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The Ms 6.9 Menyuan earthquake in Qinghai Province, west China is the largest earthquake by far in 2022. The
earthquake occurs in a tectonically active region, with a background b-value of 0.87 within 100 km of the
epicenter that we derived from the unified catalog produced by China Earthquake Networks Center since late
2008. Field surveys have revealed surface ruptures extending 22 km along strike, with a maximum ground
displacement of 2.1 m. We construct a finite fault model with constraints from InSAR observations, which showed
multiple fault segments during the Menyuan earthquake. The major slip asperity is confined within 10 km at
depth, with the maximum slip of 3.5 m. Near real-time back-projection results of coseismic radiation indicate a
northwest propagating rupture that lasted for ~10 s. Intensity estimates from the back-projection results show up
to a Mercalli scale of IX near the ruptured area, consistent with instrumental measurements and the observations
from the field surveys. Aftershock locations (up to January 21, 2022) exhibit two segments, extending to ~20 km
in depth. The largest one reaches Ms 5.3, locating near the eastern end of the aftershock zone. Although the
location and the approximate magnitude of the mainshock had been indicated by previous studies based on
paleoearthquake records and seismic gap, as well as estimated stressing rate on faults, significant surface-
breaching rupture leads to severe damage of the high-speed railway system, which poses a challenge in accu-
rately assessing earthquake hazards and risks, and thus demands further investigations of the rupture behaviors
for crustal earthquakes.

1. Introduction earthquake was located at 37.77° N and 101.26° E, with a hypocentral

depth of 10 km as reported by the China Earthquake Networks Center

On January 8, 2022, a strong earthquake with a surface magnitude
(Ms) of 6.9 struck the Menyuan county (Fig. 1a), Qinghai Province,
northwestern China, shortly after the midnight at the local time of 1:45
a.m. (UTC time 5:45 p.m., January 7). It marked the first major earth-
quake with magnitude close to 7 in 2022 and was the strongest earth-
quake in China since the 2021 Mg 7.5 Maduo earthquake that occurred in
the same province (Zhan et al., 2021; Guo et al., 2022). The Menyuan
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(CENC). Immediately after the occurrence of the Menyuan earthquake,
emergency response was conducted by different stakeholders. Based on
extensive field surveys, the intensity map was announced by China
Earthquake Administration (CEA) on January 11, 3 days after the
occurrence of the mainshock. The maximum intensity near the epicentral
area was IX in the Mercalli scale, and the surface rupture produced by this
earthquake was found more than 22 km (https://www.cea.gov.cn/
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Fig. 1. (a) Major faults (lines), GPS measurements (white arrows), and historical earthquakes (purple and gray dots) in the northeastern margin of the Qinghai-Tibetan
Plateau. Yellow star denotes the 2022 Mg 6.9 Menyuan earthquake. LHS: Laohushan fault, MMS: Maomaoshan fault, JQH: Jingianghe fault, LLL: Lenglongling fault,
TLS: Tuolaishan fault, HLH: Hala Lake fault. (b) Focal mechanisms of past and the 2022 earthquakes, aftershock locations (red dots), and seismic stations (blue

triangles) in the region. The high-speed railway crosses the rupture zone.

cea/xwzx/fzjzyw/5646200/index.html). The orientation of intensity
distribution was northwest-west and the area with intensity no less than
VI was 23 417 km?2. Fortunately, the population near the epicenter was
few and by far only a few slight injuries have been reported.

The 2022 Mg 6.9 Menyuan earthquake occurred on the Lenglongling
fault (LLLF), one segment of the Haiyuan fault zone in the northeastern
margin of the Qinghai-Tibetan Plateau, a tectonically active region with
numerous large earthquakes. The most recent major event was the 2016
M;s 6.4 Menyuan earthquake (Fig. 1b) that occurred ~40 km to the east of
the 2022 epicenter (Fig. 1b). The 2016 earthquake imparted up to 0.4 bar
of Coulomb failure stress on the 2022 ruptured plane (Peng et al., 2022),
indicating a potential triggering effect. Comparing with previous earth-
quakes, one striking-feature of the 2022 quake is the massive surface
rupture (Fig. 2). Field survey results indicated classical lateral strike-slip
motion (Fig. 2c&d), with a maximum ground displacement of ~2.1 m.
Echelon cracks (Fig. 2e) on the ground surface and compressional ridges
were also identified. The surface rupture crossed one tunnel on the
high-speed railway from Lanzhou to Urumugqi (Fig. 2a), leading to severe
damage on the Liuhuanggou bridge that was tilted with uneven move-
ments (Fig. 2b).

Immediately after the occurrence of the Menyuan earthquake, rapid
post-earthquake products were generated by different research groups,
which served as the foundation for emergency response and rescue work,
as well as future scientific investigations such as aftershock monitoring
and forecasting. To better understand the tectonic setting and mechanism
of the 2022 Mg 6.9 Menyuan earthquake, here we introduce a few rapid
reports, such as coseismic radiation and slip model, estimated and
instrumental record intensity map, aftershock monitoring, location, and
relevant statistical results. Similar to preliminary results of previous
important earthquakes (e.g. Hardebeck et al., 2004; Han et al., 2018),
this rapid report aims at providing timely information of the tectonic
environment, responsible fault, and past seismicity in the mainshock
source region, which can serve as reference for future investigations of
the Menyuan earthquake sequence and the northeastern margin of the
Qinghai-Tibetan Plateau.

2. Tectonic settings and past earthquakes
The 2022 Mg 6.9 Menyuan earthquake occurred in the northeastern

margin of the Qinghai-Tibetan Plateau, in which numerous faults were
formed to accommodate the convergence and material extrusion due to

the massive collision between India and Eurasia Plates (Tapponnier et al.,
2001). Major fault systems included the Kunlun fault in the south of the
margin, the Altyn Tagh fault in the northwest, and the Haiyuan fault
(HYF) in the northeast. As a result, a number of damaging earthquakes
had occurred in the region, including the great 1920 Haiyuan M 8.5 and
1927 Gulang M 8 earthquakes that were on and adjacent to the HYF
(Fig. 1a).

The HYF is indeed one of the most striking fault systems in China,
extending over 1000 km from Guyuan, Gansu province in the east to Hala
Lake, Qinghai Province in the west (Fig. 1). It consists of a few fault
segments, from east to west, the Haiyuan section, Laohushan (LHS),
Maomaoshan (MMS), Jingianghe (JQH), Lenglongling (LLL), Tuolaishan
(TLS), and Hala Lake (HLH). The dominant faulting mechanism is strike-
slip, with long-term slip rates varying in different segments (Liu et al.,
2021).

Near the earthquake is the Lenglongling section (hereafter named
LLLF), which was considered to have the highest slip rate (~6.4 mm/yr)
along the Haiyuan fault zone (Guo et al., 2017). Previous documentation
suggests that at least six historical earthquakes had ruptured the ground
based on an analysis of trench samples that were collected in the eastern
part of the LLLF (Guo et al., 2019). The average recurrence interval be-
tween the six paleo-earthquakes is 1643 + 568 years (Guo et al., 2019).
According to kinematic modeling results with constraints from GPS
measurements in the northeastern margin of the Qinghai-Tibetan Plateau
(Fig. 3), the maximum shear stress rate of the LLLF is ~ 2 kPa/yr, one of
the highest along the HYF (Shi et al., 2018).

On January 23, 2016, an Mg 6.4 earthquake occurred near the central
point of the LLLF, leading to numerous landslide and property damages.
The distance between the 2016 epicenter and the 2022 earthquake was
~40 km. Based on aftershock relocation and satellite-observed ground
deformation, the 2016 Menyuan earthquake was confirmed to be origi-
nated from the northern LLLF (Hu et al., 2016; Liu et al., 2019), a branch
from the main strand with thrust faulting mechanism, consistent with the
moment tensor solutions of the 2016 event (Fig. 1b). In 1986 and 2013,
two other thrust earthquakes also occurred in the region, respectively,
likely on the northern LLLF as well (Fig. 1b).

3. Mainshock slip distribution

We obtained the coseismic deformation field of the 2022 Menyuan
earthquake by using 2 pairs of SAR data from both the ascending (path
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Fig. 2. (a) A field photo showing surface ruptures (red arrows) crossing the tunnel of the high-speed railway associated with the 2022 Ms 6.9 mainshock (Photo credit:
Daoyang Yuan @ Lanzhou University). (b) A field photo showing distorted high-speed railways. Photo credit: Jie Gao@China Earthquake Disaster Prevention Center.
(c) A fence with an offset of 2.1 m, (d) Footprint traces of animals with an offset of 0.95 m. (e) Echelon structure of the surface rupture. Photo credit: Daoyang Yuan @
Lanzhou University. Courtesy to Han Chen from The Chinese University of Hong Kong.

26, 20211229 - 20220110) and descending (path 33, 20211229 -
20220110) orbits of the Sentinel-1 satellite. The GAMMA commercial
software platform was used to process the InSAR data (Werner et al.,
2000). To obtain the InSAR coseismic differential interferograms
(Fig. 4a), we first simulated the topographic contribution to the radar
phase based on the SRTMGL1 DEM with a 30-m spatial resolution
(released by NASA) and then eliminated the topographic effects. The
interferograms were multi-looked with a factor of 10:2 and filtered using
a weighted power spectrum filter (Goldstein et al., 1998) to improve the
coherence. We then unwrapped the phase of the differential interfero-
grams based on the minimum cost flow algorithm (Costantini et al.,
1998), in which the starting points of unwrapping were selected at stable
points away from the epicenter. The atmospheric phase delay error was
estimated and removed based on the terrain correlation method. Finally,
the unwrapping phases were transformed according to the SAR satellite
parameters to obtain the coseismic deformation field in line of sight
(LOS) direction of the ascending and descending data (Fig. 4c).

We applied the steepest descent method (Guo et al., 2022) to invert
the slip distribution of the Menyuan earthquake. During the inversion,
we set all fault planes to extend to the Earth's surface. The refined surface
traces of seismogenic faults had been well mapped by the amplitude pixel
offsets of SAR image pairs, which were further smoothed to shape the top
edges of our preferred fault model. Dip angles were uniformly assumed as

82°. The maximum depth of the fault was set to 20 km, and all fault
planes were discretized into rectangular meshes of 2 x 2 km in size. The
coseismic observations, model predictions, and their residuals displayed
a satisfactory fitting pattern (Fig. 4c). The optimal slip distribution
(Fig. 4b) produced a released seismic moment of ~1.3 X 10 N-m,
equivalent to an My 6.7 event. Our model had a significant portion of
surface-breaching rupture (~20 km), consistent with the findings in field
surveys (22 km). The main slip asperity was concentrated at 0-10 km
depth, with a maximum slip of ~3.5 m, and the secondary fault segment
extending to the west had an average slip of ~0.3 m (Fig. 4b). In contrast,
a single planar fault model that was constrained from teleseismic waves
suggested a secondary buried slip patch to the east (Peng et al., 2022),
which was probably a result of trade-off from teleseismic waves on a
simplistic fault geometry.

4. Rupture propagation of the mainshock

We also derived coseismic radiation of the Menyuan mainshock using
the back-projection method. Details of the procedure had been described
in Wang et al. (2016) and here we only briefly introduced the progress.
We used seismic data recorded at the European Virtual Broadband
Seismic Network (Fig. 5b). The ranges of azimuths and epicentral dis-
tances were 296°-333° and 40°-84°, respectively.
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Fig. 3. Shear stress rate in the northeast margin of the Qinghai-Tibetan Plateau derived from finite element modeling with constraints of GPS measurements. Focal
mechanisms show past earthquakes in the region. Red ball indicates the location of the 2022 Mg 6.9 Menyuan earthquake. Modified from Shi et al. (2018). Courtesy to

Fuqiang Shi from Sha'anxi Earthquake Agency.

We established a grid with 300 x 300 points (horizontal spacing of 1
km at the depth of 10 km) that covered areas with strong ground-shaking.
The length of the stacking window was 6 s. We back-projected seismic
waveforms that were filtered at two frequency bands of 0.8-8.0 Hz and
1.0-10.0 Hz, respectively. Other parameters were adopted and kept the
same to the ones described in Wang et al. (2016).

Fig. 5 showed the spatial distribution of coseismic energy released
during the Menyuan earthquake. The earthquake rupture propagated
towards NWW for approximately 10-20 km in 10-15 s. The lineation of
the ruptured fault was generally compatible with the location pattern of
the aftershocks that occurred within two days following the mainshock
(Fan et al., 2022). Due to the relatively small magnitude (My 6.7), the
later part of the back-projected energy points was not well resolved, as
evidenced by scattered distributions of the back-projected results 10 s
after the origin time.

5. Estimated and instrumental recorded intensity

Furthermore, we estimated the intensity of the Menyuan earthquake
in nearly real time from a combination of array technology, multi-source
Ground Motion Prediction Equation (GMPE), and site corrections (Chen
etal., 2021, 2022). The method involved three steps: estimation of source
energy radiation, calculations of PGV according to GMPEs, and site
corrections.

We first estimated the fault geometry and rupture directivity from the
above back-projection analysis. We then calculated the ground motions
using the GMPEs proposed by Si and Midorikawa (1999) that employed
the closest distance from a seismic fault to the calculation site and thus
only utilized the imaged fault geometry to calculate the ground motion.
The PGVs on the ground surface were estimated based on the information
about the average shear-wave velocity in the 30 m below the surface
(Vs30). Here the value of V539 = 600 m/s was adopted for stiff ground (Si
and Midorikawa, 1999).

Following the above steps, the PGV for each site was estimated. Ac-
cording to the China seismic intensity scale (GB/T 17742——2020), we
then converted the site corrected PGVs to obtain a seismic intensity map

(Fig. 6). The highest intensity (VIll or above) areas were concentrated in
the vicinity and northwest of the epicenter. The largest intensity scale
was |X, with a long axis of 32 km and a short axis of 7.5 km, covering an
area of about 182 km?. The long axis of the degree VIl area was 46 km
and the short axis was 21 km, covering an area of about 1 448 km?. The
near-real-time back-projection based intensity assessment results showed
high similarity with the field survey results that were officially released
by CEA on January 11, 2022.

In addition to the estimated intensity based on back-projection re-
sults, near the earthquake epicenter there were instrumental records,
showing the largest value of 8.2 with an epicentral distance of >10 km
(Fig. 7a). The maximum value of the recorded peak ground acceleration
was ~457 cm/s? (Fig. 7b). The instruments were deployed during the
National Project of Earthquake Intensity Rapid Report and Early Warn-
ing, based on which the latest Intensity Table was established in 2020
(GB/T 177422020).

6. Aftershock location and monitoring

A large number of aftershocks had been recorded including 7 events
with magnitude larger than 4.0. The largest aftershock by far occurred on
6:20 p.m., January 12, with a surface-wave magnitude of 5.3. We con-
ducted double-difference relocations (Waldhasuer and Ellsworth, 2000)
of aftershocks in the CENC catalog using network phase picks of P and S
waves. After relocation, the aftershocks were distributed along two seg-
ments, following the mapped fault traces along the LLLF and TLSF,
extending over 40 km along strike (Fig. 8a). The aftershocks extended to
~20 km in depth with steep dip angles on both segments (Fig. 8d and e),
similar to other relocation results (Fan et al., 2022; Xu et al., 2022). Early
aftershocks were mostly concentrated on the western segment (Fig. 8a).
More recent aftershocks, including the Mg 5.3 event, occurred near the
eastern end of the aftershock zone (Fig. 8a). There appeared to be an
aftershock cluster delineating a potential secondary fault that is nearly
parallel to western segment on the LLLF (Fig. 8a&e), which was not found
in early (~ 3-4 days post the mainshock) aftershock locations (Fan et al.,
2022; Xu et al., 2022).
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Fig. 4. (a) Coseismic ascending and descending interferograms from InSAR. (b) The coseismic slip distribution of the 2022 Menyuan mainshock. (c¢) Simulation results
of the distributed-slip model. The first and second columns represent the observed and model predictions of InSAR displacements, respectively, and the third column

indicates their residuals.

Shortly after the mainshock, a team from Qinghai Earthquake Agency
and University of Science and Technology of China had deployed 12
short-period three-component seismometers near the epicenter to
monitor aftershocks. The instruments can transfer data in real time and
have been proven very effective in the 2021 Mg 6.4 Yangbi and 2021 Mg
7.4 Maduo earthquakes (Li et al.,, 2021). From the recorded data,

earthquake catalog had been constructed in real time using
machine-learning phase pickers. Most earthquakes occurred near the
LLLF (Fig. 9), similar to our relocations of the network catalog (Fig. 8).
However, there were more seismicity in the south of the rupture plane
(Fig. 9), which might be attributed to station distribution and detection
threshold.
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7. Background and aftershock b values

After the occurrence of the Mg 6.9 Menyuan earthquake, one practical
and important task is to determine whether there might be strong earth-
quakes, including aftershocks in a short term. A commonly used approach
is to derive some statistical parameters of the earthquake sequence, such as
b-value, and compare with the background one or those in the literature.

We first calculated the background b-value and the magnitude
completeness (M,), using the CENC unified catalog from January 1, 2009
to January 7, 2022. The M, and b-value were both calculated at each grid
node with an interval of 50 km x 50 km. For each grid node, we selected
the closet N earthquakes (Tormann et al., 2014), N > Ny, = 500 for
calculation. Moreover, we set two limiting conditions. First, we only
sampled N events within the maximum radius, Rpmax = 150 km of the grid
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denote earthquakes with magnitudes larger than 5.

node. Second, we required that there was at least one earthquake within maximum-likelihood method when there were at least 50 events above
the minimum radius of the grid node (Rpin = 50 km). To calculate M., we M, at each grid node.

use the ZMAP software (Wiemer, 2001), in which the Goodness-of-Fit Both the b values and M, in western China exhibited clear spatial vari-
test (GFT) and Maximum Curvature technique (MAXC) are adopted. ation. The M, along the south-north seismic belt was typically lower than
We first found M, when the good-of-fit reached 95% level. Otherwise, we 2.0 (Fig. 10a), owing to improved station coverage in recent years. The b-
chose 90% level as a compromise. If the 90% level cannot be reached, the value, however, changed rather significantly along the south-north seismic

M. was estimated by MAXC with a correction of 0.2 (Woessner and belt (Fig. 10b). The average b-value near the 2022 Menyuan earthquake was
Wiemer, 2005). The b-value is estimated by using the 0.84, slightly below 1, and the M, was around 1.6 (Fig. 10).
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In addition to the background b-value, we derived the b-value for
our relocated aftershock sequence till January 21, 2022 (Fig. 11 a&c).
The least squared best-fit results showed a value of 0.67, lower than
the previous background value. It had been suggested that the tem-
poral b-value variation may serve as an indicator to determine whether
one earthquake sequence represented ongoing foreshocks or after-
shocks (Gulia and Wiemer, 2019). Based on such a decrease of 20% in
b-value, it would trigger a “foreshock™ alarm (Gulia and Wiemer,
2019). However, such a claim must be made on the reliable calculation
of the b value, which was subject to appropriate choice of seismicity
areas and model parameters (e.g. Gulia and Wiemer, 2021; Dash-
cher-Cousineau et al., 2020). To verify, we also calculated the b-value
of the aftershock sequence using the maximum-likelihood method,
which led to an increase in b-value shortly after the mainshock, and
then variation over time (Fig. 11d). The average value was clearly

larger than what was obtained from the least squared method
(Fig. 11d).

Apparently, to draw a robust conclusion of whether this may reflect
an aftershock or foreshock sequence demanded robust estimation of the
b-value. Immediately after a major earthquake, calculating the b- value
faced the challenge of catalog incompleteness and its fluctuation with
time. More reliable estimator such as “B-positive” (van der Elst, 2021)
can be implemented to improvement the robustness so as to ensure the
results, which can be used during the decision process.

8. H-value of the Menyuan earthquake sequence
In addition to the b-value, we also calculated the h-value of this

sequence. Mogi (1962) proposed a revised form of the Omori's law to
describe the number of aftershocks on the t" day after the mainshock
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where n; and h are constants. By integrating the above equation with the
Gutenberg-Richter law, Liu et al. (1979) suggested that the h-value can be
used to determine whether there might be future events with larger
magnitudes during an ongoing sequence. If h > 1, it indicated that the
largest magnitude earthquake already occurred as the mainshock. If h ~
1, additional constraints need to be applied, such as the magnitude dif-
ference between the mainshock and the largest aftershock (Liu et al.,
1986), in order to evaluate whether future earthquakes with larger
magnitudes may occur. If h < 1, then it was considered as a foreshock
sequence.

Our results for the 2022 Menyuan sequence showed that till 8 a.m. on
January 21%, the h-value of the aftershocks gradually decreased
(Fig. 12b). But the overall value was significantly larger than 1 (Fig. 12),
suggesting that the Menyuan earthquake sequence is a mainshock-
aftershock sequence.

There were also sporadic foreshocks (Fig. 11c) within 40 km of the
2022 mainshock epicenter. The total number of the foreshocks was low

and thus the h-value was not calculated. For a profound foreshock
sequence such as the 2021 Mg 6.4 Yangbi earthquake, Yunnan (Zhang
et al., 2022), it may be valuable to test whether the h-value can be used to
forecast future events with greater magnitudes.

9. Discussion and conclusions

Indeed, multiple lines of evidence suggested that the 2022 Menyuan
earthquake was anticipated in its location with the approximate magni-
tude. Based on paleoearthquake history, fault slip rate, and recognized
seismic gap in China, Xu et al. (2017) suggested a few regions that may
potentially host surface-breaching earthquakes. The 2022 Ms 6.9
Menyuan earthquake falls in the A3 hazard zone, central segment of the
Qilian Mountain that covered nearly 500 km in an east-west aperture (Xu
et al., 2017). In addition, shear stress accumulation rate derived from
finite element modeling of the northeastern Tibetan plateau with con-
straints from GPS measurements also indicated that the fault segment
ruptured during the 2022 Mg 6.9 Menyuan earthquake is experiencing a
high shear stress rate (Shi et al., 2018), thus a potential region for future
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Fig. 12. (a) h value (color curves) calculated with a daily time interval for the Menyuan aftershock sequence. Red line shows the best-fit within the time window from
January 8 to 21. The minimum magnitude (M,,) of aftershocks used was 2.3. (b) Variation of the h value with time.
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strong earthquakes. Based on slip deficit rate derived from recent GPS
measurements, the total slip deficit along the LLLF since the last
surface-rupturing earthquake is estimated to be equivalent to a moment
magnitude of 7.2 (Zhou et al., 2022). Although it remains unclear how
much slip deficit may be released in future earthquakes according to
dynamic rupture simulations (Yang et al., 2019; Yao and Yang, 2022), the
estimated slip deficit can serve as an upper limit of potentially released
seismic moment.

The Menyuan earthquake did not cause any fatality or major injury
because of the low population around the epicenter. However, the
damage to properties and infrastructures was severe, including the high-
speed railway that started service since 2014 (Fig. 2). The primary cause
of such severe loss is the surface-breaching rupture that crossed the
railway and tunnel (Fig. 2c). Although earthquake ruptures were known
to have the potential to break ground given such a magnitude (Ms 6.9 and
My 6.7) or even smaller (e.g. the 2014 My 6.1 Ludian earthquake,
Yunnan, China; the 2014 My, 6.0 Napa Valley earthquake, California,
USA), ruptures with similar magnitudes that did not break the ground
also exist (e.g. the 2013 Mg 7.0 Lushan and the 2017 Mg 7.0 Jiuzhaigou
earthquakes). Clearly, it is critical to evaluate whether a future rupture
may reach the ground. Dynamic rupture simulations on a heterogeneous
fault show that the surface-breaching rupture and shallow slip highly
depend on the hypocentral locations due to the nonlinearity between the
rupture radiated energy and the fracture energy on fault (Yao and Yang,
2022). Future work may focus on how to reliably assess the likelihood of
ruptures reaching the ground surface, as it plays critical roles in seismic
hazard preparation, in particular for the Qinghai-Tibetan Plateau where
future railways will be developed as a national strategic plan.

In this paper, we have conducted rapid analysis and present pre-
liminary results of the 2022 Mg 6.9 Menyuan earthquake. Coseismic slip
distribution of the mainshock indicates the largest slip of 3.5 -m, with slip
extending to the ground along a 20-km long rupture plane, consistent
with the findings in the field. Back-projection results suggest rupture
propagation predominantly towards the NWW direction. Near real-time
intensity maps from back-projection results and instrument records
show clear elongation of ground shaking along the NWW direction,
consistent with the rupture plane. The maximum intensity is IX, consis-
tent with the official intensity map that was released after extensive field
surveys. Aftershock locations exhibit two clear segments, extending to 20
km in depth with estimated dip angles of ~80°. Statistical characteristics
of the sequence (b-value and h-value) suggest that the 2022 Ms 6.9
Menyuan earthquake sequence follows the characteristic of mainshock-
aftershock sequence.
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