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ABSTRACT 

The Himalayas are known for large, destructive earthquakes, and their foreland is 

among the most densely populated regions. For such areas, it is imperative to build a 

statistically relevant database of large earthquakes, establish long-term seismic history, 

and estimate the recurrence interval of large earthquakes for each identified fault. 

However, little is known about the Himalayan earthquakes in the 18th century and 

before. The return periods of large earthquakes and the largest possible magnitudes are 

poorly constrained in the Himalayas. Therefore, the paleoseismic investigation of the 

newly identified surface rupture is critical to improving the catalog of the Himalayan 

earthquakes. 

A surface rupture along the Main Frontal Thrust (MFT) was recently identified in 

eastern Bhutan, where a putative seismic gap in the Himalayas was inferred until now. 

Paleoseismological investigations were conducted at the Dungsam Chu exposure to 

identify and characterize paleoseismic events. A retro-deformation analysis and OxCal 

chronostratigraphic model reveal the occurrence of at least three paleo-earthquakes along 

the same simple trace of the MFT in eastern Bhutan for over 10,000 years. The two 

earlier paleoseismic events (E2 E3) were dated to occur before medieval times. The most 

recent surface-rupturing event (E1) was determined as the 1714 Bhutan earthquake, with 

a surface rupture length of 175 to ~290 km and the maximum observed coseismic surface 

displacement of ~10.5 m. Computations using empirical scaling relationships, historical 

intensity data, and paleoseismologically determined surface ruptures in the Bhutan 

Himalaya yielded plausible magnitudes of 7.7ï8.5 (8.1 ± 0.4). The recurrence interval of 

~570 ± 270 years in eastern Bhutan was determined by calculating the stress released 

during the 1714 M8.1 Bhutan earthquake. It implies that the previous earthquake before 

1714 was a medieval event between A.D. 894 and A.D. 1434 if we assume that the stress 

accumulated along the Main Himalayan Thrust (MHT) had been released completely 

during the event. 

Based on the paleoseismological evidence recorded near our study site, at least 

one medieval great earthquake is inferred to most likely have occurred in the Bhutan 

Himalayas: the A.D. ~1100 event of Mw > ~8.7 or the A.D. 1255 earthquake of Mw > 8. 

The evidence for surface rupture might have been overprinted by event E1 or eroded by 

surface processes if the great medieval events had affected the frontal segment of the 

MHT. Alternatively, the slip caused by medieval events may not have reached the surface 

or has propagated further south into the foreland basin. The segmentation of the MHT, 
rather than an absence of evidence, reduces the likeliness of one mega-event rupturing the 

whole front and puts more weight on the scenario of multiple events. 

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. It is implied that field-

based paleoseismic studies alone likely underestimate the seismic slip along the 

Himalayan megathrust. 
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CHAPTER 1: INTRODUCTION  

The Himalayan orogen is the youngest and tectonically most active large 

mountain belt in the world. Since ca. 50 Ma (Najman et al., 2010), it was formed due to 

the collision and ongoing convergence of the Indian and Eurasian continental plates 

(Figure 1.1a). A mid-crustal décollement termed the Main Himalayan Thrust (MHT) was 

produced along the plate boundary, where the Indian plate was being underthrusted 

beneath the Eurasian plate (Nelson et al., 1996), and it was continuously traced through 

the entire orogen (Figure 1.1b). Its movement caused the formation of a sequence of 

ductile shear zones in the orogenic metamorphic core and brittle thrust faults in the upper 

crust. From north to south, these crustal-scale south-verging thrust faults include the 

Main Central Thrust (MCT), the Main Boundary Thrust (MBT), and the Main Frontal 

Thrust (MFT) (Hodges, 2000; Grujic and Coutand, 2023) (Figure 1.1b). The development 

of these thrusts extending along the whole orogen and propagating from north to south 

accommodated at least 1400 km of the north-south crustal shortening caused by the plate 

convergence (Yin and Harrison, 2000). About half of the convergence between India and 

Eurasia is partitioned into the slip along the MHT (Nelson et al., 1996). Since ca. 11 Ma, 

the convergence rates have been steady: ~34 mm/yr in the northwest and ~44 mm/yr in 

the northeast of India (Molnar and Stock, 2009) (Figure 1.2). Since ca. 2 Ma, the MHT 

emerged along the Himalayan front as the MFT (Mugnier et al., 2004). An approximately 

100 km-wide area north of the MFT accumulates the potential slip entirely as elastic 

strain (Stevens and Avouac, 2016). This creates a huge seismic hazard posed on the 

Himalayan foreland, which is one of the most densely populated areas in the world 

(CIESIN, 2020) (Figure 1.3). 

1.1 Paleoseismology of Himalaya 

Large earthquakes in the Himalayas have been recorded in three ways: a) 

historical records that are the main basis of Himalayan historic seismicity studies in the 

19th century and before, b) instrumental data using standardized seismic recorders, space-

based geodetic techniques like GPS (Global Positioning System) and InSAR 

(Interferometric Synthetic Aperture Radar), and c) paleoseismic evidence obtained by 
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field investigations of earthquake phenomena including surface faulting, injections of 

liquefied sand, broken speleothems, and induced landslides. 

 

Figure 1.1 Sketch and geological cross-section of the collision and ongoing convergence of the Indian and 

Eurasian continental plates. Adapted from Avouac (2015). (a) Sketch showing how the Indian indentation 

into Eurasia has been absorbed by a combination of crustal thickening and lateral escape since the onset of 

the collision. ITSZðthe Indus-Tsangpo suture zone, well north of the Himalayan summits, along which 

relics of the Tethys Sea can now be traced. (b) Geological cross-section across central Nepal at the 

longitude of Kathmandu. The thick line shows the Main Himalayan Thrust fault, MHT, produced along the 

plate Indian-Eurasian boundary, reaching the surface at the Himalayan front and emerging as the Main 

Frontal Thrust, MFT. STDðSouth Tibetan detachment, MHTðMain Himalayan thrust, MCTðMain 

Central thrust, MBTðMain Boundary Thrust, and MFTðMain Frontal Thrust. 

 

Figure 1.2 Map showing the Himalayan-Tibetan orogenic system with gradually steady convergence rates 

since ~11 Ma (i.e., ~34 mm/yr in the northwest and ~44 mm/yr in the northeast of India). Plate boundaries 

based on Bird (2003).  Indian plate velocities from Molnar and Stock (2009). 
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Figure 1.3 Map of population density (persons/km2) by the Center for International Earth Science 

Information Network (CIESIN). Solid light blue circles indicate major or great earthquakes (Mw > ~7.5) 

occurred along the frontal Himalaya during the last millennium. The white rectangle highlights the area of 

Bhutan. 

Over a dozen, known major or great earthquakes (i.e., magnitude Mw > ~7.5) 

occurred along the Himalayan arc in the last 1000 years (Figure 1.4; Table 1). Most are 

attributed to slip on the basal detachment, MHT. The latest major earthquake in the 

Himalaya was the April 2015 Gorkha earthquake (Nepal) rooted at 15 km depth along the 

MHT, with Mw 7.8. It induced landslides and caused over 9000 casualties (Grandin et al., 

2015; Elliott et al., 2016). Since 1905, five major earthquakes with Mw > 7.5 have 

occurred in the Himalayan region. Together with great earthquakes in the 1800s, they 

have ruptured almost half of the MHT (Hodges, 2000; Bilham et al., 2001). 

Consequently, a slip potential of 1 to 10 meters has been accumulated since 1800 

(Bilham et al., 2001; Bilham et al., 2019). The 1905 Mw ~7.8 Kangra earthquake 

(Ambraseys and Bilham, 2000; Kumar et al., 2001; Kumar et al., 2006; Bilham and 

Wallace, 2005; Malik et al., 2015) is nearly the first instrumentally recorded event along 

the arc. However, no surface rupture along the MFT was discovered to be related to this 

event, like the 2015 event. The 2005 Mw 7.6 Kashmir earthquake, which claimed more 

than 80,000 lives, occurred in the core of the tectonically complex northwestern corner of 
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the arc and produced a surface rupture of more than 75 km along the Balakot-Bagh fault 

parallel to the MBT (Avouac et al., 2006). This event has not released all the strain 

accumulated after the 1555 Kashmir event occurred ~100 km southeast of the 2005 

epicentral area (Kondo et al., 2008; Kaneda et al., 2008). The largest 20th century 

earthquakes well documented are the 1934 Mw ~8.4 Bihar-Nepal (Chen and Molnar, 

1977; Ambraseys and Douglas, 2004; Sapkota et al., 2013; Bollinger et al., 2014; 

Wesnousky et al., 2018; Rizza et al., 2019) and the 1950 Mw ~8.6 Assam (Ben-Menahem 

et al., 1974; Chen and Molnar, 1977; Kumar et al., 2010; Priyanka et al., 2017; 

Coudurier-Curveur et al., 2020; Singh et al. 2021). Both earthquakes produced at least 

~11 m coseismic slip (Bollinger et al., 2014; Coudurier-Curveur et al., 2020), but the 

1934 event is controversial as to the occurrence and extent of surface rupture (Sapkota et 

al., 2013; Bollinger et al., 2014; Wesnousky et al., 2018; Rizza et al., 2019) while the 

1950 event ruptured the surface along at least 200 km (Coudurier-Curveur et al., 2020). 

The two 19th century earthquakes, 1803 Kumaon-Garhwal (Mw ~7.5) and 1833 (Mw 

~7.6), were not recorded instrumentally, and no paleoseismic evidence was found along 

the MFT for these two events, thus their epicenters are uncertain (Ambraseys and 

Jackson, 2003; Ambraseys and Douglas, 2004; Kumar et al., 2006; Bilham, 1995; 

Mugnier et al., 2011). 

Only six major or great Himalayan earthquakes are certainly known prior to 1800 

(Table 1): from west to east, A.D. 1555 Kashmir (Mw ~7.6), A.D. 1505 Central (Mw 

~8.2), A.D. 1255 (Mw > ~8.0), A.D. 1714 (Mw ~8.0), A.D. ~1100 (Mw > ~8.7) , and A.D. 

1697 Sadiya (Mw ~7.9) (Ambraseys and Jackson, 2003; Berthet et al., 2014; Bollinger et 

al., 2014; Hetényi et al., 2016b; Kumar et al., 2006; Kumar et al., 2010; Lavé et al., 2005; 

Le Roux-Mallouf et al., 2016; Le Roux-Mallouf et al., 2020; Malik et al., 2010; Malik et 

al., 2017; Mugnier et al., 2011; Pant, 2002; Sapkota et al., 2013; Upreti et al., 2000; 

Wesnousky et al., 2017a; Wesnousky et al., 2017b; Wesnousky et al., 2019). All of them 

have breached the MFT zone, and the surface rupture length for each seismic event is 

estimated according to the distance between the two farthest paleoseismological sites 

where a corresponding coseismic surface rupture was identified (Figure 1.4; Table 1). 

Except for the A.D. ~1100 event, which was inferred exclusively from paleoseismic 
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investigations, all the others were confirmed by both historical records and paleoseismic 

studies. The 1555 Kashmir event caused ground fissures and a surface rupture extending 

up to 100 km (Ambraseys and Jackson, 2003; Malik et al., 2010). The A.D. 1505 event 

occurred within the area between the 1905 Kangra and 1934 Bihar-Nepal events, and it 

produced at least 700 km long rupture (Kumar et al., 2010). The two great earthquakes 

that occurred in A.D. 1255 and A.D. ~1100 brought great damage to Kathmandu (Nepal) 

(Kumar et al., 2010; Mugnier et al., 2011; Sapkota et al., 2013; Bollinger et al., 2014; 

Wesnousky et al., 2017a; Wesnousky et al., 2017b; Wesnousky et al., 2019). The A.D. 

1255 event has ruptured the MFT almost along the entire Nepal and caused fatalities of 

one third of the population in Kathmandu while the A.D. ~1100 affected the eastern 

Himayala. The A.D. 1714 event is the only known historic one in Bhutan, with a rupture 

length of 200ï300 km (Hetényi et al., 2016b; Berthet et al., 2014; Le Roux-Mallouf et al., 

2016; Le Roux-Mallouf et al., 2020). Additionally, with rare historical records, the A.D. 

1697 Sadiya earthquake (Mw ~7.9) was potentially identified dating liquefaction features 

at the sites Kaliya Nala and Kalolwa, and sand vents near Chedrang (Iyengar et al., 1999; 

Rajendran et al., 2004; Reddy et al., 2009) (Table 1). Recent paleoseismic study of fault 

scarp at Himebasti (27.54N, 94.36E) is likely related to this earthquake with the 

implication of Mw 7.4ï8.1 and an estimated 100 km-long surface rupture (Pandey et al., 

2021). Based on the limited historical records, instrumental data, and paleoseismic 

evidence in the Himalayas, it is indicated that major earthquakes (Mw > 7) usually 

produce partial ruptures of the MHT at depth, only great earthquakes (Mw > 8) have the 

potential to rupture up to the megathrust front (Dal Zilio et al., 2021). 

Paleoseismology in the Himalayas is limited by a lack of historical earthquake 

records and insufficient paleoseismic evidence. There are only three areas where more 

than one major or great Himalayan earthquakes have been observed: the 1833/2015 

(central Nepal), 1255/1934 (eastern Nepal), and ~1100/1714 (central Bhutan) sequences 

(Grandin et al., 2015; Sapkota et al., 2013; Berthet et al., 2014; Le Roux-Mallouf et al., 

2016; Le Roux-Mallouf et al., 2020). In several segments along the Himalayan arc, 

seismic information is lacking or missing. Current understanding is that the large 

Himalayan earthquakes occur every 500ï800 years (Bollinger et al., 2014), based on the  



6 
 

Table 1.1 Major or great Himalayan earthquake chronology during the last millennium. Surface rupture 

length was investigated along the MFT. 

Event 
Epicenter 

Location 

Estimated 

Magnitude 

Surface 

Rupture 

Length 

References 

~ 1100 P Eastern 

Nepal  

> ~8.7 if a 

single great 

earthquake 

700 800 km Lavé et al., 2005; Kumar et al., 2010 

Mugnier et al., 2011 

Le Roux-Mallouf et al., 2016, 2020 

Wesnousky et al., 2017a & 2017b & 2019 

1255 H, P Western 

Nepal 

> 8.0 > 450 km  Pant, 2002; Upreti et al., 2000;  

Mugnier et al., 2011 

Sapkota et al., 2013; Bollinger et al., 2014 

Wesnousky et al., 2017a & 2017b 

1505 H, P 

Central 
29.5 N  

83.0 E 

~8.2 if a 

single great 

earthquake 

> 700 km Ambraseys and Jackson, 2003; 

Ambraseys and Douglas, 2004;  

Bilham and Wallace, 2005; Kumar et al., 

2006, 2010; Malik et al., 2017 

1555 H, P 

Kashmir 
33.5 N  

75.5 E 

~7.6 ~100 km Ambraseys and Jackson, 2003  

Malik et al., 2010 

1697 H,P 

Sadiya 

Upper 

Assam 

region 

~7.9 ~100 km Iyengar et al., 1999 

Rajendran et al., 2004; Reddy et al., 2009 

Pandey et al., 2021  

1714 H, P 

Bhutan 
26.7 27.5 N 

88.8 91.2 E 

~8.0 200 300 km Ambraseys and Jackson, 2003 

Berthet et al., 2014; Hetényi et al., 2016b 

Le Roux-Mallouf et al., 2016, 2020 

1803 H 

Kumaon-

Garhwal 

31 N 

79 E 

 

~7.5 *  Ambraseys and Jackson, 2003; 

Ambraseys and Douglas, 2004; 

Kumar et al., 2006; Malik et al., 2017 

1833 H 25.1 N  

85.3 E 

~7.6 *  Bilham, 1995; Mugnier et al., 2011 

Grandin et al., 2015 

1905 H, I,P 

Kangra 
32.22 N 

76.32 E 

 

~7.8 *  Ambraseys and Bilham, 2000;  

Kumar et al., 2001, 2006;  

Bilham and Wallace, 2005;  

Malik et al., 2015; Bilham, 2019 

1934 H, I,P 

Bihar-Nepal 
27.55N 

87.09E 

~8.4 Debated Chen and Molnar, 1977 

Ambraseys and Douglas, 2004 

Sapkota et al., 2013; Bollinger et al., 2014 

Wesnousky et al., 2018; Rizza et al., 2019 

1950 H, I,P 

Assam 
28.38N 

96.76E 

~8.6 > 200 km Ben-Menahem et al., 1974  

Chen and Molnar, 1977 

Kumar et al., 2010; Priyanka et al., 2017 

Coudurier-Curveur et al., 2020 

Singh et al. 2021 

2005 I, P 

Muzaffarabad 
34.493N  

73.629E 

7.6 *  Avouac et al., 2006 

Kondo et al., 2008; Kaneda et al., 2008 

2015 I 

Gorkha 
28.230N 

84.731E 

7.8 *  Grandin et al., 2015; Elliott et al., 2016 

Note: * represents that the surface rupture did not occur or was not investigated along the MFT.  
H -Historically recorded; I -Instrumentally recorded; P -Paleoseismology study.  
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1255 and 1934 great earthquakes and several older and comparable seismic events 

identified at the same paleoseismological investigation site (Sir Bardibas) in eastern 

Nepal. It has been confirmed by geomorphologic and paleoseismic studies at the Piping 

site in western Bhutan (Le Roux-Mallouf et al., 2020). 

1.1.1 Himalayan Seismic Gaps 

The segments of the MHT between the rupture areas of these large earthquakes in 

the Himalayan orogen are known as seismic gaps, where no seismic events have been 

recorded or no earthquakes have occurred for a long time. Since 1505, the largest seismic 

gap is in western Nepal (80ï84.5 E) whereas the second largest is between Kangra and 

Garhwal (30.5ï32 N, 77ï78.5 E) (Figure 1.4). Several small seismic gaps are evident in 

Kishtwar (between Kashmir and Kangra, 32.5ï33.5 N, 75.7ï76.2 E), Sikkim, eastern 

Bhutan (Gahalaut et al., 2011; Bilham, 2019), and western Arunachal Pradesh (Figure 

1.4). Where along-strike three of these seismic gaps are distributed to coincide with the 

segment boundaries defined by lower plate inherited structures, i.e., three subsurface 

Indian basement ridges at 77.5ï78 E, 82.8ï83.3 E, and 87.2ï87.7 E respectively, which 

extend northward across the Himalayan foothills (Godin and Harris, 2014; Hetényi et al., 

2016a; Dal Zilio et al., 2020). In other words, no evidence shows that large earthquakes 

in the last millennium propagated across the segment boundaries. Further geophysical 

and paleoseismological investigations are therefore required to constrain the rupture 

extent of paleoseismic events in such fields and to better characterize the features of these 

segment boundaries. It is crucial to raise concerns about seismic gaps in the Himalayas 

that may have the potential to produce future great earthquakes since the strain keeps 

building up with the ongoing Himalayan continental collision and is mostly accumulated 

along the MHT (Sharma et al., 2020; Bilham, 2004; Bilham, 2019; Berthet et al., 2014; 

Burgess et al., 2012). 

1.1.2 Limitations of Paleoseismology 

For most major or great earthquakes, the records of surface rupture are 

insufficient or missing in the Himalaya region (Table 1). This limits the application of 
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paleoseismic studies as they depend on identification and age dating of surface rupture. 

There are two likely obstacles for finding field evidence for large earthquakes. One is that 

some of these earthquakes may be associated with blind thrusts, i.e., there was no surface 

slip during the large earthquake as was the case for the April 2015 Gorkha earthquake 

(Mw 7.8) (Grandin et al., 2015). Such blind faults would cause large stress accumulation 

in the frontal part of a thrust. This would pose the threat of an imminent earthquake to 

that area. Second, even if the surface rupture had occurred, the poorly preserved 

exposures, thick vegetation in the sub-tropical Himalayan front, and even postseismic 

sediment aggradation (Rizza et al., 2019) could hinder its identification. The long interval 

between large earthquakes coupled with natural and anthropogenic landscape 

modification also limit their preservations. The information about recurrence intervals of 

major or great earthquakes in the Himalaya is, therefore, incomplete. The estimate of 

recurrence interval of major earthquakes requires at least two successive paleoseismic 

events in each area. However, there has been only one major earthquake recorded along 

most of the Himalayan front (Figure 1.4). Another problem is that earthquakes may not 

repeat regularly since elastic strain accumulated in the setting of continental subduction 

may be released completely to generate a very large earthquake or partly to produce a 

series of smaller earthquakes (Goldfinger et al., 2013). Poor seismic information and 

insufficient paleoseismic evidence may yield misleading long recurrence intervals. 

Thus, it is important to systematically investigate the known surface rupture and 

search for new ones to establish paleoseismic archives for post-paleoseismic 

investigations and the prediction of the potential for a future earthquake. However, 

establishing a complete record of major paleoseismic events depends on whether a study 

area has a complete geological record and preserved earthquake-related deformation 

structures. Paleoseismic investigations based on active surface faulting and existing 

geological archives have been successfully performed in many areas of the world and 

have complemented historic records with prehistoric seismic events into paleoseismic 

archives (Camelbeeck and Meghraoui, 1998; Galli et al., 2008). These historic records 

may cover one or two mega-earthquakes, which occur on a millennial time-scale. The 

concept of integrated paleoseismology, comparing evidence from different geological 
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archives that involved a variety of deformation features related to earthquakes including 

surface faulting, deformation in lake deposits, sand injections in flood deposits, unstable 

slope and cave collapse, has been applied successfully in Switzerland where for the 

earthquake catalogue could be extended back beyond historic records, into the late 

Pleistocene, spanning 15,000 years (Becker et al., 2005). Therefore, to improve the 

catalog of the Himalayan earthquakes, it will be also important to apply additional 

paleoseismological techniques such as speleotectonics (identifying and dating 

perturbations in the growth of speleothems; e.g., Rajendran et al., 2016), and study large 

rockfalls, which are generally the most widely reported earthquake-triggered slope 

failures on land (Prestininzi and Romeo, 2000). 

 

Figure 1.4 Map of major or great earthquakes (Mw > ~7.5) along the frontal Himalaya during the last 

millennium. The dark green box in the inset world map marks the Himalayan region. Red stars indicate 

known epicenters. Dark red ellipses indicate the areas of the MHT ruptured by known earthquakes 

schematically. The colored squares show paleoseismological investigation sites for the A.D. 1505 (blue), 

A.D. 1255 (green), A.D. ~1100 (purple) and A.D. 1714 (orange) events (Bilham and Wallace, 2005; Kumar 

et al., 2006; Kumar et al., 2010; Bollinger et al., 2014; Malik et al., 2017; Wesnousky et al., 2017a; 

Wesnousky et al., 2017b; Wesnousky et al., 2019; Upreti et al., 2000; Lavé et al., 2005; Mugnier et al., 

2011; Berthet et al., 2014; Hetényi et al., 2016b; Le Roux-Mallouf et al., 2016; Le Roux-Mallouf et al., 

2020). The thick colored solid and dash lines indicate the possible surface rupture extents of the A.D. 1505, 

A.D. 1255, and A.D. ~1100 events, using the same color codes as for the paleoseismic sites. The black 

square indicates the study area of this research. MFTðMain Frontal thrust. 

1.2 Fault Motion and Seismicity in the Himalaya  
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Figure 1.5 2D and 3D block diagrams of the geometry proposed for the MHT. (a) Coulomb stress changes 

on the structural cross section across central Nepal. Adapted from Avouac (2015). White dots indicate 

observed seismicity that was recorded on this section during the period of the temporary seismic network 

(Cattin and Avouac, 2000) and that is mainly clustered in the area of enhanced Coulomb stress, i.e., in the 

area of interseismic stress buildup where is the downdip transition from locked to creeping zone on the 

MHT. The seismic sections (TIB-1 and TIB-3) of the INDEPTH reflection profile are also reported (Brown 

et al., 1996; Nelson et al., 1996; Zhao et al., 1993). STDðSouth Tibetan detachment, MHTðMain 

Himalayan thrust, MCTðMain Central thrust, MBTðMain Boundary Thrust, and MFTðMain Frontal 

Thrust. (b) 3D block diagrams of the geometry proposed for the MHT. Adapted from Elliott et al. (2016). 

Colors on the fault plane of the MHT indicate earthquake slip relative to interseismic coupling denoted as 

blue lines, which are inferred from GPS-, leveling-, and InSAR-derived deformation rates before the 2015 

Gorkha earthquake (Stevens and Avouac, 2015). Brown diamonds on the fault plane of the MHT show 

high-frequency seismic sources (Avouac et al., 2015) during the earthquake rupture, which run along the 

ramp-and-flat hinge line at 1415 km depth. The INDEPTH reflection profile (Hauck et al., 1998) is shown 

in the cross-section, where the main faults are denoted as black lines, and an electromagneto-telluric image 

(Lemonnier et al., 1999) highlights the high conductivity (i.e., low resistivity) measured along the MHT. 

Note the gap between the fault plane of the MHT and the cross-section for clarity. 
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Due to the friction between the convergent plates, MHT is a fully locked zone 

over a width of 100 ± 20 km all along the whole Himalayan arc during the interseismic 

period (Stevens and Avouac, 2015) (Figures 1.5 and 1.6). Interseismic coupling refers to 

the ratio of the slip rate deficit to the long-term slip rate. Value of 1 means that the fault is 

purely locked while the value of 0 indicates that the fault is creeping at the long-term slip 

rate. When the frictional strength of the fault is surpassed, the fault moves, the slip along 

the fault starts, and an earthquake is triggered by the stress accumulated during the 

locking time of the fault. After the seismic event, the fault locks again, and stress restarts 

to build up. The seismic cycle is subsequently formed. The belt of seismicity is located in 

the area of interseismic stress buildup, where downdip the MHT transitions from locked 

to a creeping zone (Figure 1.5). The seismicity belt terminates abruptly to the north, 

where the surface elevation is higher than 3500 m (Avouac, 2015; Stevens and Avouac, 

2015). 

An earthquake cannot completely rupture the MHT. The rupture processes depend 

on the topography of fault surfaces (Power and Tullis, 1991), i.e., the locking of the fault. 

The MHT across the central Himalaya shows a ramp-flat-ramp-flat geometry (Avouac et 

al., 2015; Elliott et al., 2016; Wang et al., 2017; Jouanne et al., 2017) (Figure 1.5). The 

upper ramp of the MHT is very shallow and 30 north-dipping, and it reaches the surface 

as the MFT. The upper flat to the north is 7 north-dipping, nearly totally locked, 75 km 

wide, and at a depth of 5 km. The 20 north-dipping, 30-km-wide, mid-crustal ramp is 

partially locked and is termed interseismic decoupling zone, located between fully locked 

and fully unlocked. It is assumed that the temperature in this segment of the MHT is 350ï

450 C (Bilham et al., 2017). The lower flat is 5ï7  north-dipping, the northern part of 

which is followed by ductile shear zone. The ramps on the MHT are the key to the arrest 

of seismic rupture and determine the width of the interseismic decoupling zone that is 

linked to the amount of the critical strain to nucleate rupture (Bilham et al., 2017). The 

wider the interseismic decoupling zone, the larger the capacity to store strain energy and 

hence potential slip during seismic rupture. For the temperature-dependent interseismic 

decoupling zone, if the local dip of the MHT is steep, moderate earthquakes may occur 

frequently with incomplete rupture and minor slip, but if the dip is gentle, great 
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earthquakes that have the potential to rupture the MHT and even the MFT may occur 

infrequently with a large slip (Bilham et al., 2017; Dal Zilio et al., 2021). In conclusion, a 

mega-earthquake may be looming in areas where strain energy was accumulated due to 

the former incomplete ruptures. 

 

Figure 1.6 (a) Coupling model, adapted from Stevens and Avouac (2015). The distribution of instrumental 

earthquakes (Mw > 4) is shown as black dots. The seismicity data involve an NSC catalog regarding Nepal 

(Ader et al., 2012; Rajaure et al., 2013), the record between ~77 81 E (Mahesh et al., 2013), and the others 

from NEIC. The MFT is indicated as the black line. (b) Shear stress buildup rate on the plane of the MHT, 

adapted from Avouac (2015). White dots point out the same location of microseismicity as Figure 1.6a.  

1.3 Potential Mega-earthquakes in the Himalaya 
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The typical surface rupture length of subduction-type mega-earthquakes (Mw > 

9.0) is at least 1000 km (Wells and Coppersmith, 1994). Combining historical, 

instrumental, and paleoseismic earthquake catalogs with the use of stress accumulation 

rate (balancing the slip budget), it was inferred that Mw ƌ 9.0 mega-earthquakes are 

likely in the Himalaya with the average return time greater than ~800 years (Stevens and 

Avouac, 2016). Three of the known historic Himalayan paleo-earthquakes could have 

been mega-earthquakes: 1) the A.D. 1505 Mw ~8.2 earthquake (Bilham and Wallace, 

2005; Kumar et al., 2006; Kumar et al., 2010; Malik et al., 2017), 2) the A.D. 1255 Mw > 

8.0 earthquake (Upreti et al., 2000; Mugnier et al., 2011; Sapkota et al., 2013; Bollinger 

et al., 2014; Wesnousky et al., 2017a; Wesnousky et al., 2017b), and 3) the A.D. ~1100 

Mw > ~8.7 earthquake (Lavé et al., 2005; Kumar et al., 2010; Mugnier et al., 2011; Le 

Roux-Mallouf et al., 2016; Wesnousky et al., 2017a; Wesnousky et al., 2017b; 

Wesnousky et al., 2019) (Figure 1.4). 

1) the A.D. 1505 Mw ~8.2 earthquake. A single great earthquake in about 1505 

probably took place even though historical reports of such large earthquake 

are lacking (Kumar et al., 2006). In Nepal Himalaya, mega-earthquakes with 

Mw > 8.6 could also occur but be constrained to the Kathmandu area due to its 

location astride the transition between central and eastern seismotectonic 

segments of Himalaya (Mugnier et al., 2011; Rajendran et al., 2017).  

2) the A.D. 1255 Mw > 8.0 earthquake. Kathmandu was affected by two 

destructive earthquakes: the 1255 event (Mw > 8) occurred in its west, and the 

~1100 event (Mw = ~8.8) in its east (Mugnier et al., 2011). But, according to 

the observations at three sites in central and eastern Nepal, a large rupture of 

about 800 km extending across entire Nepal might have occurred in around 

1255 (Wesnousky et al., 2017b).  

3) the A.D. ~1100 Mw > ~8.7 earthquake. In the eastern Himalaya, the possibility 

of the rupture extending up to 700ï800 km along the MFT and related to 

~1100 event, was proposed (Kumar et al., 2010). 

1.4 Motivation for the Study 
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The Himalayan foreland is an earthquake-stricken area. However, little is known 

about the Himalayan earthquakes in the 18th century and before. The return periods of 

large earthquakes and the largest possible magnitudes are poorly constrained in the 

Himalayas. To solve these problems, we need to improve the Himalayan earthquake 

record by identifying and dating new paleoseismic events and to more precisely constrain 

the surface rupture length of the known events. 

In 2016, a surface rupture along the MFT was identified in eastern Bhutan, one 

putative seismic gap in the Himalayas. Paleoseismological investigations were conducted 

to identify and characterize paleoseismic events in eastern Bhutan. Based on surface 

ruptures investigated in western and central Bhutan and the ages of the known Himalayan 

large historical earthquakes (Hetényi et al., 2016b; Berthet et al., 2014; Le Roux-Mallouf 

et al., 2016; Le Roux-Mallouf et al., 2020) (Figure 1.4), I hypothesize that the surface 

rupture in eastern Bhutan was caused either by the 1714 Bhutan earthquake or by a 

medieval earthquake of A.D. ~1255 or A.D. ~1100. If the surface rupture in eastern 

Bhutan were caused by either A.D. ~1255 or A.D. ~1100 event, the location of the study 

area would extend its surface rupture length to ~1000 km, making it a likely Mw 9 

earthquake (Wells and Coppersmith, 1994). Such mega-earthquakes have not yet been 

found in the Himalaya (Stevens and Avouac, 2016), or any other continental setting. 

1.5 Aim and Scope of the Study 

This research aims to reconstruct the seismic history of the exposed surface 

rupture in eastern Bhutan to help develop accurate hazard evaluations and determine the 

seismic risk in the region. The two main objectives are 1) to identify and characterize 

surface-rupturing paleoseismic events in eastern Bhutan: a) determine the fault geometry 

and the amount of coseismic slip along the surface rupture, b) determine the ages of 

paleo-earthquakes by dating the displaced river terraces applying radiocarbon (14C) 

dating, conventional optically stimulated luminescence (OSL) thermochronology, and 

rock surface dating, and by trying to directly date fault gouge using Multi -OSL of 

feldspar, and c) calculate the most likely magnitudes of paleo-earthquakes, and 2) to 

estimate the recurrence interval of major earthquakes in the eastern Himalaya. 
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This research constitutes a major component of the main long-term objective of 

the Tectonics research group at Dalhousie, which is to understand the dynamic links 

between mega-earthquakes in the upper crust and deformation in the ductile crust in the 

continental collision zones. 

1.6 Significance of the Study 

The Himalayas are known for large, destructive earthquakes and are densely 

populated. For such areas, it is imperative to build a statistically relevant database of 

large earthquakes, precisely establish seismic history, and estimate the recurrence interval 

of large earthquakes for each identified fault. The seismic history of the surface rupture is 

critical to developing accurate hazard evaluations and determining the seismic risk in the 

region. The timing and magnitudes of paleo-earthquakes and their return periods are 

crucial to such evaluations. Therefore, the paleoseismic investigation of the newly 

identified surface rupture is important to improve the catalog of the Himalayan 

earthquakes. The results of this project will also contribute to the debate about a potential 

for subduction-type mega-earthquakes in the Himalaya in general and the understanding 

of mega-thrust fault mechanics in the continental collision zones. 

In short, the projected applications of my research will involve four aspects: 1) 

increased knowledge on the seismic deformation along the continental mega-thrust, 2) 

attempt of a method for direct dating of fault slip, 3) improved accuracy of estimates on 

recurrence intervals of major earthquakes in the region, and 4) improved estimates of the 

seismic hazard in the region and in the Himalaya in general. 

1.7 Structure of the Thesis 

This thesis includes eight chapters and is structured as a research paper with an 

abstract, acknowledgements, introduction, seismotectonic setting of Bhutan Himalaya, 

dating methodology, paleoseismological results and analysis, respective discussions 

about the timing of the paleo-earthquakes, magnitudes, and recurrence interval estimation 

of large earthquakes, conclusion, references, and appendices that consist of specific 

analytical procedures and supplementary data. 
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While the first chapter introduces the context, motivation, objectives, 

significance, and thesis structure, the chapter of Seismotectonic setting includes 

geological setting and the background of the paleo-earthquakes in the Bhutan Himalaya. 

Dating Methodology consists of five sections including radiocarbon dating, 

overview of luminescence dating, and three individual luminescence techniques used in 

this project. The overview section (3.2) of luminescence dating involves introduction to 

luminescence, overview of luminescence dating process, shortly introducing 

luminescence methods and dating aims, and two principal components for luminescence 

age estimation. Following overview of luminescence dating process, each of the other 

sections elaborates on what the approach is, what kind of samples were selected for the 

method, and how it was applied. 

The chapter of Paleoseismological analysis in eastern Bhutan describes the field 

area, paleoseismic exposure, samples, sampling sites and locations, the dating results and 

their analysis. Also, chronostratigraphic frameworks are defined for related methods. 

There are three chapters providing in-depth discussions: the timing of the paleo-

earthquakes, the most likely magnitudes, and recurrence interval of large earthquakes in 

the eastern Himalaya. The chapters of Magnitude calculations and Recurrence interval 

include the explanations of how these values were calculated in addition to interpretation 

and discussion of corresponding results. 

The conclusion summarizes all the findings and the essence of the research. 

1.8 Note of Caution 

This thesis uses a naming method for geological events that is contrary to the 

usual standard. E.g., U1 is the youngest stratigraphic unit, and U4 is the oldest unit in this 

study. Similarly, the youngest ones about the river terraces, faulting, and seismic events 

are T1, F1, and E1. The reason for naming this way is to maintain consistency with the 

previously published research papers regarding the Himalayan region, most of which 

used #1 as the youngest. It is because this thesis cited many previous works regarding the 



17 
 

Himalayan region and did a series of comparisons with the corresponding parts in these 

works. It is also to avoid unnecessary confusion during reading and searching the 

published work. We cannot revise othersô works, which have been already published, but 

ours.  
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CHAPTER 2: SEISMOTECTONIC SETTING OF BHUTAN HIMALAYA 

2.1 Geological Setting 

 
Figure 2.1 Geological map of the Himalayan orogen. Adapted from Hirschmiller et al. (2014). The major 

features presented within the orogen are: STDðSouth Tibetan detachment, KTðKakhtang thrust, MCTð

Main Central thrust, MBTðMain Boundary thrust, and MFTðMain Frontal thrust. The red rectangle 

highlights the area of Bhutan. 

Similar to all other Himalayan segments (Hodges, 2000; Avouac, 2015), Bhutan 

Himalaya presents four distinct lithotectonic units bounded by faults and shear zones 

(Figure 2.1). From north to south, the four units are the Tethyan Sedimentary Sequence 

(TSS), Greater Himalayan Sequence (GHS), Lesser Himalayan Sequence (LHS), and 

Sub-Himalaya. Their boundary structures are the South Tibetan Detachment (STD), 

MCT, MBT, and MFT (Figures 2.2 and 2.3). All the thrust faults merge into the MHT 

(Nelson et al., 1996). The STD is a shallowly northward dipping normal ductile shear 

zone that separates the TSS from the GHS (Kellett and Grujic, 2012). The GHS consists 

of amphibolite-to-granulite metamorphic-grade rocks make the orogenôs metamorphic 

core (Long and McQuarrie, 2010). Two major features different from the rest of the 

Himalayas are presented within the GHS in Bhutan (Grujic et al., 2002; Zeiger et al., 

2015) (Figures 2.1 and 2.2): (1) extensive klippe of the STD, overlying the GHS, and (2) 

out-of-sequence Kakhtang thrust (KT) that structurally divides the GHS into the upper 

and lower parts and makes its thickness double.  

2.1.1 Lesser Himalayan Sequence 
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Figure 2.2 Geological map of Bhutan. Adapted from Grujic et al. (2020). Red square indicates the area of 

Figure 2.4. oSTD, iSTDðouter and inner South Tibetan detachment system, respectively; KTðKakhtang 

thrust; MCTðMain Central thrust; STðShumar thrust; MBTðMain Boundary thrust; MFTðMain 

Frontal thrust.  

 
Figure 2.3 Structural cross section of eastern Bhutan along ~91.5E. Adapted from Grujic et al. (2020). 

TSSðTethyan sedimentary sequence, GHSðGreater Himalayan Sequence, LHSðLesser Himalayan 

Sequence, SwðSiwalik, oSTD & iSTDðouter & inner South Tibetan detachment, KTðKakhtang thrust, 

MHTðMain Himalayan thrust, MCTðMain Central thrust, STðShumar Thrust, MBTðMain Boundary 

Thrust, MFTðMain Frontal Thrust. 

The LHS is separated from the GHS by the MCT shear zone and from the Sub-

Himalaya by the MBT. It contains four units: from north to south and oldest to youngest, 
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the Daling-Shumar Group, Baxa Group, Diuri Formation, and Gondwana Sequence 

(McQuarrie et al., 2008; McQuarrie et al., 2013; McQuarrie et al., 2014; Long et al., 

2011c) (Figures 2.2 and 2.3). The Shumar Thrust (ST) (Ray et al., 1989; Long et al., 

2011c; Grujic et al., 2020) separates the upper Daling-Shumar Group  and the lower three 

units. The Daling-Shumar Group is a ~4 km thick phyllite-dominant Daling Formation, 

the Shumar Formation quartzite, and Proterozoic granitoid. The Baxa Group involves a 

combination, from quartzite to siltstone, from slate to dolomite and limestone. In western 

Bhutan, the Baxa Group represents similar lithological features to correlative strata in 

Sikkim and central Nepal but is different from the one in eastern Bhutan and Arunachal 

Pradesh regarding provenance and depositional environment (McQuarrie et al., 2008). 

While the Diuri Formation mainly consists of ~2ï2.5 km thick diamictite and interbedded 

pebbly slates, the Gondwana Sequence is dominated by continental sediments containing 

sandstone, quartzite, shale, slate, and coal deposits. 

2.1.2 Siwalik Group 

 

Figure 2.4 Geological map of the Siwalik Group. Adapted from Grujic et al. (2018). MBTðMain 

Boundary Thrust, MFTðMain Frontal Thrust. 



21 
 

The Sub-Himalaya in Bhutan consists of Siwalik Group sediments, but they are 

not exposed in the central and westernmost region (McQuarrie et al., 2014) (Figure 2.2). 

In western and eastern Bhutan, Late Miocene, Siwalik sediments were thrust over 

Quaternary fluvial sediments, whereas in central Bhutan, the thrusting over Quaternary 

alluvial sediments were metasediments of the LHS sequence. Synorogenic, Neogene-

Quaternary foreland sediments of the Siwalik Group (Coutand et al., 2016) belong to the 

modern Himalayan foreland fold-and-thrust belt as defined by Hirschmiller et al. (2014), 

which is bounded to the north by the MBT and to the south by the MFT. The Siwalik 

Group is divided into three groups (Coutand et al., 2016): from oldest to youngest, lower, 

middle and upper (Figure 2.4). It mainly contains siltstone, sandstone and conglomerate, 

corresponding to the sequence from lower to upper, i.e., it coarsens upward (Long et al., 

2011c; Coutand et al., 2016). The depositional ages of the Siwalik sediments along the 

Dungsam Chu were determined by magnetostratigraphy in combination with vitrinite 

reflectance data and detrital apatite fission track dating (Coutand et al., 2016). The base of 

the lower Siwalik was dated to ~7 Ma, middle Siwalik at ~6 Ma, and upper Siwalik at 

~3.8 Ma, whereas the top of the upper Siwalik is ~1 Ma. The onset of folding and 

shortening of the Siwalik sediments in eastern Bhutan was constrained at approximately 

1ï2 Ma. Along the Dungsam Chu section, all three subgroups structurally show 

northward dipping with the range of 25 to 84 , and most of the dip angles are between 

25ï45  (Figure 2.4). 

2.1.3 Main Central Thrust  

The MCT is a few kilometers thick ductile shear zone with top to the south shear 

sense. The related mylonitic belt contains the protolith boundary between the overlying 

GHS and the underlying LHS (Long et al., 2011a; Starnes et al., 2020) (Figure 2.3). In 

eastern Bhutan, the initiation of MCT displacement was ~23ï20 Ma (Daniel et al., 2003; 

Chambers et al., 2011), and remained active until ca. 11 Ma (Grujic et al., 2020). In 

western Bhutan, MCT displacement occurred between ~20 and 15 Ma (Tobgay et al., 

2012). The rate of displacement on the MCT in eastern Bhutan was 2.6ï4 cm/yr whereas 

in western Bhutan was 3ï7 cm/yr (Tobgay et al., 2012). 
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Figure 2.5 Cross-sections of the MHT geometry in the Bhutan Himalaya. Adapted from Diehl et al. (2017). 

(a) Profile along 89.7E, western Bhutan. (b) Profile along 91.2E, eastern Bhutan. Red solid lines show 

receiver-function (RF) converters (Singer et al., 2017). Thick gray dashed lines indicate the geometry of the 

MHT from Coutand et al. (2014). Brown short dash line marks the MHT geometry in western Bhutan (Le 

Roux-Mallouf et al., 2015). Blue circles point out the seismicity of single-event whereas purple circles 

show relocated seismicity using relative double-difference techniques. The colored base map represents 

crustal P-wave velocity (Vp) structure along the western and eastern profile of Bhutan, with the solid gray 

contour lines of absolute Vp in km/s. Bold black lines represent the topography along profiles generated by 

mean value and standard deviation. Blue vertical lines show seismicity position regarding potential mid-

crustal ramps. KTðKakhtang thrust, MHTðMain Himalayan thrust, MCTðMain Central thrust, MBTð

Main Boundary Thrust, MFTðMain Frontal Thrust.  

The LHS consists of two types of hinterland-dipping thrust duplex system (Long 

et al., 2011a) (Figure 2.3). The one within the hanging wall of the ST consists of a few 
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large horses, called the internal duplex, whose top is the MCT. The other is the external 

duplex formed by smaller horses, which has the ST as the roof thrust and the MBT as the 

floor thrust. The external duplex was developed between 14.9 and 10.5 Ma in eastern 

Bhutan (Long et al., 2011a) while between 12 and 9 Ma in western Bhutan (McQuarrie et 

al., 2014). 

2.1.4 Main Boundary Thrust  

The MBT is a north-dipping thrust that placed the LHS over the Subhimalaya 

(Long et al., 2011a) (Figure 2.3). The MBT were also folded and shortened in the eastern 

Himalaya since 10 Ma (McQuarrie et al., 2008; McQuarrie et al., 2014). While the 

development of the MBT in the northwestern Himalaya has been constrained between 

~14ï13 Ma (Singh and Patel, 2022), the onset age of the MBT is less well-constrained in 

Bhutan since there are no good, continuous outcrops found in the eastern Himalaya 

(McQuarrie et al., 2014). The GPS data (2013ï2016) indicated that partial aseismic creep 

has been occurring on the MBT in eastern Bhutan, i.e., the MBT is presently part of the 

active thrusting front in eastern Bhutan (Marechal et al., 2016). This implies that a 

seismic event like the April 2015 Gorkha earthquake (Mw 7.8) might potentially occur in 

eastern Bhutan with incomplete rupture on the MHT and the absence of surface slip. 

2.1.5 Main Frontal Thrust  

The MFT places the Siwalik Group against the Quaternary sediments (Figures 2.3 

and 2.4). The motion of the MFT contributed to the tilting of Late Miocene to Pleistocene 

foreland basin deposits (Hirschmiller et al., 2014; Coutand et al., 2016). The thrusting on 

the MFT started at ~2 Ma in Central Nepal (Mugnier et al., 2004; van der Beek et al., 

2006) and at ~1 Ma in Arunachal Pradesh (Chirouze et al., 2013), but the onset timing of 

the MFT in Bhutan is still unknown.  

The MFT is the surface expression of the MHT along the Himalayan front. In 

central Bhutan, there are at least three splays of the MFT (Nakata, 1972; Berthet et al., 

2014) (Figure 2.2), the northernmost branch of which is known as the TFT (Topographic 

Frontal Thrust) and has been investigated in all paleoseismic studies in Bhutan. In 
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Bhutan, the MHT mainly consists of three segments, and its ramp-flat-ramp geometry 

varies along strike between the western and eastern (Coutand et al., 2014; Diehl et al., 

2017) (Figure 2.5). The southernmost frontal ramp is north-dipping at 65ï70  and rooted 

at ~15 km in the west while 40 north-dipping and rooted at ~10 km in the east. The 

middle flat section is wider in western Bhutan where it extends from 26.8 to 27.3 N 

relative to 27ï27.3 N in the east. The northernmost segment of the MHT at the north of 

27.5 N is a mid-crustal ramp dipping northward at 30 , the same in the west and east. 

The difference in the MHT geometry between western and eastern Bhutan contribute to 

the west-east variations in coupling along the detachment (Figure 2.6). 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 135ï155 km (Marechal et al., 2016) and limited by an abrupt downdip 

transition at its northernmost boundary. It is indicated as the area of interseismic stress 

buildup according to the location of the local seismicity belt (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 ~70 km (Li et al., 2020) to 100ï120 km (Marechal et al., 2016) 

wide and confined updip and downdip by partial coupling zones.  GPS data indicate that 

the updip frontal ramp shows an aseismic slip rate of 5.5ï14.5 mm/yr within 50 km north 

of the MFT (Marechal et al., 2016). Diehl et al. (2017) inferred the potential to generate 

large earthquakes in eastern Bhutan attributed to the flat, seismogenic section of the MHT 

imaged using receiver functions and recorded seismicity. In the areas with a gentle dip of 

the MHT, a full rupture could occur on the MHT and even the MFT during great 

earthquakes. The segment in eastern Bhutan is thought to host a potential slip of more 

than 10ï12 m (Bilham, 2019; Robinson, 2020), which implies a high seismic hazard 

(Stevens et al., 2020). 

The MFT is the structure that almost completely accommodates the geodetic 

shortening rate of 15ï21 mm/yr in the central and eastern Himalayas during the Holocene 

(Lavé and Avouac, 2000; Lavé and Avouac, 2001; Ader et al., 2012; Burgess et al., 2012; 

Berthet et al., 2014). According to Li et al. (2020), the estimated convergence rates in 

western and eastern Bhutan are 18.5 ± 1.0 and 16.2 ± 1.5 mm/a, respectively. Both are 
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consistent with 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). The 

age and geometry of uplifted river terraces across the eastern Himalayas 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.  

 

Figure 2.6 Interseismic coupling on the MHT in the Bhutan Himalaya. Adapted from Marechal et al. 

(2016). The estimates of interseismic coupling of the MHT segments are shown by rectangles. Blue dash 

lines mark the approximate limits of the fully coupling zone on the MHT. Triangles indicate the locations 

of GPS stations. The black square points out the Dungsam Chu site (the study area). 

2.2 Active Tectonics of Bhutan 

The Bhutan Himalaya and its foreland are bound by two oblique strike-slip zones, 

the Dhubri-Chungthang Fault (DCF) zone in the west evidently extending beneath the  
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Figure 2.7 Active tectonic map showing the network of faults in the Bhutan Himalaya. Adapted from 

Grujic et al. (2018). Fault traces are represented in red, and those shown as dashed lines demonstrate that 

there is no surface trace in the seismogenic fault. Dashed fault traces in pink show that the fault is beneath 

the Himalayan orogenic wedge. The likely epicenters of the 1714 (Mw 8 ± 0.5), 1897 (8.15 < Mw < 8.35), 

and 1930 (Mw 7.1) earthquakes (Hetényi et al., 2016b; England and Bilham, 2015; Gee, 1934; Szeliga et 

al., 2010) are depicted as white circles. Regarding the 1714 earthquake, the presumed hypocenter location 

along the MHT is shown as white contours, and the surface rupture identified along the MFT is indicated as 

a green star (Hetényi et al., 2016b; Berthet et al., 2014; Le Roux-Mallouf et al., 2016). The deformation 

front is a blind thrust of the Indo-Burman Ranges (Steckler et al., 2016). The darker blue lines in the Surma 

basin illustrate hinges of buried anticlines within the same accretionary wedge (Najman et al., 2016). 

MHTðMain Himalayan thrust, MFTðMain Frontal Thrust, and DCFðDhubri-Chungthang Fault. 

Himalayan orogenic wedge (Diehl et al., 2017; Grujic et al., 2018) and the Kopili Fault 

zone in the east with a more diffuse and less clear continuation north of the Himalayan 

front (Sutar et al., 2017) (Figure 2.7). Both fault zones extend southeastward across the 
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Brahmaputra basin and border the Shillong Plateau to the west and east, respectively. The 

two seismic zones appear to affect only the Indian basement, i.e., the Himalayan crust 

beneath the MHT, and they are capable of generating earthquakes with Mw > 7 but have 

no associated surface or geological deformation (Diehl et al., 2017; Sutar et al., 2017; 

Grujic et al., 2018). Two other conjugate, sinistral, strike-slip faults, Lingshi and Sakteng 

(Gansser, 1983; Grujic et al., 2018), appear to affect only the orogenic wedge with the 

evidence of clear geological offsets (Long et al., 2011b) (Figure 2.7). 

The Shillong Plateau is bound by two reverse faults, i.e., the northward-dipping 

Dauki Fault to the south (Biswas et al., 2007; Clark and Bilham, 2008) and the south-

dipping Oldham Fault to the north (England and Bilham, 2015) (Figure 2.7). The Dauki 

fault shows a cumulative displacement of > 10 km (Biswas et al., 2007), but no related 

major earthquakes have been observed or recorded. In contrast, the Oldham fault 

produced an earthquake of 8.15 < Mw < 8.35 in 1897 (England and Bilham, 2015) but has 

no mappable displacement, and its surface trace remains elusive (Rajendran et al., 2004). 

2.3 Large Historical Seismic Events in the Bhutan Himalaya 

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. No large 

earthquakes (Mw > 6.4) occurred in Bhutan in the past 300 years (Drukpa et al., 2006), 

which raises the possibility of a major or great earthquake striking this area. The most 

recent paleoseismological study at the Piping site in western Bhutan indicated at least 

five paleoseismic events (E1ïE5) occurred between 610 B.C. and A.D. >895 (Le Roux-

Mallouf et al., 2020). 

2.3.1 The 1714 Bhutan Earthquake 

The A.D. 1714 earthquake is the only historically recorded earthquake in Bhutan 

and has been identified in paleoseismic studies at Sarpang, Gelephu, and Piping in central 

and western Bhutan (Berthet et al., 2014; Le Roux-Mallouf et al., 2016; Le Roux-Mallouf 

et al., 2020). Combining recently historical and paleoseismic constraints, Hetényi et al. 

(2016b) determined that this earthquake occurred on May 4, 1714, and reached Mw 7.5ï
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8.5 with a modeled hypocenter located in central or western Bhutan (Figure 2.8). This 

surface-rupturing event caused 1.5 ± 0.5 m of coseismic dip-slip at the Piping site 

(western) and up to 0.5 m of vertical offset at the Sarpang Chu site (central). 

 
Figure 2.8 Hypocenter location of the A.D. 1714 earthquake. It was constrained by applying 

paleoseismological evidence of surface ruptures and historical intensity reports, for a M8.3 earthquake 

scenario, and labelled using red color. Adapted after Hetényi et al. (2016b). Two paleoseismological 

investigation sites of surface ruptures are at Sarpang (Sa) and Gelephu (Ge). Five intensity report locations 

include Wangdue Phodrang (WP), Gangteng (Ga), Bahgara (Ba), Charaideo Hill (Ch), and Tinkhong (Ti). 

Cities: ThðThimphu, ShðShillong. 

2.3.2 The Medieval Earthquake 

At least one great medieval earthquake was observed in Bhutan. It was dated to 

A.D. 1344 ± 130 in western Bhutan and associated with 12.2 ± 2.8 m of coseismic dip-

slip, which indicates the likely occurrence of a great (Mw > 8.5) earthquake (Le Roux-

Mallouf et al., 2020), while in central region, it was constrained between A.D. 1025 and 

A.D. 1520 and produced a coseismic surface slip of 16ï23 m, which corresponds to Mw 

~8.7 (Le Roux-Mallouf et al., 2016). 

Two known great paleo-earthquakes occurred during the age constraints yielded 

by Le Roux-Mallouf et al. (2016 & 2020) are the A.D. ~1100 and A.D. 1255 

earthquakes, both reported in east-central Nepal (Lavé et al., 2005; Pant, 2002; Mugnier 
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et al., 2011; Sapkota et al., 2013; Bollinger et al., 2014; Wesnousky et al., 2017a; 

Wesnousky et al., 2017b; Wesnousky et al., 2019). The A.D. ~1100 earthquake is so far 

the greatest event identified in the Himalayas, 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), all exhibiting consistent 

coseismic slip and chronology (Figure 2.9). 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 A.D. 1090 and A.D. 1145 with a 95.4% probability. This age 

constraint on the single giant seismic event results in the likely surface rupture length of 

~800 km, making it reach Mw 8.9±0.2 (Le Roux-Mallouf et al., 2016) (Figure 1.2). 

Alternative modeling of radiocarbon data (Le Roux-Mallouf et al., 2016) also indicates 

that the A.D. ~1100 event may be part of a series of events between A.D. 1025 and A.D. 

1520 instead of one mega-event. 

The second great medieval earthquake was the historically recorded 1255 

earthquake (Pant, 2002), which has also been identified in paleoseismic studies at Tribeni 

and Bagmati sites (Wesnousky et al., 2017a) in central Nepal, at Damak (Wesnousky et 

al., 2017b) in east-central Nepal, and at Horkse site (Upreti et al., 2000) and Chalsa site 

(Kumar et al., 2010) in West Bengal (Figure 2.9). Combined with the later paleoseismic 

evidence reported by Le Roux-Mallouf et al. (2016 & 2020), the 1255 event might have 

produced a large rupture of >800 km not only extending across entire Nepal but beyond 

Nepal to central Bhutan, which is associated with the magnitude of 8.6 to >9 (Wesnousky 

et al., 2017b). 

2.3.3 The Earthquakes Before the Medieval Period 

Three seismic events (E3ïE5) reported by Le Roux-Mallouf et al. (2020) occurred 

at A.D. 300 ± 70, 100 ± 160 B.C., and 485 ± 125 B.C., respectively, and they noticeably 

constitute the oldest paleo-earthquakes characterized in the eastern Himalayas (Figure 

2.9). The three events were associated with 14.7 ± 7.4 m, 13.5 ± 0.6 m, and at least 11.5 

m of coseismic dip-slip, respectively (Le Roux-Mallouf et al., 2020).  



30 
 

 

Figure 2.9 (a) Map of major earthquakes in the Bhutan Himalaya and vicinity. Dark-red stripe-pattern 

ellipses schematically indicate the rupture areas along the MHT, caused by known earthquakes. The small 

colored squares show paleoseismological investigation sites for the A.D. ~1100 (purple), A.D. 1255 

(green), and A.D. 1714 (orange) events: Damak (A.D. 1146 1256; Wesnousky et al., 2017b), Horkse (A.D. 

1146 1282; Upreti et al., 2000), Chalsa (A.D. 1049  >1435; Kumar et al., 2010), Piping (five events 

identified: after A.D. 895 for the most recent two, A.D. 300 ± 70, 100 ± 160 B.C., and 485 ± 125 B.C.; Le 

Roux-Mallouf et al., 2020), Sarpang (two events identified: A.D. 11671487 and A.D. 15241815; Le 

Roux-Mallouf et al., 2016), Gelephu (two events identified: A.D. 11401520 and A.D. 16421836; Le 

Roux-Mallouf et al., 2016), and Nameri (A.D. 1025 1224; Kumar et al., 2010). The black square points out 

the Dungsam Chu site (the study area). MFTðMain Frontal thrust. (b) Space-time diagram of surface-

rupturing paleoseismic events identified along the MFT in the Bhutan Himalaya and vicinity. 



31 
 

 

Figure 2.10 Location of the surface rupture exposure at the Dungsam Chu site (the study site), 

demonstrated as the red rectangular in (a) the Google map, as the corresponding black rectangular in (b) the 

geological map, and as the mark of the red dash line in (c) the zoom-in Google map. White rectangular in 

(a) indicates the area of (c). T1ð a cut-in-fill  terrace, T2ð a fill terrace, and MFTðMain Frontal Thrust. 

According to Le Roux-Mallouf et al. (2020), all five events (E1ïE5) provide an 

average recurrence interval of 550 ± 211 years (Figure 2.9). For the earlier four events 
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(E2ïE5), an average recurrence interval of 610 ± 238 years is indicated. A cumulative 

slip of 40.4 ± 10.8 m presents for E2, E3, and E4, with a slip rate of 24.9 ± 10.4 mm yr-1.  

2.4 Field Area 

The primary study site (26.792014N, 91.511164E) of this research is located 

near the boundary between Samdrup Jongkhar in eastern Bhutan and Darangamela in 

Assam, India, and it is along the left riverbank of Dungsam Chu, which is a tributary of 

the Pagaldiya River that flows southwards to the Brahmaputra (Figure 2.10). There, the 

MFT crosses the Dungsam Chu. The river-cut exposure facing west-southwest (WSW) 

reveals two distinct Holocene terrace levels, a fill terrace (T2) and a cut-in-fill terrace 

(T1), and that the Late Miocene Lower Siwalik mudstone and siltstone were thrust over 

the river terraces by the shallow north dipping MFT (Figure 2.10b). The detailed results 

of field investigations are described in Chapter 4. 
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CHAPTER 3: DATING METHODOLOGY 

Four dating techniques have been applied in this research to avoid the limitation 

caused by any single one and to constrain the timing of the paleo-earthquakes accurately 

and precisely. They include (1) indirect dating of faulting by dating rock layers affected 

by faulting and (2) direct dating of faulting by dating the rocks formed during faulting. 

Three indirect fault-dating methods were used together to determine the burial age 

of the youngest displaced river terrace layer yielding the maximum ages of a paleo-

earthquake. These methods are: (a) radiocarbon (14C) dating (Section 3.1), (b) 

conventional optically stimulated luminescence (OSL) (Section 3.3), and (c) rock surface 

dating (Section 3.4). They were selected based on the sedimentary features and structure 

of the outcrop, including the presence of organic materials, fluvial deposits, and cobbles 

in the layer. However, the lack of the undisturbed layer significantly reduces the accuracy 

of these indirect fault-dating techniques despite their high analytical precision. To obtain 

the direct ages of the seismic events, two OSL methods were attempted. (c) Multi-OSL of 

feldspar (Section 3.5) have been tested to date fault gouge produced during the 

paleoseismic movement. (d) High precision rock surface dating (Section 3.4) of the 

cobbles trailed along the thrust surface was performed.  

3.1 Radiocarbon Dating 

3.1.1 Introduction 

Radiocarbon dating is among the first developed radiometric techniques and has 

been most widely promoted and applied even though its effective time range is relatively 

short and just within the late Holocene (Walker, 2005). In 1946, physical chemist Willard 

F. Libby first proposed a ground-breaking idea that organic materials might be dated by 

the measurement of their 14C content, which was newly discovered radioactive isotope of 

carbon (Taylor, 1987). In 1949, radiocarbon dating was successfully tested by Libby and 

Arnold, and the results were subsequently published (Libby, 1961). 
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Radiocarbon 14C is the heaviest but the least abundant of three naturally occurring 

isotopes of carbon: it only accounts for 10-10% of the element while 12C forms around 

98.9% and 13C around 1.1% (Walker, 2005; Hajdas, 2008). 14C is the only unstable 

isotope of carbon, and it goes through beta (ɓ) decay process constantly, by which ɓ 

particles are released as atoms of 14C decay to stable atoms of nitrogen 14N (Walker, 

2005; Hajdas, 2008). 

ὅ O  ὔ  ‍                                                                               σȢρ 

14C is formed continuously in the upper atmosphere as cosmic ray neutrons, which are 

produced when cosmic rays reach the Earthôs atmosphere from deep space, react with 

nitrogen 14N. 

ὔ ὲ O  ὅ ὴ                                                                               σȢς 

where n represents a neutron and p refers to a proton (Libby, 1961; Hajdas, 2008; 

Ramsey, 2008) (Figure 3.1). 14C is rapidly converted into carbon dioxide (14CO2) through 

oxidation in air and enters the global carbon cycle (Libby, 1961; Hajdas, 2008; Ramsey, 

2008) (Figure 3.1). Plants take up 14C from carbon dioxide by photosynthesis, and 

animals obtain 14C by digesting plants, 14C is consequently distributed throughout the 

biosphere (Libby, 1961; Ramsey, 2008). 14C also enters the ocean through gas exchange, 

and more than 95% of 14C is assimilated into the ocean and stored in the form of 

dissolved carbonate (Walker, 2005). Thus, the 14C levels in plants, animals, and the 

oceans remain stable over time, the same as in the contemporaneous atmosphere (Libby, 

1961; Walker, 2005). In other words, the ratio of 12C to 14C is approximately the same in 

all living organisms except in the case of organisms that feed off depleted sources of 14C, 

for example, chemotrophs, detritus feeders (Walker, 2005; Hajdas, 2008). Once plants or 

animals die, they stop exchanging carbon with the surroundings, so their 14C content will 

decay with time while their amount of 12C remains constant (Libby, 1961; Ramsey, 

2008). Radiocarbon dating determines the age of death of an organic sample by 

measuring how much 14C remains in the sample and comparing the ratio of 14C to 12C in 

the sample to that in living organisms (Libby, 1961; Walker, 2005; Hajdas, 2008). Thus, 

14C age calculation is based on the following equation (Walker, 2005; Scott et al., 2007; 

Hajdas, 2008): 
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where t is the age of the death of an organic sample, ɚ is decay constant (ɚ = ln2/t1/2 

where t1/2 = 5,568 ± 30 years, also called Libby half-life that was agreed to be used for the 

conventional radiocarbon ages), A0 is the initial 14C activity of the sample at the time of 

death by measuring modern equilibrium living activity of the sample using the primary 

standards of the National Institute of Standards and Technology (NIST) OxI and/or OxII 

(standard reference materials) in the laboratory, and At is the activity of the sample 

material t years after death. Since the radioactive decay of 14C is exponential with a half-

life of 5,730 years, the upper age limit for the methodôs applicability is around 50,000 

years (Walker, 2005; Hajdas, 2008). 

 
Figure 3.1 Basic principles of 14C dating, showing the production process and distribution of 14C. From 

Hajdas (2008). 

3.1.2 Analytical Procedures 
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A total of 22 organic samples were collected from the MFT outcrop throughout 

two field studies in 2018 and 2019. Twelve samples were selected for radiocarbon 

analysis (Table B.1): ten overbank fluvial deposits and two colluvial wedge samples. 

Three of the ten fluvial deposit samples originated from the cut-in-fill terrace T1, whereas 

the others were taken from the fill terrace T2. The details about the samples, sampling 

sites, and locations are described in Chapter 4. 

3.1.2.1 Sample Preparation 

Datable materials discovered in the samples include charcoal, bulk sediments 

(<125 ʈm), isolated plant and animal microfossils such as leaves, seeds and insect shells. 

Charcoal was identified as the most suitable for 14C analysis in this research due to its 

abundance (Figure 3.2). Before the samples were analyzed for their 14C content, physical 

and chemical pretreatments have been done to isolate the samples from the surrounding 

matrix and remove post-depositional contaminants so that the samples can provide the 

most accurate 14C ages (Ramsey, 2008; Hajdas, 2008). Physical pretreatments were 

carried out at Dalhousie University (Canada) while 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 ultrasonic bath, to separate the large pieces from its surrounding matrix 

if it is hard to pick them up by hands, (3) drying below 60 C in the oven for 12ï24 hours 

after flotation, and (4) sieving for bulk sediments <125 ʈm, following microscope 

observation of carbon content. To remove contamination, two chemical pretreatments 

were performed. Soxhlet treatment was first carried out for one hour to remove the 

contamination resulting from conservative materials by placing the samples in the 

Soxhlet apparatus (Figure 3.3), immersing them sequentially in the vapors of heated 

solvents (hexane, acetone and methanol), and cooling after the vapor cleaning. The ABA 

(acid-base-acid) treatment was next applied at 60 C to remove the contamination caused 

by carbonates and humic acids: (1) the initial acid treatment washed carbonates away 

from the sample surfaces using 0.5M HCl solution, followed by sample rinsing with 
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deionized water, (2) the base wash using 0.1M NaOH solution removed humic acids, also 

followed by sample rinsing with deionized water, and (3) using a weak acid solution 

(0.1M HCl), carbonates dissolved during the previous pretreatments were removed, and 

the ABA treatment ended with a final rinsing with deionized water.  

 
Figure 3.2 (a) Charcoal identified at the bottom of organic staining sublayer in the soil layer of cut-in-

fill  terrace T1; (b) Micrograph of charcoal sample. 

 
Figure 3.3 Soxhlet treatment system at the ETH lab (Switzerland), including Soxhlet apparatus (middle), 

heated bottle of solvents (bottom), and cooled bottle of solvent vapors (top). From Hajdas (2008). 
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3.1.2.2 Radiocarbon Measurements and Calibration  

Two methods can be used to measure the activity of 14C in a sample relative to 

modern standard: (1) beta counting, which indirectly estimates the residual 14C activity in 

the sample by detecting and counting ɓ particles released from 14C atoms, and (2) 

accelerator mass spectrometry (AMS) that directly counts the relative number of 14C 

atoms to the other carbon isotopes in a sample because the abundance of 14C atoms is so 

small (Walker, 2005; Hajdas, 2008; Ramsey, 2008). The AMS was applied in this 

research for two reasons: (1) samples as small as 0.5 mg can be used (Ramsey, 2008), 

and (2) a high degree of precision 1%, i.e., on the order of 10 years for an ~1000-year-old 

sample (Scott et al., 2007; Ramsey, 2008). Two processes of graphite preparation for the 

AMS measurements, the combustion of dried organic sample producing CO2 and the 

reduction of CO2 to graphite (Hajdas, 2008; Ramsey, 2008), have been performed at the 

ETH accelerator facility in Zurich (Switzerland). 

 
Figure 3.4 Diagram showing how the measured radiocarbon years are calibrated. The pair of blue curves 

show the radiocarbon measurements performed at the ETH accelerator facility in Zurich with a 1ʎ counting 

error. The radiocarbon concentration in the sample (ETH-90352, the fluvial deposits from cut-in-fill  terrace 

T1) is indicated by the red curve. The grey histogram shows the possible ages for the sample, and the 

higher the peak, the more likely that age is. The results of the analysis are with 95.4% confidence interval 

for 2ů error. OxCal V4.3 (Ramsey, 2017) and the atmospheric calibration curve IntCal13 (Reimer et al., 

2013) were used to calibrate calendric dates for the sample. 
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Due to long- and short-term variations in 14C production in the atmosphere, 

radiocarbon ages calculated using equation (3.3) generally show underestimates relative 

to the ages obtained by applying other dating techniques (Walker, 2005). The main 

factors contributing to the change in atmospheric 14C activities are changes in the Earthôs 

magnetic field and changes in solar activity, either of which influences the cosmic ray 

flux (Walker, 2005). There is, however, a way to convert measured radiocarbon years to 

calendar ages, called radiocarbon calibration (Walker, 2005; Hajdas, 2008; Ramsey, 

2008). The radiocarbon results are reported as óBPô (óbefore presentô), referring to the 

reference date of 1950, i.e., the 14C concentration is assumed as constant and equal to that 

of the atmosphere in 1950, while the calibrated or calendar ages are expressed as ócal 

AD/BCô (Hajdas, 2008; Ramsey, 2008) (Figure 3.4). In this research, calendric dates 

were calibrated using OxCal V4.4 (Ramsey, 2020) and the atmospheric calibration curve 

IntCal20 (Reimer et al., 2020), with a 95.4% confidence interval for 2ʎ error. 

3.2 Luminescence Dating 

3.2.1 Introduction to Luminescence 

The best way to understand the concept of luminescence is the energy band model 

of insulated crystalline solids, involving the valence band (VB), the conduction band 

(CB), and the forbidden band (FB) (Duller, 2008; Pradhan et al., 2008) (Figure 3.5). In 

insulators, the VB refers to the most distributed band of electrons at room temperature 

while the CB, which is at a higher energy level compared with the VB, is the unfilled 

band because electrons in this band have enough energy to move freely. An electron in 

the VB can be excited to the CB by absorbing enough energy from ionizing radiation to 

leave an empty spot with a positive charge in the VB called a hole (Preusser et al., 2008; 

Duller, 2008; Rhodes, 2011; Pradhan et al., 2008).  FB is the energy gap between the VB 

and the CB, within which energy states exist due to imperfections in crystal lattice. 

Lattice defects in a crystal can trap both excited electrons and holes, named óelectron 

trapsô and órecombination centersô respectively (Preusser et al., 2008; Duller, 2008; 

Rhodes, 2011). Since different types of defects are contained within different minerals, 

various kinds of electron traps and recombination centers exist. Also, the deeper the trap 
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below the CB, the higher the energy required for electron excitation, i.e., the longer the 

electron remains trapped at the location. 

 
Figure 3.5 Energy band model of luminescence. Two types of electron traps are shown: light-sensitive in 

green and light-insensitive in orange. Light gray lines denote luminescence centers. Black dots represent 

electrons while black circles stand for holes. (A) During burial, ionizing radiation releases energy so that an 

electron is excited to the conduction band (CB) and a hole is left in the valence band (VB). The excited 

electron may be trapped into localized energy levels or recombine immediately with a hole in the VB. The 

hole newly generated may be transferred from the VB to the nearest localized energy level above the VB 

by attracting an electron from the nearest localized energy level. (B) The trap population increases with the 

time during burial. The trapped electrons remain for the burial period. (C) During light exposure (to 

sunlight or stimulating light), trapped electrons may be re-excited to other localized energy levels or to 

recombine with the holes at luminescence centers. If the recombination of the electron with a hole occurs, 

light photons called luminescence signal are emited. 

The luminescence signal is the photon emission produced during the transition of 

excited electrons into localized luminescence traps and recombination centers (Preusser 

et al., 2008; Duller, 2008). It is sensitive to light or heat so that the luminescence trap 

population within minerals is increased with time during burial due to ionizing radiation 

and can reach a saturation state (i.e., all available traps become populated) but decreases 

with the exposure of the grains to light or heat. The luminescence traps can be emptied if 

the exposure time is long enough, that is called as the resetting or complete bleaching of 

luminescence signal (Preusser et al., 2008; Duller, 2008; Rhodes, 2011). 

Using intensity of luminescence signal corresponds to the burial time since the last 

resetting event (Preusser et al., 2008; Duller, 2008). The intensity of the natural 

luminescence signal is measured to determine the total radiation energy, termed the 
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equivalent dose (De), that was deposited within the mineral during the period that the 

grains are shielded from daylight or heat (Duller, 2008). Thus, the luminescence age is 

calculated by dividing the De (in Grays (Gy), where 1 Gy = 1 Joule/kg) by the amount of 

radiation received from the environment surrounding the measured material per year, 

known as the environmental dose rate (ᶍ, in Gy/year) (Preusser et al., 2008; Duller, 

2008):  

ὒόάὭὲὩίὧὩὲὧὩ ὥὫὩ ÙÅÁÒÓ 
Ὀ 'Ù

Ὀ 'ÙÙÅÁÒϳ
                        σȢτȢ 

The uncertainty of 5ï10 % in luminescence age is the combination of uncertainties in the 

measurement of the De and ᶍ (Rhodes, 2011; Duller, 2008). The overview of 

luminescence dating process is shown in Figure 3.6. 

 
Figure 3.6 Overview of luminescence dating process. The methods used to analyze 

luminescence data vary in different dating techniques. 

3.2.2 Luminescence Methods 
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Quartz and feldspar are the major minerals providing space for the storage of 

luminescence signal. Stimulated luminescence signals are applied to calculate the De 

(Preusser et al., 2008). There are a range of techniques that can be used to stimulate the 

accumulated radiation: thermoluminescence (TL), optically stimulated luminescence 

(OSL), and infrared stimulated luminescence (IRSL) (Rhodes, 2011; Duller, 2008). 

While the TL signal is produced by heating mineral grains during measurement, either 

the OSL or IRSL signal is emitted by exposing samples to certain light source (Rhodes, 

2011; Duller, 2008). The OSL or IRSL signal is reset much faster than the TL signal and 

thus has been used most widely. The OSL signal can be observed from both quartz and 

feldspar using visible light whereas the IRSL signal is only produced from feldspar under 

infrared light (Duller, 2008; Preusser et al., 2008). 

Three luminescence dating techniques have been applied to determine the ages of 

the paleo-earthquakes. Conventional quartz OSL dating yielded the burial ages of the 

displaced river terrace layers, the same as the 14C method. Multi -OSL dating of feldspar 

on fault gouge utilizing multi-elevated-temperature (MET) measurement protocol has 

been tested to see if it can directly determine the age of the seismic event. High precision 

rock surface dating was applied to the cobbles along the layer boundaries and dragged 

along the fault to constrain the burial age of the layer that the cobble belongs to. A 

description for each luminescence method is provided in the following sections 3.3ï3.5.  

3.2.3 Determination of the Equivalent Dose 

Single aliquot regenerative-dose (SAR) protocol is the most frequently used 

approach to determine the De. It consists of measuring the intensity of the natural signal 

and comparing it with laboratory signals regenerated from known radiation doses 

(Preusser et al., 2008; Duller, 2008). The SAR protocol comprises a series of 

measurement cycles: while in the first cycle, the natural dose is measured, in the 

following cycles, known laboratory doses are given to the aliquot, and regenerated 

luminescence signals are measured (Duller, 2008). The resulting curve that shows the 

growth of the luminescence signal with dose is used to read the De by matching the 

natural signal with it (Duller, 2008) (Figure 3.7). To allow comparison between 
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measurement of the natural luminescence signal and laboratory regenerated doses, 

preheating is performed prior to each measurement to remove unstable signal induced by 

the laboratory radiation (Rhodes, 2011; Duller, 2008). Sensitivity correction is 

additionally used in the SAR protocol to ensure the accuracy of the measurements 

(Rhodes, 2011; Duller, 2008). There are several factors influencing the luminescence 

sensitivity such as preheat temperature and duration during the laboratory procedures and 

environmental temperature during the burial of the sample. The dose value will not be 

accurate if any possible changes in luminescence are ignored (Rhodes, 2011; Duller, 

2008). A small fixed test dose is therefore used to assess the luminescence signal 

sensitivity in the second half of each cycle, so that the sensitivity can be corrected by 

plotting a graph using the ratio of the signal measurement (Lx) to signal sensitivity 

assessment (Tx) each cycle (Rhodes, 2011; Duller, 2008). Thus, each SAR cycle consists 

of at least irradiation, preheat, luminescence signal measurement, a small uniform test 

dose for sensitivity correction, second heating, and luminescence signal sensitivity 

measurement (Rhodes, 2011; Duller, 2008). 

 
Figure 3.7 Example of a dose response curve generated after a quartz OSL measurement using Risø TL-

DA-20 reader with a dose rate of 0.089 ± 0.003 Gys-1. 

The reproducibility of the De within each sample is crucial to assess the bleaching 

level of the sample before burial (Duller, 2008). If all the De replicate measurements for 

one same sample are grouped together and close to a certain value (Figure 3.8a), it 


