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Key Points 

• We estimate inherent and introduced surface slip variability with image correlation and manual 

measurements from numerical models and 63 earthquakes 

• Interpretation error and inherent heterogeneity both contribute substantially to variability in 

surface slip distributions measured by hand for strike-slip faults 

• Interpreted slip distributions for older surface ruptures underestimate maximum slip 

 

Abstract  

Slip in strike-slip earthquakes is spatially variable along a fault, but the degree to which variability over 

short length scales is inherent to the rupture process or introduced by interpretation and measurement has 

not been quantified. In this study, we examine the effects of interpretation error on apparent short-

wavelength variability in surface slip distributions by comparing numerical landscape evolution models 

and recent ruptures on strike-slip faults measured by hand and with image correlation. Surface slip 

distributions measured by hand from 63 strike-slip earthquakes have average spatial variability (CVslip-

spatial = standard deviation/mean) of 0.43-0.52, and a total range of 0.14-1.14. Displacement measurements 

of offset geomorphic markers from numerical models that simulate constant slip along a fault have 

average spatial variability of ~0.25-0.40 when measured by hand and no spatial variability when 

measured by image correlation. Slip distributions from seven recent ruptures measured by image 

correlation have short-wavelength variability of 0.09-0.29, which is considered inherent to how rupture 

propagates to the surface. Our results demonstrate that variability innate to the rupture process and 

introduced by interpretation both contribute substantially to the observed variability in slip distributions 

measured by hand. Resolving the extent to which short-wavelength variability is inherent to rupture 

propagation through near-surface material versus an artifact of interpretation furthers understanding of the 

relationship between surface rupture and fault mechanics and informs interpretation of slip distribution 

and slip-per-event in past earthquakes. 
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1. Introduction 

As a first approximation, coseismic slip along a fault follows an elliptical distribution (e.g., Okada, 1985), 

but in reality, surface slip in strike-slip earthquakes is spatially variable on both short and long 

wavelengths (Figure 1) (Clark, 1972; Berberian et al., 1984; Sieh et al., 1993; Barka, 1996; McGill and 

Rubin, 1999; Rockwell et al., 2002; Treiman et al., 2002; Haeussler et al., 2004a; Quigley et al., 2012; 

Gold et al., 2013; Rockwell and Klinger, 2013; Fletcher et al., 2014; Gold et al., 2015; Shirahama et al., 

2016; Choi et al., 2018; DuRoss et al., 2020). The cause of long-wavelength (>1 km) variability is often 

related to fault structure and geometry, such as multiple fault strands or fault step-overs (e.g., Wesnousky, 

2008; Manighetti et al., 2015b), but there are several potential causes of short-wavelength (<1 km) 

variability, and it is not yet clear which are the main contributors. Short-wavelength spatial variability in 

surface slip may be due to natural variation inherent to the rupture process (inherent variability), 

introduced by incomplete or inaccurate measurement of tectonic slip (introduced variability), or a 

combination of both (e.g., Gold et al., 2013; McGill and Rubin 1999; Rockwell et al., 2002). Quantifying 

the amount and relative contributions of inherent and introduced variability will inform fault displacement 

hazard analysis (e.g., Petersen et al., 2011) and interpretation of past earthquake ruptures.  

Inherent spatial variability over short wavelengths may be caused by multiple characteristics of 

the fault zone and rupture process. Rock mechanics experiments give a theoretical upper limit of the 

elastic strain limit in rocks of 0.5%, above which permanent deformation (i.e., inelastic strain) occurs. 

This limit implies that slip variability greater than 0.5 m over a lateral span of 100 m should be due to 

introduced sources; however, exceedance of the elastic strain limit has been observed in many recent 

surface ruptures (Brooks et al., 2017; Scott et al., 2019; Barnhart et al., 2020b; Cheng and Barnhart, 

2021). Permanent deformation is therefore common and may be a large source of short-wavelength 

variability. Other potential sources of inherent short-wavelength variability include fault roughness (e.g., 

Bruhat et al., 2019; Milliner et al., 2015), rupture velocity (e.g., Robinson et al., 2006), variable slip in 

past earthquakes (e.g., McGill and Rubin, 1999; Emre et al., 2020), fault geometry (e.g., Milliner et al., 

2016b; Bruhat et al., 2019), and the strength of near-surface material (e.g., Zinke et al., 2014; Ma and 

Andrews, 2010). Distributed deformation, which may be caused by a combination of these factors, occurs 

to varying degrees in most surface ruptures and may also contribute to measured slip variability.  

Introduced spatial variability from interpretation and measurement of geomorphic markers may 

contribute additional apparent slip variability. Interpretation and measurement are distinct processes with 

This article is protected by copyright. All rights reserved.



 4 

separate errors. Interpretation is the process of choosing an offset feature or region and reconstructing its 

pre-earthquake geometry, which involves identifying an offset, identifying the local fault strike, and 

interpreting the surrounding geomorphology. Measurement is quantifying the offset amount after the 

preferred and permissible reconstructions have been identified. For modern and paleoseismic earthquakes, 

offset geomorphic and anthropogenic markers are commonly identified and measured by geologists in the 

field, on high-resolution optical imagery, and/or on high-resolution digital topography. For modern 

earthquakes, surface slip is also measured from subpixel correlation of optical images or digital 

topography acquired before and after an earthquake. Image correlation enables characterizing surface 

deformation that may be difficult or impossible to measure in the field, such as distributed deformation. 

For historical earthquakes, however, measuring by hand is the only way to determine the surface slip 

distribution because there is no record of the landscape prior to the earthquake. Observations of surface 

slip variability from modern earthquakes thus inform interpretation of surface slip in older earthquakes.  

Inherent and introduced variability both likely contribute to the observed spatial variability in 

surface slip distributions, but their relative contributions remain unknown. The aims of this study are 

twofold. First, we explore the relationship between spatial variability in slip and earthquake 

characteristics by compiling surface slip distributions measured by hand from 63 recent, historical, and 

prehistoric strike-slip earthquakes and analyzing the relationship between slip variability and tectonic 

characteristics. Second, we constrain the relative contributions of inherent and introduced sources of 

variability by comparing slip distributions measured by hand and with image correlation from recent 

ruptures and landscape evolution models. Together, these datasets suggest that variability introduced by 

interpretation and inherent to the rupture process may contribute equally to the observed variability in 

surface slip distributions measured by hand, and slip distributions of prior ruptures interpreted from 

geomorphology underestimate total surface slip.  

 

2. Data & Methods  

2.1 Slip Distribution Data Compilation  

We compiled and analyzed surface slip distributions from 63 continental strike-slip earthquakes 

with offsets  measured by hand (Figure 1c, Table 1) and seven earthquakes with surface slip measured by 

image correlation (Table 2; Gold et al., 2015, 2021; Milliner et al., 2016a; Scott et al., 2019; Zinke et al., 

2019). This dataset updates published compilations (Wesnousky, 2008, Baize et al., 2019; Lin et al., 
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2020). We compiled offset measurements from the original sources except for six earthquakes for which 

we could not access the original data. For these earthquakes, we used data from two of the three prior 

compilations.   
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Table 2: Surface slip distribution data measured with image correlation. 

 
 

We compare spatial variability of surface slip distributions by calculating a CVslip-spatial value from 

the coefficient of variation of all offset measurements along a fault or fault section: 

𝐶𝐶𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠−𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 =  𝜎𝜎
𝜇𝜇
     Equation 1 

where σ is the standard deviation and µ is the mean of the offset measurements. We calculate CVslip-spatial 

in three ways. For the first method, we use the mean of all measurements greater than zero (“simple 

mean”). For the second method, we use the mean offset value reported by the authors of the study 

(“reported mean”). For the fault sections where the authors do not report an average slip value (~15% of 

datapoints; Table 1), we use the simple mean. For the third method, we use the mean from an interpolated 

slip distribution based on the observed offset measurements and sampled at regular intervals to avoid 

spatial bias in locations of offset measurements (“interpolated mean”) (e.g., Wells and Coppersmith, 

1994). This method could not be applied to all datasets due to a lack of location data. Standard deviation 

for the first two methods is the standard deviation of all measurements, and for the third method it is the 

standard deviation of the interpolated slip distribution. None of these methods for calculating mean slip 

filter out long-wavelength variability. 

We use the CVslip-spatial values calculated from the reported-mean method for the remainder of the 

analysis. We chose the reported-mean method for three reasons, based on comparing fault sections where 

we were able to calculate spatial variability with all three methods (Figure 2). First, the reported mean 

offset may have less spatial bias and be less impacted by long-wavelength variability than the simple 

mean because most authors account for the distribution of offset measurements in calculating mean slip 

(e.g., DuRoss et al., 2020). Second, although mean slip is slightly higher for the reported-mean method 

than for the simple and interpolated methods, and spatial variability is slightly lower, none of these 

datasets are significantly different at the 95% confidence level (Figure 2a; t-test, p = 0.73 simple-
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interpolated; 0.24 simple-reported; 0.10 interpolated-reported). The slight differences in mean values 

from the three methods cause slight differences in spatial variability, with the reported-mean method 

having the lowest spatial variability because it has the largest mean (Figure 2b). Third, the interpolated-

mean method was not possible for all datasets. In summary, since the mean values calculated from the 

different methods are not significantly different at the 95% confidence level and the reported mean should 

have less spatial bias than the simple mean, we use the reported-mean method in reporting CVslip-spatial 

values. 

We use lateral offset data mapped in the field or on lidar or imagery for the most recent 

earthquake on each fault. For each fault system, we calculate spatial variability based on all offset 

measurements along the fault and for each fault section, as defined by the authors of the study. We also 

note which slip distributions are subset from a dataset that includes larger offset measurements that 

represent multiple earthquakes. We report statistics for the following groups of slip distributions from 

single earthquakes (Figure 3): (a) all slip distributions from one earthquake (“all data”), (b) single fault 

sections (“single section”), (c) multiple fault sections (“multiple sections”), (d) slip distributions 

interpreted from of a dataset that includes larger offsets formed in multiple surface ruptures (“subset”), 

and (e) slip distributions known to be from a recent surface rupture (“not subset”). In total, 63 earthquake 

surface ruptures are included (Table 1), with data counted in either single or multiple sections and either 

subset or not subset. For example, a slip distribution from a recent rupture with two fault sections 

generates three datapoints: one for the entire fault, one for section 1, and one for section 2. Spatial 

variability for the entire fault is included in three groups: “all data”, “multiple sections”, and “not subset”; 

spatial variability for section 1 is included in “all data”, “single section”, and “not subset”.  

 

2.2. Numerical Landscape Evolution Model 

To constrain the amount of spatial variability introduced by interpretation (introduced variability), 

we measure offset distances recorded in geomorphic markers in numerical landscape evolution models 

that simulate a strike-slip fault with constant slip along strike (Figure 4), and calculate spatial variability 

(eq. 1) using the coefficient of variation of all offset measurements in each simulation (Figure 5). We use 

the landscape evolution models published in Reitman et al. (2019b) that simulate geomorphic evolution of 

a strike-slip fault zone with discrete earthquakes on a single, linear strike-slip fault (Figure 4a), and build 

on the results with further processing, analysis, and interpretation. Change in landscape elevation with 
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time was modeled using a Python program (Reitman et al., 2019a) written using Landlab (Hobley et al., 

2017; Barnhart et al., 2020a). The models were designed as a simplified representation of a hypothetical 

strike-slip landscape with a climate similar to that of southern California. Channels are approximately 

linear with flow direction normal to fault strike. Parameters values of D = 0.01 m2/yr and K = 0.003 yr-1 

were used for the hillslope mass transport (“diffusion”) coefficient and the water erodibility coefficient, 

respectively. The parameters controlling incision and diffusion are steady and uniform in each model run, 

and the fault is simulated as one section of a longer fault to avoid the effects of fault tips. Each model ran 

for 10 kyrs and simulated 2-15 characteristic-slip earthquakes with uniform slip along the fault. A 

background uplift rate relative to baselevel of 0.001 m/yr was used to maintain a gradient across the 

model domain. See Duvall & Tucker (2015) and Reitman et al. (2019b) for governing equations and 

complete model description. 

Here, we test how apparent spatial variability in offset geomorphic markers is affected by fault 

zone width, length of the earthquake recurrence interval, temporal variability of the recurrence interval, 

and cumulative slip relative to channel spacing by calculating the CVslip-spatial (eq. 1) of all offset 

measurements from each model run. We also explore how landscape evolution after an earthquake alters 

geomorphology of the fault zone. We use the offset distances reported in Reitman et al. (2019b) that were 

measured at the end of each model run with an automated method that simulates manual interpretation 

and measurement. We also measure offset markers by hand immediately after each earthquake from an 

example simulation with five earthquakes of six meters of slip, no distributed deformation, and a 2000-

year recurrence interval (Figure 4b).  

To compare the accuracy of manual feature interpretation versus automated image correlation, we 

measure offset distances and track geomorphic change with image correlation. We show an example 

simulation with five earthquakes of six meters of slip and measure change in modeled topography from 

before and after the first earthquake and in the 1000 years following that earthquake (Figures 6-7). 

Horizontal change is computed with MicMac (Rosu et al., 2015) applied to the post-earthquake 

topography compared to the pre-earthquake topography and a 9x9 pixel correlation window size. Vertical 

change is calculated by backslipping the post-earthquake topography by the imposed slip amount (6 m) 

and subtracting the pre-earthquake topography from the backslipped post-earthquake topography. Lateral 

displacement across the fault is then calculated in 10-m-wide swaths centered every meter along the fault 

to get a slip distribution along the length of the fault. Linear regressions fit to the data on either side of the 
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fault and projected into the fault zone constrain the magnitude of displacement (e.g., Gold et al., 2015; 

Milliner et al., 2016). The regressions are projected from 10 m away from the fault to avoid the noise 

around the fault zone, which is due to the window size of the correlation algorithm and geomorphic 

change in the fault zone.  

 
3. Results 

Here, we present the observed variability from the compilation of slip distributions from recent and 

historical strike-slip earthquakes (Section 3.1), and then we divide the types of contributing variability 

into introduced (Section 3.2) and inherent (Section 3.3) to quantify their relative contributions to total 

surface-slip variability. 

 
3.1 Variability of Recent Surface Ruptures 

Surface slip distributions from recent and historical earthquakes have a wide range of spatial 

variabilities. Average spatial variability of 137 slip distributions from 63 earthquakes is 0.47, with a total 

range from 0.14-1.14 and an interquartile range of 0.31-0.58 (Figure 3a). The large range of CVslip-spatial 

values demonstrates that there is not a typical value of spatial variability for strike-slip faults. The mean 

spatial variability for single fault section datapoints is 0.43 (Figure 3b) and for multiple fault section 

datapoints it is 0.50 (Figure 3c). These datasets are statistically indistinguishable at the 95% confidence 

level (t-test, p = 0.45), suggesting that author-defined fault sections may not provide meaningful 

subdivisions. The mean spatial variability for subset datapoints is 0.29 (Figure 3d) and for non-subset 

datapoints it is 0.52 (Figure 3e). These two datasets are significantly different at the 95% confidence level 

(t-test, p ≈ 0.00). The significantly lower variability of subset datasets suggests that interpreting a slip 

distribution for the most recent earthquake from a dataset that includes larger offsets formed in multiple 

earthquakes does not accurately represent slip in the last earthquake. These interpreted slip distributions 

underestimate maximum slip because the largest offsets are interpreted to be formed in multiple prior 

earthquakes. 

The values of spatial variability for non-subset slip distributions reported here are slightly lower 

than those reported by Lin et al. (2020) because we compute spatial variability using the mean offset 

value reported by the authors of the study. The mean offset values are not significantly different when 
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calculated from the simple and reported methods, but the reported mean is slightly higher, causing spatial 

variability to be slightly reduced (Figure 2).  

To investigate if spatial variability correlates with rupture characteristics, we compare spatial 

variability to earthquake magnitude, mean offset, rupture length, and maximum offset for each 

earthquake, as well as the number of measurements and measurement density for each slip distribution 

(Figure 8). For spatial variability calculated from the reported mean, there is no apparent correlation with 

the number of measurements (Figure 8a) or measurement density (Figure 8d). The lack of a trend between 

the number and variability of measurements suggests that measurement density does not affect the 

variability calculation.  

There is a weak negative correlation between spatial variability and earthquake magnitude (r2 = 

0.31; Figure 8). This trend should be considered in context. Mean offset is in the denominator of the 

CVslip-spatial equation (eq. 1). Earthquakes with larger average slip may seem less variable because there is a 

minimum threshold on geologists’ ability to precisely measure offset in the field and on digital gridded 

data that depends on the expression of offset in the landscape and pixel size of the dataset (often 0.5-1.0 

m). Smaller earthquakes are more likely to have larger uncertainty relative to mean offset value, which 

may cause larger spatial variability. The mean offset value usually correlates to rupture length, maximum 

offset, and earthquake magnitude (e.g., Wells & Coppersmith, 1994), which may explain the slight trend 

between these characteristics and lower spatial variability. 

In summary, we find no typical variability exists for slip distributions from a single earthquake, 

and slip distributions derived from larger datasets are less variable than those of recent ruptures. Though 

larger earthquakes tend to be less variable, this may be a result of a minimum threshold for accurate 

measurement. In the following two sections, we interrogate the causes and relative contributions of the 

introduced and inherent variability that comprise the total variability in measured slip distributions. 

 

3.2 Sources of Introduced Variability 

Introduced surface slip variability is caused by uncertainty in interpretation and measurement. We 

estimate it in two ways: from modeled offsets and from slip in recent earthquakes measured both by 

geologists and with image correlation. Apparent spatial variability of offsets from all landscape evolution 

simulations averages 0.37, with an interquartile range of 0.26-0.45 (Figures 3f, 5). Increased spatial 

variability correlates with wider fault zones (more distributed deformation, Figure 5a-b), more elapsed 
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time between the earthquake and measuring offset markers (Figure 5c-d), and total slip larger than the 

distance between channels (Figure 5e-f). The variability of the five populations of offsets measured after 

each earthquake in the example simulation ranges from 0.24-0.34, with a mean value of 0.29 (Figure 4b). 

Since all modeled earthquakes have constant slip along the fault, these variability values provide an 

estimate of variability introduced by interpretation and measurement of ~25-40%. 

Image correlation analysis of model output accurately records the imposed lateral slip and 

supports the estimate of introduced variability. Within one year after the earthquake, horizontal image 

correlation records the imposed six meters of slip with no spatial variability (Figure 6a-b), whereas the 

same offset population measured by hand has a CVslip-spatial of 0.24 (Figure 4b). The high spatial variability 

of modelled slip when measured by hand compared to the lack of spatial variability when measured with 

image correlation indicates that interpretation of the fault zone landscape is a large contributor to short-

wavelength variability in slip distributions measured by hand.  

We obtain a second estimate of introduced variability by comparing surface slip measured both 

by hand and with image correlation in recent ruptures (Figures 9, 10a). These earthquakes demonstrate a 

range of short-wavelength variabilities from 0.28-0.62 (average 0.42) when measured by hand and 0.09-

0.29 (average 0.22) when measured with image correlation. In all cases, slip distributions derived from 

manual measurements are more variable than slip distributions from image correlation. After filtering out 

long-wavelength variability (gray boxes in Figure 9), slip distributions measured by hand are more 

variable by 0.10-0.40 (average 0.20) than when measured with image correlation (Figure 9). Although 

this dataset is small, the range in spatial variability is consistent with estimates of interpretation error from 

the landscape evolution models.  

In summary, we find that slip distributions measured by hand are two times more variable, on 

average, than slip distributions measured with image correlation and that interpretation and measurement 

introduce variability of ~25-40%, on average, though variability may be higher or lower in each 

earthquake.  

 

3.3 Sources of Inherent Variability 

We estimate spatial variability inherent to the rupture process from the seven slip distributions 

measured with image correlation. Inherent surface slip variability may be caused by multiple fault zone 

and rupture processes, and we consider the different sources together as an integrated inherent variability. 
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Image correlation analysis integrates the total on-fault and distributed (or “off-fault”) deformation signal, 

so we consider variability captured by image correlation slip distributions as inherent to surface slip. We 

assume that additional variability from noise in image correlation is small compared to the magnitude of 

inherent slip variability, as suggested by the results of applying image correlation to landscape evolution 

models (Figure 6). Using image correlation on landscape evolution model topography with a known 

amount of slip, we show that image correlation produces zero variability immediately following an 

earthquake if linear regressions of profiles are projected across the fault to account for the noise around 

the fault due to the window size of the correlation algorithm (Figure 6a). This approach is standard 

practice in real earthquakes (Zinke et al., 2014; Gold et al., 2015; Milliner et al., 2015), suggesting that 

noise from image correlation is tiny compared to the magnitude of inherent slip variability.  In real 

datasets, the magnitude of noise also depends on the pixel size of the input images, the correlation 

window size, and processing decisions made by each author. For the studies used in this analysis, image 

correlation can resolve displacements of 10% or less of the image pixel size (i.e., 10 cm for 1-m-

resolution images) and profile stacking is used to further smooth out noise and increase signal-to-noise 

ratio (Zinke et al., 2014; Gold et al., 2015, 2021; Milliner et al., 2015, 2016b). Synthetic tests also 

demonstrate that three different correlation algorithms can resolve displacement between 1/10th to 1/100th 

of the image pixel size with little noise, especially when pixels with low signal-to-noise ratio are masked 

out (Leprince et al., 2007; Rosu et al., 2015). Therefore, noise in the image correlation datasets is a small 

fraction of each offset measurement and variability recorded with image correlation on real faults mostly 

captures variability inherent to the rupture process.  

Spatial variability for the slip distributions measured with image correlation ranges from 0.24 to 

0.78, with a mean of 0.53 (Table 2). When long-wavelength variability (gray boxes in Figure 9) is filtered 

out of the slip distributions to isolate short-wavelength variability, CVslip-spatial drops to 0.09-0.29, with a 

mean of 0.22 (Figure 9). The strong positive correlation between spatial variability of slip distributions 

measured by hand and with image correlation (Figure 10a) also demonstrates that some earthquakes 

naturally have more variable surface ruptures than others.  

 

4. Discussion 
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4.1 Variability from Interpretation and Measurement 

Interpretation error is the variability introduced by the process of identifying offset features, 

correlating them across the fault, and reconstructing the offset amount. Measurement error is the random 

error introduced by measuring an offset marker. Gold et al. (2013) found measurement error of ± 11% 

from single-user repeat measurements of offset features from the 2010 El Mayor Cucapah earthquake. In 

this study we estimate interpretation and measurement error at ~25-40% based on the numerical models 

and recent ruptures, though the exact amount of variability may depend on the scientist doing the analysis 

and their experience level (Scharer et al., 2014; Salisbury et al., 2015). Other studies have also quantified 

interpretation error. McGill & Rubin (1999) found that offset markers from the 1992 Landers earthquake 

measured by different groups of researchers range in difference from 0.01 to 1.6 m, with an average 

difference of 0.5 m. Scharer et al., (2014) report an offset measurement range of 2.6 m for one offset 

channel measured by nine different field parties. These prior studies support our finding, derived from 

assessment of landscape evolution models, that interpretation error can be very large and greatly exceeds 

measurement error.  

Interpretation error is larger than measurement error because it relies on correctly identifying 

characteristics of both the fault and offset marker at each measurement location. The scientist must 

identify the fault location, fault strike, and fault zone width in the local region of the offset feature, as well 

as infer the pre-earthquake morphology of the offset marker, the angle of intersection with the fault, and 

any post-earthquake geomorphic modification. High obliquity, sinuosity, and width of the offset marker 

make it difficult to interpret pre-earthquake morphology (Scharer et al., 2014; Salisbury et al., 2015; 

Zielke et al., 2015). The complexity and width of the fault zone also affects accuracy of the projection of 

the offset marker into the fault zone (e.g., Zielke et al., 2015). Since measurement error can be an order of 

magnitude lower than interpretation uncertainty (Gold et al., 2013), and sizable differences in offset 

estimates are more likely to result from improper interpretation than measurement, we suggest that 

measurement error is accounted for within the reported uncertainty bounds, rather than in addition to, the 

interpretation error. Interpretation error is thus the major source of introduced variability, provoking the 

question: what causes large interpretation errors?  
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4.2 Variability from Geomorphic Change in the Fault Zone 

Perhaps the largest source of interpretation error is the geomorphic expression of lateral slip in 

the fault zone. In the landscape evolution model, apparent variability from interpretation error is high 

after a single earthquake (24%, Figure 4b), and increases with more earthquakes and increased time since 

an earthquake. Interpretation may become more difficult as slip accumulates on a fault because of 

geomorphic evolution due to erosion and deposition in the interseismic period and the expression of 

cumulative slip in fault zone geomorphology.  

Progressive landscape evolution in the interseismic period may increase interpretation error for 

historical earthquakes. For example, reconstructing the original offset geometry for historical earthquakes 

becomes more difficult as the preservation of the fault and offset markers degrades due to erosion, 

deposition, and widening of the geomorphic fault zone (Lienkaemper and Strum, 1989; Noriega et al., 

2006; Reitman et al., 2019b). Image correlation of numerical models illustrates landscape change after 

one earthquake (Figures 6-7). Horizontal difference results show increasing noise in the fault zone 1, 100, 

and 1000 years after the earthquake (Figure 6a) and the corresponding increase in variability of the slip 

distribution (Figure 6b) and noise in across-fault profiles (Figure 6c). Vertical difference results also 

illustrate topographic change initiating in the fault zone and channels within 100 years and permeating the 

model landscape by 1000 years after the earthquake (Figures 6d and 7). In this model setup, the fault zone 

landscape has changed so much by 1000 years after the earthquake that backslipping the model 

topography results in a discrete break along the fault (Figure 7b-c), an indication that the original lateral 

displacement has been smoothed. At this time, the mean offset value slightly underestimates imposed slip, 

but individual offset measurements both over- and underestimate modeled slip (Figure 6b). The exact 

timescales of these processes depend on the local climate and the near-surface material in the fault zone, 

but the models demonstrate how reconstructing offset features provides a less accurate slip distribution 

for a historical earthquake than for a modern one. The image correlation results highlight landscape 

change after a single earthquake; interpretation error likely increases when the next earthquake occurs, 

imprinting fresh surface rupture on the degraded expression of the prior earthquake. 

As slip accumulates in multiple earthquakes, new offset channels are created, some offset 

channels grow longer, and some are erased. These processes also make interpretation more difficult and 

can increase spatial variability in offset measurements. Two processes can erase or reset an offset 

channel: channel aliasing and channel avulsion. Channel aliasing occurs when fault slip exceeds the 
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distance between channels and channel heads disconnect from their original tails and capture the tails of 

neighboring channels. This process creates an aliasing effect between the upstream and downstream 

portions of channels that cross a strike-slip fault and has been observed in numerical models (Duvall and 

Tucker, 2015; Reitman et al., 2019b) and in the Carrizo Plain section of the San Andreas Fault (Noriega 

et al., 2006; Salisbury et al., 2018). In the numerical models, spatial variability increased as cumulative 

slip exceeded channel spacing (Figure 5e) because channel aliasing may cause apparent left-lateral offsets 

in a right-lateral system and offsets appearing smaller or larger than imposed slip.  

Another process that erases the initial offset occurs when a strike-slip earthquake changes the 

gradient in the long profile of an offset channel. Lateral slip can flatten the gradient of long profile of an 

offset channel along the fault scarp, which then increases aggradation and eventually may cause the 

channel to spill over (avulse) and incise a new channel. This process resets the original offset distance and 

provides a maximum offset amount recorded in a landscape (Sims, 1994; Dascher-Cousineau et al., 

2021). These examples illustrate how geomorphic processes can play a primary role in the development 

and modification of channel offsets, illustrating the intertwined influences of tectonics and climate in 

shaping a fault zone landscape and highlight the difficulties in interpreting strike-slip geomorphology. 

In summary, landscape evolution during the interseismic period, channel avulsion, and channel 

aliasing all increase spatial variability of offset marker measurements because they alter the original offset 

features and impede interpretation. These issues are magnified as time passes after an earthquake, 

underscoring the importance of measuring offset features quickly and highlighting the difficulties in 

determining accurate slip distributions for historical earthquakes. How these effects are compounded in 

multiple earthquakes remains to be tested.  

 

4.3 Variability from Distributed Deformation  

Some of the difference between hand-measured and image correlation slip distributions from real 

earthquakes is caused by distributed deformation, slip that is localized on a fault at depth but is distributed 

up to a few hundred meters around the fault at the surface (sometimes referred to as off-fault 

deformation). Distributed deformation is common in surface ruptures and is easily missed by near-fault 

hand measurements. Estimates of distributed deformation for the earthquakes in Table 2 range from 28-

59%, with an average of 42%, as reported by the authors of each study. For these events, far-field slip 

measured by image correlation usually exceeds near-field offset measurements made by hand (Figure 9) 
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and is always less variable (Figure 10a), partly because near-field measurements made by hand may not 

capture the entire deformation field (e.g., Gold et al., 2015; Milliner et al., 2015). There is a moderate 

positive correlation between spatial variability and distributed deformation for the slip distributions 

measured by hand (Figure 10b). This correlation may exist because it is more difficult to recognize and 

measure distributed deformation in the field than discrete, brittle failure that occurs on a fault. McGill and 

Rubin (1999) proposed that short-wavelength spatial variability in the 1992 Landers slip distribution was 

due to incomplete expression of slip at the fault because of distributed brittle shear, warping, or small 

block rotations. Similarly, variability of offset measurements increased with wider fault zones in the 

landscape evolution models (Figure 5a). The weaker positive correlation between distributed deformation 

and slip distributions measured with image correlation (Figure 10c) suggests that missing distributed 

deformation explains some, but not all, of the spatial variability in slip distributions measured by hand.  

Distributed deformation is inherent to the rupture process, but its root cause and why it is 

spatially variable remain open questions. Hypotheses for the cause of distributed deformation largely 

overlap with the potential causes of inherent slip variability, for example: strength of near-surface 

materials or inelastic strain. Both McGill and Rubin (1999) and Milliner et al. (2015) found a weak 

inverse correlation between the strength of near-surface material and the amount of distributed 

deformation for the 1992 Landers earthquake. Zinke et al. (2014) also suggested that the strength of 

surficial material correlates with distributed deformation for the 2013 Balochistan earthquake, and Cheng 

& Barnhart (2021) found no correlation between distributed deformation and inelastic strain in this 

rupture. Because distributed deformation is likely an integral of multiple causes, fault maturity, fault 

strength, and slip in prior earthquakes may also play a role. It also remains unknown if the pattern of 

distributed deformation is constant or variable in successive earthquakes. Because distributed deformation 

is generally not preserved in the landscape long after an earthquake, there aren’t any data to answer these 

questions, and slip distributions for historical earthquakes underestimate the total deformation field. 

In summary, distributed deformation accounts for some of the spatial variability in slip 

distributions measured by hand, and it is not captured in the hand-measured, near-fault geomorphic record 

of lateral displacement. These results suggest caution interpreting offset geomorphic markers from 

historical and paleoseismic earthquakes to infer slip-per-event and slip distribution of prior earthquakes. 

Estimates of slip distribution in prehistoric earthquakes derived primarily from geomorphic features likely 
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underestimate maximum slip because they miss distributed deformation and may attribute large offsets to 

older earthquakes. 

 

5. Conclusion 

Observed short-wavelength spatial variability in surface slip along strike-slip faults is due to both 

interpretation error and inherent variability, possibly in equal measure or dominated by introduced 

variability. The relative contribution of the two sources likely varies between different fault sections and 

earthquakes. Apparent spatial variability introduced by interpretation of the landscape contributes ~25-

40% variability for simple strike-slip faults simulated in numerical landscape evolution models with 

constant slip along the fault. Short-wavelength variability inherent to the rupture process ranges from 9-

29%, as constrained by seven recent surface ruptures measured with image correlation. Distributed 

deformation, landscape evolution via erosion and deposition in the interseismic period, and channel 

aliasing make interpretation of the landscape more difficult and contribute to variability in slip 

distributions measured by hand. Though there is no typical value of spatial variability, slip distributions 

derived from larger datasets that include offsets from multiple earthquakes are significantly less variable 

than slip distributions from recent ruptures. These results suggest that inherent variability in slip 

distributions and the variability introduced by human interpretation combine to yield estimates that 

systematically underestimate maximum surface slip in historical earthquakes. 
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Figure Captions 

 
Figure 1: Conceptual surface slip distributions for a single earthquake rupturing (a) one or (b) multiple 

fault sections. These illustrate the short- and long-wavelength variability typical of slip distributions 

measured from recent strike-slip surface ruptures. (c) Map of earthquakes included in this study. 

 

Figure 2: Comparison of (a) mean offset value and (b) spatial variability calculated from the mean of all 

offset measurements (simple), the mean offset value calculated from an interpolated slip distribution 

sampled at regular intervals (interpolated), and the average offset value reported by the authors (reported). 

The distributions of mean slip are not significantly different at the 95% confidence level (t-test, p values 

range from 0.100 to 0.728). Spatial variability calculated from the reported mean is significantly different 

from the simple or interpolated methods (95% confidence, t-test, p = 0.002 and 0.028, respectively). 

 

Figure 3: Spatial variability of offset measurements from 63 earthquakes calculated using the reported 

mean offset. The width of each violin is scaled based on the number of datapoints. White circles are 

median values, and the inner thick bar shows the interquartile range. (a) All data. (b and c) Data from 
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single (b) and multiple (c) fault sections, as defined by the authors of the study. (b) and (c) are statistically 

indistinguishable at the 95% confidence level (t-test, p = 0.45). (d) Offset measurements subset from a 

dataset that includes multiple earthquakes. These slip distributions have been interpreted from the larger 

dataset to represent the most recent rupture. (e) Offset measurements not subset from a larger dataset. (d) 

and (e) are significantly different at the 95% confidence level (t-test, p ≈ 0.00). (f) Offset measurements 

from landscape evolution models of constant slip along the fault. The same data for the simple mean 

calculation are shown in Figure S1.  

 

Figure 4: Example numerical landscape evolution model output. This model was run for 10 kyr with one 

6-m-slip earthquake every 2000 years. (a) Map-view topography at the end of the model run. Offset 

distances of channels and ridges were mapped and measured following each earthquake, with data shown 

in (b). Slip distribution (thin black line) and smoothed slip distribution (thick gray line) are shown for the 

first earthquake with six meters of slip. Data from Reitman et al., 2019b. 

 

Figure 5: Offset measurements from landscape evolution models. Spatial variability was calculated from 

offset channels measured at the end of each model run for model sets with varying (a-b) fault zone width, 

(c-d) earthquake recurrence interval, (e-f) channel spacing relative to total slip, and (g-h) temporal 

variability of the earthquake recurrence interval. Higher spatial variability of offset measurements 

correlates with wider fault zones, a longer time between earthquake and offset measurement, and total slip 

larger than channel spacing. Data from Reitman et al. 2019b.  

 

Figure 6: Evolution of model topography 1, 100, and 1000 years after an earthquake with six meters of 

right-lateral slip. (a) Image correlation results show lateral displacement. Black lines show the location of 

profiles plotted in (c) and (d). (b) Surface slip distribution derived from image correlation results. (c) 

Profile across the fault through the image correlation results. (d) Profile across the fault through the 

vertical differencing results shown in Figure 7. In (c) and (d), the fault is in the center of each profile (at 

250 on the x-axis). 

 

Figure 7: Topographic evolution of an example numerical model after an earthquake. (a) Model 

topography 1, 100, and 1000 years after a 6-m-slip earthquake. (b) The topography in (a) backslipped by 
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6 m along the fault. (c) Vertical difference between the backslipped topography and pre-earthquake 

topography. (d) Horizontal difference between the model topography and pre-earthquake topography. 

 

Figure 8: Spatial variability of slip distributions from single earthquakes calculated using the reported 

mean offset as a function of: (a) number of measurements, (b) mean offset, (c) earthquake magnitude, (d) 

measurement density, (e) rupture length, and (f) maximum offset. Datapoints outlined in black indicate 

slip distributions interpreted to represent the most recent rupture from a dataset that includes larger offsets 

from more than one earthquake. Length of the x-axis in (d) was clipped to better show clustered 

datapoints. The same data are shown for spatial variability calculated using the simple mean offset in 

Figure S2.  

 

Figure 9: Comparison of slip distributions measured by hand and with image correlation for the (a-b) 

Landers, (c-d) Hector Mine, (e-f) Balochistan, (g-h) Kaikoura, and (i-j) Ridgecrest Mw 7.1 earthquakes. 

The slip distributions measured by hand are more variable than those measured with image correlation. 

CVslip-spatial is shown for the clipped dataset to control for long-wavelength spatial variability. Original data 

sources shown in each panel. Preferred offsets are shown as circles with minimum and maximum in the 

shaded region. Uncertainty values in B and D are smaller than the marker size for many datapoints. The 

blue line is a moving average from an interpolated dataset to avoid spatial bias in measurement locations. 

Gray boxes show data that were clipped to filter out long-wavelength signal 

 

Figure 10: Relationship between distributed deformation and spatial variability. (a) There is a strong 

positive correlation between CVslip-spatial measured by hand and with image correlation. (b) There is a 

moderate positive correlation between distributed deformation and spatial variability when measured by 

hand, and (c) a weaker positive correlation between distributed deformation and spatial variability when 

measured with image correlation. 
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