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We separated the propagation path attenuation and source spectra from the S-wave Fourier amplitude spectra of the observed ground motions recorded during 46 small-to-moderate earthquakes in the junction of the northwest Tarim Basin and Kepingtage fold-and-thrust zone, mainly composed of two Jiashi seismic sequences in 2020 and 2018. Slow seismic wave decay was observed as the distance increased, while the quality factor regressed as 60.066 f0.988 for frequency f = 0.254–30 Hz reflects the strong anelastic attenuation in the study region. We estimated the stress drops for the 46 earthquakes under investigation from the preferred corner frequencies and seismic moments by fitting the inverted source spectra and the theoretical ω-square model. The relationship between seismic moment and corner frequency and the dependence of the stress drop on the moment magnitude reveal the breakdown of earthquake self-similar scaling for the events in this study. The temporal variation in stress drops indicates that the mainshock plays a short-term role in the source characteristics of the surrounding earthquakes. Aftershocks immediately following the mainshock show a low stress release and then gradually recover in a short time. The healing process for the fractured fault in the mainshock may be one reason for the stress drop recovery of the aftershock. The foreshock with the low stress release occurring in the high-heterogeneity fault zone may motivate the following occurrence of the largest magnitude mainshock with a high stress drop. We inferred that the foreshock-mainshock behavior, including several moderate events, may be predisposed to occur in our study region characterized by an inhomogeneous crust.
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INTRODUCTION
A moderate earthquake of Ms 5.4 abruptly shook the Jiashi county of the Xinjiang region in northwest China on January 18, 2020, at 00:05 Beijing time (Figure 1), arousing the 2020 Jiashi seismic sequence. This sequence rapidly reached its climax on the following night as the largest magnitude mainshock, measured as Ms 6.4, occurred ∼2.5 km to the east of the Ms 5.4 foreshock, and a great number of aftershocks followed immediately, including the largest one measured as Ms 5.2 about 22 km to the east of the mainshock. However, the Ms 5.4 foreshock and Ms 6.4 mainshock did not share similar rupture mechanisms according to the fault plane solutions reported by the United States Geology Survey, strike slip for the former, and low-angle reverse dip slip for the latter (Figure 1). On February 21, 2020, another moderate earthquake of Ms 5.1 adjacent to the Ms 5.2 largest aftershock occurred at the easternmost end of this sequence (Figure 1). Up until March 1, 2020, this sequence consisted of 26 events of Ms ≥ 3.0 [derived from China Earthquake Network Center (CENC), www.ceic.ac.cn/history], primarily assembled in a narrow belt in a nearly east-west orientation and nucleated in the upper crust mostly at a depth of 15–20 km.
[image: Figure 1]FIGURE 1 | Locations of earthquakes (circles) and stations (triangles) considered in the spectral inversion analysis. The stars represent the major historical earthquakes in the proximity of the seismogenic area. The ray paths from the epicenter to the station are depicted by the gray lines. The focal mechanisms were derived from the United States Geology Survey. Purple lines indicate the active faults, and KF and PF represent the Kepingtage thrust fault and the Piqiang fault, respectively. Insert in the top left corner shows the location of the study region (rectangle).
The 2020 Jiashi seismic sequence occurred on the western segment of the frontal Kepingtage thrust fault, which is exposed west of the north-northwest to south-southeast trending Piqiang fault (Figure 1). The Kepingtage thrust fault is the southernmost margin of the Kepingtage fold-and-thrust zone, Cenozoic compressive structures neoformed above a Paleozoic basal decollement level at a depth of 4–6 km, predominantly thrusting toward the interior of the northwest Tarim Basin to the south (Allen and Vincent, 1999; Turner et al., 2010; Yang et al., 2018; Laborde et al., 2019). Much deeper focal depths implied that this sequence was more likely to occur in the basement structures below the decollement level, rather than the thrust sheets that grew above the decollement level (Gao et al., 2013; Laborde et al., 2019).
The high seismic activity in the junction of the northwest Tarim Basin and Kepingtage fold-and-thrust zone was majorly driven by the compressive stresses transmitted by the undeformed rigid Tarim block far to the north from the continental collision of the Indian and Eurasian plates (Buslov et al., 2007; Laborde et al., 2019). Consequently, this region has suffered frequently from moderate-to-large earthquakes, e.g., the 1996 Ms 6.9 Atushi earthquake, the 1997–1998 Jiashi earthquake swarm, the 2003 Ms 6.8 Bachu-Jiashi earthquake, the 2011 Ms 5.8 Atushi earthquake, and the 2018 Ms 5.5 Jiashi earthquake (highlighted by stars in Figure 1). This region is thus persistently exposed to a relatively high seismic hazard. The seismic accelerations reached up to 0.20 and 0.30 g (g, gravitational acceleration) in this region according to the latest generation of seismic ground motion parameter zonation maps of China (GB 18306, 2015).
Studies associated with the earthquake source were of decisive importance for a deep understanding of the seismic source physics and reliable prediction of future ground motions and seismic hazards. The observed ground motion recordings have been commonly utilized in a number of established methods (e.g., empirical Green’s function-based method and large-scale stacking and generalized inversion techniques) aimed at revealing the earthquake source characteristics, e.g., the earthquake source scaling (Allmann and Shearer, 2009; Viegas et al., 2010; Baruah et al., 2016; Trugmann and Shearer, 2017; Baltay et al., 2019) and the source rupture directivity (Abercrombie et al., 2017; Calderoni et al., 2017; Wang et al., 2018). The source characteristics have important implications for explaining the earthquake nucleation and growth (e.g., Moyer et al., 2018).
A dense strong ground motion observation network composed of 48 stations has been constructed and continuously operated since 2007 to monitor the seismic activity in the junction of the southwest Tian Shan and the northwest Tarim Basin. During the 2020 Jiashi seismic sequence, the strong ground motion observation network was progressively triggered by 24 earthquakes and collected a total of over 200 three-component (i.e., east-west, north-south, and up-down) ground motion acceleration recordings. Before this sequence, the observation network had accumulated ∼300 recordings from ∼40 earthquakes, including the 2018 Jiashi seismic sequence, which mainly occurred on the buried faults in the northwest Tarim Basin (Song et al., 2019) and the Kepingtage thrust fault. The buried faults have been verified to be the seismogenic structures of the 1997–1998 Jiashi earthquake swarm (Liu et al., 2000; Li et al., 2002). The Jiashi seismic sequences in both 2020 and 2018 were characterized by the foreshock-mainshock behavior.
In this study, the nonparametric spectral inversion analysis of the S-wave Fourier amplitude spectra of the observed ground motions was performed to isolate the path attenuation and the source spectra for 46 earthquakes considered in this region, including 20 events from the 2020 Jiashi seismic sequence. The source parameters were derived from the inverted source spectra according to the grid-searching method. The resultant stress drop estimates provided the crucial evidence for the source scaling, and the temporal variation in stress drop was further analyzed and used to explain the occurrence of multiple moderate events in the Jiashi seismic sequence.
DATASET
For the spectral inversion analysis, we first collected a total of 502 three-component acceleration waveforms well recorded at 48 strong-motion observation stations from 59 M 2.8 to 6.4 earthquakes occurring in proximity to the seismogenic area of the 2020 Jiashi seismic sequence since 2007. As shown in Figure 2, the hypocentral distances (R) of recordings were mainly in the range of 20–200 km, and the horizontal peak ground accelerations (PGAs) were not greater than 50 cm/s2 for most recordings. These recordings were uniformly processed by the baseline correction, appending zero pads to the beginning and end, and a Butterworth bandpass filter. The high-cut corner frequency was uniformly set to 30 Hz, while the low-cut corner frequency (flc) was preliminarily estimated by two empirical relations and further adjusted and determined after manual inspection. Both empirical relations include the lower boundary (flb) for the usable frequency band associated with the moment magnitude (Mw) imposed by Yenier and Atkinson (2015) based on the minimum usable frequencies reported in the Next Generation Attenuation-West2 (NGA-West2) database and flc associated with flb, i.e., flb = 1.25flc (Abrahamson and Silva, 1997). Here, the magnitudes (surface magnitude Ms or local magnitude ML) released by CENC were approximately regarded as Mw for the preliminary estimate of flc. The determined flc values were in the range of 0.10–0.95 Hz. In order to avoid the nonlinear soil behavior potentially occurring under strong ground shaking (Beresnev and Wen, 1996; Wu et al., 2010) and reduce the contamination of the surface wave and/or Lg wave to the applied S-wave as much as possible (McNamara et al., 2012; Sedaghati et al., 2019), recordings with R > 120 km or PGA > 100 cm/s2 were first eliminated. Moreover, to ensure data redundancy, we adopted a minimum three-recording criterion requiring each selected earthquake to be recorded by at least three selected stations, each of which recorded at least three selected earthquakes. Following these parameters, 116 recordings were eliminated, and we retained 386 ones recorded at 25 stations in 52 M 2.8–6.4 earthquakes.
[image: Figure 2]FIGURE 2 | (A) Hypocentral distance vs. magnitude for the total recordings collected in this region (squares) and the recordings selected for the spectral inversion analysis (circles). The histograms of the hypocentral distance and the magnitude of the total recordings and selected recordings are also plotted. (B) Peak ground accelerations (PGAs) of both horizontal components (east-west and north-south) for total recordings and the histograms of the horizontal PGAs.
We manually picked the P- and S-wave onsets and identified the S-wave end time according to the distance-dependent percentage of the seismic wave energy, i.e., 90% for R < 25 km, 80% for R = 25–50 km, and 70% for R > 50 km (Pacor et al., 2016). In order to guarantee an acceptable spectral resolution, the minimum length of the S-wave window was imposed as 1.0/(1.25 flc). The cosine tapers at the beginning and end of the extracted S-wave were applied to avoid truncation effects, and the length of each taper was 10% of the length of the S-wave window. The Fourier amplitude spectra of the cosine-tapered and zero-padded S-waves were calculated and smoothed using the window function of Konno and Ohmachi (1998) with smoothing parameter b equal to 20. The spectral amplitudes at 300 frequencies uniformly spaced on the logarithmic scale from 0.25 to 30 Hz were obtained by linear interpolation in log-log space. The root square average of the spectral amplitude at both horizontal components was regarded as the horizontal ground motion in the frequency domain.
The pre-P-wave noise window, sharing the same length of the S-wave window, was extracted and processed, and its Fourier amplitude spectrum was calculated and smoothed for the following calculation of the signal-to-noise ratio (SNR). An SNR threshold of five and flc were simultaneously considered to distinguish the usable frequency band of the S-wave spectra. Figure 3A plots the number of usable spectra and the minimum hypocentral distance (R0) of the usable spectra against frequency. It was clearly observed that the number of usable spectra increases gradually at frequencies of 0.25–1.0 Hz and then approximately keeps constant at frequencies of 1.0–20.0 Hz before a decreasing tendency appears with frequencies over 20.0 Hz. The R0 of the usable spectra also varied with the frequency, which showed smaller values at higher frequencies, i.e., 25.75 km at 0.25 Hz, 20.33 km at 0.254–0.373 Hz, 20.01 km at 0.379–0.431 Hz, 15.02 km at 0.434–0.991 Hz, 12.86 km at 1.007–1.056 Hz, and 9.17 km at 1.073–30 Hz. In order to balance R0 and the lowest usable frequency, R0 = 20.33 km was used. and eight recordings with R < R0 were eliminated. The minimum three-recording criterion was then performed for usable spectra at each frequency to reconstruct the spectra used for the following spectral inversion analysis, and the numbers of usable spectra against frequency are shown in Figure 3B. Finally, 366 recordings recorded at 25 stations in 46 M 3.0–6.4 earthquakes were applied for spectral inversion analysis. Earthquakes and stations considered, as well as the ray paths from earthquake to station, are plotted in Figure 1. The magnitude-hypocentral distance distribution for recordings under consideration is plotted in Figure 2A.
[image: Figure 3]FIGURE 3 | (A) The number of usable spectra and minimum hypocentral distance of usable spectra varied with the frequency. (B) The number of usable spectra at each frequency for the recordings selected for the spectral inversion analysis.
METHODOLOGY
The two-step nonparametric spectral inversion method (Castro et al., 1990; Oth et al., 2008; Oth et al., 2009) was applied to isolate the Fourier amplitude spectra of the S-waves into the source spectra, site response functions, and propagation path attenuation term.
In the first step, the dependence of the spectral amplitudes at frequency fm on the hypocentral distance is modeled by
[image: image]
where Oij (fm, Rij) is the spectral amplitude observed at the jth station resulting from the ith earthquake, Rij is the hypocentral distance between the jth station and the ith earthquake, Mi (fm) is a scalar dependent on the size of the ith earthquake, and Aij (fm, Rij) accounts for seismic wave attenuation (geometrical spreading, anelastic attenuation and scattering attenuation, refracted arrivals, etc.) along the travel path from the ith earthquake to the jth station. The path attenuation term is not supposed to have any predefined parametric functional form and is constrained to be a smooth distance function with a value of one at the reference distance R0 = 20.33 km, which is the smallest hypocentral distance for recordings considered in our study. In practice, the hypocentral distance of the usable spectra at frequency fm was divided into ND,m bins with 5 km width, and Ak (fm, Rk,m) instead of Aij (fm, Rij) was computed, where Rk,m represents the average hypocentral distance of the usable spectra at frequency fm lying within the kth distance bin. After taking the logarithm for linearization and adding constraints for path attenuation term, Eq. 1 can be solved for each frequency separately using the singular value decomposition (SVD) method.
In the second step, the spectral amplitudes corrected for propagation path attenuation are divided into source spectra and site response:
[image: image]
where Gj (fm) is the site response function at the jth station and Si (fm) is the source spectrum of the ith earthquake.
In order to resolve a remaining degree of freedom coming from the trade-offs between source and site terms, the constraining condition for either the source or the site should be fixed beforehand. The most commonly used method was to set the site response of an ideal outcrop bedrock site to be equal to unity irrespective of frequency (Wang et al., 2018), or to set the average site response of a set of rock sites to be equal to unity (Oth et al., 2009; Oth and Kaiser, 2014; Pacor et al., 2016) or the horizontal-to-vertical (H/V) spectral ratio of body waves (Bindi et al., 2004; Wang et al., 2018). The site conditions for the 25 strong-motion stations considered in this study were classified into three classes defined in the Code for Seismic Design of Buildings in China (GB 50011, 2010) according to the terrain-based metrics (Shi, 2009), 16 for class II (medium-stiff soil), eight for class III (medium soft soil), and one for class IV (soft soil); thus, no one can be approximately regarded as a rock site.
As reported by Lermo and Chavez-Garcia (1993), the H/V spectral ratio of the body waves was largely controlled by the site response. Further studies from Atkinson and Cassidy (2000) and Atkinson (2004) found that the amount of amplification observed or calculated from the shear-wave velocity gradient approximately matches the H/V spectral ratio for both the rock and the soil sites. Kanbur et al. (2020) evaluated the local site effects according to the H/V spectral ratios. Bindi et al. (2004) defined the site response for station ASSI to be the H/V spectral ratio for the spectral inversion. In this study, the H/V spectral ratio was also treated as the site response. The S-wave H/V spectral ratio for each class II site was computed based on the ground motion recordings with PGA ≤ 100 cm/s2, and the average over at least five H/V spectral ratios was approximately regarded as the site response. Finally, the site responses for 10 out of 16 stations were retrieved and plotted in Figure 4A. The site response of the class II site was simply depicted by a range of the average plus and minus 0.25 SD over the 10 stations, shown with the shaded area in Figure 4A. At each frequency, stations with site responses falling into the range of the site response of the class II site were selected as shown in Figure 4B, and the average site response over the selected stations was used as the constraining condition.
[image: Figure 4]FIGURE 4 | (A) The site responses for 10 class II stations (thin gray lines) were represented by the average of the S-wave horizontal-to-vertical spectral ratios of ground motion recordings with peak ground acceleration not greater than 100 cm/s2. A range of the average plus and minus 0.25 SD on the base-10 logarithmic scale over the 10 stations (shaded area) represents the site response of the class II site. At each frequency, stations with site responses falling into the range of the site response of the class II site were selected, and their average site response was used as the constraining condition (thick red line). (B) The selected stations for the constraining condition varied with frequency.
RESULTS AND DISCUSSION
Propagation Path Attenuation
Path attenuation curves for frequencies ranging from 0.254 to 30 Hz were obtained from the solutions of Eq. 1 and plotted in Figure 5A. They continuously decrease with increasing distance up to 120 km for all frequencies considered. The slow decay is obviously expressed by the inverted path attenuation, which is generally between (R0/R)0.5 and (R0/R)1.0. For simplicity, the frequency-independent geometrical spreading as a function of distance and the anelastic attenuation as a function of frequency-dependent quality factor (Q) were commonly adopted as substitutes for the complex path attenuation in practice, e.g., the ground motion prediction (e.g., Boore, 2003; Bora et al., 2015) and regional attenuation investigation (e.g., Pavel and Vacareanu, 2018). In addition to the linear function of R, the more complicated geometrical spreading functional forms were widely proposed to represent the particular geologic and tectonic setting, e.g., the hinged bilinear and trilinear models (Atkinson and Boore, 1995; Atkinson, 2004). Studies, e.g., Mahani and Atkinson (2012), verified that various geometrical spreading models have similar effects on fitting the data. Atkinson and Mereu (1992) proposed the typical hinged trilinear model. In this model, the transition distances were related to the crustal thickness. Considering a crustal thickness of ∼50 km (Gao et al., 2013), the second transition distance was about 125 km, greater than the maximum hypocentral distance (i.e., 120 km). In this study, the hinged bilinear geometrical spreading model was used, and the inverted path attenuation curve was modeled by
[image: image]
where β is the shear-wave velocity set to 3.60 km/s at depths of 15–20 km near the source (Zhao et al., 2008), R1 is the transition distance, and n1 and n2 represent the decay rates at the first and second segmentation, respectively. The SVD method was applied to solve Eq. 3 for optimum n1, n2, and Q values by taking different values of transition distance R1 = 50, 55, 60, and 65 km, respectively. Note that the strong trade-off between the geometrical spreading and anelastic attenuation was not constrained before the solution. Therefore, the specified combination of geometrical spreading and anelastic attenuation obtained in this study should be used simultaneously.
[image: Figure 5]FIGURE 5 | (A) The path attenuation curves derived for frequencies at 0.254–30 Hz. The hinged bilinear geometrical spreading model with the transition distance R1 = 60 km provided in this study is plotted and compared with the geometrical spreading models expressed as (R0/R)0.5 and (R0/R)1.0. (B) The average residual between the inverted and the modeled path attenuations over all distances for each frequency with transition distances of R1 = 50, 55, 60, and 65 km, respectively. (C) Calculated Q values (circles) and the regressed Q model (solid line) in our study. The Q models for the northwest Tarim Basin proposed by Zhao et al. (2011) and the Tajikistan-Kyrgyzstan region west and northwest of our study region proposed by Sedaghati et al. (2019) are also plotted.
The residuals between the inverted and modeled path attenuations, i.e., log10 (Ainverted/Amodeled), were calculated to explain whether the inverted path attenuation was well fitted with respect to the parametric functions. The average residual over all distances was obtained for each frequency, as shown in Figure 5B. The minimum average residual, fluctuating around zero, occurs at frequencies over ∼0.3 Hz for the case of R1 = 60 km. The parametric functions for R1 = 50 and 55 km generally provide a faster decay than the inverted path attenuations at frequencies over ∼0.3 Hz, as indicated by the positive average residuals, while slower decay was provided by the parametric functions for R1 = 65 km. Allowing for the good representation of the inverted attenuation curve, R1 = 60 km was recommended in this study. Correspondingly, n1 and n2 are, respectively, equal to 0.30 and 0.59. The derived hinged bilinear geometrical model was slightly larger than the linear geometrical spreading expressed by (R0/R)0.5 (Figure 5A). The frequency-dependent Q model, following a power-law equation expressed as Q0fη, was used to fit the derived Q values at frequencies of 0.254–30 Hz, and the Q model was regressed as 60.066 f0.988, as shown in Figure 5C. The low Q0 and high-frequency-dependent power η can be explained by the seismically active region considered in this study (Xu et al., 2010; Singh et al., 2019). Our results are slightly lower than the S-wave quality factor Q = 212.6 f0.71 at frequencies of 1–20 Hz obtained by Zhao et al. (2011) for the northwest Tarim Basin using the hinged trilinear geometrical spreading model proposed by Atkinson and Mereu (1992). After defining a geometrical spreading function as R−1, Sedaghati et al. (2019) also demonstrated strong anelastic attenuation for the Tajikistan-Kyrgyzstan region in Central Asia, west and northwest of our study region, according to the S-wave quality factor Q = 152 f0.856 at frequencies of 1–20 Hz determined by the multiple-station coda normalization method. The much stronger anelastic attenuation (low Q) verified in our study may be majorly attributed to the enormous scattering from the prominent interaction of seismic wave propagation with the highly inhomogeneous crust. The high heterogeneity in the crust beneath the junction of the southwest Tian Shan and the Tarim Basin has been globally recognized, e.g., the well-developed imbricate structures and complex tectonic activity (Allen and Vincent, 1999; Gao et al., 2013; Laborde et al., 2019).
Source Characteristics
The acceleration source spectra for the 46 earthquakes derived from the second-step inversion were plotted in log-log space in Figure 6A. The bootstrap analysis was first adopted to evaluate the stability of the inverted source spectra (Oth et al., 2009; Wang et al., 2018). At each frequency, we performed 100 bootstrap inversions and calculated the inverted source spectra, as shown in Figure 6B for five typical events. The small deviations to the source spectra obtained using the whole dataset indicated the inverted source spectra are stable and well constrained. We generally observed that the source spectra approximately increase proportional to the square of frequency at low frequencies and then display a plateau at moderate frequencies generally less than ∼10 Hz. However, the rapid decay with increasing frequency occurs at high frequencies generally over ∼10 Hz, as has also been observed in other studies, e.g., Oth et al. (2011), Oth and Kaiser (2014), and Nakano et al. (2015). The well-known ω-square source model proposed by Brune (1970) matches well with the spectral shape below the high-end cutoff frequency (fmax). The high-frequency spectral decay observed above fmax is universally considered to be path- and site-dependent at present (Campbell, 2009; Ktenidou et al., 2013; Lai et al., 2016) and modeled by exp (−πfκ) where κ indicates the high-frequency decay parameter. A hinged model, single ω-square source model below fmax, and combining model of the ω-square source model below fmax and the high-frequency decay model above fmax can be adopted to describe the inverted source spectra. Our study did not focus on the high-frequency spectral decay beyond the scope of the present work. Following the ω-square source model (Brune, 1970), the inverted source spectra at frequencies below fmax = 10 Hz were expressed theoretically by
[image: image]
where M0 and fc are the seismic moment and corner frequency, respectively. RΘΦ is the average radiation pattern over a suitable range of azimuths and take-off angles [set to 0.55 according to Boore and Boatwright (1984)], V = 1/√2 represents the partitioning of the total S-wave energy into horizontal components, F = 2 accounts for the free surface amplification effect, and ρ is the density in the vicinity of the source (set to 2,600 kg/m3 according to Zhao et al. (2008)).
[image: Figure 6]FIGURE 6 | (A) Inverted acceleration source spectra for the earthquakes considered; (B) the inverted source spectra from 100 bootstrap inversions (gray, lightblue, and light yellow lines) and the best-fitted theoretical source spectra (red dashed-dotted lines) at frequencies below 10 Hz for five typical events (#10, 20, 27, 40, and 41). The dark lines represent the inverted source spectra using the whole dataset; (C,D) the parabola shapes for the res normalized by the minimum res corresponding to the preferred fc against the possible corner frequencies for #10 and 40 events, respectively. Frequencies at which res exceeds 5% of the minimum res are regarded as fc uncertainty bounds (fcerr1 and fcerr2) to provide fcerror for quantitatively evaluating the parabola shape. The estimated Mw-fc pairs (crosses) for the possible fc are also provided; (E)fcerror values for the considered events. Event ID is listed in Table 1.
The grid-searching method was applied to provide the preferred M0 and fc estimates for individual events that minimize the function [image: image], in which N is the frequency number, and Sinverted and Stheoretical represent the inverted and theoretical source spectra, respectively. Any values of M0 and fc from a grid of all possible values of M0 and fc were paired to generate the theoretical source spectra, and the pair that yields the minimum res was regarded as the preferred M0 and fc estimates. The estimates of M0 and fc are listed in Table 1 for all earthquakes under investigation. Moment magnitude (MW) was obtained from the spectrally derived M0 according to the relationship proposed by Hanks and Kanamori (1979), [image: image], where M0 is in dynecm. Figure 6B plots the inverted and best-fitted theoretical spectra for five typical events, and their good agreements were obviously observed.
TABLE 1 | Basic information for earthquakes under investigation and source parameter estimates.
[image: Table 1]In order to examine the reliability for estimates by grid searching, we further tested the res against possible fc values for a parabola shape with a clear minimum at the preferred fc. Following Viegas et al. (2010), Abercrombie (2014), and Ruhl et al. (2017), we used frequencies at which the res exceeds 5% of the minimum res as an estimate of the fc uncertainty bounds fcerr1 and fcerr2, and fcerror, defined as the frequency-normalized ratio [image: image], must be not greater than two to guarantee the parabola shape with a clear minimum. Figures 6C,D provide two events (#10 and #40 with small and large fcerror values, respectively) to illustrate the robust estimates for M0 and fc. As shown in Figure 6E, the parabola shapes were verified for all events by the small fcerror values, mainly in the range 0.1–0.2. The uncertainty estimates for M0 and fc, provided in Table 1, were represented by the SDs over their estimated values from the inverted source spectra based on 100 bootstrap-resampled datasets.
Seismic moments for the earthquakes considered range from 1.650 × 1014 to 7.754 × 1017 Nm, corresponding to MW = 3.445–5.893. We obtained corner frequencies from 0.362 to 6.940 Hz for these events. Approximately constant earthquake stress drops over a wide range of earthquake sizes and the well-known scaling relation M0 ∝ fc−3 reveal earthquake self-similar scaling, first proposed by Aki (1967). The self-similar scaling has crucial implications for seismic hazard assessment and understanding of the scale dependence of the earthquake rupture process. The self-similarity has been widely reported by many studies (e.g., Allmann and Shearer, 2009; Oth et al., 2010; Oth and Kaiser, 2014; Boyd et al., 2017; Moyer et al., 2018), while other studies have provided evidence for the significant breakdown of self-similarity (e.g., Drouet et al., 2011; Pacor et al., 2016; Baruah et al., 2016; Trugmann and Shearer, 2018). The plots of M0 vs. fc for earthquakes considered in this study intuitively depart from the scaling relation, as shown in Figure 7. Moreover, we applied a so-called parameter ε proposed by Kanamori and Rivera (2004) from the scaling relation M0 ∝ fc−(3+ε) to quantify the deviation from the self-similarity. When ε = 0, it indicates perfect self-similar scaling. We found ε = −0.424 ± 0.122 according to the least-squares regression, which indicates the decrease of stress drop on average with the increasing magnitude size. Similar ε values have also been observed in the 2008 Wenchuan and 2013 Lushan seismic sequences (Wen et al., 2015; Wang et al., 2018), even if the estimated stress drops showed differences (Figure 7).
[image: Figure 7]FIGURE 7 | Seismic moment (M0) vs. corner frequency (fc). Squares, circles, and triangles represent the earthquakes considered in this study, the 2008 Wenchuan (Wang et al., 2018), and the 2013 Lushan (Wen et al., 2015) seismic sequences, respectively. The M0 ∝ fc−3 scaling relation corresponding to constant stress drops 0.1, 1.0, and 10.0 MPa, respectively, following the theoretical model of Brune (1970), is represented by the dotted-dashed lines.
According to the circular source model (Eshelby, 1957; Brune, 1970), the stress drop Δσ can be obtained from the following formulas:
[image: image]
[image: image]
where r is the fault radius and k is a numerical factor that depends on the specific theoretical model (Brune, 1970; Madariaga, 1976; Kaneko and Shearer, 2014; Kaneko and Shearer, 2015). The selection of the theoretical model predominantly controls the absolute values of Δσ. For example, the two most commonly adopted models proposed by Brune (1970) and by Madariaga (1976) yield a difference for the computed stress drops with a factor of ∼5.5. However, the relative values and the variations in Δσ are not influenced by the model selection. In this study, k = 0.37 was used for S-waves according to the theoretical model of Brune (1970). The combination of M0 and fc yields Δσ values between 1.126 and 16.455 MPa, as shown in Figure 8A. Computed stress drops exhibit large scatter and approximately show a lognormal distribution with an average value of 3.942 MPa and an SD for the stress drop on the base-10 logarithmic scale equal to 0.284. The average stress drop is similar to the global averages for tectonic earthquakes, ∼1–10 MPa (Allmann and Shearer, 2009; Oth et al., 2010; Trugmann and Shearer, 2017; Baltay et al., 2019). Median stress drops show a mild decreasing tendency as a function of moment magnitude over a range Mw = 3.445–5.189, which indicates that self-similar scaling breaks for these earthquakes under investigation. However, there is no dependence of stress drop on the hypocentral depth (Figure 8B). As shown in Figure 8A, except for some events in the 2020 sequence with relatively higher stress drops, earthquakes with similar moment magnitudes from the Jiashi seismic sequences in both 2020 and 2018 generally share a similar level of stress drop (∼1–6 MPa), and stress drops first decrease and then increase with the increasing moment magnitude.
[image: Figure 8]FIGURE 8 | Stress drop (Δσ) as a function of moment magnitude (Mw) (A) and hypocentral depth (B). Red circles and dark cyan triangles represent earthquakes in the 2020 and 2018 Jiashi seismic sequences, respectively. Light magenta circles and light cyan triangles represent earthquakes that formerly occurred in proximity to the seismogenic regions of the 2020 and 2018 sequences, respectively. Other earthquakes considered are marked by crosses. The lognormally distributed Δσ values are found from the histogram.
Earthquakes considered in this study mainly consist of the 2020 Jiashi seismic sequence (#21–#40) on the Kepingtage thrust fault and the 2018 Jiashi seismic sequence (#7–#15) on the buried fault in the northwest Tarim Basin. Similar to the 2020 sequence, an Ms 4.9 foreshock immediately followed by the Ms 5.5 mainshock aroused the 2018 sequence. Figure 9 provides the temporal variation of stress drop estimates for both sequences. In or close to the seismogenic regions of both sequences, some sporadic small earthquakes occurred months to years before the sequence with relatively higher stress drops compared with aftershocks with a similar moment magnitude (Figures 8A, 9), while the foreshocks minutes to days before the mainshock released much lower stress, consistent with the observations from other earthquake sequences (e.g., Moyer et al., 2018). After the stress drop returned to the higher level during the adjoining mainshock, aftershocks immediately following in close proximity to the mainshock showed depressing stress drops in both sequences, which furnishes a potential clue of the continuous rerupture of the already fractured and not fully healed portion by the mainshock (Shaw et al., 2015). Aftershocks with stress drops much smaller than the mainshock have also been commonly reported for both tectonic and induced seismic sequences (e.g., Boyd et al., 2017; Trugman et al., 2017; Moyer et al., 2018; Trugmann and Shearer, 2018; Baltay et al., 2019) and used to account for the reduced ground motion of aftershocks (Abrahamson et al., 2014). The stress drops of the aftershocks appeared to recover gradually as time increased, which was also observed in the induced seismic sequences (e.g., Trugman et al., 2017; Yenier et al., 2017). Such temporal recovery of the stress drop may be indicative of an increase of fault strength with the increase in healing time. Finally, the released stress was elevated to a rather high level, even over 10 MPa for partial aftershocks, which subsequently occurred 10 h to days later in the 2020 sequence, which hints to potential ruptures for the isolated, small-scale patches with high strength concentrating substantial stress levels in the damaged fault zone (Dreger et al., 2007; Oth and Kaiser, 2014). The changes of the fault strength across the seismogenic fault caused by the mainshock play short-term roles on sources of the surrounding earthquakes.
[image: Figure 9]FIGURE 9 | Temporal variation of stress drops for the 2018 and 2020 Jiashi seismic sequences. Earthquakes previously occurring close to the seismogenic region are plotted in the vertical axis; #1–#6 and #16–#20 represent the 2018 and 2020 sequences, respectively.
In both sequences, the strong foreshock did not ultimately expand to be the largest mainshock. In view of the low stress drop of the foreshock and the high stress release in the adjoining mainshock, we presumed that the adjoining high-strength patch eventually ruptured by the mainshock may cease the continuous expansion of the fractured low-strength patch by the foreshock. Moreover, the initiating fracture of the low-strength patch may play an effective role in accelerating the concentration of stress at the edge of the high-strength patch (Oth and Kaiser, 2014), until the high-strength patch broke to account for the mainshock. As concluded by Ben-Zion and Zhu (2002), large earthquakes grow in a relatively homogeneous stress field and average out the remaining short-scale fluctuations over their (large) rupture areas. We thus inferred that the foreshock-mainshock behavior may be likely to occur in the high heterogeneous fault zone.
CONCLUSION
We performed the nonparametric spectral inversion to isolate the propagation path attenuation and source spectra from the S-wave Fourier amplitude spectra of the observed ground motions from 46 earthquakes in the junction of the northwest Tarim Basin and Kepingtage fold-and-thrust zone, mainly composed of two Jiashi seismic sequences in 2020 and 2018. Nonparametric path attenuation curves indicate slow seismic wave decay with increasing hypocentral distance. The path attenuation was simply modeled by the combination of the hinged bilinear geometrical model and the anelastic attenuation model as a function of the quality factor. The combination derived in this study can be directly used for predicting ground motions in this region. The transition distance R1 = 60 km, n1 = 0.30, and n2 = 0.59 defined the preferred hinged bilinear geometrical model in the study region. The strong anelastic attenuation in the study region, represented by Q = 60.066 f0.988 at frequencies of 0.254–30 Hz, may be ascribed to enormous scattering resulting from the prominent interaction of seismic wave propagating with the high inhomogeneous crust.
The inverted source spectra at frequencies below fmax = ∼10 Hz are found in good agreement with the ω-square model; the source parameters were thus estimated by fitting the inverted spectra with the theoretical ω-square model. The obvious deviation of M0-fc plots to the M0 ∝ fc−3 scaling relation and the dependence of the stress drop on the moment magnitude provide crucial evidence for the breakdown of earthquake self-similar scaling for the events considered in this study. The stress drops for earthquakes from the Jiashi seismic sequences in both 2020 and 2018 appear to first decrease and then increase as the moment magnitude increased. The average stress drop for these earthquakes was 3.942 MPa. The temporal variation of the stress drops indicates the short-term effects of the mainshock on the source characteristics of the adjoining earthquakes before and after the mainshock. After the great stress release during the mainshock, the stress drops fell to a low level for aftershocks immediately following and then gradually recovered in a short time, which reveals the gradual healing of the fractured fault by the mainshock. The much higher stress drops for some aftershocks in the damaged fault zone may also be related to the potential ruptures for small-scale patches with high strength. The foreshock with a low stress release occurring in the high-heterogeneity fault zone may motivate the following occurrence of the largest magnitude mainshock with a high stress release. We inferred that the foreshock-mainshock behavior may be inclined to occur in the inhomogeneous fault zone, e.g., the junction of the northwest Tarim Basin and Kepingtage fold-and-thrust zone.
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76.94
7
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7
77.08
77.08
76.89
76.95
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77.01
772
77.16
7747
77.36
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77.18
7747
7721
77
7719
7727
77.46
7744
7747
7724
77.14
77.36
7722
77.29
77.23
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77.16
7747
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7747
77.25
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77.48
773
7763
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39.65
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39.69
39.45
39.57
39.52
39.51
39.51
39.51
39.51
39.51
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39.5
39.47
39.55
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39.94
39.97
39.93
39.95
39.83
39.81
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39.91
39.97
39.91
39.89
39.88
39.89
39.89
39.92
39.91
39.92
39.94
39.92
39.92
39.95
39.93
39.9
39.87
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40.18
40.15
40.24
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(km)

38
18

42
4.3
39
4.4
34
36
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39
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3.4
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4.3

36
32
3.4
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33
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4.353
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3.706
4.088
5.003
4.429
4.151
4309
3.445
5.189
4262
5893
3879
3854
4.247
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4613
424
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3547
3812
3753
3726
4.067
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4.004
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3577
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5.024
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4.906
4814
4956
4929
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0.027
0.026
0.087
0.031
0.031
0.026
0.026
0.03
0.027
0.028
0.018
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0.021
0.018
0.027
0.047
0.039
0.06
0.035
0.022
0.027
0.039
0.042
0.057
0.039
0.038
0.023
0.036
0.019
0.03
0.047
0.043
0.042
0.036
0.024
0.03
0.035
0.047
0.079
0.02
0.085
0.042
0.031
0.042
0.021
0.037

Mo
(Nm)

2.73E+15
2.16E+15
8.78E+14
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2.71E+14
2.21E+14
8.49E+15
2.99E+16
1.67E+14
B.14E+14
9.91E+14
3.80E+15
3.61E+14
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0.086
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0.119
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0.58
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2.861
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0.695
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0.693
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log10
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0.087
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0.044
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0.027
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0.015
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Ao
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1.708
3.621
4.897
3.309
16.455
6.597
2.452
5.801
3.815
3.357
2.541
1.483
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1.828
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2353
9.351
6.982
1.126
5.708
2.087

log10
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