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ABSTRACT 

A new deeper reservo i r  i s  present ly being 
investigated a t  the  Laboratory's Fenton H i l l  
Hot Dry Rock (HDR) s i te .  The region sur- 
rounding the lower o f  two inc l ined  boreholes , 
d i r e c t i o n a l l y d r i l l e d  t o  about 4 km i n  hot 
c r y s t a l l i n e  rock, has been pressurized i n  a 
sequence o f  i n j e c t i o n  tests. Based p r imar i l y  
on t h e  measurements made by two c l o s e - i n  
microseismic detectors , two s im i la r  volumetric 
r e s e r v o i r  reg ions  have been developed by 
massive h y d r a u l i c  f r a c t u r i n g ,  b u t  w i t h  no 
s ign i f i can t  hydraul ic comnunication w i th  the  
upper borehole as yet. - 
INTRODUCTION 

Since June o f  1982 -- including a 10-week 
furlough per iod -- the  Los Alamos National 
Laboratory has been attempting t o  connect two 
deep inc l ined  boreholes i n  hot g r a n i t i c  rock 
by means o f  massive hydraul ic fracturing. As 
of t h i s  w r i t i n g  (November 1982), we have y e t  
t o  be success fu l  i n  making a connect ion,  
a l though c l o s e - i n  mic rose ismic  da ta  have 
revealed the probable causes o f  our d i f f i -  
cu l t ies .  Renewed f rac tu r lng  operations ear ly  
next year, guided by a careful  assessment o f  
recent pumping and seismic data, hopeful ly 
w i l l  r e s u l t  i n  a s i g n l f i c a n t  number o f  
f rac tu re  connections, and a very large thermal 
reservoir.  

The se t t i ng  f o r  these experiments , beneath the 
Jemez Mountafns o f  northern New Mexico, i s  
depicted i n  the sectional view o f  Figure 1. 
The Fenton H i l l  Hot Dry Rock (HDR) Geothermal 
S i t e  i s  located several ki lometers west o f  the  
Valles Caldera, i n  a region o f  low apparent 
s t ruc tu ra l  complexity, but o f  h igh volcanic- 
associated heat flow. The t ra jec to r ies  o f  our 
two new wellbores -- EE-2 and EE-3 -- are 
shown i n  the plan and sectional vfews o f  
Figures 2 and 3. The lower openhole port ions 
o f  these two n e a r - p a r a l l e l  d i r e c t i o n a l 1  - 
d r i l l e d  boreholes are inc l ined  35' from t i e  
v e r t i c a l ,  and were d r i l l e d  t o  t h e  eas t ,  
approximately p a r a l l e l  t o  the d i rec t i on  o f  the  
leas t  p r inc ipa l  earth stress. 

BRIEF DESCRIPTION OF FRACTURING EXPERIMENTS 

A series o f  three large-scale pumping experi- 
ments have been performed i n  the  lower por t ion  
o f  the new -- Phase I1 -- reservoir  region, a t  
i n jec t i on  rates up t o  about 90 g/s. Af te r  
cementing i n  a scab l i n e r  about 150 m above 
the  bottom o f  EE-2 f o r  wellbore iso la t ion ,  t he  
openhole i n te rva l  ( a t  a mean depth o f  4310 m) 
was pressurized i n  three successively la rger  
i n jec t i on  tes ts  o f  500, 3000 and 4900 I$ 
respectively. Despite these r e l a t i v e l y  la rge  
volumes o f  i n j e c t e d  water, we f a i l e d  t o  
achieve hydraul ic communication w i th  the  upper 
borehole (EE-3) f o r  reasons discussed below. 

Fol lowing these tests, the  EE-2 wellbore was 
sanded up t o  w i th in  about 150 m o f  the casin 
shoe, providing an iso la ted  openhole intervag 
i n  the upper por t ion  o f  the  Phase I1  reservo'ir 
rqgion. Two i n j e c t i o n  tes ts  o f  900 and 3200 
m have recent ly been performed i n  t h i s  upper 
reg ion ,  w i t h  o n l y  a s l i g h t  i n d i c a t i o n  o f  
hydraul ic communication so far. Because o f  

. t h e  nature o f  the  f ractured reservo i r  being 
developed, it now appears tha t  s i g n i f i c a n t l y  
l a r g e r  volumes o f  i n j e c t e d  water w i l l  be 
required t o  achieve the desired leve l  o f  com- 
municat ion. 

FRACTURE GEOMETRY I N F E R R E D  FROM CLOSE-IN 
CROSt ISMIC m A  

Extensive downhole measurements o f  the  loca- 
t ions  o f  microseismic events generated by the  
hydraul ic f rac tu r i ng  process have been made 
dur ing a l l  o f  the i n jec t i on  tests. The micro- 
seismic event locat ions were p r imar i l y  deter- 
mined from signals received by a three-axis 
or iented high-temperature geophone sonde a t  a 
depth o f  2950 m i n  EE-1 (the i n j e c t i o n  bore- 
hole fo r  the  previous shallower Phase I HDR 
reservo i r  a t  Fenton H i l l ) .  Also, f o r  t he  more 
recen t  i n j e c t i o n  experiments, a s e r i e s  o f  
detonator shots were made deep i n  EE-3 p r i o r  
t o  pumping. This was done t o  provide both a 
redundant geophone package or ientat ion,  and a 
r e l a t i v e  s e n s i t i v i t y  ca l i b ra t i on  o f  the  geo- 
phones ( the  s e n s i t i v i t y  o f  t h e  v e r t i c a l  
geophone as compared t o  t h a t  o f  t h e  two 
hor izontal  geophones, which i s  needed f o r  ac- 
curate p a r t i c l e  motion determinations). For 
most o f  the i n jec t i on  tests, a newly-developed 
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three-axis oriented high-temperature acceler- 
ometer sonde was also posit ioned i n  the  EE-3 - borehole adjacent t o  the pressurized i n te rva l  
i n  EE-2 ( f o l l o w i n g  t h e  de tonator  shots).  
Although the accelerometer t o o l  i s  s t i l l  under 
development, i t  has genera l l y  p rov ided 
accurate V - V time di f ferences f o r  the  
sicroseismi8 eveRts, s ign i  f i c a n t l y  reducing 
loca t ion  er ro rs  associated with the  analysis 
o f  the geophone-measured signals. 

The microseismic event locat ions associated 
w i th  the pumping experiments performed i n  the 
lower pa r t  o f  the  Phase I 1  reservoir  suggest 
t h a t  t h r e e  d i s t i n c t  -- bu t  a r a l l e l  --  
f rac tu re  zones, inc l ined  about 85' from the 
ve r t i ca l ,  were opened (hydrau l i ca l l y  f rac-  
tured). These f rac tu re  zones s t r i k e  roughly 
north-south, d ip  towards the west, and appear 
t o  extend upwards and t o  the east away from 
EE-3. Thus, these upward-extending f rac tu re  
zones may have a l l  missed -- passed below -- 
the bottom o f  EE-3, explaining the lack o f  
hydraul ic communication. Figure 4 shows, i n  
both plan and elevat ion views, the seismic 
data f o r  one 50-migute time in te rva l  during 
t h e  l a s t  (4900 m ) i n j e c t i o n  t e s t .  The 
steeply-dipping seismic feature apparent i n  
the elevat ion view o f  Figure 4, which per- 
s is ted  f o r  about 5 hours, i s  one o f  three 
roughly pa ra l l e l  zones tha t  were developed 
during t h i s  sequence o f  pumping tes ts  i n  the  
deeper part  o f  the Phase I 1  reservoir.  

The microseismic event locat ions associated 
w i th  the pressur izat ion o f  the upper par t  o f  
t he  Phase I1  reservo i r  exh ib i t  a more vo l -  
umetric character than those associated w i th  
the  lower pa r t  o f  t he  reservoir.  Figure 5 
shows the microseismic pattern f o r  the  l a s t  
two hours o f  E-2 pressur izat ion during the  

pa r t  o f  the reservoir.* I n  both the plan and 
elevat ion views, the microseismic event l oca - '  
t i o n s  appear t o  be f a i r l y  u n i f o r m l y  d i s -  
t r i bu ted  around the openhole section o f  EE-2, 
having not ye t  reached EE-3 as shown i n  the 
elevat ion view. A rough ( L R ~  scal ing based 
on the microseismic event loca t ion  data shown 
i n  the elevat ion view o f  Figure 5 suggests 
t h a t  a t o t a l  in jec ted  volume o f  about 13,000 
m3 (3.4 x 106 gallons) would be required t o  
extend the  ac t ive  seismic boundary -- growing 
r a d i a l l y  outwards from EE-2 -- t o  the  v i c i n i t y  
o f  the  EE-3 wellbore. 

I f  t h e  vo lumet r i c  i n t e r p r e t a t i o n  o f  t h e  
seismical l y  -act$ ve region surround1 ng EE -2 i s  
correct, t h i s  would imply tha t  we have already 
h y d r a u l i c a l l y  a c t i v a t e d  37 m i l l i o n  c u b i c  
meters o f  hot c r y s t a l l i n e  rock i n  the  upper 
pa r t  of the Phase I 1  reservoir.  A s t a t i s t i c a l  
analysis o f  t he  microseismic data from the  
f i r s t  pumping t e s t  indicates tha t  t h i s  f rac-  
tured volume i s  formed by the  intersect ions o f  

second (3200 d ) i n jec t i on  t e s t  i n  the upper 

* In  t i gu re  5, the  smaller l e t t e r s  "T" and "Ba 
represent the top and bottom o f  the openhole 
in te rva l .  

two -- and probably three -- j o i n t  sets. The - 
major set s t r i kes  NlOW and dips about 60' t o  
the west, whi le the sub-major set  s t r i kes  N35E 
and dips very steeply (%80°) t o  the  west. The 
minor set ( a t  l eas t  seismical ly)  i s  ve r t i ca l  
and s t r i kes  somewhat east o f  north. 

DIFFERENCES BETWEEN THE TlJO FENTON HILL HDR 
ESERVOIRS 

The Phase I 1  reservo i r  appears t o  d i f f e r  from 
the previous -- and somewhat shallower -- 
Phase I r e s e r v o i r  i n  two d i s t i n c t  ways. 
F i r s t ,  t he  Phase I reservoir  was formed mainly 
by a pa ra l l e l  set  o f  near-vert ical  fractures, 
whereas the  Phase I 1  reservoir  appears t o  be 
much more volumetric i n  nature, and i s  con- 
t r o l l e d  by the p r inc ipa l  set o f  60' west- 
dipping fractures. Second, the Phase I 1  
r e s e r v o i r  e x h i b i t s  a very marked v o l c a n i c  
associat ion when compared w i th  the Phase I 
reservoir.  We have been surprised by both the  
large amounts o f  dissolved CO2 encountered i n  
the connate pore -- o r  f racture (?) -- f l u i d s  
i n  the  Phase I 1  reservoir ,  and the  lesser 
amounts o f  associated H2S. This dominant 
i n c l i n e d  f r a c t u r e  system t h a t  appears t o  
truncate the older near-vert ical  j o i n t  sets, 
i n  combinat ion w i t h  t y p i c a l  v o l c a n i c a l l y -  
derived dissolved gasses, strongly suggests 
tha t  the Phase I 1  reservo i r  has a s i g n i f i c a n t  
volcanic associat ion tha t  was not exhibi ted by 
the Phase I reservoir.  

I n  a sense, our Fenton H i l l  s i t e  has allowed 
us t o  invest igate t w o  s i g n i f i c a n t l y  d i f f e r e n t  
HDR regimes: one o f  r e l a t i v e l y  s imp le  
s t r u c t u r e  t y p i c a l  o f  t h e  Basin-and-Range 
Province, and t h e  o t h e r  more t y p i c a l  o f  
volcanical ly ac t i ve  regions. 

PRESSURE/FLOW D A T A  A N D  E A R T H  S T R E S S  --- IMPLICATIONS 

The most s ign i f i can t  feature o f  the  Phase I1  
reservoir,  from the pressure/flow standpoint, 
has been the much higher f rac tu re  opening 
stress l eve l s  when compared t o  t h e  Phase I 
reservoir.  However, i f  one accepts tha t  we 
are pr imar i l y  opening inc l ined  j o i n t s  i n  the  
Phase I 1  reservo i r  as compared t o  ve r t i ca l  
j o i n t s  i n  the over ly ing Phase I reservo i r ,  
then t h e  s i g n i f i c a n t  inc rease i n  f r a c t u r e  
c losu re  s t r e s s  as i n f e r r e d  from f l u i d  
i n j e c t i o n  pressure  l e v e l s  i s  more e a s i l y  
explained. 

For the lower pa r t  o f  the  Phase I 1  reservo i r  
a t  a mean depth o f  4300 m, the  e f f e c t i v e  
f rac tu re  closure stress obtained from four 
instantaneous shut in pressure (ISJP) measure- 
ments dur ing the  f i n a l  (4900 m ) i n j e c t i o n  
t e s t  was 805 bars (11,680 psi),  corresponding 
t o  a 376 bar (5450 p s i )  surface pressure. I f  
one l i n e a r l y  extrapolates the  measured Phase I 
value f o r  the  leas t  p r i nc ipa l  earth stress* t o  
the lower pa r t  o f  t he  Phase I 1  reservo i r  and - 
*S3 = 358.5 bars (5200 ps i )  a t  2700 m i n  the  
Phase I reservoir.  
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uses the  overburden stress as the maximum 
p r inc ipa l  stress (S ), the  measured f rac tu re  
closure stress o f  80k bars would correspond t o  
an i nc l i ned  f rac tu re  zone dipping 49" t o  the  
west. i n  good agreement w i th  the  seismic data 
shown i n  Figure 4. 

The pressure/flow behavior o f  the upper pa r t  
o f  t h e  Phase I 1  r e s e r v o i r  i s  much more 
anomalous, as shown by the  I S I P  data o f  Table 
I. 

The shut in pressure data f o r  the  upper pa r t  o f  
the reservoir  dur ing the second in jec t i on  t e s t  
(Expt. 2020) show a steady r i s e  i n  the I S I P  
w i th  time, and therefore w i th  t o t a l  in jec ted  
volume. Surprisingly. about h a l f  way through 
Expt. 2020, the  I S I P  (surface) had exceeded 
t h e  average measured I S I P  value f o r  the  lower 
pa r t  o f  the  Phase 11 reservoir.  Even more 
anomalous i s  the  very s ign i f i can t  70 bar (1060 
p s i )  increase i n  the  I S I P  between the  end o f  
t h e  f i r s t  i n j e c t i g n  t e s t  ( a f t e r  a t o t a l  
i n jec t i on  o f  905 m ), and ear ly during the  
second i n j f c t i o n  t e s t  ( a f t e r  having in jec ted  
only 114 m ). 

Although our understanding o f  these I S I P  data 
i s  s t i l l  not  complete, one fac t  i s  clear. We 
have produced a bounded volumetric reservoir--- 
i n  the  upper region. It would appear tha t  we 
are i n f l a t i n g  a contained region w i th  l i m i t e d  
ou t f low,  and a c t i v a t i n g  p r o g r e s s i v e l y  
h i  gher -c l  osure-s t ress  j o i n t s  w i t h i n  t h e  
pressurized region as the s t a t m a t i o n  
pressure slowly r ises:  a very foreign concept 
among the experts on hydraul ic f rac tu r i ng  i n  
the  petroleum industry. 

Table I 

I S I P  Summary f o r  Upper Phase I 1  Reservoir 

Experiment ISIP, Surface Flow Rate Cumulative Flow 
Wumber bars (psi) 1 / s  (BPW) m' (gallons) 

2018 293 (4250) 33.4 (12.6) 905 (239.000) 

[€E-2 vented between experi~ntrl 

2020 339 (4910) 5.0 ( 1.9) 117 ( 31.000) 
2020 363 (52701 12.5 ( 4.7) 114 ( 30.000) 
2020 371 153801 25.1 f 9.51 170 I 45.000) ___. 
2020 36i i i33oi  4t.i imi 254 i 67;ooo) 
2020 395 (5730) 90 (34) 1840 (466.000) 
2020 401 (58201 82 (311 3200 (644.000) 

J e m e r  M o u n t a i n s  
Pajarito Plateau 

Valles Caldera Rio Grande Rift 
Fenton Hill 

Wells 

I 
(EE-2 8 LE91 lkdondo c*, 

Figure 1. Set t ing  f o r  the Fenton H i l l  Hot Dry 
Rack Project. 
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Figure 2. Plan view o f  Holes EE-2 and EE-3. 
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Figure 3 .  Section view o f  the openhole 
portions o f  EE-2 and EE-3. 
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Figure 4. Hypocenters o f  microseismic events 
typical of the time between 1O:OO and 15:OO 
when seismicity occurred along a narrow 
inclined region in the deeper part o f  the 
Phase I f  reservoir. 
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Figure 5. Microseismic event locat ions during 
the l a s t  two hours o f  i n j e c t i o n  i n t o  the upper 
p a r t  o f  the Phase I1 reservoir .  
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