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Abstract Seismic hazard analysis depends in part onunderstanding fault segmentation and slip distribu-
tion, which are partially recorded in the landscape during surface-rupturing earthquakes. Over time, surface
processes degrade these features, challenging faultmapping. We use landscape evolutionmodels to quantify
this information loss in desert environments. Using post-earthquake lidar from the 2019 Ridgecrest (Califor-
nia) and 2010 ElMayor-Cucapah (Baja California) ruptures, we simulate landscapedegradationusing 2D linear
diffusion in Landlabover 100, 1k, 5k, and10kyears,witha transport rateof 1m²/kyr. Weassess change inmap-
pable fault trace length, fault zonewidth, and a “degradation coefficient” based on topographic slope change.
Field validation in 2024 (Ridgecrest) supports themodeled degradation. Results show that 20–80%of original
fault trace length remains after 10k years and fault zone width decreases from a mean of 30 m to ~2 m, caus-
ing older rupture zones to appear narrower and less complex than initially. Degradation is fastest in the first
100 years, then slows. Fault zones with simple, single-strand morphology retain more mappable length and
degrademore slowly. Fault zone structure primarily controls degradation rate and fault trace visibility. These
findings provide quantitative constraints on landformdegradation, informing probabilistic displacement haz-
ard models and fault mapping in tectonically active regions.

Non-technical summary Large earthquakes create scarps and fractures that record the location
of the fault and how the fault moved. These landforms are critical for reconstructing past ruptures and as-
sessing seismic hazard, but they degrade over time as erosion and gravity smooth and erase them. We used
high-resolution topography fromthe2019Ridgecrest (California) and2010ElMayor–Cucapah (BajaCalifornia)
earthquakes to simulate how earthquake landscapes evolve in desert environments. Our results show that
small, distributed scarps degrade rapidly, often disappearing within hundreds to thousands of years, while
larger scarps persist longer but become narrower. This progressive loss of detail makes older rupture zones
appear simpler andmore localized than they originally were. As a result, fault maps based on degraded land-
forms likely underestimate rupture width and complexity. Recognizing this information loss is important for
interpreting the geologic record and for improving fault displacement hazard models.

1 Introduction
Seismic hazard analysis relies on knowledge of the tim-
ing of past earthquakes, the length and segmentation
of faults, the distribution of slip in past events, and
the partitioning of that slip between primary and dis-
tributed fractures (e.g., Moss and Ross, 2011; Petersen
et al., 2011; Youngs et al., 2003). Much of this infor-
mation is recorded in the landscape coseismically and
modified over time by surface processes and postseis-
mic relaxation (Figure 1). While surface processes act
immediately after each earthquake to alter the land-
scape, the geomorphology of a fault zone reflects the cu-
mulative effects ofmultiple earthquakes over time (e.g.,
Wallace, 1990). The surface process clock starts ticking

∗Corresponding author: mgzucker@asu.edu, malindazucker-
man@gmail.com

immediately after the earthquake (e.g., Arrowsmith and
Rhodes, 1994; Wallace, 1990), so that the time elapsed
since the most recent event and the surface process
rates dictate the level of detail (or information) avail-
able for mapping the fault (Thompson Jobe and Reit-
man, 2025; Zinke et al., 2015).
In desert environments such as the Eastern Califor-

nia Shear Zone (ECSZ; Figure 2), relatively low surface
process rates, limited vegetation, and moderate earth-
quake recurrence intervals together allow for much of
the geomorphic signal from previous events to be pre-
served (e.g., Arrowsmith and Rhodes, 1994). Faults in
the ECSZ are predominantly strike-slip. However, clear
coseismic or small-scale lateral offsets are oftendifficult
to identify in this region, particularly where continu-
ous markers are absent. In such cases, vertical offsets
expressed as scarps become a primary, lasting geomor-
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phic indicator of faulting (e.g., Arrowsmith andRhodes,
1994).
Fault mapping in the U.S. is informed by resources

such as the U.S. Geological Survey Quaternary Fault
and Fold Database (Schmitt et al., 2020). Faults that
have recently ruptured are mapped as complex fault
traces with apparently more distributed deformation
than those that have not experienced an earthquake
recently (Figure S1). Rupture databases (e.g., Nurmi-
nen et al., 2022; Sarmiento et al., 2025) capture an even
higher degree of complexity of the fault trace and the
amount and extent of distributed deformation, though
the level of detail varies among earthquakes depending
on data availability and mapping resolution. These dis-
crepancies in mapped fault trace detail and complex-
ity reflect more general issues: fault maps capture a
time-integrated history of repeated rupturemodified by
surface processes. Surface processes control how long
zones of deformation can be preserved in the landscape
and how variability in coseismic vertical surface dis-
placements translates into apparent geometric segmen-
tation of the fault zone as the record is erased (e.g.,
Zinke et al., 2015).
Observations from the Monte Cristo Range in the

Walker Lane (Nevada) illustrate that very distributed co-
seismic fracturing may leave little geomorphic expres-
sion over time, particularly in areas with few preexist-
ing primary ruptures, highlighting how the landscape
can quickly lose evidence of past earthquakes (Koehler
et al., 2021). In this context, knowledge of fault trace
complexity and degree of localization, and understand-
ing how such information disappears from the land-
scape, is valuable for understanding fault zone damage
and rupture mechanics. Constraints of the fault zone
width are also essential for probabilistic fault displace-
ment hazard analysis (PFDHA; Petersen et al., 2011;
Scott et al., 2023; Zuckerman et al., 2026b).
Here, we focus on the ECSZ (Figure 2) for both ex-

pedience in terms of process understanding and activ-
ity of surface-rupturing earthquakes, as well as for po-
tential application to hazard characterization for the re-
gion. We used a suite of 2D landscape evolution mod-
els to simulate and quantify the information loss as-
sociated with surface processes on earthquake rupture
records in desert landscapes. 2D modeling (elevation z
as a function of horizontal coordinatesx and y) captures
the spatial variability of fault scarps, including changes
in height and continuity along strike. These features are
not easily represented in a 1D (profile; elevation ver-
sus x) model. 2D modeling also allows for analysis of
fault zone width and distributed deformation, making
it better suited for assessing how secondary scarps and
broader rupture patterns degrade over time, and how
variable these patterns are along strike of the fault.
We rely on lidar and Structure from Motion (SfM)

high-resolution topographic data covering the surface
ruptures from the 2019 Ridgecrest (Hudnut et al., 2020;
Zuckerman et al., 2025) and 2010 El Mayor-Cucapah
(OpenTopography, 2010) earthquakes in the ECSZ. We
considered sections of the rupture zones with different
degrees of complexity (i.e., number of strands and fault
geometry) and variable magnitudes of coseismic verti-

cal offset. We simulated the effect of surface processes
as transport-limited and diffusive with linear depen-
dence on local topographic slope for the geomorphic
transport law (Arrowsmith et al., 1998; Dietrich et al.,
2003; Hanks et al., 1984; Hanks, 2000). We also briefly
explored the effect of nonlinear transport laws, and we
discuss that later in the manuscript (see Section 5.1; de’
MichieliVitturi andArrowsmith, 2013; Ganti et al., 2012;
Xu et al., 2021). More complex surface process ideal-
izations beyond are possible (e.g., runoff-driven erosion
and mass wasting); however, diffusion captures impor-
tant changes across the landscape and balances con-
ceptual clarity and computational expedience with suf-
ficient process realism.
We ran the diffusion models using the open-access

landscape evolution toolkit, Landlab (Barnhart et al.,
2020; Hobley et al., 2017). We ran models from 0 to
10k years to examine the loss of information associated
with the effect of surface processes and its implications
for characterizing rupture hazard from faults without
recent surface rupturing events, evaluating the output
landscape at five different time steps. We supplemented
these models with field observations and a SfM digi-
tal elevation model (DEM) collected four years after the
2019 Ridgecrest ruptures, which enable analysis of fine-
scale landforms and examination of the model process
and parameter choices. Our results suggest that the co-
seismic fault zones in the ECSZ are often more com-
plex and broader thanwhat remains visible in degraded
desert landscapes, leading both remote and field map-
ping efforts undertaken many years post-earthquake to
systematically underrepresent fault zone width, con-
nectivity, and past fault displacement.

2 Data
We utilized 0.5 m/pix lidar-derived DEMs of the 2019
Mw7.1 and Mw6.4 Ridgecrest (Hudnut et al., 2020) and
2010 El Mayor-Cucapah (OpenTopography, 2010) earth-
quake ruptures (Figure 2). The Ridgecrest dataset was
collected a month after the earthquake. The El Mayor-
Cucapah dataset was collected four months after the
event. For simplicity, we assume that little erosion oc-
curred between the event and the data collection so that
the post-earthquake lidar is representative of the coseis-
mic distribution of surface ruptures and slip and repre-
sents the original forms of the faulted landscape. We
also assume the effect of afterslip along the fault zone is
negligible.
We selected rupture locations with visible vertical

displacement (fault scarps) for detailed analysis. For
Ridgecrest sites (R1-R10; Figure 2), we used a record
of field observations and a rupture line shapefile (Ponti
et al., 2020b,a). For ElMayor-Cucapah sites (E1-E10; Fig-
ure 2), we used rupture line shapefiles from the 2010
earthquake and the 1892 Laguna Salada earthquake to
make sure we avoided composite scarps (Fletcher et al.,
2014; Rockwell et al., 2015). At each location, we clipped
~120 x 140m areas from the lidar DEMs, with the longer
dimension loosely aligning with the fault trace.
We produced an SfM DEM collected four years af-

ter the 2019 Ridgecrest sequence along a portion of
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(b)
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Figure 1 Surface processes act to remove evidence of earthquake ground rupture. A: A fresh primary coseismic scarp face
with a secondary scarp above and cracks below. B: Thedegraded fault scarp after some time,with rounded edges and eroded
and transported material. The secondary scarp and cracks have disappeared or have filled in with vegetation, indicating a
loss of information about the original fault geometry. They persist in the subsurface. Primary (thick) and secondary faults
(thin) are in red.

the Mw7.1 ruptures (Zuckerman et al., 2025). Our
0.014 m/pix DEM shows degradation of the fault scarp
due to rain and other surface processes. We also
observed degradation due to anthropogenic processes
(e.g., tracks in Figure 7), but do not consider it in our
analysis.

3 Methods
3.1 Implementation of transport models for

simulating landscape evolution
Surface processes, simplified as diffusive here, remove
high-frequency signals from the landscape, smoothing
the fine-scale structure of fault scarps and any addi-
tional tectonic and non-tectonic roughness. To investi-
gate the impact of surface processes on thepreservation
of fault traces, we combine analysis of DEMs and their
modifications simulated using surface process models.
We limit our idealizations to those surfaces over which
runoff is unimportant (thus, not considering debris flow
or fluvial responses). We used the 2D (elevation z as a
function of x and y) Landlab computation toolkit (Barn-
hart et al., 2020; Hobley et al., 2017). The continuity
equations for transport-limited conditions are:

dz

dt
= U − ∇qs (1)

where dz
dt

is the change in elevation with time, U is rock
uplift rate, which we assume is 0 given the relatively
short interseismic timescales of interest, and qs is the
sediment transport rate, whose spatial divergence gov-
erns sediment continuity. The simplest transport law
assumes that the processes are linearly dependent on
local slope S (reduces to “diffusion erosion”; equation
2; Dietrich et al., 2003):

qs = −kS (2)

We used a linear diffusivity k of 1 m2/kyr, a rate con-
stant describing the efficiency of sediment transport by
diffusive processes, which is appropriate for semiarid
environments like the ECSZ (Hanks et al., 1984; Nash,
1984; Pierce and Colman, 1986; Hanks, 2000). We rec-
ognize that the morphologic age (the product of the
diffusivity k and t, the duration of surface process op-
eration or age of the feature) is the more fundamen-
tal measure of geomorphic change (e.g., Hanks, 2000).
In other words, with this simple geomorphic model, a
fault scarp with processes driven at 1 m2/kyr for 10 kyr
would appear the same as one that had more vigorous
(10 m2/kyr) processes operating for 1 kyr (Hanks et al.,
1984). However, for ease of application to the ECSZ ex-
amples and translation into PFDHA, we have fixed k at
1 m2/kyr and changed t. We conducted all of our sim-
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Figure 2 Analysis locations along the 2019 Ridgecrest (center) and 2010 El Mayor-Cucapah (right) ruptures. Topography:
Ridgecrest (Hudnut et al., 2020); El Mayor-Cucapah (OpenTopography, 2010). Rupture traces: Ridgecrest (Ponti et al., 2020a);
El Mayor-Cucapah (Sarmiento et al., 2024).

ulations using linear diffusion as a simplifying approx-
imation. Many applications, especially for young and
steeper scarps, are better idealized with a nonlinear de-
pendence of transport rate on local slope up to a critical
slope (Sc; typical values of ~1; equation 3; sensu Ganti
et al., 2012):

qs = −kS(1 + (
s

sc

)2) (3)

Thus, we also ran a subset of simulations using Land-
lab’s implementation of the nonlinear soil flux approxi-
mation fromGanti et al. (2012) and compared themodel
outputs from the linear and nonlinear transport laws
(see discussion; Section 5.1).

3.2 Mapping of diffused synthetic digital ele-
vationmodels

To explore the qualitative change in mappable capac-
ity due to scarp degradation, we mapped surface rup-
tures on shaded relief basemaps of the post-diffusion
DEMs at simulated time intervals (0, 100, 1000, 5000,
and 10000 years) post-earthquake. We performed this
exercise from the most to least diffused time interval
of our model output DEMs to minimize the effect of
prior knowledge. The mapping was completed by one
person. From the mapped fault traces, we examined
how fault geometry, segmentation, and the amount of
resolvable distributed deformation change with time
from each original configuration.
At each diffusion time step, we mapped fault

traces with QGIS (qgis.org) software following a
geomorphology-based systematic mapping approach

(Figure 3; Adam et al., 2025; Scott et al., 2023; Zucker-
man et al., 2026b):

1. Preliminary mapping. We created hillshade and
slope derivatives and topographic profiles from the
DEMs. We mapped the morphology of each DEM
using the derivative maps and profiles by tracing
observed topographic convexities and concavities.

2. Mapgeomorphic indicators of active faulting. We
placed points where features show evidence of
faulting in the landscape (e.g., fault scarp, lineation
in topography, linear valley/drainage).

3. Map fault traces. We identified and mapped the
fault traces using themorphological map with geo-
morphic indicators. We placed the fault trace lines
at the midline between the scarp base and head.
We added a confidence level to each fault trace seg-
ment.

For the first five mapping areas, we explicitly saved
each mapping step of the method as a shapefile to en-
sure consistency across sites. For the remaining loca-
tions, we only recorded the faults in shapefiles, keeping
steps 1 and 2 implicit (fault traces in Figure 3).

3.3 Quantifying the erasure of surface rup-
tures from landscape evolution: degra-
dation coefficient, mappable length, and
fault zone width

To quantify information loss, we define three metrics
based on the diffused DEMs: a slope change coefficient,
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Figure 3 Mapping process flow diagram and demonstration. We follow a systematic fault mapping process (Adam et al.,
2025; Scott et al., 2023; Zuckerman et al., 2026b) to consistently record mappable fault line length.

mappable fault trace length, and fault zone width. By
definition, elevation change with time is scaled by lo-
cal topographic curvature. Sharp parts of the landscape
smooth most rapidly. The diffusion preferentially di-
minishes steep slopes in the landscape and decreases
themean of and narrows the slope distribution (Figures
4–6). To visualize information loss, we chose a simple
topographic metric. We define the slope change coeffi-
cient φ as the ratio of the 68th percentiles of the slope
distributions S at t = t0, i.e., the moment of scarp cre-
ation (in practical terms, the moment when the topog-
raphy data were collected) and t = ti:

φ =
S68,t0

S68,ti

(4)

From the fault traces of the surface ruptures, we com-
puted the mapped lengths at each step for which we
simulated landscape evolution. For comparison across
different sites, we normalize the mapped length at a
given time by the initial length, estimating the remain-
ing fraction of the original mappable surface rupture
immediately after the event. We also computed the
width of the mappable fault zones by finding the widest
distances between mapped faults with the same strike.

4 Results
4.1 Landscape evolution over 10 ky based on

linear diffusion
To graphically illustrate the loss of information due to
diffusion, we present two examples (see Supplementary
Material for results from all 20 locations). The first (R6)
is a single fault trace in a simple, relativelyflat landscape
(Figure 4). The second example (E10) is amore complex
rupture cutting a higher relief, channelized landscape

(Figure 5). For each landscape, we show degraded hill-
shades, mapped fault trace line length and fault zone
width, elevation change, and slope distribution evolu-
tion (and φ) for each time step (0, 100, 1000, 5000, 10000
years with k = 1 m2/kyr).
We start with a simple fault trace in a landscape

from the Mw7.1 2019 Ridgecrest earthquake (Figure 4).
There is one primary trace and limited secondary fault-
ing. Fault zone width narrows from ~5 m to a single
strand (0.1 m minimum thickness) over time. Mapped
fault trace line length decreases over time, with each
timestep losing between 7–17 m. By 10 kyr, 28% of the
original mapped line length is lost. The rate of loss of
mappable line length is greatest in the first time steps.
The slope change coefficient increases with time and

diffusive effects until the last time step, 5–10 kyr. There
is a more significant effect from diffusion at the first
time step, with about a 40% change in φ, than at other
time steps, where φ changes between 4 and 13%. Sec-
tion 4.2 explores the effects of the pre-faulted land-
scape roughness and DEM dimensions on φ. We note
thatmuch of the topographic roughness in this example
comes from bushes and boulders, which complicates
the interpretation of the change in φ in its current form
(see Section 4.2).
A more complex example is site E10 from the Mw7.2

2010 El Mayor-Cucapah earthquake (Figure 5). There
are multiple fault strands with different vergence, and
the landscape has abundant fluvial landforms. Mapped
line length decreased significantly: a 77% loss from
1–10 kyr. Loss of mappable line length varies from
27–205 m between timesteps. The largest difference is
between 100 and 1000 years. Fault zone width narrows
from about 45 m to a single strand.
The slope change coefficient for the second example

increases from0–1 kyr, thendecreases. Thehighest rate
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Figure 4 Simple fault trace degradation example. Landscape R6 from theMw7.1 2019 Ridgecrest earthquake (see location
in Figure 2). Columns from left to right: degraded hillshade with slopes above the 68th percentile highlighted, mapped line
length and maximum fault zone width (orange line), elevation change, and slope change (including the degradation coef-
ficient, φ). Slopes across the entire landscape are included. Rows represent time steps at which landscapes were linearly
diffused. Aminimum fault zone width of 0.1 mwas imposed to avoid undefined values on the logarithmic scale in later anal-
ysis.
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Figure 5 Complex fault trace degradation example. Landscape E10 from the 2010 El Mayor-Cucapah earthquake (see loca-
tion in Figure 2).Columns from left to right: degraded hillshade with slopes above the 68th percentile highlighted, mapped
line length and maximum fault zone width (orange line), elevation change, and slope change (including the degradation co-
efficient, φ). Slopes across the entire landscape are included. Rows represent time steps at which landscapes were linearly
diffused. Aminimum fault zone width of 0.1 mwas imposed to avoid undefined values on the logarithmic scale in later anal-
ysis.
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of degradation is between initial and 1 kyr. More in-
formation is lost earlier when the curvature and land-
scape complexity are higher, which differs from when
the most mappable information is lost, as described by
line length.

4.2 Evolutionof the slope change coefficient,
mappable line length, and fault zone
width

In this section, we summarize the results of all themod-
els. They encompassed 20 sites (10 from El Mayor-
Cucapah and 10 from Ridgecrest), and we degraded the
landscapes at 5 timesteps (0, 100, 1000, 5000, 10000
years; 100 model results in total—see repository; Zuck-
erman et al., 2025). All simulations were linearly dif-
fused with a k of 1 m2/kyr. The line length, fault zone
width, and φ evolution demonstrate the loss of informa-
tion about the fault zone trace geometry and continuity.
We note, in particular, the diminished evidence for the
secondary traces in the degraded landscape (e.g., Figure
1). Figure 6 summarizes the results.
The mapped line length loss from all analysis loca-

tions exhibits a wide range, from only 20% of the orig-
inal length captured at time 10 kyr to over 70% (Figure
6A/D).There is also variation inhowquickly the remain-
ing mapped line length decreases. A few landscapes
lose mappable line length gradually, while most others
lose significantlymore information in the first time step
than in the following steps. Variation most likely stems
from differences in the sharpness of the original forms
in different landscapes, with more change occurring
quickly in sharper, more defined fault scarps with ar-
rays of smaller scarps along distributed traces. In gen-
eral, the remaining line length decreases with time, as
shown by themean of the populations at each time step
(Figure 6A).
The slope change coefficient, φ, is a simple metric

that captures the change in slope distribution from the
landscapes. φ increases over time nonlinearly, as ex-
pected from the diffusion modeling, with more change
occurring in the first 100 years (Figure 6B/E). As a pop-
ulation of landscapes, the mean of φ increases through
time (Figure 6B). However, there is also a wider varia-
tion inφ through time, as shownby the increasingwidth
of the curves in the PDFs (Figure 6E).
We choose equations to describe the evolution of the

degradation coefficient, the fault zone width, and the
mappable fault length based on analytical convenience.
Wefit the evolution ofφwith the following nonlinear re-
lationship,

φ(t) = cta (5)

where t is time (years), φ(t) is the slope change coeffi-
cient at time t, and a and c are fit for each landscape.
This analytically convenient relationship captures the
nonlinear evolution of φ over time well (Figure 6B). We
fit the evolution of the remainingmappable line length,
L(t), as a nonlinear function of time:

L(t) = m −
nt

t + p
(6)

where t is time (years),L(t) ismappable line length (me-
ters); andm,n, and p arefitting parameters. This simple
relationship captures the range of evolution observed
in the different datasets: locations with initially simple
fault traces lose mappable line length steadily and lin-
early, whereas locations with high degrees of complex-
ity lose information rapidly and nonlinearly (teal and
orange lines in Figure 6A, respectively). The nonlinear
decay becomes steady when the bulk of the distributed
deformation has been erased, and only a primary trace
is left. Because distributed deformation is generally ac-
commodated along smaller scarps with lower displace-
ments, the erasure of these features represents a large
decrease in line length but not in φ. This is an impor-
tant limitation of φ and highlights the value of the line
length assessment.
The observed DEMs contain additional roughness el-

ements besides the fault scarps (bushes, boulders, flu-
vial and alluvial fan elements). Because we diffused
the entire landscape, we must consider that the change
in slope distribution and thus φ describes not only the
fault scarp degradation but also the potentially unreal-
istic smoothing of those other topographic elements in
the DEM (Figures 4 & 5, third column). Thus, φ may
only crudely capture the loss of information. This ef-
fect may deflate the 68th percentile of the slopes used to
calculate φ by including the smoothing of non-tectonic
slopes. We recognize that at least the vegetation rough-
ness is likely to be stochastically renewedwith time. Be-
cause the landscapes ruptured by the Ridgecrest and
El Mayor-Cucapah earthquakes are similar, this bias is
systematic in all measurements and does not prevent
comparison across sites. In Section 5.2, we explore the
effect of noise renewal in the landscape on the slope
change coefficient with synthetic DEMs. Conversely, in-
cluding flat areas adjacent to the scarp could increase
uncertainty by yielding a lower φ. By keeping consis-
tent DEM dimensions around the scarps, we mitigate
this bias, enabling consistent comparison across sites
(but with diminished sensitivity). Importantly, if our
metrics were to be used for landscapes with different
pre-faulted slope distributions than those at Ridgecrest
and El Mayor-Cucapah (e.g., a more vegetated, fluvially
modified, or bedrock-dominated area), φ would have to
be re-interpreted in that context.
To assess how fault zone width evolves with sur-

face degradation, wemeasured themaximumwidth be-
tweenmapped fault traces that share a similar strike di-
rection (orange line in Figures 5 and 6). This width rep-
resents the spatial extent of recognizable surface rup-
ture and provides a simple proxy for how much of the
original rupture complexity remains visible over time.
We fit the evolution of fault zone width with:

W (t) = m + n ln

(

t

p

)

(7)

whereW (t) is fault zonewidth (meters) at time t (years),
and m, n, and p are fitting parameters.
Figures 6C & F show that fault zone width decreases

markedly with time. Individual site measurements ex-
hibit high variability at early time steps (0–1000 years),
with widths ranging from less than 10 m to over 90 m.
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Figure 6 Evolution of mappable line length, φ, and fault zone width for all modeled landscapes (see locations in Figure
2 and data in the repository). A/B/C: Percentage of mapped line length remaining (A), φ (B), and fault zone width (C) for
all landscapes at each time step. The scattered dots represent our measurements, and the lines are nonlinear fits to the
evolution over time. R6 (Figure 3, teal) and E10 (Figure 4, orange) illustrate relatively simple and complex cases, respectively.
We include themeanof all landscapes for a given timestep in black. There is no line fit for R6 due to the fault zonewidth being
only one trace. D: Probability density functions (PDF) of the remaining line length (%) for eachmodel output time step. Each
PDF includes the remaining line lengthmeasured for the twentymodels at that time step. E: PDFs ofφ (equation 4) estimated
for each model output per time step. We use a Gaussian kernel with smoothing of 0.8 in seaborn (Waskom, 2021). F: PDFs of
fault zone width at all mappable fault locations for each time step.

9
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By 10,000 years, fault zone widths converge to narrower
values, often down to one fault trace. The mean fault
zone width (Figure 6C) declines from 30 m to approxi-
mately 7 m over the 10,000-year time steps (on rare oc-
casions, fault zone width increases in some time steps
due to the reduction in resolution for mapping).

4.3 Field observations of four years of land-
scape evolution in Ridgecrest, CA

Immediately after the 2019 Ridgecrest earthquake se-
quence, scientists documented the ruptures in detail
through fieldwork and high-resolution imagery (e.g.,
Brandenberg et al., 2020; DuRoss et al., 2020; Pierce
et al., 2020; Rodriguez Padilla et al., 2022; Young et al.,
2024). They documented discontinuous, subparallel
cracking and scarps ranging from 10–70 cm high. The
ruptures stepped up to hundreds of meters and formed
both compressional and tensional features like thrusts
and grabens.
We traveled to Ridgecrest in April 2024 to observe

initial modifications of the original forms of the rup-
tured landscape. We collected uncrewed aerial vehicle
(UAV) imagery along the Mw7.1 ruptures in areas with
noticeable vertical displacement and good accessibility
(35°38’48” N, 117°28’45” W). Using SfM (Johnson et al.,
2014), we created a 0.014 m/pix DEM (Figure 7; Zucker-
man et al., 2025).
During our visit in 2024, we noticed modest degrada-

tion of the original ruptured landforms. The primary
fault scarp is still visible and continuous (Figure 7A–D).
However, the main scarp has been softened and lacks
sharp edges. There was abundant evidence of gravity-
driven scarp collapse at the base of the scarp through-
out. Vegetation has grown back over and into the scarp
(Figure 7A–C), emphasized by our field campaign occur-
ring during spring (April 2024). The scarp has been vari-
ably modified by diffusive processes, sheetwash, over-
land flow, and rilling. Distributed fracturing is still
visible, though eroded and overgrown with vegetation.
Most of the finer-scale distributed fractures at this site
have been filled in by wind-blown sediment, but re-
main apparent by the narrow rows of vegetation grow-
ing within them.
Where the rupture diverges intomore than one trace,

the scarps are smaller, less sharp, and less continuous
(Figure 7D right inset). These smaller scarps will de-
grade sooner, meaning the evidence of those ruptures
and their distributed trace geometry will be lost more
quickly than the taller scarps. Consequently, in 1000
years, a geologist might conclude there was only one
trace there while, in actuality, the fault zone was wider.
In 2019, the original forms at this localewere quite com-
plex, often not forming a single strand. The mapped
rupture dataset of Ponti et al. (2020a) documents a par-
allel strand at this location that is barely detectable on
our DEM, further illustrating how secondary ruptures
can become nearly invisible within just a few years of
the earthquake (Figure 7). When looking back at scarps
beyond 1000 years (or more generally, kt > 103m2), we
should consider that a wider fault zone and additional
secondary rupturingmayhave been lost to degradation.

5 Discussion
5.1 Effect of diffusionmodel choice (or,more

broadly, surface process idealization)
For simplicity, we purposely chose to linearly diffuse
the 20 landscapes. Nonlinear diffusion is thought to be
more consistent with the effects of surface processes on
young fault scarps because soil flux increases nonlin-
early with steeper slopes (compare equations 2 and 3;
Figures 8 & 9; Andrews and Hanks, 1985; Roering et al.,
1999), and new fault scarps are steeper and sharper.
In general, landforms with large morphologic ages will
be degraded to converge to similar forms regardless of
the diffusion idealization. Thus, the nonlinear effects
would be more significant for relatively younger fea-
tures (Figure 9). Nevertheless, our conclusions about
the loss of information in terms of line length and φ are
demonstrated adequatelywith the simplifying linear as-
sumption (see also Gray et al., 2025).
We assessed nonlinear solutions by comparingmodel

outputs from the linear and nonlinear transport laws
(Figures 8 & 9). After performing our fault mapping
(Figure 3) on the nonlinear outputs, we found negligi-
ble differences in results for the landscapes studied. In
part, this is due to the relatively modest changes from
low morphologic ages and the smaller nonlinear effect
from the Ganti et al. (2012) idealization (as opposed to
that suggested by Andrews andHanks (1985) and imple-
mented by de’ Michieli Vitturi and Arrowsmith (2013);
Roering et al. (1999); etc.). In the latter case:

qs =
kS

(1 − S/Sc)n
(compare to equation 3; Figure 8)

(8)
Because slopes in our study arewell below the critical

threshold, nonlinear effects are minimal, so the linear
model is a reasonable choice for our goal of illustrating
diffusion-driven information loss. (Figure 8).
In the future, studies of larger scarps or those

in environments with a thicker soil mantle or bare
bedrock could assess fault scarp degradation using
depth-dependent and nonlinear geomorphic idealiza-
tions (e.g., Arrowsmith et al., 1996; Johnstone and Hil-
ley, 2015). This is important to determine the effects
of different rock types and their conversion to regolith.
Depth-dependent diffusionmodeling could also be used
to explore the effects of surface processes on buried
faulting.
When idealizing surface processes, we also recognize

that other surface process changes can additionally al-
ter how tectonic geomorphic features like fault scarps
reflect (or do not) past seismic activity. Nonlocal ide-
alizations (e.g., Gray et al., 2025) account for processes
involving greater particle motions than the diffusive
idealization–important early in the scarp evolution–
such as ravel and sheetwash. Nevertheless, for sim-
plicity we chose the diffusion implementation. And,
at larger timescales, the details of the implementation
matter less as the forms smooth and information is
lost. In addition, Reitman et al. (2019) included a 2D
displacement field to include the width of the shear
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(a) (b) (c)

(d) Two tracesSmall landslide

Figure 7 Scarp degradation 4.5 years after the Ridgecrest 2019 earthquakes. (A–C) Vegetation has occupied many cracks,
and the primary scarp, though smoothed, remains visible. (D) 0.014 m/pix DEM of the visible fault trace (UAV and SfM;
35°38’48” N, 117°28’45” W; Zuckerman et al., 2025). The imagery was collected in April 2024. Mapped surface ruptures from
Ponti et al. (2020a) are shown in magenta.

zone in their offset-channel-focused landscape evolu-
tion model. Along with diffusion operating over hill-
slopes with low drainage area, they implemented a
full bedrock channel fluvial scheme to simulate land-
scape evolution across a strike-slip shear zone. They
warn that the degradation of offset markers may lead
to misinterpretation of earthquake frequency andmag-
nitude. Offset measurements systematically underesti-
mate true displacement unless fault zones are less than
5 m wide and measurements are taken shortly after an
earthquake. These results further exhibit the need to
quantify how landscapes degrade over time.

Our models simulate diffusive processes on verti-
cal scarps from predominantly strike-slip earthquakes.
This was the product of choosing to focus on the ef-
fect of surface processes in eroding scarps in the desert
landscapes of southern California and northern Mex-

ico. This work could be expanded to normal faults un-
der some considerations. Because coseismic normal
fault scarps tend to be taller than the vertical scarps re-
sulting from strike-slip events, non-linear diffusion will
appropriately describe the system for a longer time pe-
riod than for strike-slip faults, meaning our linear ap-
proximation would be less appropriate over a longer
timescale in the early years after an event.

5.2 Effect of random geomorphic elements
and vegetation on degradationmetrics

To better understand how non-tectonic roughness, par-
ticularly vegetation, may influence our degradation
metrics, we conducted a set of synthetic tests. We gen-
erated a synthetic landscape with a single central scarp
(testing 1, 2, 3, 4, and 5 m-high scarps) and applied our
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Figure8 Soil flux as a functionof slopeunder different dif-
fusion idealizations (equations 3and8; AndrewsandHanks,
1985; Ganti et al., 2012). The gray histogram shows the dis-
tribution of slopes in our t = 0 landscape DEMs (i.e., the
post-earthquake lidar data).

linear diffusion model over time (Figure 10). At each
timestep, we added new random noise to the surface
(noise renewal), with an amplitude equal to 1% of the
scarpheight, addedat everymodeled time step. This ap-
proach simulates the variable influence of sparse vege-
tation or geomorphic elements such as cobbles or small
bushes, consistent with hyperarid environments like
the ECSZ. It is not intended to represent denser or larger
vegetation found in more humid settings.
By introducing new surface roughness at each time

step, we test the robustness of φ under stochastic sur-
face conditions, such as the growth and death of vege-
tation. When noise renewal is included, φ is larger for
small scarps than tall scarps at late timesteps (Figure
10B), because renewed noise dominates the slope dis-
tribution relative to the scarp signal for small scarps.
In contrast, without noise renewal (Figure 10C), small
and large scarps become essentially indistinguishable,
as other features in the landscape are also diffused. We
calculate φ across the entire DEM rather than in a win-
dow around the scarp, so that it could serve as a recon-
naissance tool for assessing landscapedegradation state
without prior knowledge of scarp location. This makes
φ less sensitive for small scarps in noisy landscapes,
and we acknowledge this as a limitation of the metric
in its current form. Nevertheless, φ can reflect tectonic
signal loss at the landscape scale and remains a useful
first-order metric for assessing degradation state (Fig-
ures 4–6). Unlike vegetation roughness, erosional fea-
tures such as rills and new channels that develop over
time locally increase slope and are not captured by our
noise renewal tests, meaning φ may be further com-
plicated in landscapes undergoing active erosion. Ge-
omorphic features such as boulders and cobbles repre-

sent a third category — neither stochastically renewed
nor erosionally modified. These features contribute
persistent background roughness that changes only on
very long timescales.

5.3 Implications for fault mapping
Our results demonstrate that as surface ruptures de-
grade, not only do individual scarps become less pro-
nounced, but also the overall fault zone width narrows
significantly over time. This has important implications
for faultmapping in arid environments. Whenmappers
encounter shallow, softened, or isolated scarps, these
features likely represent the remnants of a broader,
more complex fault zone that has partially eroded (e.g.,
Zinke et al., 2015). The visible surface features are an in-
complete record of the original rupture geometry. The
degree of information loss varies substantially depend-
ing on the complexity of the original surface rupture —
simple, single-strand fault zones retainmappable traces
far longer than complex, multi-strand zones where dis-
tributed secondary scarps erode rapidly.
This limitation applies to both field-based and re-

mote mapping efforts, but it may be even more conse-
quential for remote mappers who rely on topographic
data. Subtle features are often harder to detect in im-
agery and may fall below the threshold of visibility and
mappability depending on data resolution. Even auto-
mated detection methods, such as deep learning mod-
els trained on high-resolution lidar or SfM data, rely
on the presence of discernible landforms and perform
best on fresh ruptures (e.g., Sare et al., 2019). As a
result, mapped fault traces based on degraded land-
forms likely underestimate the true rupture width, dis-
tributed deformation, and rupture connectivity. Simi-
lar observations have been made in humid, high-relief
environments, where faults with low slip rates or small
cumulative offsets fall below a “geomorphic detectabil-
ity threshold” and remain unmapped despite having
produced surface ruptures (Kaneda, 2003). While the
timescales and erosionalmechanisms differ, our results
show that even in low-relief arid landscapes, surface
processes can erase secondary scarps and also lead to
underrepresentation in fault maps fairly soon after the
rupture (≈ kt > 103 m2). These findings reinforce the
need to account for landform degradation in interpret-
ing fault zone structure and to consider that unmap-
pable scarps have likely been lost to surface processes
over time.

5.4 Implications for hazard assessment
Understanding how fault scarps evolve provides criti-
cal constraints for hazard assessments. Mappable line
length and fault zonewidth analyses show that isolated,
secondary faults with small vertical displacements—
often responsible for broadening the mapped fault
zone—disappear from the record soon after the earth-
quake (within ∼ kt < 103 m2). Degraded fault traces
can lead to underestimation of the fault zone width
and the extent of distributed deformation, impacting
PFDHA and seismic hazard assessments, especially on
immature strike-slip faults such as those in the ECSZ,
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Figure 9 Simulated landscape change starting with original topography (A) with linear (B) and nonlinear (C) results (both
10 m2; C uses n=0.5 from equation 8). (D) shows elevation difference for linear minus nonlinear. Same extent and scale
as A, B, and C. Topographic profiles (E: location on A, B, C) show a greater change with the nonlinear case. (F) log

10
slope

distributions show the loss of steep topography in both cases and the lower modal slope in the nonlinear case. Simulations
used de’ Michieli Vitturi and Arrowsmith (2013) code.

where distributed fracturing is an important compo-
nent of hazard (Rodriguez Padilla and Oskin, 2023).
Taken together, these findings suggest that while geo-

morphic traces of rupture may persist for long periods
when their location is known, the ability to anticipate

future rupture location from degraded landscapes re-
mains limited. The difference reflects the contrast be-
tween retrospective degradation modeling (this study)
and prospective rupture prediction from pre-event ge-
omorphology (e.g., Petersen et al., 2011; Scott et al.,
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Figure 10 Degradation of a synthetic scarp with noise renewal and no noise renewal. A: A synthetic 5 m scarp linearly
diffused with random noise applied on every time step (noise renewal in orange) and random noise only in the initial setting
(in blue). Plots of the effect of (B) noise renewal and (C) no noise renewal on linearly diffused synthetic scarps of heights of
1–5 m over our timesteps (0, 100, 1k, 5k, and 10k years).

2023).
Thus, understanding how the record of vertical offset

evolves with surface process action is a key step in con-
straining the availability of information for mapping at
different timescales following an event (e.g., Petersen
et al., 2011). Strike-slip earthquakes are characterized
by vertical offsets along strike with gradients tied to
fault geometry and incomplete rupture at depth (e.g.,
DuRoss et al., 2020). However, assuming low aleatory
variability (the surface rupture patterns generally re-
peat), the larger scarps (which preserve relatively well)
should indicate the location of future primary ruptures
(e.g., Scott et al., 2024).
When modeling rupture zone degradation, the reso-

lution of the elevation data must be considered. Too
sparse elevation datawill not resolve small vertical orig-
inal displacements. High-resolution topographic data
derived from lidar or photogrammetry at the meter
scale or finer and systematic mapping approaches are
essential for accurately capturing evidence of faulting,
including small distributed ruptures (Arrowsmith and
Zielke, 2009;Donnellan et al., 2017; Johnsonet al., 2014).
Practitioners intuitively recognize the loss of infor-

mation with time after an earthquake surface rupture.
In addition, they demand an objective and easy to
compute metric. Hence, we suggest that the slope
change coefficient or similar topographic metrics may
present an opportunity to reconstruct fault history over

time. Where regional diffusivity k is independently
constrained, φ could be forward-modeled to trace fault
scarp evolution and quantify the extent of landformera-
sure, providing a crude estimate of elapsed time since
fault activity in a reconnaissance mode. φ also may
indicate whether the landforms are losing information
rapidly or in steady state.
Mapping fault traces on degraded landscapes reveals

challenges in fault mapping (e.g., Adam et al., 2025;
Scott et al., 2023; Zuckerman et al., 2026b). Because
we mapped landscapes from most to least degraded,
we saw fault geomorphic indicators progressively come
into focus. More degraded landscapes are blurry and
contain continuous fault scarps. Younger landscapes
revealed discontinuous primary fault traces and sec-
ondary fault traces splaying as much as 10–20 degrees
from the main fault traces. Mitigating uncertainty in
older fault scarp mapping involves considering wider
fault zones and assuming additional distributed rup-
tures lost to surface processes (Figure 1).

6 Conclusions
This researchhighlights the dynamic nature of the land-
scapes along active fault zones and the indicative scarps
and their degradation over time. We used a simple land-
scape evolutionmodel to simulate landscape change fol-
lowing earthquakes and recorded the resulting change
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in mappable fault traces across 20 sites from the 2019
Ridgecrest and 2010 El Mayor-Cucapah ruptures, sim-
ulated over 10,000 years with a linear diffusivity of
1 m2/kyr.
Across all study locations, 20–80% of the original

mapped fault trace length remains after 10,000 years,
with the rate of loss greatest in the first 100 years. For
simple, single-strand fault zones, roughly 72% of the
original trace length remains mappable at 10,000 years,
and fault zonewidth narrows froma fewmeters to a sin-
gle strand. For complex, multi-strand fault zones, up to
77%ofmappable length is lost between 1,000 and 10,000
years, as distributed secondary traces erode rapidly and
only a primary strand persists. On average across all
20 sites, mean fault zone width decreases from ~40 m
to ~2 m over 10,000 years, converging toward a single
mappable trace. This progressivenarrowingmeans that
older rupture zones appear simpler and more localized
than they originally were, causing fault maps to system-
atically underestimate rupture width and complexity.
The slope change coefficient φ, defined as the ratio

of the 68th percentile of the slope distribution at the
time of scarp formation to that at a later time (equa-
tion 4), is a simple topographic metric that may be use-
ful to assess the degradation state of a faulted land-
scape. Where regional diffusivity k is known, φ could be
forward-modeled to provide a crude estimate of elapsed
time since fault activity or the degree of landform era-
sure. Direct empirical calibration would require re-
peat high-resolution topographic surveys spanning suf-
ficient time for measurable landscape change, which
remains a challenge given slow diffusion rates in arid
environments. Future work could expand on this met-
ric by applying empirical noise derived from real land-
scapes, using spectral analysis to isolate the scarp signal
from erosional features such as rills, or leveraging re-
peat high-resolution topographic surveys to directly ob-
serve landscape change.
This work offers insights for fault-based seismic haz-

ard analysis through modeling and field-based valida-
tion efforts. It provides concepts and suggests prod-
ucts to quantify the information loss for mapping faults
andmeasuring rupture continuity, widths, lengths, and
displacements. Recognizing that degraded landscapes
underrepresent the original fault zone width and rup-
ture complexity is essential for interpreting the ge-
ologic record, improving probabilistic fault displace-
ment hazard models, and anticipating the full extent
of distributed deformation along faults without recent
surface-rupturing events.
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