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Introduction 
Con t inu ing  technical success i n  the development of techniques for h t dry 

rock ( H D R )  energy extraction justifies review of the Fenton Hill "Case 
history.'' T h i s  history begins w i t h  the original s i t e  selection cr i ter ia ,  
proceeds through the compilation of existing data and collection of new data 
t o  the evaluation of methods and results and f ina l ly  t o  the application of 
these results t o  the search for new sites.  Reviewed i n  perspective the case 
history shows that the original s i t e  selection c r i te r ia  were correct. I t  also 
shows that the s i t e  selection techniques were effective i n  determining i f  the 
c r i te r ia  were met a t  a particular si te.  Based on the Fenton Hill results, a 
generalized s i t e  selection and assessment plan can be proposed. 
Si t e  Sel ecti on 

After the general concept for extracting geothermal energy from HDR was 
conceived (Robinson e t  al . ,  19711, a suitable s i t e  for developing and testing 
the extraction techniques was needed. The most obvious cr i ter ia  for the site 
were t h a t  i t  should be underlain by very low permeability rock a t  h igh  temper- 
atures. To reduce d r i l l i n g  costs, h i g h  geothermal gradients were sought. Low 
seismicity was also specified as a criterion because of the effects o f  seis- 
micity on permeability and because  o f  earthquake hazards. L o g i s t i c  and envi- 

ronmental concerns, although important,  w i l l  not be discussed here. 
The original geothermal group a t  Los Alamos was fortunate that the 

Laboratory i s  located w i t h i n  the Jemez Mountains, a region of known late- 
Cenozoic volcanism. The close proximity o f  a young s i l i c i c  caldera al.leviated 
many logistic problems and prior geologic interest i n  the area provided consid- 
erabl e evidence of a h i  gh- temperature vol cani c heat source. O f  primary impor- 
tance was the excellent geologic map of Smith, Bailey and Ross (19701, which 
detailed the volcanic stratigraphy, structure, and some thermal manifesta- 
t i  ons . Adequate geochronol ogy was avai 1 ab1 e i ndicati ng vol cani sm conti nu i  ng 
from about 10 m.y. t o  0.04 m.y. (Doell e t  a l . ,  1968). Direct evidence for 
geothermal resources w i t h i n  the Val 1 es Cal dera was a1 so provided by newspaper 
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accounts of successful well d r i l l i n g  by a private company. The seismicity was 
known t o  be low i n  the area minimizing risks of inducing earthquakes dur ing  
1 ater hydraulic fracturing and suggesting the probabil i t y  of low secondary 
permeabi 1 i ty . Some know1 edge of basement structures was obtained from un- 
published gravity and aeromagnetic data provided by L i n  Cordell of the U.S. 

Geological Survey. Both Cordell and Roy Bailey of the U.S.G.S. met w i t h  Labor- 
atory staff t o  ass is t  i n  s i t e  selection. 

Several small investi gati ons were i n i  t i  a t ed  t o  narrow down the choices 
for a s i t e  w i t h i n  the Jemez Mountains. Bailey and Cordell had suggested the 
western flank of the Valles Caldera t o  minimize the effects of faults related 
t o  the Rio Grande r if t  and the resurgent dome w i t h i n  the Valles Caldera- To 
confirm t h a t  elevated subsurface temperatures were present outside the 
caldera, Marshall Reiter of New Mexico Institute of Mining and Technology and 
Los Alamos staff drilled and logged seven shallow and four intermediate depth 
gradient holes on the southern and western flanks of the caldera. Heat flow 
values of about 230 mW/m were measured i n  the deeper holes on t h e  western 
flank. 

An aerial photographic faul t  investigation was init iated t o  ass is t  i n  
evaluating the secondary permeability. A preliminary version of the f a d  t 
study by Slemmons (1975) indicted that the Barley Canyon-Fenton Hill region of 
the Jemez Plateau was seismically quiet and w i t h i n  a large intact  faul t  block. 
Concurrently, a slim hole (GT-1) was drilled i n  Barley Canyon t o  evaluate heat 
flow and the permeability of potential basement reservoir rocks. T h i s  well 
reached a total depth of 785 m, 143 m i n t o  the Precambrain basement. Because 
of hydro1 ogic d i  sturbances the geothermal gradient was 129"C/km i n  permeabl e 
Paleozoic rocks and 45"C/km i n  low permeability Precambrian rocks. Permeabil- 
i ty  measurements ranged from 5 x t o  6 x lom3 darcies. Hydraulic fractur- 
ing  was also accomplished i n  GT-1 indicating low permeability. 

After evaluation of the results obtained i n  these studies a new d r i l l  
s i t e  was selected a t  Fenton Hill. T h i s  s i t e  was w i t h i n  the same intact  faul t  
block as the Barley Canyon s i te ,  had about the same heat flow and was better 
1 ocated for 1 ogi s t i c  and environmemtal reasons. 
Phase I System Development and Investigations 

The Phase I HDR system was constructed a t  Fenton Hill us ing  two d r i l l  
holes - GT-2- and EE-1. Drill hole GT-2 had a total depth of 2.93 km and a 
bottom-hole temperature of 197°C and EE-1 a total depth of 3.06 km and a 
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bottom- hol  e temperature o f  205.5OC. Cores, cu t t i ngs  sampl es , and geophysical 
logging were used t o  character ize the basement rocks i n  which the Phase I 
system was developed. A metamorphic complex intruded by b i o t i t e  granodior i te  
and monzograni t e  bodies was recognized. Samples o f  the various 1 i thologies 
were used f o r  who1 e- rock chemi s t r y  , pe t ro l  ogy , geochronol ogy , rock mechanics, 
rock-water i n te rac t i on  and permeabi 1 i ty studies Resul t s  o f  these studies are 
given i n  Laughl i n  (1981), Brookins e t  a1 . (19771, Zartman (1979) , Laughl i n  e t  
a1 ( i n  press), Brookins and Laughl i n  ( i n  press), and Charles and Bayhurst ( i n  
press). 

The Phase I system was developed e n t i r e l y  w i t h i n  the 385-m-thick b i o t i t e  
granodior i te  body. This rock i s  a very homogeneous igneous rock characterized 
by high modal b i o t i t e  and sphene contents and high concentrations o f  K20, 
TiOp, and P205. A1 though the b i o t i t e  granodior i te  contains f ractures,  they 

are almost i nva r iab l y  sealed w i t h  a va r ie t y  o f  minerals. Calc i te,  epidote, 
hemati t e  , ch l  o r i  te, quartz, c l  ays , fe l  dspars , and sul f ides  have a1 1 been 
observed as f racture f i 11 i ng mineral s. These seal ed f ractures show spacings 
o f  1 t o  8 cm and are var ious ly  hor izontal ,  ve r t i ca l ,  o r  steeply dipping. 
Strontium iso top ic  studies by Brookins and Laughlin (1976) ind ica te  t h a t  the 

c a l c i t e  i n  the f ractures was probably derived from adjacent Precambrian rocks 
and not  from over ly ing limestone. 

The resu l t s  of the geochronological invest igat ions show a h i s to ry  o f  
metamorphism a t  1.62 b.y., i n t rus ion  o f  the b i o t i t e  granodior i te  a t  1.50 bey., 
and i n t r u s i o n  o f  the monzogranite a t  1.44 b.y. (Brookins and Laughlin, i n  
press). These Rb-Sr resu l t s  as w e l l  as the U-Th-Pb r e s u l t s  o f  Zartman (1979) 

suggest t h a t  these systems have remalned closed despite present high tempera- 

tures. The r e s u l t s  o f  K-Ar  dat ing (Turner and Forbes, 19761, a lso i nd i ca te  
l i t t l e  movement of the daughter isotope despite temperatures as high as 313OC 
i n  EE-2. 

While the Phase I was being developed, a number o f  surface geologic and 
geophysical inves t iga t ions  were performed t o  be t te r  character ize the Fenton 
H i l l  s i te .  I n  hopes o f  p red ic t ing  the o r ien ta t i on  o f  hydraul ic f ractures,  
f racture-or ientat ion data were obtained from Precambrian exposures i n  the  
Jemez Mountains. I n  these outcrops the two f rac tu re  sets w i t h  the greatest  

frequency t rend north-northwest and northeast t o  east-northeast. These d i  rec- 
t i ons  are consistent w i th  f ractures t rending N42"E, N49"E, N52"E, and N25"W i n  
cores from GT-2. 

61 



Two shallow seismic r e f l e c t i o n  surveys were run i n  the area t o  r e f i n e  the 
knowledge o f  the s t ruc tu ra l  s e t t i n g  near the d r i l l  s i t e .  Results were 
reported by K in tz inger  and West (1976) and K in tz inger  e t  a1 . (1978). Several 
f a u l t s  were recognized by these surveys. A prominent NNE s t r i k i n g  f a u l t  w i t h  
a SE d i p  l i e s  immediately west o f  the d r i l l  s i t e ,  an E-W s t r i k i n g  f a u l t  w i t h  a 
S d i p  was detected N o f  the d r i l l  s i t e  and a NE s t r i k i n g  h o r s t  was observed i n  
the Precambrian subsurface N o f  Barley Canyon. This ho rs t  i s  i n  p a r t  co inc i -  
dent w i t h  a g rav i t y  high mapped by Cordell (1976). 

E l e c t r i c a l  r e s i s t i v i t y  methods were employed by J i racek (1975) t o  charac- 
t e r i z e  the Fenton H i l l  s i t e .  Schlumberger soundings and the rov ing d ipo le  and 
d ipo l  e-di pol e methods were used. Several re1 a t i v e l y  sha l l  ow conductive zones 
were recognized. The outermost r i n g  f a u l t  was p a r t i c u l a r l y  we l l  defined, 
probably because o f  ho t  water moving up along it. 

Hermance (1979) was funded by Los Alamos and the U.S.G.S. t o  conduct a 
t e l l  u r i c - m a g n e t o t e l l  u r i c  survey o f  t h e  Jemez Mountains and n o r t h e r n  New 
Mexico. A t o t a l  o f  30 s ta t ions  was run i n  the Jemez Mountains; 17 s ta t i ons  
were occupied on the Baca Grant w i t h  permission from Union O i l  Company. 
Hermance found t h a t  h i s  r e s u l t s  w i t h i n  the Jemez Mountains were very s i m i l a r  
t o  those from the  Rio Grande i f t .  He presented evidence f o r  a p a r t i a l  me l t  
accumulation a t  a depth o f  15 km. 

Because o f  the l i m i t e d  number o f  cores avai lable,  add i t iona l  evidence was 
sought f o r  the nature o f  the basement rocks. Eichelberger and Koch (1979) 
invest igated xenol i ths present i n  the Bandel i e r  Tuf f .  A1 though Precambrian 

xenol i ths are ra re  i n  the t u f f ,  22 were found. I n  cont ras t  t o  the cores from 

Fenton Hi1 1 , which are dominantly g ran i t i c ,  the xenol i ths were roughly evenly 
d iv ided between g r a n i t i c  and gabbroic rocks. The xenol i ths were a1 so t y p i c a l -  
l y  more al tered, sheared, and o f  a higher metamorphic grade than were the core 
samples. High-f luor ine b i o t i t e  and a c t i n o l i t e  were common i n  the xenol i ths as 
a1 t e r a t i o n  products o f  o r i g i n a l  hornblende. 
Phase I 1  System Development and Inves t iga t ions  

Af ter  the technical  f e a s i b i l i t y  of ex t rac t ing  geothermal energy from HDR 
was demonstrated i n  the  Phase I system, d r i l l i n g  began on a p a i r  o f  deeper 

holes for  a l a rge r  Phase I1  engineering system. D r i l l  holes EE-2 and EE-3 are 
i n c l  ined a t  a 35" angle and have t rue  v e r t i c a l  depths o f  4.39 km and 3.97 km 
respect ively.  The bottom-hole temperature o f  EE-2 i s  323OC. Cores and 

cu t t i ngs  from these we1 1 s i nd i ca te  a cont i  nuat i  on o f  the  metamorphic compl ex 

62 



T 

c 

observed i n  wel ls  GT-2 and EE-1. Dikes of b i o t i t e  granodior i te  and monro- 
g ran i t e  a r e  intrusive into this complex. No single l a rge  homogeneous u n i t  was 
observed i n  the deeper Precambrian sect ion and, a s  a result, the Phase I1 
system i s  much more heterogeneous than i s  the Phase I system. Cutt ings 
analysi  s and s t ruc tura l  ana lys i s  on cores suggested the possi b i  1 i ty  t h a t  
several a1 tered zones were intersected by the well bores. 
Imp1 i ca t ions  f o r  Other Sites 

The  results of the deep d r i l l i n g  a t  Fenton Hill and subsequent f r ac tu r ing  
and engineering tests can be used t o  evaluate  the various exploration and 
assessment techniques. These evaluations have imp1 i ca t ions  f o r  the search for 
o ther  HDR sites. 

A1 though hydrologic disturbances resul ted i n  erroneously h i g h  predict ions 
of the geothermal gradient ,  the combination of f ield geology, geochronology, 
and gradient  d r i l l i n g  was generally e f f e c t i v e  i n  i den t i fy ing  a reas  underlain 
by rock a t  e levated temperature. Additional hydrologic work would he lp  i n  
i nterpreti ng the resul ts of gradient  d r i  11 i ng. 

Passive seismic techniques appear t o  be the most useful i n  evaluat ing 
reservoi r permeabi 1 i ty  p r i o r  t o  d r i  1 1 i ng . Low sei smi c acti  v i  t y  apparently 
f a i l s  t o  reopen fractures sealed a s  a result of h igh  temperature and min- 
e r a l i z i n g  f l u i d s .  Active seismic techniques were demonstrated t o  be useful i n  
de f in ing  structures such a s  f a u l t s .  Higher energy sources should be employed, 
however, t o  provide deeper penetration. 

Permeable zones can a l s o  be ident i f ied us ing  e l e c t r i c a l  o r  MT techniques. 
Although a thorough test was not performed because of f inanc ia l  cons t ra in ts ,  
prel imi nary resul ts a r e  encouraging. 

S t ruc tura l  i nvesti ga t i  ons , both surf ace and subsurf ace, can be Val uabl e 
i n  predict ing and interpreting the results o f  hydraulic f rac tur ing .  Low s u n  
angl  e a e r i  a1 photograph i n t e r p r e t a t i  on and j o i n t  a n a l y s i  s appear  t o  be 
pa r t i cu la r ly  useful. As much coring a s  possible  should be done i n  future 
holes  and techniques f o r  o r i en ta t ion  a t  h igh  temperature should be developed. 
Much information was lost or confused because of the lack o f  or ien ta t ion .  

Petrologic  inves t iga t ions  are fundamental i n  predict ing the results of 
rock-water i n t e rac t ions  along the hydraulic f rac tures .  Complete mineralogical 
and chemical charac te r iza t ion  is  a l so  important i n  predict ing and in t e rp re t ing  
f l u i d  compositions. 
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From the r e s u l t s  o f  the Fenton H i l l  d r i l l i n g  and the accompanying s i t e  
invest igat ion,  the fo l l ow ing  HDR explorat ion and evaluat ion plan i s  proposed. 
A Proposed HDR Explorat ion and Evaluation Plan 
I. I d e n t i f y  areas o f  elevated subsurface temperature - F i e l d  geology - Vol canol ogy - Geochronology - Geophysics - Gradient d r i l l i n g  

Eva1 uat ion o f  permeabi 1 i ty - Passive seismic - LANDSAT and a e r i a l  photograph i n t e r p r e t a t i o n  - F i e l d  geology - Act ive seismic - Electromagnetic 

I I . 

111. Predic t ion o f  hydraul ic f rac tu re  behavior - F i e l d  and s t ruc tu ra l  geology - Petrofabr ics - Stress o r ien ta t i on  

I V .  Predic t ion o f  f l u i d  chemistry - Petrology - Whole-rock geochemistry 
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