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ABSTRACT 
/ 

n o b j e c t i v e  of t h  m a l  Regimes p o r t i o n  of t h e  

t a l  , S c i e n t i f i c  is .the development 

t a l .  unders tand  

thermal and magma systems. A comparat ive assessment  

al-magma sites for t h i s  facet of t h e  

CSDP has  been prepared  for t h e  DOE 

Sciences .  F o u r  DOE Laboratories 

bora to ry ,  Lawrence Berkeley 

i o n a l  Laboratory,  and Sandia  N a t i o n a l  

ed i n  t h i s  s tudy .  The f i v e  s i tes  are: 

ng Val ley ,  CA, R i o  Grande R i f t ,  NM, 

CA. T h i s  s i te  

d in fo rma t ion  (geology,  

t )  on t h e  f i v e  si tes 

as a p r e l i m i n  e t o  s i t e  s e l e c t i o n ,  Cri ter ia  f o r  s i te  

s e l e c t i o n  are t h a t  p o t e n t i a l  s i t es  have ident i f iable ,  or l i k e l y ,  

hydrothermal  systems and a s s o c i a t e d  magma sources ,  and t h a t  

9, logging ,  and 

e r m i t  reso: 

ended t h a t  f u r t h e r  

Geys-ers-Clear Lake 

aldera o f f e r i n g  t h e  

r 

. .  





POTENTIAL SITES FOR HYDROTHERMAL-MAGMA 
SYSTEMS 

I, RIO GRANDE RIFT (VALLES CALDERA), NEW MEXICO 
2, THE GEYSERSOCLEAR  LAKE^ CALIFORNIA 
3a SALTON  TROUGH^ CALIFORNIA 
4, LONG VALLEYJ CALIFORNIA 

5, ROOSEVELT HOT SPRINGS, UTAH 
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1 . INTRODUCTIOJT 
r . -  

i 

Background - 
Fol lowing  t h e  Workshop on C o n t i n e n t a l  D r i l l i n g . ' f o r  

Scientific Purposes  he ld  a t  Los Alamos, New Mexico, J u l y  17-21, 

1978, a Nat iona l  Academy of S c i e n c e s  report was i s s u e d  e n t i t l e d  

"Cont inenta l  S c i e n t i f i c  D r i l l i n g  Program. The report i d e n t i f i e d  
> 

primary s c i e n t i f i c  o b j e c t i v e s  i n  f o u r  major areas: Basement 

Structures a n d  Deep C o n t i n e n t a l  Basins:  Thermal' Regimes; Mineral  

Resources; and Earthquakes. The Department of 'Energy has a 

p a r t i c u l a r  i n t e r e s t  i n  thermal  regimes because -of the  Department's 

need t o  unders tand  thermally d r i v e n  processes related to u t i l i -  

z a t i o n  of ene rgy  r e s o u r c e s  and t h e  d i s p o s i t i o n  of h e a t  producing 

wastes i n  t h e  geologic environment . Although u t i l i z a t i o n  of 

geothermal  energy ,  and d i s p o s i t i o n  of geothermal f l u i d s ,  are t h e  

most obvious  examples of thermal. effects i n  geologic media, 

there are paral le ls  i n  thecareas of i n  s i t u  fossi l  f u e l  u t i l i -  

z a t i o n  and n u c l e a r  waste disposal. 

-- 

Under t h e  topical heading of t h e r m a l  regimes, t h e  workshop 

report i d e n t i f i e d  f i v e  specific regimes: Vapor-dominated hydro- 

t h e r m a l  convec t ion  systems: (The Geysers) : hot-water hydrothermal  

systems d r i v e n  by high- leve l  igneous i n t r u s i o n s  (Yellowstone , 
S a l t o n  Sea, Valles Caldera): hot-water geothermal sys tems d r i v e n  

by regional conduct ive  heat flow (Nevada, Utah): thermal  and 

chemical processes i n  a c t i v e  v o l c a n i c  regions (Hawaii, Cascades, 

Alaska) : and thermal processes i n  stable regions. Several 

of these regimes invo lve  a l i n k a g e  between magmatic and  
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hydrothermal systems. Thus one broad obj e Of the 
regimes p o r t i o n  of t h e  Con t inen ta l  S c i e n t i f i c  D r i l l i n g  Program 

might be phrased a s  follows: 

The development 
t r a n s p o r t  w i t h i n  

shallow, moderate and 
expe r imen ta t ion  i n  t h e  o n t i n e n t a 1  crust* 

.A j o i n t  proposal t o  conduct a comparative assessment  of 

an unders tanding  of energy  and mass 
nd between magmatic and hydrothermal  

I '  systems through c i e n t i f i c a l l y  directed program of " 

el? d r i l l i n g ,  sampli 

f i v e  p o t e n t i a l  hydrothermal-magma ites was prepared and sub- 

t h e  Department of Energy's *Office  Of Basic Energy 

The four  Sc iences ,  Geoscience'Program i n  November of 1979. 

DOE laboratories involved  were: 

Labora tory ,  Lawrence Berke ley  L a w r a t o r y ,  .Lawrence Livermore 

National Laboratory,  nd S a n a a  Na t iona l  Laboratories* The f i v e  

sites selected were: 

C a l i f o r n i a ,  t h e  S a l t o n  Trough, Roosevelt: Springs* 

Utah, and t h e  Rio.Grande R i f t ,  Ned Mexico. 

Los A l a m o  Scientific 

'The Geysefs, California, Long Valley, 

Five sites were selected, r a t h e r  t h a n - a  greater number, 

because of the d e s i r e  to prepare a 

year.  These f i v e  si tes we t h e  basis of recommenda- 

t i o n s  of three worksh 

m i l l i n g ,  June 50-13 , 

t dur ing  the 1980 f iscal  

nd I n s t r u m e n t a t i  

19781, i n v  he s c i e n t i f i c  

community. 
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I 

cance of the questions, additional surface d 

testability of site.specific transport models, 

! . comparative site assessment provid 
I 
I (or planned) holes to investigat 

ative site assessment i s  a .ne’cessa 
i 

in the broader site selection process. 



each of t h e  I 
I 

9yt  geochemistry, . 

Sandia was” 
t h e  effort. The 

of’ f i v e  s e p a r a t e ,  

p u b l i s h e d ,  through 

cument where the  

en ted  review group: 

Energy Transpor t  - H. C 
Geology - F. Goff ,  LASL 
Geochemistry .. A. White, LBL 
Geophysics - P. Kasamey 
Summary . C. Luth  and, 

The summary report is drawn f 

. o p p o r t u n i t i e s ,  a r  

research and d r i l l i n g  p l a n s  are proposed a t  each of t h e  f i v e  

Enerqy T r a n s p o r t  Regimes 

t h e  hydrothermal  
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zone between t h e  t w o .  An additions 

I s ta te  convec t ion  may e x i s t  i n  special s i t u a t i o n s  i 
1 Thermal sites o f  t h e  type c o n s  

or had, magma' 

it may e x i s t  as a p l e x u s - o  

be c o n t i n u o u s l y  or episodically res 

i 

magma (basal t ic ,  a n d e s i t  

I t i o n s  of crystals, l i q u i d ,  and  g 

i n t e r n a l  n a t u r a l  convec t ion  or i 

w i t h  conduc t ion  t h e  dominant mode of 

areas t h e  magmatic source  of h e a t  may 

i 

i 
~ 

I 

I ~ t he rma l  anomaly body may be l a t e ra l ly  displaced from 

or hydrothermal zone. 

be produced by a l a te ra l  and  g r a d u a l  upward movement of h e a t e d  

The hydrothermal zone i n  t h i s  case can  

I 

I groundwater  from v i c i n i t y  of t h e  magma body. 
I 
I 

thermal and  mass t r a n s p o r t  i n  many hydrotherma 

mask thermal  in fo rma t ion  from the  deeper magma body. 

n a t u r e  .and p o s i t i o n  of t h e  s u s p e c t e d  magma body are impor t an t  i 

~ 

I ng t h e  thermal  processes 

a1 processes i n  t h e  t r a n s i t  
l 

e and  t h e  magma body a r  

t r a n s i t i o n  zone may be a r e g i o n  of 

c i r c u l a t i o n  which e x t e n d s  down to  

1 

, 

1 



.magma. 1 

. .  

one where Conductive heat, tranefer is dominant bqcause t h e  rock 

is impermeable to f l u i d  or because heat transport is reduced 

when the temperature exceeds the c r i t i ca l  temperature of t h e  

hydrot hemal flu i d  . 
s i tua t ions  is a zone of ,cr i t ical  state natural convection. 

I 

* 

An additional thermal zone which might exist  i n  special. 

T h i s  
can occur a t  slgnificant.depths i n  the crust (2-10 km) where the 

local .pore pressure and temperature reach .the c r i t i ca l  pressure 

and temperatur 

on the local &, 
water. 

The depth where t h i s  'can Occur -depends 

re pressure and the salinity of t h e  pore 

A t  the, .cri t ical  point, natural convective heat transfer 

increases dramatically. T h i s  zone could have a significant ' 

impact on the overall heat transfer i n  the magma/hydrothermal sys- 

tem and would possibly show extensive ,e f fec ts  of dissolution 

and precipitation caused by the enhanced convective circulation. 

Crit ical  ,cdnvection zones have been suggested a s  a mechanism 

ion and these 
may provide a preferred 

Research Needs 

vective and conductive mechanisms. active i n  the Magma-Transition- 
questions relate to t h e G L i n  s i t u  con- 

Hydrothermal ~ Zones there 

thermal ,and magma systems, there 

required to  evaluate energy transport. 

O shortage Of Of gee- 

scarcity Of data which are ' 

Such data are needed 

-- 
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to d i s c r i m i n a t e  between and  improve o n  models t h a t  are p r e s e n t l y  

based on  i n d i r e c t  i n fo rma t ion  (e.9. , exhumed or  f o s s i l i z e d  

systems). The fo l lowing  t y p i c a l  q u e s t i o n s  are among many of 

i n t e r e s t :  

What factors d i s t i n g u i k h  one zone from t h e  other? For 
example, is p e r m e a b i l i t y  a c o n t r o l l i n g  factor i n  d i s -  
t i n g u i s h i n g  t h e  v a r i o u s  zones? What i s  t h e  effect  of 
f r a c t u r e s ,  d i s s o l u t i o n  ( secondary .porosity) and  pre- 
c i p i t a t i o n  ( s e a l i n g )  on p e r m e a b i l i t y ?  I f  convec t ion  
dominates ,  what f l u i d  p h a s e s  exis t?  

What i s  t h e  maximum d e p t h  of f l u i d  c i r c u l a t i o n ?  For 
i n s t a n c e ,  what  is t h e  maximum depth t o  which downward 
p e r c o l a t i n g  meteoric waters c i r c u l a t e ?  I)o b r i n e s  cir- 
c u l a t e  downward to  t h e  magma surface or  even i n t o  t h e  
magma? 

What are t h e  n e c e s s a r y  c o n d i t i o n s  for t h e  fo rma t ion  of 
vapor-dominant and  l iqu id-dominant  h+drothermal zones? 
What are t h e  temperature-pressure-phase-chemical- 
c h a r a c t e r i s t i c s  of t h e s e  zones? How do t h e s e  zones  
evolve w i t h  time? 

Does c r i t i ca l  s ta te  permeable convec t ion  e x i s t ?  How would 
s u p e r c r i t i c a l  permeable convec t ion  be e v i d e n t  i n  t h e  
f i e l d ?  
mechanism .for t e m p e r a t u r e s  and  dep ths  i n  hydrothermal cir- 
c u l a t i o n  zones? 

Is c r i t i ca l  state permeable convec t ion  a l i m i t i n g  

What is t h e  n a t u r e  of magma bodies? What c o n d i t i o n s  
de te rmine  whether magma e x i s t s  primarily a s  a l o c a l i z e d  
( l a rge  l i q u i d  body) or d i f f u s e  ( p l e x u s  of d i k e s  and sills) 
hea t  source? How i s  magma emplaced? Is t h e  magma chamber 
isolated or resupplied? What is t h e  s ta te  of convec t ion  
i n  t h e  magma chamber? 

E f f o r t s  to  answer t h e s e  q u e s t i o n s  w i l l  require t h e  c o l l e c t i o n  

and  i n t e r p r e t a t i o n  of data from s h a l l o w ,  i n t e r m e d i a t e .  and  deep 

d r i l l  h o l e s .  

i n t e r p r e t e d  through t h e  use  of v a r i o u s  a n a l y t i c a l  or numer ica l  

models. 

The f i e l d  data w i l l  have to be s y n t h e s i z e d  and  
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The most i m p o r t a n t  set of t r a n s p o r t  data collected from 

a deep d r i l l  ho le  is 

Temperature a s  a func t ion  of depth  

Pore-f luid p r e s s u r e  a s  a func t ion  of depth 

F l u i d  phase and  composition a s  a f u n c t i o n  of depth 

Solid and  m e l t  ( g l a s s )  phase p r o p o r t i o n s ,  d i s t r i b u t i o n  
and composition a s  a func t ion  of depth  

N a t u r e  and magnitude of - i n  --- s i t u  p o r o s i t y  and .- i n  - _ _ _  s i t u  
p e r m e a b i l i t y  w i t h  dep th  

Surface and downhole heat f l u x  measurements’ 

Thermal c o n d u c t i v i t y  and thermal d i f f u s i v i t y  a t  depth 

Core and c u t t i n g s  a n a l y s e s  

Geophysical and geochemical measurements are also needed t o  

interpret  thermal  and mass t r a n s f e r  processes .  

downhole thermal geophys ica l  measurements  and geochemical f l u i d  

measurements can y i e l d  informat ion  about t h e  thermal  character 

of a deeper magma body before it is reached by t h e  d r i l l  ho le .  

The s y n t h e s i s  of data w i l l  be achieved  through t h e  use  of 

For i n s t a n c e ,  

mathematical -models. I n t e r p r e t a t i o n  can be achieved  through 

t h e  use of a n a l y t i c a l  and n u m e r i c a l  s o l u t i o n s .  A v a r i e t y  of 

a n a l y t i c a l  s o l u t i o n s  have appeared i n  t h e  l i terature  on heat 

and mass t r a n s p o r t  problems related t o  hydrothermal  and 

systems. I n  a d d i t i o n ,  o v e r  t h e  past decade many n u m e r i c a l  

ave been proposed to  handle  heat and mass t r a n s f e r  i n  

complex, t h r e e  d imens iona l ,  heterog 

t h e  q u a l i t y  and q u a n t i t y  of data l i k e l y  from deep d r i l l  holes, 
eouS systems* Considering 
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it appears that current computational abilities far exceed 

the sophistication warranted by field data. 

3. GEOLOGY 

Comparison of the Five Sites 

Surface manifestations of both magmatic and hydrothermal 

activity are present at all five sites. However, these 

sites do not fully represent all geologic settings in which 

magma-hydrothermal systems occur, because they are limited to 

areas of current geothermal exploration. Never eless, they 

illustrate some of the similar and contrasting geologic condi- 

tions under which magma bodies and hydrothermal reservoirs 

develop. 

Important geologic features of these sites are summarized 

in Table 1. One of the obvious similarities is that present 

hydrothermal activity is associated with silicic volcanism 

younger than 1 m.y. at all five locations, although the volume 

of silicic lavas, lithologic assemblage, and relationship of 

volcanic events in space and time differ greatly. 

and Long Valley Caldera systems provide strong geologic evidence 

for the past existence of a single large magma body at shallow 

depth. Geologic data from the Clear Lake field, and to a lesser 

extent the Roosevelt field, permit the existence of such a body. 

There is no geologic evidence for large, single magma bodies at 

the Salton Trough. 

The Valles 
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Clear Lake ‘region, CA 

Long Valley Caldera, cA 

Silicic volcanic field, Adjacent (east) San mostly dacite with Andreas transform zone; reservoir at The 
subordinate rhyolite located in early Tertiary Geysers, T = 240OC: and basalt; few pyro- subduction zone. several distinct hot 
clastic units; age: water reservoirs to 
2 - .01 m.y. east, T ~200°C: many 

fumarole areas and 
mercury deposits. 

Silicic caldera with Astride Sierra Nevada Several small hot 
copious rhyolitic ash- and Basin and Range water reservoirs: 
flow tuffs and rhyolite Boundary. one fumarole area. 
to dacite domes; age: 
.7 - < O.lm.y. 
Bimodal basalt-rhyolite East margin of Basin and Moderate-sized hot 
suite; some small ash- 
flow tuffs; age: 

Four rhyolite domes and Overlies transform zone Many hot water 
one dacite dome; age: associated with East reservoirs, T 535OOC; 

< .1 m.y. 

Range province: adjacent 
to NW Colorado Plateau. 

- 8  - <.01m.y. 

Pacific Rise and San 
Andreas fault system. 

one fumarole area. 

1 1 Roosevelt Hot Spgs. ,  U 

I 

Salton Trough, CA 

Valles -€aldera,-NM-- ~ Silicic caldera with Junction of Rio Grande Moderate-sized hot 
copious ash-flow tuffs rift and Jemez volcanic water reservoir, 

and rhyolite domes: T = 26OOC; contains age: 1.4 - O.lm.y. of Colorado Plateau. small vapor-dominated 

zone: two fumarole 

lineament at SE margin 

areas. 
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There is also a close association between volcanism and 

tectonic act ivi ty  a t  a l l  five s i tes .  The largest  magma systems, 

represented by the Long Valley and  Valles Calderas, are centered 

on normal fault  structures w i t h  displacements of several kilo- 

meters. These magma bodies, and most of the other magmatic 

systems a s  well, have apparently developed w i t h i n  and migrated 

upward along major fault  zones. The regional tectonic environ- 

ment of volcanism a t  a l l  s i t e s  except Clear Lake is extensional, 

% 

. and a t  The Geysers-Clear Lake s i te  a local extensional environ- 

ment presumably exists.  Although the Salton Trough is  cut by 

strike s l i p  faul ts  of the San Andreas system, volcanoes are 

centered on fault  o f fse t s  which appear to  act  a s  spreading 

centers. A s  a consequence of the tectonic act ivi ty ,  a l l  the 

s i t e s  are structurally complex. 

Another relationship ex is t s  between tectonic and hydro- 

thermal activity.  Active tectonism apparently maintains per- 

meability w i t h i n  the hydrothermal reservoirs and provides 

pathways for t h e  surface manifestation of the tectonism. 

A l l  the s i t e s  contain zones of water-dominated hydro- 

thermal act ivi ty ,  and vapor-dominated zones also occur a t  The 

Geysers-Clear Lake and the Valles Caldera. A t  Long Valley 

and Valles Calderas, hydrothermal act ivi ty  occurs w i t h i n  t h e  

caldera structures and has ,  therefore developed primarily i n  

s i l ic ic  pyroclastic' rocks.. Reservoir rocks are sedimentary 

or metamorphosed sedimentary materials a t  the Salton Trough 



-1 5- 

and The Geysers and mylonitized granit2c basement at Roosevelt 

Hot Springs. 5 

Although magmatic and hydrothermal activity are clearly 

associated at all sites, the character of this relationship 

varies greatly. Evidence at Long Valley and the Valles Caldera 

suggests that the hottest part of the 'hydrothermal systems are 

centered over the shallowest portion of the magmatic system. 

However, at The Geysers and Roosevelt Hot Springs, hydrothermal 

activity is displaced laterally from the associated volcanic 

fields, and at the Salton Trough, surface expressions of volcanism 

are minor in areal extent relative to the hydrothermal activity. 

Table 2 shows that there is no apparent relationship between 

energy contained in each hydrothermal system and the volume of 

associated volcanic rocks. 

Three of the five sites belong to two widespread classes 

Results'of drilling at these of systems: rifts and calderas. 

sites have the potential for wider application than at the more 

unique systems. Continental r i f t s ,  of which the Rio Grande 

Rift and Sa,lton Trough are examples, 'are'characterized by an 

elongate zone of extensional tectonics, basaltic volcanism or 

intrusions, high heat flow, high electrical conductivity in the 

crust or mantle, thin crust, and positive gravity residuals 

(when the effect of low density basin fill is subtracted). 

These features are generally interpreted as a consequence of 

mantle upwelling and crustal spreading. he 
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TABLE 2. T o t a l  ' e s t i m a t e d  thermal  e n e r g y  of f i v e  magma- 
hydro thermal  sys tems ( t o  a dep th  of 1 0  km) compared 
w i t h  the rma l  e n e r g y  of a s s o c i a t e d  hydro thermal  
sys tems and  volumes o f  a s s o c i a t e d  si1 icic v o l c a n i c s z  
d a t a  f r o m  USGS C i r c s .  726 and 790 (1975, 1978) .  

Thermal e n e r g y  Thermal e n e r g y  Volume of asso- 
i n  magma-hydro- i n  a s s o c i a t e d  c i a t e d  s i l ic ic  
the rma l  system, hydrotherma v o l c a n i c s ,  m s t l y  10 *J sys tems,  10 1 8 5  1 m.y., km s 

--- 
Clear Lake region, CA 3610 1001 75 

Long Va l l ey  Ca lde ra ,  CA 5780 78 200 

Roosevel t  R o t  Spgs., UT 

S a l t o n  Trough, CA2 

Valles Ca lde ra ,  r?M3 

710 

480 

8425 

32  

230 

87 

10 

2 

500 

' E s t i m a t e  for The Geysers  o n l y ,  d o e s  n o t  i n c l u d e  Calistoga,  Su lphur  Rank 
Mine, Wilbur S p r i n g s ,  and small sys tems n e a r  Clear Lake. 

'Does n o t  i n c l u d e  Cerro Prieto,. Mexico. 

3 F J ~  d a t a  a v a i l a b l e  f o r  e n t i r e  R i o  Grande R i f t .  
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regime of rifts is b e l i e v e d  t o  r e s u l t  both from conduct ion  through 

th inned  crust and convec t ive  t r a n s p o r t  of h e a t  by basalt ic i n t r u -  

sions. 

of t h e i r  thermal regime, would test geophys ica l  i n t e r p r e t a t i o n s  

of basin structures,  and would p rov ide  samples r e p r e s e n t i n g  t h e  

e a r l y  h i s t o r y  of t h e  basins. 

Deeper d r i l ‘ l i n g  i n ’ r i f t s  would i 

Deep d r i l l  

V a l l e y  are clas 

for these systems,  becti 

g i n  calderas, of which the  Valles andLLong 

c examples, would d i r e c t l y  test e x i s t i n g  models 

t h e  magma bodies r e s p o n s i b l e  for 

” caldera formation are thought t o  evo lve  w i t h i n  a ‘ fe  kilometers 

of t h e  s u r f a c e .  

beneath calderas inc ludes :  

Geologic  ev tdence  for  l a r g e ,  shallow magma bodies 

1. Erup t ion  of voluminous, compos i t iona l ly  zoned t u f f  
sheets wi th  contemporaneous, vo lumetr ica l ly-comparable  
c o l l a p s e  i n  t h e  source reg ion .  

floor. 

Analogy t o  f r o z e n ,  exhumed plutonic s y s t e m s , c o n s i s t i n g  
of granite r i n g  d i k e s  enclosing downfaulted v o l c a n i c  I 

sequences  and a central g r a n i t e  p lu ton .  
match in size and spatial arrangement  t r i n g  frac- 
t u r e s ,  caldera f i l l ,  and r e s u r g e n t  dome of calderas, 
r e s p e c t i v e l y .  

2. Post-collapse s t ruc tura l  resu 

3. 

These features 

Although the  geo  

geophys ica l  i deepe r  p o r t i o n s  is 

of these systems a p p e a r s  w e l l  unders tood ,  

y l o w  d e n s i t y  cal  6, s t ruc tu ra l  compl 

ck of c o n f i r  easurements .  

’ ! O p p o r t u n i t i e s  n t  stages of 

caldera e v o l u t i o n .  em,.  w i t h  minor young 

.. 

I .  . .  I .  
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post-collapse volcanism and low temperatures in deep wells, 

appears to represent a mature stage of caldera evolution with 

low probability of existence of shallow magma but 

the crystallized plutonic system. 

more voluminous young post-collapse volcanism at the Valles 

Caldera indicate a more prolonged or, perhaps earlier stage of 

Higher well temperatures and 

evolution. The Mono Craters system (adjacent to Long Valley) 

of young crystal-poor, voluminous rhyolite tephra and domes 

extruded from an arcuate fracture system may represent an early, 

precollapse stage of caldera evolution. These three sites pro- 

vide an opportunity to investigate not only the history of high 

level intrusions, but also the timing of development of hydro- 

thermal systems with respect to these intrusions. 

Geologic Questions Relative to Deep Drilling 

Geology is interpreted primarily from surface observations. 

Since local relief on the Earth's surface rarely exceeds 2 to 

3 km, geologic insights into the vertical dimension are severely 

limited. Conceptual models of greater vertical extent are 

developed by linking results of comparable fossil systems exposed 

at different levels. 

offers for development of geologic models of magma-hydrothermal 

systems is the vertical sampling of several kilometers of a system, 

encompassing its volcanic, hydrothermal, and magmatic components, 

The great advantage that deep drilling 

at a single point in time. There could be a clear answer to the 

question of what is presently under a volcano or geothermal field. 
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T h i s  would repre n t  a large advance for e r s t a n d i n g  o f ,  as a n  

I example, caldera systems,  where volcanoes  are matched to  i n t r u s i o n s  
I 
I on t h e  bas i s  of geometry and whole rock composi t ions.  

Another u n i q u e  o p p o r t u n i t y  provided by deep d r i l l i n g  i s  

t h e  s t u d y  of magmatic c r y s t a l l i z a t i o n .  Volcanoes provide  quenched 

samples of magmas which are less than  50% c r y s t a l l i z e d ,  w h i l e  

exhumed magma bodies have undergone a complete c r y s t a l l i z a t i o n  
j 

and s u b s o l i d u s  h i s t o r y .  Thus, samples r e p r e s e n t i n g  more t h a n  h a l f  

of t h e  c r y s t a l l i z a t i o n  h i s t o r y  of magmas are inaccessible except 

by d r i l l i n g .  - 

C r y s t a l - r i c h  magma can be expected t o  occur a t  t h e  outer mar- 

g i n s  of c r y s t a l l i z i n g  bodies. The margin should  be a key r e g i o n  

i n  which t o  look for evidence  of assimilation and  . d i f f e r e n t i a t i o n  
I 

processes, because thermal  and C h e M i C a l  gradients  are  h igh .  No 

evidence  exists t h a t  material o m  t h i s  zone o c c u r s  i n  v o l c a n i c  

products, and t h e  in fo rma t ion  con ta ined  i n  p l u t o n i c  r o c k s  c o n c e r n i n g  

I 
4 

I t h i s  zone i s  v e r y  l i m i t e d .  

I s i m  i l a r  i o n  s t ra  i n  t s a p p l y  i n v e s t i g a t i o n  of hydrothermal 1 

I ems. Samples of l e a k i n g  thermal f l u i d s  can be o b t a i n e d  

I a t  t h e  surface and sa r v o i r  r o c k s  can be o b t a i n e d  from 
I 
I 

coo led  fossil systems. Only d r i l l i n g  c 
1 
i 

- - :an provide  actual  tempera- 

I 

i h o s t  r e s e r v o i r  erials.  

i In summary, t h e  fo l lowing  g e o l o g i c  q u e s t i o n s  can be addressed 

t u r e s  and access to samples of both hydrothermal  f l u j . d s  and t h e i r  

I 

I 

by deep d r i l l i n g :  



-20- 

What is  t h e  s t r u c t u r e  and v e r t i c a l  thermal and chemical 
zona t ion  ( f l u i d  and a l t e r a t i o n  product composi t ion)  of 
hydrothermal  systems? 

What is t h e  s t r u c t u r e  and v e r t i c a l  t he rma l  and chemical 
zona t ion  of magmatic systems? 

What is  t h e  r e l a t i o n s h i p ,  i n  space and time between 
hydrothermal  and magmatic systems? 

What. processes occur  i n  c r y s t a l - r i c h  magmas and what are 
t h e  characteristics of t h e  magma/wallrock or mobile magma/ 
c r y s t a l l i z e d  magma boundary zone? 

4. GEOCHEMISTRY 

Major geochemical processes a t  t h e  proposed sites o c c u r  in :  

1) magmas and associated l a v a s ,  2) hydrothermal s o l u t i o n ,  and 

3)  hydrothermal a l t e r a t i o n .  

Geochemistry of Magma and Associated Lavas 

Primary magma s o u r c e s  i n  t h e  E a r t h ' s  man t l e  are beyond t h e  

reach of p r e s e n t  d r i l l i n g  technology,  however, magmas t h a t  have 

been g e n e r a t e d  (or  in t roduced)  i n  t h e  E a r t h ' s  crust a t  sha l low 

depth r e p r e s e n t  possible d r i l l  h o l e  targets. The f i v e  proposed 

d r i l l i n g  sites r e p r e s e n t  such targets. However, t h e i r  t e c t o n i c  

s e t t i n g  and t y p e  of magmatism appear to v a r y  s i g n i f i c a n t l y .  

Whereas geologic and geophys ica l  t e c h n i q u e s  can  p rov ide  

in fo rma t ion  r e g a r d i n g  the  dep th ,  s i z e ,  and heat d i s t r i b u t i o n  of 

such magma bodies, igneous  geochemis t ry  is t h e  p r i n c i p a l  method 

a v a i l a b l e  i n  a d d r e s s i n g  q u e s t i o n s  concern ing  t h e  o r i g i n  and evolu- ' 

. t ion  of magmatic systems a t  a g iven  site. Q u e s t i o n s  invo lv ing  

t h e  o r i g i n ,  coa le scence ,  mig ra t ion ,  contaminat ion ,  emplacement 
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and  ̃  crystallization of magma systems are of importance i n  under- 

s t and ing  thermal regime 

impor tan t  role i n  r e s o l v i n g  q u e s t i o n s  of contaminat ion  d u r i n g  

magma emplacement. It i s  impor tan t  t o  n o t e  t h a t  p l u t o n i c  rocks 

2 '  

S c i e n t  i f  ic d r  l i n g  can p l a y  an  

now obse rved  a t  t h e  E a r t h ' s  surface, or found  i n  d r i l l i n g ,  

have t y p i c a l l y  undergone a long  and complex s u b s o l i d u s  c o o l i n g  

h i s t o r y  r e s u l t i n g  i n  mineralogical, chemical, and t e x t u r a l  

m o d i f i c a t i o n s  which s i g n i f i c a n t l y  l i m i t  t h e  u s e  of observed 

characteristics i n  t h e  a n a l y s i s  of  magmatic phenomena. 

d r i l l i n g  can  p rov ide  samples of magmatic, or r e c e n t l y  s o l i d i f i e d  

S c i e n t i f i c  

h igh  tempera ture  materials which have n o t  undergone t h i s  long  

and complex cool ing h i s t o r y .  

Although d r i l l i n g  i n t o  an  ac t i  magma chamber i s  a long- 

term o b j e c t i v e  of t h i s  par t  of t h e  C o n t i n e n t a l  S c i e n t i f i c  D r i l l i n g  

Program, it is r e a s o n a b l y  clear t h a t  s i g n i f i c a n t  advances  i n  t h e  

technology of d r i l l i n g ,  l ogg ing ,  sampling, a n d  i n s t r u m e n t a t i o n  

, w i l l  be  necessary to  o b t a i n  t h e  r e q u i r e d  s c i e n t i f i c  data. 

much in fo rma t ion  o f  va lue  can be o b t a i n e d  prior to this stage 

through d e t a i l e d  a n a l y s i s  of associated v o l c a n i c  Pocks bo th  a t  

t h e  s u r f a c e  and i n  d r i l l  cores. 

43eochemistry of Hydrothermal S o l u t i o n s  

However, 

of the proposed s i tes  possess surface m a n i f e s t a t i o n s  of 

hydrothermal a c t i v i t y  t o  vary ing  degrees .  Two of t h e  sites8 The 

Geysers and to a much lesser e x t e n t  

Rio Grande R i f t  8 possess vapor-dominated systems. 
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I n  g e n e r a l ,  t h e  datg d e s c r i b i n g  t h e  chemistry of both t h e  

aqueous and gaseous  p h a s e s  d e r i v e d  from deep d r i l l i n g  have t w o  

a p p l i c a t i o n s .  One a p p l i c a t i o n  is related to  answer ing  s c i e n t i f i c  

q u e s t i o n s  i n  related f i e l d s .  For example, chemica l  geothermometers 

can  be used t o  estimate r e s e r v o i r  t empera tu res .  Isotope data can  

be employed i n  e s t i m a t i n g  t h e  age and o r i g i n  of t h e  hydrothermal 

water. Trace e lement  data can  be used to d e f i n e  avenues  of 

r echa rge  i n t o  t h e  hydrothermal r e s e r v o i r .  D i s s o l u t i o n  and  aqueous  

e q u i l i b r i u m  c o n s t r a i n t s  can  be applied to  de te rmine  t h e  effects 

of aqueous  chemis t ry  i n  c o n t r o l l i n g  secondary  permeability and  

r e s e r v o i r  e v o l u t i o n .  

A second approach is t o  use the data to  answer basic ques- 

t i o n s  concern ing  chemical mechanisms and e v o l u t i o n  of hydrothermal 

f l u i d s .  For  example, t h e  l i t e r a t u r e  i n d i c a t e s  t h a t  t h e  hydro- 

t h e r m a l  chemistries a t  a l l  s i tes  are h i g h  i n  c e r t a i n  trace 

e l e m e n t s  such  a s  As, R, R r ,  F, and L i .  What are t h e  s o u r c e s  of 

these e l emen t s?  To what e x t e n t  are they  d e r i v e d  d i r e c t l y  from 

j u v e n i l e  or magmatic s o u r c e s  and t o  what e x t e n t  from d i s s o l u t i o n  

of r e s e r v o i r  rocks? What i s  t h e  sou rce  of t h e  abundant  s u l f u r  

associated w i t h  these hydrothermal s o l u t i o n s  and gases? The 

\ 

f l u i d  chemistry a t  a l l  f i v e  s i t e s  i s  g e n e r a l l y  dominated by sodium 

ch lo r ide  e i ther  a s  d i l u t e  or  c o n c e n t r a t e d  b r i n e s .  Can such  

s imi l a r i t y  i n  chemis t ry  r e s u l t  from v e r y  d i f f e r e n t  mechanisms? 

For example, e v a p o r i t e  d i s s o l u t i o n  h a s  been sugges t ed  i n  t h e  

S a l t o n  Trough a s  compared to  rhyol i te  d i s s o l u t i o n  i n  Long Valley. 

noes such s i m i l a r i t y  i n d i c a t e  a common t r e n d  i n  e v o l u t i o n ?  A r e  
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vapor-dominated sys tems such a s  The Geysers u n d e r l a i n  by con- 

c e n t r a t e d  sodium c h l o r i  

Another major geochemical q u e s t i o n  to be addressed i s  t h e  

r e l a t i o n s h i p  between hydrothermal s o l u t i o n  and formation,  t r a n s -  

-port ,  , and  d e p o s i t i o n  of ore-forming elements .  Is mercury d e p o s i t i o n  

i n d i c a t i v e  of a p r e s e n t  or p a s t  vapor-dominated system? 

t h e  source  of heavy metals i n  t h e  S a l t o n  Trough and i s  t h e i r  

t r a n s p o r t  d i rect ly  related to  t h e  c o n c e n t r a t e d  b r i n e  chemistry? 

A r e  t h e  sources of these e l emen t s  related to  a magma system or 

do t h e y  r e s u l t  from l e a c h i n g  of r e s e r v o i r  rocks? 

What is 

To a d e q u a t e l y  i n t e r p r e t  geochemical data on so l id ,  l i q u i d ,  
. and gas  samples of t h e  E a r t h ' s  c r u s t  o g t a i n e d  i n  a CSDP, there 

i s  a requi rement  for broad-based g e n e r i c  research on fundamental  

geochemical processes This such basic rock/wate= 

i n t e r a c t i o n s  as t h e  k i n e t i c s  of d i s s o i u t i o n  and p r e c i p i t a t i o n  a t  

high t e m p e r a t u r e s  a s  well a s  s p e c i a t i o n  of chemical e l e m e n t s  i n  

aqueous phase's i n  c o n c e n t r a t e d  sol 

t e c h n o l o g i c a l  -advances  i n  sampling 

t empera tu res ,  p r e s s u r e s  and g r e a t  d e p t h s  must be developed.  

In addition, 
solutions a t  h igh  

p r e s e n t $  t h e  i n t e r f a c e  

r y  and t h e  geochemistry 

t i o n  i s  dependent  

'on t h e  d i s t r i b u t i o n  of thermal  energy ,  c o n t r o l l e d ,  for exdmple, 

by hydro log ic  c o n s t r a i n t s  such a s  the 'development of hydrothermal  
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circulation. The chemical changes are also restricted to portions 

of the system where fluid/rock interactions can occur by advection 

of components, intergranular diffusion, and both e q u i l i b r i u m  and 

nonequilibrium reactions. Hydrothermal alteration may, i n  t u r n ,  

increase or decrease rock permeability and affect  both circulation 

and convective heat transport . Alteration assemblages offer a 

record of present hydrothermal processes and also. of past spatial ,  

chemical, and temperature regimes i n  such systems. T h i s  record 

is important i n  assessing whether hydrothermal alteration reduces 

permeability sufficiently to cause a liquid-dominated hydrothermal 

system to evolve into a vapor-dominated system. The spatial  dis-  

tribution of hydrothermal alteration is also important i n  evaluating 

geophysical anomalies associated w i t h  geothermal sites. 

Deep d r i l l i n g  also of fe rs  an opportunity to: observe altera- 

tion assemblages and specific hydrothermal solutions a t  known 

temperatures and pressures. These data w i l l  provide much needed 

t e s t s  of existing-mass transfer codes. I n  addition, it w i l l  be 

possible to  evaluate the lower temperature l i m i t s  for fluid/rock 

chemical equi l ibr ium and the effect  of reservoir rock type and 

temperature on the observed alteration sequence . 
I 
I 
j 

5 . GEOPHYSICS I 
1 The needs for geophysical research a t  each s i t e  are summarized 
, 
I below, first for potential magma targets,  then for hydrothermal 
I 

targets . 
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Geophysical Evidence for Magma a t  Depth 

Because the tectonic sett ings and modes of occurrence of 

intrrusive rocks are different a t  the five s i tes ,  the means by 

which t h e  existence of magma from geophysical data can be inferred 

d i f fe r  from s i t e  to s i te .  The s i t e s  can be placed i n  two groups: 

those- for which the occurrence of distributed bodies of magma 

is inferred from a regional tectonic model and those where geo- 

logic and geophysical evidence indicates the presence of a 

localized magma body. 

are i n  the first group; Long Valley, Roosevelt Hot Springs,  

The Rio Grande R i f t  and the Salton Trough 

The Ceysers-Clear Lake area, and the Valles Caldera f a l l  i n  

t h e  second group. . .  

The s i t e s  related to localized magma bodies share many common 

,characteristics. The most direct evidence for magma re la tes  to  

seismic attehuation and delays, anomalously high e lec t r ica l  

conductivity) g rav i ty  lows, high  local heat flows, and reduced 

seismicity associated w i t h  molten rock. A t  some s i t e s  (e .ger  

?RooseveIt Hot' Springs) I ' the  geophysical evidence for the i n f e r r e d  

. 

I 

body Is sparse: a t  others (e.g., The Geysers-Clear Lake), 

several geophysical methods indicate he body exists.  ' -  

Maqma Targets i n  t h e  R i o  Grande R i f t  

~ I The regional model of tensional deformation for t h e  Rio Grande 

enerally accepted even though recent seismicit 
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a sedimentary  bas in  o v e r l y i n g  a t h i n  ( 3 4  km) crust  and a mant le  

w i t h  low P-wave v e l o c i t y .  Regional magnetic and g r a v i t y  lows and 

i n f e r r e d  h igh  c o n d u c t i v i t i e s  for  t h e  crust  or upper mant le  

s u p p o r t  t h i s  picture. Local zones of h igh  and v a r i a b l e  heat 

flow are superimposed on r e g i o n a l l y  h igh  heat f l o w .  P a s s i v e  

and a c t i v e  seismic r e f l e c t i o n  methods have d e t e c t e d  a p a r t i c u l a r  

target area n e a r  Socorro. T h i s  e x t e n s i v e  (1700 km2) t a r g e t  . 

is i n t e r p r e t e d  as be ing  formed of t h i n ,  s i l l - l i k e  i n t r u s i o n s  

a t  a dep th  of 20 km and smaller i n t r u s i o n s  a t  shallower depths .  

L i t t l e  is known about these bodies a p a r t  from t h e i r  l o c a t i o n s  

as de termined  by seismic reflection. Near-surface h e a t  f l o w  is 

high  above t h e  20-km-deep body near Socorro, b u t  t h e  temperature 

of t h e  body and t h e  thermal  structure between t h e  body and t h e  

s u r f a c e  have n o t  been s t u d i e d .  Vert ical  deformat ions  observed  

above t h i s  t a r g e t  c a n  be i n t e r p r e t e d  as  r e s u l t i n g  from i n f l a t i o n  

or d e f l a t i o n  of magma chambers a t  20 km depth,  b u t  more s t u d i e s  

are needed. 

. 

The V a l l e s  Caldera presents a d i f f e r e n t  t ype  of target. 

Extens ive  volcanism (as r e c e n t l y  as 0.1 my ago) h igh  temperatures 

i n  t h e  geothermal f i e l d ,  and t h e  absence of s e i s m i c i t y  s u g g e s t  

t h a t  a massive i n t r u s i o n  may be c o o l i n g  beneath t h e  Caldera. 

C u r r e n t  geophys ica l  ev idence ,  heat f l o w ,  g r a v i t y ,  and magneto- 

t e l lu r ics ,  does n o t  d e f i n e  a target. Teleseismic d e l a y  and 

a t t e n u a t i o n  s t u d i e s ,  seismic su rveys ,  and geoelectric measure- 

ments a l l  could contribute t o  t a r g e t  d e f i n i t i o n s ,  i f  unique 
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t 

ing c e n t e r s  wells a t  several sit 
have encountered 

i n t e r p r e t a t i o n s  can be made w i t h i n  t h e  c i r c u l a r  geometry o f  

t h e  Caldera. 

Magma Targets a t  t h e  S a l t o n  T r o u e  1 

The S a l t o n  Trough h a s  a combination of t e n s i o n a l  and shear 
I t e c t o n i c  a c t i v i t y .  Long, en echelon  s t r i k e - s l i p  f a u l t s  are . 

I n i ng  crust  and rapid sedimenta t ion . '  S e v e r a l  possible e p r e a d i h g  ~ 

centers i n  t h e  Trough have been i d e n t i f i e d  and are good c a n d i d a t e s  ~ 

connected by short a c t i v e  spreading  c e n t e r s  i n  a r e g i o n  of t h i n -  

I 

f o r  s t u d i e s  of c o n t i n e n t a l - c r u s t  augmentation by d i s t r i b u t e d  
I 

i n t r u s i o n  s . 
S e v e r a l  types of geophys ica l  data 

e used to characterize - 

t h e  r e g i o n a l  model. 

t h e  s t r u c t u r e ;  up t o  6 km of sediments  l y i n g  i n  a trough o v e r  

G r a v i t y  and seismic =efraction data define 

i 
a t h i n  ( abou t  20 km) c r u s t  w i t h  v e l o c i t i e s  a p p r o p r i a t e  to 

o c e a n i c  c r u s t  a t  depths  of 1 0  t o  16  km. High ra tes  of r e g i o n a l  
subsidence i n d i c a t  1 

I tion Of sediments Local g r a v i t y  maxim 

a depth  o f ' l ess  than  
a dense basement feature I , 

km deep a t  B r a w l  ru sion me amorph 

hallo I 
1 
I 

A p b s i t i v e  magnet ic  an  t t h e  l a t t e r  s i te  is i n t e r p r e t e d  to 
I 

cooled i n t r  % of t h e  volume of rock as 
sha l low a s  1 kilometer dep th ,  and t h a t  a s u b s t  

tial dike 

I 
i 
i t h i n  i n t r u s i v e  bodies. 
I 
i 

i 
i 
i 

__-_ 
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Additional geophysical work in.the Salton Trough could be 

directed toward identifying specific target bodies at each spread- 

ing center and determining whether they are still molten. 

Seismic reflection and, teleseismic delay studies might provide 

more information in areas where the Salton Sea does not interfere 

with instrument siting. I 
8 .  

Magma Target at Long Valley , 
~ Long Valley may provide a locale for drilling toward a silicic 

hamber associated with recent, extensive volcanism. Seismic 
I 

refraction, teleseismic P-wave delays, and gravity data all 

support the interpretation that a zone of magma or partial melt as 

large as 10 km diameter could lie only 7 km below the surface. 
1 

However, heat flow and thermal gradient data suggest a deeper 

level for the heat source. 

Reflections recorded on a seismic refraction profile indicate 

a low velocity region 5-8 km across at 7 km depth. A gravity low 

is interpreted as indicating a low density body of uncertain size 

at 8-16 km depth. One interpretation of teleseismic data indicates 

a low velocity body at 7-12 km depth and 8-10 km in diameter. 

l 

Confidence in these interpretations will be strongly influenced 

by evaluation of data recently released from two drill holes 

that did not show the steep conductive gradients expected 

above such a body. 

I 

I 

The major need at Long Valley i s  to resolve the apparent 

contradictions between interpretations based on geophysics ~ 
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(seismic a n d  g r a v i t y )  a n d  o n  t h e r m a l  g r a d i e n t  data from e x i s t i n g  

h o l e s .  An unde r s t and in  the specific hs Of  

and t h e  geometry of convec t ive  h e a t  , t r a n s p o r t  i s  e s s e n t i a l  t o  

r e c o n c i l e  those i n t e r p r e t a t i o n s .  

Magma Target a t  Roosevel t  Hot S p r i n p  -- . 

There i s  no direct  geophys ica l  ev idence  of a magma body a t  

Roosevel t  H o t  Spr ings .  An a t t r a c t i v e  t a r g e t  may l i e  benea th  t h e  

Mineral  Moutains,  b u t  a d d i t i o n a l  work i s  r e q u i r e d  b e f o r e  t h e  depth,  

s i z e ,  *or n a t u r e  o f  t h a t  proposed target  can  
be discussed* 

. -I 

Y 

h e a t  f l o w  models sugges t  a p o t e n t i a l  magma source  c o u l d  be deeper 

than  7 km. Other  geophys ica l  data  do n o t  show e f f e c t s  of a magma 

G r a v i t y  and magnet ic  o b s e r v a t i o n s  a r  

Geoelectr 

e 

dequa te lY 
by known, n e a r  s u r f a c e  features. 

have 
been s t r o n g l y  i n f l u e n c e d  by n e a r  surface c o n d u c t i v i t y  v a r i a t i o n s .  

P r e l i m i n a r y  P and  S wave t r ave l  s t u d i e s  i n d i c a t e  a possible site 

for a body b u t  are n o t  conc lus ive .  

v e c t i o n  a l o n g  normal f a u l t s  i n  a Basin 

ment is c o n s i s t e n t  w i t h  t h e  hydrothermal  systems. 

Magma Target a t  The Geysers-Clear  Lake Area 

model of deep con- 

ange t e c t o n i c  env i ron -  

j .  

S e v e r a l  g e o p h y s i c a l  methods p o i n t  t 
rea O f  

200 km2 of h i g h l y  a t t e n u a t i v e  

and  v e l o c i t y  t h a t  c o u l d  be a s  

i n c l u d e  a g r a v i t y  l o w  wi thou t  a co r re spond ing  magnet ic  anomaly, 
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s t u d i e s  i n d i c a t i n g  a l o w  v e l o c i t y  ø zone i n  t h e  upper 30 km and 

seismic r e f r a c t i o n  s t u d i e s  show t h a t  t h e  l o w  v e l o c i t i e s  must be 

deeper t h a n  4 km. 

t a rge t  have n o t  been confirmed by heat-flow estimates from 

d r i l l  h o l e s  p a s s i n g  benea th  t h e  hydrothermal system. 

The a c t u a l  dep th  and temperature of t h i s  

Evidence for Hydrothermal Systems 

Hydrothermal systems are u s u a l l y  d i s c o v e r e d  because  of such 

s u r f a c e  m a n i f e s t a t i o n s  a s  hot  s p r i n g s ,  seeps, or altered s u r f a c e  

rock. Geophysical  measurements are used to  d e f i n e  t h e  e x t e n t  

and  r e s o u r c e  p o t e n t i a l  of these systems. 

Hydrothermal Systems a t  t h e  R i o  Grande R i f t  

Key ev idence  for t h e  e x i s t e n c e  of hydrothermal systems i n  

t h e  R i o  Grande R i f t  zone comes from surface geological f e a t u r e s ,  

s p r i n g  o c c u r r e n c e s ,  and  petrographic-geochemical data. 

v a r i a b i l i t y  of heat-flow v a l u e s  w i t h i n  t h e  R i f t  zone impl ies  a 

dynamic geothermal environment  a t  sha l low depths: 

systems c o n t r i b u t e  t o  t h i s  v a r i a b i l i t y * t h r o u g h o u t  t h e  R i f t .  

The V a l l e s  hydro thermal  system i n  t h e  R i f t  h a s  been e x t e n s i v e l y  

d r i l l e d  and found t o  have temperatures a s  h i g h  a s  3 O O O C .  It is 

a n  a t t r a c t i v e  target to s t u d y  because it is both wel l -def ined  and  

h o t  . I n d u s t r i a l  i n t e r e s t  c o u l d  p r o v i d e  e x t e n s i v e  data. 

Hydrothermal Systems i n  t h e  S a l t o n  Trough 

The large 

hydro thermal  

Hydrothermal systems i n  t h e  S a l t o n  Trough are g e n e r a l l y  l a rge ,  

re la t ive ly  high-temperature  systems, and  t h e i r  character is t ics  

have been w e l l  documented. These hydrothermal  systems have many 
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features i n  common. 

g e o l o g i c a l  env ironmen They are a l l  l i q  d-dominated systems 

which occur i n  young sedimentary r o c k s  w i t h  h i g h  p o r o s i t y  and 

p e r m e a b i l i t y ,  capped by rocks of l o w  p e r m e a b i l i t y  s e v e r a l  hundred 

meters t h i c k .  

Each system i s  found i n  a r e l a t i v e l y  simple 

The largest system (exc luding  Cerro Prieto, Mexico), t h e  

S a l t o n  Sea Geothermal F i e l d ,  has  been w e l l  c h a r a c t e r i z e d  by wells 

o n  t h e  order of 2 km depth  which show t e m p e r a t u r e s  u p  to  360eC. 

Heat flow, r e s i s t i v i t y ,  magnetic data,  and  s e i s m i c i t y  show t h e  

l a te ra l  e x t e n t  of t h e  system beyond t h e  d r i l l e d  area,  i n d i c a t i n g  

t h e  t o t a l  area is a t  least  50-120 km2. 

ex tend  beneath t h e  S a l t o n  Sea where a d d i t i o n a l  heat flow data 

The system may a lso 

are needed to confirm i t s  to ta l  e x t e n t .  The to ta l  t h i c k n e s s  and 

lower boundary of t h e  system have n o t  been determined. 

Hydrothermal Systems a t  Long Valley 

Geophysical data cove r  a n  area of about 50 t o  200 km2 i n  

Long Valley where hydrothermal  convec t ion  is impor tan t  i n  t h e  

u p p e r  600-1000 m. 

16OoC, b u t  geochemical stirnates of r e s e r v o i r  temperature are 

h ighe r .  The hydrothermal system h a s  n o t  been c h a r a c t e r i z e d  

a d e q u a t e l y  t o  dete he  t h i c k n e s s  of t h e  co c t i n g  systems, 

directions of f l u i d  f l o w ,  o r  t h e  amount of f l u i d  involved.  W e l l  

logs and geophysica 

porous  Bishop t u f f  w i t h i n  t h e  ,Caldera, sugges t ing  t h a t  t h e  hydro- 

thermal  system cou ld  be l a r g e  and e x t e n s i v e .  

Heasured  temperatures i n  t h a t  system are u p  to  

v idence  i n d i c a t e  s u b s t a n t i a l  volumes of 

Low t empera tu res  

. .  .. .. . . , 
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and l o w  g r a d i e n t s  a t  depth i n  deep w e l l s  i n d i c a t e  t h a t  the  

l o c a t i o n  of t h e  high-temperature par t  of t h e  system i s  n o t  

known and c o u l d  be q u i t e  deep. 

An area of 40 km2 shows h igh  and  variable h e a t  f l o w  

i n d i c a t i n g  s h a l l o w  convec t ion .  Deep h o l e s  i n d i c a t e  t h a t  l a t e ra l  

f l o w  is impor t an t  and t h a t  t h e  hydrothermal system is  a t  least  

680 m t h i c k .  

Hydrothermal System a t  Roosevelt H o t  S p r i n g s  

High heat  f l o w  is found i n  a n  area of more t h a n  40 km2. 

F a u l t s  and  fractures c o n t r o l  t h e  f l u i d  flow. 

aeromagnet ic  s u r v e y s  which sense  t h e  t r u n c a t i o n  of v o l c a n i c  beds, 

and by r e s i s t i v i t y  s u r v e y s  which sense  c lay i n  f a u l t  zones.  

Reported w e l l  t e m p e r a t u r e s  are a s  h i g h  a s  269OC. 

They are mapped by 

The d e t a i l s  of t h e  deep plumbing of t h e  Rooseve l t  system are 

n o t  w e l l  known. The hydrothermal  system here a p p a r e n t l y  has  f e w  

i n h e r e n t l y  unique p h y s i c a l  properties, o n l y  h igh  t e m p e r a t u r e s  and  

h i g h  electrical  c o n d u c t i v i t y  i n  r e l a t i v e l y  l o c a l i z e d  f a u l t  zones.  

Hydrothermal System a t  The Geysers-Clear  Lake Area 

The vapor-dominated hydrothermal system a t  The Geysers is 

large,  c o v e r i n g  SO t o  100 km2 t o  a depth of a t  l e a s t  3.5 km, and 

h o t  ( approx ima te ly  2 4 0 T ) .  Projected commercial p r o d u c t i o n  of o v e r  

1.0 GWe t e s t i f i e s  t o  t h e  c e r t a i n t y  of t h a t  s y s t e m ' s  e x i s t e n c e .  

Unknown features of t h e  system inc lude :  i t s  t o t a l  depth,  what 

l i es  benea th  i t ,  and i t s  e v o l u t i o n .  
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H o s t  in format ion  abou t  t h e  hydrothermal system h a s  come from 

d r i l l i n g .  

properties of t h e  hydrothermal system could n o t  be p r e d i c t e d  

wi thou t  measurements from d r i l l  ho le s .  

d a t a  have o n l y  se rved  to  supplement t h e  d r i l l  h o l e  data.  

and magnet ic  anomal ies  map o u t  t h e  steam f i e l d .  

d a t a  indicate  structures w i t h i n  t h e  Franc iscan  r o c k s  which  may 

Because o f  t h e  complex g e o l o g i c  
the physical 

Consequently,  geophys ica l  

Grav i ty  

Seismic r e f l e c t i o n  

be shea r  zones c o n t r o l l i n g  t h e  f l u i d  pa ths .  

Comparat ively l i t t l e  is known about t h e  e x t e n t  of t h e  hydro- 

thermal  system associated wi th  t h e  Clear Lake v o l c a n i c  f i e l d .  Two 

holes have a p p a r e n t l y  encountered  temperatures of 180-200°C i n  t h e  

middle o f  an e x t e n s i v e  r e s i s t i v i t y  low, 

r e p r e s e n t s  t h e  size o f  t h e  h o t  water system, [ 

be a s  great a s  60 km2. 

If t h e  r e s i s t i v i t y  l o w  

t h e n  its area could 

6 .  PROPOSED RESEARCH AND DRILLING PLANS 

I n  attempting to i d e n t i f y  site-specific s c i e n t i f i c  q u e s t i o n s  

requir ing r e s o l u t i o n  

t h a t  a s i n g l e  d r i l l  
is necessary to appreciate 

nd a line source  for expe r imen t s  a t  one p o i n t  i n  ( g e O  
OgiC) time* 

S c i e n t i f i c  q u e s t i o n s  invo lv ing  e v o l u t i o n  of magma and  hydrothermal  

stems m u s t  be cons ide red  c a r e f u l l y  i n  t h  l i g h t  O f  these space- 

fui, and 'inten- 

o n s t r a i n t  s. 

Even w i t h  t h e  most c a r e f u l ,  

s i v e  site selection and p r e - d r i l l i n g  a c t i v i t i e s  it is h i g h l y  
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probable that many of the observations made through drilling will 

be unforeseen. Consequently, the drilling plan must be flexible, 

and directed by an on-site scientific team. The drilling program 

must plan to resolve scientific questions that will evolve during 

drilling, and - not simply aim to "make hole". 

Factors which should be considered in the development of site- 

specific research and drilling plans include: 

The scientific questions to be addressed. 

, Is drilling necessary for the resolution of the scientific 
questions? 

What level of drilling, logging, sampling, and instrumen- 
tation technology is adequate for resolution of the scien- 
tific questions? 

Are present geological, geochemical, geophysical data 
adequate to define a meaningful drilling program? 

What is the nature, magnitude, and extent of generic 
supportive research which is required? 

Can drilling for technological purposes be used for 
"add-on" experiments which will provide data useful in 
the resolution of the scientific questions? 

Do quantitative models bearing on heat and mass transport 
within and between magma systems exist at the specific 
site and can they be tested by scientific drilling? 

To what extent will resolution of these scientific questions 
shed light on the origin and development of fossil analogue 
systems? 

An important point is that the principal role of the CSDP is 

to provide enhanced understanding of crustal phenomena and to 

stimulate scientific and technological advances. 
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T h i s  s e c t i o n  summarizes t h e  in fo rma t ion  on t h e  specific 

sites, i d e n t i f i e s  s i t e  

d r i l l i n g  p l ans .  

S a l t o n  TrougJ 

q u e s t i o n s ,  and s u g g e s t s  

S i x  hydrothermal  sys tems i n  t h e  S a l t o n  Trough have been 

u t  direct ev idence  for magma is n o t  d e f i n i t i v e .  

v idence  der ived  from t h e  r e g i o n a l  t e c t o n i c  model i n d i -  

cates t h e  p re sence  of i n t r u s i o n s ,  perhaps a s  dike s w a r m s ,  a t  

depths  of 2-10 km. 

v a l u a b l e  i n f o r m a t i o n  on t h e  roots of an  economica l ly  impor t an t  

geothermal, system and t h e i r  r e l a t i o n s h i p  t o  h o t  d i k e s ,  b u t  perhaps 

o n l y  l i m i t e d  in fo rma t ion  on t h e i r  magmatic source.  I t  i s  probable 

t h a t  magma ta rge ts  are small and d i s t r i b u t e d .  

S c i e n t i f i c  d r i l l i n g  i n  t h i s  area would p r o v i d e  

The i n t e n s i v e  geothermal development of t h e  area h a s  l ed  t o  

comprehensive q u a l i t a t i v e  models of t h e  r e g i o n  based on seismic 

r e f r a c t i o n ,  g r a v i t y ,  e lectr ical ,  magnet ic ,  hea t  flow, geodetic, 

and geologic data. A t  Cerro Prieto, Mexico, detailed s t u d i e s  

l e a d i n g  to  e x t e n s i v e  c o n c e p t u a l  and  q u a n t i t a t i v e  models, specif- 

i c a l l y  for r e s e r v o i r  e n g i n e e r i n g ,  have been completed or are i n  

local q u a l i t a t i v e  models 

g i n  t h i s  area c o u l d  r e s u l t  

a number of 

i a r y  Briso-Arctic v o l c a n i c  

p rov ince  and c u r r e n t l y  active analogs such as t h e  Red Sea- 

system. I n  a d d i t i o n ,  o b s e r v a t i o n s  o b t a i n e d  th rough  a CSDP can  
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i 

be used to  test, v a l i d a t e ,  a n d . d e v e l o p  models based  o n  e x t e n s i v e  

geophys ica l  data. 

There  is an  e x t e n s i v e  d r i l l i n g  program for geothermal explora- 

t i o n  and p roduc t ion  i n  t h e  S a l t o n  Trough. A t  Cerro Prieto t h e r e  

are i n  e x c e s s  of 60 w e l l s  (1.4-3.5 km deep) w i t h  temperatures up 

t o  35OOC. A l l  data are i n  t h e  p u b l i c  domain and  t h e r e  is a pro- 

duc t ion  h i s t o r y  of t e n  years. I n  t h e  S a l t o n  Sea region t h e r e  

are more than  20 w e l l s  (1.5-2.8 km) wi th  t e m p e r a t u r e s  i n  excess 

of 300OC. Much of t h e  data from t h e s e  w e l l s  is proprietary. 

Exp lo ra t ion  and p roduc t ion  d r i l l i n g  for t h e  geothermal  resource 

i n  t h i s  f i e l d  may c o n t i n u e ,  pe rhaps  p rov id ing  o p p o r t u n i t i e s  

for add-on s c i e n t i f i c  experiments .  

A s c i e n t i f i c  d r i l l i n g  program i n  t h e  S a l t o n  Trough cou ld  

address a v a r i e t y  of specific q u e s t i o n s  related to  hydrothermal-  

magma systems: 

What u n d e r l i e s  t h e  35OOC hydrothermal  r e g i o n  ( t e m -  
p e r a t u r e ,  f l u i d  composi t ion,  metamorphic mine ra l  
assemblage, d e n s i t y ,  porosity, permeability); and 
does t h e  subhydrothermal  r e g i o n  affect t h e  n e a r  
s u r f a c e  geothermal  system and relate to thermal  
s o u r c e s  a t  depth? 

To what e x t e n t  is  deep-seated ( >  3 km) hydrothermal  
c i r c u l a t i o n  impor tan t  i n  r echa rge  and chemical  
a l t e r a t i o n  of t h e  near-sur  face geothermal  system? 

Do systems n e a r  t h e  cr i t ical  p o i n t  of t h e  hydrothermal  
f l u i d  have d i s t i n c t i v e  p h y s i c a l  and chemical  properties 
t h a t  are impor tan t  i n  terms of minera log ic  r e a c t i o n s  
and t h e  g e n e r a t i o n  of f l u i d s  a k i n  t o  ore forming f l u i d s ?  

Is t h e  S a l t o n  Trough u n d e r l a i n  by continental or oceanic 
(or bo th )  c r u s t ?  

i 
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Are basalt ic dike s w a r m s  emblaced along ”leaky 
transforms” the heat source d r i v i n g  the geo- 
thermal system( s) 

What is the relattonship of surface volcanic phenomena, 
( rhyol i t ic ) ,  t o  the postulated subsurface (basa l t ic ) ,  
source? 

A t  present, onelof the problems associated w i t h  sc ient i f ic  

d r i l l i n g  i n  the Salton Trough is t h e  lack of a dis t inct  magmatic 

Specific d r i l l i n g  directed toward resolution of problems 

associated w i t h  magmatic and transit ion zone (magma-hydrothermal) 

problems requires additional geophysical studies for location 

of possible magma bodies. 

delay s t u d i e s  would be appropriate. 

require information from depths immediately below those reached 

i n  current d r i l l i n g .  Obtaining t h i s  information w i l l  require a 

technological capabili ty,  for sampling rock, f l u i d ,  and gas a t  

temperatures i n  excess of 35OOC and pressures up to  1 Kbar. 

Both seismic reflection and teleseismic 

Several of the questions 

. 
After t h e  devel t of adequate d r i l l i n g ,  logging, sampling, 

and instrumentat ology t o  resolve the sc ien t i f ic  questions, 

a scient i f ic  d r i l l i n g  program to drill a 5 km deep hole a t  t h e  

Salton Sea is recommended. l i n g  would focus on resolution 

d provide some basis for 

scient i f ic  d r i l l i n g  program I 

eophysical s t u d y  directed 

toward locating and evaluating specific magma bodies, and detailed 

mineralogic, petrologic, and geochemical s t u d i e s  concerned w i t h  



t h e  r e l a t i o n s h i p  of t h e  exposed r h y o l i t i c  v o l c a n i c s  to  t h e  

igneous  r o c k s  found i n  t h e  subsu r face .  It is  probable t h a t  a 

number of t h e  e x i s t i n g  w e l l s  a t  d e p t h s  i n  e x c e s s  of 2 km c o u l d  

be used for development and t e s t i n g  of a va r i e ty  of b o t h  a c t i v e  

and p a s s i v e  downhole geophys ica l  methods. 

R i o  Grande R i f t  
6 

The reports of t h e  Geology, Geophysics,  Energy T r a n s p o r t ,  

and Geochemistry working g r o u p s  f o c u s  p r i n c i p a l l y  on t w o  targets  

i n  t h e  R i o  Grande R i f t (  t h e  V a l l e s  Ca lde ra  and t h e  Socorro 

anomaly) a l t h o u g h  a t t r i b u t e s  of t h e  rift i n  i t s  e n t i r e t y  are  

covered. 

V a l l e s  Caldera' 

The V a l l e s  Caldera i n  t h e  Jemez Volcanic  f i e l d  l i e s  a t  t h e  

j u n c t i o n  of t h e  n o r t h e a s t  t r e n d i n g  Jemez l i n e a m e n t ,  or zone, a n d  

t h e  R i o  Grande R i f t .  Volcanic  a c t i v i t y  h a s  been a c t i v e  from 

10  my BP to  less t h a n  0.1 my RP. 

r h y o l i t i c  e r u p t i o n s  r e s p o n s i b l e  for t h e  B a n d e l i e r  Tuf f  were a t  

1.4 and 1.1 my BP. Deep d r i l l i n g  (2-3 km) i n  t h e  r e s u r g e n t  dome 

of t h e  caldera h a s  i d e n t i f i e d  t e m p e r a t u r e s  of 3OOOC. 

a l o n g  major r i f t -bound ing  f a u l t s  southwes t  of t h e  caldera appear 

t o  be m i x t u r e s  of n e a r  s u r f a c e  meteoric and  deep  the rma l  waters. 

Thermal waters d i s c h a r g i n g  a t  t h e  s u r f a c e  i n  t h e  caldera have 

l o w  pH and h i g h  s u l f a t e  c o n t e n t ,  b u t  t h e  h i g h  t empera tu re  f l u i d  

a t  depth  is c h l o r i d e  r i c h .  

. 
The t w o  voluminous ( >  100 km3) 

H o t  s p r i n g s  
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The ev idence  for a hydrothermal system i n  t h e  caldera is 

reasonab ly  clear and is .supported by a 40 km2 r e g i o n  of 

hydrothermal a l t e r a t i o n ,  g e n e r a l l y  c o i n c i d i n g  wi th  t h e  r e s u r g e n t  

The ev idence  f o r  magma, a s  contrasted wi th  i n  t h e  caldera. 

igneous  rock ,  is  f a r  less direct .  

( >  4 . 5  HFU) w i t h i n  t h e  Jemez f i e l d .  The Jemez v o l c a n i c  f i e l d  is 

r i n g e d  by moderate ear thquake  a c t i v i t y  in '  t h e  upper 20 km of t h e  

c r u s t  b u t  is n o t a b l y  aseimic i n  a 50 x 100 k m  e l l i p t i c a l  area 

c e n t e r e d  on t h e  V a l l e s  Caldera, 

There is h igh  h e a t  flow 
' 

C a l c u l a t i o n s ,  based on thermal  

o f  magma to  form t h e  resurgen. t  dome, sugges t  

t h a t  a cool 

t u r e  of 6OOQC a t  7 km beneath t h e  Caldera compl.ex. 

d i rect  i n d i c a t i o n s  

such as t h e  case a t  Socorro. 

Although t h e  Jemez V o l c  

l i c k  magma chamber could still  r e t a i n  a tempera- 

There are no 

by p a s s i v e  or a c t i v e  seismic methods, 

i e l d  h a s  been t h e  s u b j e c t  of 

g i o n a l  scale, a 

ng by a s c i e n t i f i c  

t u r e s ,  associated 

1 r e l a t i o n s  
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centers of Southern Nevada, and the San Juan Mountains of Coloradoc 

Because of the catastrophic and widekpread nature of silicic 

volcanism associated with caldera formation, an understanding 

of processes leading to the development of such features is of 

fundamental importance. 

There is a considerable effort directed toward development 

of the geothermal resource in the Jemez region, specifically 

within the Valles Caldera. 

tific experiments of an add-on nature. 

drilling will be in the range of less than 3 km with a target 

temperature near 300OC. 

There may be opportunities for scien- 

Most of the planned 

A scientific drilling program in the Valles Caldera could 

address several specific questions related to hydrothermal-magma 

systems: 

What is the nature of the hydrothermal svstem at 
depths corresponding to temperatures in 'excess of 
3OO0C? 

' What is the nature of the geothermal plumbing system, 
including recharge and flux from depth, at depths in 
excess of three kilometers? 

Is the thermal source solidified or active magma, 
and how does it relate (chemically, mineralogically, 
and physically) to the space-time evolution found in 
this volcanic field? 

What is the nature of the transition region between 
the hydrothermal and magma (or still hot igneous rock) 
zones? 

How do the attributes of the transition and magma zones, 
as sampled at high ( >  300OC) temperatures, relate to 
fossil analogues which have undergone a long and slow 
cooling history? 



-41- 
i 

T h e r e  is a p e r s u a s i v e  body of evidence  i n d i c a t i n g  magma or 
s t  

st i l l  h o t  i gneous  r o c k  d e r l y i n g  t h e  Ca  

t h a n  10  km. 

an,  Of c r i t i ca l  concern ,  as i n  

Trough, is  t h e  need'  for ade 

i n  st r urnen ta  t 
. >  

r e s o l u t i o n  of t h e  s c i e n t i f i c  q u e s t i o n s .  

c o n s i s t s  of . a  

c t u r a l  problems i n  t h e  older 

volcanic sequences  of t h e  area, 

n i c  or hydro- 

hermal man 

l i t t l e  p o t e n t i a l  o p p o r t u n i t y  for add-o 
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The s c i e n t i f i c  q u e s t i o n s  appropriate t o  t h i s  site c e n t e r  

abou t  t h e  n a t u r e  o f  t h e  anomaly: 

1. 

2,  

3. 

A s c i e n t i f i c  d r i l l i n g  program a t  t h i s  s i te r e q u i r e s  a d d i t i o n a l  

What is t h e  mechanism of magma emplacement? 

I n  view of t h e  lack of s u r f a c e  m a n i f e s t a t i o n s ,  does 
t h i s  s i t e  r e p r e s e n t  a p re -vo lcan ic  s l t u a t i o n ?  

What i s  t h e  n a t u r e  of t h e  r i f t i n g  process? 

geophys ica l  s t u d i e s  i n  a d d i t i o n  to  t h e  development of a t e c h -  

n o l o g i c a l  base. 

of t h e  type j u s t  no ted ,  a s c i e n t i f i c  d r i l l i n g  program a t  t h i s  site 

would be v a l u a b l e  i n  terms of unde r s t and ing  r if t  s t r u c t u r e ,  sedi-  

men ta t ion ,  and  e v o l u t i o n  as w e l l  a s  p r o v i d i n g  a calibration of 

geophysical tools applicable to t h e  rift i n  g e n e r a l .  

Long V a l l .  

I n  a d d i t i o n  to  r e s o l v i n g  s c i e n t i f i c  q u e s t i o n s  

The Long Valley Caldera is a n  e l l i p t i ca l  d e p r e s s i o n ,  17 km 

by 32 km. 

of t h e  Sierra Nevada h a s  persisted to  t h e  l a s t  500 years. 

the rma l  a c t i v i t y  is l o c a l i z e d  a long  t h e  caldera moat and  i n  t h e  

r e s u r g e n t  dome and  is i n t e r p r e t e d  a s  be ing  c o n t r o l l e d  by caldera 

r i n g  f r a c t u r e s  and  t h e  keys tone  graben.  

of sha l low ( <  30 m ) ,  s e v e r a l  moderate ( <  300 m) and t h r i e  deep 

(% 2 km) d r i l l  holes i n  t h e  Caldera. 

c h a r a c t e r i z e d  by t empera tu re  r e v e r s a l s  w i t h  g r a d i e n t s  of a b o u t  

37OC/km a t  depth .  

t r a n s p o r t  are i n d i c a t e d .  

W l c a n i c  a c t i v i t y  i n  t h i s  area on t h e  e a s t e r n  side 

Hydro- 

There are a large number 

The deepest h o l e s  are 

S u b s t a n t i a l  l a t e ra l  f l o w  and  c o n v e c t i v e  
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Direct ev idence  for a magma system is baSed on a,Ctive and . 

Seismic r e f r a c t i o n  _ .  p a s s i v e  seismic results nd a g r a v i t y  s u  

data suggest a possible interfaceaat 7 h .an under ly ing  zone' 

of lower v e l o c i t y .  Teleseismic ' d a t a  are consisteet (non-uriiquely) 
. .  

w i t h  a zone of reduced v e l o c i t y  a t  depths greater t h a n  7 km, , 

, . *  
" .  

ex tend ing  pe rhaps  to 19 km, sugges t ing  h igh  temperature effects 

such a s  p a r t i a l l y  molten material. Grav i ty  d a t a  arb consistent ' 

w i t h  a deep (8-16 km) lower d e n s i t y  source. 

The recent i l l i n g  i n d f c  ng low geot 

(37OC/km) measured a t  d e p t h s  of approximately 2 

cture . zone on 

t h e  west side of t h  ma. The main ' 

d r i l l i n g  it an  be anticipated t h a t  h te tes t  of t h e  geothermal  

I i n d u s t r y  w i l l  wane and t h a t  'few o p p o r t u n i t i e s  for add-on scien- 

ti  f ic  expe r imen t s  
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of a recently crystallized ,epizonal pluton a t  modest temperatures. 

1 has apparently penetrated 400 m 

s samples a r  
. . I  

Long Valley 'is not a high prior 

I 

I i 

use t h e  major geo- 
I 

sers steam d and'the potential 

e t  underlies the C l e  e 10 km'to the 
, . I  

systems i n  The Geys 

&own vapor-dominated system and a 

less well defined hot-water hydrothermal system t o  the east  and 

north. The Collayomi fault  zone, trending NW-SE, is active and 
L .  

separates the two provinces. 
I -  

Reservoir rocks for both geothermal systems are w i t h i n  marine 

rocks of t h e  Franciscan assemblage and to  a lesser extent the 

Great Valley Sequence. Production is  controlled by faulte, frac- 

tures, and structural traps. Intrinsic permeability is low, i n  
I 
I 
I p a r t  due to  hydrothermal recrystallization of t h e  melange. The 

heat source inferred for the geothermal system is presumed to  be 

siii gma associated w i t h  the Clear Lake VOlCanfc field. 

There are t,wo principal types of geothermal f l u i d s  i n  t h e  

area: (1) the steam condensate and derivative waters associated 
' .  

w i t h  The Geysers field., and a more complex and variable suite 
I 
I 

i 
I 
~ 

I 





e x i s t e n c e  a magma y under ly ing  Y t a  nah . 

. Given t h e  structural  complex 

n assemblage it is no t  clear t h a t  

should  be constructed. 

for s c i e n t i f i c  exper iments  of an "add-on" n a t u  

t u n i t i e s  w i l l  presumably be l imi t ed  to t h e  temperature range  less 

t h a n  25OOC a t  de h s  t o  4 km. 

t u n i t i e s  for s i m  a r  "add-on" experiments associated w 

e x p l o r a t o r y  d r i l l i n g  i n  t h e  hot-water geothermal  r e s e r v o i r s  t o  

t h e  n o r t h  and east of The Ceysers.  

There may a l so  be l i m i t e d  oppor- 

A number of - impor tan t  scientific q u e s t i o n s  b e a r i n g  on t h e  

origin and de 

be addres sed  rough a s c i e n t i f i c  d r i l l i n g  pr is area. '*'* 

lopment of magma and hydro the r  
9 .  

Does a b o i l i n g  b r i n e  u n d e r l i e  t h e  vapor- 

What is the n a t u r e  of t h e  t r a n s i t i o n  zone between 
t h e  hot-water geothermal  system and t h e  underlying 
lagmatic system?. 

- geothermal  system? 
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To what extent are the vapor-dominated and hot water 

Why is the younge lcanism displa to the northeast of 
the geophysically defined magma body and The Geysers 
steam field to the southwest of the postulated body? 

A carefully conceived, comprehensive, and extensive program 

eothermal systems coupled? 

of scientific drilling will be required, given the structural and 
. .  

geologic complexity of the area. As in the case of the Salton 

olution of the scientific 

e capability to obtain solid, liquid, and gas 

re and depths 

ng, and instr 

need to be advan d as part of CSDP in 

quest ions . 
Scientific drilling at The Geysers provides a unique oppor- 

'tunity to assess'the roots of a vapor-dominated geothermal system. 

ueness does limit PO ntial application of the results.to 

ion. The plan 

-. 
wells in the area could be used to develop and t 
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I '  

Roosevel t  H o t  ' S p r i n q s .  
0 

The Roosevel t  Hot Spr ings ,  i n  southwes tern  Utah, is on t h e  w e s t  . -  

f l ank  of t h e  Mineral  Mountains. The Mineral  Mountains T e r t i a r y  

(C 35 my BP) p l u t o n  is t h e  dominant u n i t  of t h e  Mineral  Mountains. 

P-wave d e l a y  s t u d i e s  sugges t  a low-veloc i ty  zone a t . d e p t h s  of 

10-25 km and t h e  p o s s i b i l i t y  of a smaller low-veloc i ty  body a t  

a depth of 5 km or less under ly ing  t h e  c e n t r a l  Mineral  Mountains. 

There  are abundant h o t  s p r i n g s  deposits in t h e  area which 

appear  to be localized by f a u l t i n g .  Hydrothermal a l t e r a t i o n  i s  

associated w i t h  fractures i n  t h e  Mineral Mountains p l u t o n .  

A t  t h i s  stage there is n o t  a comparable data base for comparison 

w i t h  t h e  o t h e r  four sites. It appears that:  t h i s  s i t e  is n o t  a 

pr imary  c a n d i d a t e  for t h e  i n i t i a l  stages of a s c i e n t i f i c  d r i l l i n g  

program. 

7 . CONCLUSIONS 

A scientific d r i l l i n g  program focused on problems associated 

wi th  Hydrothermal-Magma Systems p r o v i d e s  a v a l u a b l e  o p p o r t u n i t y  

to  advance t h e  state of e a r t h  s c i e n c e  and contribute t o  t h e  

a t t a i n m e n t  of DOE o b j e c t i v e s ,  Although g e o l o g i c ,  geochemical, 

and geophys ica l  s t u d i e s  provide  information on geothermal  systems, 

t h e  r e s u l t i n g  models are nonunique and require c o n f i r m a t i o n ,  

or  v a l i d a t i o n .  P e t r o l o g i c  and geologic s t u d i e s  p rov ide  informa- 

t i o n  on i n t e g r a l  aspects of c r u s t a l  processes and can  be used 

t o  i n f e r  r e l a t i o n s  i n  t h e  past. One of t h e  most e x c i t i n g  facets 
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o f  the program is the opportunity to obtain samples (solid, 

liquid, and gas) at dee rustal temperatures and pressures. 

Such.. samples can provide direct information on the state  of the 

magma-hydrothermal system in terms of chemical, mineralogical, 

and physical properties. The importance of this opportunity 

cannot be overstressed when it is realized that the bulk of our 

eolagical, geochemical, and geophysical conceptual and quanti- 

tative modeling is based on examination of exhumed magma- 

hydrothermal systems and quenched" volcanic samples. In the 

case of exhumed magma-hydrothermal systems the samples that we 

collect at the Earth's surface have undergone a long and complex 

postmagmatic cooling process. Inevitably, key chemical, 

mineralogical, and physical attributes ate changed during the 

cooling process, posing major problem$ in interpreting the 

high-temperature processes, On the other hand the quenching 

inherent in the case of volcanic samples can provide information 

only on preeruption and eruption processes. Samples from an active 

hydrothermal-magma system can provide the basis for linking the 

two traditional kinds of studies. 

relationship to DOE objectives stems fr he vital needs 

agency to develop a fundamental and predictive understanding 

' of the con es of energy-related thermal perturbations . 

on process materials,of the Earth's crust. This program 

ther such an understanding in a neric sense 

n the geothermal, nuclear waste disposal, and 
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-- in-situ coal and oil shale. A second payoff to the agency will 

result from the development -of drilling, logging, sampling, and 

instrumentation technology for’very hostile geologic domains. 

However, a scientific drilling program focused on Hydro- 

thermal-Magma systems is subject to a number of constraints and 

limitations. The objective is to resolve scientific questions. 

This implies that an adequate technology exists, that the drilling 

program does not emphasize the logistics of drilling but rather 

evolves scientifically during the drilling, and finally that 

scientific questions require drilling for their resolution. 

I 

It must be recognized that a drill hole provides what is essen- 

tially a one-dimensional sample, or experimental facility refer- 

enced to one point in time. 

This review has considered five specific sites. Each site 

is somewhat different in terms of scientific opportunities and 

challenges. 

selection we recommend that they center about the Valles Caldera, 

The Geysers-Clear Lake Region, and the Salton Trough. 

believe that the available data warrant serious consideration 

of Long Valley or Roosevelt Hot Springs as early candidates. 

In terms of further activities leading to site 

We do not 

Within the three principal sites, considering the the combination 

of magma, hydrothermal zones and potential applications to other 

other areas, we believe that the Valles Caldera offers the 

greatest advantage as a site. 



must also p o i n t  o u t  t h a t  other p o t e n t i a l  sites e x i s t  for 

s c i e n t i f i c  d r i l l i n g  related to .  hydrothermal-magma systems, for 

example, Yel lowstone and  t h e  Cascades. Yellowstone was n o t  con- 

sidered here because of envi ronmenta l  r e a s o n s ,  as noted i n  t h e  

NAS "Con t inen ta l  S c i e n t i f i c  D r i l l i n g  Prog m" report, The same 

report n o t e d  (p. 102)  t h a t  "The d i v e r s i t y  and  number of strato- 

vo lcanoes  i n  t h e  Uni ted  States p r e c l u d e  a n  i n t e l l i g e n t  d r i l l i n g  

rogram a t  t h i s  time." w i t h  respect to t h e  Cascades. 

The Thermal Regimes Panel  of t h e  NAS C o n t i n e n t a l  S c i e n t i f i c  

milling C o m m i t t e e  as ,  provided v a l u a b l e  review comments on  a 

s d r a f t  of: t h i s  summary. We are conf  e n t  t h a t  incorpora-  

a number of the s u g g e s t i o n s  o f  t h i s  p e l  has r e s u l t e d  ~ 

i n  s i g n i f i c a n t  improvement. owever, t h e  r e s p o n s i b i l i t y  for 

errors of fact ,  i n t e r p r e t a t i  , and  a n a l y s i s  n e c e s s a r i l y  rests 

a u t h o r s .  It is our hope t h a t  t h i s  ummary, and  more 

n t l y ,  t h e  f o u r  s u p p q r t i n g  documents, w i l l  be of value to  




