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ABSTRACT 

A Hot Dry Rock geothermal reservo i r  has been 
created a t  a depth o f  2000 m i n  grani te.  The 
st imulat ion was car r ied  out using 40 000 m’ 
(10 m i l l i o n  US ga l )  from a 350 m open hole 
section tha t  had been treated w i th  a purpose- 
designed explosive too l .  On-line seismic 
mapping has shown t h a t  the reservo i r  has 
developed i n  the d i rec t i on  o f  the maximum 
pr inc ipa l  stress despite the f a c t  t ha t  the 
j o i n t  d i rec t ions  are not or ientated i n  t h a t .  
d i rec t ion .  Photographic and te lev i s ion  
inspect ion has been used t o  cor re la te  acoustic 
seisviewer and conventional wire logging 
resu l t s  including observations o f  f rac tu re  
width a t  the wellbore dur ing pressurisation. 

Downward growth o f  the reservoir  has been 
observed despite the f a c t  t ha t  the st imulat ion 
f l u i d  was f resh  water. This has been explained 
ten ta t i ve l y  as predominantly shear growth 
because the shear stress gradient i s  sub- 
hydrostat ic due t o  the h igh ly  anisotropic 
stress f i e l d .  Prel iminary calculat ions have 
shown tha t  the reservo i r  s t ruc tu re  has a 
volume o f  100-200 m i l l i o n  m’ but there i s  no 
d i rec t ,  low resistance f l ow  path between the 
wel ls and the residence time i s  i n  excess o f  
5 days. 

INTRODUCTION 

Hot Dry Rock geothermal exp lo i ta t ion  has a 
wel l  establ ished l i t e r a t u r e  (eg, Smith (19751, 
Smith (19781, Parsons (19191, Batchelor 
(19781, Armstead (19791, Mi lora e t  a1 (19761, 
etc, and there i s  ac t i ve  research i n  a number 
o f  countr ies. However, only two, USA and 
Great B r i t a in ,  have substantial f i e l d  
programnes and only the USA has reached 
po ten t ia l  production temperatures. The work i n  
the UK by the author has concentrated on 
developing st imulat ion techniques t o  create 
HDR reservoirs i n  a jo inted, h igh ly  stressed 
gran i te  body heated by natural  rad ioac t i v i t y .  
Figure 1 shows a panoramic view o f  the s i t e  
during pumping operations. 

A massive hydraul ic st imulat ion commenced on 4 
November t h i s  year i n  Cornwall, England, and 
more than 40 000 m’ (10 m i l l i o n  US g a l l  has 
been used t o  i n t e r l i n k  two wel ls a t  a depth o f  
2000 m. The resu l t s  presented i n  t h i s  paper 
are from the s t a r t  o f  the st imulat ion t o  the 
onset o f  steady c i r c u l a t i o n  a t  noon on 21 
November 1982. F u l l  i n te rp re ta t i on  o f  the 
data w i l l  not be completed f o r  some t ime but 
the resu l t s  form a useful case study f o r  
evaluating the po ten t ia l  app l i ca t ion  o f  HDR 
systems i n  t h i s  area o f  the UK. 

Figure 1: View o f  s i t e  showing t o o l  handling towers and enclosed pump u n i t s  a t  the  we l ls  
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REGIONAL GEOLOGICAL AND THERMAL SETTING 

South West England i s  a peninsula comprising 
,the counties o f  Devon, Cornwall and pa r t  of 
Somerset, which i s  bounded by the At lan t ic  
Ocean, the B r i s t o l  Channel and the English 
Channel. The major i t y  o f  the rocks i n  the 
area are shales and mudstones w i th  subordinate 
bands o f  g r i t  and conglomerate which have been 
subjected t o  varying degrees o f  metamorphism. 
These rocks are usual ly referred t o  by the 
loca l  name ' K i l l a s '  and they are p r imar i l y  of 
Devonian age together w i th  s l i g h t l y  younger 
Carboniferous rocks t o  the north east o f  the 
area. Towards the end o f  the Carboniferous 
period, the  th i ck  sedimentary beds were folded 
along an east-north-east t rend by movements o f  
the Armorican orogeny; the intrusions t?f the 
grani te i n t o  t h i s  rock mass occurred i n  the 
l a t e  Carboniferous o r  ear ly  Permian period and 
formed large cupolas and bosses above a 
ba tho l i t h  some 200 km i n  length. 

Figure 2 i s  a sketch plan showing the  locat ion 
and ideal ised gran i te  structure o f  the region. 
The area has been mapped extensively by 
innumerable authors during the l a s t  200 years 
because of the i n te res t  i n  the intense 
mineral isat ion associated w i th  the granite. 
Hosking (1949 and 1964) proposed a conjectural 
mega-structure f o r  the ba tho l i th  from surface 
and underground mappings. Bott  e t  a1 (1958, 
1964 and 1970) have confirmed the detai led 
shape using gravity, magnetic and seismic 
data. Exley and Stone (19641 have presented 
the l a rge ly  d e f i n i t i v e  survey o f  i t s  petro- 
graphy and geochemistry. Bromley (1976) 
postulated tha t  the whole ba tho l i t h  i s  the  
product o f  c rus ta l  thickening providing a 
uniform melt during intrusion. 

r idge  from Dartmoor t o  the I s l e s  o f  S c i l l y  and 
possibly as f a r  as the  rocks o f  Haig Fras. 
The model proposed by Bot t  e t  a1 (1970) 
envisages tha t  g ran i t i c  materi a1 w i th  a 
seismic ve loc i t y  o f  5850 m/s extends t o  12 km 
depth, a1 though a recent re - in te rpre ta t ion  
adds 6 km t o  t h i s  f igure.  It i s  bel ieved tha t  
an intermediate composite lower crust  w i th  an 
average ve loc i t y  o f  6500 m/s continues t o  the  
well-defined Moho a t  27 km. The bulk o f  the 
const i tuent rocks o f  the ba tho l i t h  are coarse 
t o  f i n e  grained, b i o t i t e  muscovite granites 
w i th  and without megacrysts o f  potash 
feldspar. 
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Figure 3: An equ i l ib r ium temperature log. Note 
the  increasing gradient. 

Figure 2: Sketch map of Sbl England and the  
Cornubian ba tho l i t h  

The larger plutons are now exposed as elevated 
moorlands between 200 m and 300 m above sea 
leve l  and they are c i r cu la r  o r  e l l i p t i c a l  i n  
shape w i th  evidence o f  mu l t ip le  intrusion. 
There i s  some strong geophysical evidence tha t  
the  plutons r i s e  on a more o r  less continuous 

The HDR research s i t e  i s  located i n  the  centre 
o f  the  Carnmenellis p luton away from any known 
mineral isat ions. The surface area o f  the  
Carnmenell i s  p luton i s  approximately 300 km2 
and i s  comprised o f  a coarse grained porphyr- 
i t i c  b i o t i t e  muscovite g ran i te  except i n  two 
small areas where the b i o t i t e  g ran i te  i s  a t 

f i n e  grained porphyry. The south eastern pa r t  
o f  the pluton has shown i t s e l f  t o  be 

ments because o f  the massive nature o f  the  
grani te exposed t o  the  surface. It exh ib i ts  
wel l  defined ve r t i ca l  j o i n t i n g  which has been 

p a r t i c u l a r l y  su i tab le  f o r  hot d ry  rock experi- I 
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extenslvely mapped a t  an e a r l i e r  phase I n  the  
Project. The pr inc ipa l  rock consti tuents are: 

Quartz 30% 
Potash feldspar 30% 
Plagioclase feldspar 26% 
B i o t l  t e  6% 
Muscovite 6% 
Other minerals 2% 

The radioact ive element d i s t r i b u t i o n  i s  
consistent throughout the  ba tho l i th :  

Uranium 13 ppm (2.5 ppm) 
Thorium 8 ppm (2.5 ppm) 
Pot assi um 4.6% (.7%) 

Numbers i n  parentheses are standard 
deviat ions. 

Wheildon e t  a1 (1977) have mapped the heat 
f l ow  regime i n  d e t a i l  and have shown tha t  
there i s  a persistent regional heat f l ow  of 
120 mW/m' w i th  a surface thermal gradient o f  
31 "C/km. The temperature gradient was 
observed t o  increase w i th  depth t o  36"C/km a t  
2000 m, Figure 3. 

STRESS FIELD AND JOINT STRUCTURE 

The geometry and extent o f  the  heat t rans fer  
zone created by massive hydraul ic st imulat ion 
i s  con t ro l led  by the preva i l ing  stress f i e l d  
and i t s  in te rac t ion  w i th  the natural j o i n t  
structure, Batchelor e t  a1 (1980) and Smith e t  
a1 (1982). 

The surface j o i n t  structure w i th in  5 km o f  the 
s i t e  was mapped by Bergin e t  a1 (1980) and the  
simple, bi-modal d i s t r i b u t i o n  o f  both d i p  and 
d i rec t i on  was assumed t o  pers is t  t o  depth 
because o f  the consistent sur f  ace patterns. 
L imited confirmation o f  t h i s  assumption was 
possible from observations i n  the nearest deep 
mine 10 km away a t  a depth o f  800 m. 

The major i t y  o f  the j o i n t s  are held shut by 
the  stress f i e l d  and are thought t o  be have 
residual widths o f  10 pm t o  100 m. The 
surfaces have varying thicknesses o f  hydro- 
thermal a l t e ra t i on  and none are completely 
f ree  o f  a l t e ra t i on  products showing tha t  
groundwater c i r cu la t i on  has occurred w i th in  
the  gran i te  mass since i t s  emplacement. 

The stress f i e l d  has been measured by both 
hydraul ic f rac tu r i ng  (Pine e t  a l ,  1982a) and 
overcoring (Pine e t  al,  1982bl and the  resu l t s  
are shown i n  Figure 4. The excel lent  agree- 
ment between the two types o f  measurement a t  
s i t es  over 9 km apart gave considerable 
confidence i n  the  resu l ts .  

Figure 5 shows a stereo p l o t  of the  j o i n t  
s t r i kes  with the  measured stress f i e l d  a t  
2000 m depth superimposed. It can be seen 
tha t  there i s  an o f f s e t  between the  j o i n t s  and 
the stress f i e l d ,  producing high shear 
stresses across the  j o i n t  faces. 

Figure 4: The stress measurement resu l t s  fm 
hydraul ic f rac tu r i ng  and overcoring 

LOWER HEMISPHERE 
POLAR EQUAL AREA 
STEREONET 

Figure 5: The observed j o i n t  s t r i k e  d i rec t ions  
i n  r e l a t i o n  t o  the  measured stresses 
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THE WELL DIRECTIONS 

The boreholes were d r i l l e d  t o  give an inc l ined  
access t o  the j o i n t  sets w i th in  the reservoir.  
The major i t y  o f  the j o i n t s  have dips steeper 
than 70" t o  the hor izontal  so an i nc l i na t i on  
o f  30" was chosen t o  give as good an access as 
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Figure 6: Ver t i ca l  p ro jec t ion  o f  the  wells. 

possible without excessively high' torque 
requirements during d r i l l i n g .  Both wel ls were 
completed w i th in  a t o t a l  o f  125 days, an 
average o f  32 m/day. The d r i l l i n g  pro rannne 
has been described by Beswick (19823 and 
Beswick e t  a1 (1982). 

c, 
Figure 6 & 7 show the  project ions o f  the wel ls 
and the two casing points can be seen t o  be 
v e r t i c a l l y  aligned. The production well, 
R H l l  , was extended t o  a s imi la r  ve r t i ca l  depth 
as the i n jec t i on  well ,  RH12, t o  ensure tha t  
the maximum opportunity existed f o r  the 
in te rwe l l  connection during f ractur ing.  

153 NORTHINGS (m) 

Figure 7: Plan pro jec t ion  of t h e  we l ls  

The stress d i rec t ions  were not known before 
d r i l l i n g  commenced, so the  borehole d i rec t ions  
were chosen t o  be a t  approximately 40" t o  both 
j o i n t  d i rect ions.  This would maximise the 
chance of interconnection from e i the r  set o f  
j o i n t s  depending on the  confinement i n  each 
case. However, i t  was not expected t h a t  the 
plane o f  the boreholes would be al igned 
v i r t u a l l y  normal t o  the minimum pr inc ipa l  
stress. 

I 

. 
These were the f i r s t  two deep wel ls i n  t h i s  Y 

area and were treated as "wildcats" from the  
po in t  o f  view o f  stresses. I n t u i t i v e l y ,  i t  
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would have been be t te r  t o  o r i en t  the w e l l s  a t  
90" t o  t h e i r  actual t ra jec to ry  t o  give more 
planar connections along the ax is  o f  the wel l  
but the early reservoir  resu l t s  ind ica te  tha t  
the st imulated zone i s  s u f f i c i e n t l y  large f o r  
adequate heat extract ion. 

LOGGING RESULTS 

An extensive su i te  o f  geophysical logs was run 
a t  the  end o f  d r i l l i n g  and before the hole was 
cased. Figure 8 shows the coverage o f  the  
logs versus depth. The pr inc ipa l  object ive o f  
the  logging was t o  determine the  pre- 
st imulat ion j o i n t  charac ter is t i cs  a t  the 
we1 1 bore. Jo in t  aperture, in te rsec t ion  length 
and or ien ta t ion  are a l l  relevant t o  any HOR 
st imulat ion procedure and i t  was hoped t o  
i d e n t i f y  l i k e l y  f low connections from the 
wells. The data i s  v i r t u a l l y  impossible t o  

E 
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CHLUMBERGER INLAND SEISMOGRAW 
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OGGING TIME 42 h LOGGING TIME 26h 

Figure 8: The logging coverage on the  
i n j e c t i o n  we l l  

reproduce f o r  a paper such as t h i s  but i t  d i d  
show tha t  the natural  f rac tu r i ng  d i d  pe rs i s t  
t o  depth and was br ientated i n  s im i la r  
d i rect ions t o  the  j o i n t s  a t  the surface. There 
were zones o f  extensive f rac tu r ing  (spacing 
100-500 nun) w i th  long i n t a c t  zones (30 m), 
i r r e g u l a r l y  spaced i n  the  open hole section. 

However, i t  was not possible t o  i d e n t i f y  any 
pa r t i cu la r  charac ter is t i cs  tha t  were 
associated w i th  the j o i n t s  tha t  eventual ly 
accepted the water dur in  in jec t ion .  Low f low 
r a t e  in jec t ions  ( 3  l / s ?  were used i n  con- 
junc t ion  w i th  continuous temperature logs t o  
f i n d  the na tu ra l l y  f lowing j o i n t s  a t  pressures 
very much lower than the eventual f rac tu r i ng  
pressures and these were used t o  select  the  
explosively st imulated zone. 

A te lev is ion  and photographic survey was 
eventual ly completed a f te r  a l l  the logs had 
been run and work i s  s t i l l  continuing t o  
cor re la te  the  logs and the  TV resul ts.  

The f lowing temperature logs showed f i v e  e x i t  
points from the open hole section w i th  one 
major connection (30% o f  the f low) and the  
four others reasonably uniformly distr ibuted. 
Figure 9 shows two f l ow  meter logs taken 
during st imulat ion and the ea r l y  one shows a 
very s im i la r  f low d i s t r i b u t i o n  t o  the  logs 
derived from the  temperature surveys. 

Figure 9: Flow meter, logs dur ing s t imu la t ion  
showing the  shot zone developing 
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THE EXPLOSIVE STIMULATION 

A depth o f  2125 m was chosen f o r  the top o f  
the charge, which was 5 m long. The purpose o f  
the explosive shot i s  described i n  d e t a i l  by 
Batchelor (19821 but, b r i e f l y ,  i t  i s  designed 
t o  open self-propped fractures a t  the wellbore 
t o  provide low impedance connections t o  the 
natural f rac tu re  system p r i o r  t o  hydraul ic 
s ti mu1 a t  i on. 

The complete success o f  the process i s  evident 
i n  Figure 9, where the second f l ow  meter log, 
approximately 10 h r  a f te r  the f i r s t ,  shows 
more than 60% o f  the f low i s  leaving the  well  
i n  t ha t  region. The explosive too l  ensures 
tha t  the minimum pressure loss occurs a t  the 
we1 1 bore/fracture connection and f u l l  
pressure can then be applied w i th in  the 
formation. 

THE MICROSEISMIC EVENT LOCATION SYSTEM 

The only method which can be used t o  def ine 
the  extent o f  a hydrau l i ca l l y  stimulated 
region i s  microseismic event loca t ion  mapping. 
This technique has been used w i th  great 
success a t  LANL ( f o r  example, Smith e t  al, 
1982) using single sonde, multiaxes geophones. 
A t  the s i t e  I n  Cornwall, however, the  grani te 
was exposed a t  the  surface and tes ts  had 
showed tha t  the attenuation factor,  Q, was 
greater than 150 a t  frequencies up t o  1 kHz. 
This meant tha t  a surface sensor network i n  
shallow boreholes (up t o  200 m deep) could be 
used i n  conjunction w i th  a downhole system. 
Vert ical  axis accelerometers were used i n  the  
surface net w i th  three hydrophones deployed on 
a standard logging cable forming the sub- 
surface system. 

A l l  o f  the data was col lected on the s i t e  
VAX 11/780 computer v i a  a multi-channel 
t ransient d i g i t i s e r .  The signals were then 
processed v i a  a purpose-written code 'METAL' 
(Microseismic Event Timing and Location) which 
used a var ie ty  o f  locat ion algorithms, HYPO 
(Ref Lee e t  a1 (197511, SPAM (Ref Dechman e t  
a1 (197711, and EM1 (Ref Thorn-Emi (198111, t o  
der ive locations and rms errors. The system i s  
described more f u l l y  i n  the Project progress 
reports (1982a and 1982b). 

Many thousands o f  events were detected w i th  
one calculated maximum local  magnitude o f  0.6. 
Several hundred o f  the events were large 
enough t o  be seen on a surface seismometer 
network consist ing o f  e ight stat ions a t  r a d i i  
o f  1 km t o  6 kin. This surface network was 
operated by the Global Seismology Un i t  o f  the  
I n s t i t u t e  o f  Geological Sciences. 

The event maps are shown i n  Figures 11 & 12 i n  
the  section o f *  the hydraul ic kt imulat ion.  

* 

THE HYDRAULIC STIMULATION 

The purpose o f  the hydraul ic st imulat ion was 
t o  i n t e r l i n k  the  two wells t ha t  were 350 m 
apart v e r t i c a l l y  and 200 m hor izontal ly.  See 

Figures 6 and 7. The minimum earth stress was 
estimated t o  be 30 MPa a t  2000 m, meaning an 
e f fec t i ve  surface pressure o f  10 MPa o r  more 
would be required t o  open a favourably 
or ientated j o in t .  

The o f f se t  between the  j o i n t s  and the  stress 
d i rec t i on  i s  shown i n  Figure 5, meaning tha t  a 
pressure i n  excess o f  the  minimum earth stress 
would be required t o  open the  most favourably 
or ientated set. This pressure was calculated 
t o  be 16-18 MPa. Any one j o i n t  forming a 
d i r e c t  connection between the wel ls would need 
400 m' o f  f l u i d  i f  i t  was d i l a ted  t o  a width 
o f  1 mn over a c i r c u l a r  area centred on the 
i n jec t i on  point. There were between 5-10 such 
j o i n t s  w i th in  the open hole section and a 
minimum volume o f  4000 m' was thought 
necessary t o  achieve connection w i th  t h i s  
s i  mpl e mec hani sm . 
Figure 10 shows the pressure h i s to ry  on the  
i n jec t i on  well .  The pressure peak was reached 
a f t e r  3 hrs but the i n i t i a l  response on the 
production well ,  RH11, was a f a l l  i n  water 
leve l  and t h i s  continued u n t i l  the po in t  
indicated on the f igure.  The leve l  f e l l  by 
approximately 150 m i n  14 hrs before turning. 
The water level  then began t o  r i s e  a t  an ever 

PEAK =14.2 MPa (2060psi) 
CONNECTION TO 
PRODUCTION WELL 

I 

Y BREAKDOWN PUMP 

.. 
AVERAGE INJECTION 
RATE = 86 I/s (325Bbl/min). 

10 20 3b 
TIME IN HOURS 

Figure 10: Pressure h i s t o r y  on t h e  i n j e c t i o n  
we l l  dur ing st imulat ion 

.. 

e 
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accelerating ra te  and the well  was f i l l e d  
a f t e r  the pressure r i s e  was seen t o  be 
sustained f o r  4 hrs. 

A f te r  22 hrs  o f  pumping, the production wel l  
commenced f lowing and the surface pressure 
control  equipment was f i t t e d  t o  enable the  
pressure t o  r i s e  on the  well .  The high 
i n j e c t i o n  f low r a t e  was continued u n t i l  a 
t o t a l  o f  9000 m' (56 600 Bbl) had been 
injected. 

The surface pressure i n  R H l l  rose s tead i l y  and 
production was commenced when i t  had reached 
2.8 MPa (400 ps i ) .  The f l ow  declined rap id l y  
and 8 cycles o f  production and shut- in were 
used t o  determine i f  the  connection was 
improving. Eventually, a sustained 2 l / s  was 
produced f o r  24 hrs and no fu r the r  improvement 
was observed using t h i s  procedure. This period 
lasted 80 hrs and consumed a fu r the r  9000 m' 
t o  maintain a wellhead pressure o f  10.5 MPa. 
There were no s ign i f i can t  perturbations i n  the  
i n jec t i on  wel l  pressure as the  production f low 
from R H l l  was cycled. 

It was concluded tha t  there was no d i r e c t  
connection between the  two wel ls and tha t  
production was cont ro l led  by a d i f f u s i v e  zone 
fed by a "constant pressure" boundary w i th in  
the main structure. 

TOP 

VIEW IN 304' 
DIRECTION 

F 

During t h i s  e r iod  i t  had been established 
(see Figure 9P t ha t  the  major i ty o f  the  water 
i n  the i n jec t i on  wel l  had l e f t  the borehole a t  
the  shot zone despite the presence o f  natural  
f ractures elsewhere tha t  had accepted f l ow  a t  
low pressures. The conclusion was tha t  the  
lower Impedance ou t l e t  a t  the  shot had enabled 
a more sa t is fac to ry  widening o f  a natural  
j o i n t  set  i n  tha t  v i c i n i t y .  

The seismic events (see Figures 11 and 12) had 
been t r i gge r ing  the automatic acquis i t ion 
system a t  a ra te  o f  one every 5-10 secs and 
continuous in te rpre ta t ion  proved impossible. 
The two maps were not produced during the 
f rac tu r ing  but plan and borehole section p lo t s  
were used which gave the fa l se  impression o f  
an unstructured sphere o f  events about 350 m 
i n  radius. However, i t  was c lear  tha t  both 
we1 1s were completely enveloped by the seismic 
events and tha t  two th i rds  o f  them were from 
below the  reservoir  by as much as 600 m. 

RHll CASING 
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I I I I I I I 

m 
. A  
9 .  

I 

m 

Figure 11: A v e r t i c a l  sect ion through the  
seismic events a t  t h e  reservo i r  

Figure 12: A p ro jec t ion  o f  t h e  seismic events 
normal t o  the  main s t ruc tu re  

When the downward growth was iden t i f i ed ,  a 
study o f  the  shear stress gradient showed tha t  
shearing would indeed produce downward growth 
because the gradient was subhydrostatic. The 
f i r s t  c i r cu la t i on  resu l t s  showed tha t  water i n  
excess o f  the  TD temperature o f  the  production 
we1 1 was being produced, thus demonstrating 
tha t  heat t rans fer  was occurring i n  the  deep 
sections o f  the  region. 

The f lowing connections t o  R H l l  under 
i n j e c t i o n  condit ions were know but i t  was not 
possible t o  l og  i n  RHll under i n i t i a l  pro- 
duction because the  hydrophone s t r i n g  was 
posit ioned i n  the  well .  I t  was decided t o  try 
a short ( 2  h r )  h igh f l ow  r a t e  i n j e c t i o n  i n t o  
R H l l  i n  an attempt t o  form a d i r e c t  connection 



t o  the reservoir  and r i s k  the creat ion o f  a 
separate system from RH11. 

This i n jec t i on  was completed successfully and 
the  wel l  was put on immediate production f low 
a t  78 l / s  (29 Bbl/min) t o  f l ush  the j o i n t s  i n  
and around the well .  However, i t  was observed 
tha t  RH12's shut- in pressure dropped rap id l y  
during the 2 h r  pump i n t o  R H l l  but s tab i l i sed  
imnediately the i n jec t i on  t o  R H l l  ceased. This 
was taken t o  ind ica te  tha t  no d i r e c t  
connection was formed and, indeed, eventually, 
a f low o f  3.7 l / s  could be sustained f o r  
48 hrs, an increase o f  only 1.7 l / s .  
The production well ,  R H l l  , was then shut i n  
and a pressure o f  2.5 MPa was reached over a 
16 h r  period w i th  steady pumping i n t o  the 
i n jec t i on  wel l  a t  25 l /s.  The in jec t i on  f low 
ra te  was then increased rap id l y  but t he  r a t e  
o f  pressure increase on R H l l  decreased, 
showing tha t  the perverse inf luence had not 
been eradicated. The imp l ica t ion  was clear; 
much more energy was required t o  break down 
the  f i n a l  high impedance bar r ie r .  

It was decided t o  pump a nominal 100 l / s  i n t o  
RHl1 u n t i l  a s ign i f i can t  change was observed 
i n  RH12 o r  the  microseismic data indicated 
excessive upward growth from R H l l  . 
Figure 13 shows dP/dt o f  the  shut- in pressure 
on RH12. The ever decreasing f a l l  o f  dP/dt 
during the day i s  evident but, as the 
i n jec t i on  i n t o  R H l l  ceased, the  pressure 
started t o  r i se .  A t o ta l .  o f  3200 m' 
(20 100 Bbl) was in jec ted  but the pressure 
j u s t  rose s tead i l y  (maximum 11 MPa, 1600 ps i )  
and showed no signs o f  a breakdown. The 
in jec t i on  was terminated because a c lus te r  o f  
microseismic events were received w i th in  a few 
metres o f  the  casing shoe. 
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Figure 13: dP/dt a t  RH12 showing the  aarked 
r i s e  when pumping ceased on the  other we l l  

R H l l  was l e f t  shut- in and then pumping 
commenced again on RH12 a t  100 l / s .  Figure 14 
shows the wellhead pressure i n  R H l l  and note 
tha t  the pressure f a l l s  more slowly from 
7.8 MPa. This was j u s t  a t  the  po in t  when 
pumping ceased on the  other wel l  because o f  a 
weld fa i l u re .  

NCTE MARKED CHANGE OF 
SLOPE WHEF INJECTION 
CEASED ON OTHER WELL 

i ; ; i ; ; x  
TIME SINCE SHUT-IN (hrs) 

Figure 14: RHll wellhead pressure a f t e r  the 
3200 m' i n j e c t i o n  and before production 

Despite the'massive i n j e c t i o n  i n t o  R H l l  i t  was 
thought tha t  no d i r e c t  connection could e x i s t  
because o f  the  perverse nature o f  the pressure 
responses and i t  was decided t o  commence 
production on RH11 i n  an attempt t o  understand 
the mechanics o f  the connection t o  the  well .  
Figure 15 shows the wellhead pressure during 
t h i s  period; production drew the wel l  pressure 
down s i g n i f i c a n t l y  u n t i l  a pressure o f  approx- 
imately 3.8 MPa was reached. A t  t h i s  point, i t  
proved possible t o  hold the pressure reason- 
ably steady by increasing the  i n jec t i on  
f lowrate on RH12 and ra i s ing  i t s  pressure. 
This was the f i r s t  time tha t  there was an 
ind ica t ion  o f  a f lowing connection between the  
wel ls t ha t  was able t o  sustain a reasonable 
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and increasing f l ow  rate. The pressure d id  
decl ine i n i t i a l l y  during the  increase i n  
RH12's pressure but, thereafter, i t  remained 
steady. 
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Figure 15: RHll wellhead pressure dur ing 
i n i t i a l  production 

PRELIMINARY ANALYSIS 

a The stored volume 

The reservoir  region del ineated by the  micro- 
seismic events i s  1200 m high, 800 m wide and 
100 m th ick,  a volume o f  96 x 10' m'. The 
stored water volume was o f  the order o f  
40 000 m' which, therefore, would only require 
a 0.04% poros i ty  change t o  accomnodate i t  
w i th in  such a rock volume. This i s  the 
equivalent o f  a 0.4 nun d i l a t i o d m ,  which 
appears t o  be a r e a l i s t i c  value. 

b The se ismic i ty  

Microseismic a c t i v i t y  a f t e r  massive stim- 
u la t i on  has general ly decl ined but the  system 
i s  apparently pressure-sensitive because the  
event r a t e  increases rap id l y  when the  
i n j e c t i o n  we1 1 head pressure on RHl2 exceeds 
10.5 MPa. It i s  not c lear  whether o r  no t  the  

se ismic i ty  i s  re la ted  t o  the  absolute pressure 
value, o r  the d i f f e r e n t i a l  pressure across the  
wells. 

Figure 11 shows tha t  the major i t y  o f  the 
reservo i r  has been developed t o  the  North East 
o f  RH11, although there i s  considerable 
microseismicity a t  the base o f  the well .  This 
i s  i n  good agreement t o  the hydraul ic data 
which indicates tha t  the connection has been 
made by a tortuous path. 

c Ceochemistry 

The re tu rn  water has been sampled f o r  a su i te  
o f  ions and i t s  radon content has also been 
monitored. The data i s  inf luenced by the 
cement and d r i l l i n g  additives, but i t  would 
appear t o  imply tha t  the  residence t ime was of 
the order o f  5 days and could be reducing. No 
t racer  tes ts  have ye t  been run because o f  the  
lack o f  hydraul ic equi l ibr ium. 

d- Hydraulic data 

The most important observation t o  explain i s  
t he  perverse, repeatable and revers ib le  e f f e c t  
t ha t  increasing pressure on e i the r  wel l  causes 
the pressure t o  reduce on the observation 
well .  

There i s  only one mechanism tha t  can cause a 
reduction i n  pressure and tha t  i s  t ha t  an 
increase i n  avai 1 ab1 e storage volume occurred 
tha t  could not be fed by the  i n jec t i on  zone. 

Figure 16 i s  a graphical output from a f u l l y  
e x p l i c i t  computer code, FRIP, (Ref Cundall, 
19811, tha t  models the rock mass as d isc re te  
blocks tha t  can shear, deform and t rans la te  i n  
space. It supports the  hypothesis tha t  
d i l a t i o n  zones can form w i th in  a jointed, 
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Figure 16: The resu l t s  o f  the  reservo i r  
simulator code showing iso la ted  d i l a t i o n  zones 
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discontinuous rock mass simply because the 
conf in ing stresses are disturbed by the  
pressurised zone. 

The pos i t ion  of RHll i s  such tha t  the  major i t y  
o f  the openhole section i s  aligned i n  t h i s  
manner w i th  respect t o  the growing structure 
from RHl2. 

The impl icat ion o f  t h i s  modelling i s  t ha t  
seismici ty can be generated i n  regions not 
associated w i th  f l ow  from the  main structure. 
However, there i s  no evidence t o  support the  
converse argument tha t  f l ow  could occur 
without seismicity. 

Hydraulic access t o  these zones i s  dependent 
on generating f l ow  normal t o  the main 
structure and i t  w i l l  be essent ia l l y  d i f f u s i v e  
through t i g h t l y  shut jo in ts .  

During the c i r cu la t i on  t r i a l s ,  i t  was ten ta t -  
i v e l y  concluded tha t  the production wel l  
should be kept a t  s u f f i c i e n t  pressure t o  cause 
reasonable j o i n t  d i l a t i o n  and, hence, a 
reduction i n  i n l e t  impedance but not so high 
tha t  the d i l a t i o n  zones were affected 
adversely by causing a low d i f f e r e n t i a l  
pressure. It appeared possible t o  increase 
the f low ra te  from the production wel l  w i th  a 
much smaller decrease i n  pressure than had 
been observed a t  higher t o t a l  pressures. This 
confirms an observation o f  Tester (1981) tha t  
the impedance reduction caused by high back 
pressures was associated w i th  excessively 
res t r i c ted  f low and tha t  there was an optimum, 
but low, back pressure t o  be found. 

e The logging data 

The in jec t i on  well  f l ow  d i s t r i b u t i o n  changed 
markedly during the  f i r s t  few hours o f  
operation but i t  has remained stable since 
tha t  t ime. 

The re tu rn  f low pattern has changed both i n  
temperature and f l ow  rate. One o f  the most 
i n te res t i ng  observations was tha t  water was 
entering the wel l  a t  temperatures i n  excess o f  
the highest temperature observed i n  the wel l  
(+81"C). C i rcu la t ion  must be occurring below 
the wells and sweeping through ho t te r  rock. 

A l l  the re tu rn  points are a t  posi t ions tha t  
are known t o  have accepted water on i n jec t i on  
but the reverse i s  not true; some o f  the  low 
pressure i n jec t i on  zones d i d  not produce 
f l u i d .  

CONCLUSIONS 

A t  the time o f  w r i t i n g  t h i s  paper, most o f  the 
resu l ts  are only seven days o l d  and so i t  
follows tha t  any conclusions must be o f  a 
ten ta t i ve  nature. However, some o f  the  observ- 
at ions are i r re fu tab le .  

0 Reservoir growth has proceeded normal t o  the  
minimum horizontal stress and not along a 
known j o i n t  d i rect ion.  This confirms tha t  

the stress d i rec t ions  measured 10 km away i n  
a loca l  mine were o f  regional signif icance. 

.The marked stress anisotropy has been 
confirmed by the res t r i c ted  width o f  the 
seismical ly ac t i ve  zone. 

0 Seismic events were recorded w i th  we1 1 head 
pressures as low as 4.5 MPa, although there 
i s  a marked increase i n  events when wellhead 
pressures i n  excess o f  10.8 MPa are reached. 
The l a t t e r  f i g u r e  corresponds t o  the  
measured minimum horizontal stress. 

OTwo-thirds o f  the  reservoir  growth has been 
downwards and water i s  c i r cu la t i ng  through 
rock tha t  i s  ho t te r  than the  TD temperatures 
o f  the  wells. 

.A mechanism o f  induced, i so la ted  j o i n t  
d t l a t i o n  has been observed which caused 
pressure reductions i n  the  re tu rn  wel l  when 
the  reservoir  s t ruc tu re  i s  pressurized; the 
reverse e f fec t  was also seen when i t  was 
depressurized. It takes between 2 and 14 hrs 
f o r  the e f fec t  t o  diminish, implying tha t  
the  zones are t o t a l l y  i so la ted  from the 
reservoir  away from the  wells. 

.Reservoir growth has been contained w i th in  a 
structure 1200 m x 800 m x 100 m and 
ins ign i f i can t  f a r  f i e l d  losses have been 
ident i f ied .  

0 Explosive st imulat ion provides s u f f i c i e n t  
self-propped fractures a t  the wel l  bore t o  
al low hydraul ic st imulat ion t o  ac t iva te  
j o i n t s  more e f f e c t i v e l y  than those which are 
not t reated i n  t h i s  fashion. 

0 It i s  essential t o  p red ic t  accurately, o r  
measure, the i n  s i t u  stress f i e l d  a t  any 
po ten t ia l  HDR s i te .  The stress e f fec ts  
override the actual j o i n t  structure i n  
con t ro l l i ng  the reservo i r  zone. 

0 Seismic event r a t e  i s  associated w i th  the  
absolute value o f  the  pressure and i t s  ra te  
o f  change. Adequate st imulat ion f l ow  rates 
appear t o  be i n  excess o f  90 l/s a t  t h i s  
s i t e .  

0 The major i t y  o f  the  events o r ig ina te  from 
shear, s t r i k e - s l i p  motions w i th in  the  
reservoir  and are obviously associated w i th  
natural  j o i n t  ac t i va t ion  rather than any 
f rac tu r ing .  

Although the reservoir  system i s  supporting a 
continuing re tu rn  flow r a t e  (8 l / s  on 
24 November 1982 1 , wi th  an equal 1 y increasing 
downhole temperature, i t  may not be possible 
t o  achieve the designed 50 l / s  because o f  the  
suspected unfavourable borehole posit ions. 
However, the system w i l l  be hydrau l i ca l l y  
tested t o  i t s  l i m i t s  i n  the  programme t o  
understand the  heat t rans fer  aspects of the  
reservoi r. 

-_ 

-246- 



w 
. 

* 

dd 

ACKNOWLEDGEMENTS 

This work was funded by the UK Secretary o f  
State f o r  Energy, Contract No 
E/SA/CON/l15/173/017, and the  Comi ss i  on o f  
the European Comnunity, Contract No 
EG-D-2-003-UK( N1 . The support and encourage- 
ment o f  the two programme managers has ensured 
tha t  the operation has run smoothly. 

The resu l t s  reported here are the  product o f  a 
research team. This paper would not have been 
possible without the  dedication and commitment 
o f  a l l  concerned, and the author g r a t e f u l l y  
acknowledges the  contr ibut ions o f  the en t i re  
staf f .  

Much o f  the s t ra teg ic  planning f o r  the  
programme was based on detai led discussions 
w i th  the present and past s t a f f  a t  the Los 
Alams National Laboratory and the author 
expresses h i s  thanks f o r  t h e i r  support. 

A l l  the ideas expressed i n  t h i s  paper are 
personal opinions and are not necessari ly 
endorsed by the  UK Secretary o f  State o r  the 
Comnission o f  the European Comnunities. 

REFERENCES 

Armstead H C (19791, "Geothermal Energy" 
London: Spon, 1979, 356 pp. 

Batchelor A S (19781, "The granites o f  South 
West England and t h e i r  engineering propert ies 
re la ted  t o  possible d ry  rock geothermal 
exploitat ion", Nordic Symposium on Geothermal 
Energy, Gothenburg, Sweden, 1978, pp 15-31. 

Batchelor A S, Pearson C H, Halladqy N P, 
(19801, "The enhancement o f  the permeabil i ty 
o f  g ran i te  by explosive and hydraul ic 
f ractur ing",  paper presented a t  the  2nd 
Internat ional  Seminar on the  resu l t s  o f  the  
EEC Geothermal Energy Research (EUR 68621, 
Dordrecht, Holland, 1980, 28 pp. 

Batchelor A S (19821, "The c rea t ion  o f  hot d ry  
rock systems by combined explosive and 
hydraul ic f ractur ing".  I n  Internat ional  
Conference on Geothermal Energy, Florence, May 
1982. Papers BHRA F lu id  Engi neeri ng , 
Cranfield, Beds, Vol 2, 1982, pp 321-342. 

Bergin N .K, Tovey N P (19801, "A survey o f  
j o i n t  or ientat ions i n  the Rosemanowes area of 
the Carnmenell i s  grani te" . Camborne School o f  
Mines Geothermal Energy Project, 1980, 53 pp. 

Beswick A J (19821, "Well D r i l l i n g  and Casin 
Volume 1 Sumnary Report", CSM Geotherma! 
Energy Project, 1982, 31 pp, (Rep 2-15). 

Beswick A J, Forrest  J (19821, "New low-speed 
high-torque motor experience i n  Europe", 
Society of Petroleum Engineers o f  AIME, 1982, 
16 pp, (SPE-111681. 

Bo t t  H, Day A, Masson-Smith D (19581, "The 
geological in te rpre ta t ion  o f  g rav i t y  and 

magnetic surveys i n  Devon and Cornwall'. Ph i l  
Trans Roy SOC, V251A, pp 161-191. 

Bo t t  H, Scott  P (19641, "Recent geophysical 
studies i n  South West England". I n  Present 
views o f  some aspects o f  the geology o f  Devon 
and Cornwall, Hosking/Shrimpton, Eds, Pub Roy 
Geol SOC Cornwall, 1964, pp 25-43. 

Bo t t  H. Holder A, Long R, Lucas A (19701, 
"Crustal structure beneath the granites o f  
South West England". I n  Mechanism o f  Igneous 
Intrusion, Liverpool, pp 93-102. 

B m l e y  A (19761, "Granites i n  mobile bel ts,  
the  tectonic se t t i ng  o f  the Cornubian 
bathol i th" .  Journal o f  Camborne School o f  
Mines, Vol 76, 1976, p f  40. 

Camborne School o f  Mines Geothermal Energy 
Project  (1982a1, "ai-monthly information 
c i r cu la r :  Report o f  A c t i v i t i e s  Dec 81-Jan 82 
(81". 

Camborne School o f  Mines Geothermal Energy 
Project  (1 982b 1, "B i  -monthly informat i  on 
c i rcu la r :  Report o f  A c t i v i t i e s  Jun 82-Jul 82 
(1 1 1 .I8 

Cundall P (19811, "FRIP - Users Manual", 
Internal  Report, Camborne School o f  Mines, 
Cornwall, England, Oct 1981, 24 pp. 

Dechman 6 H. Sun H C (19771, " I t e r a t i v e  
approximati on techniques f o r  microseismic 
source location", US Bureau o f  Mines, RI8254, 
23 PP. 

Exley C, Stone H (19641, "The g r a n i t i c  rocks 
o f  South West England". I n  Present views o f  
the geology o f  I Devon and Cornwall, 
Hosking/Shrimpton, Eds, Pub Roy Geol SOC 
Cornwall, p f  131. 

Hosking K (19493, "Fissure systems and 
mineral i sat ion i n  Cornwall 'I. Trans Roy Geol 
SOC Cornwall, V18, pp 949. 

Hosking K (19641, "Perm-carboniferous and 
l a t e r  primary mineral isat ion." I n  Present 
views o f  the geology o f  Devon and Cornwall, 
Hosking/Shrimpton, Eds, Pub Roy Geol SOC 
Cornwall, pp 201 -244. 

Lee U H K, Lahr J C (19751, "HYPO 71 
(revised): A computer program f o r  determining 
hypocentre, magnitude and f i r s t  motion pattern 
o f  loca l  earthquakes", US Geological Survey, 

' Open-File Report 75-311, Menlo Park, Ca l i f ,  
114 pp. 

H i l o r a  S J. Tester J U (19761, "Geothermal 
energy as a source o f  e l e c t r i c  power", t he  MIT 
Press, 1976, Cambridge, Mass. 

Parsons C (19191, "Presidential Address t o  the  
B r i t i s h  Association f o r  the Advancement of 
Science", Annual Report f o r  1919 o f  the B r i t  
Assoc f o r  Advmt o f  Sci, pp 3-23. 

-247- 



Pine R J, Tunbridge L Y. Kwakwa K A (1982a1, 
" In  s i t u  stress measurement i n  the Carn- 
menell is granite: 1 - Overcoring tes ts  a t  
South Cro f ty  mine a t  a depth o f  790 m." 
Internat ion Journal o f  Rock Mechanics and 
Mining Sciences. Submitted Sept 1982. 

Pine R J, M e r r i f i e l d  C H. Ledingham P (1982b13 
" I n  s i t u  stress measurement i n  the Carn- 
menell is granite: 2 - Hydrofracture tes ts  a t  
Rosemanowes Quarry t o  depths o f  2000 m." 
Internat ional  Journal o f  Rock Mechanics and 
Mining Sciences. Submitted Sept 1982. 

Smith H C (19751, "The po ten t ia l  f o r  the 
production o f  power from geothermal 
resources", Los Alamos Sc ien t i f i c  Laboratory 
Report, LA-UR-73-926, 1975. 

Smith PI C (19781, " I n i t i a l  resu l ts  from the  
f i r s t  Los Alamos hot d ry  rock energy system". 
I n  Nordic Symposium on Geothermal Energy, 
Gothenburg, Sweden, 1978, pp 151-158. 

Smith H C, Ponder 6 H, editors, (19821, "Hot 
Dry Rock Geothermal Energy Development Program 
Annual Report Fiscal  Year 1981", Los Alamos 
National Laboratory, NM, (LA-9287-HDRI . 

Tester J (1981 1, Priv. Com. 

Thorn-EM1 Electronics L t d  (1981 1, "A general 
algori thm f o r  sensor po in t  observers", Doc Ref 
MS/G/113, I ss  1, Camberley Division, Surrey, 
UK, 18 pp. 

Wheildon J, Francis M, Thomas-Betts A (19771, 
" Invest igat ion o f  the  South West England 
thermal anomaly zone", Seminar on Geothermal 
Energy, Brussels, Dec 1977, Pub EEC, EURO 
5920, pp 175. 

c 

-248- 




