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ABSTRACT

TheHimalayas are known for large, destructive earthquakes, and their foreland is
among the most densely populated regi®ios.such areas, it is imperative to build a
statistically relevant database of large earthquakes, esthrigterm 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
poaly constrained in the Himalayabherefore, the paleoseismic investigation of the
newly identified surface rupture is critical to improving the catalog of the Himalayan
earthquakes.

A surface rupture along tiain Frontal ThrustNIFT) was recently identified in
eastern Bhutan, wheegputative seismic gap in the Himalayas w#srred until now.
Paleoseismological investigations were conduatetie Dungsam Chu exposuoe
identify and characterize paleoseismic eveAiteetro-deformdion analysisasndOxCal
chronostratigraphic modetvealthe occurrence of at least three pad@sthquakes along
the same simple trace thife MFT in eastern Bhutdor over10,000 yearsThe two
earlier paleoseismic ever(t2 E3) were dated toccur before medievaimes The most
recent surfaceupturing event (E1) was determined as the 1714 Bhutan earthquake, with
a surface rupture length of 1754890 km and the maximum observed coseismic surface
displacement of ~10.5 r@omputations usingmpirical scaling relationships, historical
intensity data, and paleoseismologically determined surface ruptures in the Bhutan
Himalaya yielded plausible magnitudes ofiB:5 (8.1 £0.4). The recurrence interval of
~570 +£270 years in eastern Bhutan wasedmined by calculating the stress released
during the 1714 M8.1 Bhutan earthquakemplies 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 thdain Himalayan ThrustMHT) had been released completely
during the event.

Based on the paleoseismological evidence recorded near our study site, at least
one medieval great earthquake is inferrephtst likelyhave occurred in the Bhutan
Himalayas the AD. ~1100 event of M> ~8.7 or the A.D. 1255 earthquake of, M 8.

The evidence fosurface rupture ight have been overprinted by evéfit oreroded by

surface processéfthe greatmedievalevents had affecteddHrontalsegment of the

MHT. Alternatively,the slip caused by medieval events may not have reached the surface
or has propagated further south into the foreland békmsegmentation of tHdHT,

rather than an absence of evidenmeduces the likeliness of oneegaeventrupturing the
whole front and puts more weight on $eenario of multiple events.

Calculations of Coulombtress transfer indicate that great earthquakes along the
leading part of the MHT wouldause surface rupture. In contrast, dis@athquakes may
not immediately trigger surfacapture, although they would increase the stresses in the
leading part of the MHTfacilitating future surfaceupturing earthquakegrontal
earthquakes would also transfer stress into the modern forelsimd fa&ilitating
southward propagation of the MHT as a blind basal d&ollenieistimplied thatfield-
based paleoseismic studasnelikely 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 MNajman et al., 2010Qit was formed due to
the collision and ongoing convergence of the Indian and Eurasian continental plates
(Figure 1.1a)A mid-crustaldé&ollementtermed the Main Himalayan Thrust (MHT) was
produced along the plate boundary, where the Indian plate wegswelerthrusted
beneath the Eurasian plate (Nelson et al., 1996), and it was continuously traced through
the entire oroge(Figure 1.1b)lts 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 crusizdle soutivergingthrustfaultsinclude the
Main Central Thrust (MCT)the Main Boundary Thrust (MBT), and tMain Frontal
Thrust (MFT) (Hodges200Q Grujic and Coutand, 2028Figure 1.1b)The development
of these thrusts extending along the whole orogen and propagating from north to south
accommodated at least 1400 kfithe northsouth crustal shortening caused by the plate
convergence (Yin and Harrison, 2000). About halfhef tonvergence between India and
Eurasiais partitionedinto the slip alonghe MHT (Nelson et al., 1996Fince ca. 11 Ma,
the convergence ratbésive been steady: ~34 mm/yr in the northwest and ~44 mm/yr in
the northeast of India (Molnar and Stock, 2009yure 1.2) Since ca. 2 Mahe MHT
emerged along the Himalayan front asM T (Mugnier et al., 2004)An approximately
100 kmwide areanorth of the MFT accumulates the potential slip entirely as elastic
strain (Stevens and Avouac, 201bBhis creates a huge seismic hazard posed on the
Himalayan forelandyhich 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 imiyee)
historical record that are the main basis of Himalayan historic seismicity studies in the
19" century and beforeb) instrumental datasing standardized seismic recorders, space
based geodetic techniques like GB¥opal Positioning Systenand INSAR

(InterferometricSyntheticApertureRadar) and c) paleoseismic evidence obtained by



field investigations of earthquake phenomearduding surface faulting, injections of
liquefied sandbroken speleothems, and induced landslides.
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Figure 1.1 Sketch and geological cressction of the collision and ongoing convergence of the Indian and
Eurasian continental plate&dapted from Avoac (2015). (apketch showing how the Indidgndentation

into Eurasia has been absorbed by a combination of crustal thickening and lateral escape since the onset of
the collision ITSZd the IndusTsangpasuture zone, well north of the Himalayan summits, along which

relics of the Tethys Sea can now be tra¢bfiGeological crossection across central Nepal at the

longitude of Kathmandulhe thick line shows the Main Himalayan Thrust fault, MHT, prodwadedg the

plate IndiarEurasian boundary, reaching the surface at the Himalayan front and emerginiylasithe

Frontal ThrustMFT. STD& South Tibetan detachmeMHT& Main Himalayan thrust, MCd Main

Central thrust, MB® Main BoundaryThrust,andMFT3 Main Frantal Thrust.

Figure 1.2 Map showing the Himalayafhibetan 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 Rdta)boundaries
based on Bird (2003)Iindian plate velocities from Molnar and Stock (2009).
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Figure 1.3 Map of population density (personsMrby the Center for International Earth Science
Information Network (CIESIN)Solid light blue circls indicatemajor or greatarthquakes (M> ~7.5)
occurredalong the frontal Himalaya during the last millenniurhe white rectangle highlights the area of
Bhutan.

Over a dozen, known major or great earthquakes (i.e., magnitude-V..5)
occurred along the Himalayan ancthe kst 1000 years (Figure 1.4; Table 1). Most are
attributed to slip on the basal detachment, MHfe latest major earthquake in the
Himalaya was the April 2015 Gorkha earthquake (Nepaled at 15 km depth along the
MHT, with My 7.8. It induced landslides ar@hused over 9000 casualt{&@randin et al.,
2015 Elliott et al., 2016)Since 1905, five major earthquakes with > 7.5 have
occurred in thedimalayanregion. Together with great earthquakes in the 1800s, they
have rupturedlmosthalf of the MHT(Hodges, 2000Bilham et al., 2001)

Consequently, a slip potential of 1 to 10 meters has been accumulated since 1800
(Bilham et al., 2001; Bilham et al., 2013he 1905 M, ~7.8 Kangra earthquake
(Ambraseys and Bilham, 200Rumar et al.2001 Kumar et al.2006;Bilham and

Wallace, 2005Malik et al., 2015) is nearly the first instrumentally recorded event along
the arcHowever, no surface rupture along the MFT was discovered to be related to this
event, like the 2015 eventhe 2009M 7.6 Kashmir earthquake, whickaimed more

than 80,000 lives, occurred in the core of the tectonically complex northwestern corner of

3



the arc and produced a surface rupture of more than 75 km along the Haghkdiault
parallel to the MBT(Avouac et al 200§. 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 lar§est@0ry
earthquakes well documented are the41®3, ~8.4 BiharNepal Chen and Molnar,

1977 Ambraseys and Douglas, 2Q®apkota et al., 201Bollinger et al., 2014
Wesnousky et §l2018 Rizza et al., 2019) and the 195Q,M8.6 AssamBenMenahem
et al., 1974Chen and Molnar, 197Kumar et al.201Q Priyanka et al., 2017
CoudurierCurveur et al., 202@ingh et al. 2021 Both earthquakes produced at least
~11 m coseismic slifBpllinger et al., 2014CoudurierCurveur et al., 2020), but the
1934 events controversial as tthe occurrence and extent of surface ruptS8agpkota et
al., 2013 Bollinger et al., 2014Wesnousky et gl2018 Rizza et al., 2019) while the
1950 event ruptured the surface along at least 200 km (Cou@Qunieeur et al., 2020).
The two 19 century earthquakes, 188@imaonGarhwal(Mw ~7.5) and 1833 (M

~7.6), were not recorded instrumentally, and no paleoseismic evidence was found along
the MFT for these two events, thus their epicenters are uncektairdseys and
Jackson, 203, Ambraseys and Douglas, 2Q0umar et al., 2008Bilham, 1995

Mugnier et al., 20111

Only six major or great Himalayan earthquakes are certainly known prior to 1800
(Table 1): from west to east, A.D. 1555 Kashmik(¥.6), A.D. 1505 Central (M
~8.2), A.D. 1255 (M > ~8.0), A.D. 1714 (M ~8.0), A.D. ~1100 (M > ~8.7), and A.D.
1697 Sadiya (M ~7.9) Ambraseys and Jackson, 20@&rthet et al., 203 Bollinger et
al., 2014 Hetéyi et al., 201®; Kumar et al., 2008Kumar et al.2010;Lavéet al., 200%
Le RouxMallouf et al, 2016 Le RouxMallouf et al, 2020;Malik et al., 2010Malik et
al.,2017;Mugnier et al., 201, 1Pant, 2002Sapkota et al., 2018preti et al., 2000
Wesnousky et al., 20a7Wesnousky et al2017b;Wesnousky et al2019). 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 correspondingseismic surface rupture was identified (Figure 1.4; Table 1).

Except for the A.D. ~1100 event, which was inferred exclusively from paleoseismic



investigations, all the others were confirmed by both historical records and paleoseismic
studies.The 1555 Kalsmir event caused ground fissures and a surface rupture extending
up to 100 km(Ambraseys and Jackson, 2008alik et al., 2010. The A.D. 1505 event
occurred within the area between the 1905 Kangra and 1934 Bdpal events, and it
produced at least 700n long rupture Kumar et al., 200). 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., 20L,1Sapkota et al., 201 Bollinger et al., 2014
Wesnousky et al2017a; Wesnousky et al2017b;Wesnousky et al2019). 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. 114 event is the only known historic one in Bhutan, with a rupture
length of 200300 km Hetéyi et al., 201®; Berthet et al., 2014 e RouxMallouf et al,

2016 Le RouxMallouf et al, 2020). Additionally, with rare historical records, the A.D.
1697 Sadiya earthquake (M 7.9) was potentially identified dating liquefaction features

at the sites Kaliya Nala and Kalolwa, and sand vents near Chedrang (lyengar et al., 1999;
Rajendran et al2004; Reddy et al., 2009) (Table 1). Recent paleoseismic study of fault
scarp at HimebastR{.54 N, 94.36E) is likely related to this earthquake with the

implication of My 7.4i 8.1 and an estimated 100 Kong surface rupturéP@ndey et al.,
2021).Basedon the limited historical records, instrumental data, and paleoseismic
evidence in the Himalayas, it is indicated that major earthqudkes (7) usually
produce partial ruptures of the MHT at depth, only great earthquiskes 8) have the
potential to upture up to the megathrust frdbtal Zilio et al., 202).

Paleoseismology in the Himalayas is limited by a lack of historical earthquake
records and insufficient paleoseisreidence. 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., 20155apkota et al., AGB;, Berthet et al., 203,4.e RouxMallouf et al,
2016 Le RouxMallouf 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 8B8@0years Bollinger et al., 201} based on the



Table 1.1 Major or great Himalayaearthquakehronologyduring the lastmillennium. Surface rupture
length was investigated along the MFT.

Epicenter Estimated Surface
Event Location Magnitude Rupture References
Length
~1100° Eastern >~87ifa 700 800km Lavéetal., 2005 Kumar et al., 2010
Nepal single great Mugnier et al., 2011
earthquake Le RouxMallouf et al, 2016 2020
Wesnousky et al., 2087& 2017b & 2019
1255+° Western > 8.0 >450 km  Pant, 2002Upretiet al., 2000;
Nepal Mugnier et al., 2011
Sapkota et al., 201Bollinger et al., 2014
Wesnousky et al., 20478 2017b
1505+° 295N ~8.2ifa >700 km  Ambraseysand Jackson, 2003
Central 83.0E single great Ambraseys and Douglas, 2004
earthquake Bilham and Wallace, 20QKumar et al.,
2006 2010; Malik et al., 2017
15557 335N ~7.6 ~100 km  Ambraseys and Jackson, 2003
Kashmir 75.5E Malik et al., 2010
169777 Upper ~7.9 ~100 km lyengar et al.1999
Sadiya Assam Rajendran et al., 200Reddy et al., 2009
region Pandey et al2021
1714+° 26.7 275N ~8.0 200 300km Ambraseys and Jackson, 2003
Bhutan 88.891.2E Berthet et al., 201Hetdyi et al., 2016
Le RouxMallouf et al, 2016 2020
1803* 31N ~7.5 * Ambraseys and Jackson, 2003
Kumaorn 79 E Ambraseys and Douglas, 2004
Garhwal Kumar et al., 2006Malik et al., 2017
1833" 25.1N ~7.6 * Bilham, 1995 Mugnier et al., 2011
85.3E Grandin et al., 2015
1905++° 3222 N ~7.8 * Ambraseys and Bilham, 2000
Kangra 76.2 E Kumar et al., 20012006;
Bilham and Wallace, 2005
Malik et al., 2015Bilham, 2019
1934+.1P 27.55N ~8.4 Debated Chen and Molnar, 1977
Bihar-Nepal 87.09E Ambraseysaind Douglas, 2004
Sapkota et al., 201Bollinger et al., 2014
Wesnouskyet al., 2018Rizzaet al., 2019
1950%+P 28.38N ~8.6 >20 km  BenMenahem et al., 1974
Assam 96.76 E Chen and Molnar, 1977
Kumar et al., 2010Priyanka et a).2017
CoudurierCurveuret al., 2020
Singh et al. 2021
2005"* 34.493N 7.6 * Avouac et al., 2006
Muzaffarabad 73.629E Kondo et al., 2008Kaneda et al., 2008
2015 28.230N 7.8 * Grandin et al., 2013, %lliott et al., 2016
Gorkha 84.731E

Note:* represents thahe surface rupturdid not occur or was not investigated aldchg MFT.
H -Historicaly recorded! -Instrumentdl recorded? -Paleoseismologgtudy.



1255 and 1934 great earthquakes and several older and comparable seismic events
identified at the samgaleoseismological investigation s{&r Bardiba}in eastern

Nepal. It has been confirmed by geomorphologic and paleosestuniies at the Piping
site in western Bhutar.é RouxMallouf et al, 2020).

1.1.1 HimalayanSeismic Gaps

The segments of the MHT between the rupture areas of these large earthquakes in
the Himalayan orogen akmownas seismic gaps, where no seismic events have been
recorded or no earthquakes have occurred for a long time. Since 1505, the largest seismic

gapis in western Nepal (8@4.5 E) whereas the second largest is between Kangra and
Garhwal (30.532 N, 77 78.5 E) (Figure 1.4). Several small seismic gaps are evident in
Kishtwar (between Kashmir and Kangra, 333.5 N, 75.7 76.2 E), Sikkim, eastern

Bhutan(Gahalaut et al., 2011; Bilham, 2019), and western Arunachal Pradesh (Figure
1.4).Where aloneptrikethree of these seismic ga@® distributed to coincide with the
segment boundaries defined by lower plate inherited strgctuee three subsurface
Indian basement ridges af.5 78 E, 82.8§ 83.3 E, and 87.287.7 E respectivelywhich

extend northward across the Himalayan fotg{iGodin and Harris, 2014etéyi et al.,

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

in the last millennium propagated across the segment boundaridser ggophysical
andpaleoseismological investigatioage 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 seismia gla@$imalayas

that may have the poternitia produce future great earthquakes siieestrairkeeps

building up with the ongoing Himalayan continental collisiandis mostly accumulated

along the MHT (Sharma et al., 2020; Bilham, 2004; Bilham, 20B8rthet et al., 2014;

Burgess et al., 2012)

1.1.2 Limitations of Paleoseismology

Formostmajor or greaearthquakegsherecords of surface ruptuege

insufficient or missing in the Himalaya region (Tal)e 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 aagmtwith 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 tlust. This would pose the threat of an imminent earthquake to

that area. Second, even if the surface rupture had occurred, the poorly preserved
exposuresthick vegetation in the sdioopical Himalayan frontandeven postseismic
sediment aggradation (Rizeaal., 2019¢ould hinder its identification. The long interval
between large earthquakes coupled with natural and anthropogenic landscape
modification also limit their preservatioriBhe information about recurrence intervals of
majoror greatearthquaks 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 Himalayafront (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 (@oiger 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 onde establish paleesmic archivesor postpaleoseismic
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 aomplete geological recoahd presrved earthquakeelated deformation
structures. Bleoseismic investigatiommmsed on activeurface faultingand existing
geological archives have been successfully performed in many areas of the world and
have complemented historic records with prehistegismic events into paleoseismic
archivegCamelbeeck and Meghraoui, 19@alli et al., 2008 Thesehistoricrecords
may cover one or two megmarthquaks which occur on a millennial timgcale The

concept of integrated paleoseismology, comparindesce from different geological



archivegshat involved a variety of deformation features related to earthquakes including
surface faulting, deformation in lake deposstendinjections in flood deposits, unstable
slope and cave collapdeas been appliesliccessfully in Switzerland where for the
earthquakeataloguecould be extended back beyadmdtoricrecords, into the late
Pleistocene, spanning 15,000 years (Becker et al., ZDB&)efore, d improve the

catalog of the Himalayan earthquakes, it will be also important to apply additional
paleoseismological techniques such as speleotectonics (identifying and dating
perturbations irthe growth of speleothems; e.g., Rajendran et al., 2016),tadyg krge
rockfalls, which are generally the most widely reported earthgtrajgered slope

failures onland (Prestininzi and Romeo, 2000).

——4 Main Frontal Thrust (MFT) H 1505 Study Sites sm=== =mm= 1505 Surface Rupture Extent
L= _| Approximate Rupture Areas B 1255 Study Sites e mmm= 1255 Surface Rupture Extent
B Study Area H 1100 Study Sites e =w=== 1100 Surface Rupture Extent I:I
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Figure 1.4 Map of major or greaearthquakesMw > ~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 epicenterdark redellipses indicate the areas of the MHT ruptured by known earthquakes
schematically. The colored squares show paleoseismological investigigisfor the A.D.1505(blue),
A.D. 1255(green),A.D. ~1100(purple)andA.D. 1714(orange)events Bilham and Wallace, 200%umar
et al., 2006 Kumar et al.2010; Bollinger et al., 2014alik et al., 2017Wesnousky et al., 2047
Wesnousky et al2017b;Wesnousky et al2019 Upretiet al., 2000Lavéet al., 2005; Mugnier et al.,
2011;Berthet et al., 20LHetéyi et al., 201®; Le RouxMallouf et al., 2016Le RouxMallouf et al.,
2020. The thick colored solid and dash liriadicate the possible surface rupture extents oAtie 1505,
A.D. 1255 andA.D. ~1100 eventausing the ame color codes as for the paleoseismic sites. The black
square indicates the study ardahis researchtMFTd Main 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 NigJTCoulomb stress changes

on the structural cross section across central Nepal. Adapted from Avouac (R0it&)dots indicate
observed semicity 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 dgwindnsition from locked to creeping zone on the

MHT. The seismic sections (TB and TIB3) of the INDEPTH reflection profile are also reported (Brown
et al., 1996; Nelson et al., 1996; Zhao et al., 1998P3d South Tibetan detachmeMHTd Main

Himalayan thrust, MC® Main Central thrust, MB® Main BoundaryThrust,andMFT®& Main Frontal
Thrust.(b) 3D block diagrams of the geometry proposed for the MitTapted fromElliott et al. (2016).

Colors on the fault plane of the MHT indicate earthquakerslitive to interseismic coupling denoted as
blue lines, which are inferred from GR®veling, and InSARderived deformation rates before the 2015
Gorkha earthquake (Stevens and Avouac, 2015). Brown dianoontthe fault plane of the MHT show
high-frequency seismic sources (Avouac et al., 2015) during the earthquake rupture, which run along the
rampandflat hinge line at 1415 km depth. The INDEPTH reflection profile (Hauck et al., 1998) is shown
in the crosssection, where the main faults are denotgflack lines, and an electromagnrtgtiuric 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-sexg®n for clarity.
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Due to the frition 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 thelg rate deficit to the longerm slip rateValue of 1 means that the fault is
purely locked while the value of O indicates that the fault is creeping at thégionglip
rate. When the frictional strength of the fault is surpassed, the fault moves, the slip along
the fault starts, and an eartlake 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 forniée. belt of seismicity is located in
the area of iterseismic stress buildup, where downdip the MHT transitions from locked
to a creeping zon@-igure 1.5).The seismicitybeltterminates abruptly to the nosth
where the surface elevation is higher than 350@wouac, 2015Stevens 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 rlatprampflat 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 3@rth-dipping, and it reaches the surface
as the MFT. The upper flat to the north isnérth-dipping, nearly totally lockd, 75 km
wide, and at a depth of 5 km. The 2@rth-dipping, 30km-wide, midcrustal ramp is

partially locked and is termed interseismic decoupling zone, located between fully locked
and fully unlockedlt is assumed that the temperature in this segofethe MHT is350
450 C (Bilham et al., 2017). The lower flat isiY 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 stramnucleate 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 temperdpendent interseismic
decoupling zone, if the locdip 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 (Bilam et al., 2017; Dal Zilio et al., 2021). In conclusion, a
megaearthquake may be looming in areas where strain energy was accumulated due to

the former incomplete ruptures.
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Figure 1.6 (a) Coupling model, adapted frotevens anéwvouac (2015). The digbution of instrumental
earthquakes (IM> 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 betwé&ér8t 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 Fgure 1.

1.3 Potential Mega-earthquakes in the Himalaya
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The typical surface rupture length of subductigpe megeearthquakesMw >
9.0) is at least 1000 km (Wells and Coppersmith, 1994). Combining historical,
instrumenty and paleoseismic earthquake catalogs with teeofistress accumuiah

rate(balancing the slip budget} was inferred thatl, d 9.0 megaearthquakes are

likely in the Himalaya with the average return tigreater thar-800 years (Stevens and
Avouac, 2016)Three ofthe known historic Himalayan palearthquakes couldave

been megaarthquakesl) theA.D. 1505My, ~8.2 earthquakeBilham and Wallace,
2005;Kumar et al., 2008Kumar et al.2010; Malik et al., 201)7 2) theA.D. 1255My, >

8.0 earthquakdpreti et al, 2000; Mugnier et al., 2011; Sapkota et al., 2013; Bollinger
et al., 2014Wesnousky et al., 20a7Wesnousky et al., 20bY, and 3) theA.D. ~1100

My > ~8.7 earthquake (Lavéet al., 2005; Kumar et al., 20Mugnier et al., 2011; Le
RouxMallouf et al.,2016;Wesnousky et al., 20h7Wesnousky et al., 20b7

Wesnousky et al2019 (Figure 1.4).

1) theA.D. 1505My ~8.2earthquake. 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 Neptimalaya megaearthquakes with
Mw > 8.6 could also occur but be constrained tokththmandu area due to its
location astride the transition between central and eastern seismotectonic
segments of Himalaya (Mugnier et al., 20Rkjendran et al., 207

2) theA.D. 1255My, > 8.0 earthquakd&athmandu was affected by two
destructive earthquak: the 1255 eveniy > 8) occurred in its west, and the
~1100 eventNlw = ~8.8 in its east (Mugnieet al., 2011). But, according to
the observations at three sites in central and eastern lddpede rupture of
about 800 km extending across entire Nepght have occurred in around
1255(Wesnousky et al., 20by.

3) theA.D. ~1100My, > ~8.7 earthquakeln the eastern Himalaya, the possibility
of the rupture extending up to 7A@D0 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 ararthquakestricken area. Howeveitle is known
about the Himalayan earthquakes in th& é8ntury and befordhe return periods of
large earthquakes and the largest possible magnitudes are poorly constrtheed
Himalayas To solve tleseproblens, 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, asurface rupture along the MRVas identified in eastern Bhutaone
putative seismic gap in the HimalayBaleoseismological investigations were conducted
to identify and characterize paleoseismic events in eastern BiB#sed on surface
ruptures investigated in western and central Bhutan and the agekobttre Himalayan
large historical earthquaké@detéyi et al., 201®; Berthet et al., 2014.e RouxMallouf
et al, 2016 Le RouxMallouf et al, 2020)(Figure 1.4), | hypothesize that the surface
rupture in eastern Bhutan was caused either by the 1714mBbatthquake or by a
medieval earthquake of.B. ~1255 or AD. ~1100Q If the surface rupture in eastern
Bhutan verecaused by either B. ~1255 or AD. ~1100 event, the location of the study
area would extend its surface rupture length to ~1000 km, malkarikely My, 9
earthquakéWells and Coppersmith, 19948uch megaarthquakes have not yet been

found in the Himalay#Stevens and Avouac, 201@®y any other continental setting.
1.5 Aim and Scope of theStudy

This research aims to reconstruct the seismic histaityeaxposed surface
rupture in eastern Bhutan belpdevelop accurate hazard evaluations and determine the
seismic risk in the regio.he two main objectives are 1) tentify and characterize
suifacerupturing paleoseismic events in eastern Bhuaietermine the fault geometry
and the amount of coseismic slip along the surface rygiudetermine the ages of
palecearthquakes by dating the displaced river terraces applying radioc&®pn (
dating conventional optically stimulated luminescence (OSL) thermochrongdogly
rock surface datingnd bytrying todirectly dae fault gouge using/ulti-OSL of
feldspar, and c)alculate the most likely magnitudes of paksrthquakesand 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 mairtéongobjective of
the Tectonics research group at Dalhousie, which is to understand the dynamic links
between megaathquakes 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 titdaustatistically relevant database of
large earthquakes, precisely establish seismic history, and estimate the recurrence interval
of large earthquakes for each identified fatilie seismic history of the surface rupture is
critical to developing accate hazard evaluations and determining the seismic risk in the
region. The timing and magnitudes of patsrthquakes and their return periods are
crucial to such evaluations. Therefore, the paleoseismic investigation of the newly
identified surface rupteris important to improve the catalog of the Himalayan
earthquakesThe results of this project widllsocontribute to the debate about a potential
for subductiortype megeearthquakes in the Himalaya in genenadl the understanding

of megathrust faultmechanics in the continental collision zones

In short, he projected applications of my research will involve four aspects: 1)
increased knowledge on the seismic deformation along the continentathmesta 2)
attemptof a method for direct dating ofuh 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 ghi@rsand is structured as a research paper with an
abstract, acknowledgements, introductiegismotectonic setting of Bhutan Himalaya
datingmethodologypaleoseismologicaksultsand analysisrespectivaliscussios
about the timing of thpalecearthquakes, magnitudes, and recurrence interval estimation
of large earthquakesonclusion, references, and appendices that consist of specific

analyticalprocedures and supplementdata.
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While the first chapter introduceke context, motivatiarobjectives,
significance, and thesis structure, the chapt&eidmotectonic settingcludes

geological setting and the background of the pal@ohquakes in the Bhutan Himalaya.

Dating Methodologyconsists of five sections including radiocarbon dgtin
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 oPaleoseismological analysis in eastern Bhud@scribes the field
area, paleoseismic exposure, samples, sampling sites and locations, the dating results and

their analysis. Alsochronostratigraphic frameworkse defined for related methods.

There are three chapters providingdiepth discussions: the timing of the paleo
earthquakes, the most likely magnitudes, and recurrence interval of large earthquakes in
the eastern Himalaya. The chapter$faignitude calcudtionsandRecurrence 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 #relessence of the research
1.8 Note of Caution

This thesis usga naming method for geological events that is contrary to the
usual standard.g., Ulis the youngest stratigraphic yrahdU4 is the oldest unit in this
study.Similarly, the youngest ones about the river terracedjrigubnd seismic events
are T1, F1, and EThe 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 youngebtis because this thesis cited mamgvious works regarding the
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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 workWe cannot revise othersodéd works, whic

ours.
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CHAPTER2: SEISMOTECTONIGETTINGOFBHUTAN HIMALAYA

2.1Geological Setting
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Figure 2.1Geological map of the Himalayan orogen. Adapted from Hirschmiller et al. (2014). The major
features presented within the orogen &€Dd South TibetardetachmentKTd Kakhtang thrustMCTo

Main Central thrustMBTd Main Boundary thrustandMFTd Main Frontalthrust. The red rectangle
highlights the area of Bhutan.

Similar to all other Himalayan segmenitéofges, 2000Avouac, 2015), Bhutan
Himalaya presents four distinct lithotectonigits 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
SubHimalaya. Their boundary structures #re Saith 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 STDasshallowly northward dipping normal ductile shear

zonethat separates the TSS from the Gi{8llett and Grujt, 2012) The GHS consists

of amphiboliteto-granulite metamorphigr ade r ocks make the or oge
core(Long and McQuarrie, 20)0Two major features different from the rest of the

Himalayas are presented within the GHS in Bhutan (Grujic 2@02; 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 Lessr Himalayan Sequence
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Figure 2.2 Geological map of Bhutadapted from Gruijic et al. (2020). Red square indicates the area of
Figure 2.40STD,iSTDd outer and inner South Tibetan detachment system, respectivaly Kiikhtang
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Figure 2.3 Structural cross section of eastern Bhutan along ~B1&dapted from Grujic et al. (2020).
TSS Tethyan sedimentary sequence, GHSreateiHimalayan Sequence, LidSLesser Himalayan

SequenceSwd Siwalik, 0STD & iSTDH outer & inner South Tibetan detachment,&Kakhtang thrust,
MHTd Main Himalayan thrust, MCd@ Main Central thrustSTé ShumarThrust, MBTO Main Boundary
Thrust, MFT® Main FrontalThrust.

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 DalingShumar Group, Baxa Group, Diuri Formation, and Gondwana Sequence
(McQuarrieet al., 2008McQuarrie et al.2013;McQuarrie et al.2014; Long et al.,
2011c) (Figures 2.2 and 2.3). The Shuiarust(ST) (Ray et al., 1989; Long et al.,
2011c; Grujic et al., 2020) separates the upper D&8imgmar Group and the lower three
units. The DalingShumar Group is a ~4 km thick phylkt®minant Daling Formation,
the Shumar Formation quartzite, and Proterozoic granitoidBaka Group involesa
combination, from quartzite to siltstone, fratate to dolomite and limestarie 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 Banth#runachal
Pradesh regarding provenance and depositional enviroriMe@uarrie et al., 2008)
While the Diuri Formation mainly consists ofi~=25 km thick diamictite and interbedded
pebbly slates, th&ondwana Sequencedominated by continental sedints containing

sandstone, quartzite, shale, slatej coal deposits.

2.12 Siwalik Group

T
/ Thrust
Axial Plane trace
.—k syncline
—* anticline -
/ Fold hinge
’/ Cleavage
4~ Bedding
_— Bedding trace
/// L\] J
>
- 31 35
8
\ \‘_/\/%f
( 7 59, ,
- p B
C' Quaternary . 3} i?"/‘ 2 [ (
N — 34N N )
Upper Siwaliks \‘\\ éj\ ) \/ \\? L /
waN T \\ J\/,_ ) axd | 54’, '\T} \\ -
Middle Siwaliks |~ 3.4;1{:_,1\MFT A ; ,)--..\_r,)/
~ ~_ y\ b Samdrup Jongkhar & y &wk ‘\
- Lower Siwaliks O\ \ / \ T (
~ - C \
‘:l Gondwana Fms \\- Q__ . ‘,‘ 105 \o 1km
| l ! |
T T T T T T T T T T T T T T T T
S140°E N4EE 150°E 9E5E

Figure 2.4 Geological map of the Siwalik Group. Adapted from Grujic et al. 2QU8)TO Main
BoundaryThrust, MFT® Main Frontal Thrust.
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The SubHimalaya in Bhutan consists of Siwalik Group sediments, but they are
not exposed in theentral andvesternmost regioMcQuarrie et al.2014) (Figure 2.2).
In western and eastern Bhutan, Late Miocene, Siwalik sediments were thrust over
Quaternaryfluvial sediments, whereas in central Bhutan, the thrusting over Quaternary
alluvial sediments were metasediments of the LHS sequ8gnerogenic, Neogene
Quaternary foreland sediments of the Siwalik Group (Coutand et aB) Bétbng to the
modern Himéyan foreland foleandthrust belt as defined by Hirschmiller et al. (2014),
which is bounded to the north by the MBT and to the south by the WhelSiwalik
Groupis divided into three group£6utand et al., 2016jrom oldest to youngedpwer,
middle and uppeffFigure2.4). It mainly containssiltstone, sandstone and conglomerate
corresponding to the sequence from lower to upper, i.e., it coarsens {pwagcet al.,
2011c;Coutand et al., 2016Yhe depositinal ages of the Siwalik sedimermt®ng the
Dungsam Chu were determined by magnetostratigraphy in combinationitniittie
reflectance datand detrital apatite fission track datir@oftand et al., 20)6The base of
the lower Siwalik was dated to ~7 Maiddle 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
1i 2 Ma.Along the Dungsam Chu sectioril, taree subgroups structurally show

northward dipping with the range of 2 84 , and most of the dip angles are between

25145 (Figure 2.4).

2.13 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 wag 2@3Ma(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 {bdldgay et al.,

2012). The rate of displacement on the MCT in eastern Bhutan wiaé @x@yrwhereas

in western Bhutan was 3 cm/yr(Tobgay et al., 2012).
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The LHS consists of two types of hinterladighping 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 thel externa
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 (Mc@uarrie
al., 2014).

2.14 Main Boundary Thrust

The MBT is a nortkdipping thrust that placed the LHS over the Subhimalaya
(Long et al., 2011a) (Figure 2.3)he MBT were alsdolded and shortened in the eastern
Himalayasincel0 Ma (McQuarriest al., 2008 McQuarrie et al., 2014)Vhile the
development of the MBT in the northwestern Himalaya has been constrained between
~14i 13 Ma (Singh and Patel, 2022)e onset age of the MBT is less wadinstrainedn
Bhutansince there are no goombntinuousoutcrops found in the eastern Himalaya
(McQuarrie et al., 2014he GPS data (2012016) indicated that partial aseismic creep
has been occurring on the MBT eastern Bhutan, i.e., the MBT is presently part of the
active thrusting front in eastern Bhut@arechal et al., 2016). This implies that a
seismic event likehe April 2015 Gorkha earthquake (M.8) might potentially occur in
eastern Bhutan with incomplete rupture on the MHT and the absence of surface slip.

2.15 Main Frontal Thrust

The MFT placs the Siwalik Group against the Quaternary sediments (Figures 2.3
and 2.4). Thenotionof the MFT contributed to the tilting of Late Miocene Rieistocene
foreland basin deposits (Hirschmiller et al., 20C4utand et al., 2016].he thrusting on
theMFT started at 2 Ma in Central NepaMugnier 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 isthe surface expression of the MHT radpthe Himalayan frontn
central Bhutan, there are at least three splays of the(M&HRata, 1972; Berthet et al.,
2014)(Figure 22), the northernmost branch of which is known as the TFT (Topographic

Frontal Thrust) and has been investigated in allgsagismic studies in Bhutaim

23



Bhutan, the MHT mainly consists of three segments, and its-flata@mp geometry
varies along strike between the western and eastenntgnd et al2014 Diehl et al.,

2017 (Figure 2.5. The southernmost frontal ramgpnorthdipping at 6570 and rooted
at ~15 km in the west while 4@orth-dipping and rooted at ~10 km in the east. The
middle flat sections wider in western Bhutawhere it extends fror6.8 t027.3 N
relative to 2727.3 N in the east. The northernnieaegment of the MHT at theorth of
27.5 N is a midcrustal ramp dipping northwaet 30, the same in the west and east.

The difference in the MHT geometbgetween western and eastern Bhutantribute to

the westeast variations in coupling along thdatghmenttigure 2.9. In western and

central Bhutan, the width of the fully locked zone on the MHT is reported as ~1Q0 km

et al., 202Qto 135 155 km (Marechal et al., 2016) and limited by an abrupt downdip
transition at its northernmost boundaryisitndicated as the area of interseismic stress
buildup according to the location of the local seismicity belt (Diehl et al., 2017). Le
RouxMallouf et al. (2015) suggested that the wider and gentle coupling zone on the
MHT could have greater seismogenatgntial in western Bhutan. In eastern Bhutan, the
fully coupled zone is ~70 knL{( et al., 2020 to 100 120 km (Marechal et al., 2016)

wide and confined updip and downdip by partial coupling zones. GPS data indicate that
the updip frontal ramp shows asegsmic slip rate of 5i8.4.5 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 rece@r 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 1012 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 121 mm/yr in the central and eastern Himalayas during the Holocene
(Lavéand Avouac, 2000;avéand Avouac, 2001; Ader et al., 20Bjrgess et al., 2012;
Berthet et al., 2004 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. (20h&)cumulative
deformatiornvalues derived from paleoseismic data yield an average slip radeQot
10.4 mm/a along the MFT over the last 2,600 yearRaex-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., 2018 potential discrepancy
between the millennigdcale slip ratérom geological studies and geodetic estimates

suggests that sonoé the interseismic deformations in Bhutan could be anelastic.
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Figure 2.6 Interseismic coupling on the MHT in the Bhutan Himalaya. Adapted Mamechal et al.

(2016. The estimates of interseisntoupling 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 stationsThe black squarpoints outthe Dungsam Chu sitéhe study aréa

2.2 Active Tectonics of Bhutan

The Bhutan Himalaya and its foreland are bound by two oblique sfifkeones,

the DhubriChungthang Fault (DCF) zome the west evidently extending beneath the
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Figure 2.7 Active tectonic map showing the netwarkfaultsin the Bhutan Himalaya. Adapted from

Grujic et al. (20B). 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 $hbdaelth

the Himalayan orogenic wedge. The likely epicenters of the 1738({#0.5), 1897 (8.15 < M < 8.35),

and 1930 (M 7.1) earthquakesHetéyi et al., 201®; England and Bilham, 201&ee, 1934, Szeliga et

al., 2010 are depicted as whitgrcles. 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 staHetéyi et al., 201®; Berthet et al., 2014.e RouxMallouf et al., 201§. The deformation

front is a blind thrust of the IndBurman RangeéSteckler et al., 2016J.he darker blue lines in the Surma
basin illustrate hinges of buried anticlines within the same accretionary \{idjgean et al., 2016)

MHT® Main Himdayan thrustMFT& Main Frontal Thrust, and DGFDhubri-Chungthang Fault

Himalayan orogenic wedd®iehl et al., 2017Gruijic et al., 2018andthe Kopili Fault
zonein the eastvith a more diffuse and less clear continuation north of the Himalayan
front (Sutar et al., 20)AFigure 2.7). Both fault zones extend southeastwardss the
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Brahmaputra basiand border the Shillong Plateau to the west and east, respectively. The
two seismic zones appear to affect only the Indian basement, i.e., theyamatust

beneath the MHT, and they are capable of generating earthquakeswwtid But have

no associated surface or geological deformatiahl et al., 2017Sutar et al., 2017;

Grujic et al., 2018 Two other conjugate, sinistral, strikép faults, Lingshi and Sakteng
(Gansser, 1983; Gruijic et al., 2Q18ppear 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 nortiuigyohg
Dauki Fault to the sout{Biswas et al., 2007; Clark and Bilham, 20@8p the south
dipping Oldham Fault to the nor(gngland and Bilham, 201%frigure 2.7). The Dauki
fault shows a cumulative displacement of > 10(Biswas et al., 2097 but norelated
major earthquakes have been observed or recorded. In contrast, the Oldham fault
produced an earthquake of 8.15 s ¥8.35 in 1891England and Bilham, 201But has
no mappable displacement, and its surface trace remains €Rajeadran et al., 2004)

2.3Large Historical Seismic Events in the Bhutan Himalaya

The 2009 M, 6.1 earthquake (USGS, 2020) is the cedythquake instrumentally
observed irBhutan with a focasolution compatible with slip along the MHNo large
earthquakes (M> 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 thisTdn@anost
recent paleoseismological study at the Piping site in western Bhutan indicated at least
five paleoseismic events (EEE5) 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 earthake 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., 2004 ;RouxMallouf et al., 2016Le RouxMallouf
et al, 2020). Conbining recently historical and paleoseismic constrali&igyi et al.
(2016b) determined that this earthquake occurred on May 4, 1714, and reaghfel M
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8.5 with a modeled hypocenter located in central or western Bhutan (Figure 2.8). This
surfaceruptuiing event caused 1.5 +0.5 m of coseismic-diip at the Piping site

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

88’ 20° 92° 94’ 096"

2 Paleoseismological site O
\ Intensity report O IV-vi (O VIlIX

33 Fit to number
{ of observations HFF

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 &fteényi 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: Thd Thimphu, S/ Shillong.

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 occurrenceaofireat (M, > 8.5) earthquakd.é Roux
Mallouf et al.,2020), while in central region, it was constrained between A.D. 1025 and
A.D. 1520 and produced a coseismitface slip of 1623 m, which corresponds to.M
~8.7 Le RouxMallouf et al., 201%

Two known great paleearthquakes occurred during the age constraints yielded
by Le RouxMallouf et al. (2016 & 2020) are the A.D. ~1100 and A.D. 1255
earthquakes, botfeported in eastentral Nepa(Lavéet al., 2005 Pant, 2002Mugnier
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et al., 2011Sapkota et al., 2013; Bollinger et al., 20¥esnousky et al., 2047
Wesnousky et al., 2017Vesnousky et al., 2@). The A.D. ~1100 earthquake is so far
the greatestwent identified in the Himalayas, mapped in trenches in West Bengal
(Kumar et al., 2010), central Bhutan (Le RaJallouf et al., 2016; Le RouMallouf et

al., 2020), and eastern Arunachal Pradesh (Kumar et al., 2010), all exhibiting consistent
coseismic p and chronologyFigure 2.9) Radiocarbormodelledconstraints on the
timing of this event by Le Rouklallouf et al. (2016) yielded a scenario of a single
megaeventbetweerA.D. 1090 andA.D. 1145 with a 95.4% probabilityhis age
constraint on theingle giant seismic event results in the likely surface rupture length of
~800 km, making it reach W8.94.2 (Le RouxMallouf et al., 201§ (Figure 1.2).
Alternative modeling of radiocarbon data (Le Raédallouf et al., 2016plsoindicates

that the A.D~1100 event may beart ofa series of events betweArD. 1025and A.D.

1520 instead aobne megaevent.

The second great medieval earthquake was the historically recorded 1255
earthquake (Pant, 2002), which has also been identified in paleoseismis atudibeni
and Bagmati sites/lesnousky et al., 204y in central Nepaht Damak (Wesnhousky et
al., 2017b) in eastentral Nepaland at Horkse site (Upreti et al., 2000) and Chalsa site
(Kumar et al., 2010) in West Bend#&ligure 2.9) Combined with tk later paleoseismic
evidence reported by Le Roallouf 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 magnitu@® to >9 (Wesnousky
et al., 2017b).

2.3.3The Earthquakes Before theM edieval Period

Three seismic events (EB5) reported by.e RouxMallouf et al. (2020pccurred
at A.D. 300 £70, 100 £160 B.C., and 485 +£125 B.C., respectively, and tiwgiceably
constitute the oldest palearthquakes characterized in the eastern Himalayas (Figure
2.9). The three events were associated with 14.7 +7.4 m, 13.5 +Odhthat least 11.5
m of coseismic dislip, respectivelyl(e RouxMallouf et al.,2020).
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Figure 2.9 (a) Map of major earthquakes the Bhutan Himalayand vicinity. Darkredstripe-pattern
ellipses schematically indicate theptureareasalongthe MHT, caugd by known earthquakes. The small
colored squares show paleoseismological investigation sites for the-B1DO(purple) A.D. 1255
(green),and A.D.1714(orange)events Damak (A.D. 1146 1256;Wesnousky et al., 20b¥, Horkse (A.D.
1146 1282;Upretiet al., 2000), ChalsgA.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 £1251B=C.;
RouxMallouf et al.,2020), Sarpan@wo events identified: A.D. 1167487 and A.D. 15241815;Le
RouxMallouf et al., 2015, Gelephu (two events identified: A.D. 1140520 and A.D. 16421836;Le
RouxMallouf et al., 201§ and Namer{A.D. 1025 1224;Kumar et al., 2010 The black squarpoints out

the Dungsam Chu sitéhe study ardaMFTd Main Frontal thrust(b) Spaceime diagran of surface
rupturing paleoseismic events identified along the MFT in the Bhutan Himalaya and vicinity.
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According toLe RouxMallouf et al.(2020), all five eventéELi E5) provide an

average recurrence interval of 550 £211 years (Figure 2.9). For the éauliervents

31



(E2Zi E5), 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 thm yr

2.4Field Area

The primary study site (26.7920N, 91.511164€E) of thisresearch is located

near the boundary betwe8amdrup Jongkhan eastern Bhutan and Darangamela in
Assam, India, and it iglong the left riverbank of Dungsam CGhuhich is a tributary of
the Pagaldiya River that flows southwardshe Brahmaputra (Figure 2.10)here, the
MFT crosses the Dungsam Chu. The Hget exposure facing wesbuthwest (WSW)
reveals two distinct Holocene terrace levels, a fill terrace (T2) andia-6iliterrace
(T1), and that the Late Miocene Lower Siikahudstone and siltstone weteust over
the river terraces by the shallow north dipping MFigure 2.10b)The detailed results
of field investigations are described in Chapter 4.
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CHAPTERS: DATING METHODOLOGY

Fou dating techniques have been applrethis researcko avoid the limitation
caused byany single one aniw constrain the timing of the palearthquakeaccurately
and preciselyThey include (1) indirect dating of faulting by ohag rock layers affected
by faulting and (2) direct dating of faulting by dating the rocks formed during faulting.

Three indirect fauldating methods were used together to deterth@durial age
of the youngest displaced river terrace layer yieldingribgimum ages dod palec
earthquakeThese methods are: (@diocarbor(**C) dating(Section 3.1)(b)
conventional optically stimulated luminescence (O&gction 3.3), and (c) rock surface
dating (Sectior3.4). They wereselectetbased on the sedimentary features and structure
of the outcropincluding the presence of organic materifilsvial depositsand cobbles
in the layerHowever, thedck of the undisturbed layer significantly reduces the accuracy
of theseindirect faultdating techniquedespite the high analytical precisiorilo obtain
the direct ages of the seismic events, two OSL methods were atte(optddlti-OSL of
feldspar (Section 8) have been tested to date fault gouge produced during the
paleoseismic movemeé (d) High precision rock surface dating (Sectiof) 8f the

cobbles trailed along the thrust surface wadorned
3.1 RadiocarbonDating
3.1.1 Introduction

Radiocarbon datingg amonghefirst developedadiometrictechniques andhas
been most widely promoted and appleacekn thouglits effective time ranges relatively
short and just within the late HolocefWalker, 200%. In 1946, physical chemist Willard
F. Libbyfirst proposed a grourdreaking idea that organic materialsgiti be dated by
the measurement of théfiC content, which was newly discovered radioactive isotope of
carbon (Taylor, 1987)n 1949 radiocarbon dating was successfully testedibipy and
Arnold, and the results were subsequently publighdzby, 1967).
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Radiocarbort“C is the heaviest but the least abundant of three naturally occurring

isotopes of carbon: it only accounts for'#@ of the element whil&C forms around
98.9% and3C around 1.1%Walker, 2005; Hajdas, 20p8“C is the only unstable
i sotope of carbon, and it goes through bet
particles are released as atoms*6fdecay to stable atoms of nitrogéN (Walker,
2005; Hajdas, 2008

6o b 1 o
14C is formed continuously in the upper atmosples&osmic ray neutrons, which are
produced when cosmic rays reach the Eartho
nitrogen“N.

0 €9 0 1 oR
wheren represents a neutron apdefers to a proton (Libby, 196Hajdas, 2008;
Ramsey 2009 (Figure3.1). C is rapidly converted into carbon dioxi(téCO;) through
oxidation in air and enters the global carbon cycle (Libby, 18Gjdas, 2008; Ramsgy
2008 (Figure3.1). Plants take up’C from carbon dioxide by photosynthesis, and
animals obtaitC by digestingplants,‘C is consequentlylistributed throughout the
biosphere (Libby, 1961Ramsey 2008).14C also enters the ocean through gas exchange,
and more than 95% 6&fC is assimilagd into the ocean and stored in the form of
dissolved carbonate (Walker, 2005). Thire 1“C levels in plants, animals, and the
oceans remain stable over time, the same as icotitemporaneousmosphergLibby,
1961; Walker, 2005%. In other words, theatio of °C to'“C is approximately the same in
all living organisms except in the case of organisms that feed off depleted souf€xs of
for example, chemotrophs, detritus feed&valker, 2005; Hajdas, 20D8nceplants or
animals die, they stop exchanging carbon with the surrousidingheirt“C content will
decay with time while their amount 81C remains constant (Libby, 1961; Ramsey,
2008). Radiocarbon dating determines theafgieathof an organic sampley
measuring how mucHC remainsin the sample and comparitigg ratio of *C to2C in
the sampléo thatin living organisms (Libby, 196 Walker, 2005; Hajdas, 20D8Thus,
14C age calculation is based on the followagpation(Walker, 2005Scott et al., 2007
Hajdas, 2008
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o -1 1— o®
wheret is the agef the deatlof anorganic samplesis decay constarfe= In241/2
wheret12= 5,568 £30 years, also called Libby hdifie that was agreed to be used for the
conventional radiocarbon agea) is the initial “C activity of the sample at the time of
death by measuringnodern equilibrium living activity of the sample using the priyna
standards athe National Institute of Standards and Technology (NIST) OxI and/or OxlI
(standard reference materials}helaboratory, and\ is the activity of the sample
materialt years after deatlsince the radioactive decay’d€ is exponentiawith a half

life of 5,730 yearst he upper age | i mit faroundtchOO0 met h o d ¢
years(Walker, 2005; Hajdas, 2008
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Neutronsl l l
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Photosynthesi

Atmosphiere-Ocean
exchange

Figure 3.1Basic principles ot*C dating showing the production process and distributioH©f From
Hajdas(2008).

3.1.2 Analytical Procedures
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A total of 22 organic samples were collect#dm the MFT outcropghroughout
two field studiesn 2018 and 2019Twelve samplesvere 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 thénefilt terrace T1, whereas
the others were taken from the fill terrace TBe details about the samples, sampling

sites, and locations are described in Chapter 4.
3.1.2.1 Samplereparation

Datable material discovered in the samples include chardnak sediments
(<125t m), isolated plant and animal microfosslsch as leaas, seeds and insect shells.
Charcoalas identified as the most suitable ¥ analysis in this research due to its
abundance (Figure 3.2). Before the samples were analyzed fo'@eantent physical
and chemical pretreatmeritavebesndoneto isolate the samples from the surrounding
matrix andremove postlepositional contaminang® that the samples can provide the
most accurat&’C ages (RamseR,008 Hajdas, 2008)Physical pretreatments were
carried out at Dalhousie University (Canada) while chemical treatmentperdoemed
at the ETH accelerator facility in Zurich (Switzerlan@ihe procedure forhysical
cleaning and inspectidnvolved (1) manual picking witwteezers after visual
examination of large pieces of organic matter, (2) flotation using deionized water,
accompanied by ultrasonic bath separatéhelarge piecesrom its surrounding matrix

if it is hard to pick them up by hand8) drying below 60C in the oven for 1224 hours

after flotation, and (4) sieving for bulk sediments <1 8% following microscope
observation of carbon content. To remove contaminationch&mical pretreatmesit
were performedSoxhlet treatment was first carried out foedrour to remove the
contamination resulting fromonservativenaterials 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 theclegang. The ABA

(acidbaseacid) treatment was next applied at €0to remove the contamination caused

by carbonates and humic acids: (1) the initial acid treatment washed carbonates away
from the sample surfaces using 0.5M HCI solution, followed bypganmsing 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 HCI), carbonates dissolved during the previous pretreatments were removed, and

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

(b)

689 p

Figure 3.2(a) Charcoal identified at the bottom of organic staining sublaytbeisoil layer of cutin-
fill terrace T1 (b) Micrograph of charcoal sample

Figure 3.3 Soxhlet treatmergystem at the ETH latSwitzerland) includingSoxhlet apparatugniddie),
heated bottle of solvents (bottom), and cooled bottle of solvent vapors (top)Hajdas(2008).
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3.1.2.2 RadiocarbornM easurementsand Calibration

Two methods can be used to measure the activit§Coih a samplerelative to
modern standard: (1) beta counting, which indirectly estimates the reSidaativity in
the sample by detecting an@atans,amd(2) ng b
acelerator mass spectrometry (AMS) that directly counts the relative numiér of
atoms to the other carbon isotopes in a sample because the abund4Degarhis is so
small (Walker, 2005; Hajdas, 2008; Rams2§03. The AMS was applied in this
researchor two reasong(1) samples as small as 0.5 mg can be uBadhEey 2008),
and(2) a high degree of precision 1%, i.e., on the order of 10 years for an-yé8edld
sample(Scott et al., 200MRamsey 2008).Two processes of graphite preparation for the
AMS measurementshe combustion of dried organic sample producing & the
reduction of CQto graphite (Hajdas, 200&amsey, 2008 have beeperformed at the
ETH accelerator facility in Zurich (Switzerland).
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Figure 3.4 Diagram showing how the measured radiocarbon years are calibrated. The pair of blue curves
show the radiocarbomeasurementserformed at the ETH accelerator facility in Zirigith a 14 counting

error. The radiocarbon concentration in the sample @U8b2,the fluvial deposits frongutin-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 a@bMithconfidence interval

f or 2.0DxCalv4.3{Ramsey2017)and the atmospheric calibration curve IntCalR8imer et al.,
2013)were used to calibrate calendric dates for the sample.
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Due to long and shorterm variations if“C productionin the atmosphere
radiocarbon ages calculated using equation (3.3rg#y show underestimates relative
to the ages obtained by applying other dating techniques (Walker, 2005). The main
factors contributing to the change in atmosphtfica ct i vi t i es are change
magnetic field and changes in solar activity, either of which influences the cosmic ray
flux (Walker, 2005). There is, however, a way to convert measackdcarbon years to
calendar ages, calleddiocarborcalibraton (Walker, 2005Hajdas, 2008; Ramsgy
2008. The radiocarbon results are reporésdBPO bédfade presemt, yeferring tothe
reference date of 1950e., the'“C concentration is assumed as constant and equal to that
of the atmosphere in 1950, whtleh e cal i br at ed or <cal endar ag
AD/ BCO ( Haj da s2009 2Fhire33,4). IR thimmresearch, calendric dates
werecalibratedusingOxCal V4.4 (Ramsey, 2020) and the atmospheric calibration curve
IntCal20 (Reimer et al2020), with a 95.4% confidence interval fof 2rror.

3.2 LuminescenceDating
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 (¥&3,conduction band
(CB), and the forbidden band (FB)\ller, 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 comparel thi¢ 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 energyidroning radiatiorto
leave an empty spot with a positive charge in the VB @allbole 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 extitee | ect r ons and hol es, r
trapsd and Or ecombi nPatsseoeatal.c2e0Buller,”2G08®% r espect
Rhodes, 2011). Since different types of defects are contained within different minerals,

various kinds of electron traps and recamalion 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.
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Figure 3.5 Energy band model of luminescence. Two types of electron traps are showselgitive in

green and lightnsensitive in orange. Light gray lines denote luminescence centers. Black dots represent
electrons while black circles stand for holes. (A) Dgrirurial,ionizing radiatiorreleases 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 hel® B fhhe

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 trappedeetrons remain for the burial period. (C) During light exposure (to

sunlight or stimulating light), trapped electrons may bexeted to other localized energy levels or to
recombine with the holes at luminescence centers. If the recombination cédtrerelwith a hole occurs,

light photons called luminescence signal are emited.

The luminescence signalthe photon emission produced during the transition of
excited electrons into localized luminescence traps and recombination ¢Enteisser
et al.,2008 Duller, 2008. It is sensitiveto light or heatso that the luminescence trap
population within minerals is increased with time during burial due to ionizing radiation
and can reach saturation staté.e., all available traps become populated)drdreases
with the exposuref 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 signaPfeusser et al., 200Buller, 2008 Rhodes, 2011).

Usingintensity ofluminescence signabrresponds tthe burial time sincethe last
resetting eventPreusser et al., 200Buller, 200§. The intensity of the natural
luminescence signal is measured to determine the total radiation erenggd the
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equivalent dosel¥e), that was deposited within the minedalring the period that the
grains are shielded from daylight or hdauller, 2008. Thus, the luminescence age is
calculated bydividing theDe (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 rageifi Gy/year)(Preusser et al., 200Buller,
20098:

06aQe 'Qimm&mgu, . o8 8

O' WUAAO

The uncertainty of 510 % in luminescence age is the combination of uncertainties in the
measurement of thBe andx (Rhodes, 2011Duller, 200§. The overview of

luminescence dating process is shown in Figuée

minati D determination

Sample collection Alpha dose rate (D)
Beta dose rate (D,)

Gamma dose rate (DV)
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measurement

Water content
(attenuation factor)

Luminescence dating
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(other attenuation factors)
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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
luminesceace signalStimulated luminescence signals are applied to calculat@cthe
(Preusser et al., 20Q8)here are a range of techniques that can be used to stimulate the
accumulated radiatiothermoluminescence (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 enttd by exposing samples to certain light source (Rhodes,
2011; Duller, 2008)The OSL or IRSL signal is reset mufasterthan the TL signal and
thus has been used most widely. The OSL signal can be observed from both quartz and
feldspar using visible lighwhereas the IRSL signal is only produced from feldspar under
infrared light (Duller, 2008; Preusser et al., 2008).

Three luminescenadating techniques have been apptiedetermine the ages of
the paleeearthquakesConventionalquartzOSL dating yielaed the burial ages of the
displaced river terrace layers, the same a‘@enethodMulti-OSL datingof feldspar
on fault gouge utilizing mukelevateetemperature (MET) measurement protduas
been tested to see if it can directly determine the age of the seismictHdgarrecision
rock surface dating/as applied tahe cobbles along the layer boundages dagged
along the faulto constrainthe burial age of the layer thite cobble belongs t&\
description for each luminescence method is provided in the following secti®3s53.3

3.2.3 Determination of the Equivalent Dose

Single aliquot regenerativeose (SAR) protocols the most frequently used
approach to determine ti®. It consiss of measuringhe intensity of thaatural signal
and comparing it with laboratory signaégyenerateffom known radiation doses
(Preusseet al., 2008; Duller, 2008}.he SAR protocol comprises a series of
measurement cycleghile in the first cyclethe natural dose is measuyedthe
following cycles known laboratory doses are given to the aligant regenerated
luminescence signaége measure(Duller, 200§. The resulting curve that shows the
growth of the luminescence signal with dose is used tothedd by matching the

natural signal with i{Duller, 2008)(Figure 3.7) To allow comparison between
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measurement of the naturafiinescence signal and laboratory regenerated doses,
preheating is performed prior to each measurement to remove unstable signal induced by
the laboratory radiation (Rhodes, 2011; Duller, 208@nsitivity corrections

additionally usedn the SAR protocloto 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 therial of the sampleThe dose value will not be

accurate if any possible changes in luminescence are ig(Rinedes, 2011; Duller,

2008).A small fixed test dosis therefore usetb assess tHeminescence signal

sensitivity in the second half of each cycle, so that the sensitivity can be corrected by
plotting a graph using the ratio of tegnalmeasurement {) to signalsensitivity

assessment (Jeach cycle (Rhodes, 2011; Duller, 200B)us, each SAR cycleoosists

of at least irradiation, prehe&tminescence signaheasurement, a small uniform test

dose for sensitivity correction, second heating, lamdnescence signaknsitivity
measurement (Rhodes, 2011; Duller, 2008).

Figure 3.7 Example of a dose sponse curve generated after a quartz OSL measuremenRisig. -
DA-20 readewith a dose rate of 0.089 +0.003 Gy.

The reproducibility of thé®. within each sample is crucial to assess the bleaching
level of the sampleefore 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
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