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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 petroleum, 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——'q_na (1)

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 @. 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.

The stress vector has a normal component, {called the normal stress (scalar)) :
Cp,=gn.n (2)
and a shear component (vector):

‘t=gn—(0‘n.n)n 3



The stress tensor @ 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. G ,
with i, j = 1,2,3, the components in any frame of reference, or its eigen values ( oy, 02,
o5 , with the classical convention 03 < 6; < Gy ) and its eigen veCtors €y, €, €3 . The eigen
vectors are defined by three independent angles, called the Euler angles, namely ¥ , ¢
and 0. y and @ correspond to the azimuth and dip of €; in the frame of reference (defined
by the unit vectors I, I, I, 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 ¢; and I, becomes I;”, 9 is the rotation about e
which brings I’ parallel to ez . 9 e \

\'

For n parallel to any eigen vector, T = 0 . Given that o, and |1: | vary with the
orientation of n, the set of all couples of values 6, and |7 | corresponds to the area
limited by the three Mohr circles as shown on figure 1.
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Figure 1 : The Mohr Circles. Each circle corresponds to the set of values for 6, and Iz |
when n is perpendicular to either ey, €; Or €3.

When n is perpendicular to e; , the values for o, and |1: | are :
0n=(01+c3)/2+[(01-03)/2]cos(2i3) (4)
|t | = (o1 - 63)72] sin(2P) (5)

where B 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:

Giji t pbj =0;i,j=1,3 (6)

with b = g3 Ij, 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.
(01-03)=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
|1:|=|.Lon+C0 (8)

M is called the internal friction angle and C, 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 |1: | and &, 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 @’ is defined as :

g’:c-PL (9)

fa

where I 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-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) + Co (10)

Byerlee (1978) has shown that for most rocks the friction cocfficient 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 :

|t ] =p(o,-P); 0651 0.8 (11)

It may be noted that |'c | 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
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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
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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 help identify 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;, d;, 1,
€a), €dy, €ry , az, dj, 12, €3y, £d3 , E12).

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 paraliel 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 | 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=(02- 01)/(03- Oy) (12)
So that 0 <R < 1. Indeed, the stress at any point may be rewritten :
c=0, I+(c3-0,)T (13)

with :
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so that T is characterized by 4 parameters (y , @ , 8, R ). Note that y ranges from 0 to
360 °, while the range for ¢ is 90° and that for 6 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 To on a fault plane is
parallel to the observed slip Vector s. First it will be noted that To.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 component o’y7 is null. Hence, given the definition of R, we obtain :

6'12=01 P11 Bau+ 2812P2 +063P13 P25 =0 (14)

so that
R=(02- 061}/ (63- 61)=-Bi3 P / P12 B2 (15)

For a given fault plane defined by the triplet (a, d, r ), and given a tensor T with Euler
angles v , ¢ , 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 :



R=g0) R as)

where ai) is the orthogonal tensor corresponding to rotations about n, sAnor s . The
angles of rotation are given here below :

Table |

Expressions for rotations about axes of fault planc geometry.

Rota‘tion

Axis Algorithm Period
RB,B,, + B,; B
n @ = - tan~"' 12 922 13 13] 1
[R‘BIZ By, + By, By,

RB, B, + B;; B
s AN e:lan"__LM-l 4
[‘RBIZ B]Z + 823 B.]J_

L (2
5 9—§lan (E)

R(B}, — B}}) + B}, — B},
RBy, B;, + B3 By,

I

where k =

For any given T and any focal mechanism six rotation angles are computed : 3 for the
first nodal planeﬂﬁnd 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 corresponding
plane is the smallest rotation. Hence, the misfit value associated to any given TV, is the
sumn of the misfit measures for all focal mechanisms. It is given by : -~

N
m = Z min(x; ! =1,6) (17)
k=1

where xk' 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 myy,. 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 Comet, 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 thequality 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 msp and mog 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 :



mog = { {1.645(2-D* N + N1/ (N-K)} mpma  (18)

and
mso = { [0.676(w/2-1)">N"? +N1/(N-K)} Mma  (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
myg 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 varidi$ 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 linearly
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) = glXe) + (X3 — X30) X (20)

where O(x3) is the stress at depth x3, G(x.) is the stress at the reference depth x; (6
independent components) and o 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 measurernents 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=(0p- o)/ (03- 0y) (21)

0



Given that usually the rock mass density o, 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 (Comet, 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 Sisimclogie, Institut de Physique du Globe de Pans

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 gradicnt.
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 resuits
suggesiing 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 technigue (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 Valeite, 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 94G1.02584
0094-8534/94/94GL.-02584303.00

The water injections induced some microseismicity
which was monitored with a network of fifieen 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 {{o2-01}/(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 sigrificantly differ-
ent from that obtained with the HTPF data (Cornet and
Julien, 1989). Scotti and Cornet (1994) have suggested that
some microseismic events induced by this injection were as-
sociated with local stress heterogeneities, Indeed, results
obtained from the microseismic events observed during the
subsequent large scale injection revealed neatly 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 ir herizontal directions. No assumption is
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): T(z) = S,y + (7 — z)C¥. Here 5., is the stress
tensor at a given depth zo, (¥ is the vertical gradieni ten-
sor. 5., is characterized by three principal values (51, 52
and S3) and three Euler angles (A;, Az and A3). From equi-
librium conditions it is found that the horizontal uniformity
assumption implies that the vertical direction is principal
for €Y. So (¥ is characterized by four parameters: three
principal values (o), o2 and o3) and the azimuth (1) of the
maximum horizontal principal component {o1).

Inversion strategy. Our objective is fo search for the
optimal solution and its confidence limit. 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 (f;-norm) is adopted for the measurement
of misfit. Given the diversity of data considered in the in-
version, this criterion has been shown to exhibit a stronger
robustness than the least squares criterion {e.g. Tarantola,
1987).

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

Ou =31, loho — abyl/6h (1)
where g, is the observed normal stress for the ith HTPF
datum, o7, is the predicted one, 8, is the sum of the stan-
dard deviation associated with 1o 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 minimum
rotation angle that brings the observed slip vector into co-
incidence with the resolved shear direciion 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
b and one about the axis coaxial with nxs) for each of the
two nodal planes. The fault plane is chosen to be the nadal
plane which requires the smallest rotation. The measure of
misfit ¥, associated with M focal mechanisms is:

B =320 IxX°I/8 (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 (NI and M™**) consistent with
the stress model as well as the corresponding minimum mea-
sure of misfit ($™" and 27'") 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:

_ lNgna:: oh lMcma.z Qf

¢ =3 Ne epn "2 M. opr )

Ncand M. are the number of data which are consistent with
the currently tesied model.

It inay 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.

Inversion procedure. A genetic algorithm {GA) is used
first for estimating Op", T, NMeT 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 £i-norm criterion.
GA is a very efficient optimization technique which has been

recently introduced in geophysical inverse problems -
guided MC (e.g., Gallagher et al., 1391). However, the

sic MC method has been chosen for error analysis bec

to our knowledge, the practical use of GA for this PU
has not yet been published. Some essentials of GAa
called here for presenting the particular adaptation yus
this paper. After discretizing the parameters, a popul:
of ¢ models are generated at random and coded in ¢ .
nary strings. GA optimizes the models by strings mai
lation through a 3-step iteration (or generation): reprc
tion, cross-over and mutation. (1} The reproduction
selects the models from those of the previous iteration -
misfit dependent probability Pr(i), chosen as a linear f
Pr(i) = [@Tas — O, (O/[Q(BTT — B2 (i = 1,... _
where ®7%% and ®2*9 are respectively the maximom .
the mean value of ®,(1). This choice of Pr has a wide di
bution; thus it avoids favoring excessively the betier mo
Yet, the best model is forced to be selected at least o
(2) The cross-over step creates new models by transpo
one of two string segments {cut at a randomly chosen
sition) between randomly paired models with a probab
Pc, Large Pc values are chosen (Pc>0.8) for speeding uf,
ploitation of the model information contained in the in
population. (3) The mutation step perturbs the string
with a small probability Pm (Pm < 1/10000, as propc
by Holland, 1992). This step is designed for introduc
some diversity into the model population. Pm is kept s
in order to avoid a degeneracy of GA into a conventic
McC.

Results from Le Mayet de Montagne

The complete data involve 31 HTPF measureme
within the 50-780 m depth interval and 87 focal mec
nisms within the 300-950m depth interval. Seven HT
data in the upper 200m and another two near 780m are |
taken into account because of the absence of seismic data
the shallowest depth range on one hand and, on the ot
liand, the existence of a greatly altered zone around 780
well documented by various borehole logs (Scotti and G
net, 1994). Thus only 22 HTPF data are involved in
joint determination. In contrast, all the focal mechanis;
are considered because no a priori information is availal
for examining their consistency with the global stress fie!

Searching the optimal model with GA. The discretiz
tion interval for the angular parameters s 2° or 3° (coveri:
the full range of 180°), that for stress magnitudes is 0.2 M}
in a range of 13 MPa and that for stress gradients is 0.00.
MPa/m in a range of 0.02 MPa/m. All ranges are center.
around the corresponding values of previous regional stre
field determination {Cornet and Burlet, 1992). The specil
weight of overburden (a3} is fixed at 0.0265 MPa/m. Th
leaves nine parameters to be determined. Our GA impl
mentation uses 2 6 bits coding for each parameter so th:
each parameter may take 63 possible values. Each model .
nine parameters forms a string of 54 bits.

The GA is first applied only to the HTPF data. Fig.1(:
shows the mean and the minimum misfit evolution for thre
different model populations. For each of them, the minimu;
misfit is obtained as early as the 200th iteration althoug
the mean value for larger populations may decrease mo)
slowly. The corresponding stress model is found to be tk *
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 |
applied by fixing the vertical stress magnitude (nol nece
ssarily being a principal stress) and another eigenvalue, i.e
only seven parameters are scarched. Fig.1(b) shows a per
formance of GA similar to that observed for the HTPF data

These two analyses yield:  ®M"=139, NMez_3;
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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 (¢} joint inversion. In each inversion, GA was run with three different population
size (), 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.

O7'"=192.0 and M™**=72. The joint inversion by GA
brings agair 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" =1.71: S = 20, S, = 194, S; = 11.8MPa,
A= —34%, Xy = 86%, Ay = 88° (20 = 750m, A; and A;
are respectively the strike and dip of §; axis, A, is the angle
between Sz axis and the horizonial line in the plane perpen-
dicular to 51); a; = .0258, o3 = 0146, oy = .0265MPa/m,
7 = 162° (azimuth of a,). This model fits 21 HTPF data
and 63 focal mechanisms (Nc=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
®%°% (=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 concenirated arcund 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-

38 825l
(WP
o,
Z=500m

LAARAAS ARE RS RESS

121518 21 24 |
o, (MPa)

3 6 91515 18 w
5 (MPa)}
Z=50m | Z=850m

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 os 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 ihe 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 siress field influence significantly the out-
put of the inversion. Thus for the scale of these events (slip
zones of the order of 1 m?), 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=T50-900m

HTPF (1 NE 155420° NE 140 + 23°
Focal mech.{?) NE 30420° NE 170 &+ 18°
Joint method NE 1604 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 seismicily
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

focal mechanisms which are not consistent with the reg
stress field. These inconsistent focal mechanisms shoul
veal helpful for identifying zones of stress heterogeneit:
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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 piane solutions heilp determine the compiete stress field in a fairly large volume of rock (zbout
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 focal 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
determnining 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 enly zones of
high pore pressure. For one fault zone where no significant flow has been observed, the iocal 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; NUITSUMA ef al.,
1982; CORNET et 4l., 1982; PINE and BATCHELOR, 1984; TALEBI and CORNET,
1987, Housk, 1987; FEHLER, 1989). In most cases this microseismicity is caused by
shear events generated by the decrease in effective normal stress, supported by
pre-cxisting 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

! Département de Sisrnologie, Institut de Physique du Globe de Paris, 4 place Jussieu, 75252 Paris
cedex 05, France.
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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
intcgrates hydraulic test data and focal plane solutions, are discussed.

This repional stress ficld 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 8.61/s in order to identify the main flowing zones in the lowest
250 m from the bottom of the wells. In INAG III-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 l/s 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 II1-8) 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
(TaLEBI 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
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were also placed in INAG I11-8 in order to limit as much as possible short citcuits
caused by the well. Injection proceeded for 210 hours at a flow rate equal to 8.3 /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 cleven 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 111-9 at a flow rate equal to 8.3 I/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 tota! 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 II1-9) 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 21.11/s with a well head pressure equal to 12.5 MPa after three
days of pumping, then the flow rate was decreased to 16.61/s. 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 665m> to 16 310 m>. The location of all events recorded while
injection was proceeding through the well INAG II-9 are shown on Figure 1.

The duration of most events ranges between 0.3 and 0.5 seconds, with the
largest ones reaching 0.6s. The P-wave corner frequencies vary between 200 and
400 Hz while the seismic moments vary between 107 and 10* Nm. Accordingly, the
magnitudes of these events range between —2 and — 1.

Three main active zones can be identified in Figure |: a deeper zone, in which
no clear structure has been identified, and two subplanar structures. CORNET and
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Figure 1
Location of all events recorded while injection was proceeding through the well INAG I11-9. 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.

ScotTi (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. [t intersects the well INAG II1-9
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
111-9 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 ScoTTi, 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 (CorRNET and
JULIEN, 1989; CORNET ef al., 1992; YIN and CORNET, 1994). They are briefty
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 g, supported by the fracture plane. The problem
is to determine the six components of the stress ¢ such that sn-n=g¢,. The
regional stress field o is presumed to vary linearly with the spatial coordinates
(x,, X5, X3; X, horizontal, positive to the north, x, horizontal, positive to the east,
x, vertical, positive downward}:

o =S+xa' +x0a?+ x50’ (D)

where S, a!, a2, a® are symmetrical tensors. «', «?, «® are the stress gradients

respectively in the x,, x,, x; directions. Equilibrium conditions show that, in the
absence of topography or lateral heterogeneities («' = «® = 0), one of the principal
directions of «3 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 a® will be simply denoted by « The stress determination consists of
determining S and o 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, S, =0.2MPa; S, =0; S, is horizontal and oriented N 24°E.) and
a(o, =0.0226 MPa/m; 2, = 0.0084 MPa/m; a; = 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. o,
orientation is measured from the north and positive eastward.

to the north of §)). Values for the horizontal principal stress magnitudes o, and
0,(0y > 0,) and for the orientation of o, 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 II1-9.
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 these HTPF measurements (at 780 m and 773 m)
are heterogencous 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 cvents. 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 angies ¢, ¢ and 6 where ¢ and ¥ are
respectively the azimuth and dip of o, and @ is the angle between the o, direction
and the horizontal plane) and a factor R characteristic of the ellipticity of the
tensor: R =(g, — 6,)/(0,— a,); (6, > 65> 03).

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 decper system, 14 well-defined focal mechanisms
were available for the inversion. Results establish that the maximum principal stress
is vertical, but the maximum horizontal principai stress is oriented 70° to the east
of the HTPF solution (¢ =329°, y =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°, 6 =92°, R =0.32. For all depth

Figute 3
Stress determination derived from the inversion of focal mechanisms of the microseismic events observed
during the preliminary reservoir development (iotal 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 Figurc 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 heterogeneitics, a joint inversion method integrating the HTPF data and the
focal mechanisms has been developed (YN 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 a 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 a 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, A, = —34° i, =86° and 4, =88". The principal
values for the vertical gradient are o, =0.0226 MPa/m, o, =0.0084 MPa/m;
#, = 0.0264 MPa/m (in the vertical direction); the orientation of «, with respect to
the north is # = 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 planc, 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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Figure 5
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), c) 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 III-9. ScotTtt and CorNET (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 Table 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 ScorTl 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
ScorTt and CorRNET {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 siress field in the vicinity of the upper and lower
planar seismic zones. x,, ¢, 8, g, are respectively the values measured Jor 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. Eg Egy Egn
are the standard deviations on the measurements. Ao, is the difference between the measured value
and that expected from the integrated stress determination. When Ag, is larger than | 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, ie., 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.

Xy ¢ &4 &, 6 & 6, a, £, T, da,

m MPa MPa MPa MPa
401 114,0 4 105,0 85,9 2 86,0 8,5 0,2 89 -0,4
482 il5,0 4 17,0 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 14,2 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 02
678 187,0 4 1794 85,5 2 853 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 -0,4
762 262,9 4 263,0 7.3 2 7,0 20,0 0,3 19,6 04
446 192,0 81,t 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 80,0 234 0,4 13,2 10,2
698 134,5 86,0 13,8 0,3 17,8 -50

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 (s,) supported by the
fractures and the fluid pressure (p,) assumed to act on the totality of the fracture
area undergoing failure (o, =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 () of the pore pressure is to
be considered for the effective normal stress (o), = ¢, — fp,). In the present paper we
have considered both possibilities (§ =1 or § =0.9) and assumed that the shear
strength of pre-existing fractures follows Coulomb’s friction law, with the assump-
tion of zero cohesion

|T| = nu(an - ﬁpp) = “6:1' (2)

The pore pressure at the location of a microseismic 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)IBLL — |t|/1(e, — 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.c., 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 |, 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, § 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 x equal to 1 (Fig. 6a), second with u equal to 0.6
(Fig. 6b). It may be observed that if the friction coefficient 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 f 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 (g, = 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 controlling slippage along pre-existing fractures. On abscissa are plotted

the values of the tatio 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 1; 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.

This emphasizes the fact that induced seismicity is only representative of large
pore pressure and not of large fiow 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 III-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 Jow 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 plancs 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

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. x is the friction coefficient,
B is the corrective factor for the pore pressure in the effective stress taw.

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 illustrates 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 ficld. 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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3. Two examples of stress determination from focal mechanisms inversion
3.3 The Soulitz Geothermal experiment.
This example has been discussed in two papers :
Comet F.H., J. Helm, H. Poitrenaud and A. Etchecopar, 1997; Seismic and Aseismic Slips
Induced by Large Scale Fluid Injections; PAGEOPH ,vol. 150, nb 3/4, pp 563-583.
Cornet F.H., 2000, Comments on large scale in situ permeability tensor of rocks from induced
microseismicity by S.A. Shapiro, P. Audigan and J.J. Royer; Geophys. Jou. Int. , vol.
140, pp 465-469.

These notes are copies of the transparencies shown during the lecture, with some additional
comments, when deemed necessary.

At Soultz, some 20 km to the north of Strasbourg, at the border between Germany and
France, a site is being developed for testing the possibility of exploiting the geothermal energy
of hot rocks with no or too small natural permeability. The experiment reported here
corresponds to the first large-scale water injection undertaken for developing an efficient
downhole heat exchanger in the granite that is underlain by about 1400 m of sedimentary
cover.

The injection was conducted in a 600-m long open-hole section of well GPK1, During
injection, microseimicity was monitored with two networks:

1. a downhole network of 3 3-components accelerometers and a hydrophone, all

located in the granite
2. a surface network of 6 3-components stations (LANF, AUF, SCH, HOFF, SRBF,

KHi.a) and 8 1-component sensors.

Injection proceeded at constant flow rate, with incrementation of the flow rate every other day,
with a total injected volume of 25 000 m°. The pressure stabilized once the flow rate reached
24 1/s, at about 9.2 mPa.
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3.2.1 Induced seismicity and rock mass failure

At the same time as pressure stabilized, induced seismicity started migrating upward
and, at the same time, flow losses got concentrated in the upper 120 m of the well.
Interestingly, while the downhotle seismic network recorded more than 12 000 events, the
surface network recorded only 166 events. The horizontal projection of microseismic
events detected with the downhole network show a clear difference in ortentation of the
microseismic cloud. It is North South between 2800 and 2900 m but inclined about 30 °
to the west below 2900 m.

The orientation of principal stress directions is well constrained by the orientation of
tensile failures at the borehole wall (mostl y thermal fractures but aiso hydraulic
fractures). It is found that the vertical component is principal (clear vertical fractures) and
that the maximum horizontal principal stress is about North South

It is argued that this change in orientation of the seismic cloud reflects a change in
the failure process of the rock mass : Joint opening nearly perpendicularly to the
minimum principal stress direction around between 2800 and 2900 m, shear failure along
preexisting planes below 2900 m. However, the preexisting fractures being sheared are
organized so as to yield a global failure of the rock mass inclined about 30 ° to the
maximum principal stress.

It is concluded that the front of migration of induced seismicity is linked to the
failure process of the rock mass and not to the natural permeability. This failure process
requires an overpressure of about 5 mPa so that the rock mass may be considered to be
naturally in its elastic domain.

Present work is in progress concerning the interpretation of the 9.3 mPa stabilization
pressure observed during injection. When thermal stresses induced by the cooling of the
rock in the vicinity of the well are taken into account, it can be shown that the
stabilization pressure is about 4 to 5 mPa below the unperturbed far-field minimum
principal stress.
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3.2.2 On the significance of Shear wave velocity anisotropy as compared to focal
mechanisms inversion for the stress field determination

The downhole seismic sensors have been used to investigate anisotropy by analyzing
the polarization direction of shear waves and their rotation with time. For both stations
considered for this analysis (the third one is not amenable for this investigation because
of local site effects) results show a fast north south direction for the first one, a fast
direction N 15 ° E for the second one. For this second station, very close to the sediment
interface, local structural effects may explain the rotation.

The inversion of focal mechanisms of events observed with the surface network yield
a direction N 124° E, i.e. about 30° to the known orientation of the maximum principal
stress.

It is concluded that, as in Le Mayet de Montagne, the inversion focal mechanisms
taken alone does not yield the correct principal stress directions.
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Figure 6.9 Final stress mversion of all 96 events located by CSMA,
using EOPGS polarities (fixed and mobile surface stations)



3.2.3 On the role of aseismic slip and its influence on the stress field

Ultrasonic imaging logs may be used to measuring shear displacements which have
occurred along preexisting weakness planes, provided these shear displacements are lager
than about 4 mm (the resolution of the method). These measurements are based on travel
time readings that provide direct measurements of the distance between the tool and the
borehole. These data are taken to advantage for reconstructing the exact borehole
geometry if it is assumed hat the tool has not moved during a complete rotation cycle
{one rotation per second, 180 travel time readings with 2 ? azimuthal increments for each
rotation cycle).

Slip along six different fractures has been measured. It is observed that the
magnitude of these slip motions is much larger than the amount, which can be determined
from seismic data. Even if all events were concentrated on one single plane would the
displacements still be to large. It is concluded that these shear motions had some
significant non-seismic component.

Further, the orientations of all slip vectors are not consistent with a unique stress
tensor. It is concluded that shear induced by the injection has modified progressively the
stress field, so that inversion of all observed focal mechanisms is not warranted.
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Df:tennination of slip vector
from BHTV observations

Borehole geometry
result from shear
displacement along
existing fracture
(general case):

d = Displacement
d' = Strike component
d* = Dip component
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Results from slip motions
measurements

slip vectors could been measured for 6
different fractures :

Fracture depth slip amplitudes
2867 m 2.2 cm
2887 m 0.85cm
2925 m 4.7 cm
2966 m 4.3 cm
2973 m 0.4 cm
2976 m 0.8 cm

Sh'p direcbions nob conscsbent

wilth one wndaue sbress Fensop
1
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Some orders of Magnitude from elastostatics

For a pure shear motion over a circular crack :

Ac=TI1/16 * G * D/a
where
Ac = stress drop associated with slippage
G = shear modulus = 2 10* Mpa
D = dislocation magnitude = 4.7 cm
a = radius of circular crack.

But, at 2900 m, 63 = 42 + 5 Mpa; ol =77+ 2 Mpa
so that Ac < 18 Mpa .

Accordingly : if Ac =18 Mpa, a= 60 m;
if Ac = 9 Mpa, a= 120 m.

Also: seismic moment M, is :
Mp=G*S*D=16/7 * Ac * a’

50,  if Ao =9 Mpa, then My= 3.6 10% dyne.cm
if Ac = 18 Mpa, then M= 8.9 10"’ dyne.cm

But, according to Majer and McEvilly (1979) for the
Geysers, and to Pearson (1982) for the Fenton Hill HDR
site :

logMo=08M+ 17

where M is magnitude of seismic event.
Accordingly, a 4.7 cm seismic slip motion should yield a

magnitude of the order of 4. ( between 3.7 and 4.3,
depending on hypothesis)
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Discussion

IfM=18

then My=3 108

and a=24 m if Ao =9 Mpa
IfM=1.0 then My =6.3 10"

and a=15m if Ac=9Mpa

Accordingly, a 4.7 cm slip motion requires 16 magnitude
1.8 events or 64 magnitude 1.0 events.

Given the observation that all events with magnitude
targer than 1. 0 are not located near the injection well, it is
concluded that all the elastic energy radiated by the
seismic  activity cannot account for observed
displacements.

Conclusion

The fluid injection has induced non seismic slip
motions.
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3.3 Induced seismicity along the Philippine Faults on the Island of Leyte:

The work presented in this section has been partly published :

Prioul R., E.H. Comet, 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 anjsotropy 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 geothernial 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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Fig. 1.- Tectonic setting of the Tongonan Geothermal field
{A) Geodynamical framework of the Philippines; volcano as triangle. (B) Geological sketch of Leyte
{locatlon In A) showing the geometry of the Philippine Fault and the maln volcanoes. (C) Geometry ot
the Phillppine Fault In northern Leyte and location of the Tongonan Geothermal tleld and of the geodetic

network (inset). The displacement of the volcanic cone, B km since about 500 000 years, Indicated an
average displacement rate of about 2 cmiy.
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3.3.1 On the lack of permeability within this creeping segment of the fauit

While no event was observed in the vicinity of MG2RD before the beginning of .
injection, microseismic events were soon observed after the beginning of injection but
disappeared in the vicinity of the well when injection stopped. None of the events is
located on the fault, but all occurred within the reservoir. It must be mentioned that some
injection was started in neighboring wells, for operational reasons, at the end of our
injection. This explains the seismicity observed away from well MG2RD, when injection
stops in MG2RD.

Flow and thermal logs run ir the weil during injection down to the intersection with
the fault show that no flow was lost in the upper section of the well, above the
intersection with the fault, Given the size of the activated seismic zone and the complete
lack of seismicity along the fault, it is concluded that the fault is impervious. This is
corroborated by the fact that, before the stimulation was undertaken the borehole
injectivity index was very low and that ground temperature drops drastically across the
fault.

Hence, it may be anticipated that the fault is filled by impervious gauge, although no
information is available yet on the nature of the fault gauge.

Location of seismicity has been determined simultaneously to inverting for the
velocity field according to Thurber’s method (Thurber C., 1983, Earthquake location and
three-dimensional crustal structure in the Coyote lake area, central California, jou.
Geophys. Res., vol. 88, pp 8226-8236)

This insures that ray paths are properly determined for focal mechanism
determinations.
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Seismic Tomography

Objective :
Determine simultaneously the location of microseismic events and the
velocity field

Method (after Thurber, 1983) :

The method is based on a least squares minimization technique which
includes perturbations of the initial apriori velocity model together
with perturbation of the initial location determination according to the

initial apriori velocity model :

Rij = Atg; + atijlax; Ax; + atij-/éyi Ayi + atu/az, Az;
+ ZN -1 Oty/OV, AV,

Where :
R;; is the arrival time residual at station j for event i,

Aty; , Ax'i , Ay; , Az; are perturbations to the hypocentral |
parameters for event i,

Ot/ 0x; , Oty/Oyi , Oty/0z; , Ot/ OV, are partial derivative of
the arrival time at station j for event i with respect to
microseismic event coordinates and velocity parameters.

Arrival times are calculated using an approximate ray tracing method.

[nitialization of the algorithm starts with a location determination
based on a simple one-dimensional layered model.
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3.3.2 On the orthogonality of the regional stress field to the fault on Leyte island

Because the well was lined, no borehole observation on the stress field could be
obtained and the only sources of information come from the induced seismicity analysis.
Two independent approaches have been followed. The first one concerns investigations
on anisotropy by shear wave splitting analysis following Zollo and Bernard ‘s procedure
(see reference in section 1). The other one comes from the inversion f focal mechanisms.

Shear wave splitting can be detected on all four 3-component stations. The three
stations to the East of the central segment of the fault (stations G1, G2, G4) show a
direction of high velocity parallel to he fault, while the station located just at the
intersection of the central and western segment of the fault (G3} shows a direction of fast
velocity oriented perpendicularly to the fault.

The influence of topography on the regional stress has been investigated and it is
concluded that it remains negligible given the wavelength used for this investigation ( a
few hundred meters). The direction of fast velocity observed to the East of the fault may
be linked either to a high density of fractures parallel to the fault or to a maximum
horizontal stress component parallel to the fault.

For the two periods during which the seismic network involved 18 stations, focal
mechanisms based on P wave first arrival polarity have been determined. 32 focal
mechanisms could be obtained for the first period (fall 96) and 40 for the second period
(during the high-pressure water injection in MG2RD). The determination has been
conducted according to Julien and Cornet’s method (same as Gephart and Forsyth except
for the weighting of misfits by the uncertainties on the nodal plane orientation). For
period 1 a solution compatible with 75 % of the data is obtained. It shows a poor
resolution and the best solution is about 30 ° to the East of the solution obtained for
anisotropy. For period 2 the solution fits also 75 % of the data. It is slightly different from
the solution obtained during the first period. Hence no unique solution is derived from
both types of data.

Given he results obtained at Soultz which clearly indicated that the release of shear
associated with slippage could perturb significantly the stress in the neighborhood of the
event, it has been decided to exclude all event which occurred within a volume that could
have been perturbed by a previous event. Hence volumes of exclusion, the size of which
has been adapted to the magnitude of the event, have been associated to all events so as to
consider only events which affected undisturbed volumes. This leaves only 13 focal
mechanisms. However, now, the inversion yields a solution compatible with 91 % of the
data. Furthermore, now, the solution is the same as that derived from anisotropy
investigations.

It is concluded that the fault is perpendicular to the minimum principal stress
direction. This implies that this segment of the Philippine fault supports no shear stress
component, a feature somewhat similar to what has been described for San Andreas fault,
except that here, the fault is normal to the minimum principal stress component. This
result is consistent with GPS data obtained some 30 km to the East of the fault, on Leyte.
It is alsc consistent with the focal mechanism of a magnitude 5 earthquake which
occurred about 10 km to the South of the site. Interestingly, the existence of extension
basins has been described at various locations along the fault, less than 100 km from the
subduction zone.
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Anisotropy and homogeneous materials

— The concept of anisotropy concerns homogeneous materials on the scale of the wave lengths used
(here : A ~240 m).

— If we assume a relation between crack-induced anisotropy and principal stress directions
[Crampin, 1985, Booth et al., 1985, Zollo & Bernard, 1989, Gamar & Bernard, 1997]: The wave
lengths controls the size of the domain in which the principal stress directions are assumed to be

stationary.

Topographic induced stress ”.w m

2000 m

Mochanisms

Inversions

Focal

Depth concerned by anisotropy investigation
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Directions of anisotropy at stations
G1, G2, G3, G4 for period 2 and 4
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perturbations
[Savage et al., 1985
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Focal mechanism inversions
Method
¢ Hypothesis 1: Uniform stress field.

e Hypothesis 2: Slip vectors are paralle] to the resolved shear |
stress supported by the slipping planes.

¢ Parameters : principal stress directions (Euler angles) and ,
aspect ratio R (= (02 — 01)/(03 — 01))

Solutions for 90 % confidence level

Best solution compatible with 75 % of the data
p

Zone 4
35 foc.
mec.

Solutions for 90 % confidence level

Best solution compatible with 75 % of the data

L Y unas e ie

Solutions for 90 ¥ confidence level
Best solution compatible with Gt) % of the data
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Focal mechanism
inversion
sone 2 (under G1)

Anisotropy direction
at (4

G1_97,225

dir.~ 145° 7 Solutions for 90 % confidence level

Anisotropy direction at G1 imposed in focal mechanism

inversion

Best solution consistent

lutions f
Solutions for 90 % confidence level with 60 % of the data

= No unique solution compatible with both type of
observations in the vicinity of G1 and G2




Inversion - nouvelle sélection -

©® 6 O &

/¥
N2

Solutions, dormaine de confianee o N A
Meillenre sobttion compatible avec 91 Y des

dotndos

Uere o»\|1 events Occurrih} o uadils furbed
yohe  are considered.
| - F



Directions de polarisation 5 Inversion mécanismes au foyer
- A est de la Faillle Centrale (G1. G2, G4 - - Nouvelle sélection -

G1.97,228
NORTH

Polarisation rapide : ~ 145° o1 et o9 1 ~ 110° — 150°

= Dans une hypothése de contrainte, les polarisations des ondes S rapides, a 1'est de la

Faille Centrale, sont compatibles avec les directions principales obtenus par inversion

de mécanismes au foyer.
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Extenolon basipg 0 psered along  Fhe feulf-
Bassins d’extension le long de la Faille

[Aurelio. 1992]
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