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Abstract

We examine fault-related rocks from the upper parts of the active San Andreas and ancient San
Gabriel Faults, southern California, to determine the nature and origin of micro-scale composition and
geochemistry of fault-related rocks. These data constrain the nature and extent of fluid-rock
interactions and processes by which slip is accommodated on shallow portions of these faults. The
steeply dipping San Gabriel Fault (SGF) was sampled in a steeply inclined borehole to a depth of 400 m,
and the San Andreas Fault (SAF) was sampled by seven northeast-plunging boreholes to a depth of 250
m. Fault damage zones 100m+ wide exhibit narrow fault core zones within broad damage zones.
Petrographic, mineralogic, whole-rock geochemical analyses and synchrotron-based X-ray fluorescence
mapping of whole drill core and thin sections reveal evidence for repeated syntectonic hydrothermal
alteration, Fe-Mn rich mineralization, shearing, and brecciation that resulted in the formation of foliated
cataclasites and clay and chlorite-rich shear zones in fractured network fault zones. Mineralization and
alteration include clay and chlorite development, carbonate and zeolite mineralization, and the mobility
of trace and transition elements in the deformed rocks. Textural evidence for repeated shearing,
alteration, vein formation, brittle deformation fracture, fault slip, pressure solution, and re-lithification
of faulted rocks suggests that hydrothermal alteration occurred during deformation at shallow levels.
The rock assemblages likely represent significantly weakened rocks that have the potential to slip at low
shear stresses, experience creep, distribute seismic energy within and near the fault, and show that
hydrothermal conditions in faults may exist at very shallow levels of active faults.
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1 INTRODUCTION

Faults in the upper 2 to 5 km of the Earth's continental crust typically do not radiate energy (Scholz,
2019; Xu et al., 2016); yet long-term tectonic slip is accommodated in the shallow zone for crustal strains to
be compatible over the entire depth range of a fault (Rice and Tse, 1986; Marone and Scholz, 1988).
Seismic energy travels through fault zones to the surface and affects how energy is distributed in and
away from the fault. Slip nucleated at seismogenic depths reaches the Earth’s surface through an upper
aseismic or stably slipping zone (Marone and Saffer, 2007). Coseismic energy is consumed in fault zones
by rupture propagation, slip along fault surfaces (Harris and Day, 1997; Andrews, 2005), and by anelastic
processes within low elastic moduli fault damage zone rocks (Chester and Logan, 1986; Schulz and Evans,
2000; Roten et al., 2017). The depth distribution of earthquake foci in southern California (Hauksson and
Meier, 2019) and inversions of Mp> 7.0 strike-slip faults (Archuleta, 1984; Kaneko and Fialko, 2011; Dolan
and Haravitch, 2014; Scott et al., 2019; Xu et al., 2016) show that seismic slip maxima occur at depths of 4
to 10+ km, and slip diminishes to ~ 50% or less of these maxima towards the Earth's surface (Kaneko and
Fialko, 2011). Some workers indicate that interpretations of shallow-slip deficits may be due to the
assumptions made in modeling fault slip (Marchandon et al., 2021). Resolving modeling uncertainties,
establishing the distribution and magnitudes of fault slip as a function of depth, and determining the
elastic properties of fault zones over a full depth range are required to resolve the magnitude of shallow
slip deficits. The upper portion of faults may experience some combination of coseismic and post-seismic
slip or creep after main shocks (Marone and Saffer, 2010) to accumulate the nearly constant amount of
slip thought to develop in the brittle layer over long periods (Rice and Tse, 1986).

Mechanisms to explain shallow slip deficits and fault-zone plasticity include frictional slip on weak
fault-related rocks, pore-fluid pressure weakening (Marone and Saffer, 2007), or bulk plastic yielding
(Roten et al., 2017) due to the presence of lower cohesive and frictional strength rocks in fault damage
zones (Chester et al., 1993; Isaacs et al., 2008; Jeppson et al., 2010; Bradbury et al., 2011; Jeppson and
Tobin, 2015). Most fault zone classification schemes and interpretations (Sibson, 1977; Woodcock and
Mort, 2008) depict the uppermost parts of fault zones as consisting of low or non-cohesive fault zones
comprised of ‘incohesive breccias'. Most of these models fail to account for the nature and extent of a
range of fault-related rocks observed in the rock record, especially foliated fault-related rocks that form in
the upper crust (c. f., Chester and Logan, 1986; Chester et al., 1993; Isaacs et al., 2008) and in faults where
significant fluid-mediated alteration occurred during deformation (Faulkner et al., 2003; 2010; Smith et al.,
2013; Towend et al., 2017; Boulton et al., 2017). Evidence for fault zone alteration, cementation, and

mineralization is observed in a range of places along the San Andreas System. Clay + chlorite +



May 31, 2023

phyllosilicate-rich fault-zone rocks are in exhumed faulted rocks (Chester et al., 1993; Moore and Rymer,
2012; Schulz and Evans, 1998; Bradbury et al., 2015) and in the deep SAFOD core (Gratier et al., 2011;
Bradbury et al., 2015; Holdsworth et al., 2011; Richard et al., 2014; Schleicher et al., 2009). The presence of
such fault-related rocks suggests brittle and non-brittle processes operate at shallow crustal levels in these
strike-slip faults, and alteration in fault zones is driven by heat and fluids active in shallow fault regimes.
Fluid-rock interactions have been invoked to explain the presence of veins, clay-rich fault gouge, alteration
assemblages such as hydrologically driven alteration of hornblende to iron-oxides + chlorites or feldspars
to clay, mineralization within faults, or pressure solution. Some of these processes may occur at ambient
thermal conditions, but in many cases, these features likely occurred at hydrothermal conditions—at
temperatures above the background geothermal conditions.

These studies beg the questions: 1. What are the structures and composition of the shallowest parts of
the bedrock component of faults (Nevitt et al., 2020)? 2. How might these processes lead to coseismic slip
deficits (if real) and energy adsorption? 3. What are the processes that are responsible for these deficits,
and can we see evidence for them in the rock record? 4. How do indurated fault-related rocks form within
the upper few kilometers of the earth’s crust? 5. What is the nature and extent of fluid-rock interactions in
the shallow parts of fault zones?

We address these questions by examining rocks retrieved from drill core from depths of 100-400 m
across an active segment of the San Andreas Fault (Studnicky, 2021; Studnicky et al., submitted; Williams et
al., 2021) and from the exhumed San Gabriel Fault (Crouch, 2022; Crouch et al., in revision) at microscopic
scales to document the deformation mechanisms, mineralogy, and geochemistry within the damage
zones. Narrow slip surfaces in these faults lie within damage zones, where brittle deformation and fluid-
induced low-temperature alteration produced regions of intense brittle damage and phyllosilicates +
zeolites + carbonates assemblages. Samples and borehole-based data from continuously cored boreholes
provide samples of the entire fault zones, and the rocks have well-preserved deformation and alteration
textures with little surface-related alteration.

We use synchrotron radiation scanning X-ray fluorescence (SRS-XRF) mapping (Bergmann et al., 2018;
Edwards et al., 2018) to complement optical and scanning electron microscopy, whole-rock geochemistry,
and X-ray diffraction mineralogic analyses of fault-related rocks. Analyses of elemental composition and
their variations at mm to 10's cm scales enable us to integrate elemental maps with the results of studies
at the drill core and thin section scales to determine how fluid-rock-deformation interactions occurred in

the shallow parts of these faults.
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1.1 Geologic Setting

We examine two suites of samples across the active San Andreas Fault and the ancient San Gabriel
Fault acquired in recent geotechnical drilling studies. The San Andreas Fault (SAF) system accommodates
much of the transform plate motion between the Pacific and North American Plates in southern California
(Irwin, 1990). In the Mojave region, the active San Andreas Fault [Figure 1] was preceded by slip on the
Punchbowl and San Gabriel Faults (SGF) (Powell, 1993; Powell and Weldon, 1992; Nourse, 2002). The
Elizabeth Lake study site on the San Andreas Fault (LADWP, 2019; Williams et al., 2021; Studnicky et al.,
submitted) consists of seven northeast-plunging boreholes drilled to depths of 144 m across the San
Andreas Fault [Figure 1; Figure 2a]. These holes were drilled by the Los Angeles Department of Water and
Power [LADWP, 2019] where the Los Angeles Aqueduct crosses the fault (Mulholland, 1918; Sutherland et
al., 2013). The San Gabriel Fault exhumed in the San Gabriel Mountains [Figure 1C], is exposed at the
surface (Anderson et al., 1983; Chester et al., 1993; Evans and Chester, 1995) and is sampled by an ~60°-
plunging, 493 m-deep borehole [Figure 2b] that intersects the western San Gabriel Fault shear zones at
313 and 420 m deep (Crouch and Evans, in revision). This hole was drilled for geotechnical investigations
by the California High-Speed Rail system and provides a range of data that we use to decipher the elastic
and seismic properties of the fault (Crouch and Evans, in revision).

The Mojave segment of the SAF, last ruptured in the 1857 magnitude 7.8 Fort Tejon earthquake
(Zielke 2010), and accommodates 22 to 28 mm/yr of slip and an average horizontal displacement of 4
m/event (Scharer and Streig, 2019). The Elizabeth Lake site drilled by the LADWP lies at the transition of
the Mojave North and South sections of the fault segment (Field et al., 2014), and is an important site for
determining the paleoseismic records of the San Andreas Fault in the region (Bemis et al., 2021).
Mesoscopic description of the drill core and geophysical logs of the boreholes [LADWP, 2019],
interpretation of the as-built logs of the aqueduct (Sutherland et al., 2014), and analyses of the drill core
(Lindvall et al., 2017; Studnicky, 2021; Williams et al., 2021; Studnicky et al., submitted) indicate that the
inner part of the fault zone consists of an up to 400 m wide fault zone within a fault (damage?) zone 1 km
wide, with several principal slip surfaces that may have experienced ~ 15 cm of slip in the past 100 years
(Tayyebi et al. (2017). Rocks northeast of the fault are Late Cretaceous quartz diorite to granodiorite, and
the southwestern block is comprised of Cretaceous quartzo-feldspathic and amphibolite gneiss with
feldspar, quartz, biotite, and hornblende (Figure 2 b; Dibblee and Minch, 2002; Hernandez, 2011). Regional

exhumation is estimated at <2 km (Buscher and Spotila, 2007) in the past 10 My for this area.
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Figure 1. Geologic setting of. the study areas. A) General fault map of southern California with inset
maps of the southwestern San Gabriel Mountains, CA, adapted from Yerkes et al., (2005). Blacklines
represent active faults from the SCEC CFM5.3 database. B) The Lake Elizabeth site is on the San Andreas
Fault. Red lines represent faults. The location map of the Lake Elizabeth transect across the San Andreas
Fault zone shows the borehole transect along a 250 m long transect within the ~ 1 km wide valley that
forms the topographic expression of the fault. C) Map of the location of California High-Speed Rail
Authority ALT-B2 borehole and Little and Big Tujunga field sites along the San Gabriel Fault. Abbreviations:
SGF—San Gabriel fault; LT—Little Tujunga; BT—Big Tujunga; Pmgn—Mendenhall Gneiss; Kgrd—Josephine
Granodiorite.
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Up to 42 km of transform slip was accommodated on the San Gabriel Fault between 13 and 5 Mya
(Powell, 1993; Nourse, 2002), and as much as 5 km of post-Miocene slip may have occurred along parts of
the San Gabriel and Vasquez Faults (Beyer et al., 2009; Bryant, 2017). The San Gabriel Mountains have
been uplifted due to south-directed slip on the underlying north-dipping Sierra Madre thrust fault, and the
rocks related to ancient slip on the SGF are exhumed from 2 to 5 km depths (Chester et al., 1993; Spotila,
2002; Blythe et al., 2002) to reveal a narrow fault core along which most of the fault slip occurred within a
damage zone (Chester et al., 1993; Evans and Chester, 1995; d'Alessio et al., 2003; Crouch et al., in
revision). The drill core extends to depths of 493 m and forms a shallow angle with the steeply dipping San
Gabriel Fault [Figure 2b], thereby sampling a large portion of the fault damage zone with little interference
from near-surface alteration. Fault-related rocks from the SGF likely formed at 2.5-5.5 km depth, and the
protolith consists of the Precambrian Mendenhall Gneiss on the north side of the fault, which consists of
migmatitic felsic gneiss and mafic granulite. On the south side, the rocks are mapped as Mesozoic quartz
diorite, granite, and tonalite. The modern geothermal gradient in the area is ~25-30°C (Lachenbruch, 1986;

Buscher and Spotila, 2007).

2 Methods

Samples for these studies come from drill cores acquired across the fault zones (Figure 2; Studnicky et
al., submitted Crouch and Evans, in revision). Core-based studies of fault zones provide less altered rocks
that have better-preserved alteration and deformation textures (Boulton et al., 2017; Bradbury et al., 2011;
Duan et al., 2016). The mesoscopic analyses of the drill core, microstructural analyses of deformed rocks,
and mineralogy from X-ray diffraction studies for these boreholes (Studnicky et al., in preparation;
Williams et al., 2021; and Crouch and Evans, in revision) guide the analyses of the microchemistry with
synchrotron radiation scanning X-ray fluorescence (SRS-XRF) at the Stanford Synchrotron Radiation
Laboratory (SSRL). Twenty-two samples with 52 elemental map regions from the San Gabriel Fault and 17
samples with 48 from the Lake Elizabeth site were examined. The incident beam energy, spot size, and
dwell times are consistent for all of the analyses. The SRS-XRF enables rapid elemental concentration
analyses across the same map areas as viewed in thin sections. For details of the analytical methods and
settings for the micro-XRF mapping, see Appendix 1. We focus on the whole-rock geochemistry and
microchemistry revealed at the grain and mm-scales, and the implications of the alteration and
mineralization for the shallow behavior of active fault zones. Details of how the drill core was acquired are

described in Crouch and Evans, in revision, and Studnicky (2021).
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Figure 2. Cross sections of study areas. A) Cross section of inferred fault structure and associated
damage zones of the San Andreas fault, with the locations of the boreholes. Modified from the LADWP
Final Report (LADWP, 2019) and Studnicky et al., submitted. The simplified geology of the drill site shows
damage zones (DZ), interpreted from core logs and resistivity logs, which are 20-60 m thick and contain
narrow slip surfaces defined by the presence of cataclasite and ultracataclasite in the core. Rocks
southwest of the fault zone (Pacific side) consist of quartzo-feldspathic and amphibolite gneiss (QF-Am gn).
Rocks to the northeast, on the North American side, are Cretaceous granodiorite-to-quartz monzonites (K
Gn-gm). Shallow auger boreholes and cone penetrometer tests in the Quaternary sediments indicate the
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presence of two 5-7 m high steps in the contact between the bedrock and the Quaternary deposits (Qal
and Qaf), are interpreted to be aligned with the active trace of the fault from the work of Scharer et al.
(2019) and Bemis et al (2021). A simplified short resistivity log is shown for borehole AC-5.

B) simplified borehole ALT-B2 cross-section adapted from CHSRA drill logs (CHSRA, 2019; Crouch and
Evans, in review). The ALT-B2 borehole plunges 68° south through the SGF to a total depth of 493.1 m.
Simplified lithology, fracture density, locations of core samples, geochemical data, and the locations of the
fault zone from Crouch et al., submitted, and Crouch, 2022. Lithology consists of Mendenhall Gneiss to 313
m depth and Josephine Granodiorite to the bottom. ALT-B2 shows two principal slip zones, two damage
zones, two highly fractured zones, and two zones of lower fracture intensity and plastic shear (blue
arrows). Kelly Bushing height is 864 m MSL. C) Detailed log of the ALT B2 borehole, with sample locations,
and rock mass rating (RMR) from geotechnical reports, with low-value zones (<40) RMR values (based on
Crouch and Evans, submitted) that indicate the presence of low-strength rocks. The rock mass rating is a
measure of macroscopically determined rock strength, based on fracture spacing, core recovery, and
experimentally determined strengths. The fracture spacing is at least one fracture every: slight=30-90 cm;
moderate=10-30 cm; intense= 2.5-10 cm; very intense= <2.5 cm.
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Whole-rock geochemistry major-, minor-, trace-, and rare-earth element analyses were performed on
46 samples from the Lake Elizabeth samples and 41 drill core samples and 9 outcrop samples from the
San Gabriel Fault by ALS Geochemistry Labs using X-ray fluorescence, Inductively Coupled Plasma Atomic
Emission Spectroscopy (ICP-AES), and Inductively Coupled Plasma Mass Spectrometry (ICP-MS) analyses on
~ 2 g aliquots. For the San Gabriel Fault site, we compare our data with the whole-rock geochemistry data
of Anderson et al. (1983), Barth et al. (1995 a, b), and Evans and Chester (1995). For the Lake Elizabeth site,
we used whole-rock data from quarto-feldspathic protolith geochemical analyses from studies on nearby
rocks north of the site (Ross, 1984; Weschler et al., 2011) to compare our protolith values.

We used bootstrapping statistical analysis (Bendat and Piersol, 2000; Sohn and Menke, 2002) on the
whole-rock XRF data with 90% confidence intervals and 1500 iterations (see Williams et al., 2021) to
estimate possible groupings of the rock types and their variations within the fault zone. Bootstrapping
enables us to estimate standard errors and confidence intervals of the closed whole-rock major-element
data and does not rely on a priori assumptions for the data distribution. We adopted a bootstrap script
provided by R. Williams (written comm., 2021) as modified in Studnicky (2021) and Crouch (2022).

In related studies (Crouch and Evans, in revision; Studnicky et al., in prep.), we examine the
deformation microstructures and textures with optical and secondary and back-scattered electron
microscopy to constrain mesoscopic deformation textures and inferred processes from the shallow parts
of the faults. Here we apply SRS-XRF to examine major-, minor-, and trace-element distributions in
deformed rocks from the brittle and semi-brittle deformed fault zones. Synchrotron-based analyses
(Brown et al., 1998; Kelly et al., 2008; Renard et al., 2016; Bergmann et al., 2019) have been used to
examine a range of geologic, archeologic, palaeontologic, and art materials, but have seen relatively little
use in the low- to moderate T-P deformation realm (Fusseis et al., 2014). We adapt techniques developed
by these workers, along with new developments (Edwards et al., 2018), to examine altered and deformed
fault-related rocks from active and ancient strands of the San Andreas Fault zone in southern California. X-
ray fluorescence mapping is well-suited for high-resolution spatial analyses of elements in deformed rocks
that have several advantages relative to other methods. Little to no sample preparation or polishing is
needed. Small, rare, and delicate samples or samples with fine-scale fabrics can be examined with little or
no loss of sample. Samples stabilized in epoxies can also be examined with no analytical interference from
fixing compounds. The analyses are done at ambient temperatures and pressures, so there are no issues
with vacuum and degassing from samples with volatile content.

The sample holders, beamline configurations, and data acquisition software at SSRL enable us to

characterize standard 2 x 3 cm and 5 x 7.5 cm thin sections as well as 60-80 cm long pieces of core. We
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use low-resolution rapid scans to determine the general character of the elemental distributions and very
high-resolution analyses in similar beam conditions. This enables us to analyze s 10 to 10" m-scales with
the same analytical conditions. Data for up to 16 elements are collected for rapid data interrogation at the
beamline, and the full XRF spectrum per pixel data set is also collected concurrently for more time-
consuming post-experiment in-depth interrogation of the data.

Geochemical and mineralogic analyses of rocks from shear zones (e.g., Mitra, 1978; Simpson, 1985)
and semi-brittle to brittle fault zones (Mitra et al., 1984; Evans and Chester, 1995; Boulton et al., 2017)
define physio-chemical processes and evolution of ductile shear and brittle fault zones. Chemical and
mineralogic characterizations of deformed rocks are fundamental to determining the composition of these
rocks, which then informs models of rock properties and their changes over the history of the sheared
rocks (Niemeijer et al., 2016; Faulkner et al., 2010; Mitchell and Faulkner, 2009). Variations in major-,
minor-, and in many cases, trace-element distribution and concentrations provide valuable insights into
the nature and degree of fluid-rock / hydrothermal processes in faults and determine the mineral
composition and distribution that influence the mechanical behavior and textures of these sheared rocks.
X-ray diffraction studies to determine mineralogic characteristics of the fault-related rocks are presented

in Crouch et al., in review, and Studnicky et al., submitted.

2.1 Distribution of metals

We examine metals between Na and Zn, with particular focus on Ca, Ti, V, Cr, Mn, Fe, Ni, and in some
cases, Zn and S. These elements exhibit variations associated with textures of faulted and altered rocks of
the San Andreas and San Gabriel faults (Bradbury et al., 2015; Evans and Chester, 1995). These elements
have a range of reduction potentials and solubilities in fluids, resulting in diverse geochemical behaviors
depending on the nature of fluids, pO.values, and other factors. They are among the most abundant
minor- and trace elements in the upper crust, and transition metals can form a range of oxides and
sulfides in hydrothermal and altered rocks. Iron, manganese, and other metals are often concentrated in
faults and shear zones (Evans and Chester, 1995; O'Hara, 1988) and are used to examine the nature of
fluid-rock interactions in deformed rocks

Many of the rocks we study consist of dark to optically opaque mm- to cm-thick brown and black
material (e.g., Chester et al., 1993). These zones are typically enriched in Fe, Mg, and Mn, likely the result of
the alteration of Fe-bearing minerals from fluid-rock interactions (Evans and Chester, 1995). At upper
crustal conditions, Ti through Ni are broadly lithophile and siderophile, and analyses of these elements

help determine the origin and texture of these fine-grained fault-related rocks. Concentrations and

10
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distributions of these elements vary across sheared rocks, and these elements can occur in a range of
oxidation states, thus helping constrain the pH, temperature, anion composition (oxide vs. sulfides), and
the nature of fluid-rock /hydrothermal or solution processes in these rocks. These elements exhibit a
significant range of concentrations (10-100x) over the concentrations in undeformed granitoid rocks,
providing robust analytical chemical signatures.

Since we examined samples in the energy range optimized for first-row transition metals, general
comparisons among Fe, Ti, Mn, Cr, and Ni are valid. It is not warranted to compare the low counts of
lighter elements (e.g., Ca, K) with Fe, but it is valid to note variations of the values of a given element within

a map.

3 Results
3.1 Mesoscopic Fault Structure

The inner, most highly deformed portion of the San Andreas Fault zone at Elizabeth Lake is a ~ 300-400
m wide damage zone as determined from core logging (Figure 2a; Studnicky, 2021; LADWP, 2019), wireline
log data from the LADWP project and the as-built data for the aqueduct (Mulholland, 1918; Sutherland et
al., 2013), and fault-rock analyses (Wiliams et al., 2021; Studnicky, 2021). The likely main fault zone dips
steeply south [Figure 2a] and is expressed as several 5-10 cm thick zones of ultracataclasites within
fractured, faulted, and chloritically altered clay-rich slip zones within the damage zone rocks [Figure 2b]. At
the top of the bedrock, cone penetrometer data indicate the location of two fault strands (Figure 2a) that
offset the contact between the bedrock and unconsolidated sediment. These active traces are
extrapolated downdip into the core and are expressed as zones of dark brown, green, and black
cataclasites in highly deformed and altered rocks (Wiliams et al., 2021; Studnicky, 2021). Highly deformed
clay-rich faults (Williams et al., 2021) are interspersed with less deformed cataclasites and damage zone
rocks, but all rocks in the drill core exhibit some level of damage (Studnicky et al., submitted). These zones
consist of chlorite + calcite + epidote + clay shear zones, cataclasites, and regions of altered rocks that
include calcite, zeolites, chlorite, and Fe-oxides. Sharp boundaries define fault slip zones, and clasts of

earlier-formed cataclasite are present (Figure 3).

11



May 31, 2023

2cm

down

SGF 51.1

T Em m

Blue Cyan Green Yellow Red Magenta White 3/Color Black

12



May 31, 2023

Figure 3. Photographs of the core from the Lake Elizabeth core across the San Andreas and the ALT B2
core across the San Gabriel Faults were examined with XRF mapping. Boxes indicate the locations of the.
XRF map samples. A) Sample LE 2-355. A sheared rock consisting of brittly deformed damage zone rocks
(dz), thin cataclasite (ca), and feldspars (f). B) Sample 6-133. Ultracataclasite (uca) and cataclasite (ca) are
cut by narrow slip surfaces (ss). C) Sample LE 6-134. Narrow slip surfaces with concentrations of iron
marked by the red regions. D) Sample LE 4-130. Damage with narrow slip surface near the top. E)
Sample SGF51.1. Damaged rocks in the protolith F). Damage zone sample SGF 54 with chloritic+ epidote-
rich shear zones. G) Sample SGF 65A of highly sheared chlorite+ carbonate + zeolite in the fault core. H)
Sample 71.1 of light-colored brecciated quartzo-feldspathic rocks and dark catataclasites. 1) Sample SGF
96 of highly sheared rock with thin slip surfaces.

In field exposures, the San Gabriel Fault is 1-10 cm wide (Anderson et al., 1983; d’Alessio et al., 2003;
Chester et al., 1993; Evans and Chester, 1995; Crouch and Evans, in revision) within adjacent intensely
deformed zones 5-10 m wide, and a ~ 100 m thick damage zone. At depth in the borehole, the fault core is
as much as 1-3 m thick within a damage zone ~ 170 m wide. Indurated medium foliated gneiss gives way
to chlorite-deformed feldspar altered host rock and shear zones [Figure 2b], and rocks near the central
fault zone are chloritic breccia, cataclasites, and foliated cataclasites (Figure 2d; Figure 4; Crouch, 2022;
Crouch and Evans, in revision). Rocks from the San Gabriel Fault (Figure 3) range from protolith and
sheared chloritic breccia (Figure 3a), and thin ultracataclasite and cataclasite (Figure 3b). Rocks in the
southwestern damage zone consist of foliated shear rocks with calcite veins and zeolite layers (Figure 3c)
and highly sheared, extremely fine-grained foliated cataclasites and phyllonites (Figure 3 d,e).

A wide range of microstructures developed in the San Andreas Fault, including fractures, small faults,
cataclastic zones in the slightly and moderately deformed rocks [Studnicky, 2021; Studnicky et al.,
submitted], and clay-rich foliated cataclasite which contain clasts of cataclasite within them. We examined
an ~60 cm long section of drill core from a portion of the SAF damage zone rocks with rock-core scale XRF
mapping analyses (Figure 4). This sample is from the damage zone of one of the inferred active traces of

the San Andreas Fault (Figure 2) at a drill core depth of 58 m and a true vertical depth of ~ 36 m, downdip

13
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of the inferred offset of the base of the Quaternary deposits. The sample consists of several narrow dark

Figure 4. Macroscopic X-ray fluorescence maps of a portion of the core from the damaged zone rocks of
the San Andreas Fault. A) Optical image of the entire core section with the zone examined in the X-ray
map outlined in the rectangular box. The sample is from the damage zone sampled in core sample 3-189,
60 cm long and 5 cm diameter, examined in beamline 6-2 at SSRL (see Edwards et al., 2018). The chalky
white to pink regions are feldspars, most of which exhibit core-scale alteration textures, and several green-
gray cataclasite zones. B). Map of iron in the analyzed section. The scale is counts/second. The
distribution of iron shows that narrow zones, network of Fe-rich zones in the damaged zone weave
throughout the rock, and as highly enriched cataclasite zones consist of fine-grained, amorphous Fe-rich
zones. C) Tricolor maps of the distribution of Mn, Ti, and V in the damage zone rocks, and D) Tricolor
maps of the distribution of Ca, Cr, and K in the core. The uphole portion of the core (left) In rich in Mn, and
the down-hole portions are less so. The uphole region contains irregular zones of V and K, with small
regions of Cr concentrations. The downhole region also contains small regions of Ti, denoting the
presence of titanite (?). Calcium is ubiquitous in the core.

14
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green-dark grey-red fault zones 1 -5 cm thick surrounded by chalky white to red fractured rocks (Figure
4A) and indurated narrow red and green zones of concentrated slip. Compositional variations are marked
by the distribution of iron (Figure 4b), where damage zone rocks consist of Fe-coated fractures, mm- to
cm-thick Fe-rich cataclastic zones, and Fe distributed throughout the damage zone matrix. In places, the
networks consist of fractures with relatively straight fractures, whereas the bulk of the damage zone
imaged reveals irregular Fe-rich zones. Iron-rich damage zones have higher Fe concentrations, and the
fracture zones are characterized by thicker through-going Fe-rich zones with mm- to cm-scale protolith
clasts. Cataclasite zones are 5 - 10 cm thick and have up to 6 wt. % Fe and Ca are concentrated along
planar fractures, likely along feldspar cleavage fractures. In some places, these fractures appear to
coalesce and form through-going zones. Transition elements Cr, Mn, Ti, and V, and major elements Ca and
K (Figures 4 C, D; Supplemental Figure 1), reflect subtle variations that may mark fluid pathways.
Manganese closely correlates with Fe (Supplemental Figure 1) and V lies in irregular zones (Figure 4C)
typically associated with K (Figure 4D), and with Ti in small elongate regions. Downhole, Ti is common as
small equant zones, perhaps reflecting the presence of titanite. Irregular K-rich regions uphole are
associated with chalky white zones, and Cr is distributed through the sample in small irregular zones
(Figure 4D). Small Ca-rich veins (Figure 4D) cutting the host rock consist of fractured potassic feldspar
zones.

Samples from the San Gabriel Fault include similar structures, and both faults may also provide
evidence for the presence of pseudotachylyte [Crouch, 2022; Crouch and Evans, in revision]. Optical
petrography and X-Ray diffraction analyses show that the protolith gneiss is moderately to highly altered
within the fault damage zones. In the San Andreas Fault, the common alteration assemblages are calcite,
zeolites (primarily laumontite, wairakite, and heulandite), chlorite, smectite, hematite, and epidote. In the
San Gabriel Fault, the host rock consists of quartz, albite, anorthite, and muscovite. In the damage zone,
smectite, phlogopite, calcite, and undifferentiated zeolites are present. In the highly sheared rocks, Ti and
Mn oxides, epidote, and clinochlore appear throughout the damage zone. These minerals are sheared,

occupy fractures, and appear to replace feldspars, amphiboles, or biotite.

3.2 Geochemical Analyses of Fault-Related Rocks
Whole-rock geochemical analyses for rocks from both fault zones show that the damaged zone rocks
are moderately to significantly deformed and altered, with the presence of clays, calcite, zeolites, iron
oxides, and chloritic minerals (Crouch and Evans, in revision; Studnicky et al., submitted,. Williams et al.,

2021). The whole-rock major-, minor-, and trace-element geochemical analyses of samples from the Lake
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Figure 5. Plots of the whole-rock, major element analyses of samples from the two fault zones. The values
of the main rock types are shown, as the means from the different rock types. A) Results from the Lake
Elizabeth site, with calculated standard deviations for the five rock types identified in the core. Comparison
of quartzo-feldspathic protoliths from surrounding areas and Elizabeth Lake XRF data. Samples from this
study include quartzo-feldspathic protolith that includes data from Fairmont Reservoir and the Littlerock
Creek sites, north of the fault zone from (Ross, 1984) and Littlerock Creek (Weschler et al., 2011) are used to
define the QF protolith on the North American side of the fault. EL QF - Elizabeth Lake quartzo-feldspathic
protolith. B) Results from the San Gabriel Fault. Average major element compositions of rock types, with
calculated standard deviations. The LOI values are 2-5% higher in damaged and altered rock than in
protolith. The granodiorite damage zone shows 5% higher Ca values than protolith and the gneissic damage
zone shows <2% higher Ca values.
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Elizabeth site are augmented with analyses of protolith to the north by Ross (1984) and to the south by
Weschler et al. (2011) to provide us with analyses of protolith samples away from the highly deformed
rocks (Figure 5; Table 1). Based on core descriptions, optical petrography and mineralogical analyses Five
rock types in the San Andreas Fault (Figure 5a) are quartzo-feldspathic (QF) protolith, amphibolite
protolith, pulverized rocks, fault-damaged rocks, and gouge (Figure 5a; Studnicky et al., submitted;
Studnicky, 2021). The fault-damaged rocks and the gouge are similar to the quartzo-feldspathic protolith.
There is a slightly higher abundance of iron-oxides within the fault-damaged rocks and gouge samples
than in the quartzo-feldspathic protolith (Figure 5). Studnicky (2021) also documents the presence of SiO»-
rich pulverized rocks that are the result of fragmentation and cementation within the fault zone. These
pulverized samples consist of intensely comminuted fault-related rocks that are found in the Lake
Elizabeth drill core as small regions of highly lithified, nearly pure quartz cataclasite (Studnicky, 2021).

Fault-related damage zone exhibits a range of values of loss on ignition (LOI) constituents, typically H.O +
CO, from <1 wt% to > 8%; damaged zone rocks have similar values for the other major elements (Figure
6). Relative to these additions, the damage zone and highly sheared rocks from the principal slip surfaces
are relatively depleted in Si, K, and Na (Figure 5). The damaged zone and fault gouge rocks are slightly
enriched in Fe and LOI relative to the granodiorite protolith and slightly depleted in Na and Ca relative to
both protoliths (Figure 5).

We identified six rock types in the San Gabriel Fault zone (Figure 5b: Crouch, 2022; Crouch and Evans,
in revision) defined by mesoscopic and microscopic characteristics. These are the Mendenhall Gneiss
protolith (separated into amphibolite and quartzo-feldspathic protoliths), Josephine Granodiorite protolith,
gneissic damage zone north of the SGF from 120-313 mmd in the borehole, granodiorite damage zone
south of the SGF from 325-465.5 mmd, and the principal slip zone rocks. Whole-rock geochemical data
(Table 2; Figure 5) show that the granodiorite protolith shows relatively low Fe, Mg, and Ca values, and high
K content (Figures 5, 7). The amphibolite protolith is rich in Fe, Ti, and P. The granodiorite and quartzo-
feldspathic protoliths have the highest Si content and the amphibolite and damage zones have the lowest
Si content. Concentrations of Fe, Ca, Mg, and P values are highly variable across the rock types. The
altered and damaged rock exhibit 2-5% higher values of loss on ignition (LOI) than protolith. The LOI value
is a proxy for the volume of fluids and other volatiles in deformed rocks and is, therefore, a method of
assessing the fluid-rock interaction in the fault zone (Evans and Chester, 1995). The damage zones show
relatively high Ca values, with the granodiorite damage zone showing 5% higher Ca values than the
granodiorite protolith and the gneissic damage zone showing <2% higher values of Ca than the

amphibolite and quartzo-feldspathic protoliths (Figure 5b).
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Figure 6. Scatter plots of the whole-rock geochemical analyses for Fe, Ca, Na, and loss-on-ignition
values and the results of bootstrap analysis for the Lake Elizabeth site. The ellipses are the 90%
confidence uncertainty ellipses that identify likely elemental groups based on the bootstrap analyses for
samples from the San Andreas Fault samples. Major oxides are plotted against SiO,. The rock types
determined from the microscopic nature of textures and mineralogy and X-ray diffraction analyses are
also differentiated by the whole-rock chemistry. A) Total Fe, reported as Fe;Os, as a function of SiO,. B)
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CaO as a function of SiO,. C) Na as a function of SiO,. D) Loss on ignition as a function of SiO.. The error
ellipses show that the fault damage rocks (FDR) and gouge exhibit Fe, Na, and LOI values that are

intermediate between the amphibolite and quartzo-feldspathic protoliths. The Ca values indicate that

calcium in the damage zones rocks are enriched relative to the other rock types.
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Figure 7. Scatter plots of the whole-rock geochemical analyses for Fe, Ca, Mg, and loss-on-ignition (LOI)
values and the results of bootstrap analysis for the San Gabriel fault site. The ellipses are the 90%
confidence uncertainty ellipses form likely elemtna groups from bootstrap analyses for samples from the
samples. Major oxides are plotted against SiO.. The rock types determined from the microscopic nature of
textures and mineralogy and X-ray diffraction analyses are also differentiated by the whole-rock chemistry.
A) Total Fe, reported as Fe;0s, as a function of SiO,. B) CaO as a function of SiO,. C) Mg as a function of
SiO,. D) Loss on ignition as a function of SiO,. The error ellipses show that the fault gouge values are
enriched in Fe, Ca, Mg, and LOI relative to protolith and damage zone rocks. Damage zone rocks have
values of Fe and LOI values are intermediate between the protolith values.
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Figure 8. Rare earth and trace element enrichment data for samples from the damage zone and fault
zone rocks of the San Andreas and San Gabriel Faults. A) Data for damage zone rocks from the San
Andreas Fault. Slight enrichments in Rb, Sr, and Nb, significant enrichments in Cs and Th, and depletion in
Sm are observed. B) Data for damage zone rocks from the San Gabriel Fault. Slight enrichments in Rb, Sr,
Nb, and significant enrichments in V, Cs, and Th are observed. C) Data for the San Andreas Fault gouge
samples. Slight enrichments in Rb, Sr, Nb, Hf, Ta, and significant enrichments in V, Cs, and Th are
observed. D) Data from the San Gabriel Fault gouge samples. Slight enrichments in Rb, Sr, Nb, Hf, Th, and
significant enrichments in V and Cs are observed.
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The bootstrap analyses of the whole-rock data enable us to examine the variations within, and

differences between, the different rock types. The San Andreas Fault data (Figure 6) show that the damage

zone rocks are enriched in Ca and loss on ignition components relative to the granodiorite and quartzo-

feldspathic protoliths (Figures 6b and d), and higher in iron than the QFP rocks (Figure 6a). The San Gabriel

Fault samples show that the most notable signatures are LOI values that are consistently higher in the

damaged zone and principal slip zone rocks than in unaltered protolith (Figure 7), and SiO, and K;O values

that are relatively depleted in damaged rock (Figure 7). The Ca0O, Fe;03, MgO, MnO, and LOI values are

consistently higher in the granodiorite damage zone compared to the granodiorite protolith (Figure 7). The

Ca0, MgO, and LOI values are consistently enriched, and Fe,0s is generally enriched with some outliers in

the gneissic damage zone when compared with the amphibolite and quartzo-feldspathic protolith. The
volatile component of the damage zone rocks is 2-5x higher than in the protolith, likely indicating that
fluid-rock interactions occurred in the damage zone.

Trace and rare-earth element data provide further insight into the geochemistry of the fault-related
rocks and track relatively similarly for the different rock types (Figure 8; Supplemental Figure 1). We
directly compare values from different types of rocks across the fault zones, by comparing the samples
from deformed and sheared rocks with reference protolith values. We determine the mean values of a
regional protolith from 16 samples of quartzo-feldspathic gneiss and amphibolite gneiss (Table 3) and

normalize our data concerning this local standard:

deformed rock value (1 )

Enrichment factor = ,
protolith value

The rocks from the damage zone of the San Andreas Fault are enriched in Sr, Nb, Cs, and to a lesser

extent, Rb, and Th, and depleted in Sm relative to the local protolith; the fault gouge rocks are enriched in

Sr, Rb, Cs, Hf, Ta, and Th. (Figures 8a and b). Damage zone rocks of the San Gabriel Fault zone are enriched

in Cr, Nb, Cs, Ta, and Th, and samples from the principal slip zones are high in V, Rb, Sr, Nb, Cs, Ta, and Th

(Figures 8c and d).
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3.3. X-ray Fluorescence Maps

The combination of the analysis of deformation textures with the nature of alteration assemblages
and carbonates in the fault-related rocks (Crouch, 2022; Studnicky, 2021), and the whole-rock
geochemistry indicate that at the drill core, thin-section, and 2-g sample scales, the deformed rocks
experienced moderate to significant amounts of alteration and mineralization during fault development.
The XRF-based elemental mapping helps to determine the grain-scale nature of this alteration and its
relationship to deformation textures.

The textures and element distribution in the damage zone rocks (Figures 9-16) reveal micron-scale
variations and concentrations of transition elements in the deformed rocks. Protolith plagioclase and K-
feldspar grains in the damage zones are altered and fractured, and narrow zones of cataclasite cut the
rock. Rocks that reflect early or lesser stages of deformation in both fault zones (Figures 9 and 10) contain
mm-thick transgranular fractures and slip surfaces (Figure 9a) that weave through the fractured protolith
feldspar grains (Figures 10 b-e; 11). In places, fractures are at high angles to these surfaces (Figure 10a)
and filled with cataclasite. Thin fractures emanate from some slip surfaces with sharp tips. The slip
surfaces are composed of rounded clasts in a very fine-grained matrix enriched in Fe, Mn, Ti, and Cr.
Planar intragranular fractures in plagioclase grains are enriched in these elements, and in some places
significantly enriched (see, for example, the Ti, Mn, and Cr maps in Figure 9 b). These metal element-filled
cross fractures define smaller angular grains that define angular fragments. The trace elements Ti, Mn,
and Cr are thin planes that are finely distributed in thin surfaces and mm-scale pods (Figure 10b). The
damage zone sample from the San Gabriel Fault is a relatively undeformed sample at the drill core scale.
Yet in the XRF maps, the distribution of Cr, Mn, and Ni indicate the presence of fractures in the feldspar-
rich sections (Figure 10b). These relationships continue in more deformed rocks.

The nature of fractures and elemental redistribution in brittle deformed rocks and the transition from
protolith to faulted rocks can be seen in the XRF maps. Fracture networks that form adjacent to and within
small-displacement faults (Figure 11) are marked by significant iron concentrations that link iron-rich areas
to the networks (Figure 11b). Calcium is also distributed in the fracture networks (Figure 11c¢), and Fe
permeates the rocks at the sub-mm scale (Figure 11e). The anti-correlation between Ca and Fe is clear
(Figure 11f), and some of the Ca appears to be in elongated zones in the fault. The maps show that the

fragments in the faults are bound by added Fe, Ca, and other trace elements.
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Figure 9. Microstructures and elemental distribution in sample LE 2-355 of the San Andreas Fault
damage zone, Lake Elizabeth site. See Figures 2A and 3A for the location of this sample. A) Plane-
polarized light photomicrograph of the sample (see Figures 2A and 3A for location). The rectangle indicates
the region examined with XRF mapping. The plagioclase feldspar (P) and potassium (K) grains in the
protolith are altered and fractured, and narrow zones of cataclasite cut the rock. B) Elemental maps for Fe,
Mn, Ti, Ca, K, and Cr across part of the sample. Iron is distributed in the sheared rock with Ti and appears
to originate from equant magnetite grains (mg) that have small amounts of Ti, Mn, and Cr, and alteration
of mafic grains. Slip surfaces (SS) cut the sample and are composed of clay-rich cataclasite. Cataclasite
zones are highly enriched in Fe, Mn, Ti, and lesser Cr; thin bands enriched in these elements follow
fractures between shear zones. Iron is distributed through the sheared and fractured rocks, and the Ti,
Mn, and Cr distribution along fractures, either as nearly continuous linings in the Tl and maps, or as small,
concentrated blebs (Cr) defines the intragranular fractures, sheared zones, and intragranular fractures in
feldspars. Zones of high Fe-Ti-Mn-Cr concentration are connected to sheared rocks via ‘feeder’ fracture f.
Fine-scale fracture networks in feldspars (FN) are defined by metal concentrations.
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Figure 10. Microstructures and elemental distribution in sample SGF 51.1 of the San Gabriel Fault damage
zone, See Figures 2B and 3E for the location of this sample. A) Plane-polarized light photomicrograph of the
sample. The rectangle indicates the region examined with XRF mapping. B) Elemental maps of a portion of
the sample for Fe, Mn, Cr, and Ni. Coarse foliation and concentrations of mafic mineral and feldspar-rich
regions in the foliated gneiss are cut by an incipient fault on the right side of view. The sample is from the
damage zone of the fault and shows the nature of the transition from primary hornblende-biotite gneiss (H-B
gneiss) to a cataclasite zone (cata) and diffuse Fe-Mn-Cr-Ni lined fractures distributed throughout the
plagioclase grains (P). Iron-rich regions map the location of hornblende and biotite in the gneiss, and several
concentrated zones in the plagioclase zones (P). Mn mimics the iron distribution and defines the fracture
networks and Fe and Mn define incipient distributions in the fractures in feldspars. Densely, closely spaced
fractures in feldspars are marked by the Mn, Ni, and Cr maps. The Cr and Ni maps show the co-location of
these trace elements with the iron and Mn in the less deformed rocks, and thin, filled fractures in the Ni maps
define fractures.
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Figure 11. Microstructures and elemental distribution in sample SGF 71.1 from the San Gabriel Fault. A)
Plane-polarized light photomicrograph of the sample (see Figure 2B and 3F for location). The sample
contains intact and fractured feldspar and hornblende + biotite grains, some cut by calcite veins (V), and
small fault zones (Fz) that intersect in the middle of the region mapped in Figures B-D) Rectangles indicate
the region examined with XRF mapping. B) Iron map of the area shown in A) Iron is concentrated in
primary gneiss grains and in fractures and fault zones. The Fe is concentrated along the edge of the right
fault one, with angular feldspar fragments in the fault. shows the connection between iron-rich regions
and the fractures in the fault zone (Fe). C) Calcium map shows the location of Ca-bearing plagioclase
grains. D) The Ti map shows that it is concentrated in discrete narrow regions in this view. E. A magnified
view of the region with the iron map reveals the fine-scale distribution of iron. F. Tricolor Fe-Ca-Ti map
reveals the nature of the Fe distribution (red) in the host rock and into the fault zones either as sheared
zones along fault edges or as irregular zones. The calcium (blue) is concentrated in thin elongate zones
that suggest they are disarticulated veins fragments. Sub-equant titanium-rich grains (green) have
experienced little alteration. The lack of Ca and Ti overlap suggests that Ti lies in rutile grains.
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Samples that contain more well-developed slip surfaces and faults (Figures 12-14) reveal the significant
concentration of the transition elements and the development of shear fabrics in the rocks. Transition
element-lined fractures (Figure 12) document micron- to mm-scale fracture networks that define block-
shaped fragments surrounded by the fractures. Regions that we infer are primarily Fe-oxide and
amphibole-biotite grains are rare (Figure 12), and the Fe and Mn distributions create a ‘feeder’ texture
where it appears that the iron-rich zones of the fractured protolith connect to the cataclasite zones. The
cataclasite zones are enriched in Ca relative to the host rocks. The qualitative spatial correlations amongst
the transition metals are quantified with correlation plots (Supplemental figures 2- 4) where Mn increases
nonlinearly with Fe. Chromium and Ni increase with Mn in the sheared rocks.

The nature of highly sheared rocks, the impacts of zeolite and carbonate mineralization, and the
apparent mobilization of transition elements are evident in samples from the San Gabriel Fault, where the
fault exhibits a well-developed foliated shear zone (Figure 13). The sheared rocks are composed of very
fine-grained clays, plagioclase, calcite, and zeolites (Crouch, 2022). Rounded lozenges of Ca-rich clasts are
embedded in an iron-rich foliated zone and appear to be a rootless Type 2 superposed fold (Figure 13a).
Elongate high birefringence lozenges are enriched in calcium and lie within iron-rich cataclasites (Figure
13b). The pattern of mineralization indicates that earlier calcite veins * zeolite zones were incorporated
into the shear zone, and the transition element distribution appears to be relatively homogenized in the
sample, as seen by the frequency of pixels with similar Fe and Mn concentrations (Supplemental Figure 3).
Iron, Ti, Cr, and Mn are concentrated in thin cataclasite zones embedded in altered damage zone rocks
(Figure 12) of the SAF rocks.

Both faults exhibit very thin fault surfaces that suggest extremely localized slip and evidence for rapid
slip. A sample from a relatively isolated ‘secondary’ fault north of the main fault zone (Figure 14) reveals a
rich combination of microstructures and elemental patterns. The sample consists of several sub-mm thick
slip surfaces (Figure 14 A, B) with significant concentrations of Fe, Mn, Ni, and Ti (Figure 14C). The relatively
straight main slip surfaces lie within a fractured and cataclastic matrix, with short off-fault tensile fractures
filled with the same material as the main slip surfaces. At high resolution, the iron-rich slip zone material
appears amorphous with a finely laminated appearance and small rounded fragments in the material
(Figure 14d). The iron-rich material in the fault surfaces does not exhibit clear grain boundaries, suggesting
the material may have a melt origin.

Narrow slip surfaces may exhibit S-C shear fabrics (Figure 15) with extremely fine-grained, amorphous

iron-rich fault fill defining sharp boundaries in a sample from the San Andreas Fault. Narrow slip surfaces
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Figure 12. Microstructures and elemental distribution in sample LE 6-433 of the San Andreas Fault
damage zone, Lake Elizabeth site. A) Plane-polarized light photomicrograph of thin section (see Figure 2A
and 3B for location). This sample represents a more mature stage of fault development and represents a
transition from fractured damage zone rocks to cataclastically sheared fault-related rocks. The rectangle
indicates the region examined with XRF mapping. The sample consists of damage zone rocks dominated
by plagioclase, three cataclasite zones, and a thin slip surface marked by optically opaque materials. B)
Elemental maps of a portion of the sample for iron. The sheared cataclasites are rich in Fe, Mn, Ti, Cr, and
Ni - see Figure 12 C, D, E, and F) often as zones comprised of very fine-grained cataclasite. In some zones a
compositional layering is evident. C) Tricolor map of Fe (red) Mn (green) and Ca (blue) shows that iron
dominates the cataclasite zones, and Ca, likely as calcite, occurs as small irregular zones that are likely
disarticulated calcite veins. The maps of metals D) Ti, E) Cr, and F ) Ni mimic the Fe patterns. Fractures
and sheared zones are irregular and connect to equant grains. Likely magnetite grains (black) are altered
and Fe+Ti+Cr+Mn are distributed in irregular fractures that are connected to the magnetite. Fractures in
the feldspars are lined with transition elements and define angular to subangular fragments.
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Figure 13. Microstructures and elemental distribution in sample SGF 65A from the San Gabriel Fault. A)
Plane-polarized light photomicrograph of the sample (see Figure 2B and 3G for location). The rectangle
indicates the region examined with XRF mapping. The sample demonstrates the nature of highly sheared
calcite and zeolite mineralized zones. Calcite lozenges and very fine-grained foliated cataclasite define
foliation, with folded/rolled veins. B) Tricolored elemental map for the detailed region. Iron (red) and Mn
are relatively uniformly distributed through the fine-grained sheared rocks. Ti (green) occurs as small
flecks in fine-grained sheared rocks. Ca is concentrated in elongated lozenges in the sheared rocks and as
short thin planar sites as veins (V). The large, rounded region that we interpret as a rootless fold (red line)
consists of a calcite-rich rim and a fine-grained matrix of cataclasite and possibly zeolites, which are
themselves cut by thin straight calcite veins. Calcium-rich rounded-to-elongate zones are entrained in the
fine-grained Fe-rich cataclasite.
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Figure 14. Microstructures and elemental distribution in sample LE 6-134 of the San Andreas Fault
damage zone, Lake Elizabeth site. A) Plane-polarized light photomicrograph of the sample (see Figure 2A
and 3C for location). The rectangle indicates the region examined with XRF mapping in C and D) Sample
contains 50 mm to 1 mm thick black, optically opaque slip surfaces (S) along and within cataclasite zones
(C). The central zone is bounded by a straight boundary on one edge and an irregular wavy contact above.
In several places, sharp-filled fractures (FF) formed at high angles to the slip surfaces. B) Plane-polarized
light photomicrograph of the sample. The numerous thin, filled fractures that appear to emanate from
the main slip surfaces resemble off-fault tensile fractures. C) Elemental maps for Fe and Ti reveal fine-
scale texture within the sample. Slip surfaces are marked by concentrations of Fe and Ti and Ni, Cr, and
Mn - see Appendix). Tensile fractures (TF) from the slip surface are marked by Fe + Ti + Cr + Mn. Fractures
at high angles to the slip surface define angular fragments between the slip zones. The upper fault is
enriched in Fe + Ti + Cr + Mn and consists of cataclasite with tensile fractures filled with injected
cataclasite. D) High-resolution magnified image of part of the lower slip surface. Data is processed with a
3-pixel window moving average window. In this map, the slip zone exhibits amorphous, foliated Fe (f) that
is in the ~50 to 500 mm thick zone. 10-40 mm rounded fragments of host cataclasite are suspended in the
Fe-rich material. Small wedge-shaped tensile fractures (flappear to have been injected (l) into the adjacent
damaged rocks and cataclasite.
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Figure 15. Microstructures and elemental distribution in a magnified part of a thin fault sample from LE
4-130. A) Plane-polarized light photomicrograph of the sample with primary foliations (S1) cut by a zone of
narrow shear surfaces. The rectangle shows the area examined in the XRF map. B) The foliated cataclasite
sample consists of amorphous Fe-rich material with rounded calcium-rich clasts in it. The iron-rich
fractures below the fault are cut off and some of the iron is entrained in the fault; small, rounded clasts of
feldspar lie in the fault zone. The sample exhibits a crude Riedel shear geometry, with a Y-P- and X fabric
indicating a top to the left sense of shear. Remnant clasts of Ca-rich protolith (blue and green) are parallel
to the S fabric, and a secondary fabric dips more steeply. Irregular iron-rich zones in the fault zone of
higher concentrations may be derived from altered and deformed mafic minerals, similar to Fe-rich zones
below the fault. C) Tri-color Fe (red) K (green) and Ca (blue) plot of the shear zone. Primary K-rich zones in
the protolith are K-feldspars, which are elongated and distributed within the shear zone. Calcium occurs
as small spots in the sheared zone. The shear zone is also enriched in Ti, Cr, and Mn.
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Figure 16. Microstructures and elemental distribution in sample SGF 96.1 from the San Gabriel Fault.
See Figures 2B and 3l for the location of this sample. A) Plane-polarized light photomicrograph of the
sample (see Figure 2B and 3l for location). The rectangle indicates the region examined with XRF mapping.
The sheared rock consists of zeolite+ clays (Cl+Z) and dark iron-rich zones that define the foliation, and
which may define a pressure solution seam. The clay + zeolite shear zone is cut by cataclasite zones (cata),
in which the fragments consist of the ‘host’ sheared material. B) Cross-polarized light image with a blue
filter shows that the cataclasite zone is bounded by a thin seam enriched in Fe, Mn, Cr, and Ni, and may
indicate the presence of a pressure solution seam. Faint outlines of damaged clasts (dam. clast) are seen
in the sheared zone defined by the foliation (S1). C) XRF Fe map of the sheared rock. D and E. Tricolor Fe
(red) Ti (green) and Ca (blue) of two sites. Fe defines the seams, Ti is distributed through the sheared
rocks, and Ca is very finely disseminated. In the region outlined in E, Ca lies in elongated zones parallel to
the foliation and small sites at high angles to the foliation.
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Figure 17. A conceptual model for conditions in and around the fault zones, and development of
hydrothermal alteration assemblages in shallow portions of the San Andreas and San Gabriel Faults. The
P-T conditions and stability field adapted from Anderson et al., 1983; Evans, 1988; Evans and Chester,
1995; Weisenberger and Bucher, 2010; Utada, 2001. The rectangles labeled SAF and SGF are the likely P-T
conditions with ambient geotherm P-T conditions. The hydrothermal alteration field represents the
conditions under which free fluid phases could migrate in the fractured and faulted crystalline rocks in the
upper crust and fluids would be at least partially oxidizing. In this region fluids can transport heat and
solutes, and in crystalline rocks, this flow regime permeability would be dominated by the presence of
fractures and faults. At higher temperatures and pressures these fluids would evolve to ‘metamorphic’
fluids that react locally, are less able to migrate in fracture-dominated crystalline rocks, and drive higher-
grade metamorphic reactions. The SoCal geotherm is based on Lachenbruch (1986), and Buscher and
Spotila, (2007). The zone of fault-related frictional heating indicates the likely range of temperatures based
on frictional heating calculations of Turcotte et al., 1980; Lachenbruch, 1986, for a range of coefficients of
friction. The boxes labeled SAF and SGF indicate the pressure-temperature ranges for the fault-related
rocks examined here, for present and ancient conditions. In these conditions, low-temperature zeolite
phases are stable, but laumontite, wairakite, and epidote are not stable. Fault-related mineral
assemblages documented here and in Anderson et al, 1983, and Evans et al., 1995 are consistent with
externally derived hydrothermal fluids and/or fault-related heating and deformation that produce
mineralization in the shallow portions of the faults.

cut well-defined protolith fabrics. The amorphous and foliated nature of the narrow slip surface suggests
extreme comminution or melt along these surfaces.

In the San Gabriel Fault, extremely narrow slip surfaces are marked by concentrations of fine-grained
clay-zeolite-carbonate-rich sheared rocks (Figure 16). The highly sheared, very foliated clays, carbonates,
zeolites, and iron oxides are brecciated and cut by 5-20 um thick surfaces defined by concentrations of Ni
(Figure 16B), Ti, Cr, and As. The nature of these dark surfaces suggests that these might be the result of

pressure solution that is superposed on the shearing and brecciation.
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4 Analysis and Implications

We document evidence of mineralogic alteration associated with the deformation in the shallow parts
of the San Andreas and San Gabriel fault zones. The mineralogic data (Crouch, 2022; Crouch et al.,
submitted; Evans and Chester, 1995; Studnicky, 2021; Studnicky et al., submitted; Williams et al., 2021)
show that the fault-related rocks of both fault zones are composed of damage zone rocks within fault
zones that exhibit the results of a large amount of shearing. The mineralogy of the deformed rocks and
whole-rock geochemical analyses (Figures 5 and 6) document moderate degrees of alteration. Loss on
ignition values are as much as 6%, compared with protolith values of ~1-2%. The increased values for the
loss on ignition content are most likely a measure of the effects of H,O and CO»- bearing fluids. The rare
earth and trace element chemistry, and the textures of the rocks observed in thin sections with visible and
X-ray light, point to the alteration processes that include the degradation of K- and Na-Ca bearing
feldspars and the subsequent development of clay. The development of zeolites is documented by the Cs
enrichment, deposition of calcite, alteration of hornblende, biotite, and iron oxides to chloritic minerals,
and the migration of transition metals in the deformed rocks.

We suggest that the alteration signal from the whole rock and XRF mapping data show that migration of
the transition elements into fractures and then to fault gouge is a signature of hydrothermal fluids
interacting with iron and manganese in the protolith. Manganese, a trace element in most mafic minerals
(0.1-0.2 wt. % of the amphibolite gneiss, and comprises ~0.1 - 0.2 wt% of the quartzo-feldspathic gneisses
in Tables 1 and 2), typically substitutes for iron. We observe correlations amongst Mn, Cr, and Niin a
number of the samples examined here (Supplemental Figures 2-4), and thus the Cr signature in the trace
element data is a proxy for the effects of Mn and the mobility of other transition elements such as V, Co,
Cu, and Zn. The MnO; tends "scavenge" transition elements (Jenne, 1968).

The trace element distribution patterns (Figure 8) can be sorted into four broad categories. The Cs, Rb,
and S are large ion lithophile elements that are often related to alteration and hydrothermal alteration
(see for example, Rumbiak et al., 2021). We interpret these element enrichments as due to feldspar
alteration that liberates K (and traces of Rb and Sr), zeolite development associated with Cs enrichment
(Goguel, 1983), and hydrothermal alteration and mineralization in the fault zone. The V and Cr enrichment
(and by association, Fe, Ni, Ti, Zn, and Mn examined in the XRF maps) is a signature of alteration and/or
mineralization due to local metal transport within the fault zones. The Nb, Hf, Ta, and Th signatures are
likely the result of the preservation of high-field strength elements in the faulted rocks, perhaps due to
some volume reduction in the fault zones. The Th enrichment may reflect this volume loss, as U/Th values

are lower in the deformed rocks. Here U, a common mobile trace element in carbonates (Sturchio et al.,
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1998; Timofeev et al., 2018), may be removed from some of the trace element samples, creating a relative
enrichment in Th-damaged rocks.

We infer that hydrothermal fluid-rock interactions facilitated the majority of the alteration in the fault
zone (cf., Callahan et al., 2020). The presence of alteration phases epidote, and calcite + laumontite
indicate temperatures < 250°C (Utada, 2001; Ferrill et al., 2004; Figure 17), above the current and
temperatures of both fault zones and likely above the ambient temperatures for a San Andreas Fault zone
reconstructed for the ~ 1-2 km maximum uplift (Spotila et al., 2002) and at the lower temperature range
for a reconstructed San Gabriel Fault (Evans and Chester, 1995; Blythe et al., 2002). Laumontite is common
along and within the San Andreas Fault and its exhumed predecessors, is stable within the temperature
range of ~50 - 230°C (Utada, 2001), and appears in many parts of faults from the San Andreas Fault
system (James and Silver, 1988; Blenkinsop and Sibson, 1992; Evans and Chester, 1995; Weschler et al.,
2011, Forand et al., 2014; Crouch and Evans, in revision). Calcite veins and cement are evidence of fluid-
assisted healing within the fault damage zone. Twinned calcite cement in pulverized rocks, in which intra-
granular fractured rocks recover some of the lost strength of the damaged grains via cementation,
indicates that precipitation of calcite was followed by added loading in the fault zone. Calcite twins can
occur at temperatures as low as ~20°C (De Bresser and Spiers, 1997; Ferrill et al., 2004). Twinned, i.e.,
aseismic, calcite veins were subsequently cut by brittle fractures filled with precipitated zeolite. The calcite
grains with optically measurable twins indicate a temperature range of >20°C to <250°C with the high
density and morphology of the twinning likely indicating temperatures closer to ~170°C - 200°C (Ferrill et
al., 2004). The mechanical twinning and subsequent brittle fracturing provide evidence for aseismic to
brittle transitions as well as alternating fluid flow events. The cross-cutting relationships, especially in the
San Andreas Fault samples (Studnicky et al., submitted), suggest that the alteration assemblages are
formed by repeated interactions with similar composition fluids that mobilize the rare-earth, trace, and
carbonate elements.

Our work documents the utility of integrating X-ray-based elemental mapping with other microscopy
methods to decipher the alteration and deformation in brittlely deformed rocks. The high-resolution
elemental maps of the transition elements in these rocks in almost all cases show concentrations of Fe,
Mn, and depending on the samples, Ti, Cr, or Ni in the narrow fault zones, the foliated cataclasites, and the
filling of small fractures in the damaged host rock (Figure 9-16). These metals, mobile in their oxidized
states, are mapped in rocks with little deformation over 10’s cm (Figure 4) down to the grain scales (Figure
9) and are a common feature of highly sheared rocks. We posit that the hydrothermal fluids, moving

through the host rock and the fractured rocks pick up these major, minor, and trace elements from the
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amphibole, biotite, and trace minerals such as rutile and titanite, and distribute them in multiscale fracture
networks. As the faults evolve (Figures 11 and 13) carbonate mineralization occurs as well, and the fault
zones record these alteration processes.

The optical microscopy, X-ray diffraction mineralogy, whole-rock chemistry, and X-ray elemental
mapping results presented here all indicate that the fault-related rocks in the San Andreas and San Gabriel
Faults experienced significant amounts of chemical and mineralogic alteration during deformation.
Moderately indurated zones of Fe- and Mn-rich chloritic, clay, and zeolite minerals appear to have formed
early in the history of fault slip and were reworked in the fault zones as they developed. Mineralization
and alteration are associated with fracture systems observed at the ~10 m scale (AMEC FosterWheeler
Plate 7, LADWP; CHSRA report) to the sub-millimeter scales. These fractures appear to facilitate fluid
migration into the rocks and alteration and mineralization within the fault zones. This led to the
generation of low-frictional and bulk elastic strength rocks.

The data presented here, and the work of others on the San Andreas Fault system (Anderson et al.,
1983; Bradbury et al., 2015; Chester et al., 1993; Forand et al, 2014; Gratier et al., 2011; Holdsworth et al.,
2011; Moore and Rymer, 2012; Richard et al., 2014; Schulz and Evans, 2000) and other faults (Boulton et
al., 2017; Callahan et al., 2020; Faulkner et al., 2003; Holdsworth et al., 2011; Jeffries et al., 2006; Kaduri et
al., 2017; Niemeijer et al., 2012; Smith et al., 2013; Towend et al., 2017; Wibberley et al., 2008) indicate that
seismogenic faults are strongly influenced by diffusive mass transfer, hydrothermal, and mineralization
processes that alter the chemical and physical properties of the fault-related rocks. Most of these
processes are active for over 100's or 1000's+ years, probably during the interseismic part of the seismic

cycle, while rapid seismic slip ruptures through these rocks along narrow, fine-grained slip zones.

Conclusions

We interpret geochemical data from deformed rocks associated with the San Andreas and San Gabriel
Fault zones to show that the rocks in the damage zone of these two faults experienced significant
hydrothermal alteration synchronous with brittle deformation. Fault-related alteration of tonalite gneisses
to zeolites + calcite + clays + chlorite + hydrous phyllosilicates + epidote in brittle and semi-brittle
deformed random-fabric cataclasites, foliated cataclasites, phyllonite, and ultracataclasite shear zones.
This produced fault damage zones up to 300 m thick that consist of rocks significantly weaker at the grain-
to meter-scale relative to the host rocks, with abundant microfractures and mesoscopic shear surfaces.

The fault-related alteration within the damage zone indicates a temperature regime of up to ~250°C, a

fault zone of reduced strength, with an at times open, permeable fracture system facilitating the fluid flow
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and element mobility, reduced permeability within gouge, and high concentration of low-seismic velocity
minerals. The ample zeolite and calcite alteration in the fault-related rocks change the host rock rheologic
properties, the permeability and porosity of the damaged rocks, and, through cementation, recover some
rheologic strength lost in previous rupture events.

The high degree of induration and lack of ‘incohesive’ fault-related rocks in these rocks may be
attributed to the distribution of calcite and zeolite cement and veins, and the development of fine-grained
clay and Fe-Mg oxide sealed fractures, which are facilitated by the damaged structure and fluid pathways
in the fault zone. The brittle fractures increased the surface area of minerals available to mobile fluids to
react, promoting alteration and mineralization. Although these mechanisms lead to fault weakening, the
subsequent precipitation of veins and cement decreases the fault zone permeability (Figure 17) and
increases its strength.

The variable induration exhibited in the rock indicates that thermal ‘healing’ created regions of
moderate V, and Vs rocks within zones of low-velocity, highly damaged rocks at shallow levels.
Hydrothermal alteration at these relatively shallow levels suggests the damage zones experienced the
advection of hydrothermal fluids or the in situ heating of fluids from the frictional heating within the fault
zones (Jacobs et al, 2006; Shipton et al., 2006). These processes produced shallow damage zones that may
be significantly weaker than the protolith during some stages of the fault cycle and produced many
potential surfaces for slip during and after a major earthquake. Over time, mineralization may serve to
partially heal the fault-related rocks, producing intermediate-strength fault zones and thereby influencing

slip accommodation in the shallow crust.
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Appendix. Synchrotron methods and conditions

We examined the elemental distribution of rocks in this section on three beamlines at the Stanford
Synchrotron Radiation Laboratory (SSRL). The SPEAR (Stanford Positron Electron Accelerating Ring)
storage ring operates at 500 mA beam current at 3.0 GeV, topped off every 5 minutes. For the thin-section
samples, we collected data for XRF-maps on elements from sulfur to arsenic on beamlines 2-3, 6-2, and 10-
2. Details of analysis conditions are provided below. The energies and spatial resolution for all samples

measured across the three different beamlines are provided in the table below.

The SSRL beamline 2-3 enables the highest resolution mapping. On beamline 2-3 we use a Si (111)
double crystal monochromator for incident X-ray energy selection. The fluorescent lines of the elements
are measured in an open-air hutch using a single-channel silicon drift Hitachi Vortex detector coupled to a
Quantum Detectors Xspress3 multi-channel analyzer. Standard 2.7 x 4.6 cm thin polished thin sections are
mounted on a rotating base at 45° to the incident X-ray beam and 2 or 5 mm regions were rastered in the

microbeam while data were collected continuously during stage motion.

We examined 5 x 7.5 cm thin sections for large-scale XRF imaging on beamline 10-2, now 7-2. Thin
sections were mounted on a large flat plate and raster scanned at 45° relative to the incident X-ray beam.
We use the SRS-XRF method with a Si (111) double crystal monochromator to select the incident energy.
The fluorescent X-rays are measured with a four-element Hitachi Vortex ME4 silicon drift detector coupled
to a Quantum Detectors Xspress3 multi-channel analyzer system for elemental XRF mapping in an open

hutch.

On beamline 6-2 (see Edwards et al., 2018) we examined an ~80 cm long portion of drill core from the
San Andreas Fault (Figure 4). Beamline 6-2 uses a continuous rapid-scan system with a sample area of up
to 1000600 mm, with 25-100 um resolution provided by pinhole apertures. The fluorescence X-rays are
measured with a four-element Hitachi Vortex ME4 silicon drift detector coupled to a Quantum Detectors

Xspress3 multi-channel analyzer system for elemental XRF mapping.
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The conditions used for the samples examined are summarized below.

Sample number beamline  spot size dwell time Energy (eV) Point range and

(nm) (ms) total time (sec)

5GF 51-1 10-2 25 P5 B00O 569 x 134; 4837

5GF 71-1 10-2 25 P5 12500 793 x 684; 16202

5GF 71-1 10-2 P5 P5 12500 739 x 538; 11328

5GF 65A 10-2 10, 25,50,75 25 12500 1501 x 367; 14937

5GF 65A P-3 P, 5 P5 7200 P81x 601; 5367

5GF 96.1 10-2 P5 D5 12500 D46 x 234; 6154

5GF 96.1 10-2 b D5 12500 1017 x 456; 12808

5GF 96-1 p-3 1.5 D5 7200 1152 x 211; 7702

LE 4-130 P-3 P P5 7200 17092s

LE 6-134 10-2 P5 P5 13000 1336

LE 6-134 P-3 4,5 P5 7200 1865

LE 2-355 P-3 15 P5 7200 B46x139, 3567

LE 6-433 10-2 50 15 13000 1709 x 613; 18848

LE 6-433 P-3 15 10 7500 646 x 25725 4184

SAF LE core b-2 25,50 10 11000 7754,10047;8541,12041

SAF core E b-2 50 20 11000 12022

Table 1. Whole-rock major, minor, and trace element geochemical data for the San Andreas Fault zone
from the Lake Elizabeth drill core site.
Table 2. Whole-rock data major, minor, and trace element geochemical data for the San Gabriel Fault

from the CHSRA drill site.

Supplemental Files

Supplemental File 1. Enrichment ratios for San Andreas Fault samples.

Supplemental File 2. Calculated values of elemental enrichment or depletion of damaged zone samples,
of San Gabriel Fault samples.

Supplemental File 3. Calculated values of elemental enrichment or depletion of fault gouge samples, of

San Gabriel Fault samples.
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Supplemental Figure 1. XRF maps of a zoomed-in portion of the whole core San Andreas core. The
analysis examines the elemental distribution of a part of a damage zone near Fe-rich fault gouge A) Visible
light image of the core showing the location of the image. Fractured and altered rocks encompass a thin
slip surface (ss), cataclasite (cata), and Fe-rich gouge (g). Rocks to the left of the slip zone are barely
cohesive gouge/pulverized rock, and the damage zone rocks to the right are moderately indurated. B)
Elemental maps of Fe, Mn, Cr, and Ti show they are enriched in a sheared zone on the left side of the
image, and in zones with sharp boundaries that cut into the highly damaged rocks. C) Elemental maps of
Ca and K, and tricolor maps of Fe-Ca-Ti, and Mn-Ca-K. The metals are enriched in zones that surround K-
and Ca-rich regions that appear to be zones of earlier-formed cataclasite, with sharp, straight boundaries.
Thin zones have concentrations of Cr and Ti (Cr-Ti). In places iron and manganese fills fractures in the
earlier cataclasite fragment (Fe).

Supplemental Figure 2. Cross-plots among the transition elements for the San Andreas core sample
analyses. A. Mn-Fe, Ni-Cr, and Cr-Mn for part of the the SAF large core sample shown in Supplemental
Figure 1. D and E Correlation plots for sample - 4-130. For Fm-Fe and Cr-Mn.

Supplemental Figure 3. Cross-plots among the transition elements for the SAF thin-section sample
analyses for sample LE 2-355. A. Mn-Fe B. Ni-Mn, C. Ti-Mn, and D. Cr-Mn.

Supplemental Figure 4. Elemental maps and correlation plots for sample 6-433. A. Fe-Ca-K and Fe-Ca-
Mn high-magnification tricolor maps of highly sheared Fe-rich zones that cut protolith grains that have Ca
(probably showing the presence of calcite). B. Cross-plot of iron and manganese in the mapped area. C.

Correlation plots of Cr-Fe, Cr-Mn, Ti-Cr, Ni-Cr, and Ni-Mn in the mapped area of figure A..
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