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Abstract Fault scarp morphology can yield information about the age and slip distribution of surface-
rupturing earthquakes. However, bedrock characteristics and geomorphic modification also contribute to
scarp form. Additional complications arise in settingswhere hydrothermal processesmodify thematerial prop-
erties of the faulted surface material. We present a case study where a single Holocene scarp offsets three ad-
jacent units: alluvial and colluvial gravels; quartz-rich sinter and silicified gravels; and clay-rich, acid-sulfate-
altered gravels and bedrock. We examined scarp-normal topographic profiles in each unit and employed su-
pervised machine learning to describe the variations in scarp form and quantify changes in morphologic vari-
ability. In the alluvial and colluvial deposits, scarp profiles have a mean height of 6.2 (± 0.9) m and exhibit low
morphologic variability. The section of the scarp through hot spring sinter and cemented gravels has a mean
height of 5.8 (± 0.8) m and exhibits a high degree of along-strike variability. In the altered section NM1.1, the
individual Holocene scarp is difficult to discern and has lowmorphologic variability. Our study emphasizes the
need to consider fault scarp composition during paleoseismic interpretation, and illustrates the potential utility
of along-strike fault scarp morphologic variability in identifying lithologic and paleohydraulic boundaries.

Non-technical summary Fault scarps are steps in the landscape that hold a record of earthquake-
related fault slip. The shape of a fault scarp in profile changes with time: older scarps have experienced more
erosion and typically have amore rounded form. However, the change in shape of the scarpwith time depends
on the material that is being eroded. In this study, we examine a single fault scarp that crosses three differ-
ent geologic materials, enabling a direct comparison: loose gravels, gravels that have been cemented by hot
spring minerals, and bedrock and gravels that have been modified by geothermal processes. We used drone
photographs to produce high-resolution topographicmodels of the landscape and an original automated com-
puter classification tool to identify sections of the fault scarp with different profile shapes. We find that the
cemented gravels (likely the strongest material) show greater variation in scarp shape than the loose gravels,
and that the altered bedrock and gravels (likely the weakest materials) show low variation in scarp shape. Our
approach shows that scarp shape can help identify a change in rock type and trace the influence of hot spring
fluids in persistence or erosion of landforms.

Introduction
Fault scarps are steps in the landscape created by
surface-rupturing faults. Fault scarp morphology is in-
fluenced by fault slip, rock properties, and geomorphic
processes. Quantitative descriptions of scarp morphol-
ogy are used to model seismic hazard (e.g., Zou et al.
(2022)), fault zone structure and age (e.g., Sare et al.
(2019)) and rates of geomorphic processes (e.g., Tucker
et al. (2011)). Traditional scarp degradation models
focus on diffusion-based erosion processes and com-
monly assume uniform lithology, climate, and mate-
rial properties along a given scarp (e.g., Wallace (1977);
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Bucknam and Anderson (1979); Nash (1980); Hanks
(2000)). These models typically analyze single scarp
profiles or use individual morphologic metrics (e.g.,
slope or curvature) to estimate scarp age. However,
fault scarps can exhibit significant along-strike vari-
ability in form, particularly in jointed bedrock (e.g.
Brigham and Crider (2022)), reflecting lateral differ-
ences in scarp characteristics such as coseismic slip
variability, rock mass characteristics, fault structures,
or degree of geomorphic modification, rather than just
age-dependent degradation.
Additional complications arise in fault zones hosting

hydrothermal systems, where hydrothermal processes
leading to chemical alteration and mineral precipita-
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tion which may modify the properties of the host ma-
terials before or after rupture. In exhumed fault zones,
Callahan et al. (2019) demonstrated that the accumula-
tion of fault zone damage versus degree of annealing
by mineral cementation influences bulk rock strength
and fracture toughness in hydrothermal systems. In
shallow epithermal settings dominated by rapid accu-
mulation of hydrothermal quartz, strength contrasts be-
tween the fault damage zone andmineralized fault core
contribute to strong, thick fault cores prone to brittle
dilation (Caine et al., 2010; Callahan et al., 2020). Alter-
natively, clay and dissolution-dominated alteration con-
tributes to rock weakening (Wintsch et al., 1995; Pola
et al., 2014;Wyering et al., 2014;Heap et al., 2015; Backe-
berg et al., 2016), which is particularly pronounced in
acid-sulfate (fumarole, or advanced argillic alteration)
settings and may influence the strength and stability
of volcanic edifices and other hydrothermal landforms
(Reid et al., 2001; Pereira et al., 2024). In extreme
settings, active hydrothermal processes may grow sur-
face landforms through the accumulation of precipi-
tated minerals in large mounds and terraces, or mod-
ify them by hydrothermal eruptions (e.g. White (1955);
Browne andLawless (2001); YellowstoneVolcanoObser-
vatory (2026).
Characterizing scarp morphology quantitatively in

these complex conditions requires an approach that
considers the along-strike variation in scarp morphol-
ogy and the influence of diverse processes. Brigham
and Crider (2022) developed an algorithm to quantify
along-strike variations in scarp form, through semi-
automatic classification of typical scarp profile forms
and calculation of a morphologic variability metric,
which measures the number and proportion of form
classes in a moving window along a linear landform.
This method has a geologist definemorphologic classes
and construct a representative training dataset for each
class, then employs a supervised learning algorithm to
automatically classify unlabeled profiles by proximity
to the labeled data. Because this approach uses expert
knowledge to define different classes, it is grounded in a
geological interpretation, with classes that are defined
by the features of the particular system under study.
We present a case study based on the morphologic

variability method of Brigham and Crider (2022) from
Dixie Valley, Nevada, where three distinct surface ma-
terials along a 2.5 km section are offset by a single, con-
tinuous Holocene fault rupture. The adjacent units are:
alluvial and colluvial gravels; quartz-rich hot spring sin-
ter and silicified gravels; and variably clay-altered and
cemented gravels and footwall rock in a zone of ongo-
ing fumarole activity. The scarp is in the Stillwater Seis-
mic Gap segment of the Dixie Valley fault, named due
to its location between coseismic surface ruptures of
the 1915 Pleasant Valley earthquake to the north and
1954 FairviewPeak-DixieValley earthquake sequence to
the south (Wallace and Whitney, 1984). This site pro-
vides the opportunity to apply themorphologic variabil-
ity metric to a scarp where age and climate are con-
stant, but where hydrothermal processes have altered
lithologic characteristics along the scarp. Our goal is
to document the morphologies present along the fault

scarp in these three units using high resolution topo-
graphic datasets and to quantify the degree of variation
in scarp profile. If all units have similar morphologic
variability values, the variation in profile form can be
attributed to fault zone-scale attributes (e.g., primary
fault structure). However, if each unit exhibits distinct
morphologic variability values, this indicates that litho-
logic differences are the primary driver of scarp form.
In this study, we show that scarp segments affected by
hydrothermal processes have markedly different mor-
phologic characteristics than those in unaltered gravels,
illustrating how hydrothermal history leaves a measur-
able geomorphic signature along faults.
The ability to infer lithologic changes from scarp

morphology also has important implications for re-
motely sensed geothermal exploration. Active and
extinct geothermal systems modify fault zone rocks
through mineralization, dissolution, and alteration,
creating sharp contrasts in material properties along
faults. Our findings suggest that analyzing fault scarp
morphologic variability provides a new tool for identi-
fying lithologic boundaries, including those associated
with hydrothermal modification, remotely.

Geologic Setting
The Dixie Valley fault is a range-front normal fault that
bounds the east side of the Stillwater Range in west-
ern Nevada, United States (Fig. 1). The Stillwater Seis-
mic Gap is situated in the northern section of the Dixie
Valley fault and separates sets of fault scarps formed
during the 1915 Pleasant Valley earthquake from scarps
formed during the 1954 Dixie Valley earthquake (Wal-
lace and Whitney, 1984). Though there are no histori-
cal surface ruptures identified in the Stillwater Seismic
Gap, a series of discontinuous fault scarps are present
along this section. Trench studies, radiocarbon ages
and morphometric analyses of scarp profiles obtained
in the gap indicate that these scarps were likely formed
during a single Holocene event (the “Gap Event”) that
occurred between 2 and 2.5 ka (Caskey, 2002; Lutz et al.,
2003). Vertical offset across the scarps in this section av-
erage 2–3 m, up to 7 m. Paleoseismic investigations in-
dicate that these scarps represent the only surface rup-
ture along the range front in the last 12 ky, with the Gap
Event constrained to between 2.0 and 2.5 ka (Caskey,
2002;Wesnousky et al., 2003; Lutz et al., 2003). Based on
rupture length and average slip estimates, the moment
magnitude of the Gap Event earthquake is estimated to
be about Mw 7.3 (Wesnousky et al., 2003).
The field site includes the Holocene fault scarps and

ongoing hydrothermal alteration within the Stillwater
Seismic Gap. Scarps in this region transect alluvium,
alluvium capped by and cemented with centimeter-to-
decimeter-thick layers of siliceous sinter and geyserite,
and a region modified by ongoing hydrothermal activ-
ity. Alluvial-fan and colluvial deposits partially bury
older beach gravels deposited during the high stand of
pluvial Lake Dixie, dating to approximately 13–14 ka
BP (Thompson and Burke, 1973), and predate the ap-
proximately 1.5 ka Mono Crater ash (Bell, 1981; Bell
and Katzer, 1990). These deposits are composed of
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sandy pebble-to-cobble gravel and gravelly sand and
represent many discrete water-flood and debris-flow
events, as well as rockfall and shallow slides from the
steep rangefront (Bell and Katzer, 1990). Northeast
of the fault section in alluvium, the scarp traverses
extinct Holocene sinter deposits, or geyserite, ema-
nating from fault splays along the rangefront escarp-
ment. The deposits indicate the former presence of
high-temperature hot spring vents (Lutz et al., 2002).
At the base of the geyserite, interbedded sinter and
streamcobbles, alongwith silica-cemented gravels, cre-
ate terraces of resistant material, dating to approxi-
mately 3.4–2.5 ka (Lutz et al., 2002). Further northeast,
the fault traverses a region of ongoing weak fumarole
activity and steaming ground referred to as the Section
10/15 fumaroles and sinter (Lutz et al., 2002), andknown
colloquially as the “Frying Pan” fumaroles. Hydrother-
mal activity in this region manifests as weak fumaroles
with temperatures to 95 °C, zones of damp red clay
and gypsum, warm, dry ground associated with vegeta-
tion anomalies, and variably altered footwall bedrock.
Unusual alluvial fan-head morphology in the fumarole
area is attributed to a series of possible hydrothermal
explosion craters (M. Coolbaugh, personal communica-
tion). Weak fumarolic activity is ongoing, but initial al-
teration of this area began approximately at 5 ka (Lutz
et al., 2002). The 2–2.5 ka scarp transects the altered
zone, but is difficult to trace in its entirety.

Figure1 Mapof study siteat thebaseof theStillwaterRange. Inset shows
location in Nevada. Orange lines indicate the traces of surface ruptures
from the 1915 and 1954 earthquakes, khaki traces indicate older Holocene
ruptures. Black box shows study area and location of SfM survey. Hy-
drothermal features and scarps are from Lutz et al. (2002); Callahan et al.
(2019).

Methods

Structure-from-Motion photogrammetry and
field mapping
We collected UAV aerial imagery for use in Structure-
from-Motion photogrammetry (Westoby et al., 2012).
We used Agisoft Metashape to match features between
2429 images featuring 5 GNSS-surveyed ground control
points to create a three-dimensional model of the field
site and derived products, such as a 1.5 cm2/pixel res-
olution orthorectified image and a 6 cm2/pixel resolu-
tion digital elevation model (DEM) of our study area
(see details in Callahan et al. (2023); data available from
OpenTopography). We made field observations of fault
morphology, faultedmaterials, and hydrothermal alter-
ation and activity, andmapped the fault scarp trace and
the hydrothermal features onto our SfM-derived DEM
(Fig. 2).

Quantitative analysis of morphologic variabil-
ity
To quantitatively determine the degree to which pro-
file form varies in each section, we use a morpho-
logic variability metric derived from a supervised ma-
chine learning workflow that integrates expert knowl-
edge with statistical learning algorithms (Brigham and
Crider, 2022). First, we examined a sub-sample of pro-
files taken perpendicular to the scarp and defined mor-
phologic classes based on common profile shapes (e.g.
profiles with a pronounced steep upper slope versus
those with a more rounded form, etc.). We then cre-
ated a training dataset (10–50 profiles per class; see
Fig. 3) by labeling the sampled profiles according to
their class. This step injects domain knowledge, ensur-
ing that the classes are rooted in geologic observations.
Our method does not rely on predefined morphomet-
ric indices (such as those based on slope or curvature
of the whole profile) for classification, but rather uses
the full shape of the scarp cross-sectional profile as the
input for the classification step of the analysis. Each
scarp profile is automatically cropped to the scarp toe
and crest (curvature is used in a preprocessing step to
identify the crest of and toe of a scarp) and normalized
by the scarp height, and the processed profile coordi-
nates form the basis of the classification (see Brigham
and Crider (2022), equation 2 for normalization details).
Each normalized scarp profile consists of many coor-

dinate pairs. Principal component analysis (PCA, im-
plemented via singular value decomposition) is applied
to the collection of profiles to identify dominant mor-
phologic traits and reduce the data to a few principal
components suitable for classification. Using the prin-
cipal component scores of the profiles as input features,
we train a support vector machine (SVM) classifier. The
SVM is a supervised learning algorithm well-suited for
smaller datasets; it finds the optimal boundaries in
the multi-dimensional feature space that separate the
classes. The SVM model, once trained, can predict the
class of new, unlabeled profiles. Once the scarp profiles
are classified, we compute the morphologic variability
of the scarp from the number of different morphologic
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Figure 2 Maps of the study area. Upper panel: structure-from-motion-generated hillshade colored by elevation. Central panel: orthorectified UAV photo-
mosaic. Lower panel: geologic map. White rectangular boxes indicate where scarp profiles were extracted in the alluvial fan/colluvial deposits (Section A);
in the sinter and silica-cemented deposits (Section B); in the fumarole area (Section C). Geologic map created by the authors based on field observations
and SfM imagery interpretation.

classes represented in a sliding window along the scarp
and the statistical distribution of those classes (specifi-
cally, the standard deviation of their proportions). This
sliding-windowanalysis turns the sequence of classified
profiles into a continuous variability profile along the
scarp. Further details of ourmethodology are described
in Brigham and Crider (2022).
To apply the morphological variability metric to the

scarps of the Stillwater Seismic Gap, we extract scarp-
normal profiles from the SfM-derived DEM in each of
the three faulted lithologies (gravel, cemented, and al-
tered). For each area, we sampled profiles from a sec-
tion (areas A, B and C in Fig. 2) where the scarp loca-
tion is known and where profile morphology is not no-
ticeably affected by the rangefront alluvial channels or
by anthropogenic modification. To calculate the mor-
phologic variability metric, we extracted 289 profiles at
a 2-meter spacing in sections representing each of the
lithologic units (164 profiles in section A, 53 profiles in
section B, 72 profiles in section C). We pre-processed
and classified the profiles from each section into our
chosen morphologic classes using the SVMmethod de-
scribed above. We then calculate the proportion of each
class (pclass; ranging from 0 to 1) within a given win-
dow along the scarp (Fig. 3), and the standard deviation
(σprop) from the mean (μprop) of these proportions.
Wealso determine thenumber of classes (Nclasses) rep-
resented in that window. We thus obtain the scarp vari-
ability metric, vs:

(1)vs =
∑

(pclass − µprop)2

Ntotal classes
+ Nclasses

N∗
total classes

Themetric is normalized, so that 1 represents a land-
form section that has all classes in equal proportions
and 0 is assigned to a scarp section with a single mor-
phologic class. To compare the scarp sections to one an-
other, we use the mean morphologic variability of each
section as a representative metric, following Brigham
and Crider (2022).

Results

Description of scarp form in each lithologic
unit
The fault scarp shows distinct combinations of profile
forms in each of the three fault sections influenced by
different hydrothermal processes.

Alluvial and colluvial gravels

The Holocene fault scarp is the most easily discernible
in thewesternmost portion of the study area (sectionA),
in the range-derived alluvial and colluvial gravels and
gravelly sand. Scarp profiles in this section have amean
height of 6.2 m (±0.9 m; 1 standard deviation across all
height measurements), and scarp faces have an aver-
age slope 27.4° (±8.7°). In many areas, the slope takes
on a familiar shape for scarps in unconsolidated mate-
rial: rounded crest and toe, with a straight mid slope
(Fig. 4a.i). However, the high degree of fluvial dissec-
tion along the range front is apparent in the scarp pro-
filemorphology, where the traditional fault scarp shape
is sometimes replaced with concave upwards slopes
formed by gullying (Fig. 4a.ii) and profiles cross-cut by
channels (Fig. 4a.iii).
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Figure 3 a)Morphologic classes determined by inspection of scarp-normal profiles taken fromeach unit (profile view) b) Example of possible arrangement
of profiles of different morphologic classes along a section of scarp (map view). c) Schematic illustration of how morphologic variability (vs)[NM1.1] is
measured in a moving window along the scarp section (modified from Brigham and Crider (2022)).

Sinter and silica cemented gravels

Large sinter deposits characterize the central portion
of the study area (section B) in the form of geyserite,
a form of silica found in high-temperature hot spring
systems. Near the base of the geyserite, we find aprons
of silica-cemented gravel that are cut by the Holocene
scarp. Scarp profiles in the silicified section have a
mean height of 5.8 m (±0.8 m), with an average slope of
23.2° (±10.2°). Depending on the level of cementation,
the scarp takes a range of forms: an armored convex-
upwards upper slope with a free face in the lower slope
(Fig. 4b.i); a convex-upward slope (Fig. 4b.ii); or a slope
with short-scale heterogeneities introduced by rubble
from collapse of the cemented apron (Fig. 4b.iii).

Altered bedrock and gravels

The eastern portion of the study area (section C) is char-
acterized by outcrops of variably clay-altered and frac-

tured footwall bedrock and cemented gravels in a zone
of ongoing fumarole activity. We mapped active, re-
cent, and inactive fumaroles throughgroundanddrone-
based temperature measurements, vegetation, and col-
oration. The fumarolic activity along the fault compli-
cates its surface expression in the alteration zone. The
scarp slope relaxes until it reaches a change in lithology,
creating a fault line scarp (Fig. 4c.i) or is assimilated into
the larger hillslope (Fig. 4c.ii). In the initial stage of pro-
file extraction, we supplemented the curvature-based
algorithm to determine the crest and toe with field ob-
servations and manual verification.

Morphologic variability analysis
Through detailed field observations and morphomet-
ric analyses, we have quantified the variations in pro-
file shape along three sections of a single-age Holocene
fault scarp that cuts in Dixie Valley, Nevada. Because
the scarp was generated during one rupture event, its
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Figure 4 Extracted scarp-normal topographic profiles, photographs of scarps in each study segment and representative examples (i – iii) of scarp-normal
topographic profiles illustrating the types of morphologies found in a) alluvial fan and colluvial material; b) sinter and silica-cemented gravels; c) fumarole-
altered material. All profiles indicate distance along the scarp in meters on the x-axis and height in meters on the y-axis.

Figure 5 Profiles colored by morphologic class (upper panels) and morphologic variability calculated along scarp section with mean morphologic vari-
ability value (lower panels) for: a) alluvial fan and colluvial material; b) sinter and silica-cemented gravels and c) fumarole-altered area.

age is constant along strike. Regardless of whether
the scarp represents a single event or multiple closely-
spaced ruptures, all three sections we examined experi-
enced the same rupture history. Therefore, the distinct
morphologic variability values we document for each
section cannot be attributed to differences in rupture
history and must reflect differences in material prop-
erties and post-rupture geomorphic processes. This
unique circumstance allows us to directly link observed
variations in scarp morphology to differences in rock
properties and processes rather than to differences in
age. Consequently, the distinct meanmorphologic vari-
ability valueswedocument for alluvial-colluvial gravels,
quartz-rich hot spring sinter with silicified gravels, and

the clay-rich, hydrothermally-altered area indicate that
hydrothermal processes and their subsequent lithologic
changes are the primary drivers of along-strike varia-
tion in Holocene scarp form in the Stillwater Seismic
Gap.

Geomorphic and hydrothermal processes in-
fluencing scarp form

Themorphologic expression of a fault scarp reflects not
only its rupture history, but also thematerial properties
and geomorphic processes that govern its post-rupture
evolution. In geothermally active areas like the Still-
water Seismic Gap, hydrothermal processes (e.g., min-
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eral precipitation and chemical alteration) can substan-
tially alter the composition, erodibility, and strength of
the faulted materials. These transformations impose a
strong control on scarp degradation processes and, in
turn, on how we might interpret rupture history from
scarp form.
In unaltered and unconsolidated materials like al-

luvial and colluvial gravels, scarp degradation follows
classic diffusion-based hillslope models, as originally
described by Culling (1960, 1963) and applied in scarp
morphologic dating studies by Wallace (1977); Hanks
et al. (1984); Andrews and Hanks (1985). In these mate-
rials, sediment transport processes such as rainsplash,
sheetwash, and soil creep act on a fresh scarp in a slope-
dependent and spatially uniform manner, resulting in
characteristic scarp profiles with increasingly rounded,
convex-upward crests, linear midslopes, and concave-
upward toes. In the unaltered gravel section of the Gap
Event scarp, the convex upward type 1 profiles are likely
a result of these diffusive processes. The concave up-
ward type 2 profiles either reflect areas where these dif-
fusiveprocesses arenot as strong (e.g., due to aspect and
microclimate, as shown by Pierce and Colman (1986)),
or areas where a secondary process is more dominant.
Fluvial dissection along scarps adjacent to ephemeral
channels overprint the diffusion signal and create type
3 profiles. Incision creates V-shaped discontinuities or
removes the toe entirely, increasing local morphologic
variability. Fluvial dissection changed scarp form; if not
recognized, such modification might lead to misidenti-
fication of the crest of the scarp and underestimation
of scarp height (and thus fault throw). These localized
overprints illustrate that site selection is critical when
using scarp morphology to infer rupture history, even
in otherwise predictable materials.
Where the fault scarp cuts hot spring sinter and

silica-cemented gravels, the degradation processes shift
from uniform hillslope diffusion to heterogeneous and
threshold-controlled processes. In some places, gey-
serite and sinter crusts armor the slope, preserving
steep scarps where erosion is inhibited. In other lo-
cations, sinter has fractured and collapsed, producing
rough, jagged forms with high microtopographic relief.
The resulting profile morphologies range from smooth
convex-upward forms to multi-tiered scarps with verti-
cal free faces. These forms are difficult to model using
linear or nonlinear diffusion (e.g., Andrews and Buck-
nam (1987); Xu et al. (2021)), because the underlying
transport processes are stochastic and spatially vari-
able, involving block toppling, other types of localized
failure, or nonlocal sediment transport (as explored by
Tucker and Bradley (2010)). The highmorphologic vari-
ability observed in these segments aligns with findings
from jointed bedrock scarps, where lateral variability in
material strength or bedrock structure produces signifi-
cant heterogeneity in profile form (BrighamandCrider,
2022). While sinter-capped scarps tend to accurately
record fault offset, the removal of blocks of cemented
material and their accumulation at the base of the scarp
can inhibit automated identification of the scarp crest
and toe. Misinterpretation of these features could lead
to underestimation of throw.

In the eastern portion of the study site, the fault
crosses areas of relict hydrothermal alteration and on-
going fumarole activity, where the gravels and bedrock
have been variably altered into more erodible mate-
rial. This zone exhibits the lowest morphologic vari-
ability, since rapid erosion has homogenized or erased
the original scarp form. Scarp slopes have relaxed into
the background hillslope or terminate abruptly at litho-
logic boundaries, creating fault-line scarps where al-
teredmaterialmeets amore competent unit. Where the
scarp is no longer discernible, we risk underestimating
slip or missing rupture evidence entirely. Alternatively,
if a lithologic step or degraded slope ismistakenly inter-
preted as a scarp, overestimation is possible.
The chronology of hydrothermal activity relative to

the Gap Event rupture differs between sections. In sec-
tion B, radiocarbon dating indicates that the sinter de-
posits formed between approximately 3.4 and 2.5 ka
(Lutz et al., 2002, 2003). The sinter terrace is broken and
vertically offset by approximately 3–5meters by the Gap
Event fault, demonstrating that sinter formation pre-
dates the rupture (Lutz et al., 2003). The silicified ma-
terial thus records pre-rupture cementation, and post-
rupture degradation is expressed through block top-
pling and collapse of the cemented apron. In section
C ((Fig. 2)), fumarolic alteration began approximately 5
ka Lutz et al. (2002) and continues today. The scarp in
this section has experienced both syn- and post-rupture
alteration, with ongoing acid-sulfate processes weaken-
ing materials and promoting rapid erosion. The visible
color changes and alteration patterns in section C rep-
resent in situ vadose zone alteration rather than tilted
former geothermal pools; this type of alteration forms
in place within the unsaturated zone where steam and
gases rise from depth and condense. Distinguishing
the relative contributions of formation versus degrada-
tion processes remains challenging, but the contrast-
ingmorphologic variability values suggest thatmaterial
properties at the time of rupture (whether strengthened
by cementation or weakened by alteration) exert a pri-
mary control on subsequent scarp evolution.
Across all three sections, our observations demon-

strate that hydrothermal processes impart distinct ge-
omorphic signatures on fault scarps. These signatures
directly impact our ability to infer rupture history from
scarp profile form. Segments capped by resistant sin-
termayappear anomalously fresh and steep, potentially
suggesting a much younger scarp age, while segments
in easily erodible altered materials degrade rapidly, ob-
scuring evidence of recent faulting.
Many morphologic dating techniques rely on match-

ing observed scarp profiles to diffusion-based models
(e.g., Andrews and Bucknam (1987); Avouac (1993); Pel-
letier et al. (2006)). These models assume uniform dif-
fusivity, consistent initial scarp form, and spatially in-
variant process rates, assumptions violated in our sce-
nario and in many hydrothermally active areas. Wide-
scale, template-matching methods like those of Sare
et al. (2019) assume that all scarp forms evolve by linear
diffusion, and thusmay fail to detect scarps that deviate
from the idealized error-function shape, as is the case in
our study. This is where tools like themorphologic vari-
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ability metric developed by Brigham and Crider (2022)
become valuable. Rather than assuming a fixed model,
the morphologic variability approach uses shape-based
classification of scarp profiles to identify areas of vari-
able form, which may reflect changes in material prop-
erties, geomorphic processes, or structural complexity
along the fault. High variability suggests lateral shifts
inmaterial strength or post-rupturemodification, while
low variability may indicate uniform degradation or, al-
ternatively, complete erosion in highly altered zones.
Tracking morphologic variability does not require as-
sumptions about geomorphic processes; however, it
also cannot distinguish among different types of ge-
omorphic processes. Instead, clear changes in mor-
phologic variability over short distances along a single
fault scarp coincide with mappable distinctions in ma-
terial properties, which suggest different erosive prop-
erties at work. This case study thus addresses the in-
fluence of material properties on form patterns rather
than identifying specific properties. The approach al-
lows amore flexiblemachine-learning-based form clas-
sification and quantification, useful for heterogeneous
terrains.

Application of morphometric variability: re-
mote sensing of scarps and hydrothermal fea-
tures

Remote sensing has revolutionized the detection and
characterization of fault scarps. Many efforts in auto-
mated scarp detection focus on mapping topographic
discontinuities from high-resolution DEMs (e.g., Wolfe
et al. (2020); Vega-Ramírez et al. (2021); Scott et al.
(2022)), using methods such as slope and curvature
filtering, as well as analyses of other geomorphic in-
dices to filter out other linear features. Machine learn-
ing methods using multi-modal remote sensing data
(topography and satellite or UAV imagery) and deep
learning approaches (e.g., Juliani (2019); Hermant et al.
(2025)) are the latest advancement in detection algo-
rithms. Other methodologies venture beyond detec-
tion and seek to characterize the morphologic age of
fault scarps. Hodge et al. (2019) developed a semi-
automatedmethod to extract scarp profiles and fit them
with diffusion-based models to infer morphologic age.
Sare et al. (2019) extended this further to regional-scale
mapping by comparing extracted scarp profiles with
idealized diffusion model templates. While powerful
in the correct conditions (see section 5.1.), these meth-
ods assume that all scarps evolve through linear or non-
linear diffusion and may struggle to interpret scarps in
bedrock or forms modified by lithologic or hydrother-
mal complexities. In contrast, Brigham and Crider
(2022) use high-resolution remotely sensed topographic
data to detect and quantitatively describe the varia-
tions of along-strike morphology of fault scarps in any
medium. Brigham and Crider (2022) investigated mor-
phologic variability changes with scarp age and showed
that morphologic variability of fault scarps decreases
with age for a single lithology (jointed basalt). Herein,
we show how themorphologic variability metric allows
us to use remote sensing methods to gather informa-

tion about the changes in lithology and process along a
single-age linear landform. Thanks to advances in ma-
chine learning methods, gathering datasets to compare
against morphologic variability can become increas-
ingly automated and remotely sensed. For example,
Chen et al. (2023) trained a convolutional neural net-
work to quantify the number and orientation of blocks
in the talus slopes of fractured bedrock fault scarps, an
important indicator of process.
Remote sensing has also become integral to geother-

mal exploration. Numerous studies have demonstrated
the effectiveness of satellite-based methods to iden-
tify surface expressions of geothermal activity through
alteration minerals, vegetation stress, and thermal
anomalies, including studies in the broader Dixie Val-
ley region (Kennedy-Bowdoin et al., 2003; Martini et al.,
2004). Van Der Meer et al. (2014); Kraal and Schw-
ering (2024) outline how multispectral and hyperspec-
tral imagery can detect key hydrothermal minerals
such as opal, kaolinite, alunite, and illite associated
with fumarolic and sinter-forming systems. Shebl
et al. (2023) showed that combining ASTER, Sentinel-
2, and Landsat-8 with airborne geophysical data (e.g.,
magnetic data) enhances delineation of hydrothermal
zones. Freski et al. (2021) demonstrated that lidar laser
return intensity could discriminate degrees of alter-
ation even beneath vegetation. Similarly, Rahmidiani
et al. (2025) used vegetation response indices (e.g., red-
edge vegetation index) to identify stress related to sub-
surface hydrothermal circulation, showing that vegeta-
tion itself can act as a geothermal indicator. Together,
these methods offer a robust toolkit for geothermal re-
connaissance. However, most focus on identifying in-
dividual spectral indicators, which rely on surface re-
flectance, or geophysical data, and might require spe-
cific flight campaigns. Themorphologic variabilitymet-
ric offers a complementary method that requires only
high-resolution topographic data and can map bound-
aries of hydrothermally-modified zones. By comput-
ing a shape-based variability metric, we provide a novel
structural and geomorphic proxy for identifying hy-
drothermal zones in areas with fault scarps.

Classifying landforms with a geologist-
informed algorithm

Our use of the morphologic variability metric builds
on the understanding that landform classification in
tectonically and lithologically complex regions ben-
efits from expert interpretation and flexible, data-
efficient methods (Brigham and Crider, 2022). This
semi-automated, human-in-the-loop approach enables
geologists to define shape-based morphologic classes
grounded in field observations and process-based hy-
potheses. These are then used to train a supervised
SVM classifier, making the classification and subse-
quent variability computation transparent and repro-
ducible.
This framework offers several advantages over fully

automated classification in terms of interpretability,
adaptability, and data efficiency. Expert-defined, shape-
based profile classes are directly tied to observable ge-
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omorphic forms, unlike abstract features extracted by
convolutional neural networks (CNNs) or transformer
models. The method also captures whole-profile geom-
etry rather than relying solely on scalarmetrics (such as
slope or curvature) that requiremore post-classification
interpretation. In this manner, the morphologic vari-
ability metric bridges classic geomorphometry and se-
mantic segmentation (Xiong et al., 2022). The morpho-
logic variability method is adaptable to new sites or
landform types, since new morphological types can be
added without retraining a large model. Appropriate
landform types include linear landforms with defined
start and end points along cross-sectional profiles such
as terrace risers, shoreline and paleo-shoreline scarps,
levees, coastal cliffs, moraine crests and volcanic fis-
sure scarps. The algorithm uses matrix operations ef-
ficiently and performs well with both small ( 100 pro-
files) and large (>10k profiles) datasets. Most impor-
tantly, the morphologic variability metric reveals pat-
terns in landform complexity that reflect underlying ge-
ological characteristics or processes, helping delineate
lithologic transitions, altered zones, or structural com-
plexity. In our study, we demonstrate that scarp form
variability reflects themapped lithologic andhydrother-
mal changes thus identifying hydrothermal boundaries.
The expert-centered method is not without limita-

tions. It is inherently subjective, since different ex-
perts may define morphologic classes differently, lead-
ing to epistemic uncertainty arising from differences in
expertise, background, or mapping philosophy (Salis-
bury et al., 2015; Scharer et al., 2014; Adam et al., 2025).
Nonetheless, this potential limitation is mitigated by
the fact that the morphologic variability metric empha-
sizes relative change in form along the scarp, which re-
mains robust for a given expert, even if absolute class
definitions vary between experts. To reduce epistemic
uncertainty, it is important that the expert explicitly
state the field observations, the geometric framework,
and the geologic reasoning in which the classification is
grounded.
These strengths and limitations highlight the trade-

offs between interpretability and automation. While
more advancedmodels, such as CNNs (Gao et al., 2021),
CNN–transformer hybrid architectures (Li et al., 2025),
or large-scale foundation models like GeomorPM (Yang
et al., 2025) and U-ViT (Jiang et al., 2025), excel in au-
tomation and scalability, they can function as black
boxes and lack discipline-specific interpretability. They
also require extensive training data and are often not
generalizable to different scenarios, introducing dif-
ficulties in data-poor areas. Even geospatial founda-
tionmodels, which show strong generalization and few-
shot learning across geospatial domains (Zhang et al.,
2024), remain challenged by interpretability and adap-
tation to highly local, complex terrains. Ultimately, our
method provides an interpretable, adaptable, and ge-
ologically grounded approach, ideal for environments
like Dixie Valley where lithologic variability is critical,
and training data are limited to a single, small, high-
resolution topographic dataset. Our approach comple-
ments emerging foundation models and may, in fu-
ture workflows, provide both validation data and inter-

pretable signals for guiding AI-driven geomorphic anal-
yses.
The sensitivity of our results to area selection within

each unit merits discussion. Area A was selected as
a baseline: a scarp in alluvial/colluvial material with
known models of diffusion-based erosion (e.g., Wal-
lace (1977); BucknamandAnderson (1979); Nash (1980);
Hanks (2000)). Areas B and C were defined based
on mappable lithologic distinctions (silicified materi-
als and hydrothermally altered materials, respectively).
We deliberately avoided areas affected by alluvial fans
or dissected by smaller channels to isolate the influ-
ence of material properties. The morphologic variabil-
ity metric is designed to detect relative changes along
the scarp, so the absolute boundaries matter less than
capturing representative sections of each lithology. If
the entire 600m of scarpwere analyzed as a single unit,
the method would still detect variability changes, but
the lithologic associations would be less clear. Future
applications might analyze entire scarps continuously
and use changes in the variabilitymetric to identify pre-
viously unknown lithologic or structural boundaries.

Conclusions
Fault zones influenced by hydrothermal processes un-
dergo mineralization, dissolution, and alteration, pro-
ducingmeasurable contrasts inmaterial properties that
leave a lasting geomorphic imprint. The fault scarps
we analyzed that were affected by hydrothermal ac-
tivity exhibit distinct morphologic characteristics com-
pared to those in unaltered gravels. The scarps af-
fected by fumarolic activity produced low morphologic
variability values by homogenizing the surface through
chemical alteration that enabled rapid erosion, while
high-temperature hot spring systems lead to increased
variability through episodic cementation. The scarps
in unaltered alluvium and colluvium maintained mor-
phologies consistent with established conceptual mod-
els, providing a baseline against which the effects of hy-
drothermal alteration are measured.
The shape-based variabilitymetric captures these dif-

ferences, providing a novel and remote means of iden-
tifying hydrothermal zones along faults. The method
does not require a priori assumptions about surface
processes, allowing for greater flexibility and compati-
bility with machine learning classification techniques.
On the other hand, the geologist-informed classifica-
tion algorithm yields morphological classes that are in-
terpretable in a geological context. The approach is
effective in geologically complex regions even where
training data are sparse, as we demonstrate using only
a single high-resolution topographic dataset. Our re-
sults highlight the potential of fault scarp morphology
as a proxy for surface and near surface hydrothermal
alteration, offering new tools for structural mapping,
geothermal exploration, and paleoseismology.
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