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Constraining Coseismic Off-Fault Deformation of the 2022 Mw6.6 Menyuan Earthquake Using Man-Made
Linear Markers

Abstract:

[Objective] Accurate constraints on coseismic surface displacement are essential for revealing earthquake rupture
processes, assessing regional seismic hazards, and understanding the partitioning of near-surface deformation.
Conventional near-field displacement measurements generally capture only localized deformation along visible rupture
zones, potentially underestimating total coseismic displacement by not considering off-fault deformation. Long, linear,
anthropogenic markers crossing rupture zones, such as pasture fences, provide a larger measurement aperture and
enable to quantify total coseismic displacement and evaluate the contribution of off-fault deformation. The 8 January
2022 Mw 6.6 Menyuan earthquake along the Haiyuan fault zone displaced multiple pasture fences across its well-
preserved surface ruptures, providing an ideal opportunity to investigate total displacement and off-fault deformation.
[Methods] In this study, we utilized unmanned aerial vehicle (UAV) photogrammetry to acquire high-resolution aerial
images along the entire surface rupture zone of the 2022 Menyuan earthquake and to generate digital orthophoto maps
(DOMs) and digital elevation models (DEMs) with spatial resolutions of 2—6 cm. Combined with detailed field
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investigations, we mapped the coseismic surface rupture at a fine scale and selected 12 groups of long, linear pasture
fences crossing the rupture zone to conduct multi-aperture displacement measurements. [Results] 1) The coseismic
surface rupture extends for approximately 28 km and consists of two main branches: the southern branch along the
Tuolaishan fault and the northern branch along the Lenglongling fault. The rupture zone can be divided into four
segments from west to east, namely S1 to S4, based on the geometric distribution and structural characteristics of the
rupture traces, mainly NE-trending, right-stepping en echelon tensional-shear cracks, oblique compressional bulges,
and mole-track-like deformation. 2) The width of the surface rupture zone varies significantly along strike, reaching a
maximum of approximately 160 m in the S3 segment. Except for relatively wide S3, most rupture sections are mainly
concentrated within a narrow width range of 10-30 m, indicating strong control by local fault geometry and rupture
branching. 3) Multi-aperture measurements using 12 groups of cross-fault pasture fences reveal that visible
displacement within the mapped rupture zone ranges from 0 to 2.8 m, whereas the total coseismic displacement
measured across the larger aperture of the fences ranges from 1.2 to 4.1 m. The corresponding proportion of off-fault
deformation reaches 27%-76%, indicating that a substantial part of the coseismic deformation was accommodated
outside the visible principal rupture traces. 4) The maximum total coseismic displacement, approximately 4.1 + 0.8 m,
occurs in the S3 segment of the Lenglongling Fault near the epicenter, where the mean proportion of off-fault
deformation is relatively low at approximately 33%. From S3 to S1 along the Tuolaishan branch westward, the total
coseismic displacement gradually decreases to a mean of 1.7 £ 0.5 m, while the mean proportion of off-fault
deformation increases significantly to about 55%, showing that deformation became progressively less localized and
more widely distributed across the surrounding near-surface materials. [Conclusions] Compared with previous near-
field measurements, the total coseismic displacements obtained in this study are generally larger. This discrepancy is
mainly attributed to the larger measurement aperture provided by the long cross-fault fences, which enabled the capture
of a more complete deformation field, including both localized displacement on the visible rupture and distributed off-
fault deformation. The 2022 Menyuan earthquake produced a complex surface rupture system composed of the
Tuolaishan and Lenglongling fault branches, with clear along-strike variations in rupture geometry, rupture-zone width,
and displacement distribution. Multi-aperture measurements using long pasture fences indicate that off-fault
deformation accounted for a considerable proportion of the total coseismic displacement, especially in the western
branch rupture where deformation was more distributed. The comparison with previous near-field measurements
demonstrates that relying only on localized rupture offsets may underestimate the total coseismic displacement.
[Significance] This study highlights the critical importance of incorporating off-fault deformation into coseismic
displacement measurements to prevent underestimating seismic slip in hazard assessments. Furthermore, it demonstrate
that using long, linear, anthropogenic markers via high-resolution UAV photogrammetry is an effective, innovative
approach to capture complete near-surface deformation fields along complex strike-slip fault systems.

Keywords: 2022 Menyuan earthquake; surface rupture; coseismic displacement; off-fault deformation; strike-slip fault
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Figure 1. Regional seismotectonic setting of the 2022 Mw6.6 Menyuan earthquake

(a) Distribution map of major active faults on the Tibetan Plateau (modified after Tapponnier et al., 2001); (b) Major active faults and
historical strong earthquakes in the northeastern Tibetan Plateau (modified after Yao et al., 2022). The epicenter and focal mechanism of the
2022 Menyuan earthquake are from USGS (2022) and CENC (2022).

HLH: Halahu Fault, TLS: Tuolaishan Fault, LLL: Lenglongling Fault, JQH: Jingianghe Fault, MMS: Maomaoshan Fault, LHS: Laohushan
Fault, HYF: Haiyuan Fault
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Figure 2. Schematic diagram showing the pre-seismic distribution and coseismic deformation of fence post positions along the fence trace
(a) Assumed initial positions of fence posts at the pasture before the earthquake; (b) Actual post-seismic positions of fence posts along the
fence trace, where A4’ represents the total coseismic displacement Dy, BB’ represents the near-field displacement Doy, on the visible rupture

zone, red lines represent surface ruptures, and the envelope indicates the width of the surface rupture zone
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Figure 3. Distribution map of the coseismic surface rupture zone of the Menyuan Mw®6.6 earthquake
(a) General distribution of surface ruptures, where L1~L9 and T1~T3 denote fence numbers, 2022 Menyuan earthquake data are from
USGS (2022) and CENC (2022); (b) Detailed surface rupture distribution map; (c) Rose diagrams for each segment, black lines represent
the overall strike of the rupture zone and pink lines represent the dominant direction of fractures
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Figure 4. Representative coseismic surface rupture characteristics of the Mw6.6 Menyuan earthquake
(a) Small-scale compressional mole tracks and extensional shear fractures with en echelon distribution in segment S1; (b) Tensional cracks
within segment S2; (c¢) Displaced fence within segment S3; (d) Left-lateral shear fractures with right-stepping in segment S3
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Table.1 Distribution of coseismic displacements measured from fences along the surface rupture
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Figure 5. Coseismic displacement measurement at site T2

(a) Orthophoto image showing the distribution of the fence at site T2; (b) Interpretation showing surface rupture mapping and the
projection of position points; (c) Measurement of post-earthquake fence-point displacements perpendicular to the strike of the surface
rupture zone. The black dashed lines indicate the fence traces, the red lines indicate surface ruptures, and the blue dashed line indicates the
envelope of the surface rupture zone. In Fig. 5c, the thick black dashed line represents the fitted original pre-earthquake trend of the fence,
and the thin dashed lines indicate the error range.
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Figure 6. Coseismic displacement measurement at site L3

In Fig. 6a, 6b, and 6c¢, the black dashed lines indicate the fence traces, the red lines indicate surface ruptures, and the blue dashed line
indicates the envelope of the surface rupture zone. In Fig. 6d, the thick black dashed line represents the fitted original pre-earthquake trend
of the fence, and the thin dashed lines indicate the error range. (a) Orthophoto showing the distribution of the fence; (b) Interpretation
showing surface rupture mapping and the projection of position points; (c) Fence traces mapped from a higher-resolution DOM; (d)
Schematic diagram showing the measurement of post-earthquake fence-point displacements perpendicular to the strike of the surface
rupture zone.
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Figure 7. Coseismic displacement measurement at site L2

In Fig. 7a and 7b, the black dashed lines indicate the fence traces, the red lines indicate surface ruptures, and the blue dashed line
indicates the envelope of the surface rupture zone. In Fig. 7c, the thick black dashed line represents the fitted pre-earthquake original trend
of the fence, and the thin dashed lines indicate the error range. (a) Orthophoto showing the distribution of the fence at site L2; (b)
Interpretation showing surface rupture mapping and the projection of position points; (c) Measurement of post-earthquake fence-point

displacements perpendicular to the strike of the surface rupture zone.
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Figure 8. Relationship between total coseismic displacement and OFD ratio

Segment S1 includes sites T1-T3, segment S2 includes sites L3-L9, and segment S3 includes sites L1 and L2. The blue dots represent
measured values based on fence offsets; the red dots represent the mean values of segments S1-S3. The line segments indicate the error

ranges of the measurements, and the gray dashed line is the linear fit.
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Figure 9. Total displacements obtained by different fitting methods for fence strike at site L2
(a) Schematic diagram of displacement measurements at site L2 under the assumption that the post-earthquake fence orientation remained
unchanged; (b) Schematic diagram of displacement measurements at site L2 under the assumption of coseismic deflection of the fence
orientation.
The thick dashed line in the figure represents the projection of the fence trace on the rupture zone as a measurement indicator, the thin
dashed line indicates the error range, and 4.1 £ 0.8 m and 5.1 + 0.3 m correspond to the total coseismic displacements obtained by different
measurement methods.
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Figure 10. Distribution of coseismic displacement along fault strike
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(a) Comparison between the results of this study and previous measurements based on field investigations (Wen et al., 2023; Li et al.,
2023; Niu et al., 2023); (b) Comparison between the results of this study and measurements obtained by optical image matching (Han et al.,
2023). Circles with line segments represent the displacement measurements and error ranges of this study; the yellow and green envelopes
indicate the maximum envelope trends of published measurements.
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Figure 11. Empirical relationship between maximum coseismic displacement and moment magnitude (modified after Wells and
Coppersmith, 1994)

The maximum coseismic displacement in the empirical formula refers to displacement within the visible rupture zone, corresponding to
Doy, in this study
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Figure 12. Off-fault deformation model

(a) Schematic diagram showing measurements of the displacement of long linear markers caused by coseismic deformation during an

earthquake. The total displacement includes slip within and outside the surface rupture zone; (b) Block model of a fault zone structure,
where the deformation within the surface rupture zone is primarily accommodated by the principal slip plane and secondary slip planes.

The localization characteristics of subsurface secondary slip planes correspond to the multiple slip steps shown in (a)
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