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ARTICLE INFO ABSTRACT

The seismogenic thickness of the crust, a proxy for brittle-crust thickness, is a geometric parameter related to
crustal strength, seismic hazard, and the crust's thermo-mechanical nature. We use high-resolution earthquake-
D95 location data from California to construct a topographic map of the base of the seismogenic crust by calculating
Crustal strength the depth above which 95% of seismicity (D95) is located for fixed width bins. Seismogenic thickness is highly
Elr;;ttleﬂ-(c)l;llctﬂe transition variable, ranging from ~5 km to > 30 km, with thicker D95 values in the Great Valley-Sierra Nevada and
Seismic hazard thinner values in the Walker Lane and northern coastal California. Seismogenic thickness is inversely correlated

with surface heat flow in most locations, consistent with a steady-state conductive crust, and local deviations
probably reflect non-steady-state conditions related to magmatism and/or hydrothermal circulation. Such cor-
relation suggests that, at regional scale, brittle-ductile transition (BDT) depth is mostly controlled by geothermal
gradients, and the base of the seismogenic crust essentially represents a BDT isotherm (~300-350 °C for quartz-
dominated lithologies). Spatial variations of D95 depths across California can be used to evaluate or constrain
the locations of future seismicity, propagation direction of earthquake ruptures, and maximum depth, rupture
area, and magnitude of future strike-slip earthquake events. Thicker seismogenic crust has a greater integrated
strength. Seismogenic depth asperities, which represent mechanically stronger crustal patches, may focus and
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nucleate future earthquake events and/or impede rupture propagation.

1. Introduction

The geometry of the seismogenic crust dictates the locations and
magnitudes of crustal earthquakes (Sibson, 1984, 1986; Scholz, 1990;
Bonner et al., 2003; Nazareth and Hauksson, 2004; Chiarabba and De
Gori, 2016; Wu et al., 2017). The seismogenic zone, which is effectively
equal to the brittle-crust thickness, only occupies a fraction of total
crustal thickness (e.g., Scholz, 1998). The base of the seismogenic zone
correlates with the approximate location of the mostly temperature-
dependent brittle-ductile transition (BDT), and the depth of this tran-
sition directly relates to the integrated yield strength of the crust (e.g.,
Lister and Davis, 1989; Behr and Platt, 2011, 2014; Behr and Hirth,
2014; Zuza et al., 2017).

Knowledge of any spatial variations in crustal seismogenic thickness
can therefore elucidate the thermo-mechanical properties of the crust
and constrain the locations of future earthquake events (e.g., Sibson,
1984, 1986; Scholz, 1990; Nazareth and Hauksson, 2004; Wu et al.,
2017). Considering that thicker brittle crust is inherently stronger, as-
suming similar lithologies, and vice versa, these spatial thickness

* Corresponding author.
E-mail addresses: azuza@unr.edu (A.V. Zuza), wenrongc@unr.edu (W. Cao).

https://doi.org/10.1016/j.tecto.2020.228426

variations influence the possible magnitudes of such a rupture. Simi-
larly, brittle-crust geometries may affect the geometry and length of
fault rupture. The seismic moment of an earthquake depends on its
rupture area, and for vertical strike-slip faults, potential rupture di-
mensions are partially controlled by the depth-location of the base of
the seismogenic zone (Wells and Coppersmith, 1994; Console et al.,
2015). Furthermore, any roughness or particular depth asperities at the
base of the seismogenic crust may act as “sticking patches” that may
nucleate future earthquake events (Sibson, 1984).

Given the potential influence of seismogenic crust thickness on
earthquake locations and magnitudes, a detailed understanding of
spatially varying seismogenic thickness can aid seismic hazard eva-
luation (Bonner et al., 2003; Nazareth and Hauksson, 2004; Chiarabba
and De Gori, 2016; Wu et al., 2017). The vertical position of the BDT in
a column of rock is affected by a variety of factors, including geo-
thermal gradient, lithology, water content, and strain rate (Sibson,
1982; Hirth and Beeler, 2015). Here we take the approach of using
high-resolution earthquake-location data to constrain the thickness of
the seismogenic crust as a proxy for BDT depths (Williams, 1996;
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Fig. 1. (a) Map of earthquake epi-
centers around California used in this
study, color-coded by depth. Pink box
outlines swath profile shown in (b).
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Nazareth and Hauksson, 2004; Chiarabba and De Gori, 2016), which
can then be used to make first-order estimates for spatial variations of
crustal strength.

Using relocated earthquake datasets for California (Schaff and
Waldhauser, 2005; Lin et al.,, 2007; Waldhauser and Schaff, 2008;
Hauksson et al., 2012) we constructed a seismogenic thickness map of
California, USA, and the immediate surrounding regions. This map
demonstates the spatially varying depth of the frictional stability
transition (FST), which we assume is equivalent to the BDT. Accord-
ingly, we show the significant heterogeneity of brittle-crust thickness
across California. Crustal thermal structure mostly controls this di-
versity, but rock types, water content, and strain rates may also affect
seismogenic thickness. These maps can improve our knowledge of
earthquake hazard models including potential rupture areas for fault
zones and tests of existing fault-hazard models against earthquake
distributions. Ultimately, these geometric parameters can be in-
corporated into continental tectonics and physics-based earthquake
models (e.g., Bird and Kong, 1994; Console et al., 2015; Schultz et al.,
2018; Ceferino et al., 2019).

2. Rationale and methods

Earthquake hypocenters should primarily be confined to the seis-
mogenic crust above the BDT, or FST, in the frictional deformation
regime (Fig. 2a and b). The transition from brittle-frictional regime to
the ductile-viscous regime probably occurs over a broad zone of several
kilometers, across a zone of velocity-strengthening deformation that
produces little-to-no earthquakes (e.g., Scholz, 1988). Herein, we make
the simplifying assumption that this transition approximately occurs at
the point (e.g., Sibson, 1986) at which frictional and power-law ductile
yield strength curves intersect, which corresponds approximately to the
thickness of the seismogenic crust (Fig. 2a). This vertical position of the
BDT is controlled by depth at which dislocation creep becomes the
dominant deformational mechanism when temperatures are high en-
ough to allow viscous flow of the constituent rock column (e.g., Goetze
and Evans, 1979; Sibson, 1982, 1984; Scholz, 1998) (Fig. 2a). The
temperature at which this transition occurs depends on rock composi-
tion, water content, and strain rate, and the corresponding depth is
related to geothermal gradient (Sibson, 1974, 1982, 1984; Hirth and
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Beeler, 2015; Hauksson and Meier, 2018). Viscous rock flow is assumed
to follow a power-law stress-strain relationship, and for quartz-domi-
nated lithologies, quartz plasticity occurs at 300-350 °C for typical
geologic strain rates. At a reasonable continental geothermal gradient
of ~25 °C km™?, this corresponds to a BDT depth of 12-14 km (e.g.,
Behr and Platt, 2014). Viscous flow of feldspathic or dioritic composi-
tions requires higher temperatures, resulting in a deeper BDT and
therefore stronger crust for a given thickness.

Yield strength envelopes developed for the crust schematically il-
lustrate the stress at which the crust deforms plastically (Goetze and
Evans, 1979), and the depth location of the BDT ultimately controls the
integrated strength of the crust (Fig. 2) (Lister and Davis, 1989; Jackson
et al.,, 2008). A deeper BDT yields a larger integrated yield strength
magnitude, and vice versa. This is illustrated in a plot of integrated
yield strength of the crust as a function of geothermal gradient, varying
strain rates from 107! s7! to 107'* s!, constructed using the
RHEOL_GUI script of Montesi and Leete (2018) and quartzite flow laws
of Hirth et al. (2001) (Fig. 2c). These values are approximate as var-
iations in strain rate, lithology, and water content are not considered.
However, the plot highlights how doubling the geothermal gradient
more than halves the integrated strength of the crust (Fig. 2c).

Given the strong temperature-dependence of BDT depths, heat flow
data can be used to invert for thermal structure and ultimately BDT
depths assuming steady-state conditions. This method can be used to
construct a theoretical yield envelopes. However, complications arising
from non-steady state conductive versus convective and advective
cooling, parameter and rock-type variability (e.g., grain size, lithology,
water content, and strain rate), and a potentially diffuse BDT (Carter
and Tsenn, 1987; Pec et al., 2016) make these estimates imprecise.
Instead, here we use the depth distribution of earthquakes to directly
constrain the geometry of the seismogenic crust, which we argue is a
reasonable proxy for BDT depths.

For this study, we compiled the latest publicly available relocated
earthquake datasets for California, available on the Southern California
Earthquake Data Center and Lamont-Doherty Earth Observatory web-
sites (Schaff and Waldhauser, 2005; Lin et al., 2007; Waldhauser and
Schaff, 2008; Hauksson et al., 2012) (Fig. 1). Earthquake location data
from northern California encompasses events from 1984 to 2011 that
were relocated by waveform cross correlation and double-difference
methods (Schaff and Waldhauser, 2005; Waldhauser and Schaff, 2008).
Reported vertical relative depth precision is < 0.7 km at 95% con-
fidence. Earthquake events from 1981 to 2011 are compiled in the
southern California earthquake database of Lin et al. (2007) and
Hauksson et al. (2012) with relative errors of < 1.25 km at 90% con-
fidence. Together, the data includes > 10° events (Fig. 1).

The depths of relocated earthquake hypocenters vary significantly
across California (CA), specifically the maximum depth of seismicity
(Fig. 1). For example, an east-west profile across California shows
concentrations of earthquakes along the San Andreas fault, an obvious
lack of seismicity across the Central Valley and western Sierra Nevada,
and then renewed seismicity going into the Basin and Range extensional
province (Fig. 1b). Furthermore, there is a clear shallowing of the base
of maximum seismicity depth moving east from the Sierra Nevada into
the Basin and Range (Fig. 1b). These qualitative variations imply si-
milar variations in seismogenic thickness across California.

The goal of this study was to construct a seismogenic thickness map
across California using the aforementioned relocated earthquake data-
base. We generated fixed width bins across the study area and eval-
uated the depth above which 95% crustal seismicity occurs (D95) in
each bin (Sibson, 1982) (Figs. 2b and 3). We excluded bins with < 10
earthquake events. Fig. 2b shows data from one example bin, demon-
strating how the D95 depth is located below 95% of the seismicity and
at a natural inflection point in a cumulative earthquake-depth dis-
tribution. Uncertainty of the D95 values (Fig. 3) was calculated by
generating matrices of D91 and D99 and averaging the variation from
D95, which captures the inflection point of the cumulative earthquake-
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depth distribution (Fig. 2b).

There are two caveats to this methodology: (1) limited temporal
sampling of the data and (2) merging of two separate datasets from
northern and southern California. Limited temporal sampling of the
data, which spans ~30 years of events, could introduce biases because
it was an order of magnitude shorter than typical fault recurrence in-
tervals (e.g., Parsons, 2008; Scharer et al., 2010). Seismogenic depth
does not vary significantly or systematically for the first half
(1981-1996) versus the second half (1997-2011) of the relocated
earthquake catalog, with average differences of 1.4 km (Supplemental
Fig. 1). Therefore, we predict the time bias is minimal but emphasize
that in the future, evaluation of longer timespan datasets may explore
crustal seismicity and seismogenic thickness over the seismic cycle.

The use of two different databases for northern (Schaff and
Waldhauser, 2005; Waldhauser and Schaff, 2008) and southern
(Hauksson et al., 2012) California, which involved different methods
for earthquake relocation, could affect the final seismogenic thickness
maps. In particular, the absolute depth of relocated seismicity may vary
between the two datasets based on the different velocity models. The
two datasets overlap in central California (Fig. 1a), and therefore we
first explored and compared the seismogenic thickness derived from
each dataset independently.

For this data verification, we only used bins with > 100 earth-
quakes and used a 22.5-km-wide fixed bin width. D95 values were
generated using just the northern California data, just the southern
California data, and the combined datasets (Fig. 4). Seismogenic
thickness maps made from the northern and southern California data-
sets resulted in overlapping D95 values that were mostly within ~5 km
of each other (Fig. 4a). There was no systematic difference between the
two datasets and the merged dataset, as observed in Fig. 4b. The mean
difference between the two datasets was —0.7 km, and it appears that
the southern California data potentially resulted in slightly deeper D95
values. We attribute this minor difference to the fact that the southern
California dataset involved fewer relocated earthquake events, and less
events per bin, than the northern California data. The uppermost crust
contains most of the seismicity, and therefore more events per bin could
result in an upward shift of the D95 value. In summary, we do not
believe that these different datasets significantly or systematically af-
fect our seismogenic thickness map results because (1) the two datasets
individually generated very similar seismogenic thickness maps, (2)
mean variations between the two datasets were small at — 0.7 km, and
(3) the broad seismogenic thickness pattern does not change abruptly
moving from south to north. However, we note that the northern Ca-
lifornia dataset had more earthquakes per bin, which may result in a
bias toward marginally thinner seismogenic thickness estimates.

With these caveats in mind, seismogenic thickness maps were con-
structed and filtered with a rotationally symmetric Gaussian lowpass
filter (size 2, standard deviation 2), which smoothed sharp D95 gra-
dients and did not change the overall structure. Original unfiltered
maps are shown in Supplemental Fig. 2. Varying bin widths between
20 km and 25 km produced nearly identical maps (Fig. 3). The choice of
bin width involves a tradeoff between spatial D95 resolution and
having enough earthquakes per bin to obtain reliable results. In addi-
tion the number of earthquakes per bin was plotted (N in Fig. 3), which
allowed for qualitative evaluation of confidence for a given bin. That is,
when N = 100, the calculated D95 value is more robust because there
are more events constraining the seismogenic thickness of the crustal
column. Note that regions with low N values (i.e., N < ~25) are
probably relatively strong and/or less strained because they are not
producing seismicity, and indeed bins with no calculated D95 (i.e.,
blank bins due to N < 10 events) are adjacent to the greatest seis-
mogenic/brittle-crust thicknesses (Fig. 3).

3. Results

Filtered D95 maps are shown in Fig. 3. Note that most of the bins
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Fig. 2. (a) Theoretical yield strength envelopes for the crust, including factors that can move the brittle-ductile transition (BDT) up or down (adapted from Sibson,
1984). (b) Example of earthquake depth distribution from one 25-km-wide bin (centered at N35.5257, W118.3334), showing cumulative and probability dis-
tributions. For this example, D91, D95, and D99 values, are calculated, and the average spread over this range is the uncertainty added to the reported D95 value.
Note that D95 corresponds to the approximate BDT depth in (a). (c) Integrated, strength of the crust as a function of geothermal gradient, contoured by strain rate,
calculated via the RHEOL_GUI code of Montesi and Leete (2018) using quartz flow laws of Hirth et al. (2001).

had > 100 earthquake events, although smaller bins (i.e., 20 km width)
predictably had more bins with no, or fewer, earthquakes than larger
bins (i.e., 25 km width). Our uncertainty calculations demonstrates
variations of < 5 km for most of the study area, as shown in the pre-
dominance of red-orange colors in the lower panels of Fig. 3. Im-
portantly there is no spatial tendency to the uncertainty magnitudes
(Fig. 3). That is, particular regions do not have larger uncertainties than
others, and thus the results do not appear to involve any systematic
spatial biases. There is no strong correlation between D95 depth and
uncertainty magnitude for a given bin (see Supplemental Fig. 3). Al-
though the determined uncertainty values (i.e., mostly <5 km) are
significantly greater than the vertical uncertainties for each individual
hypocenter in the studied catalogs (i.e., < 1.25 km), we favor this
conservative larger uncertainty evaluation because it reflects geologic
irregularity contained within a single bin, a diffuse BDT, and the pro-
gressive downward event distribution taper of seismicity as observed in
Fig. 2b.

All three bin-width D95 maps show the same gross structure

(Fig. 3). There are D95 maxima (i.e., bluer colors; D95 > 20 km) in the
Central Valley and Sierra Nevada regions, in the borderland region of
southern California, and north of the Mendocino triple junction in
northern California (Fig. 3). We note that the northernmost D95 max-
imum is strongly influenced by subduction in the Cascadia arc. An east-
west profile of earthquake depths reveals the east-subducting slab
geometry at depths > 20 km (Fig. 5), and we accordingly do not discuss
the apparent thicker seismogenic crust in the northwest portion of the
study area. D95 minima are concentrated along the west coast of cen-
tral and northern California where the San Andreas fault splits into
several parallel fault strands and the eastern study area, coincident with
the Walker Lane-Eastern California Shear Zone and Basin and Range
(Fig. 3).

The Mojave region, bounded respectively by the San Andreas and
Garlock faults to the southwest and north, shows average D95 values of
10-12 km (Fig. 3), which overlaps estimates from Williams (1996).
Behr and Hirth (2014) document recent (i.e., 7 to 1 Ma) mantle xeno-
liths from Mojave that record ~900 °C at ~30 km depth, suggesting a
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Fig. 3. D95 maps, number of earthquakes per bin (N), and associated uncertainties (unc.; average variation between D91 and D99 against D95) for different bin
widths: (a) 25 km, (b) 22.5 km, and (c) 20 km. Black and white outline in the top-left panel shows east-west swatch profile of seismicity across the southernmost

Cascadia subduction zone shown in Fig. 5.

bulk (paleo)geothermal gradient of 30 °C km~'. Our observed

10-12 km D95 values here suggest a similar geothermal gradient of
27-33 °C km ™!, assuming that the base of the seismogenic crust equals
approximately the temperature of quartz plasticity at ~325 °C as dis-
cussed below.

4. Discussion
4.1. Seismogenic thickness versus strain rate and heat flow

Here we compare the seismogenic thickness maps against strain rate

(Kreemer et al., 2012) and surface heat flux (Blackwell et al., 2011).
Theoretical strength envelopes for the crust based on power law
rheology suggest that BDT depths should correlate with strain rate and
anticorrelate with heat flow (e.g., Sibson, 1984). This relationships can
be viewed in Fig. 2c. At a constant geothermal gradient, an order of
magnitude faster strain rate yields an integrated strength increase of
~100 MPa km, whereas at a fixed strain rate, halving the thermal
gradient results in more than doubling integrated strength values. That
said, thinner brittle crust should be weaker (Fig. 2), and may be ex-
pected to deform more rapidly and thus have a higher strain rate. An-
other complication is that strain rates may vary vertically, depending
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Fig. 4. Examination of northern (Schaff and Waldhauser, 2005; Waldhauser
and Schaff, 2008) versus southern (Hauksson et al., 2012) California relocated
earthquake datasets for latitudes where the data spatially overlap (see Fig. 1a).
(a) D95 depth for the northern CA data plotted against the southern CA data.
Most data plots within 5 km of the 1:1 reference line. (b) The difference be-
tween northern and southern CA D95 data plotted against the D95 value de-
rived from the merged dataset with all earthquake locations. Average difference
is —0.7 km (purple shading is 1 standard deviation). This plot shows no sys-
tematic variation of dataset difference with D95 depth. Both plots suggest that
the southern CA data can yield slightly deeper D95 values. This could be caused
by the fewer relocated earthquakes, and thus fewer per bin in the southern CA
data, which results in a deeper D95 depth as discussed in the text.
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Fig. 5. ~100-km-wide swatch profile across northern California and the
southernmost extent of the Cascadia subduction zone (location in top-left panel
of Fig. 3) demonstrating obvious influence of the eastward subducting plate on
seismicity. The apparently deeper calculated D95 depths in this region are ar-
tifacts caused by the deeper subducting slab (pink dashed line highlights trend),
and therefore do not reflect the properties of the upper brittle continental crust.
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on the degree of coupling between the upper and middle crust.

There is no correlation between strain rate and D95 depths based on
qualitative visual inspection of Fig. 6a, and their Spearman's rank
correlation coefficient, p, confirms a lack of correlation at 0.05 (Sup-
plemental Fig. 4). High strain zones in California-Nevada are focused
along the San Andreas fault and in the Walker Lane-Eastern California
Shear Zone, which have strain rates > 10~ '> s~ ! compared to lower
rates elsewhere of ~1071¢s~1! (Fig. 6a). There is no consistent pattern
of strain rate versus seismogenic thickness along the San Andreas
fault—the high-strain plate-boundary fault is essentially invisible in the
D95 maps—but we do observe thinner seismogenic crust thickness
around the relatively high strain-rate Walker Lane (Fig. 6a). The thinner
seismogenic crust near the Walker Lane-western Great Basin also cor-
relates with higher heat flow and geothermal gradients (e.g., Fig. 1b).
Together, these observations suggest that strain rate does not strongly
control the seismogenic thickness of the western US, and fast strain
rates do not focus specifically on thinner seismogenic crust.

There should exist a strong dependence of BDT depth on crustal
thermal structure (Fig. 2), and seismogenic crust thickness is expected
to inversely correlate with surface heat flow, such that thinner seis-
mogenic crust implies higher surface heat flow and hotter geothermal
gradients. For example, we note that in an earthquake-depth profile
across the Sierra Nevada in Fig. 1b, earthquakes occur 2 X deeper under
the Sierra Nevada than the western Basin and Range. Assuming the D95
earthquake cutoff corresponds to ~325 °C, these depths correspond to
thermal gradients that vary by a factor of two, ~15 °C km ™! and
~34 °C km ™!, respectively (Fig. 1b). Observed surface heat flow esti-
mates for these two locations also vary by nearly a factor of two:
~50 mW m~2 and ~95 mW m ™2 respectively (Fig. 1b) (Blackwell
et al., 2011). This example demonstrates how D95 depth and the
thermal structure of the crust are closely related.

Our data shows that there is a negative correlation between heat
flow (Fig. 7) and D95 depth: p = —0.26 (Supplemental Fig. 4). To
evaluate this relationship, and any spatial controls on this negative
correlation, we applied two methods: (1) estimation of the base of the
seismogenic crust using surface heat flow observations to compare
against D95 maps, and (2) inversion of D95 depths to predict apparent
surface heat flow assuming a steady state conductive crust. Both
methods assume that D95 depth, zpgs, equals the BDT depth at the
temperature of quartz plasticity, Tq. Therefore, the geothermal gra-
dient, I', of a bin equals the difference of T, and surface temperatures,
Ts, divided by the D95 or BDT depth. To relate I to surface heatflux, Q,
we employed the simplified expression presented by Doser and
Kanamori (1986):

k 2k (@)

where T(z) is temperature at depth z, k is thermal diffusivity, and A is
radiogenic heat production. This can be rearranged to

721_Ts=1«q=Q+AZD95

Zpos k 2k (2a)
Q=Ijk— Az

= 1q 2 D95 (2]))
Zos = f(Q) (20)
where I'; is the geothermal gradient estimated specifically from zpos
and T, Using reasonable values of A = 1.6 x 107° W m~?3

k=333Wm 1K} T4 of either 325 °C or 375 °C to approximate a
range from quartz-rich to more multiphase feldspathic rheology re-
spectively, and Ts = 15 °C (e.g., Doser and Kanamori, 1986), Q or 2pgs
can be solved if one of them is known via Eq. (2b) or (2c). In the above
example about Sierra Nevada seismicity and heat flow, the apparent
geothermal gradients estimated from maximum seismicity depths (i.e.,
~15°C km ™! and ~34 °C km™! for the Sierra Nevada and Basin and
Range, respectively) can be inverted for apparent surface heat flow
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125°W

Fig. 6. Comparison of (a) strain rate (Kreemer et al., 2012) versus (b) D95 depth (22.5 km, bins) across California. Note that the higher strain rate associated with the
San Andreas and Walker Lane regions does not correlate with zones of thinnest D95 values.

using Eq. (2b), which yields values of 33 mW m~2 and 106 mW m ™2
respectively (Fig. 1b). These values are comparable to Blackwell et al.
(2011) heat flow estimates of ~50 mW m~2 and ~95 mW m ™2 re-
spectively (Fig. 1b), and the relative differences are similar.

Near-surface hydrology and other non-steady-state processes can
significantly impact continental scale heat flow maps, such as the
Blackwell et al. (2011) data (Fig. 7a). Heat flow values less than
~35 mW m~ 2 or greater than ~90 mW m ™2 almost certainly reflect
these non-steady-state conditions, and the following comparison of heat
flow data to D95 maps, as discussed below, highlights these particulars.
We use heat flow data (Blackwell et al., 2011) to predict expected BDT
depths based on Eq. (2) above. That is, given an observed surface heat
flow value, we can estimate the depth at which temperature exceeds T,
which should represent the base of the seismogenic crust. The resulting
map is in the Supplemental Fig. 5, and Fig. 7b shows the difference
between D95 depths and BDT depths estimated from surface heat flow
data; the darkest blue and brown colors show differences exceeding
5 km. Most of these values are similar (i.e., differences < 5 km), with an
average depth difference between these two maps of —0.9 km
( £ 5 km; 10) (Fig. 7b) (Supplemental Fig. 5).

Alternatively, maps of apparent heat flow constructed from D95
depths, Eq. (2b), compared against the surface heat flow map of
Blackwell et al. (2011) reveals broadly similar structures (Fig. 7). That
is, lower heat flow values in the Central Valley, Sierra Nevada, and
southern borderland region of southern California (< 50 mW m~2) and
heat flux highs along the western parts of Nevada and Salton Trough
(=100 mW m~?) (Fig. 7).

The fact that both comparisons of heat flow versus D95 maps reveal
similar patterns confirms that thermal structure strongly controls seis-
mogenic thickness. Fine-tuning of the heat flow inversion, such as
spatially varying heat production and diffusivity parameters, could
produce more correlative maps, but that is not the point of this com-
parison. Rather, a first order inversion of heat flow data reproduces the
gross structure of the D95, seismogenic thickness maps. That said, there
are several notable inconsistencies between D95 maps and heat flow
data. Heat flow-based BDT estimates in the southern borderland region
of southern California are shallower than observed D95 depths
(Fig. 7b). Somewhat elevated heat flux values in the borderland region
of southern California of ~60-80 mW m~?2 (Lee and Henyey, 1975;
Blackwell et al., 2011) suggests a thinner brittle crust than observed in

D95 maps (Fig. 7). These differences may be caused by a competition of
potential thermal blanketing of this region by 2-5+ km of sediments
affecting the thermal structure (e.g., Nazareth and Clayton, 2003;
Luszczak et al., 2017) and a more mafic composition of the borderlands
(Mooney and Weaver, 1989), supported by Vp/Vs ratios > 1.9 (Lowry
and Pérez-Gussinyé, 2011), that would shift the BDT depth deeper than
more felsic crust with similar heat flow values. Furthermore, the
oceanic crust affiliation of the borderlands implies little crustal hy-
dration and associated weakening, which could result in deeper-than-
expected earthquakes. Given that hydration state can affect quartz
abundance via feldspar breakdown (e.g., Ma and Lowry, 2017), lower
quartz contents may be enhanced due to the lack of hydration com-
pared to the continental crust to the east.

In addition, extremely elevated heat flow values in the Salton Tough
region predict thinner brittle crust than the D95 maps suggest (Figs. 3
and 7). The Salton Trough has the highest heat flow in California, with
values > 100-150 mW m ™2, up to 600 mW m ™2 (Onderdonk et al.,
2011; Procesi et al., 2019) (Fig. 7a). These extremely high heat flow
values suggest a significant non-conductive component, in addition to
heat conduction (Procesi et al., 2019), implying non-steady-state con-
ditions driven by active rifting and intrusions (Lachenbruch et al., 1985;
Shinevar et al., 2018). Although the D95-dervied heat flow maps show
the Salton Trough as hot, it is significantly less of a high-heat flow
anomaly than the observed heat flow data shows (Fig. 6a) (Blackwell
et al., 2011). These differences probably arise because of these afore-
mentioned non-steady-state conditions.

In northernmost California, D95 depths are deeper than heat flow
would predict, which is caused by the previously discussed subducting
slab (Fig. 5). There are also regions of the Great Valley that either have
deeper or shallower D95 depths than heat flow values predict (Fig. 7).
Overall, the Great Valley has a relatively thick brittle crust with rela-
tively less seismicity (Fig. 3). Therefore, the patches where heat flow
data predicts deeper BDT depths than observed in the D95 maps (brown
bins in Fig. 7b) are probably caused by relatively fewer earthquakes in
these crustal columns resulting in an underestimation of D95 depths.

In the southern Great Valley, D95 depths are deeper than what re-
latively moderate heat flow values predict (Fig. 7). Nazareth and
Hauksson (2004) similarly observed some of the thickest brittle crust in
the southern Great Valley (southern San Jaoquin Valley) in the earth-
quake-depth data. Because this region is covered by thick sediments in
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Fig. 7. Comparison of D95 and surface heat
flow. (a) Blackwell et al. (2011) surface heat
flow map at same projection and scale as other
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the Great Valley, there is a complex interaction between sedimentary
cover, underlying bedrock, and water circulation that affects heat flow
estimated at the surface (e.g., Harrison and Bé, 1983; Braun et al., 2016;
Luszczak et al., 2017), including a tradeoff between lower conductivity
sedimentary cover and apparent conductivity increases based on water/
heat convection. Herein, we have only assumed constant thermal con-
ductivity. If we treat the D95 depth as a permissible estimate for the
base of the brittle crust, then it follows that the surface heat flow values
are locally and superficially elevated in the southern Great Valley
(green colors in Fig. 7a) relative to the rest of the valley (blue colors in
Fig. 7a), such that they predict a shallower BDT than what is observed.
Water circulation is particularly effective at increasing the apparent
surface heat flux (e.g., Cao et al., 2019), and a small increase of dif-
fusivity from 3.33 to 4 W m ™' K™ ! increases estimated surface heat flux
by > 15 mW m ™2 and calculated BDT depths by > 2 km. Similar to the
southern California borderlands, the southern Great Valley shows show
higher Vp/Vs ratios (> 1.9) relative to much of California (< 1.8)
(Lowry and Pérez-Gussinyé, 2011), which may indicate more mafic
crust with less crustal quartz content in these regions, thus making the
seismogenic crust thicker. We do not further interpret what causes these
discrepancies, acknowledging it probably involves temporal and spatial
variations in the basin's thermal history (e.g., Harrison and Bé, 1983),
its underlying rock composition (e.g., Oskin et al., 2016), and ground

Difference of &
Q BDT versus

-2.5t0 -5 km study. Note that that dark blue and dark brown

represent absolute differences =5 km, with
dark blue values indicating that Q-based esti-
mates suggest a thinner brittle crust than
earthquake-based D95 estimates, and vice
versa. (c-d) D95-derived estimates of apparent
surface heat flow (22.5 km bins) assuming D95
depth approximately represents the quartz
plasticity isotherm at (¢) ~325 °C or (d)
~375 °C. In all panels, white oval highlights
the Salton Trough. See text for methods and
discussion. (For interpretation of the references
to color in this figure legend, the reader is re-
ferred to the web version of this article.)

water circulation.

These examples highlight how surface heat flow data may not re-
liably predict BDT depth values. Accordingly, D95-based estimates of
brittle-crust thickness may see through these types of complications
that affect heat flow datasets. This can provide more information on the
bulk thermal structure of the upper crust, especially when integrated
with all available datasets including heat flow observations and Moho
temperature (e.g., Schutt et al., 2018).

4.2. Constraints for future seismicity

Similar seismogenic thickness maps have been constructed for
Taiwan and Italy (Chiarabba and De Gori, 2016; Wu et al., 2017) and
smaller regions of California using older earthquake datasets (Bonner
et al., 2003; Nazareth and Hauksson, 2004; Shinevar et al., 2018). The
seismogenic thickness map of all of California presented in this study
using updated high-resolution earthquake-location datasets provides
insight into the mechanical properties of the crust through which major
earthquake-producing faults exist and rupture. For example, the maps
highlight how the San Andreas fault traverses 100s of km through
highly variable brittle-crust thickness (Fig. 8), and similarly, major
historical earthquake ruptures along the fault cut through variable
thickness brittle crust. Both the 1857 Fort Tejon and 1906 San Francisco
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Fig. 8. (a) D95 map (22.5 km bins) showing location of A-A’ profile in (b) and the 1906 San Francisco (SF) and 1857 Fort Tejon (FT) earthquake epicenters with their
respective propagation directions (e.g., Sieh, 1978; Song et al., 2008; Zielke et al., 2010). Also shown is the general location of Parkland (P). (b) Profile approximately
follows San Andreas fault demonstrating seismogenic thickness variations: grey line is D95 depth, shallower bound is D91 depth, and, deeper bound is D99 depth.
Integrated strength curve (green line) was generated by calculating, simple geothermal gradient inferred from D95 depth (assuming ~325 °C quartz plasticity) and
using the a regression of RHEOL_GUI strength (Montesi and Leete, 2018) vs thermal gradient at a strain rate of 10™° s~ ! to estimate strength as a function of D95.
Note that absolute strength values are inherently not correct due to oversimplifications of the problem, but the relative along-strike strength variations may reflect
important mechanical variations in the crust. Thicker seismogenic crust is stronger, and vice versa, with integrated strength variations of > 100s of MPa km. The SF
and FT earthquakes epicenters are plotted as labelled stars along with their respective propagation directions, which are both toward thinner seismogenic crust. Note
that Parkland earthquakes over the last century have propagated in both directions, which may be influenced by the relatively flat D95 values around this segment of
the fault. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

earthquakes ruptured the San Andreas fault over lengths of > 350 km
through crust with variable seismogenic thicknesses, and both events
appear to have propagated from regions of thicker to thinner brittle
crust (e.g., Sieh, 1978; Song et al., 2008; Zielke et al., 2010) (Fig. 8).
Even smaller faults in California are located in a diverse range of seis-
mogenic thicknesses, and simple geometric properties, such as brittle-
crust thickness, control the mechanics of earthquake rupture. There are
at least four direct implications of these D95 maps for earthquake ha-
zard analyses.

First, as already discussed, the seismogenic thickness map correlates
with crustal strength. Therefore, earthquakes may (1) rupture through
weaker crust and/or (2) thicker seismogenic crust can potentially pro-
duce larger magnitude earthquakes. A caveat to this statement is that
specific faults or fault segments may be inherently weaker or stronger
related to their cohesion and effective coefficient of fault friction. Zuza
and Carlson (2018) suggested that strike-slip fault domains in California

may involve faults with effective coefficients of friction varying from
0.1 to 0.2, whereas Walker Lane faults appear to more consistently have
a higher friction coefficient of 0.2. Samples recovered from the San
Andreas Fault Observatory at Depth (SAFOD) suggest relatively low
friction values (< 0.2) (e.g., Lockner et al., 2011) and Carpenter et al.
(2015) demonstrate that the fault activity and creeping is concentrated
on zones with the lowest fault friction (~0.1). Filtering for earthquakes
with magnitudes (M;) > 4 shows that they cluster along the San An-
dreas and Walker Lane (Fig. 9a). In particular, a heatmap of these
earthquakes shows their tendency to occur in crust with moderate-to-
low D95 values, avoiding the thicker D95 values (i.e., blue spots) in
Fig. 9a.

If seismogenic and/or brittle-crust thickness correlates with
strength, fewer earthquakes would be expected in thicker seismogenic
crust because the crust is relatively stronger, assuming a similar applied
remote stress affects the entire region (e.g., Zuza et al., 2017). We note
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Fig. 9. (a) Relocated earthquakes > 4 M, (green) and > 4.5 M;, (red) on D95 map (22.5 km, bins) with a contoured heatmap of > 4 M; earthquakes. Note that
earthquakes are concentrated on the San Andreas fault and within the Walker Lane, and tend to cluster near regions of thinner D95 values. The thicker D95 regions
produce fewer earthquakes. (b-c) Plots showing log earthquake density per bin (pgg) as a function of D95 depth (22.5 km bins) for (b) the entire study area and (c) a
~150-km-wide swath around the San Andreas fault, which is intended to filter out lower strained regions without faults that should have fewer earthquakes (e.g.,
Sierra Nevada and Great Valley). Note that both panels show comparable negative slopes. Red regression shows negative (b) -0.11 slope and (c) -0.15 that implies
that bins with larger D95 values have far fewer earthquakes, consistent with thicker seismogenic crust being stronger. Pink dashed bounds at 10. Green curve in (b) is
an estimate of integrated crustal strength assuming D95 corresponds to ~325 °C temperature and RHEOL_GUI strength regression (Montesi and Leete, 2018). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

that adjacent to some of the D95 maxima in the Great Valley-Sierra
Nevada, there are bins with too few earthquake events in our analysis to
calculate a D95 value (Fig. 3). That is, these presumably deeper D95
bins had very few to no earthquakes. The fewer recorded earthquakes in
the Great Valley-Sierra Nevada region may be emphasized from sparse
seismometer placement in these relatively stable regions and/or local
attenuation effects in the sedimentary basin.

We quantify the potential relationships between seismicity and
crustal strength by exploring the density of earthquakes per bin (i.e.,
number of earthquakes per bin divided by D95 depth) plotted against
the D95 depth of each bin for the entire study area (Fig. 9b) and for a
~150-km-wide swatch along the San Andreas fault (Fig. 9c). Both plots
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reveal an inverse correlation between earthquake density and brittle-
crust thickness. As an example comparison from both panels of this
plot, a change of D95 from 25 km to 10 km results in an increase of
earthquake density by about two orders of magnitude (i.e., 1000
events/km versus 20 events/km) (Fig. 9b and c). The same change in
D95 depths corresponds to an approximate 2.5 X increase in integrated
strength based on yield strength envelopes (Fig. 9b). Thicker seismo-
genic crust appears to be stronger and resist small-magnitude seismi-
city.

Second, the propagation direction of earthquake rupture may be
influenced by the mechanical properties of the crust. Upper crust
earthquakes may preferentially rupture in one direction (i.e., unilateral
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rupture; McGuire et al., 2002), but the extent to which crustal prop-
erties influence the propagation direction remains debated (e.g., Harris
and Day, 2005). We hypothesize that earthquake ruptures may propa-
gate toward weaker crustal zones with a thinner brittle crust, and may
potentially stop when encountering stronger crust. Fig. 8 shows how
two major historical earthquakes followed this trend, with the 1857
Fort Tejon and 1906 San Francisco earthquakes propagating toward
seismogenic crust that was > 5 km thinner than where the epicenter
was located. These ruptures migrated toward crust with an integrated
strength that was > 400 MPa km weaker than where rupture initiated
(Fig. 8b), assuming the calculations in Fig. 2. Earthquakes over the last
century near Parkfield, CA, have propagated in both directions, to the
northwest and northeast (Harris and Day, 2005). This segment of the
San Andreas fault has a relatively flat variation in D95 values (i.e.,
<3 km), and if brittle-crust thickness influences rupture propagation,
the relatively low relief D95 surface along this fault segment would
predict rupture in either direction. These events propagated toward
crust that was of similar integrated strength (Fig. 8b). However, we
acknowledge that this inference is based on only a few events, including
two from the pre-instrumental era, and thus requires further testing to
validate.

Seismogenic depth can also be used to predict how potentially
linked structures will react during an earthquake. Bai and Ampuero
(2017) showed that the distance over which a fault rupture can jump to
another fault segment is proportional to the seismogenic depth. Thus,
knowledge of this spatially varying parameter can also constrain which
faults can rupture simultaneously. Walker Lane faults are embedded in
relatively thin seismogenic crust (D95 < 10 km), whereas those in
Southern California (e.g., the San Jacinto, Elsinore, and Newpoint-In-
glewood faults) have higher D95 values (=15 km) (Fig. 3). Accord-
ingly, the model of Bai and Ampuero (2017) suggests that Southern
California earthquakes could more readily jump between fault struc-
tures than those in the Walker Lane.

Third, as recognized by Sibson (1984), roughness at the base of the
seismogenic crust—specifically thicker points within predominately
thinner brittle crust—may act as “sticking patches” to focus and nu-
cleate future events. If the applied regional stress is greater than the
average strength of a fault, but a small segment has a locally thicker
seismogenic thickness and thus is stronger overall, rupture may be
perturbed until the applied remote stress overcomes the strength of this
sticking patch. Alternatively other fault segments may rupture. Me-
chanically strong asperities have been discussed previously and may
initiate earthquakes (e.g., Kanamori, 1986; Kyriakopoulos and
Newman, 2016). Geometric barriers such as bends in a fault or changes
in seismic velocity can impede or arrest ruptures (e.g., Aki, 1979). The
seismogenic thickness map shows several of thicker brittle-crust aspe-
rities. For example, just north of the Big Bend of the San Andreas fault
the seismogenic crust approaches ~20 km thickness, whereas along
most of the fault, the crust has a seismogenic thickness of <15 km
(Fig. 8). There is a spatial correlation between this point and the epi-
center for the 1857 Fort Tejon earthquake (e.g., Sieh, 1978; Zielke
et al., 2010) (Fig. 8). During this event, the fault ruptured ~350 km
southward through the Big Bend through progressively thinner brittle-
crust thickness. Another local thickness asperity exists near Palm
Springs, where the San Andreas fault bends into the Salton Trough.

Lastly, seismogenic thickness impacts fault-locking geometries
during loading. For vertical strike-slip faults that cut through the seis-
mogenic crust (e.g., Behr and Hirth, 2014), this directly influences the
potential fault-rupture area in the vertical dimension, which controls
the potential seismic moment of an earthquake event (Wells and
Coppersmith, 1994). Conversely, a dip-slip earthquake can rupture a
subhorizontal fault plane, where the maximum rupture area is not
limited by seismogenic thickness, as for the 2015 Gorkha earthquake
(e.g., Elliott et al., 2016). Accordingly, reverse faults in the Transverse
Ranges can rupture fault planes that are not necessarily geometrically
limited by seismogenic thickness. For a subvertical strike-slip fault, the
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brittle-crust depth controls how deep an earthquake will initiate and/or
can propagate (e.g., Sibson, 1986). For thinner seismogenic crust to
produce a larger magnitude event more slip is required on the fault
plane or a longer segment of the fault must rupture. Alternatively, if an
earthquake ruptures thicker seismogenic crust, it can potentially have a
larger rupture area for a given fault-length rupture.

Seismogenic thickness maps also provide constraints on the ex-
pected maximum depth of future rupture. The 2019 6.4 My Ridgecrest
hypocenter, foreshock to the 7.1 My event, was located at ~10.5 km
depth, and microseismicity did not propagate deeper than ~10.5 km
(e.g., Ross et al., 2019). The D95 maps predict the seismogenic thick-
ness of this region at 10.5-11 km for all bin sizes, including filtered
(Fig. 3) and unfiltered data (Supplemental Fig. 2). This mapped spa-
tially varying seismogenic thickness can be used to constrain potential
rupture geometry that will improve physics-based rupture models (e.g.,
Console et al., 2015).

Similarly, geodetic elastic block models might incorporate variable
maximum potential locking depth based on D95 maps rather than
holding this value fixed (e.g., Evans et al., 2016; Bormann et al., 2016).
That is, variations of D95 values could be used to predict fault locking
depth variations that might locally dampen the predicted velocity field
across elastic half space models of strike-slip faulting (Savage and
Burford, 1973). The impact of D95 values on locking depth compared to
other parameters (e.g., dip-slip versus strike slip faulting) requires
further evaluation outside the scope of this study, but may be a useful
scalar to improve on fixed locking depth models.

4.3. Seismogenic thickness controlling fault geometries

Previously, Zuza et al. (2017) and Zuza and Carlson (2018) explored
the relationships between seismogenic thickness and the spacing of
active strike-slip faults in the western US and Asia. In these studies,
seismogenic thickness was determined by projecting high-resolution
earthquake locations onto vertically oriented profiles orthogonal to
strike-slip fault systems and calculating D95 values from these 2D
profiles, similar to Fig. 5. These studies found that seismogenic thick-
ness for the San Andreas and Walker Lane strike-slip fault domains
linearly correlated with the spacing of these strike-slip faults. A similar
relationships was determined in analog experiments and for fault sys-
tems in Asia (Zuza et al., 2017).

However, this 2D-profile approach ignored spatial variations in
seismogenic thickness that is revealed using the map-based methods
outlined in this study. Therefore, we further explored whether average
D95 values generated in this study were comparable to our previous
methods. For this approach, we averaged D95 values for all bins within
a specific domain of parallel strike-slip faults, which included four
domains each for the San Andreas and Walker Lane fault systems, and
compared these to previously published values (Zuza et al., 2017; Zuza
and Carlson, 2018). Fig. 10a shows the comparison between D95 values
estimated in this current study and our past works. Most data points fall
along a 1:1 line, although almost all values are slightly above it, im-
plying that our 3D map-based D95 approach yields slightly shallower
seismogenic thickness estimates overall (Fig. 10a). Plotting new D95
values against previously determined spacing values reveals linear re-
lationships that are comparable to previous estimates (Fig. 10b), but the
slopes are slightly lower (i.e., 0.6 and 5.9 in this study for the Walker
Lane and San Andreas fault systems, respectively, vs 1.1 and 7.7 from
Zuza and Carlson, 2018) in accordance with the slightly shallower D95
depths (Fig. 10a). These differences are minor and do not alter the in-
terpretations of Zuza and Carlson (2018) regarding estimates of fault
friction or regional applied stress. Instead, these results suggest ro-
bustness to the linear spacing versus seismogenic thickness relationship
given that it holds when investigated via difference seismogenic
thickness methods.
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Fig. 10. (a) Comparison of D95 depths for different domains of parallel evenly spaced, strike-slip faults in the San Andreas and Walker Lane systems based on
averaging D95 maps from this study (x axis) or using the 2D-profile method of Zuza et al. (2017) (y axis). Note that the data plot close to a 1:1 line, but the 2D-profile
method systematically estimates thicker seismogenic crust. (b) Re-evaluation of fault spacing versus D95 depth for these faults domains using D95 depths from this
study and previously calculated spacing values (Zuza et al., 2017; Zuza and Carlson, 2018). Both systems demonstrate a linear relationship, but the slope values

changed slightly from previous estimates; see text for discussion.

5. Summary

We constructed seismogenic thickness maps for the greater
California region using high-resolution relocated earthquake data. The
maps provide constraints on the geometry of the region's brittle crust,
which reflects variations of crustal strength. We found that brittle-crust
thickness inversely correlates with surface heat flow, such that colder
regions have thicker brittle crust and vice versa. Heat flow observation
spatially correlate with D95 maps, confirming that the thermal struc-
ture of the crust controls the base of the seismogenic crust and the lo-
cation of the brittle-ductile transition. Although strain rate theoretically
impacts crustal strength by influencing the depth of the brittle-ductile
transition, there is no correlation between seismogenic thickness and
geodetic strain rates. Shear along the San Andreas and Walker Lane
fault systems dominates the strain-rate signal, and variations of brittle-
crust thickness along these regions does not appear to modulate strain
rates. These maps are useful for exploring geometric parameters of the
brittle crust of California, which can be used in more rigorous inver-
sions for elastic block models, crustal rheology, and evaluating the re-
lationships of active fault geometries.

The seismogenic thickness maps provide mechanical constraints for
future active deformation across California. Because the maps are based
on actual earthquake locations, they provide robust constraints on what
parts of the crust may rupture in future events as opposed to inversion
methods calculating brittle-ductile transition depths from heat flow
data and theoretical power-law relationships. Thicker seismogenic
crust, and therefore thicker brittle crust, corresponds to stronger crust,
which is corroborated by fewer earthquakes in regions with thicker
seismogenic crust. Variations in crustal strength may influence the
propagation direction of an earthquake, what faults will rupture, or
where strong asperities are located. Furthermore, seismogenic thickness
constrains the maximum vertical fault-rupture geometry, which influ-
ences the maximum potential earthquake magnitude.
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