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Abstract

Tomographic and faulting studies represent two efficient ways to characterize the behaviour of geothermal reservoirs during stimulation tests. Tomographic analysis of induced microseismicity give two types of results: the 3D distribution of seismic velocities within the medium and precise relocation of the microseismic events, using the velocity model previously found. Analysis of faulting mechanisms, especially through focal mechanisms studies, is able to give informations on the main shearing structure and the type of movements that they support.
In the case of the stimulation of EGS-type reservoir, numerous microseismic events are generally recorded; that allows performing reliable tomographic calculation. Moreover, this huge quantity of data can be used to follow the temporal evolution of the 3D distribution of the seismic velocities, which brings useful information on the effect of the circulating water on the physical properties of the reservoir. Using a velocity model that takes into account the temporal variation of the seismic velocities allows getting a very precise relocation of the microseismic events. This, combined with the analysis of the faulting mechanisms through the reservoir gives a rather good view of the shearing processes in the reservoir.
In this study, we analyses the microseismic events induced during two tests: the stimulation of GPK2 in 2000 and of GPK3 in 2003, both performed between 4.5 and 5 km depth. The temporal evolution of the 3D distribution of seismic velocities during the injections is calculated in both cases, leading to conclusions about the variations of the properties of the reservoir. The analysis of the relocated microseismic cloud demonstrates that some major structures, probably corresponding to major faults, play a dominant role in the generation of seismic events, both of small and higher magnitude.
From the focal mechanisms study, it appears that normal faulting, with a more or less pronounced strike-slip component, represent the major regime, but quasi pure strike-slip movements are also observed. From the recorded first-motion polarity data, an estimate of the stress tensor has been calculated and then applied to the nodal planes determined from focal mechanisms: orientation and dip of fractures having sheared can thus be retrieved. Moreover, all determined focal mechanisms show a double-couple solution, but from the analysis of the seismic moment tensor for several 2003 events, we have been able to quantify the proportion of the non-double-couple (NDC) component, which correspond to the proportion of opening in the shearing process. It is interesting to observe that events in the vicinity of the injection well GPK3 show a higher NDC component, than those far from the injection.
The combination of results given by all these methods, applied to two different datasets gives thus very valuable information on the mechanical processes that occur within the reservoir under stimulation conditions.
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1. Introduction
Since the beginning of the development of the HDR/EGS technology, it has been proved that seismology is one of the powerful tools to understand the physical processes associated with fluid injection within geothermal reservoirs. The analysis of induced microseismicity is a very convenient way to follow for example fluid circulation and pressure wave propagation throughout the reservoir, as well as the expansion of the stimulated rock volume, which usually corresponds to the zone of permeability enhancement. Furthermore seismology can help to estimate the faulting mechanisms through the study of the failure modes on fault planes and of the state of stress within the reservoir.

The massive stimulation tests at Soultz-sous-Forêts in 2000 and 2003 generated a huge number of microseismic events, which were recorded in both cases by a surface and a downhole seismic array. The collected databases have been studied from different ways: precise events locations through tomographic procedure and the spatio-temporal distribution of seismicity, analysis of fault-plane solutions, faulting mechanisms and stress field, and evolution of seismic velocities in the reservoir during injections. The initial attempt was to understand the occurrence and behaviour of seismicity in relation with the hydrological parameters, in order to get insights about the physical processes leading to the generation of seismic events.
In this paper, we present EOST’s main results obtained from the stimulation of boreholes GPK2 and GPk3 in 2000 and 2003 respectively, in terms of events spatio-temporal distribution, faulting mechanisms, stress field and velocity variations.

2. Tomographic studies: location of microseismic events and velocity structure
2.1 Seismological network
In 2000, the seismic network comprises around 20 stations divided into a telemetered network with eight vertical sensors, a network composed by six autonomous three-component sensors, and three four-component sensors deployed in wells at around 1.5 km depth. The latter is owned by the EEIG “Heat mining”. The network changed in 2003.

Since the beginning of 2003, a field-wide permanent seismic network has been in place and has been run by a team at the Institut de Physique du Globe from Strasbourg (France). The network comprises 9 stations and covers the geothermal reservoir. The sampling rate is 6.66 ms. The frequency band of the acquisition is from 1 to 48 Hz. Three stations have three-components sensors and the others only vertical ones. Fourteen additional seismometers have supplemented the permanent network. Six stations have three-component sensors and the others only vertical ones. The three-components sensors have the same characteristics as the permanent network. The vertical seismometers have a sampling rate of 5.55 ms and the frequency band is from 1 to 60 Hz.
2.2 Hydraulic stimulations of 2000 and 2003

The aim of the 2000 stimulation was to improve the hydraulic connection between the well GPK2 and the endemic fracture system. It started on the 30th of June and lasted almost seven days. The flow-rate followed a step-wise strategy. The first step lasted less than one day with a flow-rate of 30 l.s-1; the second lasted more than one day with a flow-rate of 40 l.s-1; the third part lasted around 4 days with a flow-rate of 50 l.s-1 (figure 1 top).

The aim for the 2003 stimulation did not change but the well GPK3 was concerned: improvement of its injectivity and the relatedness between the two wells. It started on the 27th of May and lasted 11 days. The fluid injection strategy was more complex than in 2000. The flow-rate has been up to 93 l.s-1 on a very short period (some hours) (figure 1 bottom).
2.3 Method
Data

The data from all seismic sensors have been picked and used for the tomography. In 2000, more than 10 000 events have been recorded. More than 7000 events have been used to perform the tomography. The P and S arrival times have been manually picked (Cuenot et al., 2005). For 2003 an automatic detection algorithm has been used. More than 6000 events have been detected. The data have been automatically picked by an AR-AIC algorithm (Leonard and Kennett, 1999). The tomography has been achieved with about 2250 events. Concerning the S wave arrival time picks, where shear wave birefringence was noted, the earliest S arrival was picked. S waves were picked only on horizontal components. A first location of the events was made by a hypoinverse-like algorithm with a 8 tabular layers model. This model is based on the information derived from different log-data and the calibration shot in 1987.

Tomographic algorithm

The tomography method used is based on the program simulps (Thurber, 1983). Simulps uses an iterative, damped least squares method to invert arrival times and simultaneously estimates earthquake locations and the three-dimensional Vp and Vp/Vs fields. The velocity structures are parameterized by values defined at the nodes of a three-dimensional grid, between which the Vp and Vp/Vs values are assumed to follow trilinear functions.
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Figure 1 Injection strategy for 2000 (top) and 2003 (bottom). Top: are represented the wellhead pressure and the injection rate. In grey appears the number of seismic events per hour detected on the surface seismic network. Bottom: the wellhead pressure of GPK3 (red) and GPK2 (blue), and the flow-rate in GPK3 (green) and GPK2 (black and purple) are represented. The purple curve corresponds to the pumping strategy in GPK2.

Zhang and Thurber (2003) have developed a new method that combines both absolute and relative arrival time data. The method determines a 3D velocity model jointly with absolute and relative event locations. They developed a double difference (DD) tomography code (tomoDD) based on the DD location code hypoDD (Waldhauser, 2001). In their simultaneous inversion for velocity structure and event locations, velocity anomalies are constrained by seeking a first-order smooth model. The same smoothing weight is applied to the horizontal and vertical regions. This smoothing regularization should provide a minimum-feature model that contains only as much as structure as can be resolved above the estimated level of noise in the data.

The two different types of data are combined into one system thanks to a hierarchical weighting scheme during the inversion. We start the inversion by applying greater weight to the absolute catalog data (1 for absolute data, 0.1 for differential catalog data) to establish the large scale result. The differential catalog data are weighted more to refine the event locations and the velocity structure near the source regions (1 for differential data, 0.1 for absolute catalog data). Then we finish the inversion by weighting equivalently both catalogs. For each step, two iterations are performed. The system is solved by a LSQR algorithm for the damped least-square problem.

The tomography method has changed between 2000 and 2003. In 2000, we used the simulps methodology while in 2003, tomoDD is used. As for both years the number of events is important, we decided to divide them into temporal sets so that the evolution of the velocity structure can be imaged. For 2000, a set of data is composed by 500 events. In 2003, as a differential catalog data is also used, the number of events per sample is set to 250. In 2003 the number of events per set has been chosen in order to appreciate the effect of each injection stage: increase or decrease of the flow-rate, dual injection (injection in GPK2 and GPK3), shut-in.

The grid covered the whole area determined by the location of the seismic sensors. As the rays intercept each other in the volume of the reservoir the resolution of the tomography is good only at the depth of the injection. Thus the grid has been refined in this part.
The initial model for both tomographies is the same for each set of data and tomography.
The tomoDD code is similar to simulps if the relative catalog is not taking into account in the inversion (weight is put to 0). We have tested this approach on the first set in order to appreciate the difference between the methods. The difference in the results is quite small and it appears that the velocity values for the simulps inversion are almost always greater.

Other tests have been made. The 3D velocity model obtained is almost insensitive to starting model, event set and inversion strategy.

2.4 Results for the 2000 and 2003 stimulations
The velocity structure of each tomography is corrupted by the lack of knowledge of the velocity model before the stimulation. The region is seismically quiet so that no natural seismicity has been locally recorded prior to the hydraulic experiments. It is also obvious that the seismicity is linked with the injection of fluid. A pre-stimulation tomography could have given us essential information on the steady state in the reservoir. Nevertheless we described the global evolution of the velocity structure in term of shape and value. We consider that as the treatment of each set is exactly the same the variation from one set to another is meaningful.
Temporal evolution of the VP velocity structure during the 2000 stimulation test
A sequence of fourteen successive images was computed to observe the evolution of the VP velocity in the geothermal reservoir (figure 2). On each plot are represented the corresponding 500 events used for the calculation to outline the shape and position of the microseismic cloud at that time. The trajectory of the open-hole section of the well GPK2 is also indicated. Grey zones do not have to be considered as they correspond to low-resolution areas.
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Figure 2. Evolution of the P-wave seismic velocity at 4.6 km depth during the 2000 stimulation test. Images are in chronological order from set 1 to set 14. Yellow dots represent the 500 events used in the computation for each subfigure. The green line corresponds to the open-hole section of the injection well GPK2. Grey areas do not have to be considered as they define zones of poor resolution.
Figure 2 presents the temporal evolution of the velocity structure at a depth of 4.6 km, corresponding to the location of the stimulated rock volume. Set 1 is calculated using the 500 first events of the stimulation. The dark red colour clearly denotes a significant low-velocity anomaly: the plotted microseismic cloud indicates that this anomaly corresponds to the geothermal reservoir. It is difficult to interpret this first result, as we cannot compare the present situation to that before the beginning of the injection: is the anomaly directly due to the start of the stimulation or does it actually exist before? Set 2 to set 5 show a slight increase of the velocity from 5.6 km.s-1 to about 5.8 km.s-1. An interesting feature appears between set 5 and set 6: on the figure 2 one can notice the reappearance of the dark red colour at the place of the geothermal reservoir, indicating a sudden decrease of the P-velocity of about 0.2 km.s-1. Then, until the end of the recording period, velocity slowly increases in the same way as at the beginning of the experiment. What does induce the quick decrease of the velocity? It appears from the injection curve that set 6 contains events occurred just after the increase of the injection rate to 50 l.s-1. We did not indeed observe such a variation between set 3 and set 4 although the injection rate was incremented from 30 l.s-1 to 40 l.s-1 between these periods. Nevertheless, we found some clear correlations between the increase of injection rate up to 50 l.s-1 and change in the hydrological parameters and seismic activity evolution that we cannot observe after the augmentation from 30 l.s-1 to 40 l.s-1.
Temporal evolution of the VP and VS velocity structure during the 2003 stimulation test

A sequence of nine successive images was computed to observe the evolution of VP velocity in the geothermal reservoir. On figure 3, are represented for each set the seismicity in black dot and a white line outlining the region where the number of rays per node is greater than or equal to 50. This number of rays commonly determines the part of the figure where the inversion resolution is good. The code tomoDD does not compute the resolution as the least square theory allows.

For the P wave velocity (figure 3), the views represent the evolution of the absolute velocity on horizontal plane at 4.6 km depth. On the first set, a large low P-wave velocity area dominates the first order spatial variation in Vp structure. This area is located around the well GPK3 near the coordinate (0;-1). This set is associated with the period where the flow-rate is not higher than 30 l.s-1. Set 2 corresponds to an increase of the flow rate to 50 l.s-1. We observe that the velocity decreases and that the region affected by this change grows.
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figure 3: Evolution of the P-wave seismic velocity at 4.6 km depth during the 2003 stimulation test. Images are in chronological order from set 1 to set 9. Black dots represent the 250 events used in the computation for each subfigure. The white line outlines the zone in which the number of rays per node if greater than or equal to 50, and which is supposed to be the good resolution area. North is directed toward positive Y while the East is toward positive X. GPK3 is around (0,-1) and GPK2 (-0.2,-0.5). 
Then in the set 4 the velocity tends to slightly increase. The injection in both GPK2 (-0.2;-0.4) and GPK3 induces an increase of the velocity and the growth of the affected area on the northwestern part. Set 5 corresponds to the end of the dual injection. We note that the velocity increases around GPK3 and decreases around GPK2. Set 6 and 7 coincide with the end of the injection in GPK3. We can notice that the velocity remains nearly the same but the location of the maximum velocity region near GPK2 migrates to the northwestern part of the reservoir. Moreover a region where the velocity increases appears southward of GPK3. In the set 8 and 9, the low velocity zone continues its migration toward the northwest and the south away from the injection point. The set 9 corresponds to an active period since, in order to accelerate the pressure decrease, a production strategy in GPK2 has been decided.
2.5 Interpretation
The relation between flow-rate change and velocity variation is clear for both experiments. In 2000, a difference of behaviour from the geothermal reservoir appears between the flow-rate of 30-40 l.s-1 and 50 l.s-1. Actually, the decrease of the velocity is higher for the maximum flow-rate. This observation can also be made for 2003. Moreover for the last experiment the effect of the dual injection (injection in both well GPK2 and GPK3) appears clearly on the velocity of the P wave.

Factors that affect Vp include porosity (Wyllie et al., 1956, 1958), pore pressure, partial saturation (Nur and Simmons, 1969a), phase transition (Ito et al., 1979) and temperature.

The correlation between the velocity decrease and the flow-rate means that a possible mechanism for the velocity variation is the increase of pore pressure and/or porosity, because both phenomenons entail a decrease of the velocity for P wave. The schematic model for this mechanism is an increase of the pressure near the well caused by the injection. This overpressure creates microcracks through which the fluid can migrate. The microcracking generates porosity and the fluid penetration in the rock mass increases the pore pressure. The effect of pore pressure depends strongly on the saturation of the medium. Then the slow increase of the velocity afterwards can be caused by the effects of the cooling of the medium due to the injected fresh fluid and the increase of the saturation of the medium. Both mechanisms induce a velocity increase. The direction of northwest-southeast propagation fits with the direction of regional maximum horizontal stress (NNW-SSE to N-S). This direction has been determined (Tenzer et al., 1991; Rummel and Baumgärtner, 1991; Klee and Rummel, 1993; Benderitter and Elsass, 1995; Helm, 1996; Cornet and Bérard, 2003) several times in the Upper Rhine Graben region.

In 2003 we note that the northwestern part of the reservoir has still a low velocity zone after the shut-in. In this region, the largest seismic events have occurred in 2000 and in 2003. The set 8 and 9 which correspond to the period after the shut-in show clearly this feature. The decrease of the velocity is due to either porosity or pore pressure. Therefore two scenarios could be guessed. The first one considers that the fluid is led to this region for some reasons so that a large part of the injected fluid remains in this area. The mechanism to invoke is so the pore pressure. The second scenario considers that as the region is submitted to a larger magnitude seismic activity (up to 3 in duration magnitude), the porosity increased and thus the P wave velocity decreased.

The 2003 tomography of allows to observe that after the hydraulic activity, the medium returns to a kind of equilibrium state. It demonstrates that the medium is perturbed by the injection and permit to consider that the first image (set 1) is fully a consequence of the injections.
The tomography used either in 2000 or in 2003 relocates the seismic events in the 3D velocity model. This relocation refines the error in latitude, longitude and depth so that the final uncertainty is around 20 to 30 meters. In 2003 the relocation of the seismic event points out the relation that exists between the seismic activity and the natural endemic fractures. The figure 4 shows the relocation of the 250 first events corresponding to the first set. The fracture represented has been imaged by UBI and the characteristic of the plane has been determined by Dezayes et al. (2004). This fracture absorbed around 80 % of the fluid injected as determined by a flow-log. The weakening of the fracture by the fluid entails the occurrence of a large part of the seismicity.
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Figure 4. The seismicity relocated in the 3D model velocity determined by the tomography. This seismicity is located just above the fracture imaged by UBI (pink-red plane). The well GPK3 is in green and GPK2 in yellow.

3. Faulting mechanisms: fault-plane solutions, non double couple component and stress regime
3.1 Fault-plane solutions

We determine automatically several thousands of focal mechanisms using the program FPFIT (Reasenberg and Oppenheimer, 1985): nodal planes are calculated from the first-motion polarities by a maximum likelihood procedure and manually checked afterwards. More than 14 polarities are available in average for the 2000 events and more than 16 for the 2003 seismicity. Results indicate a majority of normal-faulting movements, pure or with a more or less pronounced strike-slip component. But, on the deepest part of the reservoir, a strike-slip regime seems to dominate, with some quasi-pure strike-slip events. Some representative focal mechanisms examples for the 2000 and 2003 stimulation tests are given in Fig. 5 and Fig. 6.
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Figure 5. Representative focal mechanisms for the 2000 stimulation test.
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Figure 6. Representative focal mechanisms for the 2003 stimulation test.
3.2 Non Double Couple Component

From the full determination of the seismic moment tensor (1st order) we are able to describe the equivalent forces at the source, which can be correlated with the physical processes involved at the source. Moreover, the seismic moment tensor can be written as the sum of a double couple (DCC) component and a non double couple component (NDCC), which gives the proportion of tensional opening in the seismic rupture. This proportion is here expressed as a function of an index (. ( ranges between –0.5 and 0.5. A positive ( indicates tensional opening in addition to shearing, while a negative ( describes compressive movements in addition to shearing. If 0 ( ( ( 0.25, the DC component dominates. This is the case in our study, as we have been able to find a DC solution for each seismic event. However, the variations of ( between 0 and 0.25 give the proportion of NDC component in the movement. On the Figure 7, several 2003 events are presented as coloured spheres. The colours correspond to the value of (. As all events were similarly computed, the variations of ( between each others are significant. It is striking that events occurred at the direct vicinity of the injection well GPK3 show a high value of (. However, events occurred far from the injection well do not show such a high value of (. Some of these latter events even have a zero ( value. It indicates that events in the vicinity of GPK3 have a non negligible NDC component, and the fractures that support the rupture may undergo tensional opening in addition to shearing. This result may be a consequence of a large overpressure increase near the well due to the massive injections, which can cause the joints to slightly open. On the contrary, if we are far away from the injection well, the fracture tensional opening component seems to be in less proportion. It would mean that the overpressure is less effective, maybe because it quickly drops with the increasing distance from injection well.
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Figure 7: Non double couple component proportion for several 2003 events.
In conclusion, we determine a double couple solution for each microseismic event, which indicates that the dominant process of the faulting movements is shearing. This result seems quite common also at other HDR sites. But, by the analysis of the seismic moment tensor, we show that the rupture process involves a non double couple component. This indicates a proportion of tensional opening at the fracture planes. Moreover this NDC component is significantly higher for events in the vicinity of the injection well, probably because of greater pressure effects.
3.3 Stress tensor inversion

Two observations suggested us to perform a stress tensor inversion. First our results on focal mechanisms show a higher proportion of strike slip events in the deepest part of the geothermal reservoir. Moreover Klee and Rummel (1993) determine a stress regime profile at Soultz-sous-Forêts using hydrofracturing stress measurements. Their results show a possible cross-over between the vertical stress SV and the maximum horizontal stress SH at around 3500-4000 m depth. This would imply a change in the faulting regime with depth, from a normal-faulting regime to a strike-slip regime. In order to check the reliability of the assumption, we decided to perform the stress tensor inversion.

Method
We used the method of Rivera and Cisternas (1990), which involves the direct inversion of the deviatoric part of the stress tensor and of focal mechanisms from first-motion polarity data. The stress tensor is defined by three Euler angles and a shape factor, which indicates the faulting regime. From an initial trial solution (tensor and focal mechanisms), theoretical polarities are calculated and compared to the observed data at each iteration. Then the solution is modified in order to maximize a likelihood function. The quality of the solution is expressed in terms of likelihood and score (the score describes the fit between observed and theoretical polarities).
Data

We performed two inversions with two different data sets of events from the 2000 stimulation experiment. A first set contains microseisms occurred in the upper part of the reservoir (depth ( 4.5 km), the second is composed of events occurred in the bottom part of the reservoir (depth ( 5 km). For each set, about 60 microseismic events have been randomly selected among those which exhibit the largest number of available polarity data. Indeed, each selected event shows a number of polarities between 14 and 18. In order to check the reliability of the inversion, we performed several calculations with different sets containing different arrangements of events. Similar results have been obtained from the different calculations.

Results
The results of the inversion are shown in Figure 8 and Figure 9. In both figures, the picture at the top corresponds to the 100 best tensor solutions and the bottom picture gives the best estimate of the stress tensor. Figure 8 shows the inversion for the upper part of the reservoir while results of the inversion for the bottom part are displayed on Figure 9. Stresses are expressed in terms of (1, (2 and (3, where (1 > (2 > (3.
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Figure 8: Results of the stress tensor inversion for the top of the reservoir. Top: 100 best tensor solutions; Bottom: best tensor solution.

A first observation is the stability of the orientation of the minimum horizontal stress Sh, which trends in both cases NE-SW to NNE-SSW. This is in agreement with the general orientation of Sh at regional scale in the upper Rhine Graben. On both figures the maximum horizontal stress SH is oriented NW-SE to NNW-SSE. This result is also consistent with regional estimates of SH. However, at local scale, other studies show a more N-S orientation of the maximum horizontal stress (e. g. Bérard and Cornet, 2003). The method of Rivera and Cisternas suppose that the stress tensor is homogenous over the studied region. In the case of Soultz-sous-Forêts, fluid injections may introduce strong local stress heterogeneities that we cannot see with our inversion method: our results may correspond to an “average” stress tensor, which could be more representative of the regional stress field. The relative scatter of the solutions may reflect these stress heterogeneities.
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Figure 9: Results of the stress tensor inversion for the bottom of the reservoir. Top: 100 best tensor solutions; Bottom: best tensor solution.

But the most important result concerns the rotation of the maximum stress (1 from a subvertical orientation at the top of the reservoir (Fig. 8) to a horizontal direction (Fig. 9). We effectively observe this feature, which was predicted by other measurements. It means that the maximum horizontal stress SH becomes the maximum stress at the bottom of the reservoir. Thus this implies a change in the failure mode. At the top of the reservoir, the dominant regime is normal-faulting whereas strike-slip is likely to occur in the deepest part of the reservoir. This result is in agreement with the results on focal mechanisms. Nevertheless, both figures 8 and 9 show a relative dispersion of the solutions. In particular on figure 9, some solutions still indicate a subvertical trend for (1 and a subhorizontal direction for (2. This suggests that the faulting regime may have not completely changed at the bottom of the reservoir, that is, the stimulated volume is located within the region of stress rotation. And moreover, this confirms the fact that the magnitudes of SV and SH are very close, as suggested by Klee and Rummel (1993), facilitating the stress rotation.

3.4 3-D Imaging of the fractures network
We applied the stress tensor on the nodal planes that we determine for the 2000 stimulation in order to define the plane having sheared. Figure 10 shows the result in a 3D view.

The majority of fault planes are oriented NNW-SSE to NW-SE with a dip either to the West or to the East. We can also observe that most of the planes dipping to the West are subvertical, while those dipping to the East seem more subhorizontal. In addition, several fault planes exhibit an “en echelon” structure. Nevertheless, the fracture system appears to be rather heterogeneous.
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Figure 10: 3D representation of the fractures network.

4. Conclusion
In both stimulations the seismicity appears to be injection rate and volume dependant. Both experiments show that for instance an increase of the flow-rate induces an increase in number and often in magnitude of the seismic events. Furthermore, a larger proportion of larger magnitude events is observed after shutting in, although this does not lead to an increase of the number of events. As highlighted by the tomographic study, this is probably related to the variation of the physical properties inside the fault zones and in the surrounding rocks, which are due to fluid circulation, pressure variations, thermal effects and geochemical processes during fluid/rock interactions. This assumption is especially true for the vicinity of the injection well, where pressure effects are the strongest, as shown by the study of the non-double-couple component in the seismic moment tensor of several events.

The location of microseismic events seems to be highly related to the geological and tectonic settings of the region. Indeed the dimension and orientation of the microseismic cloud is in agreement with the well-known main orientation of the fracture system within the regional stress field. This is also confirmed by the fact that fault-plane solutions of events (mainly normal-faulting) correspond to what is expected from the regional tectonics. Moreover, it seems that a large part of induced seismicity, at least the stronger events, is highly related to major fault zones, which are able to drive a large proportion of the injected flow.
These observations and results shows that tomographic methods and fault-plane analysis can help understanding the behaviour of the geothermal reservoir (or at least, of the stimulated rock volume) during stimulation experiments. It can give information about the mechanical processes within the rocks and furthermore about the general tectonic conditions that are controlling shearing on fault-plane. But, some useful conclusions can also be obtained about the physical processes at the level of the rock material that are induced by injection of water. A systematic use of these methods during the course of the stimulation experiment could be a mean to check progressively the influence and effect of the injections.
5. Acknowledgment
This work is part of Jean Charléty’s Ph.D. thesis, supported by ADEME (Agence de l’Environnement et de la maitrise de l’énergie) and Nicolas Cuenot’s PhD, granted by ADEME and Conseil Général d’Alsace.

We thank also the EEIG “Heat Mining” for givingn us the hydraulic data. We also thank all the people who worked for maintaining the permanent network: Hervé Blumentritt, Michel Frogneux and Jacky Sahr.
6. References

Benderitter, Y., and Elsass, P. (1995), “Structural control of deep fluid circulation at the Soultz HDR site, France: a review”, Geotherm. Sci. Technol., vol 4, 227-237.
Bérard, T. and Cornet, F. H. (2003), “Evidence of thermally induced borehole elongation; a case study at Soultz, France”, International Journal of Rock Mechanics and Mining Sciences, 40, 1121-1140.

Cuenot, N., Dorbath, C., Dorbath, L., (2005), “Analysis of the microseismicity induced by fluid injections at the Hot Dry Rock site of Soultz-sous-Forêts (Alsace, France): implications for the characterization of the geothermal reservoir properties.” Pure and Applied Geophysics, accepted

Dezayes, Ch., Genter, A., Homeier, G., Degouy, M., Stein, G., (2003), “Geological study of GPK3 HFR borehole (Soultz-sous-Forêts, France)”, BRGM/RP-52311-FR, 128 p.

Helm, J.A. (1996), “The natural seismic hazard and induced seismicity of the European Hot Dry Rock geothermal energy project at Soultz-sous-Forêts (Bas-Rhin, France)”, Thèse de Doctorat, Ecole et Observatoire des Sciences de la Terre, Université Louis Pasteur (Strasbourg I), 197 p.

Ito, H., De Vilbiss, J. and Nur, A., (1979), “Compressional and shear waves in saturated rock during water-steam transition”, Journal of Geophysical Research, vol 84, n° B9, 4731-4735.

Klee, G., and Rummel, F. (1993), “Hydrofrac stress data for the European HDR research project test site Soultz-sous-Forêts”, Int. J. Rock Mech. Min. Sci. & Geomech. Abstr., vol 30, 973-976.

Leonard, M., Kennett, B.L.N., (1999), “ Multi-component autoregressive techniques for the analysis of seismograms”, Physics of the earth and Planetary Interiors, vol. 113, 247-263.

Nur, A., and Simmons, G. (1969a), “The effect of saturation on velocity in low porosity rocks”, Earth Planet. Sci. Lett. , vol 7., 183-193.

Reasenberg, P. A. and Oppenheimer, D. (1985), “FPFIT, FPPLOT and FPPAGE: Fortran computer programs for calculating and displaying earthquake fault-plane solutions”, U. S. Geological Survey Open-File Report 85-739, 25 pp.

Rivera, L. and Cisternas, A. (1990), “Stress tensor and fault-plane solutions for a population of earthquakes”, Bulletin of the Seismological Society of America, 80, 600-614.
Rummel, F., and Baumgärtner, J. (1991), “Hydraulic fracturing stress measurements in the GPK1 borehole, Soultz-sous-Forêts”, Geotherm. Sci. Technol., vol 3, 119-148.

Tenzer, H., Mastin, L., and Heinemann, B. (1991), “Determination of planar discontinuities and borehole geometry in the crystalline rock of borehole GPK1 at Soultz-sous-Forêts”, Geotherm. Sci. Technol., vol 3, 31-67.

Thurber, C.H., (1983), “Earthquake locations and three-dimensional crustal structure in the Coyote Lake area, central California”, Journal of Geophysical Research, vol 88, 8226-8236.

Waldhauser, F., (2001), “hypoDD: a computer program to compute double difference hypocenter locations”, U.S. Geological Survey Open File Report 01-113, 25 p.

Wyllie, M.R., Gregory, A.R., and Gardner, L.W. (1956), Elastic wave velocities in heterogeneous and porous media, Geophysics, vol 21, 41-70.

Wyllie, M.R., Gregory, A.R., and Gardner, L.W. (1958), “An experimental investigation of factors affecting elastic wave velocities in porous media”, Geophysics, vol 23, 459-493.

Zhang, H. and Thurber, C.H., (2003), “Double-difference tomography: The method and its application to the Hayward fault, California”, Bulletin of the Seismological Society of America, vol.93, n° 5, 1875-1889.

1
5

