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subs < H-is-es ished-In this study, we present a method that uses associations of discontinu-

ity sets to establish a-rebustlink-the analogy between the outcrop and the subsurface. A discontinuity association comprises up

to 4-diseentinuity-sets-four discontinuity sets (fractures and stylolites) that can form coeval in a single stress field, a well-known
concept that is rarely applied for subsurface characterization of discontinuities. We use the-erientations-and-type-of discontinuity

of borehole image logs of naturally fractured geothermal reservoirs in the Geneva Basin, Switzerland;-where-, Here, the natu-
rally fractured Lower Cretaceous pre-foredeep earbonates-carbonate rocks are targeted for geothermal exploitation—Outerops
in-the-, and exposures of this formation are found in three mountain ranges that surround the basin;—eensistently reveal-, In
these outcrops, the orientations of the discontinuity associations are used as paleostress indicators in order to map out principal

stress trajectories of regional discontinuity-forming events that created the background discontinuity network. We document
two multiscale discontinuity-forming events that formed prior to Alpine fold-and-thrusting and thus constitute the regional

scale background network. Fherefore;based-Based on the analogy principle, we predict that the target reservoir is also affected
by these events. We-use-this-prediction-to-isolate-This prediction is subsequently used to isolate the background-related discon-
tinuities on image logs from two boreholes that penetrate the target reservoir in the Geneva Basin. This analysis reveals that
~45% of the observed discontinuities can be understood in the framework of the regional-scale background. In this way, we
demonstrate that BAs-in-euterops-are-defining discontinuity associations in outcrops is a powerful tool to predict the geometry
of natural discontinuity networks in the subsurface and subsequently can be used to develop geothermal exploitation strategies

in naturally fractured reservoirs.
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1 Introduction

-Carbonate geothermal reservoirs with a low
may still have a convective heat flow.
2019; Medici et al.,
(fractures and stylolites) can create a heterogeneous reservoir permeability by either forming preferred flow pathways or flow

barrters-(Brunaet-als 2049 aBrunaetal202b-barriers (e. 2011; Grare et al., 2018; Fadel et al., 202

reservoir (Cao and Sharma, 2022; Rysak et al., 2022). Predicting the geometry of NDNss in the subsurface is therefore crucial
to avoid production risks such as early thermal breakthrough (Fadel et al., 2023) and/or induced seismicity (Zang et al., 2014;

Atkinson et al., 2020).

matrix porosity and permeability

due to the presence of natural discontinuity networks (NDNs) (Berre et al., 2023). Natural discontinuities

. Caine et al., 1996; Solano et al.,

there-are-no-seismie-sealestruetures—related-to-thispart-of-the-network—The only way to directly observe sub-seismic—seale
discontinuities-of-the-background-network-these discontinuities in the subsurface is through borehole data. These data classi-
cally consist of cores and borehole images. Borehole images (BHI) are a cost-effective alternative to core data, enabling clas-
sification of discontinuities based on their structural attitude (dip and strike) and their geophysical responses (filled—resistive
or-open—transmissive) {Wittiams and-Johnson; 2004)(filled — resistive or open — transmissive Williams and Johnson, 2004)
- However, the-there are several limitations to the usefulness of BHI-interpretations: for example, the resolution of BHIs
may-hinder—the-inhibit identification of discontinuity type, which—is—eruetalto—interpret-the—geomechanical-driver—of-the
diseontinuityand separating drilling-induced from natural fractures is not straight-forward (e.g. Lorenz and Cooper, 2017; Chatterjee and M

. On top of this;—the-samplingarea{(diameter—of-the-borchele oo—smal-to-observe-therelattonship-between—individua

discontintities-from-those-thatformed-due-totoecal-stressesthat, it is challenging to place individual features observed on BHI

into a broader context such as the reservoir, as different fracture histories may have resulted in the same fracture geomet:
observed at present-day (i.e., equifinality, see Laubach et al., 2019).
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100 Geneva Basin for cooling and heating applications (Geothermies https://www.geothermies.ch/, Heatstore https://www.heatstore
In the scope of these projects, two wells (GE0-01 and GEo-02) teeemthybeen drilled in the basin for geothermal explo-

105 (<0.1mD) (Rusillon, 2017; Brentini, 2018; Moscariello, 2019; Clerc and Moscariello, 2020; Guglielmetti and Moscariello,

110 discontinuitiesrelatedto_the backgroundhetwork areidenti ed_on the horeholeimagesof the two wells that penetratehe

115 geothermateservoir.
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exposureis on the plateauwith a size of 2.5x2 _km wherethe beddingis sub-horizontaknd largely barrenof vegetation.

GenevaBasin (Schegg and Leu, 1998and up to 2000 m in_the Sub-Alpinechain (Butler, 1991) Exhumationduring the

towardsthe northwest.The estimatednaximalburial depthsof this secondourial phaserangebetweer?000m in the Geneva

3 Methodology

3.1 Grouping Discontinuities into Associations

ated with a certain stress eld ( gure 2). Discontinuity sets are de ned on the basis of both orientation and discontinuity type
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mede-tepeningfracturesmode-Hshearracturesandveinarraysbelonging to semi-ductile shear zonéselatterthat may

discontinuities that can be placed into a DA. The orientation of the DAs are used to map the related paleostress directions.
To ensure the robustness of the reconstructed paleostress directions, we consider a minimum of two discontinuity sets tha
are associated together to de ne a DA. For example, a stylolite together with a conjugate paid®fshearfractures is
considered a very reliable indicator. On the contrary, we diseatdtedfeatures which provide ambiguous stress information,

such as isolateghede-topening fractures.

This method inherently means that not all discontinuities observed are documented. To quantify how representative the de-

ned associations are for the total network, we measured augmented circular scanhes/ementtMauidon-etal;200% - Watkins-et

scanlines are documented. The qualitatively de ned associations from the nearest by station are used to separate the loose fe:
tures that cannot be understood in the framework of an association from those that do. This gives an indication of the portion
of discontinuities that t within the framework of associations with respect to the total network.

The mapped paleo principals stresses per station are used to determine the stress regime in which the DA was formed (i.e
normal, reverse, or strike-slip). We assume that all DAs are formed in Andersonian stress elds (Anderson, 1905), i.e. two
of the principal stresses were positioned horizontally at the timing of discontinuity formation. This is used to reconstruct the
relative timing between the formation of a DA and the tilting of the strata ( gure 2). If two of the three principle paleostresses
are oriented parallel to the bedding, and the bedding is tilted, we infer that the DA formed prior to the tilting of the strata.
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We use two criteria to de ne regional, background network forming events. Firstly, the relative timing of the DAs that make
up the event must be prior to tilting of the strata. Secondly, the orientation of the principle stresses of the DA must be similar

predict that the target reservoir that is located between the analogue outcrops, also is affected by these reglo%eevents.
i i i Ruitiesi eWe usethis prediction to
:ground relatediscontinuities observed on Blfem-drittecHin-the

Figure 2. Left: Conceptual model illustrating a discontinuity association, adapted from Hancock (1985). There are four discontinuity sets
that can form coeval in a single stress eld, and are therefore in association with each othegdraklegend of colours, see gure 3.

Right: illustration of how the timing of the formation with respect to tilting of the bedding is deduced. After back-tilting the association with
respect to the bedding, the maximum principal stress becomes horizontal. Therefore, all the discontinuities that make the set (in this case,

conjugate pair of shear fractures and a stylolite), formed prior to tilting of the strata and are thus part of the background network.
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4 Results

We documented DAs at 28 different stations in the study él?b&rska%eawewm%ese%e&mepla{eaueﬁmepa%melaﬂ

four different associations are de ned. The third area is the Saléve Range. Due to limited exposures on top of this range, only
one station is recorded here, where one association is de ned. All the de ned associations can ultimately be grouped into two
regional discontinuity forming events that formed pre-tilting of the strata.

4.1 Parmelan

Veins, stylolites and shear fractures are common on the Parmelan and can be arranged in discontinuity associations. The olde:
association (PAl) is expressed by a conjugate pair of shear fractures and tectonic stylolites, observed on meter-scale. The she:
fractures strike 045°-225° with a low dip angle with respect to the bedding ( 15°-30°). Dissolution on the shear planes
makes them clearly visible on bed-perpendicular exposures ( gure 3A). In some instances, slickensides are preserved on the
shear planes, indicating reverse kinematics. The tectonic stylolites have a similar strike as the shear fractures, but are bed
perpendicular. The angular relationship between the shear fractures, stylolites and bedding are observed everywhere, even i
the steeply dipping limbs of the box fold that shapes the Parmelan (e.g. station 18). Therefore, they are formed prior to the
tilting of the strata. This association formed in a reverse stress regime with 1 oriented NW-SE.

The second association (PA2) comprises both small and large discontinuities, ranging from meter to kilometer in length.
The smaller discontinuities are made up of two sets of sub-vertical vein arrays with opposing sense of shear ( gure 3B) and
tectonic stylolites. The latter similarly oriented as those of PAL. Sinistral arrays have an average strike of 150°-330°, whereas
dextral arrays strike 120°-300° on average. The cement of the veins is yellow-white and have a blocky texture.

On a large scale, the plateau is dissected by two sets of fractures with similar orientation as the vein arrays ( gure 4). They
range in length from 100 to 3000 m. In the eld, they appear as narrow bundles (<1 m) of smaller sub-vertical fractures.
Dissolution along these fractures has created a karst system that is connected to an extensive cave system below the plate:
(Lismonde, 1983; Masson, 1985). On the plateau, there are no offset markers that indicate horizontal displacement along thes
structures and no kinematic indicators are observed. At the northern edge of the plateau however, in front of the entrance to the
Diau cave (see gure 10 for location), these fractures intersect a vertical cliff, and here bed-parallel slickensides on the fracture
planes are preserved. The shear fractures form a conjugate pair, so their structural attitude is similar to the vein arrays on tor
of the plateau, and are thus grouped into PA2. The associated stress regime of PA2 is a strike-slip regime, with 1 oriented
NW-SE. This is similar to PA1, with the only change being a permutation of 2 and 3. Therefore, PA1 and PA2 together are
considered as part of one event.

The third association (PA3) is also made up of a conjugated pair of sub-vertical vein arrays and tectonic stylolites, but with
different orientations than those of PA2 ( gure 3C). The dextral vein arrays strike 080°-260° and the sinistral arrays strike

10
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120°-300°, with the cement of the veins being grey-coloured. The length of the discontinuities range from cm to 10s of
meters. The stylolites are bed-perpendicular and strike 170°-350°. The veins that form the arrays occasionally cross-cut and
displace those of PA2 ( gure 3D), and are therefore interpreted as being younger in age. The paleostress regime related to this
association is strike-slip, with 1 oriented W-E.

To investigate how representative the above described associations are for the total network present on the Parmelan, w
measured augmented circular scanlines on 7 different pavements on the Parmelan (see gure4 for location). Up to 75% of the
total discontinuities observed can be understood within the framework of the prede ned associations, and the majority belong

to PA3 5. The percentages vary per pavement investigated, illustrating the spatial variability of the background network.
4.2 Jura and Vuache

Four different associations have been documented in the Jura and Vuache. In all cases, they formed prior to tilting of the strata.
The rst association (JA1) comprises a conjugate pair of shear fractures with a low-angle with respect to the bedding and
bed-perpendicular, tectonic stylolites ( gure 6A). The strike of the shear fractures and stylolites is 035°-215°. Slickensides
on the shear planes indicate reverse kinematics. The reconstructed 1 of JAl is oriented NW-SE.

The second association (JA2) is made up of a conjugated pair of bed-perpendicular shear fractures ( gure 6B), together with
tectonic stylolites. Sinistral fractures strike 170°-350°, dextral fractures strike 110°-290°. Slickensides on the shear planes
are always parallel the bedding. Tectonic stylolites strike of 035°-215°, similarly as those of JAL. The stress regime of JA2 is
strike-slip, with 1 oriented NW-SE. The difference between JA1 and JA2 is a premutation of 2 and 3. Therefore, they are
grouped into a single event.

The third association (JA3) isomprisedcomposed of 000°-180° striking reverse shear fractures with a low angle with
respect to the bedding ( gure 6C), and bed-perpendicular tectonic stylolites. They formed in a reverse stress regime with 1
oriented W-E.

The fourth association (JA4)is expressed by bed-perpendicular 140°-320° striking sinistral shear fractures and 075°-255°
striking dextral shear fractures ( gure 6D), together with 010°-100° striking bed-perpendicular stylolites. This association is
indicative of a strike-slip regime with 1 oriented W-E. This orientation is the same as JA3, and therefore they are part of the

same event.
4.3 Saléve

In the Saleve, only one (SA1) is documented. Shear fractures that strike 030°-210° and have a low angle with respect to the
bedding (gure 7) are associated together with 035°-215° striking bed-perpendicular stylolites. The related stress eld is a

300reverse regime with 1 oriented NW-SE.
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