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Current available methods for determining strain rates during viscous deformation are limited, generally relying
on the preservation of appropriate microstructures. A lesser-known method to determine strain rates of mono-
mineralic quartz aggregates relates the perimeter-area fractal dimension (D-value) of grain boundaries to
deformation conditions. We explore this method by applying it to the Sandhill Corner shear zone (SCSZ), a

Flow laws | | e " - !
Shear zones seismogenic shear zone exhumed from the base of the frictional-to-viscous transition. Strain-rate patterns from D-
Microstructure values are similar to those from flow laws combined with grain size piezometry and predict comparable mag-

nitudes to rates from flow laws using the theoretical piezometer of Shimizu (2012). We compare quartz D-values
with proxies for grain shape and grain boundary roughness and find a clear correlation between D-value and
grain size, suggesting it may record flow stress. We interpret the disparity in spatial trends between D-value and
recrystallized grain size within the inner shear zone as reflecting the influence of transient deformation events
associated with the seismic cycle. While the D-value is commonly referred to as a measure of the degree of
serration or roughness of grain boundaries, this study suggests a more complex interrelationship of the D-value,
grain size, aspect ratio, and roundness. Future field work and experimental calibrations are encouraged to test

our findings and refine strain-rate estimates derived from D-values.

1. Introduction

Determination of strain rates in the rock record is important for
understanding a range of geologic processes. For example, the rate of
metamorphic reactions may be limited by the rate at which rocks
accumulate strain (Baxter and DePaolo, 2004). Additionally, strain rates
affect the rheology of rocks undergoing viscous flow, controlling (in
part) the location and depth of the frictional-to-viscous transition zone
(Rolandone et al., 2004). Strain rates across ancient shear zones are
commonly inferred from (1) flow laws combined with grain size pie-
zometery (e.g., Luan and Paterson, 1992; Gleason and Tullis, 1995;
Hirth et al., 2001; Rutter and Brodie, 2004; Fukuda and Shimizu, 2017;
Lu and Jiang, 2019; Tokle et al., 2019; Lusk et al., 2021): or (2) a
combination of strain analyses and geochronology (e.g., Christensen
et al., 1989; Miiller et al., 2000; Sassier et al., 2009; Lusk and Platt, 2020;
Cawood and Platt, 2021). Within quartz-rich rocks, geochronometers
are limited, and the application of flow laws requires a combination of
microstructural analysis, grain size piezometry, and estimates of defor-
mation temperature extracted from geothermometers, quartz
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recrystallization mechanisms, and/or quartz c-axis opening angles (e.g.,
Stipp et al., 2002; Stipp and Tullis, 2003; Kidder et al., 2012; Law, 2014;
Faleiros et al., 2016). As quartz is commonly considered to strongly
influence the strength of the middle and upper continental crust, having
an additional strain-rate meter for quartz-rich rocks would be useful in
comparing and validating our current understanding of geologic strain
rates.

An alternate method for estimating strain rate in the geologic record
from monomineralic quartz aggregates was proposed by Takahashi et al.
(1998). By measuring the perimeter-area fractal dimension (D-value) of
the shape of dynamically recrystallized quartz grains, Takahashi et al.
(1998) used an experimental dataset of seven samples (three from
Masuda and Fujimura (1981), and four unpublished samples from the
same experiments) to establish a relationship among the D-value, strain
rate & (s’l), and temperature T (K) (Fig. 1a). Similar relationships have
been observed in metals undergoing viscous creep (Hornbogen, 1987,
1989). Substantial work has been conducted in the material science and
metallurgy literature demonstrating the effects of deformation and
annealing on the fractal dimension of grain boundaries (e.g., X. Wang
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et al., 1990; Streitenberger et al., 1995; Tanaka et al., 1998; Z. Wang
et al., 2010; Bigerelle et al., 2012). Z. Wang et al. (2010) showed re-
lationships between the recorded fractal dimension and recrystallized
grain size as a function of drawing speed (Fig. 1b) and annealing tem-
perature (Fig. 1c). With increasing drawing speed, D-values increase and
recrystallized grain sizes decrease, while D-values decrease and grain
sizes increase with increasing annealing temperature. Additionally,
correlations between the fractal dimension and material properties such
as fracture toughness and creep strength have been noted (e.g., Tanaka
and lizuka, 1991; Watanabe and Tsurekawa, 2004), providing a poten-
tial avenue to link bulk material properties to fractal microstructures.

Although several geologic studies have employed the perimeter-area
fractal dimension (e.g., Mamtani, 2010; Liang et al., 2015, 2017; Ghosh
et al., 2016; Sato et al., 2020; Hu et al., 2021; Kalita et al., 2022), they
did not explicitly interrogate the method. Additionally, their strain-rate
estimates using the perimeter-area fractal dimension (henceforth
referred to as the grain boundary dimension (GBD) method) showed up
to seven orders of magnitude faster rates than those calculated from
some flow laws combined with grain size piezometery (e.g., Liang et al.,
2015, 2017; Hu et al., 2021), but this discrepancy has yet to be explored.
In this study, we explore the potential uses and limitations of the GBD
method by applying it to the Sandhill Corner shear zone (SCSZ), Maine,
USA, a well-studied mid-crustal seismogenic shear zone exhumed from
the base of the frictional-to-viscous transition. We compare spatial
patterns and magnitudes of strain rates estimated from D-values and
recent flow laws combined with grain size piezometery. Additionally,
we compare D-values to common measurements of grain shape and
grain boundary roughness (e.g., perimeter-area fractal dimension,
aspect ratio, circularity, and roundness) and explore relationships be-
tween them in our field area to better understand its geometric signifi-
cance. Finally, we explore the impact of variations in deformation
mechanisms on the D-value and recrystallized grain size in our field
area.
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2. Methods
2.1. Grain shape analysis

There is ambiguity in the literature regarding the physical signifi-
cance of the D-value as it pertains to the geometric properties of
dynamically recrystallized quartz aggregates. The D-value is commonly
described as a measure of the degree of serration or “roughness” of grain
boundaries (e.g., Hornbogen, 1989; Takahashi et al., 1998; Takahashi
and Nagahama, 2001), where aggregates of the same shape (e.g., circles,
ellipses, or convex polygons) with different sizes have a D-value of unity,
and increasing serration with increasing size causes D-values to increase.
However, Takeshita and El-Fakharani (2013, their supplement)
compared measurements of D-values with a proxy for grain boundary
roughness defined by the average normalized ellipse perimeter (Pnorm)
and concluded that the D-value is not a reliable indicator of grain
boundary roughness. To be thorough with our analysis of D-values, we
define the shape properties employed in this study (i.e., aspect ratio,
circularity, roundness, and Ppom) and their physical significance in
Appendix A and summarize them in Fig. 2. We emphasize here that the
GBD method simply relates to the measured perimeter and area of a 2D
aggregate and is not necessarily an explicit measure of boundary
roughness.

2.1.1. Perimeter-area fractal dimension

The geometry of irregular, non-Euclidean shapes can be well-
characterized using fractal analysis. While several methods exist to
characterize the dimensionality of these surfaces (e.g., ruler and box
methods), we restrict the current study to the perimeter-area method
(Mandelbrot, 1977). The perimeter-area fractal dimension is determined
by measuring the individual grain perimeters in monomineralic poly-
crystalline aggregates and the equivalent diameter of circles containing
the same area as the measured grains (Fig. 2a—c). The reason why the
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Fig. 1. Previous work on the perimeter-area fractal dimension (D-value). (a) Log-log plot of perimeter versus diameter for recrystallized grains of a sample from the
deformation experiments used in Takahashi et al. (1998). The D-value (D) was calibrated to deformation conditions (strain rate ¢ and temperature T) from seven
experimental samples. N is the number of measured grains. (b, ¢) Correlations between the D-value (D; squares) and recrystallized grain size (d; crosses) in QSi3-1
bronze silicon alloy as a function of drawing speed and heating temperature, respectively. Adapted from Z. Wang et al. (2010). (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 2. Definition of D-value and other shape properties. (a) Photomicrograph in cross-polarized light of a recrystallized quartz vein as an example (sample 76). (b)
Definition of traced grain and associated variables used in the present study. (c) Log-log plot of perimeter versus diameter for recrystallized quartz grains measured in
sample 76 as an example. The power-law relationship is indicated by the best-fit line in log-log space. The D-value corresponds to the slope of the line. (d) Schematic
illustration showing the relationship between circularity and roundness. The top panel shows the effect of increasing the perimeter of a circle at constant area. Both
circularity and roundness decrease. The lower panel shows the effect of decreasing the area of a circle at constant perimeter, producing a higher aspect ratio.
Circularity decreases while roundness is constant. Adapted from Takashimizu and Iiyoshi (2016).

equivalent diameter is plotted despite the use of area in the name of the
method stems from the significance of the equivalent diameter of
dynamically recrystallized aggregates as a proxy for flow stress through
a grain size stress piezometer. The equivalent diameter (d) of each grain
is calculated from d = 2./A/x, where A is the area. The slope of the line
in log equivalent diameter (d) versus log perimeter (P) space yields the
fractal dimension (e.g., Fig. 2c¢). Because the range of grain sizes in
recrystallized quartz aggregates generally does not span more than ~1
order of magnitude, we refer to the perimeter-area fractal dimension as
the “D-value” to avoid the implication of a true fractal relationship that
spans several orders of magnitude (Hornbogen, 1989). The D-value of a
surface in two dimensions varies between 1 and 2, with values closer to 1
approximating perfect circles and greater values displaying increasing
perimeter length for a given area either by an increase in higher fre-
quency boundary roughness or a macroscale shape change such as
increased ellipticity (Fig. 2d).

2.2. Strain rate calculation using D-values

Strain-rate estimates derived from D-values were calculated from the
empirically derived relationship of Takahashi et al. (1998):
D:¢logé+%+c (€8]
where ¢ = 0.0934 [log(s’l)]’l, p =644 K, and c = 1.08. In the present
study, strain rates calculated from D-values and flow laws combined

with grain size piezometers assume a temperature of 400 °C based on
estimates from observed quartz microstructures and c-axis opening

angles within the shear zone (see Section 3.3 for details) and a confining
pressure of 300 MPa based on peak pressure estimates prior to defor-
mation of 300-400 MPa (West et al., 2003).

2.3. Flow stress calculations from grain size piezometry

Differential stress estimates used in strain-rate calculations can be
determined using the grain size piezometers of Stipp and Tullis (2003)
and Shimizu (2012) listed respectively below:

—0.79

d=36316""2 or 0 = 669d (22)
- B 12.4 kJ/mol
_ 1.25
d =998~ *exp (7RT ) or oh)
=08 9.92 kJ/mol
0 =251d exp (T)

where d is the average recrystallized grain size in ym and ¢ is the flow
stress in MPa. The piezometer of Stipp and Tullis (2003) detects no
temperature dependence on the relationship between grain size and
flow stress. However, the theoretical piezometer of Shimizu (2012)
predicts a weak temperature dependence. We explore the results of
using flow stresses from both the piezometers of Stipp and Tullis (2003)
and Shimizu (2012) on strain rate estimates (see Section 5.3 for
discussion).
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2.4. Flow law parameters used for strain-rate calculations

Our understanding of the viscous strength of the continental crust is
constrained in part by deformation experiments on quartz aggregates (e.
g., Biirgmann and Dresen, 2008). Since the mid-1990s, the empirically
derived flow law used to describe the behavior of polycrystalline ag-
gregates undergoing dislocation creep commonly takes the form:

£=Ac"fl} , exp (;—?) 3

where ¢ is strain rate, A is a preexponential factor, o is the differential
stress, n is the stress exponent, fy,o is the water fugacity, m is the
fugacity exponent, Q is the activation energy, R is the universal gas
constant, and T is the absolute temperature. We note that while Q is
commonly referred to as activation enthalpy in the rock mechanics
literature, the thermodynamic definition relates activation energy to the
activation enthalpy through:

Q=H+pV 4

where H is the activation enthalpy, p is the pressure, and V is the acti-
vation volume. The effect of pressure on the activation energy is
commonly omitted in the literature due to relatively small values of pV,
leading many authors to use activation energy and activation enthalpy
interchangeably. In this paper, we maintain the use of Eq. (4), noting
that this does not change the results of strain-rate calculations.

Due to the long timescales of rock deformation in nature, laboratory
deformation experiments must be performed at elevated temperatures
and strain rates to determine flow law parameters on human timescales.
However, small adjustments in the experimentally determined flow law
parameters can result in large uncertainties when extrapolated to slower
geologic conditions. Lusk et al. (2021) used a Markov chain Monte Carlo
statistical analysis to determine “naturally constrained” flow law pa-
rameters that best fit experimental data on wet quartz aggregates and
the deformation conditions in the Whipple mountains core complex of
Platt and Behr (2011) and the Scandian shear zone of Lusk and Platt
(2020). To eliminate the effect of confining pressure, they separated the
compiled data set into low-pressure and high-pressure groups. We
choose to include the low-pressure flow law of Lusk et al. (2021) best
suited for the conditions of our field area (i.e., that of the middle crust).

Tokle et al. (2019) similarly compiled experimental data from
“water-added” deformation experiments on quartz aggregates under-
going dislocation creep and observed two trends with varying stress
exponent with “low-stress”/high-temperature data exhibiting n = 4 and
“high-stress”/low-temperature data exhibiting n = 2.7. These trends
were correlated with c-axis fabrics indicative of easy slip on prism <a>
and basal <a> systems, respectively, with the transition between the
two suggested to occur by dislocation-accommodated grain boundary
sliding. Using their laboratory fits, they tuned their parameters to match
the field-based constraints from the Whipple mountains metamorphic
core complex and the Ruby Gap duplex. In the SCSZ, the pervasiveness
of fluids within quartz veins and the observation of c-axis fabrics
indicative of prism <a>/rhomb <a> slip within quartz aggregates
support our use of their n = 4 experimental flow law fit extrapolated to
geologic conditions (Price et al., 2016; W.J. Song et al., 2020b; see
Section 3 for description of quartz microstructures).

Lu and Jiang (2019) pointed out that while the incorporation of
water fugacity into flow laws in the mid-1990s helped rectify discrep-
ancies between the strength of some experimental data at high tem-
peratures, these discrepancies reemerged when extrapolated to lower
temperature conditions found in the middle crust. They hypothesized
that pressure not only affects the viscous strength of quartz aggregates
through the fugacity term, but that it becomes important through the pV
term in Eq. (4) at lower temperatures. By considering only
high-resolution steady-state deformation experiments on quartz aggre-
gates exhibiting regime 2/3 microstructures (i.e., deforming by subgrain
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rotation recrystallization), they determined a set of flow law parameters,
including the activation volume, best constrained by three experimental
studies. Lusk et al. (2021) additionally considered activation volume in
their flow law. Because quartz microstructures in our field area exhibit
dominant recrystallization by subgrain rotation recrystallization (see
Section 3 for quartz microstructures), we include the experimental flow
law of Lu and Jiang (2019) in the discussion. We note here that while
other treatments and corrections of flow laws that consider additional
factors such as the stress corrections proposed by Holyoke and Kro-
nenberg (2010) exist (e.g., Fukuda and Shimizu, 2017), the proposed
correction is a source of ongoing debate and has not been used in recent
studies (see Tokle et al., 2019; Lusk et al., 2021 for discussion). In this
study, we tentatively test the flow laws determined by Lusk et al. (2021),
Tokle et al. (2019), and Lu and Jiang (2019), and provide their forms
and parameters in Table 1.

The water fugacity in this study was estimated from the empirical fit
of a thermodynamic database (Pitzer and Sterner, 1994) that provides a
good fit of fugacity across a range of crustal geotherms, taking the form:

—(A2 +pA

()
where ay,0 is the activity of water (here taken to be unity assuming that
our samples are water saturated, which may be validated by the
pervasiveness of fluid inclusions within quartz veins across the SCSZ as
shown in W.J. Song et al., 2020b), A; = 5521 MPa, A, = 31.28 kJ/mol,
and A; = —2.009 x 107> m3/mol (Shinevar et al., 2015). By assuming a
temperature of 400 °C and a confining pressure of 300 MPa in our field
area, the estimated water fugacity is ~61 MPa.

3. Field area and sample selection
3.1. Regional geology

The SCSZ is located within the Liberty—Orrington belt of south-
central Maine, USA (Fig. 3). The rocks record a complex multistage
deformation history associated with the Siluro-Devonian Acadian
orogeny. Deformation occurred in three major stages. Stage 1 involved
the eastward subduction of the eastern margin of Laurentia underneath
composite Avalon during the Late Silurian to Early Devonian. This led to
the development of west-directed thrusts between ~423 and 404 Ma
and may have involved recumbent folding, though the evidence is sparse
(Hussey, 1988; West et al., 2021). This deformation event further
developed into the regional pattern of upright, isoclinal folds pervasive
in Maine’s bedrock (Tucker et al., 2001; West et al., 2021). Thickening
of the crust and plutonism during this time resulted in regional
high-temperature, low-pressure metamorphism at upper-amphibolite
facies conditions in south-central Maine (Guidotti, 1989).

Between ~399 and 380 Ma, a shift in regional kinematics from
orthogonal convergence to dextral transpression coincided with the
development of the Norumbega fault system (stage 2; West et al., 2003;
Gerbi and West, 2007). The Norumbega fault system is defined by a
~5-40 km wide zone of heterogeneous dextral transpression (kinematic
vorticity number of 0.67 recorded in calcite veins; Short and Johnson,
2006; Short et al., 2011) that occurred during or immediately following
peak metamorphic conditions. Structures indicative of dextral trans-
pression include asymmetric boudinage of quartz veins and pegmatite
pods, shear banding, and the development of north-verging asymmetric
z-folds with steeply dipping axial planes and shallow-to moder-
ately-plunging fold axes (Swanson, 1992, 1999, 2006a, 2006b; West
et al., 2003).

Superimposed upon this wider zone of dextral shear are several,
highly localized (<2 km), high-strain dextral shear zones that define
stage 3 and formed parallel to the preexisting high-temperature foliation
and compositional layering associated with stages 1 + 2. The degree of
localization along the Norumbega fault system varies along strike, with
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Table 1
Flow laws and associated parameters used in strain rate calculations.
Source Flow laws A (MPa ™ Mg~ 1) n Q or H (kJ/mol) m V (cm®/mol)
. - . -12 4 125 1 N/A
Tokle et al. (2019) (low-stress, high-T) & = Ad"ffL exp (R_?) 1.75x 10 /
—(H+pV -15 4 132 2.7 35.3
Lu and Jiang (2019) & =Adfio exp(%) 6x10
. —(H . -10 3.5 118 0.49 2.59
Lusk et al. (2021) (low-pressure) & = Ao"ffi o exp (%) 50110

Note: & —strain rate (s1); A — preexponential factor (MPa "~™s1); 5 — differential stress (MPa); n — stress exponent; fi,0 — Water fugacity (MPa); m — fugacity exponent;
Q - activation energy (J/mol); H - activation enthalpy (J/mol); p — pressure (MPa); V - activation volume (cms/mol); R - universal gas constant (=8.314 J K’l-mol’l);

T — absolute temperature (K).
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Fig. 3. Geologic map of the SCSZ and its regional context within the Norumbega fault system (NFS). Lower-hemisphere, equal-area projections in the upper right
panel show poles to foliation and stretching lineation measured from rocks along the broader field area. In the lower right panel, the same projections show the
mylonitic foliation and lineation associated with the SCSZ. The dashed red box in the lower right panel outlines the study area in Fig. 4a. Adapted from Johnson et al.
(2009). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

mylonites and ultramylonites dominant to the southwest which transi-
tion to phyllonites, cataclasites, and breccias to the northeast
(Hatheway, 1971; Swanson, 1992, 1999, 2006a, 2006b; West and
Hubbard, 1997; Wang and Ludman, 2004; Short et al., 2011). The pri-
mary cause for the variation in structural style of localization during
stage 3 is thought to result from decreasing temperatures associated
with differential exhumation following stage 2, exposing deeper crustal

levels to the southwest and shallower crustal levels to the northeast
(Guidotti, 1989; West et al., 1993; Hubbard et al., 1995; West and
Hubbard, 1997; Ludman and Gibbons, 1999; Swanson, 1999; Wang and
Ludman, 2004). Because the structural expression of stage 3 varies along
strike, we restrict our detailed description of this event to its expression
within the SCSZ in south-central Maine.
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3.2. Sandhill Corner shear zone

The SCSZ is a ~230 m wide vertical, high strain, dextral strike-slip
seismogenic shear zone located within the Norumbega fault system in
south-central Maine (Fig. 4a; Ludman and West, 1999). Deformation
along the SCSZ is dominantly simple shear, exhibiting a kinematic
vorticity number of 0.97 (Johnson et al., 2009), and is concentrated at
the contact between the quartzofeldspathic (QF) unit of the Cape Eliz-
abeth formation and the mica schist of the Crummett Mountain forma-
tion (Grover and Fernandes, 2003; West and Peterman, 2004; Price
et al., 2016). The Cape Elizabeth formation is a quartz + plagioclase +
biotite + garnet + sillimanite metasedimentary rock exhibiting partial
migmatization and metamorphism at upper amphibolite-facies condi-
tions (Grover and Fernandes, 2003; West and Peterman, 2004). The
Crummett Mountain formation (equivalent to the Scarboro Formation of
Grover and Fernandes, 2003) is a quartz + plagioclase + garnet +
staurolite + andalusite mica schist, metamorphosed under similar con-
ditions to the Cape Elizabeth formation and hosts discontinuous,
strongly folded quartz veins. A combination of *CAr/3Ar

a)

@203
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thermochronology and detailed microstructural studies have revealed
two major episodes of dextral shear affecting the SCSZ. Stage 2 is an
earlier period of >25 km wide distributed dextral shear characterized by
high-temperature (>~500 °C) deformation initiated at or immediately
following a period of Middle Devonian amphibolite facies meta-
morphism (500-600 °C; 300-400 MPa) at ~380 Ma (West and Hubbard,
1997). Stage 3 is a later period of localized, high-strain mylonitization
and sustained seismogenic deformation at depths corresponding to the
frictional-to-viscous transition (~400-500 °C). The timing of stage 3 is
bracketed by an initial release *°Ar/2°Ar cooling age of ~290 Ma on the
recrystallized margin of muscovite porphyroclasts within the SCSZ,
indicating ~100 Ma of activity along the shear zone (West and Lux,
1993). Whether this long-lived period of deformation was continuous or
punctuated is an open question.

Evidence for viscous strain localization along the contact between
the Cape Elizabeth and Crummett Mountain formations occurs in the
form of marked grain size reduction in quartz grains within both pure
quartz veins and quartz-rich selvages within felsic layers, an increase in
aspect ratio of these quartz domains, a decrease in the proportion of

b) QF protomylonite: 203

Fig. 4. Sample location and general rock microstructures. (a) Hillshade basemap of the study area with sample locations and rock types overlain for reference. QF —
quartzofeldspathic. (b—f) Photomicrographs demonstrating broad structural characteristics of strain localization along the SCSZ. The distance from the shear-zone
core is displayed in the lower left of each panel. (b) QF protomylonite shows the development of anastomosing shear bands of mica and oxides and quartz-rich
domains wrapping around rigid feldspar porphyroclasts. (¢) QF mylonite shows strain localization accompanied by marked grain size reduction of porphyroclasts
of feldspar, mica fish, and matrix minerals. (d) Ultramylonitic shear-zone core sample showing a relatively young pseudotachylyte layer exhibiting flow banding
(top). See Fig. 5d for quartz microstructures within the sample. (e) Sheared schist sample with thin, embedded quartz veins. (f) Schist host rock of the Crummett
Mountain formation with a thick embedded quartz vein. The marked reduction in grain size and vein thickness outlines the viscous strain gradient. PPL — plane-

polarized light; XPL — cross-polarized light.
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feldspar porphyroclasts and mica fish relative to the matrix, and an in-
crease in mica content toward the shear-zone core, particularly within
the Cape Elizabeth formation (Fig. 4b—f). The thickness of pure quartz
domains also decreases with increasing proximity to the shear-zone core
within both rock types (Anderson, 2017; W.J. Song et al., 2020b), which
allowed strain gradient measurements. The viscous strain gradient is
asymmetrically distributed around the core of the shear zone and varies
in width along strike. Within the QF unit, a zone of protomylonite ex-
tends from ~200 m to ~90 m away from the shear-zone core. The
protomylonite transitions into a mylonite zone within ~90 m of the core
and effectively becomes fully recrystallized within the innermost ~40
m. The shear-zone core consists of a ~5 m-wide ultra-
mylonite/phyllonite that forms a topographic trough in the field area. In
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the schist unit, a region of highly sheared schist can be found up to ~20
m from the core, beyond which strain is heterogeneously distributed.
Viscous strain localization likely occurred during regional cooling dur-
ing exhumation, as evident by the change in dominant quartz defor-
mation mechanism from high-temperature grain boundary migration
(GBM) recrystallization to lower-temperature subgrain rotation recrys-
tallization (SGR; see Section 3.3 for details on quartz microstructures).

The stage 3 structure of the SCSZ is delimited not only by the
development of a viscous strain gradient but contains structures indic-
ative of sustained seismogenic deformation at the frictional-to-viscous
transition zone. Such structures include the occurrence of mutually
overprinting pseudotachylyte and mylonite (Price et al., 2012), the
occurrence of dynamically fragmented garnets which have subsequently

Fig. 5. Photomicrographs in cross-polarized light demonstrating the nature of quartz microstructures across the SCSZ. Sample name and distance from the shear-
zone core are listed in the upper left and right corners of each photomicrograph, respectively. Note that photomicrographs were taken at various scales. (a)
Large, relict, amoeboid quartz grains exhibiting intracrystalline lattice distortion and formation of subgrains and recrystallized grains along their margins. (b) Highly
elongate relict grains exhibiting subgrain nucleation both along their margins and in the interior of the relict grains. Recrystallized grains show progressive
misorientation from the relict grain interiors to their margin, indicative of recrystallization via subgrain rotation recrystallization. (c) Quartz vein in the inner
mylonite zone demonstrating effectively complete recrystallization via subgrain rotation recrystallization. (d) Recrystallized quartz grains within the shear-zone core.
Note that while quartz grains within the core are similar in size to those within the inner mylonite, they exhibit less irregular grain boundaries, less lattice distortion,
and some triple junctions along subgrain/grain boundaries. (e) A quartz vein within ~5 m of the shear-zone core in the sheared schist. Quartz grains resemble those
of the outer mylonite, with highly elongate relict grains grading to subgrains and recrystallized grains progressively along their margins. Unlike quartz veins within
the inner mylonite, those in the sheared schist of the Crummett Mountain formation do not exhibit complete recrystallization. (f) Quartz microstructures in the outer
portions of the sheared schist, demonstrating similar microstructures to those in the protomylonite. Samples are cut perpendicular to foliation and parallel to the
stretching lineation and exhibit a dextral sense of shear from quartz shape-preferred orientations.
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been stretched and elongated due to viscous flow in the interseismic
period (B.R. Song et al., 2020a), dynamically kinked mica fish
(Anderson et al., 2021), and fluid inclusion amount patterns recorded in
quartz veins representing coseismic fluid infiltration and removal via
dynamic recrystallization during the coseismic and post-/interseismic
periods, respectively (W.J. Song et al., 2020b). The abundance of
recrystallized/devitrified pseudotachylyte in thin section exhibits local
variation but tends to increase within ~35 m of the shear-zone core in
the Cape Elizabeth formation from ~10 to 30 % to ~40-70 % within the
core (W.J. Song et al., 2020b). These observations of coseismic damage
within the mylonite zone led to further classification of the mylonite into
inner (<~35 m) and outer (~35-90 m) zones relative to the shear-zone
core. In the Crummett Mountain formation, the occurrence of dynami-
cally fragmented garnets within ~5 m of the core allows another clas-
sification of the sheared schist into inner (<~5 m) and outer (~5-27 m)
zones. Thus, four samples 76, 75, 41 and CM1 (Fig. 4a) are considered as
the inner shear zone samples affected by coseismic damage.

3.3. Quartz microstructures and deformation temperature estimates

Quartz veins within the field area contain microstructures reflecting
the multistage deformation history outlined above. High temperature
GBM recrystallization associated with stage 2 produced large, amoe-
boidal quartz grains within quartz veins and quartz rich selvages in both
host rocks. These higher temperature microstructures are overprinted by
those indicative of lower temperature deformation within the SGR field
and are associated with stage 3. Fig. 5 shows photomicrographs illus-
trating the change in the degree of quartz recrystallization across the
SCSZ. Within the protomylonite, large, relict, amoeboid quartz grains
begin to show marked intracrystalline lattice distortion and formation of
subgrains along their margins, with recrystallized grains forming along
the grain boundaries of the relict grains (Fig. 5a). Within the outer
mylonite zone, relict grains are highly elongated and exhibit subgrain
nucleation both along their margins and in the interior of the relict
grains (Fig. 5b). Recrystallized grains show progressive misorientation
from the relict grain interiors to their margin, indicative of recrystalli-
zation via SGR. Within the inner mylonite zone, quartz veins are effec-
tively fully recrystallized (Fig. 5c). Widespread lattice distortion is
observed in recrystallized grains accompanied by subgrain formation.
The grain boundaries of recrystallized grains are irregular. Recrystal-
lized quartz grains within the shear-zone core (Fig. 5d) are similar in size
to those within the inner mylonite, but exhibit less irregular grain
boundaries, less lattice distortion, and some triple junctions observed
along subgrain/grain boundaries. Within ~5 m of the core in the
sheared schist, quartz grains resemble those of the outer mylonite, with
highly elongated relict grains transitioning to subgrains and recrystal-
lized grains progressively along their margins (Fig. 5e). Unlike quartz
veins within the inner mylonite, those in the sheared schist of the
Crummett Mountain formation do not exhibit complete recrystalliza-
tion. In the outer portions of the sheared schist, microstructures are
similar to those in the protomylonite, with larger relict grains exhibiting
internal lattice distortions and subgrain formation with recrystallized
grains forming along their margins (Fig. 5f).

The observation of SGR microstructures along the SCSZ during stage
3 suggests deformation temperatures in the range of ~400-500 °C (Stipp
et al., 2002). Additional temperature constraints can be estimated using
the opening angle of quartz c-axis fabric pole figures (e.g., Law, 2014;
Faleiros et al., 2016). Using the low-temperature equation of Faleiros
et al. (2016), opening angle estimates from EBSD data collected from
five quartz vein samples used in Price et al. (2016) yield average
deformation temperatures across the shear zone of ~411 + 32 °C
(Fig. S1). For the purposes of this paper, we assume a deformation
temperature of 400 °C.
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3.4. Sample selection and grain boundary tracing

To assess the GBD method, it is important to apply it to mono-
mineralic quartz aggregates and use photomicrographs in cross-
polarized light taken with multiple polarizer orientations to accurately
identify recrystallized quartz grain boundaries. Eleven samples within
the SCSZ were selected (Fig. 4a). Five samples in the Cape Elizabeth
formation are the doubly polished thin sections used in W.J. Song et al.
(2020Db). All samples were cut perpendicular to the local foliation and
parallel to the local stretching lineation. Thin sections of ~30 pm
thickness were prepared to observe microstructures and trace grain
boundaries of recrystallized quartz. Optical micrographs (with
cross-polarized light) of monomineralic quartz aggregates were taken
using the x 10-20 objective lens in a polarized light microscope. Re-
gions of monomineralic polycrystalline quartz were selected to ensure
that grain boundary kinetics were not influenced by secondary phases.
In each sample, we imaged the same field of view using 5-9 varying
orientations of the polarizers (typically at 10° intervals) for precise
discrimination of subgrain and grain boundaries. We used a tablet
computer with a stylus pen to draw grain boundaries on the photomi-
crograph. Confident selection of recrystallized quartz grains can be
difficult using optical methods because relict grains also could be of
similar size owing to 2D cutting effects. In the samples with fully
recrystallized quartz (samples 76, 75 and 41) within the innermost ~35
m of the QF unit including the ultramylonite, any grains with clearly
displayed boundaries can be selected (Fig. 6a). In the QF mylonite
samples with partially recrystallized quartz (sample BB52 and 51), the
quartz aggregates show highly elongated large relict quartz with long
axes parallel to the foliation, surrounded by relatively fine-grained
recrystallized quartz. We chose such recrystallized grains in the QF
mylonites (Fig. 6b). However, in the QF protomylonite (samples 203 and
71) and sheared schist samples with partially recrystallized quartz ag-
gregates (samples CM1, CM4, EKA39 and EKA41), we could not confi-
dently identify recrystallized grains optically because the grain size
distributions of relict and recrystallized quartz overlap. We resolved this
with the aid of electron backscattered diffraction (EBSD), separating
relict and recrystallized grains using a threshold value of grain orien-
tation spread in the same way as Cross et al. (2017) (Fig. 6¢; see the
supplementary material and Fig. S2 for EBSD setup and postprocessing).
Note that even for those grains identified as recrystallized via EBSD, we
use the optical measurements of the grain boundaries in our analysis, as
the EBSD data were collected at too coarse a resolution to accurately
identify grain perimeters. Moreover, the GBD method was originally
developed using optical microscopy (Takahashi et al., 1998). In this
study, 50-138 recrystallized grains were measured per sample. The
traced grain boundaries of the recrystallized quartz were used in ImageJ
software to compute perimeter, area, and aspect ratio of the fitted ellipse
for each grain. The average 2D grain size of the recrystallized quartz was
calculated as the root-mean-square diameter.

4. Results
4.1. D-value variation across the Sandhill Corner shear zone

To examine the dependence of D-value on the number of measured
grains in a sample, a sensitivity analysis was conducted to observe the
change in D-value and standard error associated with the number of
measured grains that are randomly chosen. The sensitivity analyses
show that above ~30-40 measurements, the D-value and associated
standard error stabilize, and additional measurements reduce the stan-
dard error (Fig. S3). This observation suggests that our results for each
sample are based on a large enough number of grains to be reliable. The
number of measured grains in each sample is listed in Table 2.

The perimeter and diameter measurements of recrystallized quartz
grains show strong power-law relationships for all samples (R? ranges
between 0.96 and 0.98; see Fig. S4). Calculated D-values vary across the
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Fig. 6. Examples of tracing grain boundaries of recrystallized (rxd) quartz marked by red lines in the photomicrographs. The traced grain boundaries are from
multiple photomicrographs with varying orientations of the polarizers to see clear grain boundaries. (a) Fully recrystallized quartzofeldspathic (QF) mylonite (sample
76). (b) Partially recrystallized QF mylonite (sample BB52). Note clear recognition of relict and recrystallized quartz. (c) Partially recrystallized QF protomylonite
(sample 203). Recrystallized quartz was identified by the aid of EBSD grain separation map. (d) Grain separation map between relict and recrystallized quartz by
EBSD (sample 203). This map was generated in the same way as Cross et al. (2017). White lines mark the same grains traced in the photomicrograph of (c).
Photomicrographs are taken by cross-polarized light. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article.)

SCSZ (Table 2; Fig. 7; for analyzed raw data set of individual samples,
see the Excel file of the supplementary material). D-values in the QF
protomylonite are relatively constant at ~1.05. Within the QF mylonite,
D-values increase to ~1.2 at ~40 m from the shear-zone core before
decreasing back down to values as low as ~1.1 at the core. This
decreasing trend continues into the sheared schist, where D-values are
constant within error at ~1.07. The observed decrease in D-values
within ~40 m of the core in the QF mylonite coincides well with the
occurrence of coseismic indicators described in Section 3.2.

4.2. Strain-rate variation across the Sandhill Corner shear zone

Flow stresses and strain rates calculated in this study are listed in
Table 3. Away from the shear-zone core, strain rates derived from D-
values and a temperature of 400 °C are on the order of 107107-11-2 =1
(Fig. 8). Within the QF mylonite, strain rates increase to ~107%4 s_l,
decreasing gradually within ~40 m of the core to values around

~107193 571 Strain rates within the sheared schist are rather uniform

around ~1071%6 571, These strain rates are ~1.5-3.5 orders of magni-
tude faster than those predicted by the comparative flow laws using the
piezometer of Stipp and Tullis (2003) (Fig. 8a). The experimental flow
law of Lu and Jiang (2019) represents the lower limit, with the naturally
constrained low-stress flow law of Tokle et al. (2019) predicting inter-
mediate values. The low-pressure flow law of Lusk et al. (2021) predicts
the fastest strain rates out of the three flow laws, yet still lying ~1.5
orders of magnitude slower than those predicted by D-values. Applica-
tion of the temperature-dependent piezometer of Shimizu (2012) shifts
the flow laws of Tokle et al. (2019), Lu and Jiang (2019), and Lusk et al.
(2021) to faster strain rates by ~1.5 orders of magnitude, causing strain
rates calculated from the flow law of Lusk et al. (2021) to lie within half
an order of magnitude of those calculated from D-values (Fig. 8b).
Despite the variation in strain-rate magnitude between methods, the
spatial pattern of flow law-derived strain rates is very similar to the
spatial pattern of strain rates derived from D-values except for the inner
shear zone samples (see Fig. S5).
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Table 2
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Calculated D-values, recrystallized grain sizes, and shape properties from samples across the SCSZ. Italicized samples (76, 75, 41 and CM1) are those lying within the

coseismic damage zone (inner shear zone).

Sample  Latitude Longitude Rock type Distance D-value Average grain Average Average Average Poom N
(m) size (pm) aspect ratio circularity roundness
203 44.2736288  —69.5051955  QF proto- -176.2 1.06 + 38.1 +13.6 1.60 + 0.31 0.66 + 0.10 0.73 + 0.09 1.19 50
mylonite 0.03
71 44.2723763  —69.5054353  QF proto- —96.1 1.02 + 45.8 + 18.6 1.63 + 0.47 0.66 + 0.08 0.74 + 0.08 1.17 50
mylonite 0.02
BB52 44.2720608  —69.5055204  QF mylonite -77.3 1.15 + 18.5 + 6.7 1.96 + 0.55 0.69 + 0.11 0.82 + 0.05 1.10 50
0.02
51 44.2720456  —69.5048812  QF mylonite —38.6 1.19 + 11.1 £5.0 2.24 + 0.76 0.65 + 0.14 0.83 + 0.07 1.09 50
0.03
76 44.2716395  —69.5051158  QF mylonite -21.9 1.18 + 10.6 + 3.9 1.88 £+ 0.62 0.65+0.13 0.77 + 0.09 1.16 138
0.02
75 44.2716395  —69.5051158  QF mylonite —14.3 1.17 + 10.0 £ 3.0 1.89 + 0.65 0.68 +0.12 0.80 + 0.08 1.12 99
0.03
41 44.2715585 —69.5050900 Core 0 1.11 + 12.4 + 5.0 1.90 + 0.51 0.67 £ 0.10 0.79 + 0.05 1.13 50
0.02
CM1 44.2717426  —69.5045838  Sheared schist 2.7 1.11 + 11.1 + 4.4 1.99 + 0.61 0.68 + 0.10 0.82 + 0.06 1.10 50
0.03
CM4 44.2717325 —69.5045446 Sheared 6.4 1.07 £ 31.5 £13.2 1.78 £ 0.49 0.65 £ 0.10 0.76 + 0.08 1.17 50
schist 0.02
EKA39 44.2716871  —69.5045273  Sheared 9.5 1.08 + 26.5 + 11.0 1.82 + 0.38 0.67 + 0.10 0.78 + 0.07 1.14 50
schist 0.02
EKA41 44.2715789  —69.5045639  Sheared 16.4 1.07 + 32.6 + 10.9 1.64 + 0.41 0.72 + 0.09 0.80 + 0.06 1.12 50
schist 0.02

Note that the average grain size represents the root-mean-square of all recrystallized grains in the sample, whereas other averages are conducted using the arithmetic
mean. Pom — average normalized ellipse perimeter; N — number of measured grains. Errors of D-value are 1 standard error, and the other properties of grain size, aspect
ratio, circularity and roundness show 1 standard deviation. See the Excel file of the supplementary material for the raw data of Table 2.

1.25 T T T T T
| | [ I
| | [ I
| | [ |
| | 11 I
12F | w0
| | [ I
| | + 11 |
| | [ I
| | [ I
115 ! | 1 | N
[0] | | Il I
: | ' '
I I I I
? | | |
o | 1 [
110 | | | B
| | I
| | I I
| | I I
| | I I
1051 : DT
| | [ I
| | [ I
| [ I
| | 11 I
1 11 1 | | 1 111 1
Pseudotachylyte i
Dynamic strain rates (kink bands) se———
Pulverized garmets m—
Fluid inclusions - — —_— 1
[ : P 0 O
-200 -150 -100 -50 0 50
Distance (m)
Rock types
[ ]QF host [] QF protomylonite [l QF mylonite

[ ] Shear-zone core [ | Sheared schist [ ] Schist host

Fig. 7. The spatial variation in measured D-value from samples across the
SCSZ. The spatial extent of structures indicative of coseismic damage and
associated structural zones are shown below for reference. High D-values are
found in the QF mylonite, but D-values decrease toward the shear-zone core
within the innermost ~40 m of the QF mylonite and ~5 m of the sheared schist,
which coincide with the occurrence of coseismic indicators.

4.3. Comparison of D-values and shape properties

Shape property calculations are listed in Table 2. To explore corre-
lations between D-values and common indicators of grain shape and
form, we plot the variation in D-value as a function of average grain size,
average aspect ratio, average circularity, average roundness, and
average normalized ellipse perimeter Py, (Fig. 9). Linear best-fit lines
were obtained using the Curve Fitting toolbox in MATLAB v2023a. We
report the R? value to qualitatively discuss any degree of correlation
between variables. D-values display a strong negative correlation with
average grain size, a strong positive correlation with average aspect
ratio, no correlation with average circularity, a moderate positive cor-
relation with average roundness, and a weak negative correlation with
Poom. Fig. 9f demonstrates that the average roundness and Ppom, are
inversely correlated with one another and both are reliable indicators of
surface roughness.

5. Discussion
5.1. Relationship between D-value and grain size

Both methods employed in this study for calculating strain rates were
calibrated for monomineralic quartz aggregates deformed in the dislo-
cation creep regime. Due to widespread evidence of transient coseismic
damage concentrated within the inner mylonite zone and immediately
adjacent to the shear-zone core within the sheared schist, we expect that
samples located within this zone likely contain disequilibrium micro-
structures that involve contributions from both dislocation creep and
grain-size sensitive creep. We filter these samples out when evaluating
the relationship between D-values, shape properties, and strain-rate
estimates, but explore their significance near the shear-zone core later
in the discussion. The four filtered samples (three QF mylonites and one
sheared schist) that lie within this zone of transient coseismic defor-
mation are outlined by red boundaries in Figs. 8-10.

Upon filtering the data, the reduced dataset exhibits a strong nega-
tive correlation between D-value and recrystallized grain size. Similar

10
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Table 3
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Flow stresses and log o strain rates calculated from recrystallized grain sizes, D-values, and flow laws. Italicized samples (76, 75, 41 and CM1) are those lying within the

coseismic damage zone (inner shear zone).

Sample Flow stress (MPa)" Logo strain rate (s™1)"
Stipp and Tullis (2003) Shimizu (2012) D-value Tokle et al. (2019) Lu and Jiang (2019) Lusk et al. (2021)

203 37.7 80.3 -10.7 -13.4 (-12.1) —14.2 (-12.9) -12.1 (-11.0)
71 32,6 69.3 -11.2 —13.6 (-12.3) —14.4 (-13.1) -12.3 (-11.2)
BB52 66.9 143.4 -9.8 —-12.4 (-11.0) —-13.2 (-11.8) -11.3 (-10.1)
51 96.0 206.9 —-9.4 -11.7 (-10.4) —-12.5 (-11.2) -10.7 (-9.5)
76 103.8 223.8 -9.5 —11.6 (-10.3) —12.4 (-11.1) —-10.6 (-9.9)
75 108.8 234.7 —9.6 —11.5 (-10.2) —12.3 (-11.0) -10.5 (-9.3)
41 91.4 196.8 -10.2 —-11.8 (-10.5) —-12.6 (-11.3) —10.8 (—9.6)
CM1 99.7 214.9 -10.3 -11.7 (-10.3) —12.5 (-11.1) —10.6 (-9.5)
CM4 43.8 93.5 -10.7 —13.1 (-11.8) -13.9 (—12.6) -11.9 (-10.7)
EKA39 50.3 107.4 -10.6 -12.9 (-11.6) -13.7 (-12.3) -11.7 (-10.5)
EKA41 42.7 91.0 -10.7 -13.2 (-11.8) -14.0 (-12.6) -11.9 (-10.8)

@ Flow stress of each sample is calculated by two piezometers of Eq. (2a) for Stipp and Tullis (2003) and Eq. (2b) for Shimizu (2012). The average grain size in Table 2

and a temperature of 400 °C are used for the calculation.

b D.value-based strain rates are estimated by Eq. (1) and the D-values in Table 2; flow law-based strain rates are estimated by the equations and parameters in
Table 1, assuming a temperature of 400 °C and a confining pressure of 300 MPa. Two piezometers of Stipp and Tullis (2003) and Shimizu (2012) are used in calculating
the differential stress of three flow laws. Strain rates using Shimizu (2012) are shown in parentheses. See the Excel file of the supplementary material for the raw data of

Table 3.
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Fig. 8. Strain rate calculations from measured D-values (blue circles) and flow laws combined with two different grain size piezometers: (a) Stipp and Tullis (2003)’s
piezometer and (b) Shimizu (2012)’s temperature dependent piezometer. L21 — low-pressure flow law of Lusk et al. (2021); T19 — low-stress flow law of Tokle et al.
(2019); LJ19 - Lu and Jiang (2019). The data points with red borders indicate the four samples within the inner shear zone that sustained significant coseismic
damage. The spatial pattern of flow law-based strain rates is very similar to that of D-value-based strain rates except for the four inner shear zone samples. See Fig. S5
for difference plot between D-value-based and flow law-based strain rates. (For interpretation of the references to colour in this figure legend, the reader is referred to

the Web version of this article.)

relationships are observed in deformation experiments on metals (e.g.,
Fig. 1b and c¢; Z. Wang et al., 2010). Deformation experiments and
theory also predict a correlation between recrystallized grain size and
flow stress of quartz aggregates undergoing dislocation creep (e.g., Stipp
and Tullis, 2003; Shimizu, 2008, 2011 and references therein). This
observation suggests that the D-value is proportional in part to the flow
stress (Fig. 10a).

Examining the spatial pattern of D-values and recrystallized grain
sizes across the SCSZ demonstrates that while the two properties mirror
each other across the majority of the shear zone, this pattern breaks
down within the inner shear zone where average grain sizes remain
relatively constant while D-values decrease (Fig. 10b). This suggests that
the two methods of characterizing the microstructure preserve different
information. While grain size is a measure of the equivalent diameter of
grains within the aggregate, the D-value depends on both the diameter
(internal strain energy) and the perimeter (surface energy) of grains
within the aggregate. The breakdown in perimeter-diameter scaling

11

relationships within the inner shear zone is also observed in Fig. 9b and
d, where the correlation between D-value and average aspect ratio and
roundness becomes better constrained upon filtering the dataset. The
spatial pattern of strain-rate estimates between D-values and flow laws
combined with grain size piezometry additionally deviates within the
inner shear zone (see Fig. S5). This suggests that the D-value may be
sensitive to transient changes in deformation conditions that grain size
alone does not record.

5.2. Influence of transient coseismic processes on D-value

The decrease in D-values with near-uniform grain sizes suggests that
some combination of processes associated with the seismic cycle is
modifying the topology of grain boundaries without obviously affecting
the average grain size. Below, we propose two possible scenarios that
could lead to such a pattern across the shear zone: 1) changes in the
dominant deformation mechanism and 2) decreasing flow stresses
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associated R? value are shown for filtered data set of seven samples, except for the inner shear zone samples (red circles). (b) Spatial variation in D-value (blue circles)
and average grain size (orange squares) across the SCSZ. Note that grain sizes stay relatively uniform within the inner shear zone (red open squares), whereas D-
values decrease (red open circles). See text for discussion. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version

of this article.)

following a coseismic rupture event. While post-tectonic grain growth/
boundary modification would additionally be expected to result in
decreasing D-values, we have found little evidence of such growth/
annealing within samples across the SCSZ. Internal lattice distortions are
common in recrystallized quartz grains, and we have observed the onset
of patchy polygonization in only one sample 41 located in the shear-
zone core (Fig. 5d; discussed below).

The decrease in D-value across the inner mylonite zone could reflect
a change in the relative importance of deformation mechanisms.
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Crystallographic-preferred orientation analyses of quartz veins across
the SCSZ show the development of a cross-girdle c-axis pattern in the
Cape Elizabeth formation that becomes more diffuse within ~40 m from
the shear-zone core (Price et al., 2016). Additionally, they reported
misorientation profiles that were inconsistent with dominant SGR
recrystallization. Microstructural analyses of fluid inclusions within
quartz veins across the SCSZ support the interpretation that coseismic
fracturing, fluid infiltration, healing, and subsequent recrystallization
produced seams of fine-grained quartz aggregates and was likely a
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ubiquitous process within the inner mylonite zone (W.J. Song et al.,
2020b). These observations suggest that quartz aggregates within the
inner mylonite zone were deforming not solely by dislocation creep, but
by some combination of grain-size sensitive and insensitive creep or
even proposed mechanisms such as dynamic recrystallization creep
(Goldsby and Kohlstedt, 2001; Platt and Behr, 2011; Fukuda et al.,
2018). Changes in deformation mechanism additionally affect the rela-
tionship between D-value and shape properties otherwise expected for
dominant dislocation creep, as is shown by the improved fit upon
filtering our data (dashed vs. solid fit lines in Fig. 9).

Similar arguments for a change in the proportion of dominant
deformation mechanisms can be argued from the proposed relationship
between the D-value and the Zener-Holloman parameter (Z). Takahashi
et al. (1998) suggested that D — 1xIn Z, where:

Z = éexp (%)

As pointed out in Takahashi et al. (1998) and Nagahama (1994), “the
Zener-Hollomon parameter at constant stress deformation depends on
the stress sensitivity exponent n and on the fractal dimension of the grain
shape”. Therefore, changes in the D-value at constant stress could
indicate changes in the value of the stress exponent which is known to
reflect changes in deformation mechanism (e.g., Fukuda et al., 2018).
Deformation experiments on quartzite cataclasite meant to simulate
deformation at the frictional-to-viscous transition zone demonstrate a
stress exponent that is lower than that predicted for pure dislocation
creep (Richter et al., 2018). Since grain-size sensitive creep has a stress
exponent of unity, mixtures of dislocation creep and grain-size sensitive
creep are likely to result in a lower bulk stress exponent than predicted
from pure dislocation creep alone. If stress was nearly constant across
the inner mylonite zone as suggested by average grain size, then a
decrease in stress exponent in this zone due to mixed deformation
mechanisms would result in a decrease in D-value at constant stress. We
suggest that the D-value may therefore record variations in the relative
proportions of deformation mechanisms operating within a dynamically
recrystallizing monomineralic aggregate.

Alternatively, the decreasing D-values near the shear-zone core may
reflect decreasing flow stresses associated with the final stages of
deformation along the shear zone. Deformation experiments designed to
simulate stress pulses associated with earthquakes resulted in a partial
foam texture in samples that transitioned from deformation at high
stress to low stress (Kidder et al., 2016). This process, wherein
surface-energy-driven grain boundary migration and subsequent grain
growth becomes more prominent with decreasing stress, would be ex-
pected to produce grain aggregates with a lower D-value while main-
taining a similar average grain size (i.e. decreasing the bulk perimeter of
the aggregate). The decrease in D-values near the core may reflect this
process of decaying coseismic stresses associated with the passage of a
rupture. In the shear-zone core (sample 41), we observe local patches of
partial foam structure (Fig. 5d), but we have not observed this in other
samples. The experiments of Kidder et al. (2016) also showed that the
recrystallized grain size largely kept pace with the changing stresses. If
the decrease in D-value is associated with decreasing stresses following
passage of a rupture front, we might expect to see some increase in grain
size within these samples. In the shear-zone core (sample 41) where we
observe patches of partial foam structure, the average grain size is
slightly larger (~12 pm) than in samples immediately outside the core in
the QF rocks (~10 pm), though both are the same within uncertainty.
Thus, it is possible that the core rocks underwent local, partial poly-
gonization and grain growth due to changing stress in the seismic cycle
as observed by Kidder et al. (2016).

Regardless of the mechanism driving the adjustment of grain
boundaries, fluids introduced during coseismic damage may have been
effective at increasing grain boundary mobility, thus allowing the
perimeter length to adjust rapidly to changing deformation conditions.
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The concentration of fluid inclusions introduced to the interior of quartz
grains during coseismic fragmentation and fluid infiltration has been
shown to decrease within the mylonite zone, owing to subsequent
recrystallization during the post- and interseismic periods (W.J. Song
et al., 2020b). Recrystallization results in flushing the fluid inclusions
from grain interiors to grain boundaries. This constant resupply of fluids
along grain boundaries would enhance diffusion and keep boundaries
mobile at lower temperatures in the middle crust. Whether or not similar
D-values would have reflected transient events under dry conditions is
unclear, as the effect of water on the D-value within quartz aggregates
has not been experimentally tested.

5.3. Strain-rate estimates from D-values and flow laws combined with
grain size piezometry

Geologic strain-rate estimates from geodesy and orogen-scale
deformation predict strain rates on the order of 107 1*! s7! (e.g.,
Pfiffner and Ramsay, 1982; Kreemer et al., 2014), while strain-rate es-
timates from field outcrops of narrow ductile shear zones exhibit faster
strain rates on the order of 10713-1078 57! (e.g., Gueydan et al., 2005;
Boutonnet et al., 2013; Viegas et al., 2016; Fagereng and Biggs, 2019).
Strain-rate estimates along the SCSZ from the experimentally calibrated
flow law of Lu and Jiang (2019) using the temperature-independent
grain size piezometer of Stipp and Tullis (2003) plot at the strain rates
of 107141 571 (Fig. 8a). Application of this grain size piezometer with
the naturally constrained low-stress flow law of Tokle et al. (2019) and
the low-pressure flow law of Lusk et al. (2021) predicts faster strain rates
on the order of 10713-107!! 571, respectively, consistent with the range
of strain rates predicted within localized shear zones. However,
strain-rate estimates from D-values are ~1.5 orders of magnitude faster
than those predicted by the flow law of Lusk et al. (2021). While the
magnitude of the strain-rate estimates from D-values in our field area are
within the previously cited range of strain-rate estimates from localized
ductile shear zones, similar elevated strain-rate estimates are observed
ubiquitously across studies implementing the GBD method.

The application of the temperature-dependent grain size piezometer
of Shimizu (2012) to the flow laws of Lu and Jiang (2019), Tokle et al.
(2019), and Lusk et al. (2021) results in a ~1.5 order of magnitude in-
crease in calculated strain rates (Fig. 8b). This piezometer reduces the
range in strain rate estimates between D-values and flow laws and nearly
aligns with strain rates calculated from the flow law of Lusk et al. (2021).
These results suggest that the discrepancy in strain rate estimates be-
tween the two methods may be resolved by fully accounting for tem-
perature not only in the Arrhenius term of the flow law, but through the
piezometer used to infer the flow stress. While there is currently no
experimental evidence for quartz to resolve a temperature dependence
on the relationship between average grain size and flow stress, these
field results suggest a dependence that may be expressed at the lower
temperature conditions in the continental crust, warranting future field
investigations.

Another possible explanation of the consistently elevated strain rates
derived from D-values may lie in the inherited texture and initial grain
size of the starting materials used to derive Eq. (1). In contrast to the
fine-grained to cryptocrystalline feather agate used in Takahashi et al.
(1998), common starting materials are often coarser grained and
isotropic (e.g., the Black Hills quartzite, characterized by an initial grain
size on the order of ~70 pm) As deformation proceeds, grains in the
agate must compete to increase toward a steady-state grain size, while
those in coarser-grained starting materials undergo grain size reduction
via bulge recrystallization and SGR recrystallization mechanisms. In
metals, the initial grain size has been shown to impact microstructural
evolution and the amount of strain to reach steady state (e.g., Huang and
Logé, 2016). Materials exhibiting an initial grain size smaller than
steady state require larger strains to reach steady state compared to
materials with a larger initial grain size. Such differences in expected
microstructural evolution may impact the empirically derived constants
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and corresponding strain rate calculations between D-values and flow
laws. Indeed, Takahashi et al. (1998) state that “from the stress-strain
curves of Masuda and Fujimura (1981), the differential stress does not
reach a steady state. As a result, we cannot discuss the power law
relation between steady-state stress and average grain size due to in-
accuracy and lack of measurement of axial forces”. The lack of attain-
ment of steady state, reported stresses, and grain sizes from the
experiments of Takahashi et al. (1998) and Masuda and Fujimura
(1981), combined with the initial grain size of their samples preclude us
from confirming the hypothesized link between D-value, flow stress, and
average grain size, suggesting the need for additional experimental
calibrations of the GBD method.

5.4. Do D-values relate to measurements of surface irregularity?

The D-value has been referred to in the literature as a measure of the
degree of roughness or serration of populations of grain boundaries (e.g.,
Hornbogen, 1989; Takahashi et al., 1998; Takahashi and Nagahama,
2001). If the average roundness of grains represents a measure of surface
irregularity, we should expect a negative relationship between D-value
and average roundness (i.e., high D-values and low average roundness
correspond with more irregular grains), but our data show a positive
relationship (Fig. 9d). Additionally, if Pyorm is a measure of surface ir-
regularity, we should expect a positive relationship between D-values
and Ppom, but our data show a negative relationship (Fig. 9¢). Both
average roundness and Pp,m are reasonable measures of surface irreg-
ularity as shown by the very strong negative correlation in Fig. 9f. These
observations are the oppositive of what we would expect if D-value
correlates with surface irregularity. The codependence of D-value with
average grain size, average aspect ratio, and average roundness suggests
a more complicated relationship with surface roughness than previously
discussed.

6. Conclusions

(1) The spatial pattern of strain rates calculated from D-values are
comparable to three published flow laws. While D-value strain
rates are typically ~1-4 orders of magnitude faster than rates
derived from these flow laws, consideration of the temperature-
dependent piezometer of Shimizu (2012) reduces this discrep-
ancy and results in near coincidence of rates from D-values and
the low-pressure flow law of Lusk et al. (2021). Because the
elevated strain rates from the GBD method may also stem from
variations in the starting material used in the deformation ex-
periments (e.g., agate vs. quartzite), future field work and
experimental investigations across a range of deformation tem-
peratures and quartz aggregate protoliths are necessary to
address these observations.

Appendix A. Supplementary data
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(2) The relationship between D-value and average grain size in our
field area suggests a strong micromechanical link to flow stress
through the Zener-Hollomon parameter. Therefore, the D-value
may also potentially be calibrated as a flow stress piezometer.
Because the experiments of Takahashi et al. (1998) did not cor-
rect for friction in the deformation apparatus, experimental flow
stresses were not available to confirm this relationship warrant-
ing future experimental investigation.

The relationship between D-value and recrystallized grain size

breaks down across the inner shear zone, coinciding with the

concentration of coseismic damage and subsequent post-/inter-
seismic creep. The decrease in D-values at near-uniform recrys-
tallized grain size suggests that D-values may be more sensitive to

transient deformation events than grain size. The decrease in D-

value may reflect a shift in dominant deformation mechanism

from dislocation creep to combined dislocation creep + grain-size
sensitive creep.

(4) The relationship between D-value and shape properties in our
field area demonstrates that the D-value is not an explicit mea-
sure of serration (roughness) of grain boundaries, but rather re-
flects an interdependence on grain size, aspect ratio and
roundness.
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Appendices

A.1. Circularity

Circularity measures how close a shape is to a perfect circle (e.g., Wadell, 1932; Blott and Pye, 2008). While many definitions of circularity exist in
the literature (Cox, 1927; Pentland, 1927; Wadell, 1933, 1935; Tickell, 1939; Riley, 1941; Janoo, 1998), we use the definition of Cox (1927):

_A4nA

C=—r

(A1)

where C is circularity and P perimeter. The circularity of a particle varies between 0 and 1, with values of 1 representing a perfect circle. In Eq. (A1),
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the dependence of circularity on the measured perimeter and area of a particle suggests two end-member conditions for reducing circularity: an
increase in perimeter at constant area or a decrease in area at constant perimeter (Fig. 2d). Although circularity could be used in estimating surface
irregularity, it is not enough to describe surface roughness because it can be reduced by increasing aspect ratio at constant perimeter.

A.2. Roundness (circularity corrected by aspect ratio)

Takashimizu and liyoshi (2016) defined a new parameter, “roundness”, to quantify the surface irregularity of grain shapes. Note that their
definition of roundness is different from that given by the International Organization for Standardization. While roundness commonly refers to the
angularity of corners, they use the term to describe the presence/absence of surface irregularities. In the present study, we maintain their use of the
term roundness. The upper panel of Fig. 2d shows how the roundness of a grain decreases from that of a perfect circle by increasing the perimeter at
constant area. This configuration demonstrates a clear increase in the irregularity of the surface. In the lower panel of Fig. 2d, when the area decreases
at constant perimeter, the aspect ratio increases, but the roundness from circle to ellipses does not change, despite decreasing circularity. This led
Takashimizu and liyoshi (2016) to develop a new parameter of roundness that corrects the measured circularity of a grain using its aspect ratio. The
correction was quantified using ImageJ and modelled ellipses with aspect ratio from 1 to 10 (Takashimizu and Iiyoshi, 2016), yielding:

r=C;+ (0.913 — Cup) (A2)

where r is roundness, C; is the circularity measured in ImageJ using Eq. (A1), and Cag is the circularity when the aspect ratio varies from that of a
perfect circle. A sixth-order polynomial fit through the tested ellipses yielded the following regression for Cag.

Car =0.826261 + 0.337479 e AR; — 0.335455 ¢ AR? 4 0.103642 ¢ AR? — 0.0155562 ¢ AR} + 0.00114582 ¢ AR} — 0.0000330834 e AR’ (A3)

where AR;j is the aspect ratio of the best-fit ellipses calculated using ImageJ. The roundness of a particle varies between 0 and 1, with values of 1
representing a perfect circle. We use this definition of roundness to describe the surface roughness of quartz grains.

A.3. Average normalized ellipse perimeter (Pyomm)

Takeshita and El-Fakharani (2013) proposed another measure of grain boundary roughness that measures the deviation of the average perimeter of
analyzed grains (P) from the average perimeter of their best-fit ellipses (I_Jeuipse). This measure, referred to as the average normalized ellipse perimeter
(Pnorm), is defined as:
= P
P, norm — = (A4)

P ellipse

Perfectly elliptical grains have an average normalized ellipse perimeter of unity, increasing with increasing grain boundary roughness. For sake of
thoroughness, we include this parameter in our discussion of grain shape and grain boundary roughness.

Data availability Cox, E.P., 1927. A method of assigning numerical and percentage values to the degree of
roundness of sand grains. J. Paleontol. 1, 179-183. https://www.jstor.org/stable/
1298056.
Data will be made available on request. Cross, A.J., Prior, D.J., Stipp, M., Kidder, S., 2017. The recrystallized grain size
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