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ABSTRACT

When rupturing the surface, earthquakes can generate large-scale permanent deformation up to significant
distance of the main ground rupture, referred to as off-fault deformation (OFD). Part of this deformation localizes
along secondary ruptures, while some part is diffuse in the medium. The contribution of the diffuse OFD to the
rupture process and long-term deformation budget, as well as its underlying physical mechanisms are however
not fully understood. The 2021/05/21 My7.4 Maduo, Tibet, strike-slip earthquake generated discontinuous
surface rupture along a curvilinear fault, associated with extensive OFD. It represents a good case to study the
relations between rupture process and localization of the surface deformation because of the limited influence of
confounding factors such as geometrical complexity from cross-cutting faults. We compute high-resolution near-
fault displacement maps from optical image correlations for this event, and measure the contributions of on- and
off-fault deformation along the ~160 km-long rupture area. Majority of the surface coseismic deformation is
accommodated by OFD, especially in the epicentral area where no surface slip was observed and the deformation
appears as diffuse over a ~1.5 km wide area. Displacement gradients across the diffuse deformation regions,
representing a first order approximation of the accommodated strain, are dominantly below 0.3%. Using two-
dimensional mechanical models, we investigate whether such diffuse surface deformation includes an inelastic
component as it would have critical implications for the determination of the earthquake energy budget, and the
fault zone displacement budget over the seismic cycle. Our results show that yielding could account for part of
the diffuse deformation, then accounting for the deficit in shallow fault slip in the regions of surface rupture gap.

1. Introduction

an elastic medium, elastic deformation is a process by which elastic
strain energy builds up in between earthquakes and is released during an

Understanding the mechanisms and controlling parameters of the
surface deformation associated with continental earthquake ruptures is
key to our understanding of earthquake and faulting processes, espe-
cially in the shallow crust where rocks and faults present diverse me-
chanical behaviors due to the lower temperature and pressure
conditions, and the presence of less consolidated materials (Byerlee,
1978; Scholz, 1998). Assessing the budget of elastic, i.e. reversible, and
inelastic, i.e. irreversible, deformation in the shallow crust (Antoine
etal., 2021; Nevitt et al., 2020) is then necessary to determining the total
earthquake energy budget (Okubo et al., 2019), as well as the fault zone
displacement budget and structural evolution over geologic times (Zinke
et al., 2015; Perrin et al., 2016). In the case of an isolated locked fault in
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earthquake (Reid, 1911). Creeping faults, on the other hand, release
elastic strain continuously during the inter-seismic period through
aseismic slip (e.g., Jolivet et al., 2012; Li et al., 2021). Observation of
aseismic slip on a fault at a certain time however does not preclude this
fault from hosting earthquakes (Chen and Biirgmann, 2017; Harris,
2017). In all these configurations, the long-term strain budget is fully
accounted for by slip on the fault.

However, for most continental earthquake ruptures, the amount of
slip measured along the faults at the surface is lower than that suggested
to occur at depth in slip models (Antoine et al., 2024; Sethanant et al.,
2023). It has been shown that shallow afterslip, aftershocks, or creep
following those events are not large enough that they would account for
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this difference (Jin et al., 2023; Pousse-Beltran et al., 2020). This
observation calls for other processes than fault slip to accommodate
strain in the shallow crust, with macroscopic yielding proposed as a
potential candidate (Fialko et al., 2005; Jin et al., 2023; Kaneko and
Fialko, 2011; Nevitt et al., 2020). Yielding occurs at the transition be-
tween linear elasticity and localized failure of the material (McBeck
et al., 2021). While the exact functional form for yielding is not well
known, the yield criterion can be defined through a combination of
brittle, elasto-plastic, and sometimes viscous mechanisms (Nicolas et al.,
2017; Petit et al., 2024). It can occur during the earthquake rupture, as
part of the dynamically triggered off-fault damage (Okubo et al., 2019),
but also in regions of lesser or no fault slip, especially in the shallow
crust where elasto-visco-plastic processes accommodate part of the
accumulated strain (Mia et al., 2023; Nevitt et al., 2020). Then, the
long-term strain budget is partitioned between slip on the primary fault,
and non-elastic deformation of the surrounding medium.

Focusing on the coseismic period, surface deformation can be
described as a combination of localized deformation on faults, off-fault
inelastic deformation (OFD; Antoine et al., 2021, 2022; Milliner et al.,
2016), and elastic response of the surrounding so called “intact” medium
(Kanamori and Brodsky, 2004). OFD has been generally characterized to
be a few tens to a few hundreds of meters wide (e.g., Milliner et al.,
2016; Zinke et al., 2019); however, wider (> 1 km) and more continuous
surface deformation, sometimes referred to as diffuse deformation, can
also be considered as part of the OFD (e.g., Antoine et al., 2022, 2021; C.
Li et al., 2022; Liu et al., 2025; Provost et al., 2024; Xi et al., 2025).
Although, it is highly debated whether such wide diffuse surface
deformation should be considered as part of the inelastic or elastic
deformation budget. Considering the diffuse deformation as involving
an inelastic component would then question the validity of the
pure-elastic assumption used in earthquake rupture models, especially
in the shallow near-fault domain (Mia et al., 2023; Nevitt et al., 2020). It
would also question the accuracy of fault energy budget estimate using
geological slip rate and historical earthquake records derived from offset
landforms and paleoseismic observations given that part of the
long-term strain budget could be accommodated off the faults (Reitman
et al., 2022; Shelef and Oskin, 2010), especially for immature faults
(Zinke et al., 2015). Off-fault inelastic deformation also affects the me-
chanical behavior of the medium, and so the faults’ mechanical and
seismic behavior (Abdelmeguid and Elbanna, 2022). These modifica-
tions have an impact on the rupture process at the scale of an individual
earthquake (e.g., Idini and Ampuero, 2020), as well as over multiple
seismic cycles (e.g., Perrin et al., 2016; Thakur and Huang, 2021).

Considering the 2021 Maduo earthquake rupture, this study aims at
characterizing the patterns of on- and off-fault deformation, and their
respective spatial distribution, to propose plausible deformation mech-
anisms for the diffuse off-fault deformation. Using high-resolution op-
tical image correlation (OIC), we produce near-fault displacement maps,
measure the on- and off-fault displacement budget, and derive the
displacement gradients of the on- and off-fault deformation as a first
order estimate of the surface strain accommodated across the different
regions. Using simple mechanical models, we assess the possibility for
the diffuse strain along different regions of the 2021 Maduo rupture to
include an inelastic component.

2. The 2021 M,,7.4 Maduo, Tibet, rupture

The 2021 Maduo earthquake ruptured a ~160 km-long portion of the
left-lateral strike-slip Jiangcuo fault, within the Bayan Har block of the
Eastern Tibetan plateau, at about 100 km South of the Kunlun fault (He
et al., 2021; J. Ren et al., 2022). The geometry and slip rate of the
Jiangcuo fault are poorly known. However, paleoseismic studies suggest
a slip rate of 0.35-0.55 mm/yr (Pan et al., 2022; J. Ren et al., 2022).
Analysis of geomorphic offsets showed a possible cumulative fault
displacement of ~4-5 km, decreasing towards the SE (C. Li et al., 2022).
On May 21, 2021, the rupture nucleated at a depth of ~10-17 km, and

propagated bilaterally (Fan et al., 2022; Liu et al., 2022; Wei et al.,
2022). Published earthquake rupture models suggest a maximum slip of
~5-6 m located at ~3-5 km depth, mostly dominated by left-lateral
displacement (e.g., He et al., 2021; Jin and Fialko, 2021; Wei et al.,
2022). Despite its magnitude, the surface rupture associated with the
2021 Maduo event is very discontinuous, and surface deformation
occurred for a large part on distributed fractures (e.g., Han et al., 2024;
Liu-Zeng et al., 2024; J. Ren et al., 2022, J. 2021; Yuan et al., 2022).
Continuous surface ruptures are primarily reported along the NW and SE
extremities of the rupture, while they are separated by two major
rupture gaps in the central part. Field studies reported primarily hori-
zontal offsets, with a dominant range between 0.5 and 1.5 m, and
maximum local values up to 2.6-2.9 m (Pan et al., 2022; J. Ren et al.,
2022; J. 2021; Xie et al., 2022; Yuan et al., 2022). When averaged along
the 160-km length of the 2021 Maduo rupture, average left-lateral sur-
face displacement is 0.4 m from field observations (Yuan et al., 2022),
and ~2-3 m from geodetic measurements (Jin and Fialko, 2021; C. Li
et al., 2022). This difference is interpreted as resulting from large OFD
along the Maduo rupture (C. Li et al., 2022). Overall, the Maduo
earthquake presents heterogeneous surface deformation characterized
by along-strike transitions from localized to diffuse deformation making
this earthquake a good example to analyze the mechanisms and controls
of the surface deformation localization.

3. Material and methods
3.1. Data and method of the optical image correlation

We use high-resolution OIC to capture near-fault surface displace-
ments associated with the 2021 Maduo rupture. Data include high-
resolution stereo and tri-stereo pre-earthquake SPOT6-7 (1.6 m
Ground Sampling Distance, GSD) and post-earthquake Pleiades (0.5 m
GSD) satellite optical images (Tab. S1). In total, fourteen combinations
of pre- and post-earthquake images were used to cover the 160 km-long
study area from East to West (Fig. S1). All data are downloaded on a
High-Performance Computer, and processed using the MicMac photo-
grammetry and OIC software (Rosu et al., 2015; Rupnik et al., 2018),
along with Python, MATLAB, and GDAL for the pre- and post-processing.
Pleiades data cover only a + 5 km-wide swath along the 2021 Maduo
rupture trace (Figs. la, 1b, and S1). Hence, the calculations are per-
formed only within this area. Even though SPOT6/7 pre-earthquake
images have a 1.6 m GSD, all processing steps are performed at a 0.5
m GSD, which is the native GSD of the Pleiades images. Impact of the
resampling and choice of the common GSD (between 0.5 and 1.6 m)
have been tested, and the 0.5 m GSD results show lower background
noise (Fig. S2).

(Tri-)stereo images from both the pre- and post-earthquake periods
are used to calculate respectively pre- and post-earthquake Digital
Surface Models (DSM). The DSMs are used to orthorectify (correct from
viewing angle and topography distortions, and project in a common
ground reference; Leprince et al., 2007; Rupnik et al., 2018) the pre- and
post-earthquake optical images, respectively. Using DSMs directly
computed from the same images later used for OIC reduces possible
orthorectification bias due to the use of low-resolution topography
models, and georeferencing errors (Antoine and Liu, 2025). In addition,
the use of distinct pre- and post-earthquake DSMs to orthorectify images
acquired before and after the earthquake avoids introducing errors
related to change in the topography during the earthquake (Antoine and
Liu, 2025). Pairs of pre- and post-earthquake orthorectified images are
then cropped to their common areas for OIC purposes. OIC is performed
using a correlation window of 5 pixels (2.5 m) in all iterations, a
sub-pixel correlation step of 1/20th of a pixel, and a spatial regulari-
zation based on a displacement continuity constraint of 0.3. These pa-
rameters are uniform across the processed images tiles, and no
adjustment of the correlation window is made during processing, for
example with the coherence or gradient of the measured displacements.
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The search space is set to 5 m for most image pairs, but increased to 7 m
for a few pairs that recorded geomorphic and meteorological activity of
amplitudes above that of the earthquake-related displacements. Taking
advantage of the two to three available images for the pre- and
post-earthquake periods, we performed OIC for all the possible pairs
straddling the earthquake date, and stacked the results that present the
least artifacts. Stacking operation is performed using a weighted average
method based on the correlation score map outputs of the OIC process,
allowing for an increase of the signal to noise ratio (Delorme et al.,
2020). The final stacked OIC results obtained for different sub-areas are
corrected for ramp artifacts (usually from camera bundle block adjust-
ment residuals; e.g., Fig. S3) using lower-resolution SAR-derived hori-
zontal displacement maps from Liu et al. (2022) that provide a common
reference. A polynomial function is fit to the difference between SAR
and OIC at low frequency, and removed from the OIC results (Fig.
S3a-e). Sentinel-2B OIC was also performed to cross-check the quality of
the ramp corrections, and validate our method of ramp removal using
SAR results (Tab. S2, and Figs. S3f and S4). Overall, this method pre-
serves the high-frequency signal that corresponds to the coseismic
deformation, along with some other local artifacts (decorrelation in
regions with clouds, or affected by sedimentary transport such as
drainages, wetlands and dune fields; Fig. 1a). Through specific shape
and/or direct visual identification in the optical images, we identified
the local artifacts and ignored them when performing the
earthquake-related displacements analysis.

Finally, we tested the possibility of measuring the vertical displace-
ments from differencing the elevation between the pre- and the post-
earthquake DSMs whose features have been horizontally realigned
using the horizontal displacements measured previously (Antoine et al.,
2022, 2021; Delorme et al., 2020). However, uncertainty in the resulting
products reaches an amplitude of +1 m, which prevents any systematic
analysis of the vertical deformation (Fig. S5; Antoine and Liu, 2025).
Thus, from here, our work focuses only on the horizontal components of
the surface displacement.

3.2. Across-fault displacement measurements from the OIC results

We use stacked profiles to analyze how the fault-parallel surface
displacements distribute between localized deformation on faults, and
OFD along the 2021 Maduo surface rupture. Stack boxes are placed
every 200 m along the ~160 km-long 2021 Maduo rupture, including
the diffuse deformation regions, for a total of 781 cross-fault profiles.
Profile length ranges from 1 to 5 km, allowing to capture the entire
deformation across the fault zone, even in regions of large, >1.5 km,
diffuse deformation. Within each 200 m-wide boxes, displacements are
stacked using a weighted median method based on the output OIC
correlation score. Fault-parallel displacements are derived from the
combination of the E-W and N-S displacements along the stack profile
with respect to the local fault azimuth (StackProf software; See Open
Research statement).

Total surface displacement across each profile is assessed by
measuring the offset between the best fitting linear regressions of the
displacements outside of the fault zone (horizontal black dashed lines in
Fig. 2c). Localized deformation on faults is identified from the sub-
vertical offsets in the displacement profiles (e.g., in profiles AA’ and
CC’ in Fig. 2c¢). This measurement is cross-checked using the detailed
field rupture maps available for this earthquake (black lines in Fig. 2a)
that highlight the presence of primary faults in the localized deforma-
tion regions we identified. In the example of profile CC’ (Fig. 2), two
ruptures were mapped in the field, though we detected only one offset
showing that the second rupture located northward did not accommo-
date enough slip to reach our detection threshold, of ~16 cm given the
resolution of 1.6 m of the SPOT6-7 images. OFD for each profile is then
derived from the difference between the total displacement and the
localized deformation offsets. Similar approaches have been commonly
used to characterize earthquake surface deformation based on OIC re-
sults, although profile widths and lengths can vary (e.g., Antoine et al.,
2021, 2022; Gold et al., 2015; C. Li et al., 2022; Milliner et al., 2016;
Scott et al., 2018). Since the total displacement is also measured across
the diffuse deformation regions, diffuse deformation is included in the
surface displacement budget as OFD.
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3.3. Modeling of the deformation

We use a forward two-dimensional (2D) Boundary Element Method
(BEM) to model bulk stress change, and therefore estimate the possi-
bility for bulk inelastic deformation given some assumptions on the bulk
mechanical characteristics and buried fault slip distribution. We did not
attempt inverting for fault slip using the optical observations since it is
not the primary goal of this study, and that finite slip models have
already been proposed in other studies (e.g., Jin and Fialko, 2021; Tong
etal., 2022; Xiong et al., 2022; L. Zhao et al., 2023). We specifically use
the slip distribution of Zhao et al. (2023a) who inverted surface dis-
placements measured from Sentinel-2 optical image correlation to inferr
the shallow slip distribution of the 2021 Maduo rupture. We also test
endmember models including a deeply buried rupture, and a through-
going rupture with maximum slip at the surface.

The BEM approach allows computing displacements and stresses in
an elastic medium subjected to the following boundary conditions: i)
imposed slip on the fault, and ii) traction-free conditions on the free
surface (Mallick and Meade, 2025; Fig. S6). The method only requires
discretizing the fault geometry and surface topography profile while
deformation within the bulk can be predicted without meshing. From

the modeled stress tensor, we predict the macroscopic Criterion for
Failure (CF) using a Mohr-Coulomb type of failure threshold that esti-
mates the bulk yield stress (zf), that is the stress at which the bulk me-
dium starts to deform in an irreversible manner, as a function of depth:

r=c+ fXx oy (@)

with c the cohesion, f the friction coefficient, and ¢, the normal stress
(King et al., 1994). There are not existing constraints on the amplitude of
absolute stresses in the medium, therefore we consider the normal stress
to be equivalent to a depth-dependent pressure term defined as follow:

P,=Ap X g X 2 (2)

with Ap the effective bulk density which equals to the crustal density
minus the density of water, g the gravity, and z the depth (Jaeger et al.,
2007). Near-surface effects can lead to variations in the fault-normal
stresses (Jaeger et al., 2007; Moon et al., 2020), introducing an addi-
tional component of fault strength which is absorbed within the range of
cohesion and friction coefficient values tested. We also consider the
general case of a vertical fault, which is close to the actual geometry of
the Jiangcuo fault in the epicentral area (84-90°N ; Fan et al., 2022;
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Wang et al., 2021).

CF then corresponds to the ratio between the modeled stress change
across the bulk medium (Ac), and the bulk shear strength estimated
from Eq. (1):

Ao
75

CF = 3)

In this study, we first assess the shear modulus and depth ranges
favorable to bulk yielding, and then present the 2D models of bulk CF for

the proposed slip distributions. We eventually test the sensitivity of the
2D CF models to bulk shear modulus, friction and cohesion in Figure
S7b-d.

4. Results

4.1. Horizontal surface displacement maps

Horizontal surface displacements measured from OIC along the 2021
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Maduo earthquake show a dominant east-west (E-W) component
(Fig. 1a), together with a minor north-south (N-S) component (Fig. 1b)
that is only detectable at a few locations, when excluding artifacts due to
sediment movements along rivers, wetlands, and dunes. This is consis-
tent with the left-lateral strike-slip motion determined from seismolog-
ical and geodetic data (e.g., Fan et al., 2022; He et al., 2021; Jin and
Fialko, 2021; C. Li et al., 2022), and field observation (Liu-Zeng et al.,
2024; Pan et al., 2022; J. Ren et al., 2022; Xie et al., 2022; Yuan et al.,
2022). The Maduo rupture zone is visible in the OIC results as the
transition region between red to blue colors, that respectively represent
the displacement of the blocs north and south of the rupture zone. The
geometry of this rupture zone is consistent with the field rupture maps
(Figs. 1b, 2a,b). Rupture azimuth variations associated with local
geometrical asperities are found all along the Maduo rupture (Liu-Zeng
et al., 2024), with three main distinct sections that are separated by two
major fault bends, respectively located at longitude 97.9°E and 99.0°E.
The central section strikes WNW-ESE (~N105), whereas the Eastern and
Western sections strike E-W (~N84 and ~N94, respectively). The width
of the surface deformation also varies significantly along the 160-km
long rupture area. Narrow deformation regions that correlate with the
localized ground ruptures are observed along the NW and SE sections of
the rupture (red lines in Fig. 1b, and black lines in Fig. 2a). In other
regions, meter-scale displacements can be accommodated over a few
hundreds of meters to kilometers wide zones (Fig. 2a), correlating with
areas where numerous distributed fractures were mapped in the field,
and often a lack of primary fault rupture (Fig. 2b; Han et al., 2024; Yuan
et al., 2022). We refer to this phenomenon as the so called diffuse
deformation (Antoine et al., 2021, 2022). In the case of the 2021 Maduo
earthquake, diffuse deformation appears dominant along the epicentral
area (Figs. 1a and 2b).

4.2. Surface displacement budget, and evolution of the FZW

Total displacements along the 2021 Maduo rupture derived from the
analysis of the 781 across-fault profiles (black curve; Fig. 3a,b) evolve
between 1 m and 4 m (with the exception of the two rupture tips where
displacement tapers to zero), with the smallest displacement values re-
ported in the epicentral area (—20 km to +10 km). In comparison, the
largest surface displacements are measured along the eastern and
western sections of the rupture. On average, total surface displacement
is 2.35 4 0.09 m, and occurs over a total Fault Zone Width (FZW)
ranging between 30 m and 2215 m, corresponding to an average FZW of
600 m.

The localized component of the deformation (red curve and lightered
area; Fig. 3a) is primarily detected along the eastern (+30 km to +80
km) and western sections (—30 km to —70 km), where the greatest total
surface displacements were also measured. This observation highlights a
correlation between the localization of the surface deformation and the
increase in total surface displacement for this event. Along the central
section of the rupture, few offsets were detected, which is consistent
with the field observations (colored points; Fig. 3b). When averaged
along the 2021 Maduo rupture length, localized deformation represents
0.62 + 0.05 m, so 26 % of the total surface displacement, and occurs
over an average width of 87 m. The localized deformation curve rep-
resents the maximum envelope of the field data as it is usually observed
for optical measurements (Antoine et al., 2021; Milliner et al., 2016).
Indeed, because of the smoothing effects of the method, offsets retrieved
from OIC measurements often include part of the OFD occurring in the
vicinity of faults in addition to the slip that occurred on these faults. This
smoothing effect can range from a few meters to a few hundreds of
meters, and is dependent on the data resolution and on the correlation
method and parameterization (Antoine and Liu, 2025; Montagnon et al.,
2024). In the present study, this smoothing effect is however limited due
to the combination of high-resolution images (0.5 m for the pre-even
images, and 1.6 m for the post-event images), cross-correlated at a
combined ground resolution of 0.5 m with a correlation window of 2.5

m.

Unlike the localized deformation, OFD is observed along the entire
Maduo rupture (grey area; Fig. 3a,b). However, it is dominant along the
epicentral region where only limited localized surface slip was detected
in the image correlation results (Fig. 3a) as well as in the field (Fig. 3b,c).
OFD has the largest amplitude in the epicentral area, up to ~2 m. When
averaged along the entire rupture length, OFD represents 1.73 m, so 74
%, of the total surface displacement budget for this event, and it occurs
over an average width of 380 m around the localized deformation re-
gions. OFD sometimes occurs in the vicinity of the primary fault rup-
tures, and affects areas of a few tens to a few hundreds of meters wide
that often correlate with regions of distributed fractures or wider shear
zones identified in the field (Fig. 2a, and profiles AA’ to CC’ in Fig. 2c).
OFD can also have a wider extent (> 0.5 km), and a non-direct associ-
ation with ground ruptures, which corresponds to the diffuse deforma-
tion regions (e.g., Fig. 2b). Profile DD’ in Fig. 2c is a typical example of
such a wide deformation region. In this area, no primary surface rupture
is visible, but widely scattered en-echelon shear fractures (Han et al.,
2024) and shaking-related lateral-spreading features (Yuan et al., 2022)
could be mapped. Along the entire Maduo rupture, variations in the
relative contributions of localized deformation on faults and OFD along
the 2021 Maduo rupture are consistent with that of the total FZW, which
shows maximum values up to 2.1 km along the epicentral diffuse
deformation region, and minimum values down to 30.0 m along the
dominantly localized deformation regions, for example from —40 km to
—30 km (Fig. 3d).

Eventually, we also assess the coefficient of variations (CV), corre-
sponding to the standard deviation over the mean, for the different
displacement curves. We observe a decrease from a CV of 1.4 for the
localized deformation, to a CV of 0.29 for the total displacement curves.
The high CV of the localized deformation curve is consistent with the
complexity of the surface ruptures and the scattering of the field offsets
(e.g., Han et al., 2024; Yuan et al., 2022; Fig. 3b,c). Though, that
complexity is not reflected in the total displacement curve that has a
lower CV, highlighting the crucial role of OFD in accommodating the
total co-seismic surface displacement in regions of lesser surface fault
slip (Antoine et al., 2022).

4.3. Across-fault displacement gradient analysis

We derive the displacement gradient Vd across the localized and
OFD regions, respectively, as a first order estimation of the amount of
strain accommodated by each deformation region. This allows
comparing our surface observations to laboratory measurements and
mechanical models (see Section 4.4). Vd corresponds to the ratio be-
tween the amplitude and the width of the offset measured respectively
across the localized deformation and OFD regions (see Fig. 2c for ex-
amples). The statistical analysis of the Vd values reveals a median 0.3 %
for the OFD with a lower (Q1) and upper (Q3) quartiles of 0.2 % and 0.6
%, respectively (Fig. 3f). In the epicentral region, Vd of the OFD is
uniformly below 0.3 %. Vd associated with the localized deformation
dominantly ranges between 1.2 % (Q1) and 3.3 % (Q3), with a median of
1.9 % (Fig. 3e). These estimates of Vd for the localized deformation
correspond to lower bounds as strain on meter to sub-meter wide slip
surfaces cannot be resolved in our data, with a lowest FZW of 30 m
resolved in this study. On average, the measured Vd are consistent with
those from C. Li et al. (2023) who detected shear strains of 0.7-5 %,
considering that the authors ignored regions of diffuse deformation in
their measurements. Using Sentinel-2 OIC results from C. Li et al.
(2022), Zhao et al. (2023a) calculated the shear strain across the diffuse
deformation regions as low as 0.1-0.2 %, therefore supporting our
measurements in these regions. The fact that the shear strain values from
Zhao et al. (2023a) are consistent with the displacement gradient values
we derived also suggest a limited contribution of rotation to the
strike-slip displacement, but rather a dominant role of the shear
deformation.
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4.4. Conditions for macroscopic yielding

The consideration of low-strain deformation as inelastic has been
debated as it occurs below the 0.5 % threshold usually considered for
inelastic strain (e.g., Barnhart et al., 2020; Li et al., 2023; Scott et al.,
2018). However, building on previous works by Simons and Fialko
(2002) and Fialko et al. (2005), more recent studies started considering
this low-strain deformation as potentially inelastic strain that could
account for slip deficits along shallow rupturing faults (e.g., Antoine
et al., 2024; Jin et al., 2023; C. Li et al., 2022; Liu et al., 2025). In the
following, we investigate whether the diffuse deformation could have an
inelastic contribution, and correspond, at least partially, to macroscopic
yielding.

We first use simple mechanical formulations to assess the conditions
favorable to yielding in the shallow crust, and whether these conditions
are applicable to the case of the 2021 Maduo surface rupture. We
consider the displacement gradients measured along the 2021 Maduo
rupture (Fig. 3e) to be equivalent to the strain, thus ignoring any rota-
tional component. This is supported by the consistency we previously
highlighted between our displacement gradient measurements, and the
strain measurements from Li et al. (2023) and Zhao et al. (2023a) for the
localized and diffuse deformation, respectively. We take the example of
a 0.3 % surface strain, which corresponds to the upper range of Vd
values observed for the diffuse deformation along the epicentral area
(Fig. 3e). We then estimate the associated shear stress change (Ao¢) in the
shallow crust using the following equation:

Ac=2 xux Ae 4

with y the shear modulus, and Ae the coseismic strain (Jaeger et al.,
2007).

In a simple configuration with sandstones in superficial conditions
that have a shear modulus of ~5-20 GPa (Fjzr, 2009; Lei et al., 2019;
Ord et al., 1991), 0.3 % of surface strain corresponds to a shear stress
change of 30 to 120 MPa. Such shear stress change is likely sufficient to
generate inelastic deformation (Baud et al., 2021; Cilona et al., 2012),
though they represent maximum estimates given a purely elastic
assumption, and would decrease if adding the inelastic component of the
deformation. We combine Egs. (3) and 4, to assess CF from the measured
surface strain of 0.3 %. In superficial conditions, normal stress ap-
proaches zero and the yield strength is about the rock cohesion (Jaeger
et al., 2007). In the case of a sandstone with a cohesion of ~2 to 5 MPa,
we respectively estimate that surface strains down to 0.10 to 0.17 %
could be inelastic (CF>1). This strain threshold is consistent with the
lower threshold of the diffuse deformation measured along the 2021
Maduo rupture (Fig. 3e).

This analysis is sensitive to variations in mechanical properties of
rocks within the upper fault zone, especially due to the presence of
unconsolidated sediments and fluids, and the accumulation of damage
and healing. We therefore calculate CF for a wide range of rock shear
moduli and depths to assess the conditions favorable to yielding (Fig. 4).
For a given type of rock in given pressure conditions, one can then infer
which values of stress change are favorable or unfavorable to yielding.
Given the current assumptions on the bulk friction and density, and the
measured strain, our results show that yielding is possible for a wide
range of rock properties and depths (Fig. 4, blue domain) which are all
compatible with a wide range of rock shear moduli in shallow conditions
(~5-20 MPa). An increase in the rock shear moduli with depth, as
observed in laboratory experiments (Fjer, 2009; Lei et al., 2019) would
extend the domain of yielding towards deeper depth for a similar
observed surface strain (0.3 % here). Conversely, for lower shear
moduli, as often observed within damaged fault zones (e.g., Qiu et al.,
2021; Vidale and Li, 2003), the yielding region becomes shallower to
accommodate a similar surface strain. Overall, this analysis shows that
yielding is a possible mechanism explaining the surface diffuse defor-
mation along the Maduo rupture, possibly accounting for the shallow
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Fig. 4. Evolution of the closeness to failure (CF) with depth and shear modulus
for a surface strain of 0.3 %, a bulk density of 2300 kg/m3, a cohesion of 2 MPa,
and a frictional coefficient of 0.85 (for normal stresses below 200 MPa; Byerlee,
1978). Yielding occurs for CF > 1 line (blue domain). The blue line corresponds
to the downdip end of the yielding region for a given bulk shear modulus. The
yielding domain increases when reducing the frictional coefficient, and has a
low sensitivity to changes in the bulk density. The line CF=1 is also plotted for a
bulk cohesion of 5 and 10 MPa.

slip deficit of the 2021 Maduo rupture (Jin et al., 2023).

4.5. Modeling of the shallow crustal deformation

We now attempt to predict the area of yielding based on slip distri-
butions proposed for the 2021 Maduo earthquake, along with additional
synthetic slip distributions following the BEM approach from Mallick
and Meade (2024) (Fig. 5a). We focus on the epicentral area of the 2021
Maduo rupture, where the surface deformation is entirely diffuse. In this
area, Zhao et al. (2023a) proposed a slip of 2 m buried at ~3 km depth,
with the top of the slip patch reaching ~0.5 km below the surface. We
run tests for this configuration, along with three end-member configu-
rations including i) a deeply buried rupture, ii) a partially buried
rupture, and iii) a fully through-going rupture. Zhao et al. (2023a)
consider a fully elastic medium in their inversion, although considering
elastoplastic deformation would yield a shallower depth for the top of
the slip patch (Nevitt et al., 2020), which we also test for (Fig. S7a). For
the different scenarios, we predict the closeness to failure from the
modeled stress tensor and Eq. (4). The lithology along the Maduo
rupture consists in sandstones, mudstones and shales (Han et al., 2024;
J. Ren et al., 2022) with a shear modulus in superficial conditions of
~5-20 GPa (Fjeer, 2009; Lei et al., 2019; Ord et al., 1991). For the main
model, we therefore consider a shear modulus of 10 GPa, a friction of
0.85 (for normal stresses below 200 MPa; Byerlee, 1978), and a cohesion
of 2 MPa corresponding to a sandstone in shallow crustal conditions. We
assess the isolated effect of each parameter on the predicted yielding
area, which overall increases with increasing shear modulus and
decreasing friction, and shows low sensitivity to the bulk cohesion
(Figure S7).

Results show that yielding within the shallow crust occurs for all
scenarios except for the two endmember scenarios of i) a deeply buried
rupture, which configuration does not match the 2021 Maduo rupture,
and ii) a throughgoing rupture with maximum slip at the surface, which
corresponds to the region of dominant localized deformation (e.g., —40
km to —30 km in Fig. 3). Output model for the scenario corresponding to
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Fig. 5. (a) Predicted yielding area and amplitude using the BEM approach. Yielding occurs where the Closeness to Failure (CF) is above 1 (blue to red colors).
Because slip is input in the model as a boundary condition, high CF values do not imply a likelihood of faulting, but signifies that yielding would account for the
modeled stress change in the medium. Yielding does not occur when the rupture is too deep (scenario i) or when maximum slip reached the surface (scenario n). In
this latter case, yielding due to the dynamic stress change, commonly referred to as damage, would occur but is not represented in this model. (b) Idealized sketch, in
map view, of the evolution of the surface deformation with increasing total surface displacement, from a diffuse (Vd > 0.1-0.2 %) to a localized (Vd> 1 %)

deformation mode. Strain values indicated on the x-axis do not evolve linearly.

the Maduo epicenter area (Fig. 5a, scenario k) displays a possible
yielding region (CF>1) of 3.5 km-wide, and 0.2 km-deep. This predicted
area is wider at the surface than the observed diffuse deformation region
of ~1-1.5 km, and shallower than the depth of yielding inferred in
Fig. 4. Though, the shape of the predicted yielding area would likely to
evolve if considering a depth dependent shear modulus and friction
coefficient, not accounted for in this model (Fig. S7). In fact, increasing
the shear modulus and decreasing the friction with increasing depth,
consistently with the laboratory measurements (Fjer, 2009; Lei et al.,
2019; Byerlee, 1978), would deepen the region of yielding towards
approaching the depth at which slip tappers on the main fault.

These models only represent the stress change within the off-faut
medium and whether it is favorable to yielding given specific bulk
mechanical conditions. We do not attempt modeling the absolute
stresses within the off-fault medium that, even though it would modu-
late the amplitude and distribution of yielding, requires information on
the pre-stress conditions that are not available for this fault, nor most
active faults. We do not consider either the effect of the regional stress
tensor, which was rather shown to control the ratio of on- and off-fault
deformation (Gabriel et al., 2024). Indeed, along the central section of
the 2021 Maduo earthquake, the relative orientation of the fault to the
maximum horizontal stress was shown to be less favorable to slip and
more prone to distributed and diffuse shear (Liu-Zeng et al., 2024).

In conclusion, despite these simplifications, the width of yielding
area predicted in our model is consistent, to a first order, with obser-
vations of coseismic surface diffuse deformation (e.g., Antoine et al.,
2021; Han et al., 2024; Provost et al., 2024), coseismic fracture distri-
bution (Nurminen et al., 2020; Rodriguez Padilla and Oskin, 2023), and
cumulative damage from field observations (Shelef and Oskin, 2010; Wu
et al., 2024), seismic imaging (Alongi et al., 2024; Qiu et al., 2021), and
aftershock analysis (Perrin et al., 2021; Ross et al., 2019). Eventually,
our model predicts bulk yielding driven only by static stress changes.
Dynamic stresses during rupture propagation can cause additional OFD,
especially in regions of high-slip (Kaneko and Fialko, 2011; Roten et al.,

2017; Taufiqurrahman et al., 2023) and geometrical complexity (Klinger
et al., 2018; Xi et al., 2025). However, modeling these effects requires
costly elastodynamic simulations, uncertain friction laws and constitu-
tive descriptions of bulk plasticity, and it is beyond the scope of this
study.

From this analysis, we propose a conceptual model that describes the
evolution of the surface deformation localization along the 2021 Maduo
rupture as a function of surface strain (Fig. 5b), itself function of the fault
slip distribution at depth (Fig. 5a). This simple model illustrates the
relation between results from our observations and modeling results,
and described an evolution from wide yielding in regions for which
maximum slip remained buried at shallow depth, to narrow to no
yielding in regions where maximum slip reached the surface. This model
does not exclude the presence of near-fault damage triggered by dy-
namic stresses, which is likely included within both the localized
deformation and OFD measurements. Extrapolated at the scale of several
seismic cycles, the accumulation of yielding would participate to the
long-term building of the fault zone structure which localizes incre-
mentally with cumulative coseismic displacement (Perrin et al., 2016)
until it reaches a steady width related to persistent fault complexity
(Visage et al., 2023).

5. Discussion
5.1. Contribution of yielding to the diffuse OFD

Our surface observations along the 2021 Maduo rupture reveal that
74 % of the surface displacement budget is accommodated by OFD
occurring both along the surface-rupturing sections, to the exceptions of
a few sections where all the displacement localizes along the mapped
ground ruptures, and along the regions of primary rupture gaps where
OFD is represented by km-wide diffuse deformation (Figs. 3a,b). Across
the regions of wide diffuse deformation, although no continuous
throughgoing rupture could be found, distributed shear cracks were
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mapped (Han et al., 2024; Yuan et al., 2022). Shear strain across these
regions range between 0.1 and 0.3 % (Fig. 3e; Zhao et al., 2023a), which
is below the ~0.5 % value usually considered as the minimum threshold
for surface inelastic strain (e.g., Barnhart et al., 2020; Li et al., 2023;
Scott et al., 2018). This threshold is derived from measurement of the
axial strain associated with the macroscopic failure of rocks samples in
laboratory experiments (e.g., Morrow and Lockner, 2006). Because of
the possibility to fit the km-scale diffuse deformation signal using a
pure-elastic assumption (e.g., Nevitt et al., 2020; Zhao et al., 2023a), it
has generally been considered as purely elastic. However, considering
the diffuse deformation as elastic implies a stress build up in the shallow
crust due to the deficit in shallow slip and therefore, of shallow inelastic
strain (SSD; Fialko et al., 2005). In this configuration, this SSD then has
to be accounted for by afterslip, creep, or future shallow fault ruptures.

However, along the central section of the Maduo rupture where
diffuse deformation is dominant, surface afterslip is limited to 0.35 m
within the first year after the event (Jin et al., 2023; L. Zhao et al., 2023).
This afterslip is included in our measurements of diffuse deformation in
this area since our post-event data were acquired about a year after the
earthquake (Tab. S1). On average, afterslip measured ~1 year after the
earthquake represents less than ~20 % of the average diffuse defor-
mation measured for that event (Fig. 3a). Because afterslip evolves
logarithmically with time (Marone et al., 1991; Scholz, 1998), its
contribution will become even more negligeable with time, making it
unlikely to ever account for the SSD. Moreover, InSAR observations do
not have the spatial resolution to determine whether this shallow
near-fault post-seismic deformation corresponds to localized afterslip on
a descrete fault or to bulk deformation. Actually, our higher resolution
optical observations (Fig. 2b) as well as field studies conducted in the
months (Han et al., 2024; J. Ren et al., 2021; J. 2022; Yuan et al., 2022)
after the earthquake did not detect localized features in these regions,
suggesting that the shallow post-seismic deformation in the epicentral
area occurs through poro-elastoplastic deformation of the bulk
(Abdelmeguid et al., 2024; Lindsey et al., 2014; Mia et al., 2023).

Additionally, no interseismic surface creep was detected along the
Jiangcuo fault (Fang et al., 2022), suggesting that the shallow parts of
the fault are locked during the inter-seismic period. Even though, we
cannot entirely rule out the possibilities that creep could occur at very
low rate (under the InSAR detection limit of ~2-3 mm/yr; Higgins and
Wdowinski, 2025) or at other times of the inter-seismic period through
more transient events, the fact that the 2021 event did not trigger
detectable creep on the Jiangcuo fault suggest that this fault is not
favorable to creep from start. One could finally argue that the stress
accumulated in the shallow crust over time would be released during a
later earthquake. Such complementarity between shallow and deeper
events on non-creeping continental faults has been observed (Thompson
Jobe et al., 2025), but the limited number of examples suggests it is an
isolated phenomenon.

The low likelihood of all the previously listed processes calls for
another process to explain the diffuse deformation signal, with macro-
scopic yielding being a primary candidate as suggested by our me-
chanical analysis and modeling (Fig. 4 and 5). Though, our analysis does
not exclude a dual source for the diffuse deformation, with both elastic
and inelastic deformations contributing to the observed surface dis-
placements. The exact contributions of elastic and inelastic strain to the
observed diffuse deformation still remains to be constrained using more
advanced modeling calibrated over geological data, and would have
critical implications for our understanding of the earthquake and fault
zone deformation budget.

5.2. Intricate relations between OFD and SSD

From a theoretical perspective, surface diffuse deformation is
directly correlated to the presence of a SSD whether we consider it
elastic or elastoplastic (Fialko et al., 2005; Nevitt et al., 2020; Fig. 5a).
However, this relation is more intricate in natural observations because

of numerous factors. First, definitions and measurement scales of OFD
vary among studies, especially because of the large diversity of data type
(field versus geodesy) and resolutions. In fact, most studies document
the high-amplitude off-fault displacement gradients occurring in the
first tens to hundreds of meters around the main ruptures (e.g., Barnhart
etal., 2020; Li et al., 2023; Milliner et al., 2021, 2025, 2016; Teran et al.,
2015), and usually ignore the contribution of the larger-scale diffuse
deformation that requires producing displacement maps covering both
the near- and far-field to measure offsets over a larger across-fault
aperture (Antoine et al., 2021, 2022; Li et al., 2022; Liu et al., 2025;
Provost et al., 2024; Xi et al., 2025). However, the near-fault OFD is
likely to be dominantly controlled by dynamic stress effects, and to in-
crease with fault slip (e.g., Faulkner et al., 2011; Savage and Brodsky,
2011) whereas the larger-scale diffuse OFD is rather controlled by the
static stress change due to the partially or totally buried rupture (Fig. 5).
Then, the correlation with SSD occurs only for the diffuse component of
the OFD, provided that the models are well constructed and constrained
(Antoine et al., 2024; Liu et al., 2025), whereas the near-fault dynami-
cally triggered OFD would most likely not correlate (Milliner et al.,
2025). Varying model resolutions and accuracies, especially in the
shallow crust, usually prevent detailed comparison between measure-
ments and models. Because of the smoothing effect of correlation
methods, part of the near-fault OFD is also included in the measured
offsets, and then represented as slip in the inversions.

Along the Maduo rupture, a ~30 % average SSD was assessed from
inversion of SAR measurement (Jin and Fialko, 2021; Li et al., 2025;
Tong et al., 2022). SSD in the model from Tong et al. (2022) is larger
along the central stretch of the rupture, which is supported by Zhao et al.
(2023a) who used optical data to constrain the shallow (0-3 km) slip
distribution. Here, the average SSD is less than half the proportion of
OFD measured at the surface (74 %). This difference primarily lies in the
fact that OFD measurement from this study, like those from Li et al.
(2022), include both the near-fault and diffuse components of OFD
together. In addition, the models that estimate SSD are based only on
SAR data, and therefore might include part of the OFD in the modeled
slip. For these reasons, we cannot directly relate the amount of modeled
SSD to that of measured OFD. Still, the fact that Tong et al. (2022) and
Zhao et al. (2023a) propose a larger SSD along the central section of the
rupture is consistent with the larger or even dominant contribution of
diffuse OFD we measured in that area.

Conclusions

We present high-resolution measurements of the surface displace-
ments along the 2021 M,,7.4 Maduo, Tibet, rupture, obtained from the
sub-pixel cross-correlation of Pleiades and SPOT6/7 satellite images.
These measurements allow for detailed quantification of the surface
displacement along the Maduo fault zone, including the total surface
deformation, and the respective contributions of the localized and off-
fault deformations. Results show:

e Localized deformation is a minor component of the surface defor-
mation along the 2021 Maduo rupture, whereas OFD contributed, on
average, to ~74 %.

Kilometer-wide diffuse deformation is dominant within the first 30
km around the earthquake epicenter, whereas other regions of the
rupture present partly localized deformation on primary or second-
ary fault ruptures.

Displacement gradients associated with the diffuse deformation
range between 0.1 and 0.3 %, which is below the commonly used
inelastic strain threshold inferred from laboratory observations of
macroscopic rock failure.

Using simple mechanical formulations, supported by a 2D modeling
approach, we show that low-strain diffuse deformation can corre-
spond to elastoplastic yielding. Our models reproduce the spatial
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scale of the surface diffuse deformation, and are valid through a wide
range of rock mechanical properties.

The lack of surface afterslip and/or creep along the diffuse defor-
mation regions support our interpretations that the diffuse defor-
mation may include an inelastic component, and account for part of
the shallow slip deficit.

In conclusion, this study shows that the diffuse deformation partly
reflects macroscopic crustal yielding accounting for the lack of shallow
slip in some regions of the 2021 Maduo rupture, especially along the
epicentral region. This example shows that diffuse deformation should
be accounted for in the surface deformation budget of continental
earthquake ruptures, at least those that partially ruptured the ground
surface.
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