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1. PROJECT OVERVIEW 

 

The main goal of this project is to provide a more complete assessment of the relationship 

between fault rock mineralogy, fabric, and friction in the San Andreas fault (SAF) , with a 

particular emphasis on improving our understanding of rupture propagation through the 

uppermost crust. We are studying fault rock from recently acquired drill core across the Mojave 

segment of the SAF and from surface exposures of small subsidiary faults. More specifically, we 

are analyzing the geochemistry, mineralogy, and microstructure of these fault rocks, and pairing 

those results with triaxial friction tests of both intact and reconstituted samples. Core samples 

were collected as part of a recent Los Angeles Department of Water and Power effort to assess 

seismic hazards in the area of Elizabeth Lake, CA (Fig. 1). The anticipated outcomes of our 

study include:  

1. A model for coupled geochemical and mechanical evolution of fault rock 

2. Frictional measurements indicating the stage in the evolution at which weakening occurs, 

and by what mechanism 

 

Figure 1. A) Map showing location of Elizabeth Lake coring site (yellow star) along the San Andreas 

fault. B) Examples of meter-scale intervals of foliated fault gouge collected during coring. Core is ~6 

cm in diameter and ~60 cm in length. C) Photos of clay-rich fault gouge and wall rock contacts 

observed in collected cores. 

 



  

2. PROJECT METHODOLOGY 

The three components of our project are:  Categorization and subdivision of fault rocks; detailed 

characterization of fault-rock microstructure, mineralogy, and chemistry; and measurement of 

frictional properties. 

 

1. Field observations and core logging was conducted to provide an initial categorization of 

fault-rock type and origin. When possible the protolith material of fault rocks was estimated 

from the mineralogy of disaggregated material or larger survivor clasts. Fault-rock fabrics 

were measured and described relative to the core axis where present. 

2. Fault rock microstructure and fabric analysis is being accomplished by a combination of 

laser diffraction particle-size analysis, high-resolution microscopy, and anisotropy of 

magnetic susceptibility (AMS). Particle size distributions from laser diffraction are also 

being combined with quantitative XRD analysis (see below) to estimate bulk clay content 

in each sample. Ion beam polishing is being used to prepare clay-rich gouge samples for 

high-resolution microscopy using a field emission scanning electron microscope (FE-

SEM). In addition, a novel low-voltage electron microprobe method is being used to map 

sample geochemistry at sub-micron scales in ion-polished samples. Additional fabric 

characterization by AMS will be conducted in Spring 2019 to further constrain the 

orientation and magnitude of fault-rock fabric prior to friction tests. 

 Bulk-rock X-ray diffraction (XRD) analyses are being used to identify the major 

mineralogical components of fault rocks, which when combined with analyses of 

representative protolith samples provides constraints on geochemical/mineralogical 

reaction pathways leading to the formation of frictionally-weak clays. Additional 

quantitative XRD analysis (via NEWMOD) of centrifugally separated clay-sized (<4, <2, 

and <1 μm) fractions is providing further constraints on phyllosilicate mineralogy and the 

role of in-situ authigenesis (e.g. growth of smectites from pore fluids) relative to 

mechanical sourcing from the surrounding protolith (e.g. incorporation of biotite and/or 

chlorite during cataclasis). X-ray fluorescence (XRF) analyses are quantifying the bulk 

elemental chemistry of fault rock and protolith samples, the results of which are then used 

to constrain elemental mobility during fault rock development. 

3. Friction experiments will be conducted on gouge samples in Spring 2019. These 

experiments will include both intact and disaggregated samples to test the effect of natural 

fabric on fault-rock friction. Samples selected for friction experiments will be run as both 

intact wafers trimmed from drillcore to fit into our sample configuration, along with 

disaggregated and reconstituted samples. In this way, we will test the effect of natural 

fabric on frictional strength and stability while controlling for bulk mineralogy.  

 

3. PROJECT RESULTS 

Drill core samples identified as intersecting major fault strands during initial logging are stored at 

the USGS Menlo Park (initially collected by Diane Moore). As part of our initial characterization, 

we conducted detailed descriptions of these key intervals and collected samples for laboratory 



analysis. An additional visit to the main core storage facility near Elizabeth Lake, CA was 

conducted to characterize and collect samples of relatively less deformed material. Finally, we  

identified small faults exposed in valleys near the drill site to use as "immature" analogs for 

understanding the major faults in the core. More than 80 distinct fault rock and protolith samples 

from Elizabeth Lake drill cores and surrounding outcrops have subsequently been analyzed. 

Cross-correlation of the data sets is underway and initial results indicate that our data sets 

effectively track fault-rock evolution from intact wallrock through damaged and altered rock into 

gouge-rich fault cores. Fault-rock evolution proceeds through a combination of mechanical and 

geochemical processes. We broadly categorize our samples as one of three stages (Fig. 1): 

clay-rich fault gouge, which is typically strongly foliated and altered/deformed to the extent that 

protolith material is no longer recognizable; fault-damaged rock, which is pervasively 

microfractured and disaggregated but the protolith material remains recognizable; and largely 

undamaged/unaltered protolith. Particle size distributions obtained by laser diffraction clearly 

distinguish between fault-rock types (Fig. 2X). Distinct peaks at micron and sub-micron particle 

sizes in gouge data may indicate ingrowth of ultra-fine-grained clays during deformation. Thus, 

our data indicate that gouge samples record markedly decreased grain sizes indicative of 

increased cataclasis and grain comminution, and also the replacement of coarse feldspars and 

biotite with finer-grained alteration products such as clays. Microstructural analysis by FE-SEM 

Figure 2. a) particle size distributions for gouge 

(blue) and fault-damaged rock (orange). Arrows 

show location of fine-grained peaks associated 

with smectite growth. B) FE-SEM image 

showing micron-scale clay fabric in gouge. 

Fabric orientation from upper left to lower right. 

c) Low-voltage electron microprobe map of Mg 

concentration in gouge. Magnesium is 

preferentially concentrated within fine-grained, 

smectite matrix. 

 



  

Figure 3. a) Bulk-rock XRD spectra for protolith and gouge. b) Gouge XRD results for <4 µm and <1 

µm grain-size fractions after glycolation. c) Elemental MgO as a function of SiO2 with 95% 

confidence ellipses. d) Same as (c), but plotting total Fe concentration. e) Sample loss on ignition as a 

function of MgO concentration. f) Bootstrapped probability distributions showing elemental 

enrichment Mg and Fe in fault rocks relative to protolith. 

 



  

indicates that foliations visible in hand sample extend to the sub-micron scale, and are defined 

by the alignment of a variety of phyllosilicate minerals (Fig. 2X,Y).  

Bulk-rock XRD illustrates that gouge samples are broadly similar in mineralogy to 

surrounding Cretaceous granodiorite protolith, but contain substantially higher abundances of 

smectite-group clays (Fig. 3a). Smectites are not observed in unaltered granodiorite protolith, 

indicating an authigenic origin for these minerals during fault rock development. Moreover, 

distinct differences in diffraction peak morphology between protolith granodiorites and gouge 

suggest that smectites likely formed in part through alteration of host-rock biotite. This inference 

is similarly supported by XRD analysis of separated clay-sized fractions, which show that 

protolith derived biotite and chlorite become progressively depleted in smaller-grained fractions, 

whereas relative smectite abundance generally increases with decreasing grain size (Fig. 3b). 

Elemental abundance data obtained by XRF show that elemental exchange contributes to fault 

rock evolution. Gouge samples generally occupy a discrete geochemical space when compared 

to lower-strain fault-damaged rocks and protolith granodiorite (Fig. 3c,d). Element mobility 

analysis (assuming Al is immobile) suggests that gouge formation involved external input of Mg 

and Fe during fluid-rock interactions (Fig. 3f). These elemental enrichments are consistent with 

the authigenic formation of smectite clays, as is shown in high-resolution electron microprobe 

images (Fig. 2X). Correlations between Mg concentration and loss-on-ignition data (an estimate 

of water content) are similarly indicative of smectite formation (Fig. 3e). Interestingly, fault-

damaged rock samples show little-to-no evidence for elemental mobility or change relative to 

protolith, suggesting a possible strain-magnitude barrier to clay authigenesis during faulting. 

This observation leads to our hypothesis that the evolution of gouge is not a smooth process, 

but that thresholds in cataclasis and alteration may occur which positively interact, having major 

and sudden effects on fault strength. Mechanical grain size reduction and cataclasis produce 

increased mineral surface area, which facilitates alteration and replacement of strong minerals 

(feldspars) with weak minerals (clays). Once the clays reach a high enough proportion of the 

gouge material, the remaining strong grains may be sheltered from further fracturing except 

during extreme stress transients such as at an earthquake rupture tip.  Furthermore, the 

weakening of fault strands that have achieved a certain level of cataclasis suggests a 

mechanism for localizing slip within the fault zone. 

 

4. UPCOMING WORK AND SIGNIFICANCE 

Our preliminary results indicate that neither mechanical or geochemical evolution of fault rock 

can be considered in isolation. Upcoming friction tests and further comparative analysis will 

seek to understand the positive feedbacks between these mechanisms as they affect the 

frictional stability and strength of fault rocks in the uppermost crust. We hypothesize that this 

approach will reveal a non-monotonic weakening path throughout fault-rock evolution, and that 

exceeding certain threshold values of cataclasis/grain-size reduction, clay formation, and fabric 

development in fault rocks will result in large changes in frictional stability and strength. 

Ultimately, these combined data sets will constrain the controls on the frictional properties of a 

locked seismogenic fault in the shallow most crust. Seismic processes in these depth ranges 

are relatively poorly understood, despite their importance in a variety of earthquake processes 

(e.g. rupture arrest and seismic wave dampening).  


