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ABSTRACT

The spectrum of slip behavior in crustal faults generates various rock types that can inform the mechanics of
earthquake genesis. However, a single fault exposure may contain evidence of slip at various depths and tem-
peratures due to progressive fault rock formation and overprinting during exhumation. Here, we unravel the
spatiotemporal evolution of mechanical transitions along the Boundary Canyon detachment, a low-angle normal
fault northeast of Death Valley, USA. Field, microstructural, and geochemical characterizations of fault rocks are
compared to existing laboratory experiments and combined with a thermo-kinematic model of fault evolution.
Together, these constrain the depths of mechanical transitions along the fault and reveal the evolution of
earthquake nucleation zone thickness. Fault exposures from different initial paleodepths passed through the
mechanical transitions during footwall exhumation, resulting in overprinting of mylonite by cataclasite and
ubiquitous late formation of foliated, illite-rich gouge within the uppermost crust. We present evidence of
coseismic low-angle normal fault slip (e.g., injection veins of cataclasite, laminar and grain-inertial fluidization).
Coseismic slip likely nucleated at strength contrasts within the fault zone (i.e., contacts between quartzite breccia
and calc-mylonite; quartz ribbons and mylonite matrix; breccia and clay gouge) at ~ 5-9.5 km depth. Obser-
vations including mutually overprinting cataclasite/ultramylonite and exposures of pulverized gouge support
that dynamic rupture propagated down-dip through the brittle-ductile transition zone (~10-11 km depth) and
up-dip through velocity-strengthening fault patches (~0-5 km depth). Rapid fault exhumation increased the
geotherm, leading to upward advection of the brittle-ductile transition and shallowing/thinning of the earth-
quake nucleation zone. This process may explain the rarity of large magnitude earthquakes on low-angle normal
faults.

1. Introduction

Exhumed faults provide an opportunity to understand the hetero-
geneity and complex mechanics of faulting. Observations of naturally

Most crustal faults are mechanically heterogeneous due to variations
in geometry, rock types, friction, fluid pressure, and temperature. Me-
chanical heterogeneity promotes complex slip behaviors such as dy-
namic rupture propagation, creep, plastic flow, and seismic tremor
(Wang and Bilek, 2014; Rowe and Griffith, 2015; Collettini et al., 2019;
Barnes et al., 2020). While the geometry, stress, friction, and protoliths
along actual faults are required to understand seismic cycling, dynamic
rupture and earthquake hazards (Steacy et al., 2005; Jia et al., 2023),
only some all of these parameters are typically constrained for a given
fault (Axen, 1992, 2020; Selverstone et al., 1995, 2012; Caine and
Forster, 1999; Caine and Minor, 2009; Caine et al., 2010, 2017; Tesei
et al., 2014; Melosh et al., 2018; Singleton et al., 2018).

deformed rocks can constrain fault geometry, frictional properties,
thickness, thermo-mechanical conditions of fault rock formation, slip
magnitude, and slip rate. In particular, exhumed low-angle normal faults
and their metamorphic footwalls can inform fault processes spanning
the entire middle to upper parts of the crust (Wernicke, 1981; Davis
et al., 1986, 2004, 2023; Davis, 1987; Lister and Davis, 1989; Hacker
et al., 1990; Axen, 2004; Collettini and Holdsworth, 2004; Haines and
van der Pluijm, 2010; Collettini, 2011; Whitney et al., 2013; Platt et al.,
2015a; Spencer et al., 2016; Yin et al., 2017; Axen et al., 2018; Little
et al., 2019).

However, a single fault exposure may contain evidence of slip at
various depths and temperatures due to progressive fault rock formation
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and overprinting during exhumation. The record of high temperature
plastic flow in mylonite is often overprinted by brittle cataclasis, leading
to formation of cataclasite, breccia, and gouge. Progressive overprinting
of fault rocks renders it difficult if not impossible to constrain the nature
of fault heterogeneity with depth. The geometric, thermal, and temporal
evolution of a given fault is required if the heterogeneous fault rocks are
to be placed into paleo-mechanical context.

Here, we integrate fault rock structure and geochemistry with the
thermal and geometric evolution of the Boundary Canyon detachment
(BCD), a low-angle normal fault northeast of Death Valley, USA (Fig. 1).
Quartz- and calc-mylonite, various types of cataclasite, breccia, and
gouge zones formed along the BCD (Fig. 1D). These fault rocks are
placed into paleo-mechanical context by palinspastically reconstructing
exposures of the exhumed fault in combination with existing thermal
models of the fault’s evolution (Lutz et al., 2021). Fault rock textures
and compositions are compared with laboratory experiments to assign
depth-dependent friction (static and rate-state) and map out fault me-
chanical transitions through time.

The multidisciplinary approach applied in this study elucidates fault
mechanical heterogeneity spanning the mid-to upper-crustal column.
We suggest a mechanism for initiation of coseismic, low-angle normal
slip near the brittle-ductile transition zone, leading to dynamic rupture
propagation through interconnected faults and ductile shear zones. We
show also that upward advection of heat with footwall exhumation
shallowed the brittle-ductile transition and thinned the earthquake
nucleation zone. This may explain the rarity of large magnitude earth-
quakes on low-angle normal faults and help understand hazards of
seismically active analogues (Wernicke, 1995; Rietbrock et al., 1996;
Axen, 1999, 2007; Boncio et al., 2000; Abers, 2001; Floyd et al., 2001;
Chiaraluce et al., 2007; Brozzetti et al., 2009; Searle, 2010; Monigle
et al., 2012; Rana et al., 2013; Niemeijer and Collettini, 2014; Styron
and Hetland, 2014; Anderlini et al., 2016; Vadacca et al., 2016; Little
et al., 2019; Cummins et al., 2020; Pang et al., 2020; Biemiller et al.,
2022).

2. Background: the Boundary Canyon detachment

The BCD is a low-angle normal fault located in the northern Funeral
Mountains northeast of Death Valley, USA (Fig. 1). The fault accom-
modated top-NW directed shear and overall NW-SE directed extension
in the late Miocene (Hamilton, 1988; Holm and Dokka, 1991; Hoisch
and Simpson, 1993; Wright and Troxel, 1993; Applegate and Hodges,
1995; Snow and Wernicke, 2000; Lutz et al., 2021). Most of the fault
exposures lie along the northern flank of the NW-SE trending footwall
corrugation. Based on similar kinematics, the BCD has been correlated to
the Keane Wonder fault (Hamilton, 1988; Hoisch and Simpson, 1993),
which occupies the southern flank of the footwall corrugation (Fig. 1A).

The composite BCD and Keane Wonder fault surface traces separate
the northern Funeral Mountains (footwall) from the Grapevine Moun-
tains, Amargosa Valley, and Death Valley (hanging wall) (Wright and
Troxel, 1993). The Funeral Mountains preserve a prograde Barrovian
metamorphic field gradient (Labotka, 1980), which formed during
Permian-Jurassic thrusting and burial (Snow, 1992; Stevens and Stone,
2005; Niemi, 2012; Hoisch et al., 2014; Affinati et al., 2020, 2022; Levy
et al., 2021). The deep footwall in the NW contains amphibolite facies
metapelite, quartzite, marble, and mylonite, whereas the shallow foot-
wall in the SE contains greenschist to unmetamorphosed sedimentary
rocks (Fig. 1A). The hanging wall is composed of relatively unmeta-
morphosed Neoproterozoic-Mississippian marine rocks and Miocene
fanglomerate and breccia (Wright and Troxel, 1993).

Several phases of exhumation proceeded from Late Jurassic through
Miocene. This paper focuses on rapid late Miocene (ca. 12-7 Ma)
exhumation coincident with the main phase of slip on the BCD (Holm
and Dokka, 1991; Hoisch and Simpson, 1993; Fridrich and Thompson,
2011; Fridrich et al., 2012; Lutz et al., 2021). During this time, the
hanging wall was translated 35-40 km NW while the footwall was tilted
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Fig. 1. Overview of study area and concepts. A) Simplified geologic map of the
study area showing key outcrop locations along the Boundary Canyon detach-
ment (BCD). Map and unit explanations are adapted from Wright and Troxel
(1993) and Workman et al. (2016). B) Map of SW USA showing the location of
the study area relative to the Cordilleran metamorphic core complex belt.
Adapted from Wust (1986). C) Idealized structural cross section of the BCD
showing hanging wall normal faults, footwall metamorphic core, and study
locations along the modern BCD reconstructed to paleodepths. D) Topological
section showing characteristic BCD fault rocks, their spatial scales, and their
relation to hanging wall vs. footwall protoliths. qtz: quartz. Fm.: Formation.
Gp.: Group. Mtns: Mountains SAF: San Andreas fault zone. Undiv.: undivided.

25-30° SE and exhumed to shallow (0-3 km) depths (Hoisch and
Simpson, 1993; Lutz et al., 2021). Post-7 Ma exhumation related to
transtensional faulting, E tilting, and erosion finally exposed the modern
Funeral and Grapevine mountains.

Late Miocene slip along the BCD generated a heterogeneous suite of
fault rocks. These are exposed discontinuously along the fault surface
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trace and are the focus of this study. Due to the SE tilting of the footwall,
initially deeper portions (~10-13 km depth) of the BCD containing
mylonite are exposed to the NW. Initially shallower parts (~8-9.5 km
depth), generally devoid of mylonite, are exposed in the SE (Fig. 1A and
Table 1). The mylonite layers have been studied previously (Hoisch and
Simpson, 1993; Beyene, 2011; Lima et al., 2019), but the brittle fault
rocks which overprint the mylonite have received little attention.

2.1. Footwall mylonite

Previous work on field relations and quartz- and calc-mylonite in the
Funeral Mountains laid the groundwork for this study. Wright and
Troxel (1993) mapped the northern Funeral Mountains and interpreted
the kilometer-scale structural relations. Hamilton (1988) initially
recognized the presence of kinematically compatible mylonitic fronts in
the footwalls of the Keane Wonder fault and BCD, leading him to
correlate the two faults (Fig. 1A). Hoisch and Simpson (1993) later
studied the mylonitic rocks from both footwalls and found consistent
top-NW shear sense (hanging wall transport of 299° + 12° azimuth).

Quartz grains within footwall quartz mylonite of the Keane Wonder
fault exhibit textures consistent with bulging (BLG) and subgrain rota-
tion (SGR) dynamic recrystallization (Hoisch and Simpson, 1993).
Quartz grains formed by SGR recrystallization are ~50 pm in diameter
on average. Hoisch and Simpson (1993) suggested from mineral growth
modeling that initial grain size prior to annealing was <10 pm. These
observations support plastic deformation at temperatures of 325-400 °C
and stresses ranging from 25 to 40 MPa for the coarse grains and up to
105-125 MPa for the finer, pre-annealed grains, depending on the grain
size piezometer used (Hirth and Tullis, 1992; Stipp and Tullis, 2003;
Cross et al., 2017; Heilbronner and Kilian, 2017; Platt, 2023).

Calc-mylonite is present in the footwalls of the Keane Wonder fault
and BCD. The calc-mylonitic front lies within the Crystal Spring For-
mation (unit Yc¢) in the Keane Wonder fault footwall and within the
lower Johnnie Formation (unit Zjl) in the BCD footwall (Fig. 1A). Hoisch
and Simpson (1993) reported >90% calcite grains with recrystallized
grain size of 20-50 pm, abundant twinned grains, and C-axis orienta-
tions consistent with predominately pure shear (~80%). They inter-
preted crystal-plastic deformation between 325 and 480 °C. However,
Beyene (2011) measured much smaller dynamically recrystallized
calcite grains (3-9 pm). He used these observations to suggest that
crystal-plastic deformation within the calc-mylonite occurred at very
low temperatures (<220 °C), based on the calibration of Ebert et al.
(2008). The range of dynamically recrystallized grains suggests
crystal-plastic deformation at stresses of 95-200 MPa using recent grain
size piezometers (Platt and De Bresser, 2017; Platt, 2023).

Thermo-kinematic modeling indicates that modern BCD footwall
exposures with mylonite experienced temperatures of 350-425 °C in the
late Miocene (Lutz et al., 2021) This, in combination with the over-
whelmingly top-NW shear sense indicators (Hamilton, 1988; Hoisch and

Table 1
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Simpson, 1993; this study), supports that crystal-plastic deformation
was active in both quartz and calc-mylonite during ca. 12-7 Ma BCD slip.

3. Methods
3.1. Field and analytical methods

The BCD fault core was identified, measured, described, and sampled
along a 15 km surface trace (Fig. 1 and Table 1). Meso-scale structures
(e.g., fault planes, foliations, shear planes, fold axes, stretching linea-
tions, slickenlines, separation magnitudes) were measured in the field
and in cut hand samples. Fault core samples were epoxied, cut, and
selected for oriented polished thin sections. Oriented thin sections were
cut 1) parallel to mylonitic stretching lineations and perpendicular to C-
planes in mylonite samples, or 2) parallel to slickenlines and perpen-
dicular to Y-shears in cataclasite and foliated gouge samples.

We utilize S-C-C’ terminology (Berthé et al., 1979; Lister and Snoke,
1984; Vauchez, 1987; Shimamoto, 1989) for descriptions of ductile
fabrics within mylonite and P-Y-R1 terminology (Riedel, 1929; Tcha-
lenko, 1970; Logan, 1979; Petit, 1987; Volpe et al., 2022) for description
of the brittle fabrics within cataclasite and gouge.

For readers unfamiliar with these terms, S-C-C' fabrics form through
the intersection of foliations and shear bands during metamorphism,
cataclasis, and dynamic recrystallization. The S-foliations (for schis-
tosity) are typically defined by oriented elongate mineral grains. They
form parallel to the direction of maximum elongation (Ramsay and
Graham, 1970; Shimamoto, 1989) and rotate during shear strain. The
C-surfaces (French cisaillement for shear) are micro shear bands and
represent planes across which there has been horizontal motion (Berthé
et al., 1979). The C-surfaces are shear bands (also referred to as
extensional crenulation cleavage) that develop after significant shear
strain has accumulated (Platt and Vissers, 1980; Simpson and Schmid,
1983; Vauchez, 1987). They may cross-cut or anastomose with existing
S-C fabrics and are typically inclined 15-20° in the direction of motion
relative to the original C-surfaces. Movement along C-surfaces requires
net extension in the direction parallel to earlier formed C-surfaces (Platt
and Vissers, 1980).

Brittle mineral alignments and planar fabrics are described with P-Y-
R1 terminology, which are essentially the brittle counterparts of S-C-C’
planes, respectively (Shimamoto, 1989). P-shears are the brittle ana-
logues to ductile S-foliations. They are characterized by preferred
orientation of mineral grains (often clays) that probably align with long
axes parallel to the direction of maximum elongation within the shear
zone (Haines et al., 2013). Y-shears are the brittle analogues to ductile
S-foliations and represent simple shear planes subparallel to the shear
zone boundary. R1-shears, or Riedel shears (Riedel, 1929) are analogous
to C-planes in that they form at a gently inclined angle (15-30°) to
Y-shears, can crosscut or anastomose with existing P-Y shears, and
accommodate net extension parallel to the shear zone boundary. The

Fault rock lithotypes, gouge zone phases, and reconstructed T-t conditions for study sites along the BCD.

Location  Lat Lon fault rocks present at location Reconstructed T of footwall adjacent to
sample locations (Lutz et al., 2021)

foliated gouge structureless gouge  brec  qtzcat MPC my 12Ma 10 Ma 8 Ma 0 Ma
qtz cal dol illite

BCD-08 36.744463  —116.969103 1 2 3 4 X X X X X 350°C 330°C 240°C 55°C

BCD-07 36.735861  —116.914969 1 2 X 300°C  260°C 175°C 50°C

BCD-06 36.726018 —116.899278 1 2 3 4 X X 280 °C 245°C 160 °C 45 °C

BCD-04 36.718541  —116.891658 Not observed X X 270°C  230°C 150°C  45°C

BCD-03 36.714095 —116.861841 Observed but not X X 260°C 220°C 140°C 35°C
analyzed

BCD-02 36.698340  -116.8283332 1 3 4 2 X X X 250°C  200°C 130°C 35°C

BCD-01 36.696901  —116.824764 1 2 X 240°C  190°C 125°C 30°C

1 ... 4: phase presence in order of decreasing abundance; blank cell indicates phase or rock type not present at study location qtz: quartz, cal: calcite, dol: dolomite,

brec: breccia, cat: cataclasite, MPC: mixed phase cataclasite, my: mylonite.
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reader is referred to Volpe et al. (2022) for a recent exhaustive review
and analysis of these microstructural discontinuities.

3.1.1. XRD

Clay-rich gouge, cataclasite, and adjacent wall rock samples were
collected for X-ray diffraction (XRD) analysis to determine mineralogy.
Several samples spanning vertical thicknesses of ~1 m were collected
from the composite gouge zones (Fig. 1D). Samples were crushed and
powdered with a mortar and pestle and placed into machined aluminum
discs. These were scanned for 10 min over 90° 20 with a Panalytical
X’Pert Pro Diffractometer at the New Mexico Bureau of Geology and
Mineral Resources. XRD spectra were matched with mineral species
using the PanAnalytical program HighScorePlus. The program identifies
peaks and troughs within the spectra and compares them to an estab-
lished suite of standards. (https://www.malvernpanalytical.com/en
/products/category/software/x-ray-diffraction-software/highscore-w
ith-plus-option). Mineral phases that constitute less than 1-2% of the
rock (e.g., oxides, sulfides) were not identified by XRD. We did not
attempt exhaustive methods to separate the different forms of illite and
recognize that longer scans may allow more precise determination of
gouge compositions (e.g., Haines and van der Pluijm, 2012).

Mineralogy determined from the XRD spectra was used to assign
friction (static and rate-state) to the fault for modeling, identify fault
rock protoliths, and estimate contributions from the hanging wall and
footwall. Frictional properties were assigned by comparison to ther-
mally controlled laboratory experiments performed on rocks with
similar compositions (e.g., den Hartog et al., 2012b, 2013).

3.1.2. Petrographic microscope and microprobe

The microstructure and geochemistry of fault rock samples were
analyzed using a petrographic microscope and a scanning electron mi-
croscope (SEM). Microstructural relationships and dynamically recrys-
tallized grains were observed and measured using a Keyence 3-D Digital
Microscopy System at the U.S. Geological Survey Geosciences and
Environmental Change Science Center. The average dynamically
recrystallized grain sizes of calcite and quartz within calc-mylonite were
used to estimate differential flow stress through calibrated piezometers
(e.g., Stipp and Tullis, 2003; Cross et al., 2017; Heilbronner and Kilian,
2017; Platt and De Bresser, 2017; Platt, 2023). The size and structural
configuration of clays within foliated gouge were observed with the
SEM. The contact between wall rock mylonite and brittle cataclasite was
imaged for textural characteristics and mapped compositionally using a
Cameca SX-100 electron microprobe at the New Mexico Bureau of Ge-
ology and Mineral Resources.

3.2. Modeling methods

Exposures along the fault trace were reconstructed to their paleo-
depths and temperatures through time using the cross-section re-
constructions and thermo-kinematic models of Lutz et al. (2021). The
fault core was generally assumed to translate with the footwall, with
upward conductive heat flow sufficiently rapid that fault core temper-
ature tracks modeled temperature of the upper footwall. This assump-
tion is consistent with models that invoke progressive incision as a
mechanism to form and sustain throughgoing low-angle detachment
faults (Lister and Davis, 1989; Forster and Lister, 1999; Osmundsen and
Ebbing, 2008; Long and Walker, 2015; Wiest et al., 2020; Davis et al.,
2023; Gresseth et al., 2023). The modeled thermal histories of individual
exposure sites were then used to infer the timing of formation of various
fault rocks.

Simple 2D static stress models were developed to approximate shear
stress at different depths along the initial BCD (ca. 12 Ma). Principal
stress magnitudes were treated as pressure gradients (MPa/km) using
the stress module built into the Move software (Petroleum Experts LTD.,
2024). We used a vertical maximum principal stress (c1) given by a

lithostatic pressure gradient (assuming rock density p = 2600 g cm™3;
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26 MPa/km) and a horizontal minimum principal stress (c3) given by a
12 MPa/km pressure gradient. The maximum and minimum principal
stresses (01 and 63) were assumed to lie within the cross-section plane of
Lutz et al. (2021). These assumptions are supported by fault kinematic
data and by extension-parallel folds with axes sub-parallel to the
cross-section (Fig. 1A) (Hoisch and Simpson, 1993; Wright and Troxel,
1993; this study). We also tested configurations with a non-vertical
maximum principal stress (61) near the brittle-ductile transition based
on microstructural observations (see below) and based on the assump-
tion that o7 lies at 45° to the boundaries of ductile shear zones (e.g.,
Selverstone et al., 2012; Axen, 2020).

Normal and shear stress were calculated at various depths using the
prescribed inputs for 61, 63, and fault dip magnitudes from Lutz et al.
(2021):

6, =" [0, + 03] + %2 [0, — 03]cos 20
6, =" [0 — 03]sin 20

Where 26 is the angle between o7 and the fault plane of interest. The
ratio between shear stress required to induce sliding (6*s) and normal
stress (op) is given by Amontons’ Law (Amontons, 1699; Coulomb,
1785) modified to include the reducing effect of pore fluid pressure on
normal stress, and assuming zero fault cohesive strength (Fossen, 2016;
Scholz, 2019):

o, =, [0 — P(]
A:Pf/G[

Where i is the coefficient of static friction, Py is the pore fluid pressure,
[on—Ps] is the effective normal stress (6*;), plotted on the x-axis of the
Mohr diagrams, and A is the ratio of pore fluid pressure to the maximum
principal stress. Hydrostatic pore fluid pressure (Pg A ~ 0.37) was
assumed for the upper crust (depth <9 km), and elevated pore fluid
pressure (P = 100-200 MPa; A ~ 0.40-0.67) was tested in deeper
models (depth >9 km). Best-fit static stress estimates were made by
varying the orientation of the stress field from vertical to steeply NW-
plunging (o7 plunge from 60 to 90°; e.g., Axen and Selverstone, 1994),
coefficient of static friction (0.38 < ps < 0.51), and pore fluid pressure
(hydrostatic < P < 63). These values are supported by observations on
the fault rocks (see section 4) and comparison to laboratory experiments
presented below.

4. Results

The BCD fault core was studied in detail at seven localities spanning
an ~15-km-long NW-SE surface trace (Fig. 1). The measured sections of
the fault core reveal that the BCD separates a hanging wall composed of
dolostone breccia and illite-rich gouge from a footwall composed of
quartzite breccia, calc-mylonite, injection veins of cataclasite, and pel-
itic schist (Fig. 2). Generally, individual mylonite layers are <1 m-thick,
cataclasite veins are 0.1-10 cm-thick, breccia layers are <1-2 m-thick,
and gouge zones are 1-10 m-thick (Fig. 2).

The BCD does not appear to have a single, well-defined principal slip
surface. Instead, several principal displacement zones are present within
the layered fault rocks. The principal slip surface is mostly covered or
nonexistent due to distributed shear in clay gouge. Natural exposures
were encountered only at a few sites and were elsewhere dug out from
under float. The principal slip surface is broadly undulatory at the meter
scale but is well-defined stratigraphically. It is possible that the lows
correspond to thick patches of fault gouge (e.g., Brodsky et al., 2011),
though this relationship was not documented systematically. Where
observable, the surface is generally subhorizontal or dips gently NE
(10-20°). The contact between quartzite breccia and overlying clay-rich
gouge was often jagged and irregular at the cm-scale, possibly due to late
distributed gouge flow. We infer that most of the slip was focused on the
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Fig. 2. Measured sections showing the thickness and nature of the BCD fault core from NW (A) to SE (G). The study location number is placed on the bar above the section. The BCD is interpreted as the thick bold black
line on which the sections are hung. The locations of field photos, oriented thin sections, photomicrographs, and XRD sample transects are noted within the sections. The thicknesses of cataclasite injections in A are
exaggerated. The map units in the hanging wall and footwall are described in Fig. 1. The contacts between fault rocks and undeformed hanging wall strata are everywhere covered. Z€wl, ZEwm, Z€Ewu: lower, middle,
and upper members of the Wood Canyon Formation. Zjl: lower member of the Johnnie Formation. Zsa ... Zse: A through E members of the Stirling Quartzite.
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calc-mylonite layers and within thick hanging wall gouge zones (Fig. 2).

The layered nature of the fault rocks along the BCD is consistent with
the fault traversing a metasedimentary to sedimentary sequence
composed of pelitic schist (Zjl), carbonate (Zjl & Z€ws), quartzite (Zs),
and siltstone/shale (Z€ws) (Figs. 1 and 2). The alternating sequences of
quartz- and calc-mylonite and quartz breccia in the BCD footwall reflect
the fault cutting through pelitic schist, carbonate, and quartzite beds,
respectively. The gouge zones, interpreted to be derived primarily from
the hanging wall (see section 4.4), are primarily the product of the fault
cutting through siltstone and dolostone within the upper crust (Fig. 1D).
The outcrop structure, microstructure, and composition of each fault
rock litho-type are detailed in the following subsections.

4.1. Mylonite

Mylonite was observed and described in the BCD footwall at study
locations BCD-08, -06, —04, and —02 (Fig. 2). The thick section of
layered calc-mylonite and quartzite breccia at BCD-08 is the most
complete and representative footwall section. Thin mylonite layers at
BCD-06 and BCD-04 likely correlate to the BCD-08 location, though the
footwall of the fault core at BCD-07 was covered (Fig. 2B). The quartz-
muscovite mylonite at BCD-02 coincides with a schistose interval in
the A member of the Stirling Quartzite where it intersects the BCD.

Both outcrop and microstructural fabrics within mylonite record top-
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NW shear consistent with the BCD gouge zones and regional BCD-
kinematics. Top-NW shear fabrics include stretching lineations along
C-planes with apparent separation (Fig. 3C and D), S-C-C' planes
(Fig. 3E and 4, and C1), mesoscale asymmetric folds (Fig. 3E), asym-
metric porphryoclasts (Fig. 4A and C.1), and overprinting brittle shears
(Fig. C1). The maximum eigenvector of stretching lineations at the BCD-
08 location plunges gently NW (10°/294°), which is subparallel to that
from brittle grooves and slickenlines across all BCD study locations
(10°/300°) and the mean vector of top-NW transport estimated by
Hoisch and Simpson (1993) (toward 299° + 12°; Fig. 41).

Mylonite layers are massive, banded or isoclinally folded (Figs. 2 and
3). Mylonite layers at BCD-08 and BCD-04 contain very fine calcite
matrix, sub-mm-thick micaceous intervals, sub-mm- to cm-thick
sigmoidal-to slightly deltoidal mantled quartz porphryoclasts (Figs. 2,
3 B-3D, and C.1), and euhedral to subhedral pyrite and hematite
(Fig. C2). Brittle fracturing of quartz was contemporaneous with crystal-
plastic flow of the calcite, based on outcrop observations of quartz rib-
bons at BCD-08 (Fig. 3C) and microstructure of quartz sigmoidal por-
phyroclasts at BCD-04 (Fig. 4A). Calcite that fills tensile and shear veins
cutting quartz porphyroclasts and mylonite layers in whole is dynami-
cally recrystallized (Fig. 4A and F).

Calc-mylonite layers exhibit SGR-BLG microstructure in places
where the microstructure is organized and not disrupted by brittle
microfaulting (Fig. 4C). Measured calcite grains from these areas are on

Fig. 3. Field photos of BCD exposures. A) Panoramic view looking SE at the Boundary Canyon detachment (BCD) near the structurally deepest BCD-08 location. B)
Outcrop of the main fault core and footwall fault rocks of the lower Johnnie Formation (Zjl) at BCD-08. Outcrop shows layered mixed phase cataclasite (MPC),
quartzite breccia, and mylonite. View to the NNE. C) Very fine lineated calc-mylonite from unit Zjl at BCD-08 with inset showing cut sample BCD-08s. View to the
NNW. Arrow is stretching lineation that roughly parallels intersection lineations. D) Very fine lineated calc-mylonite at BCD-04 (Zjl). View to the NNE. Arrow is
stretching lineation. Sample is BCD-04c. E) Asymmetric z-fold in quartz muscovite mylonite within the A member of the Stirling Quartzite at BCD-02. View to the S.
Tsa: Miocene sedimentary and volcanic rocks in BCD hanging wall. Zsc/e: C and E members of the Stirling Quartzite.
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Fig. 4. Key microstructural relationships in mylonite samples from the BCD
footwall. A) XPL photomicrograph of sample BCD-04 A showing mixed brittle-
ductile fabrics. Note anastomosing foliations and shear bands in calcite matrix
and tensile fractures in quartz porphyroclasts which are in turn filled with
dynamically recrystallized calcite. B) XPL photomicrograph of sample BCD-04
A showing possible conjugate fractures and inferred maximum stress plunge in
the section plane relative to C-plane. C) XPL photomicrograph of sample BCD-
08AN immediately below the BCD showing organized SGR-BLG microstructure.
D) Histogram showing the distribution of measured grains from calc-mylonite
samples. E) XPL photomicrograph of sample BCD-08AN showing a large
calcite crystal with type III and type IV twinning. F) XPL photomicrograph of
sample BCD-08AN showing a shear vein that offsets mixed-phase cataclasite
and is in turn dynamically recrystallized. G) XPL photomicrograph showing
microfaulting and BLG-SGR microstructure of a quartz ribbon within the brittle-
ductile sample BCD-08AI. H) Histogram showing the distribution of measured
dynamically recrystallized quartz grains in calc-mylonite samples. I) Lower
hemisphere equal area spherical projections (stereonets) of stretching lineations
(top left) and brittle grooves and slickenlines (bottom right). The maximum
eigenvectors are shown and compared to the mean transport interpreted from
Hoisch and Simpson (1993). J) Lower hemisphere equal area spherical pro-
jection of convincing striae on shear fractures showing the maximum eigen-
vector and a cone of 95% confidence (dashed ellipse). BLG: bulging. d:
diameter. SGR: subgrain rotation. DRX: dynamically recrystallized. HS 1993:
Hoisch and Simpson (1993). MPC: mixed phase cataclasite. Qtz: quartz.
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average 12.45 + 1.5 pm in their long dimension. Bulges average 7.65 +
1.5 pm (Fig. 4D). The mean of the bulge measurements suggests crystal-
plastic flow stresses of 110 + 20 MPa using the Platt and De Bresser
(2017) piezometer or 125 + 15 MPa using the 10° subgrain piezometer
of Platt (2023). The mean of all grains suggests flow stress of 70-80 MPa.
We note that these are likely minimum estimates because there was
probably significant annealing following grain size reduction. Further-
more, there are abundant grains with diameters of 4-5 pm, which would
suggest higher flow stresses (~170 MPa).

Calcite crystals within the bulk mylonite layering and within veins
exhibit thick, curved twins and completely twinned crystals consistent
with type III twinning (Burkhard, 1993) (Fig. 4E). This twinning pattern
indicates temperatures >200 °C (Burkhard, 1993; Ferrill et al., 2004).
Type II and type IV twins are present but less common in the samples.
Fig. 4E shows a fairly large calcite crystal within calc-mylonite that
exhibits type IV and type III twinning. Some of the twins are thick,
patchy and/or dynamically recrystallized such that they resemble the
surrounding fine-grained calc-mylonite matrix. These type IV twins
likely formed at temperatures >250 °C (Burkhard, 1993; Ferrill et al.,
2004).

Dynamically recrystallized grains in quartz ribbons and porphyr-
oclasts measure on average 12.45 + 1.5 pm, with the bulges averaging
9.38 £+ 1.5 pm (Fig. 4G and H). This bulge value is consistent with the
~10 pm approximation for initially reduced grain size of Hoisch and
Simpson (1993). The 9.38 + 1.5 pm grain size yields differential flow
stress of 120 + 15 MPa using the Heilbronner and Kilian (2017)
piezometer, which was calibrated using general shear. Using the mean
grain size of 12.45 + 1.5 pm, the same piezometer yields differential
flow stress of 110 + 10 MPa.

4.2. Cataclasite

Cataclasite bands and veins are preserved within the inter-layered
sequence of mylonite and quartzite breccia at the structurally deepest
fault exposure, BCD-08 (Fig. 2A and 3B). The cataclasite exhibits a
distinct red-brown staining from the presence of iron oxide. It localized
systematically near strength contrasts within the layered fault rocks of
the BCD footwall. That is, cm-thick cataclasite bands and veins prolif-
erate between the quartzite breccia and calc-mylonite layers (Fig. 5),
and mm-thick cataclasite bands and veinlets formed between quartz-
and matrix-rich intervals of the mylonite layers (Fig. 5D, 6B and 6C).
Within quartzite breccia and quartz ribbons, the cataclasite occupies
mm-thick tensile cracks and veins (Fig. 5A and E). Within the mylonite
layers, the cataclasite occupies mm-to cm-thick bands and veins sub-
parallel to preexisting S—-C-C’ planes (Figs. 5 and 6).

The cataclasite is clearly injected into the footwall calc-mylonite
(Fig. 5B, 6A and 6D) and quartzite breccia (Fig. 5E). The injection
veins are 0.1-2 cm-thick and extend for up to 30 cm in length (Fig. 6D).
The injection veins appear to have accommodated 0.1-5 cm of shear and
dilation. Contacts between the injection veins and quartzose wall rocks
are cuspate and lobate (e.g., Fig. 5B, D, and 5E), whereas contacts with
matrix of mylonitic wall rock are more undulatory (Figs. 5D, 6B and 6D).

Injection veins of cataclasite are composed of a mixture of illite,
quartz and calcite in proportion similar to wall rock mylonite (Fig. 6E).
This indicates in-situ mechanical derivation from the calc-mylonite and
quartzite breccia layers. We hereafter refer to the cataclasite as mixed
phase cataclasite (MPC).

We observed one late stage (?) low-angle MPC band with small offset
(~4 cm), which may represent a proxy for the larger BCD (Fig. 7). The
band cuts relatively steeply through a quartzite breccia layer and gently
(~25°) through the calc-mylonite. Tensile cracks and veins within the
footwall of the MPC band are filled with injected MPC. The entire area
within 0.5-1 m from the inclined MPC band is highly brecciated and
altered (Fig. 7A).

Outcrop and hand sample patterns of MPC are reflected at the
microscopic scale. The MPC zones are localized systematically at
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Fig. 5. Outcrop and cut sample photos showing macro-to meso-scale relationships between mixed-phase cataclasite (MPC) and wall-rocks. The MPC zones sys-
tematically formed between weak calc-mylonite and strong quartzite breccia layers (A, C, D). B) Cut sample of injection vein of MPC with jagged wall-rock contact
characterized by cusps. D) Characteristic attitude of MPC zone subparallel to mylonitic foliations and shear bands. Note injection of MPC into thin, subvertical cracks
within the overlying quartz-rich band E) Cut sample showing MPC filling tensile cracks within a quartz ribbon of the calc-mylonite. Note the cuspate-lobate nature of
the contact between the MPC and the underlying calc-mylonite with quartz ribbons.
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Fig. 6. Outcrop and cut sample photos showing characteristic relationships
between mixed-phase cataclasite zones (MPC) and wall-rocks. A) MPC injection
emplaced subparallel to mylonitic C-plane and injected into tensile cracks and
shear fractures. Note the cusp-like contacts with wall rock. View to the NW. B)
Cut samples of MPCs emplaced along R1 fractures that reactivate C-planes in
footwall mylonite. In bottom cut sample photo, MPC in quartz tensile cracks is
confined to the zone above the bounding R1, which appears to have localized
preferentially within the quartz-rich band of calc-mylonite country rock. C)
Meso-scale MPC bands emplaced at contact between quartzite breccia (below)
and calc-mylonite (above). View to the NNE. D) Injection vein of MPC with
angular fragments of wall-rock mylonite arranged in a granular flow fabric
along bounding surfaces. View to the N. Inset shows cm of dilation around
injection vein from cut sample. E) XRD spectra showing similarity in crystal-
linity between MPC (in D) and wall-rock sample. i: Illite. q: quartz. c: calcite.

preexisting S—-C-C’ planes within the mylonite and accommodate mm-
scale offsets. We therefore interpret that they represent P, Y, and R1
shears. The R1 shears preserve the largest apparent separation and
formed preferentially at strength contrasts within the mylonite (i.e.,
contacts between quartz ribbons or porphyroclasts and calcite- or mica-
rich matrix; Fig. 8A).

The cuspate and lobate contacts between the MPC and wall rocks are
prevalent at the microscopic scale as well (Fig. 8B). Clasts entrained
within the MPC matrix are both elongate pieces of mylonite wall rock
(Fig. 8B), fragmental quartz survivor grains (Fig. 8E and G), and mica
(Fig. 8D). The entrained clasts appear to be plucked from the MPC wall
rocks and have shape-preferred orientations. The elongate pieces of wall
rock mylonite align parallel to the MPC margins (Fig. 8B and C), the
quartz survivor grains are aligned to R1 shears and subparallel micro-
faults (Fig. 8D and E), and the mica grains show an array of orientations
and bent geometries (Fig. 8D).
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Fig. 7. Outcrop photo showing meso-scale faulting analogous to the Boundary
Canyon detachment (BCD). Small normal sense separation (3-4 cm) is
measured from offset contact between quartzite breccia and mylonite layers.
The fault is occupied by very fine MPC with characteristic iron-oxide staining.
The small proxy fault dips ~58° through the quartzite breccia and ~25°
through the mylonite. Qtz: quartz or quartzite. MPC: mixed phase cataclasite.

The texture and geochemistry of an MPC-wall rock contact are
depicted in electron microprobe images (Fig. 8G). The contact charac-
terized by predominately K-, Ca-, and Si-rich mineral phases interpreted
as illite, crystalline calcite, and quartz, respectively. Fe-rich phases are
interpreted as subhedral to euhedral hematite in the wall rock as
disseminated iron oxide within the MPC matrix. The hematite present
along shear bands and within MPC replaces pyrite within calc-mylonite
layers (Fig. C1), presumably via dissolution and oxidation during
embrittlement and meteoric water influx (see section 5.2). The adjacent
MPC is a mixture of very fine (<5-40 pm) quartz and calcite grains in a
finer matrix rich in iron. The very comminuted quartz grains were most
likely derived from an adjacent larger grain (~200 pm) located along
the MPC contact, possibly the generation surface. Crushing and
comminution of quartz and calcite during MPC formation is reflected
also in the preservation of ultracataclasite along the margins of MPC
zones (Fig. 8F).
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Fig. 8. XPL photomicrographs (A-F; H) and elemental maps (G) of mixed phase
cataclasite (MPC) zones and contacts with wall rocks inferred to be generation
surfaces generation surfaces (white dashed lines). A) Brittle reactivation of C*-
type mylonite at a quartz ribbon. Sample: BCD-08ai. Lineation: 30/311. B)
Undulating contact between MPC and wall-rock with small cusps and lobes.
Wall rock clasts are aligned parallel to the margin, indicative of laminar flu-
idized flow. Sample: BCD-08ae3. Lineation: 04/295. C) MPC aligned to R1 and
Y shears that reactivate C-type mylonite. Sample: BCD-08 y. Lineation: 11,/298.
D) Rl-aligned contact between MPC and wall rock and S-C'-oriented mica
grains within MPC. Sample: BCD-08ae3. Lineation: 10/289. E) R1-alignment of
generation surface and quartz survivor clasts within the MPC. Sample: BCD-08f.
Lineation: 04/295. F) Preservation of quartz ultra-to mesocataclasite along
inferred MPC generation surface. Sample: BCD-08z. Lineation: 10/289. G)
Backscattered electron image (left) and elemental map (right) of contact be-
tween MPC and wall in sample BCD-08ae3. Individual phases are labeled.
Colors in elemental map: Green (Fe), Red (Ca), Purple (K), Blue (Si). These are
interpreted as hematite (h), calcite (ca), illite, and quartz (qtz), respectively in
the image. H) Y- and P-shear aligned MPC zone. Sample: BCD-08ai. Lineation:
30/311. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)

4.3. Breccia

Quartzite and/or dolostone breccia were observed in the BCD fault
zones at most locations (Fig. 2 and Table 1). Quartzite breccia layers
predominate where the A member of the Stirling Quartzite or the lower
Johnnie Formation comprise the footwall. Dolostone breccia are present
where the “C” member of the Stirling Quartzite or the lower Wood
Canyon Formation comprise the hanging wall. White quartzite breccia is
interlayered with footwall mylonite at BCD-08 (Fig. 2A). The breccia is
generally chaotic to mosaic and matrix supported.

Chaotic, matrix supported breccia layers are interpreted to mark the
immediate hanging wall of the BCD at BCD-08 (Fig. 9). At this locality,
there is an erosionally resistant ~1-1.5 m-thick layer of orange-brown,
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Fig. 9. Field photos (A/B) and photomicrographs (C/D) showing the structure
of breccia layers at the BCD-08 locality. A) Breccia layers separating quartzite
breccia and mylonite (footwall) from thick foliated illite-rich gouge (hanging
wall). B) matrix-supported chaotic breccia with clasts of quartzite (qtz) and
mylonite (my). A principal slip surface (PSS) may be present at the base,
overlain by quartz cataclasite. C) Photomicrograph of sample BCD-08al2
showing structure and clast composition of the matrix supported, chaotic
breccia. Clasts are calc-mylonite, quartz cataclasite, fragmental quartz (qtz),
and hematite (fragmental and disseminated FeO). D) photomicrograph showing
tensile veins cutting breccia matrix and clasts filled with untwinned calcite.
Ca: calcite.

dolostone mosaic-to chaotic matrix supported breccia. This breccia
overlies a layer of erosionally recessive ~0.5-1 m-thick orange-red-black
chaotic matrix supported breccia with clasts of predominately mylonite
and quartzite, and quartz cataclasite. These breccia layers separate the
layered cataclasite-mylonite sequence below from a thick (>10 m)
section of foliated illite gouge above (Figs. 9 and 3B, and B2A). The
matrix of the lower breccia resembles MPC in its orange-brown-red
color, which is presumed to be iron oxide (amorphous hematite). The
matrix contains fragmental quartz and subhedral to euhedral hematite
(Fig. 9C) and is crosscut by pervasive tensile veins of calcite lacking any
twinning (Fig. 9D). Aside from these rudimentary observations, the
breccia layers were not studied in detail.

4.4. Clay-rich gouge

Clay-rich gouge is present at all study sites except BCD-04. Gouge
exposed along the BCD is predominantly illite-rich, incohesive, very fine
grained, and foliated (Fig. 10C). Incohesive, pulverized, structureless
gouge (Fig. 10B) and cohesive, contorted lithon-rich foliated gouge are
also present (Fig. 10E and B.1).

Foliated illite-rich gouge zones range in thickness from ~0.5 to >10
m, being thickest at the structurally deepest, northwestern exposure
(>10 m; BCD-08; Fig. B2A) and in the southeastern-most study sites
(3-10 m; BCD-01 and BCD-02) (Fig. 2). XRD and microprobe scans show
that the gouge is generally an illite-quartz-carbonate mixture, with
variable portions of each (Table 1). Gouge samples from BCD-01, BCD-
02, and BCD-07 contain a high fraction of illite (~25-75%), whereas
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Fig. 10. Field photos (A-D) and photomicrographs (E and F) focused on BCD gouge zones. A) View to the SE of hanging wall normal faults soling into the BCD and
pulverized structureless gouge near the intersection. B) Pulverized structureless gouge with randomly arranged clasts of wall rock and foliated clay gouge. C) Hand
sample BCD-08-as3 recovered from foliated clay gouge zone. D) Crude, abrasive wear grooves on breccia at gouge base at BCD-02. View to the NW. Attitudes: 15°/
302° + 10. E) Microlithons in foliated gouge sample BCD-07c showing top-NW shear. F) Photomicrograph of sample BCD-08as3 showing brittle fractures that are
predominately anastomosed with some distinct R1. ZEw: Wood Canyon Formation. Zs: Stirling Quartzite.

gouge samples from BCD-06 and BCD-08 have more quartz and car-
bonate. The illite-rich matrix supports minor fragmental quartz and
calcite grains with angular, fractured edges (Fig. B2).

Outcrop and microstructural observations confirm that the foliated
illite gouge zones are kinematically related to BCD-slip. First, the gouge
zones consistently occupy the immediate hanging wall of the BCD
(Fig. 3A and 10 A, B.2, and B.3). Slickenlines and fault grooves were
measured on a fault surface at the contact between the gouge and an
underlying quartzite breccia (Fig. 10D and B.4). These plunge sub-
parallel to the regional heave direction of the BCD and to ductile fab-
rics measured in mylonite layers (Fig. 4I) (Hoisch and Simpson, 1993;
Lutz et al., 2021). Asymmetric structures within the gouge also show
top-NW shear consistent with BCD-kinematics. Hand-sample and ori-
ented sections reveal cm-scale deltoidal lithons and mm-scale sigmoidal
to deltoidal porphryoclasts (Fig. 10E and B.1).

Illite-rich gouge zones accommodated predominately stable sliding
and high shear strain. The anastomosed Y, P, and R1 shears in foliated
illite gouge samples indicate high strains (y > 10) (Tchalenko, 1970;
Petit, 1987; Haines et al., 2013). Several samples exhibit R1 shear angles
that are very low (<15°) relative to the Y-shear planes (Fig. 10F),
consistent with stable sliding (Moore et al., 1989) and very high shear
strain (Haines et al., 2013). Higher angle R1 shears (15°-30°) relative to
the Y-shear plane are common in strain haloes around rigid porphyr-
oclasts (Fig. 10E). These high-angle R1 shears suggest lower shear strain
(Haines et al., 2013) at BCD-07, where the gouge zone is very thin (~1
m), than at BCD-08, where gouge zone is very thick (>10 m).

Gouge layers with random fabric are present in several locations
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(Fig. 10A and B, and B3D). The purplish structureless gouge at BCD-02
and BCD-03 exhibits a pulverized texture and locally contains blocks of
wall rock carbonate and foliated illite-rich gouge (Fig. 2F and 10B).
Pulverization and presence of clasts of foliated gouge have been
attributed to coseismic fault slip, possibly during dynamic rupture
propagation (Rowe and Griffith, 2015; Axen et al., 2018).

We speculate that the gouge zones were derived mainly from the
BCD hanging wall, based on field observations and XRD results. First, the
colors of thick, foliated illite-rich gouge sections at BCD-01, BCD-02, and
BCD-08 resemble distinct units from the hanging wall. For example, at
BCD-02 and BCD-03, gouge sections have distinctive yellowish-orange
and purple-black colors that closely resemble interbedded dolostone
and siltstone of the Wood Canyon Formation (Fig. 10A and B.3 A; orange
dolostone, tan dolostone, black siltstone; Wright and Troxel, 1993). At
BCD-08, where the footwall is dominated by calc-mylonite and pelitic
schist, the ~10 m-thick orange-tan illite gouge zone resembles hanging
wall dolostone, silty carbonate and siltstone in the “C” and “E” members
of the Stirling Quartzite (Fig. 3A). We recognize that diagenesis could
easily obscure the original colors of the gouge zones and that color is not
a definitive property with which to correlate gouge zones to protoliths.

XRD transects through the gouge zones generally support that gouge
was derived from the BCD hanging wall. Inferred footwall-derived
mineral phases mostly decrease within 10-30 cm up section from the
base, and inferred hanging wall-derived phases predominate
throughout. Perhaps the best example of this is at BCD-06 (Fig. 11B).
The footwall is composed of calc-mylonite, whereas the hanging wall is
feldspathic sandstone/siltstone and dolostone breccia of the “C” member
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Fig. 11. Results of XRD scans from the BCD-01 (A), BCD-06 (B), BCD-02 (C/D), BCD-08 (E), and BCD-07 (F) locations. The dominant undeformed hanging wall and
footwall lithologies are described in the text above and below the sections on the right. Minerals corresponding to peaks in XRD spectra are labeled. c: calcite. d:

dolomite. i: illite. q: quartz.

of the Stirling Quartzite (Fig. 2C). The basal XRD sample (BCD-06 A) is a
mixture of quartz, calcite, and illite (Fig. 11B). The high proportion of
calcite suggest high contribution from the footwall calc-mylonite.
Samples above the base of the gouge zone are predominately quartz,
dolomite, and illite, consistent with increasing contribution from the
hanging wall.

At BCD-02, elevated proportions of illite and dolomite ~10 cm up-
section from the gouge zone base (Fig. 11C) suggest increased contri-
bution of feldspathic sandstone, siltstone, and dolostone of the lower
Wood Canyon Formation, which comprises the immediate hanging wall.
At BCD-08, elevated proportions of dolomite 60 cm up-section from the
gouge zone base (Fig. 11E) suggest increased contribution of dolostone
from the “C” member of the Stirling Quartzite, which comprises the
immediate hanging wall (Fig. 3A). Lessened proportions of calcite
within ~20 cm of the gouge zone base suggest decreased contribution of
calc-mylonite (or possibly carbonate breccia) from the lower Johnnie
Formation, which underlies the gouge zone (Fig. 2A). Lastly, we add that
high-grade metamorphic minerals, abundant within the footwall of the
BCD (e.g., garnet, staurolite) were not identified by XRD or thin section
analysis of the gouge zones. One may expect relicts of high-grade min-
erals if gouges were derived from the footwall, which is dominated by
upper amphibolite grade metapelite. We recognize that our XRD tran-
sects are somewhat reconnaissance in nature, and that longer scans may
reveal other phases as well as help distinguish forms of illite (Haines and
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van der Pluijm, 2012), though the data we have generally do support
gouge derivation from the hanging wall.

5. Interpretations of fault rock genesis
5.1. Mylonite: zone of semi-brittle flow

Calc-mylonite of the lower Johnnie Formation formed via crystal-
plastic flow near the upper part of the brittle-ductile transition zone
along the BCD. The average dynamically recrystallized grain size of
bulges in calc-mylonite (7.65 + 1.5 pm; Fig. 4D) suggests crystal-plastic
flow at ~260°-300 °C and 115 + 25 MPa, based on temperature cali-
brations (Ebert et al., 2008) and grain size piezometry (Platt and De
Bresser, 2017; Platt, 2023). This temperature range is consistent with 1)
brittle fracturing of quartz that was contemporaneous with plastic flow
of calcite (Fig. 4A and 12A), and 2) the predominance of type III and
type IV twinning in calcite (Fig. 4E and 12C). The estimated flow stress is
slightly less than that estimated for quartz ribbons and porphyroclasts
within calc-mylonite (120 + 15 MPa), which was calculated using the
Heilbronner and Kilian (2017) piezometer.

Pyrite and its oxidized byproducts (hematite) within calc-mylonite
suggest redox conditions that evolved with progressive embrittlement.
Pyrite is consistently unaltered in calc-mylonite where microstructure is
organized and uninterrupted by brittle microfaults (Fig. C2). This
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Fig. 11. (continued).

supports that any fluid present in the plastic shear zone was generally
anoxic. However, adjacent to brittle microfaults and within MPC zones
pyrite is rimmed or completely replaced by hematite (Fig. C2). This
suggests that the embrittlement process oxidized and or thermally
decomposed the pyrite (see section 5.2.2 below).

5.2. Cataclasite and breccia: earthquake nucleation zone

We interpret that MPC formed via high strain rate coseismic slip
along the BCD within the brittle-ductile transition zone and the deep
parts of the brittle crust. Formation of MPC via coseismic slip is sup-
ported primarily by 1) veins injected into cracks, fractures, and preex-
isting mylonitic foliations and shear bands (Figs. 5-7; 12 B), 2) the
pervasive iron oxide staining in MPC, which could reflect thermal
decomposition of carbonates and iron sulfides during coseismic heating
(Evans et al., 2014; Rowe and Griffith, 2015), and 3) granular flow
textures within MPC (detailed below).

Granular flow can be cataclastic, laminar, and grain-inertial (Rowe
and Griffith, 2015). Cataclastic granular flow occurs when clasts or
grains slide past one another and fracture internally. Laminar fluidized
granular flow occurs when the grains rotate and/or strain internally
within a fine-grained flowing matrix. Grain-inertial fluidized flow oc-
curs when grains collide and transfer energy from one to the next
(Borradaile, 1981; Paterson, 2013; Rowe and Griffith, 2015). These
granular flow mechanisms act together to reduce grain size and weaken
a fault. Injection veins and grain-inertial flows are suggested to have
coseismic origins (Rowe et al., 2012b; Rowe and Griffith, 2015).

Relics of cataclastic and fluidized granular flow are variably pre-
served within MPC samples and outcrops. Cataclastic granular flow is
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recorded by highly angular wall rock clasts (Fig. 6A, D, & 12B), highly
angular individual quartz grains (Fig. 8D, E, 8G, and 12E), and quartz
grains that are broken and offset in a normal sense along R1 shears
(Fig. 8D and 12A). Fluidized granular flow within MPC was both laminar
and grain-inertial. Laminar flow is recorded by alignment of the long
axes of wall rock clasts to the complex MPC margins (Fig. 8B and D.1)
and shape preferred orientations of mica grains within MPC matrix
(Fig. 8D).

5.2.1. Fluidized grain inertial flow

Fluidized grain inertial flow (coseismic) is supported by 1) the
cuspate and lobate edges of MPC-wall rock contacts (Fig. 6B, 8 and 12B),
2) very fine (5-40 pm) comminuted quartz grains (Figs. 8G), 3) ultra-
cataclasite preservation (Fig. 8F, 9C) and 4) plucking and sorting of wall
rock clasts, 5) injection of MPC into off-fault cracks (Figs. 5-7, 12), and
6) unidirectional upward-pointing strain fringes around pyrite and he-
matite (Fig. 13 and C.2 E).

The intrusion and injection structures characteristic of the MPC
(Figs. 1, 5, 6 and 82B, and D.1) closely resemble the morphology of
fluidized layers formed during known coseismic slip (Smeraglia et al.,
2017b). Fluidized layers with laminar to turbulent flow structures,
cuspate-lobate margins, and injection veins have been observed else-
where and are attributed to transient, cohesionless, low-viscosity
deformation during coseismic slip (Brodsky et al., 2009; Smith et al.,
2011; Fondriest et al., 2012; Tesei et al., 2013; Novellino et al., 2015;
Demurtas et al., 2016; Delle Piane et al., 2017; Smeraglia et al., 2017a,
2017b, 2018; Masoch et al., 2019).

These deformation textures probably result from trapped, pressur-
ized fluids, which can be triggered by thermal decomposition of
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Fig. 12. XPL photomicrographs showing key observations of mutually overprinting brittle-ductile deformation within samples immediately beneath the BCD. For all
panels, half arrows indicate shear sense and thin white lines (dashed and solid) are contacts between fault rock components. Thin black lines are R1 shears. A) Sample
BCD-08an showing the relocalization of R1 microfaults on the top-NW edges of fragmental quartz grains that are randomly distributed within the flowing calc-
mylonite matrix. Some putative carbonaceous material offset along the later brittle microfaults. The very fine calcite matrix is dynamically recrystallized. B)
Sample BCD-08ai showing mutual overprinting between MPC veins and ultramylonite (see text for more description). The opening vector (~2 mm NW-SE) of the
youngest MPC vein is based on matching the offset ultramylonite layer and a zone of coarse dynamically recrystallized quartz. C) Sample BCD-08ai showing a high
angle shear vein interpreted to offset MPC and layering within calc-mylonite. The vein is filled with coarse calcite with type III twins. calc: calcite. h: hematite. py:

pyrite. gtz: quartz. MPC: mixed phase cataclasite.

carbonate and clay minerals due to transient heating during coseismic
slip (Han et al., 2007a, 2007b, 2010; Brantut et al., 2008; Sulem and
Famin, 2009; De Paola et al., 2011; Ferri et al., 2011; Rowe et al., 2012a;
Collettini et al., 2013; Platt et al., 2015b; Kim et al., 2021). Transient
frictional heating is supported by the putative amorphous carbon pre-
sent along R1 and Y shears within the MPC zones (Fig. 6B) and
embrittled mylonite layers (Fig. 12A). If thermally mature, the specu-
lative carbonaceous material may indicate coseismic slip (Oohashi et al.,
2011, 2014; Nakamura et al., 2015; Kaneki and Hirono, 2019; Ohl et al.,
2020), although such material forms during subseismic slip as well
(Delle Piane et al., 2018; Kaneki et al., 2020).

Unidirectional, upward-pointing strain fringes were observed strictly
within a few mm above an injected MPC vein (Fig. 13). Twite et al.
(2020) interpreted these apparently rare features to indicate ascendant
movement of fluid during active deformation. We suggest that the
fringes represent the pressure shadow resulting from dilation during
injection of the MPC. This, however, is inconsistent with studies that
suggest fibres within strain fringes grow slowly over millions of years
(Muller et al., 2000; Passchier and Trouw, 2005).

5.2.2. Thermal decomposition of pyrite
Iron oxide and/or hematite can mineralize from pyrite via low-
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temperature oxidation in air or water (Zhu et al., 2018; Du et al.,
2021) or via rapid thermal decomposition. While both require abundant
oxygen, the latter requires temperatures and oxidation states exceeding
those present within the BCD-rooted shear zone, based on the mylonitic
textures. In the presence of oxic air at atmospheric pressure, a fairly high
temperature range (~430-640 °C) is required to thermally decompose
pyrite, oxidize the intermediate products, and form hematite (Jorgensen
and Moyle, 1982; Dunn et al., 1989; Hu et al., 2006; Bhargava et al.,
2009; Liu et al., 2023). High partial pressure of water vapor increases
the rate of thermal decomposition and slightly decreases the tempera-
tures at which thermal decomposition initiates (~420 °C) and completes
(~630 °C) (Huang et al., 2015). These temperatures exceed those esti-
mated at the brittle-ductile transition zone (~250-325 °C).

Therefore, we suggest that hematite within the BCD fault zone may
have formed via thermal decomposition of pyrite during coseismic slip
in the earthquake nucleation zone. Pyrite is systematically unaltered in
calc-mylonite samples where the microstructure is well organized
(Fig. C2), but completely or almost completely replaced by hematite
within and adjacent to MPC veins (Fig. 8G, 9C and 13) and along brittle
microfaults (Fig. 12A and 13C, and C.2). We recognize that hematite
may have preferentially formed within MPC zones and along brittle
microfaults simply due to supergene fluid flow that was channeled
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Fig. 13. Photomicrographs of sample BCD-08an showing unidirectional, up-
ward pointing strain fringes above hematite adjacent to cataclastic layers
within cale-mylonite. A) MPC vein injected subparallel to pre-existing C- and C-
planes. Dashed arrows illustrate the dilation around the vein. Solid arrows
indicate the flow direction inferred from strain fringes. Half arrows indicate the
shear sense. The high angle shear vein is the twinned calcite vein from Fig. 4F.
B/C) Close-up views of unidirectional upward pointing strain fringes. D)
Asymmetric, non-coaxial strain fringe around hematite suggesting rotation or
sliding and indicating top-NW shear.

through these features. However, we entertain the possibility of friction-
induced thermal decomposition.

5.2.3. Earthquake nucleation and cyclic brittle-ductile overprinting

We interpret that coseismic slip nucleated at strength contrasts
within the plastically flowing calc-mylonite. This is supported by the
fact that veins and shear fracture-aligned bands of MPC systematically
occupy the strong-to-weak contacts across all scales, and the MPC veins
have very similar composition to wall rock mylonite (Fig. 6E and 8G).
The MPC zones lie between 1) quartzite breccia and mylonite at the
outcrop scale (Figs. 5 and 6), 2) coarse quartz ribbons/porphyroclasts
and adjacent mylonitic matrix at the mm scale (Fig. 8A, G, and 14), and
3) individual fragmental quartz survivor grains and mylonite matrix at
the micron to mm scale (Fig. 8D and 12A).

15

Journal of Structural Geology 183 (2024) 105132

Coseismic slip and formation of MPC from calc-mylonite was prob-
ably driven by some combination of 1) footwall exhumation-related
cooling and 2) transient high strain rate events that caused embrittle-
ment within the crystal-plastic fields of both calcite and quartz. The
former is expected and almost certainly occurred during exhumation.
However, mutually cross-cutting relationships between MPC and other
fault rock components indicate that the latter occurred also. For
example, Fig. 12B depicts a tensile vein of MPC that is sheared by an ~1
mm-thick ultramylonite layer, which is in turn cross-cut by a thicker
shear vein of MPC with cuspate and lobate margins. The sample also
contains tensile veins of quartz cataclasite.

This suggests repeated cycles of coseismic slip, MPC injection, ductile
shearing, and crystal-plastic deformation. Cycles of high strain rate
coseismic slip and low strain-rate crystal-plastic deformation have been
proposed to explain deep fault exposures where pseudotachylyte and
mylonite/ultramylonite mutually overprint one another or are inter-
laced (Sibson, 1980; Hobbs et al., 1986; Scholz, 1988; Koch and Masch,
1992; Lin et al., 2005; Lin, 2008; Pittarello et al., 2012; Price et al., 2012;
Melosh et al., 2018), from cockade breccia (Masoch et al., 2019), and
layered sequences of cataclasite (Axen et al., 2018). We suggest that the
mutually overprinting MPC and ultramylonite (Fig. 12B) would invoke
similar scenario.

Cyclic comminution during MPC formation and subsequent crystal
plastic flow may be the mechanism by which the thin (100-500 pm)
ultramylonite and ultracataclasite layers formed immediately beneath
the BCD (e.g., samples BCD-08AN and BCD-08AI, Fig. 14). This process
would focus stress progressively into quartz-rich domains leading to
preferential cataclasis and repeated embrittlement near the interface
between the weak calc-mylonite and the strong quartzite breccia layers
and MPC zones. Strain localizing at this strong-weak interface, driven in
part by fluid-assisted alteration and possibly high pore fluid pressure,
may have led to development of the through-going BCD. High pore fluid
pressure, at least during coseismic slip, is supported by injection of MPC
into veins and cm-scale bands subparallel to Y, P, R1 and T (tensile)
fractures (Fig. 14). Similar styles of progressive localization near the
brittle-ductile transition have been interpreted from composite fault
rock studies along the Whipple (Selverstone et al., 2012; Axen, 2020)
and Catalina-Rincon (Davis et al., 2023) detachments. Cyclic over-
pressure near the brittle-ductile transition during coseismic slip, fol-
lowed by a return to low levels of pore fluid pressure and dominant
pressure solution/crystal-plastic flow, have been suggested also to
mediate the seismic cycle (Doglioni et al., 2014; Chen et al., 2015),
especially in lithologically heterogeneous fault zones (Miiller et al.,
2010; Tesei et al., 2013, 2014; Bullock et al., 2014).

5.3. Gouge: zone of aseismic creep

We infer that the foliated illite-rich gouge zones formed via aseismic
creep along the BCD in the upper 5 km of crust, corresponding to 0 < T
< 160 °C along the reconstructed BCD. These conditions are used to
build the mechanical models presented below. The gouge zones prob-
ably formed also along the upper 5 km of normal faults that sole into the
BCD. The crude pinch-and-swell pattern of the foliated gouge zones
relative to the (Fig. 2) suggests channeling of slip into the BCD via the
gouge zones, but also occlusion of the gouge layer as slip focused into the
underlying calc-mylonite layers.

6. Reconstructed mechanical transitions

In this section, we map out the brittle-ductile transition, earthquake
nucleation zone, and zone of aseismic creep along the reconstructed
BCD. We utilize existing thermo-kinematic model snapshots (Lutz et al.,
2021), which constrain the fault geometry, depth of present-day fault
footwall exposure, and dynamic geotherm. These constraints, when
combined with the inferred thermo-genetic conditions of fault rock
genesis (sections 4 and 5), allow reconstructions of the mechanical
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Fig. 14. XPL photomicrographs (A, C, D) and interpretive trace (B) showing key phases within brittle-ductile mylonite/MPC sample BCD-08ai formed immediately
beneath the Boundary Canyon Detachment BCD. A) the R1 shear that parallels C'-shear bands of mylonite is subparallel to BCD dip at this location and separates thick
MPC from footwall mylonite. B) Interpretation highlighting the semi-brittle microfaulting, tensile veins and shear veins filled with dynamically recrystallized quartz
and MPC, and very fine ultramylonite and ultracataclasite layers. C) Relatively thick (~0.5 mm) tensile vein of MPC emanating from the coarsest part of a quartz
ribbon. The vein is confined to the overlying quartz ultracataclasite and appears to smear out into the fine mylonitic matrix. D) Tensile vein confined to a quartz
ultracataclasite layer that is in turn dynamically recrystallized. SGR: Subgrain rotation. BLG: Bulging recrystallization.

transitions along the fault through time.
6.1. Brittle-ductile transition in quartz

We interpret that the quartz brittle-ductile transition zone along the
12 Ma BCD to have been located at ~11 km depth (T = 300-325 °C)
(Fig. 15A). Aside from being a standard minimum temperature of crystal
plasticity in quartz (e.g., Passchier and Trouw, 2005; Fossen and Cav-
alcante, 2017), 325 °C corresponds to the minimum temperature of
crystal-plastic flow in BCD footwall quartz mylonite based on subgrain
growth modeling (Hoisch and Simpson, 1993). At depth >11 km,
deformation along the initial (ca. 12 Ma) BCD was strictly plastic except
for possible rapid slip events in which coseismic ruptures may have
propagated into the plastic field as described in section 5.2.3 (Aharonov
and Scholz, 2018, 2019).

6.2. Brittle-ductile transition in calcite

We interpret the calcite brittle-ductile transition zone along the 12
Ma BCD to have been located at ~9.5 km depth (T = 250 °C) (Fig. 15A).
The 250 °C isotherm is the inferred minimum temperature of crystal-
plastic flow of calcite, based in part on the average grain size of
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bulges in calc-mylonite (7.65 + 1.5 pm; Fig. 4D), the temperature cali-
bration study of Ebert et al. (2008), and the assumption that some
post-mylonitic grain growth may have taken place such that our mean
grain size (average 12.45 + 1.5 pm) is slightly too high (e.g., Beyene
(2011) measured calcite grains as small as 3-5 pm).

Thus, at temperatures between 250 and 325 °C, corresponding to
9.5-11 km depth along the initial BCD, plastic flow of calc-mylonite and
brittle fracturing of quartz were contemporaneous. This is supported by
several observations at outcrop (Figs. 3C and 5E) to microscopic
(Fig. 4A, F, 12, and 14) scales. Therefore, cataclasis and brittle slip
within the 9.5-11 km depth range were possible, especially along
patches with abundant quartz-bearing protoliths. Furthermore, experi-
ments suggest that brittle stick slip and cataclasite flow of calcite may
occur within the nominally plastic field (at T < 500 °C) due to suffi-
ciently fast slip rates (>0.3 pm/s), and the resultant fault rock may be
indistinguishable from a calc-mylonite (Verberne et al., 2015; Chen
et al., 2020; Del Sole et al., 2023).

6.3. Earthquake nucleation zone

The main earthquake nucleation zone was probably located between
5 and 9.5 km depth along the initial BCD, corresponding to 160 °C < T <
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Fig. 15. Mechanical models of BCD fault slip. A) Fault rock zones mapped onto the 12 Ma snapshot of thermo-kinematic reconstructions (Lutz et al., 2021). Yellow
stars show the depths where static stress models were analyzed. B) Modeled pressure profile showing the linear principal stress gradients (6; and c3), pore fluid
pressure (Pg), and BCD critical shear stress calculations (c;). C) Mohr diagrams showing preferred stress state and failure envelopes for the BCD and hanging wall
faults at various depths. Fault planes binned within 500 m of the depth location of each model. BDT: Brittle-ductile transition. EQ: earthquake. MPC: Mixed phase
cataclasite. qtz: quartz. pg: coefficient of static friction. A: ratio of pore fluid pressure to the maximum principal stress (61). ©: angle between the maximum stress (61)
and the fault. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

250 °C (Fig. 15A). We infer that this was the main zone in which MPC
formed via coseismic slip along the BCD based on the rate-state behavior
of the primary mineral phases within MPC: calcite, quartz, and illite.
Calcite. Calcite, the dominant phase in the immediate BCD footwall
from our observations (Fig. 2), is velocity weakening and would
nucleate stick slip instabilities within the 160 °C < T < 250 °C zone. This
supports earthquake nucleation within this temperature range. Velocity
weakening, stick slip, and granular flow were observed in experiments
on calcite gouge at 100 °C < T < 550 °C for slip velocities <3 pm/s
(Verberne et al., 2015; Chen et al., 2020). These experiments suggest
that the fine grained calc-mylonite along the BCD could have been
formed by a combination of frictional sliding (stick slip) and plastic flow.
Other experiments performed at higher slip rates (~1 m/s) yielded ve-
locity weakening behavior only after sufficient development of a
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fine-grained high shear band (Smith et al., 2015). Lacey (2018) showed
with frictional hold-slide experiments that calcite in marble exhibits
velocity-strengthening behavior and stable dissolution-creep at 30 °C <
T < 70 °C, oscillatory, slow-slip behavior at 70 °C < T < 160 °C, and
velocity-weakening, stick-slip behavior at 160 °C < T < 300 °C.

Quartz. Laboratory experiments and representative analytical
models suggest that quartz and quartz-illite gouge exhibit velocity
weakening behavior at T > 150 °C if slip rates are fast enough (e.g., mm/
s) and slip distance is great enough (cm) (Di Toro et al., 2004; Nakatani
and Scholz, 2004; Niemeijer and Spiers, 2007).

Illite. Abundant mechanical experiments performed on illite and
illite-rich gouge have demonstrated velocity strengthening behavior at
T < 250 °C across a wide range of stress conditions and sliding velocities
(Moore et al., 1989; Saffer and Marone, 2003; den Hartog et al., 2012a,
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2012b, 2013; den Hartog and Spiers, 2013; Tesei et al., 2015; Okuda
et al., 2023).

6.4. Zone of aseismic creep

The zone of aseismic creep and stable sliding where earthquake
presumably could not nucleate was probably located between 0 and 5
km depth along the initial BCD, corresponding to T < 160 °C (Fig. 15A).
At T < 160 °G, illite and calcite exhibit velocity strengthening behavior
(see above). We interpret that the thick zones of foliated, illite-rich fault
gouge were formed in this zone throughout BCD slip and footwall
exhumation.

7. Static stress models at mechanical transitions
7.1. Depth-dependent static friction

Static friction (yus) was assigned to different parts of the initial BCD
through comparison of fault rock compositions to thermally controlled
laboratory experiments. Illite is the weakest phase in the BCD fault
rocks. Illite comprises 25-50% of most foliated gouge and up to 90%
along Y, R1, and P shears (Fig. 11 and B2). Illite-rich gouge (65% illite)
has ps = 0.28-0.51 (Behnsen and Faulkner, 2012; den Hartog et al.,
2012b, 2013; den Hartog and Spiers, 2013; Haines et al., 2013, 2014;
Mariani et al., 2015). Experiments that were run at high normal stress
(>100 MPa) and with pore fluid pressure (Behnsen and Faulkner, 2012;
den Hartog et al., 2013) yielded ps = 0.38. Illite comprises 20-50% of
the MPC that was analyzed by XRD (Fig. 6E) and electron microprobe
analyses (Fig. 8G), suggesting ps = 0.38-0.51 (Tembe et al., 2010; den
Hartog et al., 2013). Therefore, failure envelopes in static stress models
utilize a range of static friction coefficients (0.38<ps < 0.51). The
moderate friction range (ps = 0.38-0.51) was used in relatively deep
models (11-12 km). We used the relatively low friction (us = 0.38) in
shallow models (0-9.5 km).

7.2. Depth-dependent static stress

Modeling results show that shear stress along the BCD increases
linearly in the upper crust, but this linearity breaks down near the
brittle-ductile transition due to plunging 6, elevated friction, and pore
fluid pressure (Fig. 15B and C). Moderate rotation of the stress field to
plunge 60-80° NW toward the hanging wall transport direction is
consistent with reconstruction of mylonitic fabrics in the BCD root
(Hoisch and Simpson, 1993; Lutz et al., 2021), including possible con-
jugate fractures within calc-mylonite that may have formed contempo-
raneously with mylonitic flow (Fig. 4B and D.2). Elevated pore fluid
pressure near the upper brittle-ductile transition is possible, considering
the abundance of tensile and shear veins filled with dynamically
recrystallized and/or type III twinned calcite (Fig. 4A, F, and 12C),
dynamically recrystallized quartz (Fig. 14D), and MPC (Figs. 5, 6, 12 and
14) and the general lack of such veins in up-dip BCD locations (Fig. 3D
and E).

Many combinations of stress field orientation (67 plunge from 60 to
80° NW), coefficient of static friction (0.38 < pg < 0.51), and pore fluid
pressure (0.37 < A < 0.68) may have induced shear failure along the
reconstructed BCD. The configurations shown in Fig. 15 are probable
scenarios that are supported by the fault rock observations (section 4)
and interpretations (section 5).

Model A. This model was generated at depth =5 km (T =~ 160 °C) and
is inferred to represent the maximum shear stress of stable sliding within
the aseismic creep zone where foliated gouge was forming (Fig. 15). Low
shear stress (65 ~ 32-38 MPa) was calculated using vertical maximum
stress (61 &~ 132 MPa), hydrostatic pore fluid pressure (A = 0.37; P¢ ~ 49
MPa), low fault dip (22° < § < 30°), and moderately low static friction
(s = 0.38).

Model B. This model was generated at depth = 9.5 km (T ~ 250 °C)
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and is inferred to represent the maximum shear stress along that fault
near the top of the brittle-ductile transition for calcite in calc-mylonite
below the BCD. Elevated shear stress (65 =~ 40-50 MPa) was calculated
using an 86°-plunging maximum stress (67 ~ 250 MPa), elevated pore
fluid pressure (A = 0.64; P¢ =~ 160 MPa), low fault dip (15° < § < 20°),
and the range of static friction estimated for the MPC zones (0.38<pg <
0.51). The differential stress at this model depth is ~140 MPa, which is
consistent with the maximum stress of crystal-plastic flow in quartz
mylonite, but may be slightly less than the maximum stress of crystal-
plastic flow in calc-mylonite, depending on the assumptions about
grain size piezometry and annealing after grain size reduction (section
4.1).

This model supports that, within the plastic flow field for calcite
(>9.5 km depth), stress preferentially transferred to or was supported
within quartz-rich domains (e.g., porphyroclasts and ribbons). Focusing
of stress into quartz-rich domains is substantiated by brittle-ductile
textures from the outcrop to microscopic scale (Fig. 3C, 4A and 5E,
6B, and 14). Similar stress configurations have been shown or inter-
preted in recent laboratory experiments on mixed clay-quartz gouge
(Bedford et al., 2022) and from field studies of extensional detachments
formed in mixed clastic-carbonate protoliths (Singleton et al., 2018). We
infer that this mechanical heterogeneity promoted nucleation of
stick-slip instabilities near quartz-rich domains within the brittle-ductile
transition zone.

Model C. This model was generated at depth = 11 km (T =~
300-325 °C) and is inferred to represent the shear stress along the fault
near the top of the brittle-ductile transition for quartz in calc-mylonite
below the BCD. High shear stress (65 ~ 60-75 MPa) was calculated
using an 82°-plunging maximum stress (67 ~ 295 MPa), elevated pore
fluid pressure (A = 0.67; P¢ =~ 196 MPa), low fault dip (15° < 6 < 20°),
and the range of static friction estimated for the MPC zones (0.38 < ps <
0.51). We recognize that friction may have been higher if quartz was the
primary control, and therefore the shear stress calculated in Model C
may be an underestimate.

8. Discussion
8.1. Seismogenic low-angle slip

We have presented several convincing lines of evidence to support
normal-sense, coseismic slip along the reconstructed low-angle BCD (see
section 5.2). Coseismic slip along low-angle normal faults is favored by
some combination of the following mechanisms: 1) pore fluid over-
pressure due to fault healing and permeability reduction (fault valve
model) (Sibson, 1992, 2019), 2) rotation of the maximum stress in the
deep brittle crust to reduce the angle between the maximum stress and
the fault (Spencer and Chase, 1989; Yin, 1989; Axen, 1992, 2020;
Wernicke, 1992; Westaway, 1999), and/or 3) stress increase from
locked, interconnected, and super-critically stressed fault networks
(Fletcher et al., 2016).

Our 2D static stress models permit any combination of these poten-
tial factors. Despite moderate friction (0.38 < pg < 0.51), some minor
rotation of the stress field (10-20°) and/or elevated pore fluid pressure
(Pf = 100-200 MPa; 0.37 < A < 0.68) were probably needed to induce
shear failure on the modeled low-angle (<19°) BCD at depth >6 km
(Fig. 15C). Pore fluid pressure was almost certainly very high during
injection of the MPC veins, which occupy T, Y, S, and R1 planar orien-
tations (Figs. 8 and 12-14). Furthermore, high-angle hanging wall
normal faults that sole into the BCD (Fig. 10A and 15A) were super-
critically stressed at conditions where the BCD was sub-critically to
critically stressed (Fig. 15C).

Thus, it seems likely that the BCD was a “keystone” fault (Fletcher
et al., 2016) during seismic faulting events, initiating dynamic rupture
of super-critically stressed, but geometrically locked, fault networks. We
envision a scenario where deep plastic flow and shallow aseismic creep
promoted stress concentration along the stronger, frictionally locked,
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and/or poorly oriented patches of the BCD. Quartz-rich domains within
and bounding flowing calc-mylonite eventually failed frictionally,
leading to nucleation of a stick-slip instability and dynamic rupture
propagation up dip through the velocity-strengthening patches (Faulk-
ner et al., 2011; Collettini et al., 2019) and down dip through the
plastically flowing BCD root (Hobbs et al., 1986; Scholz, 1988; Ahar-
onov and Scholz, 2018, 2019). Coseismic rupture in the otherwise
crystal-plastic field (T > 325 °C, depth >9.5 km) is supported by
mutually cross-cutting relationships preserved between MPC veins,
semi-brittle microfaults, and ultramylonite layers immediately beneath
the BCD (Fig. 2A and 14). Dynamic rupture propagation up dip through
the velocity-strengthening patches may explain the formation of the
pulverized gouge at BCD-02 and BCD-03 (Fig. 2E, F, and 10B).

8.2. Thin earthquake nucleation zone

The inferred earthquake nucleation zone along the BCD both thinned
and shallowed with exhumation. Heat advected with the rising footwall
increased the average upper crustal geotherm from ~27 °C/km at
initiation (ca. 12 Ma; Fig. 16A) to ~40 °C/km locally by exhumation (ca.
7 Ma; Fig. 16C). This elevated the tops of the calcite brittle-ductile
transition and earthquake nucleation zone to ~5 km depth and
~3.5-5 km depth, respectively. The very shallow upper brittle-ductile
transition and thin earthquake nucleation zone would severely limit
the fault’s capacity to host large magnitude earthquakes. This thin
earthquake nucleation zone may have been completely absent as the
geotherm was compressed, especially if the calc-mylonite along the BCD
underwent crystal-plastic deformation at very low temperatures
(>150 °C) (Kennedy and White, 2001).

Thin earthquake nucleation zones may be common to continental
low-angle normal faults, especially those developed in thick sections of
relatively fine-grained and mixed carbonate-siliciclastic rocks. In such
upper crustal sections, the zones of low-temperature plasticity in car-
bonates and aseismic creep along reaction-weakened clastics (clay-rich
gouge) may amalgamate (Lutz et al., 2021). This would lower potential
earthquake magnitude by reducing nucleation width and limiting dy-
namic rupture potential (Kaneko and Lapusta, 2010; Avouac, 2015;
Scholz, 2019). Pervasive hanging wall damage from faulting and frac-
turing contributes also to small earthquake nucleation zones through
enhanced fault-parallel hydraulic conductivity. Overwhelming evidence
of deep meteoric water circulation into detachment shear zones (Fricke
et al., 1992; Morrison, 1994; Gébelin et al., 2015; Haines et al., 2016;
Bons and Gomez-Rivas, 2020; Dusséaux et al., 2022) supports that re-
action softening via authigenesis and phyllosilicate development is a
viable, widespread mechanism to weaken faults and allow slip under
non-Andersonian conditions (Massironi et al., 2011; Collettini et al.,
2019). However, due to slip stabilization and restrengthening under
hydrothermal conditions, the earthquake nucleation zone may deepen
and strengthen with time (Chen et al., 2015).

8.3. Future work

The BCD preserves fault rocks that formed during processes spanning
much of the upper crust. Beyond what is presented here, these naturally
deformed rocks can inform the mechanics of cyclic coseismic-aseismic
deformation 1) near the strong brittle-ductile transition where large
earthquakes tend to nucleate, and 2) within clay-dominated creeping
fault sections through which dynamic ruptures may propagate.

Further work on the BCD fault rocks will help constrain these pro-
cesses and expand our understanding of cyclic coseismic-aseismic
deformation along low-angle normal faults. This work may involve
electron backscatter diffraction (EBSD) and 3D measurements of calcite
twinning to develop more robust constraints on the temperature and
stress state near the brittle-ductile transitions for both quartz and calcite
in the system. EBSD analyses could confirm our preliminary grain size
measurements made on a petrographic microscope and could reveal
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Fig. 16. Reconstructed temperature-time-depth evolution of BCD study loca-
tions from initiation (A) to exhumation (C). A) Initial BCD (ca. 12 Ma; same as
Fig. 15A). B) 9 Ma thermo-kinematic model snapshot showing initial footwall
exhumation and passage of structurally highest BCD footwall locations (BCD-
01-04) into the creeping zone. Locations BCD-07 and -06 enter the earthquake
nucleation zone, and BCD-08 exits the plastic field for quartz. C) 7 Ma thermo-
kinematic model snapshot showing further footwall exhumation and passage of
structurally deeper BCD footwall locations (BCD-06-08) through the very thin
earthquake nucleation zone and into the creeping zone. Symbols and colors the
same as Fig. 15. D) Thermal evolution of BCD study locations based on thermo-
kinematic models of Lutz et al. (2021). EQ: earthquake. MPC: mixed phase
cataclasite. qtz: quartz. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)

combined crystallographic- and shape-preferred orientations of calcite,
a texture that may indicate coseismic slip (Smith et al., 2013; Novellino
et al., 2015). However, similar fabrics have been observed in experi-
ments conducted at sub-seismic slip rates (Verberne et al., 2015) and
rocks deformed by natural aseismic creep.

Combined SEM and transmission electron microscopy (TEM)
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imaging of the MPC, especially along sharp cuspate-lobate wall-rock
contacts (e.g., Figs. 1, 6 and 82B), will inform the micro-to nano-scale
grain fabrics of calcite, phyllosilicates, hematite, and any other oxides or
hydroxides within the MPC. We predict that such imaging of the fluid-
ized layers will reveal features such as skeletal calcite (Collettini et al.,
2013; Delle Piane et al., 2017), nanospherules and nanotubes of phyl-
losilicate (e.g., Smeraglia et al., 2017b, 2017a), and amorphous silica
(Collettini et al., 2013). Presence of these nano-scale components would
bolster our interpretations of coseismic low-angle slip. Raman spec-
troscopy of the black material focused along Y and R1 shears within MPC
(Fig. 6B) and C-planes within calc-mylonite (Fig. 12A) would confirm
the presence of amorphous carbon and reveal if it has matured thermally
due to frictional heating.

Calcite within the fault zone is pre- syn- and post-kinematic. This
presents an excellent opportunity to utilize in-situ calcite U-Pb dating
(Roberts and Walker, 2016; Hansman et al., 2018; Bilau et al., 2020;
Amidon et al., 2022; Roberts and Holdsworth, 2022) to constrain the age
of deformation and compare with existing thermo-kinematic modeling.
In particular, the twinned and dynamically recrystallized calcite would
provide estimates of ductile deformation, and late-stage vein calcite
within MPC and breccia layers would constrain the minimum age of
cataclastic deformation within the earthquake nucleation zone.

The general lack of a continuous, localized principal slip surface
along the BCD is puzzling and conjures several important questions
related to 1) our treatment of the fault in mechanical models and 2)
formation of a throughgoing detachment surface. One outstanding
question is: did the BCD slip surface relocate repeatedly within the
fault’s general shear zone (mylonite and gouge zones) such that there
was no long-lived detachment?

Without a well-localized slip surface along the detachment, the large
(~35 km) net heave was probably accommodated by distributed, inter-
seismic shear within meter’s-thick layers of 1) clay-rich gouge at the
base of the hanging wall and 2) quartz and calc-mylonite at the top of the
footwall. Conversely, punctuated seismic slip that propagated through
these generally weak shear zones may have produced 1) dolostone
breccia and pulverized gouge at the base of the hanging wall and 2) MPC
and quartzite breccia at the top of the footwall. Punctuated coseismic
slip events, focused within the earthquake nucleation zone (Fig. 15A),
may have acted to link the weak fault patches dominated by creep- and
plastic flow, forming a high-friction ramp. This linkage may have formed
temporary through-going detachments that are subsequently abandoned
and incorporated into the weak general shear zones.

Detailed geologic mapping of the hanging wall/footwall lithologies
and the fault rock types would help confirm or reject several the hy-
potheses we present for the sources of the clay-rich gouge zones and help
understand the sub-km scale of the BCD and its incision/excision
history.

9. Conclusions

We integrate field, microstructural, and geochemical observations of
fault rocks with existing thermo-kinematic models to understand the
mechanical evolution of an exhumed low-angle normal fault, the
Boundary Canyon detachment (BCD). The BCD offers an unprecedented
view into brittle, ductile, and mixed mode deformation along a low-
angle normal fault hosted in varied host rocks (metapelite, carbonate,
clastic). The following conclusions are reached.

(1) The BCD produced a heterogeneous suite of fault rocks, including
quartz- and calc-mylonite, cataclasite, foliated illite-rich gouge,
pulverized gouge, and various types of breccia.

(2) Injection veins, fluidized granular flow textures, unidirectional,
upward pointing strain fringes, and pulverized gouge support
coseismic slip along the BCD, which appears to have nucleated at
inherited strength contrasts both within and surrounding weak
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calc-mylonite layers (i.e., quartz ribbons, quartzite breccia layers,
porphyroclasts).

(3) Static stress models support that the initial (ca. 12 Ma) fault crept
at <30-38 MPa shear stress in the uppermost crust (depth <5 km)
but may have slipped coseismically at 40-75 MPa along deeper
fault patches (~5-11 km depth).

(4) Despite relatively low friction (0.38 < pg < 0.51), rotation of the
stress field (~10-20° from vertical) and elevated pore fluid
pressure (P = 100-200 MPa; 0.37 < A < 0.68) were probably
needed to induce shear failure along the low-angle (<19° dip)
BCD fault patches.

(5) High-angle hanging wall faults were super-critically stressed
when the BCD was (sub) critically stressed, suggesting that the
BCD was a “keystone” fault (Fletcher et al., 2016) and triggered
dynamic ruptures.

(6) The BCD cut through a thin earthquake nucleation zone (0-4 km-
thick vertically) that shallowed and thinned as heat was advected
with the exhuming footwall.
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