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Abstract A 160 km long seismic gap, which has not been ruptured over ~8000 years, was identified
recently in North China. In this study, we use a dynamic source model and a newly available high-resolution
3-D velocity structure to simulate long-period ground motion (up to 0.5 Hz) from possibly worst case rupture
scenarios of the seismic gap. We find that the characteristics of the earthquake source and the local geologic
structure play a critical role in controlling the amplitude and distribution of the simulated strong ground
shaking. Rupture directivity and slip asperities can result in large-amplitude (i.e., >1 m/s) ground shaking
near the fault, whereas long-duration shaking may occur within sedimentary basins. In particular, a deep
and closed Quaternary basin between Beijing and Tianjin can lead to ground shaking of several tens of cm/s
for more than 1 min. These results may provide a sound basis for seismic mitigation in one of the most
populated regions in the world.

1. Introduction

North China, where the Chinese capital Beijing is located, is prone to large earthquakes, as manifested by a
series of M,, 6.0 to M,, 7.8 earthquakes in the 1960s and 1970s [Liu et al., 2011]. Recently, a 160 km long seis-
mic gap (referred to as the Tianjin seismic gap hereafter) along the right-lateral Tangshan-Hejian-Cixian (THC)
fault has been identified [Yin et al., 2014]. The devastating 1976 M,, 7.8 Tangshan earthquake, which killed
nearly 240,000 people, occurred along this fault directly northeast of the seismic gap (Figure 1). It is estimated
that this seismic gap is capable of generating ~M,, 7.5 earthquakes [Yin et al., 2014]. Tianjin, a city of ~13
million people about 100 km southeast of Beijing, lies atop the seismic gap (Figure 1). Understanding and
quantifying the amplitude and distribution of ground shaking due to potential ruptures along this seismic
gap are essential for seismic hazard mitigation in this densely populated region.

In this study, we perform dynamic rupture simulations of scenario earthquakes to assess ground-shaking
hazards from possibly worst case rupture scenarios, which maximize ground motions, particularly in
Tianjin. Dynamic source models can capture abrupt changes in the direction and speed of rupture, features
that may be difficult to be characterized in commonly used kinematic source models [Olsen et al., 2008, 2009;
Andrews and Barall, 2011]. In addition, dynamic source models can incorporate complex physical processes,
such as fault roughness, inelastic deformation off the fault, and complex fault frictional behavior, which in
turn lead to more accurate characterization of possible near-fault ground shaking [e.g., Duan and Day,
2010; Dunham et al., 2011; Shi and Day, 2013]. Although several studies attempted to simulate ground motion
in the Beijing/Tianjin region [e.g., Ding et al., 2004; Pan et al., 2006; Zhou and Chen, 2008; Liu and Li, 2011], they
did not incorporate high-resolution 3-D basin structures that can potentially amplify and prolong ground
shaking. We address this issue by integrating a state-of-the-art dynamic source model with the newly avail-
able high-resolution 3-D basin structures to assess seismic hazards in North China imposed by the Tianjin
seismic gap.

2. Method and Models

We use a finite element method (FEM) EQdyna to simulate dynamic rupture on the fault and seismic wave
propagation in the medium [Duan and Oglesby, 2006; Duan and Day, 2008; Duan, 2010, 2012]. The approach
has been verified in a community-wide code validation effort [Harris et al., 2009, 201 1]. The perfectly matched
layer (PML) absorbing boundary condition [Berenger, 1994; Collino and Tsogka, 2001; Ma and Liu, 2006] and
the coarse-grained Q attenuation model [Day, 1998] are implemented and verified against a previous study
[Ma and Liu, 2006]. The main ingredients of a dynamic source model include a geological structure, initial
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Figure 1. The Tianjin seismic gap and basin structure of the study area (dash-dotted black rectangle) in the North China Basin. Color background shows topography
of the region. The seismic gap (the heavy solid black line) is a 160 km long segment along the Tangshan-Hejian-Cixian (THC) fault (the heavy line), which hosted
the deadly 1976 M 7.8 Tangshan earthquake (red star). The white dotted box (with the north edge outside of the map) delimits the region with high-resolution V,, velocity
structure (see text). Contour lines are the isosurface depth of the S wave velocity = 1.5 km/s in the study area. |, Il, Ill, and IV are four sedimentary basins. AA’, BB’,and CC’
are three profiles for displaying synthetic seismograms. The North China Basin is surrounded by Bohai Bay, Yan Shan, and Taihang Shan to the east, northeast, and
northwest, respectively. Dotted black lines outline the boundaries among Bejing District, Tianjin District, and Hebei province. Numbers following Beijing and Tianjin are
approximate populations (in millions). Other cities and places in the study area include BDIA (the Beijing Daxing International Airport), BD (Baodi), BH (Binhai), DC
(Dacheng), LF (Langfang), JH (Jinghai), NH (Ninghe), Q (Qingxian), RQ (Rengiu), WA (Wenan), WQ (Wuqing), X (Xiongxian), XH (Xianghe), and YQ (Yongqing).

stresses, a failure criterion, and a friction law that controls how the frictional coefficient evolves during
dynamic slip [e.g., Harris et al., 2009].

The North China Basin (Figure 1) underwent several phases of rifting deformation and postrifting subsidence
during the Mesozoic and Cenozoic [Ye et al., 1985]. The most recent Cenozoic rifting has resulted in the for-
mation of four major basins (labeled as |, I, lll, and IV) in our study area illustrated by the isosurface depth of
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Vs = 1.5 km/s (Figure 1). The crustal structure adopted in this study is constructed as follows. Within the
volume of (115.50°E-117.6°E), (38.4°N-40.75°N) and 10 km depth, we use a high-resolution 3-D P wave velo-
city (V,,) model of Yang and Huang [2013]. The resolution of the V,, model is 1 km and 0.1 km along the hor-
izontal and vertical directions, respectively [Yang and Huang, 2013]. This V,, model is constrained by industry
seismic data. Outside the volume, we use the low-resolution model of Wei et al. [2007] to constrain the V,, dis-
tribution. S wave velocity (V) and crustal density are derived from the P wave velocity using the empirical
relations of Brocher [2005]. Basins |, Il, and Ill are robust features, whereas the east edge of Basin IV is uncertain
as it is located outside the high-resolution V,, domain. Basin | is deep and wide, covering a roughly circular
area with a radius of ~25 km at a depth of 3 km (characterized by the V; = 1.5 km/s isosurface), which con-
trasts to shallow Basin Il and narrow Basins lll and IV. Following the attenuation model of Olsen et al.
[2003], we assume Q, = 0.02V; if Vs < 1.5 km/s, Q; = 0.1V, if V; > 1.5 km/s, and Q, = 1.5Q,. The seismic gap
passes through Basins lll and IV near its southwest and northeast ends, respectively, whereas the majority
of the seismic gap lies within a horst between the two basins (Figure 1). The minimum shear wave velocity
in our models is truncated at 500 m/s. Given the uniform finite element size of 200 m, we resolve frequency
contents in ground motion up to 0.5 Hz. To resolve higher frequencies that are more relevant to buildings
and infrastructure requires finer element sizes and higher resolutions of velocity structure, which are beyond
the scope of this study. Each of our models has about 480 million finite elements. With a simulation time of
200 s, each run takes about 22 h using 256 cores and 540 GB memory on a cluster system with Intel’s 64 bit
2.8 GHz Nehalem processors.

The Tianjin seismic gap is a relatively straight segment [Yin et al., 2014] and is assumed to be a 20 km deep
vertical plane as indicated by earthquake locations [e.g., Liu et al.,, 2016]. We use the Coulomb failure criterion
[e.g., Scholz, 2002] to determine whether or not a fault point fails. A linear slip-weakening friction law [Iida,
1972; Andrews, 1976; Day, 1982] is adopted to govern how the frictional coefficient on the fault evolves dur-
ing dynamic slip, in the form of u(5) = us — (us — ug) Min(d, Dg)/Do, where d is fault slip and Dy, is the critical slip
distance over which the static friction x drops to dynamic friction u4. A uniform distribution of Dy = 0.4 m on
the fault, a value that may be larger than experimentally determined values but is necessary for resolving
numerically the cohesive zone at the rupture front [e.g., Day et al., 2005], is used in all model runs. We choose
1s=0.7 and u4= 0.6 on the fault in the uniform stress ratio models and allow their variations in the self-similar
stress model (see below for definitions and details). These values are chosen to satisfy Byerlee’s law of friction
[Byerlee, 1978] and to control stress drop in the slip-weakening friction law, though laboratory high-speed
friction experiments suggest lower values for u [e.g., Di Toro et al., 2004].

We follow the procedure proposed by Andrews and Barall [2011] to set up the initial fault stress in our mod-
els. First, a depth-dependent effective normal stress is assigned on the fault. Second, a ratio ug smaller than
1 between the initial shear and normal stresses is used to characterize the distribution of the initial shear
stress on the fault. By adjusting the ratio uo (and dynamic friction x), we control the stress drop distribution
that dictates the slip distribution and the seismic S value that dictates the rupture propagation in the models.
The seismic S value is defined as S=(z, — 70)/(zg — 74, Where 7, is the yield stress, 7 is the initial shear stress,
and z¢is the sliding frictional stress [Das and Aki, 1977]. The S value characterizes how close the fault is to fail-
ure under the initial stress field.

In this study, our primary goal is to explore worst case rupture scenarios by quantifying how severe ground
shaking can be generated from ~M,,, 7.5 earthquakes on the seismic gap, in particular in the city of Tianjin. To
this end, we consider two types of the uq distribution. One is uniform, which maximizes the directivity effect
when a rupture initiates at one end of the fault. Two scenarios are generated from this uniform y, distribution
with nucleation at either the southwest (SW) or the northeast (NE) end of the seismic gap, respectively
(Figure 2). We denote them as the uniform stress ratio scenarios and differentiate them by the rupture
directions (i.e., the SW-to-NE versus NE-to-SW scenarios, respectively) hereafter. Notice that the only
difference in these two uniform stress ratio scenarios is the hypocenter location.

The second type of g distribution is random and self-similar [Andrews and Barall, 2011], which can generate
stochastic slip distributions compatible with seismological observations of recent large earthquakes [Mai and
Beroza, 2002]. Many possible scenarios may be generated from random and self-similar uq distribution
(Figure S1 in the supporting information), but we report here only one with a large concentrated slip patch
(i.e., an asperity) beneath Tianjin (Figure 2), which may represent the worst case scenario for the city. In this
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Figure 2. The three rupture scenarios on the Tianjin seismic gap simulated in this study. (a, ¢) Distributions of slip (color scales) and rupture time (contours in sec) on
the fault in the SW-NE and the NE-SW uniform stress ratio scenarios, respectively. (b) The stress drop distribution from the SW-NE uniform ratio stress scenario. (d) The
distribution of slip and rupture time in the self-similar stress scenario; (e) distribution of stress drop from the scenario. See text for details of these rupture scenarios.

self-similar stress scenario, i, varies from 0.7 to 0.79 to prevent any failure from occurring in the initial stress
field [Andrews and Barall, 2011]. In addition, u is reduced from 0.6 to 0.5 to produce larger stress drop and
thus larger slip within the asperity. We denote this scenario as the self-similar stress scenario. Figure S1
shows the initial normal stress and the initial shear stress for the three scenarios mentioned above and an
additional self-similar case.

3. Three Simulated Rupture Scenarios

In dynamic source models, we need a procedure to initiate rupture [e.g., Andrews, 1976; Day, 1982]. In this
study, we initiate a rupture by forcing it to propagate at a fixed speed (i.e,, 1.5 km/s) within a 4 km radius
circular patch around a preset hypocenter. Outside this initiation patch, rupture propagates spontaneously,
which is controlled by the Coulomb failure criterion, the slip-weakening friction law, and the time-
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Figure 3. The distribution of the horizontal peak ground velocity (PGV) from the (a) SW-NE uniform stress ratio, (b) NE-SW uniform stress ratio, and (c) self-similar
stress scenarios. The PGV value here is the peak value of the amplitude of the horizontal ground velocity from the simulations. Three profiles and cities are the
same as in Figure 1.

dependent stress field. Rupture propagation in the two uniform stress ratio scenarios is smooth, with a
relatively slower speed in the two basins (Basins lll and IV) at shallow depth (Figures 2a and 2c). Slip
distribution from the two scenarios is similar, characterized by larger fault slip magnitude within the two
basins at shallow depths (Figures 2a and 2c). Stress drop distributions from the two scenarios are similar
and smooth (Figure 2b).

Stress drop in the self-similar stress scenario is much more heterogeneous (Figure 2e) when compared
against the uniform stress ratio scenarios (Figure 2b), which results in complex rupture propagation
(Figure 2d). In this scenario, we nucleate rupture at the edge of the largest stress drop patch, which is consis-
tent with seismological observations [e.g., Mai and Beroza, 2002]. The rupture propagates near the hypocen-
ter rapidly due to large stress drop, generating an asperity with a peak slip of ~9 m beneath Tianjin. Rupture
slows down and even pauses when it propagates into small stress drop patches on the two sides of the asper-
ity (Movie S1). Large shallow slip (i.e., ~5 m) is also observed in Basin IV, whereas the rupture dies out in Basin
[l in this scenario. Although slip distribution and rupture propagation are significantly different between the
self-similar stress scenario and the two uniform stress ratio scenarios, their magnitudes are similar (i.e.,
~M,, 7.5).

4, Simulated Ground Motions

The distribution of the horizontal peak ground velocity (PGV) from the two uniform stress ratio scenarios
shows clearly a directivity effect, while that from the self-similar stress scenario exhibits strong effects of
the asperity on PGV (Figure 3). In all three scenarios, large PGV values (i.e., 0.5 m/s or higher) occur near
the fault, but the extent of the large PGV region (outlined by green color) is modulated by the directivity
effect and the basin effect. The extent of the large PGV region increases toward the NE in the SW-to-NE rup-
ture scenario (Figure 3a) and toward the SW in the NE-to-SW rupture scenario (Figure 3b). Tianjin experiences
larger PGVs in the SW-to-NE scenario than in the NE-to-SW scenario. The basin amplification effect enlarges
the extent of the large PGV area, in particular in Basin | between Beijing and Tianjin (Figure 1), suggesting that
details of basin effects on PGV depend on the basin shape, depth, location, and size. For example, Basin | is a
relatively big and deep basin with a closed geometry, exerting a strong effect on PGV, whereas Basin Il is a
relatively shallow and open basin with a moderate effect on PGV. The self-similar stress scenario shows strong
effects of the asperity on PGV, which produces a ~30 km by 10 km zone of strong shaking with PGVs of ~4 m/s
surrounding the city of Tianjin (pink color in Figure 3c). The amplification effect of Basin | superimposes onto
the asperity effect in this scenario, resulting in a much wider region of large PGVs than that in the two uniform
stress ratio scenarios. In addition, Basins Ill and IV along the fault generate the other two strong PGV zones
along the fault.

The basins in the area cause amplification and prolongation of ground shaking, as shown in the fault-parallel
horizontal velocity seismograms along the two profiles AA’ and BB’ (Figure 4). These effects are augmented
by the rupture directivity and/or the asperity of the earthquake source. Strong ground shaking of tens of cm/s
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Figure 4. Fault-parallel horizontal velocity seismograms (black waveforms) and their spectral amplitudes (color scales) along Profiles AA’ (top row) and BB’ (bottom
row, see Figure 1 for the profiles’ locations) from the (a, d) SW-NE uniform stress ratio, (b, €) NE-SW uniform stress ratio, and (c, ) self-similar stress scenarios. The
positive direction of the vertical axes is southeast along the profiles. Notice that different scales are used for waveforms in different scenarios. Peak velocity values
(maroon color, in cm/s) are labeled for two blue traces along each profile. Spectral amplitudes are normalized by the peak value (in centimeters) given at the right
bottom corner in each panel. The color scale is designed to clearly show dominant frequency contents in colors, and the period and frequency axes are at the top and
bottom of each panel, respectively. Heavy blue curves along the profiles show the isosurface depth of 1.5 km/s wave velocity, with the maximum depth (in
kilometers) given in Figures 4a and 4d. Dashed rectangles roughly outline the basin effect on ground velocity, including amplification and/or prolongation.

or larger can last more than a minute in Basin | (Figures 4a and 4c and Wugqing in Figure S4) and Basin Ill
(Figures 4e and 4f and Dacheng in Figure S4). The long duration of strong ground shaking could be
destructive to major infrastructure and buildings. A large spike of 377.55 cm/s on the fault in the NE-to-SW
scenario (Figure 4e) results from the enhancement between the NE-to-SW rupture directivity and the basin
Il effect. The effects of Basin Il are relatively modest (Figures 4d-4f) on waveforms, as in the PGV case. The
effects of Basin IV (Figure S2 in the supporting information) are similar to those of Basin Ill. These effects of
the source characteristics and the basin structure on ground shaking may be more clearly seen in Movie
S1 that shows fault rupture propagation and ground motion of the self-similar stress scenario.

The dominant frequencies in the simulated ground motion vary with the locations and the rupture scenarios,
as shown by the spectral amplitude of the fault-parallel horizontal ground velocity (colors in Figure 4). Overall,
the stations near the fault experience a broader bandwidth of ground shaking, including more high-
frequency shaking, while the dominant frequencies for the stations away from the fault are narrowly banded
with less high-frequency contents, which is consistent with seismic wave attenuation. The spectral amplitude
in Basin | (Figures 4a-4c) is similar to or even larger than that near the fault, indicating the strong effect of
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Basin | on ground shaking. Roughly, dominant frequencies in Basin | are within a narrow band of low
frequency between 0.06 Hz and 0.09 Hz. The maximum spectral amplitude in the fault-parallel horizontal
ground motion (14.47 cm) occurs in the self-similar stress scenario, which is several times larger than that
in the other two scenarios.

The fault-normal horizontal component of ground shaking (Figure S3) has comparable amplitudes and dura-
tions in the waveforms to the fault-parallel horizontal component. The dominant frequencies exhibit a similar
dependence on the locations and the rupture scenarios. In this component, the SW-to-NE rupture scenario
produces the largest value of the spectral amplitude (22.34 cm) in Basin IV, suggesting a strong rupture direc-
tivity effect in the fault-normal horizontal component near the fault and an enhancement of the rupture
directivity by the basin structure.

5. Discussion

Our work shows how earthquake source (e.g., rupture directions and large slip patches) and local geologic
structures (e.g., sedimentary basins) control the amplitude, duration, and distribution of ground shaking.
Based on the above results, we discuss the impacts of the potential earthquake ruptures along the Tianjin
seismic gap. The three-component time histories of ground velocity at the centers of the four cities
Beijing, Tianjin, Wuqging, and Dacheng are shown in Figure S4. Ground shaking in Beijing and its surrounding
area, including the new airport BDIA (see Figure 1 for location), is weak (i.e., <0.1 m/s) from the scenario earth-
quakes on this seismic gap, probably due to the relatively thin sediment layer beneath Beijing, the long
distance (~100 km) from the source fault, and/or seismic energy emitted from the seismic gap being trapped
by Basin I. Because Tianjin sits directly on top of the seismic gap, several m/s of ground velocity in the city can
be generated by the potential earthquakes on the gap. Wuging is at the center of Basin |, and large-amplitude
(i.e., ~0.5 m/s) and long-duration (i.e., >1 min) ground shaking can occur. Existence of Basin Ill and rupture
directive may also generate severe ground shaking in Dacheng. All these features can be clearly seen from
the synthetic seismograms in Figure S4.

Our modeling efforts here focus on worst case rupture scenarios and neglect other possible scenarios along
the Tianjin seismic gap, which may include buried ruptures (in contrast to surface ruptures in this study) that
may produce overall lower amplitudes of ground shaking. In addition, inelastic response of rocks and non-
linear response of soils to dynamic rupture and large-amplitude seismic waves, which are ignored in this
study, may also reduce ground motion, as shown by recent studies [e.g., Shi and Day, 2013; Roten et al.,
2014]. More efforts are needed to assess most likely ground motion that can be generated by the seismic gap.

6. Conclusions

Our work demonstrates how a potential ~M,, 7.5 earthquake on the Tianjin seismic gap in the densely popu-
lated North China basin could produce severe ground shaking and how local sedimentary basins with recent
Quaternary deposits may affect that shaking. The self-similar stress scenario may be considered as the worst
scenario for Tianjin, as a large asperity exists directly beneath Tianjin in this potential earthquake. The SW-
to-NE uniform stress ratio scenario could also generate severe shaking in Tianjin because of the directivity
effect. The NE-to-SW uniform stress ratio scenario may be considered as the worst scenario for the region
near the SW end of the seismic gap, such as the city of Dacheng. The basin between Beijing and Tianjin
(Basin 1) amplifies and prolongs ground shaking significantly. Existence of Basins Il and IV at the two ends
of the seismic gap enhances the rupture directivity. These source- and basin-dominated ground-shaking fea-
tures suggest the importance of scenario earthquake simulations for seismic hazard analysis and mitigation.
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