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Abstract. Natural discontinuity networks control convective fluid flow in carbonate geothermal reservoirs with low matrix

porosity and permeability. The network can be separated into discontinuities that formed due to local drivers (e.g. faults/folds)

and the background network formed by far-field stresses, each with different scaling behaviour. Borehole data are the only

source to sample the subsurface network, as the majority of the discontinuities are of sub-seismic scale. Borehole images are

the most cost-effective way of sampling the network, but the limited sample area and image resolution hamper the identification5

of the background network in this dataset. Analogue outcrops may complement the borehole data, but only after the analogy

between outcrop and subsurface reservoir is established. In this study, we present a method that uses associations of discontinu-

ity sets to establish a robust link
::
the

:::::::
analogy

:
between the outcrop and the subsurface. A discontinuity association comprises up

to 4 discontinuity 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 orientations and type of discontinuity10

associations as paleostress indicators in order to map out principal stress trajectories of regional discontinuity-forming events

that created the background discontinuity network. We demonstrate this methodology
:::
this

:::::::
concept

::
to

:::::::
improve

:::
the

:::::::::::
interpretation

::
of

:::::::
borehole

::::::
image

:::
logs

:::
of

:::::::
naturally

::::::::
fractured

::::::::::
geothermal

::::::::
reservoirs

:
in the Geneva Basin, Switzerland, where .

:::::
Here,

:
the natu-

rally fractured Lower Cretaceous pre-foredeep carbonates
::::::::
carbonate

:::::
rocks are targeted for geothermal exploitation. Outcrops

in the
:
,
:::
and

:::::::::
exposures

::
of

::::
this

::::::::
formation

:::
are

::::::
found

::
in

:::::
three mountain ranges that surround the basin, consistently reveal .

:::
In15

::::
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. Therefore, 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-20

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 DAs in outcrops 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.25
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1 Introduction

Natural discontinuity networks (NDNs) control convective heat flow in fractured
:::::::::
Carbonate geothermal reservoirs with a low

matrix porosity and permeability (Berre et al., 2019; Medici et al., 2023). Discontinuities
:::
may

:::
still

:::::
have

:
a
:::::::::
convective

::::
heat

::::
flow

:::
due

::
to

:::
the

::::::::
presence

::
of

::::::
natural

:::::::::::
discontinuity

::::::::
networks

:::::::
(NDNs)

:::::::::::::::::::::::::::::::
(Berre et al., 2019; Medici et al., 2023)

:
.
:::::::
Natural

::::::::::::
discontinuities

::::::::
(fractures

:::
and

:::::::::
stylolites) can create a heterogeneous reservoir permeability by either forming preferred flow pathways or flow30

barriers (Bruna et al., 2019; La Bruna et al., 2021).
::::::
barriers

:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(e.g. Caine et al., 1996; Solano et al., 2011; Grare et al., 2018; Fadel et al., 2023)

:
.
::::
Also,

::::::
natural

:::::::::::::
discontinuities

::::::
impact

:::
the

::::
rock

:::::::
strength,

::::::
which

:
is
::::::::
essential

::
to

:::::::
consider

::
in

:::
the

::::
case

::
of
:::::::::

hydraulic
:::::::::
stimulation

::
of

::
a

:::::::
reservoir

::::::::::::::::::::::::::::::::::::
(Cao and Sharma, 2022; Rysak et al., 2022).

:
Predicting the geometry of NDNs 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).35

A common approach to analyze NDNs is by breaking the network down into discontinuity sets (Peacock et al., 2018). The

definition of a set is based on the orientation of the discontinuities and, if possible to determine, the discontinuity type. These

sets can be separated based on their geomechanical driver. Their formation is either related to local drivers such as folds and

faults (Price, 1966; Torabi and Berg, 2011) or to regional, far-field stresses (Lamarche et al., 2012; Bertotti et al., 2017; Lavenu and Lamarche, 2018; La Bruna et al., 2020)

. Discontinuities formed by the latter constitute the background network. The spatial distribution of the intensity of the40

discontinuities is partially controlled by the driver. For local drivers, discontinuities concentrate where strain accumulates

(e.g. in the damage zone or fold hinge), whereas the background network is more homogeneously distributed.

The majority of the discontinuities
::::
large

::::::
portion

:::
of

:::
the

::::::::::::
discontinuities

:
are of sub-seismic scale. Seismic data can aid the

prediction of the sub-seismic discontinuities in the subsurface related to local drivers, if faults and/or folds are above the seismic

resolution (Maerten et al., 2006). Predicting the background network based on seismic data however remains challenging, as45

there are no seismic-scale structures related to this part of the network. The only way to directly observe sub-seismic scale

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) (Williams and Johnson, 2004)
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(filled — resistive or open — transmissive Williams and Johnson, 2004)50

. 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 crucial to interpret the geomechanical driver of the

discontinuity
:::
and

:::::::::
separating

:::::::::::::
drilling-induced

::::
from

::::::
natural

::::::::
fractures

:
is
:::
not

::::::::::::::
straight-forward

:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(e.g. Lorenz and Cooper, 2017; Chatterjee and Mukherjee, 2023, and references therein)

. On top of this, the sampling area (diameter of the borehole) is too small to observe the relationship between individual

discontinuities and local structures such as faults and folds. This prevents the separation in the borehole of background-related55

discontinuities from those that formed due to local stresses
::::
that,

:
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

::::::::
geometry

:::::::
observed

::
at

::::::::::
present-day

:::::::::::::::::::::::::::::::::::
(i.e., equifinality, see Laubach et al., 2019).
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In contrast,outcropstudiesallow to characterizethe
::::::
Because

:::
of

:::
the

::::::::::
limitations

::
of

::::
BHI

:::::
data,

::::::::
outcrops

:::
are

:::::
used

::
as

:::
an

::::::::
additional

::::::
source

::
to

::::::::::
characterize key attributes ofdiscontinuitiesthatarenecessaryto retrievethegeologicaldriver responsible60

of their formation.But to usetheoutcropfor subsurfacecharacterizationof NDNs
::
the

:::::::::::
discontinuity

::::::::
network,

::::
such

:::
as

::::::
length,

::::::
spacing

::::
and

::::::::::
connectivity

::
in

::::
the

:::::::::
subsurface

:::::::::::::::::::::::::::::::::::::::::::::::::
(e.g. Agosta et al., 2010; Sanderson, 2016; Ukar et al., 2019)

:
.

:::::::
However, the anal-

ogy betweenthe two domainsneedsto be established(Peacock et al., 2022). Besides
::::::
outcrop

::::
and

:::::::::
subsurface

::
is

:::
far

:::::
from

:::::
trivial

::::::::::::::::::::::::::::::::::::
(e.g Bauer et al., 2017; Peacock et al., 2022).

:::
To

::::::::
establish

:::
the

:::::::
analogy

:::::::
between

:::::::
outcrop

:::
and

::::::::::
subsurface,

:::
not

:::::
only sim-

ilar lithology and age of formation, a sharedtectonichistory is importantforestablishingsuchanalogy(Petit et al., 2022)65

. As the backgroundnetwork is the result of regional,far-�eld stresses,it is likely that both outcropsand the subsurface

preserveddiscontinuitiesrelatedto theseregionalstresses
:
is

:::::::::::
preferential,

:::
but

:::
also

:::
the

:::::::::
diagenetic

:::::::
evolution

::::::
and/or

:::
the

::::::::
evolution

::
of

:::::::::
mechanical

::::::::
properties

:::::::::::::::::::::::::::::::::::::::::::::::
(Bruna et al., 2019; Petit et al., 2022; Elliott et al., 2025)

::
and

:::::::
tectonic

::::::
history

::::::::::::::::::::::::::::::::::::::::::::
(e.g. Engelder, 1985; English, 2012; Petit et al., 2022)

::
are

:::::::::
important.Therefore,theorientationof thestress�eld thatproducedthebackgroundnetworkcanpotentiallyfunctionasthe

link betweenoutcropandsubsurface.
:::
For

:::
the

:::::
latter,

:
a
::::::::::
comparison

::
of

:::
the

:::::
stress

::::::::
evolution

::
of

:::::::
outcrop

:::
and

:::::::::
subsurface

::
is

:::::::
needed.70

::
In

::::::
outcrop

:::::::
studies,

:::::::
attempts

::::
have

::::
been

:::::
made

::
to

:::::
group

::::::::::::
discontinuities

:::::
based

::
on

:::
the

:::::::
tectonic

:::::
driver

::::::::::::::::::::::::::::::::::::::
(e.g. Beaudoin et al., 2013; Aubert et al., 2019)

:
.

::::
Their

:::::::::
formation

::
is

:::::
either

::::::
related

::
to

::::
local

::::::
drivers

:::::
such

::
as

::::
folds

::::
and

:::::
faults

::::::::::::::::::::::::::::::
(Price, 1966; Torabi and Berg, 2011)

::
or

::
to

::::::::
regional,

::::::
far-�eld

:::::::
stresses

:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(e.g., Bergbauer and Pollard, 2004; Casini et al., 2011; Lamarche et al., 2012; Bertotti et al., 2017; Lavenu and Lamarche, 2018; La Bruna et al., 2020)

:
.

::::::::::::
Discontinuities

:::::::
formed

::
by

:::
the

:::::
latter

::::::::
constitute

:::
the

::::::::::
background

:::::::
network

::::::::::
(sometimes

:::::
called

::::::
diffuse

:::::::::
fractures).

::::
The

:::::::::
distinction

:::::::
between

::::::
drivers

:
is

::::::::
relevant,

::
as

:::
the

:::::
spatial

::::::::::
distribution

:::
and

:::
the

:::::::
intensity

::
of

:::
the

::::::::::::
discontinuities

::
is

:::::::
partially

:::::::::
controlled

::
by

:::
the

::::::
driver.75

:::
For

::::
local

:::::::
drivers,

::::::::::::
discontinuities

:::::::::
concentrate

::::::
where

:::::
strain

::::::::::
accumulates

::::
(e.g.

::::
near

:::
the

::::
fault

:::::::
damage

::::
zone

::
or

::::
fold

::::::
hinge),

:::::::
whereas

::
the

::::::::::
background

:::::::
network

::
is

::::::
present

:::::::::
throughout

:::
the

::::::::
reservoir,

::::
with

:
a
::::::
spatial

:::::::::
variability

:::::
likely

::::::
related

::
to

:::
bed

::::::::
thickness,

::::::::::
mechanical

::::::::::
stratigraphy

:::
and

::::::::
diagenetic

::::::::
processes

::
at

::::
time

::
of

:::::::::
fracturing

::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(Bai and Pollard, 2000; Laubach et al., 2009; Chemenda, 2022; Procter and Sanderson, 2018; Elliott et al., 2025)

:
.

::::::::::::
Understanding

:::
the

:::::::
genetic

::::::
origin

::
of

:::::::::::::
discontinuities

::
is

::::::::
therefore

::::::::
essential

:::
for

:::::::::::
extrapolation

:::
of

:::::::::::
discontinuity

::::::::
geometry

:::
to

:::::::
reservoir

:::::
scale.

:
80

:::::
Stress

:::::
�elds

:
in

::::::
which

::::::::::::
discontinuities

::::::
formed

::::
may

::
be

::::::::
deployed

::
to

::::::
unravel

:::
the

::::::
genetic

:::::
origin

::
of

:::
the

:::::::::::
discontinuity.

:
There are var-

ious methods that use discontinuities for paleostress inversion(Angelier, 1990; Maerten et al., 2016; Pascal, 2021)
:
,

:::::
either

:::::
based

::
on

:::
slip

::::::
vectors

::::::::::::::::::::::::::::::::::::::::::::::
(e.g. Angelier, 1990; Maerten et al., 2016; Pascal, 2021),

::
or

:::::
shape

::
of

::::::::
stylolites

::::::::::::::::::::::::::::::::::::::::
(e.g. Beaudoin et al., 2016; Toussaint et al., 2018)

. Associations of discontinuities that formed coeval in a single stress �eld are more robust indicators than single discontinuity

sets2 (Hancock, 1985)
:::::::::::::::::::::::
(see �gure 2, Hancock, 1985). The concept that multiple discontinuity sets can form in a single stress85

�eld is largely sensed by structural geologist
:::::::::::::::::
(e.g. Groshong, 1975)

:
, but surprisingly little used to establish the analogy between

outcrop and the subsurface. This notion gives additional value to the surface study, as itmay provide
:::::::
provides

:
a geological

context for the interpretation ofBHI-datafrom
::::::::::::
discontinuities

::
in the target reservoir.Thederivedpaleoprincipalstressesthat

causedtheformation

::
In

:::
this

::::::
study,

:::
we

:::
use

:::::::
outcrops

:::
to

::::::
predict

:::
the

::::::::
geometry

:
of the background networkasobservedin the �eld canbe usedto90

predicttheorientationof discontinuitiesin thesubsurface. Basedonthepredictedorientations,background-relateddiscontinuities

in theboreholecanbeseparatedfrom thosethat formedby other,local mechanisms.The regionalnatureof thebackground

networkallows the extrapolationof thesediscontinuitiesawayfrom the boreholeandevenbeyondthe limits of the targeted
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reservoir.In thisway, investigatinganalogueoutcropscanminimizetherisksof furtherexploitationof thetargetedgeothermal

reservoir.95

In this study, the conceptof using associationsof backgrounddiscontinuities
:
in

::::
the

:::::::::
subsurface

:::
of

:::
the

:::::::
Geneva

::::::
Basin,

::::::::::
Switzerland.

:::
We

:::::::
propose

::
a

:::::::::::
methodology

:::
that

:::::::
utilizes

::::::::::
associations

::
of

::::::::
fractures

:::
and

::::::::
stylolites

:
as the link between outcrop and

targetreservoir
:::::::::
subsurface

::::::::
reservoir.

::::
This

:::::::
concept

:
is applied to the pre-foredeep Lower Cretaceouslimestonein the Geneva

Basin
::::::::
limestones. Recently, the Canton of Geneva supported different geothermal projects to exploit the subsurface of the

Geneva Basin for cooling and heating applications (Geothermies https://www.geothermies.ch/, Heatstore https://www.heatstore.eu/).100

In the scope of these projects, two wells (GEo-01 and GEo-02) haverecentlybeen drilled in the basin for geothermal explo-

ration of the Mesozoiccarbonates
::::::::
carbonate

:::::
rocks in the basin (Guglielmetti et al., 2021). Borehole data (including borehole

images) of the two wells have shown that the Lower Cretaceous formations in particular are a potential geothermal reser-

voirdueto a high, naturalfracture-relatedpermeability,
:::

in
::::
spite

::
of

::::::
having

::
a

::::
low

:::::::
primary

:::::::
porosity

::::::
(<10%)

::::
and

:::::::::::
permeability

::::
(<0.1

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

2021).Outcropsof theLowerCretaceousarefoundonboththenorthwestern,southwesternandsoutheastern

:::::
Based

::
on

:::
the

:::::::::::::
documentation

::
of

:::::::::::
discontinuity

::::::::::
associations

::
in

:::
the

::::::::
outcrops,

:::
two

::::::
events

:::
are

::::::
de�ned

::::
that

::::::
formed

::::
prior

::
to

::::::
tilting

::
of

:::
the

:::::
strata,

::::
and

:::
are

::::::::::
consistently

::::::::
observed

:::
on

::::::::
different sides of the basin.

::::
The

::::::::::::
reconstructed

:::::
stress

:::::::::
trajectories

:::
of

:::
the

::::
two

:::::
events

:::
are

:::::::::::
subsequently

::::
used

::
to

:::::::
predict

:::
the

::::::::
geometry

::
of

:::
the

::::::::::
background

:::::::
network

::
in

:::
the

::::::
target

::::::::
reservoir.

::::
With

::::
this

:::::::::
prediction,

::::::::::::
discontinuities

::::::
related

::
to

:::
the

::::::::::
background

::::::::
network

:::
are

::::::::
identi�ed

:::
on

:::
the

:::::::
borehole

:::::::
images

::
of

:::
the

::::
two

:::::
wells

::::
that

::::::::
penetrate

:::
the110

:::::
target

::::::::
reservoir.

:::::
�45%

:::
of

:::
the

::::::::::::
discontinuities

::::::
visible

::
on

:::
the

::::
BHI

::
�t

::::::
within

:::
the

::::::::
predicted

::::::::::
background

::::::::
network.

::::
This

:::::
shows

::::
that

:::::::
grouping

::::::::
fractures

::::
and

::::::::
stylolites

:::
into

:::::::::::
associations

:::::::
provides

::::::::
valuable

::::::::::
information

:::
for

:::
the

::::::::::::::
characterization

::
of

:::
the

::::::::::
subsurface

::::::::::
discontinuity

::::::::
network.

::::
The

:::::::
regional

:::::::
character

:::
of

:::
the

::::::::::
background

:::::::
network

:::
can

::
be

::::
used

:::
in

:::::
future

:::::::::
geothermal

:::::::::::
explorations

::
in

:::
the

::::::
Geneva

::::::
Basin.

:::::::::::
Furthermore,

:::
the

::::::::
proposed

:::::::::::
methodology

::::
may

:::::
serve

:::
as

:
a
::::::::
guideline

:::
for

::::
any

::::::::::
exploration

::::::
project

::
of

::
a

::::::::
fractured

:::::::::
geothermal

::::::::
reservoir.115

2
:::::::::
Geological

:::::::::::
Background

:::
The

:::::::
Geneva

:::::
Basin

::
is

:::::::
located

::
in

:::
the

:::::::
western

::::
part

::
of

::::
the

:::::
Swiss

:::::::
Molasse

:::::::::::
Basin/North

::::::
Alpine

::::::::
Foreland

:::::
Basin

:
(�gure 1, Jura

Mountains, VuacheRangeandParmelan/
:
).

::
It

:
is

::::::::
bounded

::
by

:::
the

::::
Jura

:::::::::
Mountains

::
in

::
the

:::::::::
northwest,

:::
the Salève Rangerespectively).

In theseoutcrops,we isolatethediscontinuitiesof thebackgroundnetworkthatformeddueto far-�eld stresses,focusingonly

on the associationsof discontinuitiesthat formed prior to Alpine fold-and-thrustingthat shapedthe present-daymountain120

ranges.Subsequently,we reconstructregionalpaleostresstrajectoriesto establishthe analogybetweenoutcropand target

reservoir,and thus enablethe predictionof
::
in

:::
the

::::::::
southeast

::::
and

:::
the

:::::::
Vuache

:::::
range

::
in

::::
the

:::::::::
southwest.

:::
In the geometryof

:::::::::
subsurface

::
of

:::
the

:::::
basin, thebackgroundnetworkin thesubsurface.Weusetheresultsof theoutcropstudyin ourdiscontinuity

interpretationof theBHI of thetwo wells in thetargetreservoirto quantify theportionof thebackgroundnetworkcompared

to thetotal network.Theresultsprovidevaluableinformationfor futuregeothermalexplorationsin thearea.
::::::::
Mesozoic

:::::
strata125

::
are

:::::::
dipping

:::
10°

:::
to

:::
20°

::
to

:::
the

::::::::
southeast.

::::
The

:::::
depth

::
of

:::
the

:::
top

::
of

:::
the

::::::
Lower

::::::::::
Cretaceous

:::::::
increases

:::::
from

::::::
surface

:::::::::
exposures

::
in

:::
the
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::::::::
northwest

::::
(Jura

::::::::::
Mountains)

::
to

::::::
�1400

::
m

::
in

::
the

::::::::
southeast

::
at

:::
the

::::
foot

::
of

::
the

::::::
Salève

::::::
Range

::::::::::::::::::::::::::::::::::::
(Jenny et al., 1995; Guglielmetti et al., 2020)

:
.

::
At

:::::::::::
present-day,

:::::::::
exposures

::
of

:::
the

:::::
Lower

::::::::::
Cretaceous

:::
are

:::::
found

::
in

:::
the

::::::::
mountain

::::::
ranges

::::::::::
surrounding

:::
the

::::::
Geneva

:::::
Basin

::::
and

:::
the

::::::
Bornes

::::::
Massif,

::::
part

::
of

::::
the

:::::::::
Sub-Alpine

::::::
Chain

::::::
(�gure

:::
1).

::
In

:::
the

:::::::::
Parmelan,

::::
part

::
of

:::
the

:::::::
Bornes

::::::
Massif,

:::
the

::::::
Lower

::::::::::
Cretaceous130

:::::::::
carbonates

:::
are

:::::::
exposed

:::
in

:::
the

::::::::
�at-lying

:::::::
plateau

:::
and

::::::::::::::
steeply-dipping

:::::
limbs

:::
of

:
a
::::::::

box-fold
::::::::::::::::
(Berio et al., 2021)

:
.

::::
The

::::::
largest

:::::::
exposure

::
is

:::
on

:::
the

::::::
plateau

:::::
with

:
a
::::
size

::
of

:::::::
�2.5x2

:::
km

::::::
where

:::
the

:::::::
bedding

::
is

::::::::::::
sub-horizontal

::::
and

::::::
largely

::::::
barren

::
of

::::::::::
vegetation.

:::
The

::::::::
box-fold

:
is

:::::::::
underlain

::
by

::
a

::::::::::
NW-vergent

:::::
thrust

::::::::::::::::::::
(Bellahsen et al., 2014)

:::
that

:::::::::
structurally

::::::::
separates

::
it

::::
from

:::
the

::::::
Salève

::::::
Range

::
in

:::
the

:::::::::
northwest.

::::
The

::::::
Salève

:::::
Range

::
is

::::
also

:::::::::
positioned

::::::
above

:
a
:::::::::::
NW-vergent

:::::
thrust

::::
that

:::::
marks

:::
the

:::::::::::
southeastern

::::::::
boundary

:::
of

::
the

:::::::
Geneva

::::::
Basin

:::::::::::::::::::
(Charollais et al., 2023)

:
.

:::::
Here,

:::
the

::::::
Lower

::::::::::
Cretaceous

::
is

:::::::
exposed

::
in

:::::
small

::::::::
outcrops

:::::
(�10

:::::::
meters)

:::
on

:::
the135

:::::::::
SE-dipping

::::
limb

:::
of

:::
this

::::::
range.

:::
On

:::
the

::::
other

::::
side

::
of

:::
the

:::::::
Geneva

:::::
basin,

:::
the

::::
Jura

:::::::::
Mountains

:::::::
contains

:::::::
several

:::::
Lower

::::::::::
Cretaceous

::::::::
exposures,

::::::::
typically

::
in

:::
the

:::::
river

::::::
valleys,

:::::
along

:::::
road

::::
cuts

:::
and

::
in

::::::::::
abandoned

:::::::
quarries.

::::
The

:::::::
outcrop

::::
sizes

::::
vary

::::::::
between

::::::
several

:::::
meters

:::
to

:::
100

::::::
meter.

::::
The

::::::::
mountain

::::::
range

::
is

::::::
shaped

:::
by

::::::::::
NW-verging

:::::
folds

::::
and

:::::
thrust

:::::::
formed

::
by

:::::::::::
thin-skinned

:::::::::::
deformation

::::::::::::::::::::::::::::::::::::::
(Homberg et al., 2002; Sommaruga et al., 2017)

:
.
::::
The

::::::
Vuache

:::::
Fault

::
is

::::
part

::
of

:
a
:::::::
system

::
of

:::::::
sinistral

::::::::
strike-slip

:::::
faults

:::::::
related

::
to

::
the

:::::::::::
NW-vergent

:::::::
thrusting

::
in

:::
the

::::
Jura

:::::::::::::::::::::::::::::::::::::
(Homberg et al., 2002; Smeraglia et al., 2022)

:
.
::::::::::::
Transpression

:::::
along

:::
this

::::
fault

::::
gave

::::
rise

::
to140

::
the

:::::::
Vuache

::::::
Range,

::::
with

:::::::
several

::::::::
exposures

::
of

:::
the

::::::
Lower

::::::::::
Cretaceous

:::::::::
carbonates

:::::
along

::::
road

::::
cuts,

::::
with

:::::::
outcrop

::::
size

::
up

:::
to

::::
�10

::::::
meters.

:::
The

::::::
Lower

:::::::::
Cretaceous

:::::::::
formations

:::::::
consists

::::::::::::
predominantly

::
of

:::::::::
carbonates,

::::
with

:::::::::::
intercalations

::
of

::::
marl

::::::
layers

::::::::::::::::::::::::::::::
(Rusillon, 2017; Strasser et al., 2016)

:
.

::::
They

:::
are

:::::::::
deposited

::
in

:
a
::::::
branch

:::
of

:::
the

::::::
Tethys

:::::
Ocean

::::::::::::::::::::::
(Clavel et al., 2007, 2013),

::::
and

:::::::
initially

:::::
buried

::
in

::::
the

::::
Late

::::::::::
Cretaceous.

:::
The

:::::::::
maximum

:::::
depth

::::::
during

::::
this

::::
�rst

:::::
burial

::::::
phase

::
is

::::::
poorly

::::::::::
constrained,

:::::
with

::::::::
estimates

:::::::
ranging

::::
from

:::::::::
800-1800

::
m

::
in

::::
the145

::::::
Geneva

:::::
Basin

::::::::::::::::::::
(Schegg and Leu, 1998)

:
,

:::
and

:::
up

:::
to

::::
2000

:::
m

::
in

:::
the

::::::::::
Sub-Alpine

:::::
chain

::::::::::::
(Butler, 1991)

:
.
:::::::::::
Exhumation

::::::
during

:::
the

::::::::
Paleocene

:::
led

::
to

:::::::::
sub-aerial

::::::::
exposure

::
of

:::
the

::::::
Lower

:::::::::
Cretaceous

:::::::::
carbonate

:::::
rocks

:::::::::::::::::::::::
(Crampton and Allen, 1995).

::
A

::::::
second

::::::
burial

::::
cycle

::::::
placed

:::
the

:::::::
beneath

::::::
Eocene

::
to

:::::::
Pliocene

:::::::
molasse

:::::::::
sediments

::
in

:::
the

:::::::
foredeep

::
of

:::
the

::::::
Alpine

::::::::
Orogeny,

::::::
whose

:::::::
thickness

::::::
tapers

::::::
towards

:::
the

:::::::::
northwest.

::::
The

::::::::
estimated

::::::::
maximal

:::::
burial

:::::
depths

:::
of

:::
this

::::::
second

:::::
burial

:::::
phase

:::::
range

::::::::
between

::::
2000

::
m

::
in

:::
the

:::::::
Geneva

:::::
Basin

::::::::::::::::::::
(Schegg and Leu, 1998)

:::
and

::::
4000

:::
m

::
in

:::
the

::::::
Bornes

::::::
Massif

:::::::::::::::::::::::::::::::::::::::::::
(Butler, 1991; Moss, 1992; Deville and Sassi, 2006).

:::
In

:::
the150

::::
Early

::::::::
Miocene,

::::::::::
shortening

::
in

:::
the

:::::::
Western

::::
Alps

::::
was

:::::::::::::
accommodated

::
by

::::::::
different

::::
folds

::::
and

::::::
thrusts

::::
with

:
a
:::::::::
northwest

::::::::
vergence

:::::::::::::::::::::::::::::::
(Kali� et al., 2021; Marro et al., 2023),

:::::::::
ultimately

::::::
leading

::
to

:::
the

::::::::::
exhumation

::
of

::
the

::::::
Lower

:::::::::
Cretaceous

::
in

:::
the

::::::::::
present-day

::::::::
mountain

:::::
ranges

:::
in

:::
the

::::::::
Pliocene

:::::::::::::::::::
(Cederbom et al., 2004)

:
.
::::::
Based

:::
on

:::::
stress

::::::::
inversion

::
of

:::::
focal

:::::::::::
mechanisms

::
in

::::
the

:::::::
Geneva

:::::
Basin,

::::
the

:::::::::
present-day

:::::
stress

::::
�eld

::
is

::::
pure

:::::::::
strike-slip

::::
with

::
�1

::::::::
oriented

::::::
NW-SE

::::::::::::::::::
(Antunes et al., 2020)

:
.

3 Methodology155

3.1 Grouping Discontinuities into Associations

Our approach
:::
The

::::::::
approach

:::::
used

::
in

::::
this

:::::
study

:
is based on outcrop observations of discontinuities, namelymode I and

modeII fractures,vein
:::::::::::
opening-mode

:::::::::
fractures,

:::::
shear

::::::::
fractures,

:::::::
fracture

:
arrays and stylolites, that are genetically associ-

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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Figure 1.
::
A)

::::::::
Simpli�ed

::::::::
geological

::::
map

:::::::
modi�ed

::::
after

:::
the

::::::::
1:200.000

::::::::
geological

::::
map

::
of

:::
the

:::::
Swiss

::::::
Federal

:::::
Of�ce

:::
of

:::::::::
Topography.

::::
The

:::::
Geneva

:::::
Basin

::::::
(dashed

:::::
black

::::
line)

::
is

::::::
located

:
at

:::
the

::::
most

:::::::
western

:::::::::
termination

::
of

:::
the

::::
North

::::::
Alpine

:::::::
Foreland

:::::
Basin.

::::::::
Analogue

:::::::
outcrops

::
of

::
the

:::::
Lower

:::::::::
Cretaceous

:::::
target

:::::::
reservoir

::
are

:::::
found

::
in

:::
the

::::
Jura,

::::::
Vuache,

::::::
Salève

:::
and

:::::
Bornes

::::::
Massif

::::::::
(Parmelan)

::::::::
mountain

:::::
ranges.

::::::::::
Coordinates

:
in

:::::
UTM

::::
32N

:::::::
reference

:::::
frame.

::
B)

::::::::
Synthetic

::
log

:::
of

::
the

::::::::::
sedimentary

:::::::
succesion

::
in

:::
the

::::::
Geneva

:::::
Basin,

::::
from

:::
the

:::::
Upper

::::::
Jurassic

:::::::
upwards,

::::
after

::::::::::::::
Moscariello (2019).

::::
The

:::::
Malm

:::
and

::
the

::::::
Lower

::::::::
Cretaceous

:::
are

::::
both

:::::::
potential

::::::::
geothermal

::::::::
reservoirs

::
in

::
the

:::::
basin.

::
In

:::
this

:::::
study,

:::
we

::::
focus

:::
on

::
the

:::::
Lower

:::::::::
Cretaceous

::::::
(marked

::::
with

:::::
yellow

::::
star).

:::
C)

::::
Cross

::::::
section

::::::
showing

:::
the

:::::::::
NW-verging

::::::
Alpine

:::::
thrusts

:::
that

:::::::
separate

::
the

:::::
target

:::::::
reservoir

::::
(black

::::
box)

::::
from

:::
the

:::::::
analogue

:::::::
outcrops.

:::::::
Modi�ed

::::
after

:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
Bellahsen et al. (2014); Moscariello (2019); Kali� et al. (2021); Marro et al. (2023)
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::::::::::::::::::::::::::::::::::::::::
(e.g. Lacombe et al., 2011; Sanderson et al., 2024). A theoretically complete discontinuity association (DA) consists of four160

sets of discontinuities: onemode-I
:::::::::::
opening-mode

:
set, oriented perpendicular to �3; a conjugated pair ofmode-II fracturesor

vein arrays
::::
shear

::::::::
fractures, with a�60° to 30° angle respectively, bisected by �1; and a stylolite forming perpendicular to �1.

In this study
::
the

:::::
study

::::
area,

:::::
many

::::::::
fractures

::::::
contain

:::::::
mineral

::::::::
deposits,

:::
and

:::
are

::::
then

::::::
termed

::
as

::::::
veins.

::::
They

:::
are

::::::
mainly

::::::
found

::
in

:::::
arrays,mode-Iandmode-IIdiscontinuitiesin generalarereferredto asfractures. If a fractureis (partially) �lled with cement,

theyarecalledveins.Veinsaretreatedsimilarly asotherfracturesfor determiningDAs. In thestudyarea,theyarefoundas165

mode-Iopeningfractures,mode-IIshearfractures,andvein arraysbelonging to semi-ductile shear zones. Thelatter
:::
that may

form conjugate pairs similar tomode-II fractures(Beach, 1975).
::::
shear

:::::::
fractures

::::::::
fractures

::::::::::::
(Beach, 1975).

:::
As

:::
the

:::::::
aperture

::::
and

::::
in�ll

::
of

::::::::
fractures

::
in

:::
the

:::::::
outcrop

::
do

:::
not

::::::::::
necessarily

:::::::
coincide

::::
with

:::::::::
subsurface

:::::::::::::::::::::::
(see e.g. Bauer et al., 2017)

:
,

::
we

::::
use

:::::
veins

::
in

:::
the

::::
same

::::
way

::
as

:::::
other

:::::::
fractures

::
to

::::::
de�ne

::::
DAs

::
in

:::
the

::::
�eld.

::::
The

:::::::::::
consequences

:::
of

:::
this

::::::::
approach

:::
will

:::
be

::::
later

::::::::
discussed.

:

Observationsin the�eld aremade
::::
DAs

:::
are

::::::::::
documented

::
in

:::
the

::::
�eld

:
per station with a size of�10x10 meters.We aimedto170

distributethestationsasevenlyaspossibleover thestudiedareain orderto obtaina representativedataset,but thequality of

theoutcropexposurealsoaffectedthechoiceof thelocations(Peacock et al., 2019)
:::::
around

:::
ten

:::::::
squared

::::::
meters.

:::::::::::::
Discontinuities

:::
that

:::
are

:::::::::
compatible

:::
in

:
a

:::::
single

:::::
stress

:::::
�eld

:::
are

::::
thus

:::::::
observed

::
in

:::::
close

:::::::
vicinity

::
of

::::
each

:::::
other. In each station, we document the

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 that175

are associated together to de�ne a DA. For example, a stylolite together with a conjugate pair ofmode-II
::::
shear

:
fractures is

considered a very reliable indicator. On the contrary, we discardisolatedfeatures which provide ambiguous stress information,

such as isolatedmode-I
:::::::
opening 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 scanlines on7pavements(Mauldon et al., 2001; Watkins et al., 2015a)180

. As theParmelanis theonly outcropprovidingqualitypavementsto conductcircularscanlineanalysis,all scanlinesaretaken

there
::::
seven

::::::::::
pavements

::
on

:::
the

::::::::
Parmelan

:::::::::::::::::::::::::::::::::::::
(Mauldon et al., 2001; Watkins et al., 2015a). Per pavement, a total of4 to 12

::::
four

::
to

:::::
twelve

:
scanlines with a radius of1

:::
one meter are collected. The orientation and type of discontinuities that intersect the circular

scanlines are documented. The qualitatively de�ned associations from the nearest by station are used to separate the loose fea-

tures that cannot be understood in the framework of an association from those that do. This gives an indication of the portion185

of discontinuities that �t within the framework of associations with respect to the total network.

3.2 DAs
:
in

:::::::
outcrop

:
as

:::::::::
prediction

:::
for the link betweenoutcrop and subsurface

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 the190

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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The relative timing betweendifferent DAs is reconstructedbasedon abutmentandcross-cuttingrelationshipsof individual

discontinuities.

In our researcharea,up to 3 differentDAs are
:::::::
Multiple

::::
DAs

::::
can

::
be observed in a single station

::
(in

:::
this

:::::
study,

:::
we

:::::::::
document195

:
a

:::::::::
maximum

::
of

:::::
three). If the difference between the stress �elds of two different DAs is only a permutation of the principle

stresses, the simplest cause is a change in overburden (Bertotti et al., 2017) or by intermediate stress regimes (Simpson, 1997)
:
,

:::::
rather

::::
than

:
a

:::::::
different

:::::::
tectonic

:::::
event. Therefore, these DAs are grouped into single events.

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 similar200

in all analogue outcrops
:::
that

:::::::
surround

:::
the

::::::
target

:::::::
reservoir, i.e. constant on a regional scale. If the two criteria are ful�lled, we

predict that the target reservoir that is located between the analogue outcrops, also is affected by these regional events.The

regionaleventswe useto predict the orientationof discontinuitiesin the subsurface,andwe use
:::
We

:::
use

:
this prediction to

improvetheunderstandingof thefractures
:::::::
separate

:::
the

::::::::::::::::
background-related

::::::::::::
discontinuities observed on BHIfrom drilled in the

targetreservoirby separatingthebackground-relateddiscontinuitiesfrom thetotal network
::
of

:::
the

::::
two

::::
wells

::::
that

::::::::
penetrate

:::
the205

:::::
target

::::::::
reservoir,

::::::
namely

:::::::
GEo-01

:::
and

:::::::
GEo-02.

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 other. Forlegenda

:::::
legend 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, a
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 GeologicalBackground

The GenevaBasin is locatedin the westernpart of the SwissMolasseBasin/NorthAlpine ForelandBasin (�gure 1). It is

boundedby the JuraMountainsin the northwest,the SalèveRangein the southeastandthe Vuacherangein the southwest.

In thesubsurfaceof thebasin,theMesozoicstrataaredipping10° to 20° to thesoutheast.Thedepthof thetop of theLower210

Cretaceousincreasesfrom surfaceexposuresin thenorthwest(JuraMountains)to �1400 m in thesoutheastat thefoot of the

SalèveRange(Jenny et al., 1995; Guglielmetti et al., 2020).

At present-day,exposuresof theLowerCretaceousarefoundin themountainrangessurroundingtheGenevaBasinandthe

BornesMassif,partof theSub-AlpineChain(�gure 1). In theBornesMassif,theParmelanplateaucontainsexcellentexposures

of the Lower Cretaceouscarbonates.The plateauof the Parmelanis locatedin the crestof a box-fold (Berio et al., 2021),215

underlainby aNW-vergentthrust(Bellahsen et al., 2014)thatstructurallyseparatesit from theSalèveRangein thenorthwest.

The SalèveRangeis alsopositionedabovea NW-vergentthrust that marksthe southeasternboundaryof the GenevaBasin

(Charollais et al., 2023). The Lower Cretaceousis exposedon the SE-dippinglimb of this range.On the other side of the

Genevabasin,theJuraMountainscontainsseveralLowerCretaceousexposures.Themountainrangeis shapedby NW-verging

foldsandthrustformedby thin-skinneddeformation(Homberg et al., 2002; Sommaruga et al., 2017). TheVuacheFaultis part220

of asystemof sinistralstrike-slipfaultsrelatedto theNW-vergentthrustingin theJura(Homberg et al., 2002; Smeraglia et al., 2022)

. Transpressionalongthis fault gaveriseto theVuacheRange,with severalexposuresof theLowerCretaceouscarbonates.

TheLowerCretaceousformationsconsistspredominantlyof carbonates,with intercalationsof marllayers(Rusillon, 2017; Strasser et al., 2016)

. Theyaredepositedin abranchof theTethysOcean(Clavel et al., 2007, 2013). Subsequently,theyareburiedbeneathEocene

to Pliocenemolassesedimentsin the foredeepof the Alpine Orogeny,whosethicknesstaperstowardsthe northwest.The225

estimatedmaximalburialdepthsof theLowerCretaceousrangebetween2000m in theGenevaBasin(Schegg and Leu, 1998)

and4000m in theBornesMassif(Butler, 1991; Moss, 1992; Deville and Sassi, 2006). In theEarlyMiocene,shorteningin the

WesternAlpswasaccommodatedbydifferentfoldsandthrustswith anorthwestvergence(Kali� et al., 2021; Marro et al., 2023)

, ultimatelyleadingto theexhumationof theLowerCretaceousin thepresent-daymountainrangesin thePliocene(Cederbom et al., 2004)

.230

A) Simpli�ed geologicalmapmodi�ed afterthe1:200.000geologicalmapof theSwissFederalOf�ce of Topography.The

GenevaBasin(dashedblack line) is locatedat the mostwesternterminationof the North Alpine ForelandBasin.Analogue

outcropsof theLowerCretaceoustargetreservoirarefoundin theJura,Vuache,SalèveandBornesMassif(Parmelan)mountain

ranges.Coordinatesin UTM 32N referenceframe.B) Syntheticlog of thesedimentarysuccesionin theGenevaBasin,from

the UpperJurassicupwards,after Moscariello (2019). The Malm and the Lower Cretaceousareboth potentialgeothermal235

reservoirsin the basin.In this study,we focuson the Lower Cretaceous.C) Crosssectionshowingthe NW-vergingAlpine

thruststhatseparatethetargetreservoir(blackbox)fromtheanalogueoutcrops.Modi�ed afterBellahsen et al. (2014); Moscariello (2019); Kali� et al. (2021); Marro et al. (2023)
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4 Results

We documented DAs at 28 different stations in the study area.The �rst areawe will describeis theplateauof theParmelan,240

part of the BornesMassif.Due to thesuperbquality of this exposure
::::::
quality

::
of

:::
the

::::::::
exposure

::
on

::::
the

::::::::
Parmelan, the majority

(18) of the stations are documented there. In total therearethreedifferentassociationsobservedon theParmelan,
::::
with

::
a

::::
total

::
of

::::
three

::::::::
different

::::
DAs. The stations in the Jura and Vuache are described together (9 in total). In these outcrops, a total of

four different associations are de�ned. The third area is the Salève 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 two245

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 oldest

association (PA1) is expressed by a conjugate pair of shear fractures and tectonic stylolites, observed on meter-scale. The shear

fractures strike �045°-225° with a low dip angle with respect to the bedding (�15°-30°). Dissolution on the shear planes250

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 in

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.255

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 PA1. 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). They260

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 plateau

(Lismonde, 1983; Masson, 1985). On the plateau, there are no offset markers that indicate horizontal displacement along these

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 fracture265

planes are preserved. The shear fractures form a conjugate pair, so their structural attitude is similar to the vein arrays on top

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 with270

different orientations than those of PA2 (�gure 3C). The dextral vein arrays strike �080°-260° and the sinistral arrays strike
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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.275

To investigate how representative the above described associations are for the total network present on the Parmelan, we

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 Vuache280

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 JA1 is oriented NW-SE.

The second association (JA2) is made up of a conjugated pair of bed-perpendicular shear fractures (�gure 6B), together with285

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 JA1. 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) iscomprised
::::::::
composed of �000°-180° striking reverse shear fractures with a low angle with290

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 the295

same event.

4.3 Salève

In the Salève, 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

reverse regime with �1 oriented NW-SE.300
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