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ABSTRACT 

I n  t h e  framework o f  t he  European HDR 
P r o j e c t  o f  SOULTZ, co-sponsored by European 
Community, t w o  50 hou r -hyd rau l i c  i n j e c t i o n s  
were c a r r i e d  ou t  i n  t h e  main borehole GPK1. 
Th is  borehole reached a depth o f  2000 m 
(600 m o f  g r a n i t e  under a 1400-m-thick 
sedimentary cover)  and a bottom h o l e  
temperature o f  140°C. Both i n j e c t i o n s  t e s t s  
were made between a packer s i t e d  a t  1968 m 
and bottom hole,  w i t h  i n j e c t i o n  f l o w - r a t e s  
o f  7 1/s and 15 l / s .  

3 - a x i s  accelerometer probes designed t o  
w i ths tand  h igh  temperatures up t o  a t  l e a s t  
135°C were i n s t a l l e d  a t  t h e  bottom o f  t h r e e  
boreholes which reached t h e  g r a n i t e .  Th i s  
network was supplemented by h igh  
temperature hydrophone sensors deployed i n  
a f o u r t h  borehole (EPS1)  a t  depth o f  about 
2000 m. Data w e r e  t ransmi t ted  t o  an o n - l i n e  
computer t o  per form p r e l  im ina ry  
i n t e r p r e t a t i o n s .  

Dur ing t h e  t e s t s ,  135 and 239 induced 
microseismic events r e s p e c t i v e l y  were 
recorded. Present r e s u l t s  show t h a t  
s e i s m i c i t y  s t a r t s  o f f  very  c lose  t o  t h e  
i n j e c t i o n  p o i n t  and spreads ou t  t o  form a 
c loud  w i t h  a North-West t o  South-East 
e l  ongat i on. 

According t o  prev ious i n t e r p r e t a t i o n s ,  t h e  
d i r e c t i o n  o f  t h e  maximum h o r i z o n t a l  s t r e s s  
component deduced by BHTV data ana lys i s  and 
h y d r o f r a c t u r e  i n - s i t u  s t r e s s  measurements 
l e d  t o  values o f  r e s p e c t i v e l y  175" and 
155". Dur ing t h e  second i n j e c t i o n  
experiment a concen t ra t i on  o f  s e i s m i c i t y  
was revealed t o  the  N-W o f  GPK1. Th i s  c loud  
a l s o  shows a t r e n d  t o  grow downwards and no 
s e i s m i c i t y  extends more than 300 m away 
from t h e  i n j e c t i o n  i n t e r v a l .  

INTRODUCTION 

W i t h i n  t h e  frame o f  t h e  v a l i d a t i o n  o f  a new 
power generat ion concept, research i n t o  t h e  
development o f  "Hot Dry Rock" geothermal 
energy began i n  the  e a r l y  1970's i n  t h e  US 
(Los Alamos) and l a t e r  on, i n  Europe - 
Camborne (UK) ,  Urach (Germany), Mayet de 
Montagne (France) - and i n  Japan. I n  a l l  
these p r o j e c t s ,  t he  mon i to r i ng  o f  t he  
m i c r o s e i s m i c i t y  induced d u r i n g  h y d r a u l i c  
i n j e c t i o n  t e s t s  has proved t o  be 
fundamental i n  the  understanding o f  t h e  
growth and s i z e  o f  t h e  s t imu la ted  reg ions  
(Baria,R. & a l .  ,1989; Matsunaga, I . ,  1990; 
Mock, J., 1989). 
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Fig. 1 - Location map of the project 
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The HDR site of Soultz, situated in the 
northeastern part of France in Alsace, was 
chosen in 1986 on top of a very large 
thermal anomaly which extend over about 
4000 km2 in the Rhine graben (Figure 1). 

Prefeasability studies (Phase I) began in 
1987 after the drilling of the main well 
GPKl down to 2000 m (Kappelmeyer & a1 . , 
1991). This borehole reached temperatures 
of 125'C at the top of the granite and 
140°C at bottom-hole. A first small scale 
hydraulic stimulation (at a flowrate of 
3 1/s for 3 days) took place in GPKl at the 
end of 1988, and the associated seismicity 
was monitored (Beauce,A. & al., 1991). 

In 1990, Phase IIa of the project started 
with the drilling of a second exploratory 
borehole (EPSl), sited at about 500 m S-E 
of GPKl and planned to reach 3500 m; but, 
due to technical reasons and a very 
significant deviation of more than 15' 
this well was stopped at about 2000 m. At 
total depth, final temperature of this 
borehole was 150'C. 

During this phase, two 50-hour hydraulic 
stimulation experiments were undertaken in 
GPKl between a packer set at 1968 m and 
bottom-hole: one of 7 1/s and one of 
15 l/s. 

MICROSEISMIC MONITORING NETWORK 

SENSOR 

4616 
4550 
4601 

Hydrophone 1 
Hydrophone 2 

To monitor the site during these 
experiments, three old oil wells (4616, 
4550, 4601, see Figure 1) were successfully 
recovered in the surroundings of GPK1. AS 
deduced from Phase I, and in order to avoid 
the attenuation effects observed on the 
seismic signals during their propagation in 
the sedimentary 1 ayers, these boreholes 
were deepened inside the granite. The 
coordinates of the sensors are given in 
Table 1, where the origin of the coordinate 
system is the wellhead of GPK1. 

P-wave velocity 
( W s )  
5.715 
5.745 
5.465 
5.940 
5.930 SENSOR X Y Z NO 

(m) (m) (m) (m) 
Depth in 
granite (m) 

Three 3-axis accelerometer probes were 
especially designed by CSM Associates Ltd 
to withstand the rough temperature and 
corrosion conditions, and deployed at the 
bottom of each of these wells. Various 
technical problems connected with borehole 
completion, prevented the correct 
cementation of these units before the 
hydraulic stimulations. 

Data delivered by the accelerometer and 
hydrophone units were lowpass filtered 

4516 
4550 
4601 

Hydro 1 
Hydro 2 

-45.03 353.61 1382.81 1387.2 7 
285.23 205.12 1492.63 1492.0 87 

-1118.05 -864.35 1580.76 1599.0 26 
197.45 -363.95 1917.24 1945.0 -500 
210.45 -353.95 1974.82 2004.5 -500 
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due t o  t h e  con jonc t i on  o f  two f a c t o r s :  i t s  
r e l a t i v e  l o n g  d i s tance  o f  t h i s  probe from 
t h e  i n j e c t i o n  i n t e r v a l  (around 1470 m) and 
t h e  presence o f  an impor tant  NE-SW f a u l t  
a f f e c t i n g  t h e  sedimentary l a y e r s  and t h e  
g r a n i t e  which was revealed by a pas t  
r e f l e c t i o n  se ismic survey. I n  o rde r  t o  n o t  
p e r t u r b a t e  t h e  l o c a t i o n  r e s u l t s  o f  t h e  
microseismic events and t o  preserve a 
r e l a t i v e  homogeneity i n  t h e  r e s u l t s ,  i t  has 
been decided n o t  t o  use t h e  data from t h i s  
probe a t  t h i s  stage o f  i n t e r p r e t a t i o n .  

Bear ing i n  mind these f a c t o r s ,  i t  has been 
decided t o  adopt f o r  l o c a t i o n s  an i s o t r o p i c  
average P-wave v e l o c i t y  model o f  5.85 km/s 
and t o  apply  respec t i ve  c a l c u l a t e d  t ime  
delays t o  t h e  mon i to r i ng  s t a t i o n s .  As i t  
was n o t  r e a l l y  p o s s i b l e  t o  deduced a good 
S-wave v e l o c i t y  model f r o m  t h e  c a l i b r a t i o n  
shot data, no s t a t i o n  delays were 
considered f o r  these waves and a Vp/Vs 
r a t i o  o f  1.73 has been chosen. 

\1 

INDUCED MICROSEISMICITY DURING THE 7 l /s  
HYDRAULIC INJECTION TEST 

The 7 1/s h y d r a u l i c  s t i m u l a t i o n  s t a r t e d  on 
J u l y  11 th  a t  1 p.m., over a 30-m-long 
v e r t i c a l  s e c t i o n  o f  GPKl  w e l l ,  between a 
packer s i t e d  a t  1968 m and bottom-hole. 
A f t e r  e i g h t  and a h a l f  hours, and an 
i n j e c t e d  volume o f  about 160 m3, t h e  
experiment was stopped as the  pressure i n  
t h e  annulus began t o  increase. The 
i n j e c t i o n  r e s t a r t e d  a t  1:15 p.m. on 12 th  
and c a r r i e d  on from t h e  nex t  50 hours. 

F igu re  2 shows a p l o t  o f  t h e  seismic event 
r a t e  and down-hole pressure recorded d u r i n g  
t h i s  pe r iod .  A t o t a l  o f  135 microseismic 
events were induced d u r i n g  t h i s  t e s t  and 
se ismic r a t e  decreased immediatly when t h e  
i n j e c t i o n  stopped. 

G P K l  - Stimulation 7 I / s  - J u l y  1991 

T o t a l  Nb. o f  e v e n t s  : 135 

Fig. 2 - Hydraulic and seismic event rate 
data recorded during the 7 l/s 
,stimulation in GPKl 

These events have shown c l e a r  P and S wave 
onsets on t h e  d i f f e r e n t  probes o f  t h e  
network (see f i g u r e  3 ) .  I t  must be noted 
t h a t  t h e  probe deployed i n  the  borehole 
4601 recorded o n l y  about 20% o f  t h e  whole 
recorded seismic a c t i v i t y .  

-250 L 
-0.M -0.17 0.16 0.48 0.81 1 . 1 4  

r iE ( 5 )  

down-hole 
accelerometers and hydrophone 
recorded during the 7 l/s 
hydraulic injection in GPKl 
Event 26 - 11/07/1991 - 17:27:54 

Fig. 3 - Signatures from 

Microseismic location results, 

Of a l l  t h e  s e i s m i c i t y  recorded d u r i n g  t h i s  
t e s t ,  60% o f  t h e  events have been 
i n t e r p r e t e d  and l o c a t e d  (see f i g u r e  4) 
us ing  t h e  i s o t r o p i c  v e l o c i t y  model 
presented above. Dur ing t h i s  t e s t  o n l y  one 
hydrophone was deployed i n  t h e  borehole 
EPS1. I n  consequence, as da.ta f rom 4601 
probe was n o t  used f o r  t h e  l o c a t i o n s ,  we 
o n l y  have a coplanar  network. So,  l o c a t i o n  
r e s u l t s  gave dual s o l u t i o n s  images which 
form a m i r r o r  image i n  t h e  p lane d e f i n e d  by 
these sensors: t h e  d e c i s i o n  t o  choose t h e  
deepest s o l u t i o n s  was based on t h e  r e s u l t s  
obta ined when we have more sensors and a 
non-coplanar network, i .e. d u r i n g  t h e  
15 1/s i n j e c t i o n  t e s t .  

The p l a n  view o f  f i g u r e  4 shows how t h e  
s e i s m i c i t y  develops d u r i n g  t h i s  t e s t  t o  
form an o v e r a l l  c l oud  w i t h  a N-W t o  S - E  
e longa t ion ,  w h i l e  the  v e r t i c a l  p l a n  view 
from 150" shows a t r e n d  t o  grow downward. 
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Fig. 4 - Microseismicity during the 7 l/s 
hydraulic injection in GPKl 
Plan view and vertical section view 
(azimuth 150"N) 
e first phase, 
rn seismic probe 

+ second phase 

More p r e c i s e l y ,  on the  f i r s t  phase ( f u l l  
c i r c l e s )  t h e  s e i s m i c i t y  main ly  concentrates 
near GPKl  and on ly  on t h e  sou th -  
southeastern s ide  a t  depths between 1950 m 
and 2100 m. These r e s u l t s  are 4n agreement 
w i t h  what was found d u r i n g  Phase I o f  t h e  
p r o j e c t  w i t h  an h y d r a u l i c  t e s t  w i t h  a 
f l o w r a t e  o f  3 l / s .  

Dur ing t h e  second phase, t h e  s e i s m i c i t y  
extends away from G P K l  and a t  depths down 
t o  2150 m, b u t  i n  a d d i t i o n  and 
corresponding t o  the  second peak o f  
s e i s m i c i t y  observed on f i g u r e  2 ,  a new 
seismic a c t i v e  zone appears on t h e  
no r th -no r theas te rn  s ide  o f  GPKl d u r i n g  t h e  
t h i r d  day o f  t h e  i n j e c t i o n .  

INDUCED MICROSEISMICITY DURING THE 15 L/S 
HYDRAULIC INJECTION TEST 

The 15 1/s i n j e c t i o n  i n  G P K l  s t a r t e d  on 
18 th  o f  J u l y  a t  9 a.m. and l a s t e d  about 50 
hours i n  s i m i l a r  cond i t i ons  t o  t h e  prey ious 
experiment. A t o t a l  volume o f  2300 m o f  
f r e s h  water  was i n j e c t e d .  F igure 5 shows 
t h e  downhole i n j e c t i o n  pressure recorded 
d u r i n g  t h i s  t e s t  and the  associated se ismic 
event r a t e .  The f i r s t  eve t occured a f t e r  

o f  
239 induced events were recorded. I n  
comparaison w i t h  t h e  prev ious t e s t ,  t h e  
average se ismic r a t e  ( 4  events/hour) was 
double. Moreover, t h e  s e i s m i c i t y  s t i l l  
p e r s i s t e d  a f t e r  t h e  end o f  t h e  s t i m u l a t i o n ,  
suggesting t h e  ex is tence o f  a remanent 
p ressu r i zed  zone s i t e d  away from t h e  
borehole i n j e c t i o n  i n t e r v a l .  

an i n j e c t e d  volume o f  35 m 3 and a t o t a l  

G P K l  - Stimulation 15 I/s - J u l y  1991 
Total Nb. o f  e v e n t s  : 239 6'. 1 

0 
I\ k h h h h 

P P P ? P P - m N N rn N 

Fig. 5 - Hydraulic and seismic event rate 

- 

data recorded during the 15 l/s 
stimulation in GPKl 

Microseismic l o c a t i o n  results 

Dur ing t h i s  i n j e c t i o n  the  s t r i n g  of  2 
hydrophones was deployed i n  EPS1, and again 
da ta  recorded by the  probe s i t e d  i n  
borehole 4601 were n o t  used f o r  t h e  
l o c a t i o n s  o f  t h e  events. 
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F igu re  6 i l l u s t r a t e s  t h e  ch rono log ica l  
m i g r a t i o n  o f  t he  induced m i c r o s e i s m i c i t y  as 
a f u n c t i o n  o f  days o f  i n j e c t i o n  i n  p l a n  
view and associated v e r t i c a l  p lane viewed 
from t h e  azimuth 150". Dur ing t h e  f i r s t  
day, t h e  s e i s m i c i t y  grows downward t o  a 
maximum depth o f  2150 m b u t  o n l y  on t h e  
S-SE s e c t o r  f rom G P K l  wel lhead as i t  was 
observed d u r i n g  t h e  beginning o f  p r e c e d i n g  
t e s t .  On t h e  second day, t h i s  seismic zone 
ceases t o  be a c t i v e  and a m i g r a t i o n  o f  t h e  
s e i s m i c i t y  towards t h e  N-W o f  GPKl  c l e a r l y  
appears; t h i s  new c loud  concentrates a t  
depths between 2150 m and 2250 m and s t i l l  
remains t h e  p r i n c i p a l  a c t i v e  zone d u r i n g  
t h e  l a s t  day. When the  i n j e c t i o n  stopped, 
t h i s  zone s t i l l  a l so  remained a c t i v e  f o r  a 
few hours. 

Once more, t h e  general t r e n d  o f  s e i s m i c i t y  
i s  t h e  same as observed d u r i n g  t h e  7 1/s 
i n j e c t i o n  t e s t ,  t h a t  i s  along a NW-SE ax i s .  

CONCLUSIONS 

These p r e l i m i n a r y  r e s u l t s ,  bo th  f o r  t h e  
7 l / s  and 15 l / s  h y d r a u l i c  s t imu la t i ons ,  
have shown t h a t  t he  respec t i ve  seismic 
c louds seem t o  organize along a NW-SE ax is ,  
and t o  grow downward from the  i n j e c t i o n  
i n t e r v a l .  Th i s  t r e n d  must be associated 
w i t h  t h e  present  knowledge o f  t h e  s t r e s s  
f i e l d  which i n d i c a t e s  an extens ion regime 
t y p i c a l  o f  a graben system w i t h  a maximum 
h o r i z o n t a l  s t r e s s  component o f  t h e  tenso r  
o r i e n t e d  155"N t o  175" (Rummel F.  & a l . ,  
1991). 

However, t h e  s e i s m i c i t y  d i d  n o t  grow 
symmetr ica l ly  along t h i s  a x i s  i n  re ference 
t o  GPKl  wel lhead; i n  a f i r s t  stage, t h e  
events appeared i n  the  SE sec to r  around the  
i n j e c t i o n  i n t e r v a l  and deepened as t h e  
i n j e c t i o n  went on. Afterwards, t h i s  volume 
ceased t o  be s e i s m i c a l l y  a c t i v e  - t h a t  was 
c l e a r  i n  a more obvious way d u r i n g  t h e  
second t e s t  a f t e r  an i n j e c t e d  volume o f  
about 1000 m3 - and a new zone s i t e d  on t h e  
NE s e c t o r  and a t  depths between 2150 m and 
2250 m began t o  a c t i v a t e .  

A t  t h i s  stage o f  i n t e r p r e t a t i o n ,  i t  i s  
t h e r e f o r e  a l s o  necessary t o  p o i n t  ou t  t h a t  
t h e  network c o n f i g u r a t i o n  w i l l  cause 
d i f f i c u l t i e s  i n  the  for thcoming d e t a i  1 ed 
i n t e r p r e t a t i o n s  o f  f a u l t  p lane s o l u t i o n s  
and source mechanisms. 

ACKNOWLEDGEMENTS 

T h i s  work was f i n a n c i a l l y  supported by t h e  
Commission o f  t h e  European Communities, t h e  
Bureau de Recherches Geologiques e t  
M in ih res  and t h e  Agence F r a n p i s e  pour l a  
M a i t r i s e  de 1'Energie. 

The work descr ibed i n  t h i s  research note 
was a l s o  c a r r i e d  ou t  under c o n t r a c t  t o  the  
UK Department o f  Energy's Renewable Energy 
Research and Development programme, managed 
by t h e  Energy Techno1 ogy Support U n i t  
(ETSU) a t  Harwel l .  The views and judgements 
expressed i n  t h i s  research note are those 
o f  t h e  authors and do n o t  n e c e s s a r i l y  
r e f l e c t  those o f  ETSU o r  the  Department o f  
Energy. 

REFERENCES 

Bar ia ,  R . ,  Green, A.S.P, (1989), 
"Microseismics: a key t o  understanding 
r e s e r v o i r  growth", I n t e r n a t i o n a l  HDR 
Geothermal Energy Conference, Camborne(UK), 
27-30 June 1989, pp 363-377. 

Beauce, A . ,  F a b r i o l ,  H., Le Masne, D., 
Cavoi t ,  C., Mechler, P., Chen, XK., (1991), 
"Seismic s tud ies  on t h e  HDR s i t e  o f  
Soul t z -  sous - Fo r& ts  (A1 s ace - France) " , 
Geotherm. Sc i .  & Tech., V o l .  3 (1 -4 ) ,  pp. 

Kappelmeyer, O., Gerard, A . ,  Schloemer, W.,  
Ferrandes, R . ,  Rummel, F. ,  B e n d e r i t t e r ,  Y . ,  
(19911, "EuroDean HDR D r o i e c t  a t  Soul t z -  

239-266. 

s o u s - i o r e t  s : general p r e s e i  t a t  i on", 
Geotherm. Sc i .  & Tech.., V o l .  2 ( 4 ) ,  pp. 
263-289. 

Matsunaga, I . ,  (1990), "Development o f  
hydrothermal power generat ion p l a n t s :  
development o f  technologies f o r  a power 
generat ion system i n  HDR", 10th annual NED0 
conference on Geothermal Energy 
Technologies, Oct. 1990, pp. 69-86. 

Mock, J . ,  1989, "The U.S. Hot Dry Rock 
program", I n t e r n a t i o n a l  HDR Geothermal 
Energy Conference, Camborne (U.K.), 27-30 
June 1989, pp 149-158. 

Rummel , F . ,  and Baumgartner, J., (1991) 
"Hydrau l i c  f r a c t u r i n g  s t ress  measurements 
i n  t h e  GPKl borehole, Sou l t i - sous -For@ts " ,  
Geotherm. Sc i .  & Tech., Vol .  3 (1 -4 ) ,  pp. 
119- 148. 

-251- 



A 

Packer . *. 

. : f . :  
57 . .  
,.: : 

f 

2000 
epth 
(m) 

200 m 

.. +* . .*  

-GPK 1 

Tker 

d 
4616 

. ;:' 

*: . . .  
f -. 

C' : 
1. . 

C - 

455c 

GPK 7 

h 

El 

* Packer 

' *?. . +. .' . .+ . .. : .  * . .  

Fig. 6 - Microseismicity during the 15  l/s injection in G P K l  
Plan view and vert ica l  section view (azimuth 150") 
A = first day, B = second day, C = third day 
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