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Abstract
We model interseismic plate coupling distribution on the Main Himalayan Thrust (MHT) in Nepal through the inversion of secular GNSS velocity data. To complement previously published data, we compile velocity data from ten additional continuous stations to improve spatial resolution in central and mid-western Nepal. A regional non-planar structural model is adopted to reproduce the MHT fault plane. In general, the coupling pattern seems nearly binary, indicating that transition from full coupling to decoupling is occurring sharply in very narrow zones. In eastern Nepal (> 84.5ºE), plate coupling is very strong from the surface to intermediate depths, including the source region of the 2015 Mw 7.8 Gorkha earthquake. Geodetically estimated slip deficit rates are consistent with the rupture history of great earthquakes in the east revealed by geomorphological observations. In the west (< 83.0ºE), a weakly coupled zone extends laterally at intermediate depths, whereas the coupling in the shallower part remains very strong. Although the slip deficit rate in the west is significantly smaller than that in the east, seismic moment accumulated, since the last complete rupture in 1505 may be capable of generating a future great event. In central Nepal, estimated slip deficit rates are comparable with those in the east, and no great event has been documented over the past several centuries. Thus, the seismic risk may be most urgent in central Nepal. The development of local seismicity and crustal deformation should be carefully monitored.
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Introduction
The Mw 7.8 Gorkha-Nepal earthquake on April 25, 2015 has reminded us again of the high seismic hazard in the Himalayan countries, in the convergence zone between the Indian and Eurasian plates. Interseismic tectonic shortening across the Himalayas has been released by slip along a major basal thrust fault, the Main Himalayan Thrust (MHT), which divides India and Eurasia (Bilham et al. 2001; Avouac 2007). Major destructive earthquakes have been documented in the past several centuries along the MHT (Ambraseys and Douglas 2004), and the 2015 Gorkha earthquake was the largest event in Nepal since the 1934 Mw 8.2 Bihar earthquake (Sapkota et al. 2013) (Fig. 1). In central and western Nepal, just west of the 2015 rupture zone, is the 400-km-long “Central Seismic Gap”, where no destructive earthquake has occurred over the last several centuries since a major seismic event in 1505. Recent surface displacement data from the Global Navigation Satellite System (GNSS) network across the Himalayan arc indicate that about half of the India–Eurasia convergence has been accommodated in this arc (Ader et al. 2012; Stevens and Avouac 2015). Plate coupling distribution and its temporal evolution are of great concern for understanding elastic strain build-up on the plate boundary zone and estimating ultimate strain release by future earthquakes.[image: ]
Fig. 1Great earthquakes in Nepal since 1500 AD. Gray-shaded boxes show approximate extents of source region of the historical events (Ambraseys and Douglas 2004; Bollinger et al. 2016). Yellow arrows show Indian plate motion relative to the Eurasian plate predicted from the ITRF2014 plate motion model (Altamimi et al. 2017). Red line delineates surface trace of the Main Himalayan Thrust, the plate boundary between India and Eurasia (Hubbard et al. 2016). Circles show locations of continuous GNSS stations used in this study; purple: NERDiM stations constructed in 2016–2018 and white: pre-existing stations whose data are available through GAGE or IGS


Interferometric Synthetic Aperture Radar (InSAR) measurements delineated detailed surface deformation patterns caused by the 2015 Gorkha earthquake (Lindsey et al. 2015; Kobayashi et al. 2015; Wang and Fialco 2018). This may be the best example showing that InSAR is particularly effective in monitoring this region where continuous GNSS network deployment is limited. However, InSAR measurement can collect only line-of-sight (LOS) displacements, and failed to detect the most dominant coseismic signal at the time of the 2015 Gorkha earthquake; that is, horizontal elastic rebounds exceeding 1.8 m nearly parallel to the descending path of the SAR satellite (Zhang et al. 2015). Thus, densification of the GNSS network, if it can be realized soon, may contribute to provide a more complete dataset of surface deformation in conjunction with InSAR measurements.
Soon after the 2015 event, the Nepal–Japan joint project “Integrated Research on Great Earthquakes and Disaster Mitigation in Nepal Himalaya” (hereinafter called NERDiM: Nepal earthquake research and disaster mitigation) was started (Japan Science and Technology Agency 2023). Under this project, the authors organized a geodetic group and constructed continuous GNSS stations in central and mid-western Nepal to enhance the spatial resolution of the pre-existing domestic network. The main purpose was to estimate long-term earthquake generation potential in the Himalayan Frontal Zone using the space–time variation of crustal deformation. In this paper, we present a plate coupling distribution in Nepal using GNSS data and a more realistic plate boundary fault model. We then discuss seismic potential along the MHT in Nepal from a geodetic point of view.
Data
Installation of continuous Global Positioning System (GPS) stations was initiated in the late 1990s in Nepal, but station coverage remained sparse until 2004. Soon after the 2015 Gorkha earthquake, many GNSS stations were renewed or added, especially in and around the source region, including Kathmandu Valley. The total number of the continuous stations in Nepal exceeds 50, but the number of stations where stable observations have been maintained is much lower. We collected raw RINEX (Receiver Independent Exchange Format) data obtained at these stations since 2004 through the Data Center of GAGE (the Geodetic Facility for the Advancement of Geoscience, formerly UNAVCO: University NAVSTAR Consortium).
Additionally, the geodetic group of NERDiM installed ten GNSS stations in 2016–2018 to reinforce the pre-existing domestic network and particularly improve spatial resolution near the plate boundary. Altitudes of the NERDiM stations vary from 10 m near the Indian border to 2500 m in the highland. The distribution of GNSS stations is shown in Fig. 1.
We process all RINEX data up to 2023.0 based on the International Terrestrial Reference Frame (ITRF) 2014 (Altamimi et al. 2016) along with data from International GNSS Service (IGS) reference stations in South Asia, using the IGS precise orbits and the Bernese GNSS Software v5.2 (Dach et al. 2015). Assuming a linear trend and annual and semi-annual seasonal variations, secular site velocities (displacement rates) are determined from time series of daily positions. However, the periods and lengths covered by the time series vary widely from site to site. In addition, the occurrence of the 2015 Gorkha earthquake may have severely disturbed the local deformation field in and around the source region. For example, coordinate time series of eight selected sites are shown in Additional file 1: Fig. S1. For sites with enough observations both before and after the earthquake, we calculate velocities separately from the pre-earthquake data, from the post-earthquake data, and from all data covering the whole observation period after correcting the coseismic jumps. When the post-earthquake rate differs significantly from the pre-earthquake rate, likely because of coseismic stress change and postseismic transients, the pre-earthquake rate is adopted as the secular, more stationary velocity. For sites with insufficient or unstable observations before the earthquake, we carefully check the location and omit those sites from further analysis if they are included in the postseismic deformation area (Tian et al. 2020). Sites where the observation period is shorter than 2 years are not taken into consideration. Seven sites are omitted under these criteria.
Uncertainties in the GNSS time series caused by unmodeled sources other than the linear trend, seasonal variations, and coseismic jumps are difficult to quantify. We follow the empirical formula by Ader et al. (2012) to evaluate these uncertainties. Typical velocity uncertainties are 0.60, 0.57, and 1.87 mm/yr for the east, north, and up components, respectively. Estimates of the secular velocities and corresponding uncertainties are summarized in Additional file 1: Table S1.
We compile additional velocity data from previous studies to cover regions outside of Nepal. However, in addition to the different observation periods, the version of ITRF that the GNSS data processing is based on has not been the same throughout the studies; versions used have included ITRF2005 (Ader et al. 2012), ITRF2008 (Wang and Shen 2020), and ITRF2014 (this study). First, we check apparent velocity changes produced by different versions of ITRF using transformation parameters published by the International Earth Rotation and Reference System Service (2023). The apparent velocity changes are smaller than 0.3 mm/yr in three components in central Nepal. Therefore, we no longer take into consideration the different ITRF versions. Second, we check the velocity values at the sites overlapping between this study and that of Ader et al. (2012). The root-mean-squares of the velocity discrepancies at 20 overlapping sites are 1.2 mm/yr and 1.7 mm/yr in the east and north components, respectively. These are slightly larger than 1-σ uncertainties of the velocity components (Additional file 1: Table S1) and may be attributed to different observation periods and lengths between the studies and the different data processing strategies employed. We do not combine the three sets of velocity data (Ader et al. 2012; Wang and Shen 2020; this study) into one before the inversion analysis. Adjustments of velocity data are done during the inversion to better fit the reference frame.
Finally, we transform the reference frame of the velocity field into the Indian plate-fixed frame using the ITRF2014 plate motion model (Altamimi, et al. 2017). This is done, because the Indian subcontinent can be treated as a nearly rigid plate with negligible internal deformation, whereas Nepal and the Tibetan Plateau are included in an active intraplate deformation zone (e.g., Kreemer et al. 2014). Therefore, the Indian plate is more suitable as the reference in investigating Indo-Eurasia plate convergence. The horizontal velocity field is shown in Fig. 2.[image: ]
Fig. 2Horizontal velocities in the Indian plate-fixed reference frame. Green, red, and blue arrows represent velocities derived in this study, those from Ader et al. (2012), and those from Wang and Shen (2020), respectively. Transformation of the reference frame is performed using the ITRF2014 plate motion model (Altamimi et al. 2017). Yellow allows show velocities predicted from the ITRF2014 plate motion model when assuming that the Tibetan Plateau belongs to the main part of the Eurasian plate


In addition, we further derive the strain rate field from the velocity data by spatial interpolation and filtering (Shen et al. 1996), with the distance-decaying constant taken as 50 km (Fig. 3). Because the strain field is free from the block motion, it is more suitable than the displacement field as a direct overview of the internal deformation.[image: ]
Fig. 3Horizontal strain rate field. a Areal dilatation, b maximum shear, and c principal strain. Observed velocities in Fig. 2 are differentiated by spatial interpolation and filtering with a distance-decaying constant of 50 km (Shen et al. 1996)




Methods
Previous studies of Indo-Eurasia plate convergence adopted simple geometries for the plate boundary, consisting of laterally connected planar sub-fault segments (e.g., Ader et al. 2012; Stevens and Avouac 2015; Dal Zilio et al. 2020) where the dip angle was fixed to 10° throughout. However, based on numerical experiments, Dal Zilio et al. (2019) demonstrated that the seismic cycle in the Himalayan region is controlled by the frictional properties and non-planar geometry of the MHT. The geometry of the plate interface should be carefully considered when plate coupling strength in the interseismic stage is estimated.
In this study, we adopt a regional non-planar structural model to reproduce the MHT fault plane in Nepal (Hubbard et al. 2016). This model, hereafter called the MHT model, was derived from geological investigation and is consistent with seismic observations. It is characterized by down-dip variation of the dip-angle, with a steep ramp at intermediate depths separating upper and lower décollements (Additional file 1: Fig. S2a). A depth contour of 30 km in this model seems to well define a lower limit of regional seismicity (Hubbard et al. 2016). In parallel, we test another nearly planar fault plane to check how the fault geometry affects plate coupling estimates. This second model is based on a global subduction zone geometry model (Hayes 2018). The fault plane has a gentle slope of about 10–11° from the surface to a depth of 30 km (Slab-2 model hereafter, Additional file 1: Fig. S2b). In both models, we set nodes with a lateral spacing of 30–40 km along depth contours every 5 km.
The horizontal GNSS velocities in Fig. 2 are inverted to simultaneously estimate the slip deficit rate distribution on the plate boundary and rigid rotation of the overriding block using TDEFNODE (McCaffrey 2009, 2023). Incorporating the latter is necessary, because the horizontal motion in the Nepal–Tibet region is notably different from that predicted from the global plate motion model (Fig. 2). The software can solve both the long-term steady motion of the sites and short-term transients, but we examine only the steady motion in this study. The surface response to a unit slip at each node on the fault is calculated using an elastic half-space dislocation model (Okada 1992). The inversion is performed in TDEFNODE through a combination of simulated annealing and grid search. This process is iterated several times.
Decoupling, or fault unlocking, is imposed on the lower margin of the model fault at a depth of 30 km, taking into account the correlation between seismicity, temperature, and interseismic coupling in central Nepal. According to Ader et al. (2012), seismicity has a peak at a mid-crustal depth, where the temperature is 300–350ºC, and the coupling then starts to drop abruptly; coupling and seismicity are expected to fade out at a depth of around 30 km with a higher temperature. On the other hand, we do not set any boundary conditions at the surface or at the eastern and western ends. Upper limit and direction of the slip deficit on the plate boundary is implicitly constrained by rigid rotation of the overriding block. In TDEFNODE, the plate coupling ratio at the interseismic stage, defined as the ratio of the estimated slip deficit rate divided by the block velocity on each fault patch, is regulated to fall between 0 and 1. This ensures that the slip deficit is neither negative nor faster than the relative block motion (McCaffrey 2009).
The strain rate field suggests that a single block assumption for the overriding block may not be adequate to explain the areal dilatation and east–west extension observed in the Tibetan Plateau (Figs. 3a and c). However, we do not divide it into multiple segments. This is chiefly because the major concern in this study is regional deformation within Nepal and its surrounding area, and the velocity field there seems consistent with a single block treatment. For the Tibetan Plateau, Wang and Shen (2020) reported that the deformation field was predominantly continuous, and that the deformation gradient only existed perpendicular to the Indo-Eurasia relative plate motion. These results do not support a simple segmentation of the overriding block into east and west components. Therefore, we keep a single block treatment for the overriding block, but avoid incorporating far-field GNSS velocity data more widely distributed in the active Tibetan Plateau.
Prior to the inversion of the real data, we carry out a spatial resolution test, also called a checkerboard test, to confirm the performance of the applied method. The simulated pattern of the slip deficit rate for the modeled MHT fault is well reproduced through the inversion (Additional file 1: Fig. S3).

Results
The distribution of the interseismic slip deficit rate and plate coupling ratio along the modeled MHT fault, along with the observed and calculated site velocities, are shown in Fig. 4, where the depth of the fault’s lower margin is set to 30 km. The block velocity is predicted from the estimated rotation pole and angular velocity of the overriding block relative to India. They are estimated, respectively, as (53.85 ± 6.84ºE, 28.17 ± 7.96ºN) and −0.370 ± 0.031º/Ma in this inversion, predicting that the velocities of the overriding block relative to India would change from 16.0 mm/yr in rate and 185º in azimuth at 80ºE to 21.2 mm/yr and 191º at 89ºE along the plate boundary. Because the predictions from the global ITRF2014 plate motion model (Altamimi et al. 2017) at the same locations are 35.4 mm/yr and 192º and 39.2 mm/yr and 196º, respectively, 45%–54% of the relative motion of Indo-Eurasia is taken up as shortening in a direction deflected by 5–7º counter-clockwise in the plate boundary zone in Nepal and its surroundings. Block velocities at GNSS sites are shown in Additional file 1: Fig. S4, along with elastic velocities produced by plate coupling.[image: ]
Fig. 4Interseismic plate coupling in Nepal. The MHT model (Additional file 1: Fig. S2a) is used for the plate interface. a Distribution of plate coupling ratio along with the observed (black arrows) and model-predicted (yellow arrows) site velocities relative to the Indian plate. b Distribution of the slip deficit rate vector on the plate interface


Figures 4 shows that nearly full coupling is realized in a shallower (< 10 km) part of the MHT fault, and that the slip deficit rate itself becomes larger toward the east because of the rigid rotation of the overriding block. In contrast, weakly coupled patches are identified in places at intermediate depths (10–20 km). In western Nepal, the decoupled zone extends from the intermediate to lowermost depths. Correlation between the plate coupling strength and fault dip-angle is not clear. Looking more closely at the source region of the 2015 Gorkha earthquake at about 84.5–86.5ºE and 10–20 km in depth, nearly full coupling is realized there. Because we made efforts to exclude the effect of the earthquake from the dataset, the results likely reflect robust strain accumulation prior to the earthquake. Very weak coupling at greater depths is natural because of the constraint of unlocking at the lower margin of the fault. In general, the coupling pattern seems nearly binary (1 or 0), and transition from full coupling to decoupling is occurring sharply in very narrow zones.
Calculated site velocities well reproduce the observed data in central and eastern Nepal (Fig. 4a), where most residuals are within a few mm/yr in root-mean-square. Conversely, the fitting becomes worse toward the outer margin of the study area. As expected based on the previous section, the assumption of a single overriding block is inadequate to reproduce the observed east–west extension in the Tibetan Plateau. This will be further investigated in a subsequent study. Because the upper limit of the slip deficit rate is constrained in the inversion by rigid rotation of the overriding block, there may be some correlation between these estimates. To check this empirically, we repeat the inversions for slip deficit rates, fixing the rigid rotation to several pre-defined values. Based on the inversion results described above, we fix the pole position of the rigid rotation but vary its angular velocity by ± 5%, ± 10%, ± 15%, ± 20%, and ± 30% from the original estimate. We use the root-mean-squares of the residuals between observed and calculated site velocities to evaluate the robustness of the slip deficit rate estimates. The results are shown in Additional file 1: Fig. S5. Because the relative block motion in this region is directed nearly north–south, the root-mean-square of the north component of velocity is indicative, whereas that of the east component is less informative. Although the minimum root-mean-square is obtained when the angular velocity increment is −5%, very similar values are also seen at 0% and −10%. The spatial pattern of the plate coupling ratio on the plate boundary does not change significantly. Summarizing the results, the slip deficit rate estimate in this inversion may contain uncertainty of several to 10% of its amplitude.
The strain rate fields derived from the calculated site velocities are shown in Additional file 1: Fig. S6. Comparing Figs. 3 and S6 reveals that the strain rate fields predicted from the model well reproduce the deformation observed in central and eastern Nepal, whereas the fitting is slightly worse in the west. In general, crustal shortening of about 10–7 /yr is identified in a narrow plate boundary zone with a width of about 200 km. Interseismic strain accumulation decays sharply beyond the Himalayas.

Discussion
Fault geometry and plate coupling
How the geometry of the fault plane affects plate coupling estimates is the crucial question in this study. In addition to the non-planar, structural MHT model, we test the nearly planar Slab-2 model, keeping the depth of the lower margin of the fault to 30 km, and the constraint of decoupling at the same depth. In the results of the Slab-2 model (Fig. 5), lateral variation of the plate coupling at intermediate depths (10–20 km) seems more emphasized. The weakly coupled zone in western Nepal is wider than in the MHT model, and more small patches of weak coupling are identified in central Nepal. Furthermore, weak coupling is estimated in places near the surface, in contrast to the nearly full coupling throughout in the MHT model. Because the residuals between observed and calculated site velocities are slightly larger than in the MHT model along the plate boundary, and because surface creep motion has not been detected in Nepal (e.g., Bilham et al. 2017), the weak coupling near the surface estimated in the Slab-2 model may be less reliable.[image: ]
Fig. 5Interseismic plate coupling for the Slab-2 model (Additional file 1: Fig. S2b). a Distribution of plate coupling ratio along with the observed (black arrows) and model-predicted (yellow arrows) site velocities relative to the Indian plate. b Distribution of the slip deficit rate vector on the plate interface


We repeat the same inversion analysis for the MHT model with a minor modification of the depth of the lower margin of the fault to 35 km. This modification results in little change of the plate coupling distribution from the original model except near the lowermost depth (Additional file 1: Fig. S7). Based on the results shown in Figs. 4, 5 and Additional file 1: Fig. S7, we suggest that two characteristics of the plate coupling pattern in Nepal, the eastward increase of the slip deficit rate and the existence of a wide weakly coupled zone in western Nepal, are robust regardless the fault geometry, and these characteristics may be mainly driven by data and modeling.
Recently, Dal Zilio et al. (2020) estimated interseismic geodetic coupling along the MHT between roughly 73ºE and 96ºE, based on four planar sub-fault segments and a probabilistic Bayesian approach. They detected lateral variability of the coupling characterized by large (300–450 km) and discrete highly coupled segments separated by a smaller (~ 100 km) weak zone. Conversely, previous studies using similar planar sub-fault segments (Ader et al. 2012; Stevens and Avouac 2015) estimated a nearly homogenous distribution of plate coupling along the plate boundary with no significant lateral variation. Dal Zilio et al. (2020) concluded that the homogenous coupling in the previous studies were mainly attributed to a strong constraint on the slip distribution along the fault.
According to Dal Zilio et al. (2020), there are two distinctive zones at around 83ºE and 87ºE in the area of this study (79–91ºE), where very weak coupling was estimated probabilistically from near the surface to the deeper part. For the former zone (around 83ºE), we installed four NERDiM GNSS stations, two each on both sides of the plate boundary (Fig. 1), to overcome the observation gap. As a result, we estimate that the coupling in the shallower and intermediate depths is still strong (Fig. 4). Similarly, we found no weak coupling in the latter zone (87ºE) without additional GNSS stations. These discrepancies of plate coupling estimates may not be attributed to the differences of the fault geometry, because different results were derived from previous studies using similar planar sub-fault segments (Ader et al. 2012 and Stevens and Avouac 2015 vs. Dal Zilio et al. 2020), and we confirmed that the MHT and Slab-2 model yield similar plate coupling distributions. Plate coupling estimates are more likely to depend on the spatial distribution of data and the modeling approach.
We find systematic residuals between the observed and calculated site velocities in Figs. 4, 5, and Additional file 1: Fig. S7; that is, eastward near the eastern margin and westward in the western. These discrepancies may result from the single block treatment of the active Tibetan Plateau. In addition, they strongly suggest that a more realistic Earth model should be adopted in further modeling. To date, realistic topography of the Earth, including its sphericity, has not been considered in the modeling of plate coupling in the Himalayan region. Strictly speaking, however, such topography should be incorporated into modeling, because the study area includes the highest mountains in the world, and the spatial extent exceeds 1000 km. Langer et al. (2019) calculated coseismic surface displacements produced by the 2015 Gorkha earthquake for a realistic topographic Earth model with a height difference of 8.33 km. They found a maximum difference of about 10% from the displacements on a flat Earth model. On the other hand, Banerjee et al. (2005) discussed how Earth’s sphericity affects the horizontal displacement field produced by thrust faulting on a long fault. Divergence of the displacement amplitude between homogeneous spherical Earth and half-space increases quickly beyond about 10 geocentric degrees from the source, whereas agreement is found within a few percent out to about 5 geocentric degrees. Although it is difficult to evaluate this precisely, we should keep in mind that the slip deficit rates estimated using an elastic half-space dislocation model and ignoring realistic topography of the Earth may be partially biased. Hori et al. (2021) provided an answer to this problem, calculating Green’s functions based on a numerical model that incorporated realistic topography and subsurface structure of the subduction zones in Japan, along with the ellipsoidal shape of the Earth. Although performing such calculations is generally challenging, the approach of Hori et al. (2021) is also promising for modeling the Himalayan region.

Slip deficit rate and seismic potential
Figure 6 shows the current along-strike variation of the slip deficit rate and its vector azimuth estimated in this study and the rupture history of great earthquakes in Nepal derived from Bollinger et al. (2016). Here, the slip deficit rates at nodes are averaged across the strike from the surface to the depth of 25 km. The longitudes along the horizontal axis indicate the locations of surface nodes. In addition, the moving averages of the slip deficit rates with 3-nodes-widths are shown. We evaluate long-term seismic potential from a geodetic point of view, dividing the country into west (roughly < 83.0ºE), east (> 84.5ºE), and central regions (83.0–84.5ºE).[image: ]
Fig. 6Lateral variation of the slip deficit rate and its azimuth along the MHT. Slip deficit rates estimated at nodes on the MHT model fault are averaged across the strike from the surface to the depth of 25 km. Orange broken line shows the moving averages of the rate with 3-nodes-widths. Rupture history of the great earthquakes in Nepal is illustrated in the bottom of the figure (Bollinger et al. 2016), where red and blue lines indicate approximate lateral extent of the complete rupture propagated to the surface and the blind slip remained in the down-dip part, respectively


In the east, two types of rupture patterns have been evidenced: blind events (Mw ~ 7.8) remaining in the down-dip part of the seismogenic zone, and great events (Mw 8 +) propagating to the surface (e.g., Sapkota et al. 2013; Bollinger et al. 2016; Dal Zilio et al. 2019). The 1934 Bihar earthquake (Mw 8.2), the successor of the 1255 great event after 679 years, ruptured the surface at least 150 km in length between 85.8ºE and 87.3ºE (Sapkota et al. 2013). Assuming a source length of 150 km, a depth of the seismogenic zone of 25 km, and a rigidity of the crust of 30 GPa, and adopting 18.5 mm/yr as the long-term, depth-averaged slip deficit rate from Fig. 6, we estimate the total seismic moment accumulated in 679 years as 8.14 × 1021 Nm, which is equivalent to a Mw 8.54 event. This estimated magnitude may be the maximum value because the accumulated moment would be partially released by intermittent blind ruptures such as the 1833 event or taken up by potential transient movement caused by the inelastic property of the crust. Therefore, the geodetic slip deficit rate in the eastern part of Nepal is not far beyond the long-term slip rate expected based on geomorphological investigation.
On the other hand, no great earthquake has occurred in the western part of Nepal since the 1505 great earthquake. In the source region of this event, roughly between 80.0ºE and 83.0ºE, the depth-averaged slip deficit rate is about 7.3–16.3 mm/yr, significantly smaller than the rate in the eastern part (Fig. 6). This smaller slip deficit rate results in a lower rate of seismic moment accumulation, which would lead to a longer recurrence time to the next great event. Thus, the geodetic slip deficit rate along the MHT seems consistent with the long period of historical quiescence in western Nepal. We estimate that current seismic potential in the region of 80.0–83.0ºE, adopting 10.4 mm/yr as the depth-averaged slip deficit rate. Assuming a source length of 300 km, a depth of the seismogenic zone of 25 km, and a rigidity of the crust of 30 GPa, the total seismic moment since the 1505 event amounts to 6.98 × 1021 Nm. Thus, the source region of the 1505 event is presently capable of generating a Mw 8.50 event. However, it should be noted that the weakly coupled zone extending at intermediate depths in the west may contribute to the differences in rupture history compared with the east.
In the central part, roughly between 83.0ºE and 84.5ºE, paleseismological study clarified that a complete rupture to the surface occurred in 1344 or 1408, but no comparable event has been identified since then (Bollinger et al. 2016). Taking into consideration the longer quiescence time and the larger slip deficit rate than in the western part (< 83.0ºE), seismic risk in the central part may be the most urgent in Nepal. Full attention should be paid to the temporal progress of ongoing local seismicity and crustal deformation.


Conclusions
Based on secular GNSS velocities compiled from previous studies and our original observations, we estimate the interseismic plate coupling distribution on the MHT fault plane in Nepal, along with rigid rotation of the overriding block relative to India. We adopt a regional non-planar structural model to reproduce a fault plane characterized by a steep ramp at intermediate depths separating upper and lower décollements. The block velocity is estimated to increase toward the east along the MHT, but is about half of the relative motion of India and Eurasia predicted from the global plate model. In general, the results indicate crustal shortening of about 10–7 /yr occurring in a narrow plate boundary zone with a width of about 200 km, decaying sharply beyond the Himalayas. The coupling pattern estimated for the MHT is nearly binary, indicating a sharp transition from full coupling to decoupling in very narrow zones. At shallower depths (< 10 km), the coupling is very strong from east to west along the MHT, whereas the slip deficit rate itself is shown to become larger toward the east because of the rigid rotation of the overriding block. Conversely, the coupling pattern shows lateral variation at intermediate depths (10–20 km). In the east, the coupling is very strong from the surface to intermediate depths, including the source region of the 2015 Mw 7.8 Gorkha earthquake. In the west, however, a weakly coupled zone extends laterally at intermediate depths. In general, correlation between plate coupling strength and fault dip-angle is not clear.
We evaluate seismic potential along the MHT in Nepal using geodetically estimated slip deficit rates and the rupture history of great earthquakes derived from geomorphological investigations. In the east, the geodetic slip deficit rate is large enough to compensate for seismic moment released by a sequence of great earthquakes over the past centuries. In the west, the seismic moment accumulated in the source region of the 1505 rupture event is estimated to be equivalent to a Mw 8.50 event, although the depth-dependent coupling pattern differed from in the east. Seismic risk may be most urgent in the central Nepal, taking into consideration the longer quiescence time of the earthquakes and the larger slip deficit rate than in the western part of the country.

Acknowledgements
The authors thank all NERDiM project members. The authors are especially grateful to Kazuki Koketsu, Hiroe Miyake (University of Tokyo), Soma N Sapkota, and Mukunda Bhattarai (Department of Mines and Geology) for organizing and managing the project. The authors would like to acknowledge all those who have been engaged in maintenance of GNSS stations. Shin’ichi Miyazaki provided valuable information on the inversion analysis. Constructive comments by two anonymous reviewers helped improve the original manuscript. Maps were drawn using the Generic Mapping Tools (GMT) (Wessel et al. 2019).

Author contributions
TT designed the project, conducted installation and maintenance of the GNSS network, and wrote the manuscript. MO installed and operated GNSS network and conducted most of data processing. RB designed the project from the Nepalese side. BRS, LBA, JBC, and TPK installed and operated GNSS network. All authors took part in finalizing the manuscript.

Funding
This research was funded by Science and Technology Research Partnership for Sustainable Development (SATREPS) Program, Japan Science and Technology Agency (JST) and Japan International Cooperation Agency (JICA), Grant No.JPMJSA1511. Also, the research was partly supported by Earthquake Research Institute, the University Tokyo, Joint Research Program 2022-B-02.

Availability of data and materials
RINEX data from permanent GNSS stations in Nepal and surrounding countries are available at https://​www.​unavco.​org/​data/​gps-gnss/​gps-gnss.​html. Also, RINEX data from IGS reference network are available at https://​cddis.​nasa.​gov/​archive/​gnss/​data/​daily. RINEX data from NERDiM sites are available through DMG upon reasonable request.

Declarations
Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.


[image: Creative Commons]Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this article are included in the article's Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included in the article's Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://​creativecommons.​org/​licenses/​by/​4.​0/​.

References
	Ader T, Avouac JP, Liu-Zeng J, Lyon-Caen H, Bollinger L, Galetzka J, Genrich J, Thomas M, Chanard K, Sapkota SN, Rajaure S, Shrestha P, Ding L, Flouzat M (2012) Convergence rate across the Nepal Himalaya and interseismic coupling on the main Himalayan thrust: implications for seismic hazard. J Geophys Res 117:B04403. https://​doi.​org/​10.​1029/​2011JB009071Crossref


	Altamimi Z, Rebischung P, MétivierL CX (2016) ITRF2014: a new release of the international terrestrial reference frame modeling nonlinear station motions. J Geophys Res 121(6):109–6131. https://​doi.​org/​10.​1002/​2016JB013098Crossref


	Altamimi Z, Métivier L, Rebischung P, Hélène R, Collilieux X (2017) ITRF2014 plate motion model. Geophys J Int 209:1906–1912. https://​doi.​org/​10.​1093/​gji/​ggx136Crossref


	Ambraseys JJ, Douglas J (2004) Magnitude calibration of north Indian earthquakes. Geophys J Int 159:165–206. https://​doi.​org/​10.​1111/​j.​1365-246X.​2004.​02323.​xCrossref


	Avouac JP (2007) Dynamic processes in extensional and compressional settings-mountain building: from earthquake to geological deformation. Treatise Geophys. Elsevier, Amsterdam


	Banerjee P, Pollitz FF, Bürgmann R (2005) The size and duration of the Sumatra-Andaman earthquake from far-field static offsets. Science 308(1):769–1772. https://​doi.​org/​10.​1126/​science.​1113746Crossref


	Bilham R, Gaur VK, Molnar P (2001) Himalayan seismic hazard. Science 293(1):442–1444. https://​doi.​org/​10.​1126/​science.​1062584Crossref


	Bilham R, Mencin D, Bendick R, Bürgmann R (2017) Implications for elastic energy storage in the Himalaya from the Gorkha 2015 earthquake and other incomplete ruptures of the Main Himalayan Thrust. Quatern Int 462:3–21. https://​doi.​org/​10.​1016/​j.​quaint.​2016.​09.​055Crossref


	Bollinger L, Tapponnier P, Sapkota SN, Klinger Y (2016) Slip deficit in central Nepal: omen for a repeat of the 1344 AD earthquake? Earth Planet Space 68:12. https://​doi.​org/​10.​1186/​s40623-016-0389-1Crossref


	Dach R, Lutz S, Walser P, Fridez P (2015) Bernese GNSS Software Version 52 User manual Astronomical Institute University of Bern. Bern Open Publishing, Bern


	Dal Zilio L, van Dinther Y, Gerya T, Avouac JP (2019) Bimodal seismicity in the Himalaya controlled by fault friction and geometry. Nat Commun 10:48. https://​doi.​org/​10.​1038/​s41467-018-07874-8Crossref


	Dal Zilio L, Jolivet R, van Dinther Y (2020) Segmentation of the main Himalayan thrust illuminated by Bayesian inference of interseismic coupling. Geophys Res Lett. https://​doi.​org/​10.​1029/​2019GL086424Crossref


	Hayes G (2018) Slab2—a comprehensive subduction zone geometry model. US Geol Survey Data Release. https://​doi.​org/​10.​5066/​F7PV6JNVCrossref


	Hori T, Agata R, Ichimura T, Fujita K, Yamaguchi T, Iinuma T (2021) High-fidelty elastic green’s functions for subduction zone models consistent with the global standard geodetic reference system. Earth Planet Space 73:41. https://​doi.​org/​10.​1186/​s40623-021-01370-yCrossref


	Hubbard J, Almeida R, Foster A, Sapkota SN, Bürgi P, Tapponnier P (2016) Structural segmentation controlled the 2015 Mw 7.8 Gorkha earthquake rupture in Nepal. Geology 44(8):639–642. https://​doi.​org/​10.​1130/​G38077.​1Crossref


	International Earth Rotation and Reference System Service (2023) Welcome to the ITRF web site. https://​itrf.​ign.​fr/​en/​homepage. Accessed 29 September 2023


	Japan Science and Technology Agency (2023) Integrated Research on Great Earthquakes and Disaster Mitigation in Nepal Himalaya. https://​www.​jst.​go.​jp/​global/​english/​kadai/​h2711_​nepal.​html. Accessed 1December 2023


	Kobayashi T, Morishita Y, Yarai H (2015) Detailed crustal deformation and fault rupture of the 2015 Gorkha earthquake, Nepal, revealed from ScanSAR-based interferograms of ALOS-2. Earth Planets Space 67:201. https://​doi.​org/​10.​1186/​s40623-015-0359-zCrossref


	Kreemer C, Blewitt G, Klein EC (2014) A geodetic plate motion and global strain rate model. Geochem Geophys Geosyst 15(3):849–3889. https://​doi.​org/​10.​1002/​2014GC005407Crossref


	Langer L, Gharti HN, Tromp J (2019) Impact of topography and three-dimensional heterogeneity on coseismic deformation. Geophys J Int 217:866–878. https://​doi.​org/​10.​1093/​gji/​ggz060Crossref


	Lindsey EO, Natsuaki R, Xu X, Shimada M, Hashimoto M, Melgar D, Sandwell DT (2015) Line-of-sight displacement from ALOS-2 interferometry: Mw 7.8 Gorkha Earthquake and Mw 7.3 aftershock. Geophys Res Lett 42:6655–6661. https://​doi.​org/​10.​1002/​2015GL065385Crossref


	McCaffrey R (2009) Time-dependent inversion of three-component continuous GPS for steady and transient sources in northern Cascadia. Geophys Res Lett 36:L07304. https://​doi.​org/​10.​1029/​2008GL036784Crossref


	McCaffrey R (2023) TDEFNODE User’s Manual Version 2023.07.18. https://​robmccaffrey.​github.​io/​TDEFNODE/​manual/​tdefnode_​manual.​html. Accessed 1 December 2023


	Okada Y (1992) Internal deformation due to shear and tensile faults in a half-space. Bull Seismol Soc Am 82(2):1018–1040Crossref


	Sapkota SN, Bollinger L, Klinger Y, Tapponnier P, Gaudemer Y, Tiwari D (2013) Primary surface rupture of the great Himalayan earthquake in 1934 and 1255. Nat Geosci 6:71–76. https://​doi.​org/​10.​1038/​ngeo1669Crossref


	Shen Z-K, Jackson D, Ge BX (1996) Crustal deformation across and beyond the Los Angeles basin from geodetic measurements. J Geophys Res 101:27957–27980. https://​doi.​org/​10.​1029/​96JB02544Crossref


	Stevens VL, Avouac JP (2015) Interseismic coupling on the main Himalayan thrust. Geophys Res Lett 42:5828–5837. https://​doi.​org/​10.​1002/​2015GL064845Crossref


	Tian Z, Freymueller JT, Yanga Z (2020) Spatio-temporal variations of afterslip and viscoelastic relaxation following the Mw7.8 Gorkha (Nepal) earthquake. Earth Planet Sci Lett 532:116031. https://​doi.​org/​10.​1016/​j.​epsl.​2019.​116031Crossref


	Wang K, Fialko Y (2018) Observations and modeling of coseismic and postseismic deformation due to the 2015 Mw 7.8 Gorkha (Nepal) earthquake. J Geophys Res 123:761–779. https://​doi.​org/​10.​1002/​2017JB014620Crossref


	Wang M, Shen ZK (2020) Present-day crustal deformation of continental China derived from GPS and its tectonic implications. J Geophys Res Solid. https://​doi.​org/​10.​1029/​2019JB018774Crossref


	Wessel P, Luis JF, Uieda L, Scharroo R, Wobbe F, Smith WHF, Tian D (2019) The generic mapping tools version 6. Geochem Geophys Geosyst 20(11):5556–5564. https://​doi.​org/​10.​1029/​2019GC008515Crossref


	Zhang G, Hetland E, Shan X (2015) Slip in the Mw 7.9 Gorkha and Mw 7.3 Kodari, Nepal, earthquakes revealed by seismic and geodetic data: delayed slip in the Gorkha and slip deficit between the two earthquakes. Seismol Res Lett 86(6):1578–1586. https://​doi.​org/​10.​1785/​0220150139Crossref




Publisher's Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


OEBPS/images/40623_2024_2016_Fig3_HTML.png
32°

30°

28°

26°
32°

30°

28°

26°

0
00Q

YOO
le]

o]

O

%2

(b) quimum Slhear

Areal Dilatation [ppm/yr]

-0.10 -0.08 -0.06 —-0.04 -0.02 0.00 0.02 0.04 0.06 0.08 0.10

32°

30°

oge t

26°

0.0

Map [km]
200 400

(c) Principal Strain

0.10 ppm/yr

Maximum Shear [ppm/yr]

84° 86° 88° 90°

0.4





OEBPS/navigation.xhtml

    
      Contents


      
        		Geodetic plate coupling and seismic potential on the main Himalayan thrust in Nepal


      


    
    
      Landmarks


      
        		Body Matter


      


    
  

OEBPS/images/40623_2024_2016_Fig6_HTML.png
Slip Deficit Rate (mm/yr)
N

i i § 12015 | | i
2000 |-—-R y}_)_t_g_r_e_ ----------- S S— - ‘—1934 .
. : i ' T K A ——
1800 S — '

1600

Year

1400 |---

1200

Longitude (°E)





OEBPS/css/cc-by.png
() _®





OEBPS/images/40623_2024_2016_Fig5_HTML.png
91°

87° 88° 89° 90°

86°

yas) T
.Y
— f PR
= 2\ ¢s
|| E |
S
o
= e]
i T O —
g¥s 5
530 =
82 ® €
> . oY}
| o
N -
© 3
©
o
0
(=4
©
q o
a i)
=
- O EH=-
— o
© »
T o
| O o . ©
£ = o o
2 ° 5
($]
|P0u :nw
2 S 5
© o —
lm - qv
o
< _ S
) o o o o > © N o
o o (qV] oM o ol o o o

80° 81° 892° 83° 84° 85°

79°





OEBPS/css/envelope.png





OEBPS/images/40623_2024_2016_Figa_HTML.png
S & )
—— Observed
—3> Calculated A

- | . 3 <
N A e Q==
va L 52 g
: fﬂ a . \r / 4

J < ‘i_":; A e ,,j‘: - ™ L0 )
7 l &y g - D W w a
i T M . Py
4 A Tibetan Plateau -
A ¢

! |

. 20 mm/yr Eurasian Plate

\\

31°

28"

27° f

| Indian Piate i L ey
%I (Reference) Plate Coupling Ratio ( ; ;

-0.10.0 0.2 04 0.6 08 1.0
25° . N A . . i . i .

79° 80° 81° 82° 83° 84’ 85° 86° 87" 88° 89° 90° 91°






OEBPS/images/40623_2024_2016_Fig2_HTML.png
33"

32°

31°

30°

29°

28°

27°

. This study —®
26 Ader etal. (2012)  —o Indi
Wang & Shen (2020) —» nadia
ITRF2014 Prediction —>
25°
79° 80° 81° 892° 83° 84° 85° 86° 87° 88° 89° 90°

GNSS Velocities

10 mm/yr

091°





OEBPS/images/40623_2024_2016_Fig4_HTML.png
91°

89°

yas) % e T T
c A e BV
> Y 5 ,
|| € L i -
S
0 q
o ] P )
Sw.m s Bkl
=2 0 3
88 E
> . «
i o -
s -
A4 ¢
[e0]
o
°
[=]
©
Q o
s o
2
- 9 & H=
= o
oc (/2]
. o}
lg o . m
£ N o
5 S 5
3]
IO - —
o 8
2 Q
© o o
| S - 7
O —_~~
<Y ! <)
™ o © i0 = © o o) ~ ©
o o o oo o o o o o

90°

80° 81° 82° 83° 84° 85° 86° 87° 88°

79°





OEBPS/images/40623_2024_2016_Fig1_HTML.png
GNSS Stations
@ NERDIM
C Others

s

R

\ {
Tibef’an Plateau






OEBPS/css/sidebar.gif





