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Fault zones in the brittle crust have a hierarchy of structures as a function of the distance 

from the principal slip surface (Sibson, 1977; Sibson, 1986; Chester et al., 1993; Wibberley and 

Shimamoto, 2003). In the core, principal slip surfaces accommodate most of the displacement 

during earthquakes (Chester and Fletcher, 1997; Chester et al., 2005). The topography of these 

surfaces is integral to all aspects of earthquake and fault mechanics including rupture nucleation and 

termination  (Lay et al., 1982), dynamics (Brodsky and Kanamori, 2001), resistance to shear (Biegel 

et al., 1992; Wang and Scholz, 1993), fault gouge generation (Power et al., 1988), the critical slip 

distance (Ohnaka and Shen, 1999; Ohnaka, 2004),  and the near-fault stress field (Chester and 

Chester, 2000). 

Despite their importance, data on natural fault geometry are sparse. Early studies of fault 

surface geometry measured statistical roughness characteristics using limited 2D contact 

profilometer data (Power et al., 1987; Lee and Bruhn, 1996). Over the last year and a half, we have 

made progress by measuring 15 different fault surfaces in the Western US using ground-based 

LiDAR. The field measurements are supplemented with laser profilometer laboratory measurements 

on hand-samples. Together, the data yields a total range of resolved wavelengths spanning five 

orders of magnitude (Fig. 1).  

 

 
 

Figure 1. Power spectral 

density  of slip-parallel profiles from 

seven different fault surfaces. The 

blue are small-slip faults (slip <1 m) 

and the red are large-slip faults (slip 

at least 10 m and likely >100 m). 

Figure includes both LiDAR data 

(upper curves) and laboratory 

profilometer data (lower curves).  

Details in Sagy et al. (2007)   
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Results 

Our data clearly indicate that net slip correlates with fault roughness. Small-slip faults (<1 m 

slip) are rougher (larger RMS values) than large-slip faults (~10–100 m slip) when measured 

parallel to the slip direction. 

One measure of roughness is power spectral density. Fourier spectral analysis is a reliable 

indicator of roughness  when based on many profiles (Simonsen et al., 1998).  The spectral power is 

closely related to the RMS height of a profile. For example, for the special case of self-affine 

surfaces, the power spectral density p is related to the wavelength λ by 

p = Cλ
β
       (1) 

where C and β are constants (Brown and Scholz, 1985; Power and Tullis, 1991). If 1<β<3 

for a section of length L, integrating (1) over wavelength λ yields the RMS roughness H: 

H = (C/(β-1))
0.5
L 
(β-1)/2

     (2) 

Figure 2. Examples of LiDAR scans of 

bumps. Colorscale shows line-of-sight 

relief in meters.  Top panel is a section of 

the Flower Pit 1, OR fault with negative 

and positive elliptical bumps (marked by 

roman numerals) on a large section of 

fault surface. Bottom panel shows bumps 

on three different fault surfaces. The 

middle image outlines a single asperity 

with contours. In all cases, bumps are 

elongate parallel to the slip direction. 

Details of sites in Sagy et al. (2007). 
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For simplicity, we will describe one surface as rougher than another at a given wavelength if 

its power spectral density is higher at that wavelength.  

Below wavelengths of ~0.5 m, the power spectral density of the large-slip faults are nearly 

that of our smooth reference surface (Solid line in Fig. 1). The difference in the two populations is 

clear in both the LiDAR and laboratory data over scales from 10 µm- 10 m. 

The power spectral density results reflect the geometry for the large slip faults which can 

also seen in topographic maps of the fault surface (Fig. 2). The 3D LiDAR data maps  lateral 

variability. At wavelengths > 1 m, the large-slip faults have undulating structures. At least three 

large-slip fault surfaces have smooth ellipsoidal ridges and depressions with dimensions that are 

~1–5 m wide, ~10–20 m long, and ~0.5–2 m high. The long axes of these bumps, or asperities, are 

parallel to the slip. Below ~1 m wavelength, the LiDAR data are limited by the instrumental noise.  

The power spectra measured by the lab profilometer and field LiDAR (Fig. 1) for the large-

slip faults do not easily connect across scales. One source of the discrepancy is that the surfaces are 

sufficiently smooth that the LiDAR data is limited by noise at wavelengths <1 m. A more subtle 

effect comes from joints. Examination of sections along the large faults suggests that most of the 

measured roughness in the LiDAR at scales < 1 m is contributed by joints and small faults that cross 

the extremely smooth surface. Hand-samples do not include these joints and are therefore smoother. 

The laboratory data suggests that the true, fault-related roughness of the surfaces at scales of 

centimeters is likely much smaller than measured by the LiDAR and may be consistent with the 

trend suggested by the laboratory data. 

Taken together, the slip-parallel profiles of large-slip fault surfaces are best described as 

polished on length scales ≤ 1 m and smoothly curved on larger scales.  The spectra show that the 

large-slip faults do not follow a power law. This behavior is in clear contrast to the former 

interpretation (Power and Tullis, 1991; Renard et al., 2006) and, combined with the differences 

between small- and large-slip faults, demonstrates that during slip faults evolve to geometrically 

simpler shapes. 

 In the slip-normal direction, the data more nearly fits a power law like that in Equation 1. 

This observation supports and extends the results of previous studies (Power et al., 1988; Power and 

Tullis, 1991; Lee and Bruhn, 1996). The connection between the laboratory and field data is 

relatively simple as the power spectra measured by the lab profilometer and field LiDAR follow a 
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similar trend. This continuity across 5 orders of magnitudes demonstrates the consistency of the two 

different measurement tools. The slopes of the power spectra of the large-slip and small-slip faults 

are similar but the data fits the power law over different scales in each case. For instance, one of the 

small faults from 10 µm to at least 1 m is fit with a power law that yields H = 0.015L
0.98
 (See Eq.  

2). The power spectral density of one large-slip fault fits H = 0.009L
0.94
. Although different analysis 

methods can be used to better calculate the exact slope β and its errors (Renard et al., 2006), the 

above two examples suggest that roughness values follow the spectrum of a self-similar surface 

with H≈0.01L. The relationship H≈0.01L has previously been observed for many natural faults and 

fractures (Brown and Scholz, 1985; Power et al., 1987; Power and Tullis, 1991) and an arbitrary 

erosional surface has a similar spectrum. We speculate that most of the slip-normal profiles reflect 

the roughness of natural fractures unmodified by slip. However, at least two of the large-slip faults 

fall significantly off this curve at scales < 1 m. The physical structure behind this variation is the 

finite width of the bumps in Figure 2.  

 

Discussion 

The data presented are surprisingly consistent despite variations in lithology and fault type. 

Since the large-slip faults are all normal faults in our data, it appears that normal faults are 

systematically smoother than others. However, there is no obvious reason why normal faults should 

be smoother, while there are a number of physical reasons that slip should abrade faults, so we infer 

that displacement is the discriminating factor. 

Smoothing of fault surfaces due to fault maturation may extend beyond outcrop scales. If the 

scale of the polished zones is slip-dependent, then on faults that slip kilometers, these zones should 

be much larger. Our surface measurements complement previous map-scale observations of fault 

traces which suggested that the number of steps along strike-slip faults reduces with increasing 

displacement (Wesnousky, 1988). Experimental data, geological observations, and models also 

suggest that faults become geometrically simpler as they mature (Tchalenko, 1970; Chester et al., 

1993; Ben-Zion and Sammis, 2003). Fracturing and abrasional wear are the most obvious 

mechanisms for smoothing fault surfaces. Tensile fracture surfaces typically follow a power law  

(Bouchaud, 1997), but wear preferentially eliminates small protrusions with slip. Thus wear is the 

more likely mechanism to produce the observed non-power law surfaces.  
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If the observed smoothness and regular elongated bumps are typical of mature faults at 

seismogenic depths and all other factors between faults are equal, then there are predictions for 

earthquakes that may be testable with modern seismic data. The mature faults should have more 

homogeneous stress fields and preferentially accumulate slip over geological time.  High-frequency 

radiated energy should be less for mature faults than immature ones.   

 

Conclusions 

We have shown through the variations in RMS roughness, spectral shape and 3-D geometry 

that faults evolve with slip toward geometrical simplicity. Slip surfaces of small faults are relatively 

rough at all measured scales, whereas those of large faults are polished at small scales but contain 

elongated quasi-elliptical bumps and depressions at scales of a few to several meters.  
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