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Abstract Coseismic surface deformation in large earthquakes is typically measured using field mapping
and with a range of geodetic methods (e.g., InSAR, lidar differencing, and GPS). Current methods, however,
either fail to capture patterns of near-field coseismic surface deformation or lack preevent data. Conse-
quently, the characteristics of off-fault deformation and the parameters that control it remain poorly under-
stood. We develop a standardized method to fully measure the surface, near-field, coseismic deformation
patterns at high resolution using the COSI-Corr program by correlating pairs of aerial photographs taken
before and after the 1992 Mw 7.3 Landers earthquake. COSI-Corr offers the advantage of measuring dis-
placement across the entire zone of surface deformation and over a wider aperture than that available to
field geologists. For the Landers earthquake, our measured displacements are systematically larger than the
field measurements, indicating the presence of off-fault deformation. We show that 46% of the total surface
displacement occurred as off-fault deformation, over a mean deformation width of 154 m. The magnitude
and width of off-fault deformation along the rupture is primarily controlled by the macroscopic structural
complexity of the fault system, with a weak correlation with the type of near-surface materials through
which the rupture propagated. Both the magnitude and width of distributed deformation are largest in
stepovers, bends, and at the southern termination of the surface rupture. We find that slip along the surface
rupture exhibits a consistent degree of variability at all observable length scales and that the slip distribu-
tion is self-affine fractal with dimension of 1.56.

1. Introduction

Large-magnitude strike-slip earthquakes that rupture to the surface are an important source of information
for finite-fault inversions and studies of faulting mechanics. In particular, the extent to which coseismic fault
slip is localized or distributed in the near-surface gives insight into the initiation, propagation, and cessation
of dynamic ruptures, the structural evolution of faults, the use of surface slip data in probabilistic seismic
hazard assessment (PSHA), the measurement of geologic fault slip rates, and comparison of these data to
geodetic rates [Sammis et al., 2009; Shelef and Oskin, 2010; Chen and Petersen, 2011; Petersen et al., 2011;
Johnson et al., 1994; Dolan and Haravitch, 2014; Herbert et al., 2014]. Constraining the width of the deforma-
tion zone and lateral variations of on and off-fault displacement may provide predictive information on the
locations of the likely endpoints of future ruptures [e.g., Wesnousky, 2006, 2008; Elliott et al., 2009; Rockwell
and Klinger, 2013].

Surface deformation along coseismic ruptures typically releases the accumulated interseismic strain
energy as a combination of slip along discrete, brittle faults and off-fault, inelastic deformation expressed
physically as warping, granular flow, rigid-block rotation, minor secondary faulting, and/or microcracking.
Observations of surface deformation patterns from numerous strike-slip faults demonstrate that the mag-
nitude of off-fault deformation (OFD) can vary from 0 to 100% [e.g., Nelson and Jones, 1987; Miller and
Yount, 2002; Rockwell et al., 2002; Treiman et al., 2002; Kimurah et al., 2004; Shelef and Oskin, 2010; Van
Dissen et al., 2011; Quigley et al., 2012] and has been observed to vary systematically according to the
structural maturity of the fault [Milliner et al., 2012; Dolan and Haravitch, 2014]. Compliant zones of
reduced shear rigidity surrounding many fault zones are a manifestation of OFD mechanisms damaging
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the rock over the entire history of deformation [e.g., Li et al., 1998; Vermilye and Scholz, 1998; Chester
and Chester, 1998; Yamashita, 2000; Ben-Zion et al., 2003; Mamada et al., 2004; Chester et al., 2005;
Lemaitre and Desmorat, 2005; McGuire and Ben-Zion, 2005; Cochran et al., 2009; Frost et al., 2009; Shelef
and Oskin, 2010]. These compliant zones are well observed using geodetic and seismic data with widths
measured up to ;2 km [e.g., Fialko et al., 2002; Cochran et al., 2009]. Similar deformation widths are
also found from geologic studies that measure distributed shear accommodated over geologic time
scales. For example, Oskin et al. [2007] and Shelef and Oskin [2010] measured a ;2 km wide zone of dis-
tributed deformation for the Calico fault in the eastern California shear zone and noted that the majority
of deformation was confined to a higher strain 100–200 m wide fault core. This narrower width is similar
to the total observed width of distributed deformation in many surface ruptures [e.g., McGill and Rubin,
1999; Treiman et al., 2002; Rockwell et al., 2002; Oskin et al., 2012].

Although off-fault deformation has been observed along many faults, the controls of off-fault deforma-
tion along a coseismic surface rupture remain poorly understood. Moreover, although a number of dif-
ferent techniques have been utilized to document OFD patterns, there is as yet no standard method to
robustly and reproducibly measure the characteristics of the complex, near-field surface deformation in
high resolution with readily available and cost-effective data. For example, although Interferometric Syn-
thetic Aperture Radar (InSAR) studies reveal the surface deformation field in exceptional detail, they
typically decorrelate close to surface ruptures as deformation gradients exceed a single phase cycle
between neighboring radar returns [e.g., Burgmann et al., 2000; Simons et al., 2002; Cakir et al., 2003;
Fialko, 2004]. Field surveys can provide very precise measurements of on-fault deformation, but they
do not typically account for more subtle, complex off-fault deformation, which can be challenging to
measure [e.g., McGill and Rubin, 1999; Treiman et al., 2002; Rockwell et al., 2002; Shelef and Oskin, 2010;
Gold et al., 2013]. GPS data, while providing exceptional temporal resolution, also lack the necessary spa-
tial coverage to fully characterize the near-field deformation pattern. Lidar (light detection and ranging)
data have proven to be a valuable tool in studies of near-field surface deformation [e.g., Oskin et al.,
2012; Nissen et al., 2014], but acquisition of lidar data is costly and lidar differencing requires the exis-
tence of preexisting data, which is not always the case. Cross correlation of high-resolution, optical satel-
lite imagery acquired before and after an earthquake can also reveal the first-order surface deformation
patterns in earthquakes [Leprince et al., 2007a, 2007b, 2008; Ayoub et al., 2009; Konca et al., 2010; Hollings-
worth et al., 2013]. However, the relatively coarse spatial resolution (typically >1 m) of most satellite data
inhibit the detailed analysis of complex and sometimes subtle near-field deformation patterns.

In light of these limitations, the primary goal of this study is to further develop the methodology set out
originally by Michel and Avouac [2006]; Ayoub et al. [2009] and Hollingsworth et al. [2012] for the use of cross
correlation of high-resolution, pre and postevent aerial photographs to understand patterns of surface
deformation. We tested this methodology through measurements of the near-field ground deformation
from the Mw 7.3 1992 Landers earthquake. Such optical image correlation based on aerial photographs can
facilitate measurement of the distributed inelastic strain, as this technique has the capability to capture the
entire deformation across a fault [e.g., Michel and Avouac, 2006; Konca et al., 2010]. As part of our analysis,
we used numerous statistical tests to understand whether off-fault deformation and the fault zone width
vary according to any observable parameters that may facilitate the prediction of strain localization in
advance of future large earthquakes. Finally, we discuss the implications of these results for studies of fault
mechanics, the potential underestimation of slip rates, the dynamics of coseismic ruptures, and strategies
to mitigate damage to the built environment.

1.1. Mw 7.3, 1992 Landers Earthquake
The Landers earthquake occurred within an 80 km wide zone of NNW-trending, right-lateral faults known
as the eastern California shear zone, which accommodates ;25% of the total Pacific and North-American
plate motion [Humphreys and Weldon, 1994; Sauber et al., 1994; Dixon et al., 2000; Oskin et al., 2008; Frankel
et al., 2011]. The Landers earthquake was generated by rupture of five distinct faults over a distance of
67 km [Bryant, 1992, 1994; Liu et al., 2003] (Figure 1b). Rupture initiated near its southern end, on the John-
son Valley fault, and propagated unilaterally to the north-northwest across two right-stepping, dilational
stepovers, before terminating along the Camp Rock fault [Wald and Heaton, 1994]. Detailed mapping of
the Landers rupture by field geologists found particularly complex deformation patterns. For example,
McGill and Rubin [1999] recorded significant variations in offset along 1–2 km stretches of the Emerson fault,
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Spotila and Sieh [1995] documented areas of reduced slip (termed ‘‘slip gaps’’) along the Homestead Valley
fault thought to be controlled by fault structural complexity, and Zachariasen and Sieh [1995] noted distrib-
uted, but efficient transfer of slip onto a series of right-stepping en-echelon faults within the Homestead-
Emerson stepover. Although these field studies found instances of complex deformation patterns along the
rupture, they could neither completely capture the magnitude nor the distribution of off-fault deformation
along the entire surface rupture.

Postseismic deformation from the Landers earthquake included poroelastic rebound and up to 15 cm of
afterslip at the surface as observed by geodetic surveys 7 years following the earthquake [Peltzer et al.,
1998; Fialko, 2004]. Slip rate estimates for the Camp Rock fault indicate <1.4 6 0.6 mm/yr of strain
accommodated over the past 50 6 20 ka [Oskin et al., 2008], with analysis of basement offsets indicating
a cumulative displacement of ;3.5 km for the faults that ruptured in the Landers event [Jachens et al.,
2002].

Figure 1. Correlation maps from 31 aerial image pairs which bracket the Landers earthquake. Black star shows location of 1992 Mw 7.3 epicenter with map coordinates in UTM. (a)
North-south correlation map, positive pixel values indicates movement to the south and negative to the north. The lower left inset shows fault-parallel displacement within a 138 m
wide stacked profile from X-X’ and illustrates how the displacement and fault zone width are measured. (b) East-west correlation result with positive pixel values indicating pixel move-
ment to west and negative to the east. Inset fault map in lower left corner shows annotated Landers surface rupture [Liu et al., 2003].
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2. Observations

2.1. Cross Correlation of Optical Imagery
We used the COSI-Corr software (coregistration of optically sensed images and correlation) to correlate pairs
of pre and postevent optical images with subpixel precision, in order to quantify the magnitude and distri-
bution of near-field coseismic ground deformation [Leprince et al., 2007a; Ayoub et al., 2009]. This technique
has been used successfully with satellite imagery to document surface deformation in earthquakes, land-
slides, glacier dynamics, and the migration of Martian sand dunes and dikes [Avouac et al., 2006; Leprince
et al., 2008; Bridges et al., 2012; Hollingsworth et al., 2012]. Air photos offer the advantage of significantly
greater pixel resolution (1 m) than the satellite data available before the 1992, Landers event, which allows
us to quantify the near-field surface deformation pattern in unprecedented detail.

To produce correlation maps that accurately constrain the ground deformation pattern, the input aerial
photographs must be precisely orthorectified (i.e., create a planimetric correct image where objects are in
their true ground geometry) and coregistered before correlation. The COSI-Corr procedure allows for accu-
rate orthorectification of images by taking into account the topography using a digital elevation model
(DEM), the internal camera geometry using a camera calibration report to correct for optical distortions
(such as radially increasing incidence angle from near-nadir at image center to ;30� at image edges), and
the exterior orientation (look angle and altitude) determined from ground control points (GCPs) [Ayoub
et al., 2009]. To coregister the pre and postevent photographs, we construct a relative mapping between
image pairs using tie points that relate common features in the image scene. COSI-Corr then applies sub-
pixel image correlation on the set of orthoimages by using an iterative, unbiased processor that estimates
the phase plane in the Fourier domain [Leprince et al., 2007a, 2007b, 2008; Ayoub et al., 2009]. The correla-
tion process yields two correlation maps, representing pixel motion in the east-west and north-south hori-
zontal directions of the surface displacement field, with an accuracy of 1/10th the size of the input image
pixel dimension [Ayoub et al., 2009]. The aerial photographs have 1 m ground-resolution pixel size, which
therefore allows detection of horizontal deformation down to an accuracy of ;10 cm. This represents a
minimum detection threshold in our correlation maps, and smaller surface displacements cannot be
resolved with these data. Although our methodology does not constrain vertical deformation [see Michel
and Avouac, 2006; Hollingsworth et al., 2012], the majority of the deformation in this predominantly strike-
slip earthquake was horizontal [Sieh et al., 1993; Bryant, 1992, 1994; Spotila and Sieh, 1995; Zachariasen and
Sieh, 1995; McGill and Rubin, 1999].

2.1.1. Data
We selected 31 pairs of panchromatic, 1 m resolution, National Aerial Photography Program (NAPP) aerial
photographs for correlation, purchased from the USGS (http://earthexplorer.usgs.gov/). Stereo-pair (60%
overlap) pre and postevent photos were acquired in July 1989 and May 1994, respectively, with 8 3 8 km
footprints and were orthorectified using the same 2012, 10 m National Elevation Datum (NED), DEM from
the USGS (http://ned.usgs.gov/). To georeference the postevent aerial photos (i.e., assign absolute ground
coordinates), we used 2005, SPOT 5 satellite imagery as the reference orthoimage. To orthorectify the air
photos, GCPs are assumed to have experienced zero-ground deformation; however, as they are collected
near the surface rupture the presence of long-wavelength ground deformation violates this assumption. To
correct for this we used a cross-correlation result from a pair of 10 m, SPOT 5 images, which provides inde-
pendent information on the ground deformation [Milliner et al., 2012].

2.1.2. Optical Image Cross-Correlation Result
Our cross correlation of the optical aerial photographs from before (1989) and after (1994) the Landers
earthquake reveals the detailed surface deformation field associated with the rupture (Figure 1). From multi-
ple tests we determined the optimal correlation parameters (i.e., those that suppress noise and decorrela-
tion but retains details of the surface rupture) were a multiscale sliding window of 64 to 32 pixels with a
step of six pixels, which results in a correlation map of 6 m pixel resolution.

The output correlation maps are found to contain both tectonic and artificial signals. Such artifacts include
scanning distortions from film digitization, radial distortions from unmodelled lens parameters, and film dis-
tortion due to thermomechanical warping of the original photographic film [Ayoub et al., 2009]. Using a
series of synthetic tests (detailed in supporting information) we found the artificial signals occur at much
longer wavelengths than the observed shorter-wavelength tectonic signals and do not bias our
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measurements of surface displacement (see Figures S1–S3), in agreement with Michel and Avouac [2006].
Topographic artifacts in the correlation result caused by using only a single postevent DEM to orthorectify
both the pre and postevent photos are corrected for following the procedure of Ayoub et al. [2009].

2.2. Measuring Coseismic Surface Displacement
We measured the total surface displacement across the entire width of deformation along the Landers sur-
face rupture using stacked profiles orientated perpendicular to the fault strike. The profile lengths ranged
from ;2 to 3 km (perpendicular to fault) and were stacked over a 138 m, along-strike length (i.e., the fault-
parallel displacement is averaged over a 138 m fault-parallel distance). Thus, each measurement can be con-
sidered independent from each other, with a discretization determined by the stack width [Michel and
Avouac, 2006; Konca et al., 2010]. Testing of different stack widths indicated an optimal width of 138 m,
which allows for suppression of noise in the correlation maps while minimizing oversmoothing of along-
strike changes in surface slip (Figure S4). Surface displacement is measured from the stacked profiles by
manually fitting linear regressions to the deformation signal on either side of the fault, and the relative dif-
ference of the extrapolated regressions defines the magnitude of the offset accommodated across the
entire fault zone (Figure 1a). Thus, the COSI-Corr ‘‘displacement’’ value includes both the localized, on-fault
displacement that occurs on the primary fault strand, as well as any off-fault, distributed inelastic shear
accommodated via a range of physical processes.

To reliably understand the slip behavior and detailed pattern of surface strain localization, we need to char-
acterize any error that arises from subjectively measuring the displacement and fault zone width (FZW). Esti-
mating the width of shear and magnitude of fault offset from the stacked profiles involves subjectively
locating the sometimes subtle inflection point in the profile on either side of the fault (dashed blue lines in
Figure 1a). To quantify the measurement precision and any possible bias in this procedure, we employed
synthetic tests (detailed in supporting information), in which we synthetically sheared an image with known
and constant FZW and displacement. Using COSI-Corr, we then cross-correlated the synthetically sheared
image with another image of the same location, acquired at a different time (Figure S1). As the FZW and dis-
placement were kept constant, any deviation from the synthetic, known values gives a direct quantification
of the measurement bias and precision, which reflects measurement subjectivity and variation in image
quality and texture. The synthetic tests reveal a bias of 0.01 m overestimation with a precision of 60.12 m
(2r) for our displacement measurements (Figure S3) and an underestimation of 2 m and precision of
611.70 m (2r) for the FZW measurements (Figure S4). These values, which are independent of the magni-
tude of displacement and width of deformation, allow us to derive an empirical error distribution for the
displacement and FZW measurements, which is then propagated through the preexisting error in our COSI-
Corr results. Capturing and incorporating this variability is noteworthy given it usually forms a significant
component of the epistemic uncertainty in most studies that measure coseismic displacement.

2.2.1. Landers Surface Displacements
In the correlation maps we detected 69 distinct fault segments that accommodated surface slip larger than
our minimum detection threshold (>10 cm). These agree well with the locations of fault strands mapped in
the field following the earthquake [Bryant, 1992, 1994; Liu et al., 2003, and references therein]. We collected
a total of 1057 coseismic, surface displacement measurements spaced every 138 m along all of the mapped
fault traces (Figure 2b) and found a maximum displacement of 5.58 6 0.14 m (95% confidence interval of
measurement precision) and a mean of 1.52 6 0.70 m (1r) and median of 1.00 m. Generally speaking, we
found the highest displacements on structurally simple, single-stranded sections of the Landers rupture,
such as the Homestead fault and parts of the central Emerson fault. Conversely, we found that coseismic
slip decreases on individual faults in structurally complex areas (e.g., the Kickapoo and Homestead-Emerson
stepovers), due to transfer of total surface slip onto multiple structures.

Our 1057 displacement measurements are distributed in a spatially complex manner along the rupture and
therefore constructing a precise along-strike slip-profile of the 1992 Landers event is a nontrivial task. To
overcome this, we developed an algorithm that projects all 1057 of our displacement measurements onto a
single, regionally representative ‘‘fault trace.’’ To collapse multiple faults onto a single, regionally representa-
tive ‘‘fault,’’ we iteratively projected each individual fault strand sequentially, calculated the component of
slip using a cubic interpolation and added this to eventually construct the cumulative slip distribution (thick,
black line in Figure 3).
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The position of the regional ‘‘fault’’ used here agrees well with the macroscopic, first-order geometry of the
fault system that ruptured during the Landers earthquake [Bryant, 1992, 1994; Liu et al., 2003, and referen-
ces therein] as well as the location of faults at depth used in the inversion of geodetic data [Fialko, 2004].
The projection of the displacement measurements also corrects for slip transfer between branching or par-
allel fault structures, which if left unaccounted for can lead to arbitrary along-strike slip variability. As our
displacement measurements are spatially dense, incorporate OFD, and cover the entire Landers rupture,
including secondary faults, once projected, the displacement data set yields a robust and systematically
complete representation of the Landers slip distribution

Generally, the Landers slip profile has a simple, first-order shape, with two prominent peaks (labeled i and ii
in Figure 3a) and two areas of significantly reduced slip (‘‘slip gaps,’’ labeled iii and iv), the latter likely
related to the fault segmentation (which is discussed further in section 3.1) [Spotila and Sieh, 1995]. The
COSI-Corr displacement measurements (which include OFD) exhibit pronounced short-wavelength, along-
strike variation, which consistently occurs along all 69 fault segments (see Figure 3). The slip variation is as
large as 60.5 m over along-strike distances of ;200 m, which is significantly more than the measurement
precision (95% confidence interval of 60.12 m, see supporting information Figure S4). As the observed
along-strike slip variability cannot be accounted for by the measurement error, this suggests the slip hetero-
geneity reflects the true physical behavior of the faulting and is consistent with other studies that docu-
ment coseismic slip along the Landers rupture [McGill and Rubin, 1999] and other surface ruptures [e.g.,
Rockwell et al., 2002; Klinger et al., 2006; Rockwell and Klinger, 2013].

The presence of along-strike slip variability produces along-strike strains, which are found to vary up to 2.0
3 1023 over ;200 m along-strike distances. Along-strike strain is calculated as the change in slip per unit
distance along-strike and halved in order to determine deformation on either side of the fault. McGill and
Rubin [1999] reported similar magnitudes of along-strike strain of ;1022 for the Landers surface displace-
ment and similar strains of 1023 have been documented for other earthquakes [e.g., Michel and Avouac,
2006; Oglesby, 2008; Elliott et al., 2009; Oskin et al., 2012; Gold et al., 2013].

Figure 2. (a) Map view of field data compiled from Liu et al. [2003] and Bryant [1992, 1994] that are used to calculate off-fault deformation
(OFD), positive values denote right-lateral displacement, negative left-lateral displacement. (b) Map view of all 1057 displacements meas-
ured from the correlation maps. Inset images in lower left corners of Figures 2a and 2b show histogram of data.

Geochemistry, Geophysics, Geosystems 10.1002/2014GC005693

MILLINER ET AL. DEFORMATION OF THE LANDERS EARTHQUAKE 1582



To understand if there is an underlying structure to the slip variability, and how the variability changes with
frequency, we used a spectral analysis by computing the power spectrum P(k) of the slip distribution (Figure
3) using the Thomson multitaper method [Thomson, 1982]. The spectral analysis reveals that the coseismic
slip distribution follows a power-law decay (Figure 4); we use a linear regression to estimate a decay param-
eter b of 1.87 6 0.04 (95% confidence interval), with an R2 5 0.80. Following equation (2), b gives a fractal
dimension D of 1.56 6 0.04, indicating that the coseismic slip distribution is fractal and scale invariant (i.e.,
slip exhibits a statistically consistent degree of variability at all observable length scales) [Mandelbrot, 1983].
Thus, a more accurate description of ‘‘variable’’ slip is in the fractal sense, where slip has a consistent

Figure 3. (a) Landers offset profile from our COSI-Corr displacement measurements plotted as a function of UTM Northing. Thin multicol-
ored lines show the offset profiles for individual faults. Thick black line shows the projected, cumulative offset profile for Landers. Green
colored arrows, labeled i and ii, indicate the major peaks of displacement and red colored arrows labeled iii and iv indicate the areas of
reduced slip, termed ‘‘slip gaps’’ [Spotila and Sieh, 1995]. Yellow star denotes the location of the epicenter. Inset map in top right corner
illustrates faults used in the slip profile with their corresponding colors used in the offset profile. (b) Cumulative, projected displacement
(black line) plotted against UTM Northing, with the field displacement from Bryant [1992, 1994] and Liu et al. [2003, and references therein],
plotted as red dots.
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(power-law) decay of heterogeneity with decreasing length scale. That is, there is a power-law relation
between the amplitude and wavelength of the slip distribution, where longer-wavelength slip perturbations
have a larger amplitude and smaller wavelengths have smaller amplitudes (Figure 4). The linear relation
between the Hurst exponent H (which characterizes the stochastic component of the data and gives a mea-
sure of the long-term memory) and the fractal dimension D in equation (3) (where E is the Euclidean dimen-
sion of the fractal medium), gives a Hurst exponent of 0.44 6 0.04.

P kð Þ / k2b; (1)

D5
52b

2
; (2)

H511E2D: (3)

A Hurst exponent less than 0.5 indicates that coseismic slip is not random, but rather is nonpersistent with
a ‘‘short-memory’’ (i.e., neighboring points of displacement are correlated but tend to be further away from
each other than random) [Turcotte, 1997]. In addition to applying the fractal analysis to the cumulative, pro-
jected slip profile (upper black line in Figure 3), we also applied it to the individual faults (colored lines in
Figure 3) and found a similar result.

2.3. Measuring Off-Fault Deformation (OFD)
We measured OFD along the 1992 Landers surface rupture by comparing the COSI-Corr displacement data,
which measures the total shear accommodated across a fault, to the displacement measured in the field,
which represents the discrete component of displacement. Postearthquake field mapping of the surface
rupture produced 763 displacement measurements [Bryant, 1992, 1994; Liu et al., 2003, and references
therein], where we only considered the horizontal component of displacement because our COSI-Corr
measurements cannot constrain vertical deformation. Off-fault deformation (OFD) is calculated by simply
taking the difference between our COSI-Corr displacement measurements (total displacement) and the field
measurements (on-fault displacement), as described by equation (4).

Off-fault deformation5COSI-Corr displacement2main strand field displacement: (4)

Field measurements are assumed to primarily capture the discrete, on-fault component of slip as they typi-
cally use piercing points taken over a 1–10 m wide, fault perpendicular aperture and therefore usually do
not (and frequently cannot) include precise measurement of the complex, distributed off-fault deformation
[McGill and Rubin, 1999; Treiman et al., 2002; Rockwell et al., 2002; Shelef and Oskin, 2010]. This assumption,
however, forms a minor limitation of our calculation of OFD, as in some cases field geologists may

Figure 4. Power spectrum of the along-strike slip as a function of wave number (m21) in log-log space, computed using the multitaper
method (MTM) [Thomson, 1982]. The 95% lower and upper confidence intervals are plotted as lower and upper gray lines, respectively.
The b parameter is estimated using a Monte Carlo method with 10,000 simulations (green line showing the most probable fit) to the
power spectral decay beyond the corner wave number (kc) at the ;70 km wavelength. The Monte Carlo yields a b value of 1.87 6 0.04
(95% confidence interval), with an R2 of 0.80.
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successfully capture some or all OFD (e.g., by using an offset feature that is sufficiently large to span the
entire fault zone). However, such features, which are almost universally man-made, must be linear, orien-
tated perpendicular to the fault, and have a precisely known preearthquake configuration. Unsurprisingly
such features were rare along the Landers surface rupture and therefore this bias does not significantly
affect our OFD data. Furthermore, postseismic deformation likely does not significantly bias our COSI-Corr
comparison to the field measurements in calculating OFD, because, as mentioned above, a maximum of
;15 cm of postseismic afterslip was observed 7 years after the earthquake [Fialko, 2004] (a conservative
value given our data are acquired 2 years after the earthquake) and also an amount barely detectable with
our technique.

We determined the off-fault deformation at points along the surface rupture by iterating through every
COSI-Corr displacement measurement in order to find the nearest corresponding field displacement point
within a 138 m distance (stack width), and then computing the difference. This difference yields a single
value for the OFD at that point along the rupture, following equation (4). In the 11 instances where field
measurements are clearly collected as a transect across multiple, parallel fault strands, we sum all the field
offsets. However, in instances where multiple field measurements are not strictly collected in such a manner
and are heterogeneously distributed within a single COSI-Corr measurement zone (138 m along-strike dis-
tance), we treat these points as independent measurements and consider only the largest field displace-
ment. Using only the largest field measurement therefore characterizes the discrete component of
displacement occurring on the primary fault strand and thus the OFD calculation gives a consistent estima-
tion of the amount of inelastic deformation occurring away from the main surface rupture. The output of
this calculation gives a 2-D map of OFD at 280 points along the entire surface rupture (Figure 5). We find
the OFD data follow an exponential distribution, where the median of 0.56 m is ;70% of the mean value of
0.81 1 0.12 m (2r measurement precision). Comparing each COSI-Corr displacement measurement with the
corresponding field measurement indicates the former is systematically larger (Figure 6). The correlation
between the COSI-Corr and field displacement data is determined using a total least squares method, which
yields a slope of 1.47 that characterizes the relative difference in magnitude between the two data sets.

Figure 5. (a) Map view of the off-fault deformation (OFD) in meters. Points are computed from differencing the data in Figure 2a from Figure 2b. (b) Map view of OFD%. Qualitatively,
the OFD% is smaller along structurally simple parts of the rupture (e.g., Johnson Valley fault) and largest in structurally complex areas (e.g., Homestead-Emerson stepover, bend in the
Emerson fault and sites of branching of the rupture).
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As well as calculating OFD in meters we also express it as a percent of deformation that occurs off the main
fault, herein known as OFD%. This is simply defined as [OFD (m)/COSI-Corr displacement (m)] 3 100, where
at each point along the rupture we normalize for the amount of total displacement. This normalization is
performed for two reasons: (i) we want to know the relative amount of deformation that is accommodated
off the fault in relation to how much is accommodated on the discrete, primary strand. (ii) The amount of
OFD will arbitrarily be a function of the amount of displacement at a given site, where the displacement
itself varies along the rupture. This allows for a direct comparison of its variability along the length of the
surface rupture. The OFD% is markedly larger in areas of structural complexity, such as stepovers (e.g., the
Kickapoo and Homestead-Emerson step overs), bends in the fault (notably at the bend of the Emerson fault
as it merges into the Camp Rock fault), branching of the main-strand rupture (as seen in the central portion
of the Johnson Valley fault) and the southern termination of the Landers rupture (Figure 5b). To calculate a
reliable mean OFD% value for the entire Landers surface rupture, we spatially resampled the OFD data in
order to correct for their spatial heterogeneity, which if unaccounted for would cause a bias. Downsampling
the OFD data into 15 regions equally spaced along the rupture evenly reweights the data, thereby correct-
ing for the issue of spatial heterogeneity. From this procedure, we find OFD% for the Landers earthquake
has a mean value of 46 6 10% (1r), following a normal distribution as confirmed by a Lilliefors test.

2.4. Measuring Fault Zone Width (FZW)
The fault zone width (FZW) is defined as the fault-perpendicular extent of observable surface shear on
either side of the primary, localized fault trace. From the correlation maps the FZW is measured as the
extent of detectable pixel movement found adjacent to a primary main fault strand. Significantly, our
method of measuring the FZW is insensitive to the physical mechanism(s) accommodating shear across the
fault zone (e.g., warping, block rotation, grain sliding, or folding), because COSI-Corr is simply detecting
shifting of features in the photos that exist on either side of the primary, discrete fault. Thus, our FZW meas-
urements physically represent the width of a shear zone accommodating horizontal deformation of
>10 cm (our detection limit) by any number of possible deformation mechanisms.

Figure 6. Correlation plot of field displacements versus our COSI-Corr displacement measurements. The gray ellipses denote the 1r error
in both the x and y direction. Using a total least squares approach to fit a linear regression to the observed data, which accounts for errors
in the x and y, the best fitting model has gradient of 1.47, with R2 of 0.77, which is in contrast to the black line with gradient of one.
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A second set of synthetic tests were employed to investigate the degree of artificial smoothing of the tec-
tonic signal, caused by the use of a sliding window, and how this affects the estimation of the FZW. This
smoothing results from the assumption that during the correlation process the subset of pixels evaluated
within the sliding window have constant displacement. To correct for this oversimplification, we created a
series of synthetic faults of known widths (between 1 and 155 m wide), and after correlation of the sheared
image with a different, un-disturbed image, we measured the smoothed, synthetic FZW. This gave an
empirical calibration curve (Figure S2), which allows us to reliably recover the true FZW from the smoothed
equivalent. Our results demonstrate that we can reliably resolve a FZW of >18 m (anything less is still meas-
ured, although the signal saturates and becomes too narrow to be fully resolved).

To measure the FZW of the Landers rupture we used the same stacked profiles that defined the fault dis-
placement to make a total of 1060 measurements (Figure 7). From these measurements we found a mean
FZW of 154 m, median of 96 m, and a maximum of 1160 6 12 m (2r), (located north of the Kickapoo step-
over). The FZW varies smoothly along the Landers rupture and is most pronounced in regions of structural
complexity, such as stepovers, kinks, and bends in the main fault trace, in a manner similar to the OFD
result. Notably wide fault zones occur in the northern area of the Kickapoo stepover, in the northern region
of the Homestead-Emerson stepover, at the southern termination of the rupture and at a 33� bend in the
Emerson fault. The deformation width defined by the brittle, discrete faults, mapped by field geologists
shortly after the earthquake [Bryant, 1992, 1994; Liu et al., 2003, and references therein], provides an inde-
pendent constraint on the fault width, and agrees well with many of our FZW measurements. However, in
some places along the rupture our FZW measurements (a shear zone accommodating deformation down
to the 10 cm scale) are significantly wider than the fault zone defined by discrete faults mapped in the field
(displacements generally mapped down to the 2 cm scale). This discrepancy suggests that discrete, brittle

Figure 7. Map view of all 1060 fault zone width (FZW) measurements, spaced every 138 m along the surface rupture. The FZW is plotted as red bars with the histogram in lower left cor-
ner. Inset images shows examples where the FZW increases where the rupture becomes structurally complex (e.g., at branches, bends, or terminations).
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faulting is not the only physical mechanism accommodating strain and that other processes, which are not
easily observed in the field, exist, such as warping, folding, granular flow, block rotation, or microcracking,
in agreement with McGill and Rubin [1999].

3. Discussion

3.1. Factors Controlling Off-Fault Deformation (OFD) and Fault Zone Width (FZW)
Both the off-fault deformation (OFD) and fault zone width (FZW) measurements exhibit large spatial vari-
ability, raising the issue of what observable parameters could be the cause. Our catalog of 280 OFD meas-
urements and 1060 FZW measurements provides a large database with which we can test various
hypotheses. Here we apply a statistical analysis in order to understand the range of possible parameters
that likely controls the variability of strain localization.

First, we considered the role played by the macroscopic, first-order fault zone structural complexity (com-
plexity that varies on the 104 m length scale) in controlling the OFD and FZW. We characterized the struc-
tural complexity of segments of the Landers fault system by constructing a qualitative, subjective
classification scheme that varies from 1 to 5, with 5 being the most structurally complex and 1 the simplest.
Our criteria for determining the relative level of fault structural complexity of a region includes the number
of faults in the given area, the degree of segmentation and number of geometrical complexities such as
bends, kinks, or steps (Figure 8c).

We find OFD positively correlates with the macroscopic structural complexity of the fault system, as intui-
tively expected, and as illustrated by the linear regression in Figure 8a. Specifically, where the fault is more
complex, with diffuse faulting spread over an area, we observe systematically larger OFD%. In contrast,
along structurally simple sections of the fault (e.g., single fault strands), considerably less strain was accom-
modated off the main surface rupture. In general, deformation accommodated off the main fault increases
by ;10% from one level of our relative structural complexity index to the next, as expressed by the gradient
in our linear regression (Figure 8a).

The FZW is found to exhibit a positive, but weak, correlation with the fault zone complexity (Figure 8b). Spe-
cifically, a Monte Carlo simulation involving 10,000 iterations shows the most probable relation between
the FZW and fault zone complexity is positive (gradient of 0.1). However, due to the large scatter in the data
(as illustrated by the ‘‘error’’ bars in Figure 8b, which show the standard deviation of the data, as opposed to
the standard error in the estimate of the mean), there is ambiguity on the range of possible gradients that
could fit the data (1r for slope of 0.1). Nevertheless, as noted above, a basic observation from our analysis is
that the FZW widens in areas of increased structural complexity, such as stepovers or fault terminations,
and narrows in areas of simple fault structure.

Field studies of other surface ruptures have documented that the FZW and OFD vary at least in some instan-
ces, according to the type of the near-surface materials [e.g., Rockwell et al., 2002; Treiman et al., 2002; Van
Dissen et al., 2011; Teran et al., 2011; Zinke et al., 2014. To investigate this, we used geologic maps [Dibblee,
1964a, 1964b, 1967a, 1967b, 1967c] to help categorize the geologic units along the Landers rupture. We
hypothesized that the more consolidated geologic units (e.g., bedrock) would yield lower magnitudes of
OFD and narrower fault zones, and vice versa for less consolidated units (e.g., young alluvial sediments). We
also assign a third classification for near-surface materials, termed ‘‘sediment-bedrock interface,’’ which
describes areas of the rupture where sediment juxtaposes against bedrock. We find distinct groupings of
OFD associated with the type of near-surface materials through which the rupture propagated (Figures 9a–
9c). As might be expected, ‘‘sediment-sediment’’ units show large amounts of OFD% (mean of 49 6 24%
[1r]), while ‘‘basement-basement’’ units show a surprisingly, large and similar amount of distributed defor-
mation (mean of 52 6 25% [1r]). The ‘‘sediment-basement interface’’ classification in Figure 9b shows a pos-
itively skewed distribution toward strain being more localized, and exhibits lower magnitudes of OFD%
(mode of 19%) than other near-surface materials.

The FZW also exhibits a distinct and similar pattern as OFD, with the type of near-surface material (Figures
9d–9f). Specifically, where the rupture propagated along ‘‘basement-sediment interface,’’ we find the nar-
rowest FZW’s (mean of 55 m), conversely at sites of ‘‘sediment-sediment’’ material the rupture exhibits wider
zones of deformation (mean of 155 m) and in ‘‘basement-basement’’ material we find unusually wide FZWs
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Figure 8. (a) Percent of off-fault deformation (OFD%) plotted as a function of the fault zone complexity. (b) FZW plotted as a function of
fault zone complexity. A Monte Carlo simulation with 10,000 iterations yields an estimate of the slope for the linear regressions in Figure
8a as 8.9 6 4.6 (1r) and for Figure 8b as 0.1 6 0.1 (1r), where the slope in Figure 8b exhibits large ambiguity due to the large variability of
the data. We find a p value of 0.34 indicating weak statistical significance. (c) Map view of Landers surface rupture shown in red lines [Liu
et al., 2003]. Structural complexity of the fault zone is delineated by the colored polygon areas, classified from 1 to 5, with 1 being the
structurally simplest and 5 the most complex. We classify the structural complexity on the 1–10 km length scale so to analyze the macro-
scopic complexity of the mapped fault traces, with the following criteria defining each index: (1) straight, continuous single-stranded. (2)
Segmented, semicontinuous trace with smaller secondary faulting. (3) Dual-stranded or greater number of secondary faulting. (4) Abun-
dant secondary faulting, subtle-moderate bends in fault trace. (5) Step overs, highly diffuse areas of faulting, macroscopic fault bends. We
note that the width of the deformation was not used as a criterion of fault zone complexity and these parameters are treated
independently.
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(mean of 173 m). Interestingly, the smallest magnitudes and narrowest zones of inelasticity are observed in
areas of ‘‘basement-sediment interface’’ (Figures 9b and 9e), which likely results from efficient localization at
these sites along strong mechanical contrasts [Martel et al., 1988; Bruhn et al., 1994; Sibson, 2003; Ben-Zion
and Sammis, 2003]. We also found that where the rupture propagated through ‘‘basement-basement’’ mate-
rial, the FZWs are unusually wide and OFD surprisingly large, compared to other material types. We attribute
these somewhat counterintuitive results because the vast majority of bedrock outcrop (84%) occurs within
the structurally complex Homestead-Emerson stepover.

We compared several parameters with the surface deformation pattern, specifically the fault complexity,
the type of near-surface materials, lateral distance to bedrock (proxy for sediment thickness), fault orienta-
tions (proxy for relation of fault to regional stress field), and inferred age of alluvial fans (proxy for degree of
lithification). Aside from the structural complexity of the surface rupture and type of near-surface materials
through which the rupture propagated, we note for most of the tested parameters there was no clear corre-
lation with OFD and FZW (see Figures S5–S17). We suspect that the overarching correlation we observe
between OFD and the structural complexity of the faults likely obscures and complicates isolating the
effects of other parameters.

Furthermore, an added complication in our analysis is that a component of the variability in the OFD data is
likely statistical noise, derived from inaccuracies of the reported field displacement measurements. Such
inaccuracies can arise due to the subjective and difficult nature of measuring the true displacement from
geomorphic piercing points where the exact prerupture geometry is not known [McGill and Rubin, 1999;
Arrowsmith and Rockwell, 2012; Salisbury et al., 2012; Gold et al., 2013; Madden et al., 2013; Scharer et al.,
2014]. Over or underestimation of the true fault displacement by field surveys will cause under or overesti-
mation of OFD in our calculation [equation (4)], respectively. For this reason, in our analysis we group larger

Figure 9. (a, b, c) Histograms of OFD% subdivided into ‘‘sediment-sediment’’ (mean 48%), ‘‘sediment-basement interface’’ (mode of 19%,
which is the global maximum of the population), and ‘‘basement-basement’’ lithologies (mean 52%), respectively. Red lines show the best
fitting distributions which are normal, as confirmed by a Lilliefors test, except for Figure 9b which is a positively skewed distribution. (d, e, f)
FZWs plotted with same lithological classification, which are lognormal as confirmed by Lilliefors tests, except for Figure 9e which is only
slightly negatively skewed. ‘‘Sediment-basement interface’’ shows the narrowest FZW with mean of 55 m and median of 58 m, ‘‘sediment-
sediment’’ shows wide FZW with mean of 155 m and median of 84 m and ‘‘basement-basement’’ shows unusually wide FZWs with mean of
173 m and median of 129 m.
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subsets of OFD data (e.g., Figures 8 and 9) which allows suppression of this effect and to more reliably con-
strain possible correlations.

Our analysis of the Landers rupture reveals a mean value of 46 6 10% (1r) of the surface deformation was
accommodated off-the primary fault (although it should be noted OFD exhibits significant spatial variability
along the rupture from 0 to 90%). But is this large average value physically reasonable? Following the quasi
static model of fault evolution, faults that have experienced small cumulative displacements, such as those
involved in the Landers rupture (;3.5 km) [Jachens et al., 2002], have not accommodated sufficient strain to
localize into simple, organized, efficient systems [e.g., Wesnousky, 1988, 1990; Frost et al., 2009], and there-
fore we expect a relatively large value of OFD [Dolan and Haravitch, 2014]. Moreover, our value of OFD
agrees well with the results of Shelef and Oskin [2010], who found OFD of up to 46 6 6% along the compara-
bly structurally immature (3.5 km cumulative slip) [Bartley et al., 1992] Harper Lake fault.

Damage zones of reduced rigidity with a width of ;2 km have been observed surrounding the Landers sur-
face rupture using InSAR data [Fialko et al., 2002], and also for the San Andreas, Calico and San Jacinto faults
using geodetic and seismic data [Eberhardt-Phillips and Michael, 1993; Allam and Ben-Zion, 2012; Cochran
et al., 2009; Lindsey et al., 2013]. In contrast, the zone of inelastic deformation that we document from the
Landers earthquake is much narrower, with a mean FZW of 154 m. This is similar to the results of seismic
studies using fault zone trapped waves and waves of reduced velocity, which reveal a damage zone width
of ;100 m for the Landers fault system [Li et al., 1998; Peng et al., 2003]. This discrepancy between our
single-event data and observations of damage zones reflecting cumulative deformation may be a manifes-
tation of progressive localization of near-surface damage and structural simplification of the faults that rup-
tured in the Landers earthquake over geologic time. However, we reiterate that our analysis can only
observe surface deformation to a minimum threshold of ;10 cm using the COSI-Corr technique. Thus, it is
likely that minor amounts of distributed deformation could be accommodated in a deformation zone wider
than what is resolvable in our analysis. Nonetheless, our data demonstrate that inelastic deformation was
predominantly localized to within a <200 m wide zone along the faults, much narrower than the typical
;2 km wide deformation zones that likely reflect the entire, cumulative history of deformation.

There is likely a complex combination of multiple parameters that control strain localization, many of which
remain poorly constrained or are not accounted for at all in this analysis. For example, the local static and
dynamic stresses, the dynamic rupture velocity, and fracture energy are thought to strongly control the
deformation pattern around the propagating rupture tip [e.g., Ben-Zion and Andrews, 1998; Ben-Zion and
Shi, 2005; Sammis et al., 2009; Avouac et al., 2014]. Knowledge of the characteristics of the rupture processes
at the spatial scales (>100 m) used here and a more robust characterization of the measurement uncer-
tainty in field offset measurements, would serve to improve analyses of strain localization. Additional meas-
urements of surface deformation from other large-magnitude, structurally simpler ruptures will also help to
further clarify the characteristics of coseismic strain localization.

3.2. Coseismic Slip Variability
Understanding coseismic, surface slip behavior can provide useful information on fault zone mechanics, the
potential for faults to link together to generate large earthquakes, the dynamic rupture process, and the
likely endpoints of ruptures [e.g., Wesnousky, 2006, 2008; Elliott et al., 2009; Oskin et al., 2012; Rockwell and
Klinger, 2013]. Our spatially consistent data set documenting fault displacement as well as OFD allows for a
detailed discussion of the faulting kinematics, coseismic slip variability, and dynamic rupture behavior of
the Landers earthquake.

Theoretical, analog, and geologic studies all suggest that rupture fronts dissipate fracture energy, and decel-
erate as they encounter zones of complex, diffuse deformation which in some cases leads to rupture cessa-
tion [e.g., Segall and Pollard, 1980; Schwartz and Coppersmith, 1984; Barka and Kadinsky-Cade, 1988; Harris
et al., 1991; Harris and Day, 1993; Duan and Oglesby, 2005; Wesnousky, 2006; Oglesby, 2008; Biegel et al.,
2008; Elliott et al., 2009; Sammis et al., 2009]. The location of two areas of reduced slip (termed ‘‘slip gaps’’ by
Spotila and Sieh [1995]) along the surface rupture (labeled iii and iv in Figure 3), can be explained by their
spatial relation to the structurally complex Kickapoo and Homestead-Emerson stepovers that in both cases
lie directly to their south. At both structurally complex stepovers we found increased FZWs and OFD% (in
agreement with Michel and Avouac [2006]), where the rupture also significantly decelerated, as revealed by
seismic inversion studies [Wald and Heaton, 1994]. This relationship between abrupt changes in fault slip
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and the presence of structural barriers that affect the rupture process has also been well documented in
other earthquakes [e.g., Aki, 1979; Spotila and Sieh, 1995; Klinger et al., 2006; Elliott et al., 2009]. The OFD%
and FZW also increases markedly toward the southern termination of the Landers rupture, which suggests
that the more diffuse fault structure there likely acted as a barrier that arrested rupture propagation. In con-
trast, our measurements do not provide an explanation for the northern rupture termination where we
observe low OFD and narrow FZWs, where slip was concentrated only within the uppermost few km along
the Camp Rock [Wald and Heaton, 1994].

The coseismic slip profile for the Landers rupture exhibits strongly heterogeneous along-strike slip variability
(Figure 3). There is no consensus as to whether along-strike coseismic slip variability observed at short
spatial dimensions is a true reflection of the rupture process or is an artifact of inadequate characteriza-
tion of fault displacements and/or missing OFD. For example, measurements of the coseismic slip from
terrestrial lidar scanning along the Mw 7.2 El-Mayor earthquake suggest a smooth slip distribution at
along-strike wavelengths <100 m, and that the slip variability observed in geological field measurements
arise primarily from measurement noise [Gold et al., 2013]. In contrast, studies of coseismic slip distribu-
tions from the 1940 Mw 7.1 Imperial, 1999 Mw 7.5 Izmit, and 2001 Mw 7.9 Kokoxili earthquakes, using vari-
ous field and remote-sensing techniques that incorporate OFD, suggest that slip variability is a real
reflection of the rupture process [Rockwell et al., 2002; Klinger et al., 2006; Rockwell and Klinger, 2013].
Resolving whether coseismic slip is smooth or truly irregular at short length scales has important implica-
tions for understanding the physics governing the rupture process, and the estimation of paleoearth-
quake magnitudes from fault offsets.

As the along-strike slip variability exceeds that of the measurement error, this suggests the variability is a
real signal, reflecting aleatory variability of the rupture process and is not derived from epistemic uncer-
tainty (i.e., measurement noise). Our synthetic tests, which form an extensive error analysis of the measure-
ment precision (see Figures S1–S4), have allowed us to quantify and incorporate the various sources of
error that were previously thought to be the major source of the observed slip variability. Furthermore, the
slip variability we observe includes OFD measured on average up to 154 m from the surface rupture (Figure
7), therefore indicating the variability we measure does not simply arise from missing distributed strain
along-strike, as has been commonly assumed.

These observations raise an obvious question: Are there other potential explanations for the slip variability
we observe? For example, highly diffuse, distal OFD that exists below our threshold of detection, if
accounted for, could smooth the overall along-strike deformation profile. However, for this effect to dis-
count the near-field variable slip would require low-amplitude deformation that occurs over wide fault-
perpendicular regions (in order to be undetectable) that would also have to anti-correlate over the same
short along-strike distances as the coseismic slip distribution, which seems physically unlikely. Nevertheless,
the possible presence (or absence) of distal, diffuse OFD (>200 m from rupture) does not negate our obser-
vation that the deformation in the near-field (0–100’s m from surface rupture) is variable. A second possible
mechanism is that displacement variability could be explained by accommodation of slip in the fault-
perpendicular direction. However, our measurements of fault-perpendicular displacement from the correla-
tion results (Figure 1), indicate that such a mechanism cannot explain the lateral, along-strike slip heteroge-
neity because these displacements exist below the noise level (i.e., have an amplitude less than 10 cm).

Fractals are observed widely in many facets of earthquake behavior, such as the Guttenburg-Richter fre-
quency-magnitude scale [Gutenberg and Richter, 1956; Kanamori and Anderson, 1975], seismicity distribution
across faults [Powers and Jordan, 2010], fault surface roughness [Brown and Scholz, 1985; Power et al., 1988;
Biegel and Sammis, 1989; Power and Tullis 1995; Power et al., 1988; Lee and Bruhn, 1996; Renard et al., 2006;
Candela et al., 2009], spatial structure of faults [Aviles et al., 1987; Okubo and Aki, 1987], and spatial distributions
of earthquake hypocenters [Robertson et al., 1995]. Noting that the slip distribution is highly heterogeneous,
we used a spectral analysis to show that the slip distribution is self-affine fractal (Figure 4), with a dimension
(D) of 1.56 6 0.04. We believe this is the first study to conclusively find, with direct observations, that coseismic
slip is scale-invariant (within the observed wavelengths) and self-affine fractal. Essentially fractal slip means a
power law describes the relation between the slip amplitude and wavelength over a broad spectrum, indicat-
ing that the seemingly complex ‘‘variability’’ actually has a simple and predictable underlying structure. This is
in agreement with modeled fault slip distributions determined from inversion of seismic and geodetic data,
which also exhibit a fractal structure [Mai and Beroza, 2002]. Dunham et al. [2011] generated 2-D numerical
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simulations of dynamic rupture propagation along a non-planar fault of fractal roughness surrounded by a
damage zone, and found that geometrically rough faults produce significant along-strike slip variability. They
suggested that stress variations along the fault result from surface roughness, which in turn accelerates and
decelerates the rupture front, causing slip heterogeneity Similarly, Dieterich and Smith [2009], using a quasi-
static, numerical model, also found a nonplanar, fractal fault surface produces variable along-strike slip. They
attributed highly variable slip to the generation of backstresses from the geometric irregularities of the fault
surface that acted to resist the applied Coulomb stress driving slip. Thus, if the slip variability observed here is
a manifestation of fault roughness, it is not surprising to find that slip is fractal, given that many natural fault
surfaces also display self-affine fractal roughness [e.g., Power and Tullis, 1995; Lee and Bruhn, 1996; Renard
et al., 2006; Candela et al., 2009]. The Hurst exponent of 0.44 6 0.04 we derived from our analysis of the Land-
ers slip distribution and equation (3) indicates that coseismic slip was nonpersistent. This value is similar to
that found by Powers and Jordan [2010] from seismicity distributions across aftershock-dominated, small faults
in southern California (such as the Landers-type faults), where the authors also attributed the observed
power-law decay of seismicity distributions to fault surfaces of fractal roughness. The observed antipersistence
of the slip distribution is the expected result if slip is controlled by roughness of the fault plane. Each asperity
on a fault plane can be viewed as a restraining bend followed by a releasing bend (or vice versa). Fault rough-
ness can be viewed as a fractal distribution of such asperities. In this view, low slip at a restraining bend is nec-
essarily followed by high slip in the associated releasing bend, resulting in an antipersistent slip distribution—
as observed.

Our measured slip profile exhibits an apparent roll-off of the spectra at ;70 km (kc in Figure 4), which is
arbitrarly related to the length of the Landers rupture. This indicates fractal slip has an upper physical limit
and suggests fractal behavior is limited to a certain range of spatial frequency bands. We hypothesize that if
slip variability is primarily a result of the fault geometrical roughness, then the lower physical limit could be
set by smoothing of the fault surfaces due to abrasional wear and fracturing, which would alter the fractal
properties of the fault surface (initially) at smaller wavelengths. Specifically, this simple mechanism would
cause prefential destruction of smaller, more fragile asperities, while larger-wavelength asperities, which are
physically more robust, will survive, as documented by Sagy et al. [2007], and in the slip spectra (Figure 4)
would produce a second roll-off or ‘‘whitening’’ at higher wave numbers. However, as our Nyquist frequency
is 69 m (smallest reliably resolvable length scale, defined as half the sampling frequency of 138 m), our data
cannot directly resolve the expected lower limit to ‘‘band-limited’’ fractal slip. Our results, however, are not
necessarily incompatible with those of Gold et al. [2013], who found using T-lidar data that slip over
<100 m along-strike length scales along the El-Mayor 2010 earthquake, is smooth. Fractals imply scale-
invariant behavior, and we postulate that smaller-amplitude slip variability could be further embedded
within an apparently smooth slip profile that would be too subtle to detect given the precision of restoring
geomorphic features using the T-lidar data (2r 6 0.12 m). This would suggest that the smooth profile is a
good approximation of the first-order slip variability occurring over the ;100 m length scale, but that
smooth slip is not a true reflection of the underlying rupture process. In order to resolve this issue, would
require ultra-high detailed measurements of fault slip that can detect centimeter-scale slip variability over
<100 m along-strike length scales.

3.3. Implications for Slip Rates and Seismic Hazard
The presence of significant inelastic strain accommodated over a finite fault width along the Landers rup-
ture has important implications for the use of any surface fault offset measurements, especially for esti-
mates and interpretation of geologic fault slip rates and paleo-earthquake magnitudes. For example, if slip
rate studies are conducted within a narrow aperture (i.e., over a few meters to tens of meters), restoration
of geologic piercing points will likely miss a component of off-fault deformation, thus causing an underesti-
mation of the fault slip rate. Such possible underestimation of fault slip rates, which are used as basic input
for probabilistic seismic hazard assessment (PSHA) models, would lead to an underestimation of the poten-
tial seismic hazard of a region.

Variation of slip over short along-strike distances observed from the Landers data has direct implications for
estimating the magnitude of paleo-earthquakes using geologic fault offsets. Specifically, the occurrence of
along-strike coseismic slip variability introduces large ambiguity and error into what possible earthquake
magnitude could have produced the observed geologic fault offset [Rockwell et al., 2002; Biasi and Weldon,
2006]. Furthermore, variable slip also implies that studies attempting to reconstruct slip profiles of historic
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earthquakes from a stretch of fault, must be careful when trying to correlate offsets along-strike [e.g., Zielke
et al., 2012].

A simple strategy to avoid underestimating slip rates due to the presence of sometimes unobservable
inelastic, off-fault deformation is to project piercing points over a distance that traverses the entire fault
zone. But this begs the question, what is the necessary length scale to capture all the deformation accom-
modated by an immature fault? The mean width of deformation of the Landers rupture derived from 1060
FZW measurements is ;150 m (or ;75 m from either side of the fault trace). We suggest that this is a con-
servative distance to adequately capture the majority of deformation across a fault zone with similar struc-
tural maturity to the faults involved in the Landers event. These FZW measurements thus provide useful
information for future geotechnical zoning studies, as it will provide constraints on the width of the fault-
surface-rupture hazard zone, where we would expect permanent ground deformation and direct destruc-
tion to engineered structures [Chen and Petersen, 2011; Petersen et al., 2011] These results which show sig-
nificant off-fault surface deformation accommodated within these fault zones, reinforce the wisdom of fault
‘‘set-backs’’ such as those mandated by California Alquist-Priolo zones.

4. Conclusions

We developed a methodology to constrain the near-field, surface deformation pattern, that facilitates mea-
surement of the coseismic slip distribution, off-fault deformation, and fault zone width using cross correla-
tion of pre and postevent aerial photographs. This methodology is highly versatile and can be applied to
historic and recent earthquakes in a cost-effective manner. This approach is also a useful complement to
field investigations, as well as other remote sensing techniques, such as SAR interferometry, where there is
typically a lack of data within 1–2 km of the rupture.

We applied our methodology to successfully constrain the near-field surface deformation pattern of the
1992 Mw 7.3 Landers earthquake and the full coseismic slip distribution down to 10 cm precision. Analysis
of this data set shows that the Landers earthquake accommodated 46% of total surface strain as off-fault
deformation over a mean deformation-zone width of 154 m. We also find that the Landers coseismic slip
distribution exhibits a consistent degree of variability at all observable length scales, and that the variation
is neither an artifact, nor random, but rather is fractal. We attribute the fractal behavior of coseismic slip to a
fault surface of fractal roughness that likely alters the local stress.

Our analysis indicates that the structural complexity of the fault zone is the dominant control on the magni-
tude and width of surface deformation. Off-fault deformation and fault zone widths are largest in stepovers,
kinks, and bends in the faults, as well at the southern termination of the Landers rupture. We also observe a
correlation with the type of near-surface material through which the rupture propagated, with surface rup-
ture along bedrock-sediment interfaces generating less off-fault deformation with relatively narrower fault
zones, in contrast to wider, more distributed deformation where the rupture extended through sediments.
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