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Abstract:

Better understanding of stress perturbations, strain propagation and fluid flow in the upper crust
require characterisation of fault damage zone evolution. Outcrop studies help understand the
different processes operating during fault movement; but capture little about the evolution through
time. In this study, we investigate damage zone evolution using high-resolution analogue modelling;
simulating the growth of a normal fault population. The incremental strain reveals that early
deformation stages occur by strain localisation into corridors of distributed deformation. Active
deformation within these corridors becomes narrower as segment linkage occurs, leading to the
formation of master faults, encouraging further localisation of incremental strain. This results in
wide zones of cumulative strain around the fault, accommodated by different types of fault damage
geometry, which formed at very different stages of the fault system growth. We also highlight the
new concept of “fault system damage”, that shows similarities with observations in nature. These
first descriptions of the fault damage evolution allow an understanding of the composite content of
damage zones. This gives support to assess zones of permeability enhancement in naturally
fractured reservoirs, and proposes a view of damage distribution for targeting fluid flow, geothermal
resources, leaks, micro/macro seismicity and mechanical properties of fault zones.
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1. Introduction

Fault zone structures affecting the brittle part of the crust are usually classified into two main zones,
Core Zones (CZ) and Damages Zones (DZ) (e.g. Caine et al., 1996; Shipton and Cowie, 2001; Billi
et al., 2003; Kim et al., 2004 Berg and Skar, 2005). Core zones are formed by intense deformation
producing fault rocks with variable degrees of comminution and cementation (e.g. Sibson, 2000;
Fossen, 2016). The damage zone can develop in a volume of rock by generation of several types of
structures, such as fractures, folds, deformation bands, or minor secondary faults, but the primary
structure of the protolith is preserved. These damage structures are formed by different processes
occurring from fault initiation to maturation (Cowie and Shipton, 1998; Peacock, 2001; Peacock et
al., 2017; Ostermeijer et al., 2022). However, the overall understanding of damage zone growth
remains very incomplete due to the static nature of outcrop observations and their size being below
the scale of resolution in 3D seismic data sets. Fault damage zones are major heterogeneities
impacting fluid flow and fault mechanical behavior that must be considered for the exploration and
production of economic fluids, geological storage or modelling earthquake ground motion (Faulkner
et al., 2010). More precisely, the geometrical properties of DZs define the size and plumbing
geometry of underground fluid conduits, and therefore significantly affect reservoir permeability,
heat transfer and perturbation in geothermal systems (Taillefer et al., 2018; Milesi et al., 2019),
borehole interactions, fluid/energy recovery, and strategy of borehole location in aquifer, oil and gas
and energy storage fields (Solum and Huisman, 2017; Wibberley et al., 2017). Moreover, it is also
very important for risk assessment studies since it defines the geometrical properties and dimension
of microseismicity patterns (Goebel and Brodsky, 2018; Schmittbuhl et al., 2021), but also the
properties of head waves reflected against the surrounding less damaged rock, that can lead to
super-shear earthquakes (Ampuero and Mao, 2017).

The fault damage zone is defined as the deformed volume of rock around the main fault core zone
of highly deformed fault rocks and slip surfaces, containing structures directly related to the
development of the main fault within a protolith that remains recognisable (Caine et al., 1996;
Shipton and Cowie, 2001, 2003; Berg and Skar, 2005; Schueller et al., 2013; Choi et al., 2016).
Damage zones have mainly been described from map and outcrops (e.g. McGrath and Davison,
1995; Billi et al., 2003; Micarelli et al., 2003; Johansen and Fossen, 2008; Magbool et al., 2016;
Mayolle et al., 2019; Ostermeijer et al., 2020) but remain limited by the scale of observation, the
dimensions of the outcrops and the description of the structures in a static state. For example, the
damage thickness measurements are often scanlines, i.e. 1D datasets (e. g. Du Bernard et al., 2002;
Micarelli et al., 2006; Savage and Brodsky, 2011; Schueller et al., 2013; Choi et al., 2016; Mayolle
et al., 2019; Balsamo et al., 2019). The quality of the outcrops is also rarely sufficient for an
exhaustive observation, more particularly for faults with large displacements and therefore large
damage zones. Map data often allow a 2D analysis of fault zones, generally limited by image
resolution and usually involving a single fault, and even frequently only on one side of the fault,
hence not allowing identification of potential damage asymmetry for example (Berg and Skar,
2005). In previous studies, observations in the plane of fault slip (e.g. Evans, 1990; McGrath and
Davison 1995; Schulz and Evans, 2000; Heermance et al., 2003; Chester et al., 2004; Kim et al.,
2004; Faulkner et al., 2006; de Joussineau et al., 2007; Johansen and Fossen, 2008; Childs et al.,
2009; Savage and Brodsky, 2011; Schueller et al., 2013; Perrin et al., 2016; Hansberry et al., 2021;
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Ostermeijer et al., 2022) have generally been favored over out-of-plane observations (e.g. Knott et
al., 1996; Beach et al., 1999; Shipton and Cowie, 2001; Magbool et al., 2016; Balsamo et al., 2019;
Martinelli et al., 2020; Silva et al., 2022). Only a few seismic data sets allow a 3D view of fault
zones with low-resolution compared to outcrop observation (Liao et al., 2019; Schwarz and
Krawczyk, 2020; Karam et al., 2021; Alongi et al., 2022). Previous studies also provide static
observations and data sets while analogue modelling studies have illustrated the evolution of fault
zones, showing that they are strongly controlled by the segmentation process (Dresen et al., 1991;
Marchal et al., 1998, 2003; Mansfield and Cartwright, 2001; Bellahsen and Daniel, 2005; Schla-
genhauf et al., 2008; Rotevatn et al., 2019; Mayolle et al., 2021; Visage et al., 2023). Despite this
lack of dynamic description of damage growth, analogue modelling is still under-used, especially
with new high-resolution devices. Nevertheless, fault damage zone growth with fault zone evolution
remains poorly described and understood, even though the kinematics of each type of damage
(approaching and intersection damage, wall, link, and tip damage) and the chronology of the
damage structures and their distribution is important for the prediction of discontinuities affecting
the rocks in the subsurface.
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Fig. 1. a) Picture of the experimental device for analogue modelling of normal faults. b) 3D diagram of the
experimental set-up showing model rheology in cross section and top surface imaged in this study. Examples
of: c¢) incremental NS displacement field and d) incremental strain field YY (NS) derived from the
displacement field in c).
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In this study, we developed a sandbox analogue modelling setup equipped with high-resolution
monitoring to focus on the map view evolution of fault damage through time along an entire fault
system. With this aim, we first investigate the growth of a normal fault population by analysing
images, strain field, and cumulative displacement gradient. Secondly, we describe the evolution of
each type of fault damage zone at the macro and micro scale and mechanisms associated. This
allows us to discuss how fault damage zones grow with respect to background damage, processes
involved, and highlight new concepts of fault system damage patterns.

2. Experimental modelling
2.1. 3.1 model device and set-up

Normal fault analogue modelling allows the analysis and quantification of fault damage evolution
and its lateral interaction during fault population growth. The experimental device is a 1 m long and
0.6 m wide box made of aluminum and equipped on one side with a mobile backstop controlled by
a computerised motor allowing a constant speed of 1.2 cm/h (Fig. 1). For each picture and figures of
the model surface in this study, the mobile backstop is on the upper part and moves to the North of
the picture/figure.

2.1.1. Material composition and scaling

The model is made of two layers of granular material lying on a pre-compressed basal polyurethane
foam (Fig. 1a and b). The upper layer of granular material is composed of 97.5% dry sand (HN38)
with an average grain size of 150 um, mixed with 2.5% of pumice powder with an average grain

3

size of 43 wm. It has a bulk density of 1.4 g cm~. The dynamic internal friction angle and associated

cohesion were measured using a lab-made linear shear box device to 38° + 1° and 185 Pa +20 Pa,
respectively. The scaling between model and nature can be define by a dimensionless relation
linking body (gravity) to surfaces (stress) forces (e.g. Hubbert, 1937; Davy and Cobbold, 1991),
leading to the equation, 0* = @*.g*.L*, where 0*, 0*, g* and L* are the model-to-nature ratio for
cohesion, density, gravity and length, respectively. In experiments, g* equals 1 and @* is about 0.6.

L*, imposed by experimental set-up and natural case studied dimensions, is about 10~ 5 (1 cm
equivalent to ~1 km in nature), a standard value for sandbox analogue experiments (e.g. Schellart,
2002; Arzia and Alejano, 2013; Reber et al., 2020). Using the previous equation, a cohesion of 185
Pa in the model corresponds to 30 MPa in nature, which is consistent for sedimentary rocks in
general.

This analogue material layer has been tested with two different thicknesses, 50 mm and 80 mm. The
lower layer is a mixture of 98% quartz sand of 150 pm mean grain size, and 2% PDMS silicone
(poly-dimethylsiloxane). This material has a visco-plastic mechanical behavior and can be used to
simulate a thick layer of shales, salt or the viscous middle crust (Mayolle et al., 2021; Zwaan et al.,
2022). These two upper layers lie on a pre-compressed basal elastic polyurethane foam. A thin layer
of silicone is also added at the base of the foam to prevent bulging during the pre-compression.
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Distributed extensional strain is imposed by moving the lateral backstop at a speed of 12 mm/h. The
maximum cumulated extension is 120 mm (20%) for all the performed models. The slight curvature
of the fault traces observed at the surface of the model indicates that boundary effects exist but are
very minor (Fig. 1a). Moreover, the lateral limits of the pictures are located 7 cm from the boundary
of the model to avoid taking measurements from the areas where boundary effects are strongest
(Fig. 1b).

2.1.2. Monitoring and strain field analysis

The experiment surface is monitored in map-view using a SONY a7RII camera taking one 42 Mpix
1 picture/60s at a resolution of 1 pixel = 109 um (Fig. 1b). Pictures acquired during the experiments
are processed using a sub-pixel spectral correlation algorithm based on Van Puymbroeck et al.
(2000). This algorithm calculates, on a square window of 16, 32, or 64 pixels, the local offsets
between two consecutive pictures, allowing quantification of the EW (u#) and NS (v) incremental
horizontal displacement fields. The image correlation methodology requires homogeneous and
multidirectional lightning of the surface model to limit shadow areas (Fig. 2). Hence, four LED
panels light up the surface model from each side of the device. For better visualisation of the faults
at the surface of the model through time, pictures with low-angle light were taken every 15 min
(Fig.2).
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Fig. 2. Pictures of the DAMAGE 5 final stage, acquired by the SONY o 7RIl with homogeneous light
(upper) for image correlations and low-angle light (lower) for visualisation.
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The quality of the correlation is also improved by sprinkling a mixture of microbeads, anthracite
powder, and Camargue sand (160 wm) before starting the experiment. This mixture creates a fine
and rich texture, each grain being imaged by only a few pixels. This texture allows a micrometric
independent measurement of the horizontal surface deformation with a spatial resolution of 1-2 mm
and a precision of few microns. The horizontal surface displacement field components are used to
calculate two incremental strain fields; XX (EW), YY (NS). The deformations measured between
each image are much less than 5%, and then a simplification of the Green-Lagrange formulation is
used to calculate the strain fields. The strain fields XX and YY are derived respectively from the EW
and NS displacement field. Note that the signal-to-noise ratio is always over 0.8, revealing the very
high-quality of image correlation from which the displacement and strain fields are derived. The
incremental displacement field allows calculating the cumulative displacement field. A point cloud
is projected at the initial stage on the incremental EW and NS displacement field. Each point moves
to new coordinates according to incremental displacement values and the point cloud provides a
cumulative displacement field (U) of the model. Finally, the cumulative displacement gradient field
(dU/dx, i.e. grdgradient function in GMT software (Wessel et al., 2013), the ampli- tude of the
gradient) appears as the most relevant parameter to analyse fault damage zone deformation since it
accounts for the absolute displacement (any direction). The vertical displacement component is
measured at the final stage by digital photogrammetry processing softwares (MicMac and Meta-
shape Pro).

2.1.3. Analogue material deformation

Five analogue models were performed, four experiments with the upper layer of the analogue
material composed of 97.5% HN38 sand and 2.5% pumice powder, and one experiment using a
material composed of 99% glass microbeads and 1% pumice powder. The thickness of the upper
layer is 50 mm for two experiments (one of which is 99% microbeads) and 80 mm for three other
experiments. Experimental results are presented using the fifth experiment DAMAGE 5 (97.5%
HN38 and 2.5% pumice powder, 80 mm thickness), the measurements and structures of which are
the most clearly imaged, and representative of the main results of our study. This material produces
fractures which are observable at the model surface, as < 20 mm long and <1 mm open troughs (see
supplementary material, Fig. S1), that generally correspond at depth in the model to very small
disaggregation shears (<1 mm, see Supplementary Material Fig. S2). These fractures are qualified in
this study as small segments or secondary faults (in the sense of Maerten et al., 2002; Kim et al.,
2003, 2004), often having a shear component whose shear/opening ratio increases with their
development and similar to those observed on rocks in shear box tests (Wibberley et al., 2000).
Major faults developed further by a cumulative displacement of several millimeters (>100 m in
nature) and a length of several tens of centimeters (>10 km in nature). Distributed deformation
(“Hanging-wall folding”) is also observed on the hanging wall of major faults and characterised by
a tilting and a folding of the model surface over a range of a few millimeters to 1 cm from the
surface fault trace. Finally, also note that the strain field generally reveals a distributed amount of
deformation (see Supplementary Material Fig. S1b, generally around 10% of cumulative
displacement) generally located around master and small faults. High-resolution images of
distributed deformation reveal the absence of minor failure of the material (see supplementary
material, Fig. S3), suggesting that deformation occurs as micro-scale deformation by grain
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disaggregation (also see Mayolle et al., 2021). This deformation is considered to be dilatant,
adjacent to major or secondary faults. Regarding the scaling of the material to nature, this very
small-scale dilatancy within the host rock material is considered to be analogue to mode I fracture
patterns or very small normal faults in nature. In places of hanging-wall folding, a contractional
deformation can be observed (see section 3). This deformation might be only apparent by the effect
of the hanging-wall tilting and producing a slight compaction of the material at the grain scale. In
such cases, it can be considered as an analogue of very small thrust faults associated with fault
propagation folding (Schlische, 1995; Peacock et al., 2000; With-jack et al., 2002; Jackson et al.,
2006).

3. Results
3.1. Normal fault system evolution

From the onset of extension, heterogeneous deformation is detected across the entire model as
relatively distributed (proto-)faulting, as shown by the incremental NS displacement field. After 2%
of extension, the material starts localising the YY deformation along EW fault zones in response to
the NS basal foam decompression imposed by the backstop retreat. During the first half of the
experiment, the YY deformation tends to stabilise on 10 major faults located in the northern half of
the model DAMAGE 5 (see supplementary material, Fig. S4a). The YY strain field also shows an
intensity decrease from the faults to the host material between the faults and a slight deformation
distributed in the tilted blocks. The YY strain field reveals extensional strain (blue) on and between
the fault planes and more rarely contractional strain (red) on HW folds. In the second half of the
experiment, the extension is distributed over the whole model. In between the major faults, the YY
strain field has a lower intensity than the XX field by about one order of magnitude, highlighting the
lateral strain occurring in the wall rock around fault surface irregularities and in overstep regions
between fault segments. The cumulative displacement gradient shows a strain intensity increase on
nearly all the master faults of the model. In detail, many small faults initiating in the first stages in
between the master faults become inactive as the master faults continue to grow (this is more visible
on the YY strain field). Once major faults are formed, they dominate the accommodation of the
extensional strain, suppressing the activity on the smaller faults in the process.

3.2. Corridors of distributed deformation and small segments

The incremental YY strain field reveals how the first stages of extension are marked by the
formation of a large number of segments and distributed deformation around them. The deformation
is characterised between 0 and 3% of extension, by a heterogeneous distribution of the incremental
strain over the material and a progressive strain localisation into zones of highly-variable width
composed of a significant number of small segments. In this study, we defined these active zones
with a width/length ratio between 0.05 and 0.2 as “corridors”. These corridors are of different
scales, i.e. between 1 and 10 cm wide (see Fig. 3 at 1.2% extension, and sections 3.2.2. and 3.2.3.),
and their thickness tends to decrease with increasing extension as deformation becomes
progressively localised into major faults (Fig. 4a and b).
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Fig. 4 shows in a and b the evolution through time of the incremental YY strain into a corridor. The
localisation of the incremental strain generates a reduction of the corridor width from 25 mm to 10
mm (Fig. 4). Within the corridors, linkage occurs with increasing strain into swarms of small fault
segments having very little spacing (Fig. 3). Later stages in Fig. 3 illustrate how faults grow from
these corridors through time, revealing that fault activity is located on few fault segments not
homogeneously distributed through space and time. These segments are visible as 1-5 mm thick
zones of concentrated incremental strain, particularly visible on Fig. 3 from about 2% extension
onwards. Between 1% and 3% of extension, a localisation of the activity on specific fault segments
occurs (Fig. 3) by fault segment interaction and linkage within the corridors and a subsequent
development of master faults. Fault segment linkage occurs at different scales in the model (2-3
orders of magnitude of fault length) and accounts for the irregularities observed along the master
faults in the later stages. Fault segment linkage also controls a rapid length growth of major faults
with the increase of extension and displacement. The length and the lateral position of the major
faults are determined by the length and width of corridors at the initial stage. Once the major fault
localises the deformation (i.e. from 3.2% to 4.4% of extension), the displacement grows without
significant increase in fault length by segment linkage or fault propagation. Corridors including
small segments and the majority of the distributed deformation are abandoned, as shown by the
white and red areas (no more extension) observed between the master faults (see supplementary
material, Fig. S4). Some parts of this deformation are incorporated into the final damage zones of
the master faults, other parts forming the background damage at the end of the experiment. Small
faults and distributed deformation continue to occur in the later stages, but only in grabens, at fault
tips and at relay zones, which are the main type of fault-related damage described below in section
3.3.
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3.3. Damage zone evolution
3.3.1. Wall damage

Wall damage is difficult to observe due to its low lateral dimension. It is macroscopically composed
of incorporated former segments, including secondary faults nearly parallel to the major faults,
relay zones, and abandoned fault tips (Fig. 5a). Wall damage also includes hanging-wall folds
resulting from the material flexure at the fault surface. These flexures generate a slight contraction
in the fold axial zone, sometimes faulted, and form large damage zones of several millimeters to 1
cm from the main fault (Fig. 5).

In these wall damage structures, cumulative displacement gradients are higher than the background
deformation over a distance of 1-5 mm from the faults. The cumulative displacement gradient has a
maximum on the fault plane and decreases (between 20 and 50%) with increasing distance from the
fault plane (1-5 mm of maximum distance) (Fig. 5a). The wall damage is better observed and
measured on the footwall of the fault since damage in the hanging-wall is often masked by material
collapse (analogous to landslides in nature).

3.3.2. Tip damage

Damage at the tip of isolated faults is difficult to observe because of the high fault density and
interactions. Tip damage is characterised by segments a few millimeters long with fan or en echelon
geometries located at (or around) the tip of the faults (see Supplementary Material Figs. S5a, b, ¢, d,
e). These secondary faults are also accompanied by distributed micrometric deformation measured
between them by image correlation (Fig. 5b). The YY strain shows a large and distributed
micrometric deformation zone from the first stages of decreasing intensity (between 3 and 0.5%)
from the fault plane to the tip (Fig. 6). The major fault is active along its entire length, which is
composed of multiple small segments (steps 1 to 2, Fig. 6). Several segments develop preferentially
(also see section 3.1) and connect over time from the fault center to its tip (from East to West, Fig. 6
steps 4 to 6).

Tip damage seems to have a limited propagation along the direction of the main fault (i.e. incipient
deformation occurs in this place at the onset of the fault growth) unlike its thickness, which
increases over time. Note that strain remains very low and close to the background deformation
level (20% of the strain in tip damage is background deformation).
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3.3.3. Linking damage

Fault growth by segment interaction and linkage is observed along numerous relay zones over two
to three orders of magnitude of scale. Fault interaction and linkage is observed along two main
categories; (1) relays as conventionally described in the literature, formed by the growth and
interaction of two fault segments (Fig. Sc and see Supplementary Material Fig. S6 a, b, d, f, and g),
and (2) between two former faults having a strong overlap acquired before their interaction and
linkage. Interaction and linkage formed between two major sub-parallel segments generate
numerous secondary faults oblique to the main segments. They contribute to the formation of a fully
breached relay observed in these regions, which occurs with the increase of displacement. Linking
damage zones are also composed of abandoned fault tips and secondary faults. These abandoned
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structures contribute to widening the damage zone and to the cumulative displacement gradient
decrease (between 25 and 50%) of several millimeters to 1 cm.

As mentioned in section 3.2, corridors composed of millimetric to centimetric length segments form
in the material at the very first stages of extension (Figs. 3 and 7 Al, A2, B1, B2), which is also
observed in places where macroscopic relay zones and fault linkage will occur. The coalescence of
some fault segments creates millimetric to sub-millimetric size relay zones (Fig. 7 A2). This
coalescence of fault segments at different scales also occurs along an axis that becomes the major
fault trace in the later stages. The displacement increases on the segments by deformation
localisation and the relay zone is finally linked or fully breached in the corridor zone established in
the early stages (Fig. 7).

After breaching the relay zone, the deformation appears to be localised on a fault plane with a
surface width close to those observed on either side of the relay on the incremental strain. During
the increase of the deformation, the incremental strain shows a clear evolution from distributed to
localised deformation on the fault plane after the linkage, while the cumulative displacement
gradient shows an increase of the damage zone width (Fig. 4c and d). In the first stage of the model,
the incremental deformation reveals that the above-mentioned corridor has a thickness around 30
mm (Fig. 7a), and subsequently localises into the relay zone, with a fault spacing of around 10 mm
(Fig. 4c and d). At the final stage of the experiment, the full damage zone width and the structures
formed from the initial stages of deformation and incorporated in the damage zone are manifested
by the cumulative gradient field (Fig. 7 C6). These abandoned structures are not recorded in later
stages of incremental strain field evolution once they become inactive.
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Fig. 6. DAMAGE 5 experiment: initiation and evolution of a tip damage zone. A) Pictures of DAMAGE 5
experiment surface. B) Incremental YY strain field. The increment used to calculate strain between two
pictures is 0.4% (2 mm) of extension. C) Cumulative displacement gradient field.
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3.3.4. Conjugate linking damage

Conjugate relay zones and displacement transfer between two conjugate normal faults are widely
observed in the experimental dataset (see Supplementary Material Fig. S7). Convergent conjugate
faults form small graben relays involving the two conjugate fault tips, with secondary faults and
distributed deformation observed around and between the fault tips, over distances much larger than
fault spacing in the relay zones (up to 4 times the spacing). These relay zones show conjugate
segment interactions for fault spacing up to 10 mm. Divergent conjugate faults form a horst relay
involving two conjugate fault tips spaced by less than 10 mm. The approaching damage develops by
secondary faults and distributed deformation around faults in the horst part of the relay (Fig. 5d).
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Fig. 7. DAMAGE 5 experiment: initiation and evolution of a linking damage zone. A) Pictures of DAMAGE
5 experiment surface. B) Incremental YY strain field. The increment used to calculate strain between two
pictures is 0.4% (2 mm) of extension. C) Cumulative displacement gradient field.
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These convergent and divergent conjugate fault relays are also characterised by a strong
displacement gradient along the faults. While the displacement is about several millimeters on faults
before the overlap zone of the relay, it can be close to 0 to a few millimeters laterally in the
conjugate fault relay zone (see Supplementary Material Fig. S7c).

From the early stages of extension, the YY strain field shows localised deformation along an EW
thin (5 mm-1 cm) corridor of deformation composed of many segments and distributed deformation
(Fig. 8 Al and B1). The segment corridor is developed on the length of the two future conjugate
faults. The dip of the segments and of the master fault developed in this corridor is acquired in the
very first stages of extension (A1). Then the two conjugate master faults initiate in this EW corridor
with opposite dips (Fig. 8 A2 and B2). The western master fault dipping to the north remains active
after linkage to the eastern master fault, but only propagates slightly further to the East, in the
hanging-wall of the South-dipping fault (Fig. 8).
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Fig. 8. DAMAGE 5 experiment: initiation and evolution of a conjugate linking damage zone. A) Pictures of
the model surface evolution. B) Incremental YY strain field. The increment used to calculate strain between
two pictures is 0.4% (2 mm) of extension. C) Cumulative displacement gradient field.

The incremental strain and cumulative displacement gradient also show that the distributed
deformation in the tip damage of the western master fault generates a large and heterogeneous
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damage in the foot-wall and hanging-wall of the western and eastern master faults. In the latter
stages, the YY incremental strain field and the cumulative displacement gradient show distributed
deformation and secondary faults located between and around the two conjugate fault tips, quite far
from the relay (Fig. 8B and C, stages 3 and 4). The cumulative displacement gradient highlights the
damage zone with values between 0.3 and 0.8 compared to the background values, which are less
than 0.2.

Linking damage around these conjugate fault tips is generally characterised by strong asymmetry of
the damage pattern out of the relay zone, both in the horst and graben relay configurations. Finally,
also note that no clear master through-going fault develops in the relay zone during the last stages
of fault segment linkage.

3.4. Graben damage

In all the experiments, large areas in the center of the grabens are affected by numerous secondary
faults and large surfaces of distributed deformation around master faults but also around secondary
faults (Fig. 9a, b, c¢). During the initiation stage, the master faults of the graben develop by segment
interaction and linkage of some incipient faults initiating within corridors (Figs. 3 and 9). After the
initiation of border faults and during their propagation by segment linkage, the incremental YY
strain in corridors started localising, resulting in variable corridor width along-strike. As the
extension increases, the deformation migrates from the outer graben border faults to the inner
graben faults formed by segment interaction and linkage (Fig. 9c). New faults develop link, wall
and tip process zones in the inner part of the graben with a frequency that decreases from the center
towards the outer part of the graben (Fig. 10). Displacement variations along master faults induce
block tilting and formation of secondary faults distant, oblique, and sometimes perpendicular to the
major faults (Fig. 10 A3, B3). Also, note that in the center of the graben, the distributed deformation
did not become localised, which is consistent with the increase of the cumulative displacement
gradient reaching high values (up to 30%) and covering large areas (Figs. 9C and 10 B3 and C3).



Journal of Structural Geology 176 (2023) 104975

A
Outer master
fault

~Inner fault

—\*,./

* -
Mode | Outer master

~ cracks* f?“'?

Large number of —
Mode | cracks

A 3
\Mode | Inner master

S crack . fault
.. Cracksgs L

Sache . < M

T -
. Quter master Moderate
fault distributed deformation

<3

Intense distributed Infler master
deformation ~. fault

)
0.00 0.25 0.50 0.75
Cumulative displacement gradient

Fig. 9. Examples of graben damage observed on model surface. Pictures are from the DAMAGE 5
experiment and show several secondary faults in the inner part of the graben structure. c) The cumulative
displacement gradient is superimposed on image b).




Journal of Structural Geology 176 (2023) 104975

3.7% extension A B

doisyoeg ==

Link damage .; 4 o
~Fip damage
e ———

—
————

e
rere,_senTllted block = Oblique fault
Contraction Extension
[ ee—
-0.04 -0.02 0.00 0.02 0.04 0.00 0.25 0.50 0.75
Incremental YY strain (NS) Cumulative displacement gradient

Fig. 10. DAMAGE 5 experiment: initiation and evolution of graben damage zone. A) Model surface
evolution. B) Incremental YY strain field. The increment used to calculate strain between two pictures is
0.4% (2 mm) of extension. C) Cumulative displacement gradient field.

4. Discussion

The experimental analogue modelling used in this study reveals the kinematic evolution of wall, tip,
and linking damage, and also allowed the description of poorly-described structures such as “graben
damage” and “conjugate linking damage”. Detailed drawings of characteristic examples of fault
damage types and related distributed deformation are presented in Fig. 11 to summarise the results.
We describe the development of these structures firstly by the development of corridors of
distributed deformation, followed by the growth and coalescence of fault segments within them.

4.1. Analogue modelling limits

It is worth considering that the analogue material and boundary conditions used have several
limitations. One of the most significant is the impossibility to develop trans-granular fractures. The
mean grain size in the model is 150 pm, corresponding in nature to about 10 m. The material used is
therefore inappropriate to reproduce mode I fractures. In the model, the small mode I fractures
visible by their sub-millimeter opening are considered equivalent to secondary faults with a
displacement lower than 50-70 m in nature. However, the distributed deformation revealed by
strain field measurements can be considered equivalent to mode I fracture deformation in nature,
measured along scanlines. This deformation observed at the granular scale (e.g. Fig. 5, also see
supplementary material) decreases with increasing distance from the fault plane, just as fracture
frequency decays moving away from the main fault in natural fault damage zones.
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Fig. 11. Interpretative drawing of fault damage zone types superimposed on cumulative displacement

gradient. The grey fault planes are dipping to the south and the black fault planes to the north. Thin black
lines denote Mode I cracks at the surface of the model.

In the absence of trans-granular fractures, fault rocks and cataclasis cannot be reproduced. Fault
cores are however present in the material as zones of dilatant to compactant shear disaggregation,
with thickness lower than 2 mm (Mayolle et al., 2021). On the other hand, the granular scale
reproduces correctly the geometry and scaling properties in populations of hundred-meters long
natural faults (e.g. Bellahsen et al., 2003; Schlagenhauf et al., 2008; Mayolle et al., 2021). Both
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geometric features such as dip angles, segmentation, and conjugate fault geometries, as well as
scaling law characteristics such as Displacement - Thickness and Displacement - Length
relationships, are properly reproduced (Schlagenhauf et al., 2008; Mayolle et al., 2021).

Other limitations of the model, considered of second order, concern boundary effects. The first
boundary effect to discuss is the use of a pre-compressed foam at the base of the model. Although it
avoids velocity discontinuity at depth, it has in turn the effect of distributing the extensional
deformation quite homogeneously in the above sand layers, a condition which is well represented in
nature (e.g. Afar depression, Basin and Range), and does not preclude the process of strain local-
isation from multiple segments to single master faults observed both in wide and narrow rifts.

The second boundary effect to consider is related to the presence of lateral walls limiting the EW
propagation of faults and inducing rotations of the principal stress trajectories. This effect has been
reduced by using a very low friction Teflon film along the lateral walls. This effect only implies 5—
10 cm wide zone close to the walls where fault orientations change. These zones have been avoided
to study fault damage evolution.

Another type of limitation having some implication on the horizontal strain field calculation is
related to the tilting of the model surface along HW folds in the hanging-walls close to the fault or
in blocks delimited by two synthetic main faults (Fig. 10). This rotation has been double checked by
analysing the models in cross-section at the end of the experiment (Mayolle et al., 2021;
supplementary material). Results suggest that this effect is the main process explaining the
contractional strain observed at the surface of the model. This effect produces apparent horizontal
contraction up to a maximum of 2.5% in some HW folds and up to 1% in the blocks between the
faults. This bias is probably very important in HW folds adjacent to faults, as for example in the red
area close to the main faults in Figs. 7 and 10. Note that it cannot be corrected since it would require
the acquisition of extremely fine DEM of the model surface at a very large sampling rate at each
image taken. Fortunately, most of the surface of the model is not significantly tilted, implying little
bias (<1%) on strain field calculation in general. Note that another negligible bias can be generated
by a small drift during the cumulative strain field calculation, implying little bias (<2%) on strain
field calculation in general.

One last limitation of the analogue models is the absence of observations at depth during the
experiments. However, we have significant amounts of data and complementary analysis of fault
propagation and damage zone evolution from analogue models analysed in section view through a
lateral glass wall, with variable layer thicknesses, and similar material conditions to the present
study (Fig. 12, also see Mayolle et al., 2021, for more detailed information). We observe the same
processes in cross-section view, revealing that localisation of deformation into corridors of
distributed incremental strain also occurs at depth nearly simultaneously with that at the surface of
the model (Fig. 12, also see Mayolle et al., 2021).
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4.2. Growth of tip, linking, conjugate linking and wall damages

Most of the damage types described in the literature, such as tip, wall and linking damages (e.g.
Kim et al., 2004; Perrin et al., 2016; Choi et al., 2016; Peacock et al., 2017) are well reproduced in
our models. The novelty in this paper is the description of their growth with increasing deformation,
and especially the fact that they develop by heterogeneous strain localisation into corridors of
distributed strain and small segments (see the next section 4.3 for further details), due to the
presence of swarms of small segments, very early on in the experiments, favoring their linkage.
Then, as proposed by previous authors (e.g. Walsh et al., 2002; Nicol et al., 2005; Jackson and
Rotevatn, 2013; Rotevatn et al., 2019), the faults do not really propagate but developed within
previously acquired deformation (corridors). Here we show that these corridors evolve through time
by reducing their thickness as fault segment linkage occurs and strain localises into them, and that
the different types of damage are inconsistent with the propagation model (e.g. Fig. 3, Fig. 6, Fig. 7,
and Fig. 13). We also show that wall damage is composed both of distributed deformation, and of
tip and link damages developed previously in the corridors (Fig. 13).

We also describe for the first time the evolution of conjugate linking damage in the out-of-plane
dimension of the fault slip. Conjugate linking damages are hybrid zones of approaching damage
with interactions between tip and linking damage structures of faults having opposite dip (Peacock
et al., 2017). Linkage between conjugate faults has been identified as common feature in normal
fault systems (Morley et al., 1990; Morley, 1995; Withjack et al., 2002; Childs et al., 2019). The
damage associated with these structures is also identified in cross-section view (Nicol et al., 1995;
Watterson et al., 1998; Ferrill et al., 2009; Peacock et al., 2017) without describing in detail the
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damage pattern in the out-of-plane view of normal faults. With respect to spacing and the relative
positions of the faults, the damage pattern is expected to be more or less pronounced and also
organised following two specific configurations; horst or graben relays (Morley et al., 1990; Ferrill

et al., 2009).
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Fig. 13. Conceptual model of fault segment corridors and fault zone growth. A) the first stage of the
deformation shows low penetrative strain, composed small of fault segments corridors and distributed
deformation. B) the corridor deformation gradually localises by segment linkage process and major faults are
initiated. C) the deformation is localised on fault planes, the fault damage zones thicken and the corridors are
inactive and form a part of the background damage and fault damage.

The damage pattern is particularly pronounced into graben relays also surrounded by significant
fault damage around the relay as observed in the strain field (Fig. 8). This is probably the
consequence of the high displacement gradient due to impeded propagation and its heterogeneity
observed along the master faults involved in the graben relay (Fig. 8c, step 4). High lateral
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displacement gradient along fault must imply a significant amount of adjacent off fault defor-
mation (Childs et al., 2019). This process seems to be more pronounced in graben relays rather than
horst relays, probably because their difference in fault configuration implies differences in the
ability of faults to propagate, overlap and link. This physical barrier to fault propagation probably
generates conditions for strong heterogeneity of displacement gradient observed along faults (also
see Childs et al., 2019).

4.3. Fault system damages: wide corridors and graben damages

We define “fault system damage” as any distributed deformation that can be considered as
background damage occurring during fault system growth. Fault system damage is not directly
related to the growth of a single master fault at the time this damage develops. Fault system damage
is therefore different to any distributed brittle deformation formed by processes other than fault
system growth, e.g. burial, uplift, thermal processes (e.g. Pollard and Aydin, 1988; Bourne, 2003).
In our case, fault system damage corresponds to distributed deformation observed as wide corridors
formed previously to master faults (Fig. 3, Fig. 4 and Fig. 13), and also graben damage described as
strain distribution between conjugate master faults (Fig. 9, Fig. 10, Fig. 11, Fig. 13 and Fig. 14).

In the first type of fault system damage, i.e. wide corridors, the small segments formed in the initial
stages correspond only to very small amounts of deformation (no more than 3% of the total
cumulative displacement). This very small deformation compared to the cumulative displacement
observed around faults (about 30%, in red for example in Fig. 5f) mostly contributes to what could
be considered as background deformation measured between the master faults in the last stages. As
shown by the different fault damage types described, the observed and measured damage zones of
the master faults in the final stages corre- spond more to the structures formed by interaction and
linkages of large fault segments, developed within the corridors. The size of the relay width,
spacing and linkage increase with increasing strain in corridors, in accordance with datasets of
natural fault zones (e.g. Soliva and Benedicto, 2004; Childs et al., 2009).

These corridors are only observed on the incremental strain field (e. g. Figs. 3 and 7), which
probably explains why such structures were poorly identified and described from field data or
analogue models to date. Their active thickness reduces with increasing cumulative strain (e.g. Fig.
3), which might be considered as inconsistent with respect to the scaling of damage zone thickness
to fault displacement described in the literature (e.g. Savage and Brodsky, 2011; Mayolle et al.,
2019). Considering that fault damage zones are estimated in the field with respect to background
deformation, and that none of the field studies allows the analyses of the entire fracture pattern
between faults, such a pattern of corridors of small segments and distributed deformation (fractures)
is therefore extremely difficult to describe on a full fault system, and therefore not considered in the
damage zone thickness — displacement scaling data. It is well known that faults grow by segment
linkage from multiple small faults that evolve into a single master fault (Cowie et al., 1995; Gupta
and Scholz, 1998; Ackermann et al., 2001; Soliva et al., 2008; Rotevatn et al., 2019).
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Fig. 14. Graben damage comparison between a) analogue modelling of this study in cross-section view, b)
graben in carbonate rocks at metric scale and c¢) the upper Rhine graben fault map at kilometer scale
(modified from Meixner et al., 2016). These examples show many small faults, in the center part of the
graben, laterally limited by the main faults.

The location of a corridor of small fault segments able to link probably determines the position of
larger faults formed by segment linkage. The newly formed faults interact with more distant
segments within the initial corridors, but at a stage where the small segments and distributed
deformation seem no longer active. Once the formerly segmented faults are large enough compared
to other unlinked segments, they have better ability to release shear stresses within larger volumes
in their vicinity, suppressing activity on adjacent segments of smaller sizes (anticlustering process,
e.g. Segall and Pollard 1980; Ackermann and Schische, 1997; Gupta and Scholz 2000). This
process, leading to the abandonment of the smaller segments (Fig. 6, e.g., Peacock and Sanderson,
1991), is probably enhanced by the efficiency of fault segments to be larger, and probably
contributes to localisation of activity into zones within the corridors. Most of fault segments stop
growing at different stages during the experiment although they reach a significant length, while
other fault segments develop in adjacent zones (Fig. 3). Lateral segment linkage and length increase
also seems to be a function of the presence of crossing conjugate faults acting as barriers to
propagation at their lateral tips (graben relay), but also of processes occurring in the vertical
dimension such as vertical linkage of fault segments (Fig. 13, e.g. Mayolle et al., 2021). This
vertical segmentation and strain localisation into a brittle layer is probably responsible for the
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limited thickness of mature faults (e.g. Mitchell and Faulkner, 2009; Savage and Brodsky, 2011;
Solum and Huisman, 2017; Balsamo et al., 2019), as proposed in Mayolle et al. (2019), 2021.
However, it is also possible that the presence of corridors prior to incremental strain localisation has
an impact on the limited widening of fault damage zones, in that stronger material outside the
corridors should be more difficult to damage, especially when the fault core weakens and stress
drops occur around faults.

The reasons for the initial location and thickness of the corridors are unclear. Although the presence
of the foam and the silicon at the base of the model aims to optimise the distribution of strain
imposed on the sand, it may control the properties of corridors and evolution of faults into them.
Relaxation of the foam is probably not perfectly homogeneously distributed through time, similar to
likely behavior of the basement or the lower crust in nature. This may explain why some master
faults are impeded from growing at some point and other zones and faults better develop and
produce border faults in rifts.

Through time, the incremental strain localises while the cumulative displacement gradient increases
in amplitude and thickness. More precisely, the distributed incremental deformation organised in
corridors becomes more localised (Fig. 4) as fault segments grow by linkage and relay zones
between the master segments can be larger (Fig. 3, also see Fig. 9 in Mayolle et al., 2019). This
results in the narrowing of deformation of corridors while the cumulative deformation around the
master faults is widening by segment linkage (Fig. 13). The narrowing of the incremental strain
corridor, in nature, may be consistent with both the existence of background fractures in the field
having the same trend as faults, and also the presence of fracture corridors in regions of small strain
(few faults, e.g. Sanderson and Peacock, 2019). The difference of deformation evolution observed
between incremental and cumulative deformation fields in our models is consistent with the
difference of strain distribution evolution observed in experimental modelling and field
observations. Indeed, experimental modelling generally reveals incremental strain localisation (e.g.
Tapponier and Brace, 1976; Bésuelle and Lanata, 2016; Papamichos et al., 2017), whereas
geologists generally measure the widening of cumulative strain (Savage and Brodsky, 2011;
Mayolle et al., 2019). Eventually, heterogeneous background damage as described has been
observed both in experiments and nature (e.g. Jorand et al., 2012; Trice et al., 2018), and related to
inhomogeneous stress conditions and/or material properties.

The second type of fault system damage described in this paper is the “graben damage”,
corresponding to zones with high densities of secondary faults in a large volume of material
between conjugate faults. Graben damage described in the model shows analogous similarities to
the damage pattern observed at large or small scale (see for example the fault system of the Upper
Rhine graben, and outcrop observations in carbonate rocks Languedoc, Fig. 14) also showing high
densities of secondary faults in the internal part of the graben compared to its flanks (Illies and
Greiner, 1979; Meixner et al., 2014; Trippanera et al., 2015). Contrarily to the other fault damage
types, graben damage is not related to single faults or relay zones, instead generating distributed,
small segments which can evolve into quite large faults along wide surfaces between conjugate
faults, and can therefore be considered as a “fault system damage”.
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More generally, these damage types raise the problem of damage zone classification and the
problem related to how DZ thickness should be considered from field data (Peacock et al., 2017).
The commonly described damage zones are often the result of segment linkage processes, so that
wall damage contains a significant part of tip and linking damages and therefore are hybrid
damaged type areas. The increase of the number of damage types such as provided in this paper,
accounts for the strong heterogeneity of damage patterns, processes of fault growth and reveal how
much fault thickness definition is dependent on the scale of analysis and quality of outcrop
exposure, both in the immediate vicinity of a fault, and in between faults.

5. Conclusions

In this paper, we present new results about the evolution of fault damage types based on high-
resolution analogue modelling. The main results are:

1. From the incremental strain field analysis, corridors of low penetrative strain were identified,
in the form of small fault segments and distributed deformation. These corridors form in the
first stages of deformation and reduce in active size as strain increases. They host the
processes of segment interaction and linkage leading to strain localisation as master faults in
advanced stages of deformation. These corridors become inactive and form parts of both
background and fault damages in the later stages of fault growth.

2. Linking, tip, and wall damage evolutions are described for the first time from analogue
modelling, from initiation to maturation and with respect to fault system growth. These
structures do not form by dominant propagation processes but by linkage of previously
formed small segments. Fault damage zones and their variable thicknesses are mainly the
results of fault segment linkage processes occurring within the corridors. Linkage at fault
relays allows the growth of master faults and the suppression of activity on small secondary
faults formed earlier within and around the relay zones. This inactive damage becomes
incorporated into the master fault zone as wall damage.

3.  We observe conjugate linking damage newly described in the out-of-plane view. This
damage seems particularly asymmetric and large around faults. Such fault configuration
inhibits the lateral propagation of the two conjugate main faults during their linkage, which
probably accounts for this wide off-fault damage.

4.  Another type of damage has been described, the graben damage, which highlights a new
concept of fault system damage. Fault system damage is an increase of damage structural
density not specifically related to one fault, but resulting from fault system strain
localisation leading to interaction of several master faults.



Journal of Structural Geology 176 (2023) 104975

Overall, this new study of analogue experimental models reveals for

the first time how fault damage zones evolve through time and space and how they are controlled by
fault segmentation into corridors of distributed deformation. It also reveals how the nature of fault
nucleation and localisation in a brittle/frictional layer strongly impacts the later stages of fault
growth and resulting final fault zone geometry. Hence damage zones should not necessarily be
considered as related to one fault, but as part of an evolving system of faults which interact and
grow together as the geological strain increases. This description of the growth of brittle
deformation around master fault tips, relay zones, linking geometries and into grabens, improves
understanding of how active zones of deformation evolve through space and time in fault systems,
and in particular provides a more complete view of damage patterns. This therefore provides new
insight into the spatio-temporal evolution of zones of permeability enhancement in the Earth’s crust
and particularly the localisation of conduits within naturally fractured reservoirs. This is important
for prediction of such conduits for targeting zones of enhanced productivity in reservoirs, prediction
and mitigation of cap rock integrity issues in storage sites, for geothermal resources, and the
assessment of micro and macro seismicity and hydro-mechanical properties of fault zones in
general.
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