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ABSTRACT 
I f  ana lys i s  of  the microseismicity 

accompanying f l u i d  in jec t ions  i s  t o  be of 
maximum use i n  predicting hot d ry  rock ( H D R )  
reservoir performance, i t  should lead to the 
determination of both the rock volume and 
active flowing surface area of the reservoir. 
I n  the granitic rock a t  the HDR geothermal 
s i t e  a t  Fenton Hill, New Mexico, the micro- 
earthquakes located during hydraulic 
fracturing occur i n  large three-dimensional 
volumes ca l led  seismic clouds. Cores cu t  
from the region pr ior  t o  f rac tur ing  show 

minera 1 -f i 1 led, a t  virtual 1 y random 
orientations. Evidence supports the 
hypothesis t h a t  only a few of these planes 
make u p  the flow p a t h  between wells for most 
of the injected f l u i d .  If  this is indeed the 
case,  then i t  i s  necessary t o  be ab le  t o  
d i s t i n g u i s h  between fractures that  accept 
flow from those which do not. We accomplish 
this  by defining "flow-probable'' planes to be 
those which have seismicity located 
relatively farther away from lines where 
other planes intersect. We show t h a t  these 
flow probable planes intercept wellbores a t  
locations where other data confirm the 
presence of hydraulically active fractures. 

numerous planar fractures, some 

INTRODUCTION 
The location of planar features in large 

"clouds" o f  seismic events is accomplished by 
a new technique called the three point method 
(Fehler e t  a l . ,  1987). Dreesen e t  a l .  (1987) 
showed correlations between well log anoma- 
1 ies ( i  .e. breakout zones, temperature 
depressions) and the plane/well bore 
intercepts determined by the method. 
However, not a l l  o f  the planes discovered by 
the three point method correlated w i t h  well 
log anomalies. This i s  because the method 
cannot distinguish among the following types 
of features : 

1) Hydraulic features, including 
hydraulically-opened joints and 
hydraulically-fractured rock; 

2 )  Structural features, including joints 
or faul ts ,  which contribute to  f l u i d  
loss from the hydraulic features b u t  
which do not develop into significant 
flow paths; 

3 )  Stat is t ical  features w i t h  no physical 
significance which resul t  from a 
large number of microearthquakes 
coincidentally occurring along a 
plane. 

We w i l l  descr ibe the process used to  
determine whether or not a plane defined by 
the three-point method i s  l i ke ly  t o  be a 
hydraulic feature. I t  does not deal w i t h  the 
distinction between structural and s ta t i s -  
t ical  features. Unless the structural 
features significantly a f fec t  the flowing 
portion of the reservoir, neither of these 
low-permeability features make much 
difference when i t  comes to reservoir model- 
i n g  or se lec t ing  d r i l l i n g  t a rge t s  f o r  H D R  
reservoir creation. 

IDENTIFICATION OF THE PLANES 
The three point method was applied to a 

dataset consisting of 844 microseismic loca- 
tions accompanying Experiment 2032 (Dreesen 
and Nicholson, 1985). a s  21,3200 m3 injection 
which created a 42x10 m seismic cloud 
(House e t  a l . ,  1985); this resulted i n  the 
identification of 10 planar orientations. One 
feature of the method allows the extraction 
of the planes to occur i n  order of declining 
s ta t i s t ica l  significance (Fehler e t  a l . ,  
1987). Thus,  the f irst  orientation discover- 
ed i s  more l i ke ly  to  be an actual  fea ture  
than the second, the second more likely than 
the t h i r d ,  etc.  The f i r s t  f ive planes a l l  
passed a s ta t i s t ica l  significance t e s t  that  
there be less  than a 1 in 10,000 probability 
of be ing  identified by chance. All 10 orien- 
tations were numbered i n  the order i n  which 
they were discovered. In addition, i f  
analysis of the seismic data indicated the 
presence of two or more independent planes 
along the same orientation, each of these was 
labeled alphabetically. Table 1 lists the 21 
planes, including s t r ike and dip, associated 
w i t h  the t e n  most s ta t i s t ica l ly  significant 
orientations extracted from the Experiment 
2032 dataset. 

DESCRIPTION OF PLANES 
The relative uncertainty between any two 

microseismic locations is roughly 20 meters 
(House. 1987).  T h u s ,  a f t e r  locat ing the 
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planes,  a search of  the seismic d a t a  was 
conducted which assigned any seismic event 
occurring within 10 meters of e i ther  side of 
a plane t o  t h a t  plane. As a conservative 
measure, the 20 meter error was carried 
through to  the spatial location of the 
planes,  although the actual  e r r o r  i s  cer- 
tainly much less since many events are used 
to  define each plane. 

The projection of a l l  the events w i t h i n  
10 meters of e i ther  side of a plane onto that  
plane generates a unique pat tern of s e i s -  
micity upon each plane called the seismically 
active area; an example is shown i n  Figure 1. 
The seismically active areas are  inferred to  
be the main regions of f l u i d  flow i n  the 
planes, since the effective stresses i n  these 
areas have changed enough to  cause s l i p  to 
occur. This change i n  s t ress  i s  attr ibuted 
to  the effects  of pore fluid pressure 
(Fehler ,  1 9 8 7 ) .  The ex ten t  of a zone of  
weakness beyond the seismically active region 
of a plane i s  uncertain. However, i t  i s  pos- 
s i b l e  t h a t  such a zone extends beyond the 
seismically active portion into the aseismic 
area, b u t  t h a t  microearthquakes did not occur 
i n  these regions because of variations in the 
mechanical properties of the rock, or because 
t h e  fluid that  penetrated beyond the Seis- 
m i c a l l y  ac t ive  region was a t  i n su f f i c i en t  
pressure t o  induce seismicity. 

The l i n e s  where a l l  the other  planes 
intersect a particular plane were also 
plotted. Two examples of the resulting 
images a r e  given in  Figure 2 ,  which shows 
orthogonal views of the seismicity defining 
Plane 1 A  a n d  Plane 2 along w i t h  the l i nes  
where other planes intersect these planes. 
These two planes are used to  i l lus t ra te  the 
difference between what we define as  flow- 
probable and flow-improbable features. 

A plane which is  defined as  
flow-probable i s  one which has a relatively 
greater amount of seismicity occurring a t  a 
greater distance from lines where other 
planes intersect i t ,  since such seismicity i s  
more probably associated w i t h  only that  
plane. On Plane 2, virtually a l l  seismicity 
occurs w i t h i n  20 meters of a l ine of planar 
interception, as  opposed to Plane l A ,  upon 
which more than 25% of the seismicity occurs 
more than 20 meters away from any l ine of i n -  
tersection. If  a plane has a h i g h  percentage 
of i t s  seismici ty  occurring near l i nes  of 
planar interception, such as Plane 2, there 
i s  no way of k n o w i n g  whether the plane is a 
true hydraulic feature, or is defined simply 
because of a large conflux of seismicity gen- 
erated by hydraulic planes. 

For each plane found from the Experiment 
2032 dataset, Figure 3 shows the cumulative 
percentage of seismic events associated w i t h  
a plane as a function of distance from the 
closest line of planar interception. These 
are separated into two groups according to 
their chances of being flowing features, 
probable or improbable. A flow-probable plane 
i s  defined as one having a t  least  25% of i t s  
seismicity occurring a t  least  15 meters away 

from any line of planar interception. The 
flow-improbable group i s  made up of the 
remaining planes. 

RESULTS 
By the above definition, planes l A ,  16. 

4A, E A ,  86, and 106  make u p  the group of 
f low-probables, w h i  l e  the f low-improbable 
group consists of a l l  the remaining planes. 
The depths were calculated where a l l  the 
planes are projected t o  intercept the three 
wellbores, EE-2, EE-LA, and EE-3A, a s  were 
the m i n i m u m  and maximum depths where t h e  
planes m i g h t  i n t e rcep t  given the 20 meter 
error ;  this  information i s  shown i n  Table 2. 
In some cases, as where Plane 1 A  intercepts 
EE-3A, there is no projected intercept, b u t  
there  i s  a range along the well where an 
intercept may occur due to the 20 m error. 

Temperature logs were then analyzed, 
superimposing the ranges of intercept depths 
for a l l  the flow-probable planes along each 
log, in order to correlate thermal anomalies 
w i t h  the intercept points of these planes. 
The locat ions of anomalies, or departures  
from a constant thermal gradient, indicate 
e i ther  the production or injection of f luids 
along the well (Murphy, 1982). 

Figure 4 shows that  the interceptions of 
EE-2 by flow-probable planes l A ,  l B ,  and  106 
correlate well w i t h  the locations o f  thermal 
anomalies i n  a l o g  run on 7 / 2 7 / 8 2 .  The 
temperature log i n  Figure 4 was made follow- 
i n g  a smaller stimulation conducted prior to 
Experiment 2032. Therefore, the correlation 
of the planes discovered i n  the 2032 injec- 
tion data w i t h  these anomalies supports the 
assumption that  the flow paths are pre- 
ex i s t ing  fea tures  which a r e  reopened each 
time the reservoir is pressurized. 

Figure 5 shows two temperature logs run 
i n  well EE-3A, b o t h  taken af te r  Experiment 
2032. The log dated 7 /10/85  followed a 
three-day injection i n t o  the interval from 
3827 m to 4017 m. The two anomalies a t  
3150 m l i e  w i t h i n  the e r r o r  band o f  f low-  
probable Plane 1A's location along the well, 
indicating that  this plane might be actively 
cooling the l iner even though i t  i s  quite a 
distance from the injection zone. T h i s  may 
a lso be the case a t  3580 m ,  where two flow- 
probable planes, 4A and 88, correlate with a 
thermal anomaly. The only flow-probable 
plane which intercepts the well i n  the injec- 
tion interval is Plane 106, which could be 
used to explain one of four anomalies. 

The log dated 6/23/86 followed a 
month-long injection into an open-hole 
interval from 3487 m to 3750 m, and shows a 
myriad of temperature anomalies occurring 
both above and throughout the experimental 
injection zone. The temperature anomalies 
which are observed above the injection zone 
indicate flow due to the pressure gradient 
between the high-pressure injection zone and 
the low-pressure annular region 200 m above. 
Even though cement had effectively sealed the 
annulus, f l u i d  was s t i l l  able to flow away 
from the injection zone and cool the outer 
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casing through the damaged, m r e  permeable 
rock imnediately surrounding the cement. It 
i s  i n te res t i ng  to note, however, t h a t  most of 
these anomalies can be cor re la ted  w i t h  plane 
intercepts,  and t h a t  two o f  the anomalies oc- 
cur almost exac t ly  where the flow-probable 
planes 8A and 16 are predicted to in te rcep t  
the wellbore. I f  these are indeed f lowing 
planes, then i t  i s  l o g i c a l  t o  assume t h a t  
they would accept f l u i d  i n  the reg ion  near 
t h e i r  oo in ts  o f  in te rcept ion  along the 
we1 1 bore. 

The loa  o f  the in. iect ion reqion f o r  t h i s  
experiment "shows two minor and- three major 
anomalies. The two minor anomalies, a t  
3490 m and 3510 m, cor re la te  w i t h  the loca- 
t i o n s  o f  f low- improbab le  p lanes  6 and 78, 
imp l i ca t i ng  these planes as possible f lowing 
features. However, the f i r s t  minor anomaly 
occurs a t  p rec ise ly  the top o f  the i n j e c t i o n  
i n te rva l .  and might be more simply explained 
by the aforementioned t r a n s i t i o n  from cased 
to open hole. Also, both o f  these anomalies 
l i e  w i t h i n  the e r r o r  band o f  flow-probable 
Plane 16. 

The f i r s t  major anomaly, a t  3550 m, l i e s  
w i t h i n  the range o f  flow-probable Plane 4A, 
and the second (3600 m) i s  w i t h i n  the range 
o f  both 4A and flow-probable Plane 88. The 
l a s t  major anomaly a t  3650 m does n o t  cor- 
r e l a t e  w i t h  any o f  the planes i n  t h i s  data- 
set. However, a m r e  thorough examination of 
the data has shown a planar i n te rsec t i on  i n  
t h i s  region and i s  being invest igated. 

F i g u r e  6 i s  a temperature l o g  taken on 
11/15/87 i n  the  newly d r i l l e d  w e l l  EE-EA 
d u r i n g  i t s  f i r s t  p r o d u c t i o n  t e s t ,  showing 
several c lear  production po in ts  and two minor 
anomalies. Flow-probable Plane 106 corre- 
l a t e s  we l l  w i t h  the anomaly a t  3620 m. 
Flow-probable Plane 1B can exp la in  the main 
anomaly a t  3660 m o r  e i t h e r  o f  the  r a t h e r  
less  dramatic anomalies a t  3670 m and 3680 m, 
o r  even the  anomaly a t  3620 m p r e v i o u s l y  
c red i ted  to Plane 106. Flow-probable Plane 8B 
can a l so  be cor re la ted  w i t h  the l a s t  anomaly 
a t  3680 m. O f  the remaining anomalies observ- 
ed on t h i s  log,  only the very small one a t  
3380 m can be c o r r e l a t e d  w i t h  any o f  the  
flow-improbable planes; i n  t h i s  case, i t  i s  
Plane 6, another i nd i ca t i on  t h a t  t h i s  may be 
a f lowing plane. 

CONCLUSIONS 
It has been hypothesized t h a t  a seismic- 

a l l y  a c t i v e  p lane  i s  more l i k e l y  t o  be a 
f l o w i n g  f e a t u r e  when a r e l a t i v e l y  g r e a t e r  
amount o f  the se ismic i ty  by which i t  i s  de- 
f i n e d  l i e s  a t  a g r e a t e r  d i s t a n c e  f rom the  
l i n e s  o f  i n te rsec t i on  formed by the remaining 
planes. As a test ,  a number o f  planes which 
were found i n  a s e t  o f  microseismic data were 
c l a s s i f i e d  as flow-probable o r  f low- 
improbable according t o  t h i s  hypothesis. We 
found t h a t  a l l  o f  the planes defined as f low- 
probable showed a d e f i n i t e  co r re la t i on  w i t h  
f l u i d  i n j e c t i o n  or  production po in ts  as de- 
f i ned  by downhole temperature logs. While we 
could n o t  co r re la te  every temperature anomaly 

w i t h  a flow-probable plane, we could corre- 
l a t e  every flow-probable plane w i t h  an 
anomaly. One obvious reason f o r  a f low- 
probable plane n o t  t o  show a co r re la t i on  w i t h  
a thermal anomaly i s  t h a t  the planes might 
only be f lowing i n  t h e i r  seismical ly a c t i v e  
regions, whi le the wellbore may n o t  i n te rcep t  
t h i s  region. While t h i s  method does n o t  pre- 
d i c t  every i n j e c t i o n  o r  production p o i n t  
a long a wel l ,  i t  can help increase the 
chances o f  encoun te r ing  a f l o w i n g  f e a t u r e  
when confronted w i t h  a la rge  choice of 
po ten t i a l  targets. 
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TABLE 1 

Orientations Found in the Experiment 2032 Dataset 
(all angles in degrees) 

Strike and Dip of All Planes Associated with the 10 Most Likely 

U i D S  

1A 
1B 

2 
3A 

38 

4A 

48 

4c 
SA 
5B 
6 

7A 

7B 
7c 
7D 

8A 

8B 
9A 
9B 
10A 
1OB 

lQLuiuM 
3587 
3527 
4093 

3249 

3267 
3007 
3759 _ _  
- _  

3640 
4047 

3395 
2991 
3555 
3657 

4215 
3192 
4208 _ _  

_ _  
_ -  

3402 

3578 

EhrkS 
1A 
18 
2 
3A 
38 
4A 
4B 
4c 
5A 
5B 
6 

7A 
7B 
7c 
7D 
8A 
8B 
9A 
9B 
1 OA 

1 0 B  

a.L?JLe 
N29W 
N29W 
N88E 
N29W 
N2 9W 
N6E 
N5E 
N8E 
N33E 
N34E 
N64W 
N84E 
N86E 
N8 1E 
N86E 
N2 1W 
N2 OW 
N79W 
N79W 
N3 5W 
N32W 

Dk2 
76E 
7 6E 
27W 
67W 
67W 
67E 
64E 
67E 
60W 
56E 
67W 
32W 
33w 
3 6W 
34w 
58E 
61E 
74E 
74E 
82W 
8 1w 

TABLE 2 

Minimum, Projected, and Uaximum Depths of Interception 
Along Each Yellbore for Each Plane 

(all measurements in meters along wellbore) 

Yell EE-2 
Fsxds&d 

3617 
3557 

4107 
3263 

3281 

3056 
3848 _ _  
- _  

3657 
4061 
3410 

3004 
3573 
3677 

4231 
3234 
4508 

- -  
_ -  
_ _  

3419 
3593 

@!&&!!m 
3647 
3587 

4122 
3277 

3295 
3128 
3934 

- _  
_ _  

3674 

4074 
3424 

3017 
3592 
3696 

4247 
3288 
4660 

- _  
_ _  
_ _  

3437 
3608 

miniaum 
3072 

3205 

3849 
3140 

3162 

3540 

3663 
3801 

3518 
3926 

3459 

3020 
3478 
3531 
3891 
3430 

3559 _ _  
4008 
3296 
3906 

prolected _ _  
3349 

3860 
3159 

3181 

3574 

3692 

3839 
3534 

3940 
3491 

3032 
3489 
3542 

3902 
3451 

3582 _ _  
_ _  

3334 

3955 
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maximum 
3186 

3417 

3871 
3177 

3199 

3609 

3722 
3878 

3550 
3954 

3522 
3044 
3500 

3554 

3913 
3470 

3605 
- _  

4016 

3380 

4001 

pinimum 

3691 
3569 _ _  
3248 

3265 

3005 

3548 
_ -  

3651 
- _  

3374 

2994 
3554 

3637 
_ -  

3185 

3674 
._ 
_ _  

3392 
3603 

proiected 

3759 
3627 
- -  

3262 
3279 

3042 

3641 
- _  

3667 
- -  

3389 

3008 

3569 
3652 

- -  
3239 

3755 
- -  
_ _  

3410 

3622 

E&m!!l 
3765 
3694 
- -  

3275 
3292 

3081 

3719 
- -  

3683 
- -  

3405 

3022 

3584 
3667 _ _  
3310 

3764 
- _  
_ _  

3429 
36C1 



Rotated Coordinate System for Plane 6 
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Figure 1: An orthogonal  v i e w  of Plane 6. The d o t s  mark t h e  l o c a t i o n s  of a l l  t h e  seismic events  
a s s o c i a t e d  with t h i s  p lane ,  each of which l i es  w i t h i n  10 m of e i t h e r  s i d e  of t h e  plane.  

Rotated Coordinate System for Plane 1-A Rotated Coordinate System for Plane 2 

- 36w -3400 - 3200 ~ 3000 -2800 -1500 -1400 -1300 -1200 -1100 -1WO -900 

Depth Along Dip Im) Depth Along Dip Im) 

Figure 2 :  Orthogonal views of p lanes  lA and 2 ,  inc luding  t h e  seismic events  which d e f i n e  each 
p lane  as w e l l  as t h e  l i n e s  of  i n t e r s e c t i o n  made by each of t h e  remaining p lanes .  The 
s e i s m i c i t y  d e f i n i n g  Plane 2 genera l ly  l i es  c l o s e r  t o  a l i n e  of p lanar  i n t e r s e c t i o n  
than does t h e  s e i s m i c i t y  d e f i n i n g  Plane lA; t h u s ,  compared t o  each o t h e r ,  Plane 1 A  i s  
flow-probable, and Plane 2 i s  flow-improbable. 
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Cumulative Points M. Distance from Planar Intersection 

" 
0 10 20 30 60 

Distance from Line (ml 

Figure 3: Percent  of  t o t a l  s e i s m i c i t y  as a func t ion  of  d i s t a n c e  from t h e  n e a r e s t  l i n e  o f  p l a n a r  
i n t e r s e c t i o n  f o r  each p lane .  Flow-probable p lanes  have a t  l e a s t  25% of  t h e i r  
s e i s m i c i t y  occurr ing  a t  least  15 m away from any l i n e  of p lanar  i n t e r s e c t i o n .  
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io 

Figure 4: Corre la t ion  of  thermal anomalies i n  EE-2 with flow-probable planes 
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Figure 5: Corre la t ion  of thermal anomalies wi th  
flow-probable planes i n  t w o  temperature 
logs  run i n  EE-3A. 
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Figure 6: Corre la t ion  o f  thermal anomalies i n  EE-2A with flow-probable p lanes .  




