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ABSTRACT high flow resistance paths. This reservoir  model, 
a more pessimistic one because the heat must 

The hypocenter locations o f  micro-earthquakes pr imar i ly  be transported t o  the few fractures by 
(acoustic emissions) generated during f ractur ing i n e f f i c i e n t  sol i d  rock conduction, i s  referred t o  
t y p i c a l l y  are d i s t r i b u t e d  three-dimensional ly as the planar model and I s  sketched i n  Fig. lb.  
suggesting that  f ractur ing stimulates a volumetric 
region, r a t h e r  than t h e  p lanar  f r a c t u r e  To examine which o f  these models i s  more 
t h e o r e t i c a l l y  expected. I n  t h i s  paper t h e  appropr ia te c o r r e l a t i o n s  were sought between 
hypocenter naps generated a t  s i x  operating, o r  i n j e c t i o n  volume and t h e  dimensions o f  t h e  
potential, HDR reservoirs i n  the US., Europe and fractured rock volume determined by microearth- 
Japan are examined i n  deta i l  and the fracture quake ma ping a t  several HDR reservoirs. If a 
dimensions are correlated wi th  f racture In ject ion 
volumes and formation permeability. Despite the then the volume o f  the fractured region should 
volumetric appearance o f  the maps we i n f e r  t ha t  scale l i nea r l y  wi th i n jec t i on  volume, whereas, f o r  
the induced fractures are mainly planar and may a planar f ractur ing model, the area should scale 
propagate aseisnically. The induced seismicity wi th  i n jec t i on  volume. 
stems from nearby j o i n t s  which are not opened 
s ign i f i can t l y  by fracturing, but are caused to Data from s ix  HDR reservoirs was reviewed, 
shear-slip because o f  local  pore pressure. including fractur ing experiments i n  both the Phase 

I and Phase I 1  Fenton H i l l  reservoirs, the Phase 
11 Rosemanowes reservoir2 i n  Cornwall , England,' 
Falkenberg i n  W. Germany, Le Mayet de Montagne i n  

INTRODUCTION France3 and Yakedake, Japan." The formations 
involved consist pr imar i ly  o f  hard c rys ta l l i ne  

Hydraulic f ractur ing i s  used ever increasingly rocks l i k e  granite, but  the Yakedake formation 
t o  stimulate conventional hydrothermal reservoirs consists o f  s late and very competent sandstone, 
and t o  create Hot Dry Rock reservoirs. The forma- wi th  1 t o  2% porosity. Reservoir depths range 
t ions are of ten dense competent rocks which have from 200 t o  4250 m; f ractur ing pressures vary from 
p re -ex i s t i ng  f ractures,  1.e.. na tu ra l  j o i n t s .  4 t o  48 MPa as, measured a t  the wellhead, and 
Consequently questions ar ise about the appl icabi l -  i n jec t i on  volumes range from 5 t o  40,000 1113. 
I t y  o f  conventional f ractur ing theory which i s  Ordinary water was used as the f ractur ing f l u i d  
based upon homogenous e last ic  solids, to hetero- wi th  the exception o f  Le Mayet, where a sand and 
genous and discontinuous geological media. gel led water mixture was used. 

t r u l y  vo P umetric reservoir were t o  be created, 

For several  years i nves t i ga to rs  have been 
struck by the dual nature o f  the f racture systems 
created a t  h o t  dry  rock reservo i rs .  The 
microearthquake hypocenters located during the 
f r a c t u r i n g  experiments are d i s t r i b u t e d  i n  
three-dimensional space, often described as micro- 
seismic *clouds*, and suggest t h a t  huge volumetric 
regions o f  rock are opened by fracturing. This 
model o f  t he  reservo i r ,  an o p t i m i s t i c  one 
regarding the amount o f  heat to be recovered, i s  
ca l led the volumetric f ractur ing model, and i s  
sketched i n  Fig. la. However, pressurization and 
flow experiments conducted a f te r  the f ractur ing 
operations suggest that  reservoirs consist o f  a 
d i sc re te  number o f  p lanar  f ractures.  These 
discrete fractures are the main water conduits, 
but  sane in ter f racture c o r n m u i t i o n  i s  afforded 
by natural jo ints.  The natural j o i n t s  are more 
t i g h t l y  closed than the main fractures and so are 

A l l  f racture dimenslons uere taken from micro- 
seismic maps o f  the hypocenters determined f o r  
each experiment. Some degree o f  judgment i s  
required I n  defining dimensions from the micro- 
seismic "cloud" - occasionally several hypocenters 
f a l l  outside the main clustering, and i n  these 
cases the o u t l y i n g  hypocenters were excluded. 
Because o f  the subjectiveness involved, i t  ? s  
est imated t h a t  each seismic dimension has an 
unce r ta in t y  o f  i25X. Despi te the volumetr ic 
nature o f  the *clouds*, none i s  actual ly spheri- 
cal. A l l  can be characterized as e l l ipso ida l  , wi th 
three axes - major, intermediate, and minor. With 
the exception o f  Fenton H i l l  f ractur ing experi- 
ments 2012 and 2016, the width i s  a horizontal 
dimension. The other two axes are referred t o  as 
the down-dip and along-strike dimensions. The 
microseismic maps o f  Expts. 2012 and 2016 suggest 
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Murphy e t  a l .  

Figure la. 
Volumetric Fracturing Model 

f racture zones dlpping a t  45 ; however a l l  other 
f racture experiments exhiblted microseismic clouds 
wi th  a t  least  one axis, e i ther  the major or the 
intemediate one, which i s  approximately vert ical .  
A t  Fenton H i l l  t he  s t r l k e  bear ing has been 
generally north. 

I n  both Fenton H i l l  reservoirs the down-dip 
dimension ranges from 50% t o  100% o f  the along- 
s t r i k e  dlmension, (averaging 60%). w i t h  the  
notable exceptions being the 45 zones o f  Expts. 
2012 and 2016, where the dip dimension I s  roughly 
twlce the s t r i ke  dimension. The width a t  Fenton 
H i l l  has t y p i c a l l y  been one-half the s t r l k e  
dimension. 

During the Rosemanowes fractur ing experlments 
i n  Cornwall i t was observed tha t  the fractures 
grew preferent ia l ly  downward, extending about 1 km 
below the i n jec t i on  w e l l ,  and only 0.4 km above. 
Consequently the down-dip (ver t ica l  1 dimension a t  
Rosemanowes i s  t yp l ca l l y  twlce the along-strike 
dimension. The width i s  about h a l f  the s t r i k e  
dimension and the s t r i ke  bearing I s  N 50 U, which 
i s  nearly perpendicular to the measured d i rect ion 
o f  the minimum compressive earth stress and 15 t o  
30 west o f  the or lentat ion o f  a major set  o f  
natural ver t ica l  jo in ts .  

A t  Fatkenberg and Yakedake the dip and s t r i k e  
dimensions are roughly equal and the width i s  
again roughly h a l f  the s t r i ke  dimension. 

.. 

- 

Figure lb .  
Planar Fracturing Model 

CORRELATING THE DATA W I T H  THE 
PLANAR FRACTURING MODEL 

Figure 2 I s  a log-log p l o t  o f  i n jec t i on  volume 
versus selsmlc area. The area o f  the seismic zone 
was computed as tha t  o f  an el l ipse, V 4  times the 

roduct o f  the two largest axes, the down-dip and P ong-strike dimensions. A l i nea r  correlation, as 
required f o r  the planar f ractur ing model, should 
resu l t  i n  a s t ra ight  l i n e  wl th  u n i t  slope, and the 
intercept o f  t h i s  l i n e  1s related t o  b, the water 
In jected per u n i t  f racture area. Apart from the 
Rosemanowes data, which w i l l  be taken up la ter ,  a 
l i nea r  correlat ion does exist, and the dashed 
l i nes  whlch encompass the remaining data suggest 
that  b ranges from 4 t o  20 mm. To determine i f  
t h i s  range o f  values i s  I n  reasonable accord wi th  
expected values we examine the separate components 
o f  b, t ha t  pa r t  due t o  the f racture aperture 
i t s e l f ,  then the pa r t  due to permeation. 

Fracture Aperture. Geertsma and de Klerk '  
determined for a c i r cu la r  fracture o f  radius R, 
t ha t  the aperture 6 was: 

6 [ ~ C ~ R I , . . ~ ' ~ ~  (11 

where u I s  f l u i d  viscosity, q I s  In ject ion flow 
rate and G I s  the rock shear modulus, whlch can be 
approximated as 30 GPa, A t  a typical  i n jec t i on  
teqerature,  50 C, the viscoslty o f  wa te r  i s  5 x 
10 Paws. A t y p i c a l  I n j e c t i o n  r a t e  dur ing 
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Figure 2. 
Correlation o f  seismic area wi th  i n jec t i on  volume. 

f ractur ing i s  50 LIS  (19 BPM), so that  taking R = 
400 m (a t y p i c a l  i n t e r w e l l  spacing f o r  HDR 
reservoirs), 6 i s  1.0 mn. Fracture apertures 
derived from measurements o f  modal volumes and 
heat transfer area i n  the Fenton Hi11 Phase I 
reservoir have ranged from 1.7 t o  4 I n  view 
o f  the uncertainties i n  deriving the value 6 = 4 
m from the minimum value o f  b I n  Figure 2 the 
number o f  fractures must be regarded as rather 
specblative, but  it appears that  only one to, a t  
most, four main fractures were propagated. 

Equation (1) i nd i ca tes  t h a t  t he  average 
fracture aperture varies mi ld ly  otiifh the fracture 
radlus because 6 scales w l t h  R , and appro 
mating R as d m ,  then 6 scales as (area) 
and the nject ion volume should actual ly scale as 
(area) 9/?3 r a t h e r  than l i n e a r l y .  A d e t a i l e d  
examination o f  Figure two  indicates that  there I s  
enough scatter I n  the data to support t h i s  scaling 
law; therefore the planar f ractur ing model i s  not 
invalidated. Furthermore t h i s  s l i g h t  correction 
I s *  required only f o r  that  pa r t  o f  b d i rec t l y  
responsible f o r  the fracture aperture, 6. The 
remainder o f  b i s  due to permeation which, as w i l l  
be discussed, does resu l t  i n  l i nea r  In jec t i on  
vol ume-area s c a m  

Permeation. The remainder o f  b i s  a t t r ibutable t o  
m u t d  losses due to permeation o f  the rock sur- 
rounding the main fra$ture(s). Using Darcy's law 
i t  can be shown that: 

?I; 

b m 6 = 4 P p  (2) 

where k i s  permeabi l i ty ,  AP i s  the downhole 
pressure change, t I s  f ractur ing duratiopi andl B 
i s  the compressibility taken as 2.7 x 10- Pa' , 
which I s  a reasonable estimate f o r  a l l  the HDR 
reservoirs. Uslng the appropriate values, the 
ermeablllty was computed fo r  each experiment. ! he Fenton H i l l  reservoirs have formation permea- 

b i l i t i e s  on the order o f  1 a; Rosemanowes Is of 
order 0.3 t o  0.5 BID, and the Falkenberg reservolr 
I s  about 3 mD. The values a t  Le Mayet, 6 mD, and 
Yakedake, 10 uD, must be considered as much more 
speculative because o f  the assumptions required 
regarding the viscosi ty o f  the f l u i d  used (Le 
Mayet) and the  format ion compress ib i l i t y  
(Yakedake). Huch o f  the permeability var iat ion Is 
probably due t o  depth d i f ferences,  1.e. t he  
natural j o i n t s  which account f o r  almost a l l  the 
pe rmeab i l i t y  i n  dense rocks are more t i g h t l y  
closed a t  greater depths and pressures. 

For comparison purposes Fisher and Tester6 
found from flow test ing and thermal drawdown that  
t he  pe rmeab i l l t y  o f  t he  Fenton H i l l  Phase I 
reservoir  ranged from 0.1 t o  1 uD, i n  very good 
agreement wi th  the value derived here. 

Pulse in ject ion hydraulic tests  a t  the very 
- shallow Falkenberg reservoirB showed tha t  when 

depth i n t e r v a l s  were i s o l a t e d  which excluded 
natural jo in ts ,  then k was as low as 0.1 t o  1 uD, 
b u t  when j o i n t s  were present k was 3 mD. 
Fracturing creates a large surface area which i s  
l i k e l y  t o  intersect many jo in ts ,  so as expected 
our value agrees w e l l  w i t h  the values f o r  
Intervals wi th  jo ints.  

3 
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Correlation of seism& and injection volumes. 

CORRELATING THE DATA YITH THE 
VOLUMETRIC FRACTURING MODEL 

Figure 3 i s  a log-log p lo t  o f  in jec t ion  
volume, V i n  , versus seismic volume V,. The 
seismic vofume vas computed a s  t h a t  of an 
ellipsoid, which i s  the area of the previous 
section times two-thirds the width. Assuming that  
the injected water is stored w i t h i n  the seismic 
volume, the volumetric fracturing model requires a 
linear correlatiun. Such a correlation results In 
a straight l ine w i t h  u n i t  slope, and the intercept 
o f  the l ine is related to  the total  porosity, 0 .  
as 

r 
0 
E 
E P 

Rosemanowes i s  9 x lo4, i n  good agreement w i t h  
the value expected from pressurization o f  the 
natural porosity. The value of 4 for experiments 
2018 and 2020 i s  2 x a factor of f ive lower 
than BAP, so the Injected volume could have been 
absorbed by the natural porosity i n  these experi- 
ments a lso.  Evaluating these experiments 
according to  a volumetric fracturing model is 
r t l l l  supported t o  a degree by the fact  that  the 
pertinent seismic clouds do not show any obvious 
planar features. 

' inj  * OVs (3) 

The data In Fig. 3 i s  too scattered, requiring 
a variation In 4 of two orders of magnitude, to 
support a single l inear correlation for a l l  exper- 
iments. However the data for Rosemanowes and the 
Fenton Hill upper phase I1 reservoir experiments 
2018 and 2020 could be forced on indiv idua l  linear 
correlations as indicated by the bold l ines In 
Figure 3. The inferred t o t a l  porosity f o r  

. 

A nonlinear correlation. However, the seismic 
clouds for the Fenton Hill experiments 203, 195, 
2012, 2016 and Falkenberg 790CT17 do show one or  
more preferred planes upon which the hypocenters 
are arranged. Referring t o  Figure 3 there does 
appear t o  be a nonlinear correlation for these 
l a t t e r  experiments as suggested by the dashed 
line: 

2 /3 
" i n j  O V s  (41 

where a I s  the Indication for proportionality. As 
Vs  was defined ear l ier  as the seismic area, A, 

. 
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times two-thirds o f  the width of the selsmlc zone, 
Y, and because we showed ea r l i e r  t ha t  A a Ylnj, 
equation (3)  implies t h a t  

(5) 

For much o f  the data I n  Fig. 3 the f ractur ing 
i n j e c t i o n  r a t e  was very rough1 constant, SO 
equation (5) simply l m  l i e s  that  d e  seismic width 
I s  proportional t o  &. This I s  the di f fusional  
relationship, SO the correlat ion given by the 
dashed-line fit to the data confirms the planar 
f ractur ing model developed earlier. 

SHAPE OF MICROSEISMIC ZONES 

Despl t e  t h e  volumetr ic appearance o f  t he  
microseismic zones, It was shown tha t  f ractur ing 
usually resul ts  I n  the formation o f  a single, o r  
a t  most, a few discrete, planar hydraulic frac- 
tures. Ulv then the appearance o f  microearthquakes 
i n  large extended volumetric zones? The9 best 
explanation appears to be due t o  Pearson, who 
argues tha t  the permeation o f  f ractur ing f l u i d  
away from the main fractures, along existing, but 
s t i l l  t i g h t l y  closed natural jo ints,  resul ts  i n  a 
pore pressure Increase i n  these jo ints.  Using the 
usual Whr c i r c l e  analysis wi th  a Coulomb-Mohr 
shear fa i l u re  cr i ter ion,  the pore pressure reduces 
the ef fect ive stress normal to the j o i n t s  u n t i l  a 
l o c a l l f e d  f a i l u r e  occurs. Numerical ca l cu la -  
t ions show that  natural j o i n t s  which are not 
aligned wi th  the pr incipal  earth stress directions 
are most prone t o  fa i lure,  resul t ing i n  a local  
shear-s l ip  microearthquake, w i  t h  dimensions 
comparable t o  the j o i n t  spacing. This loca l  
f a i l u r e  I s  consistent wi th  the microearthquake 
spectra, which indicate rupture r a d i i  o f  one t o  a 
few meters. 

Fai lure cannot occur a t  distances from the 
main fractures which are greater than the distance 
to which the pore pressure diffuses, SO the micro- 
seismic migration i s  l im i ted  t o  the diffusion 
d i  stance, 

where K i s  the hydraulic d i f f us l v i t y ,  kl(u8). 
Using t h e  Fenton H i l l  values p rev ious l y  
determined, k = IUD, p =  1.2 x 10" Pa.s, and B =  
2.7 x 10-11 Pa-$ a ten hour experiment resul ts i n  
L =10 m, and a 100 hour experiment y ie lds L .I 30 

m. However, these estimates are considerably less 
than the seismic widths. The explanation f o r  t h i s  
discrepancy l i e s  i n  the s t a t i s t i c a l  nature o f  the 
jo in ts .  When a spectrum o f  j o i n t s  wi th  various 
apertures i s  present, t he  water l o s s  from a 
fracture i s  given by the sum o f  the permeabil it ies 
o f  a l l  the j o i n t s .  Thus the  pe rmeab i l i t i es  
der ived e a r l i e r  represent t h e  average 
permeabil ity: 

(7) 

where <a3> i s  the average o f  the cubes o f  a l l  
j o i n t  apertures, and s i s  the j o i n t  spacing. 

Murphy e t  al .  
The d i f f u s i o n  o f  f r a c t u r e  f l u i d  along an 

Indiv idual  j o i n t  w i l l  be I n  accordance wi th  the 
permeability o f  that  par t icu lar  jo in t ,  not the 
average jo in t .  Consequently the outer l i m i t s  o f  
the microseismic zone are control led i n  large 
degree by the j o i n t s  wi th  the  larger apertures. 
The d i s t r l bu t l on  o f  j o i n t  apertures, which i s  
usually log-normal?* accounts f o r  the unusual 
temporal d is t r ibut ion o f  microearthquakes. One 
of ten observes ear ly i n  an experiment tha t  some 
microearthquakes occur f a r  from t h e  i n j e c t i o n  
point ,  presumably along j o i n t s  w i t h  l a r g e  
apertures, and l a t e r  some events occur much 
closer, along j o i n t s  more t i g h t l y  closed. 

To i l l u s t r a t e  the point  more quant i tat ively 
assume tha t  s i s  10 m. Then i f  a l l  j o i n t s  had 
constant a, and k = 1110, as a t  Fenton H i l l ,  then 
from equation (71, a must be only 5 pm, which i s  
extremely small. Many j o i n t s  must have apertures 
many times greater. Suppose several j o i n t s  are ten 
times as large, then the Individual permeability 
o f  such j o i n t s  would be 1000 times greater, and 
from equation (6) the d i f fus ion distance would be 
30 times greater, SO t ha t  a ten hour experiment 
would resu l t  I n  I = 300 m. Notice tha t  these 
larger  j o i n t s  would have apertures o f  50 Urn, which 
would s t i l l  be considered qui te small, par t icu lar -  
l y  I n  comparison t o  the main f racture apertures. 

Where are the Main Fractures? Somewhere 
wi th in  the microseismic zones are hidden t h e  main 
fracture(s1. They are hidden because they are 
aseismic, o r  a t  least  no more seismically act ive 
than the  microearthquakes t r i g g e r e d  by pore 
pressure diffusion. An obvious explanation f o r  
the aseismlcity i s  that  the main fractures are 
caused pr imari ly by tensile, rather than shear 
fa i lure.  From typical  seismic dimensions and 
durat ions i t  can be shown t h a t  t h e  average 
fracture propagation veloci ty I s  o f  the order o f  
0.01 m/s,  n e g l i g i b l y  small compared t o  t h e  
Rayleigh o r  sound ve loc i tes ,  so the  f a i l u r e  
process I s  not an energetic one. It i s  qu i te  
l i k e l y  tha t  the process may be an episodic one, 
1.e. a sudden, short propagation wi th  Velocity 
comparable to the Rayleigh velocity, followed by a 
quiescent period while the f l u i d  catches up and 
re-pressurizes the fracture, but  the energy i n  
each episode I s  evidently no more pronounced than 
t h e  nearby shear f a i l u r e s .  Furthermore, t he  
propagation referred t o  here i s  probably not t rue 
tens i le  rupture o f  v i r g i n  rock but merely the 
opening o f  those natural j o i n t s  wi th  planes most 
nearly perpendicular to the m!nimum earth stress. 
I n  other words, hydraulic fracturing" I s  the 
preferent ia l  stimulation, I.e., opening o f  those 
j o i n t s  more o r  less continuous which are most 
perpendicular t o  S3. The opening o f  these jo in ts ,  
along which there are no s ign i f icant  components o f  
shear stress, would indeed be expected t o  be quiet  
compared t o  the j o i n t s  inc l ined t o  the earth 
stresses, which, when p a r t i a l l y  stimulated by pore 
pressure increase, s l i p  i n  shear, creating the 
microearthquakes. 
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Murphy et  al .  
CONCLUSIONS 

Fracturing In jo ln ted  rock masses usually 
results i n  the opening of one, or  a t  best, a dls- 
Crete number of planar f rac tures ,  even i n  
extenslvely jolnted rock formatlons. Despite the 
vol umetrlc, three-dlmenslonal appearance of the 
microearthquake maps, truly volumetric fracture 
networks are not created. The three-dimensional 
appearance of the selsmiclty i s  caused by water 
dlffuslon along existing natural joints,  which 
unlike the main fractures are not significantly 
opened by fracturlng. The evidence cited fo r  
these claims I s  as follows: 

(1) The area, not the volume, of the fractured 
zone scales l lnearly u l t h  the lnjectlon volume 
for  most experlsents. 

(2) For shor t  duration experiments the  f l u i d  
injection volume per u n i t  area, b, should be 
equivalent to the fracture aperture. The 
experimental values so determined are w i t h i n  a 
factor of two of theoretical estimates. 

(3) For the longer duration experiments b I s  
greater, b u t  this I s  accounted for  by f l u i d  
permeation along the natural jolnts. In- 
creased b was used t o  Infer  formatlon 
permeablllties and these were i n  remarkable 
accord, w i t h  each of four reservolrs havlng 
cons is ten t  values of k f o r  multiple 
experiments. The absolute values are In good 
agreement w i t h  other measurements. 
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