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Abstract

The data of the known field experiment on water injection in the
borehole were analyzed. Parameters of self-similarity of seismicity were
estimated in comparison with the changes of water pressure. Changes of
seismicity parameters that indicate the redistribution of the failure from
lower scales to upper are revealed. The total number of earthquakes per
series of the water initiation found to be depended exponentially on the
water pressure and seismic activity maximum is delayed gradually rela-
tive to beginning of initiation. The growth of induced seismicity zone in
time differs from diffusion model for water flow in the porous medium.
Analysis carried out from laboratory data indicates that diffusion growth
of the failure area may be realized in the dry specimen, without fluid. It
could be assumed that both kinetic processes — water and the failure diffu-
sion — can be significant for the development of seismicity induced by the
water injection.

Key words: induced seismicity, seismicity parameters, diffusion, kinetic
process.
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1. INTRODUCTION

Field modeling is powerful tools for investigation of the nature of seismicity.
Man-made initiation allows to analyze origination and evolution of seismic-
ity under natural condition, that makes possible to fill the gap between labo-
ratory experiments and field investigation of seismicity.

An investigations of the background seismicity is complicated by the ab-
sence of information about the cause and source of seismicity variations. The
seismic process involves different-type feedbacks that determine and control
the evolution of seismicity. It is difficult to reveal and study these feedbacks
in stationary conditions, since the variations in the background seismicity are
insignificant, and their nature is usually poorly known. The transient mode
of the seismic process is a response of the geophysical medium to the differ-
ent impacts that disturb its stationary state. Identification of the regularities
in the transient mode offers the possibility to gain an insight into the charac-
ter and specific features of the key properties of the medium and its physical
mechanisms, which govern the dynamics of the seismicity (Pandey and
Chadha 2003, Singh et al. 2008, Abe and Suzuki 2012, Vallianatos et al.
2012).

In a case of induced seismicity we have some information about the
origin of initiation and can claim with certain limitation about reproducibil-
ity of field experiments. Field experiments for initiation of seismicity by in-
jection of the water in boreholes are carried out in special test sites generally
for investigation of rock permeability. Data of these experiments allow to
study such key questions as regularities and physical mechanisms of seis-
micity generation, local stress field disturbance and evolution, failure front
spreading (e.g., Horalek and Fischer 2008, Shapiro et al. 2007, Shapiro and
Dinske 2009, Dahm et al. 2010, Fischer et al. 2008, Fischer and Guest 2011,
and references therein).

Laboratory modeling of the transient modes of seismicity was carried out
previously by the authors of this paper (Smirnov and Ponomarev 2004,
Ponomarev et al. 2008). The step-like load regime was used to investigate
the regularities and patterns of acoustic emission response structure under
different strain rate of step. The experiments proved that step-wise initiation
may induce transition processes similar to natural phenomena, i.e., seismic
swarms and aftershocks. The nature and parameters of acoustic activity that
reflects an intensity of the failure process vary with the increasing of the
stresses and, correspondingly, with oncoming of the state of the specimen to
the critical state.

Field experiment for seismicity initiation by the water injection in the
borehole, conducted in the Soultz-sous-Foréts site in 1993 had step-like in-
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jection history similar to our laboratory experiments. Results of analysis of
data of this field experiment are presented in this paper.

2. SOULTZ-SOUS-FORETS FIELD EXPERIMENT

The experiment was carried out in the European Communities hot dry rock

test site Soultz-sous-Foréts. The detailed description of the year 1993 ex-

periment and original data are presented in (Comnet et al. 1997, Evans et al.

2005a, b, Evans 2005, Gerard et al. 2006).

The experiment consisted of injecting water into the borehole 3600-m
deep (GPK1), which induced the local seismicity registered by a special net-
work. The casing shoe of the borehole was located at a depth of 2850 m; and
the remaining 750 m of this well were an open hole 6.25 inch (15.88 mm) in
diameter. The borehole penetrates the granite crystalline basement at a depth
of approximately 1400 m. Preliminary hydraulic testing under low water
pressures revealed that the rock permeability is small everywhere near the
borehole except for the zone of fracturing, which crosses the hole at a depth
of 3490 m. During the experiment discussed here, the well was filled with
sand within the depth interval of 3400-3600 m, in order to exclude the in-
tense water discharge through the weakened fractured zone.

Water injection was executed in several stages: in August, September,
and October 1993. At the first stage, the volume of injected water was small,
and this stage represents no value for this work. Hydraulic rupturing oc-
curred at the last stage (October 1993); this stage is also omitted from con-
sideration. The largest volume of water (25000 m®) was injected into the
hole at the second stage (September 1993). Water was injected stepwise dur-
ing 17 days, with the fixed injection rate ranging from 0.15 to 36 I/s (Fig. 1).
According to Evans (2005) and Evans et al. (2005b), the latter exhibits no
significant vertical variations within the open part of the well. The rock pres-
sure at a depth of 2805 m was 28.4 mPa.

Evans (2005) and Evans et al. (2005b) report on the general properties of
seismicity and the structure of the fracturing caused by water injection. The
main results of their studies are given below:

O A cloud of earthquakes 0.5 km wide, 1.2 km long, and 1.5 km thick is ori-
ented at 225°NW. One of the most significant structures of the cloud ex-
tends downward by 350 m from the water injection point. This structure
appeared at the initial stage of injection and likely reflects the main chan-
nel of the water drainage from the injection area. This structure is formed
by near-vertical strike-slip fractures oriented in the NNW-SSE direction
and forming a fault zone 10-20 m wide. This structure probably existed at
that place even before the experiment, and its permeability increased due to
water injection.
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Fig. 1. History of water injection: (a) Water injection rate (1), and the downhole
pressure excess above ambient formation pressure (differential pressure in terms of
Evans et al. (2005b)) (2); series numbers are indicated near the curve of the water
injection rate; (b) Parameters of induced seismicity: (1) activity (number of seismic
events per hour), (2) rate of the seismic moment release.

Q

Regular logging measurements during the experiment revealed six zones
of enhanced permeability, located at different depths in the open part of
the hole.

The analysis of the field of stress indicates that the pore pressure up to
a depth of 2900 m (the uppermost part of the open hole) exceeds the
minimal horizontal compression beginning from the water injection rate
of 18 I/s. For deeper layers, the pore pressure is lower compared to the
value of minimal compression. This peculiarity is reflected in the struc-
ture of seismicity (and, correspondingly, in the pattern of fracturing).
Above 2900 m, the cloud of seismicity extends in the S-N direction,
which corresponds to the direction of the axis of stresses; i.e., the struc-
ture of the failure is controlled through the jacking stress. Below 2900 m,
the seismicity strikes NNS and corresponds to the orientation of the
strike-slip fractures that existed prior to the experiment. In this case, the
structure of the failure suggesting geological structure control through
shearing.
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O The seismicity and, correspondingly, the process of fracturing migrate
with time downwards, which cannot be explained by purely hydrostatic
factors, since the pore pressure is lower as compared with the minimal
compressing stress. Based on the previous models suggested for the
swarms of volcanic earthquakes (Hill 1977), Evans (2005), and Evans et
al. (2005b) explain this phenomenon by the dynamics of the seismicity
itself: the dilatancy-related opening of the strike-slip ruptures, their influ-
ence on the neighboring cracks, and thus the formation of the vertical
channel. In fact, here, we are dealing with the propagation of a certain
wave of relaxation oscillations similar to the “domino effect”, self-
oscillations in the active media, or the waves of seismicity.

Prior to the experiment, the medium in the region of the borehole was
possessed of a system of different-scale defects. Water injection stimulated
the development of this system due to the fracturing of its elements. Thus,
water injection does not form a new system of fracturing but acts as an ex-
ternal factor, which triggers the evolution of the existing complex system of
heterogeneities (defects) in the geological medium.

3. ORIGINAL DATA

Seismic events during the experiment of 1993 were registered by three four-
component accelerometers installed within three abandoned oil wells and by
the hydrophone in the borehole EPS1. The aperture of the network was 2 km
(the observation wells are located at distances of 0.5 to 1.54 km from the
borehole GPK1). The frequency band of the equipment was from 10 to
2500 Hz, and the sampling frequency was 5 kHz. The initial errors of the lo-
cation of the hypocenter are 20 m in the vertical and 50 m in the horizontal
directions. For increasing the resolution, special algorithms were applied.
The algorithms are based on the combination of data for groups of events
with similar wave characteristics (multiplets). This allowed the location error
to be reduced by an order of magnitude. There are intervals of data loss due
to the damage of the magnetic tape at the injection “steps”, corresponding to
water injection rates of 12 and 24 I/s. The seismic catalogue contains infor-
mation about the time, the coordinates, and the moment magnitudes of
earthquakes.

Figure 1 illustrates the original data. Let us term the data corresponding
to the water injection “steps” as series. The series numbers and the water in-
jection rates are indicated in Fig. 1. No seismic events have been observed
for the first three series; therefore, they are omitted from further discussion.

Water injection and pressure. Figure 2 presents the scatter plot of the
water injection rate Q and pressure P. Beginning from Q= 18 1/s (8th series
in Fig. 1), the pressure increasing with the increasing rate of water injection
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Fig. 2. Water injection rate and pressure: initial data (1), average over series (2), and
approximation Q ~ & (3).

practically ceased. Evans et al. (2005a) explain this phenomenon by the in-
creased permeability of the rock due to the development of the failure: it
should be noted that according to the estimates by Evans (2005) and Evans
et al. (2005b) the pore pressure becomes equal to the minimal compressing
stress in the upper part of the open hole segment precisely at O = 18 I/s.

As follows from Fig. 2, at O <18 1/s, the dependence between P and Q
approaches the linear one in semi-logarithmic scale. This means that in this
interval Q ~ & If the permeability is assumed to be proportional to the
fracturing of the rock material, such an exponential dependence is consistent
with the notions of the kinetic concept of failure (Zhurkov 1965). Indeed,
according to Zhurkov’s formula, the probability of failure is proportional to
¢’’. Additional stresses ¢ induced by the water pressure should naturally be
considered as being proportional to P: o= aP. The fracturing is evidently
proportional to the probability of failure; it means that this quantity, as well
as the permeability Q will be proportional to ¢’”", which is illustrated in
Fig. 2.

Completeness magnitude of catalogue. Approaches to evaluation of
a magnitude of completeness are based on the proposition of the power law
of earthquake distribution on energy, and in this case, the frequency-
magnitude relation is linear (Wiemer and Wyss 2000 and references therein).
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Fig. 3. Frequency-magnitude diagrams for different series (series numbers are indi-
cated near the curves).

If some earthquakes are missing, points for corresponding magnitude will be
located below the frequency-magnitude straight line, which determines the
“fall-oft” of the FM-relation at small magnitudes. Therefore, the problem of
finding a completeness magnitude in terms of statistics comes down to the
problem of consistency of observed earthquake distribution on energy with
power law distribution. Pisarenko (1989) found a strict statistical solution to
this problem, which makes it possible to carry out the analysis by simply set-
ting the significance level for verification of relevant hypotheses.

The analysis of temporal variations of the completeness magnitude re-
vealed that the threshold for the data selection should be taken as M =—1.6.
The analysis of the spatial distribution of the magnitude of completeness
shows that this value is actual for the main cloud of seismicity.

Figure 3 presents the plots of the frequency-magnitude relation calculat-
ed separately for all the series. It is seen that the above estimate of the com-
pleteness magnitude is valid for all the series.

4. STATISTICAL PARAMETERS OF SEISMICITY
To analyze the variations of seismicity, a number of statistical parameters
were estimated in the moving time windows. These parameters are described
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below, and those of them which are uncommon are considered in more
detail.

b-value: The maximum likelihood estimate (MLE) for a non-grouped
sample was used for Gutenberg—Richter b-value (Aki 1965),

b= 1_Ogl()e
M -M

s
0

where M is the average magnitude, and M, is threshold magnitude. The un-
certainty S, of b-value is determined as the root of its estimated asymptotic

variance, equal to b*/N: S, =b/ \/ﬁ , where N is number of events.

d-value: The fractal dimension of seismicity is most often estimated us-
ing correlation integral technique,

n(Ar<R)

W=y

where n(Ar <R) is the number of pairs with a distance smaller or equal to
R, N is total number of earthquakes (see Kagan (2007) and references
therein). For the fractal set C(R) ~ R?, where d is correlation fractal dimen-
sion. This technique is based on the set of distances between all possible
pairs of events, i.e., deals with fairly large data sets. The number of possible
pairs in a catalog of N events is N(N — 1)/2, ensuring the stability of an esti-
mate with only hundreds or even tens of earthquakes available from a cata-
log resulting in not only increased computation time but also complicated
estimation of the correlation dimension uncertainty. The interdependence of
N(N —1)/2 distance pairs derived from N events complicates the estimation
of correlation integral asymptotic variance and requires the introduction of
corrections for a correlated sample (Pisarenko and Pisarenko 1995). We used
a direct estimation method to obtain an approximate estimate of its variance.
This method, known as “jackknife”, is based on the influence function ap-
proach (Huber and Ronchetti 2011, Mosteller and Tukey 1977).

g-value: The Gutenberg—Richter law and fractal geometry of seismicity
reflect such a basic property of the fracture process as its self-similarity. The
former can be related to the statistical distribution of earthquake source sizes
and shows how the number of events decreases with increase in their value
(magnitude, seismic moment, or other characteristic of this type). The latter
can be related to the distribution of distances between sources and shows
how the number of events in a spatial region increases with an increase in its
size. Both relations are unified into the Generalized Gutenberg—Richter law
or Unified scaling law for earthquakes (Kosobokov and Mazhkenov 1988,
1994, Keilis-Borok et al. 1989, Chelidze 1990, Bak et al. 2002).
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log N =—blog E +dlog L +const ,

where N is the number of earthquakes having the energy E that occurred in
an area of the size L over time 7. This law inter-relates statistical estimates
obtained in areas of various sizes from sets of events of various energies. In
this way, seismic statistics can be reduced to the source region and estimates
obtained from this statistics can be compared to parameters of fracture
physics.

Using the unified scaling law, the duration of the fracture cycle of litho-
sphere material can be estimated from data of an earthquake catalog
(Smirnov 2003). The duration of the fracture cycle is understood as the time
interval equal to the inverse of the average recurrence rate of earthquakes of
a given magnitude in a region equal in size (/) to the earthquake source. The
following expression obtained for the average duration of the fracture cycle:

w1y =1 (/1)

where 17y is the cycle duration determined for events of the size /y, ¢ = ab —d,
and the coefficient a relates the magnitude scale in use to the source size:
M =qalog !+ p. Parameters g (g-value) and 1, can be estimated from earth-
quake catalog data (Smirnov 2003).

The g-value indicates the dependence of fracture cycle duration on
earthquake source size (or on magnitude). Results obtained in Smirnov
(2003) indicate that, in the background regime, the fracture cycle duration
weakly depends on the magnitude (the parameter ¢ is close to zero), imply-
ing that the fracture process on various scales (presented by source sizes of
earthquakes considered) develops at approximately the same rate. If ¢ <0,
then failure is more intensive on higher scales. This situation is typical of the
initial stage of aftershock sequences; over time, g-value in aftershock se-
quences increases returning to its background value (Smirnov and Ponoma-
rev 2004). This indicates that aftershock relaxation follows the so called “di-
rect cascade” scenario which involves redistribution of intensity of a relevant
process (in this case, failure process) from higher scale levels to lower scale
levels. g-value decreasing from positive values to zero corresponds to in-
verse cascade, i.e., gradual transition of the failure process from lower to
higher scales. Among other factors, it corresponds to the scenario of fracture
growth resulting from their interaction and, therefore, gradual transition of
failure to higher scale levels, which is reflected in the avalanche-unstable
fracturing concept.

5. DYNAMICS OF SEISMICITY

As an estimate of the effective radius of the seismically active area the so-
called radius of gyration was used. The gyration radius is the root-mean-
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square of the distances between events and the barycentre of the events
cloud (the barycentre is a point, whose coordinates are the average coordi-
nates of the hypocenters of events in the earthquake cloud). The following
scenario of selection was applied in the eventual calculations: for each se-
ries, its own sphere was taken with the center in the barycentre of the cloud
of the series and the radius equal to the radius of gyration.
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Fig. 4. Water injection and seismic activity: (a) variations of the water injection rate
(open symbols) and differential pressure (solid symbols) for different series; (b) var-
iations of the seismic activity for different series for selected data (a separate sphere
for each series with the radius equal to the gyration radius and the center in the bary-
centre of the cloud of seismicity of the corresponding series); series numbers are in-
dicated near the curves. Solid dots indicate the maxima of seismic activity for each
series.
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Figure 4 shown variations of the seismic activity for each series. In addi-
tion to the expected increase in activity at the transition to higher rates of
water injection, the delay of the maximum activity relative to the beginning
of water injection into the borehole is seen in the figure. It is also clearly
seen that the higher the number of the series, the longer is the delay: the peak
activity shifts to the right along the time axis. The duration of increasing of
the water injection rate did not exceed one hour. The delay of the seismic re-
sponse is substantially longer and, consequently, cannot be explained by this
factor. The delay exceeds also the typical time of pressure stabilization for
the new level of injection rate.

To study the possibility for the influence of the selection rules to the de-
lay of the seismic response curves being analogues to presented on Fig. 4
was calculated for different scenario of selection. The following selections
for series data were considered: without selection; for all the series, a sphere
with a radius of 150 m and the center in the barycentre of the cloud of seis-
micity; for each series, its own particular sphere with a radius of 150 m and
the center in the barycenter of the corresponding series. The obtained results
are presented in Fig. 5 as the dependences of the delays of peak seismic re-

oA O
B OON -

L

series

Fig. 5. Delays of the seismic response for different variants of selection: without se-
lection (1), the same sphere for all series with the radius of 150 m and the center in
the barycentre of the cloud of seismicity (2), a separate sphere for each series with
the radius 150 m and the center in the barycentre of the cloud of seismicity of the
corresponding series (3), and a separate sphere for each series with the radius equal
to the gyration radius and the center in barycentre of the cloud of seismicity of the
corresponding series (4).
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sponses on the series number. It is seen that regardless of the selection sce-
nario, the delay increases with the series number, and the delays correspond-
ing to different selections are close to each other. This allows eliminating the
spatial selection as an artificial factor, responsible for the delay of the seis-
mic response, but the physical dependence of the delay on the size of the
seismically “excited” area is possible.

The delay of peak activity for chosen selection (Fig.4) is given as
a function of the pressure of the injected water in Fig. 6. The abscissa axis
indicates the values of pressure for the preceding series, i.e., the pressure un-
der which the seismic activity was excited by water injection. The growth of
the delay with increasing pressure (i.e., with the enhancement of acting local
stresses) is shown in Fig. 6. It should be noted that when the pressure ex-
ceeds the value of the minimal tectonic compression in the upper part of the
open borehole segment (let us recall that the pressure reaches this value at
the step of the 8th series under Q= 18 I/s, Fig. 1), the delay in the seismic
response remains practically the same (last three points in Fig. 6).

To obtain information about the pattern and probable dynamics of the
failure process, we have estimated statistical parameters of seismicity for
each series. Figure 6 displays the estimates of b-, d-, and g-values (in the
calculations of the latter parameter it was taken that o =2, according to the
type of the moment magnitude used in the catalogue). Figure 6 presents the
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Fig. 6. Statistical parameters of seismicity as function of the water pressure: (1) de-

lay of the seismic response, (2) b-value, (3) d-value, (4) g-value, (5) total number of
earthquakes in series; the straight line — exponential approximation.
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Fig. 7. Time variations of b-value within series: (1) 9th, (2) 10th, and (3) 11th;
(4) average b-value for three series, and (5) average activity for three series.

total number of earthquakes in each series too. The dependence of the num-
ber of events on pressure is well approximated by the exponent.

Figure 7 presents the temporal variations in b-value averaged for the last
three (9-11) series; for the earlier series, the statistics of events is insufficient
for the study of temporal variations in b-value. Figure 7 demonstrates the
tendency of variations: at the stage of increasing seismic activity b-value de-
creases, while at the stage of a decreasing of activity, it increases.

6. MULTIPLETS

Bourouis and Bernard (2007) revealed and analyzed the groups of earth-
quakes called multiplets. Each multiplet includes events with similar wave-
forms (the coefficient of correlation of waveforms exceeds 0.9). Analysis of
waveforms for all events in the multiplet as a whole allows to increase sig-
nificantly the accuracy of their location. The authors of the cited work inter-
pret each multiplet as the repeated acts of fracturing of the same asperity.
The source spectra of the events of each multiplet are similar in shape but
different in amplitudes; correspondingly, the events of the multiplet have dif-
ferent magnitudes. The temporal distribution of the events within the multi-
plet obeys Omori’s law (at least at the initial stage), which confirms the idea
of the consideration of multiplet events as a realization of the failure process
of the “excited” asperity.
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The catalogue of multiplets contains information about 4825 events that
form multiplets each consisting of 2 to 75 events and 4334 singlets (the
events that do not enter into any multiplet).

If each multiplet is considered as a manifestation of the process of the
asperity fracturing, it is possible to estimate the size of the asperity from the
multiplets. The gyration diameter D, = 2R, defines the area that includes (in
case of the Gaussian distribution) approximately 66% of events, and the
doubled gyration diameter, 96% of events. Let us take the latter value as an
estimate for the size of the asperity: L,=2D,. We consider L, estimates as
being preferable because they are statistically more stable compared to the
frequently used estimates of the “maximal diameter”: the latter are based in
fact on a single point determinations (the event located at the maximal dis-
tance from the barycenter), while L, is estimated from the entire set of data.

Figure 8 illustrates the distribution of asperities on sizes L,. For compari-
son, also the magnitude distribution of all the registered earthquakes (sin-
glets included) is presented. In the abscissa axis, the scale of magnitudes is
combined with the scale of the heterogeneity sizes according to the relation
M, =21gL,(M)—1.92. This relation agrees well with both the magnitude
and energy estimates of the focal sizes of earthquake (Abercrombie et al.
2000, Bormann 2002, Smirnov 2003).

n/zn
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-2 -1 0 1 2 3 4 M,

Fig. 8. The distributions of asperities on size (1) and earthquakes on magnitude (3);
power law approximation of the descending branch of the asperity distribution (2);
and the Gutenberg—Richter law approximation for earthquake distribution (4).



1612 V. SMIRNQOV et al.

7. DISCUSSION
A. Dependence of statistical parameters of seismicity on the level of local
stress caused by the injected water pressure was illustrated in Fig. 6. Main
results are exponential increasing of total number of earthquakes per series,
and decreasing of b- and g-values.

Exponential dependence of activity on the stress is in agreement with the
kinetic concept of the strength of solids (Zhurkov 1965), or stress corrosion
in other terms. Zhurkov’s formula for the material durability

7:906U0_7/o- ,
kT

(where 6, — period of thermal oscillation, U, — activation energy, y — so
named structure-sensitive parameter) is in essence the Boltzmann exponent.
The value inverse to the durability determines the probability of failure;
therefore, in the context of the kinetic concept, the exponential dependence
of the number of failure acts during a certain time interval on the applied
stresses should be expected.

Decreasing of b- and g-value with local stress increasing indicates the
evolution of the failure process on scales. Decreasing of these parameters
demonstrates increasing of the part of relatively strong seismic events. The
explanation of this phenomena is well known in terms of crack fusion and
growth or two-stage model of fracture of rocks and the avalanche-unstable
fracturing scenario for seismicity (Mjachkin et al. 1975, Chelidze 1986,
Enescu and Ito 2001, Bachmann et al. 2010, Sobolev 2011, Reches and
Lockner 1994, Chelidze et al. 1994, Zavyalov 2002, Lei et al. 2003). The
frequency-magnitude diagrams (Fig. 3) confirm this inference. This figure
shows that the lower series are lacking in relatively strong events, which ap-
pear gradually in the higher series. Similar results were obtained in the la-
boratory experiments (Ponomarev et al. 1997) with the gradual formation of
the macroscopic zone of failure.

The anomalously high (for the usual background seismicity) value of
b = 1.4, observed in the last series, indicates that the process of the formation
of the seismogenic structure, typical for the background seismicity of tecton-
ically active regions, has not been completed in the conducted experiment.
This conclusion can be confirmed by analysis of the asperity size distribu-
tion.

The size distribution of the asperities (Fig. 8) is similar to the typical dis-
tributions of lithosphere heterogeneities of different scales: faults, crustal
blocks, lithosphere plates, efc. (Cladouhos and Marrett 1996, Nicol et al.
1996, Watterson et al. 1996, Yielding et al. 1996, Bird 2003, Sornette and
Pisarenko 2003, Goto and Otsuki 2004). The power-law approximation of
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the descending branch of the distribution lg N=-d, 1g L, + const, based on
the concept of self-similarity of the lithosphere heterogeneities, yields the es-
timation of the self-similarity exponent as d, = 1.6. This value, recalculated
into the seismological “units” via a formal transition from L, to M,,, provides
the b-value of the “frequency-magnitude” relation with respect to asperity
b,=0.8. This is close to the typical world-wide average value 0.9 for the
Guttenberg—Richter parameter, although substantially lower than the b-value
for the seismicity induced by water injection that changes from 2.5 at the be-
ginning to 1.4 at the end of the experiment.

The interrelation between the exponents of the energy self-similarity of
seismicity and geometric self-similarity of lithosphere heterogeneities is the
subject of long discussion (Aki 1981, King 1983, Turcotte 1992, Bak et al.
2002, Corral 2005). The known relation b =d/o may be considered as the
result of a certain consistency between the structure of the failure and the
structure of the heterogeneities of the medium, when the energy distribution
of earthquakes is entirely controlled by the size distribution of the het-
erogeneities. In this case, the probability of the failure of different-size het-
erogeneities proves to be constant. Such a situation is typical for the
background seismicity, but is sharply violated in transient modes (Smirnov
2003, Smirnov and Ponomarev 2004). If we take the estimate d, as the esti-
mate of the self-similarity exponent for the structure of heterogeneities in the
aria of the experiment, the relation b = d/a, in our case, also becomes dis-
turbed: even the minimal value of b= 1.4 reached at the end of the experi-
ment is too high as compared with d/a = 0.8 (a in our case is equal to 2). It
indicates that transient process is not finished.

The laboratory studies show that the high b-values and, correspondingly,
the “deficiency” of strong events are typical for the beginning stage of the
formation of the failure zone (Zhurkov et al. 1977, Main et al. 1989, Pono-
marev et al. 1997, Scholz 2002). The subsequent gradual grows of cracks
due to their interaction (when the stress fields overlap near the tips of cracks)
and their fusion is accompanied by the transition of failure from lower to
higher scales, the appearance of successively stronger events, and decreasing
of b-value. In the considered field experiment we observed the same situa-
tion: b-value decreases with the development of failure initiated by water in-
jection, although it remains above the level corresponding to the structure of
the medium heterogeneity (asperity system). This can be interpreted as an
indication of the fact that the structure of fracturing had not matured com-
pletely during the experiment: the water pressure and, probably, the duration
of injection (according to theoretical results of Shapiro et al. (2007), and
Shapiro and Dinske (2009)) are likely insufficient for the evolution of the
experiment area into the state typical for tectonic regions with well-
developed background seismicity.
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B. Figure 7 demonstrates time variations of b-value for series of initia-
tion: b-value increases on the stage of activation and decreases on the stage
of relaxation. The statistical significance of variations of b-value is not high;
however, the revealed tendencies allow suppose that the excitation is imple-
mented through the transition of fracturing from lower to higher levels; and
the relaxation, through the transition from higher to lower levels.

The decreasing of b-value with time is typical for process of earthquake
preparation (Zhang and Fu 1981, Smith 1981, Main et al. 1989). This de-
creasing is explained as result of the gradual redistribution of fracturing on
scales, which develops from lower to higher scales (Sobolev 2011 and refer-
ences therein). Increasing of b-value is typical for relaxation of the seismic
activity in aftershock sequences. It indicates that the relaxation is accompa-
nied by both a decrease in the seismic activity and the scale redistribution of
the failure processes. Smirnov and Ponomarev (2004) shown that immedi-
ately after the main event the failure processes are focused mainly on large-
scale events, whereas during the relaxation it involves smaller events, even-
tually returning to the distribution typical for the background seismicity.
Figure 7 indicates that in our case of water injection initiation the excitation
and the relaxation probably develop by the same scenarios.

C. Figures 4-6 demonstrate the delay of seismic response to the water in-
jection. This delay is different for different series: the stronger the local
stresses caused by the injected water pressure, the later the activity reaches
maximum and the relaxation (the decay of the activity) begins. This delay can
be explained by some kinetic process, such as water diffusion in porous medium
or failure front spreading. Both process results in the increasing of seismogenic
area, the nature and the mechanisms responsible for this increasing are of sig-
nificant importance for the problem in question. Does failure precede the
penetration of water that fills the fractured areas of the medium; or, on the
contrary, the failure follows the front of water diffusion? In fact, this is the
question about the nature of development of seimogenic area: is one con-
trolled by the kinetics of the failure itself, or does it simply reflects the kinet-
ics of water propagation? And if both mechanisms work, how can the
contribution of each mechanism be estimated?

Shapiro et al. (1999) analyzing data of the same experiment in Soultz-
sous-Foréts approximates the increase in the size of the area of induced

seismicity R with time ¢ as normal diffusion: R =+/4nD¢ . This approxima-
tion is derived from the dependence of the maximal distance between the
water injection point (the lower, open part of the borehole) and the hypocen-
ters of induced earthquakes on the time after the beginning of the experi-
ment. The following issues emphasized by Shapiro et al. (1999) are of
principal significance for us. The stresses caused by both the water injection
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and aseismic displacements propagate faster than the front of the water dif-
fusion. These stresses cause earthquakes (we mean the triggering mecha-
nism) in the as yet unfractured area, thus forming the wave of fracturing,
which propagates ahead of the wave of the pore pressure.

In order to form our own view to increasing of the fracturing area and its
consistency with the diffusion model, we analyzed the growth of the seismo-
genic area with time. We used the catalogue containing only earthquakes of
magnitude within the range of completeness (in Shapiro et al. (1999), the
question of catalogue completeness remained beyond the discussion). To
characterize the size of the seismogenic area, we used the radius of gyration
with respect to the barycenter of the cloud of earthquakes within each time
interval, instead of the maximum distance of earthquakes from the water in-
jection point used by Shapiro et al. (1999). As mentioned above, the radius
of the gyration is more stable statistic estimate. The fixed position of the
“center of diffusion” in the point of the borehole seems disputable, since in
the course of the development of fracturing the water may be injected from
other points through the formed channels of enhanced permeability — the
“center of diffusion” may migrate within the fractured area (Cornet 2000).

For the convenience of comparison, let us assume that the radius of the
cloud relative to its barycenter is R =2R,. The time dependence of R is
shown in Fig. 9a. This figure presents also the distances between the bore-
hole and the hypocenters of earthquakes — by analogy with Shapiro et al.
(1999), and the distances between the borehole and the barycenters of the
clouds of earthquakes. The figure reproduces also the diffusion curve with
coefficient D =0.05m*/s after (Shapiro ez al. 1999). Figure 9a is similar to
Fig. 1 from the latter work, and the diffusion approximation of the maximum
distances between the borehole and the hypocenters of earthquakes seems at
first sight acceptable.

More detailed information about the relation between the size of the
seismogenic area and time can be obtained from Fig. 9b, where the same da-
ta as in Fig. 9a are presented in bi-logarithmic scale. It is seen here that at the
beginning of the experiment, within approximately the first 100 hours, the
displacement of the barycenter of the cloud of seismicity is comparable with
its size. It means that the model with a single point of diffusion center is in-
exact within the period of the first 100 h (which is emphasized in Cornet
(2000)). During the period from 100 to 360 h, the normal diffusion approxi-
mation is not quite consistent with the observed data: the slope of the straight
line (4) in Fig. 9b is larger than prediction of normal diffusion model. Thus,
the normal diffusion can be considered only as a rough approximation for
explanation of increasing of the seismogenic area.
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Fig. 9. The size of the cloud of seismicity as a function of time from the beginning
of the experiment in the linear (a), and bi-logarithmic (b) scales: (1) size of the cloud
estimated from the gyration radius, (2) distance from the borehole to the barycentre
of the cloud, (3) distance from the borehole to hypocenters of earthquakes (by anal-
ogy with Shapiro et al. (1999)), (4) diffusion approximation R =+/4nDt for
D =0.05m?s after Shapiro et al. (1999), (5) power-law approximation of the size
of the cloud, and (6) power-law approximation of the distance between the borehole
and the barycentre of the cloud.

Figure 9 presents the power-law approximation obtained by the formal
regression log R on log ¢ within the interval from 100 to 360 h. The exponent
cinrelation R = Af° is estimated equal to ¢ = 0.88+0.03. This value is sig-
nificantly more than 0.5, and is typical for super-diffusion (e.g., Vlahos et al.
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2008), which can be realized, for example, as non-linear diffusion with pres-
sure-dependent diffusion coefficient (Shapiro and Dinske 2009).

In our opinion, the more intensive growth of the seismogenic area than
that for normal diffusion can be considered as indicator of the other mecha-
nism of the development of the fractured area, which acts solely or in addi-
tion to the hydrodynamic one (the last case corresponds to the non-linear
diffusion). The kinetics of fracturing may be such a mechanism; the specific
example for considering experiment is discussed in Evans et al. (2005a, b),
Evans (2005), and Bourouis and Bernard (2007).

Diffusion-like space-time patterns are known for natural seismicity in-
duced by different impacts, as possibly related with water presence (Noir et
al. 1997, Daniel et al. 2011), and without special consideration of water in-
fluence (Marsan et al. 2000, Huc and Main 2003, Helmstetter ez al. 2003) as
well. The possibility of the diffusion-like spreading of the fracturing area
without of liquid diffusion is confirmed in the laboratory experiments. The
results obtained in one of such experiments conducted in the Rock Friction
Laboratory (USGS) are presented below. The data obtained in a series of ex-
periments, including the one mentioned above, were analyzed many times
(Lockner et al. 1991, 1992a,b, Lockner 1993, Lockner and Stanchits 2002,
Reches and Lockner 1994, Ponomarev et al. 1997). These works provide
a detailed description of the instrumentation and technique used in the exper-
iment (in the last two works, the experiment under consideration is designat-
ed as AE42).

A dry Westerly granite specimen was subjected to uniaxial loading under
uniform compression (under confining pressure). The special system of sen-
sors mounted on the specimen allowed locating the sources of the acoustic
emission and compiling the catalogue of acoustic events, similar to the cata-
logue of earthquakes. A special regime of loading under the acoustic emis-
sion rate feedback control made it possible to conduct a detailed study of the
nucleation and development of the fracturing area.

Until a certain stage, while the distances between the microcracks sub-
stantially exceed their sizes, fracturing is uniformly distributed throughout
the specimen. With the increase in the density of microcracks, the distances
between them decrease, and the stress fields concentrated at the tips of
cracks become overlapping, which leads to the interaction of the cracks. This
results in the transition of the failure into the stage of localization: a small
area (the “nucleus” of the macroscopic facture) is formed inside the speci-
men, where the process of fracturing is concentrated; the acoustic activity
outside this area sharply decreases (Mjachkin et al. 1975, Chelidze 1986).
Then, the size of the “nucleus” area gradually increases: as the failure devel-
ops, this area grows forming a narrow zone close to the plane of maximum
Coulomb stresses. The regime of loading is such that this growth occurs un-
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der stresses nearly constant in time. If the loading continues, this narrow
zone of failure crosses the entire specimen, thus, forming a macroscopic
fault.

Figure 10 illustrates time dependence of the size of the fracturing area
derived from the acoustic catalogue (the above-mentioned methods were
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Fig. 10. The size of the cloud of acoustic events as a function of time from the be-
ginning of nucleation in the linear (a), and bi-logarithmic (b) scales: (1) size of the
cloud estimated from the gyration radius, (2) distance between the barycentre of nu-
cleation and the hypocenters of the acoustic events, (3) power-law approximation of
the size of the cloud R = Af° + R (the initial size of the “nucleus” R, taken into ac-
count), and (4) axial stress of machine loading.
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used). The regression R=At"+R, vyields the following estimates:
c=0.6+0.2, Ry=(23+7) mm (the summand R, is added to allow for the
nonzero initial size of the “nucleus” failure area). Thus, the dynamics of the
area of the failure is close to the normal diffusion, although it should be em-
phasized again that no liquid injection was used in the experiment. This ex-
ample demonstrates that the kinetics of the failure process may provide the
same statistical results as the fluid diffusion.

8. CONCLUSIONS

0 Changes of the similarity exponents of induced seismicity (GR b-value
and introduced by authors g-value) are found in the field experiment,
conducted in the Soultz-sous-Foréts test site in 1993. b- and g-values de-
creases with development of induced failure. It indicates to the redistribu-
tion of the failure process on scales from lower to upper, corresponding to
the scenario of crack fusion and growth.

a The value of b= 1.4, observed on the last stages of field experiment, is
anomalously high in comparison with values typical for the usual back-
ground seismicity. It indicates that the process of the formation of the
seismogenic structure, typical for the background seismicity of tectoni-
cally active regions, has not been completed in the conducted experiment.
This conclusion is confirmed by analysis of the asperity size distribution
in comparison with earthquake size distribution.

Q b-value varies in time within the series of the water initiation, reflecting
the activation and relaxation of induced seismicity: b-value increases on
the stage of activation and decreases on the stage of relaxation. These
tendencies allow suppose that the excitation is implemented through the
transition of fracturing from lower to higher levels; and the relaxation,
through the transition from higher to lower levels.

O The total number of earthquakes per series of water initiation depends ex-
ponentially on the water pressure, and seismic activity reaches the maxi-
mum with delay from the beginning of initiation. The value of delay
increases with the increasing of the initiating water pressure. It indicates
to the kinetic nature of the excitation of the induced seismicity.

O The increasing in the size of the area of induced seismicity with time dif-
fers from the normal diffusion, caused by the water flow in the porous
medium. Analysis carried out for the data of the laboratory experiment in-
dicates that diffusion growth of the failure area may be realized in the dry
specimen, without the fluid participation. In our opinion, both kinetic
processes — water and the failure diffusion — can be significant for the de-
velopment of seismicity induced by the water injection.
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