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Abstract During an earthquake, work done to overcome fault friction is dissipated as heat. Coseismic
temperature rise, critical for identifying and constraining the magnitude of past earthquakes, is difficult to
accurately quantify. To address this issue, we compare two temperature-sensitive geochemical systems, zircon
(U-Th)/He (ZHe) thermochronometry and thermal maturity of organic matter (biomarkers), which respond to
short-duration, high temperatures. Models of prior biomarker data from the Punchbowl fault (PF), CA, indicate
coseismic temperatures of ~465-1,065°C in the principal slip zone (PSZ; Savage & Polissar, 2019, https://
doi.org/10.1029/2019gc008225) depending on prescribed thickness of the deforming zone. We resampled two
PF sample sites and acquired high-spatial resolution ZHe data (n = 45 individual analyses) from the PSZ and
fault core gouge, together with adjacent crystalline basement and Punchbowl Formation rocks. Results define

a positive ZHe date-effective U (eU) trend from ~10 to 60 Ma and ~20-700 ppm eU with a plateau at ~65 Ma
at >700 ppm eU. This pattern suggests the PSZ and fault core gouge share a similar thermal history to material
outside the PF. Individual apatite (U-Th)/He dates (n = 5) from an undeformed Punchbowl Formation sample
are ~4 Ma for grains with ~30-150 ppm eU, implying rapid cooling and exhumation at that time due to PF
activity. Zircon damage-diffusivity relationships inform a suite of numerical models that collectively bracket
coseismic temperatures on the PF to <725-800°C for 90% He loss. Results support general compatibility
between ZHe and biomarker-derived temperature rise estimates, and spatio-temporal variability in coseismic
temperatures along the PF.

Plain Language Summary Earthquakes produce heat along faults from friction created as

blocks of rock slide past each other. Identifying evidence of and quantifying these temperatures can pinpoint
past earthquakes along faults and help us understand the physics of earthquakes. It is difficult to measure
temperatures of modern earthquakes because the fault may be hot for less than a minute far below Earth's
surface. Here we compare data from two techniques, heat-induced chemical changes in organic materials
(biomarkers) and geochemical changes in minerals (zircon (U-Th)/He analysis), which are sensitive to short-
lived, high temperatures. We apply zircon (U-Th)/He analysis to samples within and away from the Punchbowl
fault, a strike slip fault in southern California and an ancient strand of the San Andreas fault system, where prior
biomarker data showed evidence of past earthquake temperature rise in material within the fault. Zircon (U-Th)/
He results, along with numerical models, reveal that earthquake temperatures were likely less than 725-800°C
within the fault, similar to previous temperature estimates. Data also suggest earthquake temperatures may have
been variable in space and time. Our work illustrates the agreement between these two geochemical methods
and that this dual-approach can quantify earthquake-generated heat in other fault zones worldwide.

1. Introduction

Earthquakes dissipate most frictional energy as heat (Kanamori & Brodsky, 2001; Lachenbruch & McGarr, 1990;
McGarr, 1999). Slip localization during earthquake propagation can yield temperature rise along discrete (pm-to
cm-thick) layers where heat generation outpaces conductive heat dissipation (Platt et al., 2014, 2015; Rice, 2006;
Rice et al., 2014). Temperature rise is an important aspect of earthquake mechanics as higher temperatures
activate dynamic weakening mechanisms that promote continued earthquake rupture propagation (Di Toro
et al., 2011; Goldsby & Tullis, 2011; Reches & Lockner, 2010; Wibberley & Shimamoto, 2005). Quantifying
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and mapping high temperatures along exhumed faults can identify past earthquakes and inform in situ earthquake
physics, frictional energy dissipation, and fault slip history.

Fault rock chemistry and textures are used to estimate subsolidus fault slip temperatures (e.g., Rowe & Grif-
fith, 2015, and references therein). These textures and mineral reactions include decarbonation (Collettini
et al., 2013; MclIntosh et al., 1990), thermal decomposition of clays (Kameda et al., 2011), serpentine dehydration
(Kohli et al., 2011), hematite oxidation state transformations and texture-targeted noble gas thermochronometry
(Ault et al., 2015; Calzolari et al., 2020; Evans et al., 2014; McDermott et al., 2017), and thermal maturation of
organic matter (biomarkers; Savage & Polissar, 2019). Biomarkers are organic molecules in sedimentary rocks
that alter as a function of temperature, and certain biomarkers are sensitive to transient temperature rise (Polissar
et al., 2011; Rabinowitz et al., 2017; Savage & Polissar, 2019; Savage et al., 2014; Sheppard et al., 2015).

Analogous to organic material alteration, thermochronometry of minerals in fault zones track a fault's thermal
history. Traditionally, minerals growing in fault zones are targeted to constrain the timing of fault slip using
radioisotopic systems (e.g., Nuriel et al., 2012; Nuriel et al., 2019; van der Pluijm et al., 2001). But low-tem-
perature thermochronometry of minerals entrained or precipitated in fault rocks, a technique that is nominally
used to constrain cooling due to tectonic or erosional exhumation (Armstrong et al., 2003; Ehlers et al., 2003;
Reiners, 2005; and many others), can record the timing and temperatures of fault slip (Ault, 2020). For example,
fission-track annealing and He diffusion kinetics respond to short-duration, high temperature thermal pulses
associated with coseismic frictional heating in either a bulk layer or at surface asperities during seismic slip (Ault
et al., 2015; Calzolari et al., 2020; McDermott et al., 2017; Murakami et al., 2006; Tagami, 2012), although not
all seismogenic faults exhibit thermochronometric evidence of temperature rise (d'Alessio et al., 2003). Zircon
(U-Th)/He (ZHe) thermochronometry is a low-temperature radioisotopic system with a broad temperature sensi-
tivity that varies depending on intragrain U and Th concentrations and resulting radiation damage accumulation
in different zircon grains over their thermal history (Guenthner et al., 2013). This system is sensitive to short-du-
ration, high temperatures and has been used to identify wildfires (Mitchell & Reiners, 2003) and shear heating
(Maino et al., 2015).

A multi-method comparison of fault slip paleotemperature proxies with different kinetics is useful for robustly
capturing coseismic temperatures and overcoming individual method limitations. Here, we compare biomark-
ers and ZHe thermochronometry to refine peak coseismic temperatures along the Punchbowl fault (PF), CA.
The PF is an ancient, exhumed strand of the San Andreas fault (SAF), with a localized, discrete principal slip
zone (PSZ), that developed during past earthquakes (Chester & Chester, 1998; Chester & Logan, 1987). Recent
biomarker analyses show evidence of concentrated friction-generated heat along the PSZ of the PF during fault
slip (Savage & Polissar, 2019). Models of temperature rise in the PSZ using biomarker reaction kinetics indicate
~465-1,065°C for a slip zone half-width of 50 pm to 10 mm slipping at 1 m/s.

We resampled a subset of PF sample sites of Savage and Polissar (2019) exposed at Devil's Punchbowl Natural
Area (Figure 1). We compare existing biomarker data with newly acquired ZHe thermochronometry data from a
site with a well-defined PSZ and a second location characterized by a broader zone of fault core gouge, as well
as from the adjacent crystalline basement and Punchbowl Formation (Fm) protoliths. We also acquired apatite
(U-Th)/He (AHe) and apatite fission-track (AFT) thermochronometry for comparison with our ZHe results. We
use thermal history modeling of material outside the PF to constrain the background thermal history of material
within the PF. A suite of numerical modeling approaches is then used to constrain maximum coseismic tempera-
tures along the PF and we compare these results with prior work.

2. Background
2.1. Geologic Framework

The PF is an inactive, abandoned strand of the SAF (Chester & Chester, 1998). The PF is parallel to and located
~3.5 km southwest of the SAF, adjacent to the San Gabriel Mountain section of the Transverse Ranges (Figure 1).
At our study site in Devil's Punchbowl Natural Area, two strands define the PF. We focus on the northern strand,
which is more continuous and easier to identify (Chester & Chester, 1998). Here, the PF juxtaposes Miocene-Pli-
ocene Punchbowl Fm to the northeast against Mesozoic and older gneissic crystalline basement to the southwest
(Figure 1). Basement rocks are variably mapped as Precambrian crystalline basement, Mesozoic and older crys-
talline rock, or Mesozoic Wilson Diorite (Barth, 1990; Chester & Chester, 1998; Coffey, 2015; Coffey, Ingersoll,
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Figure 1. Simplified geologic map modified from California Geological Survey overlain on a digital elevation model showing the Punchbowl fault in the Devil's
Punchbowl Natural Area and San Andreas fault, San Gabriel Mountains, CA. Biomarker (Savage & Polissar, 2019) and new thermochronometry (this study) site

locations are shown.

& Schmitt, 2019). Although some crystalline basement rocks in the San Gabriel Mountains have well-constrained
crystallization ages, the age of the gneiss at our specific sample sites is unknown.

The Punchbowl Fm is a syntectonic sedimentary deposit in the Punchbowl block, an inferred pull-apart basin
formed by offset along the PF (Chester & Chester, 1998). The Punchbowl Fm is 1,500 m-thick, unconforma-
bly overlies the Paleogene San Francisquito Fm, and comprises fluvial to alluvial conglomerate and sandstone
that were deposited ~12.5-8.5 Ma (Liu, 1990; Woodburne, 1975). The basal unit of the Punchbowl Fm is a
conglomerate that is distinct from the main Punchbowl Fm unit and is cut by, and overlies, the PF (Chester
& Chester, 1998). Detrital zircon U-Pb age spectra from the Punchbowl Fm include peaks at ~70-100 Ma,
~150-160 Ma, ~210-260 Ma, ~1,400 Ma, and ~1,700 Ma (Hoyt et al., 2018; Ingersoll et al., 2013). Prior work
suggests the provenance for zircon grains in the Punchbowl Fm is the distal Mojave region located northeast of
the present location of the Punchbowl Fm (Barth et al., 1997; Coffey, Ingersoll, & Schmitt, 2019; Meisling &
Alexander, 1993; Woodburne, 1975).

The PF was likely seismogenic because it is an adjacent strand of the SAF, which produces earthquakes, and the
PF exhibits textural and biomarker evidence of friction-generated heat that accompanies coseismic slip (Chester
& Chester, 1998; Savage & Polissar, 2019). The PF accommodated more than 40 km of strike-slip displacement
from Miocene through Pleistocene time, but the exact timing of slip and seismogenesis is poorly constrained
(Chester & Chester, 1998; Chester et al., 1993). Faulting may have occurred in two phases, with half of the
displacement before deposition of the Punchbowl Fm and the remaining displacement in the Plio-Pleistocene
(~6-1 Ma) following deposition of the entire Punchbowl Fm (Chester & Chester, 1998; Meisling & Alexan-
der, 1993; Woodburne, 1975). Alternatively, all of the slip may have occurred in the last ~5 Ma (Coffey, 2015;
Coffey, Ingersoll, & Schmitt, 2019; Schulz & Evans, 1998, 2000).

Apatite fission track cooling dates from nearby basement rocks are ~9 Ma and ~4 Ma (Blythe et al., 2000),
supporting exhumation associated with PF activity. Limited unpublished AFT dates from the Punchbowl Fm
are ~15-7 Ma (Kirschner, 2004). AFT dates and an initial suite of biomarker analyses from large samples both
suggest ~2—4 km of exhumation for present-day fault exposures (Blythe et al., 2000; Chester, 1983; Chester &
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Logan, 1986; Polissar et al., 2011; Savage & Polissar, 2019). During this exhumation, on-going deformation and/
or fluid-rock interaction along the PF may have overprinted textural and mineralogical evidence of coseismic
temperature rise.

In the vicinity of Devil's Punchbowl Natural Area, the PF architecture is well characterized with a fault core and
broader damage zone (Chester & Logan, 1986; Schulz & Evans, 1998, 2000). The PF is an archetypal example
of a fault with a thin slip zone formed by strain localization (Chester & Chester, 1998; Chester & Logan, 1987).
A PSZ is observed in the center of the fault core of some PF exposures, delineated by a narrow (<1 cm-wide)
layer of clayey fault gouge, with a distinctively different color (brown to yellow) than the adjacent fault core
(Chester & Logan, 1986; Savage & Polissar, 2019). The fault core surrounding the PSZ is ~0.15-0.25 m wide,
olive-black (on the basement side) or dark yellow to brown (on the Punchbowl side) ultracataclasite (Chester
& Chester, 1998; Chester & Logan, 1986; Chester et al., 2005). The material comprising the ultracataclasite
on either side of the PSZ is derived from its respective, adjacent host rock (Chester & Chester, 1998; Savage &
Polissar, 2019). Ultracataclasite and the PSZ comprise highly comminuted quartz and feldspar, as well as smec-
tite, reflecting later alteration and fluid-rock interaction during exhumation from seismogenic depths (Chester &
Chester, 1998). The broader fault damage zone is ~140 m wide (Chester & Logan, 1986; Dor et al., 2006; Schulz
& Evans, 1998, 2000; Wilson et al., 2003).

2.2. Biomarker Evidence for Coseismic Temperature Rise on the Punchbowl Fault

Biomarker maturity patterns support friction-generated temperature rise in the PF PSZ (Savage & Polissar, 2019).
Biomarkers are organic molecules, derived from the remains of organisms, that are present in sedimentary
rocks, and whose molecular composition alters as a function of temperature (Peters et al., 2007; Sheppard
et al., 2012, 2015). The relative alteration indexes of different organic molecules, such as methylphenanthrenes,
increase with increasing thermal alteration (Polissar et al., 2011; Radke, 1988; Sheppard et al., 2015). The kinet-
ics of temperature-dependent reactions associated with a particular index are used to quantify temperature rise.
Although biomarker reactions are cumulative over all heating events experienced by a fault, biomarker alteration
is highly non-linear with respect to temperature and therefore the maximum temperature dominates the signal
(Coffey, Savage, et al., 2019). Biomarkers also do not have retrograde reactions (Coffey, Savage, et al., 2019;
Peters et al., 2007). The index relevant to the present study, MPI-4, is sensitive to short-duration, high tempera-
tures associated with earthquakes (Polissar et al., 2011; Savage & Polissar, 2019; Savage et al., 2018; Sheppard
et al., 2015).

Initial biomarker analyses from the PF used large samples that did not specifically isolate different components
of the PF such as the PSZ and showed no differential heating between the fault core and off-fault samples (Polis-
sar et al., 2011). Biomarker thermal alteration constrained peak burial temperatures in the Punchbowl Fm and
material in the fault core derived from this unit to ~110°C (Polissar et al., 2011). Recent work leveraged new
approaches for analyzing smaller volume samples, making it possible to subsample discrete, thin layers like the
PSZ (Savage & Polissar, 2019). MPI-4 data patterns indicate some samples achieved higher peak temperatures
than others, with the highest MPI-4 found in the PSZ. In addition, the population of samples from the PSZ and
the brown ultracataclasite are generally more thermally mature than the black ultracataclasite and undeformed
Punchbowl Fm. This indicates that the brown ultracataclasite is made of reworked and transported PSZs that
experienced coseismic temperature rise, as had been previously proposed based on structural analysis (Ches-
ter & Chester, 1998; Savage & Polissar, 2019). Modeled peak temperatures from MPI-4 values in the PSZ are
~465-620°C from a 10 mm slip zone and ~815-1,065°C commensurate with a 50 pm slip zone (Savage &
Polissar, 2019).

2.3. Zircon (U-Th)/He Thermochronometry

The ZHe system is traditionally used to decipher slow, low-temperature processes of rocks transiting the upper
~8 km of the crust, such as tectonic or erosional exhumation (Reiners, 2005; and others). The ZHe closure temper-
ature (T) is ~25-225°C, assuming a 10°C/Ma cooling rate and depending on accumulated radiation damage in
a zircon crystal (Ginster et al., 2019; Guenthner et al., 2013). AHe and AFT thermochronometry can provide
complementary thermal history information (e.g., Armstrong et al., 2003; Ehlers & Farley, 2003). The AHe and
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AFT T, are ~30-90°C and ~60-120°C, respectively, assuming a 10°C/Ma cooling rate and variable accumulated
damage for AHe and grain chemistry for AFT (Flowers et al., 2009; Gallagher, 1995; Gautheron et al., 2009).

Aside from temperature and time, the main control on the ZHe T, is radiation damage accumulation in a zircon
crystal (Guenthner et al., 2013; Ketcham et al., 2013). Accumulated radiation damage is a function of a grain's
U and Th content and thermal history (Guenthner et al., 2013). Metamict, or radiation-damaged, zircon grains
are easily identified with a stereoscope, appearing brown-opaque in plane-polarized light (Ault et al., 2018).
Metamictization develops because actinide decay disrupts the crystal lattice, and it anneals (i.e., is recovered) as
a function of increasing temperature (Holland & Gottfried, 1955; Nasdala et al., 1995; Woodhead et al., 1991).
Provided grains share a common thermal history, a grain's eU (effective uranium, eU = [U] + 0.235*[Th]) serves
as a proxy for radiation damage. Accumulated damage controls He diffusion, and thus a grain's T, and ZHe
date. At low eU and accumulated damage, zircon is more retentive with respect to He, and the T, increases with
increasing damage. Above a percolation threshold where damage becomes interconnected, zircon He retentivity
and T, decrease (Guenthner et al., 2013; Ketcham et al., 2013; Nasdala et al., 2004). Patterns between ZHe date
and eU of multiple grains within a single sample or grains that share a common thermal history develop because
of the relationship between damage, He retentivity, and the thermal history. For example, grains that experienced
protracted thermal histories may yield a positive and/or negative ZHe date-eU trend (Ault et al., 2018; DeLu-
cia et al., 2018; Flowers et al., 2020; Guenthner et al., 2013; Johnson et al., 2017; Orme et al., 2016; Powell
et al., 2016). Uniform single grain dates across a wide range of eU values, or a ZHe date-eU “pediment” or
“plateau”, may reflect a phase of rapid cooling at that time (e.g., Ault et al., 2018; DeLucia et al., 2018).

Zircon diffusion kinetics are also sensitive to short-duration, high temperature pulses (Mitchell & Reiners, 2003;
Reiners, 2009). The temperatures required to induce substantive He loss from zircon crystals over a range of
geologic conditions are inversely and logarithmically proportional to the duration of heating over a range of
geologic conditions (Reiners, 2009). Depending on the accumulation of radiation damage and the conditions of
fault slip, the ZHe system may be thermally reset by coseismic friction-generated heat. For example, ZHe results
from fault rocks might yield uniform dates across a range of eU values, reflecting complete thermal resetting (i.e.,
He loss) of all grains at the time of the earthquake if the event occurred at depths and background temperatures
lower than the nominal closure temperature at slower cooling rates. Here we compare ZHe and biomarker data,
two systems with different reaction kinetics, from the same fault rocks to refine the range of peak temperatures
achieved during fault slip.

3. Thermochronometry Sampling Approach and Analytical Methods

Samples were collected in Devil's Punchbowl Natural Area, CA, where semi-continuous exposures of the PF are
preserved (Figures 1, 2a, and 2b; Table S1 in Supporting Information S1). We targeted Outcrop 1 of Savage and
Polissar (2019) because this location exhibits biomarker evidence for increased temperature rise along the PSZ
and the structural and microtextural analysis of our selected site are well-characterized (Chester & Chester, 1998;
Chester & Logan, 1986, 1987; Chester et al., 1993).

We collected samples in two high-spatial resolution transects perpendicular to the trace of the PF separated by
~10 m along strike, sites EA20-1 and EA20-2 (Figures 2a, 2b and 3a, and 3b). At each site, we sampled crys-
talline basement, Punchbowl Fm, and PF fault materials over a distance of ~15 cm. The basement rocks form a
sharp, sub-vertical, contact with the fault core gouge (Figures 2a and 2b), mirroring the overall orientation of the
PF (~294/70; Chester & Logan, 1987). Fault rocks are highly comminuted and friable. Individual layers of gouge
were isolated with a large pocketknife and collected with a flat trowel. Basement and Punchbowl Fm samples
were removed with a hammer and chisel.

The structural architecture of the fault zone is distinct at each site. At site EA20-1, we sub-sampled fault rocks
based on previous characterization (Chester & Chester, 1998; Savage & Polissar, 2019) because sub-units could
be distinguished by color (Figure 2a). Here, fault zone domains include: basement-side (black) ultracataclasite
(1A), the PSZ (1B), and Punchbowl Fm-side (brown) ultracataclasite (1D). The fault architecture at site EA20-2
was comparatively homogeneous and lacked obvious sub-domains, so we collected a single fault core gouge
sample (hereinafter referred to as “gouge”; sample 2B; Figure 2b). Crystalline basement samples (1C and 2A;
Figures 2a and 2b) were slabbed with a water-cooled saw perpendicular to the fault core contact at 1-cm intervals
to create subsamples at <1 cm, 1-2 cm and >2 cm away from the fault zone interface (samples 1C-1, 1C-2, 1C-3,
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Figure 2. Field photos and schematic diagrams of sample transects at sites (a) EA20-1 and (b) EA20-2; specific sample IDs noted. (c), (d) Individual zircon (U-Th)/He
(ZHe) dates and (e), (f) corresponding Th/U ratios for samples at sites EA20-1 and EA20-2, as well as sample EA20-3A as a function of distance from the center of the
fault zone. Date error bars are 2¢ analytical uncertainty. UC = ultracataclasite; PSZ = principal slip zone; Fm = formation.

and 2A-1, 2A-2, and 2A-3, respectively). Sample 3A consists of undeformed Punchbowl Fm ~100 m north of
the PF (Figure 1).

Accessory phases were isolated using standard crushing methods, including mortar and pestle for more friable
samples, hand washing, and magnetic separation techniques in the Utah State University Mineral Microscopy and
Spectroscopy Lab (M2SL). Heavy liquid separation and a second and final magnetic separation was performed at
Zirchron, LLC. We targeted a subset of samples for ZHe analysis including the PSZ (1B), gouge (2B), basement
(1C-1, 1C-3, 2A-1, 2A-3), and Punchbowl Fm (1E, 3A), because of inferences about the presence and absence
of friction-generated heat from biomarker data (Savage & Polissar, 2019). Each sample yielded limited, whole
zircon grains and numerous apatite fragments, but whole apatite grains required for (U-Th)/He analysis were only
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Figure 3. (a) Individual ZHe date as a function of eU, classified by sample. eU concentration calculated based on grain dimensional mass. (b) Apatite (U-Th)/He
(AHe) date as a function of eU for Punchbowl Formation (Fm) sample 3A. eU concentration calculated from Ca-based mass (Guenthner et al., 2016). Error bars in A
and B are 26 analytical uncertainty (hidden behind ZHe data points). (c) Plane-polarized light stereoscopic images of zircon grains analyzed in this study.

present in Punchbowl Fm sample 3A. Zircon grains were selected following the approach of Ault et al. (2018) to
encapsulate the range of visual metamictization in each sample.

Zircon and apatite grains were imaged and measured using a stereoscope and Leica software, and loaded into
1 mm Nb tubes in the M2SL. All grains were analyzed for U, Th, and He, and Sm and Ca was also measured for
apatite at the Arizona Radiogenic Helium Dating Lab (ARHDL) at the University of Arizona following standard
apatite and zircon degassing, spiking, and dissolution protocols (Reiners, 2005). Apatite fragments from samples
1C-2,1B, 1D, 1E, 2A-3, 2A-2, and 2A-1 were analyzed for AFT thermochronometry at the Arizona FT Lab. ZHe,
AHe, and AFT analytical details are provided in the Supporting Information S1.

4. Thermochronometry Results

We acquired 45 individual zircon ZHe dates from eight samples (Figures 2 and 3, and S1 in Supporting Informa-
tion S1; Table 1), six individual AHe dates from one sample (Figure 3; Table S2 in Supporting Information S1),
and AFT dates from eight samples (Tables S3 and S4 in Supporting Information S1). For ZHe and AHe results,
we report the unweighted sample mean and 1o standard deviation of the mean for samples with <20% standard
deviation. For sample dates >20% standard deviation of the mean, we report the range of individual dates with
2c analytical error (Flowers & Kelley, 2011). We report AFT dates as the central date +1c standard devia-
tion (Galbraith, 1990). Across the whole dataset, zircon grains selected for ZHe analysis range from faceted,
clear grains to honey to light brown, translucent grains with rounded tips (Figure 3c). It is difficult to evaluate
the relationship between visual metamictization and eU concentration in our samples because there is limited
intra- and inter-sample eU variability and, with a few exceptions, most grains exhibit low visual metamictization
(Figure 3c).

Mean ZHe dates from basement samples are 23.7 + 1.1 Ma (1C-3, n =5) with 136-239 ppm eU and 25.1 + 3.5 Ma
(2A-3, n =5) with 97-316 ppm eU (Figures 2c, 2d and 3a). Samples 1C-1 and 2A-1 have individual ZHe dates of
14.7 £ 0.5Ma-29.0 £ 0.8 Ma (1C-1,n=6) over 119-212 ppm eU, and 10.7 + 0.3 Ma-28.4 + 0.8 Ma (2A-1,n=6)
over 97-386 ppm eU, respectively (Figures 2c, 2d and 3a). The Th/U ratio ranges for all basement samples are
the highest of the data set, ranging from 0.41 to 0.66, with two outliers of 0.29 in sample 1C-3 and 0.74 in sample
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Table 1
Zircon (U-Th)/He Thermochronometry Data From Sites EA20-1 and EA20-2, as Well as Sample EA20-3A Along the Punchbowl Fault, CA

Mass®  RsP ¢ 14 +lo Th +lo eUe “He +lo Raw Date  Error¢  Corr. Date  Error®
Sample  (pg) (um) (um) (pm) Umg) (g) (g) (g) (ppm) (pmol) (pmol)  Ft' (Ma) (Ma) (Ma) (Ma)
EA20-1C-3, crystalline basement
z1 1.5 33.5 27 135 0.302 0.004 0.190 0.003 254 0.028 0.000 0.70 14.8 0.2 22.9 0.3
72 3.6 48.9 40 180 0.716 0.010 0.435 0.006 207 0.078 0.001  0.78 17.6 0.2 23.5 0.3
23 4.7 533 45 187 0931 0.013 0.263  0.004 191 0.097 0.001  0.80 18.0 0.3 234 0.3
74 4.6 55.4 48 181 0.899 0.013 0.375 0.005 192 0.106 0.001  0.80 19.8 0.3 25.5 0.4
z5 23 44.5 38 136 0.284 0.004 0.136  0.002 117 0.028 0.000 0.77 16.7 0.2 23.0 0.3
EA20-1C-1, crystalline basement
z1 1.1 325 27 122 0.219 0.003 0.105 0.002 211 0.017 0.000  0.69 12.8 0.2 20.0 0.3
72 0.8 30.4 26 109 0.099 0.001 0.039 0.001 110 0.005 0.000  0.69 9.0 0.1 14.7 0.2
z3 0.9 31.9 27 104 0.097 0.001 0.052 0.001 108 0.007 0.000  0.69 12.5 0.2 19.7 0.3
74 1.9 42.6 37 124 0.270  0.004 0.140 0.002 131 0.020 0.000 0.76 12.1 0.2 17.0 0.2
z5 1.5 423 38 123 0.219 0.003 0.109 0.002 111 0.019 0.000 0.76 14.1 0.2 19.7 0.3
26 0.7 27.8 23 104 0.105 0.002 0.076 0.001 164 0.011 0.000  0.66 16.9 0.2 29.0 0.4
EA20-2A-3, crystalline basement
z1 1.5 40.1 34 138 0.131 0.002 0.080 0.001 732 0.011 0.000 0.74 14.1 0.2 20.2 0.3
72 1.3 39.8 36 114 0321 0.005 0.185 0.003 201 0.032 0.000 0.74 16.0 0.2 23.0 0.3
73 2.5 44.0 37 143 0.713  0.010 0.331  0.005 292 0.081 0.000 0.76 19.0 0.3 26.3 0.4
74 1.3 37.8 172 108 0.308 0.004 0.143  0.002 294 0.036 0.000 0.74 19.5 0.3 28.6 0.4
z5 1.5 38.5 32 136 0.381 0.006 0.183  0.003 221 0.043 0.000 0.73 19.0 0.3 27.6 0.4
EA20-2A-1, crystalline basement
z1 1.2 53.8 44 221 0.099 0.001 0.063 0.001 21.0 0.005 0.000 0.79 8.3 0.1 10.7 0.2
22 0.8 61.9 49 236 0.172  0.003 0.078 0.001 219 0.014 0.000 0.82 14.1 0.2 17.6 0.2
73 3.7 48.7 41 170 0.791 0.011 0.337 0.005 228 0.080 0.000 0.78 17.1 0.2 22.8 0.3
74 6.0 48.9 42 162 1.038 0.015 0.445 0.006 325 0.131 0.001  0.78 21.3 0.3 284 0.4
z5 1.5 71.7 69 218 0.515 0.007 0.237 0.003 57.1  0.063 0.000 0.85 20.5 0.3 24.5 0.3
26 2.5 66.9 59 198 0.478 0.007 0.293  0.004 83.3  0.062 0.000 0.83 20.9 0.3 25.7 0.3
EA20-1E, Punchbowl Fm.
zl 44 54.7 47 196 2.151 0.031 0.248 0.004 428 0.482 0.003  0.80 40.4 0.6 52.0 0.8
72 44 52.6 43 201 4.024 0.058 0.490 0.007 851 1.104 0.007  0.79 49.3 0.7 64.1 1.0
73 52 55.2 45 209 2.857 0.041 0.399 0.006 515 0.355 0.002  0.80 223 0.3 28.6 0.4
74 6.0 55.7 49 205 3.481 0.050 0.340 0.005 587 0.787 0.005 0.80 40.9 0.6 524 0.8
z5 5.5 59.6 49 226 1.606 0.023 0.158 0.002 239 0.325 0.001  0.81 36.6 0.5 46.1 0.7
EA20-3A, Punchbowl Fm.
z1 0.0 64.2 52 261 4.578 0.067 0.696 0.010 515 1.209 0.003  0.82 47.1 0.7 58.3 0.8
72 0.0 80.4 67 303 2722 0.040 1.438 0.020 182 0.286 0.004  0.85 17.3 0.3 20.5 0.4
73 0.0 67.1 53 294 2424 0.035 1226 0.018 239 0.540 0.004 0.83 36.8 0.5 452 0.6
74 0.0 65.6 54 246 17946 0262 2727 0.039 1945 4.906 0.021  0.83 48.8 0.7 60.1 0.9
z5 0.0 66.7 51 342 2213 0.033 1432 0.020 195 0.640 0.003  0.82 46.4 0.6 57.1 0.8
EA20-1B, PSZ
z1 1.3 35.6 29 136 0.422 0.006 0.094 0.001 299 0.033 0.000 0.71 13.7 0.2 20.5 0.3
22 1.2 33.1 27 144 0.840 0.012 0.223  0.003 658 0.202 0.001  0.69 41.8 0.6 64.7 0.9
73 1.2 34.1 27 132 1.038 0.015 0.102 0.001 756 0.228 0.001  0.70 39.7 0.6 60.3 0.9
ARMSTRONG ET AL. 8 of 20



A7t |

M\\JI Geochemistry, Geophysics, Geosystems 10.1029/2021GC010291

AND SPACE SCIENCE
Table 1
Continued

Mass®  RsP e 14 +loc Th +loc eUe “He +loc Raw Date  Error®  Corr. Date  Error®

Sample  (pg) (um) (pm) (pm) Ung) (ng) (ng) (ng)  (ppm) (pmol) (pmol)  Ft' (Ma) (Ma) (Ma) (Ma)
74 1.5 41.7 37 122 1.659 0.024 0.200 0.003 1081 0.402 0.002  0.76 43.5 0.6 61.0 0.9
z5 1.3 37.5 32 116 1.099 0.016 0.168 0.002 703 0.073 0.000 0.73 11.9 0.2 17.4 0.3
z6 1.0 32.4 26 757 0.525 0.008 0.195 0.003 455 0.077 0.000 0.73 25.1 0.4 39.3 0.6
z7 2.5 46.1 41 134 1.954 0.028 0.243  0.004 947 0.682 0.004  0.78 62.5 0.9 84.6 1.2
EA20-2B, fault core gouge (undifferentiated)
z1 4.7 53.8 44 121 1.164 0.017 0.174  0.003 223 0.202 0.001  0.73 31.1 0.4 40.2 0.5
z2 7.5 61.9 49 236 1.097 0.016 0.309 0.005 135 0.210 0.001  0.82 33.2 0.4 41.4 0.6
z3 3.1 48.7 41 170 0.649 0.009 0.199 0.003 182 0.105 0.000 0.77 28.0 0.4 37.3 0.5
74 3.1 49.3 42 162 1.241 0.018 0.223  0.003 461 0.193 0.000 0.78 27.6 0.4 36.6 0.5
z5 7.4 71.3 69 218 0.878 0.013 0.274 0.004 703  0.104 0.000 0.85 20.5 0.3 24.5 0.3
76 6.3 66.7 59 198 2.014 0.029 0.532 0.008 245 0.346 0.001  0.83 29.9 0.4 36.8 0.5

aDimensional mass calculated from grain measurements. *Equivalent spherical radius. °r = grain half-width. 91 = grain length. °eU calculated as [U] + 0.235 *[Th],
Shuster et al. (2006). ‘Ft = alpha ejection correction of Hourigan et al. (2005). #Error = 1o analytical uncertainty propagated from the U, Th, He contents and grain
length measurements.

1C-1 (Figures 2e and 2f). Punchbowl Fm samples yield individual ZHe dates of 28.6 + 0.9 Ma—-64.1 + 1.9 Ma
(1E, n =15) and 20.5 + 0.4 Ma—60.1 + 0.9 Ma (3A, n = 5; Figures 2c and 3a). These samples have broader eU
ranges of 298-948 ppm and 182-1,945 ppm, respectively (Figure 3a). Zircon grains in Punchbowl Fm sample 1E
have Th/U ratios of 0.10-0.14 and sample 3A yields a Th/U ratios of 0.16-0.66 (Figure 2e).

Individual ZHe dates from PSZ sample 1B range from 17.4 + 0.5 Ma to 84.6 + 2.5 Ma (n = 7), with eU concen-
trations ranging from 345 to 1,102 ppm. Fault gouge sample 2B yields a mean date of 36.1 + 6.0 Ma (n = 6), with
a narrow eU range of 128417 ppm (Figures 2c, 2d and 3a). The Th/U ratios for fault gouge samples 1B and 2B
are 0.10-0.38 and 0.15-0.32, respectively (Figures 2e and 2f). Across all samples, there are no obvious intras-
ample trends between ZHe dates and equivalent spherical radius (Rs), a proxy for zircon grain size and another
potential source of date variation data (Figure S1a in Supporting Information S1).

AHe and AFT analyses from a subset of samples provide a comparison to ZHe results. Individual AHe dates
from the Punchbowl Fm sample 3A are 3.0 + 0.8 Ma-5.5 & 0.8 Ma (n = 5) with 17-157 ppm eU (Table S2 in
Supporting Information S1). There is no trend between AHe date and Rs (Figure S1b in Supporting Informa-
tion S1). Most samples analyzed for AFT thermochronometry are plagued by low apatite yield and grains with
minimal tracks, resulting in large individual grain-level and sample-level uncertainties. Nevertheless, our AFT
data can still inform general thermal histories by exploiting intra- and inter-sample data pattern scatter. We report
seven AFT central dates (Tables S3 and S4 in Supporting Information S1). The central date for sample 1C-2 is
18.1 £ 13.2Ma (n =4), 2A-3is 8.7 £+ 8.8 Ma (n =4), 2A-2is 10.1 + 4.2 Ma (n = 10), 2A-1 is 16.5 + 17.0 Ma
(n=2),1Eis 122+ 1.5Ma(n=18),1Bis 18.4+ 7.2 Ma (n=3), and 1D is 9.0 + 9.1 Ma (n = 5; Tables S3 and
S4 in Supporting Information S1).

5. Zircon (U-Th)/He Data Patterns and Preliminary Interpretations

Zircon (U-Th)/He data from all samples define a positive date-eU trend from ~10 to 60 Ma and ~20-700 ppm eU
with a plateau at ~65 Ma at >700 ppm eU (Figure 3a). Importantly, data from the PSZ and gouge are part of
the overall ZHe date-eU pattern (Figures 2 and 3a). Prior work indicates that exhumed PF rocks experienced
peak burial conditions of ~110°C (Polissar et al., 2011). At these ambient temperatures, the kinetics of the ZHe
system should be sensitive to friction-generated heat from earthquakes that ruptured through present-day expo-
sures as indicated by biomarker results (Savage & Polissar, 2019). If these events occurred between ~4 and 1 Ma
(Coftey, Savage, et al., 2019; Schulz & Evans, 1998, 2000), then the antiquity of the ZHe dates from the PSZ and
gouge (>4 Ma) and the ZHe date-eU pattern defined by all grains regardless of position within or outside the PF
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indicates that the PSZ and gouge grains did not experience complete (i.e., >90%) He loss at that time or we would
expect all grains to have dates <4 Ma regardless of eU. We note that there is some second order scatter around this
overall ZHe date-eU trend that may reflect U and Th zonation, a variable we cannot constrain because the grains
were consumed during (U-Th)/He analysis (Guenthner et al., 2013). ZHe data from the Punchbowl Fm are from
detrital grains, and inherited He and radiation damage (cf. Guenthner et al., 2015) may contribute to this disper-
sion. Interestingly, one PSZ analysis (~17 Ma, 703 ppm eU) appreciably deviates from our observed date-eU
trend. This may be explained by partial He loss during coseismic temperature rise, which we will explore further.

The ZHe date-eU pattern also indicates that PSZ and gouge zircon grains share elements of a common thermal
history with material outside the PF. Although basement zircon crystals yield a restricted range of low eU values
(<400 ppm), their ZHe dates are similar to Punchbowl Fm ZHe dates over the same eU values (Figure 3a).
This implies some Punchbowl Fm grains could be sourced from the adjacent basement or more distal units of
similar age and chemistry. Across all samples, most zircon grains have generally low (<500 ppm) to moderate
(500-1,200 ppm) eU values, and low visual metamictization (Figure 3c; cf. Ault et al., 2018). These observa-
tions strongly suggest that grains have low accumulated radiation damage, but Raman spectroscopy is required
to confirm this (Ginster et al., 2019; Nasdala et al., 2004). The positive ZHe date-eU pattern is characteristic
of grains with low accumulated damage (Guenthner et al., 2013). Basement and Punchbowl Fm zircon grains,
and PSZ and gouge grains sourced from these units, are likely Phanerozoic in age. If grains were Proterozoic or
Archean, we might anticipate an inverse ZHe date-eU relationship across moderate eU values, owing to the old
age of the grains and/or long duration(s) at temperatures low enough for damage to accumulate (Ault et al., 2018;
Guenthner et al., 2013). We do not know the crystallization age of the basement and more work is required to
inform this, however prior detrital zircon U-Pb geochronology of Punchbowl Fm grains indicates the presence
and dominance of Phanerozoic zircon (Coffey, Savage, et al., 2019; Hoyt et al., 2018; Ingersoll et al., 2013).

AHe and AFT thermochronometry data provide important constraints on the thermal history of the PF and Punch-
bowl Fm. AHe dates from Punchbowl Fm sample 3A are uniform at ~4 Ma over ~180 ppm spread in eU, indicating
rapid cooling of the Punchbowl Fm adjacent to the PF at that time (Figure 3b). Assuming this phase of exhumation
is related to fault slip and transpression on the PF, these dates may represent the best timing constraint of broader
PF activity. Robust interpretation of AFT results is hindered by low apatite and track yields (Tables S3 and S4 in
Supporting Information S1). However, AFT dates show intrasample scatter and sample central dates do not pass
the X? test, suggesting different AFT date populations likely reflecting partial resetting over their long-term thermal
history. The lack of complete track annealing in sample 1E, characterized by the highest grain yield, indicates the
Punchbowl Fm did not experience ambient temperatures >110°C since ~12 Ma, which is consistent with biomark-
er-derived estimates of burial temperatures of the Punchbowl basin and prior AFT dates from basement rocks imply-
ing partial resetting (Blythe et al., 2000; Polissar et al., 2011). Assuming a geothermal gradient of ~30°C/km and
surface temperature of 20°C, this indicates our Punchbowl Fm sample was buried ~3 km since the basin developed.

Zircon Th/U values are useful for identifying the source of material in the PSZ and gouge (Figures 2c and 2d;
Table 1). Punchbowl Fm samples (1E, 3A) yield Th/U values of 0.10-0.16 and >0.52, with a notable gap in
between these Th/U ranges. Basement samples (1C-1, 1C-3, 2A-1, 2A-3) have Th/U > 0.29. At site EA20-1, the
Th/U ratios of four grains from PSZ sample 1B overlap with values from Punchbowl Fm sample 1E. The other
three grains from sample 1B have Th/U values that overlap with those of basement samples. These relationships
require that the PSZ comprises material from both the Punchbowl Fm and the basement. Interestingly, at site
EA20-2, the Th/U of gouge grains (2B) do not overlap with those of adjacent basement samples (2A-3, 2A-1). If
grains within gouge are derived solely from immediately-adjacent wall rock, then the Punchbowl Fm is the source
of material at site EA20-2. This is consistent with the greater fracture intensity and erodibility of the Punchbowl
Fm (Dor et al., 2006) and biomarker evidence for mixing of the Punchbowl Fm into the basement-side black ultra-
cataclasite (Savage & Polissar, 2019). Alternatively, these PF Th/U values reflect that the grains are not sourced
from the immediate wall rock, requiring >m-scale lateral translation of material along the PF during fault slip.

6. Characterization of the Background Thermal History
6.1. Modeling Approach and Setup

In order to determine coseismic temperatures along the PF with our ZHe data and to compare our results with previ-
ously published biomarker data, we first constrain the background time-temperature (tT) history by leveraging
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Figure 4. (a) End-member time-temperature (tT) paths for the Punchbowl
Fm. (b) Predicted ZHe date-eU curves for Punchbowl Fm grains with colors
corresponding to tT paths in (a) and observed ZHe date-eU patterns for the
Punchbowl Fm (samples 1E, 3A). (c) Predicted AHe date-eU curves and
observed AHe date-eU patterns for Punchbowl Fm sample 3A. Models use
mean equivalent spherical radius (Rs) for sample 1E and 3A zircon and 3A
apatite, and curve envelopes are 20 standard deviation of Rs for zircon and

apatite, respectively.

(42 + 10 pm).

We consider end-member tT scenarios based on available geologic constraints
and inferences from our observed date-eU patterns. Figure 4a illustrates our
five candidate tT paths. Paths begin at either 150 Ma (paths 2, 3) or 65 Ma
(paths 1, 4, 5), owing to the likely range of crystallization ages of our zircon
grains from observed minimal visual metamictization and peaks in detrital
zircon U-Pb age data (Hoyt et al., 2018; Ingersoll et al., 2013). The ZHe
date plateau at ~60—65 Ma over a broad range of eU values suggests grains
cooled rapidly, and thus, paths 2-5 cool rapidly to near-surface temperatures
at ~65 Ma. We also explore a scenario in which the zircon grains cool mono-
tonically from ~600°C to 0°C at 12 Ma (path 1).

To evaluate the role of reheating events in development of the observed posi-
tive ZHe date-eU pattern, paths 3 and 5 include a reheating event prior to
12 Ma and paths 2 and 4 do not. For simplicity, paths 3 and 5 are characterized
by reheating to 150°C symmetric around ~35 Ma. All paths share a common
tT history after 12 Ma. They are at the surface (0°C) at 12 Ma, reflecting the
unconformity between the San Francisquito and Punchbowl Formations and
deposition of the Punchbowl Fm at ~12.5-8.5 Ma (Liu, 1990). Temperatures
peak at 110°C at 5 Ma, representing Punchbowl basin burial, consistent with
our partially reset AFT data and prior biomarker work (Polissar et al., 2011).
Finally, all paths cool after 5 Ma, reflecting exhumation during the time the
PF is thought to be active. Details of our forward model setup, including
model inputs and tT constraints, are reported in Table S5 in Supporting Infor-
mation S1 following the reporting protocol of Flowers et al. (2015).

6.2. Model Outcomes and Implications

Model-generated ZHe and AHe date-eU curves from each prescribed tT path are compared with Punchbowl
Fm ZHe data and AHe data (Figure 4). Paths with two reheating events best predict the observed ZHe and AHe
date-eU patterns. Specifically, tT histories with two reheating events (paths 3, 5) reproduce the observed steep
positive ZHe date-eU trend at <700 ppm eU, the ZHe date plateau at ~60—-65 Ma at >700 ppm eU, and uniform
~4 Ma AHe dates regardless of eU (Figures 4b and 4c). In contrast, paths 2 and 4, which remain at surface

temperatures between 65 and 12 Ma, predict ~65 Ma ZHe dates at >100 ppm eU, which are older than what is

observed. These paths also predict markedly older AHe dates at high eU than the observed AHe results. Mono-

tonic cooling since ~150 Ma (path 1) yields a ZHe date-eU plateau that is too young relative to observed data. In
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Figure 5. Predicted ZHe date-eU curves for principal slip zone (PSZ) and gouge grains with hypothetical temperature
“spikes” simulating coseismic friction-generated heat events superimposed on the representative background tT path (path 3
in Figure 4) in HeFTy. 100 earthquake events are represented as ~30 s temperature spikes that are 1,000 years apart beginning
at 5 Ma. The temperature spikes in each model are 500°C, 600°C, 700°C, 800°C, or 900°C (red, orange, green, blue, purple,
respectively). The predicted ZHe date-eU curve with no earthquake temperature rise (black) is shown for reference. Observed
ZHe date-eU patterns for the PSZ and gouge (samples 1 and 2B, respectively) are shown. Models use mean equivalent
spherical radius (Rs) for sample 1 and 2B zircon and curve envelopes are 2¢ standard deviation of Rs.

addition, it is geologically unlikely that detrital Punchbowl Fm grains were not exposed at the surface since the
time of crystallization. In summary, models indicate detrital grains comprising the Punchbowl Fm experienced
an initial Eocene-Oligocene reheating event prior to deposition of the Punchbowl Fm and subsequent reheat-
ing during Punchbowl basin development. The exact timing, duration, and geologic significance of the initial
Eocene-Oligocene heating event is not known. The transition from burial during Punchbowl basin development
to exhumation and basin inversion may reflect a change from regional transtension to transpression and oblique
slip along the PF.

Thermal history models also support the inference that zircon grains from the Punchbowl Fm are likely Phanero-
zoic. Reproducing the observed ZHe date-eU pattern is challenging if the grains are Precambrian and experienced
prolonged residence at near-surface conditions (Figure S2 in Supporting Information S1). If analyzed grains were
Precambrian, then it would require that they resided for a substantial period of geologic time before ~65 Ma at
>200-500°C, or temperatures where they would not accumulate radiation damage to be compatible with the lack
of visual metamictization (Ault et al., 2018; Ginster et al., 2019; Guenthner et al., 2013). Prior thermochronom-
etry studies indicate most Proterozoic and Archean crystalline basement in the North American Cordillera has
been previously exhumed prior to ~65 Ma (Ault et al., 2018; DeLucia et al., 2018; Flowers et al., 2020; Jensen
et al., 2018; Johnson et al., 2017; Orme et al., 2016).

7. Evaluating Coseismic Temperature Rise With Numerical Models

Thermochronometry data patterns suggest past coseismic temperature rise on the PF was insufficient to completely
reset ZHe dates from zircon in the PSZ at site EA20-1 and in gouge at site EA20-2. If slip on the PF occurred at
the time of our AHe dates and generated coseismic temperatures sufficient to completely reset the ZHe system,
then we might expect uniform ~4 Ma ZHe dates regardless of eU from these samples, which we do not observe.
Instead, the antiquity of our ZHe dates imply partial to no He loss occurred. Here, we use three different numer-
ical modeling approaches to constrain peak coseismic temperatures and evaluate the effect of partial He loss on
ZHe dates.

7.1. Background Thermal History With Superimposed Temperature Rise

We first model the effect of hypothetical coseismic friction-generated heat due to repeated earthquakes on ZHe
date-eU trends using our background tT path (Figure 5). Because all grains broadly define the same date-eU
pattern, we assume that the background tT path for the Punchbowl Fm (path 3; Figure 4) applies to the PSZ and
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Figure 6. (a) Zircon 90%, 50%, and 10% fractional He loss contours as a
function of the inverse of temperature (T) and time (t) calculated from a
square-pulse heating event. Calculations use activation energy and frequency
factor values from grains with low damage from Guenthner et al. (2013) and
Rs from 27 to 47 pm (light color to dark color, respectively; encompassing
the range of PSZ and gouge grain mean Rs + 26). (b) Enlarged portion of
A, highlighting the relationships of fractional loss contours at earthquake
timescales (1-60 s, gray shaded region).

gouge data as well. We superimpose temperature spikes on path 3 and use
HeFTy to model predicted ZHe dates over a range of eU. Models incorporate
100 earthquake events, which are represented by ~30 s temperature spikes to
500, 600, 700, 800, or 900°C, occurring 1,000 years apart, and beginning at
5 Ma. The temperature pulses last ~30 s because that is the minimum time
interval HeFTy can resolve. The 1000-year recurrence interval allows the
model to return to ambient temperature following each temperature spike.
Models use a Rs of 37 pm (+2s) and eU range of 100-1200 ppm. We again
apply the ZRDAAM (Guenthner et al., 2013) to allow radiation damage accu-
mulation and annealing and He diffusion to evolve as a function of time and
temperature. Details of the model setup are reported in Table S6 in Support-
ing Information S1.

Models yield variable ZHe date-eU patterns depending on the magnitude
of temperature rise (Figure 5). Time-temperature paths with 500-800°C
temperature spikes predict positive ZHe date-eU trends, but with younger
dates at progressively higher eU values with increasing peak temperature.
Temperature spike models result in progressively higher fractional He loss
for any given eU value as the peak coseismic temperature increases. For
example, the 900°C model predicts uniform ~5 Ma dates regardless of eU
because this temperature is sufficient to induce complete He loss from grains
at that time. For comparison, we also model a single earthquake with peak
temperatures of 500-900°C (Figure S3 in Supporting Information S1). These
results illustrate there is negligible He loss when the peak temperature is
800°C or less and modest He loss at peak temperatures ~900°C. Most PSZ
and gouge ZHe dates overlap with the 500 and 600°C predicted ZHe date-eU
trends for models with 100 events. However, two PSZ dates and one gouge
date overlap with the 700°C model and one PSZ date overlaps the 800°C
curve. Although we cannot rule out the effects of U and Th zonation, or
inherited He damage or inherited He in the case of detrital grains, on our
ZHe dates, these comparisons suggest different grains experienced partial He
loss associated with spatially variable coseismic temperatures. We note that
the temperatures required to induce similar magnitudes of He loss would be
higher for shorter heating intervals.

7.2. Fractional He Loss in Variably Damaged Zircon

The prior modeling exercise assumes that we have adequately charac-
terized the background thermal history and is limited by the durations of
peak temperatures that HeFTy can resolve. We therefore consider two addi-
tional approaches to bracket coseismic temperatures with our data. We first
constrain the peak coseismic temperatures by quantifying He diffusion in
zircon for different magnitudes and durations of temperature rise. Figure 6
is a “pseudo-Arrhenius” diagram with contours of zircon fractional (90%,
50%, 10%) He loss for a spherical diffusion domain calculated as a func-
tion of time, temperature, and grain radius for a square-pulse heating event,

where the magnitude and duration of heating are inversely related (Reiners, 2009). We construct 90% and 10%

fractional He loss contours because these percentages are conventionally defined as the upper and lower bounds

of the He partial retention zone (Dodson, 1973) and the 90% contour approximates complete He loss. We use

experimentally-derived diffusion kinetic parameters (activation energy, E, and frequency factor, D) for low

accumulated radiation damage (analogous to Mudtank diffusion kinetics, Table S7 in Supporting Information S1;

Guenthner et al., 2013), because our grains have dominantly low eU values, are likely Phanerozoic age, and have

limited metamictization. We apply an Rs of 27-47 pm, or the mean grain size +20 for PSZ and gouge grains.

For comparison, Figure S4 in Supporting Information S1 illustrates the pseudo-Arrhenius relationships for zircon

grains encapsulating a range of accumulated radiation damage from no damage (Reiners et al., 2004) to medium,
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high, and very high (amorphous) damage (Table S7 in Supporting Information S1; Guenthner et al., 2013). He
diffusion kinetic parameters are derived from diffusion experiments conducted using prograde-retrograde heat-
ing schedules with 10-15 intervals of heating for 90-min to 150 to 500°C (Guenthner et al., 2013; Reiners
et al., 2004).

We consider the temperatures required to induce He loss at earthquake timescale durations (1-60 s), consistent
with heating durations inferred in Savage and Polissar (2019). Because most PSZ and gouge grains define the
same ZHe date-eU trend as grains from outside the PF, calculated temperatures provide an upper bound on
coseismic temperature rise. Temperatures required to induce 90% He loss are ~790-850°C for 1 s, ~670-740°C
for 10 s, and ~600-660°C for 60 s. If grains experienced partial He loss, then temperatures are lower (Figure 6b).
For example, 50% He loss requires temperatures of ~750-810°C for 1 s, ~650-700°C for 10 s, and ~570-640°C
for 60 s. If grains are characterized by moderate damage (purple line in Figure S4 in Supporting Information S1;
analogous to B231 of Guenthner et al., 2013) then they would require temperatures >1,100°C to induce appreci-
able He loss (Figure S4 in Supporting Information S1). Complete He loss at temperatures <600°C requires effec-
tively amorphous grains (i.e., black line in Figure S4 in Supporting Information S1; very high damage analogous
to N17 of Guenthner et al., 2013), which we do not observe in our dated aliquots.

7.3. Shear Heating Model

We next explore fault slip conditions that yield temperatures sufficient to induce He loss in low radiation damage
zircon grains with a model that calculates peak surface temperature rise during an individual earthquake and
corresponding zircon fractional He loss (Text S2 in Supporting Information S1; Fechtig & Kalbitzer, 1966;
Lachenbruch, 1986; McDermott et al., 2017). Models consider a range of displacements (D, 0.1-5 m), slip zone
half-widths (h, 0.005-5 cm) and coefficients of friction (p, 0.12-0.6) for a prescribed velocity (V, 1 m/s). Values
for model parameters encompass those of Savage and Polissar (2019) and are within the expected range for a large
earthquake. Slip zone half-width values reflect observed width of the PSZ (2 cm) at site EA20-1 and the gouge at
site EA20-2 (10 cm), as well as smaller half-widths to consider the likelihood that the deforming layer during any
given event is narrower than present-day color variations preserved in the fault core architecture. The imposed
coefficient of friction spans the measured value for PF gouge material (Kitajima et al., 2010) to values for clay
minerals and Byerlee's coefficient of friction (Byerlee, 1978; Moore & Lockner, 2008). Additional details of the
model setup are described in Text S2 and Table S8 in Supporting Information S1.

Figure 7 illustrates modeled temperatures along a fault surface (depth, z = 0) as a function of displacement and
coefficient of friction (Figure 7a) or slip zone half-width (Figure 7b), together with the temperature-dependent
90%, 50%, and 10% He fractional loss contours. Model results are also shown as % He loss as a function of peak
temperature for specific slip zone half-widths (Figure 7c). Analogous to prior work (e.g., Coffey, Ingersoll, &
Schmitt, 2019; Lachenbruch, 1986; Savage & Polissar, 2019), modeled temperature rise is sensitive to both slip
zone half-width and coefficient of friction. For example, for a given displacement, a thinner deforming zone
yields higher temperatures than a wider deforming zone (Figure 7b). Increasing the coefficient of friction from
0.12 to 0.6 (while holding slip zone half-width constant) yields higher peak temperatures (Figure 7a), and we
suggest that the coefficient of friction of the PF was likely closer to 0.12 (Kitajima et al., 2010) during PF activity.

This model reveals that >90% He loss is achieved when generated temperatures are >725°C for most parameter
combinations relevant for the PSZ at site EA20-1 (Figure 7). For the PSZ, if p and V are constant, then the peak
temperatures associated with 90% He loss range from ~725 to 1,050°C for a slip zone half-width of 1 cm down
to 0.005 cm (Figure 7c¢). If the observed thickness of the PSZ approximates the width of the deforming layer, then
the generated temperatures induce >90% He loss only at the maximum displacement shown (i.e., 5 m). The thick-
ness of the gouge at site EA20-2 approximates an even broader deforming zone (5 cm half-width), and modeled
temperatures (~250°C) induce <10% He loss. For any slip zone half-width, even lower temperatures are required
to induce 50% or 10% loss versus 90% He loss.

Importantly, some ZHe dates deviate from the overall date-eU trend and may reflect partial resetting during
coseismic temperature rise. This is exemplified by the PSZ zircon grain with 703 ppm eU and a ~17 Ma ZHe
date. If we assume that the corresponding ZHe date for this eU value from the background tT history alone
is ~60 Ma (Figures 3a and 4b), then the calculated fractional He loss is 75%—78% if coseismic slip occurred
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Figure 7. Shear heating model results showing peak temperature rise (color scale at right) at fault surface (depth, z = 0)

with 10%, 50%, and 90% fractional He loss contours (black lines) calculated from shear heating (Lachenbruch, 1986) and
fractional loss (Fechtig & Kalbitzer, 1966) equations. Displacement (y-axis) is 0.01-5 m for each model. (a) Model output
varies coefficient of friction (p) from 0.12 to 0.6 (x-axis) and slip zone half-width (h) is 1 cm (representing observed principal
slip zone width of 2 cm at EA20-1). (b) Model output varies h from 0.005 to 5 cm (representing range of h observed in PSZ
and gouge) and p is 0.12. (c) % He loss as a function of peak temperature rise for given h values of 0.005 cm (blue), 0.1 cm
(red), 0.5 cm (yellow), or 1 cm (purple), where velocity (V) is 1 m/s and p is 0.12. Displacement varies. Gray box shows

75%—-78% He loss.
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between ~4 and 1 Ma. The temperature required to induce 75% He loss is ~680°C for a 1 cm half-width slip zone
and ~975°C for a 0.005 cm half-width (Figure 7c¢).

8. Intermethod Comparison and Implications for Punchbowl Fault Evolution

Thermochronometry data patterns and numerical models bracket peak temperatures during earthquake slip along
the PF and provide comparison with biomarker analyses. All samples, regardless of lithology and position rela-
tive to the PF, yield ZHe dates >10 Ma and broadly define a positive ZHe date-eU trend at low eU values with
a plateau in dates at moderate eU values. These data patterns indicate coseismic temperature rise, which likely
occurred between ~4 and 1 Ma, did not induce complete He loss in PSZ and gouge grains during that time.
Thus, PSZ and gouge ZHe results provide an upper bound on coseismic temperature rise and peak temperatures
derived from all three models span 600—1,050°C. Although each of the three modeling approaches has different
assumptions and parameters, model outcomes overlap in a more restrictive temperature range and bracket peak
temperatures to <725-800°C.

Our results reveal general compatibility of estimated coseismic temperatures on the PF derived from ZHe and
biomarker data. Comparison between these two methods with different kinetics is best illustrated by (a) evalu-
ating results from the shear heating model applied here and in Savage and Polissar (2019) and (b) considering
temperatures inferred from a PSZ ZHe date that may have been partially reset because these values do not solely
represent the maxima. Modeled peak temperatures from biomarkers analyses are ~465-620°C for a 1 cm slip
zone half-width and ~815-1,065°C for a 0.005 cm half-width (Savage & Polissar, 2019). Temperatures required
to induce ~75% He loss to explain the PSZ grain at ~17 Ma that deviates from the ZHe date-eU pattern are ~680—
975°C for slip zone half-widths of 1-0.005 cm (Figure 7c). We acknowledge that these ZHe-derived temperatures
appear more restrictive because we are considering a single ZHe analysis, and thus constraint on fractional He
loss. Nevertheless, temperatures overlap between the two approaches even though thermal maturation of organic
matter has a lower activation energy (93 kJ/mol; Savage & Polissar, 2019; Sheppard et al., 2015) than low damage
zircon grains (168 kJ/mol; Table S7 in Supporting Information S1; Guenthner et al., 2013), meaning biomarkers
may be more easily altered than He is lost from zircon of this damage level for a given thermal history.

ZHe model outcomes, together with observations of variable fault-zone width and presence/absence of a PSZ,
imply that the temperature rise can vary over multiple scales. The conditions and mechanics of slip along the PF
likely evolved since the fault initiated, yielding variable coseismic temperatures in space and time (cf. Coffey,
Savage, et al., 2019). With progressive strain localization and fluid-rock interaction, slip zone half-width and
coefficient of friction decrease, but these changes have opposing effects on coseismic temperatures (when hold-
ing velocity and displacement constant). Thus, zircon grains may have experienced variable temperatures owing
to their evolving position in the deforming layer with time or variable peak temperatures in a given location
within a deforming zone. For example, our temperature spike model illustrates that some PSZ and gouge grains
are best fit with peak coseismic temperatures of ~700°C and one PSZ grain overlaps with peak temperatures of
~800°C. This complements inferences from Savage and Polissar (2019), who observed different MPI-4 values
within and across different sample sites indicative of variations in temperature rise along and across strike from
variable slip zone width and localized variations in earthquake properties.

9. Conclusions

Developing new geochemical approaches for documenting cryptic coseismic temperature rise and thus past earth-
quakes along exhumed faults is important because textural and mineralogical evidence for seismic slip, including
the presence of pseudotachylyte, can be overprinted by subsequent deformation and/or fluid-rock interaction.
Robustly quantifying this coseismic temperature rise requires intermethod comparison of paleothermometers
with different kinetics. Here we leverage prior biomarker evidence for friction-generated heat along the Punch-
bowl fault and acquire new ZHe and complementary AHe and AFT thermochronometry data from the same
sample locations. We infer that analyzed zircon grains are low accumulated radiation damage because of their
limited visual metamictization, low to moderate eU, and likely Phanerozoic age. Zircon chemistry reveals that
grains entrained within the PSZ and gouge are derived from both the crystalline basement and Punchbowl Fm
adjacent to the PF.
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Zircon (U-Th)/He data patterns suggest friction-generated heat from past seismic slip on the PF was insuffi-
cient to completely reset ZHe dates in the PSZ and gouge. It is permissible that some PSZ zircon grains may
have experienced up to ~75% He loss (or partial resetting) during coseismic temperature rise, but more data
is required to evaluate this as well as rule out effects of U and Th zonation on ZHe dates. Thermal history
forward models of the Punchbowl Fm bracket the background, long-term thermal history characterized by
two burial events, including the development of the Punchbowl basin. Three different numerical modeling
approaches, each with different inputs and assumptions, in conjunction with ZHe date-eU patterns, collectively
suggest the temperature rise along the PF was <725-800°C for 90% (i.e., near complete) He loss. These peak
temperatures are similar to the temperatures recorded by biomarkers, reflecting broad compatibility between
the two systems.
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