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Abstract
The results observed during the past twenty years at Soultz demonstrated that “usual” hydraulic stimulation techniques when applied in such an hydrothermal / tectonic context can provide both real, but unfortunately limited, improvements of the wells hydraulic performances and real, but fortunately up to now limited, microseismic nuisances.  Seven major hydraulic stimulation tests performed at Soultz generated always large “microseismic clouds” but quite variable improvement of the wells hydraulic performances.

The questions about the possible usefulness of that induced microseismicity in the situation of Soultz came to light progressively.  Despite all efforts and very large “microseismic clouds” the hydraulic results from the stimulation tests up to now resulted in injectivity indexes which were limited within a range 2 to 4 l/s/MPa (target being 10 to 20).

Those questions became definitely unavoidable after the stimulation of the well GPK3 performed at Soultz in 2003 at depth ~ 4750 m.  During that test (including a dual stimulation with a second well) ~ 34 000 m3 of water were injected in GPK3 at a mean flow ~ 50 l/s generating ~ 90 000 events [among which 39 of magnitudes high enough (1.9<Md<2.9) to be felt by population] within a cloud extending more than one km from the well.  A peak of activity higher than 500 events/hour was even recorded when a flow of ~ 90 l/s was injected.  Result was a null improvement of GPK3’s injectivity which was ~ 3 l/s/MPa before and after that test.

This presentation aims to examine why, in fact, the apparent contradiction between the huge microseismic activity developed during more or less massive hydraulic stimulation tests and the modesty of their efficiency is not so surprising in the situation which prevails at Soultz.

The mechanisms inducing microseismicity can facilitate fluid circulation only if several conditions (such as density of events and their distance from well, fluid velocity,…) are simultaneously fulfilled.  This is much easier to get in the near wellbore vicinity than in the far field.

On the contrary the development of the induced microseismic nuisances is directly related with the pressure propagation and consequently depends from conditions (such as very low fluid velocity, natural fractures density and orientations, natural porosities…) which can be easily fulfilled far from the wells.

In fact, in natural hydrothermal reservoirs of Soultz type, the relationships between enhanced water circulation(s) and pressure waves propagation during (or following) stimulation tests are quite variable, depending from the natural local conditions which are still unknown for a large part due to their complexity.  Nevertheless it looks likely that hydraulic stimulations in such a medium can create sensible positive results mostly by connecting the wells to some more or less numerous and/or highly permeable natural fractures already pre-existing in their vicinity.  When such a highly permeable fracture (or set of fractures) will be reached by a pressure wave during a stimulation test it will likely appear as a boundary stopping locally the progresses of the “microseismic cloud”.  Hydraulic results will depend how far and productive are these fractures and how their links to the wells can be cleaned/opened.

That view about the elements governing the ratio (Hydraulic Performances)/(Induced Microseismic Nuisances) during the hydraulic stimulation of “EGS Soultz type” reservoirs require now to make progresses through specific investigations (such as VSP, new logging techniques…) and innovative tests carefully designed through conceptual and digital modelling in order to optimise this key ratio while maintaining the nuisance under a threshold which is acceptable by population.
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Introduction
Since more than twenty years, it is commonly considered within the frame of HDR / EGS projects, that massive hydraulic stimulation techniques, i.e. injection at various flowrates (up to 90 l/s at Soultz) of various volumes of water (up to 34 000 m3 at Soultz) are the major tool for bringing wells from poor initial hydraulic performances to high injectivity / productivity indexes which could be generated by the development of an heat exchanger connecting more or less directly the injection and the production wells.

From twenty years of experience mainly based on such an approach at Soultz and from results obtained by series of other project (Los Alamos, Cornwall, Hijiori,…) now closed, two major sets of questions seem to become unavoidable in the case of Soultz type natural conditions.

· Is it really totally necessary to make so many efforts to develop more or less direct hydraulic connections between the wells for heat exchange through a limited volume of rocks, or is it more efficient to look as a priority for the development of the best possible connections between the wells and the surrounding natural geothermal reservoir?

It can be noted that even within the second approach, in case of pre-existing favourable natural features between the wells, the possible development of an heat exchanger could nevertheless bring some complementary non negligible resources but could not represent any kind of priority.

· Is it expectable to develop the hydraulic connections between the wells and the surrounding reservoir with both minimum induced microseismic nuisances easily acceptable by population and enough efficiency to reach the targeted wells productivities / injectivities?

This second question requires now to consider the elements governing the ratio (Hydraulic Performances)/(Induced Microseismic Nuisances) during the stimulation of “EGS Soultz type” reservoirs.

The first major element is the present views about the natural geothermal reservoir surrounding the wells.
A conceptual reservoir model at Soultz
Taking into account the present knowledge issued from the geological / tectonic studies (1) (2) (3) and from the geochemical / petrographic investigations (4) (5) (6) towards the definition and understanding of the regional natural geothermal reservoir of the Rhine Graben it became possible to propose a conceptual reservoir model at Soultz as it is schematically described in Figure 1.
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Figure 1.
Horizontal plan view of a general conceptual reservoir model at Soultz 

It is today demonstrated that such a highly naturally fractured system is characterised by clusters of fractures within which most of the natural circulations and associated hydrothermal phenomena occur. (1) (4)
Within these clusters hydrothermalism has either locally developed the rock porosity or randomly plugged a large proportion of the channels through which the thermal water was circulating.

Today, these views bring us to consider at the Soultz scale (i.e. a volume of several km3 around the wells located between 1.5 and 6 km depth) a very heterogeneous natural geothermal reservoir mostly constituted by a network of fracture clusters (1) predominantly oriented close from North – Soultz (± 20º), dipping East or West close from vertical (± 20º). They are separated by distances of few hundred meters and crossing each other within distances of some kilometres forming a kind of 3D network of complex “aquifer” layers.  The homogeneity of the geothermal water composition whatever is the sampling depth and the observed natural pressure distribution demonstrated that none of these clusters can be considered as being a totally closed system.

On the contrary, the observations done during drilling operations showed that:

· some clusters contain very productive fracture(s) which could be considered as being able to sustain a high “natural” geothermal production.

As an example a fracture was crossed at 2 km depth (temperature # 140ºC) while drilling GPK-2, generating total mud losses and showing no sign of reduction of its injectivity / productivity even after absorption of all the cuttings generated while drilling down to 3900 m.
· Some clusters contain large fractures showing “medium” injectivity / productivity likely affected by drilling conditions (possible impact of progressive plugging due to cuttings?).  A fracture of this type was crossed at # 4750 m while drilling GPK-3.
· A large proportion of clusters showed none or only minor signs of permeability while drilling.  Nevertheless hydraulic tests before stimulation demonstrated that some of them were not totally tight before stimulation.
Some major results of hydraulic stimulation tests at Soultz
The main significant experiments and their results can be summarised as follows:

· 23 500 m3 of water were injected in GPK-2 using progressive flow values up to 50 l/s.  The initial apparent productivity index of that well was increased from 0.2 l/s/MPa up to # 4 l/s/MPa by the stimulation.  The maximum pressure required for injection of 50 l/s was # 130 bars.

During a later circulation test the productivity of GPK-2 appeared to be close from 10 l/s/MPa without any clear explanation today of that huge dissymmetry between injectivity and productivity indexes (leak between open annulus and casing draining a part of the resource from 2000 m depth?, impact of the reinjection in GPK-3? other?)

· 34 000 m3 of water were injected in GPK-3, using progressive flow values up to 50 l/s with peak values of 95 l/s during some hours.  The initial apparent injectivity index of that well, 3 l/s/MPa was not obviously increased by this operation.  Despite the strong initial injectivity of that well the pressure required to inject 50 l/s was up to # 150 bars.

During a 5.5 months circulation test carried out in 2005 the apparent injectivity of GPK-3 appeared as being rather stable at # 3 l/s/MPa.

· 9 150 m3 of water were injected at 30 l/s in GPK-4 with 3 peaks of several hours each at 45 to 40 l/s then a second stimulation test was carried out by injection of 12 500 m3 of water at 30 l/s during 1 day then 45 l/s during 2 days then 25 l/s during one day.  The apparent productivity index of the well was increased from 0.2 l/s/MPa before stimulation(s) up to around 2 l/s/MPa at termination.

During all these tests a large microseismic activity was observed using two networks.  A bottom hole network provided a magnitude threshold of # -1.5 and a surface network provided a magnitude threshold of # -0.5.  Considering the most sensitive network:

[image: image2.wmf]1 km

GPK2

GPK3

GPK4


[image: image3.emf]
[image: image4.emf]Figure 3,a  Case 1

Could be ~ GPK2 or GPK4?

Natural poorly permeable 

areas i.e., little local flows: 

Negligible friction losses  

Maximum overpressures, 

i.e. Maximum  microseismic

activity

Natural 

highly permeable

areas of circulation

No microseismicity

Areas where 

overpressures are killed 

by high flow rates

Zones nearly sealed by

hydrothermal deposits

Maximum

flowrate

No microseisms

Seismic   « Cloud »


[image: image5.wmf]5200

5000

4800

4600

4400

4200

4000

150

155

160

165

170

175

180

185

190

195

200

 temperatures observed 

during

 circulation

 Temperature at equilibium 

before 

stimulation

 Temperature at equilibium 

after

 circulation

Casing shoe



 Temperature (°C)

Logging depth (meters)


Figure 2.
Horizontal plan view of the located seismic events which occurred during the stimulation campaigns.  Green points: recorded during GPK-2 stimulation; blue points: recorded during GPK-3 stimulation; red points: recorded during GPK-4 stimulation.
· The stimulation of GPK-2 generated some 35 000 triggers (within which around 25 000 appeared as being locatable events) among which around 40 events showed magnitudes higher than 1.9 (threshold for human reactions at Soultz) with a maximum at 2.6 generating a real emotion within the population.

· The stimulation of GPK-3 generated some 90 000 triggers (within which around 22 000 appeared as being locatable events)  among which 36 events showed magnitudes higher than 1.9 with one event reaching 2.9 and two other 2.7 creating among the population larger emotion than during the previous test despite an intensive campaign of information.

· The stimulation of GPK-4 performed much more cautiously generated only a total of around 22 000 triggers (~9 500 locatable events) among which only 2 were events above 1.9 during the first stimulation.  Nevertheless, even if during the second stimulation only 3 events of magnitude higher than 1.9 were generated (among which one reached 2.6), during the following tests performed with small flowrates (max. 30 l/s) and small volumes (max. # 5 000 m3/test) 10 events of magnitude higher than 1.9 occurred.  That is a clear indication that the well GPK-4 became hypersensitive to injections (even small) after its two first stimulations.

Summarising that main observations, it can be concluded that the best result from hydraulic stimulation was obtained for GPK-2.  Its injectivity was increased up to 4 l/s/MPa with a “moderate” microseismic nuisance.  For GPK-4 results (# 2 l/s/MPa) were more modest but the microseismic nuisance was also rather modest despite a worrying evolution after stimulation. For GPK-3 the microseismic nuisance appeared to be close from the maximum level of acceptability by the population and the improvement of the well’s hydraulic performances was negligible.

When looking at these results, two questions arise:

· What is really the part of the microseismic activity (if any sometimes, see the case of GPK-3) which could be useful for the improvement of the wells injectivities / productivities?

· Which stimulation method(s) could provide minimum nuisances and the most efficient results in “Soultz type” geothermal fields?
This requires now to examine what are the conditions which could determine the efficiency of an hydraulic stimulation and what are those which could determine the amplitude of the microseismic nuisance.
Conditions determining the efficiency of hydraulic stimulation
For the efficiency of any hydraulic stimulation in the Soultz context two mechanisms can be considered in priority:

· Shearing of fractures according to criteria as for example the Mohr-Coulomb criterion or any other similar one;

· Water cleaning of near wellbore fractures carrying flows which velocities are high enough to transport particles either resulting from the local shearing either pulled out from the fractures walls assuming these walls could be more or less fragile and sensitive to thermal chocks due to their usual high degree of hydrothermal alteration.
The main conditions determining the efficiency of hydraulic stimulation in “Soultz type” geothermal reservoir were already described in (7).  They can be briefly reminded as follows: 

· 1st condition: capacity of a crack to get its intrinsic hydraulic transmissivity locally significantly increased (i.e. increase in its local permeability) at the end of shearing.

This point will very strongly depend on the parameter “amplitude of the shearing” (commonly considered) but also (and this point is more rarely considered) on the nature of the material which constitutes the walls of the crack.

If it is, for example, dominated by clay minerals the impact of shearing on the local permeability of the crack could be poor.

On the opposite, if the fracture is filled with a majority of quartzic minerals the results could be locally significant.

Remains the case of shearing generating a lot of debris which could lead to local sealings, as in the case of calcite rich walls.

· 2nd condition: evacuation of the debris and deposits which encumber the stimulated cracks.

This condition will strongly depend on the distance which separates the stimulated cracks from the stimulated well.

Indeed, it is certain that, except for short-circuit, local velocities of the fluid injected into the cracks will be directly dependent on the distance to the stimulated well.

In the immediate vicinity of the well one can consider that the fluid velocity is very high, able to partly carry towards outside the debris generated by shearings in the course of stimulation and also to strip the walls of the hydraulically active fractures.  These mechanisms could strongly increase the local permeability of the stimulated fractures close to the well, but also (and this is much less favourable) to plug with debris the more far tiny opened fractures.

Obviously, if such is really the case, the injection with large flow rates and (consequently) high pressures will offer a maximum probability for the development of kind of “mud filtration cakes” locally perforated by preferential paths which are likely to harm heat exchange in the affected areas.

· 3rd condition: probability of hydraulically significant connections (in term of flows) between the stimulated cracks and the wells directly or through the network of the natural cracks

This probably will depend on two factors: 

· Proximity of the stimulated cracks from the wells.

· Density of the stimulated cracks from which will depend the probability of connection of a stimulated crack with other stimulated cracks to establish paths towards the wells or the external massif.

Indeed it is necessary that hydraulic paths sufficiently inter-connected by the operations of stimulation exist either between the stimulated crack and the wells and/or between the stimulated crack, a well and the network of the far cracks naturally interconnected at the scale of the massif.  Only if it fulfils one of these conditions this crack becomes useful for hydraulic circulations from the wells to the far field or to another well.

The observation of the rapid drops of the microseismic events density (expressed for example in a number of events per million m3) joined to the knowledge of the natural cracks network in the vicinity of the well and to what is understood about the hydrothermal deposits makes possible to infer the following forecast in the situation of Soultz:

Taking into account the three conditions described above it is not likely possible to develop volumes containing strong density of permeable fractures with any internal improved hydraulic efficiency around the stimulated wells beyond a distance of 100 m to 200 m.  On the other hand it is not impossible to develop, by techniques wrongly intensive, some privileged paths which could inopportunely connect more or less directly an injection well to the production well generating “courts-circuits” which will be likely to strongly limit the thermal life of the system during its future exploitation.  The risk of peripheral fillings by products resulting from the hydraulic stimulation could disturb considerably the essential exchanges between the natural geothermal reservoir and the volumes made more permeable around the wells.

In such a situation we have to consider the nuisance and even the risks associated with a microseismic activity which seems of questionable efficiency for its far field part.
The propagation of microseismic activity during stimulation
Due to the now well-known general characteristics of the Soultz natural geothermal reservoir surrounding the wells, it seems that the microseismicity can propagate within very large volumes far from the wells due to the propagation of over pressures through several clusters of fractures more or less sealed by hydrothermal deposits and acting as “storage volumes” during high flowrates (i.e. high pressure) hydraulic stimulations.

On another hand, as soon as the injected water either leaves the well’s vicinity either flows out of one “storage” volume (when it finds connection(s) with highly permeable natural fractures), its velocity locally increases, the friction losses make the pressure dropping rapidly, and the seismic activity does not propagate beyond that limits.

Consequently it appears that the most hydraulically active parts of the reservoir during stimulation are not the most microseismically active zones which appear more as storage volumes than as regions where the water circulates.

These “realistic” views of the reservoir behaviour at Soultz during a stimulation can be summarized on figure 3,a and 3,b.
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Figures 3,a and 3,b.
Basic features governing the microseismic events distribution at Soultz.

Consequences

Consequences are that, except in the near wellbore vicinity, it is unlikely at Soultz that microseismicity can be correlated with any large water flows through the reservoir during stimulation and a huge microseismic activity far from the well could represent much more a simple nuisance than a phenomenon of any interest for the wells productivities / injectivities.  This is a situation quite different from the one which was prevailing in conventional HDR projects as in Los Alamos or in Cornwall where the rock was tight enough for a possible close association between water flows and pressure waves propagations and where it was possible to consider the microseisms locations as an indicator of the main paths trajectories of water flows towards the far field.

At Soultz, the huge microseismic activity developed far from the wells (and even close of them for a part) during hydraulic stimulation tests appears much more as being a simple nuisance associated with “dead” storages volumes than as indicating the development of the wells productivities / injectivities.


Figure 4.
Temperature observations in the deepest part of GPK4: 

Blue: profile at equilibrium after drilling

Green: profile “at pseudo equilibrium” after stimulation followed by 5.5 months of hot brine production.

Red dots: values observed during circulation ~2 months after beginning
This point, which could appear as rather controversial, can be demonstrated by the permanence of cooled zones in the near wellbore vicinity after stimulation, then production.  The example of GPK-4 on figure 4 shows that cold fresh water was stored here during the stimulation but this zone was poorly drained later even after more than 40 000 m3 of hot water production containing 75% to 85% of geothermal brine during the last two months of the circulation test.

This point can also be confirmed by the microseismic activity during the 5.5 months circulation test performed in 2005 using GPK-3 as an injector and both GPK4 and GPK2 as producers.  The microseismicity was generated by over pressures in GPK-3 and occurred for a large part not only under GPK-3 but also under the production well GPK-2 (figure 5) despite the drainage due to GPK-2’s production. This can be understood as a closed volume over pressurised from GPK3 and extending down towards just under GPK-2.

Such a volume appears as being one of the “dead” storage zones whose existence is considered as being very likely according with the previous considerations.

Figure 5.
Microseismicity generated under the production well GPK-2 over pressures in GPK-3
Conclusions

From observations and results up to now performed in the “Soultz type” intensively fractured and hydrothermalised geothermal reservoir, it cannot be concluded that there is any demonstrated link between the far field microseismic activity and the main water circulation paths during an hydraulic stimulation.

On the contrary such a link, which was creadible in conventional HDR projects in rather homogeneous and tight poorly naturally fractured massifs appears as much more questionable in natural geothermal reservoirs of Soultz type.

It appears that massive hydraulic stimulation techniques consisting of large volumes of water injected at high flowrates in the natural geothermal reservoir at Soultz will certainly generate large microseismic nuisances in extended volumes upsetting a part of local populations*).  On another hand, in the present status of our comprehension of the local natural environment at Soultz (maybe insufficient) there is no obvious indication making us thinking that large seismic clouds propagated towards the far field provide a strong indication that it could be likely to get results highly positive with this method.  It seems difficult to justify at present to use again this expensive and disturbing technique before to have fully tested other methods aiming at similar results through different approaches.

Among other methods much more “seismically harmless” which are up to now at the beginning of testing, chemical stimulation seems very promising after the recent success of preliminary tests using that method.  After a moderate hydraulic stimulation of GPK4 the use of chemical stimulation made its apparent injectivity grossly multiplied by two, i.e. brought to a value close from what was obtained after the massive hydraulic stimulation of GPK2 but with much less nuisances.  Future associations between chemistry and hydraulics (“acid frac” as an example) or as proposed in (7) look also of potential interest.

This could open a debate from which major consequences for the future of “Soultz type” EGS projects could follow.

To guide such a debate towards useful conclusions, we need to improve at the best possible level and as far as possible from the wells our comprehension of the local natural environment.  A programme of Vertical Seismic Profiling is already under preparation for that purpose, but testing the reactions of the medium to other harmless operations (for example cleaning or dissolving cuttings or debris encumbering the main fracture which controls the injectivity of GPK-3, circulating or mini hydraulic stimulation tests associated with chemical agents, other chemical stimulation tests,… ), could provide useful guidelines.
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*) 	In case of “activation” (triggering effect?) of large tectonic features that nuisance could reach locally maximal magnitudes but the appreciation of such a possible risk is complex.  BCSF (Bureau Central Sismologique Français is in charge to appreciate it.





1
2

