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ABSTRACT 

The Shady Rest borehole  (RD08) l o c a t e d  n e a r  
t h e  Shady Rest Campground 2 km n o r t h e a s t  o f  the  
town of Mammoth Lakes, C a l i f o r n i a  (1st. 
37O39.4'N., long .  118*57.2'W., e l ev .  7,792 f t ) ,  
was cored t o  a dep th  of 2,346 f t .  Unexpectedly 
high t empera tu res  (202OC) were encountered a t  
shallow depths  (1,110 f t ) :  Assuming h y d r o s t a t i c  
c o n d i t i o n s ,  t h e s e  t empera tu res  are wi th in  l O o C  of  
b o i l i n g .  Although the  r e s u l t s  of the  d r i l l i n g ,  
sampl ing ,  and logg ing  programs have n o t  ye t  been 
f u l l y  i n t e g r a t e d ,  and c r i t i ca l  exper iments  and 
a n a l y s e s  remain underway, we presen t  p r e c i s i o n  
t empera tu re  and n a t u r a l  gamma-ray l o g s  that  may 
be r e l e v a n t  t o  f u t u r e  i n t e r p r e t a t i o n s ,  as well as 
some pre l imina ry  s p e c u l a t i o n s  as t o  the meaning 
of t h e  r e s u l t s .  

Although the  i n i t i a l  h o l e  was cored  t o  a 
depth of 2,346 f t  between 5 /7 /86  and 5130186 with 
l i t t l e  d i f f i c u l t y ,  a t t e m p t s  t o  ream ' it f o r  
i n s e r t i o n  of  c a s i n g  caused s lough ing  i n  some of 
the  softer rocks .  Somewhere between f o u r  and 
eight o f f - t r a c k  holes were d r i l l e d ,  Attempts t o  
comple te ly  cement t h e  annu lus  between h o l e  and 
p i p e  fa i led,  A wa te r - In j ec t ion  experiment 
r e v e a l e d  the' permeable zones.  The ho le  was 
completed to 1,394 f t  when NQ d r i l l  rods were 
l e f t  i n  t h e  h o l e  with no cement in t h e  annulus  
above 1,106 f t .  S i x  p r e c i s i o n  t empera tu re  logs 
o b t a i n e d  between 7/7/86 and 9/23/86, as well a s  
bottom-hole t empera tu res  o b t a i n e d  du r ing  d r i l l i n g  
and Kuster-gage tempera ture  measurements ob ta ined  
3 days  after d r i l l i n g  was completed (6 /17/86) ,  
at test  t o  these thermal p e r t u r b a t i o n s .  

The fact t h a t  t empera tu res  i n  R D 0 8  are c l o s e  
t o  b o i l i n g  a t  1,110 f t  and t h a t  RD08 is l o c a t e d  
n e a r  the wes tern  te rminus  of a WNW zone of 
s t r i k e - s l i p  f a u l t i n g  some 10 km long ,  2 km wide, 
and ex tend ing  t o  a depth  a b o u t  about 8 km leads 
us  t o  s p e c u l a t e  as t o  t h e  cause  and consequence 
of t h i s  seismicity, p a r t i c u l a r l y  with regard t o  
spasmodic tremor ev iden t  i n  ea r thquake  swarms i n  
t h i s  zone. 

The f r a g i l e  hydrothermal regime of Long 
Va l l ey  caldera was s e v e r e l y  d i s r u p t e d  by s t r o n g  
l o c a l  ear thquakes  beginning  between 1978 and 
1980. Subsurface  b o i l i n g  may have  occurred  a l o n g  
d i l a t i o n a l  jogs (a  l a  S ibson ,  1986) i n  t h e  sou th  
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moat. Consequent b r e c c i a t i o n  o f  rocks may have  
produced a s i g n i f i c a n t  p o s i t i v e  change i n  volume, 
t h e  p rocess  be ing  f o r t i f i e d  by t h e  l a r g e  heat 
release upon hydrothermal ' a l t e r a t i o n  of  p rev i -  
o u s l y  u n a l t e r e d  rocks .  Whether t h i s  h y p o t h e t i c a l  
volume change is l a r g e  enough t o  have s i g n i f i -  
c a n t l y  i n f l u e n c e d  t e c t o n i c  e v e n t s  r ema ins  
obscure .  

INTRODUCTION 

Although much is known about the  hydro- 
thermal reg ime of the  Long Valley caldera (most 
r e c e n t l y  summarized by Blackwell, 1985; Sorey ,  
1985) many q u e s t i o n s  remain as t o  t h e  l o c a t i o n  of 
heat s o u r c e s  and t h e  n a t u r e  of t h e  deep flow- 
regime i n  t h i s  t e c t o n i c a l l y  a c t i v e  caldera (e .g . ,  
Savage et  af.,  1987). Shady Rest RD08 was 
d r i l l e d  i n  the southwest moat where l i t t l e  
subsu r f  ace informat.ion was p r e v i o u s l y  a v a i  1- 
able. P r e l i m i n a r y  results from the h o l e  i n d i c a t e  
anomalously high tempera tures  and an  unexpec ted ly  
sha l low d e p t h  t o  t h e  Bishop Tuff (e .g . ,  Wollen- 
berg  e t  a l . ,  1986, 19871, sugges t ing  t h a t  some 
modi f i ca t ion  o f  prev ious  hydro thermal  models is 
r e q u i r e d  

The town o f  Mammoth Lakes  is  l o c a t e d  i n  t h e  
Long Valley caldera on t h e  e a s t e r n  margin of t h e  
S i e r r a  Nevada block i n  Mono County, Calif .  
N ~ e r o u s  s u r f a c e  m a n i f e s t a t i o n s  of hydro thermal  
a c t i v i t y  are r e a d i l y  apparent  a t  a number o f  
l o c a t i o n s  i n  Long Valley.  Hot s p r i n g s  and p o o l s ,  
fumeroles ,  mudpots, warm ground, clay,  and other 
hydro thermal  a l t e r a t i o n  p roduc t s  are p r e s e n t .  
Most of  t h e  s u r f a c e  thermal a c t i v i t y  is i n  t h e  
area n e a r  Casa b i a b l o  Hot Spr ings ,  a long  Hot 
Creek, and a l o n g  L i t t l e  Hot Creek  (P ig .  1 ) .  
pailey et a l .  (1976) r e c e n t l y  d i scussed  t h e  
geology of the  Long Valley caldera. C leve land  
(1962) d i s c u s s e d  the geology of  t h e  area wi th  
special emphasis on the clay d e p o s i t s .  
Hydrologic and geochemical d a t a  have been 
summarized by Sorey e t  al. (1978) and Farrar e t  
a l ,  (1985).  

To e v a l u a t e  the geothermal p o t e n t i a l  o f  t h e  
Mammoth Lakes area, a tes t  well, R D 0 8  (fig. 1 )  
was co red  to a t o t a l  depth  of 2,346 f t .  The 
l o c a t i o n  is abou t  2 km n o r t h e a s t  of the town o f  
~ a ~ o t h  Lakes,  ad jacen t  
campground of  Inyo  Nat iona l  

t o  the  Shady Rest 
F o r e s t .  The 
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FIGURE 1. Location of d r i l l  hole RD08 2 km northeast of Mammoth Lakes i n  the Long Valley caldera 
(dashed l ine) .  Circle east  of Mammoth Lakes is approximate location of intense earthquake s w a r m s  and 
spasmodic tremor outlined by Ryall and Ryall, (1983). Strike-slip f au l t  extending from the c i r c l e  
toward the southeast.., is the south moat faul t  ( inferred from seismicity).  The e l l ip t ica l  feature  sur- 
rounding the south moat f au l t  is the approximate extent' of seismicity d u r i n g  the interval from August 
1982 t o  August 1985 (Savage e t  al., 1987). The early rhyolite ( 1 )  is exposed i n  the uplifted and til- 
ted blocks.of the resurgent dome in the central  part of the caldera. Rhyolite t o  rhyodecite lava domes 
of the Inyo Domes (2 )  are i n  the northwestern part of the caldera. Rhyodacite of the caldera r i m  ( 3 )  
is primarily a t  Mammoth Mounta'in with smaller flows near the northwestern and northeastern rim of the 
caldera. Geology adapted from Bailey and Koeppen (19'77). Casa Diablo H.S. (hot spring),  Hot Creek, 
and L i t t l e  Hot Creek are  the locations of most of the surface thermal discharge. 

existence of the hole presented an opportunity to  
periodically monitor temperature, pressure, and 
chemistry of water i n  a thermal aquifer of the 
southwestern moat of the caldera (Wollenberg e t  
a l . ,  1986; 1987). Dril l ing operations were 
completed on June 17, 1986. The rock types 
encountered were glacial  t ill  (0-210 f t ) , .  moat 
rhyolite (210-672 f t ) ,  ear ly  rhyolite (672-1,407 
f t ) ,  and Bishop Tuff (1,407-2,346 f t )  (Flexser 
and Dayvault, 1987). A preliminary Kuster-gage 
temperature-survey, a t  25-, 50-, and 100-ft 
intervals ,  indicated an overall  pattern of high 
temperatures a t  shallow depth that we report 
her e. 

Temperature and natural gamma-ray logs from 
RD08 contained i n  t h i s  report a re  presented i n  
graphical form a t  reduced scale .  Tabular 
l i s t i ngs  of data a t  1-ft  intervals and plots of 
individual logs are  contained i n  a U.S. 
Geological Survey Open-File Report (Urban e t  a l . ,  
1987b) along w i t h  de ta i l s  of instrumentation and 
cal i brat ion. 
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DRILLING HISTORY 

RD08 (Research Drilling Office No. 8) was 
dr i l led by the Tonto Dril l ing Company under the 
auspices of DOE'S Geosciences Research D r i l l i n g  
Office a t  Sandia National Laboratories. The hole 
is sometimes referred to  as the Shady Rest (SR) 
hole because of its proximity t o  the Shady Rest 
campground. 

Dril l ing commenced on May 7, 1986. The hole 
was dril led w i t h  a rotary tr icone b i t  (7-318 i n . )  
t o  303 f t ,  measured from the ground surface. 
Subsequently, a PQ casing was set  from the 
surface t o  303 f t  and the annulus cemented. The 
hole was then cored' to  2,346 f t  ( u s i n g  HQ 
diamond-core b i t s )  w i t h  greater than 90 percent 
recovery (Wollenberg e t  a l . ,  1986; 1987). Due t o  
the high temperatures and al terat ion of the early 
rhyolite (Bailey e t  a l . ,  19761, attempts t o  ream 
the hole i n  order t o  set  casing were unsuccess- 
f u l .  After several attempts ( f i g .  2) t o  clear 
the hole of material that sloughed (causing 
multiple b i t  deviations from the i n i t i a l  track) , 
an HQ casing was se t  a t  898 f t  and the annulus 
cemented. An NQ hole was subsequently dr i l led  t o  
1,397 f t  (almost t o  the Bishop T u f f  a t  1,407 f t )  
and past the point of maximum temperature, as  
determined by maximum- and Kuster-gage 
thermometers. The d r i l l  rods were cemented i n  
place, and excess cement was pumped down the NQ 
rods  t o  f i l l  the'annulus. No cement circulated 
t o  the surface, despite.pumping a wiper plug down 
the NQ d r i l l  rods t o  displace the cement i n  the 
rods wi th  water. The wiper plug d i d  not hold, 
and the cement level s tabi l ized a t  about 1,276 f t  
( f ig .  3 ) .  On the basis of the temperature logs 
and the cold water f f s lug"  t e s t  conducted on J u l y  
8 ,  1986, it appeared that the cement f i l l e d  the 
annulus around the NQ rods t o  about 1,106 f t  
( f ig .  3). 

From the d r i l l e r ' s  log (L.C. Bartel, written 
c o ~ u n . ,  1987), it was evident that  there were 
problems d u r i n g  d r i l l i n g ,  including lo s t  circu- 
la t ion,  hard and sof t  layers,  badly fractured 
zones, and deviations from the i n i t i a l  hole. The 
number of holes that  were subsequently dr i l led 
w i l l  probably never be known, bu t  i t  is COnCeiV- 
able that as  many as nine separate holes were 
dr i l led during the d r i l l i ng  and subsequent 
reaming processes ( f ig .  2 ) ,  although, only f jve 
"newff holes are  mentioned i n  the dr i l l ing  log. 
T h i s  multiplicity of holes complicated any. 
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DRILLING HISTORY 
FIGURE 2. Drill ing history of RD08 showing 
depths dr i l led  on a given date. Depths dr i l led 
are  shown only t o  the nearest day for  emphasis, 
although d r i l l i ng  was actually conducted on a 24- 
hr  basis. The bottom of the PQ, HQ, and N Q  cas- 
ings are shown as  dotted lines. The generalized 
geologic section from Flexser and Dayvault (1987) 
is shown on right-hand margin of the plot .  Un i t s  
represented a re  GT (glacial  ' t ill),  MR (moat rhyo- 
l i t e ) ,  ER (ear ly  rhyol i te) ,  and BT (Bishop T u f f ) .  

inter'pretation of the thermal regime since, 
depending upon whether the previous holes had 
f i l led- in  or collapsed, they could have provided 
f l u i d  conduits i n  addition to existing fractures 
i n  the formations. 

BHT AND KUSTER-GAGE TEMPERATURES 

Temperatures were measured during dr i l l ing  
us ing  maximum thermometers lowered t o  the bottom 
of the hole and retrieved af ter  several  min- 
utes. The temperature recorded by the ther- 
mometer w a s  the maximum temperature that the 
thermometer encountered i n  the hole, not 
necessarily the temperature a t  the bottom of the 
hole (BHT). A maximum thermometer records the 
temperature a t  the bottom of the hole only i f  the 
temperature fncreases monotonically w i t h  depth; 
i . e . ,  there a re  no major reversals. In an 
attempt t o  minimize any effects on the readings 
due to  hot zones above the bottom of the hole, 
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FIGURE 3. Cas ing  diagram for RD08. Casi g 
( so l id  t h i c k  l i n e ) ,  h o l e  wall ( s o l i d  t h i n  l i n e s ) ,  
and cement (dotted p a t t e r n ) .  Measurements i n  
feet  are from ground s u r f a c e .  HQ d r i l l  r o d  was 
cemented wi th  200 f t 3  of cement w i t h  no r e t u r n  t o  
t h e  s u r f a c e  on June  1 1 ,  1986. Cement (140 f t 3 )  
was pumped down from the t o p  on June  17,  1986. 
PQ c a s i n g  is 5 i n .  I . D .  and 5-518 i n .  O.D. HQ 
d r i l l  rod is 3-1/16 i n .  I . D .  and 3-112 i n .  O.D. 
NQ d r i l l  r od  is 2-318 i n .  I . D .  and 2-3/4 i n .  
O.D. HQ b i t  was 3.782 i n .  O.D. and t h e  NQ b i t  
was 2.980 i n .  O.D. 

t h e  thermometer was encased i n  a water-filled 
tube .  T h i s  i n c r e a s e d  t h e  the rma l  i n e r t i a  of the  
thermometer and r e q u i r e d  t h a t  i t  be l e f t  a t  t h e  
bottom.of t h e  hole for  a longe r  pe r iod  of  time i n  
order t o  reach t empera tu re  e q u i l i b r i u m  w i t h  its 
su r round ings .  T h i s  method was used t o  collect  
data from the f i rs t  ho le  (BHT of f i g .  4 )  which 
was d r i l l e d  t o  2,346 f t .  Success ive  '!holes" were 
also measured u s i n g  t h i s  t echn ique  and temper- 
atures are shown as p l u s  s i g n s  ( + )  i n  f i g u r e  4. 

A Kuster-gage t empera tu re  su rvey  was 
o b t a i n e d  i n  t h e  cased ho le  on June  20, 1986 
(labeled 6/20, f i g .  4'). The t empera tu res  below 
1,100 f t  are c l o s e  t o  t h o s e  we ob ta ined  o n  J u l y  
7 ,  1986, and subsequen t ly  u s i n g  a t h e r m i s t o r  
probe.  The h o l e  below 1,100 f t  is c l o s e  t o  
thermal e q u i l i b r i u m  whereas tha t  above is n o t .  

THERMISTOR TEMPERATURES--METHOD 

Temperatures were measured i n  R D 0 8  on s i x  
o c c a s i o n s  d u r i n g  J u l y  and September 1986 u s i n g  
thermistor probe no. 100-13. .The probe was 
manufactured by Conax and is a s i n g l e ,  g l a s s -  
encapsu la t ed  t h e r m i s t o r  bead housed i n  a 1/8-in.-  
diameter s t a i n l e s s  , steel  t u b e ,  w i t h  the void 
s p a c e  i n  t h e  t u b i n g  f i l l e d  w i t h  manganese o x i d e  
t o  i n c r e a s e  the  thermal c o n t a c t  between the ther- 
mistor and t h e  tub ing .  The probe has a nominal 
time c o n s t a n t  of less t h a n  2 s i n  s t i r red  
water. The probe was attached t o  a probe housing 
( 1  i n .  diameter by 3 in .  l o n g )  by a compression 
f i t t i n g  w i t h  a Vi ton  seal. The probe housing was 
attached t o  a 4-conductor,  t e f l o n - i n s u l a t e d  cable 
th rough  a Gearhart-Owen cablehead. The 7/32-in.- 
diameter armored cable was manufactured by 
Rochester Cable.  To add weight  t o  t h e  probe,  two 
s i n k e r  bars were pos i t i oned  above the cable- 
head. The f irst  was 1 in. diameter and t h e  nex t  
i n  l i n e  up t h e  cable was 1-314 i n .  diameter. The 
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FIGURE 4. BHT and Kuster-gage t e m p e r a t u r e s  for  
RDO8. BHT (Bottom Hole Temperature,  A) o b t a i n e d  
.near  bottom of h o l e  du r ing  d r i l l i n g .  Dashed l i n e  
connec t ing  t r i a n g l e s  is f o r  c l a r i t y  and shou ld  
no t  be i n t e r p r e t e d  as a con t inuous  log. The 
Kuster-gage temperatures (0 ) were o b t a i n e d  June  
20, 1986. Remaining temperature p o i n t s  (+ )  are 
BHT measurements ob ta ined  i n  o f f - t r a c k  h o l e s  
af ter  ' first  h o l e  was d r i l l e d .  The rmis to r  
t e m p e r a t u r e s  (717186) are s o l i d  l i n e s .  
Gene ra l i zed  g e o l o g i c  s e c t i o n  is from f i g u r e  2. 

s i n k e r  bars were made of s teel  and were 4 f t  
long.  

The probe was c a l i b r a t e d . o n  J u n e  27, 1986, 
and o n  J a n u a r y  31,  1987, acco rd ing  t o  p rocedures  
described by Urban et  a l .  (1987b) .  The maximum 
c o r r e c t i o n  t o  t h e  f i e l d  d a t a  was 0.2OC a t  200OC.  

The logs were ob ta ined  by lower ing  t h e  p robe  
down t h e  hole a t  a cont inuous ra te  of  1 0  
f t /min .  The dep ths  ob ta ined  from the  measuring 
sheave  were con t inuous ly  sampled a t  i n t e g e r .  1-ft  
i n t e r v a l s .  The dep ths  for t h e  thermistor 
temperatures were re fe renced  t o  t h e  t o p  of t he  
c a s i n g ,  1.8 f t  above ground l e v e l .  

THERMISTOR TEMPERATURES--MEASUREMENTS 

A composi te  p l o t  of a l l  s i x  thermistir probe 
t empera tu re  logs is  presen ted  i n  f i g u r e  5. 
I n d i v i d u a l  p l o t s  and tables of  t empera tu res  are 
given by Urban e t  a l .  (1987b).  
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S e v e r a l  o b s e r v a t i o n s  can be made concerning 
f igure  5. The f irst  is t h a t  hot water, greater 
than 2OO0C, e x i s t e d  a t  dep ths  below 1,100 f t .  
The second o b s e r v a t i o n  is t h a t  the  i r r e g u l a r  
shape o f  t h e  p r o f i l e s  was most l i k e l y  due t o  the 
complex d r i l l i n g  h i s t o r y ,  m u l t i p l e  c a s i n g  
s t r i n g s ,  l o s t  c i r c u l a t i o n ,  and changes i n  
l i t h o l o g y .  The t empera tu re  p r o f i l e  of J u l y  8, 
1986, d i f f e r e d  from t h e  o t h e r s  because i t  was 
o b t a i n e d  immediately after about  1,100 gal of 
water w a s  dumped down t h e  annu lus  between 'the HQ 
and t h e  NQ d r i l l  rod ( f i g .  3 ) .  F i n a l l y ,  some of 
t h e  t empera tu re  anomalies  co inc ided  wi th  vo id  
spaces o r  f r a c t u r e s ,  as noted i n  t h e  d r i l l e r ' s  
log (L.C. Bartel, w r i t t e n  commun., 1987) or i n  
t h e  core log ( F l e x s e r  and Dayvaul t ,  19871, and 
may have been zones of f l u i d  flow or zones t h a t  
accepted d r i l l i n g  f l u i d .  

The s t a r t i n g  dep ths  of t h e  t empera tu re  l o g s  
vary on d i f f e r e n t  dates because t h e  l o g g i n g  
starts a t  t h e  t o p  of t h e  water column. We 
r o u t i n e l y  measured t h e  d e p t h  t o  t h e  s u r f a c e  of 
t h e  water i n  t h e  cas ing .  Th6 pr imary r ,eason for  
t h i s  was t h a t  a l though  the time c o n s t a n t  f o r  the 
probe i n  s t i r red  water, or a probe moving though 
still  water, is l ess  than  2 s, the  time c o n s t a n t  
for the  same probe is  on t h e  o r d e r  of t e n s  of 
minutes  o r  hour s  i n  s t i l l  o r  s lowly  moving a i r .  
The re fo re ,  t h e  probe moving down t h e  h o l e  a t  1 0  
f t / m i n  was s e v e r e l y  o u t  of e q u i l i b r i u m  w i t h  t h e  
su r round ings  i n  an a i r - f i l l ed  hole. S i n c e  t h i s  
data would be d i s c a r d e d  l a te r ,  i t  was more 
convenient  t o  s t a r t  t h e  l o g  a t  about  t h e  water 
l e v e l  i n  the  ho le .  The r e a s o n  for  t h e  d e c l i n e , i n  
t h e  water l e v e l  i n  the  hole was probably l e a k a g e  
th rough  t h e  j o i n t s  i n  t h e  cas ing .  We f i l l e d  the  
NQ r o d s  t o  t h e  s u r f a c e  on J u l y  8, 1986, and by 
J u l y  9 t h  t h e  water l e v e l  had dropped t o  6.95 
f t .  After logg ing  on J u l y  9 t h ,  t h e  l e v e l  had 
decreased s l i g h t l y  due t o  adhes ion  of the  water 
t o  t h e  cable, s i n k e r  bars, and probe assembly.  
However, by J u l y  1 4 t h ,  t h e  l e v e l  had dropped t o  
45 f t  below t h e  t o p  of the  cas ing .  I n  the  
d r i l l e r ' s  l o g  e n t r y  d a t e d  May 19,  1986, t h e  f l u i d  
l e v e l  was a t  150 f t ,  when t h e  t o t a l  d e p t h  of the 
h o l e  was 1 ,462  f t .  Measurements made i n  November 
1986, af ter  the NQ rod  was p e r f o r a t e d  a t  a d e p t h  
of 1,110-1,120 f t  on October 20, 1986, i n d i c a t e d  
a s t a t i c  water l e v e l  of  443 f t  below t h e  t o p  of .  
the  c a s i n g .  

THERMISTOR TEMPERATURE DIFFERENCES 

Due t o  the  large t empera tu re  r ange  i n  RD08, 
t h e  change i n  t empera tu re  w i t h  time a t  v a r i o u s  
depths  is n o t  d i s c e r n i b l e  i n  f i g u r e  5. We, 
t h e r e f o r e ,  have t aken  o u r  f irst  log ( J u l y  7 ,  
1986) as a r e f e r e n c e  s e t  of t empera tu res  and have 
s u b s t r a c t e d  them from t h e  t empera tu res  o f  the 
same dep th  from each of  t h e  succeed ing  logs .  The 
d i f f e r e n c e s  p l o t t e d  as a f u n c t i o n  of dep th  ( f i g .  
6 )  i l l u s t r a t e ,  i n  an a m p l i f i e d  manner, the 
complexi ty  o f  the  t empera tu res  i n  t h i s  ho le .  We 
used t h e  J u l y  7 ,  1986, t e m p e r a t u r e s  as a base  and 
no t  t h e  Kuster-gage t empera tu res  of June  20, 
1986, because t h e  Kuster-gage t empera tu re  log 
o b t a i n e d  a t  25-, 50-, o r  100-f t  i n t e r v a l s  d i d  n o t  
p rov ide  t h e  de t a i l  needed for comparison. I t  
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TEMPEZATURE C 'C3 
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FIGURE 5. Composite t h e r m i s t o r  t empera tu re  p l o t  
f o r  measurements o b t a i n e d  i n  J u l y  and September 
1986. Measurements s tar ted a t  water l e v e l  i n  NQ 
d r i l l  rod and are r e f e r e n c e d  t o  t o p  of c a s i n g ,  
1.8 f t  above ground l e v e l .  Log o b t a i n e d  J u l y  1 4 ,  . 
1986, is n e a r l y  t h e  same as t h a t  of  J u l y  7 ,  
1986. S l i g h t  warming can be obse rved  i n  p l o t  of 
f i g u r e  6. C h a l f a n t  ear thquake (ML=6.4) occur red  
J u l y  21, 1986.  Gene ra l i zed  g e o l o g i c  s e c t i o n  is 
from f i g u r e  2. 
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FIGURE 6. Plot of temperature  d i f f e r e n c e s  in 
RD08 as a f u n c t i o n  of d e p t h ,  based on J u l y  7 ,  
1986, temperature l o g .  A is ' t h e  d i f f e r e n c e  
between t e m p e r a t u r e s  ob ta ined  7/8/86 and 
7/7/86. B is between 7/9/86 and 7/7/86. C is 
between 7/14/86 and 7/7/86. D is between 7/24/86 
and 7/7/86. E is between 9/23/86 and 7/7/86. 
About 1,100 gal of water was poured down t h e  
annulus  between NQ and HQ d r i l l  r o d s  before tem- 
p e r a t u r e  log of 7/8/86. Flow started at  08:36 
PDT and was completed a t  09:20 PDT. Temperature 
l o g  s t a r t e d  a t  water s u r f a c e  (123 f t  below 
s u r f a c e )  a t  1O:OO PDT and was completed a t  1 1  :45 
PDT. Curve A r e p r e s e n t s  the c o o l i n g  t h a t  occur-  
red due t o  t h i s  i n j e c t i o n  of water. Apparent ly  
most of the water e n t e r e d  t h e  fo rma t ion  below t h e  
HQ c a s i n g  a t  898  f t  and above 1,106 f t .  Below 
1,106 f t ,  t h e  a n n u l u s  between N Q  d r i l l  rod and 
h o l e  wall .appears  . to  have been e f f e c t i v e l y  sealed 
w i t h  cement (see f i g .  3 ) .  Genera l i zed  geo log ic  
s e c t i o n  is f rom f i g u r e  2. 
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should a l so  be noted that the temperatures of 
July 7, 1986, were out of thermal equilibrium 
w i t h  the formation due to  the dr i l l ing  d i s t u r b -  
ance, l o s t  circulation, and curing of Cement. 
Although the 'Ifirstl1 hole was completed quickly 
(dr i l led  t o  about 1,300 f t  i n  1 1  days), subse- 
quent reaming and redr i l l ing  extended the c i r -  
culation time above 800 f t  t o  roughly 35-42 
days. I f  the decay i n  the d r i l l i ng  disturbance 
was by conduction alone, then the temperature 
gradient, or the r a t e  of change i n  temperature 
w i t h  depth, w i l l  reach its equilibrium value in  
about 10 times the d r i l l i ng  disturbance (Diment 
and Weaver, 1964) or  about 1 year. The gradient 
w i l l  be a t  about 95 percent of its equilibrium 
value i n  about 1.5 times the d r i l l i ng  disturbance 
(Diment and Weaver, 1964; Lachenbruch and Brewer, 
1959) or  about 2 months. The absolute tempera- 
tures, however, could continue t o  increase 
s l i g h t l y  for much greater lengths of time. If 
los t  circulation was significant, '  and from the 
d r i l l e r ' s  log, t h i s  appeared to  be the case a t  
some depths, then the return of the temperatures 
a t  certain depths t o  their  predril l ing values may 
be on the order :of several years. The same is 
true. for  the dissipation of heat due t o  the 
curing of the cement i f  a fracture,  void, or 
washout accepted a large quantity of cement, 

NATURAL GAMMA-RAY MEASUREMENTS 

On September 23 and 24,  1986, we obtained a 
series of natural gamma-ray logs i n  RD08 ( f i g .  
7).  We used a Geiger-Mueller tool manufactured 
by Geosource/SIE . w i t h  a diameter. of 1-11/16 i n .  
As with the thermistor temperatures, these mea- 
surements were referenced t o  the top of the 
casing. We logged down the hole a t  about 150 
f t / m i n .  The high logging r a t e  was necessary due 
t o  the high temperatures encountered in  the 
hole. The tool has nominal ra t ing  of 125OC for  
continuous exposure. By logging a t  the high r a t e  
we were able to  reach the bottom of the hole 
without damaging the instrument. 

The l a s t  gamma-ray log (labeled 9/24-3 in  
f i g .  7 )  was run w i t h  a time constant of 0.5 s, 
whereas the previous logs had a 1-3 time con- 
stant.  The logging speed uas.about 150 f t / m i n .  

DISCUSSION AND CONCLUSIONS 

The shallow thermal regime of the Long 
Valley caldera has been discussed by Lachenbruch 
e t  a l .  (19761, Sorey and Lewis (19761, Sorey e t  
a l .  (19781, Diment e t  a l .  (19801, Sorey (19851, 
Blackwell (19851, and Diment e t  a l .  (1985). 
Although geochemical studies (Mariner and Willey, 
1976; Fournier e t  a l . ,  1979) indicated reservoir 
temperatures i n  excess of 2OOOC and possibly as 
h igh  as 282OC, the maximum temperature previously 
observed i n  the south moat was 1 7 2 O C  a t  Casa 
Diablo i n  Mammoth No. 1 (Urban and Diment, 
1984). . Although the shallow thermal regime was 
f a i r ly  well known over a significant part of the 
caldera, the southwestern moat i n  and around 
Mammoth Lakes had not been explored a s  
extensively a s  other parts of Long Valley. The 
high temperatures (-202OC a t  1,110 f t )  a t  the 
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FIGURE 7. Natural gamma-ray logs obtained i n  
R D 0 8  9/23 and 9/24/86. Data was obtained w i t h  a 
Geiger-Mueller too l ,  logging down a t  about 150 
ft/min. Time constant for first three logs was 1 
s and for  fourth log (9/24-3), 0.5 8 .  Plot data 
(not f i l t e r ed )  obtained from analog stripchart  
recordings by digit izing a t  1-ft  intervals. 
Generalized geologic section is from f igure  2. 
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FIGURE 8. Temperatures and calculated boiling- 
point-depth (BPD) curves for RD08 w i t h  f l u i d ' a t  
the surface (BPD 11 ,  150 f t  (BPD 2 ) ,  and 443 f t  
(BPD 3 )  below the surface. Generalized geologic 
section is  from figure 2. 

location of RD08 ( f igs .  1 and 5)  w a s  unexpected 
a t  such shallow depths (see Blackwell, 1985). 
RD08 a lso  encountered the Bishop T u f f  a t  about 
1,407 f t ,  which is  the shallowest t ha t  it, has 
been found i n  the caldera (Wollenberg e t  a l . ,  
1986; 1987). Soft  t u f f s  i n  the 700- t o  800-ft 
in te rva l ,  made i t  impossible t o  ream the hole for 
casing and, a t  the same time, t o  remain i n  t ee  
original hole. Thus,  multiple reaming and 
d r i l l i ng  of new holes may have affected the 
temperature logs ( f ig .  5) by creating new 
conduits for f l u i d  flow. On the other hand, 
detailed logging of the core by Stephen Flexser 
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of Lawrence Berkeley Laboratory and Richard 
Dayvault of the Department of Energy, Curatorial 
Office (Flexser and Dayvault, 1987) indicates 
tha t  many of the fractures i n  the formations have 
deposits of chalcedony, clay, zeo l i t e ,  pyrite, 
euhedral quartz, ca l c i t e ,  and su l f ide  minerals, 
indicating tha t  f l u id  flow has occurred In the 
fractures under predril l ing conditions. I n  
addition, the temperature reversal a t  350 t o  400 
f t  was similar i n  appearance t o  the reversals and. 
isothermal sections below 700-800 f t .  Thus ,  the 
multiplicity of holes may not have had a 
significant effect  on the t o t a l  flow regime, 
except possibly immediately i n  the vicinity of 
the hole as i t  now exis t s .  Since i t  was not 
clear where a l l  the cement ended u p  i n  the hole, 
on J u l y  8, 1986, about 1,100 gal of water was 
pumped down the annulus between the N Q  and HQ 
casings ( f ig .  3 ) .  The formation accepted a l l  of 
the water without any pressure b u i l d u p ,  and no 
water was observed in  the annulus near the 
surface. The temperature of the water pumped 
down the hole was ,about 17.7OC. From, figures 5, 
and 6, it can be seen that the temperatures i n ’  
the hole cooled by 4OoC or more i n  t h e  sections 
above 1,100 f t .  However, a t  about 1,110 f t  
(depth of maximum temperature) there was only 
about 0.4OC decrease i n  temperature compared t o  
that observed on the previous day (July 7, 
1986). Several anomalies on the difference plot 
of f igure 6 can be associated w i t h  the  dr i l l ing  
or casing history. The bottoms of the PQ casing 
and HQ d r i l l  hole are marked by sharp breaks i n  
the temperature plots ( f ig .  5 )  and i n  the tem- 
perature difference plots ( f ig .  6). Not only 
does t h i s  depth mark the bottom of t h e  casings, 
it is  also the depth where a s ign i f icant ,  or a t  
l ea s t  known, change in hole diameter occurred 
( f ig .  3 ) .  Normally, an anomaly associated wi th  
change in  hole diameter only occurs i n  holes i n  
which the annulus is  not cemented. From figure 
6, it appears tha t  the annulus around the PQ 
casing had been f i l l e d  successfully w i t h  cement 
a s  there has been l i t t l e  subsequent change wi th  
time i n  the temperatures. What changes have 
occurred can probably be related t o  the unce- 
mented annulus betw,een N Q  and HQ d r i l l  rods. A t  
the base of the HQ d r i l l  rod, the cementing 
operation appears not t o  have been as .good as,.for.. 
the PQ casing and therefore hole diameter may 
have had an e f fec t .  

The most s t r ik ing  anomaly is  that of curve A 
( f ig .  6) between 900 and 1,100 f t .  I t  appears 
that  most of the water pumped down the hole 
between the HQ and NQ d r i l l  rod entered the early 
rhyolite between about 750 and 1,000 f t .  The 
temperatures i n  the hole recovered rapidly,  how- 
ever, since by July 9, 1986 (curve B of f i g .  61, 
the differences were substantially reduced from 
those of the previous day. Certain anomalies 
pers i s t ,  such as those associated w i t h  the PQ and 
HQ casings a t  303 and 898 f t  and the anomalies a t  
410 and 800 f t .  Both of the anomalies a t  410 and 
800 f t  appear t o  be l o s t  circulation zones ( f ig .  
5). The persistence of these two anomalies and 
subsequent warming a t  these depths probably 
represents a continued warming of the  formations 
i n  these sections i n  response t o  the decay of the 

d r i l l i n g  disturbance and lo s t  circulation. The 
section s t a r t i ng  a t  about 800 f t  may a l so  repre- 
sent a washout zone, as t h i s  was the depth where 
serious problems developed i n  d r i l l i ng  the hole 
( f ig .  2). 

Another temperature anomaly between 600 and 
700 f t  appears t o  be related t o  the change from 
the moat rhyolite t o  the early rhyolite.  Final- 
l y ,  the section of the hole below 1,106 f t  shows 
l i t t l e  change due t o  the s l u g  t e s t  ( f ig .  6); It 
appears tha t  the annulus below about 1,106 f t  was 
successfully f i l l e d  w i t h  cement. By July 9 ,  
1986, the temperatures i n  the hole had recovered 
almost the same values as those of J u l y  7th. 
Thus ,  i t  appears tha t  the cement returned u p  the 
annulus only t o  about the 1,106-ft level.  The 
wiper plug, which was pumped t o  the bottom, 
migrated up  t h e  hole to  about 1,276 f t  and, 
therefore, the lower 120 f t  of the hole was not 
accessible. 

It is  apparent that  the temperatures in -  
creased i n  subsequent logs a f t e r .  J u l y  9, 1986 
( f ig s .  5 and 6), and is probably related t o  the 
recovery from the d r i l l i ng  disturbance, l o s t  
circulation, water injection, and mu1 t ip l e  holes 
i n  t h i s  section of the hole. However, based on 
the September 23, 1986, temperature log, it 
appears that  t h e  temperature increase extends up  
beyond the problem section i n  the hole ( f ig .  
2). We note tha t  the Chalfant earthquake 
(ML=6.4) occurred on J u l y  21, 1986 (Cockerham and 
Corbett, 1987) and that the seismicity’ increased . 
i n  the  Sierran block j u s t  south of the caldera, 
beginning about mid-June (Cockerham e t  a l . ,  
1987). After the Chalfant mainshock, the 
occurrence r a t e  of earthquakes decreased i n  the 
Sierran block. However, i n  the Long Valley 
caldera, the occurrence r a t e  increased s l i g h t l y  
s t a r t i ng  i n  ear ly  July and continued through the 
Chalfant sequence. Whether the ground shaking 
altered the flow regime i n  the vicinity of RD08 
enough to  perturb the observed temperature 
profiles is not clear.  Gradual changes i n  
temperature have been observed i n  other parts of 
Long Valley since the 1980 earthquake sequence 
(Diment e t  a l . ,  19851, s o  it  i s . ’ a l so  possible 

. that  some. of the thermal anomalies observed i n  
RD08 may be i n  response t o  the 1980 and 1983 
earthquake sequences i n  and near Long Valley. 

The presence of secondary minerals in 
fractures indicates f lu id  flows have occurred 
through the rock in  the past and are possibly 
continuing a t  present. An examination of the 
natural  gamma-ray log ( f ig .  7) i l l u s t r a t e s  some 
character that  might be attr ibuted t o  casing, 
mineralization, solution cavities,  or washouts. 
The break above 1,100 f t  possibly correlates w i t h  
the change i n  the core log a t  1,076 f t ,  where the 
rock abruptly became a s i l i c i f i e d ,  pumice-rich 
t u f f .  The zone from 672 t o  1,407 f t  is part of 
the early rhyol i te ,  w i t h  the section from 800 t o  
1,050 f t  containing zones of lacustrine t u f f ,  
some pumiceous, w i t h  pyr i t ic  bands. Flexser and 
Dayvault (1987) noted that by 1,115-ft, solution 
cavi t ies  were common. The decrease i n  radio- 
ac t iv i ty  a t  about 800 f t  corresponds t o  a change 
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i n  t h e  r h y o l i t e  con ta in ing  t u f f  w i t h  p y r i t e  t o  
zones o f  l a c u s t r i n e  t u f f .  T h i s  is a l s o  the d e p t h  
a t  which the .  hole started t o  d e v i a t e  from t h e  
o r i g i n a l  track when attempts were made t o  ream 
i t .  There fo re ,  t h i s  zone might be a l a r g e  
washout o r  c a v i t y  due t o  the m u l t i p l e  r eamings  
and d r i l l  i n g s  . 

The large s p i k e s  i n  the l o g s  of f i g u r e  7 are 
n o t  understood.  The p u l s e s  from t h e  gamma-ray 
tool were monitored by an o s c i l l o s c o p e ,  a n d . o n  
s e v e r a l  o c c a s i o n s  the s p i k e s  were observed t o  
c o r r e l a t e  w i t h  b u r s t s  of p u l s e s .  The s p i k e s  
g e n e r a l l y  occur red  above 600 f t ,  well w i t h i n  t h e  
o p e r a t i n g  t empera tu re  of t h e  t o o l .  The s l i p - r i n g  
a s sembl i e s  were rated t o  o p e r a t e  a t  the  v o l t a g e s  
and r o t a t i o n a l  speeds under which they  were 
o p e r a t i n g  and were p e r i o d i c a l l y  tested for  
n o i s e .  The n o i s e  tests i n d i c a t e d  t h a t  t h e  s l i p  
r i n g  produces o n l y  about  1vV of DC v o l t a g e ,  so it 
is u n l i k e l y  t h a t  t h i s  was t h e  s o u r c e  o f .  t h e  

. s p i k e s .  K i l l i o n  (1978) no ted  t h a t  f l u i d  motion 
behind c a s i n g s  can .p roduce  r a d i o a c t i v e  anomal i e s  
by a chemical r e a c t i o n  between the d i s s o l v e d  
r a d i o a c t i v e  m i n e r a l s  and t h e  c a s i n g ,  d e p o s i t i n g  a 
t f r a d i o a c t i v e  c r u s t f f  on t h e  c a s i n g .  However, s u c h  
anomalies  shou ld  be s t a t i o n a r y ,  whereas most t h a t  
we observed occur red  a t  d i f f e r e n t  dep ths  o n  
d i f f e r e n t  logs. On J u l y  24, 1986, 3 days after 
t h e  Cha l f an t  ea r thquake ,  t h e  b i n .  plug i n  t h e  
s u r f a c e  c a s i n g  was bubbl ing at  t h e  threads, and 
we a l s o  obse rved  water i n  t h e  annu lus  between t h e  
HQ and NQ c a s i n g  f o r  t h e  f i r s t  time. On 
September 23,  1986, the  water l e v e l  i n  t h e  NQ 
c a s i n g  had dropped t o  166 f t  and t h e  wellhead was 
under a vacuum, a l though  t h e  water l e v e l  i n  t h e  
annu lus  was a t  t h e  same l e v e l  a s  on J u l y  24, . 
1986. We no ted  t h a t  repeated l o g s  on September 
24, 1986, r e s u l t e d  i n  a decrease i n  t h e  number 
and ampl i tude  of t h e  s p i k e s  w i t h  time. The f irst  
log on September 24, 1986, was run s h o r t l y  after 
t h e  hole was uncapped. The h o l e  remained open 
f o r  subsequent  l o g s .  However, no g a s  p r e s s u r e  or 
vacuum was no ted  on t h i s  da te ,  a l though  t h e  water 
l e v e l  i n  t h e  NQ c a s i n g  had dropped about  2 f t .  
Conceivably,  t h e  s p i k e s  were somehow related t o  
bubble  t r a n s p o r t  by g a s e s  up the  ho le .  

Our first '  ( J u l y  7 ,  1986) and l a s t  (September 
23, 1986) t empera tu re  l o g s  are p l o t t e d  on f i g u r e  
8 a l o n g  wi th  b o i l i n g  p o i n t  d e p t h  (BPD)  c u r v e s .  
I n  c a l c u l a t i n g  t h e  BPD cu rves  i t  was assumed t h a t  
h y d r o s t a t i c  c o n d i t i o n s  p r e v a i l e d  and that  t h e  
h y p o t h e t i c a l  f l u i d  column was a t  t h e  b o i l i n g  
p o i n t  o f  f tpureff  water throughout  (Urban e t  a l . ,  
1987a) .  BPD 3 was probably closest t o  r e a l i t y  as 
an  i n d i c a t o r  of how c l o s e  t h e  observed temper- 
a t u r e s  were t o  b o i l i n g .  E v i d e n t l y  f l u i d s  n e a r  
1 ,110 f t  were closest t o  b o i l i n g ,  b u t  how close 
is  d i f f i c u l t  t o  s p e c i f y  w i t h  p r e c i s i o n .  The 
d i f f e r e n c e  between t h e  maximum observed temper- 
a t u r e  (201.8OC, 1,110 f t ,  September 23, 1986) and 
BPD 3 (208.7OC a t  1,110 f t )  was 6.9OC. But,  t h i s  
d i f f e r e n c e  was t o o  small because t h e  a c t u a l  
p r e s s u r e  a t  1,110 f t  was g r e a t e r  t h a n  t h a t  used 
t o  c a l c u l a t e  BPD 3 ( tha t  is, t h e  whole f l u i d  
column above 1 ,110  f t  was assumed t o  be a t  t h e  
b o i l i n g  p o i n t  of Irpureff water). I n  o r d e r  t o  
c o r r e c t  f o r  t h i s  effect ,  we c a l c u l a t e d  t h e  a c t u a l  

pressure a t  1 , 1 1 0  f t  (assuming rfpuretf  water) 
us ing  t h e  t e m p e r a t u r e s  observed on September 23rd 
and assuming the  t o p  of the f l u i d  column w a g  a t  
443 f t .  T h i s  s h i f t e d  t h e  BPD 3 c u r v e  a t  1,110 f t  
from 208.7 t o  2 1 1 . 4 o C .  Thus, t h e  obse rved  tem- 
p e r a t u r e  (201.8oC) was 9.6OC below t h e  c o r r e c t e d  
BPD 3 (211.4oC). Although f u r t h e r  c o r r e c t i o n s  
could be made if the  d i s t r i b u t i o n  of s a l i n i t y  
with d e p t h  were known, i t  is p o i n t l e s s  a t  t h i s  
time. I n  no even t  would t h i s  have e l e v a t e d  BPD 3 
by more t h a n  a few t e n t h s  of a degree (Hass, 
1971 ) , p r o v i d i n g  pressures were h y d r o s t a t i c .  The . 
impor t an t  p o i n t  is t h a t  t empera tu res  nea r  1 ,110 
f t  were c l o s e  t o  b o i l i n g .  

Although f l u i d s  i n  and about  R D 0 8  are n o t  
p r e s e n t l y  b o i l i n g ,  some evidence s u g g e s t s  t ha t  
they  may have b o i l e d  i n  1980 when the  f r a g i l e  
hydrothermal  s y s t e m  of t h e  caldera was s e v e r e l y  
shaken by l a r g e  (ML>6) ea r thquakes  nea r  t h e  
caldera. I n t e n s e  swarms of e a r t h q u a k e s ,  some . 
wi th  appea rance  of spasmodic tremor ( f i g .  1 1 ,  
occu r red  immediately east of Mammoth Lakes  i n  
1980 ( R y a l l  and Rya l l ,  1983, fig:2). Th i s  i s  
also t h e  l o c a t i o n  ( f ig .  1 )  of t h e  western 
terminus of  t h e  r i g h t - l a t e r a l  s t r i k e - s l i p  s o u t h  
moat f a u l t  zone (e .g . ,  Savage et a l . ,  1987, f i g .  
8 ) .  By invok ing  a p u l l - a p a r t  mechanism ( d i l a -  
t i o n a l  jog) s u c h  as t h a t  descr ibed by S ibson  
(S ibson ,  1986; Kerr, 19871, p r e s s u r e s  could be 
reduced so t ha t  water i n  the  pores and  fractures 
of t h e  rocks would b o l l .  Sibson (1987, p .  1188) 
n o t e s  that  "There is historical  ev idence  f o r  
b o i l i n g  e v e n t s  t r i g g e r e d  by t h e  arrest of  strike: 
s l i p  r u p t u r e s  i n  t h e  f a u l t  jogtt a t  Cerro 
P r i e t o .  The b o i l i n g  would c e a s e  when pressure 
rose, when f l u i d  was exhausted,  o r .  when t h e  
supply of heat was i n s u f f i c i e n t  t o  ma in ta in  
b o i l i n g .  C l e a r l y ,  s c e n a r i o s  could be c o n s t r u c t e d  
where i n t e r p l a y  among these.  f a c t o r s  c o u l d  r e s u l t  
i n  p e r i o d i c  b o i l i n g .  

The problem w i t h  invoking S i b s o n ' s  mechanism 
f o r  s u b s u r f a c e  b o i l i n g  and b r e c c i a t i o n  is t ha t  
there i s  no ev idence  f o r  a r i g h t - s t e p p i n g  jog t o  
the  no r thwes t  of  the s o u t h  moat f a u l t .  However, 
RD08 does f a l l  i n  t h e  d i l a t i o n a l  s t r a i n  f i e l d  o f  
a r ight- la teral  s t r i k e - s l i p  f a u l t  . ( e .g . ,  
Chinnery,  1963, f i g .  3 ) .  But, i f  t h i s  model is 
adopted,  t h e  zone of  i n t e n s e  swarm a c t i v i t y  ( f i g .  
1 )  would be i n  t h e  compressional  f i e l d .  An 
i n c r e a s e  i n  p r e s s u r e  would t e n d  t o  decrease the 
p o t e n t i a l  f o r  b o i l i n g  i f  the p r e s s u r e  I n c r e a s e  
d i d  no t  c a u s e  the  upward movement o f  h o t  waters 
a long  f a u l t s  and j o i n t s .  I f ,  however, hot waters 
d i d  r ise ,  the  consequent p r e s s u r e  r e d u c t i o n  upon 
the  a s c e n d i n g  hot  w a t e r s  might be s u f f i c i e n t  t o  
cause b o i l i n g .  The n o t i o n  t h a t  we c a n  have it 
either way is a s t r o n g  t e s t amen t  as t o  the  
complexi ty  of the p rocesses  invo lved  and our 
ignorance of t he i r  detai ls .  

I n  t h e  p reced ing  d i s c u s s i o n ,  it has been 
assumed t h a t  p r e s s u r e s  are h y d r o s t a t i c .  They 
need n o t  be. P r e s s u r e s  i n  excess  o f  h y d r o s t a t i c  
w i l l  s h i f t  t he  BPD c u r v e s  t o  t h e  r i g h t  ( f i g .  
8) .  P r e s s u r e s  less  than  h y d r o s t a t i c  w i l l  s h i f t  
them t o  the  l e f t .  I t  is impor t an t  t o  r e c o g n i z e  
t h a t  t h e  d i s t r i b u t i o n  of p r e s s u r e  w i t h  d e p t h  is 
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one of the most poorly known parameters In geo- 
thermal systems. Witness The Geysers steam f ie ld  
where pressures are f a r  below hydrostatic 

. pressure a t  steam-production depths of 6,000 f t  
or more (for  example, White, 1973). The point is 
that without knowing the dis t r ibut ion of both 
temperature and pressure wi th  depth it is d i f -  
f i cu l t  t o  predict explosive spal l ing w i t h  depth 
i n  response to  earthquake generated faul t ing and 
shaking. The process could occur a t  considerable 
depths. 

Another factor may be important. According 
t o  E l l i s  (1967, p. 500): "Hydration reactions of 
s i l i ca tes  are i n  general exothermic. For a 
glassy ignimbrite or pumice typical of the New 
Zealand Taupo Volcanic zone, a reasonable heat of 
devi t r i f icat ion and al terat ion would be about 75 
callgram. With a specif ic  heat fo r  the rock of 
0.2 ca1lgr.m [.OC]  and, for example, an associated 
water content of 0.1 gramlcc, the adiabatic 
temperature r i s e  during al terat ion would be about 
3000-C. Each cubic kilometer of volcanic rock 
would give by t h i s  means suf f ic ien t  heat t o  
maintain the natural  heat output of a major area 
such as  Wairakei (about 3X10g5 cal lyear)  for 100 
years. A s  rock volumes of the order of hundreds 
of cubic kilometers are involved, t h e  heat of 
a l terat ion could make a significant contribution 
during the l i f e  of an area. The mechanism would 
be particularly effective as a means of propa- 
gating heat dur ing  the i n i t i a l  heating up of a 
large aquifer volume. It 

. .  

Although the surf i c i a l  discharge of water 
out of the caldera has not changed significantly 
since the onset of the most recent episode of 
seismicity (about 1980; Farrar e t  a l . ,  19851, hot 
waters have moved . i n  the subsurface. 'The ques- 
tions are: how much and where? Ascending hot 
waters probably avoid previously a l te red  rocks 
(unless they are  newly faulted) because hydro- 
thermal a l te ra t ion  is an effective self-sealing 
mechanism (e.g. ,  White; 1973). Now, i f  we 
suppose that  the rock beneath the south moat In 
the zone of high seismicity ( f ig .  1 )  contains a 
large fract ion of rock susceptible t o  a l terat ion,  
and; we 'suppose . that  some of it has been 
brecciated by t h e  previously mentioned seismic 
process, we have a mechanism for  ra is ing the 
temperatures, perhaps significantly.  The volume 
of the hydrothermally altered rocks may also 
increase bu t  the s ize  and s ign  of the effect  are 
uncertain because they depend on the amount of 
material carried away i n  solution, which could 
vary locally.  The timing of the a l te ra t ion  is an 
even more d i f f i cu l t  question because it involves 
the temperature and chemistry of the al ter ing 
solutions, as  well as the degree of brecciation. 
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