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Technical Report - SCEC award 21068 - Collaborative Research: Characterizing shallow 
fault friction with slow slip hematite deformation experiments and hematite (U-Th)/He 
thermochronometry 
PIs – Alexis Ault (Utah State University) and Greg Hirth (Brown University) 
Participants – Alex DiMonte (Utah State University), Cameron Meyers (Brown University) 
Objectives and significance for SCEC5 science goals 

This project investigates the frictional properties of hematite, a common mineral in faults, by leveraging 
its unique textural and geochemical qualities. Prior SCEC-supported work demonstrates that hematite 
microstructures and thermochronometry can characterize a wide range of fault behavior (SCEC 20153, 
14125). Here we test the hypothesis that hematite promotes shallow, transient slow slip. Transient slow 
slip is a fundamental part of the earthquake cycle. In shallow portions of fault zones, slow slip may dampen 
radiated seismic energy, inhibit nucleation, and promote arrest of earthquakes. A critical unknown is how 
fault material properties govern this phenomenon. We have (1) conducted a suite of deformation 
experiments at subseismic slip rates using specular hematite and (2) are comparing hematite microtextures 
and hematite (U-Th)/He thermochronometry data from experimental faults with complementary data from 
shallowly exhumed basement-hosted fault zones in the Mecca Hills, CA. These data collectively constrain 
hematite rate-dependent friction behavior, deformation mechanisms and textures, and the timing and rates 
of past slip in fault damage of the southern San Andreas fault (SSAF) system. 

Our research plan directly addresses the SCEC5 2021 Science Plan’s research objectives: 
• (Q3) Structure, composition, and physical fault zone properties impact aseismic slip: Comparing textures 

and hematite (U-Th)/He thermochronometry from natural and experimental faults, together with frictional 
properties derived from experiments, will inform how fault zone mineralogy and friction govern the stability 
of slip along the SSAF (P3d). Realistic characterization of the rheology of shallow portions of fault 
systems, including rate-dependent frictional properties, will improve interpretation of geodesy-based 
analyses of fault slip and dynamic rupture models (P3g). 

• (Q2) Off-fault inelastic deformation impacts on dynamic rupture and radiated seismic energy: Identifying 
shallow slow slip and associated deformation mechanisms in Mecca Hills fault rocks, part of the SSAF 
system, is critical for understanding how shallow fault zones dampen radiated seismic energy, as well as 
predictions of earthquake propagation and arrest in SSAF during the seismic cycle (P2d). 

• (Q4) Relationship between strong ground motion and nonlinearities in earthquake systems: Integrated 
observables of frictional properties and rheology from experimental and natural perspectives will inform 
how fault friction and crustal material heterogeneities may impact strong ground motions (P4a). 

Research team and division of work  
The research team comprises PI Alexis K. Ault (USU), an expert in hematite occurrence and 

deformation in fault zones and fault rock thermochronometry and Co-PI Greg Hirth (Brown), an expert in 
rock mechanics and deformation experiments, together with participants Alex DiMonte, a USU female 
graduate student, and Brown Senior Research Engineer, Cameron Meyers. DiMonte has conducted slow 
slip deformation experiments, supervised by Co-PI Hirth and assisted by Brown Rock Mechanics Lab 
Manager, Dr. Cameron Meyers; field work, supervised by PIs Ault and Hirth; and SEM and (U-Th)/He 
analyses of natural and experimental hematite faults, supervised by PI Ault.  

Foundation – shallow slow slip 
Faults release elastic strain energy through earthquakes and slow slip (e.g., Steinbrugge et al., 1960; 

Harris, 2017; Bürgmann, 2018). Slow slip (<10-4 m/s) is the transient release of stress by aseismic fault 
processes (Jolivet and Frank, 2020). Geodetic data reveal slow slip is intermittent and clustered in space 
and time (e.g., Shirzaei and Bürgmann, 2013; Frank et al., 2018). Slow slip has been documented along 
the SAF, including triggered slip by dynamic stress changes from nearby earthquakes (Goulty and Gilman, 
1978; Williams et al., 1988; Linde et al., 1996; Rymer et al., 2002; Wei et al., 2015; Tymofyeyeva et al., 
2019). Shallow slow slip may mediate earthquake arrest and dampen radiated seismic energy via inelastic 
deformation in fault damage zones (Ma, 2008; Ma and Andrews, 2010; Roten et al., 2017). Shallow slow 
slip is attributed to stress perturbations, elevated pore fluid pressure, and heterogeneous frictional 
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properties (McCaffrey et al., 2008; Lockner et al., 2011; Wei et al., 2013). Phyllosilicates are commonly 
invoked as contributing to slow slip (e.g., Moore and Lockner, 2007, 2008; Collettini et al., 2009; Schleicher 
et al., 2010; French et al., 2015). Phyllosilicates are weak and exhibit velocity-strengthening frictional 
behavior, but experiments on phyllosilicate-rich materials also show velocity weakening and associated 
slow slip events at low imposed slip rates (e.g., Saffer et al., 2001; Ikari and Kopf, 2017; Ikari, 2019). This 
implies weak anisotropic minerals in fault rocks may promote transient shallow slip.  

The SSAF is an example of an active continental fault exhibiting transient slow slip (Goulty and Gilman, 
1978; Bilham and Williams, 1985; Fialko, 2006; Wei et al., 2013; Lindsey et al., 2014). The SSAF slips at 
~20 mm/yr and surface creep is punctuated by day- to month-long accelerated slip phases, some of which 
are triggered by regional and far-field earthquakes (Rymer et al., 2002; Lyons and Sandwell, 2003; Behr et 
al., 2010; Wei et al., 2011; Lindsey and Fialko, 2013). For example, a year-long slow slip event on the SAF 
near Mecca Hills was triggered by the 2017 Mw 8.2 Chiapas earthquake >3000 km away in Mexico 
(Tymofyeyeva et al., 2019). Limited exhumation along the SSAF, including in the Mecca Hills (Moser et al., 
2017; Spotila et al., 2020), provides a window into how shallow portions of voluminous fault zones 
accommodated past deformation, including damage comprising dense networks of hematite slip surfaces. 
 Does hematite promote transient slow slip? In this project, we are focusing on hematite because (1) 
it is a ubiquitous secondary phase in fault zones. Iron is the 4th most abundant element in Earth’s crust and 
hematite grows in a range of shallow fault rocks due to the redox potential of diverse Fe-bearing minerals. 
(2) It exhibits grain morphologies and textures that potentially preserve evidence for different fault slip rates 
(Fig. 1; Ault et al., 2015; McDermott et al., 2017; Moser et al., 2017; Ault et al., 2019; Ault, 2020; McDermott 
et al., 2021; Taylor et al., 2021). (3) Recent SCEC-supported deformation experiments on hematite at 
seismic slip rates show hematite is weak (Calzolari, Ault, Hirth et al., 2020; SCEC 20153). And (4) the timing 
and temperatures of fault slip can be constrained using (U-Th)/He (hematite He) thermochronometry (Fig. 
1E; McDermott et al., 2017; Calzolari et al., 2020). The textures on hematite slip surfaces in the Painted 
Canyon fault zone are similar to phyllosilicates (Fig. 1B; for comparison to phyllosilicates see Collettini et 
al., 2009; Ikari et al., 2009), but we do not know hematite’s rate-dependent frictional behavior. Integration 
of frictional properties from hematite deformation experiments with textural and thermochronometric data 
yield direct observables that inform mechanical processes and slip rates in the SSAF.   

Background 
Mecca Hills and southern San Andreas fault system Transpression on the SSAF and parallel faults 
initiated in the Pliocene, exhumed Precambrian crystalline basement and Orocopia Schist in the Mecca 
Hills, and formed adjacent sedimentary basins (Sylvester and Smith, 1976; Fattaruso et al., 2014; Moser 
et al., 2017; Bergh et al., 2019; Spotila et al., 2020; Moser et al., 2021). Oblique strike-slip faults cut 
basement and Plio-Pleistocene sedimentary rock, delineating separate fault blocks (Fig. 1; Sylvester and 
Smith, 1976; McNabb et al., 2017; Moser et al., 2017). Incised canyons expose fault zones up to 1 km-
wide, including the Painted Canyon Fault (PCF) and the Platform Fault (PF), that bound the Platform block 
(Sylvester and Smith, 1976). 

Figure 1. Photos and SEM textures potentially diagnostic of slip rate (top bar) of (A, B) Mecca Hills hematite slip surface 
(Moser et al., 2017) and (C, D) hematite fault mirror (Ault et al., 2015). (E) Temperatures (for 1s) required for fractional He 
loss (%) from hematite with a grain size distribution like B (black) and D (white). Modified from Ault (2020). 
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Hematite occurrence, strength, & deformation mechanisms Iron is common in rock-forming 
minerals, and hematite precipitates from reactive, oxidizing fluids present in higher permeability fault and 
fracture networks (e.g., Cornell and Schwertmann, 2003). Limited high temperature and pressure 
experiments indicate coarse-grained specularite is weak (Siemes et al., 2003). Friction experiments at 
ambient conditions and seismic slip rates on coarse-grained specularite yield low coefficients of quasi-static 
and dynamic friction and a sintered, nm-scale gouge (Calzolari et al., 2020). In polyphase rocks, 2-10% 
hematite yields strain weakening and localization during high temperature experimental deformation 
(Gonçalves, Gonçalves, Hirth, 2015). Deformation mechanisms have been investigated in coarse-grained 
Fe-ore at high temperatures and pressures and low laboratory strain rates (Rosière et al., 2001, 2013; 
Siemes et al., 2003, 2008, 2010, 2011; Ferreira et al., 2016). Fine-grained hematite with strong CPO 
deforms by intracrystalline slip along basal planes and grain boundary sliding (Rosière et al., 2001; Siemes 
et al., 2010; Mendes and Lagoeiro, 2012). At lower temperatures, a scaly fabric may promote frictional 
deformation like clays (cf. Tarling and Rowe, 2016).  
Hematite (U-Th)/He thermochronometry Hematite He analyses exploit decay of 238U, 235U, and 232Th, 
alpha particle (4He) production, and temperature-dependent 4He volume diffusion (Strutt, 1909). 
Polycrystalline hematite aggregates exhibit polydomain diffusion and each crystal in the aggregate is a 
diffusion domain (Evenson et al., 2014; Jensen et al., 2018). The closure temperature (Tc) in polycrystalline 
hematite is ~25-250 °C (assuming a 10 °C/Myr cooling rate) and depends on the domain (grain) size 
distribution (Farley and Flowers, 2012; Farley, 2018). The Tc range of a polycrystalline aliquot is quantified 
by scanning electron microscopy (SEM)-based grain size analysis (Ault, 2020). Temperatures required to 
induce He loss (in any mineral) are inversely proportional to the duration of these temperatures; He loss 
can occur during short duration, high temperatures events that far exceed the nominal Tc; and, in hematite, 
the degree of resetting (% He loss) depends on the magnitude and duration of heating and the grain size 
distribution (Reiners, 2009; Ault et al., 2015). 
Research activities and methods 

Integration of natural and experimental datasets connects textures and hematite He data patterns with 
rate-dependent hematite frictional properties. 
Field work Field work was conducted in Mecca Hills and along the SSAF ENE of the Salton Trough in 
spring and fall 2021. Field data include documenting hematite occurrence with respect to specific basement 
rock types, broader zones of alteration, and other structural features; quantifying the spatial density of 
hematite slip surfaces in fault zones; and measuring fault surface and paired slickenline orientation(s). 
Deformation experiments DiMonte conducted a subset of deformation experiments in summer 2021 
using a 1 atm rotary-shear apparatus (Instron) at ambient temperature and humidity at Brown University. 

Figure 2. Simplified 
geologic map of Mecca 
Hills, CA, showing the 
location of sample 
locations (sites) of 
hematite slip surfaces and 
other fault rocks, modified 
from Fattaruso et al. 
(2014); McNabb et al. 
(2017); Moser et al. (2017). 
San Andreas fault (SAF), 
Skeleton Canyon fault 
(SCF), Painted Canyon 
fault (PCF), Platform fault 
(PF), Eagle Canyon fault 
(ECF). White box denotes 
location of inset with 
sample details. Existing 
hematite sample locations 
from Moser et al. (2017). 
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To date, we have used specular hematite as the starting material, the same material used in Calzolari et 
al. (2020). Experiments involved rotating an annulus of rock core (Frederick diabase and Westerly Granite) 
against 15-20 mm-thick slabs specular hematite. Experiments were conducted at normal stresses of 5 MPa 
or 8.5 MPa over a range of displacements of 1-3 cm and slip rates ranging from 1 µm/s to 320 mm/s. Some 
velocity stepping tests have been conducted to date after varying amounts of initial displacement at a 
practical slip rate (i.e., 10’s of µm/s to mm/s). Experimental fault surface samples were recovered “as-is” to 
document the range of surface textures via microscopy. Aliquots were extracted for hematite He analyses 
to compare with results from undeformed material and evaluate any He loss due to frictional heating. 
Scanning electron microscopy Natural and experimental hematite fault samples were imaged with a FEI 
Quanta 650 Field Emission SEM at USU’s Microscopy Core Facility to characterize hematite textures, grain 
morphologies, grain aspect ratio, shape preferred orientation, and size (plate-width distributions are 
required for hematite Tc estimates). 
Hematite (U-Th)/He thermochronometry Sample preparation of natural hematite slip surfaces, 
undeformed specularite, and fault gouge occurred in PI Ault’s Mineral Microscopy and Spectroscopy Lab 
(USU). Hematite He analyses of these aliquots were conducted in Dr. Peter Reiners’ Arizona Radiogenic 
Helium Dating Laboratory at the University of Arizona (UA).  

Results and implications  
Natural faults: hematite accommodates shallow, transient slow slip In Mecca Hills, hematite-
coated, minor (1 cm2- to 1000 cm2-surface area) fault surfaces occur in damage zones of the map scale 
structures such as the Painted Canyon and Platform fault zones, as well as low angle normal faults between 
these two faults that cut basement but not the overlying Plio-Pleistocene sedimentary rocks (Fig. 2, 3A). 
Hematite slip surfaces are dominantly NNW- and NE-striking; are metallic, blue-grey, and curviplanar; have 
linear and/or curved slickenline orientations indicating oblique-slip and dip-slip; and mm- to cm-scale offset 
(Fig. 3B, C). Fe-oxide-coated surfaces are ubiquitous in basement damage zones, but the thickest (<2 mm-
thick), pure hematite slip surfaces targeted for (U-Th)/He analysis are associated with chlorite-rich schistose 
gneiss and epidote-rich granite (Fig. 3B, C).  

SEM facilitates microstructural analysis of 50 μm to 2 mm-thick fault surfaces with nanometer-scale 
hematite plates that appear opaque in thin section (Fig. 3). Some surfaces comprise interlayered and/or 
cross-cutting hematite veins with calcite and phyllosilicate veins, and foliated hematite locally exhibits S-C 
fabrics, hematite-tailed clasts, and ‘hematite mica-fish’ (Fig. 3D, F). Some surfaces display ~10 to 100 μm-
wide, ~100 μm to 1 mm-long hematite-filled injection veins into host rock or calcite oriented perpendicular 

Figure 3. Field photos of (A) main 
Painted Canyon fault zone and 
shallowly exhumed crystalline 
basement (Moser et al., 2017; 
Spotila et al., 2020), and (B, C) 
striated hematite slip surfaces cutting 
chloritized and Fe-rich clay 
basement. SEM backscattered 
electron images reveal slip surfaces 
compreise (D) multiple episodes of 
hematite mineralization and (E) 
hematite injection veins orthogonal 
to the slip surface (DiMonte et al., in 
review, Geology). SEM secondary 
electron images show slip surface 
textures are dominated by (F) 
foliated, anastomosing hematite 
platelets, but (G) neoformed, 
undeformed hematite plates that 
precipitated from fluid-rock 
interaction with Fe-rich clays are also  
preserved (DiMonte et al., in review). 
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to the fault surface (Fig. 3E). Foliated, high-aspect ratio hematite platelets with a shape preferred orientation 
resemble to Mecca Hills clays (Fig. 3F; DiMonte et al., 2020). Clay “scaly-fabrics” develop over a range of 
slip rates and are associated with slow slip (Moore et al., 1986; Saffer et al., 2001; Schleicher et al., 2010; 
Chester et al., 2013; Vannucchi, 2019). Some surfaces also exhibit euhedral, hexagonal plates with equant 
cross-sections perpendicular to the c-axis (Fig. 3G). Hematite grain morphologies at the slip interface and 
within the injection veins are clearly different from recrystallized polygonal grains associated with coseismic 
friction-generated heat, or textures associated with the propagation of seismic slip at shallow depths at 
other locations (i.e., Ault et al., 2019; Taylor et al., 2021). Combined microstructural and hematite (U-Th)/He 
thermochronometry data (n=64 new, 24 published individual analyses; Fig. 4) indicate fault damage and 
associated hematite mineralization events that occurred from ~0.8 Ma to 0.4 Ma at <1.5 km depth. Over 
90% of individual hematite He dates are younger than corresponding apatite He dates despite similar 
temperatures sensitivities (i.e., closure temperature) for all hematite aliquots and between the hematite and 
apatite He systems (Fig. 4). Reproducible intrasample hematite He dates record episodes of hematite 
growth and show that repeated reactivation of surfaces occurred at slow slip rates that did not induce He 
loss (Fig. 4).  

Hematite microstructures and thermochronometry data patterns document transient slow slip and fault 
reactivation (DiMonte et al., in review). Injection veins at the base of some slip surfaces suggest initial 
hematite precipitation occurred during transient fluid overpressure events that caused tensile failure. Along 
other surfaces, fluid interaction with host rock, including lower permeability clay minerals, mobilized Fe and 
precipitated hematite. Interlayered and crosscutting hematite and calcite veins, as well as clasts of older 
hematite veins, indicate episodic hematite precipitation on individual slip surfaces. Hematite S-C fabrics, 
tailed clasts, and ‘hematite’ fish demonstrate slip occurred on these surfaces following hematite growth. 
These processes collectively created zones of shallow off-fault damage up to 4 km orthogonal to the trace 
of the SSAF (Fig. 2). We suggest the development of distributed hematite slip surfaces, present in 
continental fault zones worldwide, governs transient and/or triggered slow slip that may dampen earthquake 
energy in the uppermost crust (DiMonte et al., in review). 
Deformation experiments: hematite is weak and velocity strengthening  Our SCEC-supported 
research has documented hematite frictional behavior at seismic and subseismic slip rates (Calzolari et al., 
2020; DiMonte et al., 2021). High-velocity (0.32 m/s) rotary shear experiments on specular hematite with 
μm-thick plates using a SiC upper annulus, 8.5 MPa load, and 1.5 m displacement yield a low coefficient 
of friction (~0.28) and subtle dynamic weaking behavior (SCEC 20153). Resulting slip surfaces have fault 
mirrors within gouge layers; (U-Th)/He dates from mirrored material indicate >70% He loss from with 
localized, flash heating (Calzolari et al., 2020).  

Figure 4. Rank order plot of individual aliquot (U-Th)/He dates ± 2σ analytical uncertainty, x-axis is position (not to 
scale) along SW-NE transect. Hematite He dates, squares (DiMonte et al., in review; Moser et al., 2017) colored by 
site, color shades are different samples; apatite He dates, circles (Moser et al., 2017, Spotila et al., 2020). Modified 
from DiMonte et al., in review. 
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Our new SCEC-funded (SCEC 21068) rotary shear experiments at slow slip rates utilize the same 
apparatus, load, and starting material as Calzolari et al. (2020), but with a diabase or granite upper annulus 
and 1 µm/s–320 mm/s slip rate for 1 cm-3 cm displacement (DiMonte et al., 2021). These experiments yield 
a ~0.25-0.45 coefficient of friction and less gouge compared to prior experiments (Fig. 5). At slow slip rates, 
hematite exhibits velocity strengthening to approximately velocity neutral behavior (Fig. 5). Shallow 
hematite textures and frictional behavior are similar to clays and phyllosilicates in general. Clays and 
phyllosilicates are characterized by a low µ (<0.2-0.4) (Moore and Lockner, 2004, 2007, 2008; Ikari et al., 
2011). Some experiments show polymineralic, phyllosilicate-rich rocks can exhibit velocity-strengthening 
(Saffer and Marone, 2003; Moore and Lockner, 2008, 2011; Ikari et al., 2009; French et al., 2015), but 
others reveal evidence for slow slip events (Saffer et al., 2001; Ikari and Kopf, 2017) or dynamic weakening 
(Kohli et al., 2011; French and Chester, 2018). Although more work is required, hematite frictional behavior 
appears similar to phyllosilicates and supports that hematite can accommodate transient slow slip in the 
shallow crust.   

Ongoing work 
He loss during slow slip in the lab? Deformation experiments inform He loss and microstructures 
associated with controlled, observable slip rates. Hematite He dates from fault mirrors generated during 
laboratory earthquakes show >70% He loss associated with friction-generated temperature rise via asperity 
flash heating (Calzolari et al., 2020). Ongoing work by DiMonte compares hematite He dates from 
undeformed starting materials with data from gouge generated by slow slip deformation experiments to 
evaluate if slow slip and/or severe comminution induces appreciable He loss. 
He loss during slow slip in the lab and field? We see no evidence of comminution of hematite along 
natural slip surfaces in Mecca Hills. We infer that, along these slip surfaces, hematite deforms via interplate 
sliding. Because specular hematite used in slow slip experiments conducted to date is significantly more 
coarse-grained than the nm-thick platelets observed in Mecca Hills hematite slip surfaces (e.g., Fig.3F), 
ongoing slow slip experiments will use gouge generated from natural slip surfaces in Mecca Hills to evaluate 
the frictional behavior of anisotropic hematite platelets. 
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