[image: image1]Paleoseismological Findings at a New Trench Indicate the 1714 M8.1 Earthquake Ruptured the Main Frontal Thrust Over all the Bhutan Himalaya

		ORIGINAL RESEARCH
published: 05 August 2021
doi: 10.3389/feart.2021.689457


[image: image2]
Paleoseismological Findings at a New Trench Indicate the 1714 M8.1 Earthquake Ruptured the Main Frontal Thrust Over all the Bhutan Himalaya
Yuqiu Zhao1, Djordje Grujic1*, Santanu Baruah2, Dawchu Drukpa3, Joanne Elkadi4, György Hetényi5, Georgina E. King4, Zoë K. Mildon6, Nityam Nepal3 and Caroline Welte7
1Department of Earth and Environmental Sciences, Dalhousie University, Halifax, NS, Canada
2Geoscience and Technology Division, CSIR-North East Institute of Science and Technology, Jorhat, India
3Earthquake and Geophysics Division, Department of Geology and Mines, Thimphu, Bhutan
4Institute of Earth Surface Dynamics, University of Lausanne, Lausanne, Switzerland
5Institute of Earth Sciences, University of Lausanne, Lausanne, Switzerland
6School of Geography, Earth and Environmental Sciences, University of Plymouth, Plymouth, United Kingdom
7Department of Earth Sciences, ETH Zurich, Zurich, Switzerland
Edited by:
Alexander Cruden, Monash University, Australia
Reviewed by:
R. Jayangonda Perumal, Wadia Institute of Himalayan Geology, India
Mark Quigley, The University of Melbourne, Australia
* Correspondence: Djordje Grujic, dgrujic@dal.ca
Specialty section: This article was submitted to Structural Geology and Tectonics, a section of the journal Frontiers in Earth Science
Received: 31 March 2021
Accepted: 05 July 2021
Published: 05 August 2021
Citation: Zhao Y, Grujic D, Baruah S, Drukpa D, Elkadi J, Hetényi G, King GE, Mildon ZK, Nepal N and Welte C (2021) Paleoseismological Findings at a New Trench Indicate the 1714 M8.1 Earthquake Ruptured the Main Frontal Thrust Over all the Bhutan Himalaya. Front. Earth Sci. 9:689457. doi: 10.3389/feart.2021.689457

The 1714 Bhutan earthquake was one of the largest in the Himalaya in the last millennium. We show that the surface rupture caused by this earthquake extended further to the east than previously known, it was at least 175 km long, with slip exceeding 11 m at our study site. The age of the surface rupture was constrained by a combination of radiocarbon and traditional optically stimulated luminescence dating of affected river sediments. Computations using empirical scaling relationships, fitting historical observations and paleoseismic data, yielded a plausible magnitude of Mw 8.1 ± 0.4 and placed the hypocentre of the 1714 Bhutan earthquake on the flat segment of the Main Himalayan Thrust (MHT), the basal décollement of the Himalayan orogen. Calculations of Coulomb stress transfer indicate that great earthquakes along the leading part of the MHT would cause surface rupture. In contrast, distal earthquakes may not immediately trigger surface rupture, although they would increase the stresses in the leading part of the MHT, facilitating future surface-rupturing earthquakes. Frontal earthquakes would also transfer stress into the modern foreland basin facilitating southward propagation of the MHT as a blind basal décollement. In conclusion, studies of surface-rupturing events alone likely underestimate the seismic slip along the Himalayan megathrust.
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INTRODUCTION
Understanding the evolution of convergent tectonic plate systems and determining their role in generating great earthquakes (>magnitude 8; USGS earthquake magnitude classes) requires integrating the record of fault behaviors preserved in fault rocks from all crustal depths with geophysical observations. Mapping and dating surface ruptures allow building earthquake catalog to calculate the slip rates, accumulated slip, and missing slip and thus calculate the seismic hazard and identify modes of propagation of an orogenic wedge into its foreland. Paleoseismic studies in the Himalaya have likely identified most of the great surface-rupturing events during the last 1,000 years. However, their low dating resolution may limit the ability to distinguish a series of events from distinct, much larger events, i.e., great earthquakes spread over decades may appear as a single great earthquake, or even an M 9 earthquake (e.g., Le Roux-Mallouf et al., 2016). In addition, the low precision of surface rupture length determination causes large errors in the inferred magnitudes.
The segment of the in eastern Bhutan is thought to host a potential slip of more than 10–12 m (Bilham, 2019; Robinson, 2020), the greatest in the Himalayas, implying high seismic hazard (Stevens et al., 2020). Conversely, the Bhutanese Himalaya experience fewer instrumental earthquakes than the central and western Himalayas (Gahalaut et al., 2011; Stevens and Avouac, 2015; Jayangondaperumal et al., 2018). However, this apparent gap in the Himalayan seismic belt may be only an observational gap caused by a lack of permanent seismometers in Bhutan until recent years. The apparent gap on the scale of the seismic cycle also roots in the fact that this region is a relatively less explored part of the Himalayas.
Here we present new information based on new paleoseismological findings in eastern Bhutan, interpreted in terms of possible earthquake location and magnitude that further close the seismic gap. Our results agree with the recent hypothesis of bimodal seismicity along the Main Himalayan Thrust (MHT) (Dal Zilio et al., 2019), which purports that a sequence of blind earthquakes is required to cause a great surface-rupturing event.
MORPHOTECTONIC SETTING
Main Himalayan Thrust and Main Frontal Thrust
The basal décollement of the Himalayan orogen is the MHT, equivalent to a subduction zone megathrust, along which the Indian plate has been underthrusting beneath the Himalayan belt. The Main Frontal Thrust (MFT) is the surface expression of the MHT frontal ramp along the Himalayan orogenic front. The MFT places the Siwalik Group (locally the Lesser Himalayan Sequence) against Quaternary foreland sediments (Figure 1A). The trace of the MHT composite is discontinuous and in West Bengal and Central Bhutan–within large re-entrants–involves at least three traces: one at the topographic break, the Topographic Frontal thrust (TFT), and two outboards of the orogen (Nakata, 1972), seemingly affecting only the sediments of the foreland basin. The intermediate trace is a north-directed back thrust, interpreted as an element of a juvenile triangle zone (Stockmal et al., 2001) at the Himalayan orogenic front (Dasgupta et al., 2013; Chakrabarti Goswami et al., 2019). The southern tip of the MFT in the foreland basin may also be a blind basal décollement with an incipient back thrust (Duvall et al., 2020). Although the first-order trace of the MFT (at the topographic break) appears curved but continuous, detailed maps indicate that the trace consists of segments arranged in a left-stepping en échelon geometry (Figure 1B). These segments are separated by strike-slip faults, pressure ridges or relay ramps, characteristic of fault growth by linkage extensively investigated in extensional tectonic settings (e.g., Mansfield and Cartwright, 2001).
[image: Figure 1]FIGURE 1 | (A) Simplified geology of the Bhutan Himalaya, with the area of Panel (B) shown with the black square in the SE corner. Previous paleoseismological studies in the area are indicated with vertical rectangles: 1: Gelephu (Berthet et al., 2014); 2: Sarpang (Le Roux-Mallouf et al., 2016); 3: Piping (Le Roux-Mallouf et al., 2020); 4: Chalsa (Kumar et al., 2010). STD: South Tibetan Detachment; MCT: Main Central thrust; MBT: Main Boundary Thrust; MFT: Main Frontal Thrust; TSS: Tethyan Sedimentary Sequence; GHS: Greater Himalayan Sequence; LHS: Lesser Himalayan Sequence. DCF: Dhubri–Chungthang fault zone (Diehl et al., 2017); KFZ: Kopili Fault zone (Sutar et al., 2017). (B) Topography of the Himalayan foothills and foreland basin in eastern Bhutan. The Himalayan Frontal Thrust consists of an en échelon arrangement of short segments. White square indicates the area of Figure 2. The digital terrain model (DTM) with a horizontal resolution of 0.5 m and vertical resolution of 8 m was derived from Maxar stereo pair imagery by Maxar Technologies and further processed using QGIS (v. 3.16.3).
Thrusting on the MFT began at ∼2 Ma in central Nepal (Mugnier et al., 2004; van der Beek et al., 2006) and ∼1 Ma in Arunachal Pradesh in NE India (Chirouze et al., 2013); however, the onset of the MFT in Bhutan is still unconstrained (Coutand et al., 2016). The MHT was first imaged in Southern Tibet along the western border of Bhutan (Hauck et al., 1998). The MHT has a ramp-flat-ramp geometry that varies along strike between western and eastern Bhutan (Coutand et al., 2014) but consists of three main segments. The southernmost frontal ramp in eastern Bhutan is north-dipping at 65–70° (Hirschmiller et al., 2014) but flattens toward the surface, which is typical of ruptures along thrust faults because of decreasing lithostatic pressure (e.g., Philip and Meghraoui, 1983; Lee et al., 2001). However, the detailed geometry, which is essential for estimating slip and slip rates, is more complex (Drukpa et al., 2018). The frontal ramp is rooted at ∼12 km in the west and ∼10 km in the east. The flat middle section dips sub-horizontally by 3–5° to the north. In western Bhutan, this section is 100–110 km wide (Coutand et al., 2014; Diehl et al., 2017). Although the cosmogenic nuclide denudation analyses suggest a wider flat portion (Le Roux-Mallouf et al., 2015), we adopt the former geometry because the data are more mutually consistent. In eastern Bhutan, the flat portion is somewhat narrower at ∼95 km (Coutand et al., 2014; Diehl et al., 2017) but is more difficult to constrain (Singer et al., 2017). The northernmost segment of the MHT is a mid-crustal ramp dipping northward at ∼30° (Hauck et al., 1998). Smaller ramps have been inferred by cross-section balancing (Long et al., 2012).
The difference in MHT geometry between western and eastern Bhutan is reflected in the variations in coupling along with the detachment. In western and central Bhutan, the width of the fully locked zone on the MHT is reported as ∼100 km (Li et al., 2020) to 135–155 km (Marechal et al., 2016). At its northernmost boundary, it is limited by an abrupt down-dip transition, representing an area of interseismic stress build-up according to the seismicity (Diehl et al., 2017). Le Roux-Mallouf et al. (2015) suggested that the wider and gentle coupling zone on the MHT could have greater seismogenic potential in western Bhutan. In eastern Bhutan, the fully coupled zone is narrower (100–120 km) and confined up-dip and down-dip by partial coupling zones (Marechal et al., 2016; Li et al., 2020). GPS data indicate that the up-dip frontal ramp exhibits an aseismic slip rate of 5.5–14.5 mm/a within 50 km north of the MFT (Marechal et al., 2016).
The convergence rates based on GPS measurements in the Sikkim Himalaya are 17.2 ± 1.9 mm/a (Li et al., 2020), which agree with the slip rate of ∼18 mm/a measured by Mukul et al. (2018). The estimated convergence rates in western Bhutan and eastern Bhutan are 18.5 ± 1.0 and 16.2 ± 1.5 mm/a, respectively (Li et al., 2020), both of which are similar to the 17 ± 2 mm/a estimated by Marechal et al. (2016). The cumulative deformation values derived from paleoseismic data yield an average slip rate of 24.9 ± 10.4 mm/a along the MFT over the last 2,600 years (Le Roux-Mallouf et al., 2020). Across western Arunachal Pradesh (to the east of Bhutan), the age and geometry of uplifted river terraces indicate a convergence rate of 23 ± 6.2 mm/a (Burgess et al., 2012). The potential discrepancy between the millennial-scale slip rate from geological studies and geodetic estimates suggests that some of the interseismic deformations in Bhutan could be anelastic.
Active Tectonics of Bhutan
The seismotectonic of the Bhutanese Himalaya differ from those in the central Himalaya in the following two aspects:
1) The Bhutanese Himalaya and especially its foreland are bound by two oblique strike-slip zones (the Dhubri–Chungthang fault zone (DCF) in the west, evidently extending beneath the orogen (Diehl et al., 2017) and the Kopili fault zone in the east with a more diffuse and less clear continuation N of the Himalayan front (Sutar et al., 2017). Both fault zones are capable of generating earthquakes with Mw > 7 (ibid.). Both fault zones appear to affect only the Indian basement, that is, the Himalayan crust beneath the MHT (Diehl et al., 2017; Grujic et al., 2018), and define a distinct segment of the orogen in terms of flexure (Hammer et al., 2013; Hetényi et al., 2016).
2) Active deformation of the Indian basement in the Himalayan foreland. The two strike-slip fault zones extend south of the Himalaya and border the Shillong Plateau to the west and east, respectively. The Shillong Plateau is bound to the south by the Dauki fault (Biswas et al., 2007; Clark and Bilham, 2008), which exhibits cumulative displacement of >10 km (Biswas et al., 2007), but no related major earthquakes have been observed or recorded. To the north, the Shillong Plateau is affected by the Oldham fault, which produced an earthquake of 8.15 < Mw < 8.35 in 1897 (England and Bilham, 2015). In contrast to the Dauki fault, the Oldham fault has no mappable displacement, and its surface trace remains elusive (Rajendran et al., 2004).
The 2009 Mw 6.1 earthquake (USGS, 2020) is the only earthquake instrumentally observed in Bhutan with a focal solution compatible with slip along the MHT. All other earthquakes with a reported focal mechanism have been strike-slip or oblique-slip (Drukpa et al., 2006; Diehl et al., 2018). According to paleoseismic investigations, south-central Bhutan has been struck by at least five large earthquakes (E1–E5) between 485 ± 125 BCE and 1714 CE (Le Roux-Mallouf et al., 2020).
E1: Historically, the most recent earthquake that provoked massive destruction in the region was the 1714 CE earthquake, previously described by Ambraseys and Jackson (2003) as the 1713 CE earthquake with an epicentre in Arunachal Pradesh. By combining more recently identified historical and palaeoseismic constraints (Hetényi et al., 2016), determined that this earthquake occurred on May 4, 1714 and reached Mw 7.5–8.5 with a modeled hypocentre located in central or western Bhutan. E1 was possibly observed by palaeoseismic studies (Figure 1A) at the Piping site (Le Roux-Mallouf et al., 2020), Sarpang, and Gelephu (Berthet et al., 2014; Le Roux-Mallouf et al., 2016). This faulting event caused 1.5 ± 0.5 m of coseismic dip-slip at the Piping site and up to 0.5 m of vertical offset in Sarpang.
E2: This is the largest known seismic event observed in Bhutan. At the Piping site, it was dated to between 1204 CE and 1464 CE, 1344 ± 130 CE (Le Roux-Mallouf et al., 2020), and between 1140 CE and 1520 CE (Le Roux-Mallouf et al., 2016). This event was associated with 12.2 ± 2.8 m of coseismic dip-slip, an Mw > 8.5 earthquake at the Piping site (Le Roux-Mallouf et al., 2020), and 16–23 m of coseismic surface slip with an inferred Mw of ∼8.7 (Le Roux-Mallouf et al., 2016).
Events E3, E4, and E5, observed at the Piping site, occurred at 300 ± 70 CE, 100 ± 160 CE, and 485 ± 125 BCE, respectively (Le Roux-Mallouf et al., 2020). All five events provide an average recurrence interval of 550 ± 211 years and a cumulative slip of 40.4 ± 10.8 m of slip (E2+E3+E4) (Le Roux-Mallouf et al., 2020).
MATERIALS AND METHODS
Field Investigation
The new study site is located between Samdrup Jongkhar (SE Bhutan) and Daranga Mela (N Assam, India) along the left bank of Dungsam Chu (Figure 2), which is a tributary of the Pagaldiya River that flows southwards to the Brahmaputra (Figure 1B). Geomorphic analyses were performed using transects acquired by differential GPS and landscape analysis of a digital terrain model (DTM) with a horizontal resolution of 0.5 m.
[image: Figure 2]FIGURE 2 | Geomorphic and structural map of the study area. (A) The digital terrain model (DTM) with a horizontal resolution of 0.5 m was derived from Maxar stereo pair imagery by Maxar Technologies and further processed using QGIS (v. 3.16.3). The geological observations are from Grujic et al. (2018) and our observations. The river terraces were mapped on the original DTM. (B) River profile acquired by the differential GPS. The mapped segment of the river is indicated on the map. (C) Draft of the paleoseismic exposure by Luca Malatesta, LM (U of Lausanne, 2019). River terraces T1 and T2 were observed and measured in the field; terrace T2h (hanging wall) in red is inferred to be the same as terrace T2f (footwall) in orange but uplifted by the surface-rupturing earthquake. Point marked 142 is the elevation above sea level in meters and location of the base station for differential GPS survey.
Sample Collection
To constrain the burial ages of the faulted units, we collected pairs of radiocarbon and optically stimulated luminescence (OSL) samples from seven locations (Tables 1, 2).
TABLE 1 | Results of AMS analysis on samples selected from organic-rich layers and the total organic carbon (TOC) content of various fractions of sediments. BP = before present (before 1950 AD). F14C is the concentration measured in the sample, corrected for fractionation, and normalized to the 1950 value and the corresponding 14C age. δC13 is a value measured on graphite and can include additional fractionation. C/N ratio is an atomic ratio (C/N) × (14/12). The mass C is the final carbon content of the sample. Calibration was performed using the OxCal calibration with the INTCAL20 calibration curve (Reimer et al., 2020). The samples with F14C > 1 indicate the post-1950 source of carbon (modern). The corresponding calendar ages were obtained using Bomb Peak 14C data (Hua et al., 2013; Levin et al., 2013) and the online calibration software http://calib.org/CALIBomb/.
[image: Table 1]TABLE 2 | Conventional OSL dating from the Dungsam Chu site. Results of OSL analysis on samples. The input variables for individual samples used for dose rate and age calculations are listed in Supplementary Table S1.
[image: Table 2]Radiocarbon Dating
Twenty-one samples were selected for radiocarbon analysis of the MFT exposure, including six fluvial deposits and two colluvial wedge samples. Three of the six fluvial deposit samples originated from terrace T1, with all others taken from terrace T2. Datable materials discovered in the samples included charcoal, bulk sediments (grain-size < 125 μm), and isolated plant and animal microfossils such as pollen, seeds, and insect shells. Physical and chemical pre-treatments were performed to isolate the samples from the surrounding matrix and remove post-depositional contaminants (Bronk Ramsey, 2008; Hajdas, 2008). Physical pre-treatments were performed at Dalhousie University (Canada), whereas chemical treatments were performed at the ETH accelerator facility in Zurich (Switzerland). The procedure for physical cleaning and inspection involved 1) manual picking with tweezers after visual examination of large pieces of organic matter; 2) flotation using deionized water accompanied by an ultrasonic bath to separate large pieces from the surrounding matrix; 3) drying below 60°C in an oven for 12–24 h after flotation; and 4) sieving for bulk sediments < 125 μm, following microscopic observations of the carbon content. To avoid contamination, acid-base-acid (ABA) treatment was applied at 60°C to remove the contamination caused by carbonates and humic acids, as follows: 1) initial acid treatment washed carbonates away from the sample surfaces using 0.5 M HCl solution, followed by sample rinsing with deionized water; 2) a base wash using 0.1 M NaOH solution removed humic acids, which was also followed by sample rinsing with deionized water; 3) a weak acid solution (0.1 M HCl) removed carbonates dissolved during previous pre-treatments. The ABA treatment ended with a final rinsing with deionized water. For pollen dating 400 µL aliquots of the samples and of three processing blanks were transferred to glass vials and freeze-dried. About 1.5 mg dried material was wrapped in cleaned Al capsules (Welte et al., 2018) and converted to graphite (Wacker et al., 2010b). Accelerator mass spectrometry (AMS) was performed at the Laboratory of Ion Beam Physics, ETH Zurich, Switzerland (Wacker et al., 2010a).
F14C represents the concentration of 14C measured in the samples normalized and corrected for fractionation (δ13C). Conventional radiocarbon ages were calculated using Libby’s half-life for 14C (Stuiver and Polach, 1977; Reimer et al., 2004). The δ13C values used for the correction of F14C (Reimer et al., 2004) were measured on graphite samples. Radiocarbon dates were calibrated using OxCal V4.4 (Bronk Ramsey, 2017) and the atmospheric calibration curve IntCal20 (Reimer et al., 2020), with a 95.4% confidence interval for 2σ error.
Optically Stimulated Luminescence Dating
Nine samples were dated by OSL, including eight overbank fluvial deposits and one colluvial wedge sample. Samples were prepared under subdued red-light conditions at Dalhousie University and the University of Lausanne using the following standard methods: sieving to isolate the 150–250 μm grain-size, removal of magnetic minerals using a hand-magnet, chemical treatment to remove carbonates and organic material, and density separation to isolate the quartz-rich mineral fractions. The quartz-rich fraction was purified by HF etching for 60 min using 40% HF.
Quartz OSL measurements were performed using a single aliquot regenerative dose protocol (Murray and Wintle, 2000) with three Risø TL-DA-20 readers and dose rates ranging from 0.089 to 0.24 s−1. Small aliquots of 2 mm diameter were measured. A preheat (and cut heat) temperature of 270°C was used, as well as a high-temperature optical wash at the end of each measurement cycle. The selected measurement conditions were validated using preheat plateau tests and successful dose recovery. An IR-depletion test was used to screen all aliquots for feldspar contamination (Duller, 2008).
Data were accepted using the following criteria: a recycling ratio within 10% of unity, an IR-depletion test within 10% of unity, a maximum test dose error of <10%, and recuperation of <10% of the natural signal. At least 25 De values were accepted for each of the measured samples. Overdispersion values (Galbraith et al., 1999) were calculated using the Luminescence package in RStudio (Kreutzer et al., 2016), which yielded values in excess of 20% for almost all samples (Supplementary Figure S2). For this reason, the three-component minimum age model was applied with an assumed overdispersion σb = 0.2 (see Supplementary material for details).
Sample radionuclide concentrations were determined using inductively coupled plasma mass spectrometry (ICP-MS). Environmental dose rates were calculated using DRAC v.1.2 (Durcan et al., 2015) and the conversion factors of (Guérin et al., 2011), the alpha grain-size attenuation factors of (Brennan et al., 1991), the beta grain-size attenuation factors of (Guérin et al., 2012) and the etch depth attenuation factors of Bell (1979) assuming an etch depth of 8 μm.
RESULTS
Geomorphology of the Study Area
The MFT, i.e., the TFT, crosses the Dungsam Chu at 26.79194°N, 91.51085°E. Despite large vertical displacement along the MFT, the talweg is flat along a stretch of ∼240 m. Fifty meters upstream of the MFT trace is a 1-m-high knickpoint. A 1.5-m-high knickpoint is located ∼180 m downstream, from which the river flows south at ∼0.5° (Figure 2B), indicating that the coseismic knickpoint migrated upstream and was rapidly eroded, as observed in recent earthquakes (Liu and Yang, 2015). Such a rapid channel response is compatible with a high sediment supply and discharge. The rate of channel adjustment depends on the erodibility of the boundary, river discharge, slope, and sediment supply rate (e.g., Whipple and Tucker, 1999; Lague, 2014).
The MFT separates the flat, mostly undeformed, recent to active deposits of the alluvial plain to the south from alluvial terraces deposited by the Dungsam Chu over the Siwalik Group. These terraces are composed of well-stratified cobbles to boulders (the dominant lithologies are quartzite and slate from the Lesser Himalayan Sequence) within a sandy matrix. The lower (younger) terraces (T1, T2) are located along the present stream at low elevations, ∼3.5 and ∼9 m above the present stream, respectively. T2 is a fill terrace on which T1 formed as a cut-in-fill terrace. The intermediate terrace (T3) is strongly dissected by natural and anthropogenic processes. Alternatively, it could be interpreted as remnants of an alluvial fan. T4 was mapped only locally upstream of Dungsam Chu. T3 and T4 were identified from the DTM and were not observed in the field.
MFT Exposure
The natural river-cut exposure of the MFT was straightened and refreshed with a backhoe (Supplementary Figure S1). The orthorectified photomosaic of the outcrop (Figure 3) was constructed using Agisoft Metashape software. Because the MFT has a strike of 110° and the outcrop strikes 150°, the outcrop log (Figure 4) is a projection of the photomosaic perpendicular to the fault strike and parallel to the slickenlines observed in the fault gouge.
[image: Figure 3]FIGURE 3 | The orthorectified photomosaic of the outcrop (see also the associated Supplementary Video S1) was constructed with Agisoft Metashape software using 136 field photographs. The MFT, i.e., the TFT, crosses the Dungsam Chu at 26.79194°N, 91.51085°E.
[image: Figure 4]FIGURE 4 | Detailed map of the Dungsam Chu palaeoseismic exposure. This map is a projection of the photomosaic (Figure 3) into the kinematic plane, perpendicular to the trace of the fault and parallel to the slickenlines observed along the clay smears within the F1 surface. The map was constructed by observations on the photomosaic, individual photographs, and by field observations. The topographic profile, including the surface of T1 and T2f to the south of the MFT trace, were measured by a dGPS. The dGPS measurements were made along the slope, away from the cliff edge, and are slightly higher. The topographic profile and T2f were projected onto the map of the exposure. The Dungsam Chu bed is also measured by the dGPS (darker blue segment on Figure 2B). Faded colors indicate a lack of exposure.
The MFT trace is discontinuous and consists of segments arranged en échelon and offset by N-S striking to NNE-SSW striking faults observed in the field and mapped on the DTM. For comparison, in central Bhutan, the TFT strikes 102–104° (Le Roux-Mallouf et al., 2016; Le Roux-Mallouf et al., 2020). In the center of Samdrup Jongkhar, in a small river-cut since walled over, the Siwalik bedding is strongly overprinted by pervasive fracture cleavage, suggesting top down to the west movement (Figure 5A). The fracture cleavage has the same orientation as the N-S striking faults between the MFT segments (Figure 2).
[image: Figure 5]FIGURE 5 | Field photographs of characteristic structures at the Dungsam Chu MFT exposure. (A) Moderately west-dipping Siwaliks siltstone layering strongly overprinted by steeper fracture cleavage indicating top down to the west faulting. Location in the center of Samdrup Jongkhar indicated in Figure 2. (B) F1 separating Siwaliks in the hanging wall and the U1 of terrace 2. Notice the layer of pebbles dragged up from lower stratigraphic levels. (C) Bottom of the north end of the paleoseismic exposure indicating branching of older faults F2 cut-off by the most recent fault F1. Between F1 and upper F2 is a lens of cataclasite. (D) Close up of Panel 5(C) showing the cataclasite, which is derived both from Siwalik and T2 lithologies. Coin for the scale is in the middle bottom of the photograph. (E) Tip of the F1 fault, looking NNW. In the hanging wall, there is a lens of cataclasite, probably derived from Siwalik sediments, it the footwall, there are few pebbles as in Panel 5(B). (F) Colluvial wedge 1. Showing the tip of the F1 fault (circle), the leading edge of the Siwalik in the hanging wall (white dashed line), and the Event Horizon 1 (pale pink line). Location of the photograph in Panel 5(D) is on the left side.
In the cross-section, the MFT is straight and simple, dipping approximately 24° to the north. The footwall block consists of the ∼8-m-thick T2, containing four irregular interbedded sandstone and conglomerate units with sharp boundaries, labeled U4, U3, U2, and U1 from oldest to youngest (Figure 4). Unit U4 is a clast-supported fluvial conglomerate composed of poorly sorted and poorly rounded granules, pebbles, and cobbles in a sandy matrix (Supplementary Figure S3A). The sandy matrix is overprinted by oxidation and local concentrations of manganese oxide. The base of U4 is currently below the water table, so it could not be logged. Unit U3 overlying Unit U4 is a silt to medium sand-sized fluvial deposit ∼1.5–3.0 m thick, which includes ∼20–80-cm-thick lenses of granular or pebble conglomerates and lenses of coarse sand with cross bedding (Supplementary Figures S3A–D). Unit U2 is an ∼1.8–3.0-m-thick, poorly sorted, and well-rounded pebble-cobble-boulder conglomerate with a sandy matrix. Unit U2 is distinguished from unit U4 by a generally larger clast size and a lesser degree of orange coloration due to oxidation. The topmost unit U1 is the youngest in the footwall, measuring up to 2.2 m thick, consisting of sandy to silty fluvial deposits. U4 is finer in grain-size and lighter in color than unit U2.
The cut-in-fill terrace T1 exposed to the south of the palaeoseismic exposure is ∼65 cm thick, comprising organic material-rich soil that caps the pebble-to-boulder gravel layer U2 (Figure 6). The T1 shows likely four soil profiles, mainly consisting of soil horizons A and B. The uppermost and lowermost soil profiles exhibit a clear sequence of local soil with horizons A, Bt (showing clay accumulation in the form of coatings on ped surfaces or in pores), and B. The middle soil profiles display white leached clay or clayey silt clasts identified as Ae1 in the top section, overlying a weakly developed Bw1 horizon and a possible fluvial sand deposit C1 horizon that buried a soil simply including horizons A2 and Bt2. The presence of Ae1, Bw1, and C1 indicates no erosion but still lots of water to leach the sediments in the middle layer. Considering all the age constraints in T1, the middle soil profile with horizons Ae1, Bw1, and C1 might be influenced seismically, and the lowermost soil may be formed pre-seismically. Based on the overlying C1 having an older burial age than the underlying buried soil, an alternative interpretation would be a possible earthquake-induced injected sand in the middle section instead of C1, even though the OSL burial ages calculated using the minimum age model (MAM) might be still overestimated due to incompletely bleached grains in the samples. However, no other injection features were exposed to confirm this alternative.
[image: Figure 6]FIGURE 6 | Terrace 1 at the southern end of the palaeoseismic exposure (Figure 4). (A) original photograph, (B) interpreted photograph. Terrace 1 is interpreted as a cut-in-fill terrace on top of layer U2 of Terrace 2. Material for radiocarbon dating was collected along horizons indicated with white rectangles. The deposits of T1 are interpreted as overbank deposits being converted to modern soil. The injected sand layer was interpreted based on the age distribution and photograph analysis (see main text for alternative interpretations).
The hanging wall block of the MFT consists of dark gray mudstone and siltstone layers of Unit 1 of the Siwalik Group (Coutand et al., 2016). These deposits represent different parts of a river-dominated deltaic system, developed in either a lacustrine or marine environment (Coutand et al., 2016). This outcrop is separated by faults and gaps in exposure from the continuous, 2,200-m-thick sedimentary section of the Siwalik Group that was deposited between ∼7 and 1 Ma (Coutand et al., 2016); therefore, we could not determine the depositional age at this outcrop. Late Miocene Siwalik sediments are discordantly overlain by the ∼2.5-m-thick T2, which includes three layers of interbedded sandstone and conglomerate (Figure 4). Sandstone lies over an evident erosion and weathering surface, pelma (Schirmer, 2020) that cuts through the Siwalik north-dipping stratigraphy. Soil horizon A was observed at the top of the hanging wall block. Except for modern soil, there were no continuous deposits over the fault trace.
We interpret CW1 and CW2 as two scarp-derived colluvial wedge units deposited during or shortly after coseismic displacement along with F1 and F2, respectively (Figure 4). The tip of F2 was sealed by CW2 during the earlier coseismic event, E2. Unit CW2 comprises pebbles in a dark sandy matrix with rare cobbles and caps the tops of the uppermost and middle F2 splays (Figure 5C), which is presumably derived from units U1 and U2 and contemporary soil. Unit CW1 originates from T2 and soil in the hanging wall and consists of cobble layers on the south side of the triangular unit, coarse sand in the middle, pebble layers on the north side, and a sandy matrix (Figure 5E).
Two events were identified: the most recent event, E1, and the penultimate event, E2. Pebbles dragged by E1 adorn the top of the footwall block (Figure 5B). Cataclasite is present between the two F2 splays and at the tip of F1 Figures 4C,D. The two tips of the surface ruptures (Figure 4) formed during the respective seismic events indicate that the throw of the last event was approximately 4.5 m, i.e., 10.5 ± 0.5 m of coseismic slip was produced during E1. Retrodeforming the E1 slip along the MFT places the terrace on the hanging wall of the MFT at the same level as the event horizon 1 and the top of the terrace T2 (Figure 7). Because only one cut-off line is visible for E2, we propose a minimum vertical displacement of 3 m for E2.
[image: Figure 7]FIGURE 7 | Retrodeformed section. (A) Current situation. (B) Pre 1714, this is a conservative restoration in which the inferred cut-off lines (Figure 4) were placed together. No other adjustments were made. Notice that the top of the hanging wall is restored to the same level as the current top of the terrace 2. Lateral variations of layer thicknesses are interpreted as a common feature of alluvial deposits and the result of the incision of terrace 1 into terrace 2. Notice the steepening of the F2, similar to the phenomenon observed by Le Roux-Mallouf et al. (2020). Indicated is the maximum northward extent of the cut in terrace T1. Tapering of U1 deposits is due either to their overlapping an older fill-cut terrace or more likely a minor displacement of U2 by F2 (C) Retroderformed section at the end of the deposition of U2, before the minor event F2. (D) Section after the event along the F3 and after the formation of the related colluvial wedge.
AMS 14C and OSL Dating Results
Table 1 summarizes the results of the AMS 14C analysis. Only ten samples yielded radiocarbon ages that were dendrochronologically corrected (Reimer et al., 2013); three samples yielded ages >50 ka, whereas the C content was too low in all other samples. Almost all samples produced OSL ages (Table 2), except for sample CW2, which was contaminated with feldspar. In the hanging wall, sample 2H-1 yielded a calibrated 14C age of 1445–1623 CE, which matches the OSL burial age of 1578–1688 CE for sample T2H-1 at the same sampling site. All five OSL samples in the footwall yielded increasing ages with depth (Figure 3). In the footwall, three OSL samples (T2F-1, T2F-2, and T2F-3) yielded ages of 1458–1638 CE (0.471 ± 0.090 ka), 2.72 ± 0.30 ka, and 3.39 ± 0.23 ka, from top to bottom. The OSL age of sample T2F-3 also matches the 14C age of 3450–3075 BP at the same location. These suggest deposition of U1 between ∼3.39 and ∼0.47 ka. Two samples in the topmost and top sections of U2 in the footwall yielded OSL ages of 4.81 ± 0.87 and 8.53 ± 0.96 ka, respectively. The OSL age of sample T2F-1 (1458–1638 CE) is different from the calibrated 14C age of 2923–2674 BCE at the same location, which indicates the mixing of material in the fault zone. One detrital charcoal collected in CW2, sample 2-1 (Figure 4), yielded a 14C age of 6373–6067 BCE, which suggests the source of unit CW2, but cannot be used to constrain its age. Three samples that yielded ages >50 ka are most likely Permian coal fragments from the Gondwana unit outcropping at the headwaters of Dungsam Chu [see, e.g., Figures 2, 3 in Long et al. (2011)].
Three charcoal samples and two OSL samples were collected from cut-in-fill terrace T1 (Figure 6). Three charcoal samples found in the bottom organic staining section of horizon A and the top and bottom organic staining sections of the leached and depleted E horizon yielded calibrated 14C ages of 1994–1996 CE, 1970–1972 CE, and 1697–1911 CE, respectively (Figures 4, 6). Two OSL samples taken from the middle sand section of a leached and depleted E horizon and the middle of the B horizon yielded OSL ages of 1375–1587 CE and 1.57 ± 0.30 ka, respectively. Large overdispersion (σb) value for these samples indicates incomplete bleaching; therefore we applied the MAM.
DISCUSSION
Great Medieval Earthquakes
Palaeoseismological studies highlight one to several great medieval earthquakes in the. A large historical rupture around 1100 CE was reported in east-central Nepal (Upreti et al., 2000; Lavé et al., 2005). The largest event mapped in trenches in West Bengal (Kumar et al., 2010), central Bhutan (Le Roux-Mallouf et al., 2016; Le Roux-Mallouf et al., 2020), and eastern Arunachal Pradesh (Kumar et al., 2010) could exhibit consistent coseismic slip and chronology with the ∼1100 CE earthquake. Radiocarbon-modelled constraints on the timing of this event by Le Roux-Mallouf et al. (2016) yielded a scenario of a single mega-event between 1090 and 1145 CE with a 95.4% probability.
The second Great Medieval Earthquake was the historically recorded 1255 Kathmandu earthquake (Pant, 2002), also documented by palaeoseismologic studies (Mugnier et al., 2013; Sapkota et al., 2013; Bollinger et al., 2014) and also suggested to have occurred in West Bengal (Mishra et al., 2016); however, this interpretation was strongly disputed by Pierce and Wesnousky (2016). Alternative modeling of radiocarbon data (Le Roux-Mallouf et al., 2016) supports the latter event but, instead of supporting one mega-event, indicates a series of events between 1025 CE and 1520 CE. The second Great Medieval Earthquake was the largest seismic event observed in Bhutan. At the Piping site, it was dated to between 1204 CE and 1464 CE (Le Roux-Mallouf et al., 2020) or to between 1140 CE and 1520 CE (Le Roux-Mallouf et al., 2016). This event was associated with 12.2 ± 2.8 m of coseismic dip-slip, an Mw > 8.5 earthquake at the Piping site (Le Roux-Mallouf et al., 2020), and 16–23 m of coseismic surface slip with an inferred Mw of ∼8.7 at the Sarpang site (Le Roux-Mallouf et al., 2016).
Nearest trenches where great medieval events were rerecorded lie 124 km to the west (Le Roux-Mallouf et al., 2016) and 130 km to the east (Kumar et al., 2010) of our study site. Therefore, evidence of a medieval earthquake of Mw > 8 would also be expected at our site. However, according to our structural interpretation and dating, E2 in Daranga Mela is older than 8 ka. If the tremendous medieval events had affected this segment of the MHT, the evidence for surface rupture may have been overprinted by the E1 event, or eroded by surface processes. Alternatively, the slip caused by medieval events may not have reached the surface, or has propagated further south into the foreland basin. The lack of traces for medieval events reduces the likeliness of one mega-event rupturing the whole front and puts more weight on the scenario of multiple events.
1714 Bhutan Earthquake
The 1714 Bhutan earthquake has been identified in palaeoseismological trenches in western (Le Roux-Mallouf et al., 2020), central (Berthet et al., 2014; Le Roux-Mallouf et al., 2016), and eastern Bhutan (this study). The structure of the surface-rupturing faults is different; complicated by several splays and several events in the west and central Bhutan but very straight and simple in the east. In the western and eastern Bhutan Late Miocene, Siwalik sediments were thrust over Quaternary fluvial sediments, whereas the entire Siwalik appears to be missing in central Bhutan, where metasediments of the Lesser Himalayan Sequence are thrust over Quaternary alluvial sediments.
The 1714 event was not recognized at palaeoseismological sites west and east of Bhutan (Kumar et al., 2010). Equivalent to our comment about the medieval earthquakes, one must be careful in interpreting a lack of evidence as an absence of the 1714 event. In central Bhutan, there are at least three splays and traces of the MFT (Nakata, 1972; Berthet et al., 2014). The northernmost branch, also known as the TFT, has been investigated in all palaeoseismic studies in Bhutan. In contrast, the palaeoseismic trenches in West Bengal and Arunachal Pradesh lie across the southernmost branch of the MFT, south of the topographic front, where Quaternary sediments are thrust over other Quaternary sediments. Neither the traces in the Bhutan Himalaya foreland nor surfaces ruptures along with the TFT in West Bengal, and Arunachal Pradesh were not yet dated. In addition, the youngest mapped and dated layer in West Bengal and Arunachal Pradesh trenches, besides modern soil, is 1388–1455 CE (Kumar et al., 2010). Therefore, sedimentary conditions did not allow observation of a potential younger surface-breaking event.
F1 cuts unit U1 and is sealed by unit CW2; thus, event 1 occurred after unit U1 and likely triggered the deposition of unit CW2. The age of the uppermost section of U1 in the footwall given by the topmost OSL sample T2F-1 is consistent with the pair of radiocarbon and OSL dates in the hanging wall, confirming the identity of U1 from the footwall to the hanging wall and constrains E1 from rupturing the surface after 1690 CE. Due to the lack of an undisturbed layer sealing the fault, we could not determine the minimum age of the E1 event. The timing of formation of the injected sand would constrain the timing of the earthquake, causing this liquefaction feature to after formation of the soil horizon, with 14C dates of 1697–1911 CE.
In addition to simple calibration, a Bayesian model of OxCal was used to calibrate all samples with F14C < 1 and positive 14C ages (Figure 8), along with a chronostratigraphic model (aka phase model) for deposition episodes (alluvial units T1 and T2, colluvial wedge CW1) and surface-rupturing events E1 at the Dungsam Chu exposure. The model is built from abutting relationships between stratigraphy and faulting and is constrained by 14C and OSL ages. We evaluated several scenarios, all of which yielded similar results. All of the alluvial deposits on the primary exposure were affected by faulting. In the second scenario, we included data from T1 to the south of the MFT trace. The soil horizon 3 with a 14C age of 1697–1911 CE was injected with sand exhibiting older OSL ages; therefore, it was also considered “faulted.” In the third scenario, we included four ages from central Bhutan deposited on top of the event 1 horizon. All scenarios gave the same result for the end of the “phase,” which is interpreted to have been caused by E1. The variations of each scenario included the “event” in 1714 CE and the modern soil, which was not affected by faulting.
[image: Figure 8]FIGURE 8 | 14C ages of detrital charcoal (R_Date) from Dungsam Chu palaeoseismic exposure calibrated using the phase model of OxCal. The OSL data were input by converting the laboratory OSL age to calendar date (C_Date), including the laboratory uncertainties (Lienkaemper and Ramsey, 2009). In this scenario, the two oldest OSL ages were excluded to present the younger ages at a higher resolution. Dark gray areas show posterior probability distributions resulting from the Bayesian phase model of OxCal. Light gray areas show the standard (unmodelled) probability distributions.
Through a combination of observations, chronostratigraphic modeling, and the historical record (Hetényi et al., 2016), we conclude that the E1 surface rupture was caused by the 1714 Bhutan earthquake.
Magnitude and Location of the 1714 Bhutan Earthquake
The simplest and most common palaeo-earthquake magnitude estimate is based on the scaling relationship between the rupture length and magnitude (Wells and Coppersmith, 1994; Leonard, 2010). The distance between the trenches in which the 1714 event was observed was 175 km; the nearest trenches in which the event was not observed (Kumar et al., 2010) were 96 and 130 km to the west and east, respectively. Therefore, the minimum length of the surface rupture was 175 km, and the maximum was ∼400 km, which is likely unrealistic. If we assume that the two oblique strike-slip zones in the underthrusting basement constrain the extent of surface rupture along the MHT, the maximum surface rupture length could have been ∼290 km. The 175–290 km surface rupture length estimated for the 1714 Bhutan earthquake corresponds to Mw 7.8–8.1. According to Leonard (2010), the corresponding average surface displacement would be 3.7–5.6 m, whereas the maximum surface displacement should be double that value (Wells and Coppersmith, 1994; Leonard, 2010), i.e., 7.4–11.2 m. The larger value is consistent with the displacement of 11.3 ± 0.5 m, estimated from our outcrop log.
Following the approach of Hetényi et al. (2016), we performed a full grid search of earthquake scenarios using empirical scaling relationships relating the magnitude to the intensity, source location, and rupture geometry to constrain the size and possible hypocentral location of the 1714 event. The intensity observations and intensity prediction equations (IPE) by Allen et al. (2012) and Szeliga et al. (2010) are fully described in Hetényi et al. (2016). In addition to scaling equations by Wells and Coppersmith (1994) used in Hetényi et al. (2016), we also used those by Leonard (2010), and added the surface rupture observations from Le Roux-Mallouf et al. (2020) and this study. The tested scenarios and parameters used in the calculations are listed in Table 3. The set of four results, combining the two possible IPEs with two possible scaling laws (Figure 9), point to a magnitude range of 7.7–8.5 for plausible solutions, that is, Mw 8.1 ± 0.4. Note that the red fields in Figure 9 outline the area of possible hypocentre locations, not the rupture extent. The relatively lower magnitude models (until M∼8) locate the hypocentre in central Bhutan; the higher magnitude models extend the possible solution area to cover western Bhutan and also toward eastern Bhutan.
TABLE 3 | Tested scenarios and parameters used in the magnitude calculations. Combinations of equations and parameters used for estimated magnitude calculations of the 1714 Bhutan earthquake shown in Figure 9. For the intensity observations please see (Hetényi et al., 2016).
[image: Table 3][image: Figure 9]FIGURE 9 | Various earthquake scenarios fitting historical damage and paleoseismology observations. Rows correspond to the different combinations of intensity prediction equations by Allen et al. (2012) and Szeliga et al. (2010) combined with scaling relationship equations by Leonard (2010) and Wells and Coppersmith (1994), as explained in Hetényi et al. (2016). The three columns show minimum magnitude, M8.1, and large magnitude scenarios, respectively. The color bar shows the number of observations fitted at the location on the map for a given magnitude; the red area represents hypocentre locations fitting all observed data points. Palaeoseismological trenches where surface rupture caused by the 1714 earthquake was identified are shown in black circles; trenches showing no evidence of surface rupture in the 18th century are shown as white circles. Ch: Chalsa; P: Piping; S: Sarpang; G: Gelephu; D: Dungsam Chu; N: Nameri; H: Harmutty. Intensity reports (Hetényi et al., 2016) are indicated with black crosses. Red line is the simplified trace of the Main Frontal Thrust. Purple segment in the east is the maximum portion of the MHT ruptured by the 1697 Sadiya earthquake (Pandey et al., 2021). Bhutan’s approximate border is shown in blue for reference. Map coordinates are in degrees N and E.
The length-to-width scaling by Leonard (2010) for intracontinental dip-slip faults yielded a rupture width of 31–44 km for surface rupture lengths of 175–290 km. Alternatively, using the scaling equations by Leonard (2010) to the earthquake magnitude range obtained by modeling yields rupture length and width of 118 and ∼42 km for Mw 7.7, and rupture length and width of ∼358 and ∼88 km for Mw 8.5. All these values imply that only the frontal third to half of the fully locked MHT (Li et al., 2020) would have slipped during the 1714 Bhutan earthquake; or that the aspect ratio of rupture length and width differed from the average. However, compared to the Gorkha earthquake of Mw 7.8 that has not ruptured the surface and the model of bimodal seismicity in Dal Zilio et al. (2019), the width parameter is poorly constrained. Nevertheless, with this magnitude range (7.7–8.5), we are confident that the 1714 Bhutan earthquake ruptured the flat portion of the MHT and the frontal ramp between the two strike-slip zones.
Stress Transfer
It has been observed that large instrumental earthquakes that rupture the deep ramp of the MHT do not always cause surface ruptures (Mugnier et al., 2013; Elliott et al., 2016). Therefore paleoseismic on-fault determinations of slip may not provide evidence for these deeper earthquakes in pre-instrumental times (Quigley et al., 2016). Coulomb stress transfer (CST) changes the state of stress around the rupture fault, with some areas (or receiver faults) experiencing an increase in Coulomb stress and others experiencing a decrease in stress (Lin and Stein, 2004). Typically, changes in stress along or across strike are investigated for planar faults, however the MHT has a ramp-flat geometry, thus CST modeling for non-planar faults (Stahl et al., 2016; Hughes et al., 2020) is better suited. Therefore, we use CST to try and determine the potential interaction and triggering between deep ramp earthquakes and the shallow ramp and flat portion of the MHT.
We performed calculations of coseismic stress changes using a realistic ramp-flat geometry of the MHT and the strike-variable surface trace of the MFT. The method used to generate strike-variable fault planes from surface fault traces was developed by Mildon et al. (2016) and dip-variable fault planes in Hughes et al. (2020). The MHT was modeled as a series of 20-km rectangular elements comprising the non-planar fault surface. The ramp-flat geometry of the MHT is based on Coutand et al. (2014) and Singer et al. (2017). All CST calculations were performed in Coulomb 3.4 (Toda et al., 2005), with the coefficient of friction as 0.4 and a Young’s modulus of 80 GPa (Grujic et al., 2018). An earthquake of magnitude 8.1 with a concentric slip distribution (see Mildon et al., 2016) over an area of 230 × 70 km [utilizing the scaling relationships in Wells and Coppersmith (1994)] was generated. Although this is a simple assumption, a hypocentre neither need be in the middle of the fault nor at the location of strongest shaking. For example, the maximum slip of the 2004 Aceh earthquake was located ∼200 km northwest of the hypocenter (Cattin et al., 2009). If the area of the fault that slips stays the same, but the distribution within the area varies, e.g., is skewed to one end, then the regions of positive and negative stress stay approximately the same, though the magnitudes undoubtedly vary (Mildon et al., 2017). Two earthquake scenarios were modeled, one with the slip on the deep ramp and one with the slip on the flat section. Although it has been documented that the MHT ramp has been creeping (Dal Zilio et al., 2021), we use this scenario to simulate earthquakes on the internal part of the MHT. The magnitude of Coulomb stress changes caused by coseismic slip on a fault also depends on the assumed elastic structure, which in this work is oversimplified (homogeneous half-space).
When the great earthquake slip is on the flat portion of the MHT (between 14 and 15 km depth), this transfers high positive Coulomb stresses (>10 bar) onto the frontal thrust (Figure 10A), indicating that earthquakes that predominantly slip the flat section will promote rupture on the frontal thrust, and therefore are likely to generate surface ruptures. The CST calculations indicate that an earthquake along the deep ramp on the MHT would transfer considerable amounts (up to and over 10 bar) of positive Coulomb stress onto the flat portion of the fault; however, much less (<2 bar) is transferred onto the frontal ramp (Figure 10C). In cross-section (Figure 11), we show the distribution of stress changes projected on subhorizontal planes and the optimally oriented thrust faults. Seismic slip along the ramp of the MHT would cause positive changes in the Coulomb stress along the shallow, flat segment of the MHT located in the end-fault lobe of the ramp (Figure 11A). However, clamping effects (i.e., compressive changes of normal stress) in the frontal part of the MHT are important (Figure 11B) impeding propagation of the slip to the surface (i.e., MFT). A similar stress pattern is observed for the optimally oriented thrust faults; although the Coulomb stress change along the MHT is neutral, the unclamping effect (i.e., tensile changes of normal stress) is modest (Figures 11C,D). Consequently, deep slip on the MFT may increase elastic strain in upper crustal levels, including shallow MFT, which is then accommodated by slip on the shallow MFT. The Coulomb stress increase along the flat portion of the MHT would promote future earthquakes along the frontal segment of the MHT and thus along with the frontal thrust. The down-dip end-fault stress lobes for both horizontal faults and optimally oriented faults are positive (Figures 11A′–D′), which is not the case for the deep slip (Figures 11A–D). It is important to note that the up-dip end-fault Coulomb stresses lobe is associated with a lobe of positive normal stress change (unclamping effect) (Figures 11A′,B′). Although the positive Coulomb stress change is larger for the thrust faults (cf. Figures 11A′,C′) there is a significant clamping effect (Figure 11D′), promoting MHT propagation into the foreland basin in the form of a blind basal décollement. Such a structure has been observed within or below the lower Siwalik Group in the subsurface of the foreland basin of the eastern Nepalese Himalaya (Duvall et al., 2020). Blind basal décollement may exist in the Bhutan Himalayan foreland basin as suggested by juvenile triangle zones in West Bengal and western Assam (Dasgupta et al., 2013; Chakrabarti Goswami et al., 2019). Therefore, palaeoseismic studies around the surface trace of the MFT may overestimate the slip potential where un-recognized faults or distributed deformation provide additional sources of strain release. In the case of the blind basal décollement in the foreland basin, the region of pre-seismic strain accumulation is only 20–40 km wide, the maximum slip that can be stored and released, no matter how long the interval since the previous earthquake, is only a couple of meters (Bilham, 2019).
[image: Figure 10]FIGURE 10 | Models of Coulomb Stress Transfer (CST) for representative earthquakes. The color scale of CST is the same for all figures. (A). slip on the flat section of the MHT with stress resolved onto the rest of the MHT, (B). slip on the flat section with stress resolved at 5 km depth onto receiver faults with the geometry 270/45/90 (strike/dip/rake), (C). slip on the deep ramp (>15 km depth) of the MHT with stress resolved onto the rest of the MHT, (D). slip on the deep ramp with stress resolved at 5 km depth onto receiver faults with the geometry 270/45/90.
[image: Figure 11]FIGURE 11 | Cross-section view of the distribution of static stress changes caused by the 1714 Bhutan earthquake along a profile perpendicular to the strike of the MFT. The left-hand panels show the Coulomb stress (A,C) normal stress (B,D) changes caused by a shock with hypocentre on the deep ramp of the MHT. The right-hand panels show the Coulomb stress (A′,C′) normal stress (B′,D′) changes caused by a shock with hypocentre on the flay segment of the MHT. Static stress changes are calculated for the subhorizontal planes with the geometry 270/02/90 (A,A′,B,B′) and optimally oriented thrust faults with the geometry 270/40/90 (C,C′,D,D′).
CONCLUSION
Combined radiocarbon and OSL dating of river sediments at a new paleoseismic site, supported by historical records, indicated that the most recent surface rupture along the MFT in Eastern Bhutan was caused by the 1714 Bhutan earthquake. The surface rupture length was at least 175 km and likely up to ∼290 km. The largest observed coseismic surface displacement was ∼10.5 m. The scaling relationship between the rupture length and magnitude (Wells and Coppersmith, 1994; Leonard, 2010) indicated a minimum magnitude of Mw of 7.8–8.1. Computations using empirical scaling relationships, historical intensity data, and palaeoseismologically determined surface ruptures in the Bhutan Himalaya yielded plausible magnitudes of 7.7–8.5. The same calculations placed the epicentre of the 1714 Bhutan earthquake on the flat segment of the MHT. CST calculations suggested that distal earthquakes do not promote rupture on the frontal thrust. In contrast, a great earthquake along the flat portion of the MHT would cause slip along the frontal ramp (MFT), and would promote the propagation of the MHT into the foreland basin in the form of a blind thrust.
The current state of Himalayan palaeoseismological knowledge (Bilham, 2019) suggests that the majority of great surface-rupturing earthquakes during the last millennium have been identified, although the dating precision for some of them is low. However, great earthquakes that did not lead to surface rupture caused stress transfer into the flat frontal portion, promoting subsequent surface-rupturing events along the MFT.
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