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Abstract

Complex fracture damage around large faults isnofienplified to fit exponential or power law
decay in fracture density with distance from theltfaNoise in these datasets is attributed to large
subsidiary faults or random natural variation. Tyl a field study of the Borrego Fault (Baja
California) damage zone, combining mme-resolutiouctiral mapping and point sampling, we
show that such variations are the expression désyaic damage heterogeneity. The oblique-slip
Borrego Fault comprises NW and SE segments thaumgb during the Mw7.2 2010 El Mayor-
Cucapah earthquake. Measurements of fracture gleatong eight linear fault-perpendicular
transects and from a high-resolution 68 structural map display a power law decay and éefin
footwall damage zone widths of ~85 m and ~120 mther NW and SE segments respectively.
Variance in fracture density decays with distarmoiving an inverse exponential relationship, to
background variance at ~16 m. Spatial analysi®high-resolution fracture map reveals a patchy
distribution of high- and low-intensity clusters rattre- and decimetre-scales. We attribute high-
intensity clusters at these scales to local conifylezaused by interactions between minor
subsidiary faults (10m length and 16-10* m displacement). Fracture density differences betw
high- and low-intensity clusters decrease withatiseé from the fault, demonstrating a systematic
change in outcrop-scale damage heterogeneity. Baisdtlese observations we present a revised

model for damage zone growth including growth dehageneity.

Abbreviations used in this paper:
DZW - damage zone width

BFD - background fracture damage
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1 Introduction

In crustal fault zones, dynamic rupture and falit s typically hosted within a narrow fault core,
surrounded by a fracture damage zone (Figure 1pdb 100s of metres in width (e.g. Ben-Zion
and Sammis, 2003; Chester and Chester, 2000; Clastd.ogan, 1986; Rowe et al., 2013; Savage
and Brodsky, 2011; Scholz, 1987; Sibson, 1986, RO0¥s damage is accrued by a combination of
aseismic/quasi-static (e.g. Chester and Chestéf;20hilds et al., 2009; Cowie and Scholz, 1992;
Faulkner et al., 2011) and coseismic processes Adgn et al., 2016; Ben-Zion and Ampuero,
2009; Johri et al., 2014a; Okubo et al., 2019; Rerapal., 2013; Rice et al., 2005; Sagy and
Korngreen, 2012; Xu et al., 2012). Fractured roak bave significantly different mechanical and
hydraulic properties to intact rock, and so the dgenzone plays a fundamental role in crustal fluid
flow and the mechanics of faulting and earthquakestly, damaged fault rocks are generally more
permeable with higher surface area than intactsoakd hence play a key role in the migration of
fluids and precipitation of minerals in and arodadlt zones over the seismic cycle (e.g. Evans et
al., 1997; Hennings et al., 2012; Lawther et a&1& Lockner et al., 2000; Seront et al., 1998;
Sibson, 1994). Secondly, damaged rocks have redelastic moduli, cohesion and yield strength
(e.g. Bruhn et al., 1994; Callahan et al., 201%llkeer et al., 2006; Griffith et al., 2012; Griffitet

al., 2009; Walsh, 1965)esulting in reduced elastic wave velocity, whoaim cause attenuation and
potentially non-linear wave propagation effectsimgiruptures (e.g. Wu et al., 2009). The amount
and spatial variation of these reductions can tyemodify rupture dynamics/style/shape (e.g.
Cappa et al., 2014; Dunham et al., 2011; Huangfangduero, 2011; Okubo et al., 2019), and lead
to the generation of slip pulses that can accaldrs transition to supershear rupture (e.g. Harris
and Day, 1997; Huang and Ampuero, 2011). Significaocity reductions within a fault zone
results in the structures trapping seismic wavas ¢an continuously perturb stresses on the fault
during earthquakes. Finally, the dynamic generataindamage as the earthquake rupture
propagates can itself influence the dynamics ofungppropagation. This can be done by increasing

energy dissipation (e.g. Andrews, 2005), modulathng rupture velocity (Cappa, 2011; Huang et



77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

al., 2014; Thomas et al., 2017) and modifying tlze sf the earthquake, changing the efficiency of
weakening mechanisms such as thermal pressurisatipore fluids (e.g. Brantut and Mitchell,
2018; Noda and Lapusta, 2013), and even generatidgional seismic waves (e.g. Ben-Zion and

Ampuero, 2009).

With increasing displacement and fault maturitgcfure damage zones increase in both width and
complexity (Figure 1). This increased width and ptewity is due to overprinting of incremental
fracture damage, which leads to heterogeneity ifaniit damage structures. Furthermore, strong
rock-type dependencies (Bistacchi et al., 2010;eless et al., 2011; O'Hara et al., 2017) and the
influence of pre-existing structures (e.g. Brog)12; Myers and Aydin, 2004) can also lead to
spatial heterogeneities in damage formation. Hgereous damage patterns lead to heterogeneous
mechanical and hydraulic properties of the sam& swad distribution. Thus, quantifying damage
heterogeneity is fundamental in understanding traptex effects and feedbacks on earthquake
processes. To date, most observations of damagmbeneity are limited to qualitative description

only (Caine et al., 2010; Gudmundsson et al., 2@&mundsson et al., 2010).

Most classical fundamental studies of fault zonenage were based on detailed qualitative
structural geology techniques (e.g. Crider and &dgc2004; Price and Cosgrove, 1990). This
approach identified three broad zones of damagsed@n the type, intensity, and extent of
fracturing; tip, wall, and interaction damage (Kenhal., 2000; Kim et al., 2003; Kim et al., 2004;
Peacock et al., 2016) (Figure 1a). Initially, imietion and tip zones show the most complex and
intense damage, while wall zones develop more cexitylas the fault grows through cumulative
slip (Kim and Sanderson, 2008; Madariaga, 1983;sReau and Rosakis, 2003). More recent
guantitative approaches of damage analysis have teecloped in order to answer fundamental
guestions on the seismic cycle, such as fault gtineriluid flow properties and rupture dynamics.
To do so, it was necessary to simplify the commé&édault damage so that usable mathematical
expressions describing the spatial and tempordtildlision of damage could be derived (e.g.

Chester et al., 2005; Choi et al., 2016; SavageBandsky, 2011; Shipton and Cowie, 2003) (e.g.
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Figure 1d,e). For simplicity, we apply the followimlamage terminologies (adopted from Shipton
and Cowie (2001)) for fault/fracture length scalelsitive to the main fault, where main fault length
is >km: (1) Macro-damage 1-3 orders of magnitude smaller fA0° m]; (2) Meso-damage3-5
orders of magnitude smaller [#10" m]; and (3)Micro-damage >5 orders of magnitude smaller
[<10 m]. Results from studies measuring micro- and rfestiure densities on fault perpendicular
transects show that across-fault 1-D damage psofiéen be simplified to fit either an exponential
decay model (log-normal linear regression) (Mittlagld Faulkner, 2009), or a power law decay
model (log-log linear regression) (Johri et al.120; O'Hara et al., 2017; Savage and Brodsky,
2011). These quantitative studies do not addtesgatterns in damage heterogeneity observed in
many of the datasets, and although there are meshy $tudies of off-fault damage, it is
problematic to compare datasets due to a lack w$istency in the data sampling techniques, the
scales at which damage is measured (micro, mesbjreatro), terminology and nomenclature,

lithological and tectonic differences, and variaion analytical approach (Choi et al., 2016).
[Figure 1 here]

Despite heterogeneous damage distributions withiiit Zones having been shown to theoretically
have significant effects on earthquake ruptureg. (Eappa, 2011), our understanding of the
distribution of off-fault damage heterogeneity dmalv it scales with increasing fault maturity is
surprisingly poor. This is in part due to littleibg known about the relative contributions of quasi
static and dynamically induced fractures in seisfault zones, and how this damage evolves
cumulatively in time and space. To complicate miafteith increased pressure and temperature at
depth, the structure, mechanical, and hydraulicadtaristics of a fault zone are subject to coristan
change (e.g. healing and/or sealing) during thensiei cycle as the fault evolves (e.g. Eichhubl et

al., 2009; Faulkner et al., 2010; Rempe et al.320illiams et al., 2017).

In this study we aim to address the data gap betweealitative and quantitative descriptions of
meso-scale (1610 m long faults/fractures) fault damage heteroggndiy performing a

comprehensive high-resolution field study and asialpf outcrop-scale fracture patterns along the
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km-scale active Borrego Fault, Baja California. Whmost existing studies are limited to
measuring damage trends on one or two fault perpaliad transects, we collected an extensive
along-strike dataset of eight transects and mademascale resolution 2D fracture map from a
damage zone outcrop on a river bed pavement wif®el6xposure. This dataset allows us to
quantify the distribution of heterogeneities atidexire to decametre scales, providing a detailed
characterisation of the distribution of meso-sadenage around large seismogenic faults. The 2D
damage map presented here may offer improved itssigto the cumulative growth of off-fault
damage, and how this feeds back into the faultmyearthquake process. This dataset also allows
the critical comparison of different fracture samgl techniques, and the impact of sampling

resolution/density on quantifying fault damage.

2 Geological setting

For this study we selected the Borrego Fault, diveacseismogenic fault in the Sierra Cucapah
range of Northern Baja California, due to havingmenolithic igneous basement, a well-
documented seismic record, access to outcropskramain coseismic damage following a Mw 7.2
earthquake in 2010 (Teran et al., 2015). This faa# 3-8 km of displacement (Barnard, 1969), and
therefore we consider it to be of intermediate mtuelative to larger crustal scale faults sush a
the San Andreas. Syn-kinematic deformation wagdichio relatively shallow conditions, occurring
at depths less than 2 km (Fletcher et al., 201d)tamperatures of less than 200°C (Dorsey et al.,

IN PREP).

2.1 Local geology and morphology of the Borrego faB#ija California
The Borrego Fault is located on the western sidéhefSierra Cucapah mountain range in Baja

California, Mexico (Figure 2a). The Sierra Cucapabd a narrow belt of mountains in an uplifted
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horst block striking NW-SE, exposing the predomihaarystalline basement rocks, bound by the
Cerro Prieto and Laguna Salada sedimentary basitiseteast and west. Located on the western
margin of the Gulf of California-Salton Trough pnote, the area is part of the Southern San
Andreas tectonic regime, currently undergoing Hglkeral transtensional regional displacement
(Dorsey and Umhoefer, 2012; Lizarralde et al., 200mhoefer, 2011; Withjack and Jamison,
1986). The range is dissected by a complex netwbikterconnected faults, dominated by large,
km-scale faults oriented parallel to the rangehwlisplacements of 100’s to 1000’s of metres. The
2010 Mw7.2 EI Mayor Cucapah earthquake rupturedices of most major faults in the Sierra

Cucapah, including portions of the Borrego Faulet@her et al., 2014; Teran et al., 2015).

[Figure 2 here]

Basement rocks exposed in the Sierra Cucapah predotly consist of medium-coarse grained
Cretaceous granitoid plutons and Palaeozoic matasets (mainly gneiss and marble), which are
juxtaposed with Miocene and younger fanglomeratedtaic, and volcanic units (Barnard, 1969).
Most of the plutonic rocks show a pervasive wealteldc alteration that is characterised by a
chlorite-epidote-titanite assemblage (Dorsey et IN. PREP). Moderate alteration arises from
circulation of Na- and Mg-rich hydrothermal brideafsey et al., IN PREP), and is spatially related

to faults in the region.

The Borrego Fault is a NE dipping structure witB831 km surface trace, directly adjacent to the
west-dipping, range-bounding Laguna Salada Fauk. @edrock hosting the Borrego Fault consists
of tonalite and melanocratic phase granodioritehwveitgrainsize between 2-10 mm. These rocks
outcrop extensively in the footwall of the faulfydaare well exposed in deeply incised drainage
channels that extend up to 100 m away from thet femle. Hanging-wall rocks are comprised

mainly of Pliocene-Quaternary fanglomerate andvalusediments overlying metasedimentary and
volcanic units, hosted in a long, narrow grabennooto the NE by the Cascabel Fault. The

Cascabel Fault dips steeply towards, and is integdeby the Borrego Fault at a depth of 1-2 km.
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Palaeoseismic studies revealed evidence of fodaciruptures similar to the 2010 ElI Mayor-
Cucapah earthquake with an average recurrencevaihter ~10 ka (Hernandez et al., 2013). The
fault morphology is relatively complex, with twostinctly different segments separated by a
northward bend about a third of the way along theétf starting in the North (Figure 2b, lal§8)).

These segments will be referred to from here orthasNW and SE segments, with the splay
roughly half way along the bend as the dividingnpoFurther information on regional and local

geology, and morphology of the Borrego fault, islinled in SI 1.

2.1.1 SE segment

The predominantly linear SE segment extends ab8ukrh southeast of the bend where it

terminates on the Laguna Salada Fault. The segdigsntbetween 40-65° and is characterised by
shear structures and high strain material, hostétinva diffuse array of scarps and splays. This
represents a multi-strand fault core that at itdest is around 50 m thick (Teran et al., 2015)
(Figure 3). The segment hosts 6-8 km of displaceéni€letcher et al., 2020), with a lateral to

vertical ratio of approximately 3:1.

2.1.2 NW segment

The NW segment consists of two strands that sptih@apex of the dividing bend: A steep strand
striking parallel to the SE segment, and a morelgethpping strand oriented towards the west
(labels(1) and(2) in Figure 2b respectively). The total offset istdbuted almost equally between
the two strands (Fletcher et al., 2020) but theepststrand is more favourably oriented for
accommodating lateral displacement (L:V ratio of(Fetcher et al., 2014)). A single core, formed
of clay gouge, cataclasite bands, and ribbons thieed hanging-wall material, is found along
much of the steep strand. The core is up to 1.6ick and is at places dissected and buried in the
hanging-wall by more recent ruptures. In this stwgy only consider the steep strand in future

reference to the NW segment.

In the footwall along the NW segment, immediatetijagent to the core, we observe intensely

shattered rock, characterised by a gritty to powdexture when handled. This material comprises
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up to 70% of the rock mass adjacent to the coryaiag to 20-30% after 0.2-1 m, and negligible
volumes after 2-3 m. Pods or lenses of intact na{e3-20 cm in size, are found throughout this
part of the inner damage zone and progressivelgase in both abundance and size with distance
from the core. Preservation of the original rodiri@aand grain boundaries suggest that most of this
volume accommodates only small amounts of sheachwisilimited to narrow, crosscutting bands
of ultracataclasite and gouge. The rock is charset® by predominantly in-situ sub-grain
shattering, resulting in a grainsize reductioniliffise sand. This severe reduction of grainsind a
similarity to textures described by Dor et al. (8p@eads us to interpret this as a zone of partial
pulverisation (e.g. Aben et al., 2017; Dor et 2006; Mitchell et al., 2011; Reches and Dewers,
2005; Wechsler et al., 2011). We differentiate pubation from grus by the lack of significant
weathering products, its structural context, antisgntial grainsize reduction. Pulverisation is
rarely found in the footwall of the damage zonenglthe SE segment of the fault, but occurs more
commonly in less sheared pods within the wide rudte zone. This partially pulverised zone is

the subject of additional study.

2.2 Field sites

The field sites consist of eight transects anddadik pavement, all located in the exposed footwall
(Figure 3). We guantified meso-fractures (cm testehm long) along the transects, and studied the
meso-fracture distribution in 2D at the bedrock graent. The inclusion of transect data allows
direct comparisons to be made with observationsnaetthodologies from existing literature, while

also providing context to the unique dataset okthinom the 2D pavement.

[Figure 3 here]

2.2.1 Linear transects (x8)

Four transects were selected on each fault segmémig the NW segment, the transects were
spaced at 100-200 m intervals between 1-2 km NWefdividing bend. On the SE segment, one
transect was located within the dividing bend, Hiwde were distributed evenly between 300 m and

1500 m along the SE section (Figure 3). All trats&gere located in drainage channels that were
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oriented roughly fault-perpendicular, and providemscontinuous linear outcrops that extend

upslope away from the fault.

2.2.2 Pavement

A kilometre NW of the dividing bend along the NWgseent, within the channel floor of a dry 5-6
m wide arroyo, a bedrock pavement provided contisuexposure from the 2010 fault rupture
surface up to 20 m into the footwall damage zonewilwvard displacement of the hanging-wall
during the 2010 rupture produced a 1.7 m high darthé downstream portion of the drainage
arroyo. Following heavy storms in 2012-2013, thdiftgal footwall was stripped of overlying

sediment to reveal a near horizontal pavement £éeant tonalite (Figure 4).

The exposed rock on the pavement is composed ohdnlating fault core between 0.5-1.3 m thick
and an intensely fractured tonalite comprising fbetwall damage zone. Weak to moderate
alteration in the damage zone is evidenced byghtsireen colouration of the rock, but original
rock fabric and texture are preserved. The faule ¢® formed of red-brown gouge with a distinct
shear fabric and incorporated hanging-wall claBkese clasts are mainly composed of fragments,
lenses, and ribbons of Palaeozoic metacarbonatdshdve been partially assimilated into the

gouge.

[Figure 4 here]

3 Methodologies

3.1 1D meso-fracture transects

There have been several methods used for the tolleaf in-situ meso-fracture data from transects
oriented roughly perpendicular to studied faulthey can be separated into three groups: (1)
Continuous 1D scanlines (e.g. Berg and Skar, 2B0&gi, 2008; Choi et al., 2016; Micarelli et al.,
2006b; O'Hara et al., 2017); (2) point locatiorelsampling (e.g. Mitchell and Faulkner, 2009); and

(3) point location area sampling (Micarelli et 2006b).
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We could not perform the more robust continuousstBnline methodology suggested by Choi et
al. (2016) for several reasons: (1) the irregubdocky exposure that is found along the Borrego
Fault; (2) the relatively high fracture density) (Be need for a vertical measurement dimension to
capture sub-horizontal fractures, and (4) timetiatmons in the field. Instead, we collected meso-
fracture data following a modified version of theel sampling method for measuring discontinuity
spacing/frequency (also referred to as line dermityine counting method — e.g. Faulkner et al.
(2010); Wilson et al. (2003)), and as also desdriimethe 'Suggested Methods' published by the
ISRM Commission on Standardization of Laboratory &meld Tests (ISRM, 1978). We recorded
the number of fractures spanning more than one @& cm long) that intersect two perpendicular
30 cm rulers (horizontal ~ fault perpendicular, aedical), to obtain the linear density of fragsr
(number of fractures per metre). Measurements vaden from vertical exposures along the steep
sides of the drainage channels where outcrop guakis best. At each sample location along a
transect (see Figure 5), we recorded three norlapng measurements to capture the range of

fracture densities more accurately.

For better quality results, higher sampling coveragould coincide with the greatest expected rate
of change in the damage zone fracture density IproHence, if the Borrego Fault displays
exponential or power law decay, in meso-fracturesdg, similar to other faults, then sampling
frequencies should be highest where the most rdgedy in density is expected. We assumed an
exponential decay model for meso-scale fractureaggnm crystalline rock (Mitchell and Faulkner,
2009) and estimated the damage zone width (DZWhefBorrego Fault by combining the linear
damage zone width vs. fault displacement relatignshown by Savage and Brodsky (2011) and
Choi et al. (2016) with data from a preliminary daga zone survey. This estimate yielded a DZW
of 30-70 m, with the most rapid decay in fractueasity occurring within 20 m of the fault core, on
which we designed the sampling frequency (FigureN®te that, in practice, measurements were
also dependent on outcrop quality and exposuredstinces from the fault were corrected for

topographic effects and fault dip.
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Using a power law decay model, instead of the egptial decay model that we used, to design a
sampling frequency would increase the estimated DuN\push the rapid decay in fracture density
closer to the fault core. Hence, the exponentialeh@roduced a more conservative sampling
frequency (i.e. higher sampling densities extendimther from the fault). If the Borrego Fault does

not display either of these two decay models, ighdr sampling density close to the fault, that we

performed, should not appreciably skew the data.
[Figure 5 here]

3.2 2D pavement

For the river bed pavement, we generated a 2D elataough continuous area sampling and by
digitising the entire visible fracture network. $hivas done by physically overlaying &-grid onto

the outcrop, taking photos of each square metre avitand-held DSLR (2 mm pixel size), tracing
fractures onto the photos and then stitching thieeegrid together in Adobe lllustrator (Details on

image capture and processing are outlined in 31 /2 analysed the digital fracture network using

both 1D and 2D techniques.

For 1D analysis, we generated seven 16.5 m longh@o® m long transects through the digital
fracture network by overlaying a grid of 50x50 cell€ to give a continuous string of box counts.
From the individual grid cells, we extracted datafracture density/intensity, strike orientations,
and fracture length distributions. We then perfatnstandard statistical analysis on the fracture
intensity and density data, including variancé) (Standard deviation (S), and semi-interquartile
range (SIR) as a function of distance from thetfa#| S, and SIR indicate the spread of data at any
given distance, assuming that the mean trend iacauorate representation of the overall damage
profile. SIR removes the influence of outliers hetdataset but requires a large dataset as the
sample size is reduced after the removal of dattheatextremes of the distribution. To analyse
fracture spacing patterns, we generated additeceailines, from the digital fracture network, at 10
cm intervals in four orientations (fault parall&ult perpendicular, and two oblique sets at 45° to

the fault). The 1D analysis results were comparéd those from the 1D transects to confirm the
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representativeness of the pavement for the entreeBo Fault damage zone, and hence also the

representativeness of the 2D analysis.

2D analysis was performed using the Fracture Iitteisap and Fracture Orientation functions in
FracPaQ, a MATLABY toolbox designed for quantifying fracture pattesAsomplete description

of the FracPaQ toolbox and where to access ittimed in Healy et al. (2017).

3.3 Accounting for potential sources of error

3.3.1 Background fracture density (BFD)

We measured background fracture density at valmzetions between 150-1000 m from the fault
in areas considered to be free from the influerfdauwdting. At these localities we took photos and
performed the line sampling technique. The meashae#tground fracture densities in the SE horst
block generally ranged between 9-35 ffractures/metre) but with sporadic extremes asas 3
m* and as high as 45 mWe found a higher background fracture densitygireg between 12-38
m™, in the NW footwall block (Figure 3), with simila@xtremes (3-45 i) in small patches. The
average BFD, calculated from frequency distribigi@nd using one standard deviation for the
uncertainty, is 24 i [20-29 m'] and 27 m' [23-30 m] for the SE and NW horst blocks
respectively. Variance €Bin BFD measurements is 5.5°nfor the SE block and 4.7 ffor the

NW block.

BFD for the 2D analysis was obtained using box t®urmom the photos taken at the same
resolution as the photos of the pavement. The medswmber of fractures, which exhibited no
clear preferred orientation, ranged between 20+12pwith an average and uncertainty of 6% m

[45-80 m?).

3.3.2 The influence of major subsidiary faults
We recorded the location of major faults, whethexdpting or subsidiary to the main Borrego
structure, on every transect of both segments. Wfmal ‘major faults’ as structures containing

cataclasite or gouge zones, visibly increased danrdagnsity along most, or all, of their lengthdan
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greater than 20 cm displacement (with some excgetthm). Subsidiary fault displacement was
determined using offset markers such as quartzsyeiross-cutting shear bands (Figure 4b), or
patches of compositional variation. On faults whére precise displacement was difficult to
determine, we used observable fault length asay@awers and Anders, 1995; Grasemann et al.,
2011). Major subsidiary faults were recorded beeahey significantly impact fracture density.
When sampling within their range of influence —-8.2n depending on displacement — we noted
peaks in fracture density above the general tréigufe 6a,b). These faults are thus sufficiently
large to have accrued their own local meso-damage< (e.g. Mitchell and Faulkner, 2009). We
separated the measurements affected by the indrdasgage around major subsidiary faults so that
the resulting trend provides the closest approxonato a meso-damage zone associated to the

Borrego fault only.

Faults containing a core (often poorly developew)n-continuous/limited wall damage, and
displacement of only a few centimetres (generall €m) are considered minor subsidiary faults,
and we do not separate measurements taken nearfthdis. Note, we differentiate between major
and minor faults by the presence of a continuousadg zone rather than a precise displacement

cut-off. All of the subsidiary faults observed dretpavement were minor (Figure 4b, Figure 7b).

4 Quantitative meso-damage results

The results from the 1D transect study provide aeroew of the damage zone surrounding the
Borrego Fault, giving spatial context to the pavetn&his dataset is similar to previous damage
zone studies, and so we can compare it to botlrlistlatasets, and the 2D study described in
section 4.2. From the transect data we also idertdy questions that are addressed more

thoroughly using the high-resolution 2D dataset.

While most meso-fractures display opening modeadtaristics (Figure 4c,d), many of the longer

fractures (>m) display evidence of shear displacgméth cataclastic fill (Figure 4b,c). Very few
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of the meso-fractures in the damage zone alondthieego Fault are infilled by minerals. Those
fractures which are infilled are primarily sealedhagreen chlorite, and cm wide alteration halos

are observed along some of the larger fractures.

4.1 Transect data

We observe similar maximum meso-fracture densiifed0-81 m" within the first 5 m of the fault
for all transects along the SE and NW fault segsjenthich is 2.5-3 times higher than the
background fracture density (Table 1). For trarsechere measurements commenced directly
against the fault core, we observed maximum fractlensities at 3 m from the core for the NW
transects, but adjacent to the core for the SEsé@n (Table 1). Thishifted maxima'is likely
caused by a bias arising from the partially pubedi zone along the NW segment. Partially
pulverised rock within 0-3 m (occasionally extergdump to 5 m) obscures the observation of meso-
fractures (>2 cm in length), and thus reduces nfiesitre counts. Furthermore, our observations
suggest that non-pulverised blocks within the pidesl zone have a notably lower damage
intensity than expected. Therefore, we electedjnore data from the partially pulverised zone for
the regression models of the NW segment. The Sieeilacks pulverisation in the damage zone,

and damage maxima were measured adjacent to thedag.
[Insert Table 1 here]

Damage density and rate of damage decay cleartydmmirease with distance from the fault (Figure
6a,b). The spread of densities also significandigraw, with distance from the fault core, resulting
in a wedge-shaped distribution where the largeah s close to the core. The distribution tapers
with distance from the core towards the backgrowariance (Figure 6a,b). We used varianc®d (S
to quantify the spread at each distance intenahfthe fault core to quantitatively describe this
wedge-shaped distribution. By doing so, we idengifglear decrease in the along-strike variance

away from the core (Figure 6c,d). A prominent titams occurs along both segments at 10-15 m



383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

from the fault, separating an inner zone of higld @amegular variance from an outer zone of
uniform and low variance that extends into the wmalged host rock. There is no statistical
relationship between the number of samples at angdistance from the fault and the variance,
indicating that the observed trend is likely notused by bias in the sample number. An
anomalously high value, at 90 m on the SE segnmeay, be caused by a nearby major subsidiary

fault.

[Figure 6 here]

We averaged the meso-fracture densities from the ti@nsects on each segment to produce a
representative trend. In natural logarithmic spdiagture density versus distance from the fault

core is revealed as a linear trend (Figure 6eybgesting power law decay with distance:

y = ax®, (1)

wherey is the fracture density; is a fault constanty is the distance from the fault core, anas
the slope coefficient, which is negative due toitheerse x-y relationship. We obtained the best fit
for a power law trend for each fault segment (TableThe damage zone width (DZW) for each
fault segment was then estimated from the inteseatf the regression-line with the average
background damage. Uncertainties were derived uiag95% confidence of the trend and the
errors on the average background density (modifiech Knott et al. (1996)). We obtained a
footwall DZW of 82 m [51-170 m] for the NW strandnd 122 m [37-519 m] for the SE strand.
Note an exponential model fits the data bettersfune transects, but for most, including the NW
and SE combined and averaged datasets, a powental&l provided a better fit (for individual
transect results see Sl 3.4) and has more randdistiybuted plot residuals (SI 3.5). A power law
model also corresponds to elastic models of defsomg@roduced from a point or line source, that

suggest a power law decay in stresses with dist@ocethe fault (Love, 1927).

The results of the transect study show that thempawt, which extends outward to ~20 m from the

fault core, offers an observation window of appnoately 11-38% of the total damage zone width,
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but covers 65-75% of the damage decay. In additiom pavement covers the apparent high-low
variance transition distance between 10-15 m froenfault (Figure 6c,d), allowing us to examine

the characteristics of this zone in more detail.

4.2 2D pavement data

A total of 11,114 fractures were traced on the psm over a 68 farea (Figure 7). This covers
two orders of magnitude of fracture lengths, fronmaimum length of 2 cm to a maximum
traceable length of 5 m, so that the traced elesnarg 4-6 orders of magnitude smaller than the
Borrego Fault length. Fracture lengths follow a povaw distribution between 0.2-2 m (Figure 8e).
Smaller fractures (<0.2 m) were underrepresentediauntentional detection limits set by limiting
magnification, as well as difficulties in identifig some small fractures, while observation of large
fractures (>2 m) were affected by outcrop scake {runcation of fractures extending past the edges

of the sampling area).
[Figure 7 here]

We observe a counter-clockwise rotation of the chami fracture orientation from fault sub-parallel
within 1-2 m of the fault core, to around 35° afi€r m from the core (Figure 7d). Over the same
length scale, we see a clear transition from alsidgminant fracture set to two fracture sets. The
fracture density maxima (around 500%measured for each pavement transect (Table 2) are
located between 1-2.5 m from the fault core. Simdathe NW 1D-transects, we attribute this shift
to a bias caused by pulverisation, rather tharabregluction of fracture density within the initia

1.5 m. Therefore, we omit these values when cdiogidahe DZW.

Minor outcrop-scale subsidiary faults offset snraffeactures by several centimetres, up to a
maximum of 20 cm. It was not possible to determihe relative timing of individual minor
subsidiary faults and so these offsets could natudszl as displacement indicators. Several of the

larger minor subsidiary faults displayed halos kération and thin strands of brown clay-gouge.
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These zones of increased alteration may imply higineosity linked to micro-fracture damage
associated with the minor subsidiary faults. Basedthese characteristics (measurable shear
displacement and/or >2 mm thick cores), we ideedifand mapped the minor subsidiary faults on

the pavement (Figure 7b).

4.2.1 1D transects from 2D dataset

Fracture density results from the 1D analysis @elifrom the pavement correspond well with the
results from the larger scale transect study: wseple a similar tapering effect in scatter, and the
power law regression for the average trend projecistersect the background density at 90 m [44-
258 m] (Figure 8a,b). The power law regressiomissified by the goodness of fit {RTable 2), plot
residuals (Sl 3.5), and the Breusch-Pagan statistest, detailed in SI 3.6Regression lines for
individual transects intersect the average backgtaensity between 52-134 m, displaying 43-49%
deviation from the averaged regression, and ~1608hge between the smallest and largest DZW
(Table 2). While the average values show littlettecaround the regressioniR 0.89), individual

transects display significant scatter, withvlues ranging from 0.31-0.80.
[Insert Table 2 here]

Total fracture length and fracture density shaseséime inverse relationship with distance from the
fault (Figure 8c). The ratio of the two indicatbatt fractures become longer with distance from the
fault (Figure 8d), on average. The relative propaorof space between fractures within the 5-10,
10-15, and 15-20 cm bins all increase away fromfaiodt, while the proportion of 0-5 cm space

drops from 50-60% in the first 4 m to under 40% doas the end of the pavement (Figure 8f). Note
that spacing data was measured along fault parsibatlines at 50 cm intervals, and is therefore

only representative of changes in the along-sspacing with distance.

[Figure 8 here]
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4.2.2 Fracture distribution statistics

Along-strike variance¥) in fracture density (Figure 8g) decays more ¢yeand gradually with
distance from the fault than observed in the treinstudies (Figure 6c¢,d). The Semi-Interquartile
Range (SIR), that excludes outliers, shows a sinmizerse relationship with distance (Figure 8h),
suggesting that the observed spread of fractursities in Figure 8a is not caused by outlying
measurements. Bottf nd SIR show a reversal of the inverse relatignshthe 1 m closest to the
fault core, with a sharp inflection at around 1.5(figure 8g,h). This is likely caused by partial
pulverisation, which effects the fracture densitgasurements in that zone. When the values at 0.5
and 1 m are removed, the data exhibits a linearespdnential inverse relationship with distance

for SIR and Srespectively.

Both the minimum and maximum fracture densitiesrei®se with distance from the fault and
display concave up decay profiles, but with a steefecay rate for the maximum density curve
(Figure 8j). This suggests that distance has agétoeffect on the maximum fracture density than
the minimum, which results in a decrease in théeihce between the maximum and minimum

with distance from the fault.

4.2.3 2D analysis of meso-scale fractures

The digitised 2D fracture network was analysed gighre ‘Estimated Intensity, P21’ function in
FracPaQ, which produced a contour map of fractuensity on the pavement (Figure 9). Fracture
intensity is defined as fracture length per areae Tunction is performed for each pixel of the
fracture network, with the calculation considermgadial area based on the size of the scan circle

(sampling area) defined in the FracPaQ GUI.
[Figure 9 here]

Absolute values of intensity depend on the calautatrea; thus, the relative distribution of the
fracture intensity can only be evaluated on thesuesment scale defined by the scan circle. Image

and tracing resolution limit the smallest scanlesco 5 cm diameter, while outcrop size limits
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diameters to several metres. We performed multtplations using scan circles ranging between
0.1-1.3 m diameter to assess the impact of scal&amture intensity results. Larger diameters

smoothed the distribution, reducing the contrastvbeen nearby peaks and troughs, while small
diameters amplify the heterogeneity. We identitieee groups of scan circles that depict distinctly
different fracture intensity patterns over two déte scales. Between 0.24-0.55 m diameter, the
outputs all show the same clear decimetre scataldison (Figure 9c). This distribution changes

with scan circle size until >0.8 m after which mosthe decimetre scale features vanish and larger
metre scale patterns emerge (Figure 9d). Below thh2Hhe results become more variable between
iterations. We choose scan circles of 0.38 m aftd in diameter as representative of the dm and

m-scale distributions respectively (Figure 9c,d).

At both the dm and m-scale, damage accumulateshigtoand low intensity clusters, that form a
patchy distribution with a weakening trend awaynrirthe fault. On the scales analysed, no part of
the outcrop exhibits zero intensity which indicatescture spacing of <10 cm between all sets.
There is some apparent alignment of nodes andhadts into weak ‘corridors’ at a high angle to
the main fault trace. These are secondary featorése main quasi-cellular patterns that appear

discreetly at both the dm and m-scale.

The wedge-shaped distribution of fracture densigasurements with fault perpendicular distance
observed in both the 1D pavement analyses (Figaye8d the wider transect study (Figure 6a,b)
can also be interpreted from the fracture intensigp (Figure 9d), where the absolute difference
between peaks and troughs (hot and cold coloursdrbes smaller with distance from the fault.
Peaks change from 50 to 26 mwhile troughs change from 24 to 10'rover the length of the
pavement. The greatest relative difference betwemie and anti-node intensities is marginally
larger closer to the fault with up to 400% variatio the first 4 m compared to 300% after 14 m.
This indicates that although absolute spread ise®#owards the fault, there appears to be a fairly

consistent relative spread between 0-17 m.
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4.2.4 Minor subsidiary fault distribution

Based on visual interpretation of Figures 9c-erghe generally a good agreement between the
locations of minor subsidiary faults and increasksnage intensity. Specifically, high-intensity
patches in the dm-scale distribution correlate wéth where subsidiary faults interact or terminate
(Figure 9c). Low-intensity patches are primarilycdted within the blocks bound by minor
subsidiary faults, as well as along portions oirttength where there is no interaction with other
subsidiary faults. The metre-scale distribution vehoa slightly more tenuous link, although

generally speaking, higher intensities are founeénehmore subsidiary faults interact (Figure 9d).

If meso-damage heterogeneity is controlled by miswgosidiary faults in the damage zone, we
would expect to see more minor subsidiary faultenghwe observe the largest meso-fracture
heterogeneity. We therefore completed a FracPa@ysaman the digitised subsidiary fault map

(Figure 9e), and find that fault intensity increasawards the fault core where heterogeneity is als
highest. We also see that the amount of tips atetsections between minor subsidiary faults

decreases with distance from the fault core.

5 Discussion

In this study we have presented a comprehensiverieigplution dataset quantifying the amount
and distribution of fracture damage surrounding gesmically active Borrego Fault. We used a
variety of sampling methodologies and analysessess the overall structure of the Borrego Fault,
observing patterns in fracture heterogeneity in daenage zone that display systematic spatial
relationships to minor subsidiary faults and diseafrom the main Borrego Fault. Such insights
allow us to interpret mechanisms for the formatidrthis heterogeneity in the damage zone, and

contribute improvements to existing fault damageezevolution models.
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5.1 Structure of the Borrego Fault

There are several important characteristics thétrdntiate the fault structure of the NW and SE
Borrego Fault segments: Orientation, core structdisplacement magnitude, slip vector, and
macro-damage complexity. These differences areossiderable that we suggest that for the
purpose of comparison they can be treated as tparae faults. By doing so, observations of
systematic trends in heterogeneity along both satgnean reasonably indicate that this feature

might also be observed along other faults.

5.1.1 Estimation of damage zone width

The average fracture density for the NW and SEtfaabgments both exhibit a concave up
distribution with distance from the fault core (&ig 6a,b), which is similar to damage profiles
observed on many other faults worldwide (e.g. Mattland Faulkner, 2009; O'Hara et al., 2017;
Savage and Brodsky, 2011). Fracture density wigkadce from the fault core follows a power law
distribution for both fault segments. We establtshedamage zone width on the footwall section of
the fault, of 82 m [51-170 m] for the NW segmemgd&l22 m [37-519 m] for the SE segment.
Fracture density results from the pavement yieldlZ&V of 90 m [44-258 m], which is consistent
with the NW transects. Compared with studies onr#iationship between damage zone width-
displacement (Briere, 2000; Choi et al., 2016; ByalP90; Faulkner et al., 2011; Savage and
Brodsky, 2011), these results are within errorhef éxpected range of 30-1000 m for total fault
zone width (Savage and Brodsky, 2011), and 20-146rrootwall DZW in fractured rock (Choi et
al., 2016). It remains unclear whether deviationthe DZWs of individual transects from the
average DZW is related to undulation in the DZWrdwvendreds of metres along-strike, or simply
due to inherent methodology errors/bias. For theepeent, any deviation in DZW is a true error as
the transect spacing is too small to expect DZWaaty by up to 110m (~200%). Note that the long
tail of a power law distribution means that ernobiackground densities yields very large changes

to the DZW.
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5.1.2 Damage heterogeneity

We observe an increasing spread of the data towilaedfault, forming a distinctive wedge-shaped
distribution in the scatter plots (Figure 6a,b &igure 8a). We use the variance of this data as a
direct proxy for fracture heterogeneity. The imprdwoverage of the 2D study allowed a more
thorough investigation of the variance trends thatinitially observed in the transect study. The
abrupt 13-15 m transition in variance initially ebged in the transect study was not observed in
2D, and we instead noted a more gradual variargease from approximately 16 m towards the
core. The statistical measures of the spread ofd#dia from the pavement (Figure 8g,h) show
inverse exponential (5 or quasi-linear (SIR) relationships with distartbat intersect the x-axis
between 18-20 m, but reach the background levalktli closer to the fault core. This suggests
that the outer section (>18 m) of the damage za a relatively constant background level
variance in fracture density that increases at>@omential rate between 18-16 m from the fault.
The abrupt variance transition identified from sact data (Figure 6c,d) is likely the result of
incomplete sampling. We can thus define an inndrarier damage zone, where the inner damage
zone is characterized by increased heterogendiig.Wedge shaped distribution can also be seen in
historical datasets (e.g. Micarelli et al., 2006d4ara et al., 2017; Schulz and Evans, 2000; Smith
et al., 2013), although as far as the authors amrea has never been addressed in discussions.
Schulz and Evans (2000) go as far as drawing a esstgped envelope around their data points
(representing a minimum and maximum damage rariyg)make no comment on the widening

trend towards the fault.

The observed variance profile can be explained loga, quasi-cellular damage distribution visible
in the fracture intensity maps (Figure 9). Thisidextre and metre-scale patchiness likely causes
much of the scatter observed in datasets of previansect studies (at least in crystalline robkj t
has previously been attributed to a “natural” oackground” random heterogeneity (Caine et al.,
2010; Gudmundsson et al., 2002; Gudmundsson e2@lQ). The results in this study, however,

show that there is a clear trend in variance wisttiadce from the fault, which links to a systematic
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increase in meso-damage heterogeneity close tdatile In statistics, this systematic trend in
variance is called heteroscedasticity, and appeabe an inherent property of the meso-damage
generating process. A description of the impligaioof this on choosing applicable model

estimators is included in Sl 3.6.

5.2 Evolution of damage zone heterogeneity

Our data shows a clear increase in heterogeneiraciure density with increasing proximity to the
fault core, which is likely due to the presencelaxfalised damage surrounding subsidiary fault
structures. We now consider the following: (1) hdamage is localised to form the heterogeneous,
patchy network; and (2) how the variance of fraetdensity is amplified within that pattern of

distribution, particularly as we approach the fault

5.2.1 Role of minor subsidiary faults

Our work shows a strong correlation between megosciyacture intensity and minor shear
fractures in the damage zone (Figure 9c), and bbthese structural elements increase in intensity
toward the fault core. This demonstrates a strargjnsgradient within the damage zone. When
combined with the intensity gradient, the gradwdation of minor subsidiary faults towards the
core (Figure 7d, Figure 9) indicates that they fednunder the influence of a stress field modified
by the Borrego Fault, which hence also suggeststhiey postdate the formation of the Borrego
Fault. Additionally, lack of increased alteratiotoray many minor subsidiary faults on the
pavement indicate that these faults formed at Idw@r conditions and/or reduced fluid-rock ratios
(Lawther et al., 2016). While we argue that thiglemce suggests many subsidiary faults formed at
mature stages of the Borrego Fault, we cannotautedhe possibility that some faults formed early
in the evolution of the Borrego Fault. Relationshipetween mesoscopic fracture and minor
subsidiary faults in the damage zone present aiclasnundrum of which came first, “the chicken
or the egg?” There is general consensus that danglis evolve into larger faults through the

formation of mechanical linkages, stress conceptratt fracture tips, and strain softening
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associated with progressive cataclasis (e.g. Cawte Scholz, 1992; Dawers and Anders, 1995;
Segall and Pollard, 1983). Therefore, it is liketigat pre-existing weaknesses produce
heterogeneities in mesoscopic fracture intensityicvin turn leads to further localization of strai

and formation of subsidiary faults at larger scales

The spatial distribution of subsidiary faults arahthge heterogeneity over smaller scales may be
used to constrain their relative formation agegpdrtantly, the distribution of decimetre scale high
intensity patches (nodes) observed on the paveapg®ars to be strongly associated with zones of
interaction between minor subsidiary faults, areltip zones of individual minor subsidiary faults
(Figure 9c). We hypothesise that this is predontigatue to the increased complexity and intensity
of the ‘macro-damage’ (as we defined in the intittun) distributed around the subsidiary faults in
those zones (e.g. Kim et al., 2004). In this caserordamage forming around these subsidiary
faults is part of the meso-damage when considesiative to the Borrego Fault. Consequently, we
suggest that much of the observed patchinessast & the decimetre scale, was produced as a
result of stress concentration during the formatama growth of minor subsidiary faults in the
damage zone. This may indicate pseudo-fractalrsgali processes in the damage zone, whereby
heterogeneity in the distribution of meso-scale agenalong the main fault, is controlled by the
distribution of macro-scale fractures along sulasidfaults. The data demonstrates the importance
of minor subsidiary faults in producing damagehie tlamage zones of large seismogenic faults.
This is consistent with the ‘slip-patch’ model cdirdage zone growth proposed by Shipton and
Cowie (2003), and supports the hypothesis thaemental slip events contribute to the progressive

development of the mesoscopic fracture fabric fafudt zone (Savage and Brodsky, 2011).

Increased intensity of minor subsidiary faults todgathe core leads to more interaction between
faults and therefore more high intensity patchegguiie 9). Two things are necessary to
progressively increase variance by increasing thmber of nodes: First, the blocks between
subsidiary fractures should remain relatively undeled, and second, the number of interaction

and tip zones, and therefore the number of highngity patches, should increase. Once areas of
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high fracture intensity are developed, the restltaduction in elastic moduli (e.g. Bruhn et al.,
1994; Faulkner et al., 2006; Griffith et al., 201®2eferentially focuses further fracturing in those
patches. This helps to reduce stress concentratiameighbouring intact blocks, limiting their
internal deformation and exacerbating the systeamgnce over time. Intact blocks are likely to
reduce in size over time by progressive growth @ivrminor subsidiary faults and by damage
migrating incrementally inwards from the edges. Tie&erogeneity remains observable however as
long as the blocks remain larger than the sampoade. As strain accumulates, the intact blocks
likely shrink to the point that they cease to exasta given scale. Such a transition could be
associated with the transformation of rock volurokthe inner damage zone to form new material

that is added to the fault core.

Fracture intensity and subsidiary structures haenbinked in several studies that noted increasing
fracture intensity towards the fault cores of laggésidiary faults (e.g. Berg and Skar, 2005;
Mayolle et al., 2019; Mitchell and Faulkner, 20@&vage and Brodsky, 2011; Shipton and Cowie,
2001). Berg and Skar (2005) noted that many frastuvere spatially associated with subsidiary
faults, and suggested that subsidiary fracturesnoflisplay increased intensity along their trace.
Their examples consisted of faults with offsetsseferal metres and their own consistent, along
strike, damage zones. Nevertheless, in their maticrap fracture network, it appears that increased
fracture intensity concentrates preferentiallyted interaction and tips zones, and not along their
entire length. A fracture intensity map would néede made from their digitised fracture network
in order to demonstrate this definitively. Shiptamd Cowie (2003) provide a similar dataset and
conclusions, but also include fracture intensitypmar heir results show higher damage intensities
along the lengths of some of the large subsidiawts$, while smaller shear fractures (synonymous
with their ‘slip-surfaces’ and our minor subsididaylts) show a distinctly patchy fracture intepsit
along-strike, and clear peaks at the few interactiones present in their outcrops. It is important
note that both of these datasets are obtained froraus sandstones with mesoscopic damage

dominated by deformation bands that only accomneodatew millimetres of offset (Aydin and
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Johnson, 1978; Shipton and Cowie, 2001). As faarésgenerally sparse in the damage zones of
these examples, especially over th& 10" m length scale, the effect of minor subsidiarycttires

contribute less to the generation of patchy hetamedy.

5.2.2 Additional factors

Damage localisation in the observed patterns caldd be explained by initial heterogeneities in
the country rock properties, either in the lithatdghemical composition of the granitoid host rock,
or pre-existing background damage (e.g. Brogi, 200bwever, our background fracture density
analysis did not indicate significant pre-existstguctural or chemical heterogeneities in the same

patterns observed in the damage zone.

Major subsidiary faults with well-developed damagpmes clearly have a significant influence on
the larger scale (10’s of metres) distribution ahthge in the damage zone. Corridors of high-
density damage surrounding these larger faultgowgeveral metres wide, have been observed in
multiple field studies (e.g. Mitchell and Faulkn@Q09; Schulz and Evans, 2000; Smith et al.,
2013), and the tip and linking zones of these lafgelts likely also produce zones of intensified
damage at scales larger than those mapped herée ¢éne was taken to remove these influences,

we cannot rule out effects of larger subsurfacelbsicured structures on our dataset.

5.3 Conceptual damage zone evolution model

Our data suggests that fracture damage zones epomaarily through the growth and nucleation of
minor subsidiary faults, and the concentration wfakber fractures around their fault tips and
interaction zones consistent with mechanisms sugdds/ Shipton and Cowie (2003) for the slip-
patch model. As the fault matures, existing sulasydfaults grow and new, smaller shear fractures
nucleate, preferentially in and towards the inn@mege zone (Gudmundsson et al., 2010) where

reduced strength and elastic moduli favour franturiThis creates a positive feedback where, with



683

684

685

686

687

688

689

690

691

692

693

694

695

696

697

698

699

700

701

702

703

704

705

706

707

708

more fault tip and interaction zones, more higlctiree intensity patches are generated, increasing

the variance towards the fault core over time (FadL0).

Variance (including S, and SIR) can be increaseoutih one of two processes, (1) by increasing
the total difference between the minimum and maximmdensities, or (2) by changing the
distribution of densities within the spread so ttiedre is a higher proportion of measurements at
both extremes (i.e. a shift from normal to bimodatribution). The minimum meso-fracture
density cannot decrease over the lifetime of at f@il shallow P-T conditions, with low fracture
healing rates), and maximum fracture densitiessarglar along both mature and immature faults
(i.e. 10-10° m displacements) (Mitchell and Faulkner, 2009)efEifore, the spread of fracture
densities does not increase once the damage maxismformed, and probably changes very little
with increasing fault maturity. This suggests thatiance can only increase over time by shifting
the fracture density distribution at a given dis@rowards a more bimodal distribution. This is
achieved by increasing the number of fracture dgpsiaks while maintaining a relatively constant

minimum density.

Using a space-for-time substitution we interpoltétat minor subsidiary fault density increases
close to the main fault as it matures, resultingniore tip and interaction zones. This results in an
increase of high-intensity damage patches, wheeblbcks between minor subsidiary faults remain
comparatively undeformed, conserving the lower munn fracture intensity. We thus expect a rise
in the variance in the damage zone close to thé date, that decays exponentially to background
variance at a shorter distance than the averagtufeadensity decays to the background fracture
density. We show that the damage zone is dividéol @am inner and an outer zone based on
increased complexity caused by minor subsidiarytsawhich is demonstrated by the increasing
variance from background levels. In the case oBibeego Fault this transition occurs at around 16

m from the fault core.

As low-damaged, inter-fault blocks get smaller tlgio crosscutting by new minor subsidiary faults,

the observed heterogeneity changes, transitioromgards smaller scales with increasing fault
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maturity. This is supported by the dm-scale pattdrserved on the fracture intensity map (Figure
9c), where the low-intensity patches, close tof#udt, are smaller and account for less area than t

high-intensity patches, whereas the opposite iemed further from the fault. The apparent shift
indicates that as the fault grows, the distributadindamage transforms from large troughs with

small, infrequent peaks, to small troughs separayddrger, linked peaks (Figure 10).

[Figure 10 here]

5.4 Assessment of methodologies for fracture densdwntification: 1D vs 2D

We note marked improvement in the observation effélult zone structure with increased sampling
resolution and density, particularly in relation heterogeneity in the damage zone. From our
dataset we can compare 4 different resolution scglg) single transect studies with point
measurements perpendicular to a fault; (2) diffosdti-transect studies over several hundred
metres along-strike; (3) concentrated multi-trahstadies performed on a single outcrop with

near-continuous data coverage; and (4) high-rasol@D mapping of fractured outcrops.

1D transects show significant deviation, up to 5@9d)ZW from the average damage zone trend,
for both the widely spaced transects (with an ayeraf three measurements at each sampling
interval), and for densely spaced transects orsdinee outcrop (pavement transects). We therefore
conclude that measurements from single transectsotldully represent the fault damage zone,
even when three measurements are taken at eachirgpmterval. The common practice technique
of averaging two or more transects provides a nremresentative damage zone profile, but
conceals the fundamental property of variance actére density. However, uncertainty remains
regarding how much variation in transect DZWs angr@duct of measurement error or method
uncertainty, rather than real changes in the DZWhg@istrike. The concentrated multi-transect
study on the pavement demonstrates that relativeeptage differences of 88% can be explained

by incomplete sampling of the heterogeneous danpagile for transects that did not extend
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through the damage zone. Exponential and logardhiecay models have shorter tails which
reduces the deviation between individual transbgta factor of ~10 (see Sl 3.4). Whatever the
cause, our data shows significant errors relatetktiving the representative DZW, and even when
an average representative transect is producesk #reors should be provided to account for any

uncertainty.

While the high-resolution digital fracture netwarkdoubtedly allows for more detailed and varied
analysis, the necessary outcrop quality and adhditidime costs of manually tracing fractures
makes it impractical in most fault studies. A 3tpbf fracture densities from the 9 continuous
box-count transects (Figure 11) shows that sewdréihe key observations from the 2D analysis
(section 4.2.3) do not necessitate digitising tlaettire network. For example, a metre to sub-metre
heterogeneity pattern can be discerned from thel8D which is similar to the fracture intensity
map generated in FracPaQ. While the resolutiom@folot derived from the continuous box-count
transects is certainly lower than the fractureristty map (50-100 cm rather than 10-30 cm), many

of the same high and low intensity patches weremesl (marked in Figure 11).

We show that the spreading trend can be identifiech 4 transects, each with 2-3 discrete
measurements at every interval (Figure 6). Fronticoous along-strike sampling with at least 9
measurements we can build a more complete picfutedeterogeneity, and quantify the system’s
variance trend (Figure 9). Based on the compardoasults from the different methodologies, we
suggest that the best way to sample outcrop-sedérdygeneity, when either time or access to good
2D outcrops is limited, is to increase the numidaram-overlapping measurements at each transect,

rather than increasing the number of transects.

[Figure 11 here]

Sample scale also plays an important role in olisgrdamage heterogeneity. Measurements at
scales larger than the density heterogeneity soadeage the difference between high- and low-

density patches. Along the Borrego Fault we sampbedtransects using a 30 cm measurement
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window, so we were more likely to collect a repreatve coverage of the dm-scale meso-damage
pattern (Figure 9c). Sampling with a 1 m measurénvendow might have suppressed the
difference sufficiently to conceal the variancentte observed in the multi-transect study. We
hypothesise that the scale of heterogeneity migbitve over the lifetime of a fault, progressing
towards smaller scales as intact blocks are grgdoahsumed by minor subsidiary faults. Thus, a
changing scale of heterogeneity should be congidehen choosing the sampling scale for a given

fault study, specifically on more mature faults.

Clearly, more measurements (higher sampling dé@naltgws us to more accurately observe the
details of fracture distribution, but it also reas proportionally more time to collect these
measurements. While high-resolution 2D fracture sngpovide useful insights into damage
distribution, they are also unnecessary for sing@iermining the DZW of a fault. For future meso-
scale damage zone studies, we suggest the folloWwesg practice’ methods to capture as much of

the damage characteristics as possible, and tonabtaore representative damage zone profile:

1. For simple damage zone width studies:

I. Measure multiple transects at various distancesigastrike to account for a
potentially undulating damage zone width. Checkt tfeult displacement is
consistent at all of these transects, and hence matanfluence the DZW.

il Take at least two measurements at every samploagiém on each transect, giving a
minimum and maximum damage value. Ideally a thirdasurement for the
‘representative’ damage at each distance fromatk $hould also be collected.

iii. Ensure shorter sampling intervals in the inner dggrmone where the greatest rate of
damage decay occurs.

2. For more detailed datasets:

I. Where good quality outcrops exist, perform at least concentrated multi-transect

study to quantify metre to sub-metre scale hetaereigye and to verify the existence

of systematic change in variance (heteroscedaagtiaitthe dataset. For this, a high-
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resolution digital fracture network is unnecessay,it requires a significant time
cost. Similar results can be obtained by collectingar continuous point
measurements of fracture intensity using line cognnethods.

il. Measurement lengths should be dependent on thdesmghcture spacing, but are
ideally in the 30-50 cm range to best capture sekrarheterogeneity.

ii. Mapping of both minor and major subsidiary faut€iucial to compare with any

spatial trends in fracture density.

5.5 Implications

Our results demonstrate a clear heterogeneity th thee amount and the distribution of fracture
damage adjacent to the fault core. This heterogedetcreases to background levels over a distance
shorter than the measured damage zone width. Feadamage provides a first order control on
fluid flow in tight rocks, so that mineralisatiohat occurs due to the circulation of fluids in the
damage zone will be governed by the distributiorthi§ heterogeneity. Therefore, we infer that
permeability in the damage zone is focused intohzs of high-density fracture damage along the
zones of interaction between minor subsidiary faulfhese quasi-cellular regions of high
permeability in two dimensions are likely to formnell-connected network in three dimensions,
with sub-vertical conduits governed by the dominaitor subsidiary fault orientation acting as the

principal fluid pathway in the damage zone.

Many studies now use realistic damage profilesngsits for rupture propagation models (e.g.
Cappa, 2011; Okubo et al., 2019; Thomas and BIHi8)2 We suggest that such heterogeneity
should be incorporated both along strike and wisttatice from the fault. Additionally, models of
the coseismic evolution of faults should consideattdamage heterogeneity increases with
subsequent ruptures. Depending on the scale dfceeaite propagation, these heterogeneities may
influence wave propagation and affect dynamic mees such as thermal pressurisation and

pulverization.
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6 Conclusions

We demonstrate that mm-cm resolution fracture nmmpprovides a more accurate representation
of the distribution of damage at meso-scales radatd off-fault damage characterised from 1D
datasets. This allows for improved quantitative lgsia of the damage zone and gives better

insights into the mechanisms that control faultletion.

Our key observations are that variance (i.e. aia@pspreading of fracture densities) in damage
increases with proximity to a fault, and that secatly active faults in crystalline rocks display a
patchy distribution of fracture damage with distreatterns over decimetre and metre scales. The
observed variance trend is the result of both #hie and disparity between high- and low-intensity
patches in the decimetre-scale distribution inargagowards the fault core. We suggest that the
pattern is controlled by the distribution of madamage produced on shear-accommodating minor
subsidiary fractures, with most patches of highctiree intensity corresponding to areas of
complexity at the tip and interaction damage zookghese fractures. This demonstrates the
importance of minor subsidiary faults in the evaatof off-fault damage, and is consistent with
existing models of fault zone growth, such as traaified slip-patch model (Shipton and Cowie,
2003). Thus, apparent outcrop-scale disorganisadrdgeneity is more systematic than first
assumed. We used these systematic trends to gantiinner and outer damage zone that can be
separated based on where the variance beginsreage above the background noise. From these
results we presented a conceptual model for damage evolution in which minor subsidiary
faults continue to nucleate and grow throughoutdé&eelopment of the fault, leading to increased

damage heterogeneity with fault maturity.

Where detailed mapping is not feasible (e.g. lichiéxposure or time constraints), the increase in
variance can be observed, albeit with reduced acgurusing high-density sampling of fracture

density along multiple transects. Four transectgeap to be sufficient, but more importantly,



836 multiple measurements, at each distance along resecs, will better uncover smaller scale

837 heterogeneities.

838 Our data indicates that fault rupture propagatia@dets should consider heterogeneous regions of
839 damage distribution, not only along the strike dalt, but also trends in damage heterogeneity in

840 the rock perpendicular to a fault.
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Table 1: Data and power law regressions from the teiighividual transects, scatter plots, and averafggeghe NW and SE
segments of the Borrego Fault

Transect | Transect | Damage Zone Maximum Distance of R? | Power Law
ID Length | Width (DZW) Fracture fracture density Slope
(m) (m) Density (#m™) | maximafrom Coefficient
fault core (m) (n)
NW_T1 50 96.1 71 38 0.93| 0304
[67.9 - 162.8] [+ 0.025]
NW_T2 65 72.3 74 & 0.94 0.364
[54.2 - 112.4] [+ 0.028]
NW_T3 45 1214 80 35 000 0265
[81.6 - 222.5] [+ 0.025]
NW_T4 150 79.8 75 4 0.86| 0269
- [54.0 - 144.7] [+ 0.032]
NW Scatter 83.6 e 0.308
Plot [51.3 - 181.8] ' [+ 0.015]
81.9 0.314
NW Average 0.96
[51.3 - 169.9] [+ 0.013]
SE_T1 150 99.1 73 2.8 092 | 024
[45.8 - 208.6] [+ 0.019]
SE T2 80 - 79 4.5 0.34 -
SE_T3 35 81 0
SE_T4 90 102.9 69 38 098 | 0247
[47.8 - 215.3] [+ 0.007]
SE Scatter 111.9 G 0.216
Plot [37.1 - 410.0% ' [+0.012]
121.6 0.204
SE Average 0.88
[36.9 - 518.5] [+ 0.014]

Results from exponential and logarithmic regressiadels can be found in Supplementary Informatdirerrors without
symbols are derived using the uncertainty in backgd damage.
& Combined error from 95% confidence interval (basedhe standard error of the model) and uncertaintgverage BFD
- too much scatter to derive a reliable DZW €R0.4)
® Maxima is at the closest available measuremetitédault core (i.e. no measurement adjacent to FC).
¢ transects that are not long enough to individuakyive an DZW




Table 2: Data and power law regressions from eachgest, spaced at 0.5 m along the river platforra,dbatter plot of all

this data, and the averaged transect.

Transect Damage Zone Maximum Distance of fracture R? Power Law
ID Width (DZW) Fracture density maxima from Slope
(m) Density (#m™) fault core (m) Coefficient (n)
T2 97.2 412 1-15 0.58 0.421
[59.4 - 181.2] [+ 0.070]
T3 - 432 1-15 0.31 -

T4 133.9 512 1-15 0.52 0.403
[79.9 — 256.9] [+0.074]

TS5 69.4 516 15-2 0.64 0.504
[45.9 - 116.7] [+0.073]

T6 SL.5 452 2-25 0.80 0.571
[35.8 - 81.6] [+ 0.056]

7 76.1 408 45-5 0.68 0.480
[49.4 - 131.4] [+ 0.061]

T8 69.4 464 15-2 0.68 0.504
[46.0 - 116.8] [+ 0.064]

Scatter 90.4 0.60 0.445
Plot [45.6 - 241.0f ' [+£0.024]
89.9 0.456

Averaged 427 1-15 0.89

[44.3 - 257.51 [£0.029]

T1 and T9 only extend to half the outcrop (T1 fi@®.25 m and T9 from 9.5-18.5 m), and as a reswdtret directly
compared with T2-T8. The data on these two trangsctill included in the scatter plot, graphs ingkre 8, and
contributes to the average values. All errors witheymbols are derived using only the uncertaintybackground

damage.

&Combined error from 95% confidence interval (basedh® standard error of the model) and uncertaintgverage BFD.
- too much scatter to derive a reliable DZW &R0.4).
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Damage Zone Heterogeneity on Seismogenic Faults in Crystalline Rock; a Field Study of the
Borrego Fault, Baja California.
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Figure 1: Schematic representation of the distribution of damage around a fault collated and modified from various sources (Faulkner
et al., 2003; Kim et al., 2004; Mitchell and Faulkner, 2009; Peacock et al., 2016; Shipton and Cowie, 2003). a. shows the distribution
of macro-damage around a fault. The wider, more intensely damaged zones occur at the fault tips and areas of fault interaction.
There is no scale on the image as this distribution is consistent along faults ranging all visible scales from cm-km. b. and c. show the
distribution of meso-scale damage in a sheath around large faults, the width scaling with displacement so that it is widest near the
centre (b), and tapers towards the tips (c). d. and e. The influence of large subsidiary faults that have their own macro- and meso-
damage zone, is clearly shown in the simplified/averaged meso-fracture density and permeability transects (black arrows). CR —
Country Rock; DZ — Damage Zone; FC — Fault Core; LSF — Large Subsidiary Faults.
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Figure 2: Regional and local geological map of the study area. a. The metamorphic and plutonic basement of the Sierra Cucapah
horst block bound to the SW and NE by the Laguna Salada and Cerro Prieto sedimentary basins. The yellow star indicates the
epicentre of the Mw?7.2 2010 El Mayor-Cucapah (EMC) earthquake which propagated NW along the path of the red fault lines
(Fletcher et al., 2014). b. Local geology around the 5 km long section of the Borrego Fault studied in this paper. The fault consists of
two distinct sections, NW and SE, separated by a 600 m northward bend and bifurcation at point (3). The SW section (4) dips gently
towards the NE and has formed a wide array of fault scarps. The NW section has two segments, (1) a steep, linear strand continuous
with the SW Borrego Fault, and (2) a gently dipping strand branching towards the west where it interacts with the buried Laguna
Salada Fault to form the Paso Inferior accommodation zone. Both sections bound the narrow Borrego basin, forming an
asymmetrical graben with the SW dipping Cascabel Fault. The two horst blocks, SW of (1) and (4), expose plutonic tonalite and
granodiorite in which we performed detailed meso-fracture studies.
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Figure 3: Locations of field sites along the Borrego Fault, split
into NW and SE segments. In-situ measurements of meso-
fracture density were collected along 8 transects in total, 4
along each segment. A detailed 2D fracture map was made
from high resolution photographs on the river pavement
which was then used to create nine transects for further
analysis. On each segment the transects are numbered 1 to
4, starting from the Southeast (i.e. NW_T1 is the closest to
the river pavement).
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Figure 4: a. Drone image of the NW horst-block with the Borrego Fault and unnamed antithetic fault illustrated for clarity. The red
line indicates the 2010 EMC rupture surface along the Borrego and green lines show the locations of the 4 NW transects. The
damage zone width (DZW) of 85-90 m, derived from transect and pavement studies (see results section), is marked by the dotted
line and provides context for the 2D pavement study. The two images on the right show the Arroyo bed before (2010) and after
(2016) flash floods that scoured off overlying sediments to expose the basement rocks. The photos were taken from the yellow dot,
looking south towards the river outcrop. b-d. Field photos of meso-fractures from pavement and transects. Yellow arrows = minor
subsidiary faults; White arrows = fractures with cataclasite infill; Black arrows = open fractures with no mineral infill. Several minor
subsidiary faults on the pavement crosscut one another so that offsets may be measured (b).
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a. Model Decay Trend for Borrego Fault
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Figure 5: a. A simple approximation of the damage profile in the footwall of the Borrego Fault based on the common models of
damage decay, published displacement-DZ width scaling relationships, and a preliminary fault survey to estimate the rough distances
shown on the plot. b. The resulting design for sample frequency along each transect. Final sample locations are ultimately limited by

exposure quality and other field conditions.
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Figure 6: Results of the transect studies along the NW and SE segments of the Borrego Fault. a. and b. Scatter plots of all
measurements, constrained to 90 m from the fault to better show the wedge-shaped distribution with increased spreading
towards the fault core. Measurements influenced by LSF damage are shown in red and removed from subsequent analysis. c. and
d. The degree of spreading, quantified by the variance, shows a transition at 13-15 m between an inner zone of high, scattered
variance, and an outer zone of low variance at or below the background level. This point is marked on both graphs by the red
dashed line. e. and f. The DZW is found using a power law regression on the average fracture density from the 4 transects on each
segment. 95% confidence intervals are calculated in R using the standard error. The first three measurements in e. are ignored
from the regression due to pulverisation (see main text). n is the slope coefficient.

Figure 7: (On next page)

a. Drone image of the 20x5 m pavement, showing the exposed tonalite damage zone and 0.5-1.5 m thick fault core (reddish-
brown strip with white lenses). In this image only the first half of the outcrop has been cleaned, which results in a slight paler
colour. b. Map of minor subsidiary faults and geological units that make up the fault core (FC) and damage zone on the
pavement. The grid outlines the area sampled and imaged for fracture digitisation. c. Digital Fracture Network containing
>11,000 fractures manually traced on high resolution images captured on the 4x18 m grid overlain on b. d. Rose plots of
fracture orientations at various distances from the fault showing the rotation and divergence of the main fracture orientation
with distance from the fault. The solid red line shows the orientation of the dominant fracture set relative to the main Borrego
Fault trace, and the dashed red line (that appears after 9 m) shows the second, possibly conjugate set of fractures.
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Figure 8: Fracture measurements and statistical analysis of data from the nine 1D pavement transects. a. All fracture density
measurements from transects T1-T9. b. Average fracture density plot with DZW determined from the power law regression.
n is the slope coefficient. 95% confidence intervals generated from standard error in R. Measurements effected by
pulverisation shown in grey are ignored from the regression. c. Total fracture length per area vs distance from the fault core.
Values are the average of measurements from all nine transects. d. Mean fracture lengths calculated by total fracture
length/number of fractures in each 0.5 m bin. e. Cumulative frequency vs fracture length plot for all 11,114 fractures in the
digital fracture network. Dashed lines indicate where the data begins to deviate from a power law distribution. f. Distribution
of fracture spaces along 34 fault perpendicular scanlines. Fracture spaces have been binned into 5 cm intervals. g. Variance
and h. Semi-Interquartile Range, used to quantify the spread of fracture density data around the mean decay trend. A sliding
window of 1 m was used to calculate both of these values. i. Maximum and minimum fracture density values at varying
distances from the fault core.
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Figure 9: a. Drone image of the platform outcrop, trimmed to the dimensions of the 17x4 m grid. b. Digitised fracture network
with minor subsidiary faults highlighted with thicker lines. c. and d. Fracture intensity contour maps of the entire fracture
network generated using FracPaQ, with minor subsidiary faults overlain. c. A decimetre-scale pattern emerges when the
analysis is performed using a scan circle with diameter between 0.24-0.55 m. High-intensity patches correspond with locations
of minor subsidiary faults, notably with fracture tips or the areas where fractures interact (e.g. stepovers, crosscuts, splays,
or terminations). Low-intensity patches associate with gaps between minor subsidiary faults or along poorly developed wall
damage zones. Some of these points are highlighted with pink (high-intensity) and blue (low-intensity) arrows, and correlate
the intensity maps (c/d) with the digitised fracture network (b). d. Large scan circles (>0.8 m diameter) show meter-scale
patterns which are discrete from the dm-scale pattern. e. Fracture intensity map of minor subsidiary faults only, showing
increasing intensity towards the FC with a high-intensity patch at ~15 m.
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Figure 10: Conceptual models of fracture distribution within the damage zone. A simplified standard damage zone model
(above) and a modified model (below), incorporating a patchy fracture intensity distribution and a systematic increase in
heterogeneity, defined by an increase in variance, towards the fault core. D1-D3 indicate increasing displacement along the
main fault, from an already intermediate stage in D1. The grey cone around the average meso-fracture profile
represents the decreasing spread of measurements from a maximum close to the fault core to background levels at a
distance less than the damage zone width. High-intensity patches develop in the tip and linking zones of minor subsidiary
faults in the damage zone, which increase in frequency as the fault matures. Low-intensity patches occur in blocks bound by
minor subsidiary faults and shrink with fault maturity as they are dissected by new faults and/or damage migrates inwards
from their edges. Eventually minor subsidiary faults may grow/link to become major subsidiary faults, their own meso-
fracture damage zones forming a corridor of increased damage (instead of patches) — not shown in this schematic.
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Figure 11: Comparison between the results of a concentrated multi-transect, and detailed 2D fracture mapping study. Similar
peaks can be found in both, highlighted by dashed regions, however the 2D fracture intensity map contains a lot more detail
that is smoothed in the concentrated multi-transect plot. Faults drawn beyond the 2D fracture intensity map provide a

schematic representation of the minor subsidiary fault network extending beyond the outcrop limits. Red arrows highlight
zones of increased meso-fracture intensity.



Highlights

68 m? high-resolution fracture map of 11,114 fractures ranging from cm to m lengths
» Power law decay in fracture density from fault gives a damage zone width of ~85 m
» Heterogeneity in fracture density decreases away from the fault coreto ~16 m

* Inner and Outer damage zone defined by increasing heterogeneity from parent rock

» Modified modd of fault damage zone evolution explaining the heterogeneity trend
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