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ARTICLE INFO ABSTRACT

Keywords: Minerals on fault surfaces record fluid-rock interaction, strain, and/or heat during fault slip. Fault-hosted he-
Hematite matite is amenable to (U-Th)/He (He) thermochronometry. Hematite He dates reflect fault-related processes or
(U-Th)/He thermochronometry exhumation, depending on hematite growth above or below the grain-size controlled closure temperature and
i::;i;res processes that promote open system behavior. Deconvolving these phenomena requires multi-scale hematite
Farthquake textural characterization and constraints on the ambient thermal history from conventional thermochronometry.

Two examples of this approach include investigations of hematite-coated fault surfaces from exhumed damage
zones in the seismically active Wasatch fault zone (WFZ), UT, and Painted Canyon fault (PCF) paralleling the
southern San Andreas fault, Mecca Hills, CA. WFZ fault mirrors preserve sub-pm-scale polygonal grain textures
and hematite He data patterns that, together with host-rock apatite He data, are consistent with localized
friction-generated heat, hematite He loss, and hematite recrystallization during damage zone seismicity <4.5 Ma.
In contrast, PCF hematite slip surfaces comprise foliated, nm-thick, high-aspect ratio plates, analogous to scaly
clay fabrics, and hematite He dates record syn-kinematic mineralization episodes ~0.7-0.4 Ma via creep pro-
cesses. These case studies highlight the power of integrated hematite textural observations and targeted fault

Aseismic slip

rock thermochronometry to inform the timing and conditions of seismic to aseismic slip processes.

1. Introduction

Documenting the broad spectrum of fault behavior in space and time
anchors efforts to constrain fault mechanics, the rheology of Earth ma-
terials, and heat and mass transfer through Earth’s crust (Huntington
and Klepeis, 2018; Laubach et al., 2019). Faults slip at a range of ve-
locities from creep to episodic slow slip and/or tremor to seismic slip (e.
g., Heaton, 1990; Beroza and Mikumo, 1996; Rogers and Dragert, 2003;
Obara et al., 2004; Rousset et al., 2019). Deformation over this range of
slip rates modifies the thermal, mechanical, and chemical properties of
fault rocks (e.g., Sibson, 1981; Caine et al., 1996; Niemeijer et al., 2012;
Rowe and Griffith, 2015). Evolving material properties may impact
subsequent fault slip rates, deformation mechanisms, and the distribu-
tion of deformation in a fault zone (Tenthorey et al., 2003; Savage and
Brodsky, 2011; Mitchell et al., 2016; Ault et al., 2019a).

Exhumed fault rocks provide a record of these processes and a
platform to connect geophysical, geochemical, and geomechanical ob-
servations of deformation (e.g., Rowe and Griffith, 2015, and references
therein). Minerals in fault zones record strain, friction-generated heat,
fluid circulation, and/or mineralization associated with deformation
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and are targets for dating fault slip (e.g., Nuriel et al., 2012; Ault et al.,
2015). Radioisotopic methods used to directly constrain the timing of
brittle fault processes include “°Ar/3°Ar and K-Ar dating of neo-formed
clay in fault gouge (Vrolijk and van der Pluijm, 1999; van der Pluijm
et al., 2001; Zwingmann and Mancktelow, 2004; Haines and van der
Pluijm, 2008; Duvall et al., 2011; Fitz-Diaz and van der Pluijm, 2013;
Scheiber et al., 2019) and pseudotachylytes (Magloughlin et al., 2001;
Cosca et al., 2005; Sherlock et al., 2009; Di Vincenzo et al., 2013), as
well as U-Pb and U-Th analyses of synkinematic carbonate and opal
(Verhaert et al., 2003; Uysal et al., 2007; Watanabe et al., 2008; Nuriel
et al., 2011, 2017; 2019; Rittner and Muller, 2011; Roberts and Walker,
2016; Pagel et al., 2018).

Low-temperature thermochronometry of minerals formed in or
deformed by faults also offers the potential to document the timing and
temperature of brittle fault zone processes. Conventional low-
temperature thermochronometry, such as apatite and zircon (U-Th)/
He and fission-track dating, quantifies the movement of rocks through
the Earth’s subsurface owing to the low temperature sensitivity (or
closure temperature, T, <300 °C) of these systems. Variations in
bedrock  low-temperature  thermochronometry dates and/or
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Fig. 1. (A) Simplified geologic map of the North American Cordillera showing locations of hematite-coated fault examples hosted in crystalline basement and
sedimentary rocks shown in field photographs, B-G. (B) Striated, metallic hematite slip surface with co-occurring with calcite; eastern Denali fault zone, Yukon
Territory, Canada (Caine et al., 2013; McDermott et al., 2019). (C) Hematite fault mirror (FM); southern Brigham city segment, Wasatch fault zone, UT (Evans et al.,
2014; Ault et al., 2015; McDermott et al., 2017). (D) Striated, metallic hematite slip surface; Front Range fault zone, Morrison, CO (Ault et al., 2019b). (E) Striated,
localized hematite “lens” on bedrock fault scarp; Hurricane fault, La Verkin, UT (Taylor et al., 2019). (F) Striated, metallic hematite slip surface; Painted Canyon fault
zone, southernmost San Andreas fault system, Mecca Hills, CA (Moser et al., 2017). (G) Hematite FM; Sandia Mountains, NM (Channer, 2017). Dashed white lines

denote slickenline orientation(s).

extrapolated cooling rates can broadly bracket the timing of fault slip
(Stockli et al., 2000; Wells et al., 2000; Ehlers and Farley, 2003;
d’Alessio and Williams, 2007; Colgan et al., 2008; Bidgoli et al., 2015;
Curry et al., 2016; Abbey and Niemi, 2018; Collett et al., 2019; Heineke
et al., 2019). These approaches assume that cooling reflects tectonic
exhumation, which may not always be the case. Helium diffusion and
fission-track annealing also respond to short duration, high temperature
thermal pulses associated with frictional heating or hydrothermal fluid
circulation in fault zones. For example, shear heating and melting have
been detected with zircon (U-Th)/He (zircon He) and zircon
fission-track (ZFT) thermochronometry (Murakami and Tagami, 2004;
Tagami, 2005, 2012; 2019; Murakami et al., 2006; Tagami and Mur-
akami, 2007; Maino et al., 2015). (U-Th)/He and fission-track ther-
mochronometry also track modern and paleo thermal fluid flow (Tagami
and Murakami, 2007; Wolfler et al., 2010; Gorynski et al., 2014; Hickey
et al., 2014; Reiners et al., 2014; MacNamee and Stockli, 2015; Ault
et al., 2016; Louis et al., 2019; Tagami, 2019).

Hematite is common in fault systems. Hematite precipitates from
fluids present in or circulating through fault damage zones and fault
cores, forming veins and thin coatings on slip surfaces. Fe-oxides, more
broadly, form in a variety of settings in the Earth’s upper crust, such as in
hydrothermal veins, diagenetic cements in sedimentary rocks, and soil
and weathering profiles. Fe-oxides are amenable to (U-Th)/He ther-
mochronometry and this radioisotopic tool has been applied to date
hematite, magnetite, and goethite in diverse crustal environments (e.g.,
Wernicke and Lippolt, 1997; Shuster et al., 2005; Blackburn et al., 2007;
Farley and Flowers, 2012; Evenson et al., 2014; Monteiro et al., 2014;
Farley and McKeon, 2015; Ault et al., 2016; Cooperdock and Stockli,
2016; Miller et al., 2017; Garcia et al., 2018).

Hematite (U-Th)/He (hematite He) thermochronometry is a
powerful tool in fault zones because it offers the potential to not only
directly date deformation, but also inform fault slip temperatures,
deformation mechanisms, and fault strength, when combined with
textural observations. Here I review recent work developing hematite
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Fig. 2. Scanning electron microscope (SEM) images
illustrating diverse fault rock hematite textures and
crystal morphologies. (A) Specular and (B) botryoidal
hematite from fault-related fissure fills, Gower
Peninsula, Wales (Ault et al., 2016). Hematite in
foliated, scaly fabrics from (C) Painted Canyon fault,
southern San Andreas fault zone, Mecca Hills, CA
(Moser et al., 2017) and (D) Kuh-e-Faghan fault,
central Iran (Calzolari et al., 2018). (E) Hematite
cataclasite from a fault mirror (FM), Wasatch fault
zone, UT (McDermott et al., 2017, 2018). (F) Hema-
tite with polygonal grain boundaries from a FM, El
Laco Fe-ore deposit, Chile, (Ault et al., 2019a). (G, H)
Hematite plate width or particle diameter distribution
from C (G) and E (H). Plate half-width or radius
converted to closure temperature assuming Farley
(2018) diffusion kinetics. SE = secondary electron;
BSE = back-scattered electron. x-y-z reference orien-
tation data provided; A-B are unoriented and C-F are
in cross-section.
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He thermochronometry as applied to fault rocks. I first describe the
occurrence, textures, and grain morphologies of hematite in faults, fol-
lowed by a discussion of hematite He systematics. I discuss approaches
to preparing, characterizing, and analyzing hematite for (U-Th)/He
dating, as well as potential hematite He data interpretations from fault
rocks and strategies for discriminating between possible interpretations.
I then provide two examples of an integrated approach combining
textural analysis and (U-Th)/He thermochronometry data patterns that
reveal two different modes of fault slip in two different fault damage
zones: seismic slip on minor faults in the Wasatch fault damage zone,
northern UT, and slow slip on small faults in the Painted Canyon fault
zone that parallels the southern San Andreas fault in the Mecca Hills, CA.

2. Hematite occurrence and textures in fault rocks

Hematite occurs in some fault cores and as mineral coatings on
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discrete slip surfaces in some damage zones (Fig. 1). Fault rock hematite
exhibits diverse textures and grain morphologies (Fig. 2). These textures
reflect the thermal and geochemical conditions, as well as stress state, of
hematite growth and post-formation deformation. Hematite precipitates
from oxidizing fluids present and circulating in subsurface regions of
higher permeability such as faults and fracture networks (e.g., Cornell
and Schwertmann, 2003). The subsurface conditions, geochemical re-
actions, and fluid sources/pathways that control hematite precipitation
are beyond the scope of this review. However, I note that hematite
formation in fault systems occurs over a range of fluid temperatures and
crustal depths (ambient temperatures) from low temperature (T < 100
°C) replacive oxides or textural maturation of ferrihydrite to higher
temperature (T ~100-300 °C) mineralization in hydrothermal systems
(e.g., Cornell and Schwertmann, 2003; Dideriksen et al., 2007). Hema-
tite can also form from oxidation of pre-existing magnetite, pyrite, or
other Fe-bearing phases (e.g., Rosiere and Rios, 2004; Loope et al.,
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2010). Fluid and ambient temperatures and chemistry control, in part,
hematite growth texture (specular vs. botryoidal) and grain size (i.e.,
plate thickness) (Catling and Moore, 2003; Cornell and Schwertmann,
2003).

Hematite in fault veins and breccia cement commonly comprise pm-
thick, elongate specular hematite plates (Fig. 2A; e.g., Ault et al., 2016;
Jensen et al., 2018). These plates may be preferentially aligned or
randomly oriented depending on the stress field and fluid pressure
during mineralization (Morales et al., 2008; Rosiere et al., 2013). Fault
vein hematite can also occur in a dendritic texture with macroscopic
botryoidal lobes comprising intricate, radially-oriented plates (Fig. 2B;
Ault et al., 2016). Pre-existing hematite may be physically or chemically
modified by subsequent deformation via grain-size reduction, recrys-
tallization, and/or fluid-rock interaction. For example, in the Wasatch
fault zone, UT, crystalline basement-hosted specular hematite veins are
rheologically weak compared to the host rock (i.e., granodiorite). Pro-
gressive deformation, grain size reduction, strain localization, and
development of thin slip surfaces occur within these specularite veins
(Ault et al., 2015; McDermott et al., 2017).

Hematite on thin slip surfaces exhibits a variety of textures. Fault
surface fabrics are partially controlled by the grain size distribution and
morphology of the original hematite material and/or the conditions of
synkinematic mineralization (e.g., Rosiere et al., 2013; Moser et al.,
2017; Mazzarini et al., 2019). For example, fault surfaces characterized
by a metallic, burnished, and undulatory macroscopic appearance
(Fig. 1B and 1D) commonly comprise nm-thick, high-aspect ratio he-
matite plates (Fig. 2C and 2D; Moser et al., 2017). These plates can be
randomly oriented, dendritic, or foliated with a shape preferred orien-
tation (SPO) (Calzolari et al., 2018). The foliated hematite texture is
similar to scaly fabrics documented in clays in fault zones (Moore et al.,
1986; Vannucchi et al., 2003; Schleicher et al., 2010; Chester et al.,
2013; Vannucchi, 2019). “Scaly hematite” may deform by individual
plates sliding past one another in a distributed network of slip surfaces
(cf. Tarling and Rowe, 2016) or by dislocation creep (Ferreira et al.,
2016). In contrast, some slip surfaces are characterized by cataclastic
hematite comprising subangular to subrounded particles (Fig. 2E). He-
matite on these surfaces typically originates as pm-thick, elongate
specular plates that fragment and comminute during deformation.
Analogous to clays, there may be a plate thickness below which hematite
does not comminute during fault slip (Moore and Lockner, 2004).

Fault mirrors (FMs) are a type of thin, localized slip surface. FMs are
<1 mm-thick, high-gloss, light-reflective slip surfaces composed of
layered nano- to microparticles that can form at seismic to subseismic
slip rates (Figs. 1C, G; 2E, 2F; Verberne et al., 2013; Siman-Tov et al.,
2015; Pozzi et al., 2018). FMs have been observed in carbonate,
quartzite, granite, chert, and hematite (Power and Tullis, 1989; Fon-
driest et al., 2013; Kirkpatrick et al., 2013; Siman-Tov et al., 2013; Evans
et al., 2014; Ault et al., 2015, 2019a; Kuo et al., 2016; McDermott et al.,
2017). Nano- and microparticles on hematite FMs exhibit a variety of
morphologies from angular cataclastic particles to particles with
polygonal (triple-junction-forming; Fig. 2F) or lobate grain boundaries
(Ault et al., 2015, 2019a; McDermott et al., 2017). Polygonal hematite
grains that lack SPO, crystallographic preferred orientation (CPO), and
discrete grain boundaries may reflect grain growth, annealing and/or
sintering by thermally-mediated processes (Ault et al., 2019a). The
distribution of these particle morphologies relative to the FM surface can
inform fault-slip process. For example, polygonal grains that occur in
pm-scale clusters may reflect the thermal imprint of paleo-asperities (i.
e., asperity flash heating; McDermott et al., 2017). Pervasive polygonal
grains and a FM-surface-perpendicular grain size decrease may collec-
tively indicate grain growth following shear heating and associated
melting across the FM volume (Ault et al., 2019a).
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3. Hematite (U-Th)/He thermochronometry from fault rocks
3.1. Hematite (U-Th)/He systematics

Hematite incorporates U and Th into its crystal lattice at concen-
trations high enough to be precisely quantified (ppb to 100s of ppm;
Wernicke and Lippolt, 1993, 1994a; b, 1997). Analogous to conven-
tional apatite and zircon He dating, hematite He thermochronometry
exploits decay of 238U, 235U, and 232Th, associated alpha particle (*He)
production, and temperature-dependent *He diffusion through the
crystal lattice (e.g., Strutt, 1909; Zeitler et al., 1987; Wolf et al., 1996;
Farley, 2000). Hematite is difficult to date with the U-Pb system due to
common Pb issues and is generally too old to date with U-series
disequilibrium analysis. However, hematite is suitable for (U-Th)/He
analysis because it incorporates negligible initial “He and retains *He
over geologic timescales.

Prior *He/®He diffusion experiments and numerical calculations
applying Density Functional Theory reveal polycrystalline hematite
exhibits polydomain diffusion (Farley and Flowers, 2012; Evenson et al.,
2014; Farley and McKeon, 2015; Balout et al., 2017). “He/°He analysis
quantifies the distribution of *He in a single crystal or polycrystalline
aggregate (e.g., Shuster and Farley, 2004; Shuster et al., 2004; Farley
and Flowers, 2012). Stepwise degassing of an aliquot containing syn-
thetic, uniformly distributed, proton-induced 3He constrains the ‘He
distribution, which is a function of the initial U and Th distribution
(Farley et al., 2010) and the thermal history. The hematite 3He Arrhe-
nius relationship yields information about the aliquot’s diffusion
domain(s) and diffusion kinetics (e.g., Farley and Flowers, 2012; Farley,
2018). Polydomain diffusion from polycrystalline hematite differs from
common (U-Th)/He accessory phases such as apatite, zircon, and
titanite, which are characterized by a single diffusion domain that is the
crystal itself. Polydomain diffusion involves simultaneous He loss from
constituent domains (Farley, 2018). Single-crystal hematite He analyses
and single-crystal diffusion data from different sized crystals confirm
that each hematite crystal in a polycrystalline aggregate is a diffusion
domain (Farley, 2018; Jensen et al., 2018). The transition between open
to closed system behavior, or He retention, is known as the closure
temperature (T.) (Dodson, 1973). The T, for the hematite He system is
~25-250 °C, assuming a 10 °C/Myr cooling rate, and T, increases with
increasing grain (domain) size and cooling rate (Farley and Flowers,
2012; Evenson et al., 2014; Jensen et al., 2018). Thus, variations in bulk
T, of a polycrystalline aliquot are controlled by the grain size distribu-
tion and the post-formation thermal history.

Hematite He geo- and thermochronometry is a method with histor-
ical precedence (Strutt, 1909) and recent applications leverage modern
analytical techniques (e.g., Farley and Flowers, 2012). (U-Th)/He
thermochronometry has now been successfully applied to Fe-oxides
occurring in a variety of settings. For example, hematite He thermo-
chronometry is used to constrain hydrothermal (Wernicke and Lippolt,
1993, 1994a, b, 1997; Lippolt et al., 1995; Farley and Flowers, 2012;
Evenson et al., 2014), diagenetic (Reiners et al., 2014), and deformation
(Ault et al., 2015; McDermott et al., 2017; Moser et al., 2017; Calzolari
et al., 2018) histories. Goethite He and hematite He thermochronometry
have been applied to deep weathering horizons (Shuster et al., 2005,
2012; Heim et al., 2006; Vasconcelos et al., 2013; Monteiro et al., 2014,
2018), supergene alteration (Riffel et al., 2016), and petrified wood and
soils (Lippolt et al., 1998; Yapp and Shuster, 2011). Magnetite He dating
constrains the timing of formation and/or exhumation of intermediate
to mafic volcanic rocks (Blackburn et al., 2007) and serpentinites
(Cooperdock and Stockli, 2016).

3.2. Fault rock sample preparation, SEM analysis, and (U-Th)/He
methods

Hematite is routinely extracted from fault rocks using a rotary tool
and/or fine point tweezers. Aliquots are selected avoiding tool marks, so
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Fig. 3. Potential interpretations of hematite (U-Th)/He (hematite He) thermochronometry data from fault zones. Schematic of a normal fault and hematite aliquot,
with hypothetical associated 120 °C closure temperature (T.). Hematite He dates represents (A) formation age, (B) cooling age, or (C) thermal resetting, depending on
the ambient temperature hematite formed relative to T., and the post-formation thermal and deformation history.

as not to analyze material that could have experienced He loss associ-
ated with sample preparation. Hematite aliquots from fault surfaces are
typically polycrystalline aggregates; rectangular, cubic, or irregular in
shape; and ~100-200 pm-thick. If a fault vein sample is sufficiently
coarse-grained, individual crystals can be isolated using fine-point
tweezers (e.g., Jensen et al., 2018). For fault rock analyses, hematite
aliquots are commonly selected directly from the fault surface itself. A
correction for the fraction of total “He (FT) lost due to alpha ejection
from long alpha stopping distances is usually not applied. This is because
alpha ejection is assumed to be balanced by implantation from adjacent
hematite crystals. For example, hematite from FMs is sampled directly
from the fault surface, as FMs are commonly localized within
coarser-grained specular hematite (Ault et al., 2015, 2019a; McDermott
et al., 2017). Thus, He ejected from the FM surface is balanced by im-
plantation from He on the opposing side of the FM. Striated, metallic,
undulatory fault surfaces may not be localized within hematite and care
is required to isolate material that is >20 pm from both the slip surface
and the hematite-host rock contact. Aliquots with interstitial phases that
are either not He retentive at upper-crustal conditions (e.g., quartz) or
rich in U and Th compared to hematite (e.g., zircon, monazite, chrys-
ocolla; Evenson et al., 2014) should be avoided.

Multi-scale scanning electron microscopy (SEM) is required to
characterize hematite textures, crystal morphology, and grain size dis-
tribution for fault studies. SEM analysis is performed (1) prior to and on
the same aliquots targeted for (U-Th)/He thermochronometry
(McDermott et al., 2017; Jensen et al., 2018) or (2) on different but
representative aliquots in parallel with or after (U-Th)/He analysis (Ault
etal., 2015, 2016; Moser et al., 2017; Calzolari et al., 2018). The benefit
of the former approach is that thermochronometry dates can be linked to
aliquot-specific hematite textures and crystal morphologies as described
in the example in section 5.1. If target material is sufficiently
coarse-grained and robust, individual plates of specular hematite can be
isolated and imaged prior to analysis (Jensen et al., 2018). Poly-
crystalline or single-crystal aliquots are mounted on Cu- or C-based
adhesive tape in cross section. Single plates can also be mounted in
plan-view on adhesive tape affixed to a thin metal plate oriented
perpendicular to and clamped to the SEM-sample holder. Aliquots are
imaged in cross-section under variable pressure or low-vacuum mode.
Alternatively, and owing to the fragile and fissile nature of some he-
matite material, representative hematite aliquots are mounted in
cross-section in epoxy, polished, and imaged under high vacuum. In our
research group’s experience, high-resolution images in excess of
50000x-100000x magnification that capture nano- to microscale he-
matite textures, grain size, and morphology require a field-emission SEM
using epoxy-mounted and polished aliquots. The tradeoff, however, is

that these aliquots cannot be used for (U-Th)/He analysis.

Target aliquots for (U-Th)/He thermochronometry are inserted into
1 mm-diameter Nb tubes for He, U, and Th measurement. This includes
aliquots affixed to adhesive tape, which are carefully removed without
breakage with the aid of ethanol or acetone, to preserve documented
textures and grain morphologies. “He content is determined by laser
heating under vacuum and analysis using a noble-gas quadrupole or
magnetic sector mass spectrometer. In the Reiners’ Arizona Radiogenic
Helium Dating Laboratory at the University of Arizona, for example,
hematite aliquots are heated to temperatures ~<1000 °C with associ-
ated packet “low glow” comparable to temperatures for apatite lasing to
prevent U volatilization (e.g., Vasconcelos et al., 2013). Aliquots are
commonly heated a second time to temperatures slightly greater than
the first extraction or until negligible gas is released. Lasing temperature
and time are always sample-specific and generally a function of crystal
size. Coarse-grained hematite requires higher lasing temperatures and
volatilization can be prevented by extracting *He in vacuo in an Oy-rich
atmosphere (Hofmann et al., 2020). Volatilization is monitored by
evaluating relationships between intrasample dates and associated
Th/U, comparing parent elemental concentrations of degassed and
undegassed aliquots from the same sample, and by weighing Nb packets
prior to and following lasing. Extracted “He gas is spiked with He and
purified using cryogenic and gettering methods. An additional liquid
nitrogen cold finger is used to scavenge reactive gas evolved from an
aliquot during lasing. Degassed packets are dissolved in hydrochloric or
hydrofluoric acid in a pressure digestion vessel (Parr bomb). Following
addition of a 233U-22Th spike, equilibration, and dissolution, U and Th
isotopes are measured via ICP-MS (Reiners, 2005). Hematite He dates
are calculated using the “He, U, and Th content.

4. Hematite (U-Th)/He thermochronometry data interpretation
from faults

4.1. Potential data interpretations

Hematite He thermochronometry dates reflect the conditions of he-
matite formation and the post-formation thermal, compositional, and
mechanical history. This is similar to an apatite He or zircon He date
reflecting the samples’ chemistry and integrated, potentially non-
monotonic, thermal history (e.g., Reiners, 2009; Guenthner et al., 2013;
Flowers et al., 2015). An objective of hematite He thermochronometry
from fault rocks is to decipher fault-specific processes, such as synki-
nematic mineralization or thermal resetting due to friction-generated
heat, from ambient cooling. In other words, a goal is to differentiate
the timing and potentially temperature of fault slip from tectonic
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Fig. 4. (A) Temperature (T) and time (t) required to reset the hematite and apatite (U-Th)/He (hematite He, apatite He) systems. Hematite He 90% fractional loss
contours as a function of time and inverse of temperature, calculated from a square pulse heating event. He calculations use E, = 147.5, 138 kJ/mol; Dy = 3.61E1,
2.2E-04 cm?/s (Farley et al., 1996; Evenson et al., 2014); and 0.5, 0.25, 0.025 pm and 60 pm diffusion domain length scales for hematite and apatite, respectively.
Orange box denotes coseismic temperatures (Lachenbruch, 1986). Modified from Reiners (2009) and Ault et al. (2015, 2016). (B) Thermomechanical model showing
time-temperature history for hematite at fault surface (z = 0 mm) for flash heating at a 20 pm diameter asperity (Lachenbruch, 1986; Rice, 2006). (C) He loss with
distance perpendicular to the fault surface for multiple diffusion domains (r) for 20 pm asperity flash heating scenario in B. Red shaded region is bulk He loss for
dominant 0.1-0.5 pm grain radii in most fault surface aliquots. Dashed line denotes typical ~200 pm aliquot thickness and yellow shaded region denotes full thermal
resetting over dimension typical of most analyzed aliquots. B and C modified from McDermott et al. (2017). (For interpretation of the references to color in this figure

legend, the reader is referred to the Web version of this article).

exhumation or erosion. This is challenging for four reasons. First,
hematite-coated faults in damage zones or fault cores form or are
broadly “active” during exhumation and thus fault-specific and ambient
thermal processes may be coeval and/or related. Second, hematite in
fault systems, and in general, can form over a range of upper crustal
depths and thus ambient temperatures that are above or below its T,
given an initial grain size distribution. Third, aliquots characterized by a
range of grain sizes are sensitive to a range of temperatures and may
retain a “memory” of their pre-deformation history. Fourth, during fault
slip, processes such as cataclasis or pulverization can result in grain size
reduction or comminution (Reches and Dewers, 2005; Stiinitz et al.,
2010). Progressive deformation modifies the diffusion domain
length-scale(s) and thus the T, of an aliquot. Evolution of the diffusion
domain distribution presents both challenges and opportunities. On the
one hand, decreasing grain size means that hematite aliquots may
experience ongoing He loss during exhumation following fault slip,
making it more likely that hematite He dates record ambient cooling. On
the other hand, smaller diffusion domains are more responsive to short
duration, high temperature thermal processes that accompany fault slip.

Hematite He dates from fault zones can be interpreted in several
ways (Fig. 3). First, hematite He dates may reflect “formation ages” if the
hematite precipitates and remains below (i.e., lower T, shallower depth)
its T, (Fig. 3A; e.g., Farley and McKeon, 2015; Ault et al., 2016; Moser
et al., 2017; Jensen et al., 2018). He dates from hematite that mineral-
izes above (i.e., higher T, greater depths) its nominal T. may record
cooling due to subsequent tectonic or erosional exhumation (Fig. 3B; e.
g., Evenson et al., 2014; Calzolari et al., 2018). Finally, hematite on or
adjacent to fault surfaces experiences strain, friction-generated heat,
and fluid circulation associated with fault slip. Hematite He loss due to
reheating from localized fault slip (Ault et al., 2015; McDermott et al.,
2017) or thermal fluid circulation (Ault et al., 2016) at ambient condi-
tions lower than its nominal T, may record the temperatures and timing
of these processes (Fig. 3C). Hematite He dates from fault rocks repre-
senting synkinematic mineralization or rapid cooling from shear heating
or hot fluids directly constrain the timing of a fault-related process.
These interpretations, as described below, are bolstered by textural
analysis.

The diffusion kinetics of the hematite He system can respond to short
duration, high temperature thermal pulses that far exceed the nominal
T. inferred assuming a 10 °C/Myr cooling rate (Ault et al., 2015;

McDermott et al., 2017). For these nonmonotonic thermal histories, the
temperatures required to induce He loss are inversely proportional to
heating duration (Fig. 4A; Reiners, 2009; McDermott et al., 2017). Fig. 4
A illustrates thermal resetting and He loss from hematite for different
time-temperature histories. Contours of 90% fractional He loss are
shown for a square-pulse heating event of different magnitudes and
durations for the range of hematite diffusion domain length scales (plate
half-width, particle radius). During coseismic slip, temperature rise from
work done against friction occurs as bulk fault surface temperature rise
or uniform temperature increase on a fault surface (Proctor et al., 2014),
shear heating in a deforming layer (Ben-Zion and Sammis, 2013), or
asperity flash heating (Archard, 1959; Rice, 2006; Sleep, 2019). The
abrupt temperature rise at an asperity contact occurs because heat
produced by large contact shear stresses cannot sufficiently diffuse away
from the contact during its short lifetime. Thermokinematic models of
asperity flash heating for hematite indicate 20 pm-diameter asperities
achieve temperatures >1200 °C (Fig. 4B) and induce 90-100% He loss
within 200 pm of the fault surface (Fig. 4C) for grain sizes typical of
hematite on a fault surfaces (McDermott et al., 2017).

Fault surfaces are dynamic environments that host a cornucopia of
thermal, mechanical, chemical, and/or fluid-mediated processes (e.g.,
Caine et al., 1996; Rowe and Griffith, 2015; Laubach et al., 2019 and
many others). These phenomena may induce open-system behavior with
respect to parent (U, Th) or daughter (He) components of the (U-Th)/He
system, thus impacting hematite He dates. Open-system behavior can
yield dispersion at intrasample and/or intersample levels depending on
the source of the data varibility. For example, variable U-Th uptake
caused by post-formation reaction with fluids (e.g., Reiners et al., 2014)
can induce both intrasample and intersample scatter, depending on the
variability in the spatial distribution of fluids, fluid chemistry, and the
original hematite U-Th concentration. In addition, fault veins and fault
surfaces are often polymineralic, owing to heterogeneous fluid chemis-
try or multiple fluid episodes. Post-mineralization deformation may
cause mechanical mixing and introduction of host-rock phases into the
deforming volume. In either case, aliquots comprising interstitial phases
with different U-Th concentrations and/or He retentivity than sur-
rounding hematite (Evenson et al., 2014) may impact both the parent
concentration and the He budget, respectively. Varying portions of these
phases in aliquots can yield both intrasample and intersample data
dispersion.
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Fig. 5. (A) Southern Brigham City segment of the Wasatch fault zone (WFZ)
showing location of hematite fault mirrors (FMs) and specularite veins from
McDermott et al. (2017; red squares) and Ault et al. (2015; yellow squares)
analyzed for hematite (U-Th)/He thermochronometry. Blue (McDermott et al.,
2017) and green (Armstrong et al., 2004) circles denote locations of apatite
(U-Th)/He thermochronometry data from undeformed and unaltered Farm-
ington Canyon Complex granodiorite. Digital elevation model using 0.5 m
LiDAR from the Utah Geological Society with Quaternary fault scarps (black
lines) mapped from DEM (McDermott et al., 2017). Insets show location of the
study area (red squares). (B) Field photograph showing specular hematite
beneath a hematite FM. White dashed lines denote slickenline orientation. (For
interpretation of the references to color in this figure legend, the reader is
I;eferred to the Web version of this article).

<

4.2. Strategies for discriminating between different interpretations

Accurate interpretation of hematite He data requires information on
hematite aliquot T, textural characterization, and constraints on the
ambient thermal conditions during and after hematite formation. In
addition to characterizing fault surface textures at the nano- to micro-
scales and hematite crystal morphology, SEM analysis informs an ali-
quot’s grain size distribution, which is used to bracket the range of
potential T.. SEM data also identifies any post-formation thermo-
mechanical alteration or grain size reduction that would reduce the T or
induce He loss in dated hematite aliquots. Hematite plate thickness or
particle diameter are measured to calculate plate half-width or particle
radius, respectively. Typically, >50 randomly-selected hematite crystals
are measured in an SEM image using Image J, noting the minimum,
maximum, mean, and standard deviation of the mean grain sizes. Grain
size values are converted into T, parameters, assuming the correspon-
dence of the physical crystal dimension with the diffusion domain and
known diffusion kinetics, such as those derived from single-crystal ali-
quots reported in Farley (2018). Hematite has an activation energy (E,)
of 171 + 2.5 kJ/mol and diffusivity at infinite temperature (In(Dy)) of
—0.66 + 0.35 cm?/s (Farley, 2018). These values are similar to previ-
ously reported E, and In(Dg) of 157 + 6 kJ/mol and 9.0¥107° cm?/s
(Farley and Flowers, 2012) and 147.5 kJ/mol and 2.2%10~* cm?%/s
(Evenson et al., 2014). For example, Fig. 2G and 2H presents grain size
data and corresponding T, information from hematite shown in Fig. 2C
and 2E, respectively, using Farley (2018) diffusion kinetics. Because
SEM images capture the 2-D crystal (domain) structure of a 3-D volume,
it is permissible that coarser (higher retentivity) or finer (lower reten-
tivity) hematite crystallites are present in an aliquot, and thus this
approach only provides a T, estimate.

Conventional low-temperature thermochronometry, such as apatite
He and apatite fission-track (AFT) data, from nearby and unaltered host-
rock informs the ambient thermal history. The apatite He system is
sensitive to temperatures of ~90-30 °C, depending on the accumulation
of radiation damage in the apatite crystal (Shuster et al., 2006; Flowers
et al., 2009; Gautheron et al., 2009; Shuster and Farley, 2009). The T of
the AFT is ~120-60 °C and varies as a function of apatite chemical
composition (Gallagher et al., 1998; Gleadow et al., 2002). For both
apatite He and AFT, the magnitude of radiation damage and grain
chemistry effects are modulated by the thermal history. Although the
potential hematite He T, range is broad and depends on the grain size
distribution, apatite He and AFT thermochronometry data serve as an
appropriate benchmark for comparison with the hematite He data owing
to the general overlap between the apatite He, AFT, and typical hematite
He T. from fault rocks (e.g., Fig. 2G and 2H). Provided the
sample-specific hematite He T, can be inferred from grain size distri-
bution information, comparison of hematite He with conventional
thermochronometry data informs data interpretations. For example, if
analyzed hematite has an associated T, that is similar to or higher than
the host-rock apatite He T, then hematite He dates older than apatite He
dates track cooling due to tectonic or erosional exhumation. Hematite
He dates younger than host-rock apatite He dates likely record hematite
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Fig. 6. (A) Oblique cross-sectional and (B) plan view photographs of Wasatch
fault zone (WFZ) hematite fault mirror (FM) sample WF94-17 (Ault et al., 2015)
showing the location of mean hematite (U-Th)/He (hematite He) thermo-
chronometry dates (+1c standard deviation). WF94-17A (blue); WF94-17B
(red); WF94-17D (green); WF94-17E (pink); WF94-17F (orange). (C-E)
Cross-sectional scanning electron microscopy (SEM) secondary electron images
showing sub-ym hematite particles with polygonal grain boundaries (C, D; Ault
et al., 2015) and lobate grain boundaries (E; McDermott et al., 2017). C shows
FM surface-perpendicular decrease in grain size, indicative of a fault perpen-
dicular thermal gradient (cf. Ault et al., 2019a). C acquired from a hematite FM
collected in the WFZ by 5th and 6th grade students at the Promontory School
for Expeditionary Learning in Perry, UT. x-z reference orientations denoted. (F)
Individual hematite He dates (4+2c analytical uncertainty) from
SEM-prescreened aliquots classified by sample (different colors) with polygonal
(red hexagon outline; C, D) and lobate (red square outline, E) grain boundaries,
or inferred high-temperature crystal morphologies. Gray bar is host rock apatite
He date (mean + 1o standard deviation; Fig. 5A data from McDermott et al.,
2017). Aliquots with inferred high-temperature crystal morphologies have he-
matite He dates younger than benchmark apatite He date requiring enhanced
He loss at ambient temperatures lower than the hematite He closure tempera-
ture. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article).
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formation below its T. (i.e., formation age) or may record thermal
resetting.

In addition, hematite *He/3He diffusion experiments characterize He
diffusion domains and provide additional constraints on fault-surface
thermal histories. Combined with additional geo- and thermochrono-
logical (i.e., the bulk (U-Th)/He date) or geologic information, the ‘He
concentration profile can be used to more narrowly constrain a sample’s
thermal history. For example, this tool has also been used to constrain
the diffusion kinetics and thermal history of hydrothermal hematite
(Farley and Flowers, 2012; Evenson et al., 2014; Farley and McKeon,
2015; Farley, 2018; Garcia et al., 2018), goethite (Shuster et al., 2005;
Vasconcelos et al., 2013), and Mn-oxides (Garcia et al., 2018). The shape
of the hematite *He/>He ratio as a function of cumulative *He release (i.
e., ratio evolution diagram) can reflect mineralization or thermal
resetting from friction-generated heat (plateau), or more protracted
tectonic exhumation (curved release pattern). Additional constraints on
the thermal and chemical conditions of hematite formation come from
fluid inclusion microthermometry of hematite, using an infra-red light,
or co-occurring calcite and quartz (Luders, 2016; Jensen et al., 2018).

5. Applications of hematite (U-Th)/He thermochronometry to
fault rocks

The power of hematite He thermochronometry from fault rocks is the
potential to directly date the timing of brittle deformation and constrain
the conditions (i.e., temperature, deformation mechanisms) of fault slip.
Accurately interpreting hematite He thermochronometry dates and
inferring fault zone processes requires integration of detailed hematite
He data with constraints on the host-rock thermal history and multi-
scale hematite textural information. Below I provide two examples of
this integrated approach, described in section 4.2, to decipher two
different modes of fault slip in fault damage zones: seismic slip on minor
faults in the Wasatch fault damage zone (WFZ), northern UT and slow
slip or creep on small faults subparallel to the southern San Andreas fault
(SAF) in Mecca Hills, CA.

5.1. Seismic slip in fault damage zones

A network of hematite FMs in the exhumed, seismogenic WFZ pre-
serve textural and thermochronometric evidence for elevated tempera-
tures during small paleoearthquakes (Ault et al., 2015; McDermott et al.,
2017). The WFZ is a seismogenic, segmented normal fault that has
experienced earthquakes > M7 in the Holocene (McCalpin and Nish-
enko, 1996). The southern Brigham City segment of the WFZ comprises
a ~300-400 m-wide, ~2 km long footwall damage zone in the Archean
and Paleoproterozoic Farmington Canyon Complex gneiss (Fig. 5).
Apatite He thermochronometry data indicates the WFZ has been active
since ~12 Ma (Ehlers et al., 2003; Armstrong et al., 2004). Hematite FMs
are planar to arcuate, locally iridescent, and show <10 cm of observed
offset (Fig. 5B; 6A, 6B; Evans et al., 2014). These thin (<2 mm-thick) slip
surfaces commonly exhibit one to several sets of slickenlines consistent
with normal, down-to-the-west slip, reflecting WFZ extension. Impor-
tantly, field and microtextural observations reveal that many now
mirrored surfaces originated as specular hematite fault veins that are
later modified by progressive slip and associated grain comminution
(Fig. 5B; Ault et al., 2015; McDermott et al., 2017). SEM analysis reveals
specular veins comprise euhedral to subhedral, elongate hematite plates
with ~0.07-10 pm half-widths. FMs locally exhibit comminuted, sub-
rounded to subangular grains with ~0.05-0.5 pm radii, consistent with
a cataclastic texture. Some FMs contain ~0.1-0.3 pm-radii crystals with
polygonal, triple-junction forming grain boundaries (Fig. 6C and D),
and/or lobate grain boundaries (Fig. 6E). Polygonal grains lack a shape
preferred orientation (Fig. 6C and D) and occur in spatially-isolated <20
pm clusters at the FM surface surrounded by lobate and/or cataclasite.

Initial field, microtextural, and hematite He thermochronometric
data suggested repeated fault slip on hematite FMs (Ault et al., 2015).
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Forty-eight individual hematite He dates from 10 samples from five FMs
yield mean dates of ~5.7 to ~2.5 Ma, with ~18-7 Ma individual dates
from one sample locally comprising specularite plates beneath the FM.
Apatite He and AFT dates from the undeformed host rock indicate rapid
footwall exhumation ~4.5 Ma. Internally reproducible but disparate
sample dates between ~4.5 and 2.5 Ma from isolated locations <10 cm
apart on a single FM (Fig. 6A and 6B) do not reflect ambient cooling due
to footwall exhumation, which would require extreme variations in
geothermal gradient among aliquots with similar grain size distributions

and thus T.. Textural and thermochronometry data patterns are
consistent with (1) partial He loss and/or a pre-late Miocene component
of the thermal history preserved in some aliquots, (2) footwall exhu-
mation owing to progressive grain size reduction and lowering of the
bulk hematite T., and (3) localized, friction-generated heat on some
FMs.

An expanded hematite He dataset, together with new microtextural
analysis and numerical modeling, quantifies fault surface temperatures
and reveals a rock record of seismicity on Wasatch FMs (McDermott

Fig. 8. Field photographs of (A) the Painted Canyon
fault zone (PCF) and (B) example of a hematite-
coated fault surface in the PCF. (C) Representative,
cross-sectional scanning electron microscopy second-
ary electron image from sample PCF28 with x-z
reference orientation shown. (D) Individual apatite
and hematite (U-Th)/He dates (+2c analytical un-
certainty) from the PCF zone. Mecca Hills hematite
textures from striated fault surfaces (B, C) and he-
matite He dates younger than apatite He dates reflect
synkinematic hematite formation.
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et al., 2017). Additional thermochronometry data include n = 66 indi-
vidual hematite He dates from - seven new fault surfaces and two veins
(McDermott et al., 2017). A subset of these hematite aliquots was
pre-screened with the SEM prior to (U-Th)/He analysis to link textural
development with thermochronometry data patterns (Fig. 6F). Hematite
aliquots comprising polygonal and lobate grains at the FM surface, or
high temperature microtextures, yield the youngest dates of the
pre-screened dataset which are younger than the host rock apatite He
dates despite having similar T.. These collective observations support
past, localized, friction-generated heat on the FM interface and associ-
ated hematite He thermal resetting.

Most WFZ FMs were repeatedly reactivated, supported by diverse
textures on the fault surfaces and multiple slickenline orientations
(Evans et al., 2014; Ault et al., 2015; McDermott et al., 2017). Prior slip
caused progressive hematite comminution, reduction in the He diffusion
domain length scale, and a lower T., making the hematite He system
susceptible to subsequent thermal resetting by asperity flash heating
during fault slip. Thermochronometric evidence for asperity flash
heating events <4.5 Ma is preserved at depths lower than the hematite
He T.. Hematite He loss occurs by thermally activated volume diffusion
and/or hematite recrystallization, both due to high temperatures
generated at frictional contacts. These observations inform thermo-
mechanical models of flash heating at frictional contacts and resulting
fractional hematite He loss over generated fault surface thermal his-
tories. Temperatures >700-1200 °C, depending on asperity size, are
sufficient to induce 85-100% hematite He loss within 200 pm of the
fault surface (Fig. 4B and C). Flash heating and associated weakening
likely promote earthquake rupture on these minor damage zone fault
surfaces. Small earthquakes hosted on the WFZ FM network may
represent aftershock clouds occurring at ~2-3 km depth or the upper
boundary of the seismogenic zone in this setting (McDermott et al.,
2017).

5.2. Slow slip in the rock record

Hematite micro to nano-textures and hematite He thermochronom-
etry from hematite-coated slip surfaces reveal episodes of Pleistocene
aseismic fault slip in the Mecca Hills, CA, located adjacent to and
northeast of the southernmost SAF system (Figs. 7 and 8; Moser et al.,
2017). Active deformation and exhumation in the Mecca Hills reflects
transpression on the Coachella section of the SAF (Sylvester and Smith,
1976). Here, a suite of major dextral, oblique normal, and oblique
reverse faults subparallel to the SAF cut Plio-Pleistocene sedimentary
rocks and underlying crystalline basement (Fig. 7; Dibblee, 1954; Syl-
vester and Smith, 1976; McNabb et al., 2017). These high-angle struc-
tures exhibit shallower dips near the surface and may intersect and
merge with a NE-dipping SAF in an inferred flower structure (Sylvester
and Smith, 1976; Lindsey and Fialko, 2013; Fattaruso et al., 2014; Fuis
etal., 2017; Bergh et al., 2019). Fault zones sub-parallel to the SAF, such
as the Painted Canyon fault (PCF) zone, comprise cm-scale clay-rich
gouge zones and fault damage zones up to ~1 km wide (Fig. 7; 8A;
Sylvester and Smith, 1976; Moser et al., 2017). Damage zones are
characterized by a dense network of minor slip surfaces including
hematite-coated faults, foliated cataclasite, and delicate clay-coated slip
surfaces. Centimeter- to decimeter-scale hematite slip surfaces are
metallic, moderately light reflective, and undulatory (Fig. 8B). These
surfaces are striated, but lack the iridescent or high-gloss and “polished”
appearance characteristic of hematite FMs of the Wasatch fault damage
zone (Evans et al., 2014; Ault et al., 2015). Many slip surfaces comprise
intercalated hematite with blocky and locally deformed calcite (Moser
et al., 2017).

Hematite grain morphology and textures at the micro- to nanoscales
from these minor slip surfaces are markedly different from textures
observed in the WFZ FMs. In the Mecca Hills, hematite occurs as densely-
stacked, foliated, high-aspect ratio hematite plates that form an anas-
tomosing pattern at the microscale (Fig. 8C). Hematite textures and
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mean hematite plate half-widths are similar within and between sam-
ples, ranging from ~14 to 18 nm. These half-widths are correspond to a
hematite He T, of ~60-65 °C, assuming the diffusion kinetics of Evenson
etal. (2014). Applying Farley (2018) kinetics yields similar albeit higher
values. Hematite plate morphology and foliation is similar to clay scaly
fabrics (e.g., Vannucchi, 2019). Scaly hematite fabrics are documented
on small faults in the Kuh-e-Faghan strike-slip fault system, central Iran
from punctuated Miocene mineralization during fault-related exhuma-
tion (Fig. 2D; Calzolari et al., 2018).

Individual hematite He dates from 24 aliquots from 5 discrete slip
surfaces in the PCF and Platform fault damage zones yield reproducible
dates from the same slip surfaces, but disparate dates between slip
surfaces (Fig. 7; Moser et al., 2017). In the PCF, for example, mean
sample dates range from ~0.7-0.4 Ma and are younger than ~1.2 Ma
apatite He dates from adjacent crystalline basement host rock (Fig. 8D).
Given the similarity in T, between the hematite and apatite He systems,
if the hematite formed at depths greater than its T, and cooled through
these temperatures, then the hematite and apatite He dates should
overlap (i.e., the hematite He dates record exhumation). However,
textural and temporal data patterns require that the hematite formed at
depths equivalent to and/or shallower than the hematite/apatite T, and
remained below those temperatures since formation ~0.7-0.4 Ma. A
broader apatite He thermochronometry dataset and date-eU patterns
from gneissic and Orocopia Schist basement exposed in drainages across
Mecca Hills are consistent with variable thermal histories in different
fault blocks (Fig. 7; Moser et al., 2017).

Hematite textures coupled with thermochronometry inform defor-
mation mechanisms and fault slip rates operative on minor faults in
voluminous damage zones in the Mecca Hills. Thermochronometry data
patterns and hematite nano- to microtextures are consistent with Late
Pleistocene episodes of synchronous fault slip, fluid flow, and syn-
kinematic hematite mineralization in damage zones away from the
main trace of the SAF (Moser et al., 2017). Scaly clay fabrics can be
associated with multiple modes of fault slip from creep to tremor and
seismic slip (e.g., Vannucchi, 2019). Thus, hematite occurrence as high
aspect-ratio, foliated plates analogous to clay textures alone is not suf-
ficient to inform slip rate on Mecca Hills hematite fault surfaces. Seismic
slip can induce differential He loss by thermal and mechanical processes
(Ault et al., 2015; McDermott et al., 2017), which yields dispersed
intrasample hematite He dates. Reproducible intrasample hematite He
dates suggest PCF surfaces were not significantly heated during fault slip
(Moser et al., 2017). Mecca Hills foliated hematite are also associated
with calcite that exhibits crack-seal textures. The combination of these
observations implies deformation on PCF slip surfaces was accommo-
dated by alternating crack-seal processes, related to fluid pressurization
or seismicity, and aseismic hematite mineralization and potentially
on-going slip during the interseismic period (Moser et al., 2017). Creep
may have occurred via a network of distributed slip surfaces defined by
hematite grain boundaries and aligned plates in an anastomosing,
shingled pattern, similar to observations from analog modeling (Tarling
and Rowe, 2016). Hematite textures and grain morphologies described
in the Mecca Hills example are characteristic of hematite observed in
many small faults in upper crustal fault zones in the North American
Cordillera, which are the subject of on-going research in our group (e.g.,
Ault et al., 2019b; McDermott et al., 2019). The prevalence of these
textures suggests it is characteristic of hematite occurrence and defor-
mation mechanisms in the upper 2 km of the crust.

6. Challenges and opportunities

Thermal, chemical, mechanical, and fluid-mediated processes oper-
ative in fault systems present challenges and opportunities for inter-
preting hematite He thermochronometry data from fault rocks. These
phenomena, combined with the polycrystalline nature and polydomain
He diffusion behavior of most target aliquots, as well as the potential for
an evolving He diffusion domain distribution, can induce open system
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Fig. 9. Hematite textures, illustrated with cross-
sectional scanning electron microscope images (with
x-z reference orientations), suggestive of different
fault slip rates and temperatures (top orange bar).
Frictional heating temperature proxies for minimum
peak temperatures in fault and earthquake studies
broadly associated with rates in top orange bar. All
proxies shown in gray are based on heating rates on
the order of 10s-100 s °C/m. Data from 'Ishikawa
et al. (2008), 2Kameda et al. (2011), 3Evans et al.
(2014), 4Savage etal. (2014)° Sheppard et al. (2015),

post-seismic
annealing

SRabinowitz et al. (2017), 7Savage and Polissar

smectite to chlorite?
/Ml Fe reduction®
organic biomarker shaturation**¢”

W fault gouge trace element exchange'

(2019), 8Collettini et al. (2013), 9sambert et al.
(2003),'°McIntosh et al. (1990), 'Grim and Bradley
(1940), '2Ault et al. (2015), *McDermott et al.
(2017) (Grim and Bradley, 1940; Mclntosh et al.,
1990; Isambert et al., 2003; Ishikawa et al., 2008;

minimum peak temperature (°C)

behavior that complicates straightforward interpretation of hematite
fault rock thermochronometry data. In addition, fault reactivation and
fluid-circulation in these systems may occur long after fault formation
(Ault et al., 2016). For these reasons, hematite He thermochronometry
data from fault rocks cannot be interpreted without key supporting in-
formation. Data interpretation requires assessment of intrasample and
intersample hematite He data patterns, together with SEM-based
textural, grain morphology, and grain size information integrated with
conventional thermochronometry data from adjacent host rocks. The
combination of these data permits not only accurate interpretation of
hematite He results, but also informs fault zone processes through time.

Hematite exhibits potentially diagnostic grain morphologies and
fault surface textures that can inform fault rheology and slip mechanics
(Fig. 9). For example, foliated, nm-scale-thick, high-aspect ratio hema-
tite plates, analogous to scaly fabrics in clays (e.g., Vannucchi, 2019),
may accommodate deformation by slow slip or creep. Whether defor-
mation and fabric development occur via interplate slip or dislocation
creep is unclear. Hematite deformation experiments at slow slip rates
coupled with multi-scale microscopy have the potential to shed light on
deformation mechanisms. In contrast, polygonal grains and/or sintered
nanoparticles imply friction-generated heat at coseismic slip rates.
Significantly elevated temperatures are required to fuse, recrystallize, or
regrow hematite grains. SPO and CPO data, acquired by SEM electron
back-scattered diffraction (Ault et al., 2019a), can inform the stress and
thermal conditions of deformation reflected in preserved textures. The
temperature evolution of thin, localized slip surfaces is linked to rheo-
logical changes that control fault strength during the earthquake cycle.
For example, the growth of nano- to microscale polygonal grains during
post-seismic thermal decay (Fig. 9) likely promotes re-strengthening of
material in the deforming zone (Ault et al., 2019a). This has implications
for strain delocalization and activation of different fault surfaces in a
damage zone through time.

Hematite He data patterns provide additional insight into fault zone
processes. For example, it is permissible that foliated hematite (Fig. 9)
may develop over a range of slip rates similar to clays (Vannucchi,
2019), but uniform intrasample hematite He dates from these textures
suggest on-going deformation does not induce appreciable He loss via
thermal or mechanical processes supporting low slip rates. At the other
end of the slip rate spectrum, friction-generated heat imparts distinct
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hematite He data patterns and this tool can be used as a fault slip
thermometer. Earthquake energy budgets estimate ~90% of work done
against friction dissipates as heat (McGarr, 1999; Scholz, 2002; Kana-
mori and Riviera, 2006). Hematite He diffusion kinetics respond to
transient coseismic thermal pulses (Reiners, 2009; Ault et al., 2015;
McDermott et al., 2017). This tool adds to a growing suite of approaches
that are used to detect thermal fingerprints of past earthquakes (Fig. 9)
in exhumed fault rocks. Coupling high-spatial resolution hematite He
data with temperature-induced textures can map out the distribution of
heat on a thin slip surface. On-going and future work seeks to isolate and
date individual asperities or other pm-scale textural components of a
fault surface to fingerprint deformation events. This requires measuring
associated U, Th, and He quantities that push current instrumentation
detection limits. In addition, integration of textural observations from
other minerals provides complementary insight into slip rates, fault
surface temperatures, and fluid temperatures and chemistries. Collec-
tively, these fault rock observations provide a critical window into the
local and regional conditions of deformation in a fault zone.
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