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Abstract

:

The 28 August 2009 Mw 6.3 Dachaidan (DCD) earthquake occurred at the Qaidam Basin’s northern side. To explain its postseismic deformation time series, the method of modeling them with a combination model of afterslip and viscoelastic relaxation is improved to simultaneously assess the time-dependent afterslip and the viscosity. The coseismic slip model in the layered model is first inverted, showing a slip pattern close to that in the elastic half-space. The postseismic deformation time series can be explained by the combination model, with a total root mean square (RMS) misfit of 0.37 cm. The preferred time-dependent afterslip mainly occurs at a depth from the surface to about 9.1 km underground and increases with time, indicating that afterslip will continue after 28 July 2010. By 334 days after the main shock, the moment released by the afterslip is 0.91 × 1018 N∙m (Mw 5.94), approximately 24.3% of that released by the coseismic slip. The preferred lower bound of the viscosity beneath the Qaidam Basin’s northern side is 1 × 1019 Pa·s, close to that beneath its southern side. This result also indicates that the viscosity structure beneath the Tibet Plateau may vary laterally.
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1. Introduction


On 28 August 2009, an Mw 6.3 earthquake occurred at the Dachaidan (DCD) district, Qinghai province in China [1,2,3,4]. About ten months before this event, another Mw 6.3 event occurred at almost the same location (Figure 1). The two events threaten human beings moderately. The related rupturing faults are part of the northern fold-and-thrust belts of the Qaidam Basin, which has a strike of northwestern-west (NWW) to southeastern-east (SEE) and divides the northeastern margin of the Tibet Plateau into the Qaidam block and the Qilianshan block [5,6]. This zone has the tectonic characteristics of significant uplift in the geologic history [5,6]. However, because of the complex topography and the arduous working environment, the related observations and explanations are not yet sufficient, in particular for the zone around this event. Previous studies suggested that the occurrence of earthquake can present an opportunity to explore the earthquake behaviors and rheological properties of the regional lithosphere materials [7,8,9,10,11,12,13,14,15,16,17,18].



Geodetic observations of surface deformation related to the active fault can be used to characterize the behaviors of the earthquake cycle [19]. During the interseismic phase, Global Positioning System (GPS) observations of crustal strain within the Tibet Plateau suggested that the fault belts around the 2009 event are characterized by the thrust movement along vertical direction and the left-lateral movement along horizontal direction [20]. During the coseismic phase, Interferometric Synthetic Aperture Radar (InSAR) observations of surface deformation and the elastic dislocation model inversion using both uniform and distributed slip models indicated that the 2008 event ruptured the lower half of the brittle seismogenic layer, while the 2009 event ruptured the upper half [1,3,21]. During the postseismic phase, InSAR deformation time series for the first 334 days after the 2009 event displayed that the postseismic deformation changes from fast to slow with time, and has a similar spatial pattern with the coseismic deformation [22,23]. On the geophysical interpretation of the postseismic deformation, Feng [22] modeled it using the postseismic afterslip model only.



Three postseismic deformation mechanisms, alone or mixed, have been proposed to interpret the observed movements after an earthquake event, including poroelastic rebound, afterslip, and viscoelastic relaxation. InSAR observations have been successfully used to constrain the possible geophysical mechanisms of some earthquake cases [15,16,25,26,27,28,29,30,31,32]. The mechanism of poroelastic rebound usually influences the postseismic deformation within a few kilometers to fault ruptures in a short period of time, whereas the other two mechanisms can generate postseismic deformation with a similar spatial pattern in the first few years [11,33]. However, the relative significance of the viscoelastic relaxation always increases with time, and the afterslip is usually contrary with it [11,16]. With these results, in this study we will interpret the observed postseismic deformation time series of the 2009 Mw 6.3 DCD earthquake with the combination model of afterslip and viscoelastic relaxation, along with comparisons of afterslips derived from the pure afterslip and the combination models.



Slip models are essential for interpreting postseismic deformation with the model of viscoelastic relaxation and the combination model of afterslip and viscoelastic relaxation [11,28,32]. When modeling with the combination model, previous studies usually considered the viscoelastic relaxation due to coseismic slip only, and neglected that due to the accumulated afterslip [16,28,29,30,32]. Recent study by Diao et al. [33] adopted a method which can consider the viscoelastic relaxation due to coseismic slip and the accumulated afterslip. In Diao et al. [33], coseismic slip and the accumulated afterslip estimated by pure afterslip model were directly employed as the driving force sources of viscoelastic relaxation. This means that Diao et al. [33] assessed afterslip and viscoelastic relaxation separately, first the afterslip and then the viscoelastic relaxation. With such a processing method, the input accumulated afterslip model may be not very reasonable because the afterslip and the viscoelastic relaxation processes are interactional during the postseismic phase. Therefore, it is necessary to carry out researches on simultaneously estimating the afterslip and viscoelastic relaxation parameter (viscosity).



In this study, we mainly focus on four items, including (1) improving the method in Diao et al. [33] to estimate the time-dependent afterslip distribution and the viscosity simultaneously; (2) modeling the InSAR deformation time series following the 2009 Mw 6.3 DCD earthquake in Liu et al. [23]; (3) seeking the dominant mechanisms responsible for postseismic deformation; and (4) finally investigating the viscosity beneath the northern side of the Qaidam Basin.




2. Data and Layered Model


2.1. Data


Investigating the postseismic deformation process requires the use of data from geodetic observations [7,34]. GPS data has been proven as an effective observation to accurately constrain the postseismic process due to its high horizontal precision and time resolution [35,36,37]. Unfortunately, for this event, according to Chen et al. [38], there are not enough GPS observations around the earthquake zone. The nearest station is approximately 40 km far away from the epicenter, making it unavailable to use GPS observation to do the following modeling. Meanwhile, InSAR data has also been confirmed as an alternative observation to investigate the postseismic process due to its high vertical precision and spatial resolution [15,16,25,26,27,28,29,30,31,32]. Feng [22] and Liu et al. [23] have derived the postseismic deformation time series. In this study, we prefer to use the observations from Liu et al. [23] because it includes one more SAR image than Feng [22], and has more observations in the near-field region.



The deformation time series in Liu et al. [23] are derived by processing the C-band Envisat ASAR descending Track 319 images with a small baseline subset InSAR technique, and include eight time epochs (Table 1). These epochs correspond to 19 days, 54 days, 124 days, 194 days, 229 days, 264 days, 299 days, and 334 days after the main shock, respectively. The derived InSAR deformation time series during the first 334 days after the event change from fast to slow with time, and display a smaller displacement for the footwall than that for the hanging wall, where the deformation decreases from the middle to both sides (Figure 2).



According to Liu et al. [23], the spatial pattern of the postseismic deformation is similar with that of the coseismic deformation. This may indicate that an underground fault is processing during the postseismic phase similar to that during the coseismic phase. In other words, postseismic afterslip may occur with similar fault geometry and slip distribution as coseismic slip. Meanwhile, the correlation coefficient of 0.73 indicates that the postseismic afterslip may have a different slip distribution, and/or that the other types of postseismic deformation mechanisms may occur. After analyzing the three mechanisms described above, in this study mechanisms of afterslip and viscoelastic relaxation are considered, and their behaviors will be investigated by the modeling experiments in the following content.




2.2. Layered Model


It is well known that a layered model is needed to interpret the postseismic deformation with mechanisms related to viscoelastic relaxation [28,29,30,31,32]. In addition, the input coseismic slip, which is considered as a driving force source of viscoelastic relaxation, should also be obtained in the layered model. Previous studies using seismic wave data have constructed some layered models.



An et al. [40] adopted records from 27 fundamental stations located in China and three stations located in Islamabad (Pakistan), Kabul (Afghanistan), and New Delhi (India) to image the 3-D shear velocity structure in Northwestern China. According to An et al. [40], the Qaidam Basin zone has an average S wave velocity of about 3.55 km/s in the 56-kilometer-thick crust and can be divided into four structural layers: the first one has an S wave velocity of 3.00 km/s at the upper 8 km depth, the second one 3.65 km/s at the depth from 8 km down to 18 km, the third one a low-velocity zone at a thick layer, and the fourth one 3.85–3.90 km/s at a thin layer. By referring to this layered model and a series of repeated tests, Liu et al. [41,42] constructed a slightly different structure model including four layers: from top to bottom, a 2.5-kilometer-thick layer with an S wave velocity of 3.15 km/s, a 5-kilometer-thick layer with an S wave velocity of 3.51 km/s, a 15-kilometer-thick layer with an S wave velocity of 3.63 km/s, and a 10-kilometer-thick layer with an S wave velocity of 3.69 km/s. With this layered model, Liu et al. [41,42] successfully derived the focal mechanism solutions of 98 aftershocks of the 2008 Mw 6.3 DCD earthquake, and relocated the aftershock sequences of the 2009 Mw 6.3 DCD earthquake.



Based on these previous studies, a three-layered model is constructed in this study (Table 2). The thickness of the top layer is 8 km with an S wave velocity of 3.00 km/s, the middle one 15 km with an S wave velocity of 3.65 km/s, and the bottom one infinite with an S wave velocity of 3.50 km/s. The corresponding P wave velocities are calculated by assuming the Poisson’s ratio equal to 0.25 [43], and the related densities are determined by using the empirical relationship between P wave velocity and density [44]. It should be noted that the parameter of viscosity can be meaningful only in the modeling of the postseismic deformation time series.





3. Modeling Method


In the modeling, the observed postseismic deformation time series are considered to relate to two mechanisms, postseismic afterslip and viscoelastic relaxation, where the viscoelastic relaxation is driven by both coseismic slip and the accumulated afterslip. This modeling method has been adopted to interpret the postseismic deformation observation following the earthquake, such as the 2011 Mw 9.0 Tohoku earthquake [33]. Meanwhile, Diao et al. [33] indicated that when investigating the postseismic process, it is necessary to consider the viscoelastic relaxation due to the accumulated afterslip. However, Diao et al. [33] assessed afterslip and viscoelastic relaxation separately, which will be improved to simultaneously estimate these two types of parameters.



The optimization problem for the modeling method can be expressed as:


   ∥ G  s  p o s t  i  −  (   l i  −  F i   (   s  c o   ,  s  p o s t  1  , ⋯ ,  s  p o s t   i − 1   , η  ) ) ∥      2  +  β 2  H  (   s  p o s t  i   )  = m i n   



(1)




where   G   is Green’s function,     s  p o s t  i     is the postseismic afterslip at the   i  -th time epoch,     l i     is the postseismic deformation observation at the   i  -th time epoch,     F i     is the surface deformation produced by viscoelastic relaxation at the   i  -th time epoch, which is driven by the coseismic slip and the accumulated afterslip,     s  c o      is the coseismic slip,     s  p o s t  1    ,   ⋯  ,     s  p o s t   i − 1      are the postseismic afterslips at the 1-th,   ⋯  ,    i – 1   -th epoch times,   η   is the regional viscosity,     β 2     is the smoothing factor, and   H   is the second-order Laplacian operator across the fault plane, which is used to avoid the unreasonable slip oscillation [39].



In Equation (1), coseismic slip, afterslip and viscosity are unknown parameters to be optimized. The Green’s function related to afterslip is calculated with the EDGRN/EDCMP software (GFZ, Potsdam, Germany) [45], and the surface deformation produced by viscoelastic relaxation is calculated with the PSGRN/PSCMP software (GFZ, Potsdam, Germany) [46]. The viscosity is assumed to be constant during the observed time period. This assumption is accordant with the practices of modeling postseismic deformation of the 2008 M 6.4 and M 5.9 Nima-Gaize earthquakes, the 2008 Mw 6.3 Dangxiong earthquake, and the 2011 Mw 9.0 Tohoku earthquake [29,32,33], and is also proved to be reasonable by the following modeling experiments (Section 5).



The practical calculations mainly consist of four steps (Figure 3). In step 1, the postseismic viscoelastic relaxation deformation with different viscosities are simulated with the given coseismic slip distribution, the postseismic afterslip time series, the viscosity models, and so on. The input postseismic afterslip time series at the   i  -th time epoch are those estimated from the modeling with the same viscosity at the 1-th, …,    i − 1   -th time epochs. In step 2, the differential postseismic deformation is calculated by subtracting the postseismic viscoelastic relaxation deformation in step 1 from the observed postseismic deformation. In step 3, with the differential postseismic deformation in step 2, the postseismic afterslip distribution is estimated using the steepest descent method [47], which has been proved as an effective technique to estimate the coseismic slip and postseismic afterslip [33,48]. In step 4, the trade-off curve between the viscosity and RMS misfit error for the combined observations at all-time epochs is plotted to choose the preferred viscosity, and then the optimal postseismic afterslip time series are determined as those derived with the preferred viscosity.



The advantage of this method is that the afterslip and the viscosity can be estimated simultaneously, compared to most of the existing studies [16,28,29,30,31,32]. This method is also slightly different from that in Diao et al. [33], in which these two types of unknown parameters are estimated separately, first the afterslip distribution and then the viscosity. The separate estimation in Diao et al. [33] might ignore the effect of viscoelastic relaxation on the afterslip distribution, because the input postseismic afterslip time series are directly estimated from modeling postseismic deformation with afterslip only.



During the calculation, the layered model (Table 2) is used to calculate all the postseismic deformation time series of the 2009 Mw 6.3 DCD earthquake. For the viscoelastic relaxation, the part beneath the seismogenic layer is globally considered as a viscoelastic half-space of a Maxwell-type body, and the viscosities are varied from 1 × 1017 Pa·s to 1 × 1022 Pa·s with an index increased by one each time to simulate the viscoelastic relaxation deformation. For the afterslip, the fault geometry is fixed as that derived by Liu et al. [3], and the fault plane is discretized into patches with a size of 1-km length by 1-km width to estimate the afterslip distribution. After modeling for the eight time epochs with all possible viscosities and plotting the trade-off curve between the viscosity and RMS misfit error, the preferred viscosity is chosen when the RMS misfit begins to stabilize. It should be noted that in order to better display the trade-off curve, the RMS misfit is plotted against the log value of the viscosity instead of the viscosity.




4. Coseismic Slip in the Layered Model


When modeling the postseismic deformation time series with mechanisms related to the viscoelastic relaxation, coseismic slip is provided as the driving force source and then be thought as one key input parameter [28,29,30,31]. Therefore, a coseismic slip model that matches the postseismic process should be acquired. To achieve this, the dislocation Green’s function should be calculated with the layered model instead of the elastic half-space [32], and the adopted observation dataset should be obtained in the shortest possible time after the earthquake.



Figure 4a shows the coseismic surface displacements for the 2009 Mw 6.3 DCD earthquake derived from two Envisat ASAR descending Track 319 images, which were observed on 14 January 2009 and 16 September 2009, respectively. The interferometric processing was done by using the ROI_PAC software (Caltech/JPL, Pasadena, CA, USA) [49], and the detailed data processing procedures can be found in Liu et al. [23]. The estimation method of coseismic slip distribution is close to that of modeling postseismic deformation with afterslip, with the difference that the postseismic deformation observation is replaced with the coseismic deformation.



Figure 5a,b show the derived coseismic slip distribution and uncertainties in the layered model. The uncertainties refer to the standard deviations in slip estimated from the Monte Carlo calculations with 100 perturbed datasets [3,50]. The fault rupturing model is characterized by three slip asperities, which are located at three fault segments, separately. The maximum slip is about 2.41 m, which is located at the central segment. The slips of three fault segments are mainly located at a depth from 2.5 km to 8.2 km, and are dominated by thrust motion. The estimated geodetic moment is 3.75 × 1018 N·m, equaling to a magnitude of Mw 6.35. The slip uncertainties range from 0 m to 0.12 m, and most of them are less than 0.08 m. For the main slipping fault patches, the uncertainties are obviously less than the corresponding slips, indicating that the slip model in Figure 5a is reliable.



The slip pattern in Figure 5a is generally consistent with that from the homogeneous half-space model [3]. Both models are dominated by thrust motion, have three slip asperities, and show no distinct slip for the upper three rows of fault patches. The maximum slips for the layered and homogeneous models are 2.41 m and 2.44 m, and are both located at a depth between 4.1 km and 4.9 km. Although the pattern and magnitude of these two slip models are very close, we still argue that the model derived from the layered model is a more realistic slip distribution, and adopt it as the driving force source when modeling the observed postseismic deformation time series.



Figure 4b,c show the modeled and residual displacements from the coseismic slip distribution in the layered model. The observed and modeled displacements have a similar deformation pattern, with a decreasing trend from the main deformation zone to both eastern and western sides. The residual displacement shows no distinct deformation zone. These facts indicate that the slip model in Figure 5a can better interpret the observed coseismic surface deformation.




5. Time-Dependent Afterslip and Viscosity


5.1. Time-Dependent Afterslip


Using the modeling method (Section 3) and the observed postseismic deformation time series (Figure 2), the preferred time-dependent afterslip distribution and the viscosity can be estimated simultaneously. Figure 6 shows the temporal and spatial distribution of postseismic afterslip at the eight time epochs of InSAR observations, ranging from 19 days to 334 days after the main shock.



The temporal and spatial features of the postseismic afterslip in Figure 6 are analyzed as follows. On the whole, the afterslip shows continuity and its magnitude increases with time. By 21 October 2009, 54 days after the main shock, the afterslip mainly occurs on the central and eastern segments, and two separate slip zones exist on the central segment. By 30 December 2009, 124 days after the main shock, for the western segments, afterslip begins to occur on the deep patches; for the central segment, afterslip has a trend of extending to the upper zone, the two separate slip zones are almost connected together, and some afterslip begins to occur on the upper-right zone; for the eastern segment, afterslip also has a trend of extending to the upper zone. From 10 March 2010 to 19 May 2010, afterslip for each segment increases with time, and the upper-right slip zone gradually merges into the main bottom-left slip zone for the central segment. From that time until 28 July 2010, 334 days after the main shock, the slip pattern across all fault segments is stable, and its magnitude still increases with time.



The postseismic afterslip distribution 334 days after the main shock (Figure 6h) is then analyzed. It has a complex pattern, with a maximum of 0.302 m slip located at the central segment. For the western segment, the afterslip is dominated by thrust motion with a slight left-lateral strike-slip component; For the central segment, the afterslip is dominated by thrust motion with some right-lateral strike-slip component, except that the main deep slipping zone has a slight left-lateral strike-slip component; For the eastern segment, the afterslip is dominated by thrust motion with some right-lateral strike-slip component. The moment released by the afterslip is 0.91 × 1018 N∙m, which is about 24.3% of the main shock and equals to a magnitude of Mw 5.94. This ratio is consistent with previous findings [28,32,51].



The afterslip in Figure 6 is then compared with that in Feng [22]. The significant afterslip zone at a depth of about 3–9 km can be both resolved by the two results, although there exist some differences. The afterslip in this study indicates an upper-right slip zone on the central segment, which was not detected by Feng [22]. However, Feng [22] indicated a slip zone at depths larger than 10 km, which was not found in this study. The maximum afterslip detected by this study is 0.302 m, which differs from that from Feng [22] by about 0.5 m. The released moment is 0.91 × 1018 N∙m, which is about one times less than that from Feng [22]. The reason for these differences may be that the two studies have adopted different datasets and inversion methods to do the modeling of postseismic deformation observations.



The uncertainties for the afterslip models on each date are estimated from the Monte Carlo calculations with 100 perturbed datasets, respectively (Figure 7) [3,50]. The spatial features of afterslip uncertainties are also complex, with larger values mostly located at the deeper zone. This is consistent with that in Bie et al. [32], which investigated the errors of the postseismic afterslip time series of the 2008 Mw 6.3 Dangxiong earthquake using the same method. The uncertainty time series for each time epochs are obviously less than the corresponding afterslip time series, and the maximum uncertainty of 0.072 m is about three times less than that of the afterslip, indicating that the afterslip distribution time series are reliable in both temporal and spatial features. It is noted that the afterslip time series uncertainties do not show a trend of increasing with time.



The resolution test demonstrates that the input slip model, which has a slip pattern similar to the main slip (larger than 40% of its maximum afterslip) zone in Figure 6h, can be generally well resolved (Figure 8), indicating the afterslip in Figure 6 are spatially reliable. The slip patches in the fault plane at shallower depth are recovered better than those at deeper depth. The reason for this may be the lower spatial resolution in the fault plane at deeper depth for geodetic inversions, as has been demonstrated by other studies [32,50].




5.2. Viscosity


Figure 9 shows the relationship curve between the log viscosity and the RMS misfit for the combined observations at the eight time epochs. It is clear that the RMS misfit decreases rapidly from 0.72 cm to 0.40 cm and then to 0.37 cm when the viscosity increases from 1 × 1017 Pa·s to 1 × 1018 Pa·s and then to 1 × 1019 Pa·s, and that the RMS misfit almost converges to a constant (0.37 cm) after the viscosity increasing to 1 × 1019 Pa·s. This RMS misfit is slightly larger than the average standard deviation (0.31 cm) of the eight postseismic deformation time series (Table 1).



The changing characteristic between RMS misfit and viscosity in Figure 9 is similar to those obtained by Ryder et al. [29] and Bie et al. [32], which modeled the postseismic InSAR deformation time series of the 2008 M 6.4 and M 5.9 Nima-Gaize earthquakes and the 2008 Mw 6.3 Dangxiong earthquake with a combined model of afterslip and viscoelastic relaxation in a Maxwell half-space. In Ryder et al. [29], the viscosity less than which the RMS misfit residual will increase rapidly is viewed as the lower bound on the Maxwell viscosity. Therefore, for this study the lower bound on the Maxwell viscosity is 1 × 1019 Pa·s.



Figure 10 shows the relationship curves between the log viscosity and the RMS misfit for the eight time epochs of postseismic deformation observations, separately. It is clear that for all of the time epochs, beyond the preferred lower bound of the viscosity (1 × 1019 Pa·s) in Figure 9, the RMS misfits almost no longer change with viscosity. This fact potentially indicates that the viscosity does not change significantly during the first 334 days after the main shock. This is inconsistent with the result from Ryder et al. [28], which modeled the postseismic displacement time series following the 1997 Mw 7.6 Manyi earthquake, and suggested that the viscosity may change with time during the first about three years. The possible reason is that the observing time period in this study is about two times shorter than that in Ryder et al. [28]. If observations with longer periods of time are available, whether the viscosity beneath the 2009 Mw 6.3 DCD earthquake zone changes with time, may be confirmed.



The RMS misfits for the eight postseismic deformation observations are 0.07 cm, 0.19 cm, 0.36 cm, 0.40 cm, 0.41 cm, 0.42 cm, 0.44 cm, and 0.47 cm, respectively. These values are in close agreement with the corresponding standard deviations of the observed deformation (Table 1). Figure 2 shows the modeled and residual displacements time series derived from the preferred combination model of afterslip (Figure 6) and viscoelastic relaxation (a viscosity of 1 × 1019 Pa·s). It is clear that the combination model can well explain the observed postseismic deformation time series. For all eight time epochs, the surface uplift along LOS direction can be clearly seen across the hanging wall and has an increasing trend with time, and no significant deformation can be found across the footwall. In addition, the predicted deformation time series across the hanging wall display the spatial features of decreasing from the central to both sides. These temporal and spatial features are consistent with those in the observed deformation time series.





6. Discussion


6.1. Comparison of Inversion Results from Different Methods


To investigate the effect of neglecting viscoelastic relaxation due to the accumulated afterslip on the estimations of the postseismic moment release and the viscosity, the observed postseismic deformation time series were also modeled with afterslip and viscoelastic relaxation driven by coseismic slip only, named as Method 2 in Table 3. Here, the method of modeling with afterslip and viscoelastic relaxation due to both coseismic slip and accumulated afterslip, which is adopted and analyzed above, is named as Method 1. During the modeling, all of the parameters are configured as those in Method 1, with the exception that the viscoelastic relaxation deformation is only driven by the coseismic slip, but not the accumulated postseismic afterslip. With this method, the RMS misfit for all eight observations is consistent with that from Method 1 at the sub-millimeter level. The temporal and spatial distributions of the derived postseismic afterslip are very similar to those derived from Method 1. By 28 July 2010, 334 days after the main shock, the maximum slip, also located at the central segment, is 0.298 m, which is slightly smaller than that (0.302 m) from Method 1; the moment released by postseismic afterslip is 9.02 × 1017 N∙m, which is equal to an Mw of 5.937, compared to a moment of 9.07 × 1017 N·m and an Mw of 5.938 from Method 1. The preferred lower bound of the viscosity is 1 × 1019 Pa·s, which is consistent with that from Method 1. In addition, the RMS misfit almost becomes stable after the viscosity increasing to 1 × 1019. These similarities of the results between Methods 1 and 2 may be mainly related to the magnitudes of the accumulated postseismic afterslip. If the afterslip of the 2009 Mw 6.3 DCD earthquake can have a comparable magnitude to that (a maximum afterslip of 3.8 m 564 days after the main shock ) of the 2011 Mw 9.0 Tohoku earthquake, then the effect of visocoelastic relaxation driven by the accumulated afterslip can be significant [33].



To investigate the effect of neglecting the viscoelastic relaxation due to both coseismic slip and accumulated afterslip on the estimations of the moment released by postseismic afterslip, the observed postseismic deformation time series were also modeled with afterslip only, named as Method 3 in Table 3. During the modeling, all the parameters are configured as those in Method 1, with the exception that the viscoelastic relaxtion deformation due to the coseismic slip and the accumulated postseismic afterslip is ignored. With this method, the RMS misfit for all eight observations is consistent with those from Methods 1 and 2 at the sub-millimeter level. The temporal and spatial distributions of the derived postseismic afterslip resemble those from Method 1 (Figure 6), but some differences still exist. By 28 July 2010, 334 days after the main shock, the maximum slip, also located at the central segment, is 0.274 m, which is 0.028 m smaller than that from Method 1; the moment released by postseismic afterslip is 8.73 × 1017 N∙m (Mw 5.927), which is 0.34 × 1017 N∙m smaller than that from Method 1. Likewise, Wen et al. [11] investigated the postseismic deformation of the 2001 Mw 7.8 Kokoxili earthquake, and found that the maximum slip for the preferred combination model is 0.57 m, close to that from the afterslip model. These similarities of the results between Methods 1 and 3 may be mainly related to the length of postseismic observation time period. If postseismic deformation observations of tens, or even hundreds, of years are available, then the differences of results between Methods 1 and 3 would be obviously identified. In which case, the differences of results between Methods 1 and 2 would also be recognized.



A comparison of inversion results among three methods indicates that the effect of coseismic slip on the afterslip estimations is larger than that of the accumulated afterslip. 334 days after the main shock, the maximum afterslip and moment release for Method 2 are only 0.004 m and 0.05 × 1017 N·m less than those from Method 1, compared to 0.028 m and 0.34 × 1017 N·m for Method 3. This is to be expected because the maximum afterslip 334 days after the main shock is only about 12.5% of the maximum coseismic slip.




6.2. Depth of Afterslip for the 2009 DCD Earthquake


Previous postseismic afterslip studies showed that the afterslip can occur at a depth comparable to the coseismic slip, and/or at a shallower depth, and/or below the coseismic rupture [11,52,53]. The different depths may reveal the frictional heterogeneities in and around the coseismic rupturing zone [33,51].



The analysis of postseismic deformation time series for the 2009 Mw 6.3 DCD earthquake indicates that the afterslip mainly occurs at a depth of about 0–9.1 km, rather than being limited to the very shallow upper crust. In comparison with the depth (about 2.5–8.2 km) of coseismic slip derived with the layered model (Section 4), the afterslip may extend from the coseismic slip zone to the shallower and deeper depths, respectively. In addition, during the observed period, the significant afterslip on a more deeper down-dip extension (larger than 9.1 km) of the coseismic slip can be ruled out, due to that the 2008 Mw 6.3 DCD earthquake mainly occurred at a depth of about 9.5–24.5 km [1,3]. This is consistent with the results of Pollitz et al. [54], which argued that the significant deep afterslip was not the dominant modes of postseismic deformation at the time scales of about one year.



Depths of afterslip for some earthquakes in the Tibet Plateau have been investigated [11,28,29,32]. For the 2008 M 6.4 and M 5.9 Nima-Gaize earthquakes and the 2008 Mw 6.3 Dangxiong earthquake, the estimated afterslips mainly occurred at the comparable depth and the up-dip extension depth of coseismic slip [29,32]. For the 1997 Mw 7.6 Manyi earthquake and the 2001 Mw 7.8 Kokoxili earthquake, the estimated afterslips mainly occurred at the comparable depth and the down-dip extension depth of the coseismic slip [11,28]. The depths of afterslip for these earthquakes in the Tibet Plateau are inconsistent with each other. The reason for this may be related to the different frictional properties of materials beneath each earthquake, or the different time scales of postseismic observations.




6.3. Viscosity Structure Beneath the Qaidam Basin


The viscosity structure beneath the Tibet Plateau has been investigated by modeling other types of observations [55,56,57,58,59,60]. When interpreting the role of the viscosity structure in shaping the present-day topography of the Tibet Plateau, the results suggested that the viscosities range from 1016 to 1020 Pa·s [55,56,57]. When interpreting the role of the viscosity structure in producing the surface GPS velocity field in the India-Asia collision zone and the Northern Tibet Plateau, the results indicated that the viscosities range from 1018 to 1020 Pa·s [58,59]. When explaining the horizontality of palaeolake shorelines in the central Tibet Plateau, the results suggested that the viscosity of the middle to lower crust is at least 1019–1020 Pa·s [60]. These studies demonstrated that the viscosity structure beneath the Tibet Plateau may vary.



Postseismic deformation observations can provide another way of quantitating the regional viscosity structure with better accuracy [16]. In the Tibet Plateau, several studies have investigated the regional viscosity with postseismic deformation. Ryder et al. [28,29] analyzed the postseismic InSAR deformation of the 1997 Mw 7.6 Manyi earthquake and the 2008 M 6.4 and M 5.9 Nima-Gaize earthquakes, and inferred the effective viscosities of about 3–10 × 1018 Pa·s and 3 × 1017 Pa·s beneath the earthquake zones, respectively. Zhang et al. [61] modeled the postseismic leveling observations of the 1973 Luhuo Mw 7.9 earthquake and inferred the viscosities between 1019 Pa·s and 1021 Pa·s beneath the earthquake zone. Ryder et al. [30] and Wen et al. [11] modeled the postseismic InSAR and/or GPS time series of the 2001 Mw 7.8 Kokoxili earthquake and obtained the steady-state viscosities between 1 × 1019 Pa·s and 2 × 1019 Pa·s below the earthquake zone. The differences between them might be related to the different time periods and observations used for modeling. With the postseismic GPS observations of the 2008 Mw 7.9 Wenchuan earthquake, Xu et al. [12] found that the viscosity beneath the earthquake zone is larger than 3 × 1018 Pa·s. By fitting the postseismic InSAR observations of the 2008 Mw 6.3 Dangxiong earthquake, Bie et al. [32] argued a viscosity of 1 × 1018 Pa·s below the earthquake zone.



The 2009 Mw 6.3 DCD earthquake is located at the northern side of the Qaidam Basin (Figure 1), and in this study the preferred lower bound of the viscosity beneath this event is 1 × 1019 Pa·s. This value is consistent with those derived from the postseismic deformation of the 2001 Mw 7.8 Kokoxili earthquake [11,30]. It is known that these two earthquakes are located on the northern and southern sides of the Qaidam Basin, respectively. The consistency between the viscosities derived from the postseismic deformation observations of the two earthquakes potentially proves their reliabilities.



The derived viscosity in this study differs one or two orders of magnitude from those estimated from the postseismic deformation of the 2008 M 6.4 and M 5.9 Nima-Gaize earthquakes, the 2008 Mw 7.9 Wenchuan earthquake, and the 2008 Mw 6.3 Dangxiong earthquake [12,29,32]. These events are located on the different parts of the Tibet Plateau, compared to the 2009 Mw 6.3 DCD event. This inconsistency may be related to their relative positions in the Tibet Plateau. In addition, from another side, this fact potentially validates that the viscosity structure beneath the Tibet Plateau may vary laterally.





7. Conclusions


On 28 August 2009, an Mw 6.3 DCD earthquake occurred at the northern side of the Qaidam Basin. We modified a method of modeling the postseismic deformation time series with the combination model of afterslip and viscoelastic relaxation, and then can simultaneously estimate the time-dependent afterslip distribution and the viscosity beneath the earthquake zone. To obtain a more rational driving force source of viscoelastic relaxation, we invert for a coseismic slip model in the layered model, which gives a slip pattern with a maximum slip of 2.41 m comparable to that in the elastic half-space model. With the postseismic deformation observations, we investigate the time-dependent afterslip of the 2009 Mw 6.3 DCD earthquake and the viscosity beneath the northern side of the Qaidam Basin.



The combination model of afterslip and viscoelastic relaxation can interpret the observed postseismic InSAR time series, with a total RMS misfit of 0.37 cm comparable to the average uncertainty of all of the observations. The preferred time-dependent afterslip shows continuity and increases with time, which is mainly located at a depth from the surface to about 9.1 km underground. The changing trend of the moment released by afterslip indicates that the postseismic afterslip is likely to continue 334 days after the main shock. By 28 July 2010, the moment released by the afterslip was 0.91 × 1018 N∙m, about 24.3% of the main shock, and equaled a magnitude of Mw 5.94. The simultaneously estimated lower bound of the viscosity beneath the northern side of the Qaidam Basin is 1 × 1019 Pa·s, close to that beneath the southern side of the Qaidam Basin. This viscosity differs from those beneath other parts of the Tibet Plateau potentially indicates that the viscosity structure beneath the Tibet Plateau may vary laterally.
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Figure 1. Tectonics associated with the 2009 Mw 6.3 DCD earthquake. The bottom-left and bottom-right insets show the location of the main figure, respectively. The light blue rectangle is the spatial extent of the Envisat Advanced Synthetic Aperture Radar (ASAR) descending Track 319 images, with AZI and LOS referring to satellite azimuth and look directions. The focal mechanisms of the 2008 and 2009 events are from United States Geological Survey (USGS) [4]. The two purple rectangles are the surface projections of the main fault rupturing zones during the 2008 and 2009 events [3,21]. The black and yellow hollow circles are the aftershocks of the 2008 and 2009 events, respectively [4]. The purple and black lines are the active faults from Peltzer and Saucier [24] and Deng et al. [5], respectively. 
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Figure 2. (a–d) Observed postseismic deformation time series at the first four time epochs of InSAR observations [23]; (e–h) modeled postseismic deformation time series from the combination model of afterslip and viscoelastic relaxation; and (i–l) residual deformation time series by subtracting (e–h) from (a–d); (m–x) are for the last four time epochs of InSAR observations [23]. The dates and days after the 2009 Mw 6.3 DCD earthquake are labeled at the top-right of subfigures (a–d) and (m–p). XCD is the abbreviated form of Xiaochaidan. Positive and negative values indicate motions toward and away from the satellite in the line-of-sight (LOS) direction, respectively. 
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Figure 3. Flowchart of modeling postseismic deformation time series with a combination model of afterslip and viscoelastic relaxation. Both coseismic slip and the accumulated afterslip models occurring before the current time epoch are used to drive the viscoelastic relaxation. 
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Figure 4. (a) Observed coseismic displacements for the 2009 Mw 6.3 DCD earthquake from two Envisat ASAR descending Track 319 images; (b) modeled displacements from the coseismic slip distribution in the layered model; and (c) residual displacements. Three rectangles in subfigure (a) indicate the surface projections of the fault geometry model. XCD is the abbreviated form of Xiaochaidan. Positive and negative values indicate motions toward and away from the satellite in the LOS direction, respectively. 
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Figure 5. (a) Coseismic slip distribution of the 2009 DCD earthquake in the layered model; and (b) slip uncertainties estimated from the Monte Carlo calculation with 100 perturbed datasets. Green arrows in (a) indicate the slip direction on the corresponding fault patch. 
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Figure 6. (a–h) Temporal and spatial distribution of postseismic afterslip, corresponding successively to the eight time epochs of InSAR observations. The characters labeled in all subfigures are the corresponding observation dates. Green arrows in all subfigures indicate the slip direction on the corresponding fault patch. 
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Figure 7. (a–h) Corresponding uncertainties for the afterslip models in Figure 6. These uncertainties for each date are estimated from the Monte Carlo calculation with 100 perturbed datasets, respectively. 
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Figure 8. Resolution test. (a) Input slip model; and (b) recovered slip model. The input model in (a) has a slip pattern similar to the main slip (larger than 40% of its maximum afterslip) zone in Figure 6h. 
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Figure 9. Relationship curve between the log viscosity and the RMS misfit for the combined observations at the eight time epochs. The blue hollow star denotes the preferred lower bound of the viscosity, 1 × 1019 Pa·s. Beyond this value the RMS misfit nearly no longer changes with viscosity. 
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Figure 10. (a–h) Relationship curves between the log viscosity and the RMS misfit for the eight time epochs of postseismic deformation observations. For all of the time epochs, beyond the preferred lower bound of the viscosity in Figure 9, the RMS misfits almost no longer change with viscosity. 






Figure 10. (a–h) Relationship curves between the log viscosity and the RMS misfit for the eight time epochs of postseismic deformation observations. For all of the time epochs, beyond the preferred lower bound of the viscosity in Figure 9, the RMS misfits almost no longer change with viscosity.
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Table 1. Observation data used in this study.







Table 1. Observation data used in this study.







	
Date No.

	
Date

	
T a (Days)

	
Alpha b (km)

	
Sigma c (cm)

	
RMS d (cm)

	
Statistic Value e (cm)






	
1

	
16 September 2009

	
19

	
4.72

	
0.07

	
0.07

	
0.31/0.37




	
2

	
21 October 2009

	
54

	
4.72

	
0.20

	
0.19




	
3

	
30 December 2009

	
124

	
4.72

	
0.36

	
0.36




	
4

	
10 March 2010

	
194

	
4.24

	
0.36

	
0.40




	
5

	
14 April 2010

	
229

	
4.40

	
0.35

	
0.41




	
6

	
19 May 2010

	
264

	
4.84

	
0.34

	
0.42




	
7

	
23 June 2010

	
299

	
5.56

	
0.37

	
0.44




	
8

	
28 July 2010

	
334

	
6.12

	
0.46

	
0.47








a Days after the 2009 DCD earthquake; b The spatial length of observation errors calculated with 1-D covariance function [39]; c The standard deviation of observation errors calculated with 1-D covariance function [39]; d The root mean square (RMS) misfit calculated by the combination model of afterslip and viscoelastic relaxation; e The values before and after slash are the average standard deviation and the total RMS misfit, respectively.
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Table 2. Layered model used in this study.







Table 2. Layered model used in this study.







	
Layer No.

	
Thickness (km)

	
Vp (km/s)

	
Vs (km/s)

	
Density (kg/m3)

	
Viscosity (Pa·s)






	
1

	
8

	
5.19

	
3.00

	
2430.8

	
N/A




	
2

	
15

	
6.31

	
3.65

	
2790.6

	
N/A




	
3

	
Infinite

	
6.06

	
3.50

	
2707.6

	
Variable
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Table 3. Statistics of inversion results from different methods.







Table 3. Statistics of inversion results from different methods.







	
Method

	
Maximum Slip a (m)

	
Moment a (1016 N·m)

	
Mw a

	
Viscosity (Pa·s)






	
1

	
0.302

	
90.68

	
5.938

	
1 × 1019




	
2

	
0.298

	
90.22

	
5.937

	
1 × 1019




	
3

	
0.274

	
87.26

	
5.927

	
N/A








a Values for 28 July 2010, 334 days after the main shock.








© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC-BY) license (http://creativecommons.org/licenses/by/4.0/).
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