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Recognizing that exhumed shear zones had a seismogenic history is an important prerequisite for mi-
crostructural studies of energy partitioning in the earthquake source region. Using optical measurements
of kinked micas along the Sandhill Corner shear zone, a seismogenic fault/shear zone exhumed from the
base of the frictional-to-viscous transition, we demonstrate that their geometric properties are statisti-
cally different from kinks in micas that underwent regional deformation and metamorphism. Kink-band

asymmetries and the angles of external rotation are larger in rocks from the Sandhill Corner shear zone,
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whereas kink-band widths are smaller. Our data show remarkable similarities to kink bands from dy-
namic deformation experiments, meteorite impacts, and nuclear explosion sites, suggesting a dynamic
origin for their formation. Our results suggest that mica kink bands may be a useful indicator of dynamic
loading and paleoseismicity in the rock record.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Earthquakes associated with fault slip represent the release of
elastic strain energy accumulated during interseismic loading. Al-
though radiated seismic waves are the most readily measured
component of the earthquake energy budget, most of the energy
associated with rupture propagation is dissipated in the source re-
gion as frictional heat (e.g., Pittarello et al., 2008) and a variety of
inelastic processes such as microcracking (e.g., Chester et al., 2005).
Direct structural and microstructural observations in the source
volume of exhumed fault zones are therefore necessary to better
quantify the earthquake energy budget. As such, it is important to
identify exhumed fault zones that sustained coseismic damage.

Up until the 215 century, definitive evidence for paleoseismic-
ity in the rock record was restricted to pseudotachylyte (Cowan,
1999 and references therein), which is widely interpreted to result
from coseismic frictional melting. Since then, field-based obser-
vations in active and exhumed seismogenic faults have revealed
further evidence related to characteristic features of earthquakes,
such as high fault slip rates and rupture propagation velocities
(Rowe and Griffith, 2015 and references therein). These features
include byproducts of frictional devolatilization, maturation of or-
ganic material, mobilization of trace elements, injection of veins,
and pulverization of rocks. As many of these features can become
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erased at greater depths in faults and shear zones due to viscous
overprinting, additional criteria would be useful to recognize pale-
oseismicity along faults exhumed from the deeper reaches of the
seismogenic zone.

Following the advent of nuclear explosives in the mid-1900s,
interest was sparked in their use in land development and achiev-
ing a better understanding of terrestrial impact craters (Short,
1965). As part of this work, scientists needed to characterize how
shock waves emanating from the explosions affected the mechan-
ical and microstructural properties of the surrounding rock. Ob-
served changes in mechanical and physical properties included
variations in fracture density, porosity, crushing strength, mass
density, Young’s modulus, and sonic velocity. These changes were
accompanied microstructurally by the occurrence of Mode I and II
microcracks in quartz and feldspar, deformation lamellae in quartz,
and kink bands in micas. Because kink bands had been used to
understand the stress conditions for rocks undergoing quasi-static
loading (Dewey, 1965), it was postulated that they could be used
to indicate the magnitude and direction of stress waves following
dynamic loading events (Short, 1965, 1966).

This prompted several studies in the 1960s to characterize the
geometry of kink bands in micas from various tectonic settings
(Fig. 1). From this work came the observation that the degree
of asymmetry (8§ — €), kink-band width (d), and the angle of ex-
ternal rotation (w) in micas showed statistically distinct zones
representative of quasi-static versus dynamic loading conditions
(Borg and Handin, 1966; Horz and Ahrens, 1969; Horz, 1970).
Samples deformed under quasi-static conditions were intended to
approximate kink-band formation under natural conditions of re-
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a) Kink Axis
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Fig. 1. Kink-band geometry and measurement. a) Geometric features of kinked mi-
cas in three dimensions. § and ¢ - kink angles. w - angle of external rotation. d -
kink width. 8§ + & + @ = 180°. b) Photomicrograph (cross-polarized light) of a part
of a kinked mica from the Sandhill Corner shear zone, illustrating the location of
measured geometric features. See Fig. 3c for the entire muscovite grain. (For inter-
pretation of the colors in the figure(s), the reader is referred to the web version of
this article.)

gional deformation, whereas those deformed under dynamic con-
ditions were intended to approximate kink-band formation associ-
ated with meteorite impacts (e.g., Stoffler, 1966) and nuclear ex-
plosions (Short, 1966). Quasi-static deformation experiments also
explored the influence of kinematics in their formation under both
axial compression (Borg and Handin, 1966; Patterson and Weiss,
1966; Etheridge et al., 1973) and torsion (Misra and Burg, 2012).

In the present paper, we show that the geometry of kink
bands in mica grains within an exhumed, seismogenic fault/shear
zone exhibit features that are markedly different from micas de-
formed under conditions of regional deformation and metamor-
phism. These observations suggest that kink bands can potentially
be used as an indicator of dynamic loading and paleoseismicity in
the rock record.

2. Geologic background

Samples used in this study come from two locations in the state
of Maine, USA that underwent different deformation histories: 1)
the paleoseismogenic Sandhill Corner shear zone of the Norum-
bega fault system, and 2) the low-pressure, high-temperature re-
gional metamorphic rocks of western Maine. A summary of the
geologic context of the samples and their relationship to inferred
loading rates is provided below (Fig. 2).

2.1. Sandhill Corner shear zone

During the Acadian orogeny in south-central Maine, the re-
gional style of deformation shifted from contraction to dextral
transpression, resulting in the formation of the Norumbega fault
system (e.g., West and Hubbard, 1997). The Norumbega fault sys-
tem is a crustal-scale, steeply-dipping, large-displacement, dextral
transcurrent fault characterized by two styles of deformation. The
first manifests itself in a 30-40 km wide zone of dextral shear
that initiated at ~380 Ma (Gerbi and West, 2007). This event
is characterized by the development of open, northerly-trending,
asymmetric z-folds with steeply dipping axial planes and shallow-
to moderately plunging fold axes (e.g., West et al., 2003). Over-
printing this wide zone of dextral shear are several relatively nar-
row (0.1-1.5 km wide) zones of mylonitization (e.g., Ludman and
West, 1999; Price et al., 2016). Whereas widespread deformation
along the Norumbega fault system initiated during the Acadian
orogeny and lasted for ~20 Myr, localized strain along the my-
lonite zones shows activity spanning 100 Myr with two periods
of reactivation occurring during the late Paleozoic and Mesozoic
(e.g., West and Hubbard, 1997). Among the longest continuous my-
lonite zones in the Norumbega fault system is the Sandhill Corner
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shear zone (SCSZ), a seismogenic fault exhumed from the base of
the frictional-to-viscous transition zone (Fig. 2b; Price et al., 2012,
2016). The rocks in this area underwent dynamic loading as evi-
denced by the occurrence of pseudotachylyte (Price et al., 2012),
particle size distributions of garnet fragments (B.R. Song et al,
2020), and abundance of fluid-inclusions along healed microcracks
(WJ]. Song et al., 2020).

2.2. Western Maine

The rocks from western Maine (WM) are part of the Perry
Mountain Formation, a Silurian-aged turbidite sequence located
in the Central Maine Belt (Fig. 2c; Johnson et al.,, 2006). These
rocks are polymetamorphic and polydeformed, preserving two ma-
jor deformation events. The first involved the development of up-
right, northeast-trending, tight, isoclinal folds associated with a
period of regional contraction during the Siluro-Devonian Acadian
orogeny at ~400 Ma (e.g., Moench, 1970; Smith and Barreiro,
1990). Overprinting this regional fold pattern, local crenulation
cleavage developed in response to the intrusion of plutons, such as
the Mooselookmeguntic pluton, ~20-30 Myr later (Johnson et al.,
2006). Our samples were chosen to avoid these localized overprint-
ing deformation events. No evidence of paleoseismicity is apparent
in the rocks of WM.

3. Methods

The geometry of kink bands (3, &, and d in Fig. 1) was mea-
sured using the rotating stage on a polarized light microscope. The
two kink angles (6 and &) were recorded as § > &, so that the
kink-band asymmetry (8 — ¢) is always >0°. The angle of exter-
nal rotation (w) was calculated by subtracting the sum of § and ¢
from 180°. Only kink bands where slip associated with kinking oc-
curred on one side of the band were measured (i.e., primary kink
bands of Etheridge et al., 1973). To provide statistically meaningful
data, as many distinct kink bands as possible within a given grain
were measured per sample (~45-58 kink bands). We investigated
124 muscovite and biotite grains in eight thin sections (in the XZ
plane; Fig. 3a) from the SCSZ and 84 biotite grains in three thin
sections (in the YZ plane; Fig. 4a) from WM.

Because these measurements are sensitive to the orientation of
the thin section relative to the kink axis, care was taken to en-
sure that the angles measured were true and not apparent. In the
SCSZ, the kinematic reference frame is well-defined based on field
observations (Figs. 2b and 3b) and a calculated kinematic vorticity
number of 0.97 (Johnson et al., 2009). In contrast, rocks from WM
are more ambiguous. Three orthogonal sections were cut from WM
rocks to identify the appropriate plane for measurement. Electron
backscatter diffraction (EBSD) measurements of biotite were also
made on polished thin sections to confirm that our chosen section
represents the appropriate reference frame for optical kink-band
measurements. The thin section was coated with a thin layer of
carbon to prevent electrical charging. EBSD data were collected us-
ing a Tescan Vega Il Scanning Electron Microscope equipped with
an EDAX-TSL EBSD system at the University of Maine. EDAX-TSL
OIM Data Collection 5.31 software was used to acquire diffraction
patterns using an acceleration voltage of 20 kV, a beam current
of ~6 nA, 70° sample tilt, and high-vacuum conditions with a
square grid at 2 pm step size. Raw indexing rates of biotite were
>99%. Post-processing of biotite based on confidence index (CI)
and neighboring orientations was conducted using EDAX-TSL OIM
Analysis 5.31 software. Non- and poor-indexed pixels (CI < 0.02)
were replaced with well-indexed neighbors (CI > 0.02). The well-
indexed pixels of biotite were ~56% of analyzed pixels. Grains in
post-processing are defined by an internal misorientation <10°
and a minimum grain size of 45 pixels, equivalent to ~15 um in
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Fig. 2. Geologic maps of the study areas. a) Generalized geologic map of the state of Maine, USA showing the locations of two field areas (red boxes). Modified after Bradley
et al. (2000). b) Geologic map of the Sandhill Corner shear zone (SCSZ) in the Norumbega fault system. Kinked mica grains in the SCSZ were sampled from the mylonitic
portion of the shear zone (red dashed boxes). Geology and orientation data of foliation and lineation are after Grover and Fernandes (2003) and West and Peterman
(2004). ¢) Geologic map of western Maine (WM). Measured biotite grains in WM were sampled from the Perry Mountain Formation located within the Silurian/Devonian

metasediments (red dashed box). Modified after Johnson et al. (2011).

diameter. Mis-indexed biotite pixels were corrected using a pseu-
dosymmetry cleanup routine, by comparing EBSD maps and pho-
tomicrographs. To display the crystallographic orientation of each
pixel in biotite, we first generated inverse pole figure (IPF) maps
aligned with two geographic directions: (1) the normal direction
(X) to the thin section, and (2) one horizontal direction (Y) within
the thin section indicated in the included reference frame (Fig. 5).
The colors in the IPF maps correspond to the specified sample
(geographic) direction with respect to crystallographic axes within
the map area. A color key (semicircle for monoclinic biotite) for
the IPF maps provides crystallographic reference. Next, we gener-
ated IPFs showing the two sample directions relative to the crystal
reference frame and a pole figure showing c-axes relative to the
sample reference frame. The IPFs and pole figure are plotted as an
equal area projection with contour intensity calculated by a series
expansion of generalized spherical harmonics using smoothing pa-
rameters with series rank of 10 and Gaussian half-width of 10°.
An image quality (related to the quality of a diffraction pattern)
map of biotite is included (Fig. 5) to visualize kink bands since it
reproduces surface damage and misorientation boundaries.

4. Results
4.1. Orientation of kinked micas

Fig. 3 shows the orientation of micas with respect to the kine-
matic reference frame of the SCSZ. In the SCSZ, kink axes are
clearly visible in the field on muscovite (001) planes exposed on
foliation surfaces (Fig. 3b). These kink-band axes are oriented per-
pendicular to the mineral lineation defined by aligned mica grains.
Because of these observations and the high-strain nature of the
shear zone, we are confident that kink bands measured in sections
cut in the XZ plane (Fig. 3c) closely approximate true and not ap-
parent angles.

In the WM rocks, three orthogonal sections were cut to inves-
tigate the orientations of the kink bands relative to the kinematic

reference frame (Fig. 4). From these sections, no kink bands are
visible in the XY sections (Fig. 4b). The traces of kink axes are vis-
ible in XZ sections and lie within the foliation plane parallel to
the lineation (Fig. 4c), and kink bands are well-developed in YZ
sections (Fig. 4d). To confirm that the YZ section in WM rocks is
the profile plane for the kink bands, EBSD measurements were col-
lected on a kinked biotite grain to verify that the (001) planes of
the biotite grain lie perpendicular to the YZ plane (Fig. 5). The IPF
map and IPF of the kinked biotite aligned with the normal direc-
tion to the thin section (X-direction) show that the X-direction is
concentrated between either (—100) and [010] or (100) and [010]
within the a-b plane of biotite (Figs. 5¢ and 5e). In complemen-
tary contrast, the IPF map and IPF of the biotite grain aligned with
the horizontal direction within the thin section (Y-direction) show
that the Y-direction is clustered near the c-axis, or [001], of biotite
(Figs. 5d and 5f). The biotite pole figure shows c-axis concentra-
tions on the primitive circle with maxima subparallel to the Y-axis
(Fig. 5g). The combination of observations from the IPFs and pole
figure indicate that the kink-band angles in the WM rocks were
measured in a plane that closely approximates the kink-band pro-
file plane.

4.2. Kink-band angles and widths

Four geometrical measurements of kink bands (Table S1) are
shown in Fig. 6: § versus ¢, distribution of w, cumulative distri-
bution of § — ¢, and cumulative distribution of d. Data and trend-
lines from Borg and Handin (1966), Horz and Ahrens (1969), Horz
(1970), Etheridge et al. (1973), and Misra and Burg (2012) are
overlaid for reference. These authors are hereafter referred to as
BH66, HA69, H70, E73, and MB12, respectively. BH66 and HA69 re-
ported ranges of 8, €, and d in quasi-statically deformed and shock
experiments, respectively, of biotite single crystals. H70 provided
average cumulative curves of § — ¢ and d for shock experiments
performed on single-crystal biotite and regional metamorphosed
schist containing kinked biotite and/or muscovite grains. Individual
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Fig. 3. Sandhill Corner shear zone (SCSZ) kinked micas. a) Schematic diagram showing the three-dimensional distribution of kink-band features in the SCSZ. b) Hand sample
photo demonstrating the trace of kink axes in a muscovite grain that are clearly visible in the XY plane containing the foliation. The strong mineral lineation is also apparent
in this plane. ¢) Photomicrograph (cross-polarized light) of muscovite kink bands in the XZ plane, perpendicular to foliation and parallel to lineation. Red box in Fig. 3¢ marks

the location of the kink band in Fig. 1b.

data points from H70 were not available so the published average
trend lines are shown for comparison. E73 provided histograms
of § — ¢ and w for quasi-static, axial compression experiments
performed on single crystals of biotite along directions perpendic-
ular to the c-axis at temperatures ranging from 300-700 °C. Unless
otherwise noted, we choose to compare our data to the data mea-
sured from primary kink bands in experiments performed by E73
at 300°C, as this data set is the only one fully represented across
all variables of interest. Individual data points were not recorded
in E73, so comparison with our data is limited.

Fig. 6a shows a plot of § versus ¢ measured from micas in the
SCSZ and WM. Data are plotted on or above the one-to-one line
(8§ =€) as § > ¢ by definition. Whereas most samples from WM
plot close to the one-to-one line and within the field of quasi-
statically deformed biotite in experiments by BH66, those from

the SCSZ are more widely scattered and overlap with the field of
shocked biotite crystals from HAG9. Data from MB12 extend paral-
lel to the field of BH66 to lower values of § and & at asymmetries
< ~10°.

Fig. 6b shows a histogram of w for rocks from the SCSZ, WM,
and E73, with the ranges of measurements performed by BH66
and HAG69 overlaid for reference. The bin size of 20° in the his-
togram is based on the available data from E73. Whereas kinks
from micas in WM and E73 are confined to external rotation an-
gles less than 90°, with one value of 162° being, the largest value
of w we are aware of in the literature (Borg and Handin, 1966;
Horz and Ahrens, 1969; Horz, 1970; Etheridge et al., 1973; Misra
and Burg, 2012). Most data in the quasi-static experiments of BH66
form a narrow w range of 40-60°, whereas the shock experiments
of HA69 show a wider w range, extending to values greater than
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Fig. 4. Western Maine (WM) kinked micas. a) Schematic diagram showing the three-dimensional features of kink bands in WM. b) Photomicrograph (cross-polarized light)
of biotite in the XY plane demonstrating the lack of observable kink bands. c) Photomicrograph (cross-polarized light) of biotite in the XZ plane showing kink axes aligned
parallel to the foliation. d) Photomicrograph (cross-polarized light) of biotite in the YZ plane within which kink bands are best observed. Red box indicates the location of

Fig. 9b.

90° (overturned kinks). Although H70 noted that ~10% of over-
turned kinks in the HA69 experiments might have resulted from
the experimental setup, there is a clear difference in w between
the SCSZ and WM natural rock data (Fig. 6b).

Mica kink-band asymmetry (§ — ¢) data for each sample of the
SCSZ (blue circles) and WM (orange triangles) are plotted as a
cumulative frequency distribution with 1° bin interval in Fig. 6c.
Two trend lines (blue and orange) of the average cumulative fre-
quency for all data from the SCSZ and WM, respectively, are also
drawn to compare with H70. The samples from the SCSZ show
more asymmetric kinks than those from WM and the H70 aver-
age trend compiled from shock experiments. The kinks in the SCSZ
reach a maximum asymmetry of ~40°, whereas the average from
H70 shock experiments exhibit a maximum of ~25°. In contrast,
the kinks from WM only reach a maximum asymmetry of ~13°,
which is close to the average trend line maximum of ~10° for H70
regional deformation.

Fig. 6d shows mica kink-band width data from the SCSZ and
WM plotted in the same manner as Fig. 6¢c using 1 pm bin in-
tervals. A marked similarity exists in the overlap of the aver-
age kink-band width from the SCSZ rocks and those from shock
experiments. The width of kink bands from the SCSZ and H70
shock experiments are relatively small with maximum values of
75-100 pm. In contrast, the rocks from WM and the averages
from H70 regional metamorphism have relatively large kink-band
widths with maximum values >200 pm. Although data on kink-
band widths were not presented in E73, images of their low-
temperature experiments yield kink bands with an average width
of >100 pm (Fig. 2b of Etheridge et al, 1973), which is greater
than the widest kink bands in the SCSZ.

E73 also presented histograms of kink-band asymmetry, but un-
like their presentation of w, they did not separate out primary

from secondary kinks in the asymmetry histograms. Because we
measured only primary kink bands in the sense of E73, we are not
confident that our asymmetry data can be directly compared with
theirs. With this note of caution, we display our data from the
SCSZ and WM alongside those of E73 using histograms in Fig. 7.
Data from quasi-statically deformed rocks of WM and E73 show
asymmetries less than 30°, whereas dynamically deformed rocks
of the SCSZ extend beyond 30°, up to 56°.

5. Discussion
5.1. Kinematic models of kink-band formation

The formation of kink bands was extensively studied and mod-
eled in the 1960s, with primary interest in applications in esti-
mating paleostress orientations and finite shortening in orogenic
belts (e.g. Dewey, 1965). From these studies, four models were
produced that result in variations in the kink-band angles, widths,
and angles of external rotation with increasing strain (Twiss and
Moores, 1992). We summarize these models below and note how
the various aspects of kink-band geometry change with the goal
of determining if any of them are plausible alternatives to explain
our observations (see Twiss and Moores, 1992 for diagrams of the
four kinematic models).

e Model I (Migrating kink-band boundary model with rotation):

The kink-band boundaries rotate and widen with increasing strain,
accompanied by rotation of the internal foliation and flexural slip
along the foliation (Weiss, 1980). This model results in an increase
in the angle of external rotation until @ =90° and an increase in
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Fig. 5. Electron backscatter diffraction (EBSD) analysis of a kinked biotite grain from western Maine. a) Photomicrograph (cross-polarized light) of kinked biotite in the YZ
plane (taken from Fig. 4d). The 3D reference frame (taken from Fig. 4a) is placed in the top right panel. b) Image quality (IQ) map of the biotite grain displaying kink-band
boundaries by dark lines. c) EBSD inverse pole figure (IPF) map (aligned with the X-direction) of the biotite grain. The dominant bluish colors in the map indicate that the
X-direction is concentrated between a- and b-axes according to the color key placed in the middle right panel (see also e). The lack of variation in blue colors indicates that
we are effectively looking down the kink-band rotation axes. d) EBSD IPF map (aligned with the Y-direction) of the biotite grain. The dominant red or orange colors in the
map indicate that the Y-direction is clustered around c-axes according to the color key (see also f). The variation in red-orange colors indicates that we are effectively looking
perpendicular to the kink-band rotation axes. Black lines in c¢) and d) indicate >10° misorientations between neighboring pixels. e) IPF of the kinked biotite in c), aligned
with the X-direction and contoured as multiples of uniform distribution. The maxima between [010] and (—100) or (100) support the interpretation in c). f) IPF of the
kinked biotite in d), aligned with the Y-direction. The maximum around [001] supports the interpretation in d). g) Lower-hemisphere c-axis pole figure of the kinked biotite
grain, contoured as multiples of uniform distribution. The c-axes of all measurement points in biotite are concentrated on the primitive circle subparallel to the Y-direction,

indicating that the YZ plane where kink-band angles were measured closely approximates the kink-band profile section.

kink-band width. However, the kink angles of § and € decrease at
the same rate, resulting in symmetric kink bands.

e Model II (Migrating kink-band boundary model without rota-
tion):

The kink-band boundary remains at constant orientation upon nu-
cleation and grows by lateral migration through the undeformed
portions of the material (Patterson and Weiss, 1966). This model
results in a constant value of kink angles (§ = ¢) and the angle of
external rotation. The kink-band width increases with increasing
strain as the kink boundaries sweep into the rest of the material.

e Model III (Fixed kink-band boundary model with simple shear
parallel to the boundary):

The kink band nucleates at a fixed width and maintains this con-
stant width throughout its development. The kink-band boundary
acts as a shear zone and strain is accommodated by shear paral-

lel to the kink-band boundary, resulting in transposition of one of
the limbs on top of the other and an increase in the angle of ex-
ternal rotation (Ramsay, 1962; Dewey, 1965). During this process,
the kinks become asymmetric (§ # €). Since the volume inside the
kink band remains constant, the length and thickness of the in-
ternal foliation within the kink band are inversely proportional to
each other throughout the deformation process, initially becoming
shorter and thicker and later becoming longer and thinner, respec-
tively.

e Model IV (Fixed kink-band boundary model with rigid rotation
of internal foliation):

The kink band forms by rigid rotation of the internal foliation
and maintains constant length throughout the deformation process
(Ramsay, 1967; Twiss and Moores, 1992). The kink-band width and
degree of asymmetry (8§ — &) change throughout its development.
Initially, the kink band starts out asymmetric (§ > ¢), and as the
kink develops, volume inside the kink band increases (increasing
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Fig. 6. Measurements of geometric features of mica kink bands from the Sandhill Corner shear zone (SCSZ) and western Maine (WM), and comparison with other studies.
a) Plot of § versus ¢. Data are plotted above the § = ¢ line of symmetry as § > €. Kinks from the SCSZ are more asymmetric than those in WM, demonstrated by increased

distance from the line of symmetry. b) Histogram of the angle of external rotation

(w) with bin size of 20°. Only kink bands from the SCSZ show values greater than 90°

(vertical dashed line). Total number of measurements (N) is also displayed. c) Cumulative frequency distribution plot showing increased kink-band asymmetry in the SCSZ
(blue circles) compared to WM (orange triangles). d) Cumulative frequency distribution plot showing decreased kink-band width in the SCSZ (blue circles) compared to WM
(orange triangles). Solid blue and orange lines in c¢) and d) represent average trend lines. Data from Borg and Handin (1966), Horz and Ahrens (1969), Horz (1970), Etheridge
et al. (1973), and Misra and Burg (2012) are overlaid for comparison, referred to as BH66, HA69, H70, E73, and MB12, respectively. MB12 data are displayed by stars in a),
which are from torsion experiments recorded at shear strain of 3.0. E73 data are shown as gray bars in b), as E73 did not provide discrete data points for replication in other

plots. N value of E73 for w of primary kinks in b) is uncertain, although the total N

d and opening gaps between the internal foliation). With further
strain, the kink-band volume decreases again (decreasing d and
closing the gaps between the internal foliation) and the kink band
becomes more symmetric. Once the kink angles are equal (§ = ¢),
the kink locks up and further kinking is impossible. The angle of
external rotation increases progressively until § = €.

Although these four models can explain the kink-band geome-
tries in the regionally deformed WM rocks (relatively low « and
8 — ¢), none of them account for all the observed patterns of
kink-band geometries in the seismogenic SCSZ rocks. The migrat-
ing kink-band boundary models (Models I and II) are characterized
by symmetric kink angles (6 = ¢) and increasing kink-band width

for primary and secondary kinks is 250 (Etheridge et al., 1973).

with increasing strain, which are not appropriate for describing the
developing asymmetry and short kink-band width in the SCSZ. The
fixed kink-band boundary models (Models III and IV) might ap-
proach the SCSZ observations owing to asymmetric kink bands.
However, Model IV indicates § ~ ¢ for high w, which is incon-
sistent with the SCSZ kink bands showing high asymmetry that
exceeds the maximum § — & (~13°) of the WM rocks even for
larger w than 90°. Additionally, in Model III, the thickness of the
kink bands is held constant, which does not explain the pattern of
shorter kink-band widths.
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in blue, orange, and gray, respectively. Total number of measurements (N) is also
displayed. Data from quasi-statically deformed rocks of WM and E73 show asymme-
tries less than 30°, whereas dynamically deformed rocks of the SCSZ extend beyond
30°, up to 56°.
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Fig. 8. Plot of kink-band asymmetry (8 — ¢) versus angle of external rotation (w)
for naturally- and experimentally-deformed micas. Theoretical bounds on predicted
kink angles from Baronnet and Olives (1983) based on a misfit threshold are de-
limited by dashed curves with different shades of gray. Data from quasi-static ex-
periments of BH66 (Borg and Handin, 1966) are outlined by the black rectangle.
Maximum spreading region of shock experiments from HA69 (Horz and Ahrens,
1969) are encircled by the finely spaced dashed curve. Data from the Sandhill Cor-
ner shear zone (SCSZ) and western Maine (WM) are shown by blue circles and
orange triangles, respectively. Model input variables used are n = 1, 2, 3, and p =
q=-3,-2,-1,0, 1, 2, 3. See Baronnet and Olives (1983) for model details.

5.2. Crystallographic models of kink-band formation

The geometrical relations of kink-band angles in micas were
predicted from a crystallographic model by Baronnet and Olives
(1983). By minimizing the degree of lattice misfit (i.e.,, <10%)
accompanying the formation of a kink band, stable equilibrium
orientations were determined in § — ¢ versus w space. These
orientations correspond with the kink axes [010] and <310>, as
determined by observations of basal dislocation slip vectors un-
der transmission electron microscopy (Baronnet and Olives, 1983).
Fig. 8 compares our samples from the SCSZ and WM to the model
of Baronnet and Olives (1983) with the experimental data of BH66
(static) and HAG69 (shock) overlaid for reference. In Fig. 8, the
dashed curves of varying grayscale represent boundaries contain-
ing the data predicted by their crystallographic model with varying
degrees of lattice misfit (e.g., 10% to 40%).
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The crystallographic model predicts discrete geometries for a
given amount of allowed misfit, slip in either limb of the kink
(p and q), spacing of active glide planes (n), and prescribed kink
axes [010] and <310> (see Fig. 4 of Baronnet and Olives, 1983).
However, similar to the fields of BH66 and HA69, considerable
spread exists in the natural data from the SCSZ and WM when
comparing with the predicted data of Baronnet and Olives (1983)
assuming <10% misfit (Fig. 8). Baronnet and Olives (1983) postu-
lated that the spread in kink-band asymmetry (e.g., the fields of
BH66 and HA69) may result from either error in optical measure-
ments, measurements of apparent versus true angles, or complex
kink axes not predicted by the model. In an attempt to account
for the spread in natural data, we expanded the model of Baron-
net and Olives (1983) by changing the misfit up to 40% and the
range of their n-values from 1-2 to 1-3 and plotted the maxi-
mum boundaries in the § — & versus w space rather than discrete
points. We note that the regionally deformed WM data lie almost
completely within the range of BH66 for quasi-statically deformed
mica (Fig. 8). The seismogenic SCSZ data show a spread compara-
ble to HA69 for shocked mica, extending to regions well outside
of the zones predicted by the crystallographic model using <10%
misfit (Fig. 8).

Aside from the aforementioned explanations for the observed
spread in natural data, we find that an alternate explanation in-
volves increasing the misfit threshold to account for more energet-
ically unfavorable geometries. Fig. 8 shows that most data from the
SCSZ can be accounted for in this model if the misfit threshold is
increased to 40%. Although some data points lay at higher values
of w than the range for 40% misfit, these can be accounted for by
changing the input variables of the model (e.g., varying values of
n, p, and q in Baronnet and Olives, 1983). Regardless of the input
variables used, increasing amounts of misfit are required to fully
account for the data in the SCSZ. Higher degrees of misfit along
grain/twin/kink boundaries correspond to higher free volume, and
therefore, higher surface energy (Aaron and Bolling, 1972). It has
also been shown that asymmetric boundaries should have higher
free volume than their symmetric counterparts (Aaron and Bolling,
1972), supporting the assertion that the kinks in the SCSZ can be
explained by higher amounts of misfit.

Varying degrees of misfit could manifest themselves texturally.
Backscattered electron images of micas from the SCSZ often show
pronounced separation along cleavage planes associated with kink-
ing (Fig. 9a), whereas those from WM contain little to no appar-
ent separation along cleavage planes (Fig. 9b). The accommodation
of strain associated with high misfit could manifest itself in the
formation of cleavage in micas from the SCSZ. Alternatively, the
folding and separation of cleavage could be related to microshear
zones formed during the formation of the mylonite zone (Goodwin
and Wenk, 1990). Regardless, these observations suggest that kink
bands in the SCSZ are associated with higher energy microstruc-
tures compared to those in WM. We postulate that the presence of
transient, dynamic stresses associated with high strain-rate loading
events (i.e., earthquake rupture propagation) cause kink bands that
are non-equilibrium or higher energy compared to those subjected
to low strain rates, and note the similarity between the mica in
Fig. 9a with the shock microstructures of HA69 and H70.

5.3. Quasi-static versus dynamic origin

The data from this study show remarkable similarity to the
compiled work of BH66, HA69, H70, E73, and MB12 (Figs. 6 and
7) in that all trends for the angle of external rotation, kink-band
asymmetry, and kink-band width correspond to samples with sim-
ilarly interpreted geologic histories (i.e., WM experienced quasi-
static stresses accompanying regional deformation and metamor-
phism whereas the SCSZ experienced high strain rate, dynamic
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kinked ms

kinked bt

Fig. 9. Backscattered electron images of kinked micas. a) Kinked muscovite (ms)
grain from the Sandhill Corner shear zone (SCSZ) showing pronounced separation
of cleavage. b) Kinked biotite (bt) grain from western Maine (WM) showing little
to no separation of cleavage associated with the kinks. In a), the kinked mica is an
exceptional example of cleavage separation; however, it is still observed at higher
frequency in the SCSZ compared to WM. All the kinked micas in a) and b) have
their cleavage (black lines) perpendicular to the images.

stresses accompanying seismicity). These data suggest that mica
kink-band geometry can be used to distinguish between dynamic
and quasi-static loading histories, and our data from the SCSZ sug-
gest that kink-band geometry could be added to the growing list of
indicators of seismic activity in faults/shear zones (e.g., Rowe and
Griffith, 2015).

Asymmetric kink bands have been shown to form in torsion
experiments in contrast to symmetric kink bands that form during
axial compression (Misra and Burg, 2012), so the question arises
as to whether the differences between the SCSZ and WM micas
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Fig. 10. Histogram of the angle (0) between the shear plane (mylonitic foliation) and
the kink-band boundary. The Misra and Burg (2012; marked by MB12) histogram
(orange) indicates the torsion experiments of muscovite aggregates for shear strain
of 5.0, and the blue histogram shows the data from the Sandhill Corner shear zone
(SCSZ). Total number of measurements (N) is also displayed. Kinks from MB12 ex-
hibit a relatively normal distribution and an average value of 39.3°, whereas those
from the SCSZ with a minimum shear strain of ~14.2-30 are negatively-skewed
and show a higher average of 69.0°.

reflect different kinematics. Two aspects of the MB12 dataset ar-
gue against this possibility. First, the maximum asymmetry from
MB12 is ~24° whereas that from the SCSZ is 56°. Second, MB12
demonstrated that histograms of the angle between the kink-band
boundary and the shear plane (0) decreased asymptotically and
changed their distribution with increasing shear strain. For ex-
ample, the average 6 of 63.1° for shear strain of 0.2 exhibits a
negatively skewed distribution. With increasing shear strain, the
distribution becomes approximately normally distributed as 6 de-
creases to 39.3° for shear strain of 5.0 (Misra and Burg, 2012). In
contrast, kinks from the SCSZ exhibit a higher average 6 of 69.0°
and are negatively skewed (Fig. 10). The difference in maximum
asymmetry and 6 suggests that the kinks from the SCSZ cannot be
explained by quasi-static deformation in a simple shear kinematic
reference frame. The possibility of the kinks in the SCSZ exhibiting
the higher average 6 and a negatively skewed distribution due to
lower bulk shear strain can be discounted based on: (a) the intense
mylonitization and grain-size reduction, and (b) estimated mini-
mum shear strains of ~14.2 from thinned quartz veins (Anderson
and Johnson, 2017) and ~30 from sheared veins and surface-area
reconstructions of boudin strings (Swanson, 1994).

Rocks deformed at the FVT are subject to quasi-static, inter-
seismic strain rates punctuated by dynamic coseismic loading and
rapidly decelerating postseismic strain rates. This complex defor-
mation history has the potential to impact the geometric features
of kink bands by episodic overprinting events. While post and
interseismic deformation has the potential to influence the geo-
metric features of kink bands along the SCSZ, Johnson et al. (2009)
showed that mica fish orientations in the SCSZ indicate a strong
viscous decoupling from the surrounding matrix during shearing.
Such decoupling would minimize the extent of internal deforma-
tion in the mica grains, reducing the probability of forming kinks
during viscous flow of the surrounding matrix. Another indica-
tion of minimal internal deformation caused by viscous creep is
the paucity of secondary and second-generation kink bands (in the
sense of E73) in micas from the SCSZ. In contrast, secondary and
second-generation kink bands are observed in micas from WM and
quasi-static deformation experiments.

Kink-band data from the SCSZ also provide insight on the mag-
nitude of transient, dynamic stresses in the earthquake source re-
gion. Because the rocks in the SCSZ appear to have undergone pul-
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verization associated with high dynamic strain rates in the vicinity
of a propagating rupture (B.R. Song et al., 2020), we can place es-
timates on the magnitude of these transient dynamic stresses by
comparing experimental observations of peak stresses during sim-
ulation of dynamic fracturing and pulverization. Split Hopkinson
pressure bar experiments on Westerly granite show an increase in
the peak compressive strength/dynamic stress with increasing con-
fining pressure (e.g., Yuan et al.,, 2011). Extrapolation of the exper-
imental results (using a power-law fit with R = 0.9223 in Fig. 8 of
Yuan et al.,, 2011) to depths corresponding to the base of the seis-
mogenic zone (i.e., 15-20 km) yields transient dynamic stresses in
the range of 1.7-2 GPa required for pulverization. The shock impact
experiments of HA69 found that kink banding in lepidomelane oc-
curred in the pressure range of 0.9-3.4 GPa, comparing well with
this extrapolation. In addition, Barber and Griffith (2017) showed
using the split Hopkinson pressure bar that Arkansas Novaculite
required dynamic compressive stresses of ~1.6 GPa for pulveriza-
tion in weakly confined experiments, demonstrating the important
role of microstructure and grain size in stresses required for pul-
verization. Therefore, it appears that the SCSZ kink bands may have
sustained transient local dynamic stresses of order 1 GPa, although
more experimental and field-based work is needed to test this pos-
sibility. While these stresses may seem unlikely in relation to the
orders of magnitude lower stress drops typically associated with
earthquakes (i.e., 0.1-100 MPa; e.g., Cocco et al., 2016 and refer-
ences therein), recent work by Campbell et al. (2020) shows that
GPa-level stress drops can occur in the dry lower crust. We empha-
size that elevated stresses on the order of GPa are transient local
features facilitated by propagating ruptures and do not reflect the
spatially averaged stress drops over entire slip surfaces.

5.4. Applications in determining seismic energy budgets

The proposed evidence suggesting that the kink bands in the
SCSZ were formed from dynamic loading associated with earth-
quakes places these microstructures within a framework applica-
ble to seismic energy budgets. During an earthquake, stored elas-
tic energy is released and partitioned into radiated body waves,
frictional heat, and a variety of inelastic processes such as mi-
crocracking (Beeler et al., 2012). Of these three contributions, the
radiated energy is the only variable that can be directly measured
from seismometers and is thought to be a very small fraction of
the overall energy budget, roughly less than 15-20% (Lockner and
Okubo, 1983; Kanamori et al., 1998; McGarr, 1999). To further con-
strain the partitioning of the remaining energy into frictional heat
and other inelastic dissipative processes, analysis of rocks from the
source regions of earthquakes is required.

Typical estimates of the energy associated with frictional heat
at the lower reaches of the seismogenic zone come from stud-
ies of pseudotachylyte (e.g., Di Toro et al., 2005; Pittarello et al.,
2008), whereas particle size distribution analyses of fragmented
minerals provide estimates of surface energy (e.g., Chester et al.,
2005; B.R. Song et al., 2020). Nanoindentation experiments on mi-
cas have revealed that the formation of kink bands can dissipate
significant energy due to the hysteretic, nonlinear elastic response
during loading and unloading (Basu et al., 2009). Basu et al. (2009)
suggests that for a 3 GPa load, this dissipated energy can be on
the order of 80 MJ/m> per cycle of loading/unloading. Such high-
pressure loads, which may have occurred transiently in the SCSZ,
are thus expected to contribute to the energy budget of earth-
quakes in the form of dissipated heat. Such signatures may be
detectable within muscovite porphyroclasts via thermometric tech-
niques. Further experimental work utilizing dynamic stress loading
on mica aggregates may be helpful in exploring the energetics of
kink-band formation during dynamic loading.
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6. Conclusions

This study demonstrates that geometric features of kinked mi-
cas have the potential to be used as an indicator of paleoseismic-
ity and dynamic loading. Through measurements and a statisti-
cal approach, we show that the degree of asymmetry, kink-band
width, and angle of external rotation define trends that may be
used to distinguish between dynamic and quasi-static loading. Kink
bands in micas from the SCSZ show trends consistent with dy-
namic loading, including higher degrees of kink-band asymmetry,
smaller kink-band widths, and greater ranges of external rotation
compared to rocks exposed to regional deformation and metamor-
phism. Our results suggest that micas in the SCSZ experienced
GPa-level local, transient stresses associated with rapid dynamic
strain rates presumably during propagation of one or more earth-
quake ruptures.
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