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12 Abstract: Contact-based methods are employed used to monitor landslides, but their high cost,
13 inefficiency, and reliance on discrete points limit a comprehensive understanding of landslide
14 deformation behavior. To address this limitation, a geodetic inversion strategy integrating creep and
15  dislocation models is proposed to estimate landslide creep and slip from InSAR observations,
16  enabling the quantitative separation of their respective contributions to landslide motion. The
17  method was applied to the Xiongba landslide in Gongjue County, Tibet. SBAS-InSAR-derived
18  ascending and descending deformation of the Xiongba landslide was used to estimate creep and slip
19  models via the proposed method. The results show that the Xiongba landslide is dominated by slope-
20  aspect motion, with a maximum rate of 495 mm/yr, and secondary landslide bodies H1 and H2
21  exhibit distinct movements but share similar viscosity parameters. The inversion results indicate
22  that surface deformation of the Xiongba landslide is predominantly controlled by slip processes,
23 whereas the contribution of mass creep is comparatively limited. Model misfits of 7.9 (ascending)
24 and 4.7 (descending) mm/yr indicate good agreement with observations, and the alignment between
25  estimated and observed slip depths further supports the model’s reliability. The proposed inversion
26 framework provides a new means of disentangling creep and slip contributions to landslide
27  deformation and offers valuable insights into the failure mechanisms governing large-scale
28  landslides.

29 Keywords: Xiongba Landslide; Time-series InNSAR Deformation; Joint inversion method;
30  Creep model; Slip model

31 1 Introduction

32 Landslides are severe geological hazards involving the downward movement of materials,
33 controlled by a combination of geological formations, climate changes, and human activities (Song
34 et al, 2022). Owing to their sudden onset, concealed development, and potentially widespread
35  impacts, landslides pose significant threats to human life and property (Crozier, 2010). Landslide
36  activity has increased in recent years, due to rapid urbanization, intensified engineering activities,
37  glacier melting, and more frequent extreme rainfall events (Lin et al., 2022). Consequently,
38  landslides have become one of the major challenges threatening infrastructure development and
39  engineering activities, particularly in road construction, water conservancy projects, and mining

40  (Crozier, 2010, Zhu et al., 2024). Understanding landslide movement processes and deformation
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41  mechanisms is therefore essential for hazard assessment, early warning, and risk mitigation.

42 Techniques for detecting and monitoring internal landslide movement can generally be
43  categorized into contact and non-contact methods. Contact methods, such as slope inclinometers
44 and Time Domain Reflectometry (TDR), have been widely used for monitoring internal landslide
45 movement (Su, 1987; Drahor et al., 2006; Simeoni & Mongiovi, 2007; Stark & Choi, 2008;).
46 However, these methods are generally costly, labor-intensive, and time-consuming. Moreover, they
47  provide deformation measurements only at discrete locations, making it difficult to characterize the
48  overall movement behavior of an entire landslide. Their applicability is also limited for steep,
49  inaccessible, or hazardous landslides where field investigations are challenging.

50 Compared with contact-based approaches, non-contact methods are generally more efficient
51  and less labor-intensive. Representative non-contact methods include the equilibrium cross-section
52 method (Bishop, 1999), the dislocation method (Nikolaeva et al., 2014), the non-Newtonian viscous
53  flow method, limit equilibrium method and the mass conservation method (Zhu et al., 2024). These
54 methods characterize landslide behaviors by integrating surface displacement observations and soil
55  parameters within modeling frameworks. Recent studies have made significant progress in landslide
56  movement modeling and parameter estimation (Aryal et al., 2015; Hu et al., 2018; Zhu et al., 2024).
57 It has been clarified that landslide deformation is driven by the combined effects of internal creep
58  and slip processes. However, most existing approaches consider only one of these processes,
59  neglecting their coupled contribution.

60 The Xiongba Ancient Landslide is located on the right bank of the Jinsha River in Gongjue
61  County, Tibet, within a steep V-shaped valley with elevations of approximately 2600—4000 m and
62  local slopes exceeding 60°. The area is highly susceptible to landslides due to its complex geological
63  and climatic conditions. The Xiongba Landslide covers an area of about 5.33 km? and is situated
64  near major transportation corridors, posing potential risks to regional infrastructure and downstream
65  communities. Previous borehole surveys and soil strength tests revealed high moisture content and
66  low plastic limits within the landslide materials, indicating that the slip surface has long remained
67  in a semi-solid state and is prone to creep deformation (Jin, 2021). InSAR observations further
68  showed notable deformation and damage, particularly in the middle and frontal parts of the landslide,
69  suggesting that it is generally in an unstable state and may pose a risk of large-scale sliding failure
70  and river blockage under extreme weather conditions (Wu et al., 2024).

71 In this study, a joint inversion method is proposed to characterize both the creep and slip
72 behaviours of the Xiongba landslide based on the InSAR-derived ground deformation rates. The
73 InSAR deformation fields are derived from ascending and descending Sentinel-1 InSAR data, using
74  the SBAS-InSAR technique. Both the Bingham creep and elastic dislocation models are
75  incorporated in this method, enabling the mathematical modeling of the relationship between
76  complex landslide movement and surface deformation. The reliability of our inversion results is
77  validated through misfit analysis and by comparing the estimated slip depth with borehole
78  measurements. The inversion results characterize both the depth-dependent creep behavior and
79  sliding surface slip distribution, offering scientifically-grounded support for Xiongba landslide risk

80  management strategies.
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81 2 Overview and Data Processing Workflow of the Xiongba Landslide
82 2.1 Study Area
83 The Xiongba landslide is located in Shadong Township, Gongjue County, Tibet Autonomous
84  Region, China. The Jinsha River flows from north to south along the front edge of the landslide (Fig.
85 la). The topography is characterized by plateau mountains, hills, and deep canyons, shaped by the
86  intense incision of the Jinsha River. The terrain is steep, with poorly developed terraces, and is
87  classified as an extremely high mountain landscape. The is characterized by a continental plateau
88  monsoon climate zone, with an average annual temperature of approximately 6.5°C and an average
89  annual precipitation of about 480 mm, most of which occurs between May and September. Studies
90  suggest that intense rainfall may induce landslide movement along internal weak layers, posing risks
91  such as river blockage or dam-break events, which endanger nearby settlements (Li et al., 2021; Lv
92 et al., 2025; Yan et al., 2024).
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94 Figure 1. Study area of the Xiongba ancient landslide. (a) SAR image coverage, (b) optical image, and (¢) geological
95 profile from the study by Jin (2021).
96 The Xiongba landslide displays a circular, chair-shaped geometry. The front edge is bounded
97 Dby the Jinsha River, which has subjected the slope to significant fluvial erosion, while the rear edge
98  is defined by a mountain ridge, resulting in a vertical elevation difference of approximately 1150 m.
99  The landside has an overall length of approximately 2500 m and an average width of about 2800 m,
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100  covering an area of roughly 6.72 km?. The average slope gradient ranges from 15° to 30°. Based on
101  topographic features, the landslide is divided into a source area, a platform area, and a front-edge
102  deformation zone (Fig. 1¢). The source area is relatively stable, with exposed bedrock; the platform
103  area has a gentler slope and serves as the main residential zone; the front-edge area has steeper
104  slopes, prominent tension cracks, erosion gullies, and local collapses.

105 The Xiongba landslide lies within the Jinsha River seismic zone, which hosts several active
106 faults (Guo et al., 2021; Yang et al., 2024). The Jinsha River fault zone, together with the Luona—
107  Buxu fault, passes through the central and rear portions of the Xiongba landslide. The landslide
108  predominantly exposes strata composed of mica—quartz schists from the Lower Permian
109  Gangtuoyan Formation (PT\g), with residual Quaternary sand and gravel present at the surface. The
110 riverbed sediment of the Jinsha River primarily consists of Quaternary alluvial-proluvial deposits
111 (Q+"*P"). Due to the historical activity of the Jinsha River fault zone, the rock masses in this area are
112 extensively fractured, resulting in highly variable stratum occurrences. In addition, continuous
113 fluvial erosion at the landslide toe further promotes slope instability (Yan et al., 2021; Zheng et al.,
114 2024).

115 2.2 SAR Data and Processing

116 In this study, a series of SAR images in interferometric wide-swath (IW) mode captured by the
117 Sentinel-1 satellite were utilised to map the surface deformation fields of the Xiongba landslide,
118  including 59 ascending-track and 68 descending-track. The coverage of the used SAR data is shown
119  in Fig. la, and detailed parameters are listed in Table 1. To ensure high-precision deformation
120  measurements, the Precise Orbit Ephemerides (POD) data were used to refine satellite orbit vectors.
121 The high-resolution digital elevation model (DEM) with a 30 m resolution provided by the Japan
122 Aerospace Exploration Agency (JAXA) was employed to simulate and remove the topographic
123 phase component. Phase unwrapping was performed using the minimum cost flow algorithm
124 (Costantini & Rosen, 1999; Pepe et al., 2011). Furthermore, tropospheric delay data with a spatial
125  resolution of 90 m, from the Generic Atmosphere Correction Online Service for INSAR (GACOS)

126 system, were used to mitigate atmospheric phase delays.

127 Table 1. Parameters of the Sentinel-1A SAR images used in this study.
Flight direction Scenes Incidence angle (°) Heading (*) Time span
Ascending 59 33.85 349.5 20200102-20220316
Descending 68 39.28 190 20200321-20220323
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129 Figure 2. Flowchart of the InSAR time-serie data processing and joint inversion procedure for creep and slip models.
130 A total of 445 ascending-track and 587 descending-track interferometric pairs were generated

131  for time-series analysis, with temporal baselines of up to 120 days and spatial baselines within 300
132 m. The small baseline subset (SBAS) InSAR time-series technique enabled the extraction of ground
133 deformation in the Xiongba landslide area (Berardino et al., 2002), implemented through the Miami
134  INsar time-series software in Python (MintPy; Yunjun et al., 2019). The MintPy processing
135  workflow incorporates both high-pass and low-pass filtering strategies to reduce atmospheric delays.
136 Topographic residuals were mitigated by exploiting their correlation with the perpendicular baseline
137  time series, simultaneously partially correcting for orbital phase errors (Fattahi & Amelung, 2013;
138  Yunjun et al., 2019). The detailed steps of the SAR data processing are shown in the left panel of
139  Fig. 2. Finally, the derived ground deformation and velocity fields can be found in Figs. 4 and 5.

140 3 Methods

141 3.1 Components of Surface Deformation on A Landslide

142 The observed surface deformation on a landslide consists of two main components governed
143 by distinct mechanical mechanisms. One component, denoted as u,, is the gravitational deformation
144 caused by mass rock creep, which can be quantitatively described using a creep model (Angeli et
145  al., 1996; Han et al.,, 2014). The other component, designated as u,, represents deformation
146  controlled by slip along the sliding surface and can be modeled based on the dislocation theory
147  (Okada, 1985). The total ground deformation « can be described as the sum of u, and uy, as expressed
148  in Eq. (1). A schematic diagram illustrating the two different components of deformation on a

149  landslide surface, caused by different mechanisms, is shown in Fig. 3a.

150 u:uy+us (1)

151 The dislocation theory proposed by Okada (1985) is applied to calculate the slip-induced
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152  surface deformation component. This component is influenced by the spatial location and geometric
153  parameters of the sliding surface (Okada, 1985; Muller et al., 2000; Nikolaeva et al., 2014; Aryal et
154  al., 2015). The Bingham model is used to calculate the creep deformation component of the slope
155 body (Han et al., 2014; Li et al., 2022; Balmforth et al., 2014; Huang et al., 1998), as illustrated in
156 Eq. (2). In Eq. (2), J denotes the Bessel function, i, is the m-th zero value of the Bessel
157 equation 7, (x)=0, M, is the viscosity parameter of the soil under saturated conditions, b is a
158  parameter that describes the depth-dependent nonlinear behavior in viscosity, p inidactes the soil
159  density, ¢ represents time, and H denotes the depth of landslide creep.

160

161 Figure 3. (a) Schematic of Landslide Surface Deformation Components govern by different mechanisms. (b) Sliding

162 surface finite element model.
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164 3.2 Joint Inversion for Landslide Creep and Slip models

165 Two-step strategy is applied to conduct the geodetic inversion for landslide creep and slip
166  models. The first step involves performing nonlinear optimization of the model parameters,
167  including the geometric parameters of the slip surface (e.g. dip angle, depth) and the geomechanical
168  properties of the landslide body (e.g. cohesion, internal friction angle, viscosity). Due to the strong
169  nonlinearity between these parameters and measured InSAR ground deformation, global
170  optimization algorithms such as simulated annealing and genetic algorithms are applied. The second
171  step is the inversion for the detailed slip distribution. After the best-fitting model parameters are
172 obtained, a finite element model of the slip surface is established, from which the Green's function
173 relating slip movement to surface deformation can be computed. Then, the slip distribution along
174 the sliding surface can be derived using a least-squares approach (Yang et al., 2018). The detailed
175  procedures are as follows:

176 In the optimization of model parameters, the deformation response Green's function G;; and the
177 creep u, are computed using Eq. (3). In Eq. (3), K, represents the geometric size and location of
178  the slip surface, N denotes the mechanical properties of the slip surface, o and f are respectively the
179  strike angle and dip angle of the slip surface, f, is the surface deformation expression resulting
180  from a rectangular dislocation source, n, and b are viscosity-related parameters; and [, represents

181  the depth of the slip surface beneath a surface point ;.

182 {fos(lq,ﬁ,fj)
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183 After the optimal parameters are determined by the nonlinear optimization, the geometry of
184  the slip surface is fixed. Then, the slip surface can be discretized using a small spatial size (Fig. 3b).
185  Let A4 denotes the covariance matrix of us. The least-squares solution for the slip vector is given by
186  Eqg. (4) (Sabharwal et al., 1998; Xu et al., 2011; Ji et al., 2021).

187 §i=[¢" 46T 6,
188 @)
189 To prevent sharp gradients in the slip magnitude between adjacent slip sub-patches, a Laplacian

190 smoothing constraint is introduced into the inversion model (Jonsson, 2002; Funning et al., 2005;
191  Min et al., 2014; Chen et al., 2011). The detailed formulation of our geodetic inversion is provided
192  inEq. (5), where L, and L, arethe Laplacian smoothing matrices for the strike-slip and dip-slip
193  components, respectively, G, and G, are the Green's function matrices for the strike-slip and dip-
194  slip components, and S; and S represent the strike-slip and dip-slip vectors. In addition, the detailed

195  inversion procedure is shown in Fig. 2.
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197 4 Result and Discussion

198 4.1 Ascending and Descending InSAR Velocity Fields of the Xiongba Landslide

199 Figure 4 presents the InSAR-derived ground deformation rate fields of the Xiongba landslide
200  SBAS-InSAR analysis. Figures 4a and 4b display the ascending and descending line-of-sight (LOS)
201  velocity fields, respectively. In both figures, positive values represent a decrease in slant range,
202  indicating surface movement toward the satellite, while negative values represent an increase,
203  indicating movement away from the satellite. Notable differences in both the magnitude and spatial
204 distribution of deformation were observed between the two InSAR tracks. The deformation rates
205  derived from the ascending track range from -212 mm/yr to 13 mm/yr, yielding a maximum
206  variation of 225 mm/yr. In comparison, the descending track shows a range from -117 mm/yr to 79
207  mm/yr, with a maximum difference of 196 mm/yr. These differences arise from the distinct side-
208  looking imaging geometries of the ascending and descending tracks. The Xiongba landslide area,
209  with its significant topographic variations, further influences the SAR imaging geometry. The
210  differing viewing angles of the two tracks lead to varying degrees of distortion, such as shadowing
211  and layover, which in turn affect the deformation fields.

212 In Addition, both positive and negative values can be found in the descending velocity field,
213  indicating differing deformation directions between the northern and southern portions of the slopes.
214 These differences can be attributed to variations in slope and aspect angles between the two flanks
215  of the Xiongba landslide, with negative values observed on the southern slope and positive values
216  onthe northern slope in the descending InSAR track. Optical imagery interpretation (Fig. 1b) further
217  divides the Xiongba landslide into two secondary bodies, H1 and H2, separated by erosion gullies
218  and distinct aspect angles. This division is corroborated by the descending InSAR observations,
219  which reveal contrasting deformation patterns on either side, suggesting kinematic independence

220 between the two units.
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222 Figure 4. Ascending (a) and descending (b) InSAR deformation rate fields of the Xiongba landslide.
223 4.2 Analysis of Deformation Characteristics of the Xiongba Landslide

224 Figure 5 presents the time series deformation from ascending and descending InSAR tracks,
225  with cumulative deformation recorded at four-month interval. The results reveal significant
226  differences in both the magnitude and spatial distribution of the accumulated deformation between
227  the two tracks. The ascending data indicate the ground movements away from the satellite, whereas
228  the descending measurements reveal that both the northern and southern slope bodies are moving
229  downslope consistent with their respective aspect angles. Due to its viewing geometry, the ascending
230  track is more sensitive to landslide movement, as evidenced by a wider range of cumulative
231  deformation (-465 mm to 30 mm), compared to the descending track, which shows a narrower range
232 (-250 mm to 167 mm).

Ascending Track Cumulative Deformation Descending Track Cumulative Deformation

233 ;
234 Figure 5. Time series LOS deformation fields from the Sentinel-1 ascending and descending InSAR tracks.
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236 Figure 6. Displacement time series of target points A1-A4 (marked in Fig. 5) from the ascending (a) InSAR, and
237 D1-D5 (marked in Fig. 5) from the descending (b) InSAR.

238 Both ascending and descending InSAR observations effectively capture the characteristics of
239  ground deformation associated with the Xiongba landslide. Based on the observed deformation
240  features, the landslide can be subdivided into three distinct zones: (1) a front steep-slope zone
241  exhibiting pronounced deformation, (2) a middle platform zone with moderate deformation, and (3)
242  a relatively stable rear zone, as shown in Fig. 7a. In the front zone, where the slope is steep,
243  vegetation is sparse, and the continuous erosional impact of the Jinsha River reduces slope stability,
244 the time-series displacements of points Al, D1, and D2 (Fig. 6) exhibit linear deformation trends
245  with substantial magnitudes. In contrast, the middle platform experiences relatively lower
246  deformation, as indicated by the time-series displacements of points A2, A3, D3, and D4, primarily
247  influenced by the instability in the front zone. In the rear zone, the time-series displacements of
248  points A4 and D5 are minimal, illustrating the relative stability of this region.

249
250 Figure 7. Field deformation characteristics of the Xiongba landslide. (a) Distribution of field deformation features;
251 (b)-(h) Field photographs of deformation features.
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252 Field investigation (Fig. 7) reveals that multiple transverse cracks—some up to 15 cm wide—
253  have developed on the southern slope. At the toe of the slope, localized collapse and sliding bodies
254 exhibit a multi-phase failure pattern, as shown in Figs. 7b-d. On the northern slope, longitudinal
255 cracks extend for ~150 m, while a transverse tension crack—measuring 10-50 cm in width and up
256  to 350 m in length—has developed near the slope center, accompanied by a prominent back scarp
257  (Figs. 7e-h). These ficld observations are consistent with the spatial deformation patterns revealed
258 by InSAR, thereby confirming the reliability of the INSAR measurements and underscoring the role
259  of aspect angle in controlling deformation behavior.

260 In summary, the Xiongba landslide is currently experiencing slow but progressive deformation,
261  with the most pronounced motion concentrated at the slope’s front edge. Should destabilization
262  occur in this region, it could potentially trigger secondary hazards such as river damming or collapse,
263  posing serious threats to nearby communities. Therefore, particular attention should be paid to the
264 deformation evolution of the frontal zone. Moreover, the impacts of rainfall, groundwater movement,
265  and geological structure must be comprehensively considered to enhance landslide monitoring and
266  early warning systems, thereby providing a scientific basis for disaster prevention and risk
267  mitigation.

268 4.3 Creep and Slip Estimation of the Xiongba Landslide

269 The geodetic inversion is performed using the proposed method in section 3. The model
270  parameters for the landslide bodies H1 and H2 are required to be determined first. To enable
271  comparison and validation against existing survey data, the reference points for the H1 and H2
272  models were selected at the locations of boreholes ZK1 and ZK2 from the study by Jin (2021).
273  Parameter optimization was carried out using the simulated annealing algorithm, with the parameter
274 search ranges defined in Table 2. The final optimized parameters for landslide bodies H1 and H2

275  are listed in Table 3.
276 Table 2: Search space for optimal parameter estiamtion of H1 and H2.

Parameter Xiongba-H1 Xiongba-H2
Dip angle (°) [22,27] [22,27]
Slip surface depth (m) [-80, -20] [-80, -20]
Rake angle (°) [-140, -50] [-140, -50]
Viscosity parameter 1, (x10°) [0, 20] [0, 20]
Viscosity parameter b [0, 1] [0, 1]
277 Table 3. Optimal parameters for H1 and H2 derived from InSAR measurements.
Xiongba-H1 Xiongba-H2
Parameter Optimal Parameter Optimal Parameter
parameter value uncertainty parameter value uncertainty
Dip angle (°) 242 0.08 23.8 0.09
Slip Surface Depth (m) -53.2 1.39 -46.3 1.44
Rake angle (°) -75.1 1.56 -102.8 2.10
Viscosity parameter n, (x107%) 14.1 0.42 13.1 0.40
Viscosity parameter b 0.72 0.02 0.69 0.02

10
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279 Figure 8. Posterior probability distributions of optimized parameters: H1 (a) and H2 (b).
280 Through iterative searches, parameter groups that minimized model residuals were obtained.
281  To mitigate the risk of convergence to local optima, the simulated annealing algorithm was
282  repeatedly executed with varied initial parameter sets. The probability density distribution was
283  subsequently generated based on these parameter groups, and the set corresponding to the maximum
284 likelihood was identified as the optimal model solution. As shown in Fig. 8, the joint distributions
285  of'the parameters exhibit clear clustering, indicating that the parameter search process has converged.
286  The parameters display a high degree of independence, and the multiple solutions closely follow a
287  normal distribution, validating the reliability of the estimated parameters.
3 28 2 15 1 o0s o
288 Creep displacement amount(mm)
289 Figure 9. Slip and creep characteristics of the Xiongba landslide. (a) Dip-slip distribution map, (b) Strike-slip
290 distribution map, (¢) Total-slip distribution map, (d) Forward calculation of surface deformation rates induced by
291 creep, (e) Creep-induced deformation with depth at Point T, marked in (d), (f) Optical image.
292 The estimated slip surface depths for the H1 and H2 landslides were 58.5 m and 50.9 m,
293

respectively, closely matching the field borehole observations (55.5 m for H1 and 51.5 m for H2),
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294  further demonstrating the high accuracy of the parameter estimation. Moreover, the viscosity
295  parameters of the landslide bodies H1 and H2 are found to be highly similar, suggesting comparable
296  material composition and mechanical properties. Given the spatial proximity of two slopes and their
297  exposure to similar internal and external conditions, the consistency of these parameters is
298  reasonable and expected.

299 Figures 9(a-c) exhibit the slip characteristics along the slip surfaces of Xiongba landslide
300  bodies HI and H2. The dip-slip distribution map (Fig. 9a) reveals the displacement pattern along
301  the landslide aspect directions (40° for H1, and 72° for H2), while the strike-slip distribution (Fig.
302  9b) reflects lateral movement perpendicular to the aspect directions. Figure 9c presents the total-
303  slip distributions, clearly indicating that the Xiongba landslide is primarily controlled by dip-slip
304  movement along the slope. For slope H1, the dip-slip rates range from 80 mm/yr to 495 mm/yr, with
305  the most active regions concentrated in areas P1 and P2. The strike-slip component for H1 is mainly
306  located in three regions L1-L3, with rates ranging from -76 mm/yr to 278 mm/yr. For slope H2,
307  dip-slip movement is primarily concentrated in region P3, adjacent to H1, with slip rates varying
308  from 80 mm/yr to 367 mm/yr. The strike-slip component for H2 is comparatively smaller, with
309  limited activity (less than 100 mm/yr) observed in regions L4 to L6. Positive rates are observed in
310 L4, while negative rates characterize L5 and L6. These differences in slip magnitude and spatial
311  distribution highlight distinct movement behaviors between the two landslide bodies.

312 Figure 9c illustrates the total-slip vector distribution along the Xiongba landslide, with black
313  arrows indicating the direction and magnitude of the slip motion. This slip is primarily concentrated
314  in the central to frontal portions of the slope. Comparsions between the modeled slip distributions
315  and field-observed deformation features reveal that the surface cracks S1 and S2 (on slope H1, Fig.
316  9f) are located at the junction between regions L2 and L3, which exhibit opposite slip directions.
317  Moreover, the crack S5 and steep scarp S6 on the slope H2 (Fig. 9f) are situated near the boundary
318  of'the high-slip region P3. These alignments indicate that the surface deformation features exhibit a
319

320

321 Figure 10. Forward modeling of surface deformation for the Xiongba landslide. Forward calculations of slip-induced

12
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322 deformation from ascending (a) and descending (d) InSAR tracks. Observed ascending (b) and descending (e)

323 InSAR deformation. (¢) and (f) are the related residuals between the modeled and observed deformation rates.

324 To further quantitatively assess the reliability of the inversion results, forward modeling was
325  performed using the estimated model to simulate the landslide surface deformation, which was then
326  compared with observations to evaluate model residuals. Based on the Bingham model and
327  estimated geotechnical parameters, the creep-induced surface deformation rates are calculated and
328  presented in Fig. 9d, with an average rate of approximately 18 mm/yr. Figures 10(a) and 10(d)
329  display the ground velocities predicted from the slip model. It is evident that the deformation
330  induced by slip is significantly greater than that caused by creep, indicating that the surface
331  deformation of the Xiongba landslide is primarily controlled by slip along the sliding surface.
332  Moreover, Fig. 9e shows that the creep-induced ground deformation varies with depth, exhibiting a
333  power-law distribution.

334 The comparison between the modeled (Figs. 10a, 10d) and observed (Figs. 10b, 10f) InSAR
335  deformation fields reveals a high consistency in both spatial distribution and deformation magnitude.
336  However, differences can be identified in the central to frontal portion of the landslide, particularly
337  atthe frontal region of H1, where the deformation induced by the creep model is most pronounced.
338  The residual distributions, derived by subtracting the observed ground deformation from the
339  deformation simulated under the combined effects of slip and creep, are presented in Figs. 10c and
340 10f. The residuals for the ascending (Fig. 10c) and descending (Fig. 10f) InSAR tracks are
341  approximately 7.9 mm/yr and 4.2 mm/yr, respectively, indicating that the derived creep and slip
342  model effectively explains the observed deformation, thereby supporting the reliability of the joint
343  inversion in this study.

344 Although the modeled InSAR deformation aligns well with the observed data, some residual
345  discrepancies remain. These can be attributed to several factors: (1) Simplification of slip surface
346  geometry—the actual slip surface is likely to be irregular, while the model assumes a planar
347  geometry, potentially introducing systematic errors; (2) Limitations of the deformation model—the
348  dislocation and Bingham creep models used in this study cannot fully capture plastic deformation
349  or potential accelerated creep, thereby affecting the accuracy of the inversion; (3) Uncertainty in
350 InSAR observations—issues such as coherence loss, atmospheric delay, and phase unwrapping

351  errors may introduce biases into the time series deformation extraction, contributing to the residuals.

352 5 Conclusion

353 In this study, a joint inversion of the creep and slip models of the Xiongba landslide is
354  conducted, constrained by the surface InSAR observations. The ascending and descending LOS
355  deformation fields are extracted using the SBAS-InSAR technique. The maximum absolute
356  deformation rates for the ascending and descending InSAR tracks are 212 mm/yr and 117 mm/yr,
357  respectively. Three distinct zones are identified within the landslide body: a frontal zone exhibiting
358  the most significant deformation, a middle zone with moderate deformation, and a rear zone that
359  remains relatively stable. The results indicate that the Xiongba landslide is currently undergoing
360  slow deformation, following an approximately linear trend within the monitoring period.

361 A joint inversion framework integrating the Bingham creep model and elastic dislocation
362  theory is proposed. The model misfits for the ascending and descending InSAR are 7.9 mm/yr and
363 4.7 mm/yr, respectively, indicating the validity of the proposed method. Moreover, the estimated

13
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364  slip surface depths align closely with the field borehole data, futher verifying the accuracy of the
365  derived model. The results show that slip motion primarily occurs along the landslide aspect
366  direction, with a maximum rate of 495 mm/yr observed on the secondary landslide body HI.
367  Although the two secondary bodies (H1 and H2) present distinct movement behaviors, their
368  viscosity parameters remain highly similar. The creep-induced ground deformation exhibits a
369  power-law distribution with depth. Furthermore, our findings validate that the surface movement of
370  the Xiongba landslide is primarily controlled by slip along the sliding surface rather than mass creep,
371  deepening the understanding of the landslide’s kinematic mechanism.
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