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1. PROJECT OVERVIEW 

 

The main goal of this project is to quantify the fluid budgets, time scales, and mechanisms 

governing the growth of frictionally weak clay minerals in San Andreas fault (SAF) gouge. To 

accomplish this, we are examining pristine fault rocks acquired from recent cores taken across 

the Mojave segment of the SAF near Elizabeth Lake, California (Fig. 1). Our previous work on 

these core samples used a combination of field, microstructural, and geochemical analysis to 

define the combined mechanical and geochemical pathways of fault-rock development (SCEC 

#18189; PI’s Savage, Williams, Rowe). The combination of those results with recent triaxial 

deformation experiments show that the formation of even modest amounts of mixed-layer illite-

smectite during fluid-rock interactions results in profound decreases in the frictional strength of 

fault rocks (Fig. 2). To better constrain the processes leading to illite-smectite formation, our 

current work is employing a novel application of lead (Pb) isotope analysis. By comparing the 

Pb isotope composition of illite-smectite extracted from fault gouge with the parent minerals 

from which it formed in the protolith, we are determining if clay-forming fluids were dominated by 

local Pb sources (implying low fluid-rock ratios) or external sources, possibly during co-seismic 

pulses of fluid flow (implying higher fluid-rock ratios). The latter may imply clay growth that is 

genetically related to individual fault-slip events, and punctuated changes in fault-rock friction 

through time. The anticipated outcomes of this study include: 

 

1. Development of a new analytical approach for studying the origin of frictionally weak 

phyllosilicates in fault rocks. 

2. Direct constraints on the volume of fluid contributing to clay mineral formation during the 

evolution of the shallow SAF. 

3. Inferences on temporal aspects of clay formation during faulting more generally, i.e. 

whether these phases form continuously throughout fault history or episodically with slip. 

 

 

2. PROJECT METHODOLOGY 

The three components of this project are: Identification fault-rock samples for analysis; 

separating authigenic illite-smectite from other phyllosilicates entrained from wallrock during 

cataclasis; and Pb and U isotope analyses of authigenic illite-smectite and wallrock phases that 

may have contributed to clay formation.  

 



1. Initial work was focused on identifying fault-rock samples with sufficient concentrations 

of authigenic clay minerals for Pb isotope analysis. This work was conducted using 

previously collected microstructural, mineralogical, and geochemical data on fault rocks 

in the Elizabeth Lake cores. More specifically, the results of this past work include 

quantitative information on the relative abundance of authigenic clay (in this case, a 

mixed-layer illite/smectite; I/S ~20%/80%; Fig. 3) in a suite of gouge samples. From this 

data, a suite of candidate fault-rock samples was identified. 

2. Authigenic I/S in our fault-rock samples must be mechanically isolated to prevent 

contamination from other mineral phases during Pb isotope analysis. The results of our 

previous work demonstrated that authigenic I/S is preferentially concentrated in the finer 

grain-size fractions of gouge samples (Fig. 3). We use centrifugation and Stoke’s law to 

separate ultra-fine grained particles from gouge in an effort to isolate I/S. We conducted 

two additional analyses to ensure the quality of this separation and purity of resultant 

samples. First, we routinely analyzed the ultra-fine grained aliquots generated during 

centrifugation by laser-diffraction granulometry to ensure we were accurately separating 

our target grain-size range(s). Second, we analyzed these separates by X-ray diffraction 

(XRD) to determine the percentage of authigenic I/S relative to other phases and assess 

the “effectiveness” of mineral separation. 

3. Analysis of the Pb isotope composition of both authigenic I/S in fault rocks and potential 

parent phases in the protolith (e.g. biotite, amphibole, plagioclase) requires several 

steps. First, samples must be dissolved and chemically purified to isolate Pb. This is 

achieved via wet chemistry and ion-exchange chromatography. Solutions resulting from 

this purification process are then analyzed by isotope-dilution mass spectrometry to 

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 



determine the concentration and isotopic ratios of Pb. We note that many isotopes of Pb 

are radiogenic. Thus, the Pb isotope ratios of minerals are subject to post-crystallization 

changes due to uranium (U) decay through time. Preliminary calculations, however, 

suggest that the effects of U decay on Pb isotope ratios in our fault rocks should be 

negligible (< 0.05%) assuming the clays formed within the last 5 Ma (the approximate 

age of the Mojave segment). This error is even smaller in potential parent phases in the 

protolith materials which generally exhibit U/Pb ratios much less than unity. Despite this, 

the U isotope concentration and composition will also be determined for all analyzed 

samples and used to define a permissible range of Pb isotope composition for each 

sample over the last 5 Ma. 

 

3. Project Results 

Due to a clerical oversight in UW-Madison’s Research and Sponsored Programs office, the 

funding for this award did not arrive at our institution until mid-August 2019. As such, we are 

running behind the originally anticipated schedule which was planned to begin in February 

2019. We are, however, continuing to make progress and will do so until the project goals have 

been achieved. Below, we provide a summary of progress so far. In short, many samples have 

been identified, characterized, and prepared for analysis, but the ongoing COVID-19 pandemic 

Figure 2. Friction coefficients determined for fault rocks through triaxial deformation 

experiments. Illite/smectite(I/S)-rich gouges are profoundly weak when compared to chlorite-

rich gouges and high-strain fault-damaged rocks (FDR). Protolith granodiorites and low-

strain FDR samples are considerably stronger than all other samples. Our research is 

focused on determining the origin and timescales of formation of I/S, which appears to exert 

a significant control on fault-rock frictional strength even at low abundances. 



has resulted in the temporary closure of the ICP-TIMS lab at the University of Wisconsin-

Madison. As such, the ultimate date of sample analysis cannot be determined at this time.  

 

 

A suite of protolith granodiorite samples were selected, crushed, and manually picked under a 

binocular microscope to obtain aliquots of biotite, amphibole, plagioclase, and potassium 

feldspar. Our suite of fault-rock samples was selected based on previous estimates of 

authigenic I/S abundance. We note that these previous estimates were based on a combination 

of quantitative XRD analyses of fine-grained separates and laser diffraction estimates of particle 

size distribution. The grain-size separates, however, are “size inclusive” (i.e. <1, <2, <4 μm), 

and likely contain the entirety of the I/S mass in the sample but only a fraction of the total 

chlorite and biotite (which are derived from cataclastic deformation of the wall rock and also 

occur as larger diameter particles). Thus, our previous estimates of I/S abundance are 

necessarily maximum values. For our Pb isotope sample suite, we targeted samples with the 

largest estimated maximum I/S concentrations, generally around 10-15% by volume. 

Centrifugation and XRD analysis of < 0.5 μm sample aliquots, however, revealed substantial 

volumes of chlorite were still present. In many cases, these chlorite abundances exceed what 

could reasonably be neglected in subsequent Pb isotope analysis. Fortunately, a small suite of 

samples from those originally targeted did exhibit XRD results indicating that they were 

sufficiently pure as to be suitable for eventual Pb isotope analysis. In the interest of expanding 

the data set further, we are modifying our laboratory methods to include a more aggressive 

sample separation strategy, incorporating a series of ultra-sonic vibration pre-treatments in 

addition to targeting even smaller grain-size fractions than previously utilized (i.e. <0.05 μm). 

These procedures, although showing promise, are labor/time intensive, resulting in a delay to 

Figure 3. (left) XRD spectra of grain-size separated samples of gouge. The relative 

abundance of chlorite and biotite (entrained from wallrock during cataclasis) is smaller in <1 

µm grain-size fraction when compared to the <4 µm fraction. (right) Quantitative 

phyllosilicate abundance data determined with NEWMOD, showing increase in relative 

abundance of authigenic illite/smectite with decreasing grain size. 



our anticipated timeline for mass spectrometry. We plan to resume analyses following the end of 

the social distancing protocols related to the COVID-19 pandemic and subsequent reopening of 

the ICP-TIMS lab. 


