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Abstract: On 23 January and 25 March 2022, two My > 5.5 Hala Lake earthquakes characterized by
right-lateral strike-slip faulting occurred around the Elashan Fault in Northeastern Tibet, marking the
two largest events since the 1927 My 6.2 Hala Lake earthquake. Since no surface rupture related to
the two earthquakes has been reported, the seismogenic faults and coseismic rupture behaviors of the
two events are still unknown. The occurrence of the two events provides a rare opportunity to gain
insight into the seismogenic structure and rupture behavior of the less studied region, further helping
us accurately evaluate the regional seismic hazard. Here, we first exploit Interferometric synthetic
aperture radar (InNSAR) data to obtain the coseismic deformation associated with the two earthquakes
and then invert for the fault geometry and detailed coseismic slip of the two events. Coseismic
modeling reveals that the January and March 2022 earthquakes ruptured two buried west-dipping
moderate-angle and high-angle right-lateral strike-slip faults, respectively. Most of the slip of the
January event occurred at depths from 1.7-7.6 km, while the majority of the slip associated with the
March event occurred at depths from 2.5-10 km, which may have been restricted by the intersections
between the January and March Hala Lake seismogenic faults. By a comprehensive analysis of the
coseismic inversions, stress changes, and early postseismic signal, we suggest that the significant
fault dip difference (~30°), highlighting a fault segmentation, stops the rupture propagation from
one fault segment to another and that fluid migration may encourage the restart of the rupture of
the later event, which requires further investigation. Moreover, Coulomb stress modeling shows
stress loading on the eastern segment of the Daxueshan-Shule Fault and the northern segment of the
Elashan fault, which we should pay more attention to.

Keywords: Hala Lake earthquake; InNSAR; coseismic deformation; buried strike-slip fault; coulomb stress

1. Introduction

On 23 January 2022 (UTC Time 2:21), an My 5.6 shallow earthquake, which was
followed by one Mg > 3.0 aftershock, occurred ~13 km northwest of the Hala Lake in
Qinghai Province, China (Figure 1). On 25 March 2022 (UTC Time 16:21), a much larger
shallow earthquake with My 5.7—marking the largest event around the Hala Lake for the
last 95 years—occurred ~7 km northwest of the January 2022 Hala Lake event (Figure 1).
After the March 2022 earthquake, a total of 11 Mg > 3.0 aftershocks was recorded in the
following 45 days from 25 March to 12 May 2022. As the epicenters of the two Hala Lake
earthquakes were located in No Man’s Land, the events caused no casualties. The focal
mechanism solutions from the Global Centroid Moment Tensor (GCMT; https://www.
globalcmt.org/, accessed on 1 January 2023) and the United States Geological Survey
(USGS; https:/ /www.usgs.gov/, accessed on 1 January 2023) (Tables 1 and 2) reveal that
the January and March 2022 Hala Lake earthquakes activated two nearly NS-striking
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moderate-angle and high-angle right-lateral strike-slip faults, respectively. The occurrence
of the January and March 2022 events offers an important opportunity to improve our
knowledge of the seismogenic structure of the regional active fault with modern datasets
(e.g., InNSAR). So far, no related geodetic studies about the two Hala Lake earthquakes have
been published. The detailed InNSAR study of the two events can contribute to a deeper
understanding of the regional seismogenic mechanism and tectonic deformation. Moreover,
a coinstantaneous multi-fault rupture in a single earthquake often results in a higher hazard
than that induced by the delayed rupture of multiple faults in an earthquake doublet or a
seismic sequence, which spans a long period of days to months [1,2]. Studying the delayed
rupture (about two months apart) between the two Hala Lake events can also enhance
our understanding of the controlling factors for the kinematic evolution of rupture during
an earthquake doublet or a seismic sequence, which will help us accurately evaluate the
regional seismic hazard.

Table 1. Source parameters of the 23 January 2022 My 5.6 Hala Lake earthquake.

Model Lon/° Lat/® Strike/° Dip/° Rake/° Length/km Depth/km Slip/m Mw
USGS 97.34 38.46 171 60 —168 - 10 - 5.6
GCMT 97.39 38.52 169 74 -173 - 18.4 - 5.6
+0.24k +0.43k +4.3 +2.3 +4 +0.28 +0.15 +0.02
U-S-model 97.37 ) oaen 38467 s 172,427 61.8753 —175.17, 74755 197015 0.15%503 5.53
Notes: U-S model represents the uniform slip model. The location (longitude and latitude) of the uniform slip
model indicates the center of up-dip surface projection of the rupture fault plane. Depth shows the midpoint of
the upper boundary of the uniform fault plane.
Table 2. Source parameters of the 25 March 2022 My 5.7 Hala Lake earthquake.
Model Lon/° Lat/® Strike/° Dip/° Rake/° Length/km Depth/km Slip/m Mw
USGS 97.29 38.54 352 90 172 - 10 - 5.7
GCMT 97.34 38.54 173 87 —174 - 21.1 - 5.8
U-S-model ~ 97.347018km 3g 50t0.25m 176172 87 (Fixed) —16573]  5370¢ 25%03 0357598 571

Notes: All the abbreviations and symbols in Table 2 are the same as those in Table 1, but for the March 2022 Hala
Lake earthquake.

InSAR data, characterized by high precision and high resolution [3,4], have been
widely applied to investigate crustal deformation caused by the seismic cycle [5-8] since its
successful use to the 1992 Mw 7.3 Landers earthquake [4]. As the first two seismic events
detected by InSAR in the Hala Lake area, it is meaningful to derive the interferometric
phase associated with the Hala Lake earthquakes so as to gain insight into the regional
seismogenic stucture and seismic hazard. In this study, we first make use of Sentinel-1 SAR
data to image the coseismic surface displacements of the January and March 2022 Hala Lake
earthquakes. Then, we utilize the coseismic observations to invert for the fault geometry
and detailed coseismic slip of the two earthquakes. Subsequently, we explore the effect
of the January 2022 My 6.7 Menyuan earthquake on the two Hala Lake earthquakes and
analyze the possible causes for the termination and restart of the slip during the two similar
magnitudes and temporally separated Hala Lake earthquakes. Lastly, the influence of the
coseismic coulomb stress changes caused by the two Hala Lake events on the surrounding
faults is calculated in order to assess the regional seismic hazards.
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Figure 1. (a) Tectonic background of Tibet plateau. Large dark red arrows show the plate motion [9].
ATF: Altyn Tagh fault; EKF: East Kunlun fault; MFT: Main frontal thrust; QHF: Qilian-Haiyuan
fault; Red and blue stars represent the epicenters of the January and March 2022 Hala Lake
earthquakes, respectively. (b) Tectonic map of the NE Tibet. TLF: Tuolaishan fault; JQF: Jinqianghe
fault; LLLF: Lenglongling fault; ELSF: Elashan fault; RYSF: Riyueshan fault; CG basin: Chaka-
Gonghe basin. (c) Tectonic setting around the two 2022 Hala Lake earthquakes. Thin red and blue lines
indicate the coseismic fault traces of the January and March 2022 Hala Lake earthquakes, respectively,
from the slip distribution models, while the thick red and blue lines superimposed on the thin lines depict
the coseismic fault traces of the January and March events, respectively, from the uniform slip models.
Yellow circle represents the Mg > 3.0 aftershock after the January 2022 event, whereas black circles are
Mg > 3.0 aftershocks occurred between 26 March and 13 May 2022. All aftershocks are acquired from
the China Earthquake Networks Center (CENGC; https:/ /www.cenc.ac.cn/, accessed on 1 January 2023).
DHLTEF: Dahaletenghe fault; DHNSF: Danghenanshan fault; DXS-SLF: Daxueshan-shule fault. Faults
are acquired from Institute of Geology, China Earthquake Administration (https://www.eq-igl.ac.cn/,
accessed on 1 January 2023). Black, pink, and light-blue beach balls denote the focal mechanisms of
historical thrust, strike-slip and normal earthquakes, respectively, from GCMT (Thereinto, beach balls
in (a,b) represent My > 6.5 and My > 5.5 earthquakes, respectively, while those in Figure 1c indicate
Myw > 5.0 earthquake).

2. Tectonic Background

As the forefront of the northward expansion of the Tibet plateau moves towards the
interior continent, the northeast margin of the Tibet Plateau characterized by strong tectonic
activity has been suffering from the intensive shearing deformation since Late Quaternary
due to the continuing collision between the Indian and Eurasian plates, thus developing
many prominent strike-slip faults such as the nearly E-W-trending left-lateral strike-slip
East Kunlun fault (EKLF), the Qilian-Haiyuan fault (QHF), the NW-SE-trending right-
lateral strike-slip Elashan fault (ELSF) and Riyueshan fault (RYSF) ([10-12]; Figure 1a,b).
These strike-slip faults are considered to play an important role in regulating the eastward
motion of Tibet plateau relative to the Gobi—-Alashan block (GAB) and to have frequent
seismic activity (e.g., [13]). However, compared with that the 2001 My 7.8 Kokoxili and
2022 My 6.7 Menyuan earthquakes ruptured the large sinistral strike-slip EKLF and QHEF,
respectively ([14,15]; Figure 1a), the lack of recent My > 5.5 moderate-to-large earthquakes
occurred in the secondary dextral strike-slip faults such as the ELSF and RYSF (Figure 1b),
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which hinders our understanding of the regional tectonic environment. As the tectonically
active boundary between the Qaidam basin and Chaka—Gonghe basin, the ELSF consisting
of several discontinuous subparallel NW-SE-trending right-stepping or left-stepping “en
echelon” strike-slip fault segments have a length of ~200 km ([16]; Figure 1b). Its northern
segment is especially considered to be characterized by some horsetail splay faults [17],
which may be associated with the seismogenic faults of the January and March 2022 Hala
Lake events. As the two largest earthquakes since the 1927 My 6.2 Hala Lake earthquake
(Figure 1c), the two 2022 Hala Lake earthquakes occurred around the northern segment of
the ELSF, presenting a rare chance to gain insight into the regional tectonic deformation
and seismogenic structure.

3. InSAR Observations

Benefitting from the short revisit period of Sentinel-1A satellite, we derive a rare
chance to study the 2022 Hala Lake seismic sequence separately. Aiming at acquiring the
coseismic deformation associated with the January and March 2022 Hala Lake earthquakes,
we use the two-pass differential SAR interferometry method [18] to process six pairs of
Sentinel-1 Single Look Complex SAR images (Tables 3-5) with a multi-looking factor of
2 by 10 along the azimuth and range directions on the basis of the Gamma software [19].
A 30 m digital elevation model and a power spectrum filter [20] are exploited to exclude
the topographic contributions and filter the phase, respectively. Finally, we use the branch
cut method [21] to unwrap the interferograms and further geocoded them to the WGS84
geographic coordinates. These things considered, in order to eliminate both the topography-
correlated atmospheric delays and residual orbital errors, a linear function between the
error phase, location, and elevation is estimated by the virtue of coseismic observations
far from the major deformation area [22]. The continuous deformation fringe pattern of
the coseismic interferograms (Figure 2a—d) implies that the coseismic rupture of the two
earthquakes doesn’t propagate to the surface. For the January 2022 Hala Lake earthquake,
the ascending coseismic interferograms (Figure 2a) show two major lobe deformation areas
with the southwest quadrant moving away from the satellite and the northwest quadrant
moving towards the satellite, whereas the descending coseismic interferograms (Figure 2b)
reveal three prominent lobe deformation areas with the southwest quadrant moving away
from the satellite and the northwest and southeast quadrants moving towards the satellite.
Such asymmetric deformation patterns exhibited in the ascending and descending inter-
ferograms (Figure 2a,b) indicate a predominantly dextral strike-slip motion. In addition,
the deformation magnitude in the west is much larger than that in the east in the two
interferograms, indicating a west-dipping seismogenic fault. For the March 2022 Hala
Lake earthquake, the overall deformation pattern shown in the ascending and descending
interferograms (Figure 2c,d) is generally similar to that of the January 2022 Hala Lake
earthquake (Figure 2a,b). In particular, the deformation magnitude in the east is much
larger than that in the west in the descending interferogram (Figure 2d), which is contrary
to that in the ascending interferogram (Figure 2c), implying a nearly sub-vertical fault.
Hence, taking into consideration the above descriptions, we suggest that one west-dipping
and one nearly sub-vertical buried right-lateral strike-slip faults may be activated during
the January and March 2022 Hala Lake earthquakes, respectively. The ranges of line-of-
sight (LOS) displacements in the two ascending interferograms are —1.9 to 1.9 cm for the
23 January event (Figure 2e) and —3.0 to 1.2 cm for the 25 March event (Figure 2g), respec-
tively, while the ranges of LOS displacements in the two descending interferograms are
—1.2 to 0.7 cm for the 23 January event (Figure 2f) and —1.4 to 2.9 cm for the 25 March
event (Figure 2h), respectively. In addition, we also acquired the coseismic interferograms
associated with both the 23 January and 25 March events. The overall deformation exhib-
ited in the ascending and descending interferograms (Figure 2m,0) is generally similar
to that of any single Hala Lake event (Figure 2a—d) but has a more complex and larger
deformation (Figure 2e-h,n,p). It should be noted that we do not use the total coseismic
deformation to the geodetic inversion because solving for the geometries of multiple faults
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simultaneously will result in trade-offs between fault parameters during the inversion [23].
Finally, to preliminarily assess the early postseismic deformation associated with the
23 January event, five Sentinel-1A ascending images spanning the time period from
27 January 2022 to 16 March 2022, and five descending images spanning the time pe-
riod from 1 February 2022 to 21 March 2022, are also analyzed (Table 6). We processed all
interferometric pairs in the same way as the coseismic interferogram and apply the MintPy
package to process the following InNSAR time series on the basis of the small baseline
method [24-26]. Our preliminary postseismic displacement (Figure 3) highlights that the
cumulative early postseismic is limited and can be ignored.
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Figure 2. (a,b) are ascending and descending coseismic interferograms, respectively, covering the
23 January 2022 Hala Lake earthquake. (e, f) are corresponding coseismic displacements. (i,j) are
corresponding down-sampled LOS displacement. (c,d) are ascending and descending coseismic inter-
ferograms, respectively, covering the 25 March 2022 Hala Lake earthquake. (g,h) are corresponding
coseismic displacements. (k,1) are corresponding down-sampled LOS displacements. (m) is ascend-
ing coseismic interferograms covering the 23 January and 25 March 2022 Hala Lake earthquakes.
(n) is corresponding coseismic displacements. (0) is descending coseismic interferograms covering the
23 January and 25 March 2022 Hala Lake earthquakes. (p) is corresponding coseismic displacements.
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Table 3. Details of SAR data used for coseismic deformation of the 23 January 2022 My 5.6 Hala
Lake earthquake.

Satellite Track Reference Date Repeat Date Perp. B (m) Inc. Angle Azi. Angle
Sentinel-1A T99A 15 January 2022 27 January 2022 —13.1 36.9 -10.3
Sentinel-1A T4D 8 January 2022 1 February 2022 15.7 36.9 —169.7

Notes: Perp. B denotes the perpendicular baseline. Inc. Angle and Azi. Angle represent the incidence and
azimuth angles, respectively.

Table 4. Details of SAR data used for coseismic deformation of the 25 March 2022 My 5.7 Hala
Lake earthquake.

Satellite Track Reference Date Repeat Date Perp. B (m) Inc. Angle Azi. Angle
Sentinel-1A T99A 16 March 2022 28 March 2022 —96.6 36.9 —10.3
Sentinel-1A T4D 21 March 2022 2 April 2022 51.2 36.9 —169.7

Notes: All the abbreviations in Table 4 are the same as those in Table 3, but for the March 2022 Hala Lake earthquake.
Table 5. Details of SAR data used for the total coseismic deformation of the 23 January and 25 March
2022 My, > 5.5 Hala Lake earthquakes.

Satellite Track Reference Date Repeat Date Perp. B (m) Inc. Angle Azi. Angle
Sentinel-1A T99A 15 January 2022 28 March 2022 —86.9 36.9 -10.3
Sentinel-1A T4D 8 January 2022 2 April 2022 80.2 36.9 —169.7

Notes: All the abbreviations in Table 5 are the same as those in Table 3, but for both the 23 January and 25 March
2022 My > 5.5 Hala Lake earthquakes.

Table 6. Details of SAR data used for postseismic deformation of the 23 January 2022 My 5.6 Hala
Lake earthquake.

Satellite Track Reference Date Date Due No. of Images Used Interferograms
Sentinel-1A T99A 27 January 2022 16 March 2022 5 10
Sentinel-1A T4D 1 February 2022 21 March 2022 5 10

[(2)20220127-20220316] (Trackog] [[(0)20220201-20220321  (Trackd

.
38.5

38.4"
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\0S
| S | L
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Figure 3. (a,b) are the ascending and descending postseismic cumulative deformation maps of the
23 January 2022 Hala Lake earthquake, respectively. Red rectangular box represents the rupture fault
plane from the coseismic slip distribution model of the January 2022 event. The solid red line shows
the fault surface trace.
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4. Geodetic Modelling

To gain an insight into the source characteristics, we exploit the resolution-based
resampling method [27] to downsample the coseismic LOS deformation related to the
23 January and 25 March 2022 Menyuan earthquakes (Figure 2i-1) and further invert
for slip on the rectangular dislocation, assuming a homogeneous, elastic, and isotropic
half-space [28]. At first, we perform a non-linear inversion to hunt for the optimal fault
geometrical parameters by means of the multi-peak particle swarm optimization algo-
rithm [29] and then estimate the uncertainty of each obtained fault parameter through
Monte Carlo inversions [30] of 100 datasets perturbed with random noise (Figures 4 and 5).
Subsequently, we extend the derived fault planes responsible for the two earthquakes
along strike and dip directions, respectively, and carry out a linear inversion to resolve
the variable slip distribution on the enlarged fault plane subdivided into subpatches of
1by 1 km. In addition, we added a befitting smoothing factor to the linear inversion by
examining the trade-off curve between the RMS and roughness (Figure 6) in order to avoid
the abrupt slip variations and further utilize the one-dimensional grid search method to
optimize the fault dip during the coseismic slip distribution inversion (Figure 7).
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Figure 4. Fault geometry parameters for the uniform fault plane of the January 2022 Hala Lake
earthquake from the Monte-Carlo analysis. B_depth: the midpoint of the bottom boundary of the
uniform fault plane; T_depth: the midpoint of the upper boundary of the uniform fault plane;
Histograms show the distribution of the optimal solutions of fault geometry parameters during the
100 inversions. The solid red line represents the optimal value.
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Figure 5. All the symbols in Figure 5 are the same as those in Figure 4, but for the uniform fault
model of the March 2022 Hala Lake earthquake.
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Figure 6. Trade-off curve of the standard deviation of data versus the slip roughness. Red circle
denotes the selected smoothing factor, which is used to the coseismic slip distribution inversion.
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Figure 7. Trade-off curve between the RMS and the dip of the rupture fault segment. Red circle
indicates the optimal fault dip used in the coseismic slip distribution inversion. In (b), the RMS
decreases rapidly with increasing dip but no longer decreases significantly when dip reaches 88°, so
we regard the 88° as the optimal fault dip.

4.1. The 23 January 2022 Hala Lake Earthquake

According to the detailed analysis of the coseismic interferograms (Figure 2a,b) in
Section 2, we believe the west-dipping dextral strike-slip fault to be the causative fault
responsible for the January 2022 Hala Lake earthquake and then set a search interval for
the fault geometrical parameters. The rake and strike are constrained between —225° and
—135°, and 135° and 225°, respectively, while the other fault geometrical parameters are
unconstrained. (For example, the search range for the dip is set to 0°~90°). The best-fitting
solutions for each fault geometrical parameter shown in Table 1 and Figure 4 reveal an
SSE-striking strike-slip fault with a minor normal slip during the Hala Lake earthquake.
The uniform coseismic slip of up to ~0.15 m extends from a depth of 7.9 km up to 1.9 km
on a ~7.4 km-long and ~6.3 km-wide rupture fault (Table 1 and Figure 4). As a whole, the
fault parameters are well-resolved with small uncertainties (Table 1). For example, the fault
location (X and Y) has an uncertainty of less than 500 m while the strike, dip, and rake
have an uncertainty of less than 4.3°. Moreover, the uniform slip model can reproduce the
observed ascending and descending coseismic deformations (Figure 8). The corresponding
slip distribution model (Figure 9a—c) shows that the rupture fault is dominated by nearly
pure dextral strike-slip faulting, and that most slips are concentrated at a depth from
1.7-7.6 km, with the maximum slip of about 0.21 m at a depth of 3.8 km, suggesting a
buried event. The location of the epicenter relative to the inverted slip distribution implies
that the coseismic rupture mainly propagates northward unilaterally. The seismic moment
generated by the coseismic slip distribution model is ~2.4 x 10'7 Nm, corresponding to
Myw 5.6. Compared with the modeled interferograms by the uniform slip model (Figure 8),
the detected ascending and descending coseismic deformations can be better explained
(Figure 10) with the rms of ~2.5 and 1.4 mm, respectively.

4.2. The 25 March 2022 Hala Lake Earthquake

On the basis of the coseismic interferogram described in Section 2, we consider the
seismogenic fault to be a sub-vertical right-lateral strike-slip fault. Initially, we constrain the
rake between —225° and —135°, while other source parameters are not restricted. However,
after several nonlinear inversions, the dip always reaches its maximum limit of 90°. Hence,
we fix the dip to be 87° according to the reported focal mechanism solutions from GCMT
(Table 2) and run the inversion again. The optimal uniform slip model (Table 2 and Figure 5)
reveals 0.35 m of coseismic slip on a 5.3 km-long and 7.2 km-wide rupture fault and
generally fits the observed ascending and descending coseismic deformations (Figure 11).
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Furthermore, the fault parameters are well-resolved with small uncertainties (Table 2). For
instance, the fault location (X and Y) has an uncertainty of less than 300 m while the strike
and rake have an uncertainty of less than 4.1°. The corresponding slip distribution model
(Figure 9a,b,d) indicates that the rupture fault is characterized by dextral strike-slip faulting
with a slight normal-slip component, and that the majority of the slip is limited at depths
between 2.5 and 10 km, with the peak slip of about 0.47 m at a depth of 5.5 km. The location
of the epicenter relative to the inverted slip distribution indicates that the coseismic rupture
mainly propagates southward unilaterally. Interestingly, the coseismic slip of the March
2022 event terminates just before the junction of the two seismogenic faults responsible
for the January and March earthquakes at depths of ~2.5 km (Figure 9e). We suggest that
the intersection of the moderate-angle seismogenic fault of the January 2022 event with
the high-angle seismogenic fault of the March 2022 event may restrict the slip extent in the
March 2022 event to deep depths of <~2.5 km (Figure 9¢; e.g., [2]). The seismic moment
yielded by the best-fitting slip distribution model is ~4.4 x 10 Nm, equal to My 5.7. In
contrast to the modeled interferograms by the uniform slip model (Figure 11), the best-
fitting slip distribution reproduces the observed ascending and descending coseismic
deformations better with the rms of ~2.3 and 1.8 mm, respectively (Figure 12).
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Figure 8. (a,d) are the ascending and descending coseismic interferograms, respectively, covering the
23 January 2022 Hala Lake earthquake. (b,e) are the modeled interferograms using the uniform slip
model of the January 2022 event. (c,f) are corresponding residuals. The thick red line and thin red
box indicate the surface projection of the seismogenic fault and rupture fault plane, respectively, from
the uniform slip model of the January 2022 event. (g-i) are LOS displacements along Profiles CD, EF
and GH, respectively. The dashed black line depicts the observed LOS displacement, while the red
circles represent the modeled LOS displacement.
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Figure 9. (a) Three-dimensional view of the coseismic slip distribution models of the January and
March 2022 Hala Lake earthquakes. (b) Two-dimensional views of the coseismic slip distribution
models of the January and March 2022 Hala Lake earthquakes. (c,d) show coseismic slip distributions
of the January and March 2022 Hala Lake events along the strike and dip directions, respectively.
(e) Fault substructures along the profile AB. Thin red and blue lines indicate the rupture fault planes
of the two Hala Lake events, respectively, and the thick red and blue lines denote the major slip area.
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Figure 10. (a,d) are the ascending and descending coseismic interferograms, respectively, covering
the 23 January 2022 Hala Lake earthquake. (b,e) are the modeled interferograms using the coseismic
slip distribution models of the January 2022 event. (c,f) are corresponding residuals. The thick red
line and thin red box indicate the surface projection of the seismogenic fault and rupture fault plane,
respectively, from the coseismic slip distribution model of the January 2022 event. (g-i) are LOS
displacements along Profiles CD, EF and GH, respectively. The dashed black line depicts the observed
LOS displacement, while the red circles represent the modeled LOS displacement.
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Figure 11. (a,d) are ascending and descending coseismic interferograms, respectively, covering the
25 March 2022 Hala Lake earthquake. (b,e) are modeled interferograms using the uniform slip model
of the March 2022 event. (c,f) are corresponding residuals. The thick blue line and thin blue box
indicate the surface projection of seismogenic fault and rupture fault plane, respectively, from the
uniform slip model of the March 2022 event. (g-i) are LOS displacements along the profile IJ, KL and
MN, respectively. The dashed black line depicts the observed LOS displacement, while the red circles
represent the modeled LOS displacement.
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Figure 12. (a,d) are ascending and descending coseismic interferograms, respectively, covering the
25 March 2022 Hala Lake earthquake. (b,e) are modeled interferograms using the coseismic slip
distribution model of the March 2022 event. (c,f) are corresponding residuals. The thick blue line and
thin blue box indicate the surface projection of seismogenic fault and rupture fault plane, respectively,
from the coseismic slip distribution model of the March 2022 event. (g-i) are LOS displacements along
the profile IJ, KL and MN, respectively. The dashed black line depicts the observed LOS displacement,
while the red circles represent the modeled LOS displacement.
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5. Discussion
5.1. Relationship between the 7 January 2022 My 6.7 Menyuan Earthquake and the January and
March 2022 My, > 5.5 Hala Lake Earthquakes

A coseismic slip during a large earthquake can change the stress status of the nearby
faults, thus resulting in the advance or delay of the future seismic events [31-33]. Consider-
ing that the 7 January 2022 Myy 6.7 Menyuan earthquake occurred ~350 km southeast of the
two Hala Lake earthquakes and only 16 days before the first Hala Lake event (Figure 1a),
we utilize the coulomb failure stress (CFS) Formula (1) [34] to calculate the coseismic CFS
changes due to the 2022 Menyuan event at the maximum slip area of the two Hala Lake
events with a common friction coefficient of 0.4 (e.g., [33]).

CFS = At —y'Ac 1)

Thereinto, i’ represents the effective friction coefficient, whereas At and Ac indicate
the shear stress and normal stress changes, respectively [34].

Furthermore, it should be noted that the positive stress value usually encourages
a rupture, while a negative one often prohibits a rupture. The previously published
coseismic slip distribution model of the 2022 Menyuan earthquake, which can be openly ob-
tained from the Zenodo (https:/ /zenodo.org/record /6816540#.YsuwwciVVbl, accessed on
1 January 2023), is exploited as the source model, while the focal mechanism solutions of the
two Hala Lake events (Tables 1 and 2) are regarded as the receiver mechanism. Finally, the
open psgrn/pscmp program [35] is used to carry out the stress perturbation calculations.
The derived CFS results (Figure 13) show a negligible stress change of ~0 Bar on the rupture
area of the two Hala Lake earthquakes, implying that the occurrence of the 2022 Menyuan
earthquake had a limited effect on promoting the occurrence of the two Hala Lake events.
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Figure 13. (a) Coseismic CFS changes at a depth of 3.8 km induced by the 2022 Menyuan earthquake.
The focal mechanism solutions of the 23 January 2022 Hala Lake earthquake (Table 1) are set as the
receiver mechanism. The depth of 3.8 km, where the maximum slip is located, is set as the calculated
depth. (b) Coseismic CFS changes at a depth of 5.5 km induced by the 2022 Menyuan earthquake. The
focal mechanism solutions of the 25 March 2022 Hala Lake earthquake (Table 2) are set as the receiver
mechanism. The depth of 5.5 km, where the maximum slip occurs, is chosen as the calculated depth.

5.2. Possible Causes for The Stop-Start Rupture of the Two Hala Lake Events

Geometric complexities consisting of fault segmentation, intersection, stepovers, and
bends are thought as a barrier to rupture propagation, thus halting an instantaneous multi-
fault rupture in one large earthquake (e.g., [1,36]). Our preliminary geodetic observation
reveals a complex two-fault delayed failure during the two 2022 Hala Lake earthquakes that
span a long period of about two months. Further INSAR modeling shows that, although the
strike (a difference of ~4°) and location (a difference of ~2 km) of the two seismogenic faults
are basically the same, their dip angles exhibit a quite difference (~30°) from each other
(Figures 7 and 9b). This significant discrepancy in fault geometry implies an obvious fault
segmentation that is capable of stopping the rupture propagation from one fault segment
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to another (e.g., [37]). For example, the 2018 Lombok earthquake sequence is considered
as a failed multi-segment large earthquake mainly because the distinct dip and strike
differences in fault geometry control the rupture termination in each event [38]. Similarly,
we highlight that the prominent fault dip difference between the two Hala Lake events may
prevent two simultaneous ruptures in a single large earthquake. The static stress transfer is
generally known as the major cause for the rupture reinitiation of an earthquake doublet
or seismic sequence (e.g., [39-41]). To assess this hypothesis, we quantify the effect of the
coseismic coulomb failure stress (CFS) changes induced by the January 2022 Hala Lake
earthquake (source fault) on the March 2022 Hala Lake earthquake (receiver fault) with a
common friction coefficient of 0.4 (e.g., [33]). Our result (Figure 14) reveals a negative stress
value of up to ~—1.1 bar at the main slip area of the March 2022 Hala Lake event, which
does not support the hypothesis that coseismic CFS played a crucial role in promoting the
rupture reinitiation of the later Hala Lake earthquake. As another triggering mechanism,
the afterslip propagation may be an important cause for promoting the restart of the slip
of the later earthquake because the cumulative CFS due to postseismic afterslips may
further encourage failure [1,2,42]. However, we find that no significant postseismic signals
are detected during the period from 23 January to 25 March 2022 (Figure 3), indicating a
limited afterslip magnitude. In addition, fluid migration following the large earthquake
is also considered to be capable of encouraging rupture reinitiation since the arrival of
the underground fluids are able to increase pore-pressure and thus unclamp the critically
stressed fault to allow its movement [43]. We suggest that a detailed mapped subsurface
fault networks in the epicentral area needs to be investigated for analyzing the channel
of fluid diffusion, thus verifying the role of fluid migration in the two 2022 Hala Lake
earthquakes (e.g., [2]). In particular, the roughly two months” delay between the two Hala
Lake events may be also determined by the fluid migration, which will need to be verified
in the future investigation by collecting relocated aftershock data (e.g., [2]).

Q

Depinikeny
4%

\F

Figure 14. Coseismic CFS changes along the rupture fault of the 25 March 2022 Hala Lake earth-
quake induced by the 23 January 2022 Hala Lake earthquake. Red and blue rectangular frames are
the rupture fault planes from the coseismic slip distribution model of the January and March 2022
events, respectively.

5.3. Regional Seismic Hazards Assessment

As the two largest earthquakes around Hala Lake since the 15 March 1927
M,, 6.2 earthquake (Figure 1c), the 2022 M,, 5.6 and M,, 5.7 Hala Lake earthquakes,
which ruptured closely in space, make more sense in the aspect of assessing the regional
seismic risk. In order to investigate the effect of the two Hala Lake earthquakes on the
regional seismicity, we calculated the static CFS changes at the depth of 10 km where the
most aftershocks are located. The result (Figure 15a,b) reveals that ~58% of aftershocks
are concentrated in the regions of positive CFS of >0.1 Bar (an earthquake triggering
threshold [44]), indicating that the statics CFS is not the unique triggering mechanism for
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aftershocks. However, it is worth noting that only Mg > 3.0 aftershocks have been collected
and that the aftershock distribution is not the result of relocated aftershock sequences,
which requires further research on the trigger mechanisms of aftershocks. To explore the
impact of the two events on the surrounding faults, we utilize coseismic slip distributions
of these two earthquakes (source fault) to calculate the CFS changes along the mapped
faults (receiver fault). According to the known surface trace, a strike-variable fault plane
composed of many discrete sub-patches with a size of 2 km by 2 km, is constructed with
the purpose to obtain detailed stress distribution along the entire subsurface fault structure
e.g., [8]. In detail, we first divide the mapped fault traces into small segments of a fixed
length of 2 km along the strike direction and then extend the width of the fault plane to
16 km along the down-dip direction by applying a constant value of dip e.g., [45]. More-
over, we set a pure dip-slip mechanism (a rake of 90°) for the known DHLTF, DHNSF
and DXS-SLF with a constant dip of 45° and a pure dextral strike-slip mechanism (a rake
of 180°) for the mapped ELSF with a steep dip of 90° as the receiver mechanism. The
acquired total CFS changes (Figure 15e) due to the 23 January and 25 March 2022 Hala
Lake earthquakes (Figure 15¢,d) exhibiting stress unloading on the eastern segment of the
DHLTF and DHNSF (a stress value of up to ~—0.03 bar and —0.014 bar, respectively), the
western segment of the DXS-SLF (maximum ~—0.044 bar), and the southern segment of
the ELSF (up to ~—0.025 bar). In addition, given that the eastern segment of the DXS-SLF
and the northern segment of the ELSF reveal stress loading (Figure 15e), we should pay
more attention to these fault segments.
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Figure 15. (a) Coseismic CFS changes induced by the 23 January 2022 My, 5.6 Hala Lake earthquake
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at a depth of 10 km. The focal mechanism solutions (Table 1) of the January event are set as the
receiver mechanism. (b) Coseismic CFS changes caused by the 23 January and 25 March 2022
M,y > 5.5 Hala Lake earthquakes at a depth of 10 km. The focal mechanism solutions (Table 2) of the
March event are regarded as the receiver mechanism. (¢) Coseismic CFS changes along the known
DHLTE, DHNSE, ELSF and DXS-SLF induced by the January 2022 Hala Lake event. (d) Coseismic
CFS changes along the known DHLTF, DHNSE, ELSF and DXS-SLF due to the March 2022 Hala Lake
event. (e) Coseismic CFS changes along the known DHLTF, DHNSE, ELSF, and DXS-SLF caused by
both the January and March 2022 Hala Lake events. The red and blue rectangular boxes represent the
rupture fault planes from the coseismic slip distribution models of the January and March 2022 Hala
Lake events, respectively. The magenta lines in Figure (c—e) show where the fault planes have moved.

6. Conclusions

We investigate the coseismic rupture behaviors of the January and March 2022 Hala
Lake earthquakes on the basis of the coseismic INSAR observations. The two Hala Lake
events ruptured two unmapped west-dipping, left-stepping dextral strike-slip faults with
a dip of 58° and 88°, respectively. Most of the slip of the January event is confined to
depths from 1.7-7.6 km with the maximum slip of ~0.21 m at a depth of 3.8 km while the
majority of slip of the March event is limited at depths between 2.5 and 10 km, with the
peak slip of ~0.47 m at a depth of 5.5 km. According to the in-depth analysis of the possible
causes for the stop-start rupture of the two Hala Lake earthquakes, we propose that fault
segmentation plays a key role in impeding the rupture propagation, thus resulting in a
two-fault delayed rupture, and that fluid migration may promote the slip reinitiation of the
later Hala Lake event, which requires further analysis. Additionally, we should note the
eastern segment of the DXS-SLF and the northern segment of the ELSF due to the state of
stress loading.
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