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Annual Report: Damage zone of the Coachella Valley segment of the San 

Andreas Fault: Evidence of a moment-dependent bifurcation in off fault energy 

dissipation processes? (SCEC Award # 22116) 

Principal Investigators: 
W. Ashley Griffith, School of Earth Sciences, Ohio State University 

Thomas Rockwell, Department of Geological Sciences, San Diego State University 

1. Key Points: 

i. We proposed to conduct an initial test of the hypothesis that energy dissipation by 

inelastic off-fault deformation increases dramatically above Mw 6.6-6.8. 

ii. To this end, in previous work, we conducted field work in June 2021 and November 

2021 to map fault damage zones along the Elsinore and Superstition Hills Faults, 

measure mesoscopic (outcrop-scale) fracture density and orientation data at varying 

distances from the fault core, and we collected oriented samples for thin section 

analysis of microstructure at similar positions. 

iii. Under this grant, we spent two weeks in the field, excavating fresh outcrop surface 

along a 100m transect across the SSAF at Ferrum in an abandoned turnaround wye. 

We collected 23 oriented samples and 25 unoriented samples, and we built several 

high resolution 3D photomosaics to characterize the damage zone structure.  

iv. Initial observations show the damage zone structure is asymmetric about the fault. 

The southwest side of the fault consists of a 15m wide foliated shear zone, outside of 

which rocks are extensively faulted in a jigsaw pattern.  A pulverized granite pod is 

located about 40 m SW of the fault. On the opposite side of the fault, deformation is 

confined primarily to thin shear zones subparallel to the main fault strand.  

v. We proposed to continue this work in a 2023 proposal by complementing our outcrop 

observations with a suite of geochemical analyses.  We are also planning a NSF-

UKNERC proposal this spring based on SCEC-funded research during the past three 

years. 

 

2. Summary 

Fault damage zones exert significant controls on strain localization, slip stability, coseismic 

rupture propagation, and interseismic stress accumulation and strength recovery. Velocity 

reductions in the damage zone have been shown to persist throughout the seismic cycle (e.g., 

Cochran et al., 2009, Qiu et al., 2020), and permanent damage zone size and intensity have been 

shown to scale with fault maturity (e.g., Savage and Brodsky, 2011; Faulkner et al., 2011; 

Scholz, 1987).  Damage zones are the physical manifestation of feedbacks between processes 

related to fault slip and off-fault inelastic deformation. Some work has postulated that 

characteristics of the damage zone, such as the width and decay rate of fracture intensity, along 

seismogenic faults can be explained by inelastic deformation during seismic rupture (e.g., Johri 

et al., 2014a; Okubo et al., 2019), and at least some observations appear to support this idea 

(Johri et al., 2014b).   
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Interestingly, work from two completely different perspectives have arrived at the same 

suggestion that the nature of off-fault damage may depend on the magnitude of seismic energy 

release. Both approaches independently suggest that the extent of fault damage, and thus the 

amount of energy dissipated by brittle off-fault deformation, changes starkly above a moment 

magnitude threshold of ~Mw6.6-6.8.  First, Nielsen et al. (2016) showed that fracture energy 

calculated as the work done during the frictional weakening process in experimental rotary shear 

tests (Gf) closely tracks the seismologically determined fracture energy from natural earthquakes 

(G) for events with slip between 1 cm and 1m, but for larger events Gf underestimates G. Later, 

Cocco et al. (2023) elaborated upon this relationship by synthesizing multiple studies 

quantifying fracture energy and breakdown work (Figure 1). Nielsen et al. (2016) ascribed this 

bifurcation between laboratory and natural earthquakes to energy dissipation due to inelastic off-

fault yielding, which is expected to increase with increasing rupture size (e.g., Okubo et al., 

2019; Andrews, 2005).  The second observation comes from field observations along active 

strike slip faults in Southern California.  Strain in southern California is partitioned among 

several subparallel fault strands, most prominently the Southern San Andreas, San Jacinto, and 

the Elsinore Fault Zones (e.g., Fialko, 2006).  The most recent earthquake on the southernmost 

Elsinore Fault in the Coyote Mountains was approximately Mw 6.8, compared to Mw7.3 on the 

San Jacinto and M7.8 Fort Tejon earthquake on the South-Central San Andreas fault (Rockwell 

et al., 2019; Salisbury et al., 2012; Agnew and Sieh, 1978).  Near the southern termination of the 

San Jacinto Fault zone, the Mw 6.6 1987 Superstition Hills earthquake ruptured the Superstition 

Hills fault. and appears to have been preceded by prior earthquakes of similar size and slip 

distribution (Hudnut and Sieh, 1989; Lindvall et al., 1989; Sharp et al., 1989). At the surface, as 

much as half of the observed surface slip occurred as after slip in the months after the 

mainshock.  The damage zones where these faults cross similar lithologic units are markedly 

different.  
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Some component of the energy dissipated during all earthquakes is expected to be partitioned 

into inelastic yielding off of the primary slip zone.  As discussed above, the relative magnitude of 

this dissipated energy may vary as a function of earthquake magnitude, and we posit that the key 

to understanding this relationship lies in examining the damage zone structure of active faults.  

The damage zone structure of exhumed faults has received considerable attention in the 

literature, and more recently similar attention has been paid to active strands of the San Andreas 

and San Jacinto faults (e.g., Rempe et al., 2013; Wechsler et al., 2011; Dor et al., 2009; 2006a,b).  

The damage zones of these mature faults are complex, represent substantial seismic velocity 

reductions, and host abundant pulverized rocks. Our field area of the Coachella segment of the 

southern San Andreas Fault (SAF) is an ideal place to study these mature faults. The average 

slip-per-event for 5 paleoseismic ruptures along this segment of the SAF is 2.6-3.1m (Blanton et 

al. 2020). The damage zone is characterized by unique units on either side of the PSZ, both of 

which are poorly indurated. The northern exposure (~25m) of the damage zone hosts shear bands 

at varying distances from the PSZ, while the southern exposure (~75m) consists of intense 

foliation with fault-parallel orientation, as well as presumed secondary faulting and a standout 

igneous intrusion that has been pulverized to powder. As in the first proposal, we ask three 

complementary questions: (i) how does fault maturity and local structure along the fault influence 

damage production?;  (ii) is the size of an earthquake a factor in pulverization, and where is that 

threshold?; and (iii) can we predict typical moment magnitudes or Mmax values from fault zone 

architecture? Given the short historical record of earthquakes, this last question is of huge potential 

importance in estimating seismic hazard on active faults in southern California and around the world. 

Figure 1. Experimental values of fracture energy (G and G’) and breakdown work (Wb) from various 
seismic models (from Cocco et al. 2023). Three power laws are proposed to fit the data. 
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Geologic Setting: The Coachella 

Valley segment of the San Andreas 

Fault on the NE side of the Salton Sea 

has been the subject of several 

paleoseismic studies (Sieh and 

Williams, 1990; Fumal, 2002; 

Philibosian et al., 2011; Rockwell et al., 

2018), and the field area is located at 

the site of the Ferrum/North Shore 

creepmeter (Louie et al., 1985; Bilham 

and Williams, 1985; Tymofveyeva et 

al., 2018). Average recurrence intervals 

for paleoearthquakes rupturing the 

Coachella Valley range from 116 to 240 

years with a best estimate of 180 years 

(Philibosian et al., 2011), while the 

current quiescent period is 

approximately 300 years. Recent work 

suggests that average slip-per-event for 5 paleoseismic ruptures is 2.6-3.1 m (Blanton et al., 

2020), accompanied by creep at rates between 1 and 4 mm/yr (Bilham, 2019; Lindsey et al., 

2014; Sieh and Williams, 1990).  

The field area is located on the NE side of Hwy 111 on the NE shore of the Salton Sea, ~1.5km 

northwest along strike of the SAF from the Salt Creek paleoseismic site of Sieh and Williams 

(1990) (Figure 2). Here the SAF juxtaposes early to middle Pleistocene deltaic sandstone of the 

Palm Spring Formation on the NE side of the fault against early to middle Pleistocene 

interbedded lacustrine claystone and deltaic sandstone of the Borrego Formation on the SW side 

of the fault (e.g., Babcock, 1974) (Note: As originally described by Thomas Dibblee, these two 

formations interfinger and can be coeval but are distinguished primarily on whether they are 

dominantly lacustrine or deltaic. In the wye exposure, sandstone dominates on the NE whereas 

lacustrine claystone tends to dominate on the SW.) The SW also hosts a ~5-6m long and ~2m 

high exposure of a pulverized tonalitic intrusion. Rocks across the fault are incised by a now-

abandoned turnaround wye built by the Eagle Mining & Railroad company that exposed the 

damage zone along a 150 m cross section up to 5-7m deep (Figures 3). Careful excavation of 

weathered rocks on the wall of the wye display complex damage zone structure within the 

sandstones of the Palm Spring and Borrego Formations (Figure 3). Sandstone ~5m from the fault 

is cut by an intricate network of interconnected shears, between which sands appear to be 

extensively fractured at the sub-grain scale, without any apparent distortion of the grains 

themselves. Like pulverized rocks described elsewhere, these pods of highly damaged sandstone 

lack cohesion even at the subgrain scale. Initial inspection suggests this apparent pulverization 

extends across the exposed Palm Spring and Borrego Formation rocks at the site. 

Figure 2. Map of the southern San Andreas fault near the Salton 
Sea (from Blanton et al., 2020). Study site located at Ferrum (F) is 
shown in small red box in lower right corner.  
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Figure 3. Photos of field site. (a) A 3D photomosaic model of southern San Andreas Fault outcrop (SAF denoted by red line) – 
created through compiling drone images using Agisoft Metashape software. (b) Panoramic view of exposed outcrop from 
opposite side of wye (represented by yellow line on (a). 

3. Completed Work 

We manually excavated a ~100m long fresh outcrop exposure along the SE side of the 

wye crossed the principal slip zone (PSZ) of the SAF, exposing an area approximately 25m 

northeast and 75m southwest of the PSZ (and ~2m in height). We described the distinct 

lithologies and structural fabrics along the the outcrop using field notebooks and the FieldMove 

app on an iPad and iPhone. We measured bedding and foliation orientation where applicable. We 

also identified secondary features including shear bands and secondary faults, and recorded slip 

orientation and direction where possible. Measurements were located using GPS-coordinates via 

FieldMove and by measuring tape (with origin at the PSZ) for written notes. We took high 

resolution images of the outcrop and surrounding area using a DJI Mavic 2 drone in order to 

create three-dimensional photomosaic models at scales of the local field area, the entire 

turnaround wye, and a detailed photomosaic of the outcrop surface. These models are being used 

to create 3D fault maps. We also collected 23 oriented hand samples, focused near the PSZ and 

decreasing logarithmically with distance along the outcrop. Because rocks are poorly indurated, 

we carved out blocks and encased them in optical grade epoxy resin. Encased blocks were 

transported back to Ohio State, where we re-oriented each block and cut into slabs for thin 

sections. We then vacuum impregnated the interior of each slab before shipping them for thin 

section creation (see examples in Figure 5). We also collected 25 non-oriented samples following 

the same focus closer to the PSZ. These have several uses, including rock mechanics 

experiments and geochemical analysis. Oriented thin sections are horizontal and perpendicular to 

the PSZ. The thin sections are then imaged and imported into a MATLAB script that we 

developed to analyze grain size distribution (following Frost et al. 2008), and therefore provide 

information about the microfracture density along the fault damage zone. 

 

a 

Fault core SW NE 

b 

NE 

SW 
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4. Preliminary Conclusions 

We created high resolution photomosaics of the entire outcrop from three viewpoints:  one 

level with the exposure, one using a drone approximately 15-30m above the exposure (Figure 

4a), and one directly above the exposure that allows us to create a high-resolution map of the 

exposure and surrounding geology.  Rocks to the NE of the fault are dominated by interbedded 

sandstones and claystones that form a prominent SE-plunging fold and near vertical bedding near 

the fault. These are juxtaposed against highly foliated (Figure 5b), but sub-horizontal sandstones 

and claystones on the SW side of the fault (Figure 5c). A lense of pulverized granite cut by 

multiple clay shear bands is located approximately 30 m to the southwest of the fault (Figure 5d). 

In hand sample it is very poorly indurated (crumbles in your hand), and in thin section individual 

mineral grains are extensively fractured.  The highly foliated zone extends approximately 15 m 

to the SW from the main fault core, and one at least one prominent subsidiary fault occurs 

approximately 50m SW from the fault core (Figure 4a). Rocks on the NE side of the fault core 

are strongly damaged, but lacking the prominent foliation found on the SW side.  Instead, sand-

rich layers are fractured into jigsaw-shaped patterns, whereas clay-rich layers display distributed 

shear.   

In general, the outcrop showcases a strongly asymmetric damage zone with clear partitioning 

of strain and deformation mechanisms between lithologies. The red clay-rich Borrego Fm is 

strongly foliated and has experienced intense grain size reduction (Figure 5c) extending from the 

PSZ up to ~75m southwest of the PSZ.  The few sandstone exposures outside of this clay-rich 

zone within the Borrego Fm show extreme microscale faulting (Figure 5a).  The sandstone of the 

Palm Springs Formation northeast of the PSZ displays much coarser grains with lithic fragments 

and little microscale faulting, though clay-rich shear bands do appear (Figure 5b). Interestingly, 

there is also abundant biotite in this deltaic sandstone, which has a clear shape preferred 

orientation.   



7 
 

 

 

 

 

Figure 4: Summary of observations from SSAF in turnaround wye at Ferrum. (A) Overview of 

outcrop from 3D model showing primary fault (NE), secondary fault (SW), bedding (green lines), 

outline of detailed photomosaic and outcrop log, and locations of images in B-D.  (B) Jigsaw 

fractures in sandstones (left of hammer) contrasted against distributed shearing in claystones 

(right of hammer), (C) Strongly foliated zone adjacent to fault core, (D) Pulverized granite. 

Figure 5. Full 2mm thin section images 

using a high-resolution Dinolite camera. 

Shown here are samples from (a) 27 feet 

south of the PSZ, (b) 16 feet north of the 

PSZ, and (c) 48 feet south of the PSZ. 

Note distinct lithologies between the 

samples, as well as unique secondary 

features including (a) microscale faulting, 

(c) foliation, and , (a & b) localized grain 

size reduction. 

A 

C 

BB

B 
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5. Remaining Work 

Some oriented samples that were collected in the field are still being processed for thin 

section production. Completed thin sections are in the process of being imaged using Leica 

software and optical microscopes for grain size distribution analysis following methods 

described in Frost et al. (2008) and Dor et al. (2009). We will combine our observations with 

those from previous work examining damage zone structure in similar rocks along the Elsinore 

and Superstition Hills Faults.  We are using these results as the core of a NSF-NERC proposal 

being submitted later this spring in collaboration with Tom Mitchell at University College 

London attacking the larger question of how we can use damage zone observations along active 

faults to constrain the maximum possible earthquake magnitude.  This project will incorporate 

extensive rock mechanics experiments to supplement our field observations. 

As we explained in our 2023 proposal, we plan to continue the research started under Award 

# 22116 by conducting a full suite of additional microstructural and geochemical analyses on the 

45 samples collected during fieldwork in 2022.  The 23 oriented sections will be described 

qualitatively and analyzed quantitatively for Factor of Increase in Perimeter Length (FIPL) of 

grains following Dor et al. (2009) to determine degree of grain size reduction for comparison to 

prior work at the Elsinore Fault (Gaston, 2022) and the SAF along the Mojave segment (Dor et 

al., 2009) as well as the fractal dimension following Frost et al. (2008) to estimate relative 

degrees of constrained comminution due to shear  (e.g., Sammis and King, 2009). This work 

collectively will allow us to document composition and deformation mechanisms, study 

partitioning between shear and volumetric deformation, and discriminate between various 

damage zone formation mechanisms (e.g., Mitchell and Faulkner, 2009; Frost et al., 2008; Rowe 

and Griffith, 2015).   XRF elemental and XRD analysis will be performed on all non-oriented 

samples following methods described in Wechsler et al. (2011) to determine bulk rock chemistry 

and mineralogy, respectively.   Results of XRF and XRD analysis will aid in discrimination 

between alteration products related to weathering vs deformation processes. 
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