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ABSTRACT 

During a massive hydraul c f r a c t u r i n g  
experiment- car r ied  out a t  Fenton H i l l ,  New 
Mexico, 850 microearthquakes, ranging i n  
magnitudes from -3 t o  0, were located r e l i a b l y  
u s i n g  a r r i v a l  t imes recorded a t  a s e t  o f  5 
downhole geophone stat ions. A subset o f  these 
events were 1 ocated ’us i  ng an upgraded hodogram 
technique. The se ismic i ty  defines a tabular  zone 
w i t h  hor izonta l  extent o f  900 m, v e r t i c a l  extent 
o f  800 m, a$d t h i c k n e s s  o f  150 m. T h i s  zone 
s t r i k e s  N340 E, and dips 75’ t o  the east; i t s  
pos i t ion  ind icates t h a t  no hydraul ic connection 
between the two p r e d r i l l  ed we1 1 s could be 
achieved by the f ractur ing.  The d i s t r i b u t i o n  o f  
locat ions obtained from a r r i v a l  times shows good 
agreement w i th  those derived from hodograms. 
Well constrained f a u l t  plane solut ions were de- 
tennined f o r  26 o f  the  la rger  microearthquakes 
observed a t  a surface seismic net. Most 
so lut ions display one near ly  v e r t i c a l  nodal plane 
t h a t  s t r i k e s  close t o  N - S, and a T a x i s  t h a t  
trends roughly E - W, i n  agreement w i t h  regional 
ind ica tors  o f  the l e a s t  p r inc ipa l  stress 
d i rec t ion .  

INTRODUCTION 

I n  December, 1983, a hydraul ic f r a c t u r i n g  
experiment (termed experiment 2032) was c a r r i e d  
out a t  the Fenton H i l l  Hot3Dry Rock @te, New 
Mexico. A t o t a l  o f  21,330 m (5.6 X 10 gal lons)  
o f  water were in jec ted  i n t o  a 20 m long open-hole 
i n t e r v a l  a t  a depth o f  3,500 m i n t o  the  lower of 
two i n c l i n e d  wells, EE-2. I n j e c t i o n  proceeded 
f o r  about 60 hours, a t  an average wellhead 
pressure 9f 48 MPa (7000 p s i )  and i n j e c t i o n  r a t e  
o f  0.1 m /s (40 b a r r e l s b i n ) .  F l u i d  i n j e c t i o n  
was abrupt ly  terminated by a tub ing f a i l u r e  a t  
t h e  wel lhead, a f t e r  which t h e  i n j e c t i o n  w e l l  
vented back heated f l u i d  and steam. Seismic 
monitoring began shor t l y  a f t e r  the s t a r t  o f  
in jec t ion ,  and continued f o r  about 24 hours a f t e r  
the  onset o f  venting. 

Downhole monitoring o f  induced se ismic i ty  
consisted o f  three t r i a x i a l  geophone too ls ,  a l l  
located w i t h i n  a few hundreds o f  meters o f  the  
seismic a c t i v i t y ,  and two vertical-canponent 
geophone too l  s 1 ocated a t  distances o f  several km 
from the i n j e c t i o n  point. I n  addition,, a network 
o f  n i n e  s u r f a c e  se ismic s t a t i o n s ,  w i t h  1 Hz 

v e r t i c a l  component geophones, was deployed a t  
distances o f  several km from the i n j e c t i o n  point .  
A l l  seismic data were recorded on analog magnetic 
tape, and d i g i t a l  data from the downhole 
geophones were obtained from about 1,800 seismic 
events during the 84 hours o f  seismic monitoring. 

The water was in jec ted  i n  Precambrian 
grani tes and granodiorites. Seismic ray paths t o  
the close-in (borehole) geophone too ls  were 
e n t i r e l y  w i t h i n  the granites; t h e i r  seismic 
v e l o c i t i e s  were assumed t o  be homogeneous and 
iso t rop ic  (i.e. raypaths were assumed t o  be 
s t ra ight ) .  I n  contrast, raypaths t o  the surface 
seismic stat ions, and, t o  a lesser  extent, t o  the 
two more d is tan t  borehole instruments, were 
d is to r ted  by the lower v e l o c i t y  sediments t h a t  
extend from the surface t o  a depth o f  about 700 
m. 

This paper discusses locat ional  and f a u l t  
plane studies o f  microearthquakes from experiment 
2032. A companion paper (Fehler and Bame, 1985) 
discusses the source mechanics o f  
microearthquakes from experiment 2032, as well  as 
several e a r l i e r  hydraul ic f rac tu r ing  experiments. 

RESULTS FROM A DOWNHOLE SEISMIC NETWORK 

D a t a  from the f i v e  downhole instruments were 
used t o  obta in  locat ions o f  seismic events by 
invers ion o f  a r r i v a l  times (P and/or SI. A r r i v a l  
t imes were picked from d i g i t a l  seismograms wi th  a 
p r e c i s i o n  o f  1 ms, which i m p l i e s  an optimum 
loca t iona l  resolut ion o f  about 6 t o  10 m. The 
seismic v e l o c i t i e s  used were obtained from 
detonator c a l i b r a t i o n  experiments; the P v e l o c i t y  
was 5.92 km/s and the S v e l o c i t y  was 3.50 km/s. 
S ta t ion  correct ions compensate f o r  the s l i g h t  
observed var ia t ions  from the assumed constant 
ve l  oc i  t y  . These s t a t i o n  correct ions were 
obtained from detonator c a l i b r a t i o n  experiments 
and from a s u i t e  o f  well-recorded events 
scattered throughout the  source volume. 
Ind iv idua l  s t a t i o n  correct ions are only  a few 
percent o f  the t rave l  times t o  the stat ions, and, 
hence, support the homogeneous-velocity 
assumption. The only  exception i s  f o r  one o f  the 
o u t l y i n g  borehole s tat ions t h a t  was s i t e d  about 
200 m above the  granite-sediment in ter face,  i n  a 
p a r t i c u l a r l y  low v e l o c i t y  formation. For t h i s  
s ta t ion,  both P and S a r r i v a l s  were considerably 
delayed r e l a t i v e  t o  the assumed ve loc i ty ,  and the 
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t rave l  t ime correct ions are as la rge  as 10% o f  
the t rave l  times. From the  1800 events t h a t  were 
d i g i t i z e d  during the  experiment, nearly 850 were 
located w i th  computed locat ional  er rors  o f  less  
than 50 m. These events  a re  shown i n  t h e  
accompanying -f igures. We estimate t h a t  the 
prec is ion o f  r e l a t i v e  locat ions i s  10-20 m and 
the uncer ta in ty  i n  absolute locat ions i s  50-100 
m. 

We d iv ide  the time period o f  seismic 
monitoring i n t o  two segments. The f i r s t  includes 
the period o f  in jec t ion ,  which las ted  about 60 
hours; the second comprises the i n i t i a l  24 hours 
o f  ven t ing .  F i g u r e  1 shows events  f rom t h e  
i n j e c t i o n  period. The upper ( l e f t )  frame i s  a 
map view o f  the a c t i v i t y .  Although the 
se ismic i ty  does not  def ine a simple planar d is-  
t r i b u t i o n ,  t h e  aveGage s t r i k e  o f  t h e  se ismic 
cloud i s  about N340 E. A c t i v i t y  extends about 
900 m i n  t h i s  d i rect ion.  The upper ( r i g h t )  frame 
shows a v e r t i c a l  section view looking nor th  ( the  
pro jec t ion  plane i s  W - E). I n  t h i s  view, i t  i s  
apparent t h a t  few events occurred w i t h i n  100 m o f  
the open-hole i n t e r v a l  i n  target  wellbore EE-3 
(upper  b o l d  segment). Note t h a t  t h e  se ismic 
llc&oudll i s  not v e r t i c a l ,  but  rather, dips about 
75 t o  the east, a l ign ing  sub-parallel t o  the two 
wellbores. Note also that the thickness o f  the  
seismic zone i s  about 150 m, which i s  
considerably greater than the loca t iona l  
prec is ion o f  10 - 20 m. Hence, the thickness o f  
the seismic zone i s  not an a r t i f a c t  o f  imprecise 
locat ions.  In the lower ( l e f t )  frame o f  Figure 1 
i s  a v e r t i c a l  section l o o k i n  t o  the west, 1.e. 
on to  t h e  face  o f  t h e  seism!c c loud.  I n  t h i s  
view, we see c l e a r l y  t h e  e x t e n t  (about  800 m 
v e r t i c a l l y  and 900 m hor izon ta l l y )  t o  which 
a c t i v i t y  spread away from the i n j e c t i o n  zone, as 
wel l  a s ,  the heterogeneous d i s t r i b u t i o n  o f  
a c t i v i t y  w i t h i n  the  st imulated region. A c t i v i t y  
(and presumably f ractures and/or opened j o i n t s )  
extended nearly symnetrical ly away from the 
i n j e c t i o n  zone. 

F i g u r e  2 shows s e i s m i c i t y  i n  a " face-on"  
view ( s i m i l a r  t o  t h a t  o f  the  lower l e f t  frame o f  
Figure 1) o f  events from the i n i t i a l  24 hours o f  
venting. The most important features t o  note i n  
t h i s  p l o t  a r e  t h e  l a c k  o f  s e i s m i c i t y  i n  t h e  
imnediate v i c i n i t y  o f  the i n j e c t i o n  (now venting) 
i n t e r v a l  and the persistance o f  a c t i v i t y  near the 
margins o f  the seismic cloud. In accord w i t h  the 
i n t e r p r e t a t i o n  o f  Pearson (19811, the decrease o f  
a c t i v i t y  nearest the  venting I n t e r v a l  may r e s u l t  
from r a p i d l y  decreasing pore pressure near the 
vent in te rva l .  Pore pressure remains h igh a t  
greater distance from the vent zone, and hence, 
seismic a c t i v i t y  continues there. Note also the 
concentration o f  a c t i v i t y  t o  the upper r i g h t  o f  
the f igure. Events w i t h i n  t h i s  concentrat ion 
were some o f  the la rges t  microquakes recorded 
dur ing the  experiment. In terest ing ly ,  the  other  
area o f  r e l a t i v e l y  intense a c t i v i t y  i s  a t  the 
lower l e f t  edge o f  the f igure, a t  the  opposite 
side o f  the  seismic cloud. 

The geometry o f  the seismic cloud as seen i n  
Figure 1 i s  q u i t e  d i f f e r e n t  from t h a t  reported i n  
studies o f  previous experiments a t  Fenton H i l l  
(e.g. Keppler, et.  al., 1983). Seismic 
aoni t o r i n g  o f  previoos experiments was 1 i m i  ted t o  
a s i n g l e  downhole t r i a x i a l  geophone t o o l  f o r  
close-in recording. Hence, events could be 
located only by use o f  the  single-tool hodogram 
technique, which uses the p a r t i c l e  motion o f  the 
inc ident  P wave t o  obta in  the d i r e c t i o n  from the 
seismic too l  t o  the hypocenter, and the S minus P 
t ime t o  obta in  the source distance. The p a r t i c l e  
motion i s  p a r t i c u l a r l y  sens i t ive t o  er rors  
r e s u l t i n g  from v e l o c i t y  heterogeneit ies and 
v a r i a t i o n s  o f  t h e  response o f  t h e  t o o l  com- 
ponents. Event locat ions obtained from a r r i v a l  
t ime information a t  several observation points  
are more robust than those from hodograms, even 
i n  the presence o f  v e l o c i t y  anomalies t h a t  r e s u l t  
from creat ion and i n f l a t i o n  o f  f l u i d - f i l l e d  
cracks.  The major  advantage o f  t h e  hodogram 
technique i s  the l i m i t e d  number o f  observational 
boreholes and instruments t h a t  are required. 

IMPROVED HODOGRAM LOCATIONS 

I n  o rder  t o  decrease t h e  e r r o r s  o f  t h e  
s ing le  too l  hodogram technique, Keppler (1984) 
devised a method t o  u t i l i z e  information from a 
second close-in t r i a x i a l  geophone too l .  I n  
concept, t h i s  method uses hodograms a t  both 
t r i a x i a l  t o o l s  and adjusts the mismatch o f  the 
incidence d i r e c t i o n  a t  each instrument. Hence, 
it should provide a more robust estimate o f  the 
event loca t ion  than the s ing le too l  technique. 
I n  practice, t h i s  requires knowlege o f  the 
or ien ta t ion  o f  both instruments, a requirement 
not met i n  experiment 2032. As a compromise, 
hodogram information i s  taken f ran  only one 
o r i e n t e d  t o o l  ( t h e  symbol l a b e l l e d  by a 1 i n  
Figures 1 and 21, and P and/or S a r r i v a l  times 
a r e  used from t h e  bo th  t o o l s .  We term t h i s  
technique a p a r t i a l  double too l  hodogram (PDH) 
method. Because o f  the in tens ive seismic 
monitoring o f  experiment 2032, t h i s  data set i s  
the f i r s t  t o  which the PDH technique has been 
applied. I n  essence, PDH places p r imary  impor- 
tance upon the too l  -to-source distances computed 
from the S minus P t rave l  t ime dif ferences, and 
secondary importance upon the d i rec t iona l  
in fomat ion .  Hence, the s t r a i g h t  l i n e  connecting 
the  two t o o l s  i s  a prominent geometrical feature 
o f  t h i s  locat ional  technique. The distances from 
the t o o l s  are fit exactly, so t h a t  rad ia l  and 
ax ia l  ( r e l a t i v e  t o  the  l i n e  connecting the too ls )  
con t ro l  on the event loca t ion  are qu i te  strong. 
The azimuthal e r ro r  i s  f u l l y  dependant on the P 
wave hodogram a t  the one or iented too l  and is ,  
therefore, the l e a s t  well-constrained o f  the 
coord ina tes .  The n a t u r a l  v iew f o r  comparing 
locat ions fran the PDH and a r r i v a l  t ime 
techniques i s  t h a t  look ing along the l i n e  j o i n i n g  
the t o o l s  (Figure 3). The two too l  pos i t ions i n  
experiment 2032 were such t h a t  the or ien ta t ion  o f  
the  l i n e  j o i n i n g  them was nearly p a r a l l e l  t o  the 
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t r a j e c t o r i e s  o f  the  uncased sections o f  the  two 
inc l ined  wellbores, EE-2 and EE-3. The 
pro jec t ion  used i n  Figure 3 i s  nearly a view up 
and a long t h e  we l lbores ,  and, i n  a d d i t i o n  t o  
juxtaposing resu l ts  o f  the two l o c a t i o n  
techniques, gives a v i v i d  impression o f  how the 
f r a c t u r i n g  f a i l e d  t o  produce a connection between 
the wells. Note t h a t  the  overa l l  d i s t r i b u t i o n s  
o f  the  locat ions are s imi lar ,  although there i s  a 
suggest ion t h a t  t h e  PDH l o c a t i o n s  toward t h e  
edges o f  the cloud "wrap around" the l i n e  between 
the tools. This e f f e c t  appears t o  be an a r t i f a c t  
o f  uncer ta in ty  i n  the (hodogram) d i rec t ions  t o  
the events. The median distance between the  two 
d i f f e r e n t  l o c a t i o n s  f o r  each event  i s  80 m, 
although locat ions f o r  ind iv idua l  events are as 
f a r  apart as 280 m. 

FAULT PLANE SOLUTIONS AND REGIONAL STRESSES 

Signals recorded a t  the nine surface 
s ta t ions  and a t  the two ou t ly ing  downhole 
s tat ions were used t o  study the focal mechanisms 
o f  as many events as possible. From the more 
than 700 microearthquakes detected a t  one o r  more 
surface s ta t ions  during the experiment, a set o f  
69 o f  the  l a r g e r  events were chosen f o r  studying 
focal  mechanisms. I n  order t o  accurately 
determine take o f f  angles t o  the various 
stat ions, the events had t o  be located. 
Unfortunately, data from the surface s tat ions are 
d i f f i c u l t  t o  cor re la te  w i th  data from the down- 
hole stat ions. Therefore, the  events studied 
were independently located from a r r i v a l  times a t  
the surface s tat ions,  using the j o i n t  event 
1 ocat i  on-vel oc i  t y  determination technique o f  
Crosson (1976). 

F i r s t  mot ions o f  a l l  events  s t u d i e d  show 
both compressions and d i l a t a t i o n s  and a1 though 
the patterns o f  f i r s t  motions showed great 
d ivers i ty ,  they are a l l  consistent w i th  shear 
s l i p  f a u l t  plane solut ions. From the set  o f  69 
events, there were enough f i r s t  motion data to 
obtain we1 1 -constrained f a u l t  p l  ane so lut ions 
from only 26. Ind iv idual  solut ions were 
determined by the maximum l i k e l i h o o d  method o f  
D i l l i n g e r ,  e t .  a l . ,  (1972). O f  the 26 events, 19 
have f a u l t  p l  ane sol u t ions t h a t  are consistent 
w i t h  one o f  two t y p i c a l  solutions. The c i r c l e s  
p l o t t e d  i n  Figure 4 ind ica te  the locat ions o f  
these 19 events. The spread i n  epicenters seen 
i n  Figure 4 i s  comparable t o  t h a t  shown i n  Figure 
1 ( top  l e f t ) .  Locations o f  events comprising 
s o l u t i o n s  1 and 2 are, i n  f a c t ,  i n t e r m i n g l e d  
w i t h i n  the e n t i r e  d i s t r i b u t i o n  o f  events 
(although Figure 4 shows only  a two dimensional 
view). The two t y p i c a l  f a u l t  plane so lut ions are 
shown i n  F i g u r e  5. Note t h a t  t h e  d i f f e r e n c e  
between the two so lut ions r e s u l t s  e n t i r e l y  from a 
d i f ference i n  f i r s t  motion a t  a s ing le s t a t i o n  
( t h i s  s ta t ion  p l o t s  i n  the southeast quadrant o f  
the two solut ions). 

Both so lut ions have i n  common a 
near-vert ical nodal plane t h a t  s t r i k e s  almost N - 
S. Recall t h a t  the s t r i k g  o f  the seismic cloud 
i n  Figures 1 was about 340 and the  d i p  about 75 
east. The nodal plane t h a t  the two so lut ions 
have i n  comnon i s  sub-parallel t o  the  or ien ta t ion  
of the seismic cloud, which suggests t h a t  it may 
be a dominant f a u l t  plane o f  the  microearthquakes 
and t h a t  the earthquake f a u l t  surfaces may be en 
echelon. I n  addit ion, the T axes f o r  the two 
so lut ions shown i n  Figure 5 t rend roughly E - W, 
and are i n  reasonable accord w i th  the  regional 
stress observations o f  A ld r ich  and Laughlin 
(1984). The two so lut ions o f  Figure 5 are almost 
iden t ica l  t o  composites obtained by Cash, e t .  
a1 . , (1983; note t h a t  they p l o t  upper hemisphere 
pro ject ions)  although they found the two 
solut ions fra two d i f f e r e n t  experiments t h a t  
were separated by about 1 km from each other. 
They proposed a spat ia l  d i f ference i n  the 
stresses associated w i th  the nearby Val 1 es 
Caldera complex as a possible explanation f o r  the 
dramatic d i f ference i n  s l i p  d i r e c t i o n  ind icated 
by the two f a u l t  plane solut ions. It i s  c lear  
t h a t  events comprising the two f a u l t  plane 
so lut ions from experiment 2032 are not s p a t i a l l y  
separated, and therefore t h e i r  d i f ference cannot 
be a t t r i b u t e d  t o  spat ia l  d i f ferences i n  the 
s t ress e f f e c t s  o f  the nearby caldera. 

GROWTH OF SEISMIC VOLlME 

The llcl oud'l of microearthquakes appears t o  
have expanded ra ther  monotonically during the 
i n j e c t i o n  per iod .  I n  o rder  t o  q u a n t i f y  t h i s  
growth, the seismical ly act ivated volume, V , was 
computed f o r  various times during the i n j a c t i o n  
phase o f  experiment 2032. From simple geometric 
considerat{gqs, V and V can be re la ted  as: V 
= ( V  /c) . f i e  va l@of  n i n  t h i s  r e l a t i o a  
p r o v l d s  i n s i g h t  i n t o  the way the f rac tu re  system 
grows w i th  increased i n j e c t i o n  volume. Murphy, 
e t .  al., (1983) discuss what they term "planar" 
f rac tu re  growth ( n  = 2/31, i n  which only a few 
d i  screte f ractures accommodate the i n j  ec t  i on 
volume, and "volumetric'' f rac tu re  growth (n  = 11, 
i n  which a la rger  number o f  r e l a t i v e l y  l e s s  open 
f ractures accmoda te  the i n j e c t i o n  volume. 
Murphy, e t .  al., 11983) compiled V and V . data 
from a number o f  hydraul ic f r a c t a e  exp@jments 
wor ld-wide, and argued t h a t  t h e  d t t a  f i t  t h e  
*planar* model be t te r  than the volumetric" 
model. Figure 6 shows a log- log p l o t  o f  V and 
V values from experiment 2032. Fr&n a 
l&!t-squares fit t o  the data points, w3 obta in  
va lues o f  n = 0.9 and c = 1.9 X 10- ( t h i s  
r e l a t i o n  i s  shown as the bold l i n e  i n  Figure 6) .  
Hence, i n  contrast  t o  the conclusions o f  Murphy, 
e t .  al., (19831, i t  appears t h a t  f l u i d  i n j e c t i o n  
dur ing experiment 2032 produced a f rac tu re  system 
t h a t  i s  p r i m a r i l y  vo lumetr ica l ly  d is t r ibu ted .  
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CONCLUSIONS 

Intensive seismic monitoring o f  a massive 
hydraul ic f rac tu r ing  experiment car r ied  out a t  
Fenton H i l l ,  New Mexico has provided a view of 
the  f r a c t u r e  system unobtainable by other 
techniques because o f  the 3.5 km depth a t  which 
the f r a c t u r i n g  took place. The seismic r e s u l t s  
r e p o r t e d  above show t h e  p o t e n t i a l  o f  se ismic 
information f o r  character iz ing the geometry. the  
s tate o f  stress, and the  gross rock-hydraulic 
behaviour during the generation o f  an a r t i f i c i a l  
geothermal reservoir.  Speci f ic  f ind ings f o r  the  
reservo i r  created during experiment 2032 were: 

-The f i n i t e  thickness o f  the zone o f  se ismic i ty  
and i t s  spa t ia l  growth imply the c rea t ion  o f  a 
zone o f  f r a c t u r i n g  o r  j o i n t  st imulat ion, ra ther  
than a s ing le  c lass ica l  fracture. 

- F i r s t  motions o f  a l l  events studied from surface 
network da ta  a r e  compat ib le  w i t h  shear s l i p ,  
suggesting t h a t  any t e n s i l e  o r  o s c i l l a t o r y  source 
mechanism may only generate very weak seismic 
signals . 
-Since the or ien ta t ion  o f  a focal plane t h a t  i s  
p resent  i n  most o f  t h e  observed s o l u t i o n s  i s  
s i m i l a r  t o  t h a t  o f  the seismic volume, i t  may 
represent a predaninant j o i n t  or ientat ion.  

-The agreement i n  overa l l  d i s t r i b u t i o n  o f  loca- 
t i o n s  f o r  the  same events using a t rave l  t ime and 
the PDH technique i s  encouraging, and suggests 
t h a t  the l a t t e r  i s  worth r e f i n i n g  fur ther .  
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Figure 1: P lo ts  o f  microearthquakes located by 
the network o f  downhole instruments dur ing the  
i n j e c t i o n  phase of-exp. 2032. Numbers are: 1: 
lnca t ion  o seismlc too l  i n  wel l  EE-1; 2: 
l o c a t i o n  o f  se ismic t o o l  i n  w e l l  EE-3 ( t h e  m 
t h i r d  c lose- in  too l  was located about 425 
above t o o l  1). Bold por t ions o f  w e 1 1 b o r e 
t r a j e c t o r i e s  are open hole i n t e r v a l s  i n  w e l l s  
EE-2 (lower well ;  t h i s  was the i n j e c t i o n  we l l )  
and EE-3. The top l e f t  frame i s  a map view; t h e  
top r i g h t  frame i s  a W-E v e r t i c a l  s e c t i o n 
( look ing  north); the  b o t t m  l e f t  frame i s  a S-N 
v e r t i c a l  section ( look ing west). Coordinates 
are i n  m r e l a t i v e  t o  the too l  i n  EE-1 ( l e f t  and 
upper axes) and i n  m r e l a t i v e  t o  a s i t e  survey 
reference p o i n t  ( r i g h t  and lower axes), the 
depths i n  the sect ion views are below surface. 
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Figure 2: P l o t  o f  microearthquakes from the 
i n i t i a l  24 hours o f  venting. The p l o t  i s  a 
v e r t i c a l  cross section, w i t h  the view t o  the 
west, as i n  bottom l e f t  frame o f  Figure 1. 
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Figure 3: I nc l i ned  cross section showing 
a r r i va l - t ime  (open c i r c l e s )  and hodogram ( s o l i d  
c i r c l e s )  loca t ions  o f  159 events. View i s  
looking upward from the seismic too l  i n  wel l  EE-3 
toward the too l  i n  wel l  EE-1 .  Scale i s  same as 
previous f igures. 
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Figure 4: Map v iew o f  events  l o c a t e d  by t h e  
surface network. The c i r c l e s  are events f o r  
which f a u l t  plane solut ions were obtained. So l i d  
c i r c l e s  ind ica te  events consistent w i th  f a u l t  
plane so lu t ion  1; open c i r c l e s  w i th  so lu t ion  2. 
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Figure 5: Composite f a u l t  plane so l iJ t ions .  
Plo ts  are lower hemisphere equal area 
project ions.  
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Figure 6. P l o t  o f  seismic volume V vs. t o t a l  
i n jec ted  volume V The dashed l i h e s  i nd i ca tg  
constant induced ib&oqt ies o f  3.5 X 10- 
(upper) and 6.0 x 10- respect ively,  which are 
upper and lower bounds from the data plot ted.  
The s o l i d  l i n e  i s  a least-squares f i t  t o  the data 
po in ts  (see tex t ) .  The s t ipp led  region indicates 
the  t ime durat ion o f  a gap i n  the seismic data. 
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