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One of the key variables involved in the understanding of deformation processes of
the crust is stress. Because stresses are an essential boundary condition to many an
applied engineering problem, be it mining, civil or petroleumn, most techniques for
determining stresses at depth have involved measurements in boreholes. But deformation
processes in the crust involve depths that are generally not accessible to boreholes.
Hence, methods based on remote observations are being developed for determining the
stress field at depth greater than a few kilometers. Presently two methods are being used
routinely, the analysis of shear wave polarization (shear wave splitting analysis) and the
inversion of double couple focal mechanisms.

This presentation first recalls some elementary principles for stability analysis. Then
two methods of fault plane solution inversions are presented. Examples where they have
been applied are discussed. They help precise conditions that must be satisfied for the
methods to be valid. It is shown that, when applied to microseismicity induced by fluid
injections, they may help to map the pore pressure field. An example chosen from a
geothermal field located on a creeping segment of the Philippine fault shows that this
fault segment is normal to the regional minimum principal stress direction.

1.Elementary failure criteria for the crust
(Typing convention: bold letters are vectors, bold letters underlined by tilde are tensors)

1.1 the stress vector and the Mohr representation
The stress vector is defined by:

t=gn, H
t is the stress vector acting on a surface element S, with normal n and unit area, on which
exists at all points the stress tensor 0. In this expression, the unit area is assumed to be
small as compared to distances for which stress variations are significant so that stress
gradients may be neglected. Hence, all components of the stress tensor are constant.
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The stress vector has a normal component, (called the normal stress (scalar)) :
Cn=gn.n 2)
and a shear component (vector):

1:=gn—(cn.n)n 3)



The stress tensor G is symmetrical when there exists no moment in any small volume
of the body under consideration. Hence it is characterized by six components, i.e. o; ,
with i, j = 1,2,3, the components in any frame of reference, or its eigen values ( oy , G, ,
63, with the classical convention 63 < 02 < G ) and its eigen vectors ey, €z, e3 . The eigen
vectors are defined by three independent angles, called the Euler angles, namely y , @
and 6. y and @ correspond to the azimuth and dip of e; in the frame of reference (defined
by the unit vectors Iy, I, I3, which may be the geographical frame of reference so that
North is I;, East is I , and I is vertical positive downward). Once the frame of reference
has been rotated so that I; becomes e; and I, becomes I’ , 0 is the rotation about e;
which brings I’ parallel to e; . 9 e \

\'

For n parallel to any eigen vector, T = 0 . Given that ¢, and l'c f vary with the
orientation of n, the set of all couples of values o, and "t | corresponds to the area
limited by the three Mohr circles as shown on figure 1.

Figure 1 : The Mohr Circles. Each circle corresponds to the set of values for 6, and |1: |
when n is perpendicular to either ey, e; or es.

When n is perpendicular to e; , the values for ¢, and I‘c | are :
0,=(01+03)/2 + [(06;- 63)/2)cos (2P) 4
It | =1 - 63)/2] sin(2P) (5)

where f is the angle between the normal n and e; (see figure 1)



The rock mass is globally in equilibrium (i.e. in between slip events, whether seismic
or aseismic), so that the stress components must satisfy the equilibrium equation:

Ciji + pb; =0;1,j=13 (6)

with b = g§;3 I, the gravity, and p the rock density. Typically, for rocks, the vertical
component of the vertical stress gradient is of the order of 2 to 3 mPa per 100 meters.

1.2. Stress failure criteria for rock masses submitted to compressive stresses

A rock mass involves both, intact rock volumes and preexisting fractures and faults.
Hence failure criteria must address both the failure of intact rocks and that of preexisting
weakness planes.

1.2.1 Criteria of failure for intact rocks

Once the minimum principal stress gets larger than 2 to 5 mPa, failure in
compression involves the formation of macroscopic shear zones. Various stress criteria
have been proposed to characterize the stress condition that must be met for these shear
zones to appear.

The Tresca criterion.
(0' 1t - 03 ) = K (7)

The Tresca criterion assumes that failure occurs when the maximum differential
stress in the material reaches a critical value, which is independent of the minimum
principal stress magnitude. Note (see the Mohr representation on figure 2) that this
assumes that the corresponding shear zone is inclined 45 ° to the maximum stress
orientation. Laboratory work has shown that for rock, this is valid only for very soft
material like clay or salt, or for stress and temperature conditions which, for most rocks,
correspond to depths greater than 20 km. It is not valid for seismicity observed in the
upper 10 to 15 km.

The Coulomb criterion and the Mohr envelope
It =pow + Co (&)

W is called the internal friction angle and Co is called the cohesion. This criterion has
been found to be valid for limited stress domains. For large stress domains the so-called
friction angle decreases as the minimum principal stress increases. It gets close to 0 when
both the minimum principal stress and the temperature gets large so that the criterion of
failure gets close to the Tresca criterion (see figure 2). Hence the failure criterion is not
represented by the simple linear law proposed by Coulomb but may be approached by a
parameterization of the so-called Mohr envelope. This envelope corresponds to the set of
values for !'c | and o, for which failure occurs. It is often assumed to be independent
of the intermediate principal stress magnitude, so that failure surfaces are assumed to be
parallel to the intermediate principal stress direction. However recent laboratory work, in
particular by Haimson et al.(1997), has shown this not always to be valid. This will not
be discussed further here for it has no incidence for our discussion



The effective stress principle

When the rock mass is saturated with a fluid under pressure, experiments show that,
under compressive conditions, failure is controlled by so-called effective stresses rather
than by total stresses. The effective stress tensor g’ is defined as :

o’ =0-PlI ®
Ao ~~ ~
where 1 is the unit tensor and P is pore pressure. Note that, on the Mohr diagram,

subtracting P to all diagonal terms of the stress tensor matrix corresponds to shifting all
Mohr circles to the left, leaving unchanged their radius.
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‘Figure 2 Description of failure conditions in a rock mass. It includes both, failure in
the intact rock and failure along preexisting weakness planes as expressed in terms of

effective stresses.

[. L.\ Failure along preexisting weakness planes

It is generally accepted that failure along preexisting planes is well represented by
Coulomb’s friction law, expressed in terms of effective stresses :

|t ] =p(G.-P) + Co (10)

Byerlee (1978) has shown that for most rocks the friction coefficient ranges from 0.6
to 0.9. For wet rocks, most field data point out to values for the friction coefficient
ranging from 0.6 to 0.8 and negligible cohesion, so that the failure along preexisting
weakness planes at depths greater than a few hundred meters is well represented by
Byerlee’s law :

|1 | =p(o.-P); 0.6<p< 08 (11)

It may be noted that |t | and o, are computed for the corresponding weakness
plane. Hence, it is possible for the Mohr circles to intersect the line which corresponds to
Byerlee’s law and yet to observe stability. This is possible if there is no preexisting plane

in the critical orientation domain. However, it has been argued that fractured rock masses
' 5
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have a long enough tectonic history that there always exists a plane with critical
orientation. Hence it is often considered that the Mohr circle representing the stress at any
point in the rock mass is at most tangent to the straight line which corresponds to
Byerlee’s law.

Let us observe that, because sliding depends on effective stresses, planes with a great
variety of orientations may slip if the local pore pressure becomes large enough, as
pointed out by McKenzie (1969).

The equilibrium of rock masses is classically analyzed with a Mohr diagram as
shown on figure 2. Note that failure along preexisting weakness planes is the controlling
phenomenon in most cases. An important difference between the development of new
shear zones and the slipping along preexisting weakness planes, is that the orientation of
new shear planes may be determined from the principal stress directions, if the
corresponding internal friction coefficient is known (the Mohr circle at rupture is tangent
to he Mohr envelope), but this is not true for preexisting weakness planes, given the role
of pore pressure.

It is concluded that seismicity occurring in the upper 15 to 20 km of the crust
involves fracture planes that make an unknown angle with respect to the principal
stress directions.

In the above discussion, the friction angle and the cohesion are isotropic so that, if
slip occurs, it will occur in the direction of the resolved shear stress (T ) in the plane
(Bott, 1959). But this direction of resolved shear stress depends on the relative orientation
of the slip plane with respect to the principal directions as well as on the relative
magnitude of principal stress components. This is the basic principle underlying stress
determinations from a collection of fault planes solutions.

2. Inversion of double couple focal mechanisms for stress determination

2.1 data produced by Fault plane solutions

Focal mechanisms of pure shear faults (pure double couples, no significant
dilatancy), yield for both nodal planes the dip and azimuth of the plane (d and a) as well
as the slip direction in the plane (rake angle r of slip vector s) when it corresponds to the
fault plane.

But it is impossible to identify which of the two nodal planes is the actual fault
plane, if only the polarity of P waves is considered. The method proposed by Zollo and
Bernard (1989, 1991) for determining focal plane solutions conducts an exhaustive search

6



of all possible solutions and each solution is associated with a probability. Hence
solutions with 60 %, 90 % and 99 % confidence levels are determined. These confidence
level domains are used then to determine the corresponding uncertainty associated with
the various angles determination.

Note that when enough three components stations are being used, the radiation
pattern for S waves helpsidentify the fault plane. In the following, it is considered that the
fault plane has not been identified so that both nodal planes are equally likely to be the
fault plane. Hence for each focal mechanism, a set of 12 values is identified : (a;, dy, 1,
gay, €dy, €ry , a2, d, 13, €2y, €d3 , EN).

It is customary to identify P and T axis with focal mechanisms. These are inclined
45° with respect to the nodal planes. It has been proposed sometimes to associate these
axes respectively with the maximum and minimum principal stress direction. It should be
noted here that, only when failure occurs according to the Tresca failure criterion (i.e. for
very deep earthquakes) is this proposition valid. Hence this proposition is erroneous for
most seismic events of the upper crust since either these correspond to the reactivation of
preexisting weakness planes, or the newly formed shear zones are inclined by less than
45° with respect to the maximum principal stress orientation.

2.2 Determination of the regional stress field from focal mechanisms
Gephart and Forsyth’s approximate method
 The method (Gephart and Forsyth, 1984) is based on the following assumptions :
1. Slip occurs parallel to the direction of the resolved shear stress;
2. All seismic events are distant enough from each other that the stress
perturbation induced by each event does not alter the stress field for other

events;

3. The original stress field is uniform within the volume sampled by the various
events.

Validity of hypothesis 1 implies that the shear strength in all planes is isotropic while
hypothesis 3 implies that events are not too distant from each other so that stress
gradients may be neglected. This has implication for the depth ranges of events
considered for a single inversion.

Because focal mechanisms yield only the direction (and sense) of slip and not the
magnitude, the stress tensor cannot be fully determined. Only four parameters are
determined : the three Euler angles and an aspect ratio R defined as :

R=(0;- 01)/(03- 01) : (12)
So that 0 <R £ 1. Indeed, the stress at any point may be rewritten :
0'=0'11+(G3-C71)T (13)

with :
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so that T is characterized by 4 parameters (¥ , ¢ , 6, R ). Note that y ranges from O to
360 °, while the range for ¢ is 90° and that for 0 is 180°. Hence, the complete set of
solutlons for T is fairly limited and it can be fully explored with a grid search method.
The solution is that which fits best the collection of focal mechanisms.

Let us determine now the condition for T to be consistent with a given focal
mechanism, i.e. the tensor T for which the resolved shear stress Tp on a fault plane is
parallel to the observed shp vector s. First it will be noted that Ty.5>0.

We consider now two frames of reference : the first one ( R ) is associated with the
eigen vectors of T. The second one (R’ ) is associated with the fault plane (n,sAn,s).

Let B be the orthogonal tensor which rotates R to R’. It may be observed that in R’, the
stress 56mponent 0’12 is null. Hence, given the definition of R, we obtain :

6'12=0; B Bu+ 0281282 +03B13 P =0 (14)

so that
R=(02- 01)/(03- 01)=-Pi3Bxs / Bz P2 (15)

For a given fault plane defined by the triplet (a, d, r ), and given a tensor T with Enler
angles y , @ , O, there is a unique value of R which fits the direction of slip in the
corresponding plane. This is taken to advantage for identifying both the best solution T
for the given set of focal mechanisms and its domains of confidence level.

The idea is to explore the set of possible solutions and to identify that which fits best
observations, namely the tensor, which yields resolved shear stress directions closest to
observed slip vector directions. The problem is three folds :

1. Identify for each focal mechanism which nodal plane is the fault plane;
2. For all focal mechanisms define a measure of their misfit with a given tensor T.
3. Identify the best solution and associated confidence level domains.

The measure of misfit and the identification of fault planes

It has been proposed sometimes to characterize the misfit between a given fault plane
and a given tensor T by the angle between the shear stress resolved on that plane and the
observed slip vector. But this assumes that the fault plane is known exactly while in
reality this is not the case as mentioned here above. Gephart and Forsyth (1984) proposed
to consider as measure of misfit, for any given plane, the smallest rotation which brings s
parallel to the resolved shear stress in the plane ( T ). They observe that this misfit is a
well behaved function so that it suffices to consider only three rotations axis, namely n,
sAnand s.

The rotation angles are computed according to equation (15) once R’ has been
replaced by the frame of reference R” that corresponds to the rotated R’ :



5’ =,€‘(i) 5 (16)

where a(l) is the orthogonal tensor corresponding to rotations about n, s Anor s . The
angles of rotation are given here below :

Table 1

Expressions for rotations about axes of fault planc geometry.

Rotation

axis Algorithm Period
RB,, B,, + B,, B
n § = — tan~! 12 Y22 13 zs] n
[RBu By, + Bi; By,

RB,B,, + B,, B
SAR 9:{3;{'_4&1 14
[RB,Z By, + By, By, |

I Y 4]
s G—EIan (E)

R(B}, — B)) + B}, — B},
RB(, B;; + B, B,

where k =

Sl

For any given T and any focal mechanism six rotation angles are computed : 3 for the
first nodal plane “and 3 for the second nodal plane. The nodal plane which yields the
smallest rotation is chosen as fault plane and the measure of misfit for the corxespondmg
plane is the smallest rotation. Hence, the misfit value associated to any glven TV, is the
sum of the misfit measures for all focal mechanisms. It is given by :

N
m, =Y min(x;,l =16) (17)
k=1

3

where x;' is the 1™ rotation for focal plane solution k.

The solution is the tensor for which m; is minimum. The corresponding value for the
misfit is noted mpy;,. Here, the L; norm has been chosen rather than a least squares norm.
Indeed, the choice of the nodal plane as fault plane is either right or wrong so that the
error associated with the rotation angle determination does not obey a Gaussian law.

It has been proposed (Julien and Cornet, 1987) to introduce weight factors in the misfit
function by dividing the minimum rotation angle by the uncertainty on the orientation of
the nodal plane as defined by the focal mechanism determination. Also, when the rotation
angle is larger than the solid angle that corresponds to the 90 % confidence level for the
fault plane orientation, the focal mechanism is considered to be heterogeneous with the
corresponding tensor. Then the'quality of the solution is defined not only by the misfit
value but also by the number of inconsistent data. Indeed, it may be argued that a solution
which requires very small rotation angles but is heterogeneous with more than 50 % of
the data is not satisfactory.

Let mso and mgg be the values for the bounds of the misfit function which characterize
respectively the 50 % and the 90 % confidence levels. For the L1 norm, Parker and
McNutt (1980) have showed that these bounds may be defined with respect to the best
solution as :



meo = { [1.645(U/2-1)"*N'"? + N1/ (N-K)} mmn  (18)

and
mso = { [0.676(/2-1)"*N"? + N1/ (N-K)} Mmn  (19)

where k is the number of parameters in the model (here k= 4) and N is the total number
of focal mechanisms.

Hence, all solutions for which the misfit m; is found to be smaller than either msg or
Mmoo are plotted on a stereo net. The contour plot of these solutions identifies the 50 and
90 % confidence levels.

Once the approximate solution and its associated confidence levels are known, fault
planes have been identified for each focal mechanism. Comet and Julien (1987) have
proposed a method based on a least squares method for identifying the best solution, once
the approximate solution is known. However, experience has shown that this refining of
the solution is not necessary for the solution remains within the 50 % confidence level
domain. It suffices to run the approximate method with a finer grid restricted to the 90 %
confidence level domain.

Stress determination in large volumes

When inverting for tensor T, it is assumed that the stress is uniform throughout the
volume sampled by the varidu§ focal mechanisms. But, if only because of gravity, it is
known that the stresses vary with depth and possibly also laterally. Hence the question
arises as to the validity of this hypothesis.

Interestingly, most stress field measurements have shown that the stress varies lmearly
with depth. Further, as shown by Mc Garr (1980), when there is no lateral stress
variation, the vertical direction is principal. Hence, in many a situation, the stress field
may be written :

O(x3) = G(xc) + (X3 — X3c) & (20)

where g(X3) is the stress at depth x3, g(xc) is the stress at the reference depth x. 6
independent components) and @ is the vertical stress gradient (six independent
components which reduce to 4 independent components, namely the three eigen values
and the orientation of one of the horizontal eigen vectors, when there is no lateral stress
variation).

Equation (20) has revealed very useful for interpreting direct stress measurements in
boreholes. Indeed, it is usually found that close to ground surface many perturbations of
the stress field exist whichmay be lumped as a fixed term for a given depth interval. But,
as depth gets larger, the gradient term becomes more significant so that, when depth gets
greater than 1 km, it may be considered that the vertical stress gradient dominates the
stress field and that the constant term may be neglected. When this is the case, then the
stress field can again be simplified so as to be characterized by only four parameters,
namely the three Euler angles and the R aspect ratio. However, now, R describes the
aspect ratio of the vertical stress gradient and not the complete stress tensor at depth z ;

R=(a2-a1)/(a3-oc1) (21)
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Given that usually the rock mass density @, is rather well known, the determination
of the ratio R provides constraints on the relative variations of both horizontal stress
components when there is no lateral stress variation.

This observation opens the door now to a possibility of extrapolating borehole stress
determinations, which are usually conducted in the upper kilometer of the crust, down to
depths of natural microseismic activity. This is possible provided the stress gradient is
continuous and stable for the complete depth interval. Hence the mapping of the complete
stress field at the scale of the crust may become realistic, when combining borehole data
and focal mechanisms of natural seismicity.

2.3 Integrating focal plane solutions with other data for a complete stress
determination _

A great diversity of methods has been developed for determining the stress field in the
vicinity of boreholes (Cornet, 1993). One of the most efficient such method is hydraulic
fracturing and its generalization, the so-called Hydraulic Test on Preexisting Fractures
(HTPF) method. The HTPF method basically provides measurements of the normal stress
supported by fractures of known orientation (Cornet, 1993).

It has been applied to investigate the validity of stress determination from focal
mechanisms of microseismic events induced by large fluid injections. In this example,
microseismic events are within the same volume as that in which the stress measurements
have been conducted. This is presented in the two following papers. In the first one, the
method for integrating HTPF results with focal mechanisms is presented. In the second
paper, results from the induced seimicity experiment are presented together with a brief
. overview of the HTPF method. The joint inversion helps characterize the stress field as
well as the pore pressure field in the rock mass. In addition, it points out the fact that
natural faults are zones of local stress heterogeneity so that microseismic events which
occur within major fault zones may not be representative of the regional stress away from
the fault. Orders of magnitudes for the stress heterogeneity are presented.
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Integrated stress determination by joint inversion
of hydraulic tests and focal mechanisms

J. M. Yin and F. H. Cornet

Département de Sismologie, Institut de Physique du Globe de Paris

Abstract. An inversion method, based on a genetic algo-
rithm, is proposed for interpreting jointly various kinds of
stress data in order to overcome the limitation, in number
and quality, of each data set. The method has been ap-
plied to results from hydraulic tests in boreholes and to focal
mechanisms of induced seismicity observed within the same
depth interval. The regional stress field is described by two
symmetrical tensors. The first one represents the stress at a
given depth and the second one the vertical stress gradient.
Results indicate that one of the principal directions is ver-
tical. They are consistent with all but one of the hydraulic
tests considered in the inversion and with about 70% of the
focal mechanisms. This inversion confirms previous results
suggesting that, for the scale of these induced microseismic
events, the regional stress field cannot be determined solely
from an inversion of the fault plane solutions.

Introduction

Many techniques have been developed for determining
the natural stress field at depth but none of them yield
directly all the stress components. Further, because these
techniques seldom provide means to assess the precision of
the determination, investigators often try to compare results
obtained by more than one technique (Barton et al., 1988;
Haimson et al., 1989).

We present in this paper a method for inverting jointly
hydraulic test measurements and focal mechanisms of in-
duced microseismicity obtained within the same depth in-
terval.

Data and separate determinations

The granite test site at Le Mayet de Montagne, in cen-
tral France, has been developed for conducting large scale
in-situ experiments on forced water circulation. The stress
field was investigated by the Hydraulic Tests on Preexist-
ing Fractures (HTPF) method which is based on measure-
ments of the normal stress supported by various preexisting
fractures of known orientation (Cornet and Valette, 1984).
Prior to the water circulation experiments, 18 HTPF mea-
surements were conducted in various boreholes at the site.
They have been successfully inverted with a stress field
model which assumes a vertical principal direction through-
out the volume of interest and a linear variation with depth.
The results are consistent with the regional stress field de-
termined in neighbouring sites (Cornet and Burlet, 1992).
Two years after the water circulation tests had been com-
pleted, another 13 HTPF measurements were conducted.
They are quite consistent with the stress field initially de-
termined except for two tests located near one of the most
hydraulically conductive zones (Scotti and Cornet, 1994).

Copyright 1994 by the American Geophysical Union.

Paper number 94GL02584
0094-8534/94/94GL-02584$03.00

The water injections induced some microseismicity
which was monitored with a network of fifteen 3-D seis-
mic stations (Cornet and Julien, 1989; Cornet et al., 1992).
About 200 events were recorded and located with more than
12 P waves and 10 S waves arrivals. Out of these, 87 events
yield well constrained fault plane solutions characteristic of
shear slip (i.e. two nodal planes with standard deviation
generally less than 10° on their strike and dip determina-
tion). For the remaining events, only one nodal plane was
determined because of insufficient or poor spatial coverage
of polarity measurements.

These focal mechanisms were separated into two groups
corresponding respectively to the 70-hour initial injection
and to the large scale circulation test which lasted four
months in total. For both sets of focal mechanisms, the
regional stress field has been determined using Julien and
Cornet’s inversion method (1987) which is derived from that
initially proposed by Gephart and Forsyth (1984). The slip
vector in the fault plane is assumed to be parallel to the
resolved shear stress supported by the plane. The princi-
pal directions and a shape factor R ((02-01)/(03-01)) are
supposed to be uniform throughout the volume considered.
The inversion of the focal mechanisms obtained during the
preliminary injection yields a solution significantly differ-
ent from that obtained with the HTPF data (Corret and
Julien, 1989). Scotti and Cornet (1994) have suggested that
some microseismic events induced by this injection were as-
sociated with Jocal stress heterogeneities. Indeed, results
obtained from the microseismic events observed during the
subsequent large scale injection revealed nearly consistent
with the HTPF solution (Cornet et al., 1992; Yin, 1994).
However, these results are only fairly constrained. Also, for
the various depth intervals, the maximum horizontal princi-
pal stress direction exhibits a systematic clockwise rotation
equal to about 30° in comparison with the HTPF solution.
Such discrepancy may be due to the parameterization dif-
ference between the two methods. In order to alleviate the
hypotheses associated with each determination technique
taken alone, a joint inversion has been attempted.

Joint inversion method

Parameterization. Because of the absence of strong to-
pography and because of the homogeneity of the granite,
we adopt a stress model with linear vertical variation but
with no variation in herizontal directions. No assumption 1s
made concerning the verticality of one principal stress, un-
like in the previous model chosen for fitting only the HTPF
data. Thus ten parameters suffice to represent the stress
field O (z): O(z) = S.,+ (2 —20)X. Here S,, is the stress
tensor at a given depth zo, (¥ is the vertical gradient ten-
sor. S, is characterized by three principal values {$i, Sz
and S53) and three Euler angles (A1, A2 and A3). From equi-
librium conditions it is found that the horizontal uniformity
assumption implies that the vertical direction is principal
for &¢. So (¥ is characterized by four parameters: three
principal values (o1, a2 and a3) and the azimuth (n) of the
maximum horizontal principal component (a1).

Inversion strategy. Our objective is to search for the
optimal solution and its confidence imit. The inversion of
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focal mechanisms is a non-linear problem and this makes
the joint inversion also non-linear, so that an extensive ex-
ploration of the model space is required. The minimum ab-
solute criterion (¢;-norm) is adopted for the measurement
of misfit. Given the diversity of data considered in the in-
verston, this criterion has been shown to exhibit a stronger
robustness than the least squares criterion (e.g. Tarantola,
1987).

Misfit function. A dimensionless misfit function is de-
fined to deal with different data sets. Let $, be the measure
of misfit associated with the N HTPF data:

S =31, [7he — Thpl/ 6 (1)
where o}, is the observed normal stress for the sth HTPF
datum, oy, is the predicted one, &} is the sum of the stan-
dard deviation associated with o}, and another term repre-
senting the uncertainty on the normal stress because of the
error associated with the identification of the normal to the
corresponding fracture plane.

For the jth focal mechanism, let x’ be the mirimum
rotation angle that brings the observed slip vector into co-
incidence with the resolved shear direction as computed for
the currently tested stress model. Following Gephart and
Forsyth’s approximate method (1984), the minimum angle
is searched among three orthogonal rotations (one about
the slip vector s, one about the normal to the nodal plane
n and one about the axis coaxial with nxs) for each of the
two nodal planes. The fault plane is chosen to be the nodal
plane which requires the smallest rotation. The measure of
misfit ¢ associated with M focal mechanisms is:

o, =30, XN/ (2)
6} is the standard deviation associated with the evaluation
of the nodal plane geometry.

Because the number of data of one kind is generally dif-
ferent from that of the other kind and also, because the
error range is fairly different for the two data sets, weight-
ing factors for the two measures of misfit are introduced in
the global misfit function. First, the two sets of data are
inverted separately so as to estimate, for each data set, the
largest number of data (N*** and M[***) consistent with
the stress model as well as the corresponding minimum mea-
sure of misfit (@7*" and ®F'") as defined by (1) and (2).
The criterion for consistency is defined by assuming that
errors are normally distributed and by rejecting data which
do not belong to the 99% confidence level. Then, we define
the measure of global misfit so as to give an equal weight
to each data set by normalizing the two measures of misfit
separately:

®
q);‘m’n

_ l Né’nd.t + }-Mgna::
“ 2 N. 2 M.

N, and M. are the number of data which are consistent with
the currently tested model.

It may happen that one type of data, such as the fo-
cal mechanisms in our application, does not constrain all
the parameters of the stress model. An approximate partial
model is considered sufficient to make a reasonable estima-
tion of the corresponding weighting factor. For example,
the stress model has been reduced to seven parameters for
the evaluation of the weighting factor associated with the
focal mechanisms, as is discussed later.

Oy

@, min
‘I’f

3)

Inversion procedure. A genetic algorithm (GA) is used
first for estimating ®3*", 7", NI*** and M[**%, then for
searching the optimal model corresponding to ®7"". The
classic Monte Carlo (MC) technique is applied to find a
random sample of models for establishing the correspond-
ing 95% confidence level according to the £;-norm criterion.
GA is a very efficient optimization technique which has been
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recently introduced in geophysical inverse problems as a
guided MC (e.g., Gallagher et al., 1991). However, the clas-
sic MC method has been chosen for error analysis because,
to our knowledge, the practical use of GA for this purpose
has not yet been published. Some essentials of GA are re-
called here for presenting the particular adaptation used in
this paper. After discretizing the parameters, a population
of @ models are generated at random and coded in @Q bi-
nary strings. GA optimizes the models by strings manipu-
lation through a 3-step iteration (or generation): reproduc-
tion, cross-over and mutation. (1) The reproduction step
selects the models from those of the previous iteration via a
misfit dependent probability Pr(i), chosen as a linear form:
Pr(i) = (87 = &,(i)]/[Q(®T* - 829)|(i = 1,..,Q),
where 7% and ®3"9 are respectively the maximum and
the mean value of ®,(z). This choice of Pr has a wide distri-
bution; thus it avoids favoring excessively the better models.
Yet, the best model is forced to be selected at least once.
(2) The cross-over step creates new models by transposing
one of two string segments (cut at a randomly chosen po-
sition) between randomly paired models with a probability
Pc. Large Pc values are chosen (Pc>0.8) for speeding up ex-
ploitation of the model information contained in the initial
population. (3) The mutation step perturbs the string bits
with a small probability Pm (Pm < 1/10000, as proposec
by Holland, 1992). This step is designed for introducing
some diversity into the model population. Pm is kept smal
in order to avoid a degeneracy of GA into a conventiona:
MC.

Results from Le Mayet de Montagne

The complete data involve 31 HTPF measurements
within the 50-780 m depth interval and 87 focal mecha-
nisms within the 300-950m depth interval. Seven HTPF
data in the upper 200m and another two near 780m are not
taken into account because of the absence of seismic data at
the shallowest depth range on one hand and, on the othe)
hand, the existence of a greatly altered zone around 780m
well documented by various borehole logs (Scotti and Cor-
net, 1994). Thus only 22 HTPF data are involved in the
joint determination. In contrast, all the focal mechanisms
are considered because no a priori information is available
for examining their consistency with the global stress field.

Searching the optimal model with GA. The discretiza-
tion interval for the angular parameters is 2° or 3° (covering
the full range of 180°), that for stress magnitudes is 0.2 MP:
in a range of 13 MPa and that for stress gradients is 0.000:
MPa/m in a range of 0.02 MPa/m. All ranges are centerec
around the corresponding values of previous regional stres:
field determination (Cornet and Burlet, 1992). The specific
weight of overburden (as) is fixed at 0.0265 MPa/m. Thi
leaves nine parameters to be determined. Our GA imple
mentation uses a 6 bits coding for each parameter so tha
each parameter may take 63 possible values. Each model o
nine parameters forms a string of 54 bits.

The GA is first applied only to the HTPF data. Fig.i(a
shows the mean and the minimum misfit evolution for thre
different model populations. For each of them, the minimun
misfit is obtained as early as the 200th iteration althoug]
the mean value for larger populations may decrease mor
slowly. The corresponding stress model is found to be th
same as that obtained by a least squares method (Corne
and Valette, 1984) for the two larger populations.

In the case of focal mechanisms, there is no informatio:
constraining the absolute stress magnitudes, so the GA i
applied by fixing the vertical stress magnitude (not nece
ssarily being a principal stress) and another eigenvalue, i.e
only seven parameters are searched. Fig.1{b) shows a pe1
formance of GA similar to that observed for the HTPF dat:

These two analyses yield: @7""=13.0, NI*** =2
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Figure 1 : Performance evolution and comparison of GA used in the various inversions: (a) HTPF data alone,
(b) focal mechanisms alone and (c) joint inversion. In each inversion, GA was run with three different population
size Q, with the crossover probability Pc and mutation probability Pm. Each run is displayed by two curves in
the same style, the upper one represents the average misfit while the lower one represents the minimum misfit.

®™"=192.0 and M™**=72. The joint inversion by GA
brings again a performance similar to the two previous
ones as illustrated by Fig.1{c). The optimal model is cho-
sen as that for which the minimum misfit has been found
(7" =171 S = 20, S, = 194, S35 = 11.8MPa,
A o= —34%, Xy = 86°, X3 = 88° (2 = 750m, \; and Az
are respectively the strike and dip of §; axis, Az is the angle
between S2 axis and the horizontal line in the plane perpen-
dicular to S1); a; = .0258, a2 = .0146, a3 = .0265MPa/m,
7 = 162° ((azimuth of ;). This model fits 21 HTPF data
and 63 focal mechanisms (Ne=21 and Mc=63 in eq.(3)).

Note that for all three cases, the minimum population
size which allows identification of the optimal model lies
around 600~800.

Model space exploration by MC. 30 million models
generated at random, within a regular grid twice as coarse

as that used for the GA, have been tested. 430 models for
which the misfit &, is less than the 95% confidence limit
®95% (=2.13) are retained. They are used to establish the
95% confidence level of the optimal stress model obtained
from GA (Fig.2a). They are quite concentrated around the
optimal solution. These models explain in average 95% of

the HTPF data and 70% of the focal mechanisms. For the
other 30% of the focal mechanisms, the mean rotation angle
exceeds either 18° or three times the corresponding standard
deviation (eq.2) for more than 50% of these 430 models.

During this exploration we have also retained some
60000 models fitting only the HTPF data by the same con-
fidence limit criterion. A sample of 3000 of them is used to
draw the 95% confidence level of the optimal HTPF solution
(Fig.2b). '

A comparison between Fig.2a and Fig.2b brings the fol-
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Figure 2 : (a) Lower hemisphere equal area projection of principal stress axes and Histogram of principal stress
magnitudes, for various depths, for the joint inversion. (b) Results obtained by inversion of the sole HTPF data.
Same notations as for (a), but the o3 axes are not shown.
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lowing observations: The model space is fully explored as
shown in Fig.2a, so the retained models of joint inversion
are representative of all the possible solutions, and the con-
fidence zonation is significant. The joint results are similar
in magnitudes as well as in principal orientation to those
obtained with the sole HTPF data, but their certainty in-
creases clearly. The major horizontal stress direction of the
joint results shows a clockwise rotation of 5 to 10° in com-
parison with the HTPF results. Such a difference has the
same tendency as already mentioned for the results obtained
by inversion of the focal mechanisms taken alone and with a
uniform stress model of four parameters. However, the dif-
ference with respect to this former solution is larger than 30°
(see Table 1). This implies that the seismic data have effec-
tively contributed to the joint result but their role is not as
important as that of the HTPF data. However, it has been
statistically verified that the weight of the focal mechanisms
is slightly greater than that of HTPF data (the mean ratio of
the second term over the first one in eq.(3) is equal to about
1.16). This paradox can be explained by the fact that the
seismic data are less consistent than the HTPF data in term
of the regional stress field. The earthquakes are located in
or near the hydraulically conductive fractured zones which
often coincide with altered zones, while the borehole inter-
vals of the HTPF tests were intentionally selected in intact
rock. This proposition is supported by the observation that
the inversion of various sets of HTPF data has consistently
led to similar results while the four parameter inversion of
focal mechanisms observed during the initial injection tests
yields results significantly different from those derived from
the focal mechanisms observed during the large scale injec-
tions.

It can be concluded that the discrepancy between the re-
sults obtained by previous separate inversions disappears in
the joint inversion. However, some focal mechanisms remain
inconsistent with the joint results (up to 30% of the whole).
This implies first, that when only focal mechanisms are used
for the stress determination, those which are inconsistent
with the regional stress field influence significantly the out-
put of the inversion. Thus for the scale of these events (slip
zones of the order of 1 mz), the regional stress field cannot
be determined by the sole inversion of focal mechanisms of
induced microseismicity. Further, the joint inversion pro-
vides means to identify those focal mechanisms which are
heterogeneous with the regional stress field and this may
reveal powerful for identifying the main zones of alteration.

Table 1. Azimuth of the maximum horizontal stress

Results type Z=450-550m Z=T750-900m

HTPF NE 155+20° NE 140 + 23°
Focal mech.(¥) NE 30:£20° NE 170 + 18°
Joint method NE 160+ 8° NE 146 + 15°

(1) Same for Cornet et al.(1992) and the present study.
(2) From Cornet et al. (1992).

Conclusion

A joint inversion method has been proposed for inte-
grating two or more kinds of data gathered in the same
rock mass for the sake of determining the regional stress
field. It includes an optimal model search using a genetic
algorithm and the error analysis by the classic Monte Carlo
technique. Successful application of this method to HTPF
measurements and focal mechanisms of induced seismicity
illustrates the improvement that the joint inversion tech-
nique brings as compared to the results obtained with the
separate determinations.

The results of the joint inversion has demonstrated that
the concept of the regional stress field is valid for large vol-
umes of rock (about 1 km?). It also outlines the existence of

YIN AND CORNET: JOINT INVERSION OF HYDRAULIC TESTS

focal mechanisms which are not consistent with the regional
stress field. These inconsistent focal mechanisms should re-
veal helpful for identifying zones of stress heterogeneities.
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Analysis of Induced Seismicity. for Stress Field Determination and
Pore Pressure Mapping

F. H. CorNET! and YIN JIANMIN!

Abstract —The focal mechanisms of some one hundred microseismic events induced by various
water injections have been determined. Within the same depth interval, numerous stress measurements
have been conducted with the HTPF method. When inverted simultaneously, the HTPF data and the
focal plane solutions help determine the complete stress field in a fairly large volume of rock (about
15 x 10% m®). These results demonstrate that hydraulically conductive fault zones are associated with
local stress heterogeneities. Some of these stress heterogeneities correspond to local stress concentrations
with principal stress magnitudes much larger than those of the regional stress field. They preclude the
determination of the regional stress field from the sole inversion of focal mechanisms. In addition to
determining the regional stress field, the integrated inversion of focal mechanisms and HTPF data help
identify the fault plane for each of the focal mechanisms. These slip motions have been demonstrated to
be consistent with Terzaghi’s effective stress principle and a Coulomb friction law with a friction
coefficient ranging from 0.65 to 0.9. This has been used for mapping the pore pressure in the rock mass.
This mapping shows that induced seismicity does not outline zones of high flow rate but only zones of
high pore pressure. For one fault zone where no significant flow has been observed, the local pore
pressure has been found to be larger than the regional minimum principal stress but no hydraulic
fracturing has been detected there.

Key words: Induced seismicity, stress determination, stress heterogeneity, fluid flow, fault morphol-
ogy.

1. Introduction

The injection of water in a fractured rock mass generates some seismicity when
the injection pressure becomes large enough (e.g., PEARSON, 1981; NIITSUMA et al.,
1982; CORNET et al., 1982; PINE and BATCHELOR, 1984; TALEBI and CORNET,
1987; Housg, 1987; FEHLER, 1989). In most cases this microseismicity is caused by
shear events generated by the decrease in effective normal stress, supported by
pre-existing fracture surfaces. This decrease in effective normal stress is caused by
the increase in interstitial pressure induced by water injection.

In this paper, attention focuses on an analysis of focal plane solutions of
microseismic events induced by various water injections in a granite rock mass. This

’
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analysis concerns first the possibility of using focal mechanisms for determining the
regional stress field. Results obtained with a stress determination method, which
integrates hydraulic test data and focal plane solutions, are discussed.

This regional stress field determination, combined with the identification of the
proper fault plane for each of the consistent focal mechanisms, helps constrain the
friction coefficient and the effective stress law which control the stability of this rock
mass. These values provide means to map the fluid pressure away from the injec-
tion well within two fault structures which exhibit different hydraulic connection
patterns.

2. Injection Tests at Le Mayet de Montagne

The granite test site at Le Mayet de Montagne, located in central France some
25 km to the southeast of Vichy, has been developed for conducting large-scale in
situ experiments on forced water circulation (CORNET, 1989). The first deep
borehole, INAG III-8, reaches 780 m, while the second one, INAG III-9, is 840 m
deep and located 100 m away. Preliminary injection tests were run in these wells at
flow rates equal to 8.6 /s in order to identify the main flowing zones in the lowest
250 m from the bottom of the wells. In INAG II1-9 only four significant flowing
zones have been identified. The upper one occurs around 650 m.

During the early stage of the reservoir development, a small-scale circulation
test was conducted between the two boreholes. Water was injected through the
250 m open hole section at the bottom of INAG III-9, with a 8.3 Ifs injection flow
rate and a 8.2 MPa well head pressure, for about 70 hours. At the end of this
circulation test, the production well (INAG III-8) was shut off while injection
proceeded for another 3 hours at 22.21fs (12 MPa well head pressure).

During this preliminary reservoir development, the induced seismicity was
monitored with a network of fifteen 3D seismic stations. P- and S-wave velocities
were determined by detonating small charges of dynamite at various depths in the
two deep wells as well as in some superficial ones so as to cover various azimuths
and the entire depth range in which events were expected. These blasts were also
favorably utilized to determine the orientation of the horizontal components of the
seismic stations. The velocity field identified in this manner has been found to be
fairly anisotropic and this anisotropy has been taken into account in locating events
(TaLeBt and CORNET, 1987). About 100 events were recorded during the small-
scale circulation experiment, from which 31 well-defined focal mechanisms could be
computed (CORNET and JULIEN, 1989; see also Table 1).

The large-scale reservoir development involved three phases during which the
induced microseismicity was continuously monitored by the previously mentioned
network. During the first phase, injection proceeded through INAG III-8 between
the bottom of the well and an inflatable packer set at 713 m. Two inflatable packers



Table 1

Location and focal plane solutions for the microseismic events observed during the initial reservoir development. Events 100, 101 and 102 were observed during
initial stimulations in the well INAG I11-8 while all the others correspond to injections in the well INAG HI-9. Origin of coordinates is on the INAG 111-8 well
head. For the nodal planes, d is azimuth and p is dip while i is rake. & and ¢ refer to standard deviations of the parameter shown as index

First nodal plane Second nodal plane
No. X (east) Y (north) Z (downward) (di, pl, il) (4d1, opl, dil) (d2, p2, i2) (0d2, op2, 4i2)
1 87+7 —~56+4 850+ 13 266 66 48 30 7 20 150 48 146 20 3 15
2 68+ 8 —96+8 640 + 8 342 78 223 12 4 7 240 48 343 12 S 8
7 92+7 —~108 £+ 1 664 + 10 96 32 226 7 5 6 326 67 294 7 4 6
8 88 +7 —101 +5 655+ 8 356 58 237 10 b 10 226 45 310 10 6 12
12 71+8 —-56+ 10 656 +8 183 71 199 10 2 5 87 72 340 14 4 3
14 95+ 5 ~-37+2 53242 120 84 36 5 2 5 25 55 173 1 5 3
15 55+2 —-78+3 770 + 13 172 80 230 4 2 3 70 40 345 4 2 2
21 631 15 —58+4 830 + 15 339 58 21 Il 4 4 237 72 146 1 3 S
23 75+ 8 —4242 823+13 '+ 354 79 205 2 1 6 258 65 347 2 6 1
24 55+3 —142+3 478 + 6 209 88 238 15 4 6 115 32 356 15 4 6
26 95 +2 —107 +2 668 +9 194 84 40 3 2 5 99 50 172 4 5 2
27 67 +3 —-50+2 831 +13 180 89 224 2 2 2 90 46 359 2 2 2
29 87+6 —122+6 660 + 15 .78 65 188 1 5 2 346 82 335 3 1 5
31 7543 —-40+4 800 + 6 182 70 203 i 4 2 85 68 339 2 2 4
32 98 +3 —108 £ 5 770 + 15 160 75 221 6 2 6 56 45 339 6 3 3
33 92+3 —64 +3 763 + 12 142 86 220 8 2 3 48 50 355 9 2 3
34 50+0 —100+5 950 4 10 22 81 181 i l 1 291 89 352 1 \ 1
38 7542 —62+8 798 + 5 140 85 220 9 2 2 46 50 354 11 2 2
43 5243 143 520+ 12 248 42 56 10 9 27 108 56 116 20 7 25
45 86+2 ~109 +4 653 +4 242 88 54 10 2 3 150 36 177 13 2 5
49 66 + 4 1145 486 + 10 296 74 24 3 2 3 199 68 163 1 3 2
51 61 +3 12+4 509 +9 243 48 18 5 13 3 142 76 136 5 2 7
52 6141 —49 +2 449 +5 72 9 38 2 2 2 334 54 167 2 2 2
55 73+3 —66+3 816+ 11 170 84 225 5 2 2 74 46 350 7 2 2
58 61 +2 2543 482 + 11 256 46 35 5 7 10 140 66 131 5 5 8

Continued overleaf
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Table 1 (Contd)

First nodal plane

Second nodal plane

X (east) Y (north) Z {downward) (d1, pl, it) (5d1, épl, 8il) (d2, p2, i2) (3d2, ép2, 4i2)

59 5542 —-29+3 825+ 10 160 80 223 8 4 2 60 48 346 8 4 5
61 87+1 ~548 555 + 17 50 50 185 1 1 3 317 88 320 5 4 1
62 101 +3 —121+ 14 770 + 30 324 7 211 13 4 4 224 60 344 3 4 4
66 83+1 -84+ 2 521 +6 324 80 231 14 4 5 221 40 344 14 5 5
69 80 +2 —-69+3 4775 340 72 261 6 2 2 185 20 293 21 10 20
70 74+3 ~2+4 51246 230 50 12 5 4 2 132 80 140 3 3 5
b 7143 —-50+3 82743 168 81 221 5 2 4 70 50 349 6 3 3

100 305 69 61 195 48 140

101 325 68 8 233 85 149

102 330 68 15 236 80 149
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were also placed in INAG I1I-8 in order to limit as much as possible short circuits
caused by the well. Injection proceeded for 210 hours at a flow rate equal to 8.3 I/s
with a well head pressure which varied from 7.5 MPa at the beginning of the test
to 9.1 MPa (stabilized value at the end of the test). Only two microseismic events
were observed during this phase. Thereafter the injection flow rate was increased to
16.71/s with a well head pressure reaching 10.8 MPa (total injected volume of
11 665 m*). During this phase eleven microseismic events were monitored, ten of
which yielded clear fault plane solutions (Table 2).

During the second phase, injection proceeded through the 250 m long open hole
section at the bottom of INAG III-9 at a flow rate equal to 8.3 1/s with a well head
pressure equal to about 9.2 MPa. A stationary condition was reached after one
week of injection. This stationary condition was maintained for about 21 days so
that the total injected volume for this phase reached 14 790 m>. During this phase,
50 microseismic events were recorded from which 23 yielded well-defined focal
mechanisms (Table 2).

The third phase (injection between 600 m and 840 m in INAG III-9) involved a
first period designed for characterizing the hydraulic properties of the system while
the second period was run for testing long duration stationary circulation condi-
tions. During the first period the system was tested for various flow rates. Each flow
rate was maintained constant for periods ranging from 5 to 3 days. The maximum
flow rate reached 21.11fs with a well head pressure equal to 12.5 MPa after three
days of pumping, then the flow rate was decreased to 16.61fs. During this third
period 46 microseismic events were recorded from which 19 yielded a well-defined
focal mechanism (Table 2). No event was recorded during the pumping tests at flow
rates smaller than, or equal to, 8.3 I/s (well head pressures smaller than 9.3 MPa).
All events occurred during the initial period of this phase except for one event
which occurred just before the end of pumping, when the flow rate had been
increased to 12.51/s (well head pressure equal to 10.2 MPa) and another one
occurred when pumping had stopped. The total injected volume during the first
period of this phase reached 16 310 m>.

Thus, while the seismic activity monitored during the early reservoir develop-
ment (about one hundred events) corresponds to a total injected volume of about
2200 m®, the various seismically active phases (11 events, 50 events, 46 events)
associated with the large-scale injection tests correspond to injected volumes
ranging from 11 665 m3 to 16 310 m3. The location of all events recorded while
injection was proceeding through the well INAG III-9 are shown on Figure 1.

The duration of most events ranges between 0.3 and 0.5 seconds, with the
largest ones reaching 0.6 s. The P-wave corner frequencies vary between 200 and
400 Hz while the seismic moments vary between 107 and 108 Nm. Accordingly, the
magnitudes of these events range between —2 and — 1.

Three main active zones can be identified in Figure 1: a deeper zone, in which
no clear structure has been identified, and two subplanar structures. CORNET and



Table 2

Location and focal plane solutions for the microseismic events observed during the large-scale injection tests. Coordinate system is centered on the well head of
INAG I11-8. For the nodal planes d is azimuth and p is dip, 1 is rake; € and & refer 10 the standard deviation of the parameter shown as index

First nodal plane Second nodal plane
No. X(east) Y(north) Z(down) (d1, pl il) (4d1, odl, adl) (d2, p2, i2)

o~
oy
»

op2, 8i2)

2 217 51+16 803+3 28 15 196 5 4 3 294 75 345 5 2 4

3 22+6 5045 157+ 15 121 70 184 6 2 3 30 86 340 7 3 2
4 22+ 124 +7 557+ 10 326 80 227 5 2 6 225 44 345 8 5 4

5 2243 —118+4 553+2 49 85 2 5 3 3 319 88 175 5 3 k!
6 23+2 —-248+3 428+ 6 34 70 1 4 3 10 300 80 160 6 9 3
7 166 + 8 78 +2 849 + 7 28 7 206 6 5 4 292 65 346 8 3 5
8 91 +14 ~-14+4 505+ 8 324 80 190 3 3 3 232 80 350 4 2 3
9 5+6 -254+2 385+ 8 53 80 20 5 2 6 319 70 169 6 6 3
10 46 + 3 1+2 464 1+ 12 356 70 190 5 5 2 262 80 340 3 1 5
11 32+4 —109+5 562 + 25 76 82 16 3 2 2 344 74 172 5 2 3
13 26+4 —131+3 601 +3 344 88 212 3 2 7 253 58 358 5 7 2
15 70+ 3 —45+1 494 + 7 332 85 202 4 2 3 240 68 355 5 3 3
16 83+4 -6749 439+ 12 350 88 18 2 2 2 259 72 178 4 2 2
17 100 £+ 5 -51+3 523+3 22 70 219 4 2 9 217 54 335 10 7. 6
19 14+ 15 —68+5 858 + 13 296 70 191 3 5 2 202 80 336 4 1 5
20 69 +2 —42+4 498 + 14 348 78 201 6 2 3 254 70 347 8 3 3
21 100 + 10 —-100+2 798 +2 284 7 186 4 4 2 192 84 342 3 2 5
23 73+6 ~74+4 416 + 1 83 78 14 7 2 2 350 76 168 6 2 2
24 9+ 10 -56+9 813+7 141 86 206 4 2 3 49 64 356 3 3 2
26 96+ 6 5¢10 500 + 18 254 50 27 6 4 5 146 70 137 10 2 4
29 129+5 —-61+8 563 +22 26 70 32 4 2 6 284 60 157 7 5 3
31 9342 —89+4 839+ 6 140 85 205 3 2 5 48 65 355 4 5 2
34 10349 —65+3 566 + 12 31 88 207 7 2 2 220 63 358 8 2 3
35 106 +7 —-53+5 567+ 8 320 75 196 3 2 3 226 75 345 5 2 3
36 14 +11 —-93+6 795+ 7 286 79 185 3 5 2 195 85 349 4 2 5
38 114+2 —47+5 554+7 80 82 36 5 2 5 344 55 170 8 4 3
40 122 +1 —~167+7 621 + 10 29 68 1 4 1 10 295 80 158 7 9 ‘2
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Figure 1
Location of all events recorded while injection was proceeding through the well INAG IHII-9. A)
Projection on a horizontal plane, B) Projection on a vertical plane oriented in the east-west direction.
Injection was conducted between 598 m and 840 m.

ScoTT! (1993) identified by a least-squares technique the best fitting planes passing
through the upper and lower planar structures. The upper seismic zone fits with a
plane oriented N 04°E and dipping 61° to the east. It intersects the well INAG III-9
in the 481-521 m depth range. The lower planar structure has been fitted with a
plane oriented N 174°E and dipping 36° to the east. It intersects the well INAG
I11-9 in the depth range 630-654 m. Within both these depth intervals sonic logs
outline zones of alterations, confirmed by the analysis of the cuttings produced
during drilling operations.

Interestingly, none of these orientations could be identified from a statistical
analysis of the fractures identified by borehole imaging within these depth intervals.
Yet it is one of the dominant fault orientations mapped on site. This demonstrates
that the small-scale morphology of a fractured (fault) zone does not always reflect
its large-scale geometry and that fault zones may involve small-scale fractures of
very diverse orientations. Also, while both zones are clearly visible on the geophys-
ical logs and in the cuttings, only those around 650 m exhibit a significant hydraulic
conductivity: The zone intersected around 500 m does not appear on the initial flow
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logs and therefore is not connected to the large-scale hydraulically significant
fracture network (CORNET and ScoTtTl, 1993).

3. Determination of the Regional Stress Field

The regional stress field has been determined by three different methods: The
Hydraulic Tests on Pre-existing Fractures (HTPF) method, the inversion of focal
mechanisms of induced seismicity, the simultaneous inversion of HTPF data and
focal plane solutions. These results have already been published (CORNET and
JULIEN, 1989; CORNET ef al., 1992; YIN and CORNET, 1994). They are briefly
recalled here for later discussions.

3.1 The HTPF Stress Determination

The HTPF method consists of conducting hydraulic tests on pre-existing
fractures of known orientation (characterized by the normal n to the fracture plane)
for determining the normal stress 6, supported by the fracture plane. The problem
is to determine the six components of the stress ¢ such that on-n=o0,. The
regional stress field o is presumed to vary linearly with the spatial coordinates
(x,, X2, X3; x; horizontal, positive to the north, x, horizontal, positive to the east,
x4 vertical, positive downward):

6 =S+ xa' +x,0% + x30° (D

2 3

where S, «!, «?, «> are symmetrical tensors. a', a? a> are the stress gradients
respectively in the x;, x,, x; directions. Equilibrium conditions show that, in the
absence of topography or lateral heterogeneities (¢' = a2 = 0), one of the principal
directions of «* is vertical (CORNET, 1992). This result is very similar to that
proposed by MCGARR (1980) except that, here, no assumption is made regarding
the constitutive equation of the rock mass. It is only assumed that, within the
domain of interest, the stress field varies fairly smoothly around some central point
so that its components can be approximated by linear functions. From now on the
tensor «® will be simply denoted by o. The stress determination consists of
determining S and « derived from N HTPF data. A HTPF datum includes both the
normal stress measurement and the fracture orientation determination.

At Le Mayet de Montagne, eighteen HTPF measurements have been conducted
between 60 m and 730 m, prior to the water circulation experiments. For this stress
determination the regional stress field and its first derivative are assumed continu-
ous up to ground surface. The solution is defined by the principal values of
S(S; =5.1 MPa, §,=0.2 MPa; S,=0; S, is horizontal and oriented N 24°E.) and
ofee; =0.0226 MPa/m; a, = 0.0084 MPa/m; «; = 0.0264 MPa/m; «, is oriented 104°
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Figure 2
Stress profiles derived from the HTPF measurements conducted prior to the injection tests. oy
orientation is measured from the north and positive eastward.

to the north of S,). Values for the horizontal principal stress magnitudes o, and
0,(c, > 0,,) and for the orientation of ¢ with respect to north (positive eastward)
are indicated for various depths in Figure 2.

Two and a half years after the main water circulation experiment was com-
pleted, another 13 HTPF measurements have been carried out in well INAG III-9.
These measurements demonstrate that no permanent large-scale stress perturbation
has been induced by the various water injections (CORNET 1992). It has been
observed, however, that two of thess HTPF measurements (at 780 m and 773 m)
are heterogeneous with respect to the original regional stress field and that,
according to a spinner log, these heterogeneous data are located close to one of the
most hydraulically significant zones of the borehole.

3.2 Integration of Focal Solutions in the Stress Determination

A few authors (e.g., VASSEUR et al., 1983; GEPHART and FORSYTH, 1984;
JULIEN and CORNET, 1987; RIVEIRA and CISTERNAS, 1990) have proposed deter-
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mining the regional stress field from an inversion of the focal plane solutions of
seismic events. These determinations asssume that the stress field is uniform
throughout the volume in which the seismic events occurred and that the slip vector
is parallel to the resolved shear stress supported by the slipping planes (WALLACE,
1951; BotT, 1959). Because only the direction of the shear component is con-
strained (and not its magnitude), these stress determinations yield only the principal
stress directions (defined by the Euler angles ¢, ¢ and 8 where ¢ and y are
respectively the azimuth and dip of g, and 8 is the angle between the o, direction
and the horizontal plane) and a factor R characteristic of the ellipticity of the
tensor: R = (0, — 6,)/(6; — 0,); (6, > 6, > 65).

CorNET and JULIEN (1989) attempted a first stress determination with the focal
mechanisms of the microseismic events observed during the preliminary reservoir
development (injection of 2200 m?®). In order to satisfy the hypothesis of stress
uniformity, they considered three different depth ranges: an upper one (above
550 m), an intermediate one (between 750 m and 550 m) and a lower one (below
750 m). For the two upper systems no satisfactory solution could be identified (too
many inconsistent data). For the deeper system, 14 well-defined focal mechanisms
were available for the inversion. Results establish that the maximum principal stress
is vertical, but the maximum horizontal principal stress is oriented 70° to the east
of the HTPF solution (¢ =329°, ¢ =79°, 0 =24°, R =0.55; Figure 3). This
solution is consistent with 12 of the 14 mechanisms.

Another stress determination (YIN, 1994) has been undertaken with the com-
plete set of focal mechanisms (seismicity induced by the large-scale injections
combined with that of the early reservoir development). Here again the data has
been separated into three different depth ranges in order to satisfy the stress
‘homogeneity hypothesis. Although the resolution is not very good, results are far
more satisfactory than Cornet and Julien’s solution. For the deeper seismic system
"(Fig. 4), the solution yields ¢ = 354°, ¥ =46°, § =92°, R =0.32. For all depth

Figure 3
Stress determination derived from the inversion of focal mechanisms of the microseismic events observed
during the preliminary reservoir development (total injected volume of 2200 m®). Only the deepest
seismic domain (see Fig. 1B) is considered. The stereographic projection of the principal directions is
shown on the left. The orientation of selected planes is shown on the right.
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Figure 4
Same as Figure 3 but the seismic events considered are those induced by the large-scale reservoir
development (injected volumes of 14 790 m® and 16 310 m?).

ranges, a systematic 20 to 30 degrees discrepancy is observed for the maximum
horizontal principal stress orientation, as determined on the one hand with this
focal plane inversion and on the other hand with the HTPF method.

While the HTPF solution remains stable when new data are introduced, the
focal plane solution varies, depending on the set of data considered for the
inversion. As mentioned above, the post-circulation HTPF measurements outlined
zones of local stress heterogeneity associated with some of the main flowing zones.
Thus it has been concluded that some of the focal mechanisms are very likely
“polluted” by local stress heterogeneities, and these, in turn, influence the stress
determination. ‘

However, the HTPF measurements involve only subvertical fractures, resulting
in very poor resolution on the vertical stress component. Further, the HTPF stress
determination assumes that the stress field is continuous up to the surface and that
the vertical direction is principal at all depths. In order to alleviate these limitations
and take advantage of those focal mechanisms which are not influenced by local
stress heterogeneities, a joint inversion method integrating the HTPF data and the
focal mechanisms has been developed (YIN and CORNET 1994). In this inversion
scheme the stress field is represented by ten parameters. In equation (1), the tensor
S represents the stress at a given depth; none of its six components (the three
principal values S|, S, and S; and the three Euler angles 4;, 4, and 4;) is assumed
a priori to be null. The tensor « is the vertical stress gradient around this depth and
lateral stress variations are presumed to be negligible within the domain of interest.
Equilibrium conditions impose that o exhibits a vertical principal direction so that
it is described by 4 parameters. The inversion scheme uses a genetic algorithm to
identify the optimal solution and a Monte Carlo method to estimate the uncertainty
of the determination.

This integrated stress determination has been conducted with all the focal
mechanisms available for the site (including those found to be heterogeneous with
HTPF stress determination) and with HTPF data obtained within the same depth
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interval as that of the focal mechanisms (all data obtained above 250 m have not
been included). Further, the two deep HTPF measurements conducted close to a
fracture zone which had been identified as being heterogeneous, have also been
disregarded. This provides 87 focal mechanisms and 22 HTPF measurements.

Results of the joint inversion yields for S (defined at 750 m): S, =20 MPa,
S, =19.4 MPa and S, =11.8 MPa, 4, = —34°, A, =86° and 4; = 88°. The principal
values for the vertical gradient are a; =0.0226 MPa/m, a,=0.0084 MPa/m,
oy = 0.0264 MPa/m (in the vertical direction); the orientation of a, with respect to
the north is n = N162°E. :

The stress field and its uncertainty are shown on Figure 5 for various depths.
The maximum principal stress was found to be vertical below 700 m and is equal to
the weight of overburden as determined from the rock density (0.026 MPa/m).
Also, the orientation of the maximum horizontal principal stress is very close to
that determined with the sole HTPF measurements.

The misfit between a given fault plane and a given stress tensor is characterized
by the rotation which must be applied to the fault plane in order to bring the
resolved shear stress supported by the fault parallel to the slip vector observed for
this plane. A focal plane is considered inconsistent with a given tensor when its
misfit is larger than three times the standard deviation associated with the plane
orientation determination. The results obtained from the joint inversion are consis-
tent with 21 of the HTPF measurements and 70% of the focal plane solutions. This
clearly shows that a few microseismic events occur in zones of stress heterogeneity.

Given the observation mentioned earlier that fault zones involve small-scale
fractures of very diverse orientation, it may be anticipated that locally, along the

* fault plane, the stress is very heterogeneous with respect to the regional stress field.

“ Spectral analysis of the P waves for the microseismic signals reveals corner

“frequencies in the 200-500 Hz range (TALEBI and CORNET, 1987). Thus, the mean
size of these events is estimated to stand somewhere between 0.5 and 5m. This
suggests that the rock volume affected by the stress heterogeneities causing the
discrepancy between the observed slip plane and the estimated resolved shear stress,
is of the same order of magnitude.

4. Identification of Stress Heterogeneities near Fault Zones

In order to easily conduct stress determination with the HTPF technique,
MosNIER and CORNET (1989) have developed a tool (the HTPF tool) combining
an electrical imaging function with a wireline straddle packer. The electrical
imaging function is used first to identify pre-existing fractures of various dip and
azimuth in the borehole. Next, the straddle packer is placed precisely at the
required depth, by means of real time imaging of the borehole wall, and hydraulic
tests are run in order to measure the normal stress supported by these pre-existing
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Stress determination obtained after integrating 22 HTPF measurements and 87 focal mechanisms. The
stress field is presumed to vary linearly with depth. Results are shown at three different depths (250 m,
500 m, 850 m). a), ¢) and e) refer to the principal stress directions while the magnitudes (in MPa) are
shown on b) d) and f). These results correspond to 430 models which are included within 95% confidence
level.

fractures. This provides a unique opportunity to thoroughly investigate stress
heterogeneities associated with local faults or altered zones.

As mentioned above, CORNET (1992) successfully used this technique to identify
a stress perturbation in the vicinity of one of the most significant flowing zones in
the well INAG II1-9. ScoTtTi and CorRNET (1994a) analyzed two different mecha-
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nisms for modelling this observed heterogeneity. The first one assumes that the fault
zone can be assimilated with a soft inclusion in an otherwise stiff rock; the second
one supposes that the shear stress supported by the fault plane was partially
released through creep or friction. Only the second mechanism (shear stress relief)
was found to be consistent with observations. Further, this mechanism was also
shown to be consistent with heterogeneities identified with the focal plane solutions
of induced seismicity. Thus, a new set of HTPF measurements has been undertaken
in order to determine whether the stress field near the two upper planar seismic
zones is also heterogeneous with the regional stress field and consistent with a local
shear stress relief. Results are shown in Tabie 3.

In Table 3, the measured values of normal stress are compared to the values
computed with the regional stress field identified by the integrated method. Given
the uncertainty on the orientation of the fracture planes (about 5°), many of these
results are found to be consistent with the computed regional stress. Locally, within
the depth interval at which the upper planar seismic zone intersects the well, some
data are found to be heterogeneous while some nearby data (less than 6 meters
away) are found to be consistent. This supports the proposition that very locally the
stress field near and within fault zones is heterogeneous so that focal plane solutions
of induced seismicity may not be representative of the regional stress field.

However, the most striking result is the observation that between 550 m and
611 m the measured normal stress is larger than the regional maximum principal
stress, in some places by as much as 10 MPa. Clearly this observation does not fit
the uniform shear stress relief process proposed by ScoTTt and CORNET (1994a),
but requires some locally heterogeneous slip motion. It is not clear at this point
whether this heterogeneity of slip motion is associated with the spatial extension of
the fault zones or if it is associated with heterogeneous slip within the faults. The
quality of the data does not provide means for precisely constraining the geometry
of the fault zones. Nonetheless these results do demonstrate that faults are
associated locally with very heterogeneous stress distributions so that focal plane
solutions may not be representative of the regional stress field.

It is concluded that, when only focal mechanisms are used to determine the
regional stress field, those which are clearly inconsistent with this regional stress are
easily identified by the inversion technique, but those which are only slightly
inconsistent influence the solution and induce some systematic error. Hence the
different results obtained with the different sets of focal mechanisms, and the
systematic error observed between fault plane inversions and HTPF measurements.

It could be argued that this conclusion is only valid for focal mechanisms of
induced seismicity because of the small size of the events considered for this
analysis. Although this will not be further discussed here, it will be mentioned that
ScotTi and CORNET (1994b) have reached conclusions similar to those presented
here above, after comparing results from various HTPF stress determinations with
the focal mechanisms of natural seismic events with magnitude ranging from 3 to
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~ Table 3

HTPF data obtained in 1994 in order to explore the stress field in the vicinity of the upper and lower
planar seismic zones. x,, ¢, 8, o, are respectively the values measured for the depth, the azimuth and the
dip of the normal to the fracture plane and the normal stress supported by the fracture plane. §_, 8., o,.
are the a posteriori values for ¢, 0, o, as determined by the least squares inversion procedure. &g, &, &,,
are the standard deviations on the measurements. Ag, is the difference between the measured value
and that expected from the integrated stress determination. When Aa, is larger than 1 MPa, the
measurement is considered heterogeneous with the regional stress field; it is not considered for the stress
determination. Note the strong heterogeneity around 600 m, i.e., in between the two planar seismic zones.
Since these seismic zones exhibit very strong dip, they remain fairly close to the borehole for long depth

intervals.

X3 ¢ N . 7] £ 6. O, &, O, 4o,

m MPa MPa MPa MPa
401 114,0 4 105,0 85,9 2 86,0 8,5 0,2 89 -0,4
482 115,0 4 117,0 80,1 2 80,0 12,3 0,5 11,6 0,7
501 68,7 4 73,0 89,0 2 88,9 9,6 0,2 9,3 0,3
554 132,0 4 132,6 89,1 2 89,1 14,3 0,3 142 0,1
558 103,2 5 118,8 88,5 2 88,4 15,3 0,4 13,7 1,6
665 196,0 4 193,0 85,5 2 85,43 12,8 0,3 12,6 0,2
678 187,0 4 179,4 85,5 2 85,3 14,8 0,3 14,4 0,4
686 180,0 4 188,6 73,3 2 74,1 13,3 0,3 13,7 -04
762 2629 4 263,0 73 2 7,0 20,0 0,3 19,6 0,4
446 192,0 81,1 12,8 0,3 10,3 2,5
530 182,0 81,1 15,0 0,5 12,0 3,0
597 95,0 85,8 17,3 0,4 12,7 4,6
605 43,5 84,3 20,6 0,4 10,2 10,4
611 276,0 80,0 23,4 04 13,2 10,2
698 134,5 86,0 13,8 0,3 17,8 -5,0

4.5. Given the proposition that slip motion along faults is very heterogeneous
(HERERO and PASCAL, 1994; COCHARD and MADARIAGA, 1994), it seems reason-
able to anticipate that the stress field in the vicinity of fault zones is also very
heterogeneous. This implies that some aftershocks of major seismic events are also
very likely affected by local stress heterogeneities so that inversion of focal
mechanisms of aftershocks may lead to biased stress determinations.

Further, considering the Le Mayet de Montagne results, one may wonder if the
source of the heterogeneities are to be found in the morphology of the fault or simply
in the heterogeneity of the slip motion along the fault. Answering this question will
require some modelling which has not yet been done. Given the fact that many of
the microseismic events are located a short distance from the main fault zone
identified with the least-squares technique, and that most of the slip planes observed
for these events are not parallel to this main fault plane, it seems very likely that
morphology plays a significant role in developing the stress heterogeneities. This may
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in turn induce a heterogeneous slip motion along the main fault which may further
enhance these stress heterogeneities. Only modelling, in close connection with
detailed mapping of the stress heterogeneities, will help resolve this question. This
modelling requires an accurate description of the local pore pressure within the fault.
This is discussed now.

5. Analysis of the Consistent Focal Mechanisms for Pore Pressure Mapping

In addition to the regional stress determination, the joint inversion of HTPF
data and focal plane solutions yields two results. First it identifies those focal
mechanisms which are homogeneous with the regional stress field; then for these
mechanisms it selects which of the two nodal planes is the slipping plane. This can
be beneficial in obtaining some estimate of the friction coefficient for this rock mass.
It can also be used to map the pore pressure perturbations induced by the fluid
injections.

It is often assumed that the shear strength of pre-existing fractures obeys the
effective stress principle (TERZAGHI, 1945), namely that the resistance to shear
depends on the difference between the total normal stress (o,) supported by the
fractures and the fluid pressure (p,) assumed to act on the totality of the fracture
area undergoing failure (¢, =0, —p,). However, it also has been proposed
(RoBiNsON and HOLLAND, 1970) to consider that, since the pore space corresponds
to a fraction of the total fracture area, only a fraction (f) of the pore pressure is to
be considered for the effective normal stress (6, = 0, — fp,). In the present paper we
have considered both possibilities (f =1 or f =0.9) and assumed that the shear
strength of pre-existing fractures follows Coulomb’s friction law, with the assump-
tion of zero cohesion

lt| = u(o, — Bp,) = uo, (2

The pore pressure at the location of a microseisniic event can be written
P» = Po + dp, where p, is the original hydrostatic pressure and dp is the increment of
pressure induced by the fluid injection. This yields

dp = {(0, — Bpo) Bl1 — |t|/u(o, — Bpo)l}- 3)

The value of dp can be normalized with respect to p;, where p; is the increment
of pressure with respect to hydrostatic pressure in the injection well at the depth of
injection (i.e., the well-head pressure corrected for pressure losses caused by flow
through the tubing in the injection well). In the rock mass, the ratio dp/p; varies
between 1, in the vicinity of the injection hole where pre-existing fractures are
opened, and 0 near the production well or near the far field boundary, where the
interstitial pressure is hydrostatic. On Figure 6, B is assumed to be equal to one
(standard effective stress law) and the values for dp/p, have been plotted versus the
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values of |t|/u(c, — Bpo), first with u equal to 1 (Fig. 6a), second with u equal to 0.6
(Fig. 6b). It may be observed that if the friction coeflicient u becomes slightly larger
than 1, then the local pore pressure increment required to induce shear would have
to be larger than the injection pressure. Also, if the friction coefficient is equal to
0.6, the pressure required to induce slip for some events is about equal to
hydrostatic pressure. Thus the friction coefficient is found to stand somewhere
between 0.95 and 0.65, i.e., values which are fairly common for most rocks. Results
shown on Figure 7 are similar to those of Figure 6 (for a friction coefficient of 0.5)
except that § has been taken equal to 0.9 (the pore pressure is not acting
throughout the complete area of the fracture). These results suggest that, with such
an effective stress law, the pressure required to induce slip for some of the events is
larger than the injection pressure. Yet for other planes, equilibrium is barely
reached with hydrostatic pressure conditions. This demonstrates that for this rock
mass Terzaghi’s effective stress concept is satisfactory, so that the coefficient § in the
effective stress law applied to friction, is equal to 1.

Now, given the stress field determined with the integrated method and given the
selection of the nodal planes which results from this stress determination, the
selected friction law as expressed by equation (3) may be used to map the pore
pressure distribution within the rock mass. The normalized pressure increment dp/p;
has been plotted as a function of the distance between the hypocenter of the
corresponding seismic event and the closest point in the injection well where water
penetrates the rock formation (Figure 8). It can be seen, that for some events in the
upper planar seismic zone, the pore pressure increment required to induce shear
some 100 m away from the injection point is nearly equal to the injection pressure
increment. This implies that either only slight flow occurs through this fracture or
that its hydraulic conductivity is extremely high. As mentioned above, preliminary
flow logs conducted in the well before the circulation tests, revealed that the
fracture zone intersected by INAG III-9 around 500 m was taking no fluid during
injection, contrary to the fault zone intersected around 650 m. Thus the large pore
pressure identified by the seismic activity analysis is consistent with the flow logs
conducted in the borehole: the upper planar seismic zone, although hydraulically
conductive, is not connected to the main fracture network of the rock mass, but is
connected to the injection well. '

This mapping of the interstitial pressure in the upper seismic zone raises an
intriguing question regarding the hydraulic behavior of this system. Indeed, at some
places the local pore pressure is nearly equal to the injection pressure (the well-head
injection pressure varies between 8.3 MPa at 8.51/s to 12.5 MPa at 20.8 I/s), and
therefore is larger than the regional minimum principal stress magnitude in this
depth interval (¢, = 7.5 MPa at 500 m). Since stress heterogeneities are only local-
ized, according to the good fit observed for many microseismic events, this should
have resulted in the development of hydraulic fracturing. But none has been
identified. Indeed, during all the injection tests a network of six tiltmeters continu-
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Calibration of the friction law controiling slippage along pre-existing fractures. On abscissa are plotted

the values of the ratio between the tangential stress supported by the slip planes and the effective normal

stress. On ordinate are plotted the ratio between the pressure increment required to induce slip and the

injection pressure at the well head. A) The friction coefficient has been chosen equal to I; B) The friction

coefficient has been chosen equal to 0.6. In both cases the classical effective stress concept (f =1) is

assumed to be valid. Black triangles correspond to events in the upper planar seismic zone, open circles
correspond to events in the lower planar seismic zone. .

ously monitored the ground deformation (DESROCHES and CORNET, 1990). The
absence of significant tilt during all the injection tests indicates that if any hydraulic
fracture did propagate, it remained smaller than 15 to 20 m. Thus this analysis
suggests that, within fault zones, the pore pressure may be significantly larger than
the minimum principal stress without significant hydraulic fracturing, and this for
time periods exceeding fifteen days.

The lateral extension of the lower planar seismic zone is considerably smaller
than that of the upper seismic zone. Also, the pore pressure determined from the
analysis of the induced seismicity is found to be substantially lower than within the
upper seismic zone, and the values are decreasing regularly as the events occur
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Same as Figure 6 but, in the effective stress law, § has been chosen equal to 0.9. Further, the friction
_coefficient has been chosen equal to 0.5.

further away from the well. This is consistent with the result from the flow logs
which shows that this fault zone is well connected to the hydraulically significant
fracture network of the rock mass. v

This emphasizes the fact that induced seismicity is only representative of large -
pore pressure and not of large flow rate. In fact, the further away the microseismic
events are from the injection well, the less likely they are to be associated with main
flowing zones. Indeed, the interstitial pressure within the distant flowing zones is
controlled by the far field pressure conditions and therefore, in opened systems, is
too low to induce any seismicity. This is confirmed by the horizontal projection of
the location of induced seismicity observed at Le Mayet de Montagne. It is
observed on Figure 1 that, during injections in INAG III-9, no seismic event
occured near INAG I11-8 (the production well) even though the well was producing
somewhere between 45% and 80% of the injection flow rate (depending on the
injection flow rate). This absence of seismicity near INAG III-8 is simply linked to
the low pore pressure in the vicinity of the production well.

It may be observed that none of the planar seismic zones is parallel to a
principal stress direction. Thus, at least at the scale of these tests, for this granite,
forced fluid flow does not occur along planes normal to the minimum principal
stress but rather is controlled by a few pre-existing faults. Further, these results
outline the difficulty in characterizing the hydraulic behavior of this rock mass and
the shortcomings of the equivalent continuum approach: only three of four main
fractures are absorbing more than 80% of the flow (BRUEL and CORNET, 1992) and
these can be identified only through large-scale testing. Indeed, had straddle packer
tests been conducted on the various fractures intersected by the wells, these tests
would have shown that the zone around 500 m is locally hydraulically conductive
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- Mapping of the pore pressure in the rock mass during the various injections. For all focal mechanisms

consistent with the integrated stress determination, the pressure increment (normalized with respect to
..the well-head injection pressure) required to induce slip is plotted versus the distance between the event
f and the closest injection point in the well (plotted in abscissa). Black triangles corrrespond to the upper
“planar seismic zone, the open circles refer to the lower planar seismic zone. u is the friction coefficient,
K B is the corrective factor for the pore pressure in the effective stress law,

and they would have failed to identify the lack of connection at the 200 m scale. This
dominance of a very limited amount of fractures on the hydraulic response of the
system clearly iltustrates that the concept of permeability of an equivalent continuum
fails for this granite. This then raises the question of characterizing the large-scale
hydraulic response of this rock mass to forced fluid flow. As shown here above, the
detailed analysis of the focal plane solutions of induced seismicity, together with a
sound regional stress determination, may yield part of the answer.

6. Conclusion

The mapping of seismic events induced by various water injections in this granite
has shown that flow only occurs through a very limited number of fractured
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zones. Some of these zones, although locally hydraulically conductive, are not
hydraulically significant because they are not properly connected to the regional
hydraulically significant system. All these fault structures exhibit a fairly intricate
morphology so that locally the stress may be somewhat heterogeneous with respect
to the regional stress field. This precludes identifying the regional stress field from
the sole inversion of such locally induced focal mechanisms.

However, when combined with HTPF normal stress measurements, focal mech-
anisms of induced seismicity can be beneficial in efficiently constraining the regional
stress field. The fact that this integrated stress determination has yielded for the Le
Mayet de Montagne site a principal stress component in the vertical direction, when
this was not imposed a priori in the inversion, is taken as a proof of the effciency
of the method. ‘

This precise regional stress determination shows that the stress heterogeneities
observed along the fault zones are fairly localized and leave many portions of the
fault unperturbed as demonstrated by the many consistent focal mechanisms
identified within the fault zones. These numerously consistent focal mechanisms
have been advantageously utilized to map the interstitial pressure. This mapping
has shown that locally the pore pressure may be considerably larger than the
regional minimum principal stress magnitude. Yet, no large-scale hydraulic fracture
has been identified, either from the surface tilts or from the flow characteristics (a
hydraulic fracture should be associated with large fluid flow, when very little has
been observed in practice). The cause of this metastable situation is probably to be
found in the morphology of the fault zone. This suggests that, in natural faults, the
pore pressure may reach values extensively larger than the regional minimum
principal stress, without inducing hydraulic fracturing, and this for a reasonably
long duration (more than fifteen days in the case of Le Mayet de Montagne).
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How close to failure is a natural granite rock mass at a S km depth ?
F.H. Cornet, Th. Berard and S. Bourouis.
Institut de Physique du Globe de Paris

Abstract

Linear variations with depth for principal stress magnitudes have been described often in
crystalline rocks. This is taken as a support to the hypothesis that the earth crust is just at
equilibrium through frictional resistance of optimally oriented faults and fractures. Large scale
injection experiments, conducted in the 5000 m deep experimental geothermal reservoir at
Soultz (France), provide unique data to test this proposition. Results from hydraulic tests together
with analysis of borehole images and induced seismicity are integrated to provide a well
constrained characterization of the complete stress field down to 5 km. The vertical stress
component is shown to be principal and the maximum horizontal principal stress orientation is N
170+15°E, i.e. parallel to the direction observed at similar depth, at Urach some 120 km to the
South East of Soultz, as well as at the KTB site some 300 km East of Soultz. A large scale
injection experiment was undertaken in 1993 within this virgin rock mass, at progressively
increasing flow rates (25 000 m’ total injected volume), between 2850 m and 3400 m. When the
wellhead pressure reached 4 MPa induced seismicty was observed but the rock mass remained in
its elastic domain. Only when the well head pressure reached 8 MPa, were large failure processes
initiated. Detailed relocation of microseismic events together with borehole images taken before
and after the experiment demonstrate that fresh shear zones have been formed by the coalescence
of multiple smaller scale fractures. It is concluded that, at Soultz, the linear variations with depth
of stress magnitudes depend at least partly on the long term rheology of the rock mass and should
not be used to evaluate the frictional characteristics of the main faults. It is also shown that pore
pressure increments larger than 8 % of the natural minimum principal stress magnitude are
required to induce large scale shear failure, in this granite.

1 Introduction

As stated by Charles Fairhurst [1] : “the distribution of forces in rock masses is a central
concern of rock mechanics, both with respect to understanding basic geological processes such as
plate tectonics and earthquakes, and the design of engineered structures in and on rock masses”.
Charles has much contributed to this topic since his first review for the U.S. Corps of Engineers
in 1968 [2], review that was used as text book by the first author of the present paper during his
Minnesota years. The objective of the present paper is to explore some applications of the
principles developed in Charles’s laboratory for estimating rock stresses at great depth. In
particular it is shown how an integration of complementary data is necessary to assessing the
stress field at great depth as well as the factors controlling its vertical variations.

Because stresses in the crust must satisfy the stability of optimally oriented preexisting
fractures and faults, Brace and Kohlstedt [3] have proposed upper limits to maximum differential
effective stresses that may exist in the crust. Many an investigator [e.g. 4, 5, 6] has analyzed
results from deep stress measurements and has noted a linear variation of stress magnitudes with
depth. This linear variation is consistent with the hypothesis that stresses fit equilibrium
conditions according to the so-called Byerlee’s law [7] on rock friction, i.e. a Coulomb friction
law with no cohesion and friction coefficients ranging from 0.6 to 1.



In practice, an important question is to determine how far the crust is from equilibrium,
depending on the regional tectonic conditions. Following the rock engineer, it is obvious that
very often a rock mass can sustain significant stress perturbation and yet remain stable. But
following recent results from the Earth Science literature [e.g. 8], it is clear that locally stresses
may be close to equilibrium condition, i.e. close to the onset of failure.

This consideration is of particular import when it comes to the stability of long term
underground storage facilities, whether it involves the temporary storage of oil or gas, or the
permanent disposal of waste (e.g. CO2, nuclear waste, etc..). For example, a 1 MPa difference in
acceptable changes in interstitial pressure for gas storage implies drastic variations in the storage
capacity of a repository. Given that the onset of microseismicty is often taken as a demonstration
of the onset of failure, providing a better understanding of the onset of microsismicity and its
relation to rock mass stability becomes an important issue to rock engineering.

We discuss in this paper results from large scale injection experiments that have been
undertaken in the context of the development of an artificial geothermal field. Since 1987, an
experimental geothermal program is on-going at Soultz-sous-Foréts, in the upper Rhine graben,
close to the Franco-German border (figure 1). The objective is to investigate the possibility of
developing a heat exchanger in the local granite basement, at depths of the order of 5 km, so as to
produce economically electricity [9, 10].

A first borehole, GPK1, was initially drilled down to 2000 m and then deepened to 3600 m in
1992. This well was used for massive hydraulic testing in 1993. A nearby well, EPS1, reached
2200 m in 1990 and was used for small-scale hydraulic tests, some 500 m away from GPKI.
Another well, GPK2, was drilled in 1995 down to 3800 m, close to EPS1. After massive
hydraulic stimulation in 1997, it was deepened to 5 km in 1999, with yet another massive
hydraulic stimulation in 2000 [11]. Since 2001, reservoir development is on-going in the 5-km
depth range, including the drilling of two additional 5 km deep boreholes GPK3 and GPK4 and
their stimulation [12, 13].

This has provided a diversity of data that has been used by various groups to estimate the
local stress field. Numerous papers have been published with this respect. Principal stress
directions determination range from N125°E to N185°E and a large variety of principal stress
magnitude estimates have been proposed, some of them leading to instability above 2000 m (the
minimum principal stress becomes smaller than the hydrostatic pressure).

In this paper we review first the various results that have been published with respect to the
regional stress field determination and we discuss possible sources of error. Then we present a
vertical stress profile that integrates complementary data deemed reliable and obtained during the
early phase of the project, before any large scale perturbation altered the regional stress field.
Results are compared to those from the latest large scale hydraulic stimulation run in GPK3,
around the depth of 5 km [13], i.e. about 2 km deeper than the domain in which the stress profile
has been established. This validated stress profile is taken to advantage for discussing the growth
of zones of microseismic activity generated during the initial 1993 massive hydraulic injections,
i.e. in the virgin rock mass. Finally a criterion of failure for the whole rock mass is proposed and
discussed with respect to the onset of microseismicity.

2 Results from hydraulic testing

Various hydraulic tests have been conducted on this site, from straddle packer tests for stress
measurements to tests for large-scale hydraulic reconnaissance or for reservoir development.



Injected volumes range from tens of litters up to tens of thousands of cubic meters at flow rates
ranging from liters per minute to several tens of liters per second. Only tests relevant to stress
determination are reviewed in this section. They correspond to tests in which the water pressure
has been large enough to induce the mechanical opening of fractures.

2.1 Tests specific to stress measurements

The first tests for stress measurements [14] were run with rubber straddle packers (2.4 m and
3.6 m long pressurized intervals), in well GPK1, following the classical methodology of stress
measurements (i.e. low flow rates (9 1/min) with total injected volume in the range of 50 to 100
litters).

Fracture orientations were determined from borehole televiewer logs, and this raised some
difficulty. Indeed, discrepancies of several meters between absolute depths readings on logs are
common for depths larger than 1000 m, and this raises difficulties for correlations with depth
measurements from drill string assembly. Pressures were recorded at ground surface. Results are
presented in table 1. They show a large dispersion in fracture orientation, and for two tests two
fractures are observed in the tested interval. The last line corresponds to a test run with a single
packer set at 1968 m with the interval extending to the bottom of the well (2000 m). The two last
tests of table 1 are part of the set of tests run for preliminary hydraulic reconnaissance discussed
in the next section. They are given here for they were part of the initial stress determination
proposed by Rummel and Baumgartner [14].

Additional stress measurements (Table 2) were run with aluminum straddle packers [15]. For
these tests, pressure measurements were obtained downhole. Two tests were run in the inclined
well EPS1 around 2200 m (total borehole length) and another two in the vertical well GK1
(3315m and 3506 m). No fracture orientation is reported for these tests. Further, while the
borehole length is identical to depth in the vertical well GPK1, this is not the case for well EPS1
which exhibits an increasing deviation with depth, the deviation reaching 25° at its bottom.
Further EPS1 well-head is 22 m above that of well GPK1. Hence borehole lengths in well EPS1
do not translate immediately in equivalent depths in well GPK1.

2.2 Tests for small scale hydraulic reconnaissance

Another set of data is provided by preliminary hydraulic reconnaissance. In particular, Jung
[16] conducts in 1988, a hydrofrac test between 1968 m and the bottom of well GPK1 (i.e. 2000
m at this time). In this test, the 30 m long pressurized interval ends with the bottom of the well
and is sealed at its top by a double packer system. After preliminary tests have opened vertical
fractures, an injection test is conducted with a 3.5 I/s flow rate and a 3.7 m’ total injected volume,
i.e. about one order of magnitude larger than those used for stress measurements. The well-head
pressure measured at shut-in (i.e. when the drill pipe to the surface was filled with fresh water) is
6.5 MPa, so that the bottom-hole pressure is close to 26.0 MPa. Borehole televiewer surveys
reveals newly formed vertical fractures oriented N170° to the East as well as two inclined
preexisting fractures striking N 150° and dipping 78°.

In 1991, after additional stimulation tests were run in the same GPK1 interval, Jung conducts
an injection test with a 15 1/s flow rate. At first the increase in borehole pressure is linear, but
becomes non-linear before reaching its peak. The transition from linear increase to non-linear
increase in borehole pressure is typically taken as the reopening pressure. Many an
experimentalist has shown that this value is generally close to the minimum principal stress



magnitude [17,18]. Interestingly, this reopening pressure (figure 2) is found to be equal to 26.5
MPa, i.e. very close to the shut-in value measured 3 years earlier. Hence it is considered that 26.3
MPa is a close estimate of the minimum principal stress magnitude around 1980 m.

2.3 large scale hydraulic reconnaissance and reservoir stimulation.

In September 1993, a large scale injection is conducted in the open-hole section of GPKI1,
extending from 2850 m down to 3400 m [19,20]. The injection starts at a flow rate of 0.25 I/s and
is progressively increased to 6 1/s within 60 hours. From then on, the flow rate is kept constant for
48 hr, followed every other day by increments of 6 1/s until the injection flow rate reaches 36 1/s.
At this final flow rate, injection lasts 3 days (fig.3). In response, the wellhead pressure initially
increases regularly with flow rate but then progressively stabilizes at about 10.5 MPa and
becomes nearly independent of flow rate once it reaches 24 1/s. During the whole process,
microseismic activity is recorded by three downhole 3D-accelerometers and one hydrophone
[21]. Concomitantly with the pressure stabilization, the cloud of microseismic activity is found to
migrate upward, a feature that is taken as a proof that the water pressure has reached the
magnitude of the minimum principal stress, leading to mechanical opening of fractures oriented
close to the maximum horizontal stress direction.

Hence, the value of 39.5 MPa is likely a close estimate of the minimum principal stress
magnitude around 2900 m. This is further discussed in section 4.

Somewhat similar large scale injection tests have been undertaken later, for reservoir
development [22,11] but in none of these tests was the injection pressure found independent of
injection flow rate. However, in 2003, a stimulation test was run around the depth of 4550 m and
during this large scale injection the wellhead pressure did become independent of injection flow
rate [13]. This is further discussed in section 5.2,

2.4 Previously published stress evaluations from hydraulic tests

This set of data has prompted many authors to propose an estimation of the stress field at
depth, in the Soultz granite.

In 1990, Rummel and Baumgartner [14], apply the HTPF stress determination technique
[17,23] to fit a five parameter stress model to the five successful hydraulic tests that had yielded
both the measurement of the normal stress and the orientation of the tested preexisting planes
(Table 1). They come up with the following solution:

Sh= 15.1 +0.0179 (z-1458) (1a)
Sy =24.8 + 0.0198 (z-1458) (1b)
Sv=0.024 z (1¢)

Direction of Sy N 155 £3, or N 176 + 6°, depending on the fractures considered for the

HTPF inversion.

In (1), Sp, Sy and S, are respectively the minimum horizontal, the maximum horizontal, and
the vertical principal stress components (in MPa) while z is depth (in meters). Rummel and
Baumgartner outline that this solution is valid only for depths larger than 1458 m. Indeed, for
shallower depths, the solution yields magnitudes of the minimum principal stress smaller than the
interstitial pore pressure (given a density for the brine equal to 1.07g/cm”).

In 1990 Jung [16] observes that, while Rummel and Baumgartner solution with Sy in the N
155°E direction does explain his hydraulic results, a N 170°E orientation for the maximum
horizontal principal stress direction explains them even better.



In 1993, although no fracture orientation has been identified for the tests shown in table 2,
Klee and Rummel [15] observe that the shut-in pressure for these tests align well with the
minimum principal stress value given by solution (1). They conclude that the tests with aluminum
packer have generated true hydraulic fractures, so that these results can be interpreted according
to the classical hydraulic fracturing theory. They assume that, for this granite, both pore pressure
and rock tensile strength are to be neglected for the computation of the maximum principal stress
magnitude. Because results fit reasonably well with extrapolation from the 1990 results, they
conclude that the maximum horizontal principal stress orientation is that already determined and
conclude for a NW (N135°E) to NNW (N157.5°E) direction for the maximum horizontal
principal stress.

In 1994, upon examination of both electrical and acoustic imaging logs, Heinemann and
Kappelmeyer [24] report that Klee and Rummel’s hydraulic test at 3315 m, in GPKI, is
associated with a clearly identified vertical fracture in the N-S direction but that the test at 3506m
is associated with a vertical fracture oriented nearly E-W. Interestingly, this latter test was run
within meters of one of the most significant fault intersected by the well GPK1. i.e. within a zone
of stress heterogeneity. After detailed analysis of rock density on cores and on cuttings samples,
they interpret all data available till July 1993 with the following solution:

Sp= 15.8 +0.0149 (z-1458) (2a)
Su = 23.7 + 0.0336 (z-1458) (2b)
Sv = 33.8 + 0.0255 (z - 1377) (2¢)
Direction of Sy N 170°. (2d)

These various stress profiles will be discussed after having analyzed the borehole wall
images in wells GPK1 and GPK2 and after having discussed results from induced seismicity.

3 Results from electrical and acoustic borehole imaging

Very significant constraints on principal stress orientations are provided by borehole failure
processes as observed with both electrical and acoustic borehole imaging tools.

3.1 Drilling induced, thermal fractures

In 1988, Mastin and Heinemann [25] conduct an analysis of both four-arm caliper and
acoustic borehole televiewer logs run in well GPK1. The caliper log runs from 1420 m to 2000 m
and the televiewer log runs from 1415 m to 1999 m. The four-arm caliper tool does not outline
any significant borehole cross-section elongation in most of the well, although it is reported to
lock in steady orientation between 1734 m and 1690 m. The direction corresponds to that of sub-
vertical drilling induced fractures observed in the televiewer log, the mean orientation of which is
N 169+21° . They conclude that this direction is that of the maximum horizontal principal stress
and propose that the caliper tool locked in steady orientation because of thermal fractures. These
authors also notice that, after correction for tool eccentering effects, some slight borehole cross-
section elongation is noticed on the televiewer data. They outline their regular elliptical shape as
opposed to that of spalled zones normally associated with breakouts caused by failure in
compression. This leads them to conclude that these elongations have been generated by tool
drag, even though their orientation (N 185 * 30°) does not coincide with that of the borehole
deviation, as normally expected.



In 1999, Brudy and Zoback [26], discuss results from the electrical imaging log run in GPK1,
after it had been extended to 3590 m. They report on results by Nagel [27] who obtained a mean
orientation for the induced tensile fractures equal to N181 + 22°, for the 2000-3590 m depth
range. Then they concentrate on stress magnitudes required for thermal tensile fractures to appear
and conclude on the necessity to assume a zero tensile strength for this granite.

We outline here that these results on the pervasiveness of tensile fractures generated during
drilling raises a major question on the possibility of sealing borehole sections with inflatable
straddle packers, for stress measurement by hydraulic tests. This is further discussed in section 5.

3.2 Borehole cross section elongation analysis

Bérard & Cornet [28] analyze a set of four Ultrasonic Borehole Imager (UBI) logs for wells
GPKI1 (logs between 2850 and 3465 m and between 2853 and 3516 m) and GPK2 (logs between
1422 and 3807m and between 3479 m and 3866 m). Logs in GPK1 were run 6 months before,
and 2 months after, the first large scale injection test reported here above, i.e. more than a year
after the deepening of GPK1. The first log in GPK2 was run three days after the end of the first
drilling operation while the second log was run during the well deepening operation.

Bérard and Cornet observe, in GPK1, classical compression breakouts below the depth of 3
km, with a N 95 + 7 ° orientation (fig 4). For the first log in GPK2, that was run three days after
the end of drilling, no breakout is observed at depths comparable to those for which breakouts
have been observed in GPKI1. Some are noticed occasionally, further down. Their mean
orientation is N 93+ 25°. Interestingly, none is observed in the second log run during the
deepening of the well.

But in GPK2, they observe in the 1.6 - 2.9 km depth range, borehole cross-section
elongations with a mean orientation N 164° + 18°. A detailed description of orientations
distribution is given in figure 5. It outlines a non-symmetrical distribution with respect to the
peak value (N 169°E), with two secondary peaks at respectively 155° and 135°.

These borehole cross-section elongations are very strongly developed around 1600 m and
disappear very progressively with depth, concomitantly with drilling induced fractures. They
definitely would have been picked with a four-arm caliper tool, in a manner similar to what is
described by Mastin and Heineman [25] in the upper part of GPK1. For the drilling induced
fractures in GPK2, between 1420 and 3500 m, a N175°+17° mean direction is reported by Genter
& Tenzer [29] i.e. about 10° to the North of the mean thermal elongation orientation.

The shape of these borehole cross-section elongations is much more regular than classical
compression breakouts. After detailed analysis of their radius of curvature, Bérard and Cornet
conclude that these elongations are not caused by tool drag but are associated with intense inter-
crystalline thermal microcracking. This is also supported by the very progressive decrease of
their amplitude with depth, simultaneously to the decrease of drilling induced thermal
perturbation.

In conclusion, compression breakouts are observed below 3 km depths, on logs run after one
year has elapsed since the end of drilling. They are not observed on logs run during, or just after
drilling. Unless this time dependency is better understood, it precludes an accurate quantitative
evaluation of stress magnitude from breakouts width and/or radial extent. Three mechanisms may
be considered for explaining this time dependency :

v' the progressive cancellation of thermal stresses,

v the time dependency of rock failure in compression [30,31,32,33] that may be
enhanced by temperature,

v' the diffusion of pore pressure in failing zones.



The magnitude of thermal stresses computed by Bérard & Cornet [28] at depths greater than 3
km shows that thermal stresses are not very significant. Hence, only the two last effects are
considered likely candidates for the observed time dependency. But unfortunately no data is
available for ascertaining potential stress corrosion effects at this site.

Independently of compressive breakouts, thermal stresses have induced borehole cross-
section elongation in the direction of the maximum horizontal principal stress. These thermal
elongations are observed only when the tensile stresses are increased very progressively. They
reduce the apparent tensile strength of the granite to very small values. When thermal stresses are
applied at once, as done during large scale injections, the inter-crystalline micro-cracking has no
time to develop and single macroscopic fractures are generated at once. Once formed, these
macrofractures relax the tensile stresses near the wellbore wall and concentrate them at the tip of
the macroscopic fracture, thus stopping the development of microcracking. Had such borehole
cross-section elongations been confused with compression breakouts, this would have lead to
erroneous conclusions on principal stress direction. A characteristic feature of thermal elongation
is their vanishing together with the decrease in drilling induced thermal perturbation so that, at
Soultz, they disappear with depth contrary to compressive breakouts.

4 Results from seismic monitoring

During all the various injections tests run at Soultz, induced microsismic activity has been
monitored. We concentrate in this section on the first large scale injection experiment, for it
corresponds to an experiment in the original unperturbed natural rock mass. Two monitoring
networks were available.

The CSMA downhole network includes three 3D-accelerometers and one hydrophone located
close to the interface between sedimentary rocks and the granite around 1400 m and was operated
by the Camborne School of Mines Associates [21]. In addition, a surface network of 14 stations
(8 single vertical (1Hz) component seismometers and 6 three-components (2Hz) seismometers)
was deployed on ground surface, thus providing means to identify focal mechanisms [34,35]. It is
referred to as the EOPGS network and was operated by Ecole and Observatoire de Physique du
Globe de Strasbourg.

4.1 Structure of the micro-seismic cloud

About 10 150 events have been recorded with the CSMA network between Sept. 2 and Sept.
15, i.e. the complete duration of the injection. In figure 3 are shown horizontal projections of
these micro-seismic events for two different horizontal depths range in the rock mass. Locations
are determined from P and S arrivals [21]. An isotropic velocity structure has been established
from calibration shots. Station delays of a few milliseconds are introduced at the stations in order
to fit results from calibration shots more closely. The 60% confidence level on these locations is
30 m in the East-West direction, 60 m in the North-South direction and 20 m in the vertical
direction.

Events with depths ranging from 2900 m to 2700 m indicate a N-S extension of the seismic
cloud, while events located below 3000 m are consistent with a NNW-SSE preferential
orientation. The well trajectory is subvertical and thus perpendicular to the plane of the
projection. It is located within the seismic clouds.

In order to obtain a better understanding of this microseismic cloud, Bourouis [36] has
identified and analysed multiplets within the 9 200 events for which proper recording was



available. The concept of multiplet was initially introduced by Poupinet et al. [37] and has been
applied with success in many instances for accurate relocation purposes [38, 39, 40]. A multiplet
is a set of microseismic events in which all events exhibit very similar seismic signals. They are
generated by the same seismic source that is reactivated over time for various reasons. Cross
correlation between these signals provides means to relocate very accurately these events with
respect to one another (relative relocation accuracy of a few meters). A total of 597 doublets
(only two event of similar waveform), 236 triplets (3 similar events), and 350 multiplets (four
similar events or more) have been identified. Some multiplets involve more than 30 similar
events. These multiplets are considered to be associated with repeated slips on the same local
feature.

The best plane that fits these relocations has been calculated according to the “three points”
method proposed by Fehler et al. [41]. Very schematically, the method identifies the plane that is
the most often generated when considering any combination of three events within the set. A
normalizing procedure is applied in order to avoid bias induced by the shape of the multiplet.

Once multiplets have been characterized, the best large scale planar structure that fits the
volume of multiplets, for a given depth range, is identified. By planar structure we refer to a
structure the thickness of which is small as compared to the two other dimensions.

The majority of multiplets exhibit, individually, an azimuth often close to the N 155°E
orientation, but the planar structure that is created by the envelope of these multiplets varies and
exhibit a remarkable rotation with depth, as shown on table 3. The vertical extent of depth
intervals have been chosen so as to include approximately the same number of events.

Hence, while borehole images do not indicate any significant rotation of the principal stress
directions within the depth interval of interest, clearly such is not the case for the seismic cloud
mean orientation. This rotation is considered to be representative of macroscopic failure
processes that vary with depth depending on the relative value of borehole and interstitial pore
pressure with respect to the natural stress field, as discussed in section 6.

4.2 Focal mechanisms of induced sismicity and stress heterogeneity

While the downhole seismic stations recorded about 10 200 events during this first large scale
injection, the surface network helped to locate about 165 events with magnitude larger than 0.5.
Unfortunately, for most of these events the uncertainty on location and the amount of clear
polarity data does not provide for accurate focal mechanism determination. Helm [34] was able to
determine 93 focal mechanisms based only on EOPGS network data, some of them with only six
polarity data. By running an inversion of these focal mechanisms, following Rivera and Cisternas
algorithm [42], he concluded that the largest principal stress is vertical and that the maximum
horizontal principal stress is oriented N125°E, an orientation more than 45° off the results
determined from borehole images.

Later, Gaucher et al. [43] reanalyzed a set of 14 focal mechanisms by combining Pwaves
polarity from downhole and surface stations with polarity of Swaves from the downhole stations
when they were clear. Some of these determinations are more than 30° off Helm’s determination,
and therefore this certainly explains part of the error in Helm’s principal stress direction
determination. These focal mechanisms are shown on figure 6.

They correspond to a mixture of normal and strike-slip events, consistent with a sub-equality
between the maximum horizontal principal stress component and the vertical component. But
Figure 6 also shows that some strike-slip events, although very well resolved (more than 15
polarity data), are not consistent with a North-South direction for the maximum horizontal
principal stress. Given the very strong constraints on regional principal stress directions provided



by borehole images, it is concluded that some of these shear events have occurred in zones of
stress heterogeneity.

Various hypotheses have been formulated for explaining these sources of stress
heterogeneity. On figure 6, we explore the possibility that the stress field has been altered by
previous slip events, which occurred in the close neighbourhood of the corresponding event. It
can be seen that one of the most heterogeneous strike-slip events (event 43128) occurred in a
volume that had not been affected by any previous seismic slip. This suggests that the source of
heterogeneity existed prior to the injection test, or that some previous aseismic slip has altered
locally the stress field. This is discussed further in section 5.1. But it is concluded here that,
unless some additional information is available, these 14 focal mechanisms alone may not be
used for a local stress determination.

4.3 Shear wave splitting analysis

Laboratory work has shown that the Soultz granite is isotropic [44]. Yet, Gaucher et al. [43]
were able to detect some shear wave splitting at two of the downhole stations (4550 and 4616).
The third downhole station was not investigated for it has been shown to be associated with a
local velocity anomaly consistent with the station being located within the sedimentary cover.
Station 4550 is about 100 m below the sedimentary cover while station 4616 is only a few meters
below the granite-sedimentary rock interface.

Shear wave splitting, namely the arrival of two shear waves, is associated with anisotropic
properties of the rock. It is generally accepted that, for an isotropic rock matrix, this anisotropy is
induced by the effect of the stress field on the opening of micro-fissures [45, 46]. Schematically,
the principle is that micro-fissures oriented perpendicularly to the maximum principal stress are
more closed than those which are perpendicular to the principal minimum stress. Hence velocity
is faster in the direction of the maximum principal stress than in the direction of the minimum
principal stress. When the three principal stress magnitudes are different, the rock mass exhibits
three axis of symmetry (9 constants of elasticity) but when two principal stress magnitudes are
equal, the material exhibits planar isotropy with only 5 constants of elasticity.

While the anisotropy may be very small ( a few %), the picking of shear wave polarization
provides means to identify shear wave splitting with good accuracy so that the orientation of the
fastest propagation direction is detected fairly easily.

As shown on figure 7, the amount of ray path directions sampled is very satisfactory. Given
that it takes a few wave lengths for splitting to occur, and that the typical wave lengths are in the
10 to 20 meters range, these results are consistent with a principal stress direction parallel with
the N-S orientation, for a sphere centred on the seismic station, with a radius at least equal to 150
to 200 m. It also suggests sub equality between the maximum horizontal principal stress and the
vertical stress (five constants of elasticity for the equivalent model).

5 Proposed vertical stress profile and comparison with results from other regional deep
boreholes

We review in this section the various solutions that have been proposed to characterize the
stress field at Soultz and present our synthetic model.



5.1 Regional principal stress directions

5.1.1 Mean direction of the maximum horizontal principal stress

Given the observed verticality of most induced tensile fractures in wells GPK1 and GPK2, it
is concluded that indeed for most of the investigated volume the vertical direction is a principal
direction. However, as pointed out by Brudy and Zoback [26], very locally, these tensile fractures
are inclined and form en echelon patterns, thus indicating local variations in principal stress
orientation since the boreholes remain vertical (less than 5 ° variations in verticality). Hence only
the orientation of the maximum horizontal principal stress direction is to be ascertained.

We summarize in table 4 results from our bibliographical review on this issue. Results vary
from N125°E to N185°E. Taking the central value of this interval would lead to conclude to a
N155° E orientation, i.e. the direction of the seismic cloud orientation observed below 3000 m,
about 30° off that observed around 2900 m. Hence it is essential to take a closer look at these
results for a proper interpretation of the microseismic cloud development and its relationship with
equilibrium conditions.

A first observation is that all mean values, except for two, fit within the interval N164°E to
185°E. The only values that do not fall into this interval are Helm’s results from the focal
mechanisms inversion and one of the options of Rummel and Baumgartner’s HTPF
determination. But it has been shown that Helm’s determination of focal mechanisms from
EOPGS network may be as much as 30° off results obtained when all available data are
considered (CSMA and EOPGS). Further, some focal mechanisms are clearly not consistent with
the general results from borehole images and it will be shown in the next section that this may be
simply explained by local stress heterogeneity associated with preexisting fractures. Hence, at
this point, this result (N125°E) is simply not considered to be reliable. Similarly, the result from
HTPF inversion is not considered to be valid for it involves a 5 parameter model for only 5 HTPF
data. Clearly, any error on the data will have drastic consequences on the result. Given that Klee
and Rummel [15] statement on stress orientation is based on the same results as Rummel and
Baumgartner’s paper[14] (no new data on stress orientation are provided, only results on stress
magnitudes), it is concluded that the two values N125°E and N155°E must be abandoned.

Prior to any further analysis, one is led to observe that all remaining mean values fall within
the N 175+10° interval. However all values do not carry the same weight. Further, mean values
are associated with domains of uncertainties. When this is taken into consideration, all data on the
maximum horizontal principal stress orientation fall into the broader N 175+30° interval. A
question arises as to whether this apparent large dispersion is really meaningful when it comes to
the analysis of the development of failure in the rock mass. This is further discussed in the next
section

5.1.2 Scale of stress heterogeneity

A closer look at the borehole cross-section elongation orientation profile provides some
insight on the size of zones where stress heterogeneity are observed. On figure 8, an attempt has
been made at evaluating the length of borehole for which deviation from the mean direction was
observed. The orientation profile has been filtered off its shorter wavelengths, i.e. variations
occurring along a depth range smaller than the cut-off wavelength have been rejected. On the
lower graph of figure 8, the value of the standard deviation obtained for the various filtered
profiles are indicated. The result shows that for events with size as large as 1 meter, the standard
deviation is 15°, but as wavelength gets longer and longer, the standard deviation decreases. For
depth ranges longer than 100 m; the standard deviation gets smaller than 5 °.
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As can be seen on figures 5 and 8, the departure from the mean direction is not evenly
distributed with respect to the mean but rather exhibits some secondary extrema, most of which
are located to the west of the mean value.

This may partly explain why the solution derived from the inversion of focal mechanisms is
biased to the west of the central value estimated from borehole images. Indeed, if errors on focal
solutions were evenly distributed, then the result should only be less well constrained, and not
strongly biased. It is proposed here that, during injection, water percolates in fracture zones with
the largest hydraulic conductivity, i.e. fractures that contain the largest channels. These channels
are sources of local stress heterogeneity and therefore microseismic events have a stronger
chance to sample zones of stress heterogeneity than zones of uniform stress. If some bias affects
these sources of heterogeneity, it will also affect the focal plane inversion. Given the above
statistical results, zones of stress heterogeneity are limited in spatial extension so that seismic
events with a source radius larger than 20 meters are likely to sample properly the regional stress
field. But for the seismicity observed during this first large scale injection, the size of sources fall
in the meter range (from 0.5 to 15 m), hence the difficulty to sample the natural stress field with
these small events.

5.1.3 Proposed solution and comparison with other regional deep stress determinations

Results described here above indicate that the rock mass may be considered grossly
homogeneous for volumes larger than a few tens of meters. Yet for such rock volumes, the
principal stress directions will still vary by as much as 20°, depending on location (with a
Gaussian law and a 5° standard deviation, the 99% confidence level for the solution remains
within + 15°). But if one considers volumes of the order of 800 x 800 x 800 m, results suggest
that variations become negligible. However, this lack of variation reflects only the limited length
of the profile for which the analysis has been undertaken.

One may observe that the mean value obtained from tensile induced fractures between 1500
and 2600 m is 169° (identical to the peak value of the thermal elongation orientations). The mean
directions obtained between 2000 and 3590 m (also from drilling induced tensile fractures) is
181° and that derived from compressive borehole breakouts between 3020 and 3800 is equal to
185°. Hence these results may suggest a progressive rotation of the maximum horizontal
principal stress with depth, from N165°E near 1600 m to N185°E near 3800 m.

These orientations may be compared to results obtained at the KTB site in Germany, some
300 km to the East of Soultz [26]. Drilling induced fractures are reported in the direction N
154°+17° from 3000 to 4000 m, while hydraulic fracture tests have yielded a mean orientation of
149+15° down to depth of 3000 m. Then the mean orientation of drilling induced fractures from
3000 to 6000 m is reported to lie in the N166 + 17°E direction. Finally measurements at 7000 m
yield a N 182 + 21°E direction while those at 7800 yield N 177 + 11°E. Interestingly, the
orientation of compression breakouts are reported to vary from 149 + 18°N in the upper part of
the well to N 171 = 17°N around 8000m.

Also of interest are results from Bad Urach, some 120 km to the South East of Soultz. Indeed
Heinemann et al. [47] and Tenzer et al. [48] report a N 172 + 7°E mean direction for the mean
horizontal principal stress direction as determined from breakouts analysis observed between
1900 m and 3500 m.

It is concluded here that the orientation of the maximum horizontal principal stress measured
below 3000 m in crystalline rocks at Soultz, Bad Urach and KTB site is N 170 x15°, i.e. about
30° north to the mean orientation (N145+26°) proposed for northwestern Europe [49]. However
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the tendency for a rotation toward the north direction, as depth increases, remains to be
ascertained before it is generalized to northwestern Europe.

5.2 Magnitude of principal stress components

No direct measurement of the vertical stress component has been obtained. Given that the
vertical direction has been shown to be principal over most of the depth of interest and given the
large scale rock homogeneity, this component is evaluated from the integrated density value [24].
Given the upper 1377 m of sediments at the GPK2 wellhead, the vertical stress component is
estimated according to equation (2c) :

Sv =33.8 +0.0255 (z - 1377) 2¢c)

5.2.1 Evaluation of the minimum horizontal principal stress component

Various alternatives may be considered for evaluating the minimum horizontal principal
stress at various depths. Two data are considered to be constraining very efficiently the minimum
principal stress: the small scale hydraulic reconnaissance test by Jung [16] at 1980 m and the
large scale hydraulic test at incremental flow rates run in September 1993.

We have not considered early shut-in measurements obtained for the sake of stress
measurement, for most of them have been conducted at depths where later work has shown the
existence of pervasive drilling induced fractures. These fractures are likely to have influenced the
pressure response of small scale tests and this may explain why systematically low values, close
to the hydrostatic pressure, have been measured for such tests.

As already stated, the hydraulic test run by Jung is known to have created a fracture oriented
parallel to the minimum principal stress direction as defined here above. Both the shut in pressure
and the reopening pressure yield very similar values and the mean, namely 26.3 MPa, is taken as
the magnitude of the minimum principal stress around 1980 m.

Given equation (2c), at 1980 m the ratio between the minimum horizontal principal stress
magnitude S, and the vertical component S, is found to be equal to :

Near 1980 m : S,/ Sy = 0.535. (€))

For the large scale hydraulic test run in the openhole section of GPK1, between 2850 m and
3400 m, the pressure stabilized at 10.5 MPa , independently of flow rate above 24 V/s. Further the
location of induced microseismicity between 2800 m and 2900 m is oriented parallel to the
minimum principal stress direction. In addition, once the pressure stabilizes, microseismicity is
observed to migrate upward, as expected from a true hydraulic fracture when the fluid density is
smaller than the vertical gradient of the minimum principal stress.

Also, for this test, flow (spinner) logs run during the injection at the end of testing, when the
well head pressure had stabilized at 10.5 MPa, show that 40 % of the flow left the well between
2850 m (the casing shoe) and 2900 m [19, 50]. However, the flow lost within this borehole
section had dropped to less than 20 % of total flow rate at the end of the 18 1/sec sequence. Hence
the stabilization of injection pressure corresponds with a drastic decrease of flow impedance in
this upper section of the well, i.e. where the seismic cloud is N-S oriented. It is considered that
this drop in flow impedance is associated with the mechanical opening of fractures and this
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supports the proposition that the stabilized injection pressure yields a very close estimate of the
minimum principal stress magnitude, around 2900 m.

A question may arise as to the possible effect of thermal cooling on this stress magnitude
evaluation. However, only if the open-section of the fracture remains within 5 to 10 meters of the
wellbore would thermal stresses be significant and induce a decrease of a few MegaPascal for the
normal stress to the fracture [28]. This short length is not consistent with the 14 /s flow rate that
was flowing in the formation through this fracture system, nor is it consistent with the NS
extension length of the seismic cloud, at this depth. It is concluded that thermal stresses are not
influencing the stabilized pressure.

Hence, results from this large scale injection test are consistent with a minimum principal
stress magnitude equal to about 39.5 MPa for the 2850 m to 2900 m depth interval, which yields :

Near 2880 m , Sh/Sv = 0.548 4)

Given that very few tensile induced fractures have been observed below 2900 m, we may
assume that the Klee and Rummel ‘s aluminium packer test at 3315 m [15] has been
representative of the minimum principal stress magnitude given the observed induced vertical
fracture parallel to the minimum principal stress. Hence at 3315 m, the minimum principal stress
is taken equal to 45 MPa which yields :

Near 3315 m, Sh/Sv=0.541 (5)

The other aluminium packer test run in GPK1 at 3506 is not considered for the stress
determination since the observed induced fracture is oriented at 90° from the regional maximum
horizontal principal stress. This led us [51] to propose to evaluate the minimum principal stress
from the vertical component at the same depth by the simple relation :

Sh=0.54 S,=0.54 [33.8 + 0.0255 (z - 1377)] 6)

Later, during summer 2003, a stimulation test was run in well GPK3 in the uncased section of
the deviated well between 4547 m and the bottom of the well at 5091 m [13]. During this test, the
pressure stabilized even though the injection flow rate increased progressively from 50 1/s to 70
I/s, through combined injection in both wells GPK3 and GPK2. Further, once the pressure
stabilized, an upward migration of sismicity was observed, consistent with the mechanics of
hydraulic fracturing. Let us mention here that at the end of this test, during shut-in, two
magnitude 2.9 events were recorded.

The stabilized pressure was observed at 16.2 MPa wellhead pressure, so that the ratio
between the minimum principal stress magnitude and the vertical stress around 4550 m is found
to be :

Near 4550 m, Sh/Sv =0.537 (7

If indeed the stabilized injection pressure equals the minimum principal stress magnitude,
then equation (6) provides an estimate less than 1% off the observed value.... Hence this solution
is adopted for the discussion on the failure criterion proposed in the next section.
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5.2.2 Evaluation of the maximum horizontal principal stress component

Various alternative methods have been considered for evaluating the magnitude of the
maximum horizontal principal stress. They either refer to failure processes at the borehole wall
(depth at which drilling induced thermal tensile fractures stop appearing, width of compressive
borehole breakouts, breakdown pressure observed during straddle packer hydraulic fracturing
tests), or to interpretation of slip motions observed for microseismic events.

As discussed in section 4.2, some of the microseismic events have been shown to be
associated with zones of stress heterogeneity. Hence, given the absence of a simple criterion for
selecting so called homogeneous mechanisms, this data has not been considered individually.

Similarly, the fact that compression breakouts clearly depend on time demonstrates the
necessity to take into account time effects on the failure process for evaluating Sy magnitude. But
no data with this respect is yet available. And this applies also to tensile fractures. Applying
correction factors to standard laboratory tests for taking into account stress corrosion effects,
would result in uncertainties equal to or greater than 20 %, given that time effects may alter
strength parameters by as much as 100 %, not mentioning the uncertainty associated with a
proper accounting for pore pressure effects [28].

This uncertainty range is not smaller than that affecting the evaluation of the relative value of
Su with respect to that of Sy that can be retrieved from simple considerations on both induced
and natural focal mechanisms. Indeed, for both sets of data a mixture of normal and strike slip
events are observed [34]. This is consistent with sub-equality between the maximum horizontal
principal stress and the vertical stress. This sub-equality is also consistent with results from shear
wave splitting that support a five constant elastic model, i.e. equality between two principal stress
magnitudes so that the equivalent material is transversally isotropic rather than orthotropic (9
constant of elasticity with three axis of symmetry).

Further, as will be discussed in the next section, large scale failure processes have been
induced by the September 1993 water injection. The geometry of the fresh fracture zones has
been estimated from the location of induced seismicity. As shown in table 3, the seismic cloud is
inclined 23° to the vertical direction between 2900 m and 3000 m, but it is vertical within the
3000 m - 3200 m depth range. This is consistent with Sy being the largest principal stress
between 2900 m and 3000m, and Sy being the largest principal stress between 3000 and 3200 m.
But, the seismic cloud that was generated in 1994 when injecting water around 2000 m is found
also to be vertical and parallel to that generated below 3000 m, in 1993. This is consistent with
Sy being the maximum principal stress around 2000 m.

Given the characteristics of stress heterogeneity observed from borehole images, we propose
bounding the domain of solutions for Sy as follows:

Within the 2800 m and 3600 m depth range: 0.95 Sv< Sy <1.1Sy (8)

Given that, at seismogenic depth a slight dominance of strike slip events is observed over
normal events, equation (8) is anticipated to remain valid down to 8 to 10 km.
6 Determination of a failure criterion for the granite rock mass and discussion.

In this section we analyze the development of induced seismicity as observed during the

September 1993 experiment, taking into consideration the regional stress field as defined here
above. First the growth of the microseismic cloud is presented, then a failure criterion is proposed
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for the 1500 - 3600 m depth range and finally parameters controlling stress variation with depth,
at Soultz, are discussed.

6.1 Growth of the seismic cloud during the September 1993 hydraulic test.

As shown on figure 3, three phases may be separated during the injection test :
i. Phase 1, when the injection wellhead pressure remains smaller than 4 MPa and
does not yield any observable microseismic activity;
ii. Phase 2 when the wellhead pressure varies from 4 MPa to 9 MPa and induces an
axisymetrical growth of the seismic cloud;
iii. Phase 3 when wellhead pressure gets larger than 9 MPa and leads to a planar
growth of the microseismic cloud.

This result is somehow reminiscent of laboratory triaxial tests in which the acoustic activity
is recorded while the axial load is progressively increased [52, 53, 54]. These laboratory tests
show that while acoustic emissions are randomly distributed within the specimen as long as the
load remains below the elastic limit of the material, they progressively localize within a narrow
band that becomes the fault plane when failure is reached.

Following this phenomenology, it is proposed that during Phase 2 the rock remains within
the elastic domain while only in Phase 3 does macroscopic failure initiates, i.e induced seismicity
localizes within a planar structure. Shapiro et al. [55] have proposed to link the velocity of the
growth of the microseismic cloud induced by fluid injection to the hydraulic diffusivity of the
rock mass. Clearly this seismic cloud growth velocity is associated with the intact rock mass
diffusivity only in Phase 2, before failure localizes {56].

A somewhat similar localization process was observed during laboratory hydrofracture tests
in Weber sandstone run by Lockner and Byerlee [57]. Two samples were subjected to 100 MPa
confining pressure and 400 MPa axial load. Acoustic emissions were recorded while water was
injected at the center of the specimens at different flow rates. When flow rate was very slow,
acoustic emission outlined the progressive formation of a shear plane, according to the effective
stress principle. But when flow rate was fast, acoustic emission outlined the growth of a tensile
fracture. Additional tests showed that either tensile or shear failure would occur depending on the
injection rate, i.e. depending on the pore pressure distribution within the sample.

During Phase 3, for the 2800 m to 2900 m depth interval it has already been argued that the
microseismic cloud has outlined a hydraulic fracture. But below 2900 m, the localization of
induced seismicity within a planar structure is taken as the signature of the formation of a new
fault plane out of preexisting, smaller scale, fractures and flaws.

The orientation of these freshly formed fault planes may be taken to advantage for
determining the large scale failure criterion for the rock mass, given that the stress field has been
completely determined.

6.2 Determination of a failure criterion

Let us first assume that the rock mass is just at equilibrium so that the effective stress field
satisfies friction equilibrium conditions (Byerlee’s law with friction coefficient somewhere
between 0.6 and 1.0). Then, the apparent friction coefficient for the rock mass is given by the
tangent to the Mohr circle derived from effective stresses, with the assumption of hydrostatic
pressure conditions. In the absence of any cohesion, the friction angle is :
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o = arctg [(1 / (% 1)]"2, with a = (61+03-2P/(61-03) )

where o, and o3 are respectively the maximum and the minimum principal stress and Py is the
formation pore pressure. At Soultz, it is given by (Evans, 1996) :

P;=0.9 +0.0098 z (10)

where z is depth in meters and Py is in Megapascal.

The friction angle is found to be 39° (friction coefficient equal to 0.81) so that the optimally
oriented slip plane makes a 25.5° angle with respect to the maximum principal stress orientation.

If indeed, the granite rock mass is just at equilibrium, then the slightest pore pressure
perturbation should induce slip along a well identified slip plane. Given the sub-equality between
the vertical and the maximum horizontal stress at Soultz, this should result in the following slip
directions :

If S, is the maximum principal stress; the induced slip plane is oriented N170+10° and is
inclined 25° with respect to the vertical direction;

If Sy is the maximum principal stress; the induced slip plane is vertical and oriented + 25°
with respect to the N 170+£10° Sy direction (i.e. N 135 to 155°, or N190° to N210°).

Interestingly, both of these orientations are amazingly close to the mean microseismic cloud
orientations given in table 3, assuming S, is the maximum principal stress at 2900 m (consistent
with the seismic cloud being oriented N 165°, i.e. sub parallel to Sy direction, and inclined 23°
with respect to the vertical direction) but that it is Sy that is the maximum principal stress below
3200 m (consistent with the cloud being vertical and oriented 24 ° off the Sy direction taken
equal to 170°).

Differences between expected and observed orientation remain well within the domain of
uncertainty. However, as shown on figure 3, it is only when the wellhead pressure reaches
somewhere from 8 to 9 Mpa that the microseismic cloud becomes planar and corresponds to a
failure process.

A detailed analysis of borehole images taken before and after the large scale injection test
[35], demonstrates that no large scale pre-existing plane existed prior to the injection, within the
depth range where the seismic cloud has intersected the borehole. Instead, as shown by the
analysis of multiplets [36], slip has occurred on multiple small scale pre-existing fractures that
have linked together into a macroscopic structure. Multiplets are interpreted as the recurrent slip
along asperities created by the breaking of “bridges” that linked one pre-existing fracture to
another. This leads us to propose that cohesion plays an important role in the stability of this
granite. This cohesion may be estimated from an evaluation of the pore pressure required to
initiate macroscopic failure.

Following Shapiro et al. [53], the large scale hydraulic diffusivity of the granite rock mass is
evaluated from the original velocity of the microseismic cloud growth, when the wellhead
pressure remains smaller than 9 MPa (phase 2). This yields a rock mass hydraulic diffusivity
equal to 5 10”2 m%s, so that, after 5 days of fresh water injection and at 22 m from the wellbore,
the overpressure is about 0.4 times that applied at the borehole wall.

Hence, after 5 days of pumping, the over pressure is about 3.5 MPa, at some 20 m from the
wellbore wall, after correction for buoyancy effects associated with the difference in density
between injected fresh water and the brine that fills the pore space. But after 5 days, failure starts
developing and the hydraulic diffusivity increases. Given that a 3 to 4 MPa overpressure is
required to initiate induced seismicity, it is safe to consider that 3.5 MPa is an underestimate of
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the pore pressure at failure, i.e. when induced seismicity starts developing within a narrow planar
band.

With a 3.5 MPa overpressure and a 0.81 friction coefficient, the cohesion required to keep the
rock mass from failing is found to be equal to 3.6 MPa for the failure zone identified between
2900 and 3000 m and 3.4 MPa for that identified below 3200 m.

In June 1994, the well GPK1 was let to produce and the produced brine was re-injected in the
open-hole section of well EPS1, between 1990 and 2210 m. A total volume of 6 200 m’ was
injected at flow rates ranging from 5 to 10 I/s. This injection generated some induced seismicity
that localized within a planar structure with mean azimuth N147° and a dip equal to 87°. During
this test the well head pressure was raised progressively to 5.7 MPa. The development of this
rupture process may be confronted to results already obtained.

Given that the slip zone is vertical, i.e. parallel to a principal stress direction, the failing zone
is consistent with a fresh planar fracturing process, inclined 23° to the maximum stress direction
(Sy direction taken equal to 170°), i.e. the same value as the seismic clouds observed below
2900m. A 23° inclination between the failure plane and the principal stress direction is consistent
with a 44° friction angle, or a 0.96 friction coefficient. Then a cohesion of the order of 2.5 MPa is
necessary for being consistent with an increase of 3 MPa for the pore pressure value.

In summary, the development of shear failure as outlined by induced seismicity may be
explained with two different mechanisms :
Hypothesis 1 : Increase in pore pressure induces shear on favourably oriented pre-
existing weakness planes, the shear resistance of which satisfies the classical Coulomb
friction law. At Soultz, it is characterized by a 0.81 friction coefficient (39° friction
angle). But it is necessary to introduce a cohesion ranging from 2 to 4 MPa in order to
keep the mass at equilibrium, depending on hypothesis on pore pressure diffusion.

Hypothesis 2 : Increase in pore pressure generates fresh fracture surfaces that take
advantage of smaller scale pre-existing planes. The orientation of the macroscopic
planar structures identified from induced seismicity location fit a Coulomb failure
criterion with a 44° intrinsic friction angle (0.96 friction coefficient) and a 2 to 3 MPa
cohesion.

Both models are well within the uncertainty on observations. In fact, given that a cohesion
must be introduced to fit the pore pressure required to initiate failure, many such models may be
proposed. But phenomenological arguments are quite in support of the fresh fracture hypothesis.

First, and most importantly, pre-injection borehole imaging logs outline the absence of a clear
pre-existing fracture zone around 2900 m. The localized shear zone identified by the relocation of
multiplets fits observations on the post injection borehole imaging log. These show a multiplicity
of fractures that have sustained some shear motion, as determined from changes in borehole
geometry outlined by the Ultra Sonic Imager (UBI) arrival time data [35].

Second, all seismically active shear zones are found to be parallel to the intermediate
principal stress direction and inclined 23 to 24° with respect to the maximum principal stress
direction, provided Sv is indeed the maximum principal stress around 2900 m.

Hence, within the 1500-3500 m depth interval, the onset of shear failure process may be
characterized by a simple Coulomb failure criterion defined as:
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T =(on— Py) tg (44°) + (3x1) an

More significantly, whatever the mechanisms at failure, a 3 to 4 MPa increase in pore
pressure was necessary to induce failure. It is concluded that, before water injection, the regional
stress field was below the equilibrium conditions so that it is not clear why its variation with
depth should satisfy a friction law.

This deep field experiment is quite similar to the Rangely (Colorado) experiment [58] that
analysed conditions in which pore pressure increments may induce seismicity. Interestingly, in
Rangely, a nearly 50 % increase in pore pressure was required to induce seismicity (from 17.
MPa in the original conditions to 27.5 MPa when induced microseismic activity was the
strongest). It is concluded that, for this site, the natural stress and pore pressure conditions are
such that the Weber sandstone formation is not close presently to equilibrium conditions.
However, in Rangely, microseismic events occurred along a well identified pre-exiting fault zone
as opposed to the Soultz Granite in which new fault zones were created. Hence, while the loading
conditions of pre-existing faults within the Weber sandstone formation are closer to failure
conditions than is the intact rock mass, the opposite is observed for the Soultz granite.

6.3 Discussion

Before extensive stress measurements have become available, variations of stress magnitude
with depth were often evaluated from the elastic solution of the deformation of an infinite half-
space submitted only to gravity. With a Poisson’s ratio v for the rocks mass, it was shown that the
two horizontal principal stress components were equal to (v / (1-v) * S, Let us observe that had v
been taken equal to 0.38, the ratio between the minimum horizontal principal stresses and the
vertical component would have been equal to 0.61. Interestingly, for a rock mass with a density
of 2.6 g/cm3, a 0.61 ratio between the horizontal to the vertical stress magnitudes could be
interpreted as well as a rock mass under frictional equilibrium with a 0.7 friction coefficient, i.e.
precisely the value generally considered as characteristic of faults. Hence, we may propose
mechanisms other than frictional equilibrium that may lead to linear stress variation with depth
consistent with most observations.

The present results have demonstrated that the Soultz granite is not just at equilibrium. It
takes 2 to 3 MPa pore pressure variations to induce microseismic activity and slightly larger
values to reach the macroscopic failure of the rock mass. Further, it has been shown that, in both
wells GPK1 and GPK2, some important fractures or faults are associated with local stress
heterogeneity. But, more importantly, outside these zones of stress heterogeneity the principal
stress directions remain stable. This is quite consistent with a continuum in which some limited
slip motion occurs on a few isolated fractures, so that faults are associated with local stress
heterogeneity out of which monotonic stress variations are observed.

Similar results have been published before, in particular for the 3.5 km deep Cajon pass
borehole in granite, near the San Andreas Fault [59, 60], where multiple stress heterogeneities
associated with local slip events have been reported but where a global steady trend is clearly
identified outside the zones of stress heterogeneity. This has also been observed in the stable Le
Mayet de Montagne granite formation in France down to 800 m [61, 62] where local stress
heterogeneities have been shown to be consistent with the local, near complete, shear stress relief
computed from an elastic solution.
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All these results show that indeed faults and fractures do disturb locally the stress field, but
that, at a larger scale, the rock mass behaves as a continuum rather than as a block assembly. In
fact, block assembly models based on the geometry of major faults have been proposed for the
Rhine graben [63]. These models show strong changes in principal stress directions from one
bloc to the other, rotations that are not supported by observations.

Hence, it is proposed here that below a certain depth, the value of which depends on local site
conditions, the variation of stress with depth is not related only to friction along pre-existing
fractures but also, and possibly more importantly, to the rheological properties of the solid
bridges that exist between the many fractures that have not completely healed. The modelling of
observed linear variation with depth are likely to require much softer equivalent material than
those derived from laboratory experiments or from seismic waves velocity. It is proposed that the
observed “softness” results from a viscous relaxation mechanism, possibly associated with
pressure solution.

The fact that rheological properties other than friction are controlling stress variation with
depth is well established for sedimentary formation [e.g. 64, 65]. Present results demonstrate that
this is also true for deep crystalline rocks.

7 Conclusions

Determining the complete stress field and its variations below 3000 m in the Soultz granite is
a challenging endeavor, in particular because of temperature and stress corrosion effects.
However, it has been shown that a combination of techniques may lead to fairly accurate
constraints on the various components. Large hydraulic tests provide satisfactory evaluation of
the minimum principal stress magnitude at specific depths (accuracy much better than 10%,
given the fit obtained between observed and projected value at 4550 m ) while borehole images
yield information on the continuity and homogeneity of the principal stress orientation over much
larger volumes (resolution of a few degrees). However borehole images analysis applies only in
boreholes sections in which failure processes develop. With this respect tensile failure process
(both micro and macro) induced by rock cooling has revealed very efficient.

The major challenge remains the determination of the maximum horizontal principal stress
magnitude. When time, temperature and stress corrosion effects are better understood, analysis of
observed failure processes could provide satisfactory constraints. Presently, it has been found that
focal mechanisms, considered globally, together with results from shear wave splitting, provide
also a strong constraint on the relative maximum horizontal principal stress magnitude with
respect to the vertical stress component magnitude. Further, when focal mechanisms of larger
events (with slip zones larger than 40 to 50 m) become available, they may help, statistically, to
constrain more precisely this parameter.

It is concluded that, at Soultz, the vertical direction is a principal direction over most of the
borehole length and that the maximum horizontal principal stress is oriented N 170 + 15°,
although possibly a rotation from 170° to 185° may occur between the upper part of the well
(above 2500 m) and its lower sections (around 4 000 m). The minimum principal stress
magnitude is found to vary linearly with depth, proportionately to the weight of overburden (Sh =
0.54 Sv). Finally, a sub-equality between the vertical and the maximum horizontal principal
stress components is necessary to be consistent with the sub-equal number of strike slip and
normal faulting events, with the observed shear wave splitting phenomenon, and with the
orientation of freshly induced shear zones.
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Injection of water in this medium involves three different processes. No induced seismicty
has been observed as long as the increase in borehole pressure has remained smaller than 10% of
the natural minimum principal stress magnitude (39.5 MPa at 2900 m). Axisymerical growth of
the microseismic cloud has been observed as long as the borehole pressure increment has
remained smaller than 20% of the natural minimum principal stress magnitude. Localized
induced seismicity has been noted when the borehole pressure increment has become larger than
20% of the natural minimum principal stress magnitude, i.e. when the pore pressure increment
away from the wellbore got larger than 8 % of the natural minimum principal stress magnitude.

Two geometries for failure localization have been observed : tensile fractures perpendicular
to the minimum principal stress direction when the interstitial fluid pressure has reached the
minimum principal stress magnitude. Shear failure when the pore pressure has remained smaller
than the minimum principal stress magnitude.

This demonstrates that the rock mass was not close to failure prior to the fluid injections so
that the observed linear variation with depth of the horizontal stress magnitudes is not linked to
the sole frictional properties of pre-existing fractures. It involves in addition the rheological
characteristics of the solid material. Hence, preexisting fractures are not viewed as a dense
network leading to isolation of well defined blocks, but rather as local sources of stress
heterogeneity embedded in an elastic, or more likely a visco-elastic material.
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Table 1 . First Results from hydraulic tests for stress measurements [14]. @ and 0 are
respectively the strike and the inclination to the vertical direction for the normal to the fracture
planes. Py is the shut-in pressure and P is the reopening pressure. Uncertainties are noted «.

Depth Injected 0] €p 0 €9 Py £psi P,
(m) Vol. () MPa MPa MPa
1458 70 144 5 77 5 24.3/23.2 0.5 25.3
166 90
1495 100 212 5 64 5 20.6 0.5 20.9
162 70
1501 50 278 5 72 5 19.5 0.5 ?
1 946 4000 226 5 63 5 294 0.7 ?
1989 42000 165 90 25.3
150 78

Table 2. Results from hydraulic tests with aluminum straddle packers [15]

Borehole Py £psi P.
Length (m) MPa MPa MPa
EPS1-2195 26.6 0.5 29.6
EPS1-2205 27.0 0.5 24.3-28.1
GPK1-3315 45.0 0.5 49.0
GPK1-3506 44.5 0.7 46.0

Table 3 . Variation with depth of the main micro-seismic cloud orientations

Depth interval (m)l Mean azimuth Mean dip Number of events
2800 - 2900 N179°E 87° 329
2900 - 3000 N165°E 67° 402
3000 - 3200 N146°E 86° 416
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Table 4. Summary of the maximum horizontal stress orientation determinations that have

been obtained at Soultz

Source of mformation

Well and Depth
interval (m)

Mean direction

Uncertainty

Rummel and Baumgartner
[14]
HTPF method

GPK1; 1376 — 2000

N 155°
Or
N 176°

+ 3°

+6°

Klee and Rummel [15]
from HF and HTPF data

GPK1 and EPS1;
1376-3500

NW-NNW
(N135°-N157.5°)

Jung, [16]
Hydraulic fracture

GPK1; 1968-2000

N 170°

Mastin and Heinemann
[25] Drilling induced
tensile fractures

GPK1; 1420 - 2000

N 169°

+21°

Tenzer (1991), as reported
by [26]
Drilling indued tensile
fractures

GPK1; 1450-2000

N 169°

+11°

Heinemann [24]
Hydraulic and drilling
induced fractures

GPK1; 1420-2000

N 170°

Nagel [27]) as reported by
[26]
Drilhing induced tensile
fractures

GPK1; 2000-3590

N 181°

+22°

Cornet and Jones [19]
Hydraulic fractures,
thermal fractures induced
by large scale injection,
orientation of
microseismic cloud

GPK1; 1900 - 3500

N 175°

Genter and Tenzer [29])
Drilling induced tensile
fractures

GPK2; 1420-3880

N175°

+17

Helm [34]
focal mechanisms
inversion

2300-3500

N125°

£20

Gaucher et al. [43]
Shear wave splitting

1350-1450

N180°

Berard and Cornet [28]
Thermal borehole cross-
section elongation

GPK2; 1422 - 2700

N 164°

+18

Berard and Cornet [28]
compressive borehole
breakouts

GPK1 and GPK2;
3020-3650

N 185°

+ 7 from 3020 m to 3600m
(GPK1);
+25° from 3400 to 3650
(GPK2)
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Figure 1 : Location of Soultz experimental Geothermal site.
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Figure 2 Hydraulic test (15 Is injection rate) conducted in 1991, between 1972 m and 2000 m, in
GPK1, after preliminary injections had already created vertical fractures (from Jung, [16]). The

reopening pressure is considered to yield the minimum horizontal principal stress magnitude
around 1980 m.
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Figure 3: First large scale injection experiment in GPK1 [19, 20 and 21].The upper plot of the
figure indicates the depth of microseismic events observed during injection. The lower plot
shows horizontal projections of events observed above and below 3000 m, for flow rates smaller
than 18 I/s and flow rates larger than 18 I/s. Location of well is indicated by a white dot.
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Figure 6 Focal mechanisms of events recorded on both the downhole and surface network. Also shown
are distances to closest events that have occurred prior to the corresponding event.
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Figure 7 : Direction of fast shear wave propagation as detected on station 4550. X axis is oriented W-E
while y axis is S-N. Station 4550 is the furthest to the East on the figure. The direction of polarization is
shown at the source so as to illustrate the diversity of orientation for the ray paths [43]
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Figure 8. Variation of the maximum horizontal stress orientation with depth. From left to right, the
profiles have been filtered at longer and longer wave lengths (0.1 m to the extreme left and 100 m to the
extreme right). The variation of standard deviation with the cut-off wave length is shown in the lower
graph.
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4. Induced seismicity along the Philippine Faults on the Island of Leyte:

The work presented in this section has been partly published :

Prioul R., F.H. Comnet, C. Dorbath, L. Dorbath, M. Ogena & E. Ramos, 2000, An

induced seismicity experiment across a creeping segment of the Philippine Fault, Jou.
Geophys. Res. , vol. 105, (June), p 13 595.
The material on anisotropy and focal mechanism inversion can partly be found in R
Prioul Ph. D. Thesis (Sept. 2000, IPGP) : Apport de la sismicite induite a ’etude du
comportement d’un segment d’un grand decrochement actif — La Faille Philippine. A
publication is in preparation.

The Philippine fault is an active senestral strike slip fault, about 1200 km long, which
has given rise to numerous earthquakes with magnitude larger than 7. However, in it
central part, in Masbate and Leyte Islands, GPS measurements have shown displacements
up to 3.5 cm per year, with only a very limited seismic activity. At the Tongonan
geothermal site, on Leyte Island, the fault separates in two segments, with relative
displacement of about 2.5 cm/y.

A large geothermal field located to the East of the fault has resulted in many wells
being drilled, some for production, some for reinjection of brines produced at the plants.
Many wells have been drilled for reinjecting the brines, either in between the two fault
segments or through the faults themselves. These wells have revealed to be very
impervious. They have also demonstrated that temperature west of the central fault
segment drops rapidly from the 300 ° C value observed within the reservoir, about 1500m
below ground level.

A large injection experiment, comparable to that conducted at Soultz, has been
performed in well MG2RD which crosses the central fault segment around 1600 m below
ground level. The well is cased down to 700 m and then lined with a slotted liner. A total
volume of 36 000 m’ has been injected at incremental flow rates, while induced
microseismicity was monitored with a surface network.

For a period 18 months (February 1996, July 1997) the background microseismicity
associated with the geothermal exploitation has been monitored with a 7 one-component
(vertical) stations network. An additional 7 one-component network as well as four 3-
componenets stations was installed for two two-month periods (October-November 1996
and June-July 1997). The injection experiment in MG2RD was conducted in June-July
1997 but injections linked to the reservoir exploitation occurred routinely during the
duration of the recording.
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Displacement along the fault at Tongonan
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Injection experiment (1
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Injection experiment (3)
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Summary of the observations:
» Water injected at the bottom of the well
 Well head pressure: up to 9 MPa
* Increase of microseismicity
* Injected volume: 36 000 m3
(Other wells: 327 000 m3)



Seismicity acquisition
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Tomographic inversion (1)

* Simultaneous determination of relocation and velocity model (Thurber, 1983)
* P and S traveltimes, 3-D grid with linear interpolation
» [terative least squares inversion

Period 2: 141 ev. (1743 P, 1394 S) Period 4: 292 ev. (3939 P, 1352 S)
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Induced microseismicity locations
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Vp velocity model (2)

-before and during injection-
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Focal mechanisms inversion
-first trial by zones-

Zone 2

23 focal mechanisms
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Solutions in 90 % confidence domain
Best solution compatible with 83 % of the data

Zone 4: no solution



Fast S- wave polarisations
-Period 2 and 4 -

11.204
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« Shear wave splitting
* G1, G2, G4: parallel to fault
« G3: orthogonal to fault
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Stress heterogeneity in the seismicity cloud?
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New data selection:
« Definition of a sphere for each event with radius~rupture dimension
» Successive events with intersecting spheres are excluded



Focal mechanisms inversion
-new data selection-
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Fast S- wave polarisations  |nversion focal mechanisms
-east of the Central Fault (G1, G2, G4) - -new selection-
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Fast polarisation ~ 145 deg. ol and 62 ~ 110-150 deg.



Observations compatibility in regional context

T iow E}? %\ (Duquesnoy, 1997)
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* Minimum principal stress orthogonal to fault
* GPS data show extention orthogonal to fault ~0.6-1.8 cm/y



Extension basins along the fault




