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After the occurrence of the 2008 Wenchuan Mw 7.9 earthquake, the Longmen-Shan fault zone exhibits highly active seismicity. In the years between 2008 and 2022, successive moderate magnitude aftershocks followed in the region. In this study, we used high-quality seismic data from the National Earthquake Data Center of China to estimate the source parameters of 184 moderate magnitude events (Mw 3.9–6.2) in the Longmen-Shan Fault zone. The dataset comprised the aftershocks of two sequences that occurred in the area, including the 2008 Wenchuan earthquake sequence and the 2013 Lushan earthquake sequence. They have been classified according to their focal mechanism. First, our results suggested that the values of apparent stress varied from approximately 0.1–11 MPa, which are higher than the global average. The strike-slip earthquakes have the highest average apparent stress among the types of earthquakes. The above results indicate that the moderately high levels of energy release from earthquakes in this region could result in high ground shaking potential. This behavior may be associated with the high stress accumulation and the strong deformation characteristics in the intraplate environment of the Longmen-Shan Fault zone. The values of the stress drop vary from approximately 0.24–39 MPa and appear to show a slightly increasing trend with the seismic moment. The stress drop level of the Lushan earthquake sequence is higher than the mean value of intraplate earthquakes, while the Wenchuan earthquake sequence is typical of intraplate earthquakes. Second, we investigate the radiated energy enhancement factor (REEF) to quantify the source complexities. The results show that the earthquakes have REEF values between 1.2 and 7.1, and most events are consistent with expectations based on the Brune ω-square model. There exist differences in the source complexity of earthquakes within the source area, and the average ω-square source model could result in an unreliable estimate of the radiated seismic energy of some events. The observation of moderate magnitude earthquakes suggests that the availability of different source parameters will help us to assess the seismic hazard and predict the shaking potential in the earthquake area.
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INTRODUCTION
Strong earthquakes usually receive much attention due to their vast destruction, but the low frequency of strong earthquakes makes it difficult to use them to study the overall characteristics of the source region. Compared with strong earthquakes, the frequency of moderate magnitude events is much higher, and the characteristics of such events can help us analyze the damage potential of different earthquakes and provide more information about the source area. Many factors influence the level of destruction by earthquakes, including magnitude, depth, site effect, and construction quality. Among these factors, the magnitudes of the earthquakes play important roles in the destructive power of the earthquake. However, we often find that two closely located earthquakes with identical magnitudes may cause significantly different damage (Choy and Boatwright, 2009; Di Giacomo et al., 2009). One of the main reasons is the difference in the efficiency of the seismic waves radiated by the source (Madariaga, 2009). The seismic moment and radiated seismic energy are two parameters describing the earthquake size, and both have clear physical meanings. The seismic moment is a static source parameter for shear faulting and is determined by the low-frequency amplitude spectra of seismic waves, which is a measurement of the cumulative average static tectonic effect of an earthquake (Kanamori, 1977). In comparison, the radiated seismic energy is largely governed by the variable dynamics and kinematics of earthquake ruptures and is more sensitive to high-frequency details of the source (Choy and Boatwright, 1995; Bormann and Di Giacomo, 2011). Therefore, for most earthquakes, the energy release process may differ significantly with the same seismic moment. The determination of the radiated seismic energy plays a key role in improving our understanding of earthquake source physics and could allow more reliable predictions of the shaking potential compared with seismic moments (Cotton et al., 2013).
The Longmen-Shan (LMS) fault zone is a marginal fault between the Sichuan Basin and Qiangtang terranes in the eastern Tibetan Plateau. Under the accumulation of pressure from the Indo-Australian plate to the northeast, the Eurasian plate formed the large uplift of the Tibetan Plateau. The Tibetan Plateau flows eastward and is obstructed by the Sichuan Basin in the western part of the Yangtze craton, accumulating a large amount of tectonic stress and forming the LMS Fault Zone. Historically, the LMS fault zone was inactive, and the seismicity was much lower than that of the nearby Xianshui River fault. After the 2001 Kunlun M 8.1 earthquake, the main extrusion direction of the Qinghai-Tibet Plateau on the main body of the Asian-European plate shifted from the north to the east, and the LMS fault and other faults in the vicinity were affected and became active again, with the occurrence of the 2008 Wenchuan Mw 7.9 earthquake and 2013 Lushan Mw 6.6 earthquake. Although another great earthquake will take place again in the LMS Fault Zone with low probability, it is still active with several hundreds of moderate magnitude events from 2008 to 2022 (Xu et al., 2009; Pei et al., 2019). Furthermore, the Sichuan Basin, adjacent to the LMS Fault Zone, has several cities with populations of more than one million; therefore, it is particularly important to evaluate the seismic characteristics in the region.
The earthquake catalogs currently include the seismic moments of some moderate magnitude events as daily output (USGS, gCMT), but there is a less unified seismic catalog that produces results of radiated seismic energy in the specific area, which limits the ability to more accurately assess the potential damage caused by an earthquake through integrated source parameters (including seismic moment, radiated seimic energy, derived apparent stress, stress drop, etc.). After the Wenchuan earthquake, we obtained sufficient earthquake records for research with the rapid development of the seismic station network in China. Based on the above analysis, we studied the static and dynamic source parameters for a large number of earthquakes occurring from 2008 to 2022 in the LMS fault zone. The seismic moment, radiated seismic energy, and corner frequency are estimated based on regional broadband seismic data, and the apparent stress, stress drop, radiation efficiency, and radiated energy enhancement factor are derived from the above parameters (Brune, 1970; Madariaga, 1976; Abercrombie, 1995; Allmann and Shearer, 2009; Ye et al., 2018). Afterward, we further discuss the detailed source properties in the LMS fault zone with the results of existing studies, and the main features and generation mechanism of earthquakes with different energy release levels.
DATA AND METHODS
The dataset of this study comprised 184 events between 2008 and 2022 in the LMS, including the aftershock sequences of two earthquakes that occurred in the area: the 2008 Wenchuan earthquake and the 2013 Lushan earthquake (Figure 1). Detailed earthquake information is shown in Supplementary Table S1. High-quality seismic waveforms for events well recorded at 198 seismic stations were provided by regional networks from China Earthquake Networks. For uniformity, the hypocenter information and focal mechanism solutions of the analyzed events were taken from the unified catalog of the China Earthquake Data Center (see the data availability), and we used the first-motion methods to determine the focal mechanism solutions of the events that were not available in the catalog (Anderson, 1988).
[image: Figure 1]FIGURE 1 | Map of the study area with the broadband seismological stations used in this study (black triangles). The zoomed map shows the earthquakes of the entire seismic sequence, with many of the identified active fault traces in the region.
For earthquakes in the sequence, we followed the methods of Madariaga (2011) and Satriano (2022) to estimate the source parameters. In the following, we first determined the seismic moment and corner frequency results of each event. Fourier-transformed displacement pulses radiated from a point moment tensor are then converted to displacement pulses
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where Ω(ω) is the Fourier transform of the source time function. When ω tends to 0, Ω(ω) satisfies the relation
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For the ω-square model, Ω(ω) is equal to
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where ω0=2πf0 is the corner frequency. For each event, we use the horizontal component waveforms to invert the spectrum, take the average results of each station as M0 and f0 of this event, and determine the results according to the standard deviation (Figure 2).
[image: Figure 2]FIGURE 2 | Examples of source spectra for a Mw = 5.8 event. The black dashed curves show the best fit ω−2 model spectra, and the vertical line represents the corner frequency.
To discuss the most basic relationship for seismic sources, we must determine the energy radiated from the source. The radiated seismic energy ER can be computed by the source spectral amplitude
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where ρ(x)β(x) is the P or S wave impedance, and [image: image] is the mean-squared radiation pattern. For the ω-square model, ER can be easily determined by the M0 and f0
[image: image]
The results of this method depend on the assumption about the shape of the spectra. However, the source spectra of different earthquakes exhibit strong variations and may not be well matched by an average Brune model. The moment-rate functions and their spectra are therefore unreachable for these small earthquakes and a reliable estimate of seismic energy cannot be established based on this technique. In practice, rather than using apparent moment-rate functions, we want to estimate seismic energy from observed ground motion. Therefore, we followed the method of Boatwright et al. (2002) based on local and regional data to estimate the radiated seismic energy
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where r represents the distance between stations and the source, C contains the radiation pattern and free-surface amplification at the station site, and [image: image] (x, f) is the velocity spectra. It is possible to directly estimate the radiated seismic energy by measuring the energy flux within a few minutes of the arrival of waveforms at a station based on this method. By independently determining ER, the apparent stress may be considered as an independent parameter for further discussion. In addition, the influence of different source time functions on the results of this paper will be discussed in a later part of this paper.
For an accurate estimation of radiated seismic energy, spectral information above and below the earthquake corner frequency must be analyzed, where the energy density peaks most strongly. Therefore, we corrected the radiated seismic energy for the effect of the finite spectral bandwidth of observations using the ratio between the estimated and the true energy flow R (Di Bona and Rovelli 1988)
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where fM is the high frequency of the integration.
RESULTS AND DISCUSSION
Our results (Figure 3) showed the histograms of the source parameter distribution. Overall, both apparent stress and stress drop were log-normally distributed. In the following, we will analyze these parameters in detail.
[image: Figure 3]FIGURE 3 | Histograms of the magnitude distribution (A) and rupture properties (B,C) for the studied earthquakes. The average value for the stress drop and apparent stress values are reported in each plot.
Relationships of apparent stress to faulting type and tectonic environment
The apparent stress is a source parameter closely related to the radiated seismic energy and seismic moment
[image: image]
where μ is the shear modulus. Following previous studies, we take a value of μ = 33 GPa. For the dataset (Figure 4), the τa estimates are characterized by a large scatter, varying from 0.1 to 11 MPa, with an average value of 1.37 MPa, which is distinctly higher than the average τa value of 0.47 MPa for the global shallow earthquakes estimated by Choy and Boatwright (1995). In 71% of these events, the τa value is higher than 0.47 MPa.
[image: Figure 4]FIGURE 4 | Scaling of the radiated seismic energy with the seismic moment and ± 1 standard deviation for the estimated parameters (horizontal and vertical black lines, respectively) for (A): the Lushan and Wenchuan earthquake sequences and (B): the type of mechanism.
Choy and Boatwright (1995) found that the focal mechanism plays a role in apparent stress, and according to teleseismic records, strike slip earthquakes have a greater ER/M0 and apparent stress than dip-slip earthquakes. Despite this, there has been debate related to the accuracy of the ER/M0 for strike slip earthquakes (Newman and Okal 1998; Kanamori et al., 2020). Teleseismic P waves cannot provide accurate estimates of strike slip earthquake energy because there is a strong effect of scattered energy near the source on nodal signals. In contrast, the energy estimation method based on regional data can use S waves, which carry most of the radiated energy regardless of the focal mechanism. We can use the average radiation pattern coefficients instead of specific source radiation pattern corrections according to the focal mechanism solutions on the determination of the radiated seismic energy because small errors in the radiation pattern coefficients can lead to substantial errors in estimates of the radiated energy, particularly if the coefficients are small. As Pwaves carry less than 5% of the radiated energy, their contribution to the total radiated seismic energy is usually negligible.
Therefore, to examine the patterns of apparent stress based on focal mechanisms, faulting style was classified for the analyzed events using the classification of Zoback (1992) in Table 1. The aftershocks were predominantly thrust fault earthquakes, followed by strike slip earthquakes and then normal fault earthquakes. The results show that the average τa value is larger than 1.37 MPa for the SS, NC, and TF mechanisms, respectively, and the apparent stress level of strike slip earthquakes is higher than that of other earthquakes, which is in accord with the results obtained by Choy and Boatwright (1995). Therefore, we can conclude that the strikeslip earthquake exhibits higher energy release efficiency.
TABLE 1 | Summary of the grouping of the focal mechanism solutions for the analysed events using the classification of Zoback (1992).
[image: Table 1]Choy and Kirby (2004) proposed the fault maturity model to explain the differences in energy release from earthquakes. In terms of the model, the enormous energy release by the earthquake can be related to strong deformation and high stress accumulation in an immature intraplate setting. By comparing the ER/M0 of the Tottori and Kyushu earthquakes in Japan, Choy and Boatwright (2009) found that the significantly high energy release from the Tottori earthquake (τa = 5.7 MPa) was related to the strong deformation in the immature intraplate environment of the fault on which the earthquake was located. In contrast, the apparent stress of the Kyushu earthquake (τa = 1.0 MPa) that occurred in the fault with high maturity is low. The LMS fault zone is located at the junction of the eastern edge of the Tibetan Plateau and the Sichuan Basin, and it is caused by the eastward movement of the Bayan Har terrane blocked by the Sichuan Basin. Therefore, it was in a strongly locked condition with a low fault slip rate. With the rapid accumulation of compressive stress in the LMS fault zone and the eastern part of the Bayan Har block, the stress in the fault zone is high. Therefore, the high energy release of earthquakes is related to the high stress accumulation and the strong deformation characteristics in the intraplate environment in the LMS fault zone.
Scale dependence of the stress drop
Stress drops during earthquakes (the change in shear stress before and after the earthquake) are linked to fault properties. Based on Eshelby’s (1957) circular crack model and Brune’s (1970) relationship between the source dimension and corner frequency, the stress drop, seismic moment, and corner frequency are related as
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Studies have shown that the stress drops for most moderate to large earthquakes (M>5) worldwide range from approximately 0.1–100 MPa (Allmann and Shearer, 2009). Stress drops for small events (M<5) range from 0.01 to 10 MPa (Abercrombie, 1995). Earthquakes in continental regions tend to have lower stress drops, and Oth (2013) found that for a large number of Japan crustal and subcrustal seismic sequences, Δσ values vary in the range of 0.1–100 MPa, with lower events Δσ occurring in the crust (<10 MPa). From our results (Figure 5), Δσ values are distributed between 0.24 MPa and 39 MPa, with an average value of 5.37 MPa. Of these, the Δσ values of the Wenchuan earthquake aftershocks are distributed between 0.24 MPa and 22 MPa, with an average value of 4.88 MPa, and the Δσ values of the Lushan aftershocks are distributed between 0.55 MPa and 39 MPa, with an average value of 8.63 MPa. That is, the stress drop level of the Lushan earthquake sequence is higher than the mean stress drop value of 4.89 MPa for global intraplate earthquakes (Allmann and Shearer, 2009), while the Wenchuan earthquake sequence is close to the average stress drop level.
[image: Figure 5]FIGURE 5 | Stress drop estimates versus moment magnitude and ± 1 standard deviation for the estimated parameters (vertical black lines) for the Lushan and Wenchuan earthquake sequences. Red squares plot the median stress drop in 0.2 moment magnitude bins.
We observed a slight increase in the Brune stress drop with the seismic moment for aftershocks, and there are large variations in the stress drop at small magnitudes, which is the same as the results obtained by previous studies (Rovelli and Calderoni, 2014; Calderoni et al., 2019). In Figure 6, we can observe a large dispersion of stress drops within the LMS fault zone. A similar observation was made by Abercrombie et al. (2017) for New Zealand earthquake sequences, which indicated that earthquake variability is quite high within small tectonic regions. Several studies have indicated that there is a weak dependence on earthquake size for regions with tectonic characteristics that vary (Allmann and Shearer, 2009). However, as seismic moments increase in an earthquake sequence or a specific tectonic setting, stress drops tend to increase as well (Mayeda et al., 2005). The stress drop was found to be influenced by a variety of factors, including crustal thickness and heat flow conditions, according to Hauksson (2015). The larger stress drop changes for smaller magnitudes are associated with the higher sensitivity of smaller ruptures to source anisotropy and stress variation. Stress field heterogeneity controls rupture propagation during an earthquake, and the degree of heterogeneity affects slip (Ben-Zion and Zhu, 2002; Ben-Zion, 2008). Therefore, for small earthquakes, local variations occurring at the fracture zone can significantly affect the results of the stress drop.
[image: Figure 6]FIGURE 6 | Spatial distribution of the stress drop in the LMS fault zone.
Some events exist in the dataset with greater uncertainty in the stress drop, and a few events show anomalously high or low stress drops. This phenomenon may be related to uncertainties in the variations in method, material properties, and data limitations. For the Brune model, the stress drop is determined from the cube of the corner frequency, and the seismic moment is inversely proportional to the cube of the corner frequency. Therefore, the small uncertainties in corner frequency contribute to significant variation and uncertainty in stressdrop estimates. To reduce the uncertainty of the results, we set the lower limit of earthquake magnitude in the dataset as approximate Mw 4.0 and did not consider earthquakes with smaller magnitudes. Overall, our results reflect the overall characteristics of the seismic sequence. The broad bandwidth of the recording instrument, stations with good azimuthal coverage, and the use of coda waves instead of body waves and surface waves can reduce the uncertainty of the results, which is also one of our future research objectives.
The relationship between radiation efficiency and the radiated energy enhancement factor
The radiation efficiency ηsw, as a parameter linking the kinematic and dynamic characteristics of the source, is determined by the fracture model and can be used to measure the dynamic strength of the material at the source. It is an important reference for studying the spatial, temporal, and intensity variations during earthquakes. The radiation efficiency is defined as the ratio of apparent stress to stress drop
[image: image]
This parameter was proposed by Savage and Wood (1971), and the theoretical radiation efficiency ηsw varied between the range of 0 and 0.5. According to Beeler et al. (2012), the expected value of ηsw was 0.23 for the ω−2 model, and earthquakes with ηsw > 0.5 and ηsw < 0.1 were classified as high- and low-efficiency earthquakes. Comparing the apparent stress and stress drop results for the aftershock events of the Wenchuan and Lushan earthquakes, it can be seen in Figure 7 that the apparent stress and stress drop are well correlated, with ηsw ranging from 0.1 to 0.3 for most of the earthquakes (median value 0.23). Some events deviate from the expected ratio ηsw = 0.23 due to their higher corner frequencies and anomalously high or low energy.
[image: Figure 7]FIGURE 7 | Apparent stress compared to stress drop, showing theoretical relation in black line.
However, Choy and Boatwright (1995) demonstrate that even though a large apparent stress implies a commensurately large stress drop, we avoid direct calculation of this. The ER/M0 ratio clearly defines apparent stress, but the stress drop is determined by the underlying model. The source complexity of great earthquakes leads to a very complex source time function that does not fit the ω−2 model, and a simple fit will inevitably yield unreliable results (Rudnicki and Kanamori, 1981). It depends on neither the fracture geometry nor the model to calculate apparent stress. A useful feature of apparent stresses is that they provide an independent constraint on stress drops predicted by geometry-dependent models of stress. With these considerations in mind, the radiated energy enhancement factor (REEF) proposed by Ye et al. (2018) is more suitable to measure rupture complexity. REEF is the ratio of directly measured radiated seismic energy, ER, to the minimum energy for a source of the same M0 and duration, ER min
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where ρ is the rock density and β is the S-wave velocity at the depth of the source. T can be obtained from the corner frequency fc (Keisuke and Kanamori, 2022)
[image: image]
REEF combines three parameters, the seismic moment M0, radiated seismic energy ER, and rupture duration T, to describe the source complexity. In general, sources with a high REEF value are complex, and vice versa. When the shape of the moment-rate function (MRF) is parabolic, REEF=1, and as the complexity of the moment-rate function increases, the REEF also increases, and a high REEF represents a more complex source environment in the region where this earthquake is located. Theoretically, for the ω−2 source model, REEF≈3, and when REEF<5, it can be regarded as consistent with the model (Keisuke and Kanamori, 2022). Therefore, the seismic source spectra of most aftershocks are consistent with the Brune ω−2 source model based on the assumption of instantaneous rupture on circular faults. Figure 8A shows the distribution characteristics of REEF in terms of magnitude. The results showed that the range of earthquake REEF values was between 1.2 and 7.1, with an average of 2.5. The distribution of REEF of the Wenchuan earthquake ranges from 1.2 to 7.1 with an average of 2.8, and the Lushan earthquake ranged from 1.5 to 4.4 with a median of 2.5, suggesting similar source complexity in both sequences. For the earthquakes in the sequence, no significant REEF dependence on magnitude was found.
[image: Figure 8]FIGURE 8 | (A): REEF versus moment magnitude. (B): T3/M0 versus moment magnitude for the Lushan and Wenchuan earthquake sequences.
For moderate earthquakes in this study, Figure 8B shows that the trend observable on REEF agrees with that of T3/M0. From Eq. 11, we find that the REEF value depends on two components, ER/M0 and T3/M0. For strong and great earthquakes, ER/M0 is less different from that of small earthquakes, but the rupture duration is longer and more variable among different earthquakes. Ye et al. (2018) statistically obtained a global REEF range of 5–150 for strong earthquakes (Mw ≥ 7.0) in subduction zones with systematic regional variations, and Keisuke and Kanamori (2022) obtained a REEF range of 2–30 for Mw 3.0–7.0 earthquakes in Japan, with a variation range larger than the results of this study. Most earthquake rupture velocities are between 45 and 90% of shear wave velocities. However, the rupture velocity of supershear earthquakes is faster than the shear wave velocities, corresponding to the rupture duration being relatively short. In contrast, one of the prominent features and discriminatory conditions of tsunami earthquakes is the long rupture duration compared with other earthquakes (Newman and Okal, 1998). For such cases, the effect of T3/M0 on the REEF value far exceeds ER/M0.
In summary, compared with the radiation efficiency, the REEF is more suitable to compare earthquakes at different scales and is chosen as a daily output in the earthquake catalog.
Relationships of source parameters to seismic hazard
The study of moderate magnitude earthquakes cannot be separated from the evaluation of their disasters, especially for those that caused great damage. For the same Mw, Baltay et al. (2013) found that earthquakes with greater stress drops cause larger ground motions, and therefore, they suggested that rapid estimates of the stress drop can allow for more accurate earthquake shaking predictions. From our results, both the apparent stress and stress drop estimates are highly variable, covering approximately three orders of magnitude. The differences in the spectral contents of the events are likely due to differences in the dynamics of the sources since the propagation paths for the event are virtually identical. Bindi et al. (2018) suggested that an earthquake’s radiated seismic energy could vary in response to stress-drop variability. In other words, high apparent stresses could be related to high stress drops.
Compared to M0, which is controlled solely by low-frequency amplitudes, the radiated seismic energy ER depends on the amount of high-frequency energy radiated by the seismic source, which is critical for better assessing the shaking potential of an earthquake. Currently, the estimates of the seismic moment have become accepted measures of source size and are regarded as daily output by various institutions. In comparison, the radiated seismic energy has attracted less attention in recent years. For global strong and great earthquakes, IRIS (http://www.iris.edu/dms/products/eqenergy/) estimates the radiated seismic energy soon after the earthquake’s origin time based on the method developed byConvers and Newman (2011). For a specific area, Italy is one of the most seismically active countries in Europe and is frequently hit by strong or moderate magnitude earthquakes, and the 2009 Mw 6.3 L’Aquila earthquake is a prototypical example of this. This moderate magnitude earthquake inflicted heavy casualties and property losses exceeded expectations. Calderoni et al. (2019) found that the apparent stress and stress drop of the earthquake reached 1.12 MPa and 8.68 MPa respectively, much higher than the global average level. In addition, Picozzi et al. (2017) analyzed the 2016 Central Italy sequence and also found large values for the apparent stress, extending from approximately 0.5–25 MPa. Spallarossa et al. (2021) proposed the RAMONES Service for rapid assessment of seismic moment and radiated seismic energy in Central Italy, which provides valuable and fundamental data for future related research.
With its location between the Pacific seismic zone and the Euro-Asian seismic zone, China is frequently hit by earthquakes and endures heavy natural disasters. In this work, we aim to provide a reference for helping earthquake disaster-risk management to more quickly and more reliably assess the potential earthquake impact in China. Although most of the moderate magnitude events were not disastrous due to limited energy radiation, it is necessary to identify characteristic properties of earthquakes with high shaking potential in real- or near-real time implementation, due to a relatively large number of earthquake-prone areas in China. As stated by Sagiya et al. (2011), all rapid-response systems for earthquakes would be more effective if source parameters could be quickly and accurately determined, and as we strive to mitigate earthquake effects, redundancy from independent real-time hazard assessments would be extremely valuable.
CONCLUSION
In this study, we systematically studied the source parameter characteristics of 184 earthquakes recorded at local and regional scales near the Longmen-Shan Fault zone, covering an overall magnitude range from Mw 3.9 to Mw 6.2. The primary objective of our study was to analyze the source parameters of moderate magnitude earthquakes in the Longmen-Shan Fault zone, describe the source characteristics of earthquakes in this area, and investigate the effect of the source parameters in the quantification of seismic hazard potential.
We found that the seismic energy release level in the LMS tectonic region was high, which was related to the high stress accumulation level in the zone and the strong deformation characteristics in the immature intraplate environment. After classifying the dataset according to the focal mechanism, it is found that strikeslip earthquakes show the highest average apparent stress level compared to other types of earthquakes. The stress drop level of the Lushan earthquake sequence is higher than the mean value of intraplate earthquakes, while the Wenchuan earthquake sequence is typical of intraplate earthquakes. The stress drops of the earthquakes increase as Mw increases.
By investigating the radiated energy enhancement factor (REEF) to quantify the source complexities, we found that the REEF values of most aftershocks correspond to the expected range of the ω−2 model. However, there were differences in the source complexity between earthquakes, indicating that the average ω−2 source model could not deliver a reliable estimate of the radiated seismic energy for some events in the dataset. We suggest that the REEF is more suitable for comparisons between earthquakes of different sizes than radiation efficiency.
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