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PROJECT OBJECTIVES 

Previous examination of the lithology and microstructures in the San Andreas Fault Observatory at 
Depth (SAFOD) Phase 3 core revealed distinct intervals of sheared black carbonaceous rocks (Bradbury et 
al., 2011; 2015) in various locations throughout the ~ 40 m length of core. Several studies have also 
documented the presence of black carbonaceous material (e.g. amorphous carbon, graphite) in natural fault 
zones of varying protolith composition (Zulauf et al., 1990; Arai et al., 2002; Rowe et al., 2005; Oohashi et al., 
2012; Craw and Upton, 2014; Liu et al., 2016; Kuo et 2017; 2018), suggesting carbon enrichment during shear 
due to creation of permeability pathways and/or in situ chemical reactions. Recent experiments on simulated 
carbonaceous fault gouge attribute dynamic weakening to tribological properties of carbon during shear-
induced slip localization (Oohashi et al., 2011; 2013; 2014; Kuo et al., 2014). Although faults with amorphous 
carbon are not mechanically weak at low slip rates, they can effectively lubricate the fault surface and promote 
dramatic dynamic weakening at near seismic slip rates by coseismic graphitization (Oohashi et al., 2011; Kuo 
et al., 2018). Thermal decomposition and nanoparticle lubrication in carbon-rich faults have also been 
reported to dramatically reduce frictional strength due to phase transformations and crystal-plastic processes 
(De Paola et al., 2011; Rowe et al., 2012; Fondriest et al., 2013; Han et al., 2014). Carbonaceous materials are 
often foreign to many host rocks and thus carbon and/or carbonization to graphitization reactions may occur 
as a result of the migration of fluids and/or fluid-rock interactions during deformation (Mathez et al., 1995; 
Mathez et al., 2008; Buseck and Beyssac, 2014).  

Listed below are the key questions we focused on addressing for this project, which are specific to 
understanding the nature of carbonaceous material in SAFOD, and more broadly, to understanding the 
evolving structural and permeability architecture of active fault zones. While there are still some unanswered 
questions related to this project, we continue to develop these as part of our broader research efforts. 

1. What is the source of carbonaceous matter in SAFOD and the San Andreas Fault?  
2. What are the mechanical and chemical effects of carbonaceous-rich fault zones and their potential evolution over both 

seismic and interseismic periods? 
3. What are the effects of temperature, composition and degree of shear localization on dynamic fault weakening of carbon-

rich fault zones?  
4. How do carbonaceous faults weaken? What mechano-chemical reactions occur during weakening? What mineralogy 

and microstructures indicate this? Is there evidence of thermal decomposition of the carbonaceous material? 
 
METHODOLOGY AND RESULTS (Pro j e c t  s t i l l  in  progre s s  to  12/31/18) 

Discerning the nature and extent of physiochemical processes associated with fine carbonaceous matter 
and the role of fluids in mature fault zones or during fault zone weakening requires high-resolution 
microscopy and geochemical techniques. We use an integrated micro-structural and micro-geochemical 
approach to identify the zones enriched in carbonaceous matter and any potential evidence for weakening or 
alteration in these carbon-rich zones in SAFOD Phase 3 Core. Methods include optical and high-resolution 
Scanning Electron Microscopy (SEM), Synchrotron Radiation, Total Organic Carbon (TOC) Analysis, X-Ray 
Diffraction Analysis, and Raman Microspectroscopy. This project is part of our broader research efforts and 
the next phase will include a comparison of our observations of the SAFOD samples with observations from 
experimentally produced slip surfaces (De Paola et al., 2011; Oohashi et al., 2011; 2013; 2014; Fondriest et al., 
2013; Kuo et al., 2014; Nakamura et al., 2015; Spagnuolo et al., 2015), as well as other natural faults (Oohashi 
et al., 2012; Rowe et al., 2012; Liu et al., 2016; Sánchez-Roa et al., 2016; Kuo et al., 2018), to identify evidence 
of weakening and physiochemical processes associated with the presence or alteration of carbonaceous 
material in the San Andreas Fault at depth (Figs. 1). 

New measurements of Total Organic Carbon (TOC in wt.%) were completed on 60 samples of SAFOD 
Phase 3 whole-rock core as part of this work (Fig. 2). Notable increases occur both in the SDZ and CDZ, 
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the actively deforming creeping shear zones of the SAF in SAFOD (Hickman and Zoback, 2005). A 0.76 
with a 1.6% max wt% TOC occurs in samples southwest and across the SDZ. The region surrounding and 
within  the CDZ records a 1.12 avg wt% to 4.0 % max TOC, with the highest values observed immediately 
adjacent or within the CDZ (Fig. 2). X-Ray diffraction Analysis shows the presence of Carbon in some 
samples, however, it does not indicate that this material is graphite, however, XRD will only pick up mineral 
concentrations > 3-5% of the sample. The carbonaceous matter is variable in texture across the core and may 
form continuous highly-reflective glassy thin films on slip surfaces or discontinuous and irregular patchy 
marks on fracture surfaces or as black, dull, opaque fracture in-fillings (Fig. 1). Based on the composition and 
distribution of this material, we interpret this material to reflect hydrocarbon migration along the San Andreas 
Fault near SAFOD and are not formed directly through the process of graphitization. However, the textural, 
mineralogical, and geochemical variations at the meso- to micro-scale may record signatures of deformation, 
thermal alteration (including graphitization and/or carbonization of the carbonaceous matter) and fluid 
conditions and provide a unique tool for understanding physiochemical processes and weakening across the 
SAFOD core during active slip or aseismic creep. 

To identify shifts or temperature-related changes in the carbonaceous material, Raman spectroscopy was 
conducted on ~ 30 samples that were selected based on the identification of this material in the sample using 
SEM-EDS analyses. This analyses confirmed our findings from meso- to micro-scale observations that this 
material is indeed some form of carbonaceous matter (microcrystalline graphite, amorphous carbon, or 
graphitic oxides) due to the presence of both D and G peaks and that the signatures are significantly different 
across the thin bounding slip surface and into the zone of foliated cataclasite (Figs. 1, 3). Measurements were 
made in early November 2018 and data is currently being processed to examine variations in the degree of 
crystallinity. We are using Raman Spectra to search for indicators of elevated temperatures through the 
conversion of amorphous carbonaceous material to more ordered phases and increased crystallinity of carbon 
(Buseck and Bo-Jun, 1985; Beyssac et al., 2002; Oohashi et al. 2011; 2013; 2014; Buseck and Beyssac, 2014; 
Kuo et al., 2014, 2017; 2018; Nakamura et al., 2015; Spagnuolo et al., 2015 etc.). The degree of organization 
of carbonaceous material in graphite is unaffected by retrogression i.e., it is irreversible (Beyssac et al., 2002). 
The amount of shift in Raman spectra will provide insight into maximum temperatures reached across the 
area sampled by Phase 3 core. Temperatures inferred from Raman spectra will also be used to as a proxy for 
maximum temperatures likely experienced by slip zones in adjacent lithologies along the trace. 

The use of bright high-energy x-rays from synchrotron radiation introduces a powerful method to extract 
unique chemical signatures from fault zones. High-resolution µXRF maps can be used to trace and correlate 
element distribution with textures. Transition metals are common trace elements in geologic materials and 
most exhibit multiple redox states sensitive to changes in environmental conditions. Redox potential of an 
environment controls paragenesis of minerals, as it governs which reactions are most likely to occur. Fe is 
ubiquitous in minerals and is the most abundant redox-sensitive element in nature. The redox states of Fe 
reportedly affect the frictional properties of clays (Stucki et al., 1996), and may be used to study mechanical 
behavior of smectites that comprise shallow portions of the San Andreas Fault trace. A systematic approach 
to extract chemical information from mature faults of composition and microstructures that vary with depth 
is required to further understanding of how structural diagenesis affects the frictional properties of fault 
zones. (Fig. 4) 
 
SIGNIFICANCE 

This interdisciplinary approach spans a wide range of scales and methods used in earthquake mechanics 
to understand the evolution of strength and slip behavior of major tectonic faults for seismic hazard 
assessment. Faults are dynamic structures capable of accommodating large crustal stresses and frequent fluid 
influxes that incorporate compositionally diverse materials. Mechanical and chemical processes in fault zones 
often increase the reactivity of constituent minerals and produce complex microstructural changes. As faults 
experience frequent changes in environmental conditions, evidence of earlier physiochemical processes may 
over-printed by late-stage processes, and only be preserved as microscopic remnants. Geochemically 
significant elements may be present in dilute concentrations not detectable by conventional analytical 
methods. This approach is particularly useful for studying fluid-rock interactions and resolving the evolution 
of major and trace element chemistry with microstructural changes at the micro- to nano-scale.  
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BROADER IMPACTS 
Project funding supported a summer stipend for Krishna Borhara (USU PhD student) and provided 

travel funding to attend and present her work at both the 2017 SCEC Annual Meeting and the 2018 Gordon 
Research Conference. Funds have also provided 2 annual SEM memberships and direct training and 
experience in SEM imaging and analysis at the USU Microscopy Core Facility for the PhD student and an 
undergraduate student. The PhD student gained new expertise in preparing and analyzing rock samples 
through the geochemical work at USU’s Stable Isotope Laboratory and in examining rock samples as a 
visiting scientist at the Stanford Synchrotron Radiation Lightsource (SLAC) lab. Project funding also enabled 
the PI to foster a new research direction in microscopy of fault rocks by conducting analyses at the Raman 
Micro-spectroscopy Lab in Geological Sciences at the University of Colorado-Boulder. This work is currently 
in preparation for publication by the PI, and will be co-authored by the PhD student and the 2 undergraduate 
students.  
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Figure 1. Meso- to micro-scale 
nature of black, carbonaceous –
bearing fault rocks in SAFOD 
Phase 3 Core. Black sheared rocks 
west of the SDZ at 3194. 8 m 
MD (upper left). Micro-scale 
observations show this rock 
consists of multi-layered fine- to 
ultra-fine grained cataclasite and 
ultracataclasite  (the two upper 
right photos). At the meso-scale 
numerous black, highly reflective 
surfaces are observed across 
numerous intervals within the 
core (G-5-6-3305.2 m MD in 
lower left image). Using SEM 
(lower right image) to image and 
map these surface, the 
carbonaceous matter appears 
discontinuous and irregular across 
the slip surfaces.  
	  



	   4	  

 
Figure 2. Total Organic Carbon measurements on SAFOD Phase 3 whole rock core. Left: Results from 40 
measurements taken to 3200 m MD; Right: Results from 20 measurements taken between 3295 – 3312 m MD. 
Significant increases occur surrounding the SDZ (~ 3189 – 3191 m MD) and within the CDZ (~ 3300 m MD). 

 
Figure 3. Example results from Raman Spectra on a Sample from the Black Fault Rock at G-2-5-3194.8 m MD (See 
Fig. 1). The red line represents measurements across a bounding slip surface in the black fault rock that is < 50 µm thick 
(see red region in image). The blue line represents measurements within a zone of ultracataclasite that is ~ 2 mm thick. 
D represents the defect-activated peaks and G is the graphite activated peak (Buseck and Beyssac, 2014). The Raman 
signatures between the two regions examined show an increase to a more ordered form of carbonaceous matter within 
the bounding slip surface relative to the cataclasite zone, indicating an increase in temperature localized to an extremely 
thin zone. Based on the shape profiles shifts of the characteristic peaks in the first-order region, the change in 
temperature is on the order of 50 – 100 °C with peak temperatures up to 300° or greenschist facies.    
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Figure 4. Left: µXRF map showing distribution of Cr in sheared serpentinite-bearing gouge of the SDZ. 
Darker green zones represent higher concentrations. Serpentine occurs as veinlets and altered remnants. 
Traces of Cr in serpentinized minerals in the gouge derive from alteration of orthopyroxenes; Right: µXRF 
map showing distribution of Fe the fault gouge in G-2-4-3193.9.  Darker red regions represent high Fe 
concentrations. Yellow regions represent calcite veins and are depleted in Fe relative to the matrix. 
Undulatory nature of calcite veins indicates that precipitation occurs during shear. Scale bar is in µm. 
 
Presentations and Abstracts related to this Project: 
Borhara, K. Bradbury, K.K., and Evans, J.P., 2017, Carbonaceous fault-related rocks in SAFOD Phase III core: 

Indicators of fluid-rock interaction and structural diagenesis during slip, SCEC Annual Meeting. 
Borhara, K., Webb, S., Edwards, N.P, Bradbury, K.K., and Evans, J.P., 2018, Applications of Synchrotron 

Radiation to Structural Diagenesis in Mature Faults, 2018 Rock Deformation - Gordon Research 
Conference. 

Bradbury, K.K. and Evans, J.P., 2018, SAFOD Synthesis - Earthscope Workshop, Structural and 
Geochemical Analyses of SAFOD core. 

 
References 
Arai, T., Tanaka, H., Ikeda, R., Omura, K., Matsuda, T., 2002. Concentration of carbon at the central plane in 

the Nojima fault zone: Japan Geoscience Union Meeting 2002, abs. G061–P011. 
Beyssac, O., Rouzaud, J. N., Goffe´, B., Brunet, F., Chopin, C., 2002. Characterization of high-pressure, low-

temperature graphitization: a Raman microspectroscopy and HRTEM study. Contributions to 
Mineralogy and Petrology 143, 19-31. 

Bradbury, K.K., Evans, J.P., Chester, J.S., Chester, F.M., Kirschner, D.K., 2011. Lithology and internal 
structure of the San Andreas fault at depth based on characterization of Phase 3 whole-rock core in the 
San Andreas Fault Observatory at Depth (SAFOD) borehole. Earth and Planetary Science Research 
Letters 310(1-2), 131-144. 

Bradbury, K.K., Davis, C., Janecke, S.U., Shervais, J.W., Evans, J.P., 2015. Composition, alteration, and 
texture of fault-related rocks from SAFOD core and surface outcrop analogs. Pure and Applied 
Geophysics 172, 1053-1078. 

Buseck, P.R., Bo-Jun, H., 1985. Conversion of carbonaceous material to graphite during metamorphism. 
Geochimica et Cosmochimica Acta 49, 2003-2016. 

Buseck, P.R., and Beyssac, O., 2014, From Organic Matter to Graphite: Graphitization, Elements, v. 10, pp. 
421-426. 

Craw, U., Upton, P., 2014. Graphite reaction weakening of fault rocks, and uplift of the Annapurna Himal, 
central Nepal. Geosphere 10(4), 720-731. 

De Paola, N., Hirose, T., Mitchell, T.M., Di Toro, G., Viti, C., Shimamoto, T., 2011. Fault lubrication and 
earthquake propagation in thermally unstable rocks. Geology 39, 35-38. 

Fondriest, M., Smith, S.F., Candela, T., Nielsen, S.B., Mair, K., Di Toro, G., 2013. Mirror-like faults and 
power dissipation during earthquakes. Geology 41, 1175-1178. 



	   6	  

Han, R., Hirose, T., Jeong, G.Y., Ando, J., Mukoyoshi, H., 2014. Frictional melting of clayey gouge during 
seismic fault slip: Experimental observation and implications. Geophysical Research Letters 41, 5457-
5466. 

Kuo, L.-W., Li, H.-B., Smith, S.A.F., Di Toro, G., Suppe, J., Song, S.-R., Nielsen, S., Sheu, H.-S., Si, J.-L., 
2014. Gouge graphitization and dynamic fault weakening during the 2008 Mw 7.9 Wenchuan 
earthquake. Geology 42(1), 47-50. 

Kuo, L.-W., Song, S.-R., Spagnuolo, E., Aretusini, S., 2017, Fault gouge graphitization as evidence of past 
seismic slip, Geology, doi:10.1130/G39295.1. 

Liu, J., Li, H., Zhang, J., Zhang, B., 2016. Origin and formation of carbonaceous material veins in the 2008 
Wenchuan earthquake fault zone. Earth, Planets and Space 68, 1-9. 

Mathez, E.A., Roberts, J.J., Duba, A.G., Kronenberg, A.K., Karner, S.L., 2008. Carbon deposition during 
brittle rock deformation: Changes in electrical properties of fault zones and potential geoelectric 
phenomena during earthquakes. Journal of Geophysical Research 113, B12. 

Nakamura, Y., Oohashi, K., Toyoshima, T., Satish-Kumar, M., Akai, J., 2015. Strain-induced amorphization 
of graphite in fault zones of the Hidaka metamorphic belt, Hokkaido, Japan. Journal of Structural 
Geology 72, 142-161. 

Niemeijer, A., Di Toro, G., Griffith, W.A., Bistacchi, A., Smith, S.A., Nielsen, S., 2012. Inferring earthquake 
physics and chemistry using integrated field and laboratory approach. Journal of Structural Geology 39, 
2-36. 

Oohashi, K., Hirose, T., Shimamoto, T., 2011. Shear-induced graphitization of carbonaceous materials during 
seismic fault motion: Experiments and possible implications for fault mechanics. Journal of Structural 
Geology 33, 1122-1134. 

Oohashi, K., Hirose, T., Kobayashi, K., Shimamoto, T., 2012. The occurrence of graphite-bearing fault rocks 
in the Atotsugawa fault system, Japan: Origins and implications for fault creep. Journal of Structural 
Geology 38, 39-50. 

Oohashi, K., Hirose, T., Shimamoto, T., 2013. Graphite as a lubricating agent in fault zones: An insight from 
low- to high-velocity friction experiments on a mixed graphite-quartz gouge. Journal of Geophysical 
Research 118, 2067-2084. 

Oohashi, K., Han, R., Hirose, T., Shimamoto, T., Omura, K., Matsuda, T., 2014. Carbon-forming reactions 
under a reducing atmosphere during seismic fault slip. Geological Society of America 42(9), 787-790.  

Reches, Z., and Lockner, D.A., 2010. Fault weakening and earthquake instability by powder lubrication. 
Nature [London] 467, 452-455. 

Rowe, C.D., Fagereng, A., Miller, J.A., Mapani, B., 2012. Signature of coseismic decarbonation in dolomitic 
fault rocks of the Naukluft Thrust, Namibia. Earth and Planetary Science Letters 333-334, 200-210. 

Sánchez-Roa, C., Jiménez-Millán, J., Abad, I., Faulkner, D.R., Nieto, F., García-Tortosa, F.J., 2016. Applied 
Clay Science. 

Spagnuolo, E., Plümper, O., Violay, M., Cavallo, Di Toro, G., 2015. Fast-moving dislocations trigger flash 
weakening in carbonate bearing faults during earthquakes. Scientific Reports 5(16112), 1-11.  

Zulauf, G., Kleinschmidt, G., Oncken, O., 1990. Brittle deformation and graphitic cataclasites in the pilot 
research well KTB-VB (Oberpfalz, FRG). In: Knipe, R.J., Rutter, E.H. (Eds.), Deformation 
Mechanisms, Rheology and Tectonics. Geological Society, London, Special Publications 54, 97-103. 

 


