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Fault zones are associated with multi-scale heterogeneities of rock properties. Large scale variations may be
imaged with conventional seismic reflection methods that detect offsets in geological units, and tomographic
techniques that provide average seismic velocities in resolved volumes. However, characterizing elementary
localized inhomogeneities of fault zones, such as cracks and fractures, constitutes a challenge for conventional
techniques. Resolving these small-scale heterogeneities can provide detailed information for structural and
mechanical models of fault zones. Recently, the reflection matrix approach utilizing body wave reflections in
ambient noise cross-correlations was extended with the introduction of aberration corrections to handle the ac-
tual lateral velocity variations in the fault zone [1]. Here this method is applied further to analyze the distribution
of scatterers in the first few kilometers of the crust in the San Jacinto Fault Zone at the Sage Brush Flat (SGB)
site, southeast of Anza, California. The matrix approach allows us to image not only specular reflectors but
also to resolve the presence, location and intensity of scatterers of seismic waves starting with a simple ho-
mogeneous background velocity model of the medium. The derived three-dimensional image of the fault zone
resolves lateral variations of scattering properties in the region within and around the surface fault traces, as well
as differences between the Northwest (NW) and the Southeast (SE) parts of the study area. A localized intense
damage zone at depth is observed in the SE section, suggesting that a geometrical complexity of the fault zone
at depth induces ongoing generation of rock damage.

I. INTRODUCTION

Earthquakes are among the most destructive natural disasters. Although earthquakes are generally unpredictable, some aspects
of their behavior such as the likelihood of being arrested and statistically-preferred propagation direction can be estimated from
structural properties of fault zones (see e.g. [2–4]). Fault zones that are the structural manifestation of earthquakes evolve during
deformation and have generally complex properties (e.g. [5, 6]). Characterizing the geometrical and seismic properties of fault
zones can provide important information for assessing likely past and future rupture properties. Fault zones have also strong
impact on fluid flow in the lithosphere [7].

Fault zones are manifested at the surface by several main fault traces that accommodate the bulk of the long term slip. They
are characterized by lineaments, topography and various geometrical complexities. The identification of fault traces is done
by field observations (major line of fracturing, offset in geological units), along with remote sensing techniques that analyze
ground deformation after major earthquakes obtained from satellites and aircrafts such as Interferometric Synthetic Aperture
Radar (InSAR, [8]) and subpixel correlation of optical images (SPOT, [9]). Fault zone properties below the surface are obtained
by seismic and other geophysical imaging techniques.

Fault zones have hierarchical damage structures that evolve during the fault zone activity and have several general elements
(e.g. [10, 11]). The principle slip zone is a highly localized thin layer (0.01− 0.1 m thick) that accommodates most of the fault
slip and is characterized by ultra cataclasite rock particles. The principle slip zone is bounded by a core damage zone (inner
damage zone) that is typically about 100 m wide and asymmetrically located on one side of the slip zone of large faults [12, 13].
The core damage is surrounded by a broader zone of reduced damage intensity (referred to as outer damage zone) that may
extend for several km on each side of the fault. Properties of the fault zone damage provide information on statistical tendencies
of local earthquake ruptures, operating dynamic stress field, energy dissipation and more (e.g. [14–18]). For that reason, a
number of seismic and other methods have been developed to provide detailed information on fault zone structures.

Among the seismic imaging techniques, reflection seismology is generally pertinent to image planar horizontal layers with a
very high resolution, and provide indirect imaging of faults by the offset of sedimentary layers. It relies on the analysis of seismic
waves that are sent back towards the surface after being reflected or scattered by subsurface structures with strong impedance
contrasts. The recorded wavefield is composed of reflected waves that result from the interaction of seismic waves with planar
reflectors such as layer boundaries, and diffracted waves from small-scale geological objects such as cracks and fractures.
To obtain structural information on the subsurface, migration techniques are applied aiming mainly to relocate reflectors and
scatterers in depth or in time [see, e.g., review by 19]. Migration of seismic wavefields requires an accurate velocity model of
the Earth. Errors and biases in the velocity model produce artefacts and defocusing due to phase distortions in the migrated
images [20].
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Reflection information is often gathered from seismic surveys where seismic energy propagating into the medium is generated
by man-made sources such as vibrators, explosives, etc. In the last decade or so, passive methods based on the ambient seismic
noise have been developed to substitute active imaging techniques [e.g. 21]. Cross-correlation of passive traces recorded at
two receivers allows retrieving the Green’s function between these two receivers. In other words, the resulting correlation is
comparable to the seismogram that would be obtained at the first receiver if there is a source located at the second receiver’s
location. This approach is referred to as seismic interferometry [22]. Noise cross-correlations are often used to retrieve the
surface waves component of the Green’s function [23, and later works]. Extracting body waves contributions to the Green’s
function is more difficult [24]. However, it has been shown that ambient noise cross-correlations can be used to image deep
targets inside the Earth with body wave reflections [25–27]. Inspired by works done in ultrasound imaging [28] and optical
microscopy [29], a was introduced to geophysics and used body wave reflection from coda-wave cross-correlations to image
the complex medium below Erebus volcano - Antarctica [30]. Since then, matrix imaging has then been developed to overcome
phase distortions for multi-layered media [31] and strongly heterogeneous media [32, 33]. Using the same matrix formalism, [1]
analysed ambient noise recorded at a dense array to image subsurface properties of the San Jacinto Fault zone (SJFZ) southeast
of Anza, California. While [30] dealt with imaging problems in the multiple scattering regime in the case of volcanoes, the main
challenge in fault zones imaging is the presence of phase distortions, also referred to as aberrations, due to the strong structural
heterogeneities within and around the fault zones.

The present paper follows the approach of [1] to derive more detailed 3D images of the SJFZ. [1] computed noise cross-
correlations in the (10-20) Hz frequency range. Whereas the cross-correlations provide a response matrix between sources and
receivers located at the surface, the reflection matrix contains the response between sources and receivers that are virtually
moved inside the medium by performing focusing operations. This process is generally known as redatuming [34] and it allows
local information on the medium’s reflectivity to be retrieved. To project the data in the virtual focused basis, a homogeneous
transmission matrix is used with a constant velocity model of 1500 m/s. This velocity was chosen to optimize the focusing
as discussed in [1]. The main advantages of this method is that it only requires an approximate estimation of the medium’s
velocity. Although an incorrect velocity model produces phase distortions (aberrations) in the propagated data, the reflection
matrix approach allows us to account and correct these aberrations through the distortion matrix concept [32, 35, 36]. From that
matrix, the distorted component is extracted and is used to focus back waves inside the medium. As a result of the correction
process, the resolution of the final subsurface images is drastically improved and a three-dimensional image of the subsurface
reflectivity is revealed. The derived images represent reflectivity maps of the medium beneath the Clark branch of the SJFZ at
the Sage Brush Flat site [37, 38]. The site under study is located in the complex trifurcation area southeast of Anza, California
(Fig. 1a). The locations of the surface fault traces are derived from recent detailed studies of the surface geological mapping
and shallow geophysical imaging [39, 40]. The basic goal of this paper is to interpret the obtained scattering images that exhibit
features with higher lateral and vertical resolutions than conventional seismic investigations. The variability and attenuation of
scattered intensity within and around the major fault zone are also discussed.

II. THE SAN JACINTO FAULT ZONE

The 230 km-long San Jacinto Fault Zone is the most seismically active fault zone in southern California [41] and is one of
several major right-lateral strike-slip fault zones over which the North American-Pacific plate boundary is distributed in southern
California. The SJFZ branches from the San Andreas fault at Cajon Pass and was formed 1−2 million years ago, presumably in
response to the geometrical complexities on the San Andreas Fault in the transverse ranges (e.g. [42, 43]). The SJFZ represents
a less mature evolutionary stage in the life of a large continental strike-slip structure than the San Andreas fault. Approximately
24 km of slip has been accommodated by the SJFZ since the latest Pliocene to early Pleistocene [44, 45], with estimated slip
rates that vary along strike between 8 − 20 mm/yr [46–48]. The SJFZ has varying surface complexity and seismicity along its
strike. The Anza section to the northwest of the SGB site consists of a single strand, the Clark fault, with relatively regular
geometry and low current background microseismicity [49, 50]. The trifurcation area of the SJFZ where the SGB site is located
(Fig. 1) is associated with branching of the Clark fault in the Anza section into three major faults: a continuation of the Clark
fault and the Buck Ridge and Coyote Creek faults. The Trifurcation area has a broad zone of high seismicity rates that include
five earthquakes with magnitudes around 5 since 2001. The geometrical properties of the seismicity in the trifurcation area are
very complex and consist of a diffuse pattern in the top 5 km that changes to more localized structures dipping to the NE below
6 km, along with zones of seismicity that are orthogonal to the main strike of the SJFZ [51, 52].

III. 3D SCATTERING VOLUME

Migration techniques are known to be powerful tools for imaging strong reflecting boundaries. These boundaries are identified
by discontinuities of acoustic impedance in the subsurface and are characterized by specular returns in seismic records. Less
interest has been accorded to the non-specular component that arises from small-scale geological objects [53]. The energy
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FIG. 1. (a) Topographic map of Trifurcation area of San Jacinto fault zone. The red square marks the studied area. (b) Map of the geophones
of the dense array at SGB site (black dots). The Clark fault traces are represented by the red lines. The blue lines indicate the locations of the
cross-sections represented in Fig. 2 and 3.

generated by such small objects is commonly referred to as diffractions. Non-specular energy holds valuable information on the
local heterogeneities in the medium [54, and references therein]. Unfortunately, such contributions are difficult to analyze and
often considered as noise in traditional migration processing. They can also be suppressed or masked due to several reasons,
including the seismic processing done in conventional seismic methods and specular reflections whose amplitudes are much
larger than the scattered components. Keeping the non-specular component in the analysis allows retrieving signatures of
localized scatterers such as cracks or inclusions that lack lateral continuity. Imaging such features whose size is of the order and
even smaller than the seismic wavelength contributes significantly to seismic interpretation [55].
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FIG. 2. Shallow cross-sections of the 3D scattering volume. Vertical slices oriented perpendicular to the fault traces. North/South denote
Northwest and Southeast. The main fault strands are represented by the bold white lines. (b) Profile A-A’, (c) Profile B-B’. Vertical slices
oriented parallel to the fault traces. West/East denote Southwest and Northeast. (d) Profile C-C’, (e) Profile D-D’. The color scale is in dB.

Fault surfaces and zones with increased fractures density are non-specular objects for surface sensors [56]. Imaging such
features is a challenge in most conventional seismic exploration surveys. Several studies have discussed the necessity of distin-
guishing between diffractions and reflections, and provided techniques to separate them [20, 53, 57–59]. Diffraction imaging
is performed usually by suppressing the specular reflections so that the migrated image contains the diffracting component that
have been isolated. The reflection matrix technique allows us to image, without performing any prior filtering, not only specular
reflectors but mainly non-specular backscattered energy that directly gives insight into rock properties at the subsurface. The
contribution of specular and non-specular features are distinguishable in the derived images. The specular component is imaged
partially due to the limited aperture size of the array.

The constant velocity model of 1500 m/s chosen for the redatuming operation in the initial study of [1] is highly approximate
especially for the deep structure. It was chosen to optimize the focusing at depth with an ”apparent” velocity that increases the
effective aperture of the geophone array to exploit the actual contribution of multi-scattered paths as discussed in [1]. We recall
that a higher velocity will only stretch the detected features vertically. The images are presented as a function of depth for the
chosen background velocity and two-way travel time.

In the subsequent subsections, we provide a detailed description of cross-sections taken from the 3D scattering volume. Those
images are obtained after correcting the aberrations induced by the mismatch between the velocity model used to perform the
focusing operation and the data. A compensation method for attenuation, described in section A, is applied to the reflectivity
maps. The results are plotted on a Cartesian grid, with the origin located at the center of the array and the x-axis orthogonal
to the fault traces. The colors represent the backscattered intensity plotted in dB. The local distribution of heterogeneities and
discontinuities of material boundaries are revealed with maximal focused intensity. We first present results associated with
shallow materials and then discuss deeper structures.

A. Images of the shallow fault zone

The high frequency cross-correlations of noise recorded by the dense array allow resolving features in the top few hundred
meters of the crust. Fig. 2 shows vertical slices of the 3D volume with a close-up view of the first 400 m: two slices perpendicular
to the fault (AA’, BB’) and two slices parallel to the fault traces (CC’, DD’). For the sake of simplicity, the cross-sections are
labeled North, South, West and East, respectively. The slices are plotted in logarithmic dB scale and reveal the backscattered
intensity rising from highly reflective features detected through the aberration correction process. The location of the each cross-
section is indicated by blue lines in Fig. 1b. In the first two vertical slices, the white lines refer to the location of the three main
sub-parallel strands represented in red in Fig. 1b.

Several differences between the results in the slices oriented differently stand up. The first thing to notice are the structural
variations across the fault zone in Figs. 2a and b. We observe high intensity of scatterers within the core fault damage zone
and reduced scatterers intensity outside. A clear offset of reflective structures is observed around a depth of 150 m in the two
perpendicular panels. Figs. 2a and b share the same features although the scattering appears stronger and more extended in the
southern profile (B-B’). The intensity below 150 m decreases in the North cross-section while in the South cross-section a high
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density of scatterers extents to greater depth revealing a localized damage zone around the fault traces (white lines).
The offset of the scatterers in Figs. 2a and b is observed mainly below the SW fault trace. [60] suggested that the SW fault

trace is the main seismogenic fault separating two crustal blocks of different seismic properties. [61] also showed the presence
of a velocity contrast across the SW fault trace. The observed offset in structural properties can be explained by the fact that the
SW trace represents the main seismogenic fault.

Figs. 2c and d representing the West and East cross-sections show no clear lateral variations of the subsurface structures. The
reflectivity is associated with planar features or layers located on each side of the fault. The high scattering zone to the NE
of the surface trace, clearly observed in Fig 2d, is in general agreement with the trapping structure identified by [37] and [60].
This zone is characterized by significant low velocities and an intense localized damage producing reflections [38, 61, 62]. The
reflective layer SW of the fault observed in Fig 2c coincides with the local sedimentary basin reported by [37], [38] and [62].

Many studies of the San Jacinto Fault Zone observed an asymmetric rock damage across the fault [12, 13, 39, 60, 63]. The
damage at the SGB site was shown to be greater on the NE side of the fault. The scattering in Fig. 2a is more pronounced in
the NE. Between 150 and 400 m, the scattering zone dips slightly to the NE and is comparable to the shape of the low velocity
trough found by [61] beneath the fault trace at the same location as profile AA’.

B. Deeper and larger scale structure

We now investigate deeper sections from the 3D volume. Fig. 3 shows four vertical 4 km deep slices; two slices are oriented
perpendicularl to the fault, one in the Northwest (EE’) of the array and the other in the Southeast (FF’), and two additional slices
oriented parallel to the fault, one in the Southwest (GG’) of the array and the other in the Northeast (HH’). The locations of the
cross-sections are marked by blue lines in Fig. 1b.

The comparison between the first two panels (Figs. 3a and b) reveals a clear difference in reflectivity between the Northwest
(NW) and Southeast (SE) portions of the SGB site. Both panels show a broad scattering zone in the shallow crust that has a V
shape with about 800 m wide area at z = 500 m (t = 0.7 s) (Figs. 3a and b). The dense distribution of scatterers in the shallow
zone results likely from the heavily damaged rocks around the fault traces. In the NW panel, the diffuse damage is less apparent
deeper than z = 1000 m (t = 1.3 s). However, the observed back-scattered energy in that section is associated with horizontal
reflectors emerging on both sides of the fault. Discontinuous blocks on the right and left side of the fault traces highlight the
offset of geological features across the fault. In contrast, the high intensity scattering zone extends deeper than z = 1000 m
(t = 1.3 s) in the SE slice. Around z = 1500 m (t = 2 s), the backscattered intensity reveals a zone that is about 450 m wide.
Deeper in the crust, scattering seems to persist in combination with specular reflections arising from discontinuous deep layers
(z = 3300 m, t = 4.4 s).

The different scattering zone extensions in Figs. 3a and b are consistent with a change in the nature and structural complexity
of the fault zone in the study area. To the NW of the SGB site, the SJFZ occupies a linear valley, whereas, to the SE, it becomes
more localized and is associated with a canyon [64]. Recent geological mapping in the area (Wade 2018) shows multiple fault
strands at the SGB site (Fig. 1b). One main fault is mapped at the base of the NW boundary of the SGB basin. To the SE
along strike, that fault merges with two other faults and results in a more localized zone that is associated with a higher damage
intensity. The reflectivity panels confirm this feature by showing a significant scattering at depth SE of the array related to highly
damaged (cracked and crushed) rocks. In the first 2 km (t = 2.7 s), the fault appears to be more localized in the SE generating
an intense distribution of scatterers. Indeed, the scattered wavefield dominates and the specular component is less apparent in
the SE compared with the NW. In the NW, the damage zone is more distributed and less intense. The damage intensity is rapidly
decaying with depth, and the spreading of the scattering zone is mainly observed in the first kilometer. At larger depth, specular
reflections predominate over the scattered component.

The panels oriented parallel to the fault also display a structural difference between the right and left sides of the fault. The
scattering appears to be more concentrated in the SW profile (Fig. 3c), whereas the NE profile (Fig. 3d) shows strong continuity
of planar boundaries. These observations are also in agreement with [64, Fig.3] where the SW of the SJFZ at Table Mountain
exhibits more complexity than the NE region. The scattering zones in both sections are dipping toward the SE where the fault
zone is more localized.

IV. LATERAL VARIATIONS OF INTENSITY

Seismic waves propagating inside the Earth give direct insight on the nature and properties of rocks. While travelling through
complex heterogeneous media, waves suffer from seismic attenuation. In this section we briefly discuss seismic wave attenuation
principles and how attenuation is accounted for in our matrix formalism, and therefore in the images obtained.

Seismic attenuation describes the decay of energy experienced by seismic waves while they propagate. Amplitudes are
easily altered by several factors such as geometrical spreading, scattering and absorption (intrinsic or anelastic attenuation) [7,
65]. Evaluation of the attenuation due to scattering and intrinsic absorption has been the subject of considerable studies in
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FIG. 3. Deep cross-sections of the 3D scattering volume. Vertical slices oriented perpendicularl to the fault traces. (a) Profile E-E’ Northwest
(NW) of the array, (b) Profile F-F’ Southeast (SE) of the array, (c) Profile G-G’ Southwest (SW), (d) Profile H-H’ Northeast (NE). The color
scale is in dB.

seismology [66–70]. Estimating attenuation properties provides complementary information to seismic velocity distribution,
and can be particularly useful in fault zone studies to obtain a better understanding of rock properties and subsurface structures.
Within the framework of the present paper, seismic attenuation is being examined to: (i) compensate the intensity decay in the
3D volume (see A) and (ii) reveal lateral variability of backscattered intensity in the fault zone.

The intensity represented in the pixels gives a direct estimate of the scattering properties in the region. To detect possible
lateral variability of the energy distribution below the dense array, we divide the area into sub-regions and examine the intensity
of temporal decay for shallow and deep parts. In Fig. 4a, the study area is divided into three zones displayed in Fig. 4a1: a zone
representing the main fault zone (red shaded area), a region to the SW of the fault zone (blue shaded area) and a region to the
NE of the fault zone (green shaded area). For each region, we compute the mean intensity of the pixels located beneath that
region. The energy distribution for the first 400 m is presented in Fig. 4a2. The linear regression is also plotted (dashed lines)
to visualize the slope of the energy decay. We only show the energy decay corresponding to the images after the correction
process. The first noticeable feature is that the fault zone is associated with higher intensity values resulting from non-specular
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FIG. 4. Time decay of the backscattered intensity. (a) Lateral variation of the time decay in the shallow crust for the first 400 m. The area is
discretized into three zones: red color refer to the fault zone, blue color to the SW and green color to the NE. (b) NW - SE variation of the
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The black rectangle corresponds to the area covered by the images. (2) Intensity decay as a function of apparent depth and, equivalently, of
two way travel time of the scattering volume.

energy transmitted from the localized damage. This is consistent with the overall amplification of seismic waves in low velocity
fault zone layers (e.g. [71, 72]). The energy in the fault zone with a steep slope distinguishes itself from the surrounding western
and eastern regions where the decay slopes are more gradual. The fault zone is defined by major fracturing and crushed rocks,
and consequently it is characterized by a rapid energy decay. In the neighboring regions where the damage is more distributed,
less attenuation is observed in comparison with the fault zone. These results are consistent with significantly lower values of
attenuation coefficients generally found within fault zones by waveform fitting of trapped waves (e.g. [12, 60, 73]).

We also compare the intensity decay between the SE and NW sections 4 km below the array. Fig. 4b2 shows plots of
the backscattered intensity averaged across the two regions delineated in Fig. 4b1. We choose to plot the measured intensity
values without the linear regression. The discrepancy observed in the backscattered intensity distribution primarily reflects the
difference in subsurface structure between the two regions that was highlighted in section III B. The fluctuation of intensity in
the NW plot (green dots) is associated with the specular returns at several depths. In other words, high values correspond to the
reflective boundaries observed in Fig. 3a, while the blue scatter plot representing the SE of the array decreases smoothly. This
is explained by the consistent density of scatterers around the core of the fault zone damage area previously highlighted by the
cross section in Fig. 3b.
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V. DISCUSSION AND CONCLUSIONS

The presented results provide detailed images of seismic properties in the 3D volume around the San Jacinto fault at the SGB
site. We used one month of ambient seismic noise recorded by a dense array deployed at SGB site around the Clark branch of
SJFZ. The high frequency seismic data provided by the spatially dense array allows us to resolve features near the surface with
high resolution. The reflectivity maps representing slices of the 3D scattering volume are obtained through the reflection matrix
procedure developed in [1]. Body wave reflections from ambient noise correlations are used to image the fault zone structure up
to 4 km below the surface. These images reveal the backscattered intensity generated by the distribution of heterogeneities in
the medium.

Fault zones are very complex regions with extensive fracturing and damage that can reach the bottom of the seismogenic zone
in some places as seen in tomographic studies around large faults (e.g. [74, 75]). Tomographic and other imaging studies provide
average properties of rock volumes, but do not resolve the presence, location and intensity of scatterers that are imaged with the
reflection matrix method. The strong variations of velocities and significant attenuation in fault zone regions present challenges
for conventional imaging techniques. However, our reflection matrix approach allows us to derive the distribution of scatterers
inside the medium with an approximate velocity model of the medium. To that aim, a powerful aberration correction process is
performed and provides high resolution images of the subsurface. However, associating a reflector with a specific depth remains
dependent on the reference velocity model, so the reflectivity maps are displayed as a function of an effective depth and the
observed two-way travel time.

A significant advantage of the matrix approach is that focusing inside the medium enables the imaging of not only specular
reflectors but also of scattering objects such as cracks and fractures. While many methods consider the diffracting and scattering
components as noise in the seismic data, and tend to remove these components to image discontinuous layers, the current
approach takes advantage of the scattering in the complex fault zone to resolve features of the order of the wavelength. This
constitutes one of the main strength of the method. The images in Figs. 2 and 3 show both discontinuities of some layers that
are signature of a large fault, along with lateral and axial variations in the backscattered intensity induced by cracks and other
small-scale heterogeneities. The axial variations of the backscattered intensity in Fig. 4 also reveal systematic differences in
scattering properties in the region within and around the surface fault traces relative to the outside volume, as well as differences
between the NW and SE portions of the study area. The results are consistent with more localized intense damage zone at depth
in the SE section where the SJFZ enters the Horse canyon, and more diffuse rock damage to the NW where the SJFZ is in a linear
valley. The higher damage at depth in the SE section also suggests a geometrical complexity at depth leading to an ongoing
generation of rock damage that is overprinted on older healed damage [64].

Fig. 5 summarized schematically the obtained imaging results for both the inner and outer damage zones in the area. The
fault traces in Fig. 1a suggest a broader and less intense fault zone in the NW than in the SE. Surface observations are consistent
with the fact that the main fault and the surrounding core damage are more localized in the SE where the principle slip zone is
delineated by intense damage and fracturing extending down to 3 to 4 kilometers. In the NW, the scattering in the FZ is only
observed in the first kilometer indicating a shallow less intense and diffuse damage. The results in Figs. 3c and d show that the
damage distribution is more complex to the SW side of the fault exhibiting a more pronounced outer damage in the SW than in
the NE side of the fault.

The lateral variations of the fault structure between the NW and SE are consistent with the transition from the Anza section
of the SJFZ associated with a single major fault trace, to a complex fault zone in the trifucation area with several traces at the
surface. The high scattering zone that extended to depth in the SE part of the SGB site is likely associated with highly damaged
fault zone rocks between the sub-parallel strands in the SE.
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Appendix A: Time-gain compensation

The energy losses increase with the heterogeneity of the medium. The propagation matrix used to project the raw data to the
focused basis accounts for geometrical spreading whereas the effect of absorption and scattering are ignored. In particular, in
strong scattering regime, these losses can strongly degrade the contrast of the images at larger depth. To overcome these problems
in the imaging process and in order to visualize the entire field-of-view, it is mandatory to compensate for the amplitude drop in
the 3D-images (Fig. 2 and 3), especially in the shallow crust. This time gain compensation is done manually by multiplying the
intensity profiles by an increasing function with depth, that is in this case the reciprocal of the mean intensity calculated at each
depth.

An estimation of the seismic wave attenuation at the SGB site can be directly measured through the backscattered intensity at
each depth. The energy is obtained by calculating the mean square of the intensity of the image pixels, i.e. the intensity of the
diagonal of the reflection matrix. The amplitude decay of the energy is expected to follow an exponential decaying as a function
of depth (Fig. 1).

Figs. 1a and b displays the natural logarithm applied to the mean intensity as a function of depth calculated from the raw
reflection matrix and the corrected reflection matrix respectively (aberration correction process disclosed in [1]). In the loga-
rithmic scale, the mean confocal energy is expressed as a decreasing linear line. The characteristic length of attenuation, that
corresponds to the inverse of the slope of the log-energy decay, is also shown.

A change of slope is observed in both plots corresponding to depth of 750 m (t = 1 s). While a pronounced decrease in
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FIG. 1. Mean intensity decay as a function of depth with the corresponding linear regression in logarithmic scale and the characteristic length
of decay values. (a) Intensity decay of raw images. (b) Intensity decay of images corrected from the aberrating component.

intensity occurs until 750 m, a more gentle slope is noticed below 750 m. The presence of stratigraphic boundaries, absorbing
sediments and intense fracturing is a possible cause of the high attenuation observed at shallow layers. Another thing to notice is
the increase by around twice the characteristic length values after correction. We recall that the energy decay describes the losses
that the seismic waves undergo while propagating inside the medium. In case of strong inhomogeneities and velocity variation,
the wavefield is heavily distorted and the focusing inside the medium fails. The increase in the slope provided by the aberration
correction process indicates an improvement in the focusing operation and consequently an enhancement of the detection.
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