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Coseismic off-fault damage and pulverization significantly influence the mechanical and transport
properties, and in turn the rupture dynamics of faults. Although field-based, laboratory, and numerical
studies help elucidate the structure of damage zones adjacent to modern strike-slip faults, the vertical
extent of these zones remains an open question. To address this question, we analyzed particle size
distribution and microfracture density of fragmented garnets from the Sandhill Corner shear zone, a
strand of an ancient, seismogenic, strike-slip fault system exhumed from frictional-to-viscous transition
depths (400-500°C). The shear zone has mutually overprinting pseudotachylyte and mylonite, and
juxtaposes quartzofeldspathic and schist units. The inner parts of the quartzofeldspathic and schist
units (~63 m and ~5 m wide from the lithologic contact, respectively) have two-dimensional D-values
>1.5, which indicates dynamic fragmentation during rupture propagation. Similar to the particle size
distribution analysis, microfracture density data from the garnets show progressive but asymmetric
increase toward the core in each unit. Our results suggest that coseismic damage extends down to the
base of the seismogenic zone in mature strike-slip faults, and the asymmetric distribution of damage may
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indicate preferred rupture directivity as proposed for some modern strike-slip faults.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Highly fractured and pulverized rocks are common in damage
zones adjacent to active or recently active seismogenic strike-slip
faults (e.g., Rockwell et al, 2009; Mitchell et al., 2011; Wech-
sler et al., 2011; Morton et al., 2012; Rempe et al., 2013; Muto
et al,, 2015). Field-based geological data, geophysical data, labora-
tory experiments, and numerical simulations have helped to elu-
cidate the structure and spatial extent of coseismic damage zones
(e.g., Cochran et al., 2009; Yuan et al, 2011; Sagy and Korngreen,
2012; Xu and Ben-Zion, 2017). However, the maximum depth to
which this dynamic damage occurs, and the width of the result-
ing damage zones at depth, remain open questions. Based on ev-
idence from field observations, Aben et al. (2017) suggested that
pulverization can extend to a depth of ~10 km or less. On the
other hand, recent analysis of past earthquakes in southern Cal-
ifornia estimated the production of rock damage at a depth of
10-15 km (Ben-Zion and Zaliapin, 2019), and Incel et al. (2019)
found experimental evidence for pulverization of garnet at upper
mantle depths. Studies from exhumed seismogenic shear zones
also documented the occurrence of pulverization at middle and
lower crustal depths in thrust (e.g., Trepmann and Stockhert, 2002;
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Jamtveit et al., 2019), normal (e.g., Soda and Okudaira, 2018), and
strike-slip fault systems (e.g., Sullivan and Peterman, 2017). How-
ever, there has not been a systematic study of the lateral extent of
coseismic rock damage at the base of mature strike-slip faults.

Damage zones significantly change the mechanical properties
of rocks and reduce seismic velocities (e.g., Walsh, 1965; Lock-
ner et al., 1977; Cochran et al., 2009). Seismic waves trapped in
low velocity damage zones can produce complex pattern of slip
and rupture propagation such as oscillations of stick-slip behavior,
short rise-time pulse-like rupture, and supershear rupture, as well
as amplifying near-fault ground motion (e.g., Harris and Day, 1997;
Spudich and Olsen, 2001; Huang et al., 2014). Therefore, the width
and depth extent of damage zones is fundamentally important for
assessing seismic hazard. Damage zones at depth also influence
transient and long-term changes in fluid flow (e.g., Mitchell and
Faulkner, 2012), heat transport (e.g., Morton et al., 2012), and over-
all fault rock rheology (e.g., Handy et al., 2007).

This paper provides measurements of particle size distribu-
tion (PSD) and fracture density for fragmented garnets across an
ancient seismogenic strike-slip fault/shear zone exhumed from
depths corresponding to temperatures of 400-500°C (~13-17 km
if the geothermal gradient was 30 °C/km), and we use these data to
define the lateral extent of high-energy dynamic deformation. Sev-
eral studies inferred damage related to the seismogenic cycle at
depth based on deformation microstructure in quartz (e.g., Trep-
mann et al., 2007; Price et al., 2016). However, quartz at these
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Fig. 1. Geologic maps of the Sandhill Corner shear zone (SCSZ) in the Norumbega fault system (NFS). Modified from Price et al. (2016). (A) Regional geologic setting of the
study area. The SCSZ is located in the central part of the NFS (denoted by a star in the inset map of Maine, USA). The red box indicates the study area. (B) Study area and
sample locations. The core of the shear zone (ultramylonite) is the lithologic contact between quartzofeldspathic (QF) and schist units. White dots correspond to sample
locations, and paired arrows indicate shear sense. See the online article for the color version of this figure.

temperatures deforms by both brittle and viscous processes that
overprint one another during co-, post- and interseismic cycles,
and the mutually overprinting deformation mechanisms can ob-
scure the record of brittle coseismic damage. Garnet, in contrast,
does not deform viscously at such low temperatures, and so can
preserve coseismic microfractures in the deeper reaches of the
seismogenic zone (e.g., Jamtveit et al.,, 2019). Thus, PSD and frac-
ture density of garnet across the fault/shear zone may provide
convincing evidence for coseismic damage and pulverization, and
allow characterization of the spatial gradient and extent of the
damage as a function of distance from the shear zone core. We
also calculated fabric intensity (using M-index; Skemer et al., 2005)
of fragmented garnets to obtain information about their post-
fragmentation rotation caused by viscous flow of the surrounding
matrix during post- and interseismic cycles.

The microstructures of fragmented garnet have been used to
infer coseismic damage at frictional-to-viscous transition (FVT)
depths (at temperatures of ~300-350°C; Trepmann and Stock-
hert, 2002) and in the deeper crust (corresponding to tempera-
tures of 650-700°C; Jamtveit et al., 2019). Feldspar fragmentation
has also been reported at FVT depths (>400°C; Sullivan and Pe-
terman, 2017) and in the deeper crust (~600-750 °C; Soda and
Okudaira, 2018). However, most of these studies did not present
PSD analysis, which has been widely used to infer high-energy dy-
namic processes in the brittle upper crust (e.g., Rockwell et al.,
2009; Wechsler et al., 2011; Buhl et al., 2013; Hossain and Kruhl,
2015; Muto et al., 2015). Fracturing of brittle minerals (e.g., garnet)
hosted in a ductile matrix is not uncommon in foliated metamor-
phic rocks (e.g., Ji et al., 1997), and can be caused by quasi-static
deformation processes. However, at dynamic stresses with increas-
ing energy, the relative abundance of smaller fragments increases,
while the relative abundance of larger fragments decreases (e.g.,
Muto et al., 2015 and references therein). Thus, the PSD resulting
from dynamic fragmentation is distinct from that resulting from
quasi-static processes, and therefore a slope in a cumulative log-
log plot of PSD (see Section 3) can be used to infer the process
of fragmentation. Soda and Okudaira (2018) used PSDs of fine-
grained feldspar, but the study of fragmented feldspar is more
challenging because its fracturing can be controlled by cleavage,

possibly leading to significant directional anisotropy in the mi-
crofractures. Jamtveit et al. (2019) analyzed PSDs of fragmented
garnets around pseudotachylyte veins and documented cm-wide
damage zones. Here, we describe garnet fragmentation using PSD
analysis at the base of a mature strike-slip fault (the Sandhill Cor-
ner shear zone) in an attempt to define the spatial extent of off-
fault damage and pulverization.

2. The Sandhill Corner shear zone (SCSZ)

The northeast-trending SCSZ is the longest continuous strand
of the Norumbega fault system, which is a Paleozoic, crustal-
scale, large-displacement, right-lateral strike-slip fault system in
the northern Appalachians, USA (Fig. 1). A kinematic vorticity
number of 0.97 in the SCSZ was reported by Johnson et al. (2009),
indicating approximately strike-slip flow (subsimple shear). The
~230 m-wide shear zone consists of a quartzofeldspathic (QF) unit
(protomylonite to mylonite) and a sheared schist unit. The shear
zone core is a ~5 m-wide zone of ultramylonite/phyllonite rock,
containing abundant deformed and undeformed pseudotachylyte
veins (locally >50% of rock volume), and coincident with the
lithologic contact between the QF and schist units (Figs. 2A and
2B; Price et al., 2012). The SCSZ, especially within the immediate
vicinity of the core, preserves evidence for the mutual overprint-
ing of pseudotachylyte and mylonite (Price et al., 2012), which
reflects coeval frictional and viscous deformation during seismo-
genic cycles (e.g., Handy et al, 2007). Based on quartz (dislo-
cation creep and subgrain rotation recrystallization) and feldspar
(fracturing) deformation, Price et al. (2016) estimated that my-
lonitic deformation, overprinting previous higher-temperature mi-
crostructures outside the shear zone, occurred at temperatures of
400-500°C. Plagioclase in and near the core displays multiple gen-
erations of microfractures and fragmentation down to submicron
scale with little or no internal strain (Figs. 2C, 2D and 2E). Gar-
net is fragmented in various styles: intact, split into several pieces,
and partially and pervasively fractured. Some fragmented garnets
within and near the core underwent moderate to extreme post-
fragmentation shearing and stretching, leading to aspect ratios of
the fragment mass exceeding 8 (e.g., sample BB16 in Fig. 3).
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Flow banding . .

Fig. 2. Rock microstructures in or near the shear zone core. (A) Photomicrograph (cross-polarized light) of undeformed pseudotachylytes (PST). The undeformed PST contains
flow banding (dashed curve) that shows melt flow structure. (B) Photomicrograph (cross-polarized light) of deformed PST. Internal layers of the deformed PST are generally
concordant with the external mylonitic foliation of the shear zone. (C) Backscattered electron (BSE) image of shattered plagioclase in the QF mylonite near the shear zone
core. Microfractures are partly filled with quartz, chlorite and apatite. (D) Cathodoluminescence (CL) image of (C). Healed microfracture networks appear as dark CL bands
(arrows). (E) CL image of area outlined in (D) showing extreme fragmentation. Micron and submicron-sized fragments are observed. Mineral abbreviations are: Ap = apatite,
Chl = chlorite, Ms = Muscovite, Pl = plagioclase, Qz = quartz. See the online article for the color version of this figure.

3. Methods

We analyzed 15 thin-sections of garnet-bearing rock samples
across the SCSZ (Fig. 1B). The rock samples were cut perpendic-
ular to the main foliation and parallel to the stretching lineation
(XZ plane), except one sample (BB16-a) that was cut perpendicu-
lar to both foliation and lineation (YZ plane). All the sections were
polished mechanically with 0.3 pm alumina suspension and chem-
ically in 0.02 pm colloidal silica suspension, and then were coated
with a thin layer of carbon to prevent electron charging. They were
used to acquire backscattered electron (BSE) images and electron
backscatter diffraction (EBSD) maps of garnet from a Tescan Vega
Il scanning electron microscope at the University of Maine, USA.

We measured two-dimensional PSD of fragmented garnet from
BSE images using a technique similar to that reported in Keulen et
al. (2007). We selected one highly fragmented garnet from each
thin section and collected high-resolution BSE images (4,000 x
magnification) to cover the whole area of each garnet. We stitched
40 to 426 images, depending on garnet size, to create a single
image. For stretched garnets with rotated fragments, we chose
to analyze relatively less rotated areas that contain a wide range
of fragment sizes (red boxes in Fig. 3) to minimize the effect
of post- and interseismic deformation on PSD (see Section 4.2).
For segmented bitmap of garnet and its image analysis, we used
ImageSXM (https://www.liverpool.ac.uk/~sdb/ImageSXM/) with a
macro (‘Lazy Erode Dilate’; https://micro.earth.unibas.ch/support/
LazyMacros/) and Image] (https://imagej.nih.gov/ij/). During rank-
ing filter processes through the macro, the bitmaps were manu-
ally modified to maintain the original fragment shapes by com-
paring with the BSE images. For example, hairline microfractures

that could not be automatically identified were manually traced.
For sample BB12 which showed unclear fracture lines too thin to
identify in the BSE image at 4,000x magnification (especially true
for fine fragments <6 pm in that sample), additional BSE images
at 10,000x magnification were collected in sub-areas containing
fine fragments. Cross-sectional areas of fragments were measured
in the processed bitmaps after removing fragments smaller than
20 pixel® (equivalent to 0.34 pm and 0.14 um in size for mag-
nifications of 4,000x and 10,000x, respectively). The number of
analyzed fragments in each garnet ranged from ~200 to ~12,000.
To restore the ‘eroded’ outline of each fragment during the seg-
mentation, the pixel values equivalent to its perimeter were added
to the area. Then, we calculated area-equivalent diameters, which
are taken as particle size in our PSD analysis. PSD data are com-
monly analyzed using a power-law function within a specific range
of particle sizes (Mandelbrot, 1982). This power-law relationship
can be quantified by the cumulative frequency curve in log-log
plot of N(> d) = kd—P, where N(> d) is the number of particles
greater than diameter d, k is a constant, and the exponent D (D-
value in two dimensions here) is the negative slope of a best-fit
line over a linear part of the plot (Turcotte, 1986). For comparison
purposes, three-dimensional D-values of other studies were con-
verted to two-dimensional D-values by subtracting one (Sammis et
al,, 1987). On a log(cumulative frequency) - log(size) plot, we used
20 bins per order of magnitude of particle size. In sample BB12,
the PSD data from two magnifications were combined into a single
plot, multiplying the frequency in each bin at 10,000 x magnifica-
tion by a factor to the particle numbers at 4,000 x magnification.
To correct for variation in overlapping bins of two magnifications,
the average frequency of the overlapping bins is used.
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Fig. 3. BSE images of ten representative garnet samples. Red boxes show the analysis areas of particle size distribution (PSD). The images are arranged from the QF host rock,
through the shear zone core, to the schist host rock. Perpendicular distance for each sample was measured from the lithologic contact between the QF and schist units, and is
shown in the upper-right corner of each image. Negative value of distance indicates the QF area. Note that while garnets in the host rocks and the outer shear zone (samples
207, BB10, 28 and 35) show one or more sets of preferred microfracture orientations, the inner shear zone garnets (samples 56, BB16-a, BB16, BB12, 41 and 305) have a
large number of microfractures without preferred orientation. See Fig. S1 for all the analyzed garnet samples. As fracture-filling minerals, quartz, micas (locally chloritized),
calcite and feldspar are displayed in gray to dark gray, and oxides, phosphates and sulfides are shown in bright white. Mineral abbreviations are: Ap = apatite, Bt = biotite,
Cal = calcite, Chl = chlorite, Grt = garnet, [lm = ilmenite, Mag = magnetite, Mnz = monazite, Ms = Muscovite, Pl = plagioclase, Py = pyrite, Qz = quartz. See the online

article for the color version of this figure.

We also measured microfracture density of garnets in the
stitched BSE images through a linear scanline method, widely
used to characterize fracture networks (e.g., Anders and Wiltschko,
1994; Mitchell et al,, 2011). To minimize the effect of operator
sampling bias, we used 8 to 12 randomly oriented scanlines drawn
across each garnet (Anders and Wiltschko, 1994). The garnet mi-
crofracture density (#/mm) is defined as the total number of mi-
crofractures that intersect scanlines divided by the total scanline
length. In the case of dilated microfractures separating garnet frag-
ments, the scanline length within each dilated fracture was sub-
tracted from the total scanline length.

EBSD patterns of garnets were collected in an EDAX-TSL EBSD
system at an acceleration voltage of 20 kV, a sample tilt of 70°,
and a working distance of 25 mm, using a step size between 1
and 2 pm. EDAX-TSL OIM Analysis 6 software was used to con-
struct EBSD maps and obtain misorientation angle distributions.
The misorientation index (M-index; Skemer et al., 2005) was cal-
culated to represent fabric intensity of fragmented garnets. The
M-index is defined as the difference between the observed distri-
bution of misorientation angles for pairs of randomly selected data
points (“random-pair”) and the misorientation angle distribution
for a random fabric (“theoretical random”) (Skemer et al., 2005).
The M-index ranges from 0 for random fabric to 1 for single crystal

fabric. When particles of a mineral show a strong crystallographic
preferred orientation, its M-index is close to 1. If the particles are
heterogeneously rotated, the M-index can be close to 0. The re-
sults of PSD, microfracture density, and M-index for all 15 garnet
samples are documented in Table S1.

4. Garnet fragmentation
4.1. Microstructures

Garnet microfractures in the host rocks and the “outer” shear
zone (see Section 4.2) show one or more sets of preferred orien-
tation (Figs. 3 and S1). For example, sample BB10 has one set of
oriented microfractures, perpendicular to the local foliation. On the
other hand, qualitatively, microfractures in the “inner” shear zone
samples (see Section 4.2) show no obvious preferred orientation
(Figs. 3 and S1). Garnets in the inner shear zone including the core
are highly fragmented down to the submicron range and, in most
cases, sheared (e.g., see samples BB16 and 41 in Fig. 3). Sheared
and thus rotated fragments appear sub-angular to sub-rounded in
shape. However, the fragments of sample BB12, the least sheared
garnet in the inner shear zone, display little or no shear offset,
thereby maintaining the original particle shape, and have angu-
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Fig. 4. Particle size distribution (PSD) results of four representative garnet samples.
Cumulative size frequency distribution is plotted in log-log space against fragment
diameter. Best-fit power-law lines are drawn with D-values and R? correlation co-
efficients. The host rock samples in (A) and (C) can be fit by a single power-law
distribution (red lines) over more than one order of magnitude, whereas highly
fragmented garnets of the inner shear zone (SZ) in (B) and (D) follow two power-
law distributions (red and blue lines). Measurements from truncated data (very
fine fragments) or censored data (large fragments) were excluded from the anal-
ysis (black dots). See Fig. S2 for all the analyzed garnet samples. See the online
article for the color version of this figure.

lar, wedge-like shapes (Fig. 3). Dilatant microfractures of garnets in
the SCSZ and host rocks are filled primarily with quartz and micas
(locally chloritized), but include very minor quantities of feldspar,
calcite, oxides, sulfides and/or phosphates (Fig. 3).

4.2. Particle size distribution, microfracture density, and fabric intensity

The cumulative PSDs of fragmented garnets from the host rocks
and the outer shear zone in both the QF and schist units gener-
ally show a single power-law distribution over the majority of the
size range, more than one order of magnitude, with R-square val-
ues larger than 0.99 indicating an excellent correlation (Figs. 4A,
4C and S2). Their D-values are less than 1.50, between 0.47 and
112 (samples 207, BB6, 202, BB10, 71, 26, 29 and 35 in Figs. 5A
and S2). However, the PSDs of the inner shear zone samples do
not exhibit a single power-law with a constant slope; the data are
better fit by two different domains of smaller and larger particle
sizes, for which we denote two D-values as D_ and D-, respec-
tively (Keulen et al., 2007; see Figs. 4B, 4D and S2). The boundary
between two power-law domains was chosen at a particle diame-
ter of ~10 um, based on inspection of the distribution data (Table
S1). In the inner shear zone, the fitted D-values for smaller frag-
ments (D.) range from 0.84 to 1.19, while the D-values for larger
fragments (D) are equal to or higher than 1.50, between 1.50
and 2.36 (samples 56, BB16-a, BB16, BB12, 41 and 305 in Figs. 5A
and S2). D-values in the study area (or D. -values for the samples
with two power-laws) tend to increase toward the shear zone core
(Fig. 5A). We call the area with D- or D.-values >1.5 an “inner”
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Fig. 5. Summary graphs of the analyzed data for all the fragmented garnet samples,
against distance from the QF/schist lithologic contact. (A) Two-dimensional D-value
plot. D. for the larger particle size is plotted where there are two power-law
trends. The region of D-value >1.5, above the threshold of dynamic fragmenta-
tion, is highlighted in light gray, and the width of a dynamically fragmented zone
(the inner shear zone) is determined by samples with D-value >1.5 (marked by
green dashed lines). Note highly asymmetric distribution of the dynamic fragmen-
tation zone around the shear zone core (highlighted by dark gray). (B) Microfracture
density plot. Note the logarithmic scale on the y-axis. Best-fit exponential lines are
drawn for two lithologic units. Background microfracture density, below the fracture
density value of sample 29 (schist host), is highlighted in light gray for reference.
The width of effective damage zone is determined by the best fit lines above the
background microfracture density (marked by orange dashed lines). Note asym-
metric distribution of the effective damage zone around the shear zone core. (C)
M-index fabric intensity plot. The M-index for most samples is very high in excess
of 0.8, except four samples in the inner shear zone (BB16-a, BB16, 41 and 305). Leg-
end for the QF and schist units is displayed in (C). Sample numbers are shown in
(A), and only two sample numbers at a same distance are provided in (B) and (C).
See the online article for the color version of this figure.

shear zone because of its proximity to the core, whereas the shear
zone rocks with D- or D.-values <1.5 are considered as “outer”
shear zone. One garnet (sample 28) in the schist unit shows two
power-law distributions with relatively low D-values (D. = 0.69
and D. = 1.37), but is considered an outer shear zone rock due to
the D.-value <1.5 (Fig. S2). The inner shear zone is asymmetri-
cally distributed around the shear zone core with widths in the QF
and schist units of ~63 m and ~5 m, respectively (Fig. 5A).
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garnet. See the online article for the color version of this figure.

Microfracture density of fragmented garnets also generally in-
creases toward the shear zone core from the host rocks (Fig. 5B).
The host rock garnets have relatively few microfractures corre-
sponding to microfracture density between 17.77 and 43.81 mm~!.
In the outer shear zone, microfracture density ranges from 18.52
to 67.71 mm™~!. The inner shear zone garnets show enhanced mi-
crofracture density from 94.11 mm~! to 155.07 mm~'. The trends
of garnet microfracture density from two host rock units to the
core exhibit exponential increases and also an asymmetric distri-
bution (Fig. 5B).

The M-index fabric intensity for most garnet samples is very
high exceeding 0.8, but stretched garnets in the inner shear zone
show lower values (Figs. 5C and S3). The aspect ratio of fragmented
garnet appears to inversely correlate with the M-index (Fig. 6).
While garnets with little to no strain (e.g., sample BB12 in Fig. 6A)
exhibit high M-index values close to 1 (M-index of BB12 = 0.972
in Fig. 6B), the highly stretched fragmented garnets near and in
the core (e.g., samples BB16 and 41 in Fig. 6A) exhibit very low M-
index values (M-index of BB16 = 0.236 and M-index of 41 = 0.308
in Fig. 6B). Relatively slightly stretched garnets such as sample 305
(Fig. 6A) in the inner shear zone show intermediate M-index val-
ues (M-index of 305 = 0.755 in Fig. 6B).

5. Discussion

5.1. Development of high D-values in the SCSZ

The magnitude of D is generally related to fragmentation pro-
cess and energy. Hydraulic brecciation produces low D-values less
than ~1.3 (Clark et al., 2006), high-energy fracturing during catas-
trophic explosion generates high D-value equal to or greater than
1.5 (Schoutens, 1979; Turcotte, 1986), and mature shear-related
fault rocks such as gouge exhibit D-values near 1.6 predicted by
the constrained comminution model (Sammis et al., 1987). There-
fore, high D. -values >1.5 of the inner shear zone garnets, similar
to those reported for the explosive fragmentation, may indicate
high-energy dynamic fragmentation.

Sample BB12 in the inner shear zone shows the D. -value of
1.84 (Fig. 4B), which is comparable with the D-value of 1.72 for
pulverized quartz from the Arima-Takatsuki Tectonic Line, Japan
(Muto et al.,, 2015). By considering its unique damage microstruc-
ture: (1) intense fracturing, (2) angular fragments down to the
micron and submicron scales (Fig. 3), and (3) a large M-index
value (0.972) indicating very little to no relative fragment rota-
tion (Fig. 6), we propose that the high D. -values of QF and schist



B.R. Song et al. / Earth and Planetary Science Letters 539 (2020) 116226 7

I >10 um

BB12

(QF inner S2)
10000

D_.=0.86
R?=0.993

1000 ¢

R? =0.994

Number of particle > Size
s B8

0.1 1 10 100 1000
Particle size (um)

200 pm

Fig. 7. Bicolor map of the processed bitmap for BB12 garnet, highlighting fragment distributions for two different size ranges with a breakpoint at 10 pm. Red and blue colors
in the map indicate fragments <10 pm and >10 pum, respectively, corresponding to D_ and D. in the PSD plot (right panel). The plot is taken from Fig. 4B. See the online

article for the color version of this figure.

samples in and near the core reflect dynamic damage during earth-
quake rupture.

Sample BB16 in the XZ plane parallel to the lineation shows
a D.-value of 2.36 while D. -value of sample BB16-a in the YZ
plane is much lower (1.96) (Figs. 5A and S2). Those two samples
at the same distance from the lithologic contact display distinct
microstructures: sample BB16 is strongly sheared, similar to frag-
mented and cataclastic garnets observed by Trepmann and Stock-
hert (2002), whereas sample BB16-a is relatively less deformed.
D. -values more than 2 were reported in naturally and experi-
mentally produced gouge (e.g., Keulen et al.,, 2007) and deformed
sandstone by shock recovery experiment (Buhl et al., 2013), result-
ing from further shear displacement (and thus more strain) and
high strain rate impact. Given that only highly stretched garnet
(sample BB16) shows D- -value greater than 2 in the SCSZ, we
suggest that postseismic viscous flow of the matrix can yield such
high D-value by surface abrasion combined with rotation and cat-
aclastic flow of the fragments (e.g., Trepmann and Stdckhert, 2002,
2003). This argument is further supported by a very low M-index
value (0.236) in BB16, indicating nearly random fabric (Fig. 6). Sim-
ilarly, sample 41 in the shear zone core may have experienced an
increase in D.-value by shear displacement as evidenced by its
low M-index value (0.308) (Fig. 6).

5.2. Insights into fragmentation processes from PSDs

In the cumulative PSD graphs, the fragmented garnets in the
inner shear zone do not show a single power-law over a large
range. Instead, they show a slightly ‘curved’ distribution with a
slope change (Figs. 4B, 4D and S2). This is not uncommon in other
PSD studies on pulverized fault zone rocks (e.g., Rockwell et al.,
2009; Wechsler et al., 2011). The curved distribution can be sepa-
rated into two power-law regimes, with a lower D-value (D.) for
smaller fragments and a higher value (D.) for larger fragments
(Figs. 4B, 4D and S2). The power-law behavior is lost for very fine
and large fragments. For the very fine fragments, this is possi-
bly due to the resolution limit, whereas the large fragments suffer
from insufficient sampling and the restriction to fragments smaller
than the initial size of the garnet (Pickering et al., 1995).

The two-power-law fit has been used in a wide range of frag-
mentation studies including explosive magmatic fragmentation,
meteoric shock and impact fragmentation, shearing comminution,

and drilling comminution (e.g., Carpinteri and Pugno, 2002; Keulen
et al,, 2007; Roy et al., 2012; Hossain and Kruhl, 2015). Keulen et
al. (2007) suggested that two power-laws with a slope change at
a diameter between 1.8 and 4 pum represent the grinding limit of
quartz (1.7 pum; Prasher, 1987) in shearing comminution. We calcu-
lated the grinding limit (= 30x(K;c/H)?) of garnet based on crack
nucleation (Hagan, 1981) using the hardness (H) and toughness
(resistance to fracture, K;c) of Whitney et al. (2007). Garnet has a
lower limit value than quartz (0.26 pm for almandine-pyrope) and
thus, in our samples, the particle size at which the slope changes
is much larger (~10 pm) than the grinding limit of garnet.

Our possible explanations for the two power-law distributions
in garnet include the following. First, we suggest that the change
in slope is more likely related to two-stage dynamic fragmenta-
tion (Carpinteri and Pugno, 2002; Tasdemir, 2009). The primary
stage is a high energy, high strain-rate volume fragmentation, typi-
cally generating coarse, through-going, wedge-shaped fragments in
a 3D volume (Wittel et al., 2008). In the secondary stage, finer
fragmented material forms at the surfaces of coarser fragments
by low energy surface fragmentation or attrition (Carpinteri and
Pugno, 2002). Sample BB12 in Fig. 7 supports these volume and
surface fragmentations. Wedge-shaped coarser fragments are more
spatially distributed with D-value close to 2 (D. = 1.84) whereas
fine fragments are concentrated between the coarser fragments
with D-value close to 1 (D. = 0.86) (Fig. 7). Therefore, these two
power-law distributions presumably reflect a two-stage process of
dynamic fragmentation mechanism (dynamic tensile fracturing and
then frictional grain-boundary sliding), as reported by the experi-
mental study of Aben et al. (2016).

The second possibility is that PSDs produced by dynamic frag-
mentation may be modified by chemical erosion after the frag-
mentation. Fracture-filling minerals are mainly quartz, micas and
chlorite (Fig. 3). In the inner shear zone samples, fracture-filling
biotite is partly or extensively replaced by chlorite, possibly con-
suming adjacent garnet. During chemical alteration, small garnet
fragments along fractures can completely dissolve and disappear
while large fragments experience the rounding of sharp corners
and edges. The lower slope for smaller fragments is likely to reflect
this chemical erosion during hydrothermal alteration. The thermal
erosion model proposed by Roy et al. (2012) supports secondary
post-fragmentation processes modifying the original PSD, decreas-
ing the slope of the PSDs preferably at smaller sizes. However, even
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with secondary modification, it is inferred that the slope of coarser
fragments (D- -value) still indicates the original primary dynamic
fragmentation process. We note that two power-law distributions
of a garnet in the outer shear zone (sample 28) may reflect a rela-
tively high degree of post-fragmentation modification (Fig. S2).

In addition, we also consider D_- and D-. -values to have been
produced by two different primary fragmentation processes. One
process can be fluid-assisted microfracturing possibly during post-
and interseismic periods, leading to the D-values close to 1, which
may be the primary process that occurred in the host rock and
the outer shear zone garnets. We interpret the second process to
be earthquake-induced dynamic fragmentation. In this stage, more
intensive fragmentation occurs within preferred size intervals (>
~10 pm) likely owing to high confining pressure, in agreement
with the experimental evidence of Yuan et al. (2011).

Lastly, the curved distribution may be fit by a Weibull distri-
bution (exponential-like function represented by Rosin and Ramm-
ler, 1933) generated by multiple fragmentations during successive
earthquakes, instead of a single earthquake, thus showing param-
eters of both power-law and lognormal distributions. However,
there is no clear evidence for superimposed fracture sets of dif-
ferent generations in the garnets we examined, nor in the other
studies noted above where two different D-values were identified
in single samples.

5.3. Overview of coseismic damage at FVT depths

The inner shear zone was defined as a zone with D-values >1.5,
above the threshold considered to indicate high-energy fragmenta-
tion processes. We therefore attribute the ~70 m-wide inner shear
zone with D > 1.5 (~63 m wide in QF and ~5 m in schist) to
dynamic stresses generated during rupture propagation (Fig. 5A).
Garnet microstructures also strongly suggest transition from non-
dynamic to dynamic damage at the boundary between the outer
and inner shear zones, such as considerable reduction of fragment
size and changes in microfracture orientation from preferred to no
apparent preferred orientations (Fig. 3).

The microfracture density that decreases with increasing dis-
tance from the QF/schist contact outlines the spatial extent of the
outer effective damage zone (e.g., Mitchell and Faulkner, 2012).
The microfracture density drops to the background levels at ~207
m and ~53 m from the contact in the QF and schist units, re-
spectively, when background levels are taken as less than the mi-
crofracture density of sample 29 (schist host) (Fig. 5B). Sample 207
in the QF host rock shows a relatively high microfracture density,
which we attribute to heterogeneous localized deformation. In the
outer shear zone, fragmented garnets with microfracture density
higher than the background values show D-values less than 1.5
(Figs. 5A and 5B). Therefore, damage in the outer shear zone may
result from a quasi-static deformation such as hydraulic microfrac-
turing (Clark et al., 2006).

Our interpretation based on the garnet microstructures, D-
values, and microfracture density is supported by the appearance
of deformed pseudotachylyte in the inner shear zone (Fig. 2). The
cycles of pseudotachylyte and mylonitic deformation indicate a
long history of repeated coseismic slip and post- and interseismic
viscous deformation at FVT depths (e.g., Handy et al., 2007; Price
et al,, 2012).

6. Conclusions and implications

The SCSZ of the Norumbega fault system preserves previ-
ously undocumented characteristics of large-displacement, strike-
slip faults at FVT depths. The subdivisions of the SCSZ (the host
rock, the fractured outer shear zone, the dynamically fragmented

inner shear zone, and the shear zone core) correlate with the pat-
tern of damage zone around active or recently active strike-slip
faults at shallow depths (e.g., Mitchell et al., 2011; Rempe et al.,
2013). In the QF unit of the SCSZ, the transition from the outer to
inner shear zone occurs at ~63 m from the lithologic contact with
prominent changes in microstructures, D-values, and microfrac-
ture densities. Such a transition is also observed across mature
fault systems that are currently or recently active. For example,
the boundary between fractured and pulverized zones are located
at ~50 m and ~200 m from the fault core of the San Andreas
fault and Arima-Takatsuki Tectonic Line, respectively (Mitchell et
al., 2011; Rempe et al,, 2013). In particular, we propose that the
highly fragmented and sheared garnet near the SCSZ core (e.g.,
sample BB16) might correlate with the “pulverized and sheared”
unit adjacent to the San Andreas fault core of Rempe et al. (2013).
If this correlation is valid, then our results suggest that intense co-
seismic damage extends through the entire seismogenic zone in
large-displacement, strike-slip faults/shear zones, although healing
processes and elastic strength recovery at depth may generally ren-
der it undetectable to seismological investigations after a relatively
short time (e.g., Li et al., 2006).

Although garnet is relatively abundant in the schist, it is rel-
atively rare in the QF rocks. However, we believe that the ob-
served microfracturing and fragmentation in garnet occurred in
other mineral phases such as quartz and feldspar (Figs. 2C, 2D
and 2E) during earthquake rupture. Such processes could facilitate
chemical reactions and fluid-induced mineralogical changes during
post- and interseismic periods. Thus, coseismic damage can affect
episodic evolution of the shear zone rheology and therefore long-
term weakening and strain localization of viscous deformation at
depth (e.g., Handy et al.,, 2007). These may in turn contribute to
long-term slip localization in the brittle upper crust developing
along a mature seismogenic fault zone.

A final point of importance is the pronounced asymmetry of
damage around the SCSZ core. While the damaged inner shear
zone with D > 1.5 is ~63 m wide in the QF unit (northwest
side), it is ~5 m wide in the schist unit (southeast side). Such
asymmetric damage distribution is commonly found around active
large-displacement, strike-slip faults that juxtapose rocks with dis-
similar properties that form a bimaterial interface (e.g., Rockwell et
al., 2009; Mitchell et al., 2011; Rempe et al,, 2013). Dynamic rup-
ture models have shown that bimaterial faults can host ruptures
with preferred direction, producing more pronounced damage on
the stiffer side (e.g., Dalguer and Day, 2009; Xu and Ben-Zion,
2017). If the strong asymmetry of damage in the SCSZ reflects
rupture dynamics, then the right-lateral slip along the shear zone
would indicate southwest preferred directivity of rupture propa-
gation in the area. The asymmetric damage observed in the SCSZ
exhumed from FVT depths may imply that the same damage pro-
cesses of seismogenic strike-slip faults occurring in the uppermost
crust operate through the entire seismogenic zone.
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