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Summary: 
 
This report summarizes aspect of our research related to SCEC funds received at 

2008 for the purpose of training in microstructural analysis for Ory Dor. Training was 
given by Renee Heilbronner at Texas A&M in the spring of 2008 and included topics 
related to image analysis of geomaterials. The course provided the foundation for the 
development of image analysis methodology specific for the measurement of particle size 
distribution (PSD) and fracture orientation in pulverized fault zone rocks.  

The study of natural samples of pulverized rocks provides important data about this 
recently recognized type of fault rock that may have implications for the mechanics of 
faulting and earthquakes. Pulverized rocks in nature are also the reference material for the 
characterization of fabrics, grain sizes and damage patterns produced in experimentally 
deformed samples.  

The optical PSD analysis shows that the distribution of particle sizes do not match a 
single power low and that mean particles size is larger than that reported by Wilson et al. 
(2005) but smaller than that reported by Rockwell et al. (2009). Fracture orientation 
measurements show preferred orientations both parallel and perpendicular to the San 
Andreas Fault (SAF), in agreement with theoretical predictions about dynamic reduction 
of normal stress and stress concentrations near a frictional rough fault, respectively. 
Below we present aspects of our work on natural samples of pulverized fault zone rocks, 
with an emphasis on techniques developed based on the funded training.  

 
 
Particle Size Distribution 
 
Sample collection and preparation 
During two field trips to California we collected about 30 oriented, intact samples of 

pulverized fault zone rocks. Samples were collected at many sites previously mapped by 
Dor et al. (2006) along the Mojave section of the San Andreas Fault (SAF). The 
representation of samples from various sites in our sample collection ensures that the data 
we gather are useful for the characterization of general damage properties and fault zone 
structure rather than being site-specific. Samples were also collected at various distances 
from the fault in order to characterize the damage gradient and the width of the SAF 
damage zone.  

The collected samples were impregnated in epoxy and cut along a surface that is 
horizontal in a real world orientation, and for some samples also in two orthogonal 
orientations to the horizontal one. Thin sections were polished in a minimum grit size of 
0.3 microns.  

 
Image acquisition  
Thin sections were examined in an optical microscope under transmitted and reflected 

light and in a field emission gun scanning electron microscope (FEGSEM, LEO 1530) 
mainly in backscattered electron (BSE) mode. For the purpose of image analysis we 
acquired a series of photos in the SEM from several of the samples. Images were taken at 
magnifications of 200X to 20,000X to obtain a reliable representation of the various grain 
sizes in the samples, which ranged in size from sub-micron to millimeter. The frame size 
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in the lowest magnification is about 1.6 mm wide, which is about the size or double the 
size of a single crystal in most samples. Images are usually centered on a quartz or 
feldspar crystal. We found that the best results are achieved with the thin section placed 
at an angle to the stage in the carbon coating device to avoid charging on grain margins, 
and when using a beam current of 25 kV. The photos were taken at up to the highest 
possible resolution allowed by the machine (3072x2304) to facilitate an accurate 
quantification of the PSD. An example BSE micrograph is shown in Figure 1. 

 

 
Figure 1: High resolution SEM BSE image of pulverized granite from the San Andreas Fault 

near Little Rock, CA. 
 
Image analysis  
We analyzed the SEM images in order to quantify the PSD of the samples. For this 

process we use SEM images to generate binary grain maps in which grains are separated 
from other grains and from the background. Such images can be automatically analyzed 
for grain sizes.  

Images are first processed using Adobe Photoshop, wherein we adjust images for 
brightness and contrast and re-curve their grayscale distribution to achieve a more 
uniform tone for the grains (even if they are of different compositions and therefore yield 
different grayscales in BSE mode). This procedure ensures that the grains can more easily 
be distinguished from the background in the thresholding stage.   

Next the images are processed and analyzed in Image SXM (freeware used in various 
applications for granulometric analyses; http://www.liv.ac.uk/~sdb/ImageSXM/). In the 
process of gray-level slicing, we identify the gray-level interval that includes most of the 
grains and excludes most of the background. We slice the image across this interval and 
threshold it so that the slice becomes the (white) foreground. The image is then inverted 
so that the grains are black and the background is white. Before the analysis of this 
image, its segmentation into individual grains must be completed by erosion and dilation 
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cycles using special macros (http://pages.unibas.ch/earth/micro/) and manually (Figure 
2). By careful comparison between the binary image and the original image we “cut” 
touching grains and restore grains that were left out after thresholding. Each image 
contains several hundreds to several thousands of grains. To have a statistically 
representative quantity of grains at both ends of the distribution we found that the 
analysis of each sample requires several images at various magnifications, usually 200X, 
400X and 4000X. Images at larger magnifications are used to verify the minimum grain 
size.  

 
 

 
Figure 2: Threshold image produced from Figure 1 used to quantify the particle size 

distribution.   
 
The software then uses the binary, segmented images to measure the size of the grains 

and their perimeter length. On a spreadsheet we calculate the diameter of the circles 
equivalent in area to the particles and bin the diameter data set (usually in a 0.1 micron 
bin size).  

To combine the results from several images into a single distribution we need to scale 
the results from each image with the result of the image at the lowest magnification (that 
covers that largest area and hence the largest number of grains). For this we divide 
frequencies of bins from the center of the distribution (to avoid edge effects) of the lower 
magnification image in the frequencies of equivalent bins of an image in the next higher 
magnification. We use the average ratio between the frequencies to factor the bins of the 
higher magnification. The scaled frequencies are then used to scale the frequencies of the 
next higher magnification and so on. On sections of the final distribution with 
overlapping bins from several images we use the set of bins with the lowest R2 value. The 
combined distribution is then plotted on a log-log scale. 

This procedure was developed based on a similar method used previously by 
Heilbronner and Keulen (2006) and Keulen et al. (2007). 
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Results 
Microscale characterization of damage pattern: While the original crystal sizes of 

quartz and feldspar in the studied granitic rocks are fairly uniform, the size distribution of 
those crystals and crystal fragments changes in the damaged granites significantly, to that 
shown in Figure 3. We used high magnifications – up to 20,000X - to determine that the 
minimum discernible grain size using the SEM is about 0.3 microns.  

Despite the significant reduction in grain size, shape distortion in our samples is 
apparently minimal. The fragments ‘fit together’ and the original shape of the crystals can 
be identified in the aggregated particles.  

Particle size distribution: Figure 3a shows the complete distribution of particle 
diameters between 0.4 to 100 microns (a range of ~3.5 orders of magnitude) of the 
sample from Little Rock shown in Figures 1 & 2. A fixed bin size of 0.1 micron is 
retained for the entire distribution, which leads to an increase in the density of data points 
toward the larger-particle-size end of the distribution. The widening of the distribution 
for particle diameters larger than 20 micron is the result of an edge effect caused by the 
lack of statistically significant amount of particles in this size range. This is probably also 
the reason for the change in slope (the “tail”) in the very fine particle size range, below 
~0.6 microns.  In the section of the distribution that is apparently free of edge effects the 
data points have black outlines. The slope of the power law fit to the data, the D value, is 
2.27. 

Figure 3b shows an interpretation of the same data set: the distribution was divided 
into three sections in which the D value is approximately constant. The D value changes 
from D=2 in the 0.4 - 1.8 micron range, to D=1.46 in the 1.9 - 3.9 micron range and to 
D=2.65 in the 4-18 micron range.   

Figure 3: a) The complete PSD of a sample from Little Rock, CA. The portion of the distribution 
that has no edge effects is marked by black-framed data points. b) An interpretation of the same data 
set with division into sections with constant D value.   

 
 
Fracture Orientation 
 
We measured on a flat microscope stage the true orientation of microfractures in 

samples from various localities along the SAF. For some of the samples fracture 

a b 
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orientation was measured on one horizontal surface, and for some of them orientation 
was measured on three mutually perpendicular surfaces to enable determination of the 3D 
orientation of the mean fracture in the sample. In highly pulverized or weathered samples 
we obtained backscatter images for fracture orientation analysis using Cameca SX100 
Electron-probe with a current of 15KeV. 

To reduce the effect that weathering might have had on the orientation of fractures 
(by weakening cleavage plane fractures in feldspars) and therefore on our data set, we 
measured the orientation of fractures only in quartz crystals, as quartz is less susceptible 
to weathering. Figure 4 shows an electron-probe image of one of the samples with 
fractures orientation clearly affected by feldspar cleavage planes while undisturbed 
within quartz crystals.   

 
  Figure 4: Electronprobe image of section of sample 10. Q  quartz, K  kfeldspar, P  

plagioclase. Original grain structure is largely preserved. Orientation measurements were 
done only on quartz crystals due to the strong control of the feldspars cleavage on fracture 
orientation. 

 
Results: 
The location of the of the samples used for fracture orientation analysis as well as 

rose diagrams and stereographic projections showing 2D distribution of orientations and 
3D mean surfaces, respectively, are presented in Figure 5. The data suggests that 
fractures are oriented preferably normal or perpendicular to the SAF, with large local 
variations. The mean surfaces inferred from the 3D data sets suggest that fractures are 
quasi-vertical, implying that mean fractures are also semi-perpendicular to the slip vector 
on the SAF. the mean surfaces inferred for sample 27 have an exceptionally shallow dip 
compare with other inferred mean surfaces, possibly due to secondary local rotation of 
the rock mass within the fault zone. This is supported by the exceptionally higher number 
of distinct 2D fracture orientations, and can be explained by the numerous small faults in 
its vicinity.   
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Figure 5: Fracture orientation data from 
samples collected along 3 fault sections (see their 
location in index map on the left), in and outside 
the pulverization zone. Each sample contained 2 or 
more sets of fractures, with orientations 
dominantly parallel and perpendicular to the SAF.  

 
 
 

 

 
 
Discussion 
 
The Nearest-Neighbor mechanical model for fragmentation in fault zones of Sammis 

and King (2007) suggests that the 3-dimensional fractal dimension (D value) of fault 
zone rocks should be between 2.6 and 3. The 3-dimensional D values we observe are 
between 2.46 to 3.65, with a D value of the entire distribution of 3.27. The non-uniform 
D value we observe suggests that the distribution has no single ‘fractal dimension’. It is 
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likely that various processes operate and contribute to the reduction in grain size in 
addition or instead of the one proposed in the above model.  

Previous PSD analyses of pulverized fault zone rocks (Table 1) along the SAF at 
Tejon Pass have also found, similarly, that the D value is not uniform across the PSD.  
However, the various studies in Table 1 differ from each other in the actual D values and 
in the observed grain sizes, with differences in either maximum or minimum particle 
sizes of up to 2 orders of magnitude.  

 
Table 1: PSD analysis results obtained by different working groups. 

Study 
 

Range of grain sizes 
(micron) 
 

Range of D values  (in 
3D) 
 

PSD time dependent? 
 

Wilson et al., 2005 
 

0.05-10 
 

~ 2 - 6 
 

Yes 
 

Rockwell et al., 
2009 
 

1-1000 
 

2.32 - 5.24 
 

No 
 

Dor (work in prog.) 
 

0.5-100 
 

2.46 - 3.65 
 

N/A 
 

 
Since the material analyzed in all the above studies is supposedly similar and the 

samples are assumed to be representative of the outcrops, the difference in results is 
probably attributed to the particle size measurement method used. Rockwell et al. (2009) 
(and other researchers) hypothesized that the distribution with extremely small particles 
found by Wilson et al. (2005) suffered from an artifact caused by the analytical procedure 
leading to a time-dependent PSD (caused by settling of large particles in the laser particle 
analyzer due to slow circulation speed). A difference of one order of magnitude in the 
grain size translates to a difference of two orders of magnitude in the surface area of the 
material. This means that there is a difference of about 4 orders of magnitude in the 
estimation of the surface area of pulverized rocks based on the currently available data. 
This extreme difference translates to large differences in the estimations of fracture 
energy absorbed by those rocks during seismic rupture.  

The preferred orientation of fractures is compatible with the following theoretical 
predictions: dynamic reduction of normal stress in the vicinity of the propagating rupture 
tip (e.g. Brune et al., 1993; Ben-Zion and Huang, 2002) is expected to form fault normal 
vibrations, that in turn may lead to fault opening. This mechanism is compatible with the 
generation of fault parallel fractures. Chester and Chester (2000) presented a mechanical 
model of stress and deformation in the vicinity of a wavy frictional surface and showed 
that stress is heterogeneous near the fault due to the juxtaposition of geometric 
irregularities. With a far-field stress oriented at high angles to a low friction master fault, 
fault-normal compression is generated locally during cyclic slip events and inelastic 
deformation is expected. This mechanism is partially consistent with our observations of 
fault normal fracture preferred orientation. 
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