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Abstract 32 

This article objectively estimates the spatiotemporal evolution of b values before and after two 33 

large earthquakes during 2000-2019 along the Longmenshan fault. We apply the Akaike information 34 

criterion to statistically assess the temporal variation in b values and use the b value time series 35 

behavior as a tool to quantify the effect of a mainshock on the size distribution of aftershocks. The 36 

b values in the source regions exhibited decreasing trends prior to two large earthquakes on 12 May 37 

2008 (MS 8.0) and 20 April 2013 (MS 7.0). Moreover, the times required for the b values to return 38 

to a stable state after both mainshocks were basically equivalent to the times taken for aftershocks 39 

depth images to cease to change visibly (approximately 1 year following the MS 8.0 event and 40 

approximately 10 months following the MS 7.0 event). Our results have substantial implications for 41 

assessing the hazards of aftershock sequences. 42 

 43 

Plain Language Summary 44 

The most noticeable phenomenon by which large earthquakes can significantly change the 45 

regional stress state is the aggregation of aftershocks. However, few studies have quantified the size 46 

distributions of aftershocks and applied those distributions to earthquake hazard assessments. In this 47 

work, we apply the b value time series behavior, which is sensitive to changes in stress, to two well-48 

recorded sequences initiated by large earthquakes on 12 May 2008 (MS 8.0) and 20 April 2013 (MS 49 

7.0) along the Longmenshan fault. We find that the times aftershocks directly related to the 50 

mainshocks (approximately 1 year following the MS 8.0 event and approximately 10 months 51 

following the MS 7.0 event), which are fully consistent with the times taken for aftershocks depth 52 

images to cease to change visibly. Additionally, we discover clear decreasing trends for the b values 53 

prior to both major earthquakes. 54 

 55 
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1. Introduction 57 

Understanding both the physical mechanism responsible for and the statistical characteristics 58 

of the interactions between earthquakes is of great significance for earthquake hazard. It is widely 59 

accepted that earthquakes interact with each other by changing the states of static and dynamic 60 

stresses in their surroundings (Stein, 1999). The most noticeable consequence of such a stress 61 

change is a dramatic increase in the rate of seismicity, which in most cases is considered an 62 

aftershock phenomenon (Ebel et al., 2000). Statistically, reduced aftershock activity is classically 63 

described by K/(t + c), where K and c are constants that describe the aftershock productivity and 64 

delay time, respectively (Omori, 1894; Utsu et al., 1995). In this context, Ogata (1988,1998) 65 

described how aftershock activity is a component of a cascading or branching process and proposed 66 

the epidemic‐type aftershock sequence model, which is the best currently available statistical 67 

description of seismicity (Marzocchi et al., 2017). 68 

However, changes in stress can impact not only the seismicity rate but also the frequency size 69 

distribution, alternatively known as the frequency-magnitude distribution (FMD), of subsequent 70 



earthquakes (Gulia et al.,2018). An FMD, as its name implies, typically describes the relationship 71 

between the magnitude and frequency of earthquakes; this relationship is commonly known as the 72 

Gutenberg-Richter (G-R) law (Gutenberg and Richter,1944), expressed as logN=a-bM, where N is 73 

the cumulative number of events above magnitude M, a describes the productivity, and b signifies 74 

the average size distribution of those earthquakes. According to global statistics, the b value of a 75 

large seismic area is generally close to 1.0 (Evernden, 1970; Lay and Wallce, 1995), but variations 76 

in b values do occur regionally; these variations are highly correlated with the regional 77 

characteristics of seismic activity and may be significant, for example, ranging from 0.5 to 1.3 near 78 

Parkfield on the San Andreas fault (Schorlemmer et al., 2004) or from 0.5 to 1.5 in California and 79 

Japan (Turcotte, 1986; Ogata and Katsura, 1993). 80 

The variation in the b value is sensitive to the differential stress (Gulia and Wiemer, 2019). 81 

Previous studies have confirmed that the b value is inversely dependent on the differential stress in 82 

both the laboratory (Amitrano, 2003; Goebel et al., 2013) and the field (Varotsos et al., 2013; Sarlis 83 

et al, 2013). A region with a low b value is implied to exhibit a large differential stress, suggesting 84 

its being toward the end of the seismic cycle (Schorlemmer et al., 2005). Such a relationship can be 85 

used as a precursor for earthquake forecasting (Gulia and Wiemer, 2019; Xie et al,.2019). One study 86 

on a series of 58 aftershock sequences from California, Japan, Italy and Alaska showed that the b 87 

value of an aftershock sequence generally increases after the mainshock by 20-30% (Gulia et 88 

al.,2018). Scholz (2019) defined aftershocks as typically beginning immediately following the 89 

mainshock over the entire rupture area and its surroundings and confined aftershocks to locations 90 

where large stress concentrations have been produced by a mainshock rupture. However, all large 91 

crustal earthquakes are followed by a decaying aftershock sequence that typically lasts for months 92 

to years, and no scientific means have been developed to prospectively quantify the ‘classic’ 93 

aftershock sequences following different types of large crustal earthquakes. 94 

A recent topic of ongoing debate has been whether the 2013 MS 7.0 Lushan earthquake was a 95 

strong aftershock of the 2008 MS 8.0 Wenchuan earthquake or a new and independent event. For 96 

example, Li et al. (2014) inferred that the Lushan earthquake was an independent mainshock rather 97 

than an aftershock of the Wenchuan earthquake because different faults sourced the two events, 98 

although both faults were situated within the same Longmenshan fold-and-thrust belt. Many other 99 

researchers, such as Zhang et al. (2013) and Xu et al. (2013), similarly postulated that the Lushan 100 

earthquake was a new event because the ruptures produced by the Wenchuan and Lushan events do 101 

not overlap with each other. The opposing belief is that the Lushan earthquake was a strong 102 

aftershock of the Wenchuan earthquake. For instance, Zhu (2016) analyzed the statistical properties 103 

of the Wenchuan-Lushan earthquake sequence and showed that the Lushan event can be regarded 104 

as one of many aftershocks following the Wenchuan mainshock that satisfy the empirical laws of 105 

aftershocks. Furthermore, Parsons and Segou (2014) and Wang et al. (2014) also reported that the 106 

Lushan event was triggered by the Wenchuan event and should thus be regarded as a delayed 107 

aftershock. 108 

Nevertheless, the above results were based mostly upon phenomenological and theoretical 109 

analyses, which are characterized by very strong uncertainties and randomness. In addition, these 110 

studies focused more on the characteristics of the two major earthquakes rather than on the 111 

subsequent earthquakes directly related to the two events. 112 

To date, systematic research has not been performed on the effect of a mainshock’s differential 113 

stress change on the size distribution of related aftershocks (Ogata & Katsura, 2014; Tamaribuchi 114 



et al., 2018; Gulia et al.,2018). However, individual case studies have shown that lower b values are 115 

occasionally observed before a mainshock and that higher b values are sometimes observed after a 116 

mainshock (Shi et al.,2018; Xie et al,.2019; Li et al., 2018). These observations highlight valuable 117 

questions, namely, whether, when and how such changes in the b value are recovered. Accordingly, 118 

for the first time, we assume that when there is no large earthquake, the b value in an area is stable 119 

for a long time, and the disturbance of a large earthquake will change this state temporarily. So we 120 

evaluate the behaviors of b values before and after mainshocks to quantify the size distribution of 121 

aftershocks to facilitate the application of results to earthquake hazard assessments in the future. 122 

In this work, we take the seismic catalog of the MS 8.0 Wenchuan earthquake and the MS 7.0 123 

Lushan earthquake (which possess the most abundant aftershock sequences to date) as an example. 124 

Our research includes three main sections: section one tests the research data, that is, the 125 

completeness of the earthquake catalog; section two analyzes the spatiotemporal evolution of b 126 

values before and after these two large earthquakes in the study area; and section three verifies the 127 

results by using the Akaike information criterion (AIC) and aftershock depth images. 128 

2. Earthquake catalog 129 

In this work, we use the earthquake catalog recorded by the China Earthquake Networks Center 130 

(CENC) during the period from 1 January 2000 to 1 January 2019. The earthquake monitoring 131 

capability of the CENC has been greatly enhanced since 2000 (Liu et al.,2003). Two large 132 

earthquakes with magnitudes greater than 7 struck the study area during the study period on 12 May 133 

2008 (MS 8.0) and 20 April 2013 (MS 7.0). 134 

To evaluate the reliability of the catalog, we test its completeness by calculating the 135 

completeness magnitude, MC, defined as the minimum magnitude at which the cumulative FMD 136 

departs from the decay trend (Mignan, 2011). Many techniques that focus on the estimation of MC 137 

follow the validity of the G-R law; examples include the goodness-of-fit test (Gao and Gao,2002), 138 

the entire magnitude range technique (Ogata and Katsura, 1993), and the maximum curvature 139 

(MAXC) method (Wiemer and Wyss, 2000). 140 

In the present work, we use the MAXC technique because it is a robust and straightforward 141 

method for estimating MC by finding the magnitude bin with the highest frequency of events in the 142 

FMD plot. However, the MAXC technique has been shown to underestimate MC in cases involving 143 

gradually curved FMDs; Mignan (2011) postulated that this underestimation tendency arises from 144 

spatiotemporal heterogeneities within the network. Therefore, we use the MAXC method and add a 145 

correction factor of +0.2 (Woessner and Wiemer,2005, Gulia and Wiemer, 2019). According to the 146 

evaluation result, we select events with magnitudes M≥MC=1.5. 147 

3. Methods 148 

3.1. Estimation of the b value 149 

The least square method and maximum likelihood estimation are often used to calculate the b 150 

value; between them, the latter approach is considered more stable. In this work, we use maximum 151 

likelihood estimation to estimate the b value and the standard deviation (Aki, 1965; Utsu, 1965): 152 
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where M   denotes the average magnitude of a set of earthquakes with M≥MC and MC is the 154 

magnitude of completeness. In addition, the standard deviation (σ) of the b value is expressed as 155 

follows: 156 

b

N
 =  157 

where N is the number of events used for the b value estimation. 158 

 159 

3.2. Statistical assessment of b value changes 160 

Here, the AIC (Akaike, 1974) is used to test whether the temporal change in the b value is 161 

significant. We compare the AIC values for two sample time windows with different b values (b1 162 

and b2), leading to the difference ΔAIC (Utsu,1992): 163 
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where N1 and N2 are the number of events in each sample and b1 and b2 are the b value of each 165 

sample time window. In this approach, Pb is defined as the probability of the hypothesis that the b 166 

values of the two sample time windows originate from the same population. Pb is derived from the 167 

AIC as follows: 168 

( /2) 2AIC

bP e − −=  169 

Utsu (1992) defined the difference between two b values as nonsignificant when ΔAIC<2 (Pb 170 

≈ 0.05), whereas the difference is considered highly significant when ΔAIC>5 (Pb ≈ 0.01). 171 

4. Results 172 

In this study, we investigate the distributions of b values before and after two large events that 173 

occurred during 2000-2019 along the Longmenshan fault. However, computing reliable space-time 174 

series of the b value is difficult because the consistency and quality of an earthquake catalog are 175 

strongly affected by changes in the seismic network during the detection period. Therefore, we select 176 

only events with M≥MC=1.5 and use a time window and spatial grid to calculate the b values. 177 

Figures 1a and 1b display the temporal variations in the b values for the two regions studied. 178 

In this computation, the window lengths are set to at least 500 events and 200 events. Each window 179 

is moved forward by one event at a time. The b values show a decreasing trend before the occurrence 180 

of both large earthquakes in both regions. To ensure that this trend is statistically significant, we 181 

quantitatively assess the temporal variation in the b values using the P parameter test and select 3 182 

windows before the MS 8.0 event (W1, W2 and W3) and before the MS 7.0 event (L1, L2 and L3) (Fig. 183 

1a, b). The results are shown in Table 1. 184 

Table 1 The results of the P parameter test 185 

Windows ΔAIC Pb 

W12 3.8 0.02 



W23 3.2 0.03 

W13 19.9 6.4×10-6 

L12 2.6 0.03 

L23 4.6 0.01 

L13 20 5.9×10-6 

Utsu (1992) also defined the statistical significance of the change in the b value in terms of the 186 

P parameter, which counts the percentage of ΔAIC≥2. Table 1 shows that the b values decreased 187 

before both large earthquakes with statistically significant variations. 188 

After the Wenchuan MS 8.0 event, the b values in the Wenchuan source area increased quickly 189 

and then underwent a period of rapid fluctuation (indicated by the pink shading lasting not more 190 

than 1 year) before gradually approaching a period of small oscillation (Fig. 1a). This last period of 191 

minor fluctuation is similar to the FMD in the third period (Fig. 1c, b=0.84). In contrast, after the 192 

Lushan MS 7.0 event, the b values in the Lushan source area increased rapidly and then slowly 193 

dropped to a steady state (Fig. 1b), almost similar to the FMD in the first period (Fig. 1d, b=0.76). 194 

As shown in Figure 1b (red shading), the b value required less than 10 months to return to a stable 195 

state. 196 

If we estimate reference b values for the background levels (for the period, b=1.03 in the 197 

Wenchuan source region, while b=0.76 in the Lushan source region), the results indicate that no 198 

large earthquake occurred in either region. Evidently, when the b value is basically stable, the b 199 

values in the Lushan source area essentially return to the background level (b=0.76), whereas those 200 

in the Wenchuan source area drop beyond the background level (from 1.03 to 0.84). No large event 201 

has occurred since the Lushan earthquake in either region. 202 

 203 

   

 204 



   

 205 

Figure 1. Time-space analysis of the b values for the Wenchuan-Lushan sequence 206 

a, b, Time series of b values for the source regions of the Wenchuan and Lushan mainshocks. The two dashed 207 

black lines represent the occurrence times of the MS=8.0 (Wenchuan) and MS=7.0 (Lushan) events, and the dashed 208 

blue lines represent the b values before the two mainshocks. The dashed red lines represent the b values after the 209 

occurrence time of the MS=7.0 (Lushan). The shaded areas represent the uncertainties in the b values. c, d, 210 

Frequency-magnitude distributions for the two source regions in three different periods. e, f, g, Spatial 211 

distributions of the b value for the Wenchuan region in three different periods. h, i, j, Spatial distributions of the b 212 

value for the Lushan region in three different periods. 213 

 214 

To analyze the spatial footprints of the changes in the b values, we divide the two study regions 215 

into 0.1°×0.1° grids, sample the 300 events nearest to each grid node, up to a maximum radius of 216 

25 km, and re-estimate the magnitude of completeness in each node; for this purpose, we randomly 217 

sampled the events 1000 times (bootstrap approach). Then, we calculate the regional b values for 218 

all events with ML≥1.5. The results are very consistent with the time series analysis (Fig. 1a, b) and 219 

FMDs (Fig. 1c, d). Figures 1e-1f demonstrate the spatial variation in the b values throughout the 220 

Wenchuan source region. In the period between the MS=8.0 and MS=7.0 mainshocks, the b values 221 

decrease over the whole region, especially in the northeast (Fig. 1f), and the distribution changes 222 

slightly after the MS=7.0 Lushan event (Fig. 1g). These findings reveal that the seismicity within the 223 

Wenchuan source region was barely influenced by the Lushan MS 7.0 event. 224 

Figures 1h-1j show the spatial variation in the b values in the Lushan source region. The 225 

distribution of b values changes markedly after the MS=8.0 event, with the b values decreasing 226 

significantly in the Lushan source region (Fig. 1i). Five years later, with the occurrence of the 227 

MS=7.0 Lushan event, the b values decreased slightly in most regions (Fig. 1j). This b value analysis 228 

thus suggests that the Wenchuan MS 8.0 mainshock strongly influenced the stress level within the 229 

Lushan source region and may have contributed to the occurrence of the MS=7.0 Lushan event. 230 

However, this result is not entirely consistent with the time series analysis results of the b values 231 

described above (Fig. 1b), and the shape of the time series changes very little. This space-time 232 

inconsistency may be explained simply that the Wenchuan MS 8.0 event changed the stress level in 233 

the Lushan source region but had little impact on the rate of seismicity therein. 234 

5. Discussion 235 

From recent analyses of seismicity (Varotsos et al., 2013; Sarlis et al, 2013; Shi et al.,2018; 236 



Xie et al,.2019), a temporal decrease in the b value before a large earthquake could be a forecasting 237 

indicator. Our investigation reveals a decrease in the b values before the MS 8.0 and MS 7.0 238 

earthquakes (Fig. 1a, b), but these temporal variations may occur over a timescale ranging from 239 

months to years. Consequently, the timeliness and effectiveness of this variability as an indicator 240 

are hard to guarantee. In addition, there is usually an insufficient number of events to accurately 241 

calculate the b values before large earthquakes. Regarding the abundance of seismic data, Gulia and 242 

Wiemer (2019) pointed out that the period following a moderate earthquake is rich in such data, 243 

with thousands of events occurring within a short period of time. These events may allow real-time 244 

monitoring of the evolution of b values and the discrimination of whether an ongoing sequence 245 

represents foreshocks preceding an upcoming large event. 246 

There is considerable uncertainty about whether sufficient foreshocks occur before a large 247 

earthquake, but it is widely accepted that the stage of the earthquake cycle after a large earthquake 248 

is characterized by thousands of aftershocks. This aftershock activity can be effectively described 249 

through statistics; however, the equally fundamental effect of a mainshock on the size distribution 250 

of aftershocks has still not been quantified and is therefore not used in earthquake hazard 251 

assessments (Gulia et al.,2018). In addition, Gulia et al. (2018) pointed out that Coulomb stress 252 

change models and operational aftershock forecasting models such as the epidemic-type aftershock 253 

sequence model (Ogata, 1988, 1999) and short-term earthquake probability (STEP) model 254 

(Gerstenberger et al., 2005) forecast a high probability for a mainshock rupture to repeat and thus 255 

substantially overestimate the aftershock hazard. This may also be partly because no scientific 256 

consensus has been reached on the exact definition of an aftershock. Kisslinger (1996) divided 257 

aftershocks into the following three classes: class 1 aftershocks occur on the same section of the 258 

fault surface that slipped during the mainshock; class 2 aftershocks occur on the same fault that 259 

ruptured to generate the mainshock but are located outside the section of initial slip; and class 3 260 

aftershocks occur on faults other than the seismogenic fault that produced the mainshock but were 261 

presumably triggered by the mainshock. A basic definition of an aftershock is that the barriers that 262 

remain unbroken during a mainshock are natural sites of stress concentration and thus signify the 263 

sources of aftershocks (Das and Aki ,1977). Based on this basic definition, after a mainshock, it 264 

takes some time for the regional tectonic stress to return to a stable state, which can be measured by 265 

the change in b values (Li et al., 2018). 266 

Therefore, we propose that the decay time of a classic aftershock sequences can be quantified 267 

by assuming a stable state of the b value before and after a large earthquake and by delimiting the 268 

period of dramatic variation in the b value. In this work, we estimate reference b values for the 269 

background levels (stable states) in both regions, and no large earthquakes are considered to occur 270 

in the region. Then, according to the evolution of the b values over time, another stable state of the 271 

b value is observed. The results show that it takes approximately 1 year for the b value in the 272 

Wenchuan source region to return to another stable state (Fig. 1a, c) and approximately 10 months 273 

for the b value in the Lushan source region to return to its original stable state (Fig. 1b, d). 274 

To verify the reliability of these findings, we use the focal depth data of the aftershocks 275 

following each mainshock to spatially scan the study area and divide the region into 0.1°×0.1° grids; 276 

then, we calculate the average of all event depths in each grid to represent the depth of the lattice 277 

points and apply kriging interpolation to all the grids. We sample the 10 events nearest to each grid 278 

node in the Wenchuan source region in case the average depth of the lattice point is affected by too 279 

few events. The results are shown in Figure 2, in which we depict the evolution of the deep 280 



seismogenic and tectonic environment in the aftershock area and provide depth images of the spatial 281 

evolution of the aftershocks at 1 day, 1 week, 1 month, 6 months, 1 year and 3 years after the 282 

mainshock. The aftershock focal depth-activity images 1 year and 3 years after the mainshock 283 

indicate that the aftershock pattern did not change in the 3 years following the main event, 284 

suggesting that aftershock activities directly related to the mainshock basically cease within 1 year. 285 

This finding implies that the stress adjustment process of the mainshock in this region lasted almost 286 

for approximately 1 year, which is basically consistent with the abovementioned time required for 287 

the b value to return to a stable state. The same calculation process was repeated in the Lushan 288 

source region, and the results revealed that the aftershock focal depth did not change significantly 289 

after 10 months subsequent to the mainshock (Fig. 3). 290 

  

  

  

  



 

 

Figure 2. Spatial distribution of the focal depths of the aftershocks following the Wenchuan MS 8.0 291 

earthquake on the fault plane Red lines represent the locations of faults. a One day after the mainshock; b 1 292 

week after the mainshock; c 1 month after the mainshock; d 1 year after the mainshock; e 3 years after the main 293 

shock. 294 

  

  

  

  



  

 295 

Figure 3. Spatial distribution of the focal depths of the aftershocks following the Lushan MS 7.0 earthquake 296 

on the fault plane Red lines represent the locations of faults. a One day after the mainshock; b 1 month after the 297 

mainshock; c 5 months after the mainshock; d 10 months after the mainshock; e 2 years after the mainshock. 298 

6. Conclusion 299 

Based on the fracture characteristics and potential seismicity surrounding the source regions of 300 

the Wenchuan MS 8.0 and Lushan MS 7.0 earthquakes, we use b value time series to verify the 301 

reliability of the b value as a precursor for large earthquakes. The results depict clear decreasing 302 

trends of b values prior to two major large earthquakes in the analyzed area. Additionally, the results 303 

of a P parameter test demonstrate that the decreasing trend is statistically significant (ΔAIC≥2). 304 

In addition, we assume that the b value in an area will be stable for a long time without large 305 

earthquake disturbance, and then we establish that the variation in the b value behaves transiently 306 

over time. The results showed that after the mainshock, the b value in the Wenchuan source region 307 

took approximately 1 year to drop to another stable state (b values ranging from 1.03 to 0.84), while 308 

the b value in the Lushan source region took approximately 10 months to return (almost) to its 309 

original stable state (b=0.76). Focal depth images of the aftershocks also show that the aftershock 310 

distributions were directly related to the mainshocks of the Wenchuan MS 8.0 and Lushan MS 7.0 311 

earthquakes within 1 year and 10 months, respectively. So we propose that the variations in b values 312 

are impermanent over time and can be used as a tool to quantify the effect of a mainshock on the 313 

size distribution of aftershocks. 314 

Moreover, the results of spatial analysis reveal that the b value in the Lushan source region 315 

decreased after the MS 8.0 event; however, the b value time series indicate that the Wenchuan MS 316 

8.0 event had almost no significant impact on the Lushan source region. Therefore, we support the 317 

view that the Wenchuan MS 8.0 earthquake and Lushan MS 7.0 earthquake were two independent 318 

events. 319 
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Figure 1. Time-space analysis of the b values for the Wenchuan-Lushan sequence 

a, b, Time series of b values for the source regions of the Wenchuan and Lushan mainshocks. The two dashed 

black lines represent the occurrence times of the MS=8.0 (Wenchuan) and MS=7.0 (Lushan) events, and the dashed 

blue lines represent the b values before the two mainshocks. The dashed red lines represent the b values after the 

occurrence time of the MS=7.0 (Lushan). The shaded areas represent the uncertainties in the b values. c, d, 

Frequency-magnitude distributions for the two source regions in three different periods. e, f, g, Spatial 

distributions of the b value for the Wenchuan region in three different periods. h, i, j, Spatial distributions of the b 

value for the Lushan region in three different periods. 

 



  

  

  

  

 

 

Figure 2. Spatial distribution of the focal depths of the aftershocks following the Wenchuan MS 8.0 

earthquake on the fault plane Red lines represent the locations of faults. a One day after the mainshock; b 1 

week after the mainshock; c 1 month after the mainshock; d 1 year after the mainshock; e 3 years after the main 

shock. 



  

  

  

  

  

 

Figure 3. Spatial distribution of the focal depths of the aftershocks following the Lushan MS 7.0 earthquake 

on the fault plane Red lines represent the locations of faults. a One day after the mainshock; b 1 month after the 

mainshock; c 5 months after the mainshock; d 10 months after the mainshock; e 2 years after the mainshock. 



Table 1 The results of the P parameter test 

Windows ΔAIC Pb 

W12 3.8 0.02 

W23 3.2 0.03 

W13 19.9 6.4×10
-6

 

L12 2.6 0.03 

L23 4.6 0.01 

L13 20 5.9×10
-6
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