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The paper ‘Large-scale in situ permeability tensor of rocks microseismic cloud and the principal stress directions at Soultz,
from induced microseismicity’ by Shapiro et al. (1999) because I strongly disagree with the SAR99 presentation of
(hereafter referred to as SAR99) is a follow-up of an article by this point.
Shapiro et al. (1997) (hereafter referred to as SHB97) entitled By definition, induced seismicity reflects the occurrence of
‘Estimating the crust permeability from fluid-injection-induced unstable rupturing, that is, each event is associated with a
seismic emission at the KTB site’. In both papers, the analysis process that locally modifies the rock mass properties. SAR99
of the growth of the cloud of microseismic events induced by argued that significant changes in permeability associated with
fluid injection in terms of large-scale permeability of the intact the fluid injection remain localized near the borehole used for
rock mass is proposed. It is assumed that microseismic events the injection because ‘the front of significant changes of the
reflect zones where the pore pressure has been increased medium propagates behind the faster triggering front of earlier
because of the fluid injection, so that the location of the front microseismic events’ (p. 208). Interestingly, Lockner & Byerlee
of the microseismic cloud provides a good description of the (1977) have shown in the laboratory that the shape of the
motion of the pressure front in the rock mass. The authors acoustic emission cloud associated with a fluid injection in a
propose correlating the change in shape of the seismic cloud rock specimen depends on the flow rate. For the same applied
with the large-scale permeability of the undisturbed rock mass. compressive stress state and the same rock, they showed that
The determination of the permeability proposed by SAR97 for low flow rates the cloud reflects rupture in shear, whilst for
and SHB99 rests on three hypotheses: fast flow rates the shape of the cloud reflects the growth of

hydraulic fractures (fracture in tension). So, in this instance,
(1) the fluid injection is assumed to be a point source;

had the technique proposed by SHB97 or SAR99 been applied,
(2) the material is assumed to be homogeneous with respect

different characteristics for the hydraulic diffusivity of the rock
to its permeability;

specimen would have been obtained for the case of slow flow
(3) the hydraulic diffusivity, D, is assumed to be fluid-

rate and the case of fast flow rate. I use this example to
pressure-independent.

outline the fact that hydromechanical coupling is the significant

parameter controlling the shape and the rate of growth of theThe fact that injection of fluid induces microseismic
seismic cloud. This is further exemplified by results concerningactivity because of the related increase in pore pressure is well
the location of induced seismicity observed during hydraulicestablished. It has been observed both in the laboratory and
fracturing (e.g. Warpinski et al. 1997). During hydraulic fracturing,in situ, and has often been discussed (Lockner & Byerlee 1977;
the microseismic signals are associated with the percolation ofPearson 1981; Pine & Batchelor 1984; Talebi & Cornet 1987;
fluid through the walls of the fracture. The fracture propagatesFehler 1989; Cornet 1992). Cornet & Yin (1995) have proposed
continuously during the test and the shape of the microseismica method to map the magnitude of the spatial pore pressure
cloud depends essentially on the shape of the fracture andvariation and have argued that induced seismicity may at
on its growth rate, but very little on the permeability ofleast occasionally be a very poor indicator of the location of
the material. This is why the method is used for mappingsignificant flow zones in granite rock masses. Their proposal
the geometry of hydraulic fractures and not the intact rockwas later supported by direct flow test observations (Cornet
permeability.& Morin 1997).

Accordingly, I conclude that the shape of the microseismicThe present comments are three-fold. First, I address the
cloud does depend on the conditions of hydromechanicalproposal by SHB97 to correlate the motion of the induced
coupling. This coupling must be ignored for SHB97’s pro-seismicity front with the large-scale intact rock mass per-
position to be valid. When hydromechanical coupling occurs,meability. Second, I show how the experiment conducted at
both the point-source hypothesis and the constant homo-Soultz in September 1993 is incompletely described by SAR99
geneous hydraulic diffusivity hypothesis are no longer valid. Itand argue that it is improperly interpreted. Finally, I address

the question of the relationship between the shape of the may be argued that at the very onset of induced seismicity, when
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large-scale failure is not yet significant, the front of induced the flow rate reached 24 l s−1. The monitoring of microseismic

events showed that during the first 8 days, events were locatedseismicity is a good marker of the pressure front. However,
when coupling induces a large-scale fracturing process, as in around the borehole open-hole section with mostly radial

growth of the seismic cloud and some downward growth.the case of Lockner and Byerlee’s experiments at slow and fast

flow rates, the shape of the seismic cloud and its growth are Upward growth started to appear once the flow rate reached
18 l s−1. This has been described in detail by Jones et al. (1995)associated with the development of the fracturing process and

not with the hydraulic diffusivity of the intact rock mass. and is also shown by SAR99 (Fig. 3) and in Fig. 1 of this

Comment. During injection, the flow distribution in the wellLet us turn now to the Soultz September 1993 experiment
discussed in SAR99. I know this experiment very well, for it was changed drastically (CJ94; Evans et al. 1996) and this has not

been reported properly in SAR99. While initially the flow lossmy proposal that lead to its being run (Cornet & Fara 1991;

Cornet & Jones 1994, hereafter referred to as CJ94; Cornet in the upper 200 m of the open-hole section decreased regularly
with each pressure increment and was equal to 35 per cent ofet al. 1997, hereafter referred to as CHPE97). The injection

was conducted in the open-hole section of well GPK1 between the total injected flow at the end of the 18 l s−1 step, it reached

more than 60 per cent when the flow rate was equal to 36 l s−12850 and 3400 m, that is, within a 550-m-long open-hole section
(the 3400–3590 m depth interval had been sanded out in order (Fig. 2). Hence, for all periods during which the flow rate was

smaller than 24 l s−1, that is, for the first 200 hr, a veryto isolate a fault zone at around 3490 m). The injection started

at a flow rate of 0.25 l s−1 and was progressively increased to significant part of the flow occurred along the lower half of
the well. During that time, the seismic cloud extended vertically6 l s−1 within 60 hr. From then on, the flow rate was kept

constant for periods of 48 hr followed by increments every between 2600 and 3500 m, that is, over a depth range of

900 m (compare this with the 550 m open-hole length).other day of 6 l s−1, until the injection flow rate reached
36 l s−1. At this final flow rate, injection lasted 3 days (Fig. 1). Correspondingly, during this early phase, it is incorrect to

approximate the open-hole section of the well as a point sourceIn response, the wellhead pressure initially increased regularly

but then progressively stabilized and was nearly constant once and to compute the distance between the injection point and

Figure 1. Injection test in GPK1: wellhead pressure and injection flow rate history. The upper part of the figure shows the depth distribution of

microseismic events for the corresponding pressure and flow rate. A clear upward migration appears at the onset of the 18 l s−1 (1.0 MPa) step.

Injection occurred through an open-hole section ranging in depth from 2850 to 3400 m, a length that is not compatible with a point-source

hypothesis for the first 200 hr.
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their Fig. 1. Had the injection test been conducted for only

200 hr, the vertical extension of the seismic cloud would have
been drastically different from that actually observed at the
end of the test, so that the correlative estimate of the rock

diffusivity anisotropy would have been significantly different.
I hence conclude that the vertical anisotropy described by

SAR99 is very strongly biased by their point-source hypothesis

and does not reflect reality. Furthermore, a significant change
in hydraulic diffusivity occurred in the rock mass during
the injection process, so that hypothesis 3 concerning the

independence of hydraulic diffusivity with respect to pore
pressure is not satisfied. Once the pore pressure becomes large
enough, fracture opening occurs and flow no longer obeys a

Darcy-type law. Rather, fluid motion may be approximated
by flow through parallel plates, with a pressure drop within
the opened fracture that is nearly insignificant compared to the

values predicted by Darcy-type flow. The difficulty is in evaluating
the length of the hydraulically opened fractures. As quoted by
SAR99, CHPE97 has evaluated lengths of the order of 300 m

(150 m radius) for opened fractures, which exhibit evidence of
shear displacement at the borehole wall. However, many flowing
fractures did not exhibit any permanent shear displacement so

that the estimation of the length of their opened portion is left
to the reader’s guess.

The third point of this Comment concerns the cloud shape
and its relation to the stress field. First, contrary to what is
written in SAR99, the seismic cloud was oriented north–south

within the volume where most of the water was lost (between
2850 and 2950 m). It was oriented more NNW–SSE in its
lower portion, i.e. below 3000 m (see Fig. 6 of CHPE97, Fig. 8

of CJ94 or Fig. 6 of Jones et al. 1995, which is reproduced
here in Fig. 3). SAR99’s description is exactly opposite to these
results (p. 210) and should be corrected. Also, the reference

to the paper by Klee & Rummel (1993) quoted in SAR99 to
specify the principal stress direction is not appropriate. Indeed,
Klee & Rummel (1993) reported on results from hydraulic
fracturing but stated explicitly that no data on fractureFigure 2. Relative variation of flow losses in the open-hole section
orientation were retrieved from their tests (p. 976). They onlycompared to the depth distribution of microseismic events. The curves
concluded that since their pressure records were similar to thosewith squares, diamonds or triangles refer to flow losses expressed as

a percentage of total injected flow as measured with a spinner tool. reported by Rummel & Baumgärtner (1991), the principal stress
The continuous curves represent the percentage of microseismic events directions for their stress determination were the same as those
located in the corresponding depth interval. For the upper interval, of Rummel & Baumgärtner (1991). However, interestingly,
the percentage concerns all events located above 3020 m depth. For Rummel & Baumgärtner (1991), who also conducted hydraulic
the lower interval, the percentage concerns all events located below

tests for stress determination, reported many difficulties in their
3150 m depth. The casing shoe was at 2850 m. For the first five days

testing and acknowledged that their determination of stress
flow could not be measured by the spinner tool below 3020 m but was

orientation was questionable. (The stress field was describeddetected by thermal logs, yet no seismicity was observed.
by five parameters that were constrained by only five data
points. In addition, from my point of view, the experimental

procedure was also questionable because of the correlationthe observed events as the distance between the event location
and the well at 2920 m depth. In reality, a line source should made between depths measured with logging cable for fracture

orientation determinations and depths measured with the drillhave been considered, so the distances between the lower
seismic events and the location in the well where water string assembly for hydraulic tests.) Rummel & Baumgärtner

(1991) pointed out that although they found a N130°E orien-percolated into the rock mass would be much smaller than

that computed by SAR99. Hence, for the first 200 hr, that is, tation for the maximum horizontal principal stress, a north–
south direction also gave a good fit to their data. Given thehalf the duration of the experiment, their Fig. 1 does not

capture properly the statistics of the distances between seismic observation on thermal crack orientations reported by CJ94,

together with that of hydraulic fractures reported in CHPE97,events and injection source. During the second half, when flow
localized more and more in the upper part of the well, an the north–south orientation (actually N170°E) for the maxi-

mum horizontal principal stress seems fairly convincing. Itupward growth of the seismic front was observed. However,

the number of events observed between 2900 and 3500 m also fits the seismic cloud orientation where flow was maximum
once the pressure had stabilized (that is, the orientation of theremained quite significant, so that, for this part of the test also,

SAR99’s point-source hypothesis yielded a very strong bias in zone in which fracture opening was expected). It has been
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Figure 3. Projection in the horizontal plane of the location of microseismic events that occurred within the specified depth intervals. The north

direction is perpendicular to the length scale indicated in the bottom right corner of the figure. The 2700–2900 m depth interval is that for which

drastic changes in flow losses occurred once the well-head pressure reached 10 MPa. The small white diamonds indicate the location of the well.

argued by CHPE97 that the NNW–SSE orientation observed
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Soultz-sous-Forêts, France, ET H–Institute of Geophysik Final Rept measurements in the GPK-1 borehole, Soultz-sous-Forêts, Geotherm.
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