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1. Introduction
The Chaman Fault System is a left-lateral transform boundary between the Indian and Eurasian plates (Figure 1a). 
It is known for its low seismicity, attributed to either a long recurrent interval of large earthquakes or aseismic 
creep (Ambraseys & Bilham, 2003). Szeliga et al. (2012) detected the secular crustal deformation over the areas 
mainly from GPS data. They evaluated that 55%–70% of the predicted plate boundary motion accommodated the 
fault's slip. Recent developments of satellite interferometric synthetic aperture radar (InSAR) have also allowed 
us to examine the crustal deformation around the fault system. Barnhart (2016) and Fattahi and Amelung (2016) 
proposed the presence of creeping and locked zones by analyzing spatially much broader and temporally more 
extended coverage based on Envisat InSAR data.

Meanwhile, Furuya and Satyabala (2008) detected a long-lasting (>1 year) afterslip due to a moment-magnitude 
(Mw) 5.0 earthquake in 2005 along the Chaman fault, which postseismic/coseismic moment ratio (PCMR) of 
5.6 is the largest ever compiled (Alwahedi & Hawthorne, 2019). Furthermore, along the Ghazaband fault that 
belongs to the Chaman Fault System, Fattahi et al. (2015) also reported a long-lasting afterslip associated with 
a Mw 5.5 earthquake, whereas the PCMR was ∼0.7. We may thus speculate that smaller-magnitude earthquakes 
could have triggered long-lasting afterslip that accommodates the relative plate motion to the fault slip, which 
could look like creeping signals in case of infrequent observations. However, to test the hypothesis and examine 
further details, ground-based geodetic and seismological measurements have been lacking around the Chaman 
Fault System.

Since the 2005 Mw 5.0 earthquake, no larger earthquakes have indeed occurred along the Chaman fault until May 
of 2016 (Figure 1b). The United States Geological Survey (USGS) report indicates that the first event on May 
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not exceed ∼0.3, but there have been limited estimates for moderate-to-small earthquakes. Three M5-class 
earthquakes and one M4.7 earthquake occurred along the Chaman fault, Pakistan, on May 13 and July 10, 
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evolution of the co- and post-seismic fault slip and its velocity. Because of the long-lasting (>1 year) afterslip, 
the estimated PCMRs of the M5-class events and M4.7 event were 0.7 ± 0.2 and 8.3 ± 2.2, respectively, 
which are both larger than those of M > 6 earthquakes but consistent with previous events that occurred on the 
Chaman Fault System. Unlike in case of large earthquakes, geodetic inversions are not able to resolve spatial 
relationships between coseismic slip and afterslip. In case of a non-complementary slip distribution, one 
explanation might be heterogeneity of friction properties on the fault surface, while other interpretations are 
possible.

Plain Language Summary An earthquake is a rapid slip on a fault and generates coseismic 
deformation on the surface. Due to the advent of a radar remote sensing tool called InSAR, we can now map 
coseismic and postseismic deformation due to slow afterslip on the fault. While the postseismic slip is often 
much smaller than the coseismic one, particularly for large earthquakes, some reports suggested increasing 
postseismic slip with decreasing coseismic magnitude, but actual observation data are limited. Here we analyze 
co- and postseismic deformation due to M5-class earthquakes on a continental strike-slip fault to show that 
postseismic moment release can be comparable to, or even more significant than the coseismic one. The 
apparent overlap of co- and postseismic slip distributions might indicate heterogeneous friction properties on 
the fault surface, while there would be other possible interpretations.
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13 consists of a triplet with Mw 5.2, 4.7, and 5.5, whereas the second event with body-wave-magnitude (mb) 4.7 
occurred on July 10 by ∼25 km to the northeast. Hereafter, we call the first M5-class triplet as Event 1 and the 
later mb 4.7 earthquake as Event 2. As indicated by the use of mb, Event 2 was too small in terms of its seismic 
moment to determine the moment-magnitude Mw. Notably, the epicenters of both events seem to overlap with the 
rupture area of the 1892 Chaman earthquake, with estimated Mw ranging from 6.5 to 6.7 (Bilham et al., 2019).

The PCMR estimates for large (M  >  6) earthquakes are roughly around 0.3 or less and have no systematic 
trend with coseismic magnitude (Alwahedi & Hawthorne, 2019). This is consistent with a self-similar model 
of earthquakes based on the assumption of constant stress drop over a wide range of seismic moments (e.g., 
Abercrombie, 1995). Toward the limit of smaller earthquakes, however, the self-similar model has been conten-
tious. In particular, from a rich record of repeating earthquakes along the Parkfield segment of the San Andreas 
Fault, Nadeau and Johnson (1998) suggested that stress drop increases with decreasing seismic moment; similar 
relationships have been confirmed from repeating earthquakes in different tectonic settings (Chen et al., 2007; 
Igarashi et al., 2003). On the theoretical side, Chen and Lapusta (2009) simulated repeating earthquakes based 
on the rate-and-state friction (RSF) law (Dieterich, 2007), suggesting that aseismic slip may increase with de-
creasing coseismic magnitude. However, the PCMR for moderate to smaller earthquakes is not well-constrained. 
Estimating the spatial and temporal distribution of fault slip and constraining the PCMR have implications for 
possible size-dependence in the dynamics of earthquakes and frictional properties of faults (Alwahedi & Haw-
thorne, 2019). The 2016 moderate earthquakes along the Chaman fault provide us with an excellent opportunity 
to examine the PCMR.

Using the Sentinel-1 InSAR data sets from 2014 to 2018, we perform a time-dependent fault slip and slip velocity 
inversion based on Kalman filter that has been developed for geodetic time-series data (e.g., Bartlow et al., 2014; 
Bekaert et al., 2016; Miyazaki et al., 2004, 2006; Segall & Matthews, 1997; Segall et al., 2000; Shirzaei & Bürg-
mann, 2013; Xue et al., 2020). In contrast to the complementary location of afterslip to coseismic slip in M > 6 

Figure 1. (a) Tectonic setting of the Chaman Fault System. (b) Expanded view of the rectangle in (a) and the nearby earthquakes. Event 1 (M5.2, 4.7, and 5.5) on 
May 13, 2016 and Event 2 (M4.7) on July 10, 2016 with stars are the target in this study. The locations are determined by United States Geological Survey (USGS). 
Other circles in red and yellow indicate earthquakes larger or smaller than M4.5, respectively. Also shown is the M5.0 earthquake in 2005 examined by Furuya and 
Satyabala (2008). The red rectangle corresponds to the analysis area in Figure 3 shown in the Universal Transverse Mercator projection.
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earthquakes, our inversions are not able to resolve details of relative location of afterslip and coseismic slip. We 
discuss the nonuniqueness of the slip estimates and its implication for the inversion procedure, and speculate on 
possible mechanisms of complementary and non-complementary distributions of co- and post-seismic slip.

2. Materials and Methods
2.1. InSAR Time-Series Data

We use European Space Agency's Sentinel-1A Interferometric Wide swath mode 75 SAR images from October 
2014 to August 2018 to generate 428 interferograms in total, using a commercial software package by Gamma 
remote sensing (Wegmüller & Werner, 1997). Topographic phases are corrected using the 30m mesh Digital 
Elevation Model by Shuttle Radar Topography Mission (Farr et al., 2007). We perform small-baseline subset 
(SBAS)-type time-series analysis (e.g., Berardino et al., 2002; Schmidt & Bürgmann, 2003), using the LiCSBAS 
package by Morishita et al. (2020), over the clipped 50 𝐴𝐴 ×  50 km2 region (Figure 1); see Supporting Informa-
tion S1 for further details. Because the first SAR imaging after Event 1 and 2 was done by 5 and 19 days after each 
event, we, unfortunately, missed the earlier slip evolutions, particularly for Event 2. We thus use the seismological 
coseismic moment estimates by USGS to compute the PCMR for each event; we summed up each moment of 
the triplet in Event 1. Our previous studies indicate that both seismological and InSAR-based estimates of the 
coseismic moment are mostly consistent (e.g., Furuya & Yasuda, 2011; Himematsu & Furuya, 2016).

2.2. Time-Dependent Fault Modeling

Our time-dependent inversion follows the linear Kalman filtering (LKF) by Bekaert et al. (2016), but there are 
a few differences. As we removed a planar ramp in deriving the InSAR time series, no long-wavelength secular 
deformation signals are left, and we do not estimate plate motion velocity. Unlike Bartlow et al. (2011) and Beka-
ert et al. (2016), we do not apply the non-negativity constraint on both slip and slip velocity. As noted below, we 
set non-zero slip and velocity as the initial values to estimate the afterslip, which would be already a significant 
constraint. Moreover, as LKF is incapable of estimating temporally sudden changes such as coseismic slip, we 
separately perform the modeling before and after Event 1; we set zero initial values for the period before Event 
1. To evaluate the afterslip for Event 1 and 2, we provide coseismic slip for both Event 1 and 2 as the initial val-
ues in the Kalman filter, which we estimated by a conventional damped least squares inversion (e.g., Furuya & 
Yasuda, 2011; Himematsu & Furuya, 2016). The epoch-by-epoch least squares solutions were helpful to infer the 
variance-covariance matrix for InSAR observation uncertainties (Figure S1 in Supporting Information S1). Initial 
slip velocities are also necessary, which we derived so that the product of the slip velocity and the time interval 
could become consistent with the cumulative slip. We set the initial uncertainties in the state vector to be 0.5 cm 
slip and 10−8 cm/day slip velocity as in Bekaert et al. (2016).

In the time-dependent slip inversion based on the Kalman filter, two hyperparameters control data fitting and 
the smoothness in spatial slip distribution and temporal slip evolution. We perform a grid-search over a range of 
hyperparameters to narrow down the “optimum” hyper-parameters, running the LKF from the first post-earth-
quake epoch to February 13, 2018, to save computation time. Following Miyazaki et al. (2006), we examine the 
objective function, Φ(s) = ||d – Gs||2 + λ2 (||∇2s||2 + ||∇2𝐴𝐴 𝐴s ||2) + α2 (||s||2 + ||𝐴𝐴 𝐴s ||2); d is data, s is slip, G is a Green 
function of elastostatic deformation, and λ and α are the hyperparameters which weight the smoothness and min-
imum norm constraints. Shown in Figures 2a–2c are the squared misfit residuals ||d – Gs||2, smoothness ||∇2s||2 + 
||∇2𝐴𝐴 𝐴s ||2 and norm ||s||2 + ||𝐴𝐴 𝐴s ||2 as a function of the two parameters. We see an apparent trade-off between the misfit, 
solution roughness, and norm. As was the case in Bartlow et al. (2014), Figure 2d indicates that there is no clear 
“minimum.” We thus set α = 10−5 and λ = 10−2 as our preferred hyperparameters and visually checked that the 
results were essentially the same, whatever the nearby hyperparameters were used. We use the same hyperparam-
eters for the pre-earthquake InSAR time series.

3. Results
Figure 3 shows the selected six sequences of the observed, calculated LOS changes, and their misfit residuals at 
the indicated epochs in days after Event 1/2; Figure S2 in Supporting Information S1 shows results for other ep-
ochs. The spatial pattern of the LOS changes after the Event 1 is consistent with the left-lateral strike-slip motion 
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in the near-vertical fault of Event 1 and 2. The amplitude increase and expansion of the LOS change over time by 
Event 1 and 2 are apparent in the earlier stage near the epicenter. Also, we notice that the LOS changes by Event 
2 are discontinuous across the Chaman fault, which is not the case in Event 1.

Figure 4 shows the estimated cumulative slip and slip velocity at each epoch at the same six epochs in Figure 3; 
see Figures S3 in Supporting Information S1 for other epochs and formal errors. Although nearly all the estimates 
at any depths in Figure 4 are well beyond the formal errors (Figures S3 in Supporting Information S1), we regard 
those estimates near the bottom and edges as artifacts. The pre-earthquake estimates in Figures 4a and 4g clear-
ly illustrate artifacts, presumably derived from accounting for the broadly distributed uncorrected tropospheric 
delays despite the absence of evident LOS changes across the fault (Figure 3a); see also Figure S2 in Supporting 
Information S1. The broader the LOS change signals, the deeper and larger slips are estimated. As evident from 
the estimates after the earthquake (Figure 4), artifact slips will accumulate over time. On the contrary, we regard 
the persistently appearing estimates at shallower depths as genuine fault slip and slip velocity.

At earlier epochs, the slip areas are essentially circular in both Event 1 and 2, around the depths of ∼7 and 3 km, 
respectively. Although the afterslip of Event 2 reaches the surface, that of Event 1 does not; we have confirmed 
by plotting the slip distribution with a logarithmic scale, and the slip reached 3–4 cm. The rupture to the surface 
by Event 2 is responsible for the discontinuous LOS changes across the fault. Also, there exist apparent slip gaps 
between Event 1 and 2. If we roughly evaluate the slip gap areas as 30 × 10 km and assume an average slip of 
0.5–1.0 m, the corresponding earthquake magnitude would be Mw 6.4–6.6, consistent with the 1892 event and 
suggests that they were the slipped area in 1892.

Figure 2. Trade-off effects of the two hyperparameters on the (a) misfit residual, (b) solution smoothness, and (c) norm over the prescribed range values. Shown with a 
dashed square in (d) is our detailed search with the narrowed hyperparameters. The red circle indicates our preferred parameters in this study.
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Based on the moment release evolution in Figure 5, we estimate the PCMR as of 2017.5 are 0.7 ± 0.2 and 
8.3 ± 2.2 for Event 1 and 2, respectively. The two PCMR estimates appear significantly different from each 
other. However, comparing with the previous estimates around Chaman Fault System, the PCMR for Event 1 is 
the same as that on the 2007 Ghazaband Mw 5.5 earthquake (Fattahi et al., 2015), and that for Event 2 is even 
larger than the estimate (5.6) on the 2005 Mw 5.0 earthquake by Furuya and Satyabala (2008). The PCMR of 
0.7 for Event 1 may appear small but is still significant, compared with other M > 6 earthquakes (Alwahedi & 
Hawthorne, 2019; Fattahi et al., 2015).

In both Event 1 and 2, Figure 5 indicates that the moment release rates were higher during the earlier period, 
while Figure 4 tell that the afterslip lasted more than one year. Although we can observe, to some extent, an 
expansion of the slip area both laterally and toward shallower depth, the increasing cumulative slip amplitude 
is essential to generate the large PCMR. Inspecting Figure 4 in detail, we notice that the slip patches with faster 
slip velocity do not quickly slow down but keep slipping for more than one year while outer patches are slowing 
down (Figure 4). Moreover, those fastest slip patches stay inside the coseismic ones where the earthquakes nucle-
ated (Figures 4k and 4l). The triangular mesh size is less than 2.5 km at a depth of about 5 km, where the most 
significant slip was detected. Considering that a uniform slip of 0.3 m over 3.0 𝐴𝐴 ×  1.5 km2 area gives Mw 5, we 
may conclude that the largest co- and postseismic slip patches are noncomplementary. We should keep in mind, 
however, that the inferred slip distribution is not unique as discussed later.

The maximum afterslip velocities of Event 1 and 2 depend on the coseismic magnitude, whereas coseismic slip 
velocities are known to be constant over a wide range of earthquake magnitude. Slip velocities during the early 
stage after Event 1 and 2 are on the order of 6 × 10−4 m/d and 3 × 10−4 m/d, respectively. The 2005 Mw 5.0 event 
also reveals slip velocities on the order of 10−4 m/d or less in the beginning period (Furuya & Satyabala, 2008).

4. Discussion and Conclusion
RSF law can explain a variety of processes during the earthquake cycle, including initiation of an earthquake, 
subsequent development of coseismic, postseismic afterslip, and interseismic slip on a fault, by the spatial varia-
tions of steady rate-and-state parameters a−b on fault (e.g., Dieterich, 2007; Scholz, 1998). A velocity weakening 
(VW) region with negative a−b loses frictional strength with increasing slip velocity and is potentially seismo-
genic. For the slip to grow as an earthquake, the VW region needs to be greater than a critical nucleation size 
(Chen & Lapusta, 2009; Rubin & Ampuero, 2005). On the other hand, a velocity strengthening (VS) region with 
positive a−b gains its strength with increasing slip velocity, surrounding VW region, and hosts stable aseismic 

Figure 3. Selected sequences of the observed (a–f), calculated (g–l) LOS changes, and their misfit residuals (m–r). The bottom of each panel is the number of days 
after Event 1 on May 13, 2016, and Event 2 on July 10, 2016. Satellite flight and radar illuminating direction are shown in (a). The location of the fault model is shown 
in (g).
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slip during both interseismic and postseismic stages. Spatial distribution of coseismic slip and postseismic af-
terslip has been demonstrated to be complementary by, for instance, Miyazaki et al. (2004) for the 2003 M8.0 
Tokachi-Oki earthquake, Hsu et al. (2006) for the 2005 M8.7 Nias-Simeulue earthquake, and Barbot et al. (2009) 
for the 2004 M6.0 Parkfield earthquake.

In contrast, the postseismic afterslip of both Event 1 and 2 most significantly took place near the center of the 
slip patches and lasted more than a year. The co-location of co- and post-seismic slip is different from the spatial 
distribution of the afterslip by M > 6 earthquakes but is consistent with our previous report (Furuya & Satyaba-
la, 2008). Fattahi et al. (2015) also reported the significant overlap of co- and post-seismic slip patches in the Mw 
5.5 Ghazaband earthquake in the Chaman Fault System. Moreover, long-lived slip velocity patches are estimated 

Figure 4. Selected snapshots for the estimated slip (a–c, d–f first, and third rows) and slip velocity (g–i, j–l second, and fourth rows). Numbers in the upper right of 
each panel are the elapsed days before and after Event 1 on May 13, 2016, and Event 2 on July 10, 2016. We performed time-dependent inversion separately before and 
after the earthquakes. Therefore, slip estimates from (b), (c), and (d) to (f) are cumulative ones. We include the slip values inside the two white rectangles in the first 
and third rows for moment release calculation. See Figure 3g for the location and geometry of the fault model.
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near the center (Figure 4), which is in conflict with the complementary slip evolution inferred in larger (M > 6) 
earthquakes.

The inferred slip distributions are, however, not unique. We performed simple synthetic experiments to show the 
other possible solutions. At the 4 epochs (c, d, e, and f) in Figure 3, we modified the slip amplitude near the center 
of the patches close to the co-seismic values and made the slip amplitude in the surrounding patches larger by 
a factor of 1.2–1.3, so that the co- and post-seismic slip distributions can appear complementary; VW region is 
surrounded by VS region. Figures S4–S7 in Supporting Information S1 show not only consistent moment release 
but also a surface deformation map that is indistinguishable from the original calculated one. These synthetic 
experiments, however, do demonstrate that complementary co- and post-seismic slip distributions cannot be re-
solved in the present size of earthquakes unless we impose an additional constraint on how the slip and velocity 
should distribute on the fault surface. Moreover, even if the complementary co- and postseismic slip distributions 
are consistent with those in the previous large earthquakes, it is still uncertain if RSF law can reasonably account 
for the large PCMR and the long duration of afterslip with the a−b distribution noted above.

It is difficult to interpret the inferred noncomplementary co- and post-seismic slip distributions as they are, using 
the RSF law, because steady rate-and-state parameters a−b for the VW region are assumed to be negative over a 
range of slip velocities. Namely, if the VW region is significantly larger than a critical nucleation size, the entire 
VW region will undergo seismic slip that is only stopped by the surrounding VS region. Thus no postseismic 
afterslip can be expected inside the VW region (e.g., Chen & Lapusta, 2009) as demonstrated in the studies 
of M > 6 earthquakes (e.g., Lindsey & Fialko, 2016). However, it is possible to regard the noncomplementary 
co- and postseismic slip distributions as apparent ones that were derived due to the lack of resolution. Namely, 
if the friction parameters are heterogeneously distributed with characteristic spacings on the order of km-to sub-
km-scale (Furuya & Satyabala, 2008; Jiang & Fialko, 2016; Shaddox et al., 2021), we may expect both moderate 
earthquakes and long-lasting afterslip on the same patch with a scale greater than km. Although we have modeled 
as a single event, the three earthquakes of Event 1 may possibly correspond to three individual VW regions that 
could not be resolved in this study. Jiang and Fialko (2016) explicitly considered heterogenous friction parameters 
on a fault surface in their numerical model, aiming to account for the apparent inconsistency between the seis-
micity and geodetically inferred locking depth at Anza section of the San Jacinto Fault. Similar forward modeling 
is necessary not only to reproduce the observed long-lasting afterslip but also to understand the present status of 
the ruptured area in 1892.

Figure 5. Cumulative moment release for Event1 (red circle, linear Kalman filtering (LKF)) and Event 2 (blue circle, LKF) 
calculated from the estimated slip patches inside the white lines in Figure 4. Also shown are the estimated moment release 
from the same LKF from the pre-earthquake data (red and blue plus signs, LKF) and the epoch-by-epoch damped least 
squares (asterisks, Lsq). Seismological coseismic moment estimates for Event 1 and 2 by United States Geological Survey are 
shown with red and blue crosses, respectively.
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We also note that some experimental and theoretical studies (e.g., Bar-Sinai et  al.,  2014; Kaproth & Mar-
one, 2013; Shimamoto, 1986) have indicated a transition of the a−b from negative (VW) to positive (VS) with 
increasing slip velocities. The transition effect from VW to VS with a cutoff slip velocity can generate slow but 
faster slip than plate motion velocity and has been incorporated in many simulations of slow slip events (SSE, 
e.g., Hawthorne & Rubin, 2013; Im et al., 2020; Matsuzawa et al., 2010; Shibazaki & Iio, 2003), but the occur-
rence of regular earthquakes is prohibited. However, if there were an enhanced VW before transition to VS, it 
could generate both small to moderate regular earthquakes and afterslip, which may be dubbed as nonsilent SSE. 
Although the idea is speculative, some experimental data show a complicated dependence of the friction on 
sliding velocity (e.g., Bar-Sinai et al., 2014), and it would be another possible scenario. Further experimental and 
theoretical validations are needed.

We can conceive other possible processes by changes in the effective normal stress without tuning frictional pa-
rameters in RSF law. Dynamic ruptures on fault will generate tensile microcracks, reduce pore fluid pressure near 
the fault, and enhance effective normal stress. Meanwhile, frictional heating following the dynamic rupture can 
also raise the pore fluid pressure on the fault and thus will reduce effective normal stress (e.g., Segall et al., 2010; 
Suzuki & Yamashita, 2009). Although these theoretical studies aim to understand the mechanism of SSEs in 
subduction zones, we may expect similar processes in continental faults. However, it is uncertain if and how pore 
fluids can be supplied in the shallow continental faults, and further observational and experimental studies are 
necessary.

Data Availability Statement
The original Sentinel-1 SAR data are freely available from Copernicus Open Access Hub https://scihub.coper-
nicus.eu/dhus, whereas user registration is needed. We used IW-mode SLC data along the ascending track 42. 
Each granule name is listed in Table S1 in Supporting Information S1. InSAR time-series data from LiCSBAS 
are saved as HDF files, which are available at https://doi.org/10.5281/zenodo.4381296. Those HDF files were 
imported in MATLAB to perform the time-dependent inversion. The MATLAB M-files are available at https://
doi.org/10.5281/zenodo.5635536.
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