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Abstract

The aftershock zone of the 1976 7.8 Tangshan earthquake, China, remains seismically active, experiencing moderate events

such as the December 5, 2019,4.5 Fengnan event. It is still debated whether aftershock sequences following large earthquakes in

low seismicity continental regions can persist for several centuries. To understand the current stage of the Tangshan aftershock

sequence, we analyse the sequence record and separate background seismicity from the triggering effect using a finite-source

epidemic-type aftershock sequence (FS-ETAS) model. Our results show that the background rate notably decreases after the

mainshock. The estimated probability that the most recent 4.5 earthquake (December 5, 2019, Fengnan District, Tangshan)

is a background event is 63.8%. This indicates that the contemporary seismicity in the Tangshan aftershock zone can be

characterised as a transition from aftershock activity to background seismicity. Although the aftershock sequence is still active

in the Tangshan region, it is largely overridden by background seismicity.
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Key Points: 20 

 The finite source ETAS model is applied to analyse the aftershock sequence of 21 

Tangshan MS7.8 earthquake, China. 22 

 The background seismicity of the Tangshan region has been lowered by the 23 

Tangshan mainshock. 24 

 Aftershock sequence is still continuing but overridden by the background 25 

seismicity.  26 
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Abstract: 27 

The aftershock zone of the 1976 MS7.8 Tangshan earthquake, China, remains 28 

seismically active, experiencing moderate events such as the December 5
th

, 2019, 29 

MS4.5 Fengnan event. It is still debated whether aftershock sequences following large 30 

earthquakes in low seismicity continental regions can persist for several centuries. To 31 

understand the current stage of the Tangshan aftershock sequence, we analyse the 32 

sequence record and separate background seismicity from the triggering effect using a 33 

finite-source epidemic-type aftershock sequence (FS-ETAS) model. Our results show 34 

that the background rate notably decreases after the mainshock. The estimated 35 

probability that the most recent MS4.5 earthquake (December 5
th

, 2019, Fengnan 36 

District, Tangshan) is a background event is 63.8%. This indicates that the 37 

contemporary seismicity in the Tangshan aftershock zone can be characterised as a 38 

transition from aftershock activity to background seismicity. Although the aftershock 39 

sequence is still active in the Tangshan region, it is largely overridden by background 40 

seismicity. 41 

Plain Language Summary 42 

The 1976 MS7.8 Tangshan earthquake occurred in the low seismicity continental 43 

region of North China Plain. The recurrence interval between successive earthquakes 44 

of similar magnitudes is more than 4,000 years. The recent MS4.5 Fengnan earthquake 45 

(December 5
th

, 2019) struck the aftershock zone. It surged the debate on whether the 46 

aftershock sequence of Tangshan earthquake had ceased or was still active. To 47 
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understand the cotemporary seismicity of Tangshan region, we applied the 48 

finite-source epidemic-type aftershock sequence (FS-ETAS) model, in which rupture 49 

extensions were taken into consideration. The background seismicity was extracted 50 

from the catalogue. The results showed that the probability that the recent MS4.5 51 

event is triggered is approximately 40%, and that the background seismicity rate 52 

significantly decreased during the aftershock decay, comparing to that before the 53 

mainshock. We found that the background seismicity of the Tangshan region has been 54 

lowered by the Tangshan mainshock, and the aftershock sequence is still continuing 55 

but overridden by the background seismicity. 56 

Keywords: 57 

Tangshan earthquake; aftershock sequence; FS-ETAS model; background seismicity; 58 

rate-and-state dependent friction law; transition stage.    59 
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1 Introduction 60 

Earthquake sequences have significant implications for understanding seismicity 61 

dynamics and in probabilistic seismic hazard assessments [Toda and Stein, 2018]. In 62 

particular, aftershock sequences following large intraplate earthquakes have longer 63 

durations and more complex spatiotemporal patterns than those following the 64 

mainshocks of similar magnitudes along plate boundaries. Some studies have found 65 

that aftershock sequence following large earthquakes in seismicity inactive 66 

continental regions can persist for a long time, although this assertion is still under 67 

debate.  68 

Two methods are widely used in aftershock analysis, namely the Omori-Utsu law 69 

[Utsu and Ogata, 1995] and the method developed by Dieterich [1994] that 70 

incorporates stress changes on the fault to the rate-and-state dependent friction law. 71 

The Omori-Utsu formula is written as: 72 

 𝑅(𝑡) = 𝐾0(𝑡 + 𝑐)
−𝑝, (1) 

where 𝑅 is the aftershock occurrence rate, t indicates the time after the mainshock, 73 

K0 is dependent on the mainshock magnitude M, p is typically 0.8–1.2, and c is a 74 

case-dependent constant. For the rate-and-state dependent friction law, the aftershock 75 

decay is characterised as the original form of the Omori decay (1/t) and the aftershock 76 

duration time is derived as being proportional to the reciprocal of the shear stress 77 

rate:  78 

 𝑡𝑎 =
𝑎𝜎

 𝜏̇
, (2) 
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where a is the constitutive parameter, σ is the normal stress, and 𝜏̇ is the shear 79 

stressing rate [Dieterich, 1994].  80 

Aftershock sequences are typically thought to last for no more than a decade [Parsons, 81 

2002], however, it has been suggested that long-lasting aftershock sequences occur 82 

with complex patterns within continents [Stein and Liu, 2009]. This may be attributed 83 

to complicated fault networks [M Liu and Stein, 2016; Valerio et al., 2017], slow 84 

loading rates [Stein and Liu, 2009], and crustal rheology [Ziv, 2006]. For example, 85 

using the model proposed by Dieterich [1994], it has been suggested that long-lasting 86 

aftershock activity dominates contemporary seismicity [Stein and Liu, 2009; Toda 87 

and Stein, 2018] in the New Madrid Fault Zone in the central United States. In 88 

contrast, a different view has been expressed based on research using the Epidemic 89 

Type Aftershock Sequence (ETAS) model [Page and Hough, 2014].  90 

This debate also happens to seismicity following the MS7.8 earthquake that occurred 91 

in Tangshan on July 28
th

 1976, where destructive earthquakes of a similar magnitude 92 

have a recurrence interval of more than 4,000 years [Kang et al., 2013; Ran and Wu, 93 

2019]. Since the 1976 earthquake, moderate seismic events (MS ≥ 4) have continued 94 

to occur in the aftershock zone and surrounding areas. Liu and Wang [2012], Wang et 95 

al. [2013], and Zhong and Shi [2012] suggest that the aftershock sequence of the 96 

Tangshan MS7.8 earthquake would last for more than a hundred years based on their 97 

use of the model developed by Dieterich [1994]. They argue that the slow fault 98 

loading rate, which is estimated as less than 3mm/yr from either GPS data [Wang et 99 

al., 2011]or repeating seismic events [Li et al., 2007], is the cause of this long-term 100 
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aftershock decay. Nevertheless, Jiang et al. [2013] analyse the Tangshan sequence 101 

using the ETAS model [Zhuang and Ogata, 2006] and conclude that the recent events 102 

have a small probability of being triggered by previous ruptures, indicating that the 103 

aftershock seismicity has essentially ceased.  104 

More recently, a MS4.5 event occurred in the aftershock zone of the Tangshan main 105 

rupture on December 5
th

, 2019, named the Fengnan earthquake 106 

[http://www.ceic.ac.cn/], and has caught great concern in the public and also in 107 

Chinese seismologists. Whether this moderate earthquake occurred as a result of the 108 

long-lasting mainshock triggering effect or enhanced background seismicity is of 109 

critical concern for the analysis of earthquake risks in aftershock zones. To better 110 

understand the Tangshan aftershock sequence, here we apply the finite-source (FS) 111 

ETAS model [Guo et al., 2019; Guo et al., 2017] accounting for the rupture 112 

extension. 113 

2 Tectonic setting and data 114 

The 1976 MS7.8 Tangshan earthquake is one of the most devastating intraplate 115 

earthquakes of the last 100 years, causing more than 240,000 deaths, 800,000 injuries, 116 

and largely destroying the city of Tangshan. It occurred on the hidden, active 117 

Tangshan Fault, which is a near-vertical NE trending right-lateral strike-slip fault in 118 

the eastern part of the North China Plain, buried under complex sedimentary basins in 119 

a relatively stable tectonic environment [Chen et al., 1979; Q Liu et al., 2007]. The 120 

rupture propagated bilaterally to a length of 84–140 km [Huang and Tein Yeh, 1997; 121 
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Wan et al., 2008]. The orientation of the regional stress field displayed extensive 122 

clockwise rotation before and after the earthquake, as determined from aftershock 123 

data [Xu and Wang, 1986]. Contemporary strain accumulation in the Tangshan 124 

earthquake source region revealed using Global Positioning System (GPS) datasets 125 

[Wu et al., 2016; Zhang et al., 2018] is consistent with the China North Plain. 126 

The datasets (http://www.chinarraydmc.cn/products/queryData?id=0) used in this 127 

study  are compiled by the China Earthquake Networks Center. Data for earthquakes 128 

occurring within the region between 38° to 42°N and 115.5° to 120.5°E (Fig. 1a) and 129 

within the depth range of 0–50 km are extracted. The study interval in the catalogue 130 

extends from January 1
th

 1970 to December 5
th

, 2019. The magnitude threshold is set 131 

at ML ≥ 4.0 due to the incomplete records for ML < 4 events during a short period 132 

after the mainshock (Fig. 1b). The number of events with a magnitude of M ≥ 4 before 133 

and after the mainshock is 22 and 1,072, respectively, and 188 and 2,033 as M ≥ 3.0 134 

events, respectively. The occurrence rate of M ≥ 4 earthquakes before the mainshock 135 

and since 2010 is 3.3 events/yr and 1.5 events/yr, respectively (Fig. 1c).  136 

The occurrence times, locations, magnitudes, and depths of important events meeting 137 

of interest in the study including the mainshock, MS6.5+ aftershocks, and MS4.5+ 138 

events within the past 10 years of the mainshock, are as follows:  139 

(1) Tangshan mainshock, 1976-07-28 03:07:53, (118.18°E, 39.63°N), MS7.8, 11 km 140 

(2) Luanxian event I, 1976-07-28 18:45:33, (118.65°E, 39.83°N), MS7.1, 10 km 141 

(3) Ninghe event, 1976-11-15 21:53:02, (117.83°E, 39.40°N), MS6.9, 17 km 142 

(4) Luanxian event II, 2012-05-28 10:05:52, (118.47°E, 39.71°N), MS4.7, 22 km 143 

http://www.chinarraydmc.cn/products/queryData?id=0
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(5) Chaoyang event, 2016-5-22 17:08:06, (120.10°E, 41.62°N), MS4.5, 6 km 144 

(6) Fengnan event, 2019-12-05 08:12:29, (117.99°E, 39.33°N), MS4.5, 7 km. 145 

3 Methodology 146 

The Epidemic Type Aftershock Sequence (ETAS) model, which accounts for 147 

stationary background seismicity and secondary aftershocks, is developed by Ogata 148 

(1988) based on the Omori-Utsu law [Utsu and Ogata, 1995]. The ETAS model has 149 

been widely and successfully used to quantify the clustering patterns of seismicity 150 

[e.g., Helmstetter et al., 2006; Lombardi et al., 2010; Zhuang et al., 2018] with 151 

space-time models being developed by incorporating both location and occurrence 152 

time data [e.g., Ogata, 1998; Zhuang and Ogata, 2006; Zhuang et al., 2002]. Recently, 153 

the finite-source ETAS (FS-ETAS) model incorporating fault geometry and rupture 154 

extensions is developed from the space-time ETAS model by Guo et al. [2017, 2019]. 155 

Compared with the traditional space-time point process models, the FS-ETAS model 156 

shows better performance in clustering analysis. Therefore, we apply the FS-ETAS 157 

model [Zhuang et al., 2018] to analyse the ongoing seismicity in the Tangshan region. 158 

We do not consider earthquake depth: each event is by default treated as being 159 

independent of the other components.  160 

In the FS-ETAS model, the conditional intensity function (time-varying seismicity 161 

rate) can be written as follows:  162 

 𝜆(𝑡, 𝑥, 𝑦) = 𝜇(𝑥, 𝑦) + ∑ 𝜅(𝑀𝑖)𝑔(𝑡 − 𝑡𝑖)𝑓(𝑥, 𝑦; 𝑆𝑖 , 𝑀𝑖)

𝑖:𝑡𝑖<𝑡

. (3) 
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The background rate μ is assumed to be variable in space but constant in time, and 163 

κ(Mi) represents the magnitude-dependent intensity triggered by an event with the 164 

magnitude Mi and can be written as follows: 165 

 𝜅(𝑀𝑖) = 𝐴𝑒
𝛼(𝑀𝑖−𝑀𝑐), (4) 

where A and α are constants, and Mc is the completeness magnitude of the dataset. 166 

The normalized temporal probability density function (p.d.f.) is expressed as: 167 

 𝑔(𝑡) =
𝑝 − 1

𝑐
(𝑎 +

𝑡

𝑐
)
−𝑝

. (5) 

The spatial response kernels (p.d.f.) of major earthquakes containing rupture 168 

extensions are treated as finite sources, and other earthquakes are considered as point 169 

sources, thus: 170 

where 𝑆𝑖 is the projection on the earth surface of the rupture area of the ith event,  171 

𝜏𝑖(𝑢, 𝑣) is the productivity density of directly triggered offspring at a location (u, v) 172 

in 𝑆𝑖, 𝐷
′, D, q and 𝛾 are constants. 173 

For a given earthquake catalogue, the model parameters, the background rate, and the 174 

productivity densities can be estimated synchronically through an iterative algorithm 175 

with the combination of nonparametric estimation and maximizing likelihood 176 

estimation (MLE). Here we omit the details and refer to Guo et al. [2017, 2018] and 177 

Zhuang et al. [2018]. 178 

        𝑓(𝑥, 𝑦; 𝑆𝑖 , 𝑀𝑖)

=

{
  
 

  
 
 
𝑞 − 1

𝜋𝐷′2

∬ [1 +
(𝑥 − 𝑢)2 + (𝑦 − 𝑣)2

𝐷′2
]
−𝑞

𝜏𝑖(𝑢, 𝑣)𝑑𝑢𝑑𝑣𝑆𝑖 

∬ 𝜏𝑖(𝑢, 𝑣)𝑑𝑢𝑑𝑣𝑆𝑖

, if Si is a finite source

 
𝑞 − 1

𝜋𝐷2𝑒𝛾 (𝑀𝑖−𝑀𝐶)
[1 +

(𝑥 − 𝑥𝑖)
2 + (𝑦 − 𝑦𝑖)

2

𝐷2𝑒𝛾 (𝑀𝑖−𝑀𝐶)
]

−𝑞

, if Si = (xi, yi
) is a point source

 

 

 

(6) 
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4 Data analysis 179 

4.1 Computation setting 180 

We first set 0.1 days after the mainshock as the start of the fitting time interval to 181 

avoid the influence of the missing aftershocks. The target space window for 182 

calculating the likelihood function is (38.5° to 41°N) × (116° to 120°E). Earthquakes 183 

in the dataset that do not fall within this range are complementary events, which 184 

contribute to the conditional intensity but not the likelihood function. Counting the 185 

triggering effect from these complementary events when computing the conditional 186 

intensity function is used to correct for the edge effect.  187 

We use two schemes to establish the initial source zones for large earthquakes (Fig. 1) 188 

as follows: in Model 1, only the Tangshan mainshock is regarded as having a finite 189 

source, and in Model 2, two other events larger than MS6.5 are also 190 

considered, namely the MS7.1 Luanxian event (which occurs on the same day as the 191 

mainshock) and the MS6.9 Ninghe earthquake (15
th

 November, 1976). We select a 192 

relatively large region for each earthquake to ensure the entire range of the source 193 

zones are included. The estimates of productivity from the patches outside the source 194 

zones are near zero in the calculation output. Such an extension is aimed at achieving 195 

the best possible model of the off-fault aftershocks triggered by the stress changes. In 196 

Model 1, the fault rupture caused by the Tangshan sequence is entirely contained in 197 

the FS-model. In Model 2, the rupture extension is also related to the two large 198 

aftershocks. All of the source regions are divided into 0.02° × 0.02° grids. 199 
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4.2 Basic fitting results 200 

The fitted model parameters and log-likelihood values are listed in Table 1. The 201 

higher likelihood values yielded from Model 1 asserts that it is a better model. 202 

Therefore, we focus the following discussion on the outputs of Model 1. Among the 203 

model parameters, α represents the difference in triggering ability between large and 204 

small events. In Table 1, a large value of α (approximately 1.9) implies that most of 205 

the triggered events are induced by a few large events. Parameter A represents the 206 

productivity of an event of magnitude MC, and decreases from 0.49 in Model 1 to 0.46 207 

in Model 2. 208 

4.3 Productivity density pattern and rupture distribution  209 

The rupture caused by the Tangshan sequence occurred mainly in three fault segments 210 

with different strike and dip angles, making the aftershock sequence temporally and 211 

spatially complex. We estimate the direct offspring productivity (Fig. 2) of each patch 212 

of the rupture plane of the mainshock and the two large aftershocks (i.e., Luanxian 213 

MS7.1 and Ninghe MS6.9) using the FS-ETAS model. The power of aftershock 214 

generation and the fault slip distribution are, as expected, complementary to each 215 

other. Patches with higher productivity density yield relatively smaller slip. Along the 216 

mainshock fault, the aftershock productivity density reaches a maximum of 1.5 217 

events/patch at the northern tip of the fault, while the southern part is characterised by 218 

a relatively low productivity density and larger coseismic slip. Similar compensating 219 
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patterns in the productivity density and coseismic slip data are found for the Luanxian 220 

earthquake rupture.  221 

4.4 Fengnan MS4.5 event  222 

The probability that the recent Fengnan MS4.5 earthquake is a background event 223 

estimated by Models 1 and 2 is 63.8% and 55.4%, respectively. As such, the 224 

probability of the event having been triggered is approximately 40%. We also 225 

compare the correlations between the Fengnan event and the MS6.5+ earthquakes in 226 

the dataset. This indicates that the probability of the Fengnan event having been 227 

triggered by the Tangshan mainshock and Ninghe MS6.9 rupture is 15.1% and 1.2%, 228 

respectively, based on Model 1, and 20.8% and 11%, respectively, based on Model 229 

2. These probabilities imply that background seismicity overrides aftershock activity 230 

in the contribution to the occurrence of the Fengnan event.  231 

4.5 Background rate 232 

Background events and triggered events are separated from the catalogue using a 233 

de-clustering method. When the background probabilities 𝜑𝑖 = 𝜇(𝑥𝑖 , 𝑦𝑖)/𝜆(𝑡𝑖 , 𝑥𝑖 , 𝑦𝑖) 234 

for each event i are determined, the cumulative background seismicity in region R can 235 

be estimated by summing the background probabilities for each event, as follows 236 

[Zhuang et al., 2005]: 237 

 𝐵(𝑡) = ∑ 𝜑𝑖𝐼(𝑡𝑖 < 𝑡),

𝑖:(𝑥𝑖,𝑦_𝑖)∈𝑅

 (7) 

where I(∙) is equal to 1 when the statement is true or 0 when false.  238 
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For both of the models that we used, the average number of background events are 239 

consistent at 82.6 and 84.4 for Models 1 and 2, respectively. From the temporal 240 

variation in cumulative background seismicity (Fig. 3), we find that the background 241 

rate during the aftershock decay period transits to a significantly lower level than 242 

before the mainshock. The reduction in the background rate in this area can also be 243 

seen in Figure 1c.  244 

5 Discussion 245 

Background seismicity can be altered by large earthquakes, which can modify the 246 

seismic environment including fault properties, interactions between the lower crust 247 

and upper mantle, fault loading rates, and stress fields. To understand whether the 248 

background seismicity rate is changed by the mainshock of the Tangshan earthquake, 249 

we estimate the background rate before and after the event. As the beginning of the 250 

catalogue is 1970, only 6.6 years' data are available to estimate the background 251 

seismicity before the mainshock. During this period, only weak clustering is observed 252 

in the seismicity data, indicating that seismicity is consistent with the background 253 

level. As shown in Figure 1c, the post-shock seismicity decay has approximately 254 

followed the Omori-Utsu formula, reaching a level lower than the pre-mainshock 255 

background level. These findings are also confirmed by the FS-ETAS model results 256 

(Fig. 3). 257 

Such a shift can be explained by the rate-and-state dependent friction law [Dieterich, 258 

1994; Toda et al., 2002]. Changes in stressing rate alters the seismicity rate. Whether 259 
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the seismicity is enhanced or reduced depends on whether the stressing rate increases 260 

or decreases, respectively, as illustrated in Figure 4. If the stressing rate on the nearby 261 

faults after the sudden stress drop caused by the mainshock remains the same as 262 

before, then, after the aftershock activity decays away, seismicity rate should go back 263 

to the background level same as the pre-shock period. In this study, the lowered 264 

background seismicity rate in the Tangshan aftershock zone after the mainshock 265 

indicates that the stressing rate has been lowered by the mainshock.  266 

According to the analysis of the most recent MS4.5 Fengnan event, we have shown 267 

that while the Tangshan aftershock sequence is still active, it is currently overridden 268 

by the background seismicity. As such, the seismicity of the Tangshan region 269 

represents a transition between aftershock activity and background seismicity. Our 270 

conclusion that the aftershock seismicity remains active in this region supports the 271 

results by Liu and Wang [2012] and Wang et al. [2013]. However, we have two points 272 

different from them: one is how long can the aftershock last, and the other is whether 273 

the background activity currently dominates. In estimating the aftershock duration 274 

using equation (2), Liu and Wang [2012] assume aσ to be 0.15 MPa and conclude that 275 

aftershock activity could dominate the Tangshan aftershock zone for more than a 276 

century. However, the uncertainty in aσ is large, in the order of 0.001–0.1 MPa 277 

[Hainzl et al., 2009]. Liu and Wang [2012] and Wang et al. [2013] also state that the 278 

present-day seismicity rate is higher than before the mainshock based on records of 279 

ML ≥ 3 events. We suggest that pre-1976 events in the catalogue with magnitudes of 280 



Geophysical Research Letters 

3.0 to 4.0 might not be completely recorded. Furthermore, based on our findings, 281 

background seismicity appears to dominate in this region over aftershock activity. 282 

6. Conclusions 283 

We analyse the Tangshan sequence using a FS-ETAS model that accounts for fault 284 

rupture extensions. We show that the background level of seismicity in the Tangshan 285 

region is, at present, lower than before the mainshock of the 1976 event, and the 286 

probability that the most recent MS4.5 event is triggered by previous ruptures is 287 

approximately 40%. Thus, we conclude that contemporary seismicity in the Tangshan 288 

region represents a transition from aftershock-dominated to normal seismicity. Further 289 

research is now required to determine whether similar temporally dynamic seismicity 290 

patterns exist in other midcontinental regions. 291 
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Figure captions: 390 

Figure 1. (a) Locations of ML ≥ 2.5 earthquakes in the Tangshan and surrounding 391 

regions between January 1
st
, 1970, and December 5

th
, 2019. The blue dashed 392 

rectangle indicates the space window used in the likelihood function calculation. The 393 

black dashed polygons (1, 2, and 3) represent finite mainshock source areas of the 394 

Tangshan MS7.8, Luanxian MS7.1, and Ninghe MS6.9 events, respectively. The yellow 395 

star and circle mark the epicentres of the Tangshan MS7.8 event (1976) and the MS4.5 396 

Fengnan event (2019), respectively. Major faults in the region are shown as black 397 

lines [Kang et al., 2013]; (b) Magnitude-time plot of ML ≥ 2.5 earthquakes in (a). The 398 

red rectangle indicates incomplete records; (c) Seismicity rates for M ≥ 4 events in (a). 399 

The number of events per year is indicated by the circles. 400 

Figure 2. Comparison between aftershock productivity density (black circles) and slip 401 

distribution (red circles, according to Wan et al., 2008) along the Tangshan 402 

mainshock rupture. The sizes of the black and red circles are proportional to the 403 

aftershock productivity density and slip sizes, respectively.  404 

Figure 3. (a) Cumulative background seismicity (red curve), cumulative seismicity 405 

(black curve), and cumulative clustering seismicity (green curve) for Figure 1(a); (b) 406 

An enlarged view of the cumulative background seismicity. The blue dashed line 407 

shows the increasing rate of cumulative background events before the mainshock. 408 

Figure 4. Illustrations of the relationship between the change in stressing rate and 409 

seismicity rate. The top panels show the response in seismicity rate when a sudden 410 
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stress drop occurs but the stressing rate remains the same as before the stress drop. 411 

The middle panels show the transition of seismicity rate from its original to a new 412 

level when the stressing rate is increased (red) or decreased (green). The bottom 413 

panels show the corresponding responses in seismicity rate when the stressing rate 414 

changes after a stress drop, red for increasing and green for decreasing. 415 

Table 1. Estimated parameters from two FS-ETAS models fitted to the event 416 

catalogue (1970-1-1 to 2019-12-5).  417 
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Figure 2. Comparison between aftershock productivity density (black circles) and slip 432 

distribution (red circles, according to Wan et al., 2008) along the Tangshan 433 

mainshock rupture. The sizes of the black and red circles are proportional to the 434 

aftershock productivity density and slip sizes, respectively.  435 
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Figure 3. (a) Cumulative background seismicity (red curve), cumulative seismicity 438 

(black curve), and cumulative clustering seismicity (green curve) for Figure 1(a); (b) 439 

An enlarged view of the cumulative background seismicity. The blue dashed line 440 

shows the increasing rate of cumulative background events before the mainshock. 441 
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  444 

Figure 4. Illustrations of the relationship between the change in stressing rate and 445 

seismicity rate. The top panels show the response in seismicity rate when a sudden 446 

stress drop occurs but the stressing rate remains the same as before the stress drop. 447 

The middle panels show the transition of seismicity rate from its original to a new 448 

level when the stressing rate is increased (red) or decreased (green). The bottom 449 

panels show the corresponding responses in seismicity rate when the stressing rate 450 

changes after a stress drop, red for increasing and green for decreasing.   451 
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Table 1. Estimated parameters from two FS-ETAS models fitted to the event 452 

catalogue (1970-1-1 to 2019-12-5). 453 

Model A α c (10-2day) p D (10-5deg2) q γ D'(10-5deg2) log L  

1 0.49 1.90 0.15 1.03 0.64 1.48 2.23 3.48 -2206 

2 0.46 1.94 0.15 1.03 0.46 1.53 2.92 4.62 -2263 
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