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Introduction
Earthquake hazard mitigation efforts require an improved understanding of the physical and chemical

processes that control earthquake nucleation and rupture propagation along mature faults. Of particular
interest are microscale processes that could lead to coseismic weakening and interseismic healing of fault
surfaces (e.g., Kanamori and Heaton, 2000; Kanamori and Brodsky, 2001). As identified in the Southern
California Earthquake Science Plan for 2002-2007, there is a critical need to understand the internal
structure and microscale processes of fault zones in order to understand fault zone rheology.  During the
first portion of our 2003 project period we have focused on characterizing the microscale structure and
mineralogy of a natural slip surface taken from the Punchbowl fault to understand the processes of
weakening and strength of earthquake faults.  The proposed work addresses the Fault and Rock
Mechanics and Earthquake Source Physics research priorities to provide information on “expected
behavior for possible high-speed weakening mechanisms,” and “examining and documenting features in
fault zones that reveal the mechanical, chemical, thermal, and kinematic processes that occur during
dynamic rupture on faults having varying amounts of fault slip,” and to “explore the capabilities of a
variety of existing analytical techniques and laboratories, to detect and characterize small amounts of
rheologically important materials on slip surfaces in experimental and natural fault zones.”

Results
To characterize the internal structure and microscale processes of fault zones in order to understand

fault zone rheology, we have analyzed samples of ultracataclasite from outcrops of the Punchbowl fault
previously mapped in detail (Chester and Chester, 1998).  The Punchbowl fault is an abandoned strand of
the San Andreas system in the San Gabriel Mountains, California (e.g., Dibblee, 1968). The fault is
exhumed to approximately 2-4 km depth and records ~44 km right-lateral separation (Chester & Logan,
1986). By analogy with nearby active faults, we assume that the Punchbowl fault was seismogenic and
that the structures preserved in the fault zone record the passage of numerous earthquake ruptures.

The Punchbowl fault core is meters-thick and contains cataclasite (often foliated) and ultracataclasite.
The fault core is bounded by a broad damage zone on the order of 100 m thick. Mesoscale fabrics indicate
almost all shear displacement on the fault occurred within the decimeters-thick, central layer of
ultracataclasite in the fault core. The two main types of ultracataclasite present in the layer (yellow-brown
and olive-black) were derived from the two different protoliths, and were juxtaposed by fault
displacement along a prominent, continuous and quasi-planar principal slip surface (pss).  This surface is
interpreted to be long-lived and the site of localized slip at least during the last phase of faulting (Chester
and Chester, 1998; Chester et al., 2003).  The ultracataclasites are fairly cohesive throughout the layer
except for very thin accumulations of less cohesive, reworked ultracataclasite located adjacent to the pss.

Intact blocks of the different types of ultracataclasite, including a portion of the principal slip surface,
were collected from the fault core.  Thin sections were prepared from two of the intact blocks (Figure 1),
and have been investigated using back-scattered electron microscopy, cathodoluminescence microscopy,



electron back-scatter diffraction, electron-probe microanalysis, transmission/analytical electron
microscopy, and x-ray diffraction.

Photomicrographs of the ultracataclasite and pss taken under plane-polarized and cross-polarized
transmitted light show the general structure of the ultracataclasite and the principal slip surface (Figure 2).
Layering in the cohesive ultracataclasite bounding the pss reflects, in part, relict slip surfaces.  Truncation
of the layering at the pss records localization of slip to the pss during the final stages of faulting, and is
evidence of wear along the pss and reworking of the ultracataclasite. Overall, the ultracataclasite consists
of survivor porphyroclasts of the host rock, veins and vein fragments, and a matrix of particles less than
10µm in diameter.

Vein and vein fragments occur throughout the ultracataclasite, but are most prevalent in the older
cohesive ultracataclasite and least prevalent in the youngest, less-cohesive ultracataclasite adjacent to the
pss. Veins primarily are filled with zeolites and deformed calcite. Significant is the spatial distribution of
zeolite type.  Zeolites occur as intact, offset and fragmented veins, and as nm to mm size particles.
Zeolite composition appears to have a distinct spatial distribution that correlates to timing of formation.
For instance, zeolites found at the optical scale in veins and porphyroclasts in the cohesive olive-brown
ultracataclasite largely are composed of heulandite and calcite.  This composition is distinctly different
than that found in the comminuted, nano-scale zeolite particles of the cohesive yellow-brown
ultracataclasite (analcime and laumontite).  Diffraction-contrast TEM imaging, micro-electron diffraction,
quantitative elemental mapping and energy dispersive spectroscopy (EDS) were used to determine
relative abundance and types of crystalline phases, glass, or other friction-induced amorphous phases.
TEM observations of the cohesive yellow-brown ultracataclasite (thin section 1c, block 1, Figure 1)
indicate that the matrix consists almost entirely of ultrafine particles (4 to 400 nm diameter), with rounded
relict grains of the host rock, faulted and unfaulted veins, sheared and kinked clay minerals, and new,
euhedral grains (Figure 3).  Relict grains identified to date include quartz, illite, orthoclase, analcime,
laumontite, and collapsed smectite(?) (Figure 4) embedded in a matrix of smaller crystalline particles that
include clasts of quartz, orthoclase, and undeformed and deformed clays.

The prominent mesoscopic scale slip surface actually consists of an approximately 1-mm thick,
texturally distinct layer of reworked ultracataclasite. The mm-thick layer displays a crystal-lattice
preferred orientation, as evidenced by uniform birefringence (central bright layers in Figure 2), and
contains distinct microscopic slip surfaces. Thin sinuous seams and possible injection-like structures of
opaque, ultrafine material and thin zones of cataclastic flow occur at the microscopic slip surface.
Multiple slip events along the pss are recorded by zones of discoloration of ultacataclasite along the pss,
and fragments of similar, relict zones in the wear product bounding the pss.  The fact that these fragments
appear to be rounded by abrasive wear and not sheared, suggests cataclastic, particulate flow under
relatively low normal stress conditions.

Observations suggest that multiple episodes of synfaulting mineral alteration and cementation occurred
in the surrounding ultracataclasite and document that chemical processes likely were important to strength
recovery. Overall, microstructural features are consistent with the inference that repeated slip occurred on
the mesoscopic-scale slip surface, and that older slip-surfaces are present throughout the ultracataclasite
layer.

Although rapid slip on mesoscopic scale slip surfaces would be expected to have produced thermal
transients, we have not, as yet, found any direct evidence of frictional heating.  While most of the
ultracataclasite is made of nano-particles and specific surface areas of the material are large, micro-
diffraction of individual particles reveals their crystalline nature. We have not ruled out the possibility of
alteration of glass to zeolites, but to date, amorphous glass has not been imaged, and clays have not been
found with textures that suggest devitrification of glass; rather, clays exhibit evidence of shear during and
after growth at low temperature.

To date, TEM observations of the thin layer of the pss have not been possible due to the incohesive,
porous nature of the reworked material.  The incohesive character is distinctly different than that
displayed by the older, bounding yellow-brown and olive-black ultracataclasites.  The less-cohesive
character leads to sample preparation and imaging difficulties. Nonetheless, the physical properties, such



as porosity, grain size, grain shape, mineralogy, and cementation of this less cohesive slip-zone may be
most critical to defining slip-weakening mechanisms.

Conclusions and Implications for Earthquake Slip Processes
The mesoscale principal slip surface consists of a very thin layer of finely comminuted, reworked

ultracataclasite containing microscale slip surfaces.  This structure is consistent with the inference that the
active shearing portion of a fault core during seismic slip can be extremely narrow.  Such extreme
localization of slip would be consistent with several different processes of dynamic weakening including
thermal pressurization, fluidization of particulate matter, flash heating, and elastodynamic reduction of
normal stress during slip.

The crystalline nature of the nanoscale particles in the ultracataclasite and the preservation of relict
principal slip surfaces throughout the ultracataclasite support the inference that the ultracataclasite is
formed by the accumulation of comminuted material from abrasive wear along principal slip surfaces.
Although the grain size reduction by brittle processes is dominant, there is evidence for mineral alteration
and recrystallization suggesting chemical processes can be important to interseismic strength recovery.

As of yet there is no direct evidence of frictional heating, which is remarkable given the degree of slip
localization and the depth of exhumation. Sibson (2003) illustrates that even as little as 1 m of seismic
slip localized to less than 4 mm against a constant shear resistance of 10 MPa should lead to friction-
melting and formation of pseudotachylytes.  The apparent lack of frictional heating, if real, suggests a
dramatic weakening of discrete slip surfaces during coseismic slip.

Critical will be comparisons of the results of our study to those of other natural fault cores, particularly
those of J. P. Evans of Utah State, and to microstructural characterizations of laboratory-derived fault
products produced during high-speed friction experiments, particularly data from silica-gel and flash
heating experiments of D. Goldsby and T. Tullis (Brown University), and flash heating products produced
by T. Shimomoto (Kyoto University).

Our new proposal will continue to address the questions identified by SCEC research priorities,
particularly focusing on defining the crystallinity of the ultracataclasite material by advancing our sample
preparation and imaging capabilities to allow more thorough study of the incohesive ultracataclasite at the
pss, looking for evidence of syn- and post-faulting alteration of pseudotachylyte to zeolites, and on
quantifying parameters necessary for energy budget calculations for a single, dynamic earthquake rupture
event.
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Figure 1.  Photograph of block 1
showing locations of thin sections 1a,
1b, and 1c. Thin section 2d actually
was taken from block 2. Location of
the principal slip surface (pss) shown
by arrows.

Figure 2.  Photomosaic of entire thin section 1b (see Figure 1) under cross-polarized light showing the
pss between the cohesive and less cohesive yellow-brown ultracataclasite.  The pss is distinguished by
uniform birefringence within a narrow planar band having sharp boundaries.  Note the presence of
relict pss and truncation of layering at the pss.



Figure 3.  Bright-field TEM images of ultracataclasite matrix (thin section 1c, Figure 1). (a) Grain
sizes of the ultracataclasite matrix range from 4 to 400 nm.  Relict quartz, feldspars and other grains
derived from host rocks show variable shape, presumably due to wear and abrasion at a very fine scale.
(b) These clasts often appear separated by nano-scale  clay mineral grains that exhibit evidence of
shear and kinking (K).

Figure 4. Bright-field TEM images and electron diffraction of ultracataclasite matrix.  Owing to its
extremely fine grain size, electron diffraction from selected areas ~1 mm in diam. show ring patterns
associated with fine grains of widely varying orientation, occasional strong diffractions from larger
clasts, and, in some areas, little or no diffraction is detected.  However, higher resolution imaging of
selected areas that lack detectable diffraction still reveal lattice spacing from nm-scale grains.  a)
Characteristic selected area diffraction (SAD) pattern of ultracataclasite, sampling much of the area
shown in image.  b)  At higher magnification, fine-grained clays surrounding larger clasts show (001)
lattice fringes revealing their crystalline nature.  Yet, diffracting volumes of these grains are small and
cause larger areas to appear amorphous.


