant ly  

impermeable and weakly a l t e r e d  zone between 2800 and 5200 fee t  i n  w e l l  52-21 

(Appendix C, F igu re  C-2). 

and near t h e  r e s e r v o i r ,  c a l c u l a t e d  L i  background V a l  ues o f t e n  c o n s t i t u t e  1 oca1 

backgrounds and make q u a n t i t a t i v e  de te rm ina t ion  o f  t h e  enrichment d i f f i c u l t  

f o r  many of t h e  rock types. Q u a l i t a t i v e  de terminat ions  can o f t e n  be made, 

Because of t h i s  b r o a d l y  developed enrichment i n  

however; note f o r  example t h e  apparent enrichment o f  L i  i n  the  m ic rog ran i te  a t  

t h e  1600 t o  1800 f o o t  HWE i n  14-2 compared w i t h  t h e  same rock  immediate ly  

below t h e  HWE between 1800 and about 2030 f e e t .  

Mechanisms o f  As and L i  d e p o s i t i o n  around HWEs have no t  y e t  been 

adequate ly  i nves t i ga ted ;  however, 1 i m i t e d  i n fo rma t ion  has been c o l l e c t e d  on 

p o s s i b l e  o r  ac tua l  modes o f  occurrence o f  t h e  elements (see d i scuss ion  o f  

"Minera log ica l  Occurrence" f o r  d e t a i l  s) 

shown t h a t  t h e  p r i n c i p a l  m inera l  hosts  f o r  As a r e  p y r i t e  and hemati te.  Trace 

occurrences of r e a l g a r  have been noted by Hulen (Appendix 8, F igu re  8-4) and 

repo r ted  by o t h e r  workers (Pa r ry  e t  a1 ., 1978). L i t e r a t u r e  s tud ies  i n d i c a t e  

E l e c t r o n  microprobe s tud ies  have 
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t h a t  principal mineral hosts for  Li are l ike ly  t o  be femic s i l i c a t e  minerals, 

in which Mg2+ may be replaced, and micas and clays which provide favorable 

structural  s i t e s  (Wedepohl , 1978). 

thermally altered materials from the surface show t h a t  A s  i s  concentrated in 

opal deposits of the Opal Mound, i n  rocks and so i l s  of hydrothermally altered 

areas, in manganese- cemented alluvium, and in vein-limonites. I t  i s  

apparently not s ignif icant ly  concentrated in highly altered Hg-rich rocks 

imnediately adjacent t o  fumaroles (Table  2 ) .  

primarily in the rocks and so i l s  of hydrothermally altered areas and in 

samples of limonitic vein materials. 

Limited sampl ing and analysis of hydro- 

L i  appears t o  be concentrated 

Mercury (Hg) 

Like As and L i ,  Hg i s  c lear ly  concentrated within the self-sealed zone in 

well 14-2 (Figures 28 and Z C ) ,  near HWEs within the self-sealed zone i n  well 

72-16 (Figure 3B), and t h r o u g h o u t  self-sealed rock in well 52-21 (Appendix C ,  

Figure C-2). 

be s ignif icant ly  concentrated only a t  those active HWEs which are located very 

close t o  or within the inner margins of the self-sealed zone ( f o r  example, a t  

t he  1600 t o  1800 f o o t  e n t r y  zone i n  w e l l  14-2 and t h e  two HWEs i n  we l l  72-16) ,  

Hg d i f fe rs  from these elements, however, in t h a t  i t  appears t o  

probably because these entr ies  have i n  p a r t  been self-sealed themselves. 

Bel ow abou t  2000 feet  in we1 1 14-2, Hg concentration remains 1 ow (general ly  

<15 ppb)  even a t  the prominent 2860 t o  2890 foot entry zone (Figures 28 and 

Appendix B ,  Figures B - l A ) ,  suggesting t h a t  Hg deposition i s  probably inhibited 

under conditions existing t h r o u g h o u t  much of the reservoir. 

correct and i f  the changes i n  conditions which cause in i t i a t ion  of Hg 

deposition are confined t o  the reservoir margins, i t  i s  l ikely t h a t  Hg 

If t h i s  i s  
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Table 2. Geochemistry o f  Selected Surface Samples, Roosevelt Hot Springs, Utah 

600 601- 601+ 602- 602+ 603- 603+ 604 605 606 607 
15 1.10 2 3 9  Na(%) 20( PPm) 1.20 25 2.43 3.03 2.06 1.35 2.90 1.79 

Element LQD 

Mn 
co 
N i  
cu 
NO 

Pb 
Zn 
Cd 
A9* 
Au* 

u 
P 

As* 
Sb* 
W 
L i  
Be 

Zr 
La 
Ce 
Th 

35 
12 
12 
25 
14 

2 
35 
0.1 
10 

5 

10 
1 
5 
1 
10 

10 
1 
1 
2 
2 

1 
1 
6 
1 

0.2 

2 
2 
10 
35 

2.27 
1.15 
.64 

2.74 
5 .a9 

2420 
793 
235 
54 1 
33 

682 
7 
15 
25 --- 
18 
68 --- 

--- 
--e 

4 
<1 

28 
2.3 

89 
63 
103 

239 

--- 

--- 

2.95 
.94 
.31 

2.03 
7.89 

3540 
40 1 
332 
792 
21 

497 
4 
7 
10 

18 
52 
2 --- 

--- 
8 

(1 

15 
2.6 

50 
69 
120 

167 

--- 

--- 

~- 

1.95 
.88 
.59 

2.29 
5.80 

3870 
407 
212 
539 
34 

504 
7 
12 
19 --- 
18 
52 --- --- 

--- 
17 
11 
19 
28 
2.5 

107 
39 
59 

650 
--- 

-. 

.75 

.21 

.24 

.86 
2.16 

1250 
122 
59 
163 
14 

168 
3 
5 
8 --- 
21 
21 --- 

-e- --- 
51 
80 
25 
12 
2.6 

36 
14 
19 

1050 
--- 

3.10 
1.07 
.58 
2.35 
7.32 

3470 
850 
156 
363 
16 

1030 
6 
10 
16 --- 
36 
96 
1 --- --- 
1 

<1 

66 
5.6 

81 
52 
83 

193 

--- 

4.07 
.87 
.29 

1.52 
7.60 

2450 
427 
216 
441 
6 

580 
3 

7 
--- 
--- 
27 
45 
2 --- --- 
2 

(1 

41 
4.9 

46 
42 
66 

30 

--- 

-e- 

4.24 
.33 
.10 
.65 

7.74 

1990 
300 
276 
775 
6 

63 
3 

5 
--- 

--- 
20 
26 
2 --- --- 
2 

(1 --- 
4 

3 .O 

32 
36 
54 --- 

5690 

3.62 
.35 
.10 

1.61 
6.64 

2370 
428 
264 
485 
7 

71 
3 
5 
9 

. --- 
19 
18 
1 --- --- 
6 
11 

5 
2.8 

32 
44 
70 

5500 

--- 

--- 

3 -12 
-39 
.10 
.74 

5 -18 

560 
651 
386 
4 0 9 %  
9 

10.8% 
28 

231 
5 

68 
23 
4 

<l 
< .1 

858 
291 

2940 
17 

I!? -6 

17 
37 
42 

2210 

-__ 

--- 

* As determined c o l o r i m e t r i c a l l y ;  Sb, Au and Ag by AAS; Hg by gold f i l m  detector; a l l  o thers  by ICPQ- 
--- Indicates a n a l y t i c a l  value l e s s  than ICPQ l i m i t  o f  q u a n t i t a t i v e  detect ion (Appendix H I .  Other elements ?oolted 

f o r  but  not  detected include V ,  Te, and Sn. 



Table 2 ( c o n t . ) .  Geochemistry o f  Selected Surface Samples, Roosevelt Hot  Springs, Utah 

608 609 610 611 612 613 614 615 616 617 
07 2.91 65 53 2.99 .22 2.11 .05 2.12 .31 

K ( 9 6 )  35 .26 5.21 3.83 .ll 4.87 2.47 4.67 2.76 3.41 .28 
Ca(%) 12 .06 .45 .33 .29 .20 .55 .36 .19 2.03 .13 
M d % )  12 .03 . ia .19 .07 .05 .29 .09 .04 .15 .04 
Fe(%)  25 .16 7.80 6.83 5.35 7.83 18.00 2.73 1.49 .22 .14 
A I  ( % I  14 4.01 7.69 4.02 .94 7.45 2.77 6.62 10.90 7.16 .34 

Element LQD 
Na(%) 20( P P d  

T i  ( p p d  2 2040 1650 965 536 80 1 465 484 3680 1500 122 
P 35 3 36 279 444 234 338 1770 225 1570 406 47 
Sr 0.1 266 131 167 47 27 3 241 233 542 362 58 
Ba 10 326 2070 2770 866 1020 2250 854 411 567 --- 
Cr 5 24 --- ..-- --- --- --- --- --- 32 

Mn 
co 
N i  
cu 
Mo u 

cn 
Pb 
Zn 
Cd 
A!3* 
Au* 

10 
1 
5 
1 
10 

10 
1 
1 
2 
2 

15 
7 
1 

2.6% 
13 
14 
31 
29 

82 
610 
2 --- 

3.2% 
16 
13 
94 
17 

9500 
6 
8 
38 
32 

4300 
24 
5 

4 .O% 
28 

67 1 
918 
3 

8.6% 
26 
38 
86 
54 

292 
1650 

2 --- 

As* 1 5 13 7 10 17 46 10 9 3 3 
Sb* 1 21 <1 (1 <1 5 <1 <1 <1 (1 10 
W 6 29 
L I  1 8 11 37 10 2 26 6 5 9 14 
Be 0.2 3.4 3.1 7.1 1.8 3.5 9.4 3.8 0.8 3.1 1.1 

--- --- --- --e --- --- --- --- --- 

-1 r 2 42 14 8 --- 5 5 4 17 18 4 
La 2 34 306 119 16 55 163 34 74 50 6 
Ce 10 56 406 26 1 48 101 181 50 122 71 15 
Th 35 --- 40 66 --- --- --- --- --- --- 
Hg*( ppb) l(ppb) 49300 267 342 25 113 415 5440 48 90 160 

* As determined c o l o r i m e t r i c a l l y ;  Sb, A u  and Ag by AAS; Hb by gold f i l m  detector; a l l  others by ICPQ. 
--- Ind ica tes  ana ly t ica l  values l e s s  than ICPQ l i m i t  of q u a n t i t a t i v e  detect ion (Appendix H). Other elements loolrcd 

f o r  but  not  detected include V ,  Te, and Sn. 



Tab1 e 2 ( cont. 1 .  Geochemistry of Sel ected Surface Sampl es 
Roosevel t Hot Spr ings ,  Utah 

Sample 
Number 

UTMM-600 

UTMM-601- 

UTMM-601+ 

UTMM- 602 - 
UTMM- 60 2+ 

UTMM- 60 3- 

UTMM-603+ 

UTMM-604 

UTMM-605 

UTMM-606 

UTMM- 60 7 

UTMM-608 

UTMM-609 

UTMM-610 

UTMM-611 

UTMM-612 

UTMM-613 

1 Sampl e Description 

Chalcedonic sinter from Opal Mound. 

Soil: -80 mesh, 15 cm depth ,  on alluvium e a s t  of DH 72-16. 

Sofl: -10 t o  +80 mesh, 15 cm d e p t h ,  on alluvium e a s t  of 
DH 72-16. 

Soil : -80 mesh, 15 cm d e p t h ,  poorly devel oped on Opal Mound. 

Soil : -10 t o  +80 mesh, 15 cm d e p t h ,  poorly developed on Opal 
Mound. 

Sofl: -80 mesh, 15 cm d e p t h ,  on alluvium near DH 52-21. 
Locatf on: 11600s 19OOW. 

Soil: -10 t o  +80 mesh,  15 cm d e p t h ,  on alluvium near 

Location: 11600s 19OOW. 
DH 52-21. 

A1 tered a1 1 uvf um: channel sampl e from trench near fumarol e. 

A1 tered a1 1 u v i u m  near fumarol e. 

Hematite-stained s o i l ,  15 cm d e p t h .  

Manganese-cemented alluvfum. 

A1 tered a1 1 u v i u m  from smal 1 p i t  on fumarole a t  Roosevel t Hot 
Spr ings  . 
Limonite from veinlets i n  unaltered quartz monzonite. 

Quartz and limonite from veinlets i n  quartz monzonite. 
Locatf on: 16450N 7500E. 

Hematf te-cemented breccia from my1 oni t e  zone. 
Location: 19100N 10800E. 

Rock chfps from malachite stained prospect p i t  area. 
Location: 12075N 3050E. 

Limonite from vein1 e ts  i n  una1 tered quartz monzonf te.  
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UTMM-6 1 4 L i m o n i t e  f rom v e i n l e t s  i n  una1 t e r e d  q u a r t z  montoni t e .  

UTMM-6 15 S i 1  Ica-cemented a1 luv ium.  

UTMM-6 16 A1 t e r e d  s i 1  f ca-cemented a1 1 uvium; some carbonate cement. 

UTMM-6 17 Porous s i 1  i ceous  m a t e r l a l  : channel sample from t r e n c h  near 
present1 y i n a c t i v e  f'umarol e 

1. Loca t ions  s p e c i f i e d  a r e  r e l a t i v e  t o  s o i l  survey g r i d  o f  F i g u r e  8A.  
Loca t ions  of UTMM-601, 602, 604-609, 613-617 shown on F i g u r e  8A. 
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d i s t r i b u t i o n  data o f  t h e  t y p e  presented here can be u s e f u l  i n  d i s t i n g u i s h i n g  

r e s e r v o i r  zone HWEs from HWEs which have been o r  a r e  be ing  se l f - sea led  and 

perhaps i n  p r o v i d i n g  an i n d i c a t i o n  o f  t h e  r e l a t i v e  r e s e r v o i r  p o t e n t i a l  of 

rocks be ing  penetrated by a w e l l  (e.g., a t  Roosevel t  Hg con t inuous ly  l e s s  than 

15 ppb i n  w e l l  c u t t i n g s  can p rov ide  a usefu l  bu t ,  by i t s e l f ,  non-diagnost ic 

i n d i c a t i o n  of a r e l a t i v e l y  h i g h  r e s e r v o i r  p o t e n t i a l ;  c f .  data f o r  14-2 and 

52-21, F i g u r e  2B and Appendix C, F i g u r e  C-2). 

Poss ib le  explanat ions f o r  t h e  observed Hg d i s t r i b u t i o n s  i n c l u d e  

d e p o s i t i o n  i n  response t o  temperature decrease, t o  d i l u t i o n  o f  t h e  thermal 

f l u i d  by groundwater, and t o  increase i n  Eh o r  decrease i n  pH, t o  b o i l i n g ,  o r  

t o  combinations the reo f .  S i g n i f i c a n t  changes i n  thermal regime ( e s s e n t i a l l y  

from convec t i ve  isothermal  t o  a conduct ive g r a d i e n t  w i t h  associated tempera- 

t u r e  decrease; Glenn and Hulen, 1979), p o s s i b l y  i n  h y d r o l o g i c  regime 

( i nc reased  groundwater m ix ing ) ,  and i n  Eh (an i nc rease  suggested by a 

t r a n s i t i o n  f rom s u l f i d e s  t o  l i m o n i t e s )  t ake  p lace  a t  o r  near t h e  r e s e r v o i r  

boundary as d i s t a n c e  from c e n t r a l  p a r t s  o f  t h e  r e s e r v o i r  increases, and cou ld  

cause i n i t i a t i o n  of Hg depos i t i on .  D e p o s i t i o n  o f  Hg (as HgS) i n  response t o  

any o r  a l l  o f  these changes would probably  take  p lace  i f  t h e  t r a n s p o r t i n g  

agent f o r  t h e  Hg were e i t h e r  su l  f i d e - b i  su l  f i d e  compl exes (Wei ssberg , 1969; 
Dickson and Tune l l ,  1968; and Tune l l ,  1964), o r  c h l o r i d e  complexes (Kolonin 

and P t i t s y n ,  1972), which a r e  two of t h e  more l i k e l y  t r a n s p o r t i n g  agents f o r  

Hg i n  geothermal b r i nes .  

Unusual ly  l a r g e  concen t ra t i ons  of Hg occur immediately below t h e  sur face 

i n  rocks penetrated by DDHs UU75-1A and UU76-1 (Appendix B, F igures B-3A and 
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B-3C). These a r e  developed above t h e  present  water t a b l e  w i t h i n  s e l f - s e a l e d  

cap rock and may r e f l e c t  enhanced pr imary Hg d e p o s i t i o n  f rom aqueous s o l u t i o n s  

d u r i n g  per iods o f  r e f r a c t u r i n g  and leakage t o  t h e  surface. It may a l s o  r e s u l t  

i n  p a r t  from adsorp t i on  o f  elemental Hg on f i n e - g r a i n e d  a l t e r a t i o n  m ine ra l s  

a f t e r  remobi l  i t a t i o n  o r  d i r e c t  vapor t r a n s p o r t  (see below) . 
Evidence t h a t  Hg t r a n s p o r t  and d e p o s i t i o n  can be l a r g e l y  separate from 

t h a t  of o t h e r  elements i s  prov ided by samples taken i n  p r o x i m i t y  t o  fumaroles. 

These samples d i s p l a y  h i g h  Hg concen t ra t i ons  b u t  c o n t a i n  l ow  o r  no anomalous 

concen t ra t i ons  of o t h e r  elements which accumulate a t  HWEs such a s  As and L i  

(Table 2, Samples 604 and 605). Apparent ly,  Hg enrichments a t  these l o c a t i o n s  

p r i m a r i l y  r e f l e c t  vapor t r a n s p o r t  coupled w i t h  t h e  unique tendency o f  Hg t o  be 

s t r o n g l y  p a r t i t i o n e d  i n t o  a vapor phase (e.g., see Robertson e t  a l . ,  1978). 

S t r o n t i  um ( S r )  

S r  i s  s t r o n g l y  depleted a t  t h e  2890 f o o t  HWE i n  w e l l  14-2, and i s  

p o s s i b l y  a l s o  s l i g h t l y  depleted a t  t h e  two e n t r i e s  i n  w e l l  72-16 (F igu res  2B 

and 3B, and Appendix E, Table E-2) .  

t o  v a r i a t i o n s  i n  t o t a l  S r  due t o  changes i n  rock t y p e  and t h e r e f o r e  must be 

i n t e r p r e t e d  w i t h  care. 

t h e r m a l l y  a1 t e r e d  oceanic b a s a l t s  (Humphris and Thompson, 1978). 

i n d i c a t e d  by r a w  concen t ra t i on  data can be used d i r e c t l y  t o  co r robo ra te  

i d e n t i f i c a t i o n  o f  a HWE de f ined  by As and L i  (* Hg) anomalies. 

The amount o f  d e p l e t i o n  i s  s m a l l  r e l a t i v e  

S i m i l a r  S r  d e p l e t i o n s  have been documented i n  hydro- 

S r  d e p l e t i o n  
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Zinc ( Z n )  and Manganese (Mn)  

Mn and Z n  exhibit locally strong, spatially associated enrichments w h i c h  

are largely confined t o  rock above and w i t h i n  upper parts of the self-sealed 

zone i n  wells 14-2 and 52-21, S p a t i a l l y  associated enrichments of these 

elements are either poorly developed or absent from lower parts of the 

self-sealed zone and, i n  14-2, from immediately adjacent parts o f  the 

reservoir zone (Figures 28 and 2C and Appendices B and C,  Figures B-IA, B-lC, 

C-2, and C-4). 

concentrations of Mn and Zn i n  samples from the well 72-16 and from diamond 

d r i l l  holes UU75-1A and UU76-1, which penetrate self-sealed rocks and,  i n  

72-16, the adjacent reservoir zone (Figure 38 and Appendix 6 ,  Figures B-2A, 

B-2C,  B-3A,  and B - 3 C ) .  

This relationship i s  further illustrated by the lack o f  large 

Deeper wi t h i  n the reservoir zone, Mn appears t o  general l y  remain 

unchanged (approximately a t  background concentrations) , while Zn i s  enriched, 

b o t h  broadly and a t  HWEs. The relatively h i g h  concentration o f  Zn a t  and 

around the 2890 f o o t  HWE i n  well 14-2 (Figures 28 and 2 C ,  and Appendix E, 

Table E 2 )  provides clear evidence of this enrichment. Similar b u t  much more 

pronounced enrichments o f  Zn w i t h i n  h i g h  temperature hot-water reservoirs have 

been noted a t  the Broadlands, New Zealand (Browne and Ellis, 1970; Browne, 

1971; and Ewers and Keays, 1977) and i n  the Imperial Valley, Cal i forn ia  

(Skinner e t  a l . ,  1967). 

the hydrothermal assemblages i n  a l l  of these examples (i.e., Zn t As Pb, 

relatively abundant  pyrite, and epidote) t o  those of outer h a l o  assemblages i n  

porphyry copper systems. The pronounced differences between Zn distributions 

indicated by whole rock d a t a  and ~ 3 . 3  concentrate sample d a t a  (Figure 28 and 

I t  i s  interesting t o  note the general similarity of 
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Appendix B, F igures B-1A and B-1C) a r e  unusual and no t  f u l l y  understood. Two 

p o s s i b l e  exp lana t ions  a re  t h a t ,  where Zn i s  l ow  i n  +3.3 concentrates and h i g h  

i n  whole rock  samples, t h e  Zn bear ing  phase i s  ext remely f i n e - g r a i n e d  and thus  

remaiqs w i t h  t h e  l e s s  than +3.3 s p e c i f i c  g r a v i t y  f r a c t i o n  o r  t h a t  t h e  Zn 

s imply  occurs i n  a l ow  s p e c i f i c  g r a v i t y  phase. Whatever t h e  explanat ion,  t h e  

whole rock data probably  more a c c u r a t e l y  r e f l e c t  a c t u a l  Zn d i s t r i b u t i o n  where 

these d iscrepancies e x i s t .  

These data i n d i c a t e  t h a t  Zn and Mn probably  developed associated 

anomalies i n  rocks p e r i p h e r a l  t o  t h e  r e s e r v o i r  and t h a t  Zn w i t h o u t  accompany- 

i n g  Mn i s  a l s o  enr iched w i t h i n  t h e  reservo i t - ,  producing a bimodal d i s t r i b u -  

t i o n .  

concl us ions rega rd ing  Zn d i  s t r i  b u t i  on i n  t h e  Roosevel t geothermal system 

(Barnford , 1978). 

These f i n d i n g s  fw Zn c o r r e c t  and supplant  e a r l i e r  t e n t a t i v e  

Lead (Pb) 

The d e t a i l e d  we l l  geochemistry repo r ted  here and t h e  d i scove ry  o f  Pb 

i m p u r i t i e s  i n t roduced  d u r i n g  d r i l l i n g  r e q u i r e  t h a t  prev ious conclus ions 

rega rd ing  t h e  na tu re  and u t i l i t y  o f  sma l l - sca le  Pb zoning p e r i p h e r a l  t o  HWE?. 

(Barnford, 1978) be m o d i f i e d  and a t  l e a s t  t e m p o r a r i l y  de-emphasize< 

Lead i m p u r i t i e s  i n t roduced  d u r i n g  d r i l l i n g  s i g n i f i c a n t ] :  - 

i n t e r p r e t a t i o n  o f  l e a d  d i s t r i b u t i o n s  i n  geothermal w e l l s  

i d e n t i f i e d  and t h e i r  e f f e c t  a t  l e a s t  p a r t l y  e l i m i n a t e d  i ' 

i n f o r m a t i o n  i s  a v a i l a b l e .  The p r i n c i p a l  source o f  t h e < *  

m e t a l l i c  l e a d  cores o f  p l a s t i c  b a l l  components o f  f l o a t  

c o l l a r s  and p o s s i b l y  o f  p l a s t i c  p lugs i n  m u l t i p l e  stage 

1 
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I Bristol Halliburton Mfg., personal communication), Thus lead  impurities will 

primarily occur in samples taken shortly after a section of casing or liner 

has been set and cemented in a well I Five casing runs were made in we1 1s 14-2 

and 72-16 before completion o f  sampling and prominent lead concentrations were 

detected in samples from immediately below four o f  these (Le .  below 650 feet 

and 1805 feet in 14-2 and 85 feet and 580 feet in 7 2 4 6 ;  compare with Figures 

2B and 36). Much of the lead contaminant appears t o  be flushed out  of the 

dril l  hole in the course of an additional 30 t o  40 feet of drilling below the 

casing shoe, thus imposing useful limits on where the contamination i s  most 

likely t o  occur i n  mud drilling systems ( a i r  d r i l l i n g  may give rise t o  a 

different dispersion of the lead). 

wells 14-2 and 72-16 i s  manifest as a single element anomaly w h i l e  probable 

hydrothermal lead appears commonly t o  be sympathetically distributed w i t h  Zn 

(Figures 2B and 3B), thus tentatively suggesting associated geochemistry as an 

add i t iona l  criterion for distinguishing between the two. For purposes of the 

fol lowing discussion a l l  l ead  anomalies i n  samples from the intervals zero t o  

40 feet  below the casing shoes in wells 14-2 and 72-16 are considered t o  

result from introduced impurities. 

and 1900 feet i n  14-2 is  suspect because a reamer had been added t o  the d r i l l  

string starting w i t h  this interval and possibly increased the depth t o  which 

lead contaminants appeared i n  the cuttings.  

The most obvious lead contamination i n  

The prominent lead anomaly between 1805 

Di s t r i  b u t i o n  d a t a  for probable hydrothermal Pb (Pb  corrected for  

impurities) suggest t h a t  weak anomalies are developed somewhat randomly on a 

scale of tens of feet within the reservoir zone i n  association w i t h  

sympathetic Zn concentrations of similar magnitude. These associated weak 
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anomalies occur away f rom HWEs and a re  not obv ious l y  r e l a t e d  I n  o r i g i n  t o  the  

HWE. A t  o r  near  HWEs, Pb remains cons tan t  o r  may be s l i g h t l y  enr lched (F igure  

28 and Eamford, 1978, F igures  3/14-2 and 6/14-2).  D f f e rences  between these 

r e s u l t s  and t h e  pe r iphe ra l  t o n i n g  around HWEs p r e v i o u s l y  repo r ted  f o r  Pb and 

Zn (Bamford, 1978), d e r i v e  n o t  only f rom t h e  subsequent r e c o g n i t i o n  o f  t h e  

l e a d  contaminat ion  problem b u t  a l s o  from a s i g n i f i c a n t l y  improved whole rock 

sample frequency ( p r e v i o u s l y  o n l y  100- foot  composite samples were used). It 

now appears t h a t  Pb geochemistry i s  o f  l i t t l e  i f  any p r a c t i c a l  importance i n  

t h e  Roosevel t  geothermal system, b u t  cou ld  be o f  va lue  i n  o t h e r  hot twater  

systems. 

Antimony (Sb ) 

The r e l a t i v e l y  l i m i t e d  da ta  ob ta ined thus  f a r  t o  d e f i n e  Sb d i s t r i b u t i o n  

suggest t h a t  t h i s  element i s  c o m o n l y  depos i ted  i n  c l o s e  s p a t i a l  a s s o c i a t i o n  

w i t h  As. Subsurface data,  a v a i l a b l e  f o r  w e l l s  72-16 and 52-21 on ly ,  show 

t h a t  Sb i s  c l o s e l y  assoc iated wi th  As and Hg enr iched i n t e r v a l s  i n  we l l  72-16 

(cf .  F igu re  38 and Appendix A, F igu re  A-2C and see Appendix B, F igu re  B-2A)  

and i s  e s s e n t i a l l y  absent ( < 1  ppm; d i s t r i b u t i o n  no t  shown) f rom t h e  r e l a t i v e l y  

As-poor rocks i n  we l l  52-21 (Appendix C, F i g u r e  C-2). Sb was no t  detected in 

i n t e r v a l s  enr iched i n  Hg b u t  l a c k i n g  As i n  e i t h e r  we l l .  L i m i t e d  surface data 

show anomalous Sb concent ra t ions  occur  near and i n  p a r t  w i th  As, Hg, and W 

Mound F a u l t  (F igu re  9 

(and fumaro le?)  

t r a c e  element anomalies developed i n  s o i l s  over  t h e  Opa 

and Table 2, sample 602) and i n  a v a r i e t y  o f  h o t - s p r i n g  

depos i t s  (Table 2, samples 600, 605, 607, 608, and 617) 
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I t  i s  probable t h a t  general associations of Sb with geothermal features 

will be similar t o  those of As, except t h a t  Sb concentrations are not  as 

specifically developed a t  HWEs (Appendix A,  Figure A - 2 C ) .  More work i s  

required t o  determine i f  routine determination of Sb in a d d i t i o n  t o  As would 

be useful in exploration applications o f  sol ids geochemistry. 

Beryl 1 i um (Be) 

Be appears t o  be weakly concentrated a t  HWEs, moderately t o  strongly 

concentrated in self-sealed zones and i s  possibly a l s o  concentrated in the 

very near-surface environment (Figure 2C and Appendices A and C ,  Figures A - l C ,  

A-2C, and C-17).  

whole rock geochemical d a t a ,  reflecting the predominantly 1 ithophile character 

of the element. They are similarly distributed b u t  less pronounced t h a n  those 

for As and L i ,  and thus may be of subordinate uti l i ty.  Be i s  a lso shown t o  be 

Enrichments appear t o  be usefully documented only i n  the 

I 

highly enriched in the opal-rich material deposited above the  Opal Mound F a u l t  

and moderately enriched in Mn-cemented alluvium (Table 2 ,  samples 600 and 

607). 

Boron ( B ) ,  Tungsten ( W ) ,  and Molybdenum (Mo) 

I t  i s  apparent t h a t  hydrothermal concentrations of B ,  W ,  and Mo i n  rock 

develop i n  geothermal systems b u t  a t  Roosevelt are  either not defined or are 

inadequately documented and understood. 

generalizations regarding their nature i s  not possible a t  this time. 

Therefore, devel opment of useful 

B has been tentatively shown t o  occur i n  anomalous concentrations in rock 

from w i t h i n  or near producing tones a t  The Geysers, C a l i f o r n i a ,  (Bamford, 

1978, Figures 10jG-1 and l O / G - l R )  and i s  known t o  occur in relatively h i g h  
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concentrations i n  thermal f luids  a t  Roosevelt (Appendix, Table G - 1 )  and many 

other geothermal systems, i ncl udi ng steam condensate a t  The Geysers ( e  .g e 

Cosner and Apps, 1978; Howard e t  a1 ., 1978; Robertson e t  a1 ., i978, Table 1 ) .  

Anomalous W concentrations are developed a t  Roosevelt in several types o f  

hot spring deposits (Table 2, samples 607 and 608) and i n  associatlon w i t h  As 

and Hg anomal fes in so i l s  over the Opal Mound Faul t (Figure 9 and T a b l e  2 ,  

sample 602). 

reservoir (see discussion of  "Near-Surface Large-Scal e Element Di s t r i  bu -  

t ions")  . 
are  observed i n  well 52-21 (Appendix C ,  Figures C-11 and C-17)  b u t  cou ld  be i n  

par t  or ent i re ly  of nongeothermal origin. Relatively h i g h  W concentrdticns 

are a common character is t ic  of  geothermal waters i n  general (e.g. 6o:man e t  

a l . ,  1977).  

Widespread W anomalies are  possibly devel oped peri phersl t o  :he 

Consi s tent  w i t h  thi  s interpretat ion,  anomalous concentrations of W 

Weakly anomalous concentrations o f  Mo, detected i n  ~ 3 . 3  sp. gr. samples 

only, occur i n  general association w i t h  Zn  and  Mn i n  the interval between tne 

surface and the self-sealed zone in well 14-2 (Appendix B, Figure 8-1C).  A 

pronounced enrichment o f  Mo also occurs a t  the 2860 t o  2890 HWE i n  ~ e 1 7  14-2. 

Like W ,  Mo anomalies appear t o  be mainly developed peripheral t o  the reservoir 

and are broadly developed i n  well 52-21 (Appendix C ,  Figures C-9 and  C-16) b u t  

might similarly be o f  non-geothermal origin. 

Major Elements Anomalies o f  Geothermal Oriqin 

A fr inge benefit i n  using an ICPQ as the principal analytical tool i n  

t h i s  work has been the necessary acquisition o f  a broad spectrum o f  good 

quality major element d a t a  which m i g h t  otherwise have n o t  been j u s t i f i e d .  As  
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w i t h  most emission spectrometers, t h e  ICPQ must be capable o f  determin ing many 

p o t e n t i a l  m a t r i x  elements, whether o r  no t  o f  immediate i n t e r e s t ,  i n  o rde r  t o  

p rov ide  the  spec t ra l  i n te r fe rence  c o r r e c t i o n s  necessary f o r  p roduc t ion  o f  good 

q u a l i t y  minor  and t r a c e  element data. To da te  t h e  p r i n c i p a l  use made o f  t h e  

major  element data has been i n  q u a l i t a t i v e  v e r i f i c a t i o n  of geo log ic  l o g g i n g  o f  

l i t h o l o g y  and a l t e r a t i o n  ( c f .  F igures  2A and 3A and Appendix A, F igures A- lA ,  

-1B, -1C, and A-ZA, -2B, and -2C). A s i g n i f i c a n t  p o t e n t i a l  f o r  development o f  

a more q u a n t i t a t i v e  c o m p u t e r - f a c i l i t a t e d  approach t o  u t i l i z a t i o n  o f  such data 

i s  recognized b u t  has y e t  t o  be developed. 

Regarding more immediate goals  o f  t h i s  work, most i n d i v i d u a l  major  

element concen t ra t i on  v a r i a t i o n s  due t o  hydrothermal processes appear t o  be 

i n c o n s i s t e n t ,  t o  l a c k  d e f i n i t i o n ,  o r  t o  be overwhelmed b y  composi t ional  

v a r i a t i o n s  r e l a t e d  t o  d i f f e r e n c e s  i n  rock type,  and thus  a r e  no t  r e a d i l y  

I 

u t i l i z e d  i n  geochemical zoning schemes. One p o s s i b l e  except ion  t o  t h i s ,  

however, i s  t h e  element sodium. 

Sodium (Na) 

D i s t r i b u t i o n  data f o r  Na suggest t h a t ,  l i k e  S r ,  t h i s  element i s  dep le ted  

a t  HWEs and w i t h i n  t h e  se l f - sea led  zone (F igures  2 8 ,  2C, and 38, and Table 4) .  

The amount o f  d e p l e t i o n  i s  again small r e l a t i v e  t o  t o t a l  element concen t ra t i on  

v a r i a t i o n s  due t o  changes i n  rock t y p e  and t h e r e f o r e  must be i n t e r p r e t e d  w i t h  

care. As f o r  S r ,  t h e  dep le t i ons  i n d i c a t e d  by r a w  concen t ra t i on  data can be 
I 

used d i r e c t l y  t o  co r robo ra te  a HWE l o c a t i o n  i n d i c a t e d  by As and L i  (+ Hg) 

anomal i e s .  
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Other Element Anomalies of Geothermal Origin 

Several other elements are indicated t o  be transported and deposi ted i n  

the geothermal environment b u t  yield resul ts  which are insuff ic ient ly  

consistent or interpretable (due mainly t o  complicated element behavior or, I n  

a few Instances, t o  poor quality d a t a )  t o  permit incorporation into predictive 

geochemlcal schemes a t  t h l s  tlme, Elements i n  t h i s  category include My, Fe, 

P, Bas V (da t a  not shown) ,  Cr, C O ,  Ni, C u ,  Zr, La,  and Ce. Except for  Ba, 

most of these elements appear t o  be variably concentrated a t  HWEs, especially 

the 2860 t o  2890 reservoir zone entry i n  well 14-2 (Table 4 and Appendices A ,  

6, and C ) ,  and w i t h i n  the self-sealed zones. Many may also be more broadly  

enriched w i t h i n  the reservoir zone. Ba i s  possibly depleted i n  the vicini ty  

of HWEs, b u t  t h i s  i s  not d i rec t ly  supported by data for the 2860 t o  2890 entry 

zone i n  well 14-2 (Table 4 ) .  More a n d ,  for some elements (par t icular ly  P and 

V ) ,  bet ter  quality d a t a  are needed t o  f a c i l i t a t e  a more complete evaluation o f  

hydrothermal distributions of these elements. 

Mineralogical Occurrence 

Studies were undertaken i n  order t o  establish the mineral composition i n  

d r i l l  chip samples, +3.3  specific gravity concentrates and magnetic separates, 

and t o  identify the mineralogical location of those t race elements w i t h  

distributions apparently related t o  the geothermal system. The semi- 

quantitative mineral composition of +3.3 specific g rav i ty  concentrates (19 

samples) and magnetic separates (3  samples) were determined by petrographic 

examination. Paragenetic and intergrain relationships were established by 

examination of polished t h i n  sections of  d r i l l  chips (10 samples). 

identify the mineralogical location of t race elements by electron microprobe 

Efforts t o  
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were only par t ia l ly  successful due to  the low concentrations present re la t ive 

t o  the detection l imits  of the method. 

Minerals frequently present and abundant i n  the +3 .3  specific gravity 

concentrates include pyrite,  hematite, ilmenite, zircon, leucoxene, sphene, 

epidote and a l lan i te .  Hulen ( in  Nielson e t  a1 . , 1978) has reported the local 

presence of traces o f  scheeli te as a primary constituent of Tertiary b io t i t e  

granite. Although not identified here, scheeli te should also separate into 

the +3.3 specific gravity fraction. Magnetite, various rock-forming s i l i c a t e  

mineral s, ca lc i t e ,  dri 11 steel and ,  less  frequently, 1 ead and copper shavings 

have been found as contaminants. The magnetic fraction consists of  magnetite 

and hematite, both present i n  some abundance and frequently intergrown. 

Contaminants i n  the  magnetic fraction include pyrite,  d r i l l  steel  and various 

s i  1 icate  mineral s .  

Pyrite occurs as euhedral t o  subhedral grains disseminated throughout the 

rock as fracture f i l l i ngs .  

containing one or more of the minerals q u a r t z ,  epidote, s e r i c i t e ,  pyri te ,  

cal c i t e ,  or chl ori te .  These vei n l  e t s  c lear ly  cross-cut and post-date a1 1 

igneous and most metamorphic textural elements. Occasionally pyrite i s  

surrounded by, or replaced by, pseudomorphous hematite. 

chalcopyrite and sphalerite were found as discrete  blebs w i t h i n  or abou t  the 

rims of the larger pyrite grains. 

Most pyrite occurs as euhedral grains i n  veinlets 

A few grains o f  

Zircon, sphene and a l lan i te  occur as euhedral primary igneous and 

metamorphic grains. 

aggregate of q u a r t z ,  c a l c i t e ,  iron oxide and leucoxene, especially i n  the 

The sphene i s frequently a1 tered t o  a f i  ne-grai ned 



near-surface samples. 

veinlets or w i t h i n  al tered plagioclase gra ins .  Allanite,  zircon, and epidote 

Epidote occurs w i t h i n  the quartz-epidote-sericite 

a l l  appear  t o  have been unaffected by l a t e r  hydrothermal or supergene 

a1 t e ra t  i on. 

Magnetite occurs as euhedral t o  subhedral primary igneous and metamorphic 

grains i n  d r i l l  chip t h i n  sections. Grains are frequently rimmed or replaced 

by hematite i n  complex bladed intergrowths. 

binocular microscope suggests a greater abundance of f inely disseminated 

hematite near fluid entr ies  (Hulen, personal communication) a1 though  this i s  

not evident from limited examination of t h i n  sections. 

Examination of d r i l l  chips by 

Arsenic is  present as a minor constituent of b o t h  pyrite and hematite. 

The dis t r ibut ion of As within a grouping of pyri te  grains i n  gneiss from well 

72-16 is  shown in Figure 4. The maximum A s  content determined was 3.7 weight 

percent. A1 though Clarke (1960) has suggested approximately 0.5 weight  

percent as the l imit  of A s  solid solution i n  pyr i te ,  Fleisher (1955) c i t e s  

several occurrences w i t h  greater concentrations and suggests 5% as an  

approximate maximum. Optically, the pyrite grains appear t o  be uniform; no 

discrete  arsenopyrite grains were detected d u r i n g  petrographic examination or 

w i t h  electron microprobe scanning. The A s  content i s  highly variable w;;hin 

and between pyrite grains, and shows no apparent regular variation between 

core and rim. Occasional rims of hematite about arsenical pyrite,  or hematite 

pseudormorphs a f t e r  pyrite,  contain as much as 0.6 we igh t  percent As and i n  

one case also a trace of V (0.5%). Parry e t  a l .  (1978), and Hulen ( i n  Nielson 

et  a1 ., 1978) report the presence of traces of realgar associated w i t h  opal 

and native sulfur in altered alluvium. 
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The d i s t r i b u t i o n s  o f  o the r  elements assoc ia ted  w i t h  s u l f i d e  minera ls  a re  

s i m i l a r l y  va r iab le .  

o f  c h a l c o p y r i t e  and s p h a l e r i t e ,  e i t h e r  w i t h i n  t h e  g r a i n  o r  immediate ly  

ad jacent  t o  it. One p y r i t e  f rom 1210'-1220' i n  w e l l  72-16 i s  surrounded by 

smal 1 c h a l c o p y r i t e ,  g r a i n s  and con ta ins  1-3% N i  , apparen t l y  u n i f o r m l y  d i  s t r i  - 
buted throughout.  Adjacent p y r i t e  g r a i n s  i n  t h e  same d r i l l  c u t t i n g  c h i p  

however a re  no t  assoc iated w i t h  c h a l c o p y r i t e  and a r e  devoid o f  any de tec tab le  

t r a c e  cons t i t uen ts .  

t races  o f  c h a l c o p y r i t e  d i s t r i b u t e d  i r r e g u l a r l y  throughout  Roosevel t we1 1 

c u t t i n g s  and has documented t h e  occurrence o f  occas ional  g r a i n s  o f  b o r n i t e .  

Parry e t  a l .  (1978) have i d e n t i f i e d  minor  amounts of c innabar  associated w i t h  

r e a l g a r ,  opal ,  and n a t i v e  s u l f u r  i n  a l t e r e d  a l luv ium.  

P y r i t e  g r a i n s  o c c a s i o n a l l y  have assoc ia ted  smal l  g r a i n s  

Hulen ( i n  N le l son  e t  al., 1978) r e p o r t s  t h e  presence of 

A l l a n i t e  i s  a common component, apparen t l y  o f  p r imary  igneous o r  

metamorphic o r i g i n ,  i n  t h e  basement rocks o f  t h e  Roosevel t  area. 

microprobe energy d i s p e r s i v e  ana lys i  s c o n f i  rms t h e  presence o f  3-5% Ce, 2-3% 

La, and 1-3% Ag i n  a l l a n i t e  g ra ins .  

E l e c t r o n  

Contaminants i n  the  samples c o n t r i b u t e  some t r a c e  element components t o  

Samples f rom w e l l s  72-16 and 14-2 b o t h  c o n t a i n  g r a i n s  t h e  sample chemistry.  

up t o  0.2 mn diameter o f  n e a r l y  pure m e t a l l i c  Pb w i t h  about 0.5% S r .  A s i n g l e  

g r a i n  observed i n  one +3.3 concent ra te  sample f rom geothermal w e l l  72-16 was 

analyzed t o  be about 85% Zn w i th  1.2% each o f  Fe, Mn, T i ,  Cay S, S i  and S r .  

Analyses o f  d r i l l  s t e e l  shavings average about 94% Fey 4% C r y  1% Mn, 0.4'% 3 I ,  

0.2% Mo, and 0.1% N i .  In t roduc-  

t i o n  o f  these contaminant g r a i n s  occurs d u r i n g  d r i l l i n g  and t h e i r  presence i s  

Cu shavings were observed bu t  no t  analyzed. 
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unavoidable. 

contaminat ion does n o t  appear t o  be s u f f i c i e n t  t o  obscure n a t u r a l  geochemical 

d i s t r i b u t i o n  pa t te rns .  

above) 

Fo r tuna te l y ,  t h e i r  abundance i s  l i m i t e d  and t h e  magnitude o f  t h e  

Pb i s  t h e  excep t ion  i n  t h i s  regard (see d i scuss ion  

M i n e r a l o g i c a l  hosts  f o r  o the r  t r a c e  and minor  elements have no t  been 

determined b u t  can be i n f e r r e d  from o t h e r  evidence o r  repo r ted  occurrences. 

The f a c t  t h a t  t h e  concen t ra t i ons  o f  some elements a r e  s i g n i f i c a n t l y  enhanced 

i n  t h e  p y r i t e - r i c h  and o x i d e - r i c h  +3.3 s p e c i f i c  g r a v i t y  concentrates suggests 

t h a t  t hey  a re  present i n  t h e  s u l f i d e ,  oxides, and o t h e r  +3.3 s p e c i f i c  g r a v i t y  

phases. Ewers and Keays (1977), i n  t h e i r  s tudy o f  v o l a t i l e  and prec ious metal 

zoning i n  t h e  Broadlands geothermal f i e l d ,  New Zealand, found t h a t  none o f  t h e  

t r a c e  elements t h e y  s t u d i e d  (Au, Ag, As, Sb, T1, Se, Te, Co and B i )  formed 

recogn izab le  d i s c r e t e  phases b u t  r a t h e r  were conta ined i n  s o l i d  s o l u t i o n  i n  

p y r i t e  and base metal  s u l f i d e s .  

phases p r e c i p i t a t e d  from t h e  Broadlands waters may have c o p r e c i p i t a t e d  t r a c e  

amounts o f  t h e  minor  elements, e s p e c i a l l y  t hose  o f  c h a l c o p h i l e  character ,  

through adso rp t i on  and i n c o r p o r a t i o n  i n t o  t h e  s u l f i d e  s t r u c t u r e .  The detected 

presence o f  As and N i  i n  p y r i t e  g r a i n s  i n  t h i s  s tudy suggests t h a t  t h i s  model 

may i n  p a r t  app ly  t o  some o f  t h e  same elements a t  Roosevelt.  Many o f  these 

and o t h e r  impor tant  geothermal t r a c e  elements, however, a l s o  occur i n  ox ide 

m ine ra l s  (e.g., As i n  hemat i t e ) ,  as d i s c r e t e  s u l f i d e  phases (e.g., As as 

r e a l g a r  and Hg as c innabar) ,  and probably  i n  s i l i c a t e  phases (e.g., L i  and 

Be). 

They concluded t h a t  t h e  more abundant s u l f i d e  
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I d e n t i f y i n g  Locat ions  o f  Hot-Water E n t r i e s  

D i s t r i b u t i o n  data f o r  s i x  elements a r e  shown t o  p rov ide  use fu l  i n d i c a -  

t i o n s  o f  HWE l o c a t i o n s  i n  hot -water  geothermal systems (above). 

elements a r e  A s ,  L i ,  Hg, Be, S r ,  and Na. 

f a r  t h e  most r e l i a b l e  HWE i n d i c a t o r s .  

p e r i p h e r a l  p a r t s  o f  t h e  r e s e r v o i r ,  form c o n c e n t r a t i o n s  a t  HMEs which are  

u s u a l l y  unambiguously anomalous compared t o  reasonable background values f o r  

i n d i v i d u a l  rock types. 

bu t ,  because background Val ues a r e  h i  gher and more v a r i  ab! e these depl  e t  i lrns 

an 

The s i x  

O f  these, A s  and L i  (and Be?) a re  by 

These elements, a long w i t h  Hg i n  

T y p i c a l l y ,  Sr and Na appear t o  be dep le ted  a t  HWEs 

n 

a r e  n o t  as r e a d i l y  es tab l  i shed as anomal ous. These e l  emefit d i  s t r i  bu t  ions  

be u t i l i z e d  c o l l e c t i v e l y  t o  p rov ide  r e l i a b l e  in fo rmat ion  on HWE l o c a t i o n s  

w e l l s  d r i l l e c i  i n  hot -water  geothermal systems. 

I n  o r d e r  t o  s i m p l i f y  and increase r e l i a b i l i t y  o f  HWE l o c a t i o n  p r e d i c -  

t i o n s ,  data f o r  t h e  elements A s ,  L i ,  and Hg can be u s e f u l l y  combined and 

p l o t t e d  as mul t ie lement  parameters (e.g., F igures  2A and 3 A ) .  Secause 

anomalous concent ra t ions  o f  these elements c o r r e l a t e  p o s i t i v e l y  w i t h  HWE 

l o c a t i o n ,  t h e  data sets  a re  added and p l o t t e d  d i r e c t l y .  

a r e  m u l t i p l i e d  by 0.1 b e f o r e  combinat ion w i t h  unmodi f ied As and Li values ( i n  

ppm) t o  g i v e  each data se t  an approx imate ly  equal weight ing.  

procedure i s  based on i n s p e c t i o n  o f  a v a i l a b l e  da ta  ar,d probably  can be f u r t h e r  

r e f i n e d  as a d d i t i o n a l  i n f o r m a t i o n  on t h e  r e l a t i v e  re1 i a b i l  i t y  o f  i n d i v i d u a l  

elements i s  obtained. Use of raw data,  as i n  these examples, should u s u a l l y  

p r o v i d e  u s e f u l  r e s u l t s  s ince  background v a r i a t i o n s  f o r  t h e  elements, 

e s p e c i a l l y  f o r  A s  and Hg, a r e  r e l a t i v e l y  smal l .  

presented, t h a t  i n c o r p o r a t i n g  data f o r  A s ,  L i ,  and Hg is probably  t h e  most 

Hg values ( i n  2pb) 

The we igh t ing  

O f  t h e  t h r e e  parameters 
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reliable; the u t i l i t y  of the As-Hg parameter Is limited by the lack of Hg 

deposition w i t h i n  central parts of the reservoir and the As-Li parameter i s  

affected somewhat by va r i a t ion  I n  Li related t o  rock type. Adjustment of the 

L l  d a t a  by subtracting out  mean background values for I n d i v i d u a l  rock types 

(e.g., see Figure 2C) would probably s ign l f lcant ly  improve parameters incor- 

porating this element. Optlmum parameters for HWE locatlon would possibly be 

As+Li+Be or (As+Li+Be)/( .lNa+Sr), I f  the d a t a  used were completely adjus ted  

for background variations. 

A t  Roosevelt, locations of three o f  the four known HWEs i n  Utah  State 

Wells 14-2 and 72-16 are unambiguously predicted w i t h i n  abou t  10 feet by the 

multielement parameters and are verified by depletions in Na and Sr. The 

loca t ion  of the fourth HWE, the entry zone between 1600 and 1800 feet i n  well 

14-2, i s  also reasonably predicted b u t  cannot be clearly distinguished from 

the geochemistry of the encompassing and overlying self-seal ed rocks. 

The problem o f  distinguishing between many self-sealed and active HWEs i s  

probably not as significant as i t  f i rs t  appears since i t  i s  l i ke ly  t h a t  

chemical differences between the two can often be recognized. A t  Roosevel t , 
for example, compared t o  active entry zones the impermeable outer part of the 

self-sealed zone i s  seen t o  be characterized by local h i g h  manganese and zinc 

enrichments. 

HWEs w i t h i n  i t s  innermost parts near the reservoir zone, i s  characterized by 

very h i g h  Hg enrichment. Additional d a t a  must be ob ta ined ,  however, I n  order 

t o  test the v a l i d i t y  of and t o  broaden distinguishing criteria. 

present, users of this technique should be aware t h a t  hydrothermal anomalies 

In addi t ion  the  entire self-sealed zone, including the active 

For the 
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i n  some key elements, especially As and L i ,  will probably pers is t  around 

paleoentry zones. Despite this complication, the technique i s  s t i l l  highly 

predictive and should be of value in many phases of d r i l l i ng  and completing 

geot hemal we1 1 s. 

Predicting Approach t o  the Reservoir Zone 

The self-sealed zone indicated t o  be broadly developed around the margin  

of the geothermal reservoir a t  Roosevel t has readily recognisabl e geochemical 

character is t ics  which can provide a re l iab le  and inexpensive method of pre- 

dicting approach to  the reservoir zone d u r i n g  the d r i l l i ng  of a n  exploration 

well. All t h a t  i s  required i s  real time chemical analysis of cuttings samples 

fo r  a 1 imited su i te  of elements including A s ,  Li , and Hg, and possibly Z n  and 

Mn. The approximately 800-foot thick section of the self-sealed zone i n  well 

14-2 provides an example of how t h i s  m i g h t  work. 

A f i r s t  meaningful indication o f  approach t o  the reservoir zone and the 

HWEs near i t s  outer margin i n  d r i l l  hole 14-2 i s  provided by the gradual  and 

continuous increase i n  Hg which begins a t  about 780 fee t  (Figure 2 8 ) .  flints 

o f  a potential subjacent reservoir zone are indicated by e r r a t i c  low-level Hg 

and As anomalies higher i n  the hole associated with locally anomalous concen- 

t ra t ions  of Mn and Z n ,  a chemistry which probably characterizes a useful outer 

ha1 o assembl age i n  a 1 arge-scal e zoni ng scheme a p p l  icabl e t o  hot-water 

geothermal systems (Bamford, 1978 and fol 1 owing section, t h i  s report) .  Hg 

increases somewhat irregularly b u t  continuously from 780 feet  t o  and beyond 

1070 f e e t ,  where the upper l i m i t  of a continuous arsenic anomaly i s  encounter- 

ed. Below t h i s  point, anomalous concentrations of Zn and Mn are essentially 
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absent, w h i l e  v a r i a b l e  b u t  g e n e r a l l y  h i g h  concen t ra t i ons  o f  Hg and As p e r s i s t  

down t o  1600 f e e t  where they  merge impercep t i ve l y  i n t o  t h e  anomalous chemist ry  

o f  t h e  upper, 1600 t o  1800 foot,  e n t r y  zone. This  HWE l i e s  w i t h i n  t h e  i n n e r  

marg in o f  t h e  se l f - sea led  zone as de f i ned  e a r l i e r  bu t ,  i n  t h e  contex t  o f  t h e  

observed chemical zoning, p rov ides  good evidence o f  p r o x i m i t y  t o  t h e  r e s e r v o i r  

zone. Below about 1900 f e e t ,  Hg concent ra t ions  decrease markedly; As and L i  

d i s p l a y  e r r a t i c  l ow  anomalous concent ra t ion ;  and Zn ( p o s s i b l y  p lus  P, B, Z r ,  

La, and Ce) concen t ra t i on  increases and becomes b road ly  anomalous i n  most rock 

types, p r o v i d i n g  general geochemical evidence o f  a h i  gh-temperature r e s e r v o i r  

environment. Several hundred f e e t  o f  f a i r l y  d i a g n o s t i c  con t inuous ly  anomalous 

geochemistry thus  prov ide  a good i n d i c a t i o n  o f  approach t o  t h e  r e s e r v o i r  zone 

severa l  a d d i t i o n a l  hundreds o f  f e e t  be fo re  t h e  r e s e r v o i r  zone i s  reached. 

A no te  o f  cau t i on  i s  warranted regard ing  t h i s  example, however, s ince  

p a r t  of t h e  se l f - sea led  zone i n  14-2 i s  probably  unusua l l y  w e l l  developed. 

Had pe rmeab i l i t y  been lower  o r  l e s s  pe rvas i ve l y  developed i n  t h e  v i c i n i t y  o f  

t h e  r e s e r v o i r  margin,  se l f - sea led  zone geochemistry would probably  have been 

l e s s  pronounced and cor respond ing ly  more d i f f i c u l t  t o  i n t e r p r e t .  

depth rock i n  52-21, which i s  probably  e n t i r e l y  se l f - sea led ,  p rov ides  what 

might  be considered a worst  case example o f  t h e  problem o f  i n t e r p r e t i n g  

se l f - sea led  zone geochemistry developed i n  l ow  p e r m e a b i l i t y  rock ( f o r  d e t a i l s  

see s e c t i o n  e n t i t l e d  "A  General i z e d  Zoning Model f o r  t h e  Roosevel t  Geothermal 

System"). 

In te rmed ia te  
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NEAR-SURFACE LARGE-SCALE ELEMENT DISTRIBUTIONS 

Previous documentation of large-scale element zoning a t  Roosevelt by 

analysis of composi ted cuttings samples from shall  ow temperature gradient 

holes (Bamford, 1978) has been improved t h r o u g h  expansion of both sample 

coverage and the spectrum of elements determined ( f o r  whole rock samples only) 

inc luding  the a d d i t i o n  o f  Hg geochemical da ta .  Acquisition of  samples from 

eleven addi t iona l  gradient holes, located primarily i n  the northwestern part  

of  the KGRA, and one add i t iona l  well increases t o t a l  sample coverage t o  32 

sites w i t h i n  an approximately 170 square mile area (see Figure 1 for  sample 

locations). 

samples and plus 3.3 sp. gr. fractions (less magnetics) derived from cut t ings 

composites samples representing the d e p t h  interval 100 t o  200 feet (Figures 5 

t o  7, and Appendix D ) .  Data have also been derived for samples representing 

Representative d a t a  are presented i n  map form for b o t h  whole rock 

and are 

t Y  

two other depth intervals, 0 t o  

avai  1 ab1 e for open-fi 1 e inspect 

100 feet and 200 t o  300 feet, 

on a t  ESL/UURI i n  Sa l t  Lake C 

To facil i tate description o f  spatial relationships between temperature 

gradient hole cuttings geochemistry and the geothermal resource a t  Roosevelt , 
the area within which a l l  known producing wells are located (Figure 1) i s  

delimited on the chemical distribution maps. This area i s  considered t o  

reasonably ou t1  ine nearer-surface parts of the reservoir, b u t  probably i s  not  

relatable t o  the overall subsurface extent of the resource. 
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Anomalies of Definite t o  Probable Geothermal Origin 

Arsenic (As), Mercury (Hg), Zinc ( Z n ) ,  and Manganese (Mn) 

The development of systematic 1 arge-scal e hydrothermal trace element 

zoning above and around the geothermal reservoir a t  Roosevelt i s  best demon- 

strated by distribution d a t a  for the elements As,  Hg, Z n ,  and Mn (Figures 5A, 

9, and C and 6A, B y  C y  and D ) .  As and Hg anomalies are closely associated 

w i t h  geothermal phenomena such as active hot-water entries, zones o f  self- 

sealing, fumaroles, and more broadly w i t h  the area immediately overlying the 

known resource i tself  (see foregoing section and Figures 5A and 6A, 9, and 

Table 2 ) ,  and thereby are reasonably established as geothermal i n  origin and 

as potential indicators of proximity t o  the reservoir. 

anomalies are peripheral t o  the known resource area (Figures 56, C and 6C, D ) ,  

are equal 1 y we1 1 -devel oped i n older 1 i tho1 ogi es and the Quaternary a1 1 u v i  um 

(cf.  Figure l ) ,  and have no obvious potential source other t h a n  the geothermal 

system (e.g., there i s  no evidence of appropriately located older mineral iza-  

t i o n  nearby which might have been eroded t o  produce these anomalies i n  their 

present conf igu ra t ion )  . They, therefore, are a1 so probably of geothermal 

o r i g i n  and are potentially diagnostic of weak hydrothermal activity a t  the 

outer fringes of the system. The peripheral Zn anomalies differ from those 

developed w i t h i n  the reservoir (see previous discussion) bo th  w i t h  respect t o  

the environment i n  which  they are found and their hydrothermal element 

associations, and t h u s  are unlikely t o  be misidentified. Definition o f  the 

peripheral Zn and Mn anomalies, and thus perhaps of overall zoning re la t ion-  

ships, i s  most effectively accomplished using +3.3 sp. gr. samples rather t h a n  

whole rock samples (cf .  Figures 5A, 6 ,  and C and 6A, C,  and D ) ,  possibly i n  

I n  general, Zn and Mn 
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part due t o  local derivation and small scale redistribution of these elements 

(see discussion of Fe distributions below). 

Multiel ement parameters As/( Zn+Mn) , for +3.3 and who1 e rock d a t a ,  and 

(As+O.l Hg)/ (Zn+Mn)  for whole rock d a t a  only, combine the effects of the 

As-Hg-Zn-Mn zoning and define a more confined area above the resource t h a n  

elther As o r  Hg alone (Figures 7A,  8,  and C ) .  Parameters incorporating As 

rather t h a n  (As+O.l Hg) i n  the numerator define the most confined area over 

the resource, since the As anomaly i s  less diffuse t h a n  t h a t  for  Hg. This 

more confined area may often constitute the best d r i l l i n g  target. These and 

other potentially useful geochemical approaches t o  target selection will be 

more f u l l y  discussed l a t e r  i n  the report. 

L i t h i u m  ( L i )  and Iron (Fe) 

Large-scale zoning of L i  and Fe i n  and around the resource area i s  also 

indicated, b u t  anomalies are somewhat more discontinuous, less specifically 

zoned, or otherwise more d i f f i c u l t  t o  define by means of large-scale 

near-surface sampling t h a n  those fo r  As, Hg, Zn ,  and Mn. 

Weak Li anomalies i n  whole rock samples appear t o  be developed over and 

t o  the south of the resource area (Appendix 0, Figure D-2A).  Li d a t a  for +3.3 

concentrate samples do not display useful systematics , probably because of the 

lithophile character of the element, and are not presented. An association of 

L i  w i t h  the As and Hg anomalies was anticipated from relationships established 

by the previously discussed well d a t a ,  b u t  i s  a t  best only pa r t ly  demonstrated 

by the da ta .  

surface environment * decreasing i t s  potential value as a specific target 

i n d i c a t o r  i n  surface surveys. 

I t  is  possible t h a t  L i  i s  readily redistributed i n  the near- 

62 



Fe has apparently been strongly redistributed by geothermal processes , 
part icular ly  i n  the vicinity and t o  the north o f  the known resource, b u t  

apparently has not been transported large distances and may be mostly l o c a l l y  

derived. T h i s  i s  evidenced by the pronounced differences in Fe distributions 

recorded by corresponding t 3 . 3  concentrate and whole rock d a t a  for b o t h  

temperature gradient hole sample suites (Appendix 0 ,  Figures D-1A and D-28) 

and geothermal we1 1 suites (Bamford , 1978, Figures 4/14-2, 7/14-2, 4/72-16 

and 7/72-16 and Appendix C ,  Figures C-6 and C-13). 

samples i s  highest where geothermal activity i s  fndicated t o  have been 

strongest ( i  .e. , a t  or near active hot-water entries , zones of self-sealing, 

fumaroles, and over the known resource area) ,  reflecting the capability of the 

+3.3 sampling procedure t o  selectively provide samples enriched i n  sulfide and 

oxide minerals which commonly constitute hydrothermal vein materials. I n  

contrast ,  Fe i n  corresponding whole rock samples mostly displays correlation 

w i t h  lithology as would be expected i f  the Fe redistribution approximates an 

isochemical process a t  the scale of t he  sampling. 

antithetic relationship between hydrothermal pyrite and accessory magnetite 

(Bamford, 1978), also supports the concept of local derivation of the Fe. 

Fe concentration i n  +3 .3  

A previously inferred 

Mn and Zn appear t o  be somewhat similar t o  Fe i n  displaying pronounced 

distribution differences i n  corresponding +3.3 concentrate and whole rock d a t a  

sets (Figures 5B, SC, 6c, and 6d,  and Appendix B ,  Figures B - I A ,  B- lC ,  B-ZA, 

B-2C) and may also have undergone a redistribution which  appears t o  be 

isochemical a t  the scale of the sampling. 

other explanat ions are also feasible (see discussion of  well sample 

chemistry) 

As described previously, howeverp 
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Cerium (Ce) and Lanthanum (La)  

Broad anomalous concentrations of Ce and La appear t o  be developed over 

and somewhat beyond the known resource area (Appendix D, Figures D-3A and 

0-38). Similar broad concentrations of these elements w i t h i n  and near the 

reservoir are indicated by the well data (see earlier discussion) and t h u s  

provide support for a geothermal o r i g i n  for the anomalies. Whole rock da ta  

only are available t o  define near-surface d i s t r i b u t i o n  of these elements. 

However, comparison of corresponding whole rock and +3.3 distribution d a t a  

from well 52-21 (Appendix C ,  Figures C-12 and C-18) shows t h a t  Ce and La 

anomalies are similarly and clearly defined by b o t h  types of da ta .  This 

suggests t h a t  these anomalies could be defined by +3.3 concentrate sample 

geochemistry f o r  the near-surface sample suite a s  we1 1 . 
Anomalies of Possible Geothermal Oriqin 

Molybdenum (Mo), Tungsten ( W )  , and T i n  (Sn) 

Distribution d a t a  for Mo, W ,  and Sn suggest t h a t  these elements could 

a1 so have been transported and concentrated by geothermal processes, b u t  are 

less definitive i n  this regard t h a n  d a t a  for elements previously discussed i n  

this section. Anomalous concentrations o f  a l l  three elements appear t o  be 

distributed roughly peripheral t o  the resource area (Appendix D ,  Figures D - l B ,  

D - l C ,  D - l D ,  and D-2C) .  Well d a t a ,  primarily t h a t  for  the +3.3 concentrate 

sample sets, provide limited add i t iona l  support for this zoning relationship 

for  Mo and possibly W ,  b u t  not fo r  Sn (Appendicies B and C ,  Figures B - l C ,  

B-2C, C-9, and C - 2 1 ) .  Mo anomalies are weakly developed above and w i t h i n  the 

self-sealed zone i n  wells 14-2 and 72-16 and are strongly developed th roughou t  

rock types intersected i n  the peripherally located well 52-21, b u t  do not 
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appear t o  be s ignif icant ly  devel oped w i t h i n  reservoir rock penetrated by We1 1 

14-2 (Appendix 8, Figure B-2C). 

nounced thoughout 52-21 compared t o  14-2 and 72-16, b u t  this could i n  p a r t  be 

due t o  differences i n  analytical methods (Sn and W were determined by ICPQ for 

well 52-21 +3.3 concentrate samples and by a matrix compensated optical emis- 

sion spectrographic technique for  14-2 and 72-16 +3.3 concentrate samples) . 
The higher concentrations o f  a l l  three elements i n  52-21 (especially of Mo 

which Occurs partly as MOQ) compared t o  the other wells could also be a t  

l eas t  i n  part due t o  rock type differences, since 52-21 intersects  a s ign i f i -  

cantly greater proportion of migmatitic gneiss. 

and possibly Mo i n  hot spring waters re la t ive  t o  warm and cold spring waters 

(Wollenberg e t  a1 ., 1977) supports a general inference of transport and 

deposition o f  these elements i n  o r  around hot-water geothermal systems. A l s o ,  

transport and deposition of Mo under geothermal conditions a t  Roosevelt i s  

spec i f ic ia l ly  indicated by the Mo enrichment a t  the 2860 t o  2890 foot HWE i n  

well 14-2. More work i s  needed, however, t o  usefully establish the overall 

large-scale zoning behavior of Mo, W ,  and Sn i n  geothermal systems. 

W and Sn concentrations appear t o  be more pro- 

Documented enrichment of W 
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DETAILED MERCURY AND ARSENIC DISTRIBUTIONS IN SOILS 

Previous geochemical studies a t  Roosevel t demonstrated t h a t  prominent As 

and Hg anomalies are developed a t  or near the surface w i t h i n  the area over- 

ly ing  the known resource (Capuano and Barnford, 1978; Barnford, 1978; and Parry 

et a1 e n  1976) ,  b u t  d id  not adequately define the surface extent of these 

anomalies. In order t o  help remedy this  deficiency and t o  provide information 

which migh t  further improve interpretation o f  geochemical d a t a  from explora- 

t i o n  wells and temperature gradient d r i l l  holes, a detailed surface soil 

survey was carried ou t .  The survey was i n i t i a l l y  designed t o  provide 

reasonably comprehensive sampling of soils on a 500-foot g r i d  over a relative- 

l y  limited (1.5 square mile) area around the north end of the Opal Mound 

Fau l t .  

concentration of surficial geothermal features. As geochemical results became 

available dur ing  the course of the work, the survey area was expanded i n  

This area encompassed many o f  the best producing wells and a h i g h  

several directions t o  close o f f  many of the stronger anomalies. I n  i t s  f ina l  

form the soil survey covered about  3 square miles over the central parts of 

the known geothermal system w i t h  sampling maintained on 500-foot centers 

(Figures 1 and 8A). 

Relationship t o  Geologic Structure and Geothermal Features 

Highest anomalous concentrations of Hg and, less obviously, As are 

developed along and near the trend of the prominent Opal Mound F a u l t  (cf.  

Figures 8A, 8 ,  and C ) ,  which  has been suggested t o  have had a significant 

influence on reservoir hydrology (Lenter e t  a1 ., 1976). Two large, distinctly 

separate anomalies occur over northern and southern portions o f  the f a u l t .  Hg 
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and As geochemistry over the  in te rven ing  p a r t  of t h e  f a u l t  i s  e s s e n t i a l l y  a t  

background 1 eve1 s. 

Another set  o f  s t ruc tu res  predominantly northwest- t rending, i s  a1 so 

t e n t a t i v e l y  i nd i ca ted  by t h e  geochemistry t o  have developed reservo i r - to -  

surface permeabi l i ty .  An example would be the  s t r u c t u r e  mapped i n  the  

southeast o f  sec t ion  34 and poss ib ly  extending t o  t h e  northwest towards and 

through the  v i c i n i t y  of wel l  82-33 (Figures 1 and 8A). Weak bu t  d e f i n i t e  Hg 

and As anomalies occur along t h i s  and poss ib l y  s i m i l a r  p a r a l l e l  trends. The 

re1 a t i v e l y  low magnitude o f  these anomal i e s  suggests t h a t  reservo i r - to-sur face 

permeab i l i t y  was much less  we l l  developed than along t h e  Opal Mound Faul t .  

L i t t l e  i f  any evidence o f  leakage along the  i n f e r r e d  east-west t rend ing  

extension of t he  Negro Mag f a u l t  i s  i nd i ca ted  by t h e  geochemical data. This  

suggests t h a t  no s i g n i f i c a n t  reservo i r - to -sur face  permeab i l i t y  has developed 

along t h i s  extension, and ra i ses  doubts regard ing the  importance o f  t h i s  

extension i n  con t ro l  1 i n g  rese rvo i r  hydro1 ogy. 

Several l i n e s  o f  evidence suggest t h a t  t he  strong, broadly  developed, 

co inc ident  Hg and As s o i l  anomalies documented here map, and are probably 

d iagnos t ic  o f ,  an important p a r t  o f  t h e  se l f -sea led  zone which cons t i t u tes  

se l f -sea led  capping over a very shal low p a r t  o f  t he  reservo i r .  D i r e c t  

geologic evidence f o r  t h e  capping has been descr ibed e a r l i e r .  The most 

compel 1 i n g  evidence t h a t  the  geochemically anomalous capping over1 i e s  shal low 

r e s e r v o i r  i s  found i n  d r i l l i n g  r e s u l t s :  t h e  one exp lo ra t i on  we l l  d r i l l e d  i n t o  

t h i s  anomalous zone, Utah State,  72-16, encountered thermal f l  u ids  as shal low 

as 312 f e e t  and, w i t h  a t o t a l  depth o f  1254 fee t ,  i s  the  shal lowest and 
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spa t ia l  correspondence between the  geochemical anomal i e s  and d i  pol e-di  pol e 

r e s i s t i v i t y  lows o f  <20 ohm-meters (Ward and S i l l ,  1976),  h igh  heat f l u x  (Ward 

Other Geochemical D i s t r i b u t i o n s  o f  Geothermal O r i g i n  i n  S o i l s  

Mult ie lement analys is  of -80 mesh s o i l  samples from prev ious ly  sampled 

t raverses a t  Roosevel t ind i ca tes  t h a t  several add i t i ona l  elements develop 

surface anomalies as a r e s u l t  o f  geothermal processes and suggest t h a t  some o f  

these elements might be u s e f u l l y  incorporated i n t o  f u t u r e  s o i l  surveys. 

f o r  one o f  the t raverses, A - A '  which crosses the  Opal Mound Fau l t  i n  the 

v i c i n i t y  o f  prominent s i l i ceous  hot  spr ing  deposi ts  (F igure l), show t h a t  W 

and Sb a r e  concentrated i n  the v i c i n i t y  o f  t he  f a u l t  i n  c lose assoc ia t ion  w i t h  

p rev ious ly  documented Hg and As anomalies (F igure 9).  S p a t i a l l y  associated 

accumulations o f  both Sn and Th and broadly  anomalous concentrat ions o f  L i  

were a lso  t e n t a t i v e l y  i d e n t i f i e d .  W, Sb, and poss ib ly  Sn accumulations have 

a lso  been i d e n t i f i e d  i n  e i t h e r  wel l  o r  temperature grad ien t  ho le  c u t t i n g s  

samples (see d iscuss ion above) and both W and Sb are known t o  accumulate i n  

thermal waters (e.g., Howard e t  a1 ., 1978; Cosner and Apps, 1978; and 

Wollenberg e t  a l ,  1977), f u r t h e r  suppor t ing a p o t e n t i a l  u t i l i t y  f o r  some o f  

these elements i n  geochemical exp lo ra t i on  schemes. More work i s  needed, 

D a t a  
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however, t o  evaluate th i s  potential .  

for which A s  and Hg d a t a  are  reported above can const i tute  a useful f i r s t  step 

i n  t h i s  work. 

ICPQ analysis o f  the g r i d  soil  samples 
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THREE-DI MENS I ONAL LARGE - SCALE ZON I NG MODEL 

Geochemfcal zonlng character1 s t i c s  o f  t h e  Roosevel t geothermal system can 

be u s e f u l l y  general lzed I n  terms of th ree  ma jo r  system components: (1) the 

r e s e r v o i r  zone, ( 2 )  t he  se l f -sealed zone, and ( 3 )  a per lphera l  zone. These 

zones and t h e i r  p r h c l p a l  subzones appear t o  have d i s t i n c t  read i l y -de f ined 

geochemical c h a r a c t e r i s t l c s  and probably usefu l  bu t  a t  present l ess  w e l l -  

defined geological  (and geophysical?) cha rac te r i s t i cs .  Descr ip t lons o f  these 

zones which f o l l o w  c o n s t i t u t e  the  bas is  f o r  a working model o f  large-scale 

geochemical zoning i n  the  Roosevel t geothermal system. 

Reservoir  Zone 

Diagnost ic geochemical c h a r a c t e r i s t i c s  of t he  r e s e r v o i r  zone inc lude 

pronounced l o c a l  anomalous enrichments o f  As, L i ,  and probably Be and Zn a t  

HWEs; l o c a l  deplet ions o f  Na and S r  a t  t he  HWEs; and probably broader 

enrichments o f  Zn and poss ib ly  Ce around HWEs (Figures 28 and 38 and Appendix 

A and 6, Figures A - l C ,  A-2C, B - l A ,  B - l C ,  B -2A,  B - 2 C ) .  Prominent Hg anomalies 

appear t o  develop on ly  a t  HWEs located w i t h i n  o r  near t h e  r e s e r v o i r  marginal 

se l f -sealed zones and thus are  not  considered d iagnos t ic  o f  t he  r e s e r v o i r  

environment. 

these associated mult ie lement anomalies i s  conf ined t o  the  immediate v i c i n i t y  

o f  a rese rvo i r  zone HWE (* 10 f e e t )  and there fore ,  i n  mimicking the  occurrence 

o f  throughgoing permeabi l i ty ,  w i l l  probably be i r r e g u l a r  and r e s t r i c t e d .  The 

greatest  p ropor t ion  o f  rese rvo i r  zone rock penetrated by wel l  14-2 appears t o  

have been on ly  weakly permeable throughout the  h i s t o r y  o f  t he  geothermal 

system and correspondingly d isp lays  e i t h e r  weakly anomalous geochemistry o r  i s  

Except f o r  t h e  broad Zn (and Ce?) enrichments, d i s t r i b u t i o n  o f  
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not  anomalous I n  the above named elements. 

anomalies in Z n ,  Ce, and possibly La have developed i n  some of these less 

permeable rocks and m i g h t  help t o  further characterize the zone. 

I t  appears, however, t h a t  broad 

Sel W e a l  ed Zone 

In this report the term self-sealed i s  used t o  describe a loss of 

effective permeability I n  a thermal aquifer due t o  mlneral deposition and rock 

alteration. 

consistent with t h a t  described for other geothermal systems (Facca and Tonani , 
1967 and Elders and Bird, 1 9 7 6 ) ,  although th i s  i s  only partly demonstrated. 

Geochemical c r i te r ia  for the recognition of  self-sealed zones are spatially 

coincident Hg, As, L i  , Be, f Mn, f Zn anomalies. 

multielement anomalies which characterize the reservoir zone b u t  can be 

distinguished by the additional Hg 2 Mn association a n d ,  t h r o u g h o u t  much of 

the zone, by a lack of associated thermal fluid f l u x  or permeability. 

sealed zone characteristics are i l lustrated by d a t a  for Utah S t a t e  Wells 14-2,  

72-16,  and 52-21 i n  the approximate intervals 800 t o  1800 fee t ,  0 t o  650 fee t ,  

and 0 t o  7600 feet ,  respectively (Figures 2B and 36 and Appendices A and C ,  

Figures A - l C ,  A-2C, C - 1  and C-17) .  

The general nature of the self-sealing i s  considered t o  be 

These are similar t o  

Self- 

Two major types o f  sel f-sealed zone are recognized a t  Roosevel t : a 

near-surface sel f-seal ed or partly sel f-seal ed capping where reservoi r-to- 

surface permeability existed along p a r t s  of the Opal Mound F a u l t  and a wide 

subsurface zone situated a t  o r  near the reservoir margin ,  similar t o  t h a t  

previously described for Utah State Well 14-2. 

probably not a capping b u t  rather ref lects  mineral deposition which started i n  

The subsurface zone i s  
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the vicinity of the o r ig ina l  reservoir boundary, probably i n  response t o  

changes i n  thermal and hydrologic regime, and gradual ly  encroached on the 

reservoir. 

Development of self-sealed zones other t h a n  a t  the reservoir margin has not 

been observed b u t ,  because data are limited, cannot be entirely precluded a t  

this time. 

I t  i s  probable t h a t  the encroachment continues a t  present. 

Based on the foregoing observations and ear l ie r  discussion, i t  i s  

suggested t h a t  self-sealed zones, a few hundred t o  more t h a n  one thousand feet 

thick may commonly be developed a t  the upper and lateral  margins of hot-water 

reservoirs. Their characteristic geochemistry and close spatial relationship 

t o  the reservoir are sufficient just i f icat ion t o  assign self-sealed rocks t o  a 

specific geochemical zone as part  o f  a large-scale chemical zoning  model for 

hot-water geothermal systems. Apparent 1 ateral continuity ( i  .e., continuity 

i n  the magnitude of anomalies) and the overall configuration of a self-sealed 

zone will depend mainly on the nature and geometry of o r i g i n a l  or imposed 

reservoir permeability. 

variable and the zone may pinch and swell or r ise  and f a l l  abruptly i n  

response t o  structural inhomogeneities, especially i n  fracture-controlled 

reservoirs. However, based i n  par t  on models developed for zoned ore 

deposits, i t  i s  proposed t h a t  these i r regular i t ies  will  commonly be suffi- 

ciently small compared t o  the overall size and geometry of the system such 

that adequate interpretations can be made. An example o f  anomaly va r i ab i l i t y  

w i t h i n  the self-sealed zone is provided by d a t a  for rock penetrated i n  well 

52-21; t h i s  rock was probably o r i g i n a l l y  weakly t o  moderately permeable down 

t o  about 2800 feet ,  only locally permeable below t h a t  (Glenn and Hulen, 1979),  

Degree of development of anomalies may be quite 
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and now appears t o  be most ly  sel f -sealed. 

c h a r a c t e r i s t i c  geochemistry var ies  roughly bu t  d i r e c t l y  w i t h  t h e  ind ica ted  

v a r i a t i o n s  i n  o r i g i n a l  permeab i l i t y  (Appendix C, F igure C-2). Self-sealed 

zone geochemistry can probably be d is t ingu ished from t h a t  o f  t h e  r e s e r v o i r  

zone by c h a r a c t e r i s t i c a l l y  s t rong Hg anomalies and the  l o c a l  occurrence o f  Mn 

anomalies. C h a r a c t e r i s t i c  geochemical s ignatures p lus  t h e  absence o f  penea-  

b i l i t y  con f i rm i d e n t i f i c a t i o n  o f  major por t lons  o f  a se l f -sealed zone. Since 

t h e  zone may be commonly d is t ingu ished from t h e  r e s e r v o i r  zone by h i g h  Hg 

concentrat ions,  however, i t  may and probably o f t e n  w i l l  i nc lude p a r t l y  s e l f -  

sealed HWEs a t  i t s  i n n e r  margin. Consistent w i t h  t h i s  d e f i n i t i o n ,  t h e  upper 

f l u i d  e n t r y  i n  14-2 and both o f  t h e  sampled f l u i d  e n t r i e s  i n  72-16 a r e  

considered t o  be p a r t l y  se l f -sealed and loca ted  w i t h i n  t h e  se l f -sealed zone. 

I n t e n s i t y  o f  development o f  

An exce l len t  macroscopic d e s c r i p t i o n  o f  a surface-exposed p a r t  o f  t h e  

se l f -sea led  zone which c o n s t i t u t e s  a se l f -sealed capping i s  provided by the 

d e t a i l e d  logging o f  diamond d r i l l  core from U n i v e r s i t y  o f  Utah dual purpose 

a l t e r a t i o n  study/temperature gradient  d r i l l  holes UU75-1A,  UU75-1B, and UU76-1 

(Appendix B, F igure 8 - 4 ) .  

230, and 201 fee t ,  respect ive ly .  The two holes 75-1A and 76-1, located i n  

cent ra l  p a r t s  o f  t h e  capping several hundred f e e t  west o f  t h e  main t r a c e  o f  

t h e  Opal Mound F a u l t  (Figures 1 and 8A), prov ide t h e  best  geologic charac ter i -  

zat ion.  The logging documents numerous f r a c t u r e s  and f a u l t s  which are 

v a r i o u s l y  f i l l e d ,  p a r t l y  f i l l e d ,  o r  invaded and surrounded by c lays,  quartz,  

opal, c h l o r i t e ,  p y r i t e ,  zones o f  s i l i c i f i c a t i o n ,  o r  combinations thereo f  below 

t h e  water t a b l e  (depth about 100 G e t )  and by more ox id ized bu t  r e l a t e d  

primary hydrothermal and secondary mineral  assemblages above the  water tab1 e. 

These holes penetrate the  zone t o  depths o f  217, 
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These c h a r a c t e r l s t i c s  correspond reasonably w l  t h  desc r ip t i ons  o f  se l  f-sealed 

zones i n  o the r  geothermal systems (Facca and Tonanl, 1967; Facca, 1973; Elders 

and B i r d ,  1976; and B i r d  and Elders, 1975). More d e t a l l e d  cha rac te r l za t l on  of 

a l t e r a t i o n  i n  t h i s  zone I s  provided by several U n l v e r s l t y  o f  Utah Department 

o f  Geology and Geophysics repo r t s  (Parry e t  al. ,  1978: Rohrs and Parry, 1978; 

and Bryant and Parry, 1977). Minor and t r a c e  element data and opaque mlneral  

data f o r  core composite samples from the  th ree  diamond d r i l l  holes (Appendix 

B, F igures B-3A, -38, and -3C) are s i m i l a r  I n  many Important respects t o  

corresponding data fo r  the se l  f-seal ed zone penetrated i n  We1 1 s 14-2, 72-16, 

and 52-21 (Figures 2B, 38, and Appendix B and C, F igures B- lA ,  B - l C ,  B-2AB 

B-2C, C-2 and C-4). The most pronounced and d iagnos t ic  o f  these s i m i l a r i t i e s  

a re  the  associated moderate t o  s t rong Hg and As anomalies developed i n  low 

permeab i l i t y  rock. 

Per ipheral  Zone 

Prominent bu t  discontinuous Mn and Zn anomalies a re  developed w i t h i n  and 

beyond the  ou te r  margins o f  t h e  se l f -sea led  zone a t  Roosevelt and, where 

se l f -sea led  zone geochemistry i s  minor o r  absent, a re  considered t o  d e f i n e  an 

outermost o r  per iphera l  geochemical zone i n  the  system. Per ipheral  zone Mn-Zn 

anomalies thus might be broad ly  associated w i t h  sparsely and i r r e g u l a r l y  

d i s t r i b u t e d  low-level  concentrat ions o f  Hg and As, c o n s t i t u t i n g  minor zones o f  

se l f - sea l i ng ,  and w i l l  grade i n t o  self-sealed zone anomalies as the  r e s e r v o i r  

i s  approached. 

these per ipheral  zones. As discussed previously,  however, a genet ic 

re1 a t i onsh i  p t o  the  geothermal system i s  no t  adequately documented f o r  

p e r i p h e r a l l y  s i t ua ted  anomalies i n  these elements. 

Mo, W, and Sn may a l so  be concentrated o r  r e d i s t r i b u t e d  i n  
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The d is tance from the  r e s e r v o i r  t o  the  ou ter  l i m i t s  o f  r e a d i l y  detected 

per iphera l  zone geochemical anomalies v a r i e s  as does t h e  o v e r a l l  symmetry of 

these anomalies. This v a r i a b i l i t y  i s  probably a f u n c t i o n  o f  system hydrology, 

i n c l u d i n g  t h e  nature o f  leakage from t h e  r e s e r v o i r  and t h e  locus and degree of 

brine-groundwater mix ing w i t h i n  the  leakage zone. 

t h e  broadest and most coherent halos, be ing r e a d i l y  detectable t o  more than 

two m i l e s  beyond known product ion (Figures 5C and 6D). Mn also appears t o  

form a f a i r l y  broad halo but,  along w i t h  Fe, e x h i b i t s  an asymmetry i n  i t s  

d i s t r i b u t i o n  toward t h e  west o r  northwest (F igures 56 and 6C and Appendix D ,  

Figures D-1A and 0-28).  The asymmetry poss ib ly  r e f l e c t s  depos i t ion  associated 

w i t h  proposed thermal b r i n e  leakage o r  pluming i n  t h a t  d i r e c t i o n  from near the  

Opal Mound F a u l t  (Dave Cole, personal communication) and accompanying 

groundwater-brine mixing. 

Zn appears t o  form one o f  

A General ized Zoning Model f o r  t h e  Roosevelt Geothermal System 

I n t e r p r e t a t i o n s  of geochemical zoning conf igura t ions  f o r  t h r e e  important 

cross sect ions (Figures 10A, B,  and C )  prov ide an overview o f  i n t e r r e l a t i o n -  

ships between the  p r i n c i p a l  zones descr ibed above and, i n  combination w i t h  

geochemical data, i l l u s t r a t e  a general ized zoning model f o r  the Roosevelt 

geothermal system. The i n t e r p r e t a t i o n  i s  based on t h e  documented geochemistry 

a t  t h e  surface and i n  we l ls  14-2, 72-16, and 52-21; the  known depth t o  ( o r  

absence o f )  t h e  r e s e r v o i r  zone i n  we l ls  14-2, 72-16, and 52-21; and in fe r rence 

of depth t o  t h e  r e s e r v o i r  zone from t o t a l  we l l  depths and surface geochemistry 

f o r  producing we l ls  3-1, 54-3, 13-10, and 25-15. 

Basic zoning r e l a t l o n s h i p s  are most r e a d i l y  i l l u s t r a t e d  f o r  a cross 

sect ion through t h e  producing we l ls  14-2 and 3-1, and diamond d r i l l  ho le  75-1A 
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(F igure lOA), s ince data dens i ty  f o r  t h i s  cross sec t ion  i s  r e l a t i v e l y  high. 

Depth t o  the  top  o f  t he  r e s e r v o i r  zone i s  f i x e d  a t  about 1800 f e e t  i n  14-2, i s  

i n f e r r e d  t o  be somewhat shal lower i n  3-1 (and nearby 54-3) based on the 

r e l a t i v e l y  shal low t o t a l  depth requ i red  t o  ob ta in  product ion i n  these wel ls ,  

and i s  i n fe r red  t o  be very shal low (ca. 800 f e e t  deep) beneath 75-1A based on 

gross s i m i l a r i t i e s  i n  geochemical , geologica l  , geophysical character1 s t i c s  of 

the d r i l l  s i t e  area and the s e t t i n g  i n  which the  shal low product ion wel l  72-16 

i s  loca ted  ( f a r  more in fo rmat ion  see the  sec t ion  on “Deta i led  Mercury and 

Arsenic D i s t r i b u t i o n s  i n  So i l s ” ) .  The se l f -sea led  zone i s  i nd i ca ted  t o  be 

v a r i a b l y  developed along much o f  t h e  r e s e r v o i r  margin and the re fo re  i s  shown 

i m e d i a t e l y  above the r e s e r v o i r  d ipp ing  a t  a low angle toward the east. The 

f a i r l y  simple geometry assigned t o  the  zone i n  t h i s  cross sec t ion  i s  not  

essent ia l  t o  the model but  i s  s imply a b e s t - f i t  i n t e r p r e t a t i o n  o f  ava i l ab le  

data. 

the zone t o  be j o ined  d i r e c t l y  w i t h  geochemical 1 y equi Val ent  surface exposures 

i n  t h e  v i c i n i t y  o f  the  Opal Mound F a u l t  and DDH UU75-1A, where s p a t i a l  

r e l a t i o n s h i p  t o  the f a u l t  and abundant evidence o f  past hot -spr ing a c t i v i t y  

and permeab i l i t y  l o s s  due t o  ve in  f i l l i n g ,  m a t r i x  cementation, and a l t e r a t i o n  

suggest t h a t  a se l f -sealed capping has developed. The p o s i t i o n  o f  per iphera l  

zone geochemical assemblages i s  ind ica ted  based on geochemical data f o r  14-2 

and on 1 arge-scal e t o n i  ng re1 a t i  onshi ps deduced from temperature gradient  hol e 

geochemi s t r y  

This  geometry o f  t he  se l f -sea led  zone permi ts  subsurface extensions o f  

Zoning re la t i onsh ips  a r e  s i m i l a r l y  deduced and depic ted f o r  a cross 

sec t ion  through producing we l ls  72-16 and 25-15 (F igure 10-8). 

simply suggests t h a t  the i n t e r f a c e  between t h e  rese rvo i r  and se l f -sealed zones 

probably d ips  s teeply  t o  the  east i n  t h i s  v i c i n i t y  w i t h  an a t t i t u d e  which 

This  sect ion 
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m i g h t  roughly parallel the apparent a t t i tude of the Opal Mound F a u l t .  Inter- 

pretation i s  based primarily on the geochemistry from well 72-16,  the geo- 

chemistry from well 72-16,  the relative t o t a l  depths of the two wells, and t o  

a lesser extent on surface geochemistry. 

reservoir-self-sealed zone interface away from 72-16 i s  similar t o  and 

supported by the more directly inferred configuration of  the reservoir between 

72-16 and 5 2 - 2 1  (Figure 10-C). 

The steep downward plunge o f  the 

The remaining cross section, w h i c h  parallels the Opal Mound F a u l t  on the 

east and passes t h r o u g h  or near producing wells 54-3, 3 - 1 ,  13-10, 72-16 and 

dry well 52-21,  provides a different perspective o f  possible zoning  re1 a t i o n -  

ships and also usefully reveals interpretative complexities w h i c h  can  be 

anticipated for  other geothermal systems. Positions o f  the principal geochemi- 

cal zones i n  wells 3 - 1  and 54-3 are consistent w i t h  geometries presented i n  

Figure 10A, are inferred for 13-10 based on surface geochemistry (no sealed 

zone i s  exposed a t  the surface i n  or near the area - Figures 8A, B, and C )  and 

on the relatively deep d r i l l i n g  required t o  o b t a i n  adequate product ion,  and 

are known f o r  wells 72-16 and 52-21 based on d r i l l i n g  in fo rma t ion ,  geophysical 

logs, and the geochemical d a t a .  The overall geometry thus inferred probably 

reflects the nature of o r i g i n a l  permeability development and a variable rate 

of self-sealing along the geothermal reservoir margin which  i t se l f  relates t o  

or ig ina l  permeability. 

geothermal reservoir around wells 72-16, 25-15,  and 52-21,  for  example, has 

possibly always been relatively narrow or restricted,  causing self-seali iy 8-r~ 

be most extensive i n  th is  area. 

The permeable zone forming the south end of the 

The interpretative complexities referred t o  above are i l lustrated by d a t a  

for the dry  well 5 2 - 2 1  which show self-sealed zone geochemistry extending f rom 
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surface t o  about 2,800 feet ,  probable b u t  very weak self-sealed zone geo- 

chemistry from depths of 2,800 feet t o  about  7,000 feet ,  and increasing self- 

sealed zone geochemistry from 7,000 feet t o  the end of the hole a t  7,600 feet 

(Appendix C, Figures C-2, C-3, C-4, and C-5). Potential diff icul t ies  i n  

interpretation o f  these data derive from the weak and e r ra t ic  development o f  

self-sealed zone geochemistry i n  rock penetrated by the well between 2800 and 

about 7000 feet. 

higher than those o f  the reservoir zone, below 1900 feet ,  i n  14-2 (cf. 

Appendix C, Figure C-2 and Appendix 9,  Figure B-1A)  and t h u s  suggest the 

possi b i  1 i t y  that  these rocks may have a1 so sel f-seal ed b u t  have devel oped weak 

geochemical signatures because of a relatively low original permeability. 

W i t h  other characteri s t i c  sel f-seal ed zone geochemistry even more poorly 

developed i n  th i s  interval , however, the Hg enrichments are not enough higher 

t h a n  reservoir zone values to  unambiguously indicate a downward continuation 

of the self-sealed zone. Rock i n  this section of  the well i s  only weakly 

a1 tered (Ballantyne, 1978 and Jeff  Hulen, personal communication), providing 

further support f o r  the concept t h a t  the poor development of geochemical 

In  th is  par t  o f  the well, Hg concentrations are consistently 

signatures and other evidence for past water-rock interaction primarily 

reflects limited development of throughgoing permeability a t  the time this 

rock was located w i t h i n  the reservoir zone. Original permeability a t  this 

time was apparently somewhat higher i n  rock penetrated by the last 600 feet of 

the well. These rocks now display fa i r ly  diagnostic self-sealed zone 

geochemistry, leading t o  the tentative b u t  consistent interpretation t h a t  rock 

penetrated by well 52-21 has entirely self-sealed and t h a t  the interface 

between the reservoir and self-sealed zones has migrated t o  somewhere below 

and/or t o  the north of the well. The interpretation i s  indeterminant w i t h  
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respect t o  providing encouragement for deepening the well t o  define a 

resource. Had the well been dril led t o  a total  depth of less t h a n  7000 feet ,  

the interpretation of extent o f  self-sealing would have been relatively 

i ndetermi n a n t  as we1 1 . 
Applicability of the Model t o  Other Geothermal Systems 

Pub1 ished geologic descriptions and water geochemical d a t a  for several 

hot-water geothermal systems provide indications t h a t  the Roosevelt 

geochemical zoning model may be broadly applicable, especially with regard t o  

the more cr i t ical  aspects of the model which concern the chemical nature and 

geometry of the self-sealed and reservoir zones. Self-sealed zones are 

described for most other hot-water systems which have been subjected t o  

reasonable geologic scrutiny and thus appear t o  be consistent features of  th i s  

type of system (e.g., Bird and Elders, 1975; Hoagland and Elders, 1977; Elders 

e t  a1 . , 1979; and Facca and Tonani, 1967). Where geologic documentation i s  

sufficiently comprehensive t o  establish spatial relationships t o  overa?  1 

system geometry, self-sealed zones appear t o  develop a t  or near the reservoir 

margin (within or near the "discharge volume" of Elders e t  a1 . , 1979). 

S p a t i  a1 association between the  reservoir margin and po ten t i  a1 causes of 

self-sealing (e.g., the change from isothermal convection t o  a conductive 

gradient producing rapid temperature decrease, increased thermal fluid- 

groundwater mixing, boiling, and/or  increasingly oxidizing conditions), 

explain or provide further support f o r  the characteristic development of 

self-sealing a t  t h a t  location i n  the system. 
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Although t race  element assemblage d i s t r i b u t i o n s  i n  rocks hos t ing  and 

surrounding o ther  hot-water geothermal rese rvo i r s  are poo r l y  known, p o t e n t i a l  

para1 1 e l  s w i  t h  Roosevel t d i  s t r i  but  i ons can be i n f e r r e d  from several types o f  

data. R e l a t i v e l y  d i r e c t  evidence of s i m i l a r i t i e s  i n  I n  and Cu d i s t r i b u t f o n s  

i s  provided by s u l f i d e  data fo r  hot-water systems with we l l  developed ore- 

mineral  assemblages. I n  geothermal systems a t  t h e  Broadlands, New Zealand, 

and i n  Imperial  Val ley,  Ca l i f o rn ia ,  Zn (w i thout  accompanying Mn) and lesse r  

amounts o f  Cu are p r i n c i p a l l y  concentrated as s u l f i d e s  w i t h i n  the  h igh  

temperature rese rvo i r  (Browne, 1971 ; Browne and E l  1 i s, 1970; Ewers and Keays, 

1977; Skinner e t  a1 ., 1967; and McKibben, 1979), and thus a t  l e a s t  p a r t l y  

reproduce the zoning a t  Roosevelt (sampling and chemical analys is  have been 

c a r r i e d  out f o r  o ther  key zoning model elements a t  t he  Broadlands, bu t  are not  

s u f f i c i e n t l y  continuous o r  extensive enough t o  permi t  f u r t h e r  Val i d  c m p a r i -  

son). The presence o f  c innabar i n  o the r  qua r t z - r i ch  se l f -sealed zones ( B i r d  

and Elders,  1975) and wel l  documented associat ions o f  cinnabar and metacinna- 

bar  w i th  s i l i c a  i n  a broad spectrum o f  hot -spr ings deposi ts  and subsurface Hg 

deposi ts  associated w i t h  geothermal systems prov ide reasonable evidence t h a t  

Hg, Si02, and S are o f t e n  t ranspor ted together  i n  thermal f l u i d s  and can be 

expected i n  p a r t  t o  p r e c i p i t a t e  together  from these f l u i d s  (Tunel l ,  1964 and 

Dickson and Tunnel , 1968), perhaps commonly producing zones o f  sel f -seal  ing. 

S i m i l a r i t i e s  between the water geochemistry o f  t he  Roosevelt and many o ther  

hot-water systems ( c f .  Appendix G; Cosner and Apps, 1976; Howard e t  a1 a ,  1978; 

and Boman e t  al., 1976) prov ide add i t i ona l  although less  d i r e c t  i nd i ca t i ons  

of p o t e n t i a l  p a r a l l e l s  i n  t r a c e  metal depos i t ion  and zoning. Most thermal 

waters are shown t o  commonly conta in  s i g n i f i c a n t  concentrat ions o f  As, Sb, L i ,  

Hg, Zn, Mn, and W, which c o n s t i t u t e  a m a j o r i t y  o f  t he  key elements i n  the  
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Roosevelt zoning model. 

condit ions and chemical processes i n  most high-temperature hot-water reser-  

voi rs ,  the  s i m i l a r i t i e s  i n  water geochemistry suggest t h a t  addi t ional  key 

element d i s t r i b u t i o n s  o f  t h e  Roosevelt zoning model a lso may be comnonly 

reproduced i n  other  hot-water systems. 

Coupled wi th  reasonable inferences o f  s i m i l a r i t i e s  i n  
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APPLICATION OF SOLIDS GEOCHEMISTRY TO GEOTHERMAL EXPLORATION AND ASSESSMENT 

Several types o f  geochemical techniques based on c o l l  e c t i o n  and analys is  

o f  s o l i d  mater ia ls  are shown by t h i s  work t o  be usefu l  and probably broadly  

appl i c a b l e  t o  t h e  exp lo ra t ion  and assessment o f  hot-water geothermal systems. 

These i n c l  ude: s o i  1 surveys, surface rock sampl i ng , 1 arge-scal e surface 

surveys u t i l i z i n g  shal low d r i l l  ho le  c u t t i n g s  samples, and t h e  geochemical 

logging o f  deep d r i l l  holes and exp lo ra t ion  wel ls .  To t h i s  po in t ,  however, 

quest ions p e r t a i n i n g  t o  how and a t  what stage o f  geothermal exp lo ra t ion  t h e  

d i f f e r e n t  techniques might best  be used have no t  been addressed. The fo l low-  

i n g  discussions should prov ide some broad i n i t i a l  gu ide l ines  f o r  t h i s  use. 

Soi l  Surveys 

S o i l  sampling i s  t h e  most r e a d i l y  accomplished type o f  surface survey, 

b u t  a l s o  can be one o f  t h e  most d i f f i c u l t  t o  i n t e r p r e t  due t o  t h e  h igh 

s u s c e p t i b i l i t y  o f  o r i g i n a l  s o i l  geochemical pa t te rns  t o  m o d i f i c a t i o n  by 

contaminat ion (e.g., from c u l t u r e )  and by secondary d ispers ion  through 

mass-wasting and hydrogeochemical processes. The method i s  most 1 i k e l y  t o  be 

success fu l l y  emp oyed i n  r e l a t i v e l y  i s o l a t e d ,  low r e l i e f ,  semi-ar id t o  a r i d  

environments sim l a r  t o  t h a t  a t  Roosevelt Hot Spr ings and l e a s t  l i k e l y  t o  be 

successful i n  h i g h - r e l i e f ,  h i g h - r a i n f a l l  areas o r  where t h e  surface i s  

s t r o n g l y  disturbed. 

Deta i led  surveys o f  the  type c a r r i e d  out a t  Roosevelt (500-foot g r i d  

spacing over a t o t a l  area o f  several square m i l e s )  are usefu l  p r i m a r i l y  f o r  

d e f i n i n g  the surface extent  and c o n f i g u r a t i o n  o f  reservo i r - to -sur face  

permeab i l i t y  developed throughout t h e  h i s t o r y  o f  a system. They thus can 
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provide informat ion about poss ib le  c o n t r o l s  on r e s e r v o i r  permeab i l i t y ,  

e s p e c i a l l y  i n  shal low f r a c t u r e - c o n t r o l l e d  systems. For t h i s  reason and 

because l o g i s t i c s  are simple, d e t a i l e d  s o i l  surveys a re  most u s e f u l l y  c a r r i e d  

ou t  e a r l y  i n  a p ro jec t ,  poss ib ly  along w i t h  o r  even be fore  temperature 

grad ien t  d r i l l i n g .  Survey design should have as a p r i n c i p a l  o b j e c t i v e  the  

complete mapping o f  c h a r a c t e r i s t i c  geochemical s ignatures developed i n  and 

around obvious geothermal features,  such as ho t  spr ing  deposi ts o r  a c t i v e  hot 

spr ings and fumaroles, and thus should seek t o  b lanket  such fea tures  w i t h  a 

g r i d  o f  samples. 

o f  each fol low-up stage being based on previous r e s u l t s  i n  o rder  t h a t  

anomalies be defined as completely as poss ib le  w i t h  a minimum o f  expense and 

e f f o r t .  Depending i n  p a r t  on i n i t i a l  r e s u l t s ,  l a t e r  stages o f  the  survey 

might i nc lude  one o r  more o f  t he  fo l l ow ing :  simple expansion o f  t he  500-foot 

g r i d ;  h igher -dens i ty  f i l l - i n  sampling t o  a id ,  f o r  example, accurate del inea- 

t i o n  o f  narrow s t r u c t u r a l l y  c o n t r o l l e d  anomalies; and lower frequency sampling 

o f  per iphera l  areas t o  check f o r  add i t i ona l  l e s s  obvious thermal system 

chemical anomal i es. 

The surveys should be c a r r i e d  ou t  i n  stages, w i t h  t h e  design 

The most useful elements t o  determine i n  s o i l s  a re  Hg and As. Other 

elements o f  poss ib le  importance a re  Sb, W, L i ,  Be, Zn, Mn, Th, and Sn. More 

data on d i s t r i b u t i o n  o f  these add i t i ona l  elements i n  s o i l s  over we l l  studied 

geothermal rese rvo i r s  i s  needed, however, be fore  t h e i r  r o u t i n e  determinat ion 

and i n t e r p r e t a t i o n  i n  unknown systems i s  attempted. 
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I n t e r p r e t a t i o n  o f  d e t a i l e d  Hg and As data should i n i t i a l l y  be made i n  the  

context  o f  concepts and data presented e a r l i e r  i n  t h i s  r e p o r t  wh i le  i n te rp re ta -  

t i o n  of reconnaissance scale data (Hg on ly )  should be made through reference 

t o  appropr ia te add i t i ona l  s tud ies  as we l l  (e.g., Ma t l i ck  and Buseck, 1976). 

Based on both types o f  data, i t  i s  t e n t a t i v e l y  suggested t h a t  a t  l eas t  th ree  

d i s t i n c t  types o f  Hg anomalies and combinations o f  these might be an t ic ipa ted  

i n  assoc ia t ion  with geothermal systems: 1) r e l a t i v e l y  smal l -scale high-ampli- 

tude Hg anomalies (Hg commonly >400 ppb) associated w i t h  s i g n i f i c a n t  (>6 ppm?) 

As anomalies and l o c a l l y  w i t h  hot  spr ing  deposi ts,  a l l  r e f l e c t i n g  predominant- 

l y  d i r e c t  depos i t ion  from thermal waters; 2 )  r e l a t i v e l y  smal l -scale high- 

amplitude Hg anomalies (Hg commonly >400 ppb) associated l o c a l l y  w i t h  a c i d i c  

a l t e r a t i o n  and on ly  t r a c e  amounts (<<6 ppm) o f  As, r e f l e c t i n g  depos i t ion  from 

a thermal vapor; and 3 )  r e l a t i v e l y  la rge-sca le  low-amplitude Hg anomalies on l y  

(Hg commonly <<400 ppb), most ly  wi thout  o the r  d i r e c t l y  associated evidence o f  

thermal a c t i v i t y ,  which may c o n s t i t u t e  broad pr imary and secondary d ispers ion  

of Hg above and per iphera l  t o  a reservo i r .  

Surface Rock Sampl i ng  

Surface rock sampling i s  a l so  r e a d i l y  accomplished, has r e l a t i v e l y  simple 

l o g i s t i c s ,  can prov ide the  same type o f  in fo rmat ion  as s o i l  surveys, and thus 

can a lso  be u s e f u l l y  c a r r i e d  out e a r l y  i n  a p r o j e c t  i f  needed. 

s o i l  surveys, rock sampling o f t e n  o f f e r s  the  advantage o f  g rea ter  ease o f  

i n t e r p r e t a t i o n ,  s ince it i s  subject  t o  s i g n i f i c a n t l y  fewer problems o f  

secondary d ispers ion  and i s  u n l i k e l y  t o  be a f f e c t e d  by contamination. 

Disadvantages o f  rock sampling are t h a t  outcrops may be l i m i t e d  o r  poor ly  

d i s t r i b u t e d ,  l i m i t i n g  t h e  area which can be e f f e c t i v e l y  surveyed; representa- 

Re la t i ve  t o  

90 



t i v e  samples are  more d i f f i c u l t  t o  obtain;  a more h i g h l y  s k i l l e d  sampler, 

p re fe rab ly  a geo log is t ,  should genera l l y  be employed t o  c a r r y  ou t  t h e  survey; 

and sample c o l l e c t i o n  i s  of ten slower and thus more expensive. Rock sampling 

w i l l  o f t e n  be o f  g rea tes t  advantage i n  h igh  r e l i e f  t e r rane  where outcrop i s  

l i k e l y  t o  be abundant and s o i l  survey r e s u l t s  a re  l i k e l y  t o  be confused by 

t i  on 

Ce . 
resu 

d i  ff 

mass-wasting. Rock survey procedures should probably emphasize c h i p  composite 

sampling from veins coupled w i t h  the  ana lys is  o f  a +3.3  s p e c i f i c  g r a v i t y  

concentrate sample made from t h e  v e i n  composite sample f o r  As, Mn, Zn, Fe, and 

poss ib l y  Sb and Mo. This approach should genera l l y  p rov ide  a systematic 

enhancement o f  some hydrothermal chemical s ignatures s i m i l a r  t o  t h a t  obtained 

through ana lys i  s of concentrate samples from we1 1 c u t t i n g s ,  whi 1 e he1 p ing  t o  

minimize non product ive sampling o f  e s s e n t i a l l y  bar ren  bedrock which i s  l i k e l y  

t o  predominate i n  a geothermal prospect area. Analysis o f  the  o r i g i n a l  whole 

rock v e i n  composite samples and o f  rock c h i p  composite samples o f  suspected 

hot spr ing  deposi ts can a lso  be undertaken t o  permit  add i t i ona l  character iza- 

through determinat ion o f  Hg and l i t h o p h i l e  elements such a s  L i ,  Be, and 

However, due t o  the  sub jec t ive  nature o f  t he  whole rock ve in  sample, 

t s  f o r  t h i s  p a r t i c u l a r  type  o f  sample are  l i k e l y  t o  be somewhat more 

c u l t  t o  i n t e r p r e t  than those f o r  whole rock we l l  c u t t i n g s  and +3.3 

concentrates from both surface rocks and we l l  cu t t i ngs .  

Large-scale Surface Surveys U t i l i z i n g  Cu t t i nqs  Samples from Shallow D r i l l  

Holes - 
Determination o f  la rge-sca le  geochemical d i s t r i b u t i o n s  i n  geothermal 

systems can o f t e n  be q u i c k l y  and inexpensively accompli shed through analysis 

o f  newly acquired and/or p re -ex i s t i ng  temperature grad ien t  ho le  c u t t i n g s  
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samples (e.g., see Bamford and Christensen, 1979, and example this  report). 

Like other surface surveys, th i s  work i s  most usefully carried o u t  i n  early 

stages of a project before exploration d r i l l i n g  i s  init iated.  I f  samples are 

available from the start, i t  will probably be of advantage t o  o b t a i n  gradient 

hole chemical da ta  before soil surveys are ini t ia ted,  since the results can be 

used t o  plan these more detailed surveys and m i g h t  often permit reductions i n  

their  size. Advantages of the gradient hole geochemistry compared t o  soil 

surveys include: the area surveyed is  usually larger,  the cuttings samples are 

more representative of a large rock volume and can provide more sensitive 

detection o f  weak geothermal anomalies, contamination and secondary dispersion 

problems are minimized, fewer samples are analyzed b u t  more elements can be 

usefully determined, and samples may frequently be available a t  the s t a r t  o f  a 

project. 

sample density; only large-scale distributions can be mapped and i n  some 

instances important local anomal ies may be missed. 

Disadvantages o f  the approach stem primarily from the inherent low 

A fundamental requirement for  useful acquisition o f  gradient hole geo- 

chemical d a t a  i s  t h a t  the gradient holes themselves be reasonably distributed. 

An optimum distribution, which might  sometimes be approximated b u t  seldom 

ful ly  achieved, would be t o  have holes on abou t  one mile centers i n  areas of 

greater interest  and on two mile centers i n  peripheral areas. A rough minimum 

requirement would be t o  have about ten holes f a i r ly  uniformly d is t r ibu ted  over 

a ten t o  twenty square mile area. Hole d i s t r i b u t i o n  greatly inferior t o  t h i s  

probably would not provide useful results. 

advantage t o  d r i l l  a few additional holes t o  improve sample distribution. 

I n  some cases, i t  may be of 
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Samples analyzed i n  t h i s  type of survey can u s e f u l l y  inc lude bothdt3.3 

concentrate f r a c t i o n s  and whole rock mater ia l  from composited grab samples but  

can a lso  be conf ined t o  whole rock mater ia l  wi thout  s i g n i f i c a n t  l oss  o f  

e f fect iveness.  Elements determined should inc lude As, Zn, Mn, and Fe (and 

poss ib ly  Sb and Mo) f o r  the  +3.3 f r ac t i ons ,  and Hg and L i  (and poss ib ly  Be and 

W )  i n  a d d i t i o n  t o  the  +3.3 sample elements f o r  whole rock mater ia l .  Useful 

d r i l l  ho le  composite i n t e r v a l s  a re  100, 150, o r  200 fee t .  I f  on ly  one 

composite i s  t o  be made and analysed f o r  each ho le  and the  holes are  deep 

enough, the  composites should be made up f r o m  samples taken below the  water 

t a b l e  i n  order  t o  minimize e f f e c t s  o f  element r e d i s t r i b u t i o n  i n  the  near- 

surface environment. 

pat terns,  i t  w i l l  be usefu l  t o  prepare and analyze two composite samples f r o m  

adjacent equiva lent  depth i n t e r v a l s  i n  each hole, and t o  i n i t i a l l y  p l o t  the 

r e s u l t s  separate ly  by depth i n t e r v a l .  I f  deep, >lo00 f oo t ,  gradient  holes 

have been d r i l l e d ,  i t  may be usefu l  t o  chemical ly  l o g  these o v e r  t h e i r  e n t i r e  

1 ength (see below). 

Generally, i n  order t o  prov ide a check on d i s t r i b u t i o n  

Carefu l  c o l l e c t i o n  o f  the o r i g i n a l  grab samples a t  no grea ter  than 

10- foot  i n t e r v a l s  i s  important. 

dur ing  sample handl ing and preparat ion can degrade o r  i n v a l i d a t e  the e n t i r e  

Negligence i n  t h i s  phase o f  the work o r  

procedure. 

Geochemical Loqqinq o f  Deep D r i l l  Holes 

Geochemical logg ing  o f  c u t t i n g s  f rom exp lo ra t i on  we l l s  and a v a r i e t y  of 

other  types o f  deep d r i  11 hol es used i n  geothermal expl o r a t i  on ( s t r a t i  graphic 

tes ts ,  s l i m  holes, deep temperature grad ien t  holes, etc.)  can provide general 



information on the nature  and evolut ion of a hot-water geothermal system and 

more s p e c i f i c  information on the three-dimensional geometry of the system, 

approach t o  the reservoir, and loca t ions  of hot-water en t ry  zones (HWEs) as 

described e a r l i e r .  

i n t e rp re t ed ,  i t  i s  suggested t h a t  geochemical logging can be usefu l ly  added t o  

rout ine  da ta  acqu i s i t i on  procedures employed during deep d r i l l i n g .  

Because results are commonly d e f i n i t i v e  and readi ly  

Samples used for geochemical logging are the c u t t i n g s  grab samples 

rout ine ly  acquired in  the course of d r i l l i n g .  Depending on purpose, these can 

be analyzed ind iv idua l ly  (only ana lys i s  of whole rock mater ia l  i s  p r a c t i c a l ) ,  

composited and whole rock ma te r i a l s  or +3.3 concentrate samples analyzed, or 

combinations of individual and composite sample ana lys i s  can be used. Each 

approach has specific advantages and disadvantages,  as discussed ea r l  ier. 

About one pound ( 500 grams) of sample should be co l l ec t ed  a t  ten-foot or 

smaller  i n t e r v a l s  ( t r i a l  analys  s of samples co l l ec t ed  every f i v e  f e e t  w i t h i n  

the in te rva l  2800 t o  3000 f e e t  n well 14-2 around the 28603to 2890 en t ry  zone 
ind ica ted  t h a t  da ta  acquisition a t  this greater frequency I s  probably unneces- 

sa ry ) .  Samples acquired by mud d r i l l i n g  should be thoroughly washed i n  an  80 

mesh s t a i n l e s s  s t e e l  s i eve  ( t o  prevent loss of fines) as soon as co l l ec t ed  t o  

remove the d r i l l i n g  mud, hand-picked or otherwise made f r e e  of any l o s t  

c i r c u l a t i o n  material, and then d r i ed  ( i n  a i r  or a low-temperature, <lOO°F, 

oven ) in a re1 a t i  vel y contami nat  1 on-free envi ronment . A i  r -dr i  11 i ng sampl es do 

not requi re  special handling but may present more of a c o l l e c t i o n  problem i f  

material  i s  e r r a t i c a l l y  hanging up i n  the muffler, Evaluation o f  a l t e r n a t i v e  

sampling procedures for a i r  d r i l l i n g  systems may be warranted t o  obtain 

cons is ten t  and representa t ive  sampling. In b o t h  types o f  systems, care must 
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be taken t o  ensure ca re fu l  and accurate sample c o l l e c t i o n  and handling. 

Routine employment o f  a mud logg ing  crew o r  equiva lent  f o r  these purposes i s  

s t rong ly  recommended. 

Several d i f f e ren t  a n a l y t i c a l  schemes may be employed, depending again on 

the  pr imary purpose o f  t he  work. Chemical logg ing  o f  c r i t i c a l  element 

d i s t r i b u t i o n s  (e.g., Hg, As, & L i )  i n  whole rock mater ia l  can be accomplished 

on a rea l  t ime bas is  by employing a mobi le l abo ra to ry  a t  perhaps double no rn l~ l  

costs, but  i t  would probably be j u s t i f i e d  i n  some circumstances. 

cases i t  could be more advantageous, however, t o  con t rac t  t o  have a l l  prepara- 

t i o n  and a n a l y t i c a l  work done a t  a permanent l abo ra to ry  f a c i l i t y  w i t h  a 

spec i f i ed  turn-around t ime which could be as l o w  as several days depending on 

the  nature and consistency o f  the  work load. Under these cond i t ions  add i t i on -  

a l  a l t e r n a t i v e s  are possible.  Fo r  example, one p o t e n t i a l l y  e f f e c t i v e  scheme 

would be t o  composite a l l  samples i n  100-foot i n t e r v a l s ,  separate a +3.3  

concentrate, and then analyze bo th  the  +3.3  concentrate ( f o r  As, Zn, Mn, Fe, 

and poss ib ly ,  Sb, and Mo) and the whole rock composite mater ia l  ( f o r  Hg and 

L i ,  and poss ib ly  Be and W, i n  add i t i on  t o  the +3.3  f r a c t i o n  elements). 

would prov ide comprehensive chemical data, use fu l  f o r  a1 1 types o f  i nterpre ta-  

t i o n  except p rec ise  l o c a t i o n  of s p e c i f i c  HWEs, a t  minimal cost. I f  grea ter  

accuracy i n  HWE l o c a t i o n  were a lso  desired, d e t a i l e d  ana lys is  o f  i n d i v i d u a l  

10-foot samples from 100-foot i n t e r v a l s  i nd i ca ted  t o  be anomalous by the  

composite data could be c a r r i e d  out. 

I n  many 

This  

95 



COST-EFFECTIVENESS OF SOLIDS GEOCHEMICAL TECHNIQUES 

The potent ia l  cost-effectiveness of sol ids geochemical techniques in 

geothermal applications i s  indicated t o  be high. Multielement geochemical 

d a t a  of the type and quality necessary can be obtained from many c m e r c i a l  

and private laboratories a t  reasonable cost and can be interpreted with 

relatively 1 i t t l e  ambiguity t o  provide information pertinent t o  the efficient 

eval u a t i o n  of a geothermal system. 

Sample Collection and Analytical Costs 

For detailed soil surveys, sample collection costs are estimated a t  

$830/square mile assuming a 500-foot grid-spacing, personnel ( 2  people) and 

f ield expenses of $350 per day, and an average collection rate of 40 samples 

per day. Analytical  charges from a commercial laboratory for determination of 

As and Hg are about $6 per sample, equivalent to  a cost of about $570 per 

square mile. Total  basic cost of an As-Hg soil survey thus would be about  

$1400 per square mile plus orientation survey costs, which m i g h t  r u n  several 

hundred dol  1 ars. 

Costs of surface rock sampling a t  abou t  the same scale could be several 

times greater t h a n  for the As-Hg soil survey, because sample collection would 

probably be slower, b u t  a greater variety of useful chemical d a t a  could be 

generated from these samples 

For 1 arge-scal e surface surveys u t i  1 i z i  ng pre-exi s t i  ng temperature 

gradient d r i l l  hole cuttings, no sample collection costs will be directly 

incurred unless f i l l - i n  holes or a n  entire array of holes are t o  be drilled 
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s p e c i f i c a l l y  f o r  the  geochemical survey. Ana ly t i ca l  costs  per u n i t  area could 

vary g r e a t l y  depending on ho le  spacing and survey purpose b u t  might comnonly 

average about $68 per square m i l e  assuming, f o r  example, t h a t  ho le  spacing 

over a 36 square m i l e  area i s  on two m i l e  centers  ( t o t a l  o f  16 ho les) ,  t h a t  

two 100-foot composites and corresponding ~ 3 . 3  concentrate samples are 

prepared and analyzed f o r  each hole, and t h a t  t h e  +3.3 concentrate sample i s  

analyzed f o r  A s ,  Zn, Mg and Fe, and t h e  corresponding whole rock mater ia l  f o r  

As,  L i ,  Be, Hg, Zn, Mn, Fe, and S .  

Cost f o r  r o u t i n e  geochemical logg ing  o f  deep d r i l l  holes would be about 

$310 per thousand f e e t  o f  ho le  assuming no sample a c q u i s i t i o n  cost ,  t h a t  

a n a l y t i c a l  work i s  done i n  a permanent l a b o r a t o r y  f a c i l i t y ,  t h a t  100-foot 

composite samples are used, and t h a t  whole rock mater ia l  o n l y  i s  analyzed by 

high-prec is ion procedures f o r  As, L i ,  Be, Hg, Zn, Mn, Fe, and S. 

a c q u i s i t i o n  o f  A s ,  L i  , and Hg data ( o n l y )  us ing a mobi le labora tory  can be 

roughly  estimated t o  add about $140 per thousand f e e t  t o  t h i s  cost  f o r  

100-foot composite data p lus  $180 per thousand f e e t  i f  h igh-prec is ion  ( *  10 

f e e t )  l o c a t i o n  o f  water e n t r i e s  i s  requ i red  on a r e a l  t ime basis.  Addi t ional  

assumptions used i n  ob ta in ing  t h e  r e a l - t i m e  f i g u r e s  are t h a t  sample prepara- 

t i o n  and a n a l y t i c a l  costs f o r  a mobi le l a b o r a t o r y  w i l l  be tw ice  normal, t h a t  

approximately 10% o f  the  i n d i v i d u a l  c u t t i n g s  grab samples from a w e l l  w i l l  

have t o  be analyzed t o  prov ide prec ise e n t r y  loca t ions ,  and t h a t  o ther  

a n a l y t i c a l  work w i l l  be done, as o r i g i n a l l y  ind ica ted ,  a t  t h e  permanent 

1 aboratory fac i  1 i ty. The t o t a l  cost  o f  geochemical 1 oggi ng which i n c l  udes 

rea l - t ime h igh-prec is ion data acqu is t ion  thus would be about $630 per 1000 

fee t .  

Real t ime 

Data processing and p l o t t i n g  using computer methods might add from $20 
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t o  $50 per 1000 f e e t  t o  these costs  depending on approach. I n  view o f  the  

d i v e r s i t y  o f  in fo rmat ion  t h a t  can be ex t rac ted  f r o m  the  geochemical logs  and 

the much grea ter  cost  o f  ob ta in ing  p a r t l y  s i m i l a r  in fo rmat ion  using 

geophysical logg ing  (est imated t o  be $1500 per  thousand f e e t  o f  ho le for a 

s u i t e  o f  4 logs p lus $1300 t o  $1800 per thousand f e e t  i n  r i g  standby a t  The 

Geysers - Gene Suemnicht, personal c m u n i c a t i o n )  , t h e  p o t e n t i a l  r e l a t i v e  

cos t -e f fec t i veness  o f  geochemical 1 ogging is considered t o  be good. 
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APPENDIX A 

Additional mu1 tiel ement geochemistry f o r  

Utah State Wells 14-2 and 72-16 
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FIGURE A-1B. Ba, Ct, Co, Ni, Cu, Mo, AND Cd, WHOLE ROCK SAMPLES, 
UTAH STATE WEU 14-2 
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FIGURE A-1C. Sn, W, Be, Zr, La, AND Ce, WHOLE 
UTAH STATE WELL 14-2 

m u  

MOT W A R l l  CNTRY Z O N l  I SCLf- SCALP0 L O R I  
I 
109 

ROCK SAMPLES, 



FIGURE A-2A K, Ca, Mg, Fa Al, Tl, AND P, WHOLE ROCK SAMPLES, 
UTAH STATE WELL 72-16 
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FIGURE A-2C. Sn, W, Be, 2, La, Ce, AND Sb, WHOLE ROCK SAMPLES, 
UTAH STATE WELL 72-16 



APPENDIX B 

Selected geochemical, minera logica l ,  and geological data  f o r  

100-foot cut t ings  composite samples from Utah S t a t e  Wells 14-2 and 

72-16 and f o r  core samples from diamond d r i l l  holes 

I 

UU76-1, UU7S-lA, and UU75-1B. 
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DH 1 4 - 2  
R O O S E V E L T  K G R A  
B E A V E R  COUNTY,  UTAH 

PPM A S  PPB HG 

F IGURE B - 1 A  
SAMPLE TYPE; WHOLE ROCK 
VERT SCALE: 1 O O O * O  FT * / . I N  
(DEPTH SHOWN IN 1000 FT UNITS)  

PPM ZN PPM MN 
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DH 1 4 - 2  
ROOSEVELT K G R A  
BEAVER C O U N T Y ,  UTAH 

F I G U R E  8-18 
SAMPLE TYPE: WHOLE ROCK 
V E R T .  SCALE: 1000.0 FT./IN. 
(DEPTH SHOWN IN 1000 FT UNITS1 
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6 $ I .I . a04 

1.2 1 .I 6 j  :z 
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FIGURE 8-1C 
DH 1 4 - 2  

R O O S E V E L T  K G R A  
B E A V E R  C O U N T Y ,  UTAH 

P P M  A S  P P M  ZN 

SAMPLE TYPE; + 3 * 3  LESS MAG 
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FIGURE 8-10 
DH 14 -2  

R O O S E V E L T  K G R A  
B E A V E R  C O U N T Y ,  U T A H  

AS/MN 

SAMPLE TYPE: + 3 . 3  LESS MAG 
VERT.  SCALE: 1000.0 FT*/IN. 
(DEPTH SHOWN IN 1000 FT UNITS)  

NO 

. I l l  
NO 
NO 
NO 
NO 
NO 
NO 

.01? 

.014 

.OW 
NO 

.031 
NO 

. OLI 
NO 
NO 
NO 

.or1 
NO 
NO 

.001 
NO 
NO 
NO 
NO 

.434 -f 

.ma 

L 

HOT WATEFI ENTRY ZONE SELF-SEALED ZONE 

116 



FIGURE 8-2A 
DH 7 2 - 1 6  
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DH 72 -16  
R O O S E V E L T  K G R A  
B E A V E R  C O U N T Y ,  UTAH 
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FIGURE 8-28 
SAMPLE TYPE: WHOLE ROCK 
VERT. SCALE: 200.0 F T . / I N .  
(DEPTH SHOWN I N  100 FT U N I T S )  
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F I G U R E  6-2C 
DH 7 2 - 1 6  

ROOSEVELT K G R A  
BEAVER C O U N T Y ,  UT,H 
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DH 7 2 - 1 6  
R O O S E V E L T  K G R A  
B E A V E R  C O U N T Y ,  U T A H  

AS/MN 

FIGURE 8-20 
SAMPLE TYPE: + 3 * 3  LESS MAG 
VERT *. SCALE 200.0 F T * / I N *  
(DEPTH SHOWN I N  I00 FT U N I T S )  
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RWRE B-3A GEOCHEMICAL AND MINERALOGICAL DATA FOR DOH UU75-1A 
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FIGURE 8-38 GEOCHEMICAL AN0 MtNERAL0GlCAL DATA FOR DDH UU78-18 
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FIGURE 8-3C GEOCHEMICAL AND MINERALOGKAL. DATA FOR DOH UU78-1 
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FIGURE 8-4 (cont.)  
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UURl EARTH SCIENCE LAB 

LOGGED 

FIGURE 6-4 (cont.)  
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FIGURE B-4 (cont . )  

UURl EARTH SCIENCE LAB DATE STARTED-- 
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APPENDIX C 

Multielement geochemical data for 100-foot 

cuttings composite samples from Utah State Well 52-21 
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FIGURE C - 1  

DH 52-21 
ROOSEVELT K G R A  
BEAVER C O U N T Y ,  UTAH 

SAMPLE TYPE; WHOLE ROCK 
V E R T .  SCALE1 1000.0 F T * / I N *  
(DEPTH SHOWN I N  1000 FT UNITS) 
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FIGURE C-2 
DH 52-21 

R O O S E V E L T  K G R A  
8 E A V E R  COUNTY, UTAH 
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DH  52-21 
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FIGURE C - 4  

OH 52-21 
ROOSEVELT KGRA 
BEAVER C O U N T Y ,  UTAH 
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5810. 
U I O .  
n30. 
SI100 
2480. 
u40. 

t#o. 
41 10. 
2010. 
Ifso.  
1230. 
3410. 
3S20. 
3800. 
2sao. 
2620. 
2020. 
4110. 
11 $0. 
5800. 
4870. 
3300. 
3840. 
3130. 
2110. 

am. 

nao.  

1130. 

,330. 

4720. 
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. . -~ . . . - . ~ . - .. ~.. . ... ...... ~. . . . 

Otl 

LBO' 
LtO 
110' 
OLD' 
*IO' 
ttO' 
OSO' 
too' 
Sd I 
LtO' 
6 IO' 
Loo' 
820' 
110' 
110' 
400' 
120' 
LIO' 
BIO' 
6 10' 
810' 
tLO' 
100' 
800' 
1pb' 
120' 
*80. 
&O' 

110' 
LCO' 
010' 
110' 
em' 
010' 
2 IO' 
lpo' 
610. 
610. 
010' 
Loo' 
ItO. 
8 10' 
ON 
ow 
ON 
s IO' 9tO' 
ItO' 
8m' 
Loo' 
611 
101. 
$SI' 
m* 
000' 
100' 
800' 
rn' 
mo' 
am' 880' 

mo' 
800' 
mo' 
rn' 
8 IO' 
LtO. 
*so* 
LtO' 
IM' 
LIO' 

no. 

*tu: 

P 

NWSV 

(SllNn 1J 0001 NI NhOHS Hld30) 
*NI/'ld 0'0001 83lV3S 'lt13A 

3VW SS31 C'C+ 83dAl 37dWVS 

HVln 'AlNn03 t13AV38 
VU31 113h3SOOtl 

12-2s Ha 



F I G U R E  C-6 

DH 52 -21  
ROOSEVELT K G R A  
BEAVER C O U N T Y ,  UTAH 

PPM N A  
1oOoQ.. 

1180- 
3480. 
I S M .  
1uo. 
laso. 
I I W .  
829. 

11JO. 
8 U  

atso. 

tms. 

I pro. 
lalo. 
I 380. 
1 #80. 
I OIO. 
I soo. 
1480. 
I ¶SO. 

I2SO. 
2040. 
441 0.  
ssw. 
3180. 
8420. 
7190.  
2220. 
3810. 

4#SO. 
S460 - 
1380. 
4720. 

t sao. 

asro. 
aow. 

4890. 

PPM K 

44JO. 

1610. 
ISaaO. 

8JV. 
1110. 
18W. 
1OOO. 
1080. 
1 am. 
1344. 
1800. 
28200. 
3810. 
J#W. 

1140. 
a m .  

12r0. 
aoao . 

w o .  

2440. 
4010. 
3270. 
41 90. 
asso. 
s n o .  
~ O I O .  
2100. 
2a10. 

38W. 
J#OO. 
4sw. 
3240. 
3370. 
81 $0. 
4820. 
ISSO. 
6 J80 * 
7400. 
saao. 
1 7 9 0 .  
3000. 
37 30. 
JJ10. 
3170. 
1730. 
24w. 
I 8 t O .  
21so. 
341 0. 
34W 
3740. 
1410. 

4310.  
NJO. 
(330. 

awe. 

vao. 

7 

SAMPLE TYPE: + 3 . 3  LESS MAG 

(DEPTH SHOWN I N  1000 FT U N I  T S )  
VERT.  SCALE1 IOOO.0 F T * / l N .  

PPM C A  

1 

2 

3 

4 

5 

6 

7 

PPM MG 

1 

2 

3 

4 

5 

6 

7 

1 

PPM FE 

1 4 1  



so001 

V8 Wdd US Wdd 

(SlINfl Id OOOL N1 NdOHS Hld30) 
'NI/'lj O'OOOL 131V3S 'lt(3A 

OVW SS37 S'C+ 13dAl 37dWVS 

d Wdd 11 Wdd 1V Wdd 

HVln 'AlNn03 t13hV38 
V83N 113h3SOObr 

E-IS Ha 



FIGURE C-8 
DH 52-21 

ROOSEVELT K G R A  
BEAVER COUNTY, UTAH 

PPM V PPM CR 

1 

2 

3 

4 

5 

6 

. a .  
11. 
11. 
SI. 
Ja 
s4. 
4a. 
84. 
40. 
31. 
w .  
14. 
l2J. 

I O .  
17. 
120. 
81 - 
10. 
34. 

1 0s. 
12s. 
1 u. 
la. 
1 2 l .  
134. 

I ? .  
ISO. 
61.  

306. 
S I .  
1s. 
181. 
116. 
1s. 
1-77. 
1 85. 
lS7. 
2%. 
ISO. 
82. 
J7.  

161 . 
JD3 
18. 
121. 
104. 
10s. 
bS - 
(1. 

429. 
7 4 .  
183. 
68 - 
so. 
6J. 
141. 
03. 
44. 

1 SI. 
17 * 
a1I. 

so * 
116. 

me. 

41s. 

SAMPLE TYPE:  + 3 . 3  LESS M A G  
V E R T .  S C A L E :  1000.0 F T , / I f d .  
(DEPTH 

P P f l  MN 

J620. 
2040. 
4240. 
IWO. 
4410. 

Ilwo. 
1 I W .  

14100. 
WM. 
1130. 
IOIO. 
1320. 
i 110. 
17804. 
II30. 
6340. 
18100. 
I1 JO. 

10140. 
014. 
1430. 
14SO. 
4100. 
1120. 

3010. 
I 800 
1994. 
1410. 
4120. 
?S?O. 
2810. 
Sou) .  
4Jso. 
1640. 
JBSO . 
3lSO. 

2280. 
1630. 
I S80. 

3040 - 
1 1  JO. 
2260. 

3010. 

2110. 

m o .  

i 610. 
a i s .  
1020. 
1010. 
251 0. 
1330. 
S810. 
2400. 
JS40. 
4110. 
2900. 
4110. 
2010. 
11w. 
12%. 
1410. 
3sao. 
3800. 
2180. 
2820. 
3020. 
4S10. 
J160. 
1600. 
4810. 
5300. 
fS40. 
3130. 
2110. 

SHOWN IN 1000 FT U N I T S )  

PPM CO 
1000. 

PPr l  N I  
1000. 

143 



D H  52-21  
ROOSEVELT K G R A  
BEAVER C O U N T Y ,  U T A H  

PPM CU PPM MO 
2000. 

I 338. 
201. a 440. 

FIGURE C-9 
SAMPLE TYPE8 + 3 * 3  LESS MAG 
VERT. SCALE8 1 0 0 0 - 0  F T * / I N a  
(DEPTH SHOWN * I N  1000 FT U N I T S )  

PPM PB 

14 4 

PPM ZN 
1000. 

1 

Y 

188. 
11s. 
1 ss. 
2 M .  
2ss. 
3*4. 

94. 
7s. 

248. 
101. 
29 * 
33. 

418. 
224. 
IZI. 
244. 
163. 
104. 
245 
so. 

294. 
284. 

79. 
84. 

3s9. 
117. 

138. 
23s. 
148. 
244. 
194. 
21 9. 
172. 
287. 
212. 
111. 
385. 

84. 
170. 
2?1. 
121. 
132. 
42. 
12s. 
139. 
244. 
13s. 
139. 
20s. 
123. 
158. 
77. 
93. 
89. 
78. 

I l l .  
73. 
121. 
SI. 

143. 
98 
72. 
121. 
102. 
79. 
61. 

117. 
123. 
12s. 
341. 
202. 
10s. 
114. 

ao? . 

PPM CD 
loo., 

2 1 
U 

21 I 
1 *. 
19. 
21. 
1 *. 
11. 

IS. 
18. 
23. 
18. 
23. 
20. 
19. 
12. 
22. 
21. 
20. 
24 - 
3. 

13. 
28. 
19. 
13. 
28. 
2s. 
19. 
18. 
30. 
32. 
39. 
33. 
18. 
YO. 
2s. 
2s. 
20. 
44. 

2s. 
34. 
2s. 
24 
24-  
30. 
41. 
44. 
34. 
2s. 
28. 
30 * 
37.  
22. 
24 * 
24. 
2s. 
2s. 
20. 
29 * 
24. 
49. 
23. 
20. 
2s. 
34. 
28. 
2s. 
2s. 
28. 
3s. 
2 4  
3-7.. 
29. 
18. 

aa e 

23. 



31 Wdd 

L 
'OS* 
'OS* 
'OS. 
'8B* 
*OS* 
'OS. 
'OS* 
'OS* -- 'OE, 

-- a- 

a- 
-- 

9 

S 
'OLL I 

'Of I I r 'OB6 I 

SPS I 
* nr - 'OD -- 'Of* 
'os* '202 
'OS* 
'05, 
*OS* 
-OS* 
'OS, 
'os* 
'os* 

-- 

.us V.' 

'os* 'OS* 

(SlINn 13 0001 N1 NHOHS Hld30) 
*KI/*ld 0'0001 r37V3S '1Elh 

3VW SS37 C'C+ r3dAl 3ldWVS 

8s WJd SV Wdd 9V Wdd 

HVln ' AiNn03 t13hV38 
VU3N 113A3SOOU 

LZ-ZS Ha 



FSIGURE C - 1  1 
DH 52-21 

ROOSEVELT K G R A  
BEAVER COUNTY,  UTAH 

PPM SN 

1 

. 2  

<a. 
173. 
1 la. 
113. 
68. 

100.  
73. 
12. 
61. 
132. 
94. 
66 * 

<93. 
110. 
99. 
116. 
109. 
96. 
123. 
1 os. 
124. 
121. 
19. 
81. 
92. 
18. 
8s. 
81. 
a2. 

94. 
98. 

114. 
64. 
S I .  

1 os. 
127. 
76. 
112. 

9s. 
109. 
108. 
9s. 
132. 
69. 
IO. 

?a. 

- -  

PPM W 

21s. 
Jo. 
4s. 
JS 
44. 
30. 
J3. 

$1. 
18. 
28. 
11 so. 
14. 
J#* 
104. 
42 v rs. 
185. 
J8 

101.  
$4. 
4J. 
11s. 
210. 
1 u. 
24. 
149- 
104. 
13s. 
150.  
s4. 
121. 
221 - 
1 S4. 
4s. 
29s. 

10. 
88 - 
86. 
49. 

480. 

1 n. 
116. 
64. 

298. 
63. 
61. 

1s1. 
40 * 
46. 
SS . 
so. 
4s. 

134. 

as. 

sa. 
e a .  

.. 
36. 
13. 
so. 

7 

SAMPLE TYPE1 + 3 . 3  LESS MAG 
VERT. SCALE: 1000.0 FT./IN* 
(DEPTH SHOWN I N  1000 FT UNITS) 

PPM LI PPM BE PPM ZR 
loo. 

10. 
47. 

4 16. 
27. 
10. 

6. 
41s. 
47. 
27. 

I a. 

la. 

5 

6 

1s. 
1 .  
7. 

13. 
13. 
13. 
1. 
10. 
8. 

11. 
44. 
44. 
IS.  
16. 
8 .  

10. 

1. 
10. 
*4. 
6. 

la. 
18. 
11. 
21. 
19. 

6. 
21. 
<13. 
16. 
27. 
10. 
19. 
19. 
17. 

sa. 

la. 

7 

14 6 

16. 
9. 

11. 
8. 
12. 
1.  
9. 
13. 
9. 
r .  
6. 

10. 
16. 
11. 
1s. 
12. 1s. 
19. 
19. 
1 .  

14-  
11. 
IS. 
12. 
14, 
16. 
12. 

sa.0 

3.7 
s.0 
4.0 
6.7 r 4 
8.0 
2.1 
3. J 
4.7 
42.0 
42.0 
4.0 
4.J 

2.r 
7 00 
J.J 
4.3 

IS.0 
8.1 
6.4 
16.0 
3.9 
7.J 
4.0 
6.1 
4.4 
6.0 
1.2 
s.s 
6.0 
4.0 
5.9 
4.7 
s.0 
3.2 
10.2 
3.2 
S.2 
S.3 
3.3 
3.9 
2.6 
6. I 
8.4 
6 * ?  
4.1 
3.6 
3.2 
3.s 
1.0 

4.1 
4.4 
3.2 
s.2 
2.7 
4.7 
S.0 
9.9 
4.3 
4.4 
6.4 
1.4 
1.4 
4.1 
S . 1  
6.9 
6.1 
4.2 
s.4 
7 .O 
4.2 

2.1 

2 4  

3.a 

a n .  
149. 1 1 a,. 
204. 
44. 
44. 
46 I 

44. 
Ja. 
IS. 
44. 
4J. 
44. 
44. 

aa . 
2 

8. 
20s. 
21 4. 
207 * 5 17s. 
16. 
96. 
127. 
16. 

117. 
11s. 
135. 
26. 

128. 
40. n. 

1 S I .  
103. 
90. 
120. 
167. 
IN. 

64. 
17. 
44. 

6. 

4a. 

6 161. 

7 112. 



F I G U R E  C - 1 2  
DH 52-21 

ROOSEVELT K G R A  
BEAVER COUNTY, UTAH 

PPM LA 

SAMPLE TYPES + 3 * 3  LESS MAG 
V E R T .  SCALE$ 1000.0 FT./IN- 
(DEPTH SHOWN I N  1000 FT UNITS) 

PPM CE 
40040 * 

4660. 

PPM TH 

1 

2 

3 

4 

5 

1260. 
195. 

2910. 
2060. 
2960. 

1220. 
2870- 
2220. 
2s00. 
33s. 

1s10. 
1010. 

340. 
1330. 
2533. 
41  70. 
I T d O .  

I 4ao. 

10000. 

3 



F I GURE C-13 

DH 52-21 
R O O S E V E L T  KGRA 
8 E A V E R  COUNTY. U T A H  

PPM N A  

28700. 
ZUQO. 
SOSOO. 
2Sl00. 
2 2 m .  
17100. 
l l l00.  
1J100. 
IS700. 
22100. 
281 00. 
zS300. 
19400. 
1 1800. 
17700. 
21Ooo. 
11100. 
27OOO. 
32100. 
24300. 
218w. 
11100. 
13800. 
1 SOOO. 
2;u00. 
2 m .  
30200. 
I 8 W .  
SI700. 
2cls00. 
sow. 
s2000. 
aosoo. 
sosoo. 
31 100. 
3 O W .  
31 200. 
SOI00. 
32100. 
27600. 
29500. 
30100. 
10300. 

S l o w .  
27700- 
s1 100. 

Z 8 W -  
JOUIO. 
10400. 
ZS800. 
Z U O O .  
22806. 
21 700. 
21100. 
27100. 
2woo. 
2s840. 
zrr00. 
28200. 
21800. 
27400. 
2Ol00. 
27700- 
20Joo. 
2 m .  
24%. 
23900. 
21#0. 
26400. 
28100. 
24SW. 
21s00. 

aoooo. 

31900. 

PPM K 

19IOQ. 3 21400. 

SAMPLE TYPE: WHOLE ROCK 
VERT. SCALE: 1000.0 FT./IN. 
(DEPTH SHOWN I N  1000 FT UNITS) 

PPM CA 
100000.. 

1 

2 

3 

4 

5 

6 

18400- 
ZOQOO. 
17100. 
l 2 W .  
107W. 
Moo. 

2S700. 
13700. 
u)?oo. 
3ou#. 
SWQ. 
24300. 
1 U W .  
I18OO. 
I o w .  
IU00. 
1 OOOO. 
18000.  
16200. 
18800- 
I T w o .  
16400. 
20700. 

8.40. 
9800. 

14400.  
12900. 
21wo. 
I woo. 
21 100. 
2 9 0 0 .  

imo.  

21800. 
24600. 
27600. 
23s00. 
31600. 
33700. 
27000. 
24SOO. 
26700. 
21200. 
21 600. 
22400- 

soa00. 
13200. 
18100. 
3 1 1 ~ .  

31700. 
1 s400. 
22300. 
21 1 0 0 .  
14#0. 
12100. 
17900. 
17500. 
1 ZSOO. 
I 9700. 
I IOOO. 
16700. 
20s00. 
18300. 
17700. 
12700. 

9SOO- 

asooo. 

soloo. 

20=. 
7370. 

3160. 
8S20 - 
85-- 

I-. 
IIOQQ. 
17100. 
I moo. 
I 7100. 
10400. 
MIO.  
srso. 

17200. 
14200- 

11600. 
13ooo. 
soso. 

10400. 
17000. 
1SlOo. 

asso. 

I 2300. 

I saw. 
I zaoo. 

3710. 

1QooQ. 
49#. 

4330. 
4240. 
11 40. 
1900. 
8780. 
3810. 
4780. 
1010. 
6470- 
5f40. 
6450. 
45f0. 
4630. 
1300. 
4020. 

I Iwo. 
e m .  
7010. 
1660. 
I U O .  
J420. 
5f40. 

10100. 

17800. 
176W. 
I IOOQ. 
1 ss00. 
13400. 
I4600. 

T M O .  
10600. 
91 10. 
6240. 
4510. 
4920. 
6580. 

1840. 

7720. 
7670. 
aoo. 
9 6 0 .  
5320. 
5780- 

m00. 

4170. 

atoo. 

PPM MG 

1 

2 

3 

4 

5 

6 

PPM FE 

1 

2 

3 

4 

5 

6 

7 

148 



FIGURE C - 1 4  

DH 52-21 
ROOSEVELT KGRA 
BEAVER COUNTY.  UTAH 

PPM 

s u  

AL 
9JOOoo. 

71700. 
un00. 
81100. 
70100. 
72100. 
64100. 
71100. 

703oo. 
78400. 

1,100. 
73800. 
64000. 
7n00. 
8oa00. 
121 00. 
69700. 
E m .  
71700. 
6 t6W.  
72mO. 
71200. 
16WO. 
67200. 
12s00. 
73400. 
*3400. 
80W)o. 
16500. 
77100. 
74wo. 
78100. 
7¶200. 
81 u)o. 
1SOOO. 
81300. 
18400. 
82600. 
77000. 
80- - 
83800. 
63WO. 
81200. 
8.100. 
8oooQ. 
78- 
62600. 
81 700. 
6 4 W .  
1e400. 
77300. 
81200. 
8340. 
78100. 
w4Qo. 

87400. 
13s00. 
7 8 a -  
19500. 
71 700. 
70800. 

7a3o~. 

m o o .  

oa3oo. 

7amo. 
rsw. 
64600. 
17*. 
77100. 
7*000. 
1nw. 
71100. 
64400. 
66400. 
68800. 

PPM T I  
2ooQo. 

1 

2 

3 

4 

5 

6 

7 

118% 

1710. 
18SO. 
2830- 
9100. 
4 m .  
4310. 
sow. 
1400. 
S8W. 
4870. 
uoo. 
1130. 
4200. 
4140. 
38-a 
3840. 
u20. 
3540. 
2360. 
4480. 
2wo.  
l810. 
2440. 
I8aO. 
I sa. 
1.40. 
I7W. 
24200. 

2410. 
1130. 
uso. 
1910. 
2120. 
2s40. 
I ¶TO. 
2480. 
2110. 
I U O .  
29so. 
2OoO. 

am. 

m o .  

a s 0  . 
ma. 

a w .  

21 80. 
1910. 
21JO. 

2610. 
2s70 . 
J840- 
3420. 
Wm. 
31Jo. 
41 IO.  
4280. 
4380. 
3010. 
30.0. 
2 m .  
a m .  
1420; 
1.40. 
2900. 
IUO. 
29Jo. 
1480. 
2810. 
SSW. 
3400. 
2840. 
2 1 s .  
1640. 

PPM P 

SAMPLE TYPEg WHOLE ROCK 
V E R T .  SCALEt  1000.0 FT./IN. 
(DEPTH SHOWN IN’1000 FT UNITS) 

209. 
In. 
088. 

1 loo. 

391. 
270- 
298. 
20s. 
246. 
IS?. 
312. 
Ja3. 
$38. 
J81. 
420. 
nr . 
$37. uo. 
278 * 
SOS. 
uf. 
s a .  
a?. 
400. 
68a. 
411 .  

I-. 
881. 
$41 - 
e a .  
640. 
wa. 
rn . 
Ma. 

1020. 
IOIO. 
¶PI. 
S?8. 
878. 
OM. 

12M. 
MI. 

1 0 1 0 .  
1%. 
S a .  
w. 
a. 
ua.  
488. 
8 U  
JJ4. 
631- 
WI. 
119. 
131. 
473. 
28s. 

PPM SR 
awo. 

loa. 
5001. 
SlS. 

244- 
1 1 3 .  
417. 

431. 
581 . 
n 7 .  

IJ4. 
268. 
406 
1 so. 
31 s. 
289. 
21 8 .  
IS?. 
13s. 
188. 
131. 
I s9. 
211. 
170. 
a1 3. 

216. 

22s. 

29a. 

a n .  

142. 

M a .  

aar . 

324. 

21%. 

a i l .  
z n  . 
2 3 .  
zsa. 
208. 

US. 
278. 
Z%S. 
481.  
319. 
736. 
344. 
300. 
Jsa . 
380 
37P * 
618. 
488. 
761. 
620. 
4s9. 
u3. 
m a .  
816. 
831. 
341. 
600. 
S l ¶ .  
315. 
W8. 
287. 
4 U .  
108. 
128. 
2%. 

48s. 
1st. 
382. 

152. 

sao. 

z i t .  

PPM B A  
8ooo. 

1 

2 

3 

4 

5 

6 

118. 
1040. 
1120. 
812. 

838. 
I O 1  0. 

800 * 
71.9. 

IOOO. 
1 1 4 0 .  
IIW.  
1010. 

8S7. 
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DH 52-21 
ROOSEVELT KGRA 
BEAVER COUNTY,  UTAH 
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FIGURE C-16 
DH 52-21 

ROOSEVELT K b R A  
BEAVER COUNTY, UTAH 
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DH 52-21 
R O O S E V E L T  K G R A  
B E A V E R  C O U N T Y ,  U T A H  
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FIGURE C-18 

DH 52-21 
R O O S E V E L T  KGRA 
B E A V E R  COUNTY,  U T A H  
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APPENDIX 0 

Additional mu1 tielement maps for t 3 . 3  concentrate samples 

( l e s s  magnetics) and whole rock samples from dri l l  cuttings'. 
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APPENDIX E 

Estimated background compositions o f  p r i n c i p a l  l i t h o l o g i e s  

i n  geothermal wel ls ,  Roosevelt Hot Springs KGRA, Utah. 
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Table E-1. Means and Standard Deviations o f  Element Data f o r  Relat ive ly  Unaltered 
Samples o f  Principal Lithologies i n  Utah State Wells 14-2, 72-16, and 

Arkosi c B io t i te  Apl i te  B i o t i t e  Hornblende-Rioti t e  B io t i  te-Hornblende 
A1 1 uvi um Porphyry Micrograni t e  Quartz Monzonite Quartz Monzonite 

Gneiss 
(Qal )  (Tgr) U g r )  (TQn) ( P ~ g n  1 
- - - - - 
X S X S X S X S X S - 

NaX 3.24 .16 2.6i .ir 1.69 .28 3.29 .36 3.23 .21 3.06 13 

52-21. 

Quartz-Fel dspar- 
Hornblende-Bioti t e  

Gneiss 
( P m l )  
- 
X 5 

4.34 
1.18 
.13 
.87 
7.47 
1570 
316 
342 
91 1 
<40 
<5 
273 
<2 
<5 
4 
<1 
35 
22 
<1 
<20 
<7 
<6 
7 

3.3 
11 
32 
49 
4 

.56 

.52 

.09 

.38 

.56 
678 
179 
113 
320 

100 

3 

10 
16 

2 
.5 
2 
11 
14 
2 

4.28 .89 
.78 .16 
.19 .04 
1.29 .12 
8.05 .43 
1700 414 
410 93 
408 105 
1250 330 
<40 
<5 
560 121 

3 1 
<5 
5 2 

<1 
31 1 
33 2 
<1 
<20 
<7 
<6 
10 1 
2.4 .2 
6 1 
59 8 
89 11 
12 8 

3.20 .91 
.64 .76 
.ll .06 
1.05 .25 
6.32 .33 
973 158 
190 48 
147 23 
548 119 
<40 
<7 
133 99 
2 .4 

<10 
9 14 

<1 
67 67 
34 13 
5 2 

<20 
<8 
<6 
8 3 

2.3 .2 
3 2 
60 7 
92 11 
10 5 

5.20 .43 
1.29 .27 
.31 .06 
1.54 .30 
9.42 .47 
2790 561 
629 138 
797 108 
2570 363 
<40 
<5 
828 1060 
3 1 

4 2 

29 6 
41 19 
<1 
<20 
<7 
<7 
12 2 
1.8 .2 
8 1 
34 4 
51 8 
8 7 

<5 

<lo 

2.25 .09 
3.23 -31 
1.31 .14 
3.14 .20 
8.61 .47 
3550 299 
1040 85 
841 98 
2700 1417 
115 6 
23 2 
725 113 
15 2 
18 2 
17 8 
13 1 
45 3 
52 9 
<1 
<1 
<8 
<8 
23 5 
2.1 .1 
6 1 
40 2 
75 4 
19 9 

1.73 
2.47 
.67 
2.00 
7.96 
2570 
544 
305 
734 
<52 
14 
329 
9 
13 
15 
<19 
50 
42 
<2 
<25 
(3 
<7 
11 
2.1 
12 
27 
47 
19 

.31 

.36 

.19 

.33 

.36 
600 
260 
104 
229 

4 
66 
2 
7 
8 

34 
7 

1 
.1 
3 
7 
16 
7 

D r i i l  Hole 14-2 14-2 14-2 14-2 72-16 52-21 

Interval  s 90 ' - 190 ' 400 '-440 ' 1810 ' - 1850 ' 510 '-650 ' 800 '-850 ' 2900'-3500' 
# o f  Samples 10 4 17 22 5 14 

1 860 ' - 1 91 0 ' 
1920 '-2010' 

700 '-780 ' 3600 ' -4000 ' 
4400 '-4500 ' 
4700 ' -5000 ' 



Table E-2. Changes i n  mic rod io r i te  chemistry a t  the 2860 t o  2890 fee t  
hot water en t ry  zone (HWE), Utah State Well 14-2 

Element Conc. ( ppm) @ HWEl Rackground Conc. (ppm) 2,3 Change (ppm) Relat ive Change 
- - - -  
x2 s2 X 1  S 1  X2-Xl (5-?2)/ji1 

Na 
K 
Ca 
Mg 
Fe 
A1 
T i  
P 
S r  
Ba 
V 
C r  
Mn 
co 
N i  
cu 
Mo 
Pb 
Zn 
As* 
L i  
Be 
Z r  
La 
Ce 
Hg 

1.27% 
2.77% 
1.64% 
2.66% 
6.16% 
7.90% 

.84% 
2590 

423 
1420 

150 
357 
964 
32 

151 
89 
36 
21 

255 
18 

2.9 
62 
73 

141 
14PPb 

a3 

.18% 

.48% 

.43% 

.36% 

.44% 

.46% 

.03% 
118 

8 
147 
22 
92 

160 
5 

33 
11 
28 
3 
58 
15 
8 

.2 
7 
3 
7 
4PPb 

2.57% 
3.17% 
2.15% 

.93% 
3.32% 
6.91% 

.66% 
2010 
632 

1360 
56 
81 

541 
12 
30 
24 

5 
17 
88 
<1 
29 

2.4 
46 
47 
83 
19PPb 

.54% 

.29% 

.32% 

.20% 

.lox 
1.91% 

.17% 
3.4 
31 1 
440 

12 
77 

222 
4 

25 
19 
3 
5 
54 

<.55 
7 

.2 
17 
20 
36 
8PPb 

-1 -3% - .4% 
-:51% 

+1.73% 
+2.84% 
+.99x 

+580 
-209 
+60 
+94 

+276 
+423 
+20 

+121 
+65 
+3 1 
+4 

+167 
+17 
+54 
+.5 
+16 
+26 
+58 

+.la% 

-5PPb 

-.51 
-e13 - .28 

+1.86 
+ .86 
+.14 
+.27 
+.29 
-.33 
+ -04 

+1.68 
+3.41 
+.78 

+1.67 
+4.03 

+6.2 
+.24 

+1.90 
+17 

+1.86 
+.21 
+.35 
+.55 

- -26 

+2.71 

+.70 

Based on data f o r  four  contiguous samples d i s t i n c t l y  anomalous i n  As and L i  from the i n te rva l  2870 
t o  2890 feet, Utah State Well 14-2. 

Based on data f o r  6 weakly t o  strongly a l te red  samples containing 75% t o  95% microd io r i te  
(Tmd) as follows: 

Tmd, 10% Tgr), and 52-21/2060-2070 (90% Tmd, 10% Tgr). One o r  more o f  these samples were 
pos i t i ve l y  anomalous i n  Hg, Be, Ce, Zn and possibly other elements. thus making the calculated mean 
background values p o s i t i v e l y  biased. 

Values less  than the  detect ion l i m i t  were set equal t o  the detect ion l i m i t  f o r  a l l  calculat ions. 

14-2/2110 t o  2115 (90% Tmd, 10% Tqm), 14-2/2865 t o  2870(95% T d ,  5% Tan), 
14-2/3795 t o  3780 (75% Tmd, 25% T q ,  14-2/3990 t o  3995 (85% Tmd, 15% T q ) ,  52-21/2050/2060 (90% 



APPENDIX F 

Geothermal exploration wells, 

Roosevelt Hot Springs K G R A ,  Utah 
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APPENDIX F 

Geothermal Expl o r a t  i o n  We1 1 s , 
Roosevelt Hot Springs KGRA, Utaha 

Bottom Hole Product ion 
We1 1 Total  Depth Temperature Capabi 1 i t y  
Utah Sta te  Feet Meters OC 

3-1 2728 

9-1 6885 
12-35 7324 

13-10 5351 
14-2 6108 
25-15 2 7500 

52-21 7600b 
54-3 2882 

72-16 1254 
82-33 6208 

831 

2098 
2232 

1631 
1862 

2 2286 

2316b 
878 

382 
1892 

Hot 

225C 
2227 

Hot 
268d 

206 
>260 

243d 
149to177 

Yes 

Noe 
Yes 

Yes 
Yes 
Yes 

Nob 
Yes 

Yes 
Noe 

Good f l ow  but  
product i on unsa fee. 
Poor permeabi 1 i ty. 
Poss ib le  sha l l  ow cool 
water contamination. 

Shal l  ow cool water 
contamination, less  
than we l ls  t o  the  
north. 

Best wel l  , >500 
b t u  ./l b. 

Re in jec t ion  we1 1 

a. A l l  data from Koenig and Gardiner (1977), except as otherwise noted. 
b. Ear th  Science Laboratory, 1978b. 
c. Geothermal Resource Council B u l l e t i n ,  1979; P.O. Box 98, Davis, CA., 95616, 

vo l .  8, no. 8, .p. 6. 
d. Ear th  Science Laboratory, 1978a. 
e. Lenzer, Crosby, and Berge, 1976. 

162 



APPENDIX G 

Chemistry o f  thermal waters and steam condensates, 

Roosevelt Hot Springs KGRA, Utah 
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Table G-1. CHEMISTRY OF ThkRMAL WATERS, ROOSEVELT HOT SPRINGS KGRA UTAH: A S U M M Y '  

Swale No. 1 2 3 4 5 6 7 8 9 

Uell :  Utah S t a t &  14-2f'g 14-Zfeh 14-2 14-2 54-3 54-3 72-16 72-16 72-16' 

Source/Anal y s t  E% ESL USGS USGS Woodward- P h i l l i p s  USGS USGS Univ. o f  
C l y b  Petrol eua Utah 
Consultants Cmany  

Refennce This This E%, ESL, Uhite. 1978 LInZW e t  E%. E%, Ward e t  
Report Report 1978a 19781 al.. 1976 19781 19788 a l . ,  1978 

Collacted 5/78 ?I78 11/77 11/77 11/75 8/75 1/77 
Analyxed 8/79 8/79 3/77 3/71 10177 10177 

N 1  
K 
C 1  
mJ 
Fe 
AI 
S i  
Sr 
81  
Mn 
t u  
Pb 
Zn 
As 
L i  
0e 
8 
C e  
8 r  
Rb 
F 
c1 

pH 
T 
6180 
G e o t h e y t e r  

T ( N ~ - K - C ~ - M ~ ) ~  
T(Na-K-CdI 

2070 
384 
11 

0.28 
0.13 
0.31 

226 
1.44 
0.24 

(0.20 
(0.20 
(0.20 
(0.20 

3.2 
25 

0.004 
23 

c0.20 

(2 

284 

2340 
419 
6.8 

(0.24 
(0.02 
(0.28 

31 
1.28 

(0.24 
(0.20 
(0.20 
(0 .20 
(0.20 

3.6 
28 

(0.001 
25 

(0 .20 

(2 

291 

2150 
390 
9.2 
0.6 

299 

3 .O 

29 

5.2 
3650 

78 

5.9 
14 

-13.46 

256 

2200 
410 
6.9 

0.08 

383 

2.2 

28 

4.8 
3650 

60 

2000 
400 
7 .O 
0.1 
0.2 
0.5 
140 

(5 
(0.4 

(0.02 

0.18 

3.8 
20 

28 
3.1 

(5 
3.9 
6 .O 

3600 
200 

55 
(0.05 

(1 
<I 

2000 
410 

10.1 
0.24 

,262 

19.0 

29 

5 .o 
3400 
200 
54 

tr . 

1800 
u)o 

12.4 
0.29 

2 38 
1.36 

15.0 

26.4 

5.2 
2110 

181 
33 

67G 6442 6074 
6.2 6.7 to 7 6.5 7.83 

9 ,260 
-13.27 

293 295 293 289 

2000 2072 
4M) 403 

12.20 31 
0.29 0.26 

0.016 

244 299 
1.20 

16.0 

27.2 

5.3 
3260 3532 
181 25 
32 40 

6444 6752 
7.53 5.0 

92 

288 274 

FOOTNOTE S 

a. A blank indicates data not determined or i n fomat ion  not available. 
b. 
c. Total dissolved solids. 
d. Calculated using the method o f  Fournier and Truesdell (1973, 19741. 1/3. 
e. 
f. 

For well  locations see Ffgure 1, or footnotes 4 and 1. 

Calculated using the method o f  Fournier and Pot ter  (1978). 
E l w n t s  analyzed for but  present a t  concentrations less than ICPQ l i m i t s  o f  quant i ta t ive 
detection (Appendix C l  Include: T i ,  V ,  C r ,  Co. N i ,  n0. Cd. Aq, Au. Sb. E i .  U,  Te, Sn, W, Zr, 
La .  Th. - - , . . . . 

g. 

h. 

1.  Surface leakage. 
J .  Flow t e s t  a t  7170 to 7500 feet. 
k. Location: SCC. 34 dcb. 1265, ROW. 
1. Location: Sec. 34 bdd. T26S. R9U (Sa l t  Spring). Flowinq a t  the time o f  co l lect ion (personal 

conwnicatlon. U.T. Parry. Univ. o f  Utah. Sal t  Lake City, Utah, 1979). 

-le supplied by J.R. 8 w n .  Univ. of Utah, Sal t  Lake City. Utah. Prec ip i ta te was noted 
i n  the o r ig ina l  sample container. 
Sample supplied by A.H. Truesdell, U.S.G.S.. Henlo Park. CA. Prec ip i ta t ion i n  the or ig ina l  
b o t t l e  i s  suspected. 
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Tablo G-1 (cont.). CHEMISTRY OF THERMAL Y T E R S ,  RWSEVELT HOT S P R I N G S  KGRA UTAH: A SL'fPIARYa 

Smolo Yo. 10 11 12 13 14 1s 16 17 18 1 9  
u.11: Utah s t a t r b  3-1 52-21J 52-21j 52-21' 9-1 Roos. Hotk Roos. Hot' Roo$. Seep' Roo¶. Seep' Root. Seeo' 

Source/Analyst P k l l l i p s  Getty Cet ty  Cetty Univ. o f  USGS USCS Univ. o f  P h i l l i p s  P h i l l i p s  
Petroleum Oil 01 1 01 1 Utah Utah Pet ro l  cum Pet ro l  cum 
Cmpany Cmoany Company Company Company Company 

R e f e n n o  Lenzor o t  E%, ESL, ESL. Parry o t  Mundorff, Mundorff, Uard e t  Lenzer e t  Lenzer e t  
a l . .  1976 1978b 1978b 1978b 41.. 1976 1970 1970 81,. 1978 a l . ,  1976 a1 . , 1976 

Co l l  octad 5/75 11/78 11/78 11/78 11/50 9/57 6/75 5/73 8/75 
Analyzed 12/78 12/78 12/78 

Sorinq Spring 

2437 
44a 
8.0 
0.01 

262(?) 

20.0 

25 

5 .O 
40090 
180 
59 

0.1 

7067 
6.3 
>205 

292 

1845 
237 
106 
5.2 

0.31 
(0.1 
234 

24.4 

2.8 

602.9 
78 
0.5 

2810.8 

5940 
6.4 

227 
209 

1900 
218 
114 
3.9 
6.9 
(0.1 
67 

27 .O 

3.4 
2885.1 
550.0 

1.3 
as 

5727 
7.3 

219 
210 

1900 2210 2080 2500 1840 2400 1800 
216 425 472 488 274 378 280 
107 83 19 22 122 113 107 
4 .O 3.3 0 25 17 23.6 
6.3 
(0.1 0.04 
65 170 189 146 81 36 30 

27 .O 

0.27 

38 

17 

37 29 

3 . 6  7.1 7.5 5.2 3.3 
2a81.6 3800 3810 4240 3210 31300 3200 
615.0 158 156 298 536 300 

85 122 65 73 120 142 70 
1.3 1.9 11 tr . tr. 

5677 
6.8 

7040 7800 6063 7506 5948 
7.9 6.5 8.2 6.43 

85 55 25 i7 28 

219 262 293 284 235 24: 239 
209 283 139 i t .  141 

FOOTNOTES 

a. A blank ind ica tes  data no t  determined o r  Informat ion no t  ava i lab le .  
8. 
c. Total  d issolved solids. 
d. Calculated using the m t h o d  of Fournlcr  and Truesdell (1973, 1974). 8 1!3. 
e. 
f. 

g. S-18 suoplied by J.R. B w n .  Unlv. o f  Utah, Sa l t  Lake Clty.  Utah. P rec ip i t a te  was noted 

h. 

1. Surface leakage. 
J .  Flow t e s t  a t  7170 to 7500 feet. 
k. Location: S e c .  34 t b .  7265. R9Y. 
1. Location: Soc. 34 bdd. 1265. R9U ( S a l t  Sprtnq). 

comunicat ion.  U.T. Parry, Univ. o f  Utah. Sa l t  Cake C i t y ,  Utah. 1979). 

For we l l  loca t ions  see Figure 1, o r  footnotes k and 1. 

Calculated using the method o f  Fournier and Pot te r  (19781. 
Elements analyzed f o r  bu t  present a t  concentrat lons l ess  than ICPQ l l m l t s  a f  guan t i t a t i ve  
detection (ApDendir C 1  tnclude: 11, V ,  Cr, Co, N l ,  No. Cd, Aq. Au. Sb, 81, U, Te. Sn, U ,  Z r ,  
La .  Th. 

i n  tho or iq inc l l  sample containor.  
Sample s u w l l o d  by A.H. Truesdol l .  U.S.G.S.. Menlo P a r k ,  CA. P rec ip i t a t i on  i n  the a r tg ina l  
b o t t l e  i s  suspected. 

Flowtng a t  the tfma o f  c o l l e c t i o n  (oOrson&l 
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Table G-2. CHEMISTRY OF UTAH STATE WELL 14-2 STEAM CONDENSATES 

ROOSEVELT HOT SPRINGS KGRA,  UTAH^ 

Sample 1 2 3 

SourceIAnal ys t E S L ~  USGS USGS 
Reference This Report ESL ,1978a ESL ,1978a 
Col 1 ected 1/78 11/76 11/76 
Analyzed 8/79 3/77 3/77 

Ra PPm (0.40 (0.5 (1 
K PPm (0.70 (0.1 (0.1 
Ca PPm (0.24 6.6 52 
Mg PPm (0.24 (0 .os (0 .os 
s i  PPm (0. 10 <1 (1 
As PPm <o .20 (0 .01 0.02 
B PPm 0.39 0.55 0.6 
F PPm <0.1 (0.1 
c1 PPm 2 1 
SO4 PPm 3 2 
PH PPm 4.5 4.9 
6180 O/oo -15.87 -15 -82 

1. Blank indicates data not determined o r  informat ion not available. 

2. Elements present a t  concentrations less than ICPQ l i m i t s  o f  quant i ta t ive 
detect ion (Appendix H I  include: Fe, A l ,  T i ,  P, S r ,  Bas V, C r ,  Mn, Co N i ,  
Cu, Mo, Pb, Zn, Cd, Ag, Au, Sb, B i ,  U, Te, Sn, W ,  L i ,  Be, Zr, La, Ce, Th. 
Sample suppl i e d  by A. H. Truesdell, U. S. Geological Survey, Menlo Park, 
CA. 



APPENDIX H 

Approximate limits of quantitative detection (LQD) for the 

Inductively Coupled Plasma* Spectrometer (ICPQ). 
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APPENDIX H 

Approximate L i m i t s  o f  Q u a n t i t a t i v e  D e t e c t i o n  * (LQD) f o r  t h e  
I n d u c t i v e l y  Coupled Argon Plasma Spectrometer ( I C P Q )  . 

Element Sol u t i  ons Whole Rock** - +3.3 Concentrates** 

Na 
K 
Ca 
Mg 
Fe 
Fe 
A1 
S i  
T i  
P 
S r  
Ba 
V 
C r  
Mn 
co  
N i  
cu 
Mo 
Pb 
Zn 
Cd 
Ag 
Au 
As 
Sb 
B i  
U 
Te 
Sn 
W 
L i  
Be 
B 
Z r  
La 
Ce 
Th 

.40 

.70 

.24 

.24 

.02 

.28 

.10 

.04 

.70 
.002 

.20 . 80 

.10 

.20 

.02 
10 

.02 . 20 

.20 

.02 

.02 

.04 

.04 

.20 

.40 
1.20 
1.20 

.60 

.14 
0 12 
.02 
.004 

.04 

.04 

.04 

.20 

.70 

--- 

20 
35 
12 
12 
25 

14 

2 
35 
0 1  
10 
40 

5 
10 
1 
5 
1 

10 
10 
1 
1 
2 
2 

10 
20 
60 

30 
7 
6 
1 

. 2  

2 
2 

10 
35 

--- 
-- - 

-- - 

--- 

40 
70 
24 
24 
50 

28 

4 
70 
.2 
20 
80 
10 
20 

2 
10 
2 

20 
20 
2 
2 
4 
4 

20 
40 

120 

60 
14 
12 
2 

.4 

4 
4 

20 
70 

--- 
--- 

--- 

--- 

* A l l  values i n  p a r t s  per m i l l i o n  (ppm). ** 

--- 
Whole rock samples a re  analyzed i n  a 2% s o l u t i o n ,  +3.3 concentrates i n  a 
1% sol u t i o n .  
S i  and B not  determined i n  s o l i d s  due t o  l o s s  d u r i n g  sample d iges t i on .  
U n o t  determined i n  s o l i d s  due t o  v a r i a b l e  Fe spec t ra l  i n te r fe rence .  
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