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Summary:
This report summarizes our 2006 SCEC funded research on the properties of
damaged and pulverized sandstones along the San Andreas Fault (SAF) in the Mojave
Desert. Our previous SCEC funded research (Dor et al., EPSL 2006) has shown that
pulverized crystalline rocks occupy a ~100 m wide layer parallel to the slipping zone of
SAF in the Mojave. We found evidences that the pulverization occurred in the top few
km of the crust, and that the layer is apparently shifted to the NE side of the fault, having
the same sense of asymmetry as smaller scale damage features mapped along the same
fault section (Dor et al., PAGEOPH 2006) and in correlation with the regional velocity
structure. These observations are compatible with predictions for wrinkle-like ruptures
along a bimaterial interface. Nevertheless, there is still a considerable debate on the likely
conditions and dynamic mechanism that are associated with the pulverized rocks. The
two topics our study addresses is the depth range in which rock pulverization occurs and
the possible association of earthquake ruptures with an opening mode and strong dynamic
tensile stresses. To further assess the shallow damage structure of the SAF and provide
constraints on the likely pulverization depth and mechanism, we examined the extent and
type of damage in sedimentary rocks that were not buried deeply while being displaced
along the SAF. Our initial observations suggest that the damage pattern of those
sandstones is very similar to the pulverization pattern in crystalline rocks, supporting
shallow generation of damage. Below we elaborate on the method we developed during
the past year for the analysis of sandstone samples and present our preliminary
observations.
Research approach and the general properties of damage
The formations included in this study are the Pliocene Hungry Valley and Anaverde
Formations and the Pliocene-Pleistocene Juniper hills Fm. Their exposed rocks are
largely poorly cemented and frequently incohesive. The stiffness of the rocks may vary a
lot between exposures and even within one exposure between different layers. The soft
parts of the rock are sometimes powdery and appear to be pulverized even when not near
the fault. Therefore, the texture of these sandstones in the field is not indicative of their
damage content like it is with crystalline rocks. Since field work alone can not be
effective enough to draw conclusions about the intensity and distribution of damage that
the sandstones contain, this study is focused on observations in the microscale and the
large scale pattern that their distribution implies.
Laser analyzer and the settling tube methods have been used recently in the
measurements of particle size distribution of pulverized crystalline rocks (e.g. Wilson et
al., 2005). Estimation of the reduction in grain size between the protolite and the
pulverized rocks becomes more reliable due to mineralogy and chemistry tests for
weathering that help to prevent the misinterpretation of micron scale weathering products
(clay minerals) as fragments of quartz-feldspar crystals. Nevertheless, their granulometric
properties are currently not yet fully characterized due to some artifacts and limitations of
the methods (Shimamoto, 2006; Sisk et al., 2006). Damaged sedimentary rocks are even
more difficult to characterize in those methods as their protolite may include a wider or
multi-peak distribution, which may vary a lot in space (even within one exposure). They
may also include original micron to sub-micron scale size grains, including clay minerals,
which can not be easily distinguished in particle size measurements from clay particles
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that were produced by in-situ weathering. Thus, the existence of micron scale clay
minerals in sedimentary rocks does not necessarily suggest that the original grain size
distribution was altered by weathering (as is the conclusion for crystalline rocks in such a
case). These properties of sedimentary rocks increase the uncertainly of particle size
measurements using non-direct methods. We are therefore using optical and electron
microscopy, the most direct techniques for the analysis of the microscale fabric of those
rocks and we describe our methods below.
We collected samples (mainly oriented) from those formations in various distances
from the fault. The general properties of damage that we observe under an optical and
electron microscopes indicate the following (figure 1): 1. Samples collected meters to 10s
of meters from the fault are significantly damaged (pulverized) while samples collected
100s of meters from the fault show minimal or no damage. 2. Damage is highly
heterogeneous in all samples, with some grains pulverized down to the micron scale
while others remaining intact (see also figure 3). 3. Visually, fault-parallel and other
shear components are apparently absent at all scales: sedimentary fabrics are intact and
even the most fractured grains preserve their original outline, with the fragments
appearing to fit together in a hierarchical self-similar fashion.
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Figure 1: (a) Undamaged Juniper Hills
sandstone 1.45 km from the SAF vs. (b)
pulverized correlative rock, 8 meters from
the fault. (c) undamaged Hungry Valley
sandstone, ~1 km from the fault vs. (d) an
example of pulverized grain from a
correlative rock, ~30 m from the fault. (e)
For comparison, pulverized gneiss, < 1 m
from the SAF. Where no scale appear,
original grains are about 1 mm wide
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Methodology
Analysis approach:
The purpose of our work is quantitative characterization of the damage described
above and description of its intensity and distribution with respect to the fault. Since we
work under a microscope in 2D on grains with mostly undistorted shape we adopted the
following approach: for each grain that we analyze we evaluate the intensity of damage
by comparing the length of the grain’s perimeter to the total length of the perimeter of all
the fragments that belong to this grain. The increase in perimeter length is later discussed
in terms of the increase in surface area, a more physical quantity relevant for the damage
process. For each thin section we evaluate the Factor of Increase in Perimeter Length
(FIPL) based on an analysis of a representative population of grains from that thin section.
Failure of the rocks in compression should be manifested with preferred orientation
of damage fabric that is dependent on the orientation of the off-fault stresses during
rupture passage. Conversely, failure of rocks in tension should be accommodated by
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isotropic expansion that will be manifested by many tensile cracks without preferred
orientation. We resolve between these two options by analyzing three mutually
perpendicular thin sections made for some of the samples. If the intensity of damage
varies between the three orientations it is a sign that the rock failed in compression. If it is
identical or very similar between the three orientations the conclusion is that the rock
failed in tension. We also check for the aspect ratio of fragments of grains: average aspect
ratio close to 1, observed in the three orientations, suggests isotropic fracturing (given
that the crystallographic axes of feldspar grains in sandstones have no preferred
orientation). These measurements are complemented by a description of the mode of
fractures and other relevant properties.
Image analysis:
We mapped the original grain boundaries of 150-300 individual grains on
transmitted light images of each thin section while simultaneously verifying the shape of
the grains as optically coherent entities using the microscope under cross polarized light.
We chose only grains that are not or only minimally weathered and are not multi-phased
(i.e. rock fragments). The digitized grain map was analyzed in Image J to yield an image
with the grains numbered, and an associated data set that includes the grain sizes. It is
apparent that the majority of the grains are small while the sample area is dominated by
large grains, while, as expected, the larger grains tend to be more fractured than the
smaller grains. A random selection of grains from the entire grain population would result
in a non-representative subset of mainly small grains that are relatively less damaged,
which may lead to a considerable underestimation of the damage content. Therefore, we
divided the population into 4 size bins and randomly chose 10 grains from each of them
(figure 2a).
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Figure 2: a. image of a thin section framing a field of view of 2 cm with grains qualified for the analysis
marked in black. 40 grains were randomly chosen for the analysis and they are color coded for their size bin.
b. transmitted light image of a single grain, marked with yellow frame in (a). The grain boundary can not be
detected clearly. c. polarized light image of the same grain where the grain boundary can be mapped. d.
thresholded, masked, binary inverted image of the same grain used for grain boundary analysis in Image J.
e. a mapped shape of the grain, used for the calculation of the grain outline before it was damage.

Each of the selected grains was photographed under transmitted light in an X100
magnification. Each photo was processed in a standardized way in Adobe Photoshop
(figure 2b,c) and we used this image to generate two products: a masked image of the
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grain itself and an image of the exact trace of the grain boundary, which was used as a
reference for the original “intact” grain (figure 2d). The masked grain was transformed
into a bitmap (binary) mode, which was then inverted (figure 2e). The two resulted
images were analyzed in Image J for their perimeter length. The “intact” grain image
gave the length of the original perimeter of the grain before it was fractured (we assume
the expansion/dilation of the grain to have negligible effect on the perimeter length), and
the “damaged” grain image gave the cumulative perimeter length of all the fragments that
belong to this grain. The FIPL for the entire sample was calculated based on an areaweighted average of the FIPL of all the analyzed grains in that sample. The true FIPL of
some of the samples was evaluated using Scanning Electron Microscope (SEM) by
analyzing X3000 magnification sample frames from one grain from each of the size bins
(figure 3). The images were digitized and analyzed for total perimeter length in Image J.
We averaged the total perimeter length values of all the frames and multiplied to
represent the total grain area. We averaged (area weighted) this value between the 4
grains from the different size bins and used the ratio between the SEM and optical
evaluated FIPL to estimate the true FIPL for all the samples.
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Figure 3: SEM X3000
magnification images of
two grains from the same
sample. a. surficial
fractures, most likely
related to the polishing of
the sample. b. pervasive
fracturing with ~micron
scale fragments.
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Preliminary results
Figure 4 shows results of the analysis of two Juniper Hills samples taken at distances
of 8 and 1930 m from the SAF, with the FIPL 5.3 times larger in the sample from the
fault zone. This difference may be partially because the results are grain-area weighted
and there are more large grains in the fault zone sample, but the FIPL in the small grains
population (marked with blue ellipse in both plots) is still about 3 times larger in the fault
zone sample. We argue that this difference is an underestimation of the real difference
between the FIPL of the two samples because: 1. the results do not include observations
in the SEM, which are expected to show much larger FIPL in the fault zone samples, 2.
The finest material (dark bands between visible fragments) has been lost during slide
preparation or is invisible, 3. In many of the grains from the country rock sample,
fragments appear to be arranged around the grain boundary in contrast to the pervasive
fragmentation of the fault zone sample. This type of fragmentation may be due to
weathering and should, in principle, be subtracted from the results.
We are currently in the process of analyzing many more samples and expect to have
a systematic set of results within the next few months.
Figure 4: results of FIPL image
analysis for country rock and
fault zone samples. The areaweighted FIPL is >5 times
larger near the fault, and this is
probably an underestimation of
the contrast in damage. See
text for further details.
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Conclusions
Our preliminary observations show that the fabric of the pulverized sediments is
compatible with a tensile failure mechanism, which may be similar to that responsible for
the pulverization of crystalline rocks described by Dor et al. (EPSL 2006), and is likely
associated with the stress field of earthquake ruptures. This is supported by the clear
spatial correlation that the highly damaged and pulverized rocks have with the trace of
the fault. These observations support earlier inferences about the likely occurrence of
pulverization at shallow depths. Shallow generation depth of damage, abundance of
tensile features and asymmetric fault zone structure correlated with the velocity structure
(as also expressed by the pulverized rocks layer and by smaller scales observations of
Dor et al., PAGEOPH 2006) are expected outcomes of repeated ruptures on a bimaterial
interface (e.g. Ben-Zion and Shi, EPSL 2005).
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