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Abstract

After a basic presentation of the definition of an earthquake we present the induced seismicity at the geothermal site of Soultz-sous-Forêts for the four stimulations carried out since 2000. The aim of this presentation is to clarify some particular and important characteristics that rule the seismicity. These characteristics are the fact that an earthquake is the motion of one block against another due to local stress variation. Therefore the exact representation of an earthquake is not a point but a plane with particular dimension and orientation. Furthermore the seismicity obey some power-law distribution such as the Gutenberg-Richter. From this law it can be shown that the area follows the same power-law distribution. It is also noted that microearthquakes are ruled by the same physic laws and so the induced seismicity. Therefore a lot of information can be inferred from the results hereafter shown.
1. Introduction

The aim of this article is to give an clear insight on the seismicity and tends to give a simple definition of the word earthquake. To achieve this purpose, we present some global idea about the seismicity theoretically and in the nowadays conceptual view. Then, we present the case of Soultz-sous-Forêts. Does the induced seismicity follow the general law of the seismology? Is it different and what kind of information can we infer from it?
2. Theory

This part is highly inspired by the article of Udías (2002).

2.1 Shear Dislocation

If an earthquake is produced by a fracture, a mechanical representation of its source can be given in terms of fractures or dislocations in an elastic medium. The theory of elastic dislocation was developed by Volterra in 1907. A displacement dislocation consists of an internal surface inside an elastic medium across which there exists a discontinuity of displacement but stress is continuous. The focal region consists in an internal surface Σ with two sides (positives and negatives). This surface can be considered as derived from a certain volume V0 that is flattened to form a surface with both side stuck together without any volume. Coordinates on this surface are ξk and the normal at each point ni(ξk). From one side to the other of this surface there is a discontinuity in displacement or slip
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where the supscript p (plus) and m (minus) refer to the displacement at each side of the surface Σ. If there are no body forces and if the stresses are continuous through Σ (their integral is null) for an infinite medium, the displacement at a given point distant from the dislocation, say at the location of the observer, the recorded displacement can be written as
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From this formulation it can be seen that the seismic source is represented by a dislocation or discontinuity in displacement given by the slip vector Δu on the surface Σ, which corresponds to the relative displacement between the two sides of a fault. This is a nonelastic displacement that, once produced, does not go back to the initial position. In a general sense for each position on the surface, the normal to the surface Σ can vary and so the displacement discontinuity. Usually, the normal to the surface n(ξk) is constant meaning that the surface Σ is a plane. Green's function G includes the propagation effects of the medium from points (ξk) of surface Σ to point (xk) where the elastic displacements ui are evaluated.
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Figure 1 Representation of a shear dislocation. (From Udías, 1999)
Let us consider the seismic source represented by a shear dislocation fracture, with fault plane Σ of area S and normal n, slip Δu(ξi,t) in the direction of unit vector l, not necessarily contained on the plane. For an infinite homogeneous isotropic medium, displacement according to the previous formulation is 
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If the distance from observation point to the source is long in comparison with the source dimension (r >> Σ) and the wavelengths are also long (λ >> Σ), the problem can be approximated by a point source whose displacement can be written as:
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Displacements are given by temporal convolution of slip with the derivatives of the Green function. The geometry of the source is now defined by the orientation of the two unit vectors n and l, respectively the orientation of the fault plane and that of slip. The slip discontinuity can be decomposed in a constant part 
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, the slip rate, and a time varying term, the source time function, STF. Introducing this formulation allows to define the scalar seismic moment 
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2.2 Seismic Moment Tensor

We can define the moment tensor density corresponding to a dislocation with slip ∆u on a surface Σ of normal n:

mij = CijklΔuknl  (5)

where Cijkl is the four order tensor of elastic coefficient, ∆uk the slip vector, and nl the normal to the fault plane.

For an isotropic medium, if the slip direction is given by unit vector l, we obtain

mij = ∆u[λ lknkδij + µ(linj + ljni)]   (6)

where λ and µ are the Lamé's parameters. The tensor can be decomposed in an isotropic and a deviatoric part. The first one describes the volume change. If l and n are perpendicular, this term is zero and the source represents a shear fracture. With the moment tensor we can represent various types of sources.

Focal mechanism

Equation 3 and 4 show that the seismograms recorded at various distances and azimuths can be used to study the geometry of faulting during an earthquake. This is known as the focal mechanism. This operation uses the fact that the pattern of radiated seismic waves depends on the fault geometry. The main and simplest method relies on the first motion, or polarity, of body waves.
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Fig. 4.2-4 First motions of P waves observed hE
at seismometers located in various directions

about the earthquake provide information

about the fault orientation. The two nodal

planes separate regions of compressional

and dilatational first arrivals. One nodal

plane is the fault plane, and the other is the

auxiliary plane, but these data cannot

distinguish which is the actual fault plane.

understand the seismic waves generated by a simple, two-
dimensional, rectangular fault, we can model those resulting
from a more complicated set of ruptures. This application of the
principle of superposition is based on the assumption of linear
elasticity and is analogous to the way we constructed seismic
waves by summing normal modes (Sections 2.2.5 and 2.9).

4.2.2 First motions

Seismograms recorded at various distances and azimuths are
used to study the geometry of faulting during an earthquake,
known as the focal mechanism. This operation uses the fact
that the pattern of radiated seismic waves depends on the
fault geometry. The simplest method, which we discuss first,
relies on the first motion, or polarity, of body waves. More
sophisticated techniques, discussed in the next section, use the
waveforms of body and surface waves.

The basic idea is that the polarity (direction) of the first
P-wave arrival varies between seismic stations at different
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directions from an earthquake. Figure 4.2-4 illustrates this
concept for a strike-slip earthquake on a vertical fault. The first
motion is either compression, for stations located such that
material near the fault moves “toward” the station, or dilata-
tion, where the motion is “away from” the station. Thus when
a P wave arrives at a seismometer from below, a vertical-
component seismogram records an upward or downward first
motion, corresponding to either compression or dilatation.
The first motions define four quadrants, two compressional
and two dilatational. The division between quadrants occurs
along the fault plane and a plane perpendicular to it. In these
directions; because the first motion changes from dilatation to
compression, seismograms show small or zero first motions.
These perpendicular planes, called nodal planes, separate the
compressional and dilatational quadrants. If these planes can
be found, the fault geometry is known. A problem is that the
first motions from slip on the actual fault plane and from slip
on the plane perpendicular to it, the auxiliary plane, would be
the same, so the first motions alone cannot resolve which plane





Figure 2 First motions of P waves observed at seismometers located in various directions about the earthquake provide information about the fault orientation. The two nodal planes separate regions of compressional and dilatational first arrivals (from Stein and Wysession, 2003).
The basic idea is that the polarity (direction) of the first P-wave arrival varies between seismic stations at different directions from an earthquake. These first motions define four quadrants, two compressional and two dilatational. The division between quadrants occurs along the fault plane and a plane perpendicular to it. In these directions, because the first motion changes from dilation to compression, seismograms show small or zero first motion. These perpendicular planes, called nodal planes, separate the compressional and dilatational quadrants. If these planes can be found, the fault geometry is known. However from equation 6, it is obvious that l and n can be interchanged. Therefore, from the focal mechanism the fault plane cannot be determined uniquely.

2.3 Discussion

Fault definition and reservoir

The theory presented here points out the fact that an earthquake is, by definition, the motion of a plane against another. This definition implies that the exact representation of an earthquake is not a point but a plane with a particular orientation (strike and dip) and dimension. Even if the theory considers that the source is a point inasmuch as the distance of observation is much longer than the fault dimensions, this argumentation may be fallacious in the sense that for the size of the reservoir the dimensions of the fault can be important.

Fault dimension

The surface involved by the fault motion can be known by the way of the scalar seismic moment M0, which is, actually, the product of the area of the fracture, S, by the mean over the area of the fracture of the amount of displacement caused by the earthquake, ∆u, and by the shear modulus, µ. Dimensional considerations (Kostrov, 1974) show that ∆u is proportional to the stress 
[image: image9.wmf])

(

1

0

s

s

s

-

=

D

 removed as a result of the earthquake from the fracture surface (the stress drop), and is also proportional to the linear dimension of the fracture, for which a natural approximation is the square root of the area:
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hence, the scalar seismic moment can also be written 
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where c is a constant.

Fault geometry

The information about the fault geometry is obtained by the focal mechanism but, unfortunately, the nodal planes cannot be distinguished from one another. The focal mechanism represents directly the geometry of the fault and of the slip, i.e. if the slip vector is contained in the fault or not. In the case that the slip vector is not contained on the fault plane, the distribution in four quadrants of the focal mechanism is not conserved. Thus this particular aspect of the focal mechanism is important to draw the existence of a mode I (opening of the fracture).

Cause of faulting

The occurrence of an earthquake depends mainly on the variation of the stress condition either in the surrounding of the plane of weakness (fracture, fault), or in the medium considering the creation of fracture. This variation can be of several kinds from the variation of the pore pressure to the variation of the stress itself because of stress concentration due to asperity, difference of material, etc. An earthquake is, actually, the response of the medium to the deformation undergone. When this deformation is higher than its strength, the medium fails and generates an earthquake. However the strength of the medium varies with different parameters such as strain rate, and chemical constitution (Scholz, 1990). Scholz (1990) also points out that the effect of water, ubiquitously present in the lithosphere, can generate chemical reaction that must control the strength of rock in the earth. This particular feature may be taken into account for geothermal reservoir behaviour. For this, the characteristic time of chemical reaction between water and contituant (calcite, ilite, ...) must be known.

2.4 Earthquake size and complexity

Size and Self similarity

One of the main problem encountered in seismology consists in the understanding of the nucleation of earthquake. From a prediction point of view as from a theoretical one, this question remains open. There are two opposing views as to what controls the size of an earthquake (Steacy and McCloskey,1998): either the size is determined at the outset of instability by the size of the nucleation zone (Ohnaka 1992; Ellsworth and Beroza 1995; Beroza and Ellsworth 1996) or there is no difference between the nucleation process of small and large earthquakes and a large event is simply a small one which expands as the result of chance interactions between rupture-front stresses and local variations in fault strength (Abercrombie and Mori 1994; Mori and Abercrombie 1997). For the first assumption, two models are proposed. In the 'cascade' model, earthquake ruptures involve a hierarchy of subevent sizes and the breakaway phase is generated by the first large slip event. In the 'pre-slip' model, the nucleation is generated when an area that is slipping aseismically accelerates to the dynamic rupture velocity; the size of the final earthquake is determined by the size of this slipping patch. For the second assumption, they have found no systematic differences in the initiation of large and small events.

Several studies have discussed the relation between the size of the rupture area and the value of the scalar seismic moment, M0. From this plot, for example Abercrombie (1995, figure 11) or Stork and Ito (2001), a trend is obvious between both parameters. The expression established earlier linking M0 and a characteristic length, S1/2, states that if a trend exists it means that the stress drop is approximately constant and independent of earthquake size. This observation is the most powerful argument for the self-similarity of earthquakes.

Complexity

The question that arises from the discussion of the size of an earthquake concerns the complexity of a micro-earthquake. Sato and Mori (2006) or Singh et al. (1998) have shown that the rupture involved for a micro-earthquake can be as complex as for a larger one. The difference comes from the attenuation of the medium that tends to cut off higher frequency.

Power-law scaling

An alternative approach to earthquake mechanics is to assume that the crust is a complex self-organizing system that can be treated by techniques developed in statistical physics. The basic hypothesis is that deformation processes interact on a range of scales from thousands of kilometres to millimetres or less. Evidence in support of this hypothesis comes from the universal validity of scaling relations. The most famous of these is the Gutenberg-Richter frequency-magnitude relation:
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where 
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is the cumulative number of earthquakes with magnitude greater than m occuring in a specified area and time, and b and 
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 are constants. b is called the b-value and ranges commonly from 0.8 to 1.2. Mandelbrot (1982), Turcotte (1997) have explored the idea that complex phenomena often exhibit fractal (power-law) scaling in magnitude, space and time. For earthquakes, fractal scaling of their magnitudes imply the validity of the relation:


[image: image15.wmf]2

/

D

E

CE

CA

=

N

-

&

 (10)

where 
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is the cumulative number of earthquakes with rupture area greater than 
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 occurring in a specified area and time; C and D are constants, with D the fractal dimension. Aki (1981) showed that D is equivalent to 2b. The universal applicability of the Gutenberg-Richter relation implies that the number of earthquakes scales with their rupture area according to power-law (fractal) scaling.

This power-law shows that the microearthquakes are in much more number than the greatest ones. However from the definition of the scalar seismic moment the role of the small events contributes neither to seismic moment sums nor to long-term displacement rates along active faults. Consequently the deformation undergone by the medium tectonically or not is only accommodated by the largest events. The smaller earthquakes redistribute the forces that exist along active faults, including plate boundary (Hanks, 1992). The smaller earthquakes are just as important as larger ones in redistributing the driving forces along active faults.

Seismogenic failure is a self-similar, scale invariant process with a natural area scaling for frequency of occurrence would seem to be a straightforward consequence of stochastically well behaved heterogeneity within the Earth and of the brittle failure process.

3. The Case of Soultz-sous-Forêts

3.1 Self-similarity condition

From several years it has been argued that the seismicity in Soultz-sous-Forêts has a particular behaviour in terms of source mechanics. Results, summarized in Michelet et al. (2004), from the automatic study of the spectral contains of displacement recorded by the downhole seismological stations show that the invariant is not the stress drop but the source dimension. Therefore the largest scalar seismic moment are due to large stress drop and not large surface of rupture. This particular point differs from several other observations and contradicts several studies for such a range of magnitude (Abercrombie 1995; Hough et al. 1999; Jost et al. 1998). The same study from the surface seismological network has been performed to confirm this point. Since it takes place at the top of the granite, it is obvious that the data from the downhole seismological network has not been filtered by the 1.4 km of sediment. Nevertheless, if the energy of the seismic signal is much greater than the energy of the noise signal, the filter effect can be corrected by the estimation of the attenuation factor (Q).

The constant-stress-drop scaling relation has been confirmed by an overwhelming number of studies and has become an accepted model for small to large earthquakes (Kanamori and Anderson 1975; Pearson 1982; Gibowicz and Kijko 1994). Evidence for constant-stress-drop scaling was also shown by Abercrombie (1995) based on observations of -1< Ml<5.5 events with hypocentral distances from 5 to 120 km in the Cajon pass scientific drill hole at 2.5 km depth in granite. Constant stress drop implies a self-similar rupture process independent of size, and seismic moment M0 proportional to the cube of the source radius after Brune (1970, 1971). More recently, Prejean and Ellsworth (2002) used data from a 2 km deep borehole in Long-Valley caldera, California, to determine the stress drop and apparent stress of earthquakes from Mw 0.5 to 5.0 and reached similar conclusions. In contrast, a marked decrease of stress drop with decreasing seismic moment (breakdown in self similarity) has been reported by some authors for small earthquakes with seismic moment below 1013 Nm (Chouet et al. 1978; Fletcher et al. 1986, Dysart et al. 1988; Gibowicz and Kijko 1994). However other authors considering the same range, or even lower, of seismic moment have shown that there is no breakdown in self similarity (Gibowicz 1995). Constant source radii with magnitude seismic moment indicates a strong dependence of stress drop on seismic moment.

Spectral analysis

Data

The main problem for that kind of study comes from the sensor and from the acquisition chain involved for the recording of the data. The transfer function of the whole chain has to be perfectly known. For this purpose, we have chosen to use only the data from a velocimeter CMG-3T manufactured and calibrated by Güralp. This device has a constant response for the frequencies of interest, say from 1 to 90Hz. The sampling rate is 200 points per second. Considering the work of Abercrombie (1995), from the range of magnitude, Ml, 0-3, the corner frequencies range from some hertz for the larger microearthquake to hundreds of hertz for the smallest. Consequently the Güralp velocimeter is the more appropriate device of the surface network. In this study we have analysed the frequency spectra of the data for 15 microearthquakes randomly chosen in the whole seismic catalog of 2000 and 2005. We have nevertheless taken records with a good signal to noise ratio and chosen the events in order to cover a large part of the magnitude range. The signals used are only S waves because they have a higher signal energy than the P waves.

Method

We have followed the methodology defined by Abercrombie (1995). The length of the time window used is dependent on the earthquake magnitude since larger events have longer source durations. Around 0.2-0.3 second windows are used for the smallest events and 0.5 second windows for the largest events. The processing has been performed with sac (Goldstein and Minner, 1996). The signal has been integrated once in the time domain and then Fourier transformed. The Q value is estimated in order to have a decay at high frequency in ω-2. The value of Q is about 250. This value corresponds to the geometrical average along the ray path taking a common value for Q of 500 in the granite and an extreme value of 50 in the 1.4 km of sediment. Then the estimation of the corner frequency has been visually determined.

Result

The source parameters, seismic moment and source radius, are calculated from the long period amplitude and the corner frequency. The relations used are those described in Abercrombie [9] with the following value of parameters: density 2700 kg .m-3, vs 3400 ms-1. The hypocentral distance is set to 5500 m for all the events.
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Figure 3 a) S wave corner frequency as a function of duration magnitude. b) Moment magnitude as a function of duration magnitude

The seismic moments range from 1010 to 1014, corresponding to Mw 0.7 to 2.9. We can derive the relationship between the duration magnitude, Md, and the moment magnitude, MW. The relation is written in the figure 3b. The duration magnitude is determined with the length of the coda. The figure 3a shows the corner frequency values obtained as a function of Md. Figure 4 shows seismic moment and source radius for the 15 microearthquakes studied. The results are consistent with a constant stress drop. Even if the precision of the determination of the different parameters are not optimal, the results give a good idea of the process. The results can be directly compared with the results of Abercrombie (1995), Prejean and Ellsworth (2002) and Stork and Ito (2004) for that range of moments and source radii. Our results, which can appear scatter but are included in the cloud of the others studies, and these studies do not show any breakdown in self similarity. Therefore the microearthquakes, based on the data from the seismological surface network, can be considered as following the commonly used seismological laws in terms of physical properties of the faulting mechanic.
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Figure 4 Seismic moment and source radius. The dashed lines are calculated from equation 4 of Abercrombie (1995) and are from 0.1 to 100 MPa
Empirical Green's function

A recorded seismogram is the result of the temporal convolution of three different operators: the Green's function, which includes the propagation effect of the medium from the source to the receiver, the source time function (STF), whose time duration is proportional to the length of the rupture and a third operator allowing to take into account the site effect and the sensor response.

Considering that the third operator is invariant, a much smaller earthquake located near the larger one and recorded by the same seismological station can be considered as a Green's function inasmuch as its STF can be approximated as a dirac. Therefore the STF can be computed from the deconvolution of the larger event by the smaller.

This method has been used in order to retrieve and confirm the results of the spectral analysis (figure 4). The maximum distance between both events is less than 100 metres and the difference in magnitude is more than 1. Assuming a rupture velocity of 3 km.s-1, the lower bound estimate of the rupture length is computed from the time duration of the retrieved STF. This result and the one given by the spectral analyses are similar (table1).
 Table 1: Comparison between the rupture length of three events for both methods.

	Event
	L (spectral analysis)
	L (STF)
	magnitude

	2 juin 2003 21h29
	r=49 m         d=98 m
	153 m
	2,5

	10 juin 2003 19h32
	r=50 m       d=100 m
	125 m
	2,4

	10 juin 2003 19h32
	r=97 m       d=194 m
	203 m
	2,9


Gutenberg-Richter

The second argument for the fact that the seismicity induced by hydraulic stimulation is ruled by the self-similarity law consists in the build-up of the Gutenberg Richter law for each stimulation (figure 5). Even though the b value is high ranging from 1 to 1.2, the cumulative number of earthquake follows the power-law distribution.
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Figure 5 Gutenberg Richter law for the 4 stimulations.
3.2 Seismicity

From the spectral analysis results and the linear relationship between the duration magnitude and the moment magnitude, the scalar seismic moment can be estimated and thus the area of each event (equation 8). These estimations rely on an extrapolation of the results found earlier and must not be overemphasized. Nevertheless, they tend to show some important trend and behaviour. First the smaller earthquakes do not contribute in the moment sum (figure 6) and only play a role in redistributing the driving forces since the self-similarity of the seismicity is valid and thus the considerations of Hank (1992) about the role of the small earthquakes. In figure 6, the example is taken from the 2003 experiment but it is the same for the other stimulations.
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Figure 6 Top: in blue is represented the moment versus time of each event. In green, is represented the cumulated moment on the whole period of time. Bottom: effect of the largest earthquakes on the cumulated sum. Around two orders of magnitude exist between them. Example with the data of 2003.
From the estimation of the characteristic length of the fractures, a distribution law can be drawn. The constant c has been estimated in order to calibrate the size with those determined by the spectral analysis. Figure 7 shows that equation 10 is valid with a value of D of 1.2. This value for the stimulation of the year 2003 is higher than the one obtained from the Gutenberg-Richter but is based on some approximate relationships. In figure 7, the example is taken from the 2003 experiment but it is the same for the other stimulations.
Figure 6 shows clearly that the deformation undergone by the reservoir is mainly compensated by the largest earthquakes. Therefore this seismicity is of great importance for the understanding of the reservoir behaviour.
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Figure 7 Implication of the Gutenberg-Richter relation meaning that the number of earthquakes scales with their area according to power-law scaling. Example on the data of 2003.
Figure 8 shows the distribution of this seismicity in the reservoir and tend to indicate a non random distribution of their location. Charléty et al. (in submission) shows that this seismicity put the shed on large features that likely rule the large scale circulation of the fluid. This seismicity represents the events with a magnitude higher than 1.4, i.e. with a source dimension of about 40 metres.
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Figure 8 Largest events for the 4 stimulations performed on the deep reservoir at Soultz-sous-Forêts.
3.3 Focal mechanism

The focal mechanism of the events of magnitude larger than 1.4 is systematically determined from the P-wave polarities with the assumption of a double couple (quadrantal distribution of the polarities). Up to now, we have been able to determine such a mechanism for each event. This means that this earthquake mechanics is predominant but it does not mean that another one is not conceivable. Figure 9 shows some focal mechanisms for the stimulation of 2004 and for the events of magnitude greater than or equal to 1.4.
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Figure 9 Focal mechanisms of the 2004 stimulation of GPK4
4. Conclusion
After a basic presentation of the definition of an earthquake we present the induced seismicity at the geothermal site of Soultz-sous-Forêts for the four stimulations carried out since 2000. This presentation wants to clarify some particular and important characteristics that rule the seismicity. These characteristics are the fact that an earthquake is the motion of one block against another due to local stress variation. Therefore, the exact representation of an earthquake is not a point but a plane with particular dimension and orientation. Furthermore, the seismicity obey some power-law distribution such as the Gutenberg-Richter. From this law it can be shown that the area follows the same power-law distribution. It is also noted that microearthquakes are ruled by the same physic laws and so the induced seismicity. Therefore, a lot of information can be inferred from the results shown.
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