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Abstract

Surface deformation associated with continental earthquake ruptures includes localized deformation on the faults, as well as

deformation in the surrounding medium though distributed and/or diffuse processes. However, the connection of the diffuse part

of the surface deformation to the overall rupture process, as well as its underlying physical mechanisms are not yet well under-

stood. Computing high-resolution optical image correlations for the 2021/05/21 Mw7.4 Maduo, Tibet, rupture, we highlight a

correlation between the presence of faults and fractures at the surface, and variations in the across-fault displacement gradient,

fault zone width, and amplitude of surface displacement. We show that surface slip along primary faults is systematically

associated with gradients greater than 1%, and is dominant in regions of greater coseismic surface displacement. Conversely,

the diffuse deformation is associated with gradients [?]0.3%, and is dominant in regions of lesser surface displacement. The

distributed deformation then occurs for intermediate gradients of 0.3-1%, and at the transition between the localized and diffuse

deformation regions. Such patterns of deformation are also described in laboratory experiments of rock deformation, themself

supported by field observations. Comparing these experiments to our observations, we demonstrate that the diffuse deformation

along the 2021 Maduo rupture corresponds to kilometer-wide plastic yielding of the bulk medium occurring in regions where

surface rupture is generally missing. Along the 2021 Maduo rupture, diffuse deformation occurs primarily in the epicentral

region, where the dynamic stresses associated with the nascent pulse-like rupture could not overcome the shallow fault zone

frictional strength.
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Key points: 11 

- The 2021 Maduo earthquake is dominantly associated with kilometer-scale surface 12 

diffuse bulk plastic yielding.  13 

- Diffuse bulk plastic yielding occurs in regions where the dynamic stresses could not 14 

overcome the shallow fault zone frictional strength. 15 

- This study documents a gradual surface deformation localization along the rupture strike 16 

as a function of coseismic displacement. 17 

 18 

Abstract 19 

Surface deformation associated with continental earthquake ruptures includes localized 20 

deformation on the faults, as well as deformation in the surrounding medium though distributed 21 

and/or diffuse processes. However, the connection of the diffuse part of the surface deformation 22 

to the overall rupture process, as well as its underlying physical mechanisms are not yet well 23 
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understood. Computing high-resolution optical image correlations for the 2021/05/21 Mw7.4 24 

Maduo, Tibet, rupture, we highlight a correlation between the presence of faults and fractures at 25 

the surface, and variations in the across-fault displacement gradient, fault zone width, and 26 

amplitude of surface displacement. We show that surface slip along primary faults is 27 

systematically associated with gradients greater than 1%, and is dominant in regions of greater 28 

coseismic surface displacement. Conversely, the diffuse deformation is associated with gradients 29 

≤0.3%, and is dominant in regions of lesser surface displacement. The distributed deformation 30 

then occurs for intermediate gradients of 0.3-1%, and at the transition between the localized and 31 

diffuse deformation regions. Such patterns of deformation are also described in laboratory 32 

experiments of rock deformation, themself supported by field observations. Comparing these 33 

experiments to our observations, we demonstrate that the diffuse deformation along the 2021 34 

Maduo rupture corresponds to kilometer-wide plastic yielding of the bulk medium occurring in 35 

regions where surface rupture is generally missing. Along the 2021 Maduo rupture, diffuse 36 

deformation occurs primarily in the epicentral region, where the dynamic stresses associated 37 

with the nascent pulse-like rupture could not overcome the shallow fault zone frictional strength.  38 

 39 

Plain Language 40 

Surface deformation associated with major continental earthquakes generally occurs along faults 41 

which are visible at the surface. However, in the case of the 2021 Mw7.4 Maduo, Tibet, rupture, 42 

the surface rupture exhibits a discounted trace with kilometer-long gaps, and a primarily diffuse 43 

surface deformation, raising the following question: What processes can explain the primarily 44 

diffuse deformation along the 2021 Maduo surface rupture? Calculating high-resolution (0.5 m) 45 

displacement maps along the 2021 Maduo rupture area, we highlight that the diffuse deformation 46 



 

 3 

gradients, which can have a kilometer-wide extension across the fault zone, accommodate up to 47 

1.5 m of ground surface displacement in regions where the faults did not rupture. Deriving 48 

evolution laws for the different deformation components, we highlight a gradual increase of the 49 

displacement localization along the faults with increasing total surface displacement. We then 50 

suggest that the diffuse deformation corresponds to diffuse plastic deformation of the rock 51 

medium in regions of lesser earthquake displacement, where the faults could not rupture totally 52 

throughout the surface. Such diffuse behavior is found primarily in the epicentral area, where the 53 

earthquake displacement and associated stresses are lower due to the smaller size of the nascent 54 

rupture patch. 55 

 56 

Keywords 57 

High-resolution optical image correlation, Maduo, surface displacement, localized, diffuse, 58 

distributed deformation,  frictional strength, dynamic rupture process 59 

 60 

1. Introduction 61 

Fault zones are usually described as confined and layered structures composed of series of 62 

primary faults where the majority of the co-seismic deformation occurs, and surrounded by a 63 

fractured medium also referred to as the damage zone hosting distributed deformation (Mitchell 64 

and Faulkner, 2009; Torabi et al., 2019). However, geodetic (Antoine et al., 2021, 2022; Fialko 65 

et al., 2005; Hearn and Fialko, 2009; C. Li et al., 2022; Materna and Bürgmann, 2016), field 66 

(Petersen et al., 2011; Rodriguez Padilla and Oskin, 2023), and seismic observations (e.g., 67 

Alongi et al., 2022; Perrin et al., 2021; Qiu et al., 2021; Vidale and Li, 2003; Yang, 2015; Yang 68 

et al., 2011; Zhou et al., 2022) also showed the existence of a third deformation region, at the 69 
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transition between the damage zone and the surrounding intact medium, where diffuse plastic 70 

yielding of the rocks would occur. This deformation region is referred to as the diffuse 71 

deformation zone (Antoine et al., 2021, 2022). Consequently, the total earthquake surface 72 

deformation expresses as a combination of localized deformation on the primary faults, 73 

distributed deformation on the secondary fractures, and diffuse deformation in the surrounding 74 

medium. Each of these deformation components occurs at a different spatial scale, and together 75 

they outline the area where the inelastic permanent deformation takes place (e.g., Barnhart et al., 76 

2020; Rodriguez Padilla et al., 2022; Scott et al., 2018) which we refer to as the Fault Zone (FZ) 77 

in this study. 78 

 79 

On one hand, the localized deformation corresponds to the surface slip that occurs on the well-80 

defined faults, and usually affects a region of a few meters to a few tens of meters wide. Such 81 

localized deformation has been characterized along numerous surface ruptures by mapping the 82 

faults, and measuring displacement offsets across anthropic and geomorphic features (e.g., 83 

Klinger et al., 2005; Rockwell et al., 2002; Teran, 2015). On the other hand, the distributed and 84 

diffuse components of the deformation, together, constitute what is called the off-fault 85 

deformation (OFD). OFD affects regions hundreds of meters to a few kilometers away from the 86 

primary faults (e.g., Antoine et al., 2021, 2022; Milliner et al., 2016; Mitchell and Faulkner, 87 

2009; Rodriguez Padilla et al., 2022). Within the OFD, the distributed deformation, as defined in 88 

this study, corresponds to deformation occurring on series of secondary fractures located away 89 

from the main rupture (see also Nurminen et al., 2022; Simone et al., 2022). Because the 90 

fractures are visible at the surface, the distributed deformation can be detected in the field or 91 

using optical and/or topography data (e.g., Choi et al., 2018; Gold et al., 2015; Simone et al., 92 
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2022). The diffuse deformation, however, is not directly associated with visible fractures and 93 

generates continuous kilometer-scale gradients of ground surface displacement which can only 94 

be detected using dense geodetic measurements with wide across-fault apertures (Antoine et al., 95 

2021; Antoine et al., 2022; Fialko et al., 2005; Li et al., 2022). Consequently, diffuse 96 

deformation is often not reported and included in earthquake displacement budgets, and its role 97 

in the rupture process is ignored.  98 

 99 

As an inelastic process, though, the diffuse deformation should also affect the mechanical 100 

properties of the crustal medium as it is described for the more densely fractured damage zone 101 

(Budiansky and O’connell, 1976; Heap et al., 2010; Laws et al., 2003; Yamamoto et al., 2002). 102 

Accumulation of such wide inelastic deformation over time would then lead to a compliant 103 

behavior of the FZ at wider scale than usually considered (Fialko et al., 2002; Hearn and Fialko, 104 

2009; Materna and Bürgmann, 2016; Rodriguez Padilla and Oskin, 2023). These modifications 105 

in the FZ mechanical behavior have an impact on the rupture process, at the scale of an 106 

individual earthquake rupture (Barbot et al., 2008; Gombert et al., 2018; Okubo, 2019; Sammis 107 

et al., 2009; Zhao et al., 2023), as well over several seismic cycles (Faulkner et al., 2006; 108 

Lyakhovsky and Ben-Zion, 2008; Passelègue et al., 2018). Hence, it is critical to improve the 109 

characterization of the diffuse deformation, and understand the underlying physical processes 110 

and its role in the rupture process and FZ development. 111 

 112 

Here, we use high-resolution optical image correlation (OIC) to measure the surface horizontal 113 

displacement field associated with the 2021 Maduo earthquake rupture. Horizontal displacement 114 

maps allow analyzing the along-strike evolution of the surface displacement and deformation 115 
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patterns, including the contribution of each deformation component along with the total surface 116 

displacement, the width of the deformation zone (also called fault zone width, FZW), and the 117 

tectonic and co-seismic rupture settings. Comparing the OIC measurements with published 118 

observations from field and laboratory experiments, this study first aims at demonstrating the 119 

permanent and inelastic nature of the diffuse deformation, and then proposing plausible physical 120 

underlying mechanisms.  121 

 122 

2. The 2021 Mw7.4 Maduo, Tibet, rupture 123 

The 2021 Maduo earthquake rupture occurred along the left-lateral strike-slip Jiangcuo fault, 124 

within the Bayan Har block of the Eastern Tibetan plateau, at about 100 km South of the Kunlun 125 

fault (Ha et al., 2022; Ren et al., 2022). The geometry and slip rate of the Jiangcuo fault are 126 

poorly known. However, paleoseismic studies suggest a slip rate of 0.35-0.55 mm/yr (Pan et al., 127 

2022; Ren et al., 2022). Analysis of geomorphic offsets showed a possible cumulative fault 128 

displacement of ~4-5 km, decreasing towards the SE side of the fault  (Li et al., 2022). On May 129 

21, 2021 a rupture nucleated at a depth of ~10-17 km, and propagated bilaterally for a total 130 

rupture length of ~160 km (Fan et al., 2022; He et al., 2021; Liu et al., 2022; Wei et al., 2022). 131 

Published earthquake rupture models suggest a maximum slip of ~5-6 m located at ~3-5 km 132 

depth, dominated by mostly left-lateral displacement (e.g., He et al., 2021; Jin and Fialko, 2021; 133 

Wei et al., 2022; Xiong et al., 2022). Despite its magnitude, the localized surface rupture 134 

associated with the 2021 Maduo event is very discontinuous, and surface deformation occurred 135 

for a large part on distributed fractures (Liu et al., 2023; Pan et al., 2022; Ren et al., 2022, 2021; 136 

Xie et al., 2022; Yuan et al., 2022). Continuous surface ruptures are primarily reported along the 137 

NW and SE extremities of the rupture, while they are separated by two major rupture gaps in the 138 
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central part. Field studies reported both left-lateral and vertical offsets with respective maximum 139 

amplitudes of 2.6-2.9 m and 0.95-1.8 m (Pan et al., 2022; Ren et al., 2022, 2021; Xie et al., 2022; 140 

Yuan et al., 2022). The horizontal component, however, is dominant in the surface deformation, 141 

and most horizontal offsets range between 0.5-1.5 m. On average, along the 160-km rupture, the 142 

average left-lateral surface displacement from field observations is 0.4 m (Yuan et al., 2022), 143 

whereas geodetic studies report average values of ~2-3 m (Jin and Fialko, 2021; Li et al., 2022). 144 

This difference is interpreted as a result of large OFD along the Maduo rupture (Li et al., 2022), 145 

which corresponds to the distributed and diffuse deformations occurring off the primary faults. 146 

Overall, the Maduo earthquake presents an heterogeneous surface deformation, with along-strike 147 

transitions from regions where localized deformation is dominant, located along mapped faults, 148 

to regions where OFD is dominant. In this regard, the 2021 Maduo rupture constitutes a unique 149 

case example for analyzing the patterns of localized, the distributed, and the diffuse 150 

deformations, their spatial interactions, as well as the underlying physical mechanisms.  151 

 152 

3. Material and Methods 153 

We use high-resolution OIC to capture the near-fault surface displacement associated with the 154 

2021 Maduo rupture. Data include high-resolution stereo and tri-stereo pre-earthquake SPOT6-7 155 

(1.6 m ground sampling distance, gsd) and post-earthquake Pleiades (0.5 m gsd) satellite optical 156 

images. In total, fourteen combinations of pre- and post-earthquake images were used to cover 157 

the 160 km-long study area from East to West (Fig. S1). All data are downloaded on a High-158 

Performance Computer, and processed using the MicMac correlation photogrammetry and OIC 159 

software (Rosu et al., 2015; Rupnik et al., 2017), along with Python, MATLAB, and GDAL for 160 

the pre- and post-processing. Pleiades data cover only a ±5 km-wide swath along the 2021 161 
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Maduo rupture trace (Figs. 1a,b and S1) thus the calculations are performed only within this area. 162 

Even though SPOT6/7 pre-earthquake images have a 1.6 m gsd, all processing steps are 163 

performed at a 0.5 m gsd which is the native gsd of the Pleiades images. Impact of the 164 

resampling and choice of the common gsd (between 0.5 and 1.6 m) have been tested, and the 0.5 165 

m-gsd results are showing smaller variability and average noise level (Fig. S2). 166 

 167 

For each sub-area of the rupture, covered by different high-resolution image pools, (tri-)stereo 168 

images from both the pre- and post-earthquake periods are used to calculate, respectively, pre- 169 

and post-earthquake Digital Surface Models (DSM). The DSMs are used to orthorectify 170 

(correction from viewing angle and topography distortions, and projection in a common ground 171 

reference; Leprince et al., 2007; Rupnik et al., 2016) the pre- and post-earthquake optical images, 172 

respectively. By using DSMs directly computed from the same images later used for OIC, one 173 

reduces possible orthorectification bias due to the use of low-resolution topography models, and 174 

georeferencing errors. In addition, the use of distinct pre- and post-earthquake DSMs to 175 

orthorectify images acquired before and after the earthquake allows avoiding any error related to 176 

change in the topography due to the earthquake. Pairs of pre- and post-earthquake orthorectified 177 

images are then cropped to their common areas to perform the OIC. OIC is performed using a 178 

correlation window of 2.5 m (5 pixels), a search window of 5-7 m, a sub-pixel correlation step of 179 

1/20
th

 of pixel, and a regularization term of 0.3. Taking advantage of the fact that we could use 180 

two to three images both for the pre- and post-earthquake periods, we performed OIC for all the 181 

possible pairs straddling the earthquake date, and stacked the best results. Stacking operation is 182 

performed using a weighted average method based on the correlation score maps output of the 183 

OIC process (Delorme et al., 2020). Each pixel is weighted using its correlation score (0-1), 184 
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allowing for an increase of the signal to noise ratio. The final stacked OIC results obtained for 185 

different sub-areas are corrected for ramp artifacts (bundle block adjustment residual) using 186 

lower-resolution SAR-derived horizontal displacement maps from Liu et al. (2022) that provide 187 

a common reference. A polynomial function is modeled to the difference between SAR and OIC 188 

at low frequency, and removed from the OIC results (Fig. S3a-e). Sentinel-2B OIC was also 189 

performed to cross-check the quality of the ramp corrections, and validate our method of ramp 190 

removal using SAR results (Figs. S3f and S4). Overall, this method preserves the high-frequency 191 

signal, that corresponds to the FZ deformation, along with some other local artefacts 192 

(decorrelation in regions with clouds, or affected by large sedimentary transport such as 193 

drainages, wetlands and dune fields; Fig. 1a). Through specific shape and/or direct visual 194 

identification on optical images, we identified local artefacts and ignored them when performing 195 

the analysis of the earthquake-related displacements.  196 

 197 

Finally, we tested the possibility of measuring the vertical displacements from the difference in 198 

elevation between the post-earthquake and the pre-earthquake DSMs, whose features have been 199 

horizontally realigned using the measured horizontal displacement (Antoine et al., 2021, 2022; 200 

Delorme et al., 2020). However, except for one area (Fig. S5), the noise level reaches an 201 

amplitude ±1 m, which prevents any systematic analysis of the vertical deformation. Thus, from 202 

here, our work focuses only on the horizontal components of the surface displacement.   203 

 204 

4. Results 205 

4.1. Horizontal surface displacement maps 206 
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Horizontal surface displacement measured from OIC along the 2021 Maduo earthquake show 207 

dominant East-West component, with relative amplitude reaching ±2 m (Fig. 1a), while the 208 

North-South component, when excluding the high-displacement geomorphic artefacts, is limited 209 

to ±1 m and is only detectable in a few places (Fig. 1b). This is consistent with the left-lateral 210 

strike-slip motion determined from seismological and geodetic data (Fan et al., 2022; K. He et 211 

al., 2021; Q. Li et al., 2022; Wang et al., 2021; Wei et al., 2022; Zhang et al., 2022; Jin and 212 

Fialko, 2021; C. Li et al., 2022; Li et al., 2023; Liu et al., 2022; Xiong et al., 2022; Xu et al., 213 

2021, 2021; Yang et al., 2022; Zhao et al., 2021), and from field observation (Pan et al., 2022; 214 

Ren et al., 2022, 2021; Xie et al., 2022; Yuan et al., 2022).
 
The area affected by surface 215 

deformation during the 2021 Maduo event, referred to as the FZ, is clearly visible in the OIC 216 

results, and its geometry is consistent with the field rupture mapping (Fig. 1b). The FZW 217 

corresponds to the width of the area showing a gradient of displacement between the two sides of 218 

the fault, as seen on the across-fault displacement profiles (Fig. 2). FZW varies significantly 219 

along the rupture, including narrow FZs that correlate with the localized ground ruptures (red 220 

lines, Fig. 1b), and wide FZs, from few hundreds of meters to kilometers, that correspond to 221 

regions of distributed fracturing (orange lines, Fig. 1b) or rupture gaps (no visible ground 222 

ruptures, Fig. 1b). Rupture azimuth variations associated with local geometrical asperities are 223 

also found all along the Maduo FZ, with three main distinct sections that are separated by two 224 

major fault bends, respectively located at longitude 97.9E and 99.0E. The central section 225 

strikes WNW-ESE (~N105), whereas the Eastern and Western sections strike E-W (~N84 and 226 

~N94, respectively). 227 

 228 
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 229 

Figure 1: (a) East-West and (b) North-South surface displacement along the 2021 Maduo 230 

rupture measured at 0.5 m gsd from the correlation of pre-earthquake SPOT6/7 images 231 

and post-earthquake Pleiades images (see methodology for gsd details). The Fault Zone 232 

(FZ) appears as a continuous and curvilinear structure separating the NE and the SW 233 

blocks. Some geometrical complexities, including bends and relay zones, are indicated 234 

using dashed-line circles. Examples of artefacts related to geomorphic or meteorologic 235 

processes are indicated using thin black arrows. Epicenter location, from global CMT 236 

catalog (GCMT), is shown with a yellow star. Field rupture map from Yuan et al., 2022 is 237 

overlaid in (b) with, in red, the primary ruptures, and in orange, the secondary fractures. 238 

Inset at the bottom left shows the tectonic context, modified from Ren et al. (2022). Light 239 

red area is the Bayan Har block. Red box is the area of (a). LF is the Longmenshan Fault. 240 

XFS is the Xianshuihe Fault System. QF is the Qinling Fault.  241 

 242 

4.2. Separating the localized, distributed and diffuse components of the deformation 243 
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We use stacked profiles to analyze how the fault-parallel surface displacement distributes 244 

between the localized deformation on faults, the distributed deformation on fractures, and the 245 

diffuse deformation. Stack boxes are 200-m wide, and displacement results are stacked within 246 

the boxes using a weighted median method that uses the output OIC correlation score. Fault-247 

parallel displacement is derived from the combination of the East-West and North-South 248 

displacement along the stack profile with respect to the local fault azimuth (StackProf software).  249 

 250 

4.2.1. Individual profile analysis 251 

Individual profile analysis is performed following the method of Antoine et al. (2021, 2022) to 252 

measure the localized, distributed and diffuse components of the deformation. Similar methods 253 

are widely used to characterize earthquake surface deformation based on OIC results, though 254 

profile widths and lengths can vary (Ajorlou et al., 2021; Barnhart et al., 2020; Delorme et al., 255 

2020; Gold et al., 2015; Li et al., 2022; Milliner et al., 2016; Scott et al., 2018). In this study, 256 

similar to Antoine et al. (2021, 2022), the length of profiles ranges from 1 (Fig. 2a) to 5 (Fig. 2b) 257 

km, allowing to capture the horizontal trend outside of the diffuse deformation zone, 258 

corresponding to the far-field elastic response of the media. Far-field elastic repones is usually fit 259 

by an arctangent function (Segall, 2010) though, because of the limited ±5 km coverage of the 260 

OIC results around the faults, it appears as an horizontal trend in the profiles.  261 

 262 

We quantify the variations in the slope along the across-fault displacement profile, referred to as 263 

displacement gradient, which reveal variations in the underlying mechanisms of deformation 264 

across the FZ. For example, along profile AA’ (Fig. 2a), highest displacement gradient of 2.4% 265 

is observed in the center of the profile from -40 m to +10 m. This region correlates with the 266 
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location of a primary fault mapped in the field (black line, Fig. 2a), and thus corresponds to the 267 

localized surface deformation. The localized deformation area is clearly separated from the 268 

surrounding regions that exhibits a displacement gradient of 0.5%, and can correlate with 269 

distributed fractures in the field. We refer these second regions as the distributed deformation 270 

regions. A third region can also be distinguished on the northern side of the profile, from -175 to 271 

-345 m, where the displacement gradient approaches 0.3%. This region clearly does not show 272 

any apparent association with field-mapped fractures thus we classify it as diffuse deformation. 273 

Diffuse deformation is also inferred along the BB’ profile, where 1.48 m of left-lateral 274 

displacement is accommodated with a uniform displacement gradient of 0.1% (-250 to +700 m, 275 

Fig. 2b), and across a region where only few sparse secondary fractures were identified in the 276 

field. 277 

 278 

 279 

Figure 2: Zoom in the East-West displacement map in (a) a region of primarily distributed 280 

deformation, and (b) a region of primarily diffuse deformation. Rupture map is from Yuan 281 
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et al. (2022). AA’ and BB’ across-fault displacement profiles are presented below the 282 

displacement maps. For each profile, the values of displacement d, the width over which 283 

this displacement occurs (horizontal bars), and the corresponding displacement gradient 284 

𝛻𝑑 is indicated for the total (black), localized (red), distributed (orange) and diffuse (blue) 285 

deformation regions. 286 

 287 

4.2.2. Surface displacement budget associated with the total, localized, distributed, and 288 

diffuse deformations 289 

We measure the evolution of fault-parallel displacement along the rupture strike from the 290 

analysis of 781 cross-fault profiles located every 200 m, together with the field rupture map from 291 

Yuan et al. (2022). Using the same method as in Figure 2, within each of the 781 profiles, we 292 

measure the surface displacement offset associated with the total (black curve; Fig. 3a,b), 293 

localized (red area; Fig. 3a), and distributed deformations (light orange area; Fig. 3a). The 294 

diffuse deformation (blue area; Fig. 3a) is then calculated from the difference between the total 295 

displacement curve and the sum of the localized and distributed deformations. 296 

 297 
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 298 

Figure 3: (a) Complete surface displacement budget for the 2021 Maduo rupture (top plot). 299 

Black curve is the total surface displacement. Orange curve includes the displacement 300 

occurring on primary faults (red area) and secondary fractures (light orange area). Diffuse 301 

deformation corresponds to the blue area. Fault Zone Width (FZW) is shown in the bottom 302 

plot with the grey curve. The coefficient of variation (CV) reflects the degrees of variability 303 

of the curves, and is defined as the ratio between the standard deviation and the mean. (b) 304 

Comparison between total displacement measured from optical OIC (curves) and faults 305 

offsets measured in the field (points and crosses), in the left-lateral component, along the 306 

2021 Maduo rupture. Black curve is from this study, and blue curve is from Li et al. (2022) 307 

who used Sentinel-2B images at 10 m gsd. 308 

 309 

Our results first show that the total surface displacement associated with the 2021 Maduo rupture 310 

ranges between 1 and 4 m (to the exception of the two rupture tips where displacement tapers to 311 
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zero), with the smallest displacement values reported in the epicentral region (-20 to +10 km). In 312 

comparison, the largest surface displacement is measured along the eastern and western sections 313 

of the rupture. On average, total surface displacement is 2.35 ± 0.09 m, and occurs over a total 314 

FZW of 30 to 2215 m, which corresponds to an average total FZW of 600 m. Coefficient of 315 

variation (CV) of the total displacement curve is 0.29, which is unexpectedly small considering 316 

the complexity of the ruptures and the scattering of the field offsets (Fig. 3b; Pan et al., 2022; 317 

Ren et al., 2022, 2021; Xie et al., 2022; Yang et al., 2022; Yuan et al., 2022). Localized 318 

deformation, occurs primarily along the eastern (30 to +80 km) and western sections (-30 to -70 319 

km), with no or few offsets detected along the central region of the rupture. The localized 320 

deformation, on the other hand, when average along the 2021 Maduo rupture length, represents 321 

0.62 ± 0.05 m, so 26.3% of the total surface displacement, and occurs over an average width of 322 

87 m. The localized deformation curve represents the maximum envelop of the field data, as it is 323 

usually observed for optical studies (e.g., Antoine, 2021; Milliner, 2015). The CV of the 324 

localized deformation curve is 1.4, which reflects the complexity and discontinuity of the surface 325 

ruptures, as evidenced in the field.  326 

 327 

Distributed deformation is detected essentially along the eastern and western sections of the 328 

Maduo rupture, and primarily alongside or at the tips of the primary fault ruptures. On average, 329 

the distributed deformation is 0.67 ± 0.09 m, corresponding to 28.5% of the total surface 330 

displacement budget, and occurs over an average width of 133 m around the localized 331 

deformation regions. The CV of the distributed deformation curve is 0.82. Very few distributed 332 

deformation is detected in the epicenter area, similar to what was observed for the localized 333 

deformation. In fact, the epicenter area is mainly characterized by diffuse deformation as shown 334 
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by profile BB’ (Fig. 2b). In contrast with the localized and distributed deformations, the diffuse 335 

deformation is found along most of the rupture length (blue area, Fig. 3a). It has the largest 336 

amplitudes along the epicentral area, up to ~2 m, and at the rupture tips. The average surface 337 

displacement associated with the diffuse deformation component is 1.06 ± 0.09 m, representing 338 

45.2% of the total surface displacement. The CV for the diffuse deformation curve is 0.75, which 339 

is intermediate to that of the distributed and total displacement curves. The contrasts between 340 

amplitudes and CVs of the different displacement curves thus reveal the crucial role of the 341 

distributed and diffuse deformations in accommodating the total co-seismic surface displacement 342 

in regions of lesser surface fault slip (Antoine et al., 2022). 343 

 344 

4.2.3. Evolution of the FZW 345 

The total FZW corresponds to the width of the total displacement offset, and is reported for each 346 

of the 781 profiles (grey curve, Fig. 3a). For example, along the profiles AA’ and BB’ (Fig. 2), 347 

total FZW is 480 and 1.1 km, respectively. Along the Maduo rupture, the largest FZWs, up to 348 

2.15 km, are found in the epicenter area, and in part of the SE section (+35 to +53 km). Along 349 

the SE section, however, the rupture propagated across swampy terrains (indicated as wetland in 350 

Fig. 1) and the trace of the rupture might not have been all well preserved, leading to a possible 351 

over-estimation of the total FZW. Nevertheless, the lowest FZWs are found essentially along the 352 

NW and SE sections, from -65 to -30 km and +60 to +80 km. Interestingly, the epicentral area 353 

also corresponds to the area of smallest surface displacement along the 2021 Maduo rupture, 354 

whereas the NW and SE sections have the greatest surface displacement. Hence, we observe a 355 

decrease of the FZW together with an increase of the displacement, which is in contradiction 356 

with what has been previously reported in field studies (Faulkner et al., 2011; Savage and 357 
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Brodsky, 2011). This is likely due to that field studies most often describe only the off-fault 358 

fractures affecting the first tens to hundreds of meters around the faults, which are associated 359 

with dynamically activated off-fault damage that tend to increase in width with slip on the fault 360 

(Faulkner et al., 2011; Okubo et al., 2019; Thomas and Bhat, 2018). Here, measurements of the 361 

surface deformation are performed at a wider (>0.5 km) scale, and include the diffuse 362 

deformation as part of the FZ deformation budget. The decrease of the total FZW with increasing 363 

displacement thus highlights the decreasing contribution of the diffuse deformation with 364 

increasing coseismic surface displacement, as inferred in previous studies (Antoine et al., 2021; 365 

Perrin et al., 2016).  366 

 367 

4.3. Displacement gradient analysis 368 

4.3.1. Localized, distributed, and diffuse displacement gradients 369 

We derive the displacement gradient ∇d, as a first order equivalent of strain, for each 370 

deformation region across the FZ from the separate analysis of the displacement values and 371 

widths for the localized, distributed and diffuse deformation regions. Examples are given along 372 

the profiles AA’ and BB’ (Fig. 2), and a similar approach is applied to each of the 781 across-373 

fault profiles (Fig. 4a).  Careful examination of each profile shows that the regions characterized 374 

entirely by diffuse deformation, including the epicentral area, are associated with across-fault 375 

displacement gradients below 0.3% (e.g., ∇d = 1.48/1100 = 0.0013 in profile BB’). Statistical 376 

analysis shows a median displacement gradient value of 0.2% for the diffuse deformation regions 377 

with a lower (Q1) and upper (Q3) quartile values of 0.1 and 0.5%, respectively (blue barplot, 378 

Fig. 4a). Distributed deformation is associated with a median displacement gradients of 0.5%, 379 

and a Q1 and Q3 values of 0.3 and 1% (orange barplot, Fig. 4a). As an example, along the profile 380 
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AA’ the distributed deformation shows a ∇d = 1.36/250 = 0.0054. Finally, displacement 381 

gradients associated with the localized deformation dominantly range between 1.2% (Q1) and 382 

3% (Q3), (e.g., ∇d = 1.19/50 = 0.024 in profile AA’, Fig. 2a ; and red barplot in Fig. 4a). All 383 

these values are in general consistent with the results from Li et al. (2023), who detected shear 384 

strains of 0.7-5% in the regions identified as localized and/or distributed deformation. Using 385 

Sentinel-2 OIC results from Li et al. (2022), Zhao et al. (2023) also measure shear strain over the 386 

diffuse deformation regions as low as 0.1-0.2%. In the following, the lower and upper quartiles 387 

of the distributed deformation are used thresholds expressing transitions between the different 388 

deformation regimes (Fig. 4c). 389 

 390 

   391 

Figure 4: (a) Displacement gradients 𝛁𝐝 measured across the localized (red), distributed 392 

(orange) and diffuse (blue) deformation regions along the 2021 Maduo rupture. Barplots 393 

show the lower quartile (Q1), median, and upper quartile (Q3) for the 𝛁𝐝 measurements of 394 

the corresponding components. Blue and red dashed lines respectively highlight the 395 
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transitions between diffuse and distributed, and distributed and localized deformation 396 

regimes. (b) Field map of the 2021 Maduo surface rupture including, in red, the primary 397 

faults, and in orange, the secondary fractures (Yuan et al., 2020). (c) Evolution of the total 398 

FZW (grey area, Fig. 3a) and average displacement gradient across the FZ (colored 399 

crosses). Color scale reflects the different ranges of displacement gradients as assessed in 400 

(a). Distributed deformation is separated in two, with the value of 0.5% representing the 401 

theoretical inelastic deformation threshold (Barnhart et al., 2020). Red and blue dots 402 

highlight, in the FZW curve, some examples of transitions from a primarily diffuse to a 403 

primarily localized surface deformation, occurring for corresponding FZW values of 300 to 404 

500 m. In (a), each profile can be represented by 1 to 3 points with each point 405 

corresponding to a different deformation mode, whereas in (c), each profile is represented 406 

by 1 point that reflects the dominant deformation mode. 407 

 408 

4.3.2. Average displacement gradients as a measure of the dominant mode of deformation 409 

Calculating the ratio between the total displacement offset and the total FZW for each profile, we 410 

analyze the evolution of the average displacement gradient ∇d̅̅̅̅  along the Maduo rupture, and 411 

assess along-strike evolutions in the dominant mode of deformation (Fig. 4c). As an example, in 412 

the case of profile AA’ (Fig. 2a), the dominant mode of deformation is the distributed 413 

deformation (accounting for 1.36±09 m of offset along that profile), which is consistent with a 414 

∇d̅̅̅̅  of 0.54%, that falls into the class of 0.3-1% inferred previously for the distributed 415 

deformation mode. Similarly, in the case of profile BB’ (Fig. 2b), the unique mode of 416 

deformation is the diffuse deformation, and is associated with ∇d̅̅ ̅̅  of 0.13%, which is within the 417 

range of 0.1-0.3% identified as characteristic of the diffuse deformation. Within the range of 0.3-418 
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1% that corresponds to the distributed deformation, we additionally distinguish the range 0.3-419 

0.5%, and 0.5-1%, with 0.5% being the theoretical inelastic deformation usually considered (e.g., 420 

Barnhart et al., 2020; Rodriguez Padilla et al., 2022; Scott et al., 2018). Though, in our results, 421 

there is no clear difference between the patterns associated with the 0.3-0.5% and the 0.5-1% 422 

ranges, and fractures could be observed starting from 0.3%.  423 

Results from the average gradient analysis (Fig. 4b) show that the localized deformation is 424 

dominant along most of the primary fault sections, whereas diffuse deformation is dominant 425 

along the rupture gaps. This is consistent with our previous surface displacement measurements 426 

(Fig. 3a), as well as with the field observations (Figs. 3b and 4b). Hence,  ∇d̅̅ ̅̅  can be used as a 427 

parameter to characterize the dominant mode of surface deformation along the 2021 Maduo 428 

rupture, along with the more local metric of ∇d that characterizes each deformation mode 429 

separately. Each of these different metrics are used hereafter to analyze the behavior of the 430 

different deformation components, and to assess possible underlying mechanisms. 431 

 432 

4.4. Evolution of the width of the localized, distributed, and diffuse deformation zones 433 

and total FZW  434 

We analyzed the evolution of the width of the localized, distributed, and diffuse deformation 435 

zones with respect to their contributions to the surface displacement budget (Figs. 5a and S6). 436 

Results show that the width of the diffuse deformation zone increases with increasing amplitude 437 

of the diffuse deformation (blue crosses and curve). This increasing trend is best fit (by 438 

minimizing the r
2
 norm) using an exponential relation, which is coherent with observations from 439 

experiments  of microcrack development and fracture growth (Chen et al., 2021; Long et al., 440 

2021; J. A. McBeck et al., 2021). The maximum width of the diffuse deformation zone detected 441 
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for the 2021 Maduo earthquake is ~2 km, which also corresponds to the maximum value 442 

obtained for the total FZW. In comparison, the width of the localized deformation zone also 443 

increases with increasing amplitude of the localized deformation (red crosses and curve) but 444 

follows a logarithmic trend, coherent with existing field observations (e.g., Chester et al., 2005; 445 

Mitchell and Faulkner, 2009; Savage and Brodsky, 2011). The width of the localized 446 

deformation region reaches a maximum of about 100 m for any value of localized displacement 447 

about 1.5m or larger. Here, contrasts between the governing equation of FZW with displacement 448 

for the localized and diffuse deformation demonstrates that these two modes of deformation are 449 

controlled by different underlying mechanisms. Finally, the width of the distributed deformation 450 

domain increases linearly with increase distributed deformation, with a maximum detected width  451 

of ~500 m (orange crosses and curve). Distributed deformation then appears as a transition 452 

mechanism between the diffuse and localized deformations, consistent with the fact that the 453 

distributed deformation occurs spatially at the transition between the localized and distributed 454 

deformation regions (Figs. 2a and 3a) and is associated with intermediate values of ∇d (Fig. 4). 455 

 456 

 457 

Figure 5: Scatterplots of evolution of deformation zone width with displacement based on 458 

the analysis of the 781 across-fault displacement profiles (Figs. 2c and 3). (a) Evolution, for 459 
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each deformation process, of the deformation region for the corresponding displacement 460 

amplitude. Similar to Figure 4a, each profile is represented by 1 to 3 points. Thick lines 461 

propose possible evolution laws for each type of surface deformation. (b) Evolution of the 462 

total FZW with increasing total surface displacement. Color code highlights the dominant 463 

surface deformation mode, similarly to Figure 4c. Black line and white arrow highlight the 464 

decrease in total FZW with increasing total surface displacement. 465 

 466 

Considering all the contributions to the surface displacement together, we observe an overall 467 

decrease of the total FZW with increasing total surface displacement (black line with white 468 

arrow, Figure 5b), as previously inferred from the analysis of FZW and displacement 469 

measurements along the rupture strike (Fig. 3a). Overlapping this result with the average 470 

displacement gradient ∇d̅̅̅̅  ranges (color scale, Fig. 5b), we observe a decrease in the total FZW 471 

that correlates with the increase in ∇d̅̅̅̅ , and thus with a greater contribution of the localized 472 

deformation on faults with regard to that of the distributed and diffuse deformations. Hence, we 473 

propose that two mechanisms are at play here. First, the evolution of the total FZW is controlled 474 

by the ratio of the diffuse, on one hand, and localized and distributed, on the other hand, 475 

deformation contributions to the total displacement budget (Fig. 5b). Second, this ratio decreases 476 

with increasing total surface displacement, as a result of greater displacement being 477 

accommodated by primary faults (Fig. 3a).  478 

 479 

Still, several points corresponding to both the lowest displacement and FZW values (grey dashed 480 

box, Fig. 5b) remain outside of this decreasing trend, and tend to show a positive relation 481 

between total surface displacement and FZW. We suggest this pattern to be characteristic of 482 
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regions with the smallest displacement values, located at the rupture tips, and experiencing the 483 

development of the diffuse deformation zones. This is indeed suggested by geological field 484 

observations  (Faulkner et al., 2011; Manighetti et al., 2004; Perrin et al., 2016) that describe 485 

wider off-fault damage in regions of fault growth. We confirm this inference by separating the 486 

points from Figure 5b based on their locations along the rupture strike (Fig. S7). Points that 487 

describe this increasing relation are mostly located along the SE rupture tip (blue cercle, Fig. S7), 488 

which is characterized primarily by surface diffuse deformation (Fig. 3a). The NW tip (green 489 

circle, Fig. S7), though, shows a decrease in total FZW with increasing displacement, consistent 490 

with the other regions of the rupture. This contrast between the NW and SE rupture tips may 491 

reflect different mechanical behaviors between the NW and SE rupture tips due to the contrasts 492 

in fault maturity as suggested by Li et al. (2023). Geological field observations indeed show 493 

lower accumulated fault displacement along the SE side of the Jiangcuo fault, as a consequence 494 

of the eastward long-term fault propagation (Li et al., 2022; Pan et al., 2022), thus in favor of 495 

greater diffuse deformation. 496 

 497 

5. Discussion 498 

5.1. Diffuse inelastic deformation below the rock failure stress: laboratory observations 499 

Diffuse deformation along the 2021 Maduo rupture represents 45.2% of the total surface 500 

displacement budget (Fig. 3a), with displacement gradients that range between 0.1 and 0.3%. 501 

Such displacement gradient values are below the value of ~0.5% that is usually considered as the 502 

minimum strain threshold for the occurrence of surface inelastic deformation (e.g., Barnhart et 503 

al., 2020; Cheng and Barnhart, 2021; Li et al., 2023; Milliner, 2021; Scott et al., 2018). However, 504 

this value is empirical and primarily based on surface observation of fractures. Laboratory 505 
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experiments of rock sample deformation in tri-axial compression, though, showed that inelastic 506 

deformation actually occurs for lower values of strain, down to ~0.1-0.2%, which is below the 507 

actual rock failure stress (e.g., Dong et al., 2023; Lockner, 1998; McBeck et al., 2022, 2021; 508 

Thompson et al., 2006; Fig. 6a,b). Such deformation occurs through diffuse microfracturing 509 

(phase i, Fig. 6a) for stresses below 75-90% of the failure stress, and before the deformation 510 

starts to localize along a defined fault plane (phase j and k, Fig. 6a). This microfracturing is 511 

characterized by independent microcracks, homogeneously distributed through the rock sample. 512 

Considering that we measure the displacement across the sample, it would bear a similar pattern 513 

as the one we observed in the diffuse regions of the Maduo rupture, that is a continuous surface 514 

displacement gradient across the FZ. These strong similarities between the deformation patterns 515 

described in laboratory experiments and the diffuse deformation patterns observed along the 516 

2021 Maduo rupture then strengthen our initial hypothesis which is: surface diffuse deformation 517 

along the 2021 Maduo rupture is an inelastic process, and corresponds to diffuse plastic yielding 518 

of the off-fault medium below the shallow FZ failure stress.  519 

 520 
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 521 

Figure 6: Comparison between (a,b) observations of rock deformation from tri-axial 522 

compression of rock sample in laboratory (mod. from McBeck et al., 2022) and (c,d) 523 

observations of surface deformation along the 2021 Maduo rupture. (a) View in cross-524 

section of the highest-magnitude deviatoric strain values (black points) distribution across 525 

the rock sample during the experiment, and (b) corresponding stress versus axial-strain 526 

relation. Color code in (b) highlights the different classes of strain inferred from the  𝛁𝐝̅̅ ̅̅  527 

analysis (see Fig. 4). Letters (i-l) highlight corresponding stages of deformation in (a) and 528 

(b). (c) Idealized sketch, based on our surface observations along the 2021 Maduo rupture 529 

(Fig. 3a), of the evolution of the FZ deformation with increasing total surface displacement, 530 

from (i) a diffuse to (l) a localized deformation mode, through (j,k) a region of mixed 531 

deformation mode. (d) Surface displacement profiles across the different surface 532 

deformation regions (i-l) in (c). In (b,d), color code highlights the different classes of 𝛁𝐝̅̅ ̅̅  533 

(see Fig. 4).  534 
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 535 

Bimodal evolution of ∇d̅̅̅̅  with total displacement (Fig. 7a) and total FZW is also observed (Fig. 536 

7b), supporting the co-existence of two different mechanical processes along the 2021 Maduo 537 

rupture. On one hand, the diffuse deformation gradient (blue points, Fig. 7) has little sensitivity 538 

to variations in the coseismic displacement, highlighting the stable behavior of plastic yielding, 539 

but also its low-energy efficiency. Conversely, within the dominantly localized deformation 540 

regions (red points, Fig. 7), the displacement gradient has great sensitivity to increases in the 541 

displacement gradients, which is consistent with the unstable nature of dynamic fault slip 542 

(Collettini et al., 2011; Ikari et al., 2011). Such increase in ∇d̅̅̅̅  in the localized deformation 543 

regions do not lead to significant changes in the FZW, showing the ability of the localized 544 

deformation to concentrate large amounts of deformation within confined regions, hence 545 

representing a highly energy-efficient deformation regime.  546 

 547 

 548 

Figure 7: Evolution of the average displacement gradient 𝜵𝒅̅̅ ̅̅  with (a) the total surface 549 

displacement, and (b) the total FZW. Color code highlights the different classes of  𝜵𝒅̅̅ ̅̅  550 
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including the localized (red), distributed (orange and green), and diffuse (blue) 551 

deformations (Fig. 4c). Trends in the data are highlighted with black lines and colored 552 

arrows.  553 

 554 

Such comparison between a natural rupture and crystalline rock samples being deformed in the 555 

laboratory, is also supported by other deformation experiments in granular porous medium 556 

(Aben et al., 2017; Baud et al., 2000; Cilona et al., 2012; Fossen et al., 2007; Visage et al., 2023), 557 

as well as field observations (Aubert et al., 2020; Cilona et al., 2012; Micarelli et al., 2006), 558 

strengthening our previous interpretations. In the case of the 2021 Maduo rupture, indeed, 559 

lithology consists in granular porous carbonate rocks overlaid with unconsolidated quaternary 560 

sediments at some locations (Ren et al., 2021; Yuan et al., 2022), which differ from the 561 

crystalline nature of the rock used in the experiments described previously. Added to the low-562 

pressure conditions of the shallow crust and interactions with the free-surface, plastic 563 

deformation processes can differ from that described previously. In this case, shear and/or 564 

dilatation deformation bands (Aben et al., 2017; Aubert et al., 2020; Fossen et al., 2007; 565 

Micarelli et al., 2006; Visage et al., 2023), and possibly viscous cataclastic flow (Baud et al., 566 

2000; Cilona et al., 2012) have been suggested as the primarily plastic deformation mechanisms, 567 

in addition to the microfracturing occurring in the most consolidated, e.g., cemented and/or 568 

healed, regions (Micarelli et al., 2006).  569 

 570 

5.2. Relations with shallow FZ frictional strength, and the dynamic rupture process 571 

Diffuse deformation along the 2021 Maduo rupture contributes to almost the entire surface 572 

displacement budget along the epicentral area, whereas is it a minor component of the surface 573 



 

 29 

displacement along the NE and SW rupture sections (Fig. 3a). Based on the previous inference 574 

that the diffuse deformation corresponds to plastic yielding below the FZ failure stress (section 575 

5.1), it implies that the dynamic stresses due to coseismic rupture in the epicentral area did not 576 

overcome the shallow FZ frictional strength. Instead, the stresses associated with the earthquake 577 

rupture induced a widespread plastic yielding, which manifests as broad surface diffusive 578 

deformation with little surface ruptures.  579 

 580 

Indeed, kinematic slip inversion of the 2021 Maduo event revealed a bilateral pulse-like rupture, 581 

with the epicenter area that only slipped during the first 5-8 seconds of the ~40 seconds-long 582 

earthquake rupture (Chen et al., 2022; Yuan and Li, 2023; Zheng et al., 2023). Such rupture 583 

process resulted in lesser co-seismic displacement in the epicenter area both at depth and at the 584 

surface (Hirakawa and Ma, 2016; Wang and Day, 2017), thus showing good correspondence 585 

with the patterns we observed at the surface (Fig. 3). The nucleation patch was inferred to be 5~8 586 

km wide, and confined within the first 10 km of the crust, supporting the hypothesis of a blind 587 

fault rupture and associated surface diffuse deformation. After the first 5-8 seconds, the pulse-588 

like rupture takes over and propagates bilaterally along the fault plane. The propagation is 589 

associated with an increase in the slip patch width and amplitude with increasing distance to the 590 

epicenter, until it reaches the maximum fault width and ruptures the ground surface. Based on 591 

the seismic and geodetic data (e.g., Jin and Fialko, 2021; Liu et al., 2022; Wei et al., 2022; Yuan 592 

and Li, 2023; Yue et al., 2022; Zheng et al., 2023; Figs. 1 and 3), and the field observations (Pan 593 

et al., 2022; Ren et al., 2022, 2021; Xie et al., 2022; Yuan et al., 2022), the rupture reached the 594 

surface at ~30 km on either side of the epicenter. Such rupture process, coupled with shallow FZ 595 
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frictional strength contrast, would result in smaller shallow coseismic slip and more diffusive 596 

deformation in the epicentral area, compared to the NW and SE rupture sections.  597 

 598 

The hypothesis of a stronger shallow FZ frictional strength in the epicenter area is partially 599 

supported by the Jiangcuo fault being an immature fault with low slip rate (Pan et al., 2022; Ren 600 

et al., 2021) and low accumulated deformation (Li et al., 2022). Locally such frictional strength 601 

could also be enhanced by the significant presence of sediments, including quaternary sand-602 

dunes or swampy terrain were observed (Yuan et al., 2022), which typically lead to velocity-603 

strengthening behavior (Ikari et al., 2011; Scholz, 1998). Part of the diffuse deformation also 604 

occurred within an area of bedrock (+10 to +25 km SE from the epicenter), but the latter is 605 

associated with the highest presence of drainages across the FZ (Yuan et al., 2022), which 606 

suggests the presence of recent unconsolidated and wet sediments at the surface. As shown by 607 

Hirakawa and Ma (2016), the presence of sediments and/or water could also facilitate the 608 

development of a pulse-like rupture, consistent with kinematically constrained rupture process. 609 

 610 

One question about the surface diffuse deformation measured along the epicentral area is 611 

whether it relates to the postseismic response of a shallow compliant FZ to a blind fault rupture 612 

at depth (Fialko et al., 2002). In this case, one would expect shallow creep to account for this 613 

surface elastic deformation. However, shallow afterslip along the 2021 Maduo rupture reaches 614 

only ~0.2 m after 1 year (He et al., 2021; Jin and Fialko, 2021; Xiong et al., 2022; Zhao et al., 615 

2021; Zhao et al., 2023). Considering the exponential decrease of afterslip with time, it is thus 616 

very unlikely that the shallow layers will account for the 1.5 m of diffuse deformation (Jin et al., 617 

2023). In addition, a majority of this shallow afterslip occur at depth of 2-3 km (Jin et al., 2023), 618 
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which suggests the surface afterslip is less likely and supports the hypothesis of bulk plastic 619 

yielding within the top 1-2 km of the crust. Added to the fact that few sparse fractures were 620 

detected at the surface in this region (Figs. 1, and 2b; Liu et al., 2023), showing that inelastic 621 

deformation did reach the surface in this area, the diffuse bulk plastic behavior then seems like a 622 

reasonable interpretation of the surface diffuse deformation. 623 

 624 

Conclusions 625 

In this work, we present high-resolution measurements of the surface displacement field along 626 

the 2021 Mw7.4 Maduo, Tibet, rupture, obtained from the sub-pixel cross-correlation of Pleiades 627 

and SPOT6/7 satellite images. These measurements allow for a detailed quantification of the 628 

surface displacement along the Maduo fault zone, including the separation of the localized 629 

deformation along primary faults, the distributed deformation on secondary fractures, and the 630 

bulk diffuse deformation. Results show that diffuse deformation contributed to up to ~45% of the 631 

total surface deformation, and generated continuous ground deformation across regions as wide 632 

as 2 km. Diffuse deformation is the dominant process within the first 30 km around the 633 

earthquake epicenter, whereas other regions of the rupture are primarily characterized by 634 

distributed and localized deformations. Our analysis reveals different governing equations for the 635 

localized, distributed, and diffuse deformations, suggesting different underlying mechanisms. 636 

Comparison with existing laboratory observations of rock deformation, also supported by field 637 

and seismic observations, suggest that diffuse deformation corresponds to bulk plastic yielding 638 

occurring in regions where the dynamic stresses did not overcome the shallow fault zone 639 

frictional strength. Conversely, the localized deformation occurs in regions where the dynamic 640 

rupture propagation could be sustained. In the case of the 2021 Maduo rupture, lower dynamic 641 



 

 32 

stresses associated with the nascent-pulse-like rupture, combined with greater shallow fault zone 642 

strength possibly due to the presence of unconsolidated and/or wet sediments, would favor such 643 

shallow diffuse bulk plastic yielding along the epicenter area. 644 
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