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The midcrustal seismicity along the Main Himalayan Thrust in Nepal presents lateral variations along the rupture of the 2015 Gorkha earthquake. In order to resolve these variations, we relocate the seismicity north of Kathmandu, during a period well covered by the Nepal National Seismological Network, using a double-difference algorithm. The 550 relocated events highlight a complex pattern of clustered seismicity within the unstablestable transition zone. Part of the seismicity is densely clustered on a southward dipping plane which ruptured on January 31 st 1997 (ML=5.8), activating a backthrust with a geometry consistent with the centroid moment tensor of this event calculated in this study.

Introduction

Along-strike variations of seismic activity on a fault can result from lateral variations in the geometry of the locked fault zone, spatial heterogeneity in frictional parameters or from unsteady loading during the interseismic period. Variations in seismicity rates along the downdip end of a locked megathrust may reveal that the structure is segmented, and these segment boundaries may correspond to the barriers that delimit major seismic ruptures (e.g. Schwartz et al., 1989;Collot et al., 2004;Métois et al., 2012;Holtkamp et al., 2011;Holtkamp and Brudzinski, 2011). The Main Himalayan Thrust (MHT) fault in Nepal qualifies as one interesting fault to document in terms of seismicity variations given its seismogenic potential and the possible control of the coseismic ruptures by persistent structural features (e.g. Grandin et al., 2015). Indeed, despite the apparent homogeneity of the stress build up revealed by geodesy (Ader et al., 2012;Stevens and Avouac, 2015) significant variations of the seismic rate have been reported along strike (Pandey et al., 1999). Some of the variations in seismic rate are persistent in time and might reveal lateral heterogeneity in terms of seismic coupling and/or tectonic structures along strike of the MHT. Others are temporary, related to transient episodes including swarm activity or mainshock-aftershock sequences.

On April 25 2015 at 11h56 Nepal Standard Time (06h11 UTC), the Mw 7.8 Gorkha earthquake ruptured a 120 km-long and 35-50 km wide fault segment of the MHT (e.g., Avouac et al., 2015;Grandin et al., 2015;Kobayashi et al., 2015;Elliott et al., 2016)(Figure 1), abutting the great M8.2 1934 earthquake rupture. The propagation of the rupture and the slip along the fault plane were heterogeneous, leading some authors to suggest possible along strike variations of the structure at depth (Grandin et al., 2015, Fan andShearer, 2015).

The aftershocks near the trace of the rupture in the vicinity of Kathmandu are heterogeneously distributed (Adhikari et al., 2015;Bai et al., 2015). Some aftershocks are clustered under Kathmandu valley, a place where no seismicity has been observed during the interseismic period (Figure 1). In the meantime, north of the Nepalese capital, the aftershocks epicenters coincide with the location of the midcrustal interseismic cluster (10-20 km depth) (Figure1). The heterogeneous distribution of the Gorkha earthquake aftershocks and the seismicity during interseismic period north of Kathmandu could be due to structural complexities or a transient event. The goal of our study is to use small earthquakes prior to the 2015 Gorkha event to resolve structural and frictional characteristics that might control the rupture parameters of the main shock.

In order to test such a hypothesis, we analyze the spatio-temporal variations of the seismicity during the interseismic period north of Kathmandu, a region well covered by the Nepalese national seismological network. We first relocate the seismic events using a double-difference algorithm (Waldhauser and Ellsworth, 2000) and perform a Centroid Moment Tensor inversion of the largest instrumentally recorded event in the region, ML=5.8 on January 31 st 1997. We then interpret the spatial pattern of seismicity in terms of geological structures at depth, and finally focus on the temporal variation of the seismicity rate along this structure.

Data description

Regional Network

The seismicity of central and eastern Nepal has been continuously monitored since the 1990s by the National Seismological Centre of Nepal (NSC) with a national network composed of 21 short period vertical component seismic stations. Among them 12 high gain stations have been operational since 1994 in central and eastern Nepal providing a completeness of the seismic catalogue for that region around local magnitude ML=2.0 (Pandey et al., 1999). Their records are processed using Jade-Onyx acquisition-treatment software in which a 1D velocity model is used to locate earthquakes using the phases picked manually at NSC (Pandey, 1985;Pandey et al., 1995, Adhikari et al., 2015). A complementary network of 3 stations was deployed temporarily, from July 1995 to December 1996. The addition of these stations facilitated improved locations for the small earthquakes generated at midcrustal depths below the front of the high topography (Cattin and Avouac, 2000) in the vicinity of the Main Himalayan shear zone (Nabelek et al., 2009).

Earthquake catalogue

North of Kathmandu, the interseismic activity appears concentrated at midcrustal depths within a permanent seismic cluster (Pandey et al., 1995;Cattin and Avouac, 2000) (Figure 1) modulated by a few transient seismicity bursts (Figure 2). The most important seismicity burst was recorded in 1997. Indeed, 30% of the ML>=4.0 events of the catalogue in this region occurred in that year (Figure 2). The sequence culminated after the occurrence of the "Sarshin earthquake" an ML=5.8 event which happened on January 31 st 1997 (Table 1), an event preceded 3 hours before by a foreshock of ML 5.1. This event resulted in a maximum shaking intensity of MMI VII and was felt in Kathmandu 40 km SE from its epicenter. It caused significant impact (MMI VI) over a region 1800 km 2 in size (Sapkota, 2011). Given its magnitude, this event was also recorded at teleseismic distances by international institutions, which assigned a body-wave magnitude (mb) around 5.2 and depths between 17 and 23 Km (Table 1). The Sarshin earthquake was followed by more than 160 aftershocks in a region spanning 50

x 30 km 2 , a surface significantly larger than the expected rupture extension. The orientation of the seismic cluster based on NSC locations is unclear and we expect that relocated aftershocks will help to constrain the geometry of the structure activated by the Sarshin earthquake.

Method

Centroid Moment Tensor at regional scale

Seismic data of the 1997 Sarshin earthquake recorded by stations at distances up to 1700 km and of good quality are used to calculate a Centroid Moment Tensor. This includes data from stations LSA (Tibetan plateau), HYB (central India), WUS (northern China) and CHTO (Thailand) (Figure 3).

The centroid moment tensor solution is retrieved from the inversion of regional long-period seismic waves (40-100s). The procedure is taken from Nábelek (1984) and is adapted to a low-frequency inversion (Nábelek and Xia, 1995). For the centroid moment tensor inversion, a 1-D velocity structure should be chosen to compute synthetic Green's functions and model the observed waveforms at seismic stations. Processing a large number of events (29 earthquakes in (Burtin, 2005) and 107 earthquakes in (Baur, 2007) in the Himalaya and Tibetan Plateau regions) we failed to correctly invert the seismic waveforms at stations with a single velocity model. Seismic signals from sources occurring along the Himalayan arc were recorded at stations located around the Tibetan plateau and the India plate. Therefore, velocity structures through which seismic waves travel can drastically change. For instance when a velocity model with a Moho depth fixed at 35 km (ex. India path) is used, the modeled waveforms for northern Tibetan stations will systematically arrive sooner than the observed ones. To overcome this issue, each ray path is associated with a specific 1-D structure. For the Indian station HYB, the model is from Saul et al., (2000) with a Moho depth at 35 km. For the Tibetan station LSA and northern China station WUS, the model is modified from Haines et al., (2003) with a Moho depth at 65 km. In this latter model, we had to remove the 5 km thick sedimentary layer because otherwise the synthetic inverted seismic waves were delayed too much. Finally, the model for the Thai station CHTO was set to an intermediate model between the Indian and Tibetan models with a Moho depth at 45 km. These velocity models were tested using a trial and error procedure on the 29 focal mechanisms studied (Burtin, 2005); we retained those models that resulted in synthetics that best matched the observed seismic data (Figure 3) -See Burtin, 2005 for further information. Furthermore, for each earthquake analyzed in Burtin (2005), including the Sarshin earthquake, the centroid moment tensor source depth was constrained through a grid search algorithm that minimized the waveform misfit, using at first a coarse step size (10 km) followed by a finer step size (1 km).

Relative relocation at local scale

We calculate relocations using the double-difference algorithm HypoDD (Waldhauser and Ellsworth, 2000) for the seismicity clustered north of Kathmandu, in the trace of the Gorkha earthquake. We use data from the NSC bulletin for the period 1996-1999 and the whole bulletin from the temporary experiment of 1995-1996. Relative locations are resolved by solving an inverse problem using a damped least-square technique, minimizing the residuals between observed and calculated phase delay times between a pair of adjacent earthquakes recorded at common stations. This procedure reduces the biases induced by velocity model errors along the paths from hypocenters to seismic stations. The velocity model considered hereafter is the 1-D model of Pandey (1985) with a Vp/Vs of 1.73. We initially attribute to each seismic event the origin time and hypocenter of the NSC seismic bulletin. We also allocate location errors corresponding to the average of the longitudinal and latitudinal uncertainties as well as depth uncertainties documented in the bulletin. Undetermined depths in the database are fixed to 0. The second set of inputs include the arrival times of P and S phase arriving at a station for a given event. The weight for the P phases is fixed to 1 and for the S phases to 0.3.

Given the very high density of events located immediately in the vicinity of the Sarshin earthquake, compared to the more diffuse spatial and temporal pattern of the seismicity elsewhere, we divide the catalogue of events in two, a western and an eastern region (respectively zones 1 and 2 hereafter) separated at 85.4E (Figure S1 andS3). This division will enable us to better optimize the relocation process.

We select pairs of phases at every station considering (1) a maximal separation between hypocenters of 20 km and (2) a minimum number of links between two neighbor events of 8 for Zone 1 and of 4 for Zone 2.

The relocation is performed in both cases with P and S phases when available and with three sets of iterations taking into account the seismic bulletin parameters. We set the damping at 20 in a LSQR inversion. The first set iterates four times using only P waves. The second set iterates also four times with P and S waves. The third set iterates 8 times taking into account P and S waves, limiting the residuals to 5 seconds and the maximum distance between linked pairs to 10 km. The relocation of Zone 1 considers 8 as the minimum number of links per pair to form a continuous cluster. There is no clustering a priori parameter for the relocation of Zone 2.

We tested the most influential parameters for both the pair-phase selection and the relocation process. In the pair-phase selection, we tested values at 4, 8, and 12 for the minimum number of links between two neighbor events. We also tested maximum separation between hypocenters at 20 and 50 km. The number of pair-phases created increase considering either a larger number of minimum links per pair or a larger maximum separation distance between hypocenters, however there are more events weakly linked.

The minimum number of links between two neighbor events tested changes in Zone 1 and 2 because of the density of events. We also tested various numbers of iterations (4 and 8 for each set) in the relocation process. The RMS misfit decreases for the first two sets until it stabilizes after 4 iterations. The solution becomes unstable with 8 iterations, resulting in a centroid shift and in an unstable RMS misfit. In the third step, 8 iterations are needed to stabilize the RMS misfit. Geometrically, the relative relocations were similar for any iteration scheme.

The tests results support the parameters we chose for Zone 1 and 2.

4-Results

In Zone 1 (Figure 4), the seismic bulletin includes 230 events with 2408 phases from which 20140 P-phases pairs and 12469 S-phase pairs are found. 80% of P-phase pairs and 84% of Sphase pairs are selected. The event pairs have an average of 10 links with an average offset of 6.04 km. After event pair selection, 167 events are successfully relocated, with less than 1500 m of 2-sigma-relative location errors in x, y, z and a RMS misfit reduction of 60% (Figure S2, S3, S5, and S6).

The seismic bulletin covering Zone 2 (Figure 4) includes 548 events with 4886 phases from which 45938 P-phase and 39002 S-phase pairs are determined. Respectively, 49% and 45% of P-and S-phase pairs are selected. The event pairs have an average of 6 links with an average offset of 6.9 km. 477 events are selected, from which 384 events are successfully relocated with less than 100 m of 2-sigma-relative location errors in x, y, z. The RMS misfit reduction, following the integration of the phases picked at the temporary 3 component stations, is close to 90% (Figure S2, S3, S4, S5, S6, and S7).

The relocation of Zone 1 and Zone 2 seismicity indicates the presence of two separate clusters during the 1997 seismic episode (Figure 4). The westernmost seismic cluster is located between 85.3° and 85.4°, covering an area of 7 x 11 km 2 (Figure 4, map), just above the January 31 st Sarshin earthquake hypocenter (Figure 4, cross-section). The visual inspection of 3D plots shows that the seismicity lies on a plane that strikes N050±20 E dipping steeply southeast (70-80°). The other seismic cluster is smaller (6 X 8 Km 2 ) and is located between 85.4° and 85.5°. It describes an almost vertical plane striking N155±20 E (Figure 4). No large event is associated with this cluster. The remaining relocated seismic events do not show a particular geometry. Most of them are located in a 10 km-wide band east of 85.5°.

The centroid moment tensor solution for the January 31 st Sarshin earthquake indicates a best centroid depth at 17 km and a reverse motion with a slight strike-slip component. One nodal plane (NP1) strikes N075 and dips 85°SE, and the second (NP2) strikes N152 and dips 24°NE. Although it is difficult to quantify uncertainties on the centroid moment tensor solution, the azimuthal coverage being decent and the changes in centroid moment tensor being small in the vicinity of the best depth, we consider the uncertainties to be moderate (+/-20°) (Zahradnik et al., 2008). In particular NP1, which dips at a high angle, is quite stable in the inversions. The NP1 plane is the closest to the plane defined by the relocated aftershocks of the Sarshin earthquake. The moment magnitude obtained is Mw=4.8.

The depths of the relocated events range from 15 to 26 km in the western cluster, with the main shock at 24 km depth which is slightly deeper than previous determinations (Table 1).

NSC gives a hypocenter at 20.3 km while the centroid moment tensor centroid depth is at 17 km. Although the relocation allows us to place constraints on the relative positions of hypocenters leading to a fairly well defined geometry for the cluster, the centroid depth of the cluster (~22 km) is less well constrained as the closest station that recorded these events is located at ~ 25 km, and thus the centroid could move by a few kilometers. Both hypocenter depths and centroid moment tensor centroid depths being within +/-5 km, we think the differences may not be significant. In addition, as most crustal earthquakes nucleate at depth and propagate towards the surface (e.g., Das and Scholz, 1983;Huc et al., 1998), we expect the hypocenter depth of the mainshock to be larger than its centroid moment tensor depth. This will be particularly true if the co-seismic slip is small and the ruptured area large for a Mw4.8 event. Indeed, the source of a Mw4.8 can be either 2x2 km 2 with 10cm of slip or 5x5 km 2 with 2 cm of slip.

5-Interpretation

Spatial distribution of the Sarshin Swarm

Most of the 1996-2000 Sarshin Swarm seismicity is located at midcrustal depths, with centroid depths at 22 and 15 km respectively for the two clusters (Figure 4). These depths roughly correspond to the depth of the Main Himalayan shear zone, as interpreted on images obtained along profiles based on receiver function analysis [START_REF] Schulte-Pelkum | Imaging the Indian subcontinent beneath the Himalaya[END_REF]Nabelek et al., 2009;Duputel et al., 2016).

The westernmost cluster develops after the main shock of the Sarshin earthquake over a 7 x 11 km 2 region. Given the geometry of the cluster and the fault plane solution parameters of its main shock, the January 31 st 1997 Sarshin earthquake, we associate this seismic swarm to the activation of a NE-SW backthrust, steeply dipping to the southeast. Assuming that the aftershock distribution corresponds to the maximum extent of the fault segment ruptured by the main shock, a Mw 4.8 (M0= 2.3*10 16 Nm deduced from the centroid moment tensor determination), and assuming a shear modulus of 32GPa we obtain an average minimum slip of 1 cm. Considering that aftershocks may more likely extend beyond the edges of the ruptured plane, its surface is likely overestimated. A surface overestimation by 100% will lead to doubling the average slip, at 2cm. This amount of slip at depth induces infra-mm displacements at the surface GPS sites around, values below the resolution capacity of the campaign GPS available at that time (Jouanne et al., 2004).

A rupture on a steep south-eastward dipping -northwestward verging thrust at mid-crustal depths below the front of the high topography may correspond either to the activation of (a) a fault segment at the forelimb of the lesser Himalayan duplex (e.g. Pearson and DeCelles, 2005;Khanal and Robinson, 2013), or (b) a local shear zone within the hinge above the flatdecollement/ramp, as predicted by mechanical models (Souloumiac et al., 2009) (Figure 7D).

We prefer the latter interpretation, as the depth seems more consistent with the downdip end of a midcrustal ramp than the passive roof-thrust of the duplex.

The relocated seismicity appears offset by 20 km from west to east, describing an eastward right-stepping strand. Note that this step is not an artifact due to the location of the boundary between the two zones considered in the relocation process: alternative relocations considering only one zone, keeping the same relocation parameters, produced similar spatial patterns, with the seismic cluster stepping to the south in this area. This offset could be explained by the presence of a tear fault between two ramps or structural discontinuities within the Main Himalayan shear zone such as a stepover of the fault. We prefer the former hypothesis given the absence of overlapping seismicity along strike. In addition, the vertical NW-SE plane described by the second cluster (85.4° and 85.5°) identified in the relocation results is consistent with tear faulting although we could not compute any fault plane solution to prove this. Such tear faults are required because of the topology of the MHT flat/ramp system and its lateral variations (Figure 7). The right lateral tear fault suspected to develop at depth within the trace of the second cluster is aligned with an active dextral fault system reaching the surface along the 20 km-long NNW-SSE Jhiku Khola fault (Kumahara et al., 2016).

We propose that the backthrust and tear fault activated during the 1997 seismic episode, and in a more general way every significant variation of the structure at depth along the MHT, might influence its behavior. It could affect the propagation of the co-seismic rupture (e.g. Béjar-Pizarro et al., 2010), influencing the co-and post-seismic slip distribution as well as the location of the aftershocks. Note that the structure we studied is located in between two patches of maximum slip of the Gorkha earthquake proposed by some authors (e.g. Avouac et al., 2015;Grandin et al., 2015) (Figure 1).

Temporal distribution of the seismicity at local and regional scales

The time structure of a seismic episode gives a dynamic sense and evolution of the phenomenon that the spatial distribution does not. Both are essential to interpret our results.

The time structure of the seismicity in this area (Figure 4) exhibits complex variations in the period covered by our study. The seismicity rate decreases first in mid-1996 (Figure 2 and5).

This relative quiescence is difficult to ascertain, being concurrent with the monsoon arrival, a period during which the seismic noise level and therefore the completeness magnitude of the catalogue is higher than on average, a period during and slightly after which the seasonal load of the india plate has a genuine influence on the seismicity (Bollinger et al., 2007;Bettinelli et al., 2008;Burtin et al., 2008). The seismic rate remains low until December, far after the monsoon period, and is followed by a sharp increase. The seismic events are then clustered between 85.4° and 85.5° (Central zone in Figure 4), mostly along a 6 km-long vertical plane oriented N155. This activity, decreasing at the beginning of 1997, is followed by the development of another cluster 15 km to the northwest in January (Figure 4, 5). The swarm in the area begins before the Sarshin main shock which occurred at 20:02 (local time) on January 31st and was preceded by a ML5 and smaller events a few hours earlier. The seismic cluster that developed within the next three months within 10 km from the hypocenter is typical of an aftershock sequence. In the meantime, the seismicity rate east of 85.5°E increased significantly (Figure 5). Surprisingly, this unusual transient seismic activity is not exceptional in the Himalaya region. Indeed, in eastern Nepal, a seismic swarm developed between 86.8 and 87°E, generating 80 events south of Mount Everest, between November 1996 and May 1997. No main shock was detected prior to the onset of the seismic swarm but a larger shock, with a ML 5.8, occurred on the 30/12/1996 (Table 1) and was followed by aftershocks (Figure 6). In western Nepal, between 80.5° and 81°E, a similar swarm developed with a main shock on 05/01/1997 of ML=6.3 (Table 1).The location of the seismicity in these two areas is not sufficiently resolved to perform an analysis similar to what has been done here. The time structure of these two swarms is very similar to that of Sarshin as illustrated on Figure 6.

Altogether, the 3 clusters contribute to 40% of the yearly midcrustal events detected along the front of the range in Nepal. Their cumulative along strike development accounts for ~ 10 % of the length of the midcrustal cluster making this event the most important seismicity burst of the interseismic period recorded by the Nepal National Seismological Network. No significant seismic rate variations were detected in between the three clusters (Figure 6).

6-Discussion

Complex spatial and temporal variations of seismicity have been revealed at local and regional scales. Locally, north of Kathmandu, the spatial distribution of the seismicity coincides with a back-thrust and a thrust segment separated by a proposed 20 km-long tear fault. Their consecutive activation follows the development of a seismic swarm on the tear fault. The geometry of the fault system is consistent with a right lateral slip on the tear fault.

This scenario is compatible with the topology of the thrust system as well as with the kinematics of the dextral NNW-SSE Jhiku Khola fault described in continuity to the south (Kumahara et al., 2016). The en-echelon segments of the MHT there are close to the unstable-stable transition zone USTZ (e.g. Jackson and Bilham, 1994;Bettinelli et al., 2006).

This behavior was confirmed recently by the determination of the seismic coupling that falls there between 0.4 and 0.6 (Ader et al., 2012;Grandin et al., 2012;Stevens and Avouac, 2015).

The seismic activity in 1997 in this region could result from (1) a local unsteady loading or (2) a local strain transfer in the vicinity of the USTZ. However, rather than just a local strain transient, the development in 1996-97 of 2 other clusters hundreds of kilometers apart, depicting similar temporal variations, may imply (3) a large scale unsteady loading. The unsteady loading could be due, among others, to a lithospheric response to the water mass redistribution after the monsoon or to a slow slip event. However, in 1996, the precipitation records were fairly typical (e.g., Shrestha et al., 2000;Yatagai et al., 2012). This leads us to propose that the 1997 seismic episode may be related to a slow slip event. A transient slip event with a slip amplitude of tens of centimeters is precluded due to the absence of measurable changes in the seismicity rate between the clusters (Figure 6A). Indeed, a seismicity change would likely occur after a centimetric to decimetric scale slow slip event, which would in turn release years of stress build up and therefore most probably induce years of midcrustal seismicity along strike. The lower end of the slip amplitude expected, i.e.

1 cm, would correspond roughly to the seismic slip accommodated during the Sarshin earthquake (see previous section for estimation). In Sarshin area, such an amount of slip at midcrustal depths generates only infra-milimetrical displacements at RAM0 and SYA0, regional GPS stations respectively 17 and 20 km from the updip-end of the ruptured fault plane. These stations were surveyed briefly in 1995 and 1998 (1 to 4 days/sessions). They were translated in 3 years by 19±6 mm and 21±7 mm respectively in an India fixed reference frame (Jouanne et al., 2004). The large uncertainties of the measurements preclude resolving the infra-milimetrical displacements induced by the Sarshin earthquake as well as those induced by any strain transient with similar amplitudes. We further note that the displacements uncertainties for both stations amounts to one third of the measurements, a value comparable to one year of strain above the Main Himalayan Thrust. The thrust accommodates, at depth, on average, a shortening of 18 mm/yr (Ader et al., 2012).

Detecting a transient slip event at depth on the creeping part of the MHT of less than 18 mm therefore seems impossible. This result is corroborated by the absence of any major change in the shortening rates estimated elsewhere in Nepal by campaign GPS data, and by the continuous DORIS time series available at Everest. Several of the large transient events elsewhere in the world were accompanied by tremors and low frequency earthquakes (Schwartz and Rokosky, 2007). Such kinds of seismic events have not been observed in 1997 in Nepal, a period during which the continuous seismic signals recorded by National Seismological Network was not stored. Further analysis of these signals to detect tremors or low frequency earthquakes is therefore limited to the cut signals of seismic events which, according to a preliminary analysis, present a typical spectra.

Despite the lack of direct evidence that tremors and low frequency earthquakes occurred, we think the seismic catalogue contains other indirect evidences of this process.

A subtle transient slip event may generate heterogeneous seismicity along strike due to the geometry and state of stress changes along strike of the MHT. Indeed, the midcrustal seismicity under the front of the Himalayas appears sensitive to the local state of stress which depends mainly on the regional tectonic stress and the topography, through their influence on the preferred orientation of the failure planes (Bollinger et al., 2004a). In between the Main Frontal Thrust and the front of the High range, S3 and S1, the minimal and maximal principal stresses, are respectively vertical and north-south. S1 increases during interseismic deformation due to slip at depth on the MHT, promoting failure on EW striking thrust planes (Figure 7A(area 2)). Further north, in the Southern Tibetan grabens (Figure 6B), S1 is vertical while S3 is horizontal, striking approximately east-west. S3 might decrease during interseismic deformation (Figure 7A(area 3)), since east-west extension increases in the Southern Tibetan Graben due to the divergence of thrusting along the Himalayan Arc (Bollinger et al., 2004a). This promotes failure on north-south oriented normal faults (ie: the southern Tibetan grabens). In between these two domains (i.e. south of the range, Tibetan Plateau: between area 2 and 3 on Figure 7A) the regional state of stress might promote the existence of NW-SE and NE-SW strike slip faults. This is valid for a range of depths in the cluster which depends on both S1 and S3 and the local non compensated topography. In this area, the intermediate stress component is vertical, while the maximum and minimum principal stresses correspond respectively to the north-south and east-west stress values (Figure 7A(area 1)). The strike slip faults in this region are very sensitive to the simultaneous N-S and E-W stress variations (Figure 7A). The lack of strike slip Centroid Moment Tensor solutions for intermediate events (M>5.5) during the last decades along the Himalaya demonstrate that strike slip faulting is infrequent along strike, probably due to the restriction to a small depth range of the corresponding state of stress. Besides the presence of large scale active strike-slip faults affecting the lesser Himalayas (Nakata, 1989), interpreted as resulting from large scale strain partitioning (Nakata, 1989;Murphy et al., 2014) or from the presence and migration of lateral ramps (Bollinger et al., 2004b), few active strike-slip fault segments were described at the foot of the High range (Nakata, 1989).

However, tear-faults are suspected at midcrustal depths because of the lateral variations of the midcrustal ramps along the strike of the Main Himalayan thrust (e.g. Robinson et al., 2001;Bollinger et al., 2004b;Grandin et al., 2012). Despite the publication of balanced cross sections immediately west of Sarshin area (e.g. Pearson and Decelles, 2005;Khanal and Robinson, 2013), the present-day positions of the midcrustal ramps in the vicinity of the seismic cluster studied here are still unresolved. Assuming the cluster represents the edge of the MHT locked segment (e.g. Cattin and Avouac, 2000;Bollinger et al., 2004;Ader et al., 2012, Grandin et al., 2015), a dextral NW-SE transform structure is required for the sake of geometrical continuity (Figure 4 and 5, Central zone in blue). Assuming that this swarm is located on such a right lateral strike slip segment, its activity in December 1996 creates static stress changes at its extremities. It leads to the generation of 2 positive Coulomb stress variations (DeltaCFF) lobes on its NW and SE sides (while NE and SW would see a negative DeltaCFF(Figure S8 to S11 and Table S2). This static stress change scenario accounts for the generation of seismicity along the backthrust to the NW and the thrust to the SE as well as with the lack of microseismic activity along its NE and SW extremities (Figure 7B and7C).

Furthermore it is consistent with Sarshin focal mechanism depicting a NE-SW oriented fault plane solution (Figure 4).

Whether similar kinematics and mechanisms are involved in the generation of the Far western and eastern Nepal seismic swarms is unknown. Unfortunately, the seismicity in these regions cannot be analyzed with a similar relocation approach due to the less optimal geometry of the seismic network and completeness of the database. But the 3 swarms are located in similar settings, within the midcrustal cluster at similar distances from the USTZ and within the trace of southern Tibetan Grabens (Figure 6B). Another similarity is their time sequence that begins with a weak but detectable decrease of seismicity prior to the swarms' development (Figure 6A). These rate decreases begin about 6 months prior to each swarm, during the onset of the monsoon. That the higher level of seismic noise during the monsoon is responsible for the seismic rate decrease is possible (Bollinger et al., 2007), but the rate remains low after the end of the monsoon and the decrease of the seismic noise generated by landsliding and rivers (Burtin et al., 2008). An alternative interpretation could be that the seismicity was partially inhibited and then promoted due to the response of the crust to a loading/unloading of continental water (Bettinelli et al., 2008;Chanard et al., 2014) in 1996.

Whatever the scenario, the simultaneous development of these swarms may have resulted from a transient slip event similar to those detected along other subduction zones (e.g. Cascadia, Mexico, Japan,…) with an affected area between 30 to 600 km along strike, and transient slip lasting 6 days to about a year with amplitudes between 5 mm and 5.6 cm (e.g. Dragert et al., 2001;Schmidt and Gao, 2010;Schwartz and Rokosky, 2007;Szeliga et al., 2008). Such a slow slip event occurring on the Main Himalayan Thrust could play a role in the seismic cycle of the locked segment of the fault. Indeed, such transient events bring the locked fault zone closer to failure by several months (Dragert et al., 2001), besides the interseismic loading on the fault.

7-Conclusion

The first conclusion to be drawn from this work is that the downdip end of the locked section of the Main Himalayan Thrust exhibits lateral seismicity variations that may reveal the presence of structural complexities at midcrustal depths. The right-stepping geometry of the seismicity, north of Kathmandu, is interpreted as resulting from the activation of a tear fault between a backthrust and a thrust segment. This structural complexity might have influenced the slip distribution during the Gorkha earthquake rupture as revealed by a local minima in the region of high slip of some published slip models. A second major conclusion is that the time sequence of the seismic swarm which developed there in 1996-97 is consistent with a propagation of a local strain transient, from the tear fault to the backthrust and thrust. Finally, the temporal coincidence between this swarm and two others at far distances leads us to suspect the development of a larger-scale transient slip event on the Main Himalayan Thrust. The local stress field appears responsible for the higher sensitivity of these areas to strain transients and needs therefore to be monitored to ascertain the presence of infrequent subtle slow slip events along the Himalaya. Kinematical evolution north of Kathmandu in 1996-1997; orange surface corresponds to the area with a coupling >50-80% depending on source (Ader et al., 2012;Grandin et al., 2015). B) Static stress change induced by slip on the tear fault is schematized by Coulomb stress lobes, respectively blue and red for DCFF <0 and >0. Dotted lines and filled areas correspond respectively to the DCFF calculated for receiver faults with the backthrust and the thrust orientation (more information in Table S1, Table S2, and Figure S8 to S11). C) Activation of the backthrust (in green) and the thrust fault (in salmon) as a consequence of static stress change induced by the tear fault (B). D) Schematic three dimensional block, with vertical exaggeration, of the MHT with the backthrust (green) and the tear fault (purple). Colors on the MHT correspond to the coupling: red: total coupling (>50-80%), orange: transition zone (60%-40%), Yellow: completely decoupled (0%) (Ader et al., 2012;Grandin et al., 2015).

White arrows show the kinematics of the structures. presence of a tear fault. The analysis of the time sequence allows constraining a scenario involving stress transfer between these local midcrustal structures, beginning more than one month before the 1997 main shock. The temporal evolution of the seismicity is strikingly similar for two other transient seismic swarm episodes which developed hundreds of kilometers apart along the Main Himalayan Thrust at the same time. The local stress field appears responsible for the higher sensitivity of these regions to subtle strain transients developing along the Main Himalayan Thrust.

Key words: seismicity, Main Himalayan Thrust, fault segmentation, relative relocation.

Introduction

Along-strike variations of seismic activity on a fault can result from lateral variations in the geometry of the locked fault zone, spatial heterogeneity in frictional parameters or from unsteady loading during the interseismic period. Variations in seismicity rates along the downdip end of a locked megathrust may reveal that the structure is segmented, and these segment boundaries may correspond to the barriers that delimit major seismic ruptures (e.g. Schwartz et al., 1989;Collot et al., 2004;Métois et al., 2012;Holtkamp et al., 2011;Holtkamp and Brudzinski, 2011). The Main Himalayan Thrust (MHT) fault in Nepal qualifies as one interesting fault to document in terms of seismicity variations given its seismogenic potential and the possible control of the coseismic ruptures by persistent structural features (e.g. Grandin et al., 2015). Indeed, despite the apparent homogeneity of the stress build up revealed by geodesy (Ader et al., 2012;Stevens and Avouac, 2015) significant variations of the seismic rate have been reported along strike (Pandey et al., 1999). Some of the variations in seismic rate are persistent in time and might reveal lateral heterogeneity in terms of seismic coupling and/or tectonic structures along strike of the MHT. Others are temporary, related to transient episodes including swarm activity or mainshock-aftershock sequences.

On April 25 2015 at 11h56 Nepal Standard Time (06h11 UTC), the Mw 7.8 Gorkha earthquake ruptured a 120 km-long and 35-50 km wide fault segment of the MHT (e.g., Avouac et al., 2015;Grandin et al., 2015;Kobayashi et al., 2015;Elliott et al., 2016)(Figure 1), abutting the great M8.2 1934 earthquake rupture. The propagation of the rupture and the slip along the fault plane were heterogeneous, leading some authors to suggest possible along strike variations of the structure at depth (Grandin et al., 2015, Fan andShearer, 2015).

The aftershocks near the trace of the rupture in the vicinity of Kathmandu are heterogeneously distributed (Adhikari et al., 2015;Bai et al., 2015). Some aftershocks are clustered under Kathmandu valley, a place where no seismicity has been observed during the interseismic period (Figure 1). In the meantime, north of the Nepalese capital, the aftershocks epicenters coincide with the location of the midcrustal interseismic cluster (10-20 km depth) (Figure1). The heterogeneous distribution of the Gorkha earthquake aftershocks and the seismicity during interseismic period north of Kathmandu could be due to structural complexities or a transient event. The goal of our study is to use small earthquakes prior to the 2015 Gorkha event to resolve structural and frictional characteristics that might control the rupture parameters of the main shock.

In order to test such a hypothesis, we analyze the spatio-temporal variations of the seismicity during the interseismic period north of Kathmandu, a region well covered by the Nepalese national seismological network. We first relocate the seismic events using a double-difference algorithm (Waldhauser and Ellsworth, 2000) and perform a Centroid Moment Tensor inversion of the largest instrumentally recorded event in the region, ML=5.8 on January 31 st 1997. We then interpret the spatial pattern of seismicity in terms of geological structures at depth, and finally focus on the temporal variation of the seismicity rate along this structure.

Data description

Regional Network

The seismicity of central and eastern Nepal has been continuously monitored since the 1990s by the National Seismological Centre of Nepal (NSC) with a national network composed of 21 short period vertical component seismic stations. Among them 12 high gain stations have been operational since 1994 in central and eastern Nepal providing a completeness of the seismic catalogue for that region around local magnitude ML=2.0 (Pandey et al., 1999). Their records are processed using Jade-Onyx acquisition-treatment software in which a 1D velocity model is used to locate earthquakes using the phases picked manually at NSC (Pandey, 1985;Pandey et al., 1995, Adhikari et al., 2015). A complementary network of 3 stations was deployed temporarily, from July 1995 to December 1996. The addition of these stations facilitated improved locations for the small earthquakes generated at midcrustal depths below the front of the high topography (Cattin and Avouac, 2000) in the vicinity of the Main Himalayan shear zone (Nabelek et al., 2009).

Earthquake catalogue

North of Kathmandu, the interseismic activity appears concentrated at midcrustal depths within a permanent seismic cluster (Pandey et al., 1995;Cattin and Avouac, 2000) (Figure 1) modulated by a few transient seismicity bursts (Figure 2). The most important seismicity burst was recorded in 1997. Indeed, 30% of the ML>=4.0 events of the catalogue in this region occurred in that year (Figure 2). The sequence culminated after the occurrence of the "Sarshin earthquake" an ML=5.8 event which happened on January 31 st 1997 (Table 1), an event preceded 3 hours before by a foreshock of ML 5.1. This event resulted in a maximum shaking intensity of MMI VII and was felt in Kathmandu 40 km SE from its epicenter. It caused significant impact (MMI VI) over a region 1800 km 2 in size (Sapkota, 2011). Given its magnitude, this event was also recorded at teleseismic distances by international institutions, which assigned a body-wave magnitude (mb) around 5.2 and depths between 17 and 23 Km (Table 1). The Sarshin earthquake was followed by more than 160 aftershocks in a region spanning 50

x 30 km 2 , a surface significantly larger than the expected rupture extension. The orientation of the seismic cluster based on NSC locations is unclear and we expect that relocated aftershocks will help to constrain the geometry of the structure activated by the Sarshin earthquake.

Method

Centroid Moment Tensor at regional scale

Seismic data of the 1997 Sarshin earthquake recorded by stations at distances up to 1700 km and of good quality are used to calculate a Centroid Moment Tensor. This includes data from stations LSA (Tibetan plateau), HYB (central India), WUS (northern China) and CHTO (Thailand) (Figure 3).

The centroid moment tensor solution is retrieved from the inversion of regional long-period seismic waves (40-100s). The procedure is taken from Nábelek (1984) and is adapted to a low-frequency inversion (Nábelek and Xia, 1995). For the centroid moment tensor inversion, a 1-D velocity structure should be chosen to compute synthetic Green's functions and model the observed waveforms at seismic stations. Processing a large number of events (29 earthquakes in (Burtin, 2005) and 107 earthquakes in (Baur, 2007) in the Himalaya and Tibetan Plateau regions) we failed to correctly invert the seismic waveforms at stations with a single velocity model. Seismic signals from sources occurring along the Himalayan arc were recorded at stations located around the Tibetan plateau and the India plate. Therefore, velocity structures through which seismic waves travel can drastically change. For instance when a velocity model with a Moho depth fixed at 35 km (ex. India path) is used, the modeled waveforms for northern Tibetan stations will systematically arrive sooner than the observed ones. To overcome this issue, each ray path is associated with a specific 1-D structure. For the Indian station HYB, the model is from Saul et al., (2000) with a Moho depth at 35 km. For the Tibetan station LSA and northern China station WUS, the model is modified from Haines et al., (2003) with a Moho depth at 65 km. In this latter model, we had to remove the 5 km thick sedimentary layer because otherwise the synthetic inverted seismic waves were delayed too much. Finally, the model for the Thai station CHTO was set to an intermediate model between the Indian and Tibetan models with a Moho depth at 45 km. These velocity models were tested using a trial and error procedure on the 29 focal mechanisms studied (Burtin, 2005); we retained those models that resulted in synthetics that best matched the observed seismic data (Figure 3) -See Burtin, 2005 for further information. Furthermore, for each earthquake analyzed in Burtin (2005), including the Sarshin earthquake, the centroid moment tensor source depth was constrained through a grid search algorithm that minimized the waveform misfit, using at first a coarse step size (10 km) followed by a finer step size (1 km).

Relative relocation at local scale

We calculate relocations using the double-difference algorithm HypoDD (Waldhauser and Ellsworth, 2000) for the seismicity clustered north of Kathmandu, in the trace of the Gorkha earthquake. We use data from the NSC bulletin for the period 1996-1999 and the whole bulletin from the temporary experiment of 1995-1996. Relative locations are resolved by solving an inverse problem using a damped least-square technique, minimizing the residuals between observed and calculated phase delay times between a pair of adjacent earthquakes recorded at common stations. This procedure reduces the biases induced by velocity model errors along the paths from hypocenters to seismic stations. The velocity model considered hereafter is the 1-D model of Pandey (1985) with a Vp/Vs of 1.73. We initially attribute to each seismic event the origin time and hypocenter of the NSC seismic bulletin. We also allocate location errors corresponding to the average of the longitudinal and latitudinal uncertainties as well as depth uncertainties documented in the bulletin. Undetermined depths in the database are fixed to 0. The second set of inputs include the arrival times of P and S phase arriving at a station for a given event. The weight for the P phases is fixed to 1 and for the S phases to 0.3.

Given the very high density of events located immediately in the vicinity of the Sarshin earthquake, compared to the more diffuse spatial and temporal pattern of the seismicity elsewhere, we divide the catalogue of events in two, a western and an eastern region (respectively zones 1 and 2 hereafter) separated at 85.4E (Figure S1 andS3). This division will enable us to better optimize the relocation process.

We select pairs of phases at every station considering (1) a maximal separation between hypocenters of 20 km and (2) a minimum number of links between two neighbor events of 8 for Zone 1 and of 4 for Zone 2.

The relocation is performed in both cases with P and S phases when available and with three sets of iterations taking into account the seismic bulletin parameters. We set the damping at 20 in a LSQR inversion. The first set iterates four times using only P waves. The second set iterates also four times with P and S waves. The third set iterates 8 times taking into account P and S waves, limiting the residuals to 5 seconds and the maximum distance between linked pairs to 10 km. The relocation of Zone 1 considers 8 as the minimum number of links per pair to form a continuous cluster. There is no clustering a priori parameter for the relocation of Zone 2.

We tested the most influential parameters for both the pair-phase selection and the relocation process. In the pair-phase selection, we tested values at 4, 8, and 12 for the minimum number of links between two neighbor events. We also tested maximum separation between hypocenters at 20 and 50 km. The number of pair-phases created increase considering either a larger number of minimum links per pair or a larger maximum separation distance between hypocenters, however there are more events weakly linked.

The minimum number of links between two neighbor events tested changes in Zone 1 and 2 because of the density of events. We also tested various numbers of iterations (4 and 8 for each set) in the relocation process. The RMS misfit decreases for the first two sets until it stabilizes after 4 iterations. The solution becomes unstable with 8 iterations, resulting in a centroid shift and in an unstable RMS misfit. In the third step, 8 iterations are needed to stabilize the RMS misfit. Geometrically, the relative relocations were similar for any iteration scheme.

The tests results support the parameters we chose for Zone 1 and 2.

4-Results

In Zone 1 (Figure 4), the seismic bulletin includes 230 events with 2408 phases from which 20140 P-phases pairs and 12469 S-phase pairs are found. 80% of P-phase pairs and 84% of Sphase pairs are selected. The event pairs have an average of 10 links with an average offset of 6.04 km. After event pair selection, 167 events are successfully relocated, with less than 1500 m of 2-sigma-relative location errors in x, y, z and a RMS misfit reduction of 60% (Figure S2, S3, S5, and S6).

The seismic bulletin covering Zone 2 (Figure 4) includes 548 events with 4886 phases from which 45938 P-phase and 39002 S-phase pairs are determined. Respectively, 49% and 45% of P-and S-phase pairs are selected. The event pairs have an average of 6 links with an average offset of 6.9 km. 477 events are selected, from which 384 events are successfully relocated with less than 100 m of 2-sigma-relative location errors in x, y, z. The RMS misfit reduction, following the integration of the phases picked at the temporary 3 component stations, is close to 90% (Figure S2, S3, S4, S5, S6, and S7).

The relocation of Zone 1 and Zone 2 seismicity indicates the presence of two separate clusters during the 1997 seismic episode (Figure 4). The westernmost seismic cluster is located between 85.3° and 85.4°, covering an area of 7 x 11 km 2 (Figure 4, map), just above the January 31 st Sarshin earthquake hypocenter (Figure 4, cross-section). The visual inspection of 3D plots shows that the seismicity lies on a plane that strikes N050±20 E dipping steeply southeast (70-80°). The other seismic cluster is smaller (6 X 8 Km 2 ) and is located between 85.4° and 85.5°. It describes an almost vertical plane striking N155±20 E (Figure 4). No large event is associated with this cluster. The remaining relocated seismic events do not show a particular geometry. Most of them are located in a 10 km-wide band east of 85.5°.

The centroid moment tensor solution for the January 31 st Sarshin earthquake indicates a best centroid depth at 17 km and a reverse motion with a slight strike-slip component. One nodal plane (NP1) strikes N075 and dips 85°SE, and the second (NP2) strikes N152 and dips 24°NE. Although it is difficult to quantify uncertainties on the centroid moment tensor solution, the azimuthal coverage being decent and the changes in centroid moment tensor being small in the vicinity of the best depth, we consider the uncertainties to be moderate (+/-20°) (Zahradnik et al., 2008). In particular NP1, which dips at a high angle, is quite stable in the inversions. The NP1 plane is the closest to the plane defined by the relocated aftershocks of the Sarshin earthquake. The moment magnitude obtained is Mw=4.8.

The depths of the relocated events range from 15 to 26 km in the western cluster, with the main shock at 24 km depth which is slightly deeper than previous determinations (Table 1).

NSC gives a hypocenter at 20.3 km while the centroid moment tensor centroid depth is at 17 km. Although the relocation allows us to place constraints on the relative positions of hypocenters leading to a fairly well defined geometry for the cluster, the centroid depth of the cluster (~22 km) is less well constrained as the closest station that recorded these events is located at ~ 25 km, and thus the centroid could move by a few kilometers. Both hypocenter depths and centroid moment tensor centroid depths being within +/-5 km, we think the differences may not be significant. In addition, as most crustal earthquakes nucleate at depth and propagate towards the surface (e.g., Das and Scholz, 1983;Huc et al., 1998), we expect the hypocenter depth of the mainshock to be larger than its centroid moment tensor depth. This will be particularly true if the co-seismic slip is small and the ruptured area large for a Mw4.8 event. Indeed, the source of a Mw4.8 can be either 2x2 km 2 with 10cm of slip or 5x5 km 2 with 2 cm of slip.

5-Interpretation

Spatial distribution of the Sarshin Swarm

Most of the 1996-2000 Sarshin Swarm seismicity is located at midcrustal depths, with centroid depths at 22 and 15 km respectively for the two clusters (Figure 4). These depths roughly correspond to the depth of the Main Himalayan shear zone, as interpreted on images obtained along profiles based on receiver function analysis [START_REF] Schulte-Pelkum | Imaging the Indian subcontinent beneath the Himalaya[END_REF]Nabelek et al., 2009;Duputel et al., 2016).

The westernmost cluster develops after the main shock of the Sarshin earthquake over a 7 x 11 km 2 region. Given the geometry of the cluster and the fault plane solution parameters of its main shock, the January 31 st 1997 Sarshin earthquake, we associate this seismic swarm to the activation of a NE-SW backthrust, steeply dipping to the southeast. Assuming that the aftershock distribution corresponds to the maximum extent of the fault segment ruptured by the main shock, a Mw 4.8 (M0= 2.3*10 16 Nm deduced from the centroid moment tensor determination), and assuming a shear modulus of 32GPa we obtain an average minimum slip of 1 cm. Considering that aftershocks may more likely extend beyond the edges of the ruptured plane, its surface is likely overestimated. A surface overestimation by 100% will lead to doubling the average slip, at 2cm. This amount of slip at depth induces infra-mm displacements at the surface GPS sites around, values below the resolution capacity of the campaign GPS available at that time (Jouanne et al., 2004).

A rupture on a steep south-eastward dipping -northwestward verging thrust at mid-crustal depths below the front of the high topography may correspond either to the activation of (a) a fault segment at the forelimb of the lesser Himalayan duplex (e.g. Pearson and DeCelles, 2005;Khanal and Robinson, 2013), or (b) a local shear zone within the hinge above the flatdecollement/ramp, as predicted by mechanical models (Souloumiac et al., 2009) (Figure 7D).

We prefer the latter interpretation, as the depth seems more consistent with the downdip end of a midcrustal ramp than the passive roof-thrust of the duplex.

The relocated seismicity appears offset by 20 km from west to east, describing an eastward right-stepping strand. Note that this step is not an artifact due to the location of the boundary between the two zones considered in the relocation process: alternative relocations considering only one zone, keeping the same relocation parameters, produced similar spatial patterns, with the seismic cluster stepping to the south in this area. This offset could be explained by the presence of a tear fault between two ramps or structural discontinuities within the Main Himalayan shear zone such as a stepover of the fault. We prefer the former hypothesis given the absence of overlapping seismicity along strike. In addition, the vertical NW-SE plane described by the second cluster (85.4° and 85.5°) identified in the relocation results is consistent with tear faulting although we could not compute any fault plane solution to prove this. Such tear faults are required because of the topology of the MHT flat/ramp system and its lateral variations (Figure 7). The right lateral tear fault suspected to develop at depth within the trace of the second cluster is aligned with an active dextral fault system reaching the surface along the 20 km-long NNW-SSE Jhiku Khola fault (Kumahara et al., 2016).

We propose that the backthrust and tear fault activated during the 1997 seismic episode, and in a more general way every significant variation of the structure at depth along the MHT, might influence its behavior. It could affect the propagation of the co-seismic rupture (e.g. Béjar-Pizarro et al., 2010), influencing the co-and post-seismic slip distribution as well as the location of the aftershocks. Note that the structure we studied is located in between two patches of maximum slip of the Gorkha earthquake proposed by some authors (e.g. Avouac et al., 2015;Grandin et al., 2015) (Figure 1).

Temporal distribution of the seismicity at local and regional scales

The time structure of a seismic episode gives a dynamic sense and evolution of the phenomenon that the spatial distribution does not. Both are essential to interpret our results.

The time structure of the seismicity in this area (Figure 4) exhibits complex variations in the period covered by our study. The seismicity rate decreases first in mid-1996 (Figure 2 and5).

This relative quiescence is difficult to ascertain, being concurrent with the monsoon arrival, a period during which the seismic noise level and therefore the completeness magnitude of the catalogue is higher than on average, a period during and slightly after which the seasonal load of the india plate has a genuine influence on the seismicity (Bollinger et al., 2007;Bettinelli et al., 2008;Burtin et al., 2008). The seismic rate remains low until December, far after the monsoon period, and is followed by a sharp increase. The seismic events are then clustered between 85.4° and 85.5° (Central zone in Figure 4), mostly along a 6 km-long vertical plane oriented N155. This activity, decreasing at the beginning of 1997, is followed by the development of another cluster 15 km to the northwest in January (Figure 4,5). The swarm in the area begins before the Sarshin main shock which occurred at 20:02 (local time) on January 31st and was preceded by a ML5 and smaller events a few hours earlier. The seismic cluster that developed within the next three months within 10 km from the hypocenter is typical of an aftershock sequence. In the meantime, the seismicity rate east of 85.5°E increased significantly (Figure 5). Surprisingly, this unusual transient seismic activity is not exceptional in the Himalaya region. Indeed, in eastern Nepal, a seismic swarm developed between 86.8 and 87°E, generating 80 events south of Mount Everest, between November 1996 and May 1997. No main shock was detected prior to the onset of the seismic swarm but a larger shock, with a ML 5.8, occurred on the 30/12/1996 (Table 1) and was followed by aftershocks (Figure 6). In western Nepal, between 80.5° and 81°E, a similar swarm developed with a main shock on 05/01/1997 of ML=6.3 (Table 1).The location of the seismicity in these two areas is not sufficiently resolved to perform an analysis similar to what has been done here. The time structure of these two swarms is very similar to that of Sarshin as illustrated on Figure 6.

Altogether, the 3 clusters contribute to 40% of the yearly midcrustal events detected along the front of the range in Nepal. Their cumulative along strike development accounts for ~ 10 % of the length of the midcrustal cluster making this event the most important seismicity burst of the interseismic period recorded by the Nepal National Seismological Network. No significant seismic rate variations were detected in between the three clusters (Figure 6).

6-Discussion

Complex spatial and temporal variations of seismicity have been revealed at local and regional scales. Locally, north of Kathmandu, the spatial distribution of the seismicity coincides with a back-thrust and a thrust segment separated by a proposed 20 km-long tear fault. Their consecutive activation follows the development of a seismic swarm on the tear fault. The geometry of the fault system is consistent with a right lateral slip on the tear fault.

This scenario is compatible with the topology of the thrust system as well as with the kinematics of the dextral NNW-SSE Jhiku Khola fault described in continuity to the south (Kumahara et al., 2016). The en-echelon segments of the MHT there are close to the unstable-stable transition zone USTZ (e.g. Jackson and Bilham, 1994;Bettinelli et al., 2006).

This behavior was confirmed recently by the determination of the seismic coupling that falls there between 0.4 and 0.6 (Ader et al., 2012;Grandin et al., 2012;Stevens and Avouac, 2015).

The seismic activity in 1997 in this region could result from (1) a local unsteady loading or (2) a local strain transfer in the vicinity of the USTZ. However, rather than just a local strain transient, the development in 1996-97 of 2 other clusters hundreds of kilometers apart, depicting similar temporal variations, may imply (3) a large scale unsteady loading. The unsteady loading could be due, among others, to a lithospheric response to the water mass redistribution after the monsoon or to a slow slip event. However, in 1996, the precipitation records were fairly typical (e.g., Shrestha et al., 2000;Yatagai et al., 2012). This leads us to propose that the 1997 seismic episode may be related to a slow slip event. A transient slip event with a slip amplitude of tens of centimeters is precluded due to the absence of measurable changes in the seismicity rate between the clusters (Figure 6A). Indeed, a seismicity change would likely occur after a centimetric to decimetric scale slow slip event, which would in turn release years of stress build up and therefore most probably induce years of midcrustal seismicity along strike. The lower end of the slip amplitude expected, i.e. 1 cm, would correspond roughly to the seismic slip accommodated during the Sarshin earthquake (see previous section for estimation). In Sarshin area, such an amount of slip at midcrustal depths generates only infra-milimetrical displacements at RAM0 and SYA0, regional GPS stations respectively 17 and 20 km from the updip-end of the ruptured fault plane. These stations were surveyed briefly in 1995 and 1998 (1 to 4 days/sessions). They were translated in 3 years by 19±6 mm and 21±7 mm respectively in an India fixed reference frame (Jouanne et al., 2004). The large uncertainties of the measurements preclude resolving the infra-milimetrical displacements induced by the Sarshin earthquake as well as those induced by any strain transient with similar amplitudes. We further note that the displacements uncertainties for both stations amounts to one third of the measurements, a value comparable to one year of strain above the Main Himalayan Thrust. The thrust accommodates, at depth, on average, a shortening of 18 mm/yr (Ader et al., 2012).

Detecting a transient slip event at depth on the creeping part of the MHT of less than 18 mm therefore seems impossible. This result is corroborated by the absence of any major change in the shortening rates estimated elsewhere in Nepal by campaign GPS data, and by the continuous DORIS time series available at Everest. Several of the large transient events elsewhere in the world were accompanied by tremors and low frequency earthquakes (Schwartz and Rokosky, 2007). Such kinds of seismic events have not been observed in 1997 in Nepal, a period during which the continuous seismic signals recorded by National Seismological Network was not stored. Further analysis of these signals to detect tremors or low frequency earthquakes is therefore limited to the cut signals of seismic events which, according to a preliminary analysis, present a typical spectra.

Despite the lack of direct evidence that tremors and low frequency earthquakes occurred, we think the seismic catalogue contains other indirect evidences of this process.

A subtle transient slip event may generate heterogeneous seismicity along strike due to the geometry and state of stress changes along strike of the MHT. Indeed, the midcrustal seismicity under the front of the Himalayas appears sensitive to the local state of stress which depends mainly on the regional tectonic stress and the topography, through their influence on the preferred orientation of the failure planes (Bollinger et al., 2004a). In between the Main Frontal Thrust and the front of the High range, S3 and S1, the minimal and maximal principal stresses, are respectively vertical and north-south. S1 increases during interseismic deformation due to slip at depth on the MHT, promoting failure on EW striking thrust planes (Figure 7A(area 2)). Further north, in the Southern Tibetan grabens (Figure 6B), S1 is vertical while S3 is horizontal, striking approximately east-west. S3 might decrease during interseismic deformation (Figure 7A(area 3)), since east-west extension increases in the Southern Tibetan Graben due to the divergence of thrusting along the Himalayan Arc (Bollinger et al., 2004a). This promotes failure on north-south oriented normal faults (ie: the southern Tibetan grabens). In between these two domains (i.e. south of the range, Tibetan Plateau: between area 2 and 3 on Figure 7A) the regional state of stress might promote the existence of NW-SE and NE-SW strike slip faults. This is valid for a range of depths in the cluster which depends on both S1 and S3 and the local non compensated topography. In this area, the intermediate stress component is vertical, while the maximum and minimum principal stresses correspond respectively to the north-south and east-west stress values (Figure 7A(area 1)). The strike slip faults in this region are very sensitive to the simultaneous N-S and E-W stress variations (Figure 7A). The lack of strike slip Centroid Moment Tensor solutions for intermediate events (M>5.5) during the last decades along the Himalaya demonstrate that strike slip faulting is infrequent along strike, probably due to the restriction to a small depth range of the corresponding state of stress. Besides the presence of large scale active strike-slip faults affecting the lesser Himalayas (Nakata, 1989), interpreted as resulting from large scale strain partitioning (Nakata, 1989;Murphy et al., 2014) or from the presence and migration of lateral ramps (Bollinger et al., 2004b), few active strike-slip fault segments were described at the foot of the High range (Nakata, 1989).

However, tear-faults are suspected at midcrustal depths because of the lateral variations of the midcrustal ramps along the strike of the Main Himalayan thrust (e.g. Robinson et al., 2001;Bollinger et al., 2004b;Grandin et al., 2012). Despite the publication of balanced cross sections immediately west of Sarshin area (e.g. Pearson and Decelles, 2005;Khanal and Robinson, 2013), the present-day positions of the midcrustal ramps in the vicinity of the seismic cluster studied here are still unresolved. Assuming the cluster represents the edge of the MHT locked segment (e.g. Cattin and Avouac, 2000;Bollinger et al., 2004;Ader et al., 2012, Grandin et al., 2015), a dextral NW-SE transform structure is required for the sake of geometrical continuity (Figure 4 and 5, Central zone in blue). Assuming that this swarm is located on such a right lateral strike slip segment, its activity in December 1996 creates static stress changes at its extremities. It leads to the generation of 2 positive Coulomb stress variations (DeltaCFF) lobes on its NW and SE sides (while NE and SW would see a negative DeltaCFF(Figure S8 to S11 and Table S2). This static stress change scenario accounts for the generation of seismicity along the backthrust to the NW and the thrust to the SE as well as with the lack of microseismic activity along its NE and SW extremities (Figure 7B and7C).

Furthermore it is consistent with Sarshin focal mechanism depicting a NE-SW oriented fault plane solution (Figure 4).

Whether similar kinematics and mechanisms are involved in the generation of the Far western and eastern Nepal seismic swarms is unknown. Unfortunately, the seismicity in these regions cannot be analyzed with a similar relocation approach due to the less optimal geometry of the seismic network and completeness of the database. But the 3 swarms are located in similar settings, within the midcrustal cluster at similar distances from the USTZ and within the trace of southern Tibetan Grabens (Figure 6B). Another similarity is their time sequence that begins with a weak but detectable decrease of seismicity prior to the swarms' development (Figure 6A). These rate decreases begin about 6 months prior to each swarm, during the onset of the monsoon. That the higher level of seismic noise during the monsoon is responsible for the seismic rate decrease is possible (Bollinger et al., 2007), but the rate remains low after the end of the monsoon and the decrease of the seismic noise generated by landsliding and rivers (Burtin et al., 2008). An alternative interpretation could be that the seismicity was partially inhibited and then promoted due to the response of the crust to a loading/unloading of continental water (Bettinelli et al., 2008;Chanard et al., 2014Chanard et al., ) in 1996. . Whatever the scenario, the simultaneous development of these swarms may have resulted from a transient slip event similar to those detected along other subduction zones (e.g. Cascadia, Mexico, Japan,…) with an affected area between 30 to 600 km along strike, and transient slip lasting 6 days to about a year with amplitudes between 5 mm and 5.6 cm (e.g. Dragert et al., 2001;Schmidt and Gao, 2010;Schwartz and Rokosky, 2007;Szeliga et al., 2008). Such a slow slip event occurring on the Main Himalayan Thrust could play a role in the seismic cycle of the locked segment of the fault. Indeed, such transient events bring the locked fault zone closer to failure by several months (Dragert et al., 2001), besides the interseismic loading on the fault.

7-Conclusion

The first conclusion to be drawn from this work is that the downdip end of the locked section of the Main Himalayan Thrust exhibits lateral seismicity variations that may reveal the presence of structural complexities at midcrustal depths. The right-stepping geometry of the seismicity, north of Kathmandu, is interpreted as resulting from the activation of a tear fault between a backthrust and a thrust segment. This structural complexity might have influenced the slip distribution during the Gorkha earthquake rupture as revealed by a local minima in the region of high slip of some published slip models. A second major conclusion is that the time sequence of the seismic swarm which developed there in 1996-97 is consistent with a propagation of a local strain transient, from the tear fault to the backthrust and thrust. Finally, the temporal coincidence between this swarm and two others at far distances leads us to suspect the development of a larger-scale transient slip event on the Main Himalayan Thrust. The local stress field appears responsible for the higher sensitivity of these areas to strain transients and needs therefore to be monitored to ascertain the presence of infrequent subtle slow slip events along the Himalaya. Waldhauser, F. and Ellsworth, W.L., 2000. A double-difference earthquake location algorithm: method and application to the Northern Hayward Fault, California, Bulletin Seismological Society of America, 90 (6), 1353-1368. Yatagai, A., Kamiguchi, K., Arakawa, O., Hamada, A., Yasutomi, N. and Kitoh, A., 2012. Aphrodite. Constructing a long-term daily gridded precipitation dataset for Asia based on a dense network of rain gauges, America Meteorological Society, Q07023, doi: Kinematical evolution north of Kathmandu in 1996-1997; orange surface corresponds to the area with a coupling >50-80% depending on source (Ader et al., 2012;Grandin et al., 2015). B) Static stress change induced by slip on the tear fault is schematized by Coulomb stress lobes, respectively blue and red for DCFF <0 and >0. Dotted lines and filled areas correspond respectively to the DCFF calculated for receiver faults with the backthrust and the thrust orientation (more information in Table S1, Table S2, and Figure S8 to S11). C) Activation of the backthrust (in green) and the thrust fault (in salmon) as a consequence of static stress change induced by the tear fault (B). D) Schematic three dimensional block, with vertical exaggeration, of the MHT with the backthrust (green) and the tear fault (purple). Colors on the MHT correspond to the coupling: red: total coupling (>50-80%), orange: transition zone (60%-40%), Yellow: completely decoupled (0%) (Ader et al., 2012;Grandin et al., 2015).

White arrows show the kinematics of the structures. 
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