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Morphologic features of bedrock fault scarps are underutilized in studying faulting and weathering
history, partly because of a lack of accurate quantitative parameters for topography. The study
employs ground-based LiDAR to measure five patches at different levels on the same fault surface
and then calculates roughness in the form of power spectral density in directions parallel and
perpendicular to the slip. The power spectral density and spatial frequency typically follow a power
law for each fault patch, showing approximately linear relationships in a logelog plot. However, due
to additional power introduced by weathering, all spectral curves, especially those parallel to the
slip, can be divided into two segments, lower-frequency (wavelengths of several centimeters
e several meters) and higher-frequency (wavelengths of several centimeters and below) domains.
This shows that the topographic features at different spatial scales are dominated by different
mechanical processes: faulting abrasion in the lower-frequency domain and the weathering process
in the higher-frequency domain. Moreover, we develop two parameters to quantify the degree of
weathering of a fault outcrop, which is significant to describe the evolution of the fault-scarp and
infer the date of faulting under calibration.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

A fault scarp is an important specific tectonic landform caused by
faulting, either in unconsolidated sediments or in bedrock. The
morphology of the fault scarp in unconsolidated sediments could be
used to establish faulting history by a diffusion model (Andrews and
Hanks,1985; Nash,1986; Arrowsmith et al., 1998), whereas a bedrock
fault scarp does not evolve in the same predictable, time-dependent
fashion as an equivalent scarp in unconsolidated sediments. As a
result, a bedrock scarp is not considered a sensitive indicator of the
timing and magnitude of past faulting events (Mayer, 1984; Stewart,
1993). However, other researchers have reported paleoseismological
implications of bedrock fault scarps and described their morphol-
ogies in an attempt to extract useful information concerning earth-
quake recurrence intervals. For example, Wallace (1984) and Stewart
(1996) delimited the slip increment of every faulting event by
identifying different parallel weathered bands on exposed fault
, honglinhe123@vip.sina.com,
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planes. Giaccio et al. (2002) made use of image processing and
roughness analysis of an exposed bedrock fault surface as a paleo-
seismological analysis tool in the Campo Felic fault. In the last several
years, bedrock fault scarps have become an attractive alternative for
paleoseismological studies because the exposure duration of a
bedrock fault scarp can be determined directly by methods based on
the accumulation of cosmogenic nuclides (Zreda and Noller, 1998;
Benedetti et al., 2000; Mitchell et al., 2001). The dating result of
cosmogenic nuclides close to the bedrock fault surfacemay, however,
have an ambiguous interpretation of faulting history due to inter-
ference from the surroundings and the weathering of the bedrock
fault surface, and the ambiguity may be identified through the
combination of a micro-morphologic analysis of the exposed fault
scarps (Mitchell et al., 2001).

For some time geologists have noted that the surface of rocks
vary systematically in their weathering characteristics, and have
developed methods to estimate exposure time based on progres-
sive and time-dependent changes of rock surface morphology
(Birkeland and Noller, 2000), such as the statistics of erosion and
lichen pitting (Burke and Birkeland, 1979; Smirrnova and Nikonov,
1990; Ren and Li, 1993; Noller and Locke, 2000; Ehlmann et al.,
2008). These methods are simple and inexpensive. However,
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because it is labor intensive, only a few samples were reported for
each surface, and the results are vulnerable to the operators’
experience and subjectivity. Progressive surface weathering often
leads to increased surface roughness; the more eroded by weath-
ering the topography is, the rougher the surface. Surface roughness
could be an indicator of the degree of weathering of the rock sur-
face (McCarroll and Nesje, 1996).

The aim of this research is to quantify the degree of weathering
of a bedrock fault surface, which is meaningful in building a rela-
tionship between exposure time and degree of weathering. We
chose a limestone fault surface near Beijing and measured its
topography utilizing ground-based LiDAR (Light Detection And
Ranging), which is popular for measuring the topography of fault
surfaces in the field (Sagy et al., 2007; Brodsky et al., 2010; Wei
et al., 2010). After reviewing the methodology, we presented
roughness measurements in the form of power spectral density in
directions parallel and perpendicular to the slip. A new approach
for quantifying the progressive degree of weathering of a bedrock
fault surface based on surface roughness is proposed, and the result
shows that the roughness in a high frequency band depends on the
exposure time of the fault surface. Finally, we discuss how this new
Fig. 1. Sketch map on tectonics of China and fault surface pictures. (a) Main active fault dis
rectangle shows the location of (b); (b) Topographical map and fault distribution in Yanhuai
map is from ASTER Global DEM data; white rectangle shows the location of (c); (c) Photog
locations of the scanned surface patches. Inset 1 is the enlarged view of excavated patch E;
million scanning points with 5-mm-spacing on average. (For interpretation of the reference
approach could be used to evaluate the exposure time or even the
faulting time of a bedrock fault surface.

2. Scanned fault scarp and its geologic site

Nearly adjacent to the Tibetan Plateau, the Ordos block bridges
the intensively uplifted Plateau and the disassembled old North
China Craton (Jolivet et al., 2001; Wang et al., 2011). Surrounding
the block, four faulted-depression basin belts develop: Shanxi
Faulted-depression Basin Belt (SFB) in east, Yinchuan-Jilantai
Faulted-depression Basin Belt (YFB) in west, Hetao Faulted-
depression Basin Belt (HFB) in north and Weihe Faulted-
depression Basin Belt (WFB) in south (Xu and Ma, 1992; Deng
et al., 1999) (Fig. 1a). In these faulted-depression basins, a lot of
fault scarps crop out.

The Shizhuang fault, our target fault is an active fault in Late
Pleistocenc-Holocene era (Ran et al., 1992), and crosses the Yanhuai
basin in the direction of 300�e320� and dips northeastward at
60�e80� (Fig. 1b). The Huailai basin located northwest of Beijing, is
one of the faulted-depression basins in the Shanxi Faulted-
depression Basin Belt (Fig. 1a). The scanned fault scarp crops out
tribution of China (modified from Deng, 2007), black lines indicate active faults; black
Basin. Red lines indicate Shizhuang Fault and black lines indicate other faults; the base
raphs of the target fault surface. Five black boxes, labeled A, B, C, D and E, show the
Inset 2 is the LiDAR image of the target fault surface in color-scale produced by e one
s to color in this figure legend, the reader is referred to the web version of this article.)
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in a small valley near Shizhuang village in northwest Beijing, China
(Fig. 1b). It is produced by strike-slip faulting on the Shizhuang
fault. The bedrock on either side of the fault is different. The sedi-
ments outcropping in the northeastern fault wall are well stratified
Pliocene conglomerate with pebbles and red clay matrix; the
stratum in the other wall is dolomite of the middle Proterozoic era.
The fault surface presents a dolomite fault scarp on the south-
western wall.

The fault surface is an area 10 m high and 50 m wide on the
dolomite fault scarp (Fig. 1c). Large elongated bumps and de-
pressions associated with striations on the surface are visible,
plunging northwest 5�, indicating major strike-slip faulting with a
minor normal faulting component.

The topography of the fault surface is not uniform. Based on
the degree of weathering, it can be zoned into different height
units that are related to the duration of exposure to weathering.
The higher the surface is, the longer the weathering process and
the more serious the erosion. Furthermore, the more deeply
weathered surface is usually colonized by lichen. Despite
weathering and lichen colonizing, the mechanical striations
induced by faulting can be still recognized on the surface. The
lower part of the surface is relatively clean due to slight weath-
ering and no lichen colonization, and the striations are more
easily recognizable. To examine the mantle effect of weathering,
we excavate a surface patch of 1 m � 0.5 m covered by uncon-
solidated sediment on the bottom of the surface (patch E in
Fig. 1c).
Fig. 2. Digital Elevation Models (DEMs) as color-scale maps of different scanning patches on
correspond to those areas indicated by rectangles in Fig. 1. (f) LiDAR image of whole fault s
3. Data collection and analysis method

3.1. Data acquisition

Wechosefive typical surface patches based ondifferentweathering
characteristics in the target fault surface of approximately 55 m2

(Fig.1c). Patch A is located at the upper part of the fault surface and has
deeperweathering because of longer exposure; patchB is located at the
middleandhasmoderateweathering;patchesCandDare locatedat the
lower part and have slight weathering. patch E is the excavated surface
on the bottom of the surface. The topography of the fault surface was
determinedusinga three-dimensionalLiDARScanner, andthesechosen
patches were measured accurately, with adjacent points spaced no
greater than2mmapart. TheLiDARscanner (TrimbleGX)usedhere can
precisely measure distance over hundreds of square meters with point
spacingascloseas1mm.The topographic fault surfacedatacollectedby
the LiDAR scanner are sets of point clouds. All non-fault features (e.g.,
trees, grass) can be removed in post-processing of the point clouds.

Once all non-fault features are removed, the scanning data are
then rotated so that the fault strike-line and the dipping line are the
X-axis and Y-axis, respectively, and the fluctuation direction of the
fault surface is the Z-axis. These data sets of 3D point clouds are
transformed into 2 þ 1D data sets corresponding to Digital Eleva-
tion Models (DEMs) (Fig. 2), which are the basis for characterizing
the amplitude of the roughness at various spatial wavelengths.
When considering the natural fault surface, local weathering pits
and/or the presence of vegetation may form small patches of
fault surface with adjacent points spaced no greater than 2 mm (a), (b), (c), (d) and (e)
urface with 5-mm-spacing between adjacent points.
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missing data, which are less than 3% of the total data. We fill the
missing data gap using natural Neighbor interpolation. Candela
et al. (2009) have proven that interpolation of missing data does
not significantly affect the measurement of surface topographic
properties, regardless of the analysis technique employed.
3.2. Methods

Like many other natural surfaces, roughness is the most obvious
characteristic of the natural fault surface. To quantify fault rough-
ness, we calculate the values of the power spectral densities of
profiles in directions parallel and perpendicular to the slip (Power
et al., 1987, 1988; Brown, 1995; Sagy et al., 2007, 2009). Power
spectral density is a mathematical method based on time series
analysis performing a Fourier decomposition to convert data from
the space domain to the frequency domain. The contribution of
different wavelengths to the roughness of a fault surface can be
found bymeasuring the strength of the sinusoidal component. This
is a reliable method to calculate roughness when it is based on
many profiles (Simonsen et al., 1998; Candela et al., 2009), and has
been widely used to describe the natural fault surface. Power and
Tullis (1991) and Perron et al. (2008) introduced the calculation
steps and processing details of spectral analysis, such as the Nyquist
cutoff, spectral leakage and window functions. Candela et al. (2009)
gave a detailed discussion on the systemic error of spectral analysis.

Self-similar and self-affine models are compared to the surface
data ranging from natural fractures and joints (Brown and Scholz,
1985) to natural fault surfaces (Power et al., 1988, 1991; Sagy
et al., 2007, 2009), even to surface earthquake ruptures (Candela
et al., 2012) over a large range of scales. Over a restricted range of
wavelengths, topographic data in spectral space can be fit by a
power law of the form:

Gðf Þ ¼ Cf�a (1)

where G(f) is power spectral density and f is spatial frequency. Least
squares regression of log [G(f) ] versus log (f) determines the slope
(�a) and intercept log (C) of the power spectral (Fig. 3). �a
Fig. 3. 1-D profile generated using an algorithm method (a) and the description of
power spectral density (b). (a) Representative 1-D profile extract in a 2D synthetic self-
affine fault surface by an algorithm method (Candela et al., 2009). (b) Power spectral
density is described by a regression line with slope �a and intercept log (C).
determines how the surface topography changes or ‘scales’ with
wavelength (Power and Tullis, 1991; Lee and Bruhn, 1996), ranging
between �3 and �2 for the fault surface. On a natural fault surface,
the slope (�a) of the power spectral density curve is not consistent
but varies in different frequency bands, showing scale-dependent
characteristics. For simplicity, one surface is rougher than another
at a given wavelength if its power spectral density is higher. This
function is usually used to interpret the relative roughness of a suite
of fault surfaces.

Generally, slope and characteristic length are the two parameters
used to characterize the topography of a fault surface. The charac-
teristic length is the wavelength corresponding to the inflections of
slope that separates the neighboring two bands with different
segment slopes (Ohnaka and Shen, 1999). However, various expla-
nations for the scale-dependent characteristics of surface topography
have been suggested by laboratory experiments (Chen and Spetzler,
1993; Ohnaka, 2003) and field measurements (Scholz and Avites,
1986; Power et al., 1987; Brown and Scholz, 1985). It is widely
recognized that the scale of characteristics and characteristic length
play an important role in rupture nucleation (Ohnaka and Shen,
1999; Scholz, 2002), the mechanics of fault slip (Power et al., 1987).
As will be demonstrated later, the characteristic length is also related
to the weathering topography for fault outcrops.

4. Results

We calculated the power spectral density of each fault patch in
directions parallel and perpendicular to the slip. Each spectral curve
represents an average over a large set of 1-D profiles that are
extracted from the DEM of each fault patch and parallel to each other.
In general, the power spectral density and spatial frequency typically
follow a power law for each fault patch, showing approximately
linear relationships with slopes between �2 and �3 in the logelog
plot (Fig. 4). Spectrum A corresponds to the more deeply weathered
surface on which the polished surface material has been removed,
leaving gray pitting; Spectral B comes from the moderately weath-
ered patch; Spectral C and D correspond to the smooth and slightly
weathered patches. Spectral E corresponds to the excavated fault
surface without exposure to weathering. The spectral densities
within different patches indicate an obvious discrepancy of rough-
ness. The rougher the patch is, the higher the spectral density is;
patch A is the roughest, and patch E is the smoothest.

For all patches, power spectral densities in the direction perpen-
dicular to the slip are larger than those in the direction parallel to the
slip (Fig. 5), showing that profiles perpendicular to the slip generally
have more power than those parallel to the slip. This means that the
direction perpendicular to the slip is always rougher than the direc-
tion parallel to the slip. Moreover, all spectral curves, either perpen-
dicular or parallel to the slip, can be divided into two segments based
on careful visual inspection. In the lower frequency band, the spectral
curve is close to the fitting line; in the higher frequency band, the
spectral curve deviates from the fitting line, forming an upward bulge
(Fig. 5). In the direction parallel to the slip, the power curve rises and
approaches those perpendicular to the slip in the higher frequency
band. We ascribe this variation to natural weathering of the exposed
fault surface within the higher frequency band.

5. Discussion

5.1. Scaling property of surface roughness

The topography of the fault surface is an interacting product of
wear in the faulting process and erosion in the weathering process.
Although fault surfaces generally emerge from the ground as smooth,
polished planes, high-resolution studies both in the laboratory and



Fig. 4. Power spectral for five surface patches labeled A, B, C, D and E in Fig. 2. Power spectral densities are calculated from profiles measured perpendicular to the slip (a) and
parallel to slip (b).
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the field have shown that at the outcrop scale, fault surfaces possess
an inherent roughness which can, in turn, be accentuated by weath-
ering (Brown and Scholz, 1985; Power et al., 1987, 1988). Previous
studiesofnatural fault roughnessmeasuredbypower spectral density
suggested a change in scaling properties between large and short
length scales, and a different slope can be calculated for each band
(Power and Tullis, 1991; Chen and Spetzler, 1993; Lee and Bruhn,
Fig. 5. Power spectral density in directions perpendicular (red) and parallel (black) to slip.
parallel to slip. a, b, c, d and e correspond to patches A, B, C, D and E. (For interpretation of t
this article.)
1996). However, due to technical limitations, previous measure-
ments of the fault surface were not sufficiently accurate to decipher
what this variation was related to, surface weathering or the faulting
process (Candela et al., 2009). Power et al. (1987) suggested that later
degradation of the natural fault surface by weathering could intro-
duce more power in their spectral values, which might influence the
change of slope. Based on laboratory experiments, Chen and Spetzler
The dashed line is the least squares fitting line of spectral curves perpendicular to and
he references to color in this figure legend, the reader is referred to the web version of



Fig. 6. Power spectral density in the direction perpendicular to slip. Two dashed red lines enclose the area where power spectral values from natural joint surfaces would fall
(Brown and Scholz, 1985). (a) Due to weathering erosion, all power spectral values except for that of patch E depart from the area outlined by the dashed red line in the higher
frequency band. (b) Enlarged view of the high frequency section delineated by the black box in (a), spectral curves of different fault patches with different degrees of weathering
have different wavelengths corresponding to the offset points. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
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(1993) suggested that the break slope at length scales of several
millimeters was caused by a change in the dominant mode of defor-
mation from small-scale to large scale intragranular cracking. In our
study, we have also observed changes of the power spectral slope
between different wavelength bands, and this is particularly clear for
spectral curves parallel to the slip (Fig. 5).

In a large scale of several meters to kilometers, fault topography
and geometric irregularity may reflect the process of lateral growth
and linking together of several fault surfaces during the early
evolution of the fault zone (Lee and Bruhn, 1996; Lohr et al., 2008).
The slip distance during one faulting event is typically several
meters or less, and considerable wear must take place during
faulting (Scholz, 2002). This results in the fact that the fault surfaces
in the direction parallel to the slip are smoother than the natural
joint surface (Brown and Scholz,1985); therefore, the topography of
the fault surface at this scale (several centimeterse several meters)
is dominated by faulting activity. Once the fault surface is exposed,
weathering rebuilds the topography of the fault surface in the small
scale. Erosion generates pitting several millimeters to several cen-
timeters in size and roughens the surface that was once smooth
when it emerged from the ground. The topography of the fault
surface in the small scale is controlled by weathering, and the
weathered topography should provide a measure of exposure time.
Therefore, the topographic features at different spatial scales are
related to different mechanical processes.

5.2. Quantify the weathering of the fault surface

For a bedrock fault surface exposed in past faulting events, the
analysis of weathering features may represent a tool for defining a
succession of faulting events (Stewart, 1996; Giaccio et al., 2002).
Here, we introduce a new approach to quantify the weathering
degree of a fault surface according to roughness in the form of
power spectral density.

5.2.1. Deviation from normal spectral range
The topography of the fault surfaces in the direction perpen-

dicular to the slip have a comparable roughness to a natural joint
surface without shear wear; along the slip, however, mechanical
wear processes reduce the amplitude of the roughness (Power
et al., 1987; Sagy and Brodsky, 2009). Brown and Scholz (1985)
calculated the range of the power spectral values of various natu-
ral joint surfaces (the area outlined by the dashed red lines in Fig. 6)
under every scale. On a natural fault surface, the power spectral
value in the direction perpendicular to the slip would fall into this
area, showing that the roughness of a natural fault surface in the
direction perpendicular to the slip is similar to that of a natural joint
surface (Power et al., 1987, 1991). Our analysis of roughness is
similar to that of previous studies: the power spectral value in the
direction perpendicular to the slip falls into the spectral range
calculated by Brown and Scholz (1985) (Fig. 6). In the high fre-
quency band, however, all spectral curves deviate upward from the
spectral range except patch E without exposure to weathering. The
wavelengths corresponding to the offset points of surface patches
A, B, C and D are different from each other. patch A (the uppermost
section), with deeper weathering, has the longest offset wave-
length of 47.7 mm, and patch D, with slight weathering, has the
shortest offset wavelength of 14.9 mm patches B and C have
wavelengths corresponding to offset points 35.2 mm and 23.2 mm,
respectively.We can find a simple relationship betweenweathering
and the wavelength of the offset point. The greater the weathering
of the fault surface, the longer the wavelength corresponding to the
offset point is.

5.2.2. Inflection from the fitting line
As mentioned above, the power spectral curve, either perpen-

dicular or parallel to the slip, is close to the fitting line in the lower-
frequency band but deviates from the fitting line in the higher
frequency band and forms an upward bulge due to exposure to
weathering. Therefore, the wavelength of the inflection point from
the fitting line can also be used to quantify the exposure to
weathering of a fault surface similar to the deviation from the
normal spectral range. To obtain the wavelength of the inflection
point, we calculated the curvature (the second derivative) of the
spectral curve and plotted it to frequency (Figs. 7 and 8, right). The
frequency corresponding to the inflection point was identified as



Fig. 7. Power spectral density (left) and the curvature calculated from power spectral values (right) in the directions parallel to slip. At left, the real curves are power spectral
densities and dashed lines indicate the attenuation trend of power with increasing frequency by least-square fitting; at right, the dotted curves are the curvatures of power spectral
curves. Arrows (left) and round dots (right) indicate the locations corresponding to inflection points identified as the points at which the curvatures begin to wave.
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Fig. 8. Power spectral density (left) and the curvature calculated from power spectral values (right) in the directions perpendicular to slip. At left, the real curves are power spectral
densities and dashed lines indicate the attenuation trend of power with increasing frequency by least-square fitting; at left, the dotted curves are the curvatures of power spectral
curves. Arrows (left) and round dots (right) indicate the locations corresponding to inflection points identified as the points at which the curvatures begin to wave.

Z. Wei et al. / Journal of Structural Geology 56 (2013) 34e44 41



Fig. 9. (a) Schematic diagram of the exponential relationship between the characteristic wavelengths and exposure time. (b) Illustration of the relationship between characteristic
wavelengths corresponding to deviation points in the direction perpendicular to slip and corresponding to inflection points in the direction parallel to slip. The straight solid line is
the least squares fitting line, l== ¼ 0.79 � lt þ 6.83; the dashed line is function l== ¼ lt.
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the point at which the curvature begins to wave. This procedure
yielded wavelengths corresponding to the inflection points for all
surface patches, either perpendicular or parallel to the slip.

In the direction parallel to the slip, the wavelength corre-
sponding to the inflection point of surface patch A with the
deepest weathering is 43.9 mm, and the wavelengths for patches
B, C, D and E gradually decrease as weathering weakens,
36.7 mm, 27.2 mm, 14.3 mm and 8.4 mm, respectively (Fig. 7
right). Although patch E is covered by unconsolidated sediment
without exposure to weathering, the emergence of the inflection
point of 8.4 mm indicated that some weathering might have
occurred under the unconsolidated sediment. Therefore, we
speculate that the greater the weathering of the fault surface is,
the longer the wavelength corresponding to the inflection point.
As the weathering increases, the inflection point moves toward
the lower frequency.

In the direction perpendicular to the slip, the wavelengths
corresponding to the inflection points of surface patches A, B, C, D
and E are 38.4 mm, 40.6 mm, 42.7 mm, 22.4 mm and 17.5 mm,
respectively (Fig. 8). The wavelength corresponding to the inflec-
tion point has no linear relationship with the exposure to
weathering of the fault surface, neither proportional to nor
inversely proportional to exposure to weathering, but inclines to a
predominant wavelength of approximately 40 mm as the weath-
ering deepens. Therefore, the wavelength corresponding to the
inflection point identified in the direction perpendicular to the slip
is not a useful parameter to describe the weathering of a fault
surface.

The weathering effect on surface topography is not identical in
directions parallel and perpendicular to the slip, and it seems that
roughness in the direction parallel to the slip is more sensitive to
weathering than that in the direction perpendicular to the slip.
Candela et al. (2009) have also confirmed the discrepancy between
different directions. They simulate the effect of weathering by
adding a noise signal in the rough signal, and experimental results
proved that weathering has a stronger effect on the profiles parallel
to the slip because they are characterized by a smaller amplitude
compared to the profiles perpendicular to the slip. The mechanical
wear caused by faulting makes the fault surface smooth in the
direction parallel to the slip more than in the direction
perpendicular to the slip. Furthermore, striations and grooves
approximately 5 mme20 mm wide on the fault surface have been
observed in the field. The profiles perpendicular to the slip have
salient sinusoidal fluctuations with wavelengths of 10 mme

40 mm, twice the striations’ width. More smoothness makes the
roughness in the direction parallel to the slip more sensitive to
weathering than that in the direction perpendicular to the slip,
while the lower characteristic frequency caused by faulting makes
rebuilding the topography of the fault surface in the direction
perpendicular to the slip by weathering occurring at a higher fre-
quency more difficult than that in the direction parallel to the slip.
Therefore, only the wavelength corresponding to the inflection
point in the direction parallel to the slip was chosen here to
quantify the weathering of the fault surface.

The surface patches A e D located at different heights have
different wavelengths corresponding to both deviation points
perpendicular to the slip and inflection points parallel to the slip.
These wavelengths can be used to quantify the degree of weath-
ering of a fault surface. If the result is calibrated, it is possible to
build a relationship between the degree of weathering and the
exposure time of the fault surface. Such a relationship would be
useful to identify paleoearthquakes where a bedrock fault scarp
exists, similar to the application of morphologic dating to colluvial
and alluvial scarps.

5.3. Degree of weathering as a function of exposure time of the fault
surface

As discussed above, two types of wavelengths (l== and lt) had
been used to quantify weathering of the bedrock fault surface based
on different methods perpendicular and parallel to the slip. Many
methods have been developed to estimate the age of rock exposure
based on the time-dependent topographicmodel of the rock surface
as weathering, and other weathering phenomena such as weather
pits, etching and roughness havebeenused as a functionof exposure
time (Colman and Pierce, 1986). In a similar way, we assumed
characteristic wavelengths corresponding to deviation points or
inflection points to be an exponential function of exposure time
(Equations (2) and (3); Fig. 9a). Thus, Thus, in directions parallel and
perpendicular to the slip, the functions are the following:
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T ¼ c==e
k==l== (2)

T ¼ ctektlt (3)

where c and k are constants, T is exposure time and l is wavelength.
Combining Equations (2) and (3), we obtain a function of the
characteristic wavelengths corresponding to deviation points or
inflection points as follows, which indicates a linear correlation
between l== and lt.

l== ¼ kt
k==

lt þ
ln ctð Þ � ln c==

� �� �

k==
(4)

Plotting the characteristic wavelengths corresponding to devi-
ation points or inflection points (lt and l==) and linear fitting, we
obtained the following relationship: l==¼ 0.79� ltþ 6.83 (Fig. 9b).
This relationship confirms that Equation (3) indeed exists and
supports our new approaches to quantifying the weathering of the
fault surface reasonably and applicably.

6. Conclusions

Themorphologic analysis of the Shizhuang fault scarp proves that
bedrock fault topography may indeed exhibit time-dependent
morphological changes related to scarp degradation; the longer the
exposure time is, the rougher the surface is. Because higher areas
correspond to longerweathering history, higher fault surfaces exhibit
more roughness than lower surfaces. Moreover, our analysis shows
that different processes control the topography of the fault surface at
different spatial scales. The frictional wear during faulting and
ploughingof asperitiespredominantlycontrols the surface textureata
scale of a few meters or more, while weathering predominantly
controls the surface texture at the scale of a few centimeters or less.

Later degradation of the natural fault surface by weathering
could introduce additional power in power spectral values. The
deeper the weathering is, the more power is introduced. By
comparing roughness in the form of power spectral density,
weathering of the fault surface can be quantified by two wave-
lengths: wavelengths (lt) in which spectral curves deviate upward
from the spectral range in a direction perpendicular to the slip, and
wavelengths (l==) corresponding to the inflection point of curves in
a direction parallel to the slip. These two types of wavelengths are
positively correlated with the degree of weathering.

Although there is an obvious linear relationship between the two
types of characteristic wavelengths (l== ¼ 0.79 � lt þ 6.83), which
complieswith the hypothesis that characteristic wavelengths are an
exponential functionof exposure time, it is necessary to calibrate the
absolute exposure time of the fault surface using a useful dating
technique, such as the cosmogenic nuclides dating method, before
theweathering topography of the bedrock fault surface can become
a valuable tool to reconstruct paleoseismic history.
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