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Pulverized granite at the brittle-ductile transition: An example from
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Abstract

Granite from a 50—-200-m-wide damage zone adjacent to the brittle-ductile Kellyland Fault Zone
contains healed fracture networks that exhibit almost all of the characteristics of dynamically
pulverized rocks. Fracture networks exhibit only weak preferred orientations, are mutually cross-
cutting, separate jigsaw-like interlocking fragments, and are associated with recrystallized areas
likely derived from pervasively comminuted material. Fracture networks in samples with primary
igneous grain shapes further indicate pulverization. Minimum fracture densities in microcline are
~100 mm/mm?. Larger fractures in microcline and quartz are sometimes marked by neoblasts,
but most fractures are optically continuous with host grains and only visible in
cathodoluminescence images. Fractures in plagioclase are crystallographically controlled and
typically biotite filled. Petrologic observations and cross-cutting relationships between brittle
structures and mylonitic rocks show that fracturing occurred at temperatures of 400°C or more
and pressures of 200 MPa. These constraints extend the known range of pulverization to much
higher temperature and pressure conditions than previously thought possible. The mutually
cross-cutting healed fractures also provide the first record of repeated damage in pulverized

rocks. Furthermore, pulverization must have had a significant but transient effect on wall-rock
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porosity, and biotite-filled fracture networks in plagioclase form weak zones that could

accommodate future strain localization.

1. Introduction

The high frequency of earthquakes along modern fault zones indicates that seismogenic
fault rocks should be ubiquitous in exhumed ancient faults. However, at our present level of
understanding, demonstrably seismogenic fault rocks appear rather rare. The apparent paucity
of seismogenic fault rocks is in part due to overprinting and recrystallization of seismogenic
rocks (e.g., Passchier, 1982, Price et al, 2012; Kirkpatrick and Rowe, 2013). However, we also
have historically overlooked and/or misinterpreted many fault rocks and fault structures that are
likely seismogenic (see recent review in Rowe and Griffith, 2015). For example, recent mapping
has identified 100—400-m-wide zones of dynamically pulverized rocks—damage-zone rocks that
exhibit intense fracturing and grain-size reduction yet record no appreciable shear offset—
adjacent to several large, active strike-slip fault zones, including the San Andreas Fault, the
Garlock Fault, and the Arima-Takatsuki Tectonic Line (e.g., Dor et al., 2006a, 2006b, 2008,

2009; Rockwell et al., 2009; Mitchell et al., 2011).

Theoretical considerations (Reches and Dewers, 2005), rock-deformation experiments
(e.g., Doan and Gary, 2009; Yuan et al., 2011; Doan and d'Hour, 2012; Aben et al., 2016), and
analyses of grain-size distributions (Wilson et al., 2005; Muto et al., 2015) are all consistent with
a seismogenic origin for pulverized rock. However, the exact seismic mechanism or
mechanisms leading to pulverization remain equivocal (see recent review in Xu and Ben-Zion,
2017). Pulverized rocks recognized along modern fault zones exhibit little or no healing, and
they commonly grade into fault cores dominated by incohesive gouge (Wilson et al., 2005; Dor
et al., 2006a, 2009; Rockwell et al., 2009; Mitchell et al., 2011; Wechsler et al., 2011; Rempe et

al., 2013; Muto et al., 2015). Additionally, very high-strain-rate axial compression experiments
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using the split Hopkinson pressure-bar apparatus fail to produce pulverization at realistic strain
rates above 20 MPa confining pressures and fail to produce pulverization at any strain rate
above 60 MPa (Yuan et al., 2011). These observations have led to some speculation that
pulverization is only possible at very low confining pressures in the upper 2—4 km of the
earthquake source region (e.g., Dor et al., 2006a; Yuan et al., 2011; Fondriest et al., 2015).
Hence, constraining the maximum depth of pulverization is a critical factor in determining what
seismic mechanisms may drive the process. Currently, the two most widely invoked
mechanisms are rapid tensile loading on the high-seismic-velocity sides of bi-material ruptures
(e.g. Ben-Zion and Shi, 2005; Dor et al., 2006a; Xu and Ben-Zion, 2017), and passing Mach
fronts from super-shear ruptures (e.g. Doan and Gary, 2009; Yuan et al., 2011). Incipient
pulverization textures formed at confining pressures at or below the tensile strength of quartz
indicate that rapid compressional loading is also an important mechanism under at least some

conditions (Whearty et al., in press).

To date, pulverized rocks have been documented only along one ancient fault zone that
was exhumed from less than 2 km depth (Fondriest et al., 2015), and the potential for long-term
preservation of pulverized rock is unknown. However, recognizing pulverized rocks in damage
zones of ancient faults would help demonstrate seismogenic slip, and combining this
paleoseismic fingerprint with careful study of adjacent fault cores could improve our

understanding of the cryptic record of earthquakes in exhumed fault zones.

In this contribution we document damage-zone microstructures in granite adjacent to a
bi-material interface in the Paleozoic brittle-ductile Kellyland fault zone (KFZ). Preservation of
pulverization textures in the damage zone of the KFZ is significant because it: (a) extends the
known range of pulverization to much higher temperatures and higher confining pressures,

thereby providing some important constraints on the mechanism or mechanisms causing
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pulverization, and (b) shows that dynamic pulverization textures can be preserved in ancient

inactive shear zones, despite complete healing in almost all grains.
2. Geologic setting

The KFZ is one of three strands of the Norumbega fault system in eastern Maine (Fig.
1). Like the San Andreas fault system, the Norumbega system formed parallel with a long-lived
active margin (e.g., Hatcher, 2010), cuts many arc- and oceanic-affinity accreted terranes as
well as plutonic rocks (e.g., Robinson et al., 1998; Ludman and West, 1999; Hibbard et al.,
2006), and offsets the seismic Moho (Costain et al., 1990; Doll et al., 1996). Regional mapping
and palenspastic reconstructions indicate that the KFZ accommodated at least 25 km of dextral
strike-slip motion (Wang and Ludman, 2004). In the area of this study, the KFZ forms a bi-
material interface juxtaposing chlorite-grade metasedimentary rocks of the Flume Ridge
Formation with the ca. 384-Ma Deblois granite pluton (Fig. 1) (Wang and Ludman, 2004; Wang,
2007). The Deblois pluton has a 0.5—1-km-wide contact areole (Ludman et al., 2000; Riley,
2004), and U-Pb-crystallization- and biotite-*’Ar/**Ar-cooling ages of granite collected near the
study area are within error of each other (Idleman and Ludman 1998; Ludman et al., 1999;

Ludman et al., 2000), indicating rapid cooling and shallow emplacement.

Sullivan et al. (2013) recognized three strain facies in the KFZ cutting the Deblois
granite. From southeast to northwest these are: (1) a 2—3-km-wide belt of variably foliated to
undeformed granite called the foliated-granite domain, (2) a 100-300-m-wide belt of foliated-
granite cut by numerous small shear zones called the localized-shear-zone domain, and (3) a
200—400-m-wide belt of ultramylonite and minor mylonite derived from granite called the main-
ultramylonite domain (Fig. 1B). Bulk composition does not change between undeformed granite,

foliated-granite, and granite-derived ultramylonite (Sullivan et al., 2013).
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Undeformed Deblois granite is texturally uniform and megacrystic to pegmatitic. It
contains perthitic microcline + quartz + oligoclase + biotite + hornblende; rapakivi overgrowths
of plagioclase on microcline are common (Riley, 2004; Wang, 2007). The foliated-granite
domain is marked by aligned feldspar megacrysts and weakly elongated quartz and biotite
grains, but many areas of this domain do not exhibit foliation. Quartz in this domain underwent
fast grain-boundary-migration recrystallization and often preserves chessboard-style subgrains
indicating high-temperature deformation (>600°C; Kruhl, 1996; Stipp et al., 2002; Sullivan et al.,

2013).

The localized-shear-zone domain consists of foliated-granite cut by numerous, discrete,
2-mm- to 1.5-m-wide steeply dipping mylonite and ultramylonite zones (Fig. 2A). Most shear
zones are bounded by at least one discrete fracture surface. These boundaries truncate wall-
rock foliations and individual mineral grains. Both synthetic and antithetic discrete brittle
fractures also cut the foliated granite, and many antithetic fractures root into localized shear
zones where they exhibit synthetic drag (Sullivan et al., 2013). Localized shear zones where
foliation planes are cut by brittle fractures have not been documented, but foliation in localized
shear zones sometimes bends around offset shear-zone boundaries. Sharp shear-zone
boundaries locally transition into discrete fractures. Probable recrystallized and deformed
pseudotachylyte veins are preserved in some localized shear zones (Sullivan et al., 2013). The
ubiquitous association of shear zones with fractures, the presence of recrystallized and
deformed brittle fault rocks, and the composition and textures of mylonites and ultramylonites
described by Sullivan et al. (2013) indicate that ductile deformation in the localized shear zones
was catalyzed by grain-size reduction and mechanical mixing during brittle faulting. The
localized-shear-zone domain grades into the main-ultramylonite domain over 2-10 m (Fig. 1B).
Granite-derived ultramylonite does not contain brittle fractures like those observed in the

localized-shear-zone domain.
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3. Criteria for identifying pulverized rocks

Samples of pulverized crystalline rock collected adjacent to modern fault zones exhibit a
characteristic suite of microstructural features that may be used to recognize ancient pulverized
rocks. These are: (a) primary grain shapes are preserved despite pervasive fracturing; (b)
dilational, opening-mode fractures are common; (c) primary quartz and feldspar grains host
zones of intensely comminuted material; (d) fracture sets have little or no preferred orientation
and form jigsaw-like interlocking fragments; (e) fractures typically do not offset primary
structures; and (f) there is little or no rotation of fragments across most fractures (c.f. Mitchell et
al., 2011; Wechsler et al., 2011; Rempe et al., 2013). These textures are typically gradational
with gouge and cataclasite in the fault core and intact rock outside of the damage zone (Dor et
al., 2006a, 2006b; Rockwell et al., 2009; Mitchell et al., 2011; Wechsler et al., 2011; Rempe et
al., 2013). Both experiments and observations of natural fault rocks indicate that healing of
fractures is rapid at temperatures typical of the brittle-ductile transition with smaller fractures
often healed in crystallographic continuity with their host grains (e.g., Kuster et al., 2001;
Trepmann et al., 2007; Anders et al., 2014; Bestmann et al., 2016). Thus, repeated seismogenic
pulverization at elevated temperatures should produce multiple generations of opening-mode

fractures that cut healed fractures from earlier events.

Cataclasites, dynamic dilational breccias, and implosion breccias are also associated
with intense fracturing and grain-size reduction in or adjacent to large brittle-ductile fault zones.
However, each of these fault rocks can be distinguished from end-member dynamically
pulverized rock. Cataclasites exhibit offset and rotation of fragments, disaggregation of primary
textures, and through-going bands of fine-grained material (e.g., Sibson, 1977; Evans, 1988;
Blenkinsop, 1991; Nelis and Mosher, 1998). Fracturing and cataclasis of feldspars is considered
common in granite deformed under greenschist-facies conditions (e.g., Simpson, 1985; Tullis

and Yund, 1987), but formation of these fractures is associated with mesoscopic deformation of
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the feldspar grains, foliation formation, and crystal-plastic deformation of quartz and biotite (e.g.,
Simpson, 1985; Gapais, 1989; Tullis, 2002). Dynamic dilational breccias exhibit crackle to
mosaic textures with strong fracture preferred orientations and contain mesoscopic clasts
(Melosh et al., 2014). Implosion breccias are restricted to dilational sites, typically contain

mesoscopic clasts, and host many veins (Sibson, 1986).

4. Methods

We examined granite specimens from throughout the localized-shear-zone domain and
adjacent foliated-granite domain and one granite sample collected ~4.9 km from the KFZ. To
minimize the complications of fracturing related to foliation development and/or overprinting by
later deformation, we focused our analyses on localities with no mesoscopic foliation or only
weak mesoscopic foliations. Polished thin sections of each sample were initially characterized
with a transmitted-light microscope and then carbon coated and analyzed using a Tescan
Vega3d scanning electron microscope equipped with a Tescan color cathodoluminescence (CL)
detector housed at Bowdoin College. The Color-CL detector can be operated in panchromatic-
CL or color-CL mode; in color-CL mode, dichroic filters are used to measure the light emitted
within red, green, and blue wavelengths to produce a color image. Color-CL and backscattered-
electron (BSE) images were collected from the same fields of view to assist in phase
identification. Color-CL images were collected using a working distance of 15 mm and
accelerating voltages of 18-20 kV for quartz and 18 kV for microcline and plagioclase. Because
CL intensity varied among grains within and across samples, contrast and brightness settings
were optimized to highlight variations in CL intensity within each grain. Thus, CL colors and CL

intensity cannot be directly compared among images.

Fracture maps of microcline grains were generated by tracing overlaid color-CL and BSE

images in Adobe lllustrator. Plagioclase in our samples has much lower CL intensities than
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microcline, but similar CL colors. Hence, it was sometimes difficult to distinguish healed
fractures from long, thin perthitic exsolution lamellae. In these cases we did not digitize
questionable fracture/lamellae traces. It was also impossible to trace all fractures across large
exsolution lamellae or plagioclase inclusions, and fractures often could not be traced across
dark zones of recrystallized K-feldspar. Individual fractures were traced using successive
straight-line segments that approximate the curvature and irregularities of each fracture.
Fracture-orientation measurements were compiled from a unit circle in the center of each image.
Fracture traces were converted to a series of nodes in XY-coordinate space, and the orientation
of each straight-line segment was measured in sample coordinates using the MATLAB toolbox
FracPaQ (Healy et al., 2017). This method accounts for the nonlinearity of the fractures and
gives more weight to longer fractures that typically contain more line segments (Griffith et al.,
2010; Healy et al., 2017). Compiled fracture orientations are plotted on Rose diagrams with
each sector proportional to the frequency of orientations. As far as we are aware, FracPaQ does
not calculate average fracture densities for entire fracture maps or report the total length of
fracture segments. Therefore, average fracture densities were compiled by multiplying the total
number of segments by the average segment length in mm to obtain the total fracture length
and then dividing by the area of the inventory circle in mm?. We interpret these as minimum

density measurements because fractures in some parts of each grain could not be mapped.
5. Results

5.1. Station KL40

5.1.1. Sample KL40-2B

Station KL40 is a 1-m? pavement outcrop of granite traversed by a 5—10-cm-wide,
northeast-striking, dextral mylonite/ultramylonite zone (Figs. 1B, 2) (Sullivan et al., 2013; their

Figures. 6C, 8). Sample KL40-2B spans the abrupt boundary between granite and the
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mylonite/ultramylonite zone (Figs. 2A, 3A). Granite in KL40-2B is also traversed by a north-
northwest-striking sinistral transgranular shear fracture that offsets the edge of the
mylonite/ultramylonite zone but is deformed by it, and mylonitic fabrics grade into highly
fragmented quartz grains on one side of this shear fracture (Fig. 3A). Ultramylonite matrix in this
sample is biotite rich and quartz poor relative to the granite protolith (Sullivan et al., 2013),
which is consistent with disequilibrium melting (Spray, 2010). The composition and the
geometry of ultramylonite bands in the shear zone indicate that ultramylonite formed after

pseudotachylyte.

Primary quartz domains in the granite of KL40-2B are divided into 0.5-3.5-mm-wide,
irregularly shaped to amoeboid grains that exhibit sweeping and/or patchy undulose extinction.
Boundaries of these grains are typically decorated with 5—-20-um-wide serrations and irregular
zones of 5-25-uym-wide neoblasts. All quartz grains are traversed by 10-50-um-wide, planar or
curviplanar bands of 5-25-um-wide quartz neoblasts and, locally, biotite that often cut quartz-
quartz and quartz-feldspar grain boundaries (Fig. 3B). Some grains also host irregularly shaped
zones of neoblasts that merge with the thin bands. These bands and irregular zones of
neoblasts resemble quartz microstructures formed by low-stress recrystallization after transient
high-stress crystal-plastic deformation and intragranular microfracturing (Trepmann et al., 2007;
Trepmann and Stdckert, 2013; Trepmann et al., 2017). At least some curviplanar bands of
neoblasts must be healed transgranular fractures because they cut quartz-quartz and quartz-
feldspar grain boundaries and/or contain biotite that requires a pathway for solution transfer.
Close association of neoblast bands with the larger shear fracture in this sample (Fig. 3B) also
supports a healed-fracture origin for these microstructures. Both large quartz grains and
neoblasts in this sample are CL-dark in panchromatic-CL and color-CL images. Quartz formed
under typical magmatic conditions is usually CL-bright because of high concentrations of Ti

(Spear and Wark, 2009; Leeman et al., 2012; Mills et al., 2017; see also Gotze et al., 2001).
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However, deformed or recrystallized quartz yields comparatively lower CL intensity, in part due
to lower Ti solubility in quartz with decreasing temperature and increasing lattice strain (Wark
and Watson, 2006; Ashley et al., 2014; see discussions in Thomas et al., 2010, 2015; Huang
and Audétat, 2012). Therefore, CL-dark domains within quartz are consistent with

recrystallization of damaged material at relatively low temperatures.

The single large primary microcline grain in KL40-2B exhibits patchy undulose extinction
in cross-polarized light, but the entire grain goes extinct within 5-10° of stage rotation indicating
little net rotation between extinction domains (Figs. 3A, B). This grain is dissected by optically
visible healed fractures marked by 10-50-pm-wide, planar to curviplanar bands of finely
recrystallized K-feldspar £ quartz + biotite (Fig. 3B). Some of these fractures visibly offset grain
boundaries and/or perthitic lamellae whereas others show no visible offset. Most optically visible
fractures form the boundaries of extinction domains. Color-CL images of optically continuous
microcline reveal jigsaw-like networks of CL-bright feldspar separated by 2—100-um-wide bands
and zones of CL-dark material that pervasively disrupt perthitic lamellae and primary inclusions
(Figs. 3C-E). Bands of CL-dark material are planar to curviplanar, commonly branch, and are
mutually cross-cutting in all directions (Figs. 3C, E). Based on these geometries and clear
cross-cutting relationships with primary features, we interpret CL-dark bands as healed fractures.
Most fractures exhibit no offset, and many are dilational (Fig. 3D). Dilational fractures are
primarily filled with K-feldspar variably intergrown with quartz and biotite (Fig. 3E), but some
areas are quartz or biotite dominated. Zones of CL-dark material are semi-polygonal to
amoeboid in shape, often taper into healed fractures, often have fractures radiating from them in
many directions, and often host island grains of higher-luminosity material (Figs. 3C, E). CL-
dark zones with radiating fractures and CL-bright islands likely represent pervasively
comminuted domains that were largely recrystallized upon healing, but a few semi-polygonal

zones could be dilational jogs along shear fractures. Fracture trends span a full 180° in sample
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coordinates, but they do define a slight preferred orientation with the maximum fracture
densities roughly bisecting the obtuse angle between the faults in this sample, as expected for
wing cracks or extension fractures (Fig. 3D). The average fracture density in this sample is 118

mm/mm? or 1.18 x 10° m/m? (Table 1).

5.1.2. Sample KL40-8

KL40-8 is a non-oriented sample of granite collected ~35 cm across strike from the
mylonite/ultramylonite zone (Fig. 2). It is traversed by a shear fracture with 1-2 mm of apparent
dextral separation, but the outlines of primary grains, igneous zoning, and igneous inclusions
are preserved (Fig. 4A). Primary quartz domains in KL40-8 are divided into 0.5—4-mm-wide,
semi-polygonal to amoeboid grains with sweeping and/or patchy undulose extinction. Quartz
grain boundaries exhibit the same serrated edges and zones of neoblasts observed in KL40-2B,
and quartz grains are also traversed by thin bands of neoblasts that often merge with irregular
zones of neoblasts hosted in larger grains or mantling smaller grains (Fig. 4B). Color-CL images
of quartz reveal a highly irregular patchwork of CL-dark and bright material (Fig. 4C). CL-bright
domains are traversed by many 2—30-um-wide, planar to curviplanar bands of CL-dark quartz
interpreted as healed fractures—consistent with previous interpretations of instantaneously
healed microfractures in quartz (Bestmann et al., 2016). Most of these healed fractures are
crystallographically continuous with the host grain and are not visible in cross-polarized light.
Fractures are mutually cross-cutting, and often can be correlated or traced across larger CL-
dark domains (Fig. 4C). The patchwork of CL-bright and CL-dark quartz obscures many

fractures, so we did not attempt to map them.

Primary microcline grains in KL40-8 exhibit patchy to sweeping undulose extinction in
cross-polarized light with entire grains going extinct in 5-10° of stage rotation indicating little net

rotation between extinction domains (Fig. 4A). They also host optically visible, mutually cross-
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cutting healed fractures marked by 10—-100-um-wide, planar or curviplanar bands of finely
recrystallized K-feldspar £ quartz + biotite. As in KL40-2B, some of the larger fractures offset
grain boundaries and form the boundaries of extinction domains. However, most fractures
exhibit no offset or rotation. A color-CL map of the microcline grain in the lower right-hand side
of Figure 4A reveals nearly intact oscillatory zoning. High-magnification color-CL images of
optically continuous microcline reveal jigsaw-like networks of fragments separated by mutually
cross-cutting, healed fractures and zones of recrystallized material (Fig. 4E—H). Many of these
fractures also are dilational and filled with K-feldspar variably intergrown with quartz and biotite
(Fig. 4G). Fracture trends in two microcline grains of KL40-8 span a full 180°, but they also
define one or two weak preferred orientations. The dominant preferred orientation in both grains
is inclined at ~60° anti-clockwise to the shear fracture bisecting the sample (Figs. 4F, H)—
opposite what is expected for wing cracks or extension fractures related to the fault. One grain
also exhibits a second weak preferred orientation inclined ~25-30° clockwise to the shear
fracture (Fig. 4F). Average fracture densities in this sample are similar to KL40-2B (Table 1).
Plagioclase grains in KL40-8 are dissected by polygonal networks of dilational fractures
primarily filled with finely recrystallized biotite (Fig. 4D). These fractures typically follow albite-
twin and cleavage planes. There is little difference in extinction angle across most fractures
indicating little or no rotation or offset. Biotite-filled fractures in plagioclase locally transition into

quartz- or microcline-filled fractures in neighboring quartz or microcline grains.

5.2. Elsewhere in the localized-shear-zone domain

Two foliated granite samples, KL115 and KL109-B, were collected 20 m along strike
from each other 3.15 km northeast of station KL40 in the localized-shear-zone domain (Fig. 1B).
Weak mesoscopic foliations in these rocks are defined by elongated quartz and biotite grains
and rotated and aligned tabular feldspar grains. Cross-polarized-light and color-CL images of

quartz in KL115 and KL109-B exhibit the same microstructures observed in KL40-8. One
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primary quartz grain observed in KL115 is drawn into a ribbon with a distinct core-mantle
recrystallization texture defined by bands of 5-30-um-wide neoblasts surrounding elongated
relict grains. Relict grains and bands of neoblasts correspond to CL-dark and CL-bright domains
in color-CL images, and the CL-bright relict grains are locally cut by healed fractures. Microcline
grains observed in color-CL images exhibit jigsaw-like networks of fragments separated by 5—
100-um-wide healed fractures and many zones of recrystallized material that commonly have
fractures radiating from them (Fig. 5). Fracture fill is identical to that in KL40-8. Dilational
fractures in KL115 are primarily perpendicular to the mesoscopic foliation whereas those in
KL109-B are both perpendicular to and parallel with the foliation. Fracture populations in both
samples span a full 180°, but they also exhibit weak preferred orientations either perpendicular
to (KL115) or parallel with (KL109-B) foliation. Average fracture densities in KL115 and KL109-B
are similar to those in samples from station KL40 (Table 1). Plagioclase in these samples also
exhibits networks of crystallographically controlled biotite-filled fractures. A single foliated-
granite sample collected from the localized-shear-zone domain at station KL13, 3.57 km
southwest of KL40 (Fig. 1B), exhibits similar healed fractures and biotite-filled-fracture networks
in cross-polarized-light and BSE images, but this sample was not examined using color-CL.
Outcrops of granite in the localized-shear-zone domain almost universally exhibit a
characteristic weathering pattern wherein microcline disaggregates randomly producing very
irregular surfaces at the mm to cm scale (Fig. 2B). This weathering pattern exists regardless of
whether or not the granite is foliated, and it is almost certainly a result of the pervasive
microfracturing of microcline in these rocks. In contrast, microcline grains in foliated and
undeformed granite exposed outside of the localized-shear-zone domain disaggregate along
systematic fractures and/or cleavage surfaces producing more regular, blocky weathering

surfaces at the mm to cm scale (Fig. 2C).

5.3. Samples outside of the localized-shear-zone domain
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We examined four granite samples collected at sites KL51, KL41, KL110, and KL111
outside of the localized-shear-zone domain (Fig. 1B). Site KL51 is outside of the foliated-granite
domain 4.9 km across strike from the KFZ (see Figure 2 of Sullivan and Monz, 2013 for exact
location), and granite here exhibits a primary igneous texture in outcrop and thin section (Fig.
6A). Quartz domains consist of polycrystalline aggregates of 0.5-3.5-mm-wide irregularly
shaped to semipolygonal grains. Quartz-quartz grain boundaries are curviplanar to irregular in
shape and commonly exhibit many 100—400-um-wide lobate indentations. Individual quartz
grains all go extinct within 5° of stage rotation, but some grains exhibit 100-400-um-wide
polygonal subgrains. Most quartz grains contain planar inclusion trails that often cross grain
boundaries. However, there are no curviplanar bands or irregular zones of neoblasts as
observed in samples from the localized-shear-zone domain, and CL images of quartz grains in
sample KL51 exhibit none of the planar to curviplanar CL-dark bands or irregular zones of CL-
dark material seen in samples from the localized-shear-zone domain (Fig. 6B). Microcline from
KL51 commonly exhibits tartan twinning and ubiquitously hosts vermiform perthitic exsolution
lamellae (Figs. 6C, D). Exsolution lamellae and twinning create a complex mosaic of bright and
less-bright areas in color-CL images (Fig. 6D), but microcline grains from this site exhibit none
of the evidence for fracturing seen in localized-shear-zone-domain samples such as planar to

curviplanar trails of neoblasts or bands of CL-dark material cutting primary features.

Site KL41 is ~150 m across strike from KL40. In hand sample, granite at KL41 exhibits a
primary igneous texture (Fig. 7A). Most primary quartz domains in sample KL41 are divided into
0.25-5-mm-wide, semi-polygonal to amoeboid grains with sweeping undulose extinction (Fig.
7B). Quartz-quartz grain boundaries are typically decorated with 5-20-um-wide serrations +
neoblasts, but thin bands and irregular zones of neoblasts are much less common than in
localized-shear-zone-domain samples. Color-CL images of primary quartz bodies reveal a

patchwork of irregularly shaped, high-luminosity domains surrounded by zones of CL-dark
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material hosting small CL-bright islands (Fig. 7C). CL-bright quartz domains contain mutually
cross-cutting, planar-systematic sets of healed fractures, but these fractures typically cannot be
traced across CL-dark bands. Color-CL images of relatively intact primary quartz bodies such as
the one visible in the right-hand side of Figure 7B reveal very few fractures and areas of CL-
dark material. The patchworks of CL-dark and CL-bright material along with local patchy
undulose extinction are also consistent with partial static recrystallization of quartz driven by
intra-crystalline damage developed during transient high-stress deformation (Trepmann et al.,
2017). Microcline in KL41 exhibits straight or sweeping undulose extinction, and perthitic
lamellae are largely intact (Fig. 7B). Color-CL images of these grains reveal sets of planar-
systematic fractures cutting primary features and a few irregularly shaped, CL-dark domains
(Fig. 7D). Fracture sets are mutually cross cutting, exhibit no shear offset, and are locally
dilational (Fig. 7D). Overall fracture density is also very low compared to samples from the
localized-shear-zone domain. Some primary plagioclase grains in KL41 host polygonal networks
of biotite-filled fractures identical to those observed in localized-shear-zone-domain samples,

but others remain intact.

Sites KL110 and KL111 are ~36 and ~121 m across strike from KL115 respectively (Fig.
1B). Granite at both sites exhibits a mesoscopic foliation defined by elongated quartz grains and
rotated and aligned tabular feldspar grains. Granite at KL110 also exhibits type-I S-C fabrics
(Lister and Snoke, 1984) with C surfaces defined by ribbons of quartz and biotite. Quartz
domains in samples KL110 and KL111 are dominated by 10—-80-um-wide, semi-polygonal
neoblasts (Fig. 7F). Sparse relict grains within recrystallized quartz bands exhibit subgrains the
same size and shape as neoblasts. These microstructures indicate subgrain-rotation
recrystallization (e.g., Hirth and Tullis, 1992; Stipp et al., 2002). Healed fractures are locally
visible in relict quartz grains (Fig. 7F), but not visible in neoblasts. Microcline grains in these

samples exhibit straight or sweeping undulose extinction, and some grains host 20—100-um-
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wide, foliation-perpendicular dilational fractures marked by bands of 5-20-um-wide K-feldspar *
quartz * plagioclase * biotite neoblasts (Fig. 7E). Color-CL images of microcline reveal single
sets of planar-systematic fractures that are roughly parallel with or perpendicular to the foliation

(Fig. 7G), and overall fracture density is very low compared with KL115 and KL109-B.

6. Discussion

6.1. Temperature and pressure conditions during fracturing

A variety of structural and petrologic observations provide constraints on the conditions
of fracturing in our samples. Cross-cutting relationships between the brittle fractures and the
mylonitic fabric observed in KL40-2B and elsewhere in the localized-shear-zone domain show
that brittle deformation was coeval with or predated mylonitic deformation and therefore must
have formed at the granite brittle-ductile transition. Quartz ribbons in granite-derived mylonitic
rocks of the KFZ underwent subgrain-rotation dynamic recrystallization during dislocation creep
and record flow stresses of 80—130 MPa (Sullivan et al., 2013; Sullivan and Monz, 2016). These
flow-stress values indicate relatively high strain rates (e.g., Gleason and Tullis, 1995; Hirth et al.,
2001), and dominance of subgrain-rotation recrystallization at relatively high strain rates
indicates deformation temperatures of 400 °C or more (Stipp et al., 2002). Additionally, biotite is
the only stable sheet silicate in healed fractures and the only stable sheet silicate in Fe-rich, Si-
depleted ultramylonite matrix throughout the localized-shear-zone domain (Sullivan et al., 2013).
Pelites deformed by the KFZ across strike from the study area also contain prograde biotite that
was in equilibrium with calcite-buffered fluids (Sullivan and Monz, 2016). Hence, fracturing must
have occurred in the biotite stability field, and this also indicates temperatures in excess of

400°C (e.g., Spear and Cheney, 1989; Spear, 1993).

There are no direct estimates of confining pressure from the KFZ, but flow stresses

recorded by mylonitic rocks and metamorphic mineral assemblages provide some pressure
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constraints. Flow stresses recorded by dynamically recrystallized quartz aggregates at the
brittle-ductile transition should be significantly less than peak differential stresses achieved prior
to brittle failure (e.g. Trepmann and Stdckert, 2003; Handy and Brun, 2004; Trepmann et al.,
2017). Therefore, effective confining pressures during episodes of brittle deformation along the
brittle-ductile KFZ must have been high enough to support differential stresses well in excess of
100 MPa. Rapid cooling of the Deblois granite combined with progressive overprinting of high-
temperature microstructures by low-temperature microstructures requires that the KFZ formed
almost immediately after crystallization of the granite (Wang and Ludman, 2004; Sullivan et al.,
2013). Thus, the crystallization pressure of the granite is a good approximation of the confining
pressure during fault movement and fracturing. Unfortunately, quantitative pressure-temperature
estimates for the Deblois granite and/or rocks in its contact areole have not been published.
However, pelites of the Flume Ridge Formation in the contact areole of the Deblois granite
locally contain sillimanite (Riley, 2004). Sillimanite is not stable below 200 MPa pressure until
after the Al,SiOs + K-feldspar isograd is crossed (Holdaway, 1971; Spear and Cheney, 1989),
and it may not be stable at pressures below 200 MPa until after the wet-granite solidus is
crossed (Pattison, 1992). There is no evidence that sillimanite-bearing Flume Ridge Formation
samples reached the Al,SiOs5 + K-feldspar isograd, let alone the wet-granite solidus. Hence,
sillimanite in the contact areole of the Deblois granite indicates metamorphic pressures of 200
MPa or more. Wang and Ludmann (2004) also inferred metamorphic pressures of about 200
MPa in this area based on regional chlorite-grade metamorphism of rocks intruded by the

Debilois pluton.

6.2. Fracture-forming mechanism

The pervasively fractured granite samples from the localized-shear-zone domain exhibit
all of the characteristics common to pulverized granite in the upper crust including: (a) primary

grain shapes are preserved despite multiple generations of fracturing and healing; (b) dilational,
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opening-mode fractures are common; (c) irregular recrystallized zones likely derived from
intensely comminuted material are hosted in primary microcline grains; (d) fracture sets have
little preferred orientation and form jigsaw-like interlocking fragments; (e) fractures typically do
not offset primary structures or earlier healed fractures; and (f) there is little or no rotation of
fragments across most fractures (c.f. Mitchell et al., 2011; Wechsler et al., 2011; Rempe et al.,
2013). None of these features are present at site KL51, 4.9 km across strike from the KFZ.
Microcline in foliated-granite samples from outside of the localized-shear-zone domain does
exhibit microfractures, but these form planar-systematic sets with much lower overall fracture
densities. Our samples also do not exhibit: (a) the offset and rotation, disaggregation of primary
textures, and through-going bands of fine-grained material common to cataclasites (e.g., Sibson,
1977; Evans, 1988; Blenkinsop, 1991; Nelis and Mosher, 1998); (b) the crackle to mosaic
textures with strong fracture preferred orientations common to dynamic tensional breccias
(Melosh et al., 2014); or (c) veins and mesoscopic clasts common to implosion breccias (Sibson,
1986). Microfracturing in the localized-shear-zone domain also is not restricted to obvious
dilational sites. We are aware of no measurements of fracture density from upper crustal
pulverized rocks. However, three tonalite samples from the San Jacinto fault containing fracture
networks interpreted as incipient pulverization texture exhibit fracture densities that are 10-25%
of our minimum fracture-density measurements (Whearty et al., in press). The crystallographic
control of fractures in plagioclase in our samples is also observed in pulverized rocks from the
upper crust (Wechsler et al., 2011). The only published quantitative analysis of fracture
orientations in pulverized granite (Rempé et al., 2013) documented weak preferred orientations
of fractures in some samples. These are similar to the preferred orientations in microcline in
samples KL40-8, KL115, and KL109-B. The systematic relationship between fracture
orientations and foliation in KL115 and KL109-B indicates that fracturing in these samples may
be partly related to foliation development or that foliation development might have modified

fractures after they formed. However, the pattern and density of fractures does not match
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foliated-granite samples from outside the localized-shear-zone domain. Additionally, the
irregularly shaped zones of pervasively comminuted material with radiating fractures in both
samples and the foliation-parallel dilational fractures in KL109-B indicate that at least some
fracturing in KL115 and KL109-B records pulverization. Granite sampled at KL40 has no
foliation and preserves primary igneous grain shapes, so fracturing in KL40-2B and KL40-8
cannot be related to foliation development. Preferred orientations of fractures in KL40-8 also are
not obviously related to the shear fracture traversing the sample. Therefore, pulverization is the
most likely mechanism to explain the pervasive fracture networks in KL40-8. Additionally, quartz
typically deforms plastically in the biotite stability field at long-term geologic strain rates (e.g.,
White, 1976; Stipp et al., 2002). Pervasive fracturing of quartz in our samples requires strain
rates at least two or three orders of magnitude faster than long-term geologic rates (e.g., Hirth
and Tullis, 1994; Stipp et al., 2002; Bestmann et al., 2016). The low bulk strains in these
samples further require that high strain rates were transient, and transient high strain rates are a
fingerprint of the seismic cycle (e.g., Handy and Brun, 2004). The bands and irregular zones of
quartz neoblasts also indicate healing after transient high-stress deformation ( Trepmann et al.,
2017). Finally, the occurrence of recrystallized pseudotachylyte in the localized-shear-zone
domain independently confirms that seismogenic faulting occurred at this structural level in the
KFZ. Based on these observations and arguments, we interpret networks of healed fractures in
the granite of the localized-shear-zone domain as a fingerprint of dynamic pulverization at the
granite brittle-ductile transition. The mm- to cm-scale irregular weathering pattern of pervasively
fractured microcline (Fig. 2B) is nearly ubiquitous in the localized-shear-zone domain, and rocks
exhibiting this weathering pattern likely underwent the same fracturing observed in our isolated
samples. Thus, granite of the localized-shear-zone domain probably represents a 50-200-m-
wide belt of pervasive pulverization adjacent to the KFZ throughout the area of this study (Fig. 1;

see also Figure 2 of Sullivan et al., 2013).
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6.3. Broader implications

Our results show that the mechanism or mechanisms causing pulverization over large
areas must extend to the brittle-ductile transition at temperatures and confining pressures of at
least 400 °C and 200 MPa. This contradicts experimental results where pulverization under
rapid compression is not possible above 60 MPa confining pressure (Yuan et al., 2011).
However, the microstructure of pulverized rocks indicates they form in response to tension
rather than compression (Mitchell et al., 2011; Wechsler et al., 2011; Rempe et al., 2013; Xu
and Ben-Zion, 2017). Rocks are much weaker under dynamic tension than dynamic
compression (Zhang and Zhao, 2014; Xia and Yao, 2015), and numerical models of crack
propagation indicate fractures will have no preferred orientation under isotropic tension (tension
in all directions) (Daphalapurkar et al., 2011). Therefore, dynamic isotropic tension is the most
likely mechanism for forming pulverized rock under high confining pressures (Xu and Ben-Zion,
2017). Two-dimensional numerical models of off-fault stress fluctuations around bi-material
ruptures at confining pressures of 50 MPa indicate that large earthquakes can generate
significant off-fault damage and transient isotropic tension 100 m or more from the fault (Ben-
Zion and Shi, 2005; Xu and Ben-Zion, 2017). Bi-material ruptures involving sub-Rayleigh-to-
supershear transitions (mother-daughter transitions) may produce trailing seismic pulses with
even greater magnitudes of isotropic tension (Xu and Ben-Zion, 2017). The KFZ in the area of
this study does form a bi-material interface between granite and low-grade metasedimentary
rocks (Fig. 1), and we tentatively invoke pulses of isotropic tension generated by bi-material
ruptures to explain pulverization of granite in the study area. Dynamic stress concentration and
tensile pulses along bi-material ruptures are theoretically confined to the side of the fault with
higher seismic velocities, and off-fault damage and pulverization should be much less extensive
on the low-velocity side of the fault (Ben-Zion and Shi, 2005; Xu and Ben-Zion, 2017).

Unfortunately, there is very little outcrop on the northwest side of the KFZ, and detailed mapping
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has revealed no outcrops of metasedimentary rocks within 200 m of the shear zone (Wang,

2007; Sullivan and Monz, 2016), so, we cannot test this prediction.

Elevated pore-fluid pressure may also enable pulverization at greater depths. There is
abundant evidence for persistent elevated pore-fluid pressure in metasedimentary rocks cut by
the KFZ including multiple generations of synkinematic veins and pressure-shadow overgrowths
on porphyroclasts (Sullivan and Monz, 2016). However, these features are absent in foliated-
granite and granite-derived mylonitic rocks on the southwest side of the fault (Sullivan et al.,
2013). The absence of extensive mineral deposition in dilational sites in fault rocks derived from
Deblois granite indicates that pore-fluid pressures were well below lithostatic pressures during
deformation. Additionally, elevated pore-fluid pressures should weaken grain boundaries during
dynamic tension, but it is unlikely that pore-fluid pressure would weaken fluid-free grain interiors
under dynamic tension and promote the extensive intragranular fracturing in our samples.
Hence, we are wary of invoking pore-fluid pressure to help explain pulverization adjacent to the

KFZ.

The completely healed fractures in our samples also enable some important conclusions.
First, the multiple generations of cross-cutting healed fractures provide the first direct record of
successive fracturing events in pulverized rocks. This record confirms that repeated loading can
be an important part of the pulverization process as indicated by experiments and theoretical
considerations (Doan and D'Hour, 2012; Aben et al., 2016). Second, fractures in microcline and
quartz are primarily healed with their host mineral. This healing should return fractured
microcline and quartz grains to nearly their original strength. However, fractures in plagioclase
are primarily filled with biotite, creating mosaics of smaller feldspar grains surrounded by biotite
that can serve as sites for future strain localization. Finally, at least some fractures in all phases
are healed with phase mixtures or exotic phases. This indicates significant grain-scale diffusive

mass transfer occurred after fracturing and that the fractures greatly enhanced grain-scale wall-

21



516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

rock permeability; however, enhanced permeability must have been transient because of the

healing process.
7. Conclusions

Granite samples from a 50-200-m-wide damage zone adjacent to the main strand of the
Paleozoic strike-slip KFZ contain dense networks of healed fractures that exhibit almost all of
the characteristics common to pulverized rocks in the upper crust. Fractures in this zone exhibit
only weak preferred orientations, are often dilational, are mutually cross-cutting, separate
jigsaw-like interlocking fragments, are often intimately associated with large recrystallized areas
likely derived from pervasively comminuted material, and rarely offset primary structures.
Minimum fracture densities in microcline grains are ~100 mm/mm? or 10° m/m?. Larger fractures
in microcline and quartz are sometimes marked by bands of neoblasts, but most fractures in
these minerals are optically continuous with their host grains and only visible in CL images.
Fractures in plagioclase are crystallographically controlled and typically filled with biotite.
Microstructural and petrologic observations and cross-cutting relationships between fracture
networks, brittle faults, and small mylonitic shear zones show that fracturing occurred at the
granite brittle-ductile transition under temperatures of 400°C or more and confining pressures of
200 MPa. Fracture networks are found in weakly foliated and non-foliated-granite within the field
area; the presence of fracture networks in samples that exhibit no foliation or other evidence for
pervasive cataclastic shearing further indicates that granite in this damage zone records
dynamic pulverization. These observations extend the known range of dynamic pulverization to
much higher temperature and pressure conditions than previously thought possible, and this
favors a dynamic tension mechanism for pulverization. The mutually cross-cutting healed
fractures in pulverized granite also provide the first direct record of repeated loading and

damage in pulverized rocks. Furthermore, pulverization in this zone must have had a significant
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but transient effect on grain-scale wall-rock porosity, and the biotite-filled fracture networks in

plagioclase may also form weak zones able to accommodate future strain localization.
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Figure captions

Figure 1. (A) Simplified bedrock geologic map of Maine, USA, showing the Norumbega fault
system and correlative dextral strike-slip faults. DG = Deblois granite and KFZ = Kellyland fault
zone. Compiled from: Osberg et al., 1985; Goldstein and Hepburn, 1999; New Brunswick
Department of Resources and Energy, 2000; Ludman and Berry, 2003; West et al., 2003; Wang
and Ludman, 2004; and Hibbard et al., 2006. (B) Geologic map of the study area showing strain
facies in the KFZ and sample locations. Modified from Ludman and Berry, 2003; Wang, 2007;

and Sullivan et al., 2013. Exact field location of KL51 shown in Figure 2 of Sullivan et al. (2013).

Figure 2. (A) Partial outcrop map of station KL40 showing sample locations and the
mylonite/ultramylonite zone. (B) Photograph of granite with no foliation at station KL40. U.S.
penny for scale is 1.9 cm in diameter. (C) Photograph of foliated-granite at station KL110 just
outside the localized-shear-zone domain (Fig. 1B). Note the difference in the mm- to cm-scale

weathering pattern of feldspars between this outcrop and that shown in B. U.S. penny for scale.

Figure 3. Images of sample KL40-2B. (A) Full-thin-section scan under cross-polarized light
showing fragmented quartz, optically continuous microcline, mylonitic shear zone, and shear
fracture. (B) Cross-polarized-light image of quartz and microcline cut by the shear fracture.
Arrows point out healed fractures marked by bands of neoblasts. (C) Color-CL image of optically
continuous microcline. Arrows highlight CL-dark healed fractures. (D) Map of fractures and
recrystallized zones in the microcline grain in (C) and rose diagram showing fracture
orientations compiled from the map. (E) Matched color-CL and BSE images of a dilational
fracture in microcline. The oval and polygon highlight CL-bright island grains in the fracture fill.

The rectangle highlights a later biotite + quartz-filled fracture cutting the K-feldspar filled fracture.
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Arrows mark other cross-cutting healed fractures. Mineral abbreviations are: Bt = biotite, Kfs =
K-feldspar, Plg = plagioclase, Qtz = quartz, and Umyl is ultramylonite matrix. For references to

color, see the online version of this manuscript.

Figure 4. Images of KL40-8. (A) Full-thin-section scan under cross-polarized light showing the
primary igneous grain shapes, fragmented quartz, optically continuous microcline, and small
shear fracture. (B) Cross-polarized-light image of quartz. Arrows highlight healed fractures
marked by bands of neoblasts. (C) Color-CL image of quartz. Arrows highlight healed fractures
marked by CL-dark bands. (D) BSE image of a plagioclase grain hosted in quartz. Note the
planar network of biotite-filled fractures along albite-twin planes. (E) Color-CL image of optically
continuous microcline. Arrows highlight healed fractures marked by CL-dark bands. (F) Map of
fractures and recrystallized zones in the microcline grain in (E) and rose diagram showing
fracture orientations compiled from the map. (G) Matched color-CL and BSE images of optically
continuous microcline. Oval highlights cross-cutting, K-feldspar-filled dilational fractures. Arrows
and rectangle highlight additional healed fractures. (H) Map of fractures and recrystallized zones
in the microcline grain in (G) and rose diagram showing fracture orientations compiled from the
map. Mineral abbreviations are the same as in Figure 3. For references to color, see the online

version of this manuscript.

Figure 5. Maps of fractures and recrystallized zones in two optically continuous microcline
grains in sample KL115 and a single grain in KL109-B. The rose diagrams accompanying each
map show the orientations of fractures compiled from the unit circles centered in the map areas

relative to the mesoscopic foliation in each sample.

Figure 6. Images of undeformed granite sample KL51 collected ~4.9 km across strike from the
KFZ (See Figure 2 of Sullivan et al., 2013 for sample location). (A) Full-thin-section scan under

cross-polarized light showing the primary grain shapes and igneous texture. Note the rapakivi

35



822

823

824

825

826

827

828

829

830

831

832

833

834

835

836

837

838

839

840

841

842

843

844

overgrowth of plagioclase on microcline near the center of the image and the tartan twinning
and exsolution lamellae in microcline. (B) Color-CL image of quartz. The thin, dark bands are
optically visible grain boundaries. Note the absence of healed fractures. (C) Cross-polarized-
light image of a microcline grain hosting subhedral quartz inclusions. Note the tartan twinning,
perthitic exsolution lamellae, and absence of healed fractures. (D) Color-CL and backscattered-
electron images of the same field of view in a microcline grain. Note the perthitic exsolution
lamellae visible in both images, the tartan twinning visible in the CL image, and the absence of
healed fractures. Cracks visible in the images are from sample preparation. Mineral
abbreviations are the same as in Figure 3. For references to color, see the online version of this

manuscript.

Figure 7. Images of KL41 and KL110. (A) Outcrop photo of granite at KL41. U.S. Penny for
scale. (B) Full-thin-section scan of sample KL41 under cross-polarized light showing the primary
grain shapes, fragmented quartz, and optically continuous microcline. The rounded rectangle
highlights quartz with few or no fractures as described in the text. (C) Color-CL image of
fragmented quartz in KL41. Arrows highlight healed fractures marked by CL-dark bands. (D)
Color-CL image of microcline grain in KL41. Arrows highlight cross-cutting healed fractures
marked by CL-dark bands. (E) Full-thin-section scan of sample KL110 under cross-polarized
light showing dynamically recrystallized quartz and the C and S foliations. Arrows mark healed
dilational fractures in microcline. (F) Color-CL image of dynamically recrystallized quartz in
KL110. Arrow highlights a healed fracture in a relict grain. (G) Color-CL image of optically
continuous microcline in KL110. Arrows highlight healed fractures marked by CL-dark bands.
Mineral abbreviations are the same as in Figure 3. For references to color, see the online

version of this manuscript.
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Table 1 revised

Table 1: Fracture-density measurements

Fracture density Fracture density

Sample Fracture map (mm/mm*"2) (m/m”2)
KL40-2B Fig. 3D 118 118,000
Fig. 4F 75 75,300

KL40-8
Fig. 4H 130 130,000
Fig. 5, grain | 127 127,000

KL115
Fig. 5, grain II 96 96,200

KL109-B Fig. 5 103 103,000



