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Abstract

The Kyaukkyan Fault is a dextral strike-slip fault, part of a complex zone of active dextral

transpression that absorbs most of the northward motion of India relative to Sundaland. While

much of the strike-slip displacement is localised in western Myanmar and along the prominent

Sagaing Fault, significant dextral shear also occurs across the Kyaukkyan Fault, on the Shan

Plateau in the east. The largest recorded earthquake in Myanmar occurred on the Kyaukkyan

Fault in 1912, near Maymyo (Mw 7.7), but the fault has generated little significant seismicity

since then. Despite its demonstrated seismic potential and remarkable topographic expression,

the fault’s neotectonic history remained for long time poorly known.

Well-marked fault scarps and valleys locate the fault especially in its northernmost and south-

ernmost part; geomorphic features related with Kyaukkyan Fault activity are sag ponds, shutter

ridges, o�set and beheaded streams, triangular facets and low-sinuosity mountain fronts. Geo-

morphic markers of young fault activity such as o�set and deformed alluvial fans, wind-gaps

were also identified during field observation. The fault’s central section is characterised by a

complex pull-apart system, whose normal border faults show signals of relatively slow neotec-

tonic activity. In the central part of the basin, deformation of Quaternary sediments by a

locally-buried cross-basin fault system includes dip-slip faulting, dextral strike-slip faulting and

local transpression.

This study coupled field investigations and satellite images interpretation that revealed deform-

ation features developed along the Kyaukkyan Fault system, mostly indicative of Quaternary

dextral strike-slip faulting. Field investigations included mapping of bedrock outcrops, which

excluded the presence of metamorphic rocks exhumed along the fault in its central part; and

Quaternary mapping, where stratigraphic logs of alluvial fans successions along the eastern

mountain front of the Inle basin revealed a tectonically influenced sedimentary record. Satellite

images were used in order to distinguish linear features and major topographic variations; Land-

sat imagery was then employed to discriminate the main lithologic groups, soil composition and

water content, particularly in areas with reduced accessibility. Stream o�set analysis included

stream o�set restoration, which was applied for a set of deflected streams in the northern area

and allowed a quantitative evaluation of the cumulative o�set along this segment of the fault.

Holocene activity of the Kyaukkyan Fault is testified by paleoseismic investigations along its

northern and central section. The northern trenching site is located at Kyaukkyan village,
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reported epicentre of the 1912 earthquake. Two earthquake ruptures have been observed in

the trench: radiocarbon dating of charcoals collected along the o�set horizons determined an

age between 4660 ± 30 BP and 1270 ± 30 BP for the older seismic event associated with the

rupture, and after 1270 ± 30 BP for the younger one. The trenching site along the central

section is located far from the prominent basin-bounding fault, at the margin of a sub-basin of

the main Inle Basin. Here two rupture events were observed, although the organic-rich nature

of the sediments prevented the collection of uncontaminated material suitable for dating.

The main conclusions of this project are (1) that the Kyaukkyan Fault has been active in Qua-

ternary times, as confirmed by the observed deformed features along its trace; (2) activity in Inle

Basin has migrated from the basin-bounding faults towards the centre of the basin, reflecting a

mature stage of the evolution of the basin; (3) there is evidence of superficial ruptures related

to seismic events in the northern section, at Kyaukkyan village, and north of Inle Lake; (4) the

Kyaukkayn Fault may be accumulating strain due to northward motion of India and crustal flow,

and hence being source of seismic hazard.
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Chapter 1

Introduction

1.1 The Kyaukkyan fault and its tectonic context
Although several destructive earthquakes are described in ancient literature (e.g. AD 365

Crete earthquake, Stiros, 2001; 17 AD, Asia Minor, Tácito, 1986), it was only with the 1755

Lisbon earthquake that, for the first time, an earthquake was attributed to natural rather than

supernatural causes (Dynes, 1997). Investigation of fault activity developed in the late 1800s

- early 1900s in tectonically active regions, such as United States, Japan, New Zealand and

Russia (McCalpin, 2009). Since then, more attention has focused on active faults settings and

on the search of new and e�ective methods to understand fault behaviour.

The Kyaukkyan Fault is a N-S-trending, ⇠500 km long strike-slip fault that traverses the

western Shan Plateau, an elevated region averaging >1000 m straddling eastern Myanmar and

part of northern Thailand (Fig.1.1, 1.2). The Kyaukkyan Fault, together with the Shan Scarp

fault system and other N-S-trending faults of the western Shan Plateau, is part of a 250 km

wide system of splays at the north-western end of the Mae Ping fault, in NW Thailand (Fig.

1.3; Morley, 2004). The fault is generally considered to have been the (natural) origin of a

large earthquake that hit northern Myanmar on the 23rd May 1912, known as the Maymyo

(Pyin Oo Lwin) earthquake. The earthquake was initially estimated at magnitude 8 (Gutenberg

and Richter, 1954), and more recently revised to Ms 7.7 to 7.6 (e.g. Abe and Noguchi, 1983;

Pacheco and Sykes, 1992). Either way, it remains the strongest known earthquake in Myanmar.

The Kyaukkyan Fault is considered to be the origin of the Maymyo earthquake because of the

distribution of isoseismals mapped soon after the seismic event, and because of its prominent

topographic expression (Coggin Brown, 1917; Chhibber and Ramamirtham, 1934).
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2 Chapter �. Introduction

Figure 1.1: (Above) Tectonic setting of the Kyaukkyan Fault. From Soe Min et al. (2017).

Figure 1.2: (Next page) Geological map of Myanmar. From Soe Thura Tun et al. (2014).
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Figure 1.3: Semi-schematic, true-scale cross-section across southern Myanmar and northern
Thailand illustrating some of the main large-scale tectonic features of Myanmar. The surface
geology is a transect along latitude 18�N. From Searle and Morley (2011).

A re-evaluation of the distribution of highest intensities associated with the inferred mag-

nitude of the earthquake led Wang Yu et al. (2014b) to conclude that the 1912 event likely

ruptured the entire 160 km-long northern section of the Kyaukkyan Fault. Since then, only

sparse and moderate seismicity has been observed in the instrumental seismic record on the

Shan Plateau, for example, the 2011 Mw 6.8 Tarlay earthquake (Soe Thura Tun et al., 2014).

The modern setting of this region is the result of the tectonic evolution of SE Asia, ultimately

driven by the northward movement of India toward Eurasia, whose accommodation caused

extensive internal deformation within the Eurasian margins (e.g. Molnar and Tapponnier, 1975;

Tapponnier et al., 1982; Le Dain et al., 1984; Vigny et al., 2003; Morley, 2009; Mohadjer et al.,

2010; Morley, 2013). The following section will briefly illustrate the geologic background of

the area and the tectonic context in which the Kyaukkyan Fault developed.

1.1.1 Regional tectonic evolution and strike-slip faults on the Shan Plateau

The NE-directed movement of the Indian plate resulted in long term subduction of Paleo and

Mesotethys beneath the southern margin of Eurasia and western Sundaland, the SE promontory

of Eurasia, from the Mesozoic to the Early Cenozoic (Fig.1.4; e.g. Hall and Morley, 2004;

Nielsen et al., 2004; Curray, 2005; Kundu and Gahalaut, 2012), and formation of an Andean-

type margin associated with a period of granite intrusion in the Eurasian margin during the Late

Mesozoic (Cobbing et al., 1986).

During the Cenozoic, clockwise rotation of the Indian plate caused the onset of oblique
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Indian Plate

Borneo

West Sumatra

West Burma

Indochina

South China

Sibumasu

Qiangtang

40 Ma  Mid Eocene

Figure 1.4: Schematic tectonic reconstruction of SE Asia in the Mid Eocene, from Morley and
Searle (2017).

convergence (e.g. Lee and Lawver, 1995; Curray, 2005) that brought to the end of subduction

of Ceno-Tethys and collision since the Eocene, leading to the coupling of India with Western

Myanmar in the Miocene (Mitchell, 1993; Hall and Sevastjanova, 2012; Curray, 2005). This

regime resulted in thermal weakening of the Shan Plateau that favoured the localisation of a

broad strike-slip fault network in Thailand and Myanmar, and lateral extrusion of blocks around

the eastern Himalayan syntaxis (e.g. Tapponnier et al., 1982).

Figure 1.5: (Next page) Schematic evolutionary maps of SE Asia (left; from Morley and Searle,

2017) and of central Myanmar (right; from Soe Thura Tun and Watkinson, 2017) since Mid

Eocene times.
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This early phase of shear is characterised, in Thailand, by left-lateral activity of the Three

Pagodas fault zone and the Mae Ping fault zone, passing northwards into Myanmar (Fig. 1.3;

Lacassin et al., 1993, 1997; Morley et al., 2007; Morley, 2009). The last increment of sinistral

shear is recorded by mylonites and ultramylonites exhumed along the faults, interpreted from

Ar-Ar ages of between 33-30 Ma along the Mae Ping Fault, and 36-33 Ma along the Three

Pagodas Fault (Lacassin et al., 1997), pre-dating the following reversal of motion.

During the latest Paleogene, northward motion of India-western Myanmar resulted in the

detachment of western Myanmar from Sundaland (e.g. Curray, 2005; Morley, 2009) expressed

by the formation of strike-slip basins in northern Thailand since the beginning of the Late

Oligocene and until the Early-Mid Miocene (Morley et al., 2001, 2011), and exhumation of the

metamorphic core-complexes in Thailand and Myanmar (MacDonald et al., 1993). The stress

relaxation following the wake of the north-moving Indian continent provoked a shear reversal

along the Mae Ping and Three Pagodas fault systems (Lacassin et al., 1997) and potentially

further west in Myanmar (Bertrand et al., 1999; Bertrand and Rangin, 2003; Morley et al., 2007;

Soe Min, 2010; Wang Yu et al., 2014b), causing, on the Shan Plateau, dextral strike-slip along

N-S-trending strike-slip faults and reversal from right-lateral to left-lateral along E-W-trending

strike-slip fault systems (e.g. Holt et al., 1991; Lacassin et al., 1998; Wang et al., 1998; Shen

et al., 2005; Socquet and Pubellier, 2005). Oligocene to Mid Miocene ductile dextral shear is

dated within the Mogok Metamorphic Belt as 26-15 Ma (Bertrand et al., 2001; Bertrand and

Rangin, 2003).

Deformation became localised along the Sagaing Fault after about 22-16 Ma (e.g. Searle

et al., 2007), possibly contemporaneous (Morley and Alvey, 2015) or pre-dating (Curray, 2005)

the oceanic spreading of the Andaman Sea, connected to the Sagaing Fault to the north.

1.1.2 Modern GPS motion distribution

The available GPS data derive from the ’Geodynamics of South and Southeast Asia’ network

(GEODYSSEA), a 4000 by 4000 km GPS network (Wilson, 1998) that includes 40 GPS points

systematically distributed over SE Asia, and GPS stations later added in Myanmar for more

specific studies (e.g. Vigny et al., 2003; Maurin et al., 2010).

India is moving north with respect to Sundaland at a rate of 35-36 mm/yr (e.g. Socquet et al.,

2006; Gahalaut et al., 2013). Along this highly oblique margin, relative motion is partitioned

between the Sumatra Trench and Sumatran Fault to the south, characterised by simple strain
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partitioning, passing to a zone of distributed deformation to the north with oblique shortening

along the Andaman and Myanmar subduction arc, strike-slip motion along the Sagaing Fault

and rotation about the eastern Himalayan syntaxis (Fig.1.6; Michel et al., 2001).

Figure 1.6: Topography, seismicity, main active faults, and approximate (absolute/ITRF2000)
motions of the Eurasian, Indian, Australian, Philippine plates and the South China and Sunda-
land blocks from Simons et al., 2007.

In Myanmar relative motion of India is considered to be partitioned mainly among the

dextral Sagaing Fault and the Indo-Myanmar Ranges accretionary wedge (from here onwards

referred as ’IMR’; Gahalaut and Gahalaut, 2007; Rangin et al., 2013).

The Sagaing Fault accommodates 18 mm/yr of the N-S component (Bertrand et al., 1998;

Vigny et al., 2003), while the distribution of the remaining strain is still unclear and constitutes a

matter of debate. This remaining motion might be accommodated among several structures, i.e.
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the IMR, the Myanmar Central Basin, the Shan Scarp, and/or several faults on the Shan Plateau

(thus including the Kyaukkyan Fault). The IMR is considered as the principal accommodating

structure after the Sagaing Fault, although its role strongly depends on the interpretation of the

earthquakes focal mechanisms and on the evidence of N-S or E-W-trending deformation west

of the Sagaing Fault (e.g. Guzman-Speziale and Ni, 1996; Socquet et al., 2006; Gahalaut et al.,

2013).

The motion of Sundaland in relation to China is expressed as di�erential motion of the two

blocks north and south the Red River Fault (Simons et al., 2007) and defines the GPS vectors

rotation around the syntaxis at the base of the escape tectonic theory of Tapponnier et al. (1982)

and the ’ice sheet flow’ of Gan et al. (2007). More recently refined models (e.g. Shen et al.,

2005; Schoenbohm et al., 2006; Rangin et al., 2013) describe the present motion around the

syntaxis as the detached flow of the upper crust from the uplifted Tibetan plateau to the southeast

due to gravitational buoyancy forces associated with the sharp topographic gradient across the

region crustal flow (Simons et al., 2007). The crustal flow is diverted southward by the South

China block and southwestward by the Sundaland block across the Shan Plateau in Myanmar, as

exemplified by the NE-SW to E-W-trending left-lateral faults of eastern Myanmar and northern

Thailand.

1.2 Strike-slip faults and evolution of pull-apart basins

The Kyaukkyan Fault shows evidence of widespread transtension that is expressed, in its

central section, as a complex pull-apart system. Inle Basin displays the typical pull-apart basin

rhombic shape (Dooley and McClay, 1997) and is bounded by right-stepping strike-slip fault

segments and associated normal faults that define prominent mountain fronts.

Strike-slip faults initiate in natural and experimental settings as en échelon fault segments

(Cunningham and Mann, 2007). The zones of slip transfer between segments are defined as

step-overs (Wilcox et al., 1973; Crowell, 1974; Aydin and Nur, 1982, 1985); with continuous

strike-slip displacement, step-overs eventually evolve into bends, defined as o�set areas curved

with respect to the fault segments’ trend, and linking parallel fault segments to form a continuous

fault (e.g. Zhang et al., 1989; Mcclay and Bonora, 2001). Bends are important elements in

earthquake hazard assessment due to their complex rupture mechanism, which may involve

multiple faults activation (and rupture) (Bayarsayhan et al., 1996; Harris et al., 2002) or act

as an earthquake propagation barrier (King and Nabelek, 1985; Sibson, 1985; Barka and
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Kadinsky-Cade, 1988; Wesnousky, 1988, 2005). In addition, strain hardening may operate

locally on a bend and influence whether old faults remain active or lock up (Cowgill et al.,

2004). Because they form in heterogeneous crust, fault bends tend to form from reactivation

of pre-existing fabrics that could be obliquely oriented with respect to the main strike-slip

faults, resulting in recurrent oblique-slip displacements along the bend (Holdsworth et al.,

1997). Restraining bends form major topographic uplifts and are normally associated with

exhumation of crystalline rocks; releasing bends are associated with topographic depression

and accumulation of sediments and, in largely mature settings, can display zones of high heat

flow due to crustal dilation (Cunningham and Mann, 2007).

Large fault releasing bends are the locus of nucleation of pull-apart basins: these form

initially as ’lazy-Z’-shape for dextral strike-slip faults (or ’lazy-S’ for sinistral) and, with

increasing of slip, they evolve to rhomboidal basins with one or more deeps or basin depocentres

(Mann et al., 1983). Ultimately, for mature systems it is possible to reach ’pull-apart extinction’,

when extension is no longer active, and the system becomes bypassed by a through-going

principal displacement zone (e.g. Wu et al., 2009; Fig.1.7).
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Figure 1.7: Evolution of a transtensional pull-apart basin model illustrated with faults inter-
pretation and incremental basin subsidence calculated from di�erential laser scans. From Wu
et al., 2009.

1.3 Aims

The aim of this research is to define the past and potential current activity of the Kyaukkyan

Fault. The following questions are addressed in this study:

(1) is there evidence of Quaternary activity along the Kyaukkyan Fault?

(2) did it cause the 1912 Maymyo earthquake?

(3) is it active and capable?

(4) what is its role in the regional tectonic context?

The first field campaigns focused on structural and Quaternary mapping and aimed at

identifying deformed landforms and sediments that may have recorded past activity of the fault,

contributing to understanding of Inle Basin’s evolution. Paleoseismological investigations,

including paleoseismic trenching, are aimed at finding evidence of recent surface ruptures

caused by past earthquakes in order to identify seismogenic fault segments and to determine

the timing of seismic events and their interseismic period. Finding a relation between the most

recent ruptures and 1912 Maymyo earthquake will provide an important constrain to better

understand the fault’s modern behaviour and to evaluate the seismic hazard posed by the fault.
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Furthermore, defining the activity of the Kyaukkyan Fault will help in defining its role in the

regional context and in the accommodation of the motions resulting from the convergence of

the India and Eurasia.
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Chapter 2

Methodology

As expressed in the Aims, in the study of the Kyaukkyan Fault the following questions were

tentatively addressed:

(1) is there evidence of Quaternary activity along the Kyaukkyan Fault?

(2) did it cause the 1912 Maymyo earthquake?

(3) is it active and capable?

(4) what is its role in the regional tectonic context?

Estimation of strain distribution and relative motion along individual faults in active margins

results from extensive field observation, associated with paleoseismologic investigations and

dating, which allow modelling of modern geodetic motions in association with aspects such as

earthquake recurrence time and temporal position in the interseismic period of a specific fault

(e.g. Prentice et al., 2003).

The best approach to such arguments is paleoseismology that connects neotectonics and in-

strumental seismology and aims to: characterising past earthquake parameters such as location,

timing and size (e.g. McCalpin, 2009); understanding how the fault activity has been a�ecting

the landscape (e.g. Serva et al., 2002); estimating the distribution of slip motion in the region

(e.g. Keller and Pinter, 1996). These parameters are fundamental to characterise the seismic

and faulting behaviour of a fault, which ultimately enables us to constrain its seismic hazard

(Masana et al., 2001).

A paleoseismologic approach is based on the information gained from the geologic and

geomorphic record through a series of methods such as remote sensing investigation and

processing, field survey, and paleoseismic trenching (e.g. Michetti et al., 2005). These methods

13
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will be described in the following sections.

2.1 Remote sensing
Remote sensing is widely used in the study of active tectonics due to the increasing avail-

ability of satellite images and software for processing (e.g. Replumaz et al., 2001; Lin et al.,

2013; Gao et al., 2013). Satellite images provide a valuable tool for the study of remote areas,

improve large-scale characterisation of landscape and, in some areas, constitute a chronologic

record of the landscape evolution.

2.1.1 Satellite imagery

Google earth

Google Earth images (2.5m SPOTImage imagery, Fig. 2.1a, b) are a useful tool to observe

the landscape in natural colours given their high resolution; the historic imagery allows to

observe any given location over seasons and years, which is crucial in a monsoon region such

as the Shan Plateau.

Digital Elevation Models (DEMs)

Digital Elevation Models used in this study are the Shuttle Radar Topography Mission

(SRTM) data with 90 m horizontal resolution, available on the USGS platform (http://srtm.usgs.

gov), and Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER,

Fig. 2.1c) data with 30 m resolution, accessed via the platform Reverb|Echo of NASA (ht-

tps://reverb.echo.nasa.gov). SRTM DEM was processed in GIS environment to extract the

topographic terrain of the area and drainage network using the ArcMap hydrology tool; ASTER

GDEM was used to identify topographic features such as lineaments, scarps, and to calculate

the mountain front sinuosity.

Landsat imagery

Landsat images can be accessed via the Global Land Cover Facility platform (http://glcf.

umiacs.umd.edu/index.shtml). Landsat 7 Enhanced Thematic Mapper (ETM) images with

15 m resolution and TM images with 30 m resolution were analysed using several RGB

colour combinations that are based on the reflectance spectra of rocks components producing

di�erent wavelengths. Such processing can discriminate the lithologic groups, as well as giving

indication on soil composition and water content, and highlights the di�erent type of vegetation

cover. The 742 combination (Fig. 2.1d, e) was used in the attempt to discriminate mineral
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and rock types with band 7 (mid-IR), and to enhance the presence of water and subsequent

vegetation distribution, which may grow along lines of water circulation on the fault, mainly

thanks to band 4 (near-IR). The 453 combination was used to highlight moisture di�erences

thanks to the infrared band 4 (near-IR) and band 5 (mid-IR).
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Figure 2.1: View of a stream flowing from right to left deflected by a shutter ridge as seen in

di�erent satellite images at 1:25,000 scale. a) Sketch with present-day stream (blue line) and

abandoned streams (black, dashed lines). a) Digital Globe 2009 is the chosen imagery to work

on detailed remote sensing study such as stream deflection/o�set measurement; b) ASTER

imagery resolution is too low for detailed studies but is a valuable source of topographic terrain

to integrate the Digital Globe imagery; c) ETM and d) TM: (7, 4, 2 colour band combination) is

used to distinguish bedrock from vegetation, or highlighting soil moisture, once the geomorphic

feature is identified at higher resolution.
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2.1.2 Stream o�set analysis

The analysis of stream deflection is a common method for the investigation of major strike-

slip faults slip amount and slip rate, and it has been used in several case studies such as the San

Andreas Fault in California, the Red River Fault in China, or the North Anatolian Fault in Turkey

(Wallace, 1968; Pucci et al., 2008; Walker and Allen, 2012) . Stream deflection results from the

interaction between fault displacement and geomorphic processes, and a clear distinction exists

between the word ‘deflection’, as a descriptor for stream non-linearity, normally related to a

stream obliquely entering a fault trace and running parallel to it; and ‘o�set’, for the interpreted

fault displacement recorded by a non-linear stream, under the assumption of an initial linear

stream (Keller and Pinter, 1996). When a strike-slip fault runs parallel to a mountain front, its

movement can cause the deflection of the streams flowing along the slope. Any such tectonic

o�set preserved by the streams increases with repeated strike-slip along the fault (Sylvester,

1988). A stream adapts to the new arrangement as long as it can maintain a continuous

longitudinal profile, which is dependent on its base level (Bowman, 1978; Ouchi, 2005). If

the gradient along the stream channel becomes too low, the stream can alter its course along

an easier pathway, including being captured by a nearby river. If this occurs, the abandoned

downstream is abruptly beheaded and terminates upstream on the fault plane (Fig. 2.2; Burbank

and Anderson, 2001; Walker and Allen, 2012).
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Figure 2.2: Form of river channels across a right-lateral strike-slip fault. At t=1 apparent
left-lateral o�set is given but capture of b’ by a. Further fault movement causes evolution of the
left-lateral o�set back into a smaller right-lateral o�set (t=3) that does not record the previous
right-lateral o�set. Downstream a’ is abandoned and terminates abruptly on the fault (from
Walker and Allen, 2012)
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Relatively small streams can record small amounts of slip along the fault; however, the

capture from a nearby stream can also cause the stream to deflect in an opposite direction than

the fault movement, causing a false o�set. This happens when the amount of slip is greater

than the spacing between streams (Walker and Allen, 2012). Large rivers are less susceptible to

capture due to lateral o�sets than the smaller ones, and they are more likely to adapt to the new

arrangement after displacement occurs, so that they might not preserve small o�sets; however,

they will preserve larger o�sets (Wallace, 1968). Most known examples of rivers o�sets of

several kilometres are observed along the San Andreas Fault (e.g. Howard, 1996), the Red

River Fault (e.g. Lacassin et al., 1998; Replumaz et al., 2001), but also on the Shan Plateau

along the Nam Ma Fault (Fig. 2.3) or the Momeik (Nanting) Fault (e.g. Lacassin et al., 1998;

Wang Yu et al., 2014b).

Nam Ma Fault

Mekong river

10 km
N

OFFSET

Figure 2.3: Kilometric left-lateral o�set of Mekong river along the Nam Ma Fault, at the border
between Myanmar and Laos.

Stream o�set restoration

Stream o�set restoration is a technique used to determine strike-slip o�set from tectonically

deflected streams using a statistical graphical analysis (e.g. Wallace, 1968; Replumaz et al.,

2001; Fu et al., 2005). The technique involves incrementally shifting the block on one side of

the fault in the opposite direction of the fault slip direction, trying to recover the o�set of the

streams caused by the fault movement by matching the stream sections on the two sides of the
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fault trace. The restoration method is based on the assumption that the streams were originally

straight across the fault trace before fault displacement, and that all subsequent deflection is

fault-induced.

Restoration was applied to 28 streams, mostly deflected dextrally, flowing along the N-S-

oriented Nawnghkio Plateau western scarp, located south of Kyaukkyan village. Using 0.5 m

resolution DigitalGlobe and 30 m Landsat ETM+ data loaded in ArcGIS at 1:25,000 scale, all

significant streams along the fault scarp were digitised. The horizontal uncertainty was ± 10 m,

the threshold at which the stream position could be identified within the vegetation cover. The

stream axis was drawn in order to be able to discriminate deflections from small scale stream

meander patterns at the fault trace (Fig. 2.4); left-lateral o�sets were considered as apparent

o�sets due to capture. The block west of the Kyaukkyan Fault was then shifted to the south at

scale increments of 25 m, and channels on either side of the fault were matched and recorded

in a spreadsheet. The number of straightened streams was recorded at each o�set increment,

and these variables plotted in a histogram (see chapter 3).

Figure 2.4: Stream axes (black dashes) drawn onto gently meandering streams (blue lines),

o�set by the right-lateral strike-slip fault.

Using a selected sub-population of 28 deflected streams whose deflection could be confid-

ently attributed to faulting, a quasi-quantitative restoration was done, restoring them to a simple

straight watercourse. Although this kind of approach may neglect sequential capture events,

it aimed at eliminating some of the random yet unrealistic matches between channels on the

opposite side of the fault as observed in the quantitative method.
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2.1.3 Mountain front sinuosity

The study of a mountain front reveals important information about the fault activity such as

the relative slip rate and fault type, given uncertainties associated with erosion and deposition

rates (e.g. Bull, 1978; Ellis et al., 1999). A steep normal fault normally intersects the topography

at relatively high angle, resulting in curvi-linear fault traces. Recurrent normal faulting defines

and maintains a boundary between the uplifted footwall and the syn-tectonic deposits on the

hanging wall, producing a linear mountain front; slow or inactive faulting allows the mountain

front to become deeply incised along stream channels (Burbank and Anderson, 2001). Mountain

front sinuosity index is defined as Smf = Lmf /Ls, where Lmf is the length of the mountain

front at the break of slope, and Ls is the straight line-length of the mountain front (e.g. Bull,

1977, 1978; Keller and Pinter, 1996). Active mountain fronts are straight and will have values

of Smf close to 1, and generally <3, unlike mature and less active mountain fronts having an

irregular profile (generally Smf >3; e.g. Bull, 1977).

Figure 2.5: Example of mountain front sinuosity calculation using ASTER (a) and DigitalGlobe
(b) basemap. The white dash represents the length of the mountain front Lmf, the yellow line
represents the straight line-length of the mountain front. The ratio for this section is Smf=1.42,
indicating a relatively active mountain front.

The Smf was calculated for Inle Basin mountain fronts based on the ASTER GDEM,

integrated with DigitalGlobe imagery when higher resolution was required (Fig. 2.5). At the

latitude of Taunggyi, values comprised between 2 and 3 characterise the westernmost basin-

bounding front, whilst the easternmost mountain front appears more active (1.13<Smf <1.4).

The mountain fronts facing Inle Lake display mountain front sinuosity values averagely around
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1.5, lacking of notable di�erences. Furthermore, the application of this technique is complicated

by the di�culty in identifying the mountain front line, due to the absence of contrast between

vegetation cover and to the resolution of the available images; for these reasons this approach

was discarded from the study.

2.2 Field investigation
Field observations were performed over three campaigns between 2014 and 2016. The pro-

ject started in a political period of transition in Myanmar: although the democratic government

was o�cially established, the legacy of the previous military government was still present and

active especially in more remote areas on the Shan Plateau.

For this reason, alongside with characterising the general features of the Kyaukkyan Fault,

the first reconnaissance field campaign (2014, March - April) aimed at evaluating the logistics

of the field area, including reckoning road conditions and accessibility, military boundaries and

restrictions, lodging facilities, vegetation cover. The campaign was organised according to a

geographic itinerary covering first the northern area accessed through the National Highway 3

to China, from Mandalay to Muse, via Lashio, then in the southern area, through the National

Highway 4 to Thailand, from Meitkila to Tachileik, via Taunggyi (Fig. 2.6).

A shortcut via road 41 between Nawnghkio and Indaw was attempted; however the poor

condition of the pavement got us stuck in Myintnge Gorge, forcing the drive back. During this

first campaign particular attention was dedicated to identification of bedrock and evidence of

fault activity. Mesostructural measurements were made over most of the outcrops, and data

related to fractures, faults, folds and bedding were analysed in Stereo32 software in order to

identify consistent structural patterns. Samples of metasedimentary rocks were collected in

order to establish any relation between their deformation history and the neotectonic activity of

the Kyaukkyan Fault.

The second campaign (February 2015) was preceded by satellite image observation and

interpretation, and was aimed at identifying evidence of active faulting in Quaternary deposits

and landforms. This involved the search of geomorphic markers summarised in Fig.2.7 and

listed below:

a) Inherited metre- to kilometre-scale o�set and deflection of drainage along basin-bounding

faults (left-hand fault), and minor o�set of markers including man-made structures along

an active intra-basin fault (right-hand fault); the latter may not be recorded by large rivers;
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Figure 2.6: Representative map of the study area with GPS tracks and waypoints from the
2014-2015 field seasons.

b) Planar fault scarps and triangular facets, indicative of an active mountain front;

c) Superficial linear features within unconsolidated sediments. Such features may result

from ejection of fluids or fluidised sediments along a fault trace/surface rupture within

basinal lacustrine sediments;
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d) Water and wind gaps, resulted from local uplift;

e) Sharp fault contact between bedrock and alluvial fans, indicative of a syn-tectonic depos-

ition of the alluvial fan succession.
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Figure 2.7: Schematic representation of the geologic and geomorphic features observed along
the fault. a) Inherited o�set and deflection of geomorphic markers along a basin-bounding fault
(left) and younger o�set of markers including man-made structures along an active intra-basin
fault (right); b) planar fault scarp with triangular facets; c) sealed basin-bounding fault, cross-cut
by a hanging wall through-going linear fault. Recent activity indicated by sand ejection along
fault trace within basinal lacustrine sediments; d) wind gap developed in a deformed range-front
alluvial fan; e) partly buried fault contact between bedrock and syn-tectonic alluvial fan.

The identification of those geomorphic features in the study area posed the basis for a targeted

field campaign ultimately aimed at identifying and selecting suitable trenching sites. Most of

deformed Quaternary deposit consisted in alluvial fan successions: these were studied in detail

adopting a stratigraphic mapping with 5-10 cm detail, done by building a vertical grid with 1

m spacing laid over vertical outcrops. Stratigraphic logs representing the vertical succession of

the sedimentary units were drawn based on the field mapping, and the most significant sections

reported in chapter 3. Locally, detailed topographic surveys were conducted using a handheld

Garmin Oregon 550t GPS device, by mapping out a grid of points spaced 1.5 to 2 m apart and

measuring topographic elevation. Horizontal and vertical positional uncertainty using GPS this

way is typically ± 2-4 m, which is close to the topographic relief being surveyed. The data were

then plotted in Google Earth Pro to analyse their trend. The third field campaign (March 2016)

was centred on paleoseismic trenching, described in the following section.

2.3 Paleoseismic trenching
The aim of paleoseismic trenching is to integrate paleoseismology studies by digging a hole

across or parallel to a fault, which allows direct observation of the relations between geological
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units and faults as preserved in the geological record. Trenching on a strike-slip fault can be

challenging because such faults can cause long horizontal displacements that normally occur

on multiple strands of that given fault; as a consequence, a single strand might not necessarily

record all the paleoearthquakes occurred along that section of the fault (Keller and Pinter, 1996;

McCalpin, 2009). In this study, fault strands showing the most recent evidence of superficial

activity were targeted. The steps for the paleoseismic investigations adopted are described in

the following subsections.

2.3.1 Site mapping

Before the trenching campaign of March 2016 the best satellite images resolution was the

Google Earth imagery, which did not allow a detailed remote sensing mapping of the trenching

areas. For this reason, after identification of the trenching sites, a detailed field inspection was

conducted. Google Earth images were used as base maps, due to the unavailability of larger

scale topographic maps. The mapping included identification of features such as topographic

highs or depressions, variation of agriculture soil colour, variation in wild vegetation, presence

of water springs, swamps, shallow bedrock (Fig. 2.8a). In the northern area, an additional

field mapping at 1:500 scale aimed at defining the en échelon structures observed on satellite

image and on the field (see Chapter 3), and focused in particular on topographic variation and

vegetation distribution.

2.3.2 Excavation

The excavation of the trenches is preceded by obtaining authorisation to dig and search of

a backhoe hiring company. Initially, the request is presented to the chairman of the village:

Myanmar collaborators normally meet the chairman first, introducing and explaining the plan

for the activity, and only afterwards the visiting researchers can have a formal meeting with him.

Getting the approval strongly depends on the farming season: it is recommended to choose

trenching sites within uncultivated fields or fields already harvested. If the chairman approves

the trenching activity, he will inform the land owner, although the latter does not have relevant

decisional power on it. Nonetheless, Myanmar inhabitants are normally very keen to collaborate

for science purposes. The chairman may also agree on a compensation to be given to the land

owner for the disruption. Meanwhile, the search of a company to hire a backhoe depends on

the urbanisation level of the trenching area and on the chance of finding a construction site

using diggers in proximity to the trenching site. The search of a backhoe was relatively straight
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forward in the southern site located nearby Taunggyi, capital of the Shan State division. On the

contrary, in the northern area the search was more complicated. In the first place, if few diggers

companies are present they may be busy, and the impossibility of a proper pre-reservation

reduces the chances of finding machinery immediately available, inducing delays for the start

of the works. Furthermore, the northern site is located at Kyaukkyan village, more than an

hour-driving from Pyin Oo Lwin, an actively growing city hence the closest having diggers’

hiring companies. As a consequence, most hiring companies refused to have their machineries

transported over long distances because it meant having the digger unavailable for the entire day;

those who agreed asked for additional fees to cover daily truck-transport of the backhoe to the

site, making the hiring una�ordable. Fortunately, informal contacts of the field collaborators

made the hiring possible within few days.

When excavation is approved, a traced layout defining the trench perimeter is placed on the

site using a string or wire that the digger driver can follow (Fig. 2.8b). The excavation depth is

set at the beginning of the digging, but can vary according to the horizons encountered and to

expose deeper structures.

Dip-slip faults can be fully investigated with trenches perpendicular to the fault strike.

Strike-slip faults normally require perpendicular trenches to determine the chronology of the

identified events and to define the width of the fault zone, and fault-parallel trenches to determine

the slip amount by measuring the o�set of piercing points, linear structures perpendicular to

the fault trace, such as stream channels (McCalpin, 2009). Although studying a strike-slip

fault, fault-perpendicular trenches were chosen in this investigation for the following reasons:

the strands identified displayed a predominant dip-slip component; geomorphic observation did

not suggest the presence of channels crossing the fault trace, acting as piercing points; in order

to measure a lateral o�set at least two fault-parallel trenches are necessary, this causing the

cost of the campaign to exceed the available funding. Practically, this trenching campaign was

conducted as a reconnaissance activity, and the substantial time, money and manpower required

for a multi-trench approach was not available, nor was such an approach appropriate.
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Figure 2.8: Example of two pilot trenches west of trench T1. a) En échelon features identified
on the field an plotted on the Google Earth basemap, with location of pilot trenches A and B.
b) View to the NW of the pilot trenching site: the backhoe will dig along the perimeter layout
of pilot trench B, defined using a wire; pilot trench A has been excavated across the northern
end of a lineament, represented by white dashed lines.

2.3.3 Cleaning and logging of the walls

After digging, if the water table is shallow it may be necessary to dewater the trench, as

it occurred in trench T2. The preferable approach is to dig deeper pits around the trench and

actively pump out the water (McCalpin, 2009); however this method is more invasive for the

land and more expensive due to the additional excavation required. A simpler method is to

actively pumping the water directly from the trench, although the bottom of the trench will

always remain partly flooded. An easier solution adapted in this study consisted in slightly

extending the length of the trench and digging deeper in its downslope termination, where no

logging was required: the deeper part was then the one partially flooded, leaving the area of
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interest drier.

Once the stability of the trench walls is assessed, stirrup hoes (or wedding hoes in case of

hard sediment) are used to scrape the material smeared on the walls by the digger. The aim of

cleaning is to expose mappable contacts on a preferably vertical surface, and for this reason the

final detailed cleaning is performed with a Nishiri gama hoe, a special Japanese scraper used

by most paleoseismologists. Particular care is required while scraping clay sediments, as these

can be easily smeared over the wall even using a sharp scraper. Throughout these operations

the trench is continuously emptied of scraped material accumulated at the bottom.

A reference grid is then constructed using nails and coloured strings. The nails are typically

spaced 1 m apart, or 0.5 m apart in case more detail is required, and disposed first horizontally,

using a bubble level or a plastic tube filled with water, then vertically using a plumb line.

Consecutive metres are numbered with adhesive tape. When the wall is uneven, as for trench

T2, it is still preferred not to have an irregular or oblique grid in order to avoid projection errors

that would require a rectification of the trench log. Longer nails are used to hold the grid some

centimetres away from the trench wall and allow it to be vertical along the plumb line.

Logging is made by drawing the mapped contacts on a millimetric graph pad, where the

main reference grid is initially reported. At least two people are involved in the logging process:

a person inside the trench, able to see details of the exposed units, tape-measuring the position

of the contacts within the reference grid, and a person outside of the trench, with a wider view

of the contacts, drawing the log. Measurements are done by sighting the contact in relation to

the grid system; if the distance between grid and wall is reasonably small, parallax problems

are negligible. To accentuate the contacts between units with low colour contrast on the trench

wall, or to locate faults that are not particularly visible, nails with attached coloured flags can be

placed along the contacts. Units are then labelled and a lithologic description is given, followed

by identification of fault traces.

2.3.4 Photomosaic

The photographic record of the trench wall is an important supplement to the field notes

and provides good evidence for the field observations and for further interpretation of the trench

stratigraphy together with the trench log. Additionally, digital processing of the pictures can

enhance colour details that are not immediately visible with naked eye (Frost et al., 1991).

The photomosaic is created by taking pictures partially overlapping with the adjacent ones,
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making sure that the camera is placed perpendicularly to the wall to avoid parallax errors and

distortion. Meters’ numbers must be included to facilitate the mosaic processing. For this study

1x1 m or 0.5x0.5 m photographs were processed with Agisoft PhotoScan Professional, creating

a orthorectified photomosaic that is an accurate and objective representation of the trench walls.

2.3.5 Sampling

Sampling was conducted to provide material at strategic locations for chrono- stratigraphic

absolute dating (Fig. 2.9).

Figure 2.9: Reflected light microphotographs of charcoal samples from trench T1. a) sample
KT201-C04; b) sample KT201-C15; c) sample KT201-C24.

Samples are marked by attaching in the proximity a flagged nail: this would facilitate

reporting the position of the sample on the log and, by taking a picture of the flags, the

identification of the location on the photomosaic. Sampling of calcrete, clay, shells and bricks

was conducted by placing the material in a zip-lock plastic bag and labelled with an alpha-

numeric code including information about the trench of provenance and the type of material.

Special care was dedicated to the charcoals collected for radiocarbon dating: to avoid contact

of organic material with the grain, every charcoal was collected by cutting with a knife a cube

of sediment surrounding it; the sample was then wrapped in aluminium kitchen foil previously

divided in squares using disposable latex gloves, and placed in a sealable bag. Selection of

samples for dating was conducted in a laboratory, where every surface had been cleaned and

covered in kitchen foil that was substituted for every di�erent sample.
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2.4 Radiocarbon dating
Radiocarbon dating is one of the most widely used radiometric techniques since the first

publication of radiocarbon measurements in 1949 by Willard Libby and his research group

(Libby et al., 1949; Burbank and Anderson, 2001; Walker, 2005). The method described below

refers to the ‘Radiocarbon dating’ section of the Encyclopedia of Quaternary Science (Scott

and Cary, 2013) and to the volume Radiocarbon and climate change, chapters 3, 6, 8, 9 (Schuur

et al., 2016).

The method employs the radioactive carbon 14. 14C is abundant in the atmosphere where it

mixes with the stable isotopes of carbon (13C and �12C) to form CO2; CO2 is then assimilated

by plants through photosynthesis and by animals by ingestion of plants, becoming part of the

carbon cycle. Marine organisms assimilate the 14C that is absorbed in the water as dissolved

carbonate. 14C in organisms is replenished from the atmosphere as long as the organism is not

isolated from its source; once the exchange of C with the environment is interrupted (i.e. the

organism dies), the 14C starts to decay. The age of the death of an organism can be inferred

by measuring the remaining 14C in the fossil and comparing it with the modern 14C using the

radiocarbon decay curve.

Two main approaches are used to determine the radiocarbon age: beta counting, involving

measuring �-particles emitted during decay of 14C atoms, where the rate of emissions reflects

the residual level of 14C activity in the sample; and accelerator mass spectrometry (AMS),

employed to count the number of 14C atoms relative to one of the stable isotopes in a sample.

The charcoals for this study were dated using the AMS technique, which is commonly chosen

over radiometric dating for its higher sensitivity and capability of dating small sample sizes of

1 mg of carbon or less. The technique, age calculation and calibration will be described in the

following sections.

2.4.1 AMS and Radiocarbon Age

Unlike conventional mass spectrometers, accelerators allow to reach high speeds that enable

to distinguish isotopes and molecules with similar weight. In the AMS dating the carbon is

measured according to its isotopic weight by determining the ratio of 14C relative to the stable

isotopes; this ratio is then compared with that of a standard of known 14C content.

The Pee Dee Belemnite (belemnite limestone from the Cretaceous Pee Dee Formation in

California) was chosen for its particularly high isotopic signature as reference with a �13C value
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(13C/12C ratio) of zero; in this way most of natural materials would give a negative �13C. The

1950 AD wood chosen as related standard material by NIST (National Institute of Standards

and Technology) has a �13C figure of -25‰ (Mann et al., 1983; Olsson, 1986) based on

the measured activity of oxalic acid (C2H2O4). In order to allow comparison of published

radiocarbon results, the radiocarbon age is calibrated to the standard year 1950, which is used

as conventional year 0 BP (before present). However, since AD 1890 is the last time when

the 14C record was not significantly perturbed by anthropogenic influences, i.e. the ‘fossil

fuel e�ect’, the activity of the oxalic acid is measured on the age-corrected activity of the

tree rings growing during AD 1890 and in equilibrium with the AD 1890 atmosphere, and

calibrated for year 1950. The radiocarbon measurement is compared to the standard material

(1950 AD wood) and normalised to the same �13C of -25 ‰ in order to eliminate any e�ect

of isotopic fractionation in both sample and measurement; the resulting value is reported as

Fraction Modern Carbon and Percent Modern Carbon.

2.4.2 Calibration

The radiocarbon age obtained from measurements di�ers from the calendar age due to the

conventional use of Libby’s decay constant in the calculations and to the variation of atmospheric
14C activity over time (e.g. de Vries, 1958; Reimer et al., 2013). The Libby radiocarbon half-

and mean life and related decay constant were used to calculate the first ‘Chicago list of dates’,

a list of 14C age determinations published in 1951 (Arnold and Libby, 1951). Although more

recent and more accurate values of the 14C half-life have been proposed (Godwin, 1962; Stuiver

and Polach, 1977), Libby’s constant has been conventionally used since then to calculate 14C

age values in order to keep results comparable. A calibration curve taking into account the

di�erence in half-lives is used to calculate the correct radiocarbon age.

The first calibration curves for long-term variation of atmospheric 14C activity were based

on dendrochronological records, compiled with data obtained by the counting of tree rings

sequences, with known age di�erences, of woods of a same area. Recent curves improved the

old ones with new data gathered from tree rings, corals, varves, U-Th dated speleothemes, and

are periodically updated (e.g. IntCal98, IntCal09, IntCal13; Stuiver et al., 1998; Reimer et al.,

2009, 2013; two separate curves are used for the northern and southern hemispheres. In this

study the calibration was performed using the most recent INTCal13 calibration curve (Reimer

et al., 2013) in the calibration software BetaCal3.21.
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Radiocarbon measurements have a defined error estimate that causes a single measurement

to have a range of calendar ages. The calendar age is conventionally reported with a range of

± one standard deviation (1�) of the measured 14C age. Previously, a simple graphic intercept

method was used to calculate the calibration, but this method did not include the full range of

the uncertainty on the radiocarbon age, nor provided information about the relative probability

of multiple calibrated age ranges. The currently used probability density function is a better

tool to extrapolate the shape of the distribution (Fig.2.10a).

Calibration programs such as OxCal employ a Bayesian statistical framework, which is

based on the incorporation of prior information in the calibration process. This information

includes prior knowledge and assumptions (e.g. age-depth relationships). Two probability

calibrated age distributions will be calculated, one constrained by the prior information and

one unconstrained: the level of compatibility between the two outputs will give proportional

credibility to the result. For the samples of this study the calibration program BetaCal 3.21 was

employed with the High Probability Density range method (HPD, Ramsey, 2009).

2.4.3 Sources of error

The interpretation of calibrated radiocarbon ages has to take into account that, despite the

accuracy of the calculations, measurements can be a�ected by issues related to contamination

and methods used. Known errors are intrinsic to the processing related to age calculation. The

calibration from radiocarbon to calendar ages is a�ected by changes of slope in the calibration

curve. Between 1650 and 1950 AD a plateau reflects a period in which 14C in the atmosphere

declined at approximately the same rate as the rate of 14C decay (Fig.2.10b). The presence of

these plateaux in correspondence to certain times in history causes problems with the distinction

of calendar ages within that range.

Instrumental errors normally associated with the laboratory equipment are reduced in the

AMS technique: measuring the C ratio rather than measuring single molecules allows to assume

that both sample and standard materials will go through the same systematic alteration, as long

as the ratio of the sample to the standard is accurately measured. Additionally, when exact

ages are sought, the inbuilt age of the wood prior to combustion (growing time) needs to be

considered. Unknown age errors cannot be precisely estimated; they depend on two main

assumptions that constitute the base of the radiocarbon dating:

• that the initial 14C content of the sample is known and that its value equals that of the
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Figure 2.10: (a) Example of calibration for the youngest sample from trench T1 having radiocar-
bon age 1270 ± 30 BP, adapted from Scott and Cary (2013), Figure 3, p. 347. The intercept
method is reported as horizontal lines intersecting the calibration curve and corresponding to ±
1 and 2� errors, with calibration age ranges shaded respectively in light grey and darker grey.
The probability distribution refers to the High Probability Density Range Method used for the
samples of this study; the base plot represents the output of BetaCal 3.21 software. (b) The
special problem of 14C calibration for the calendar time period 1650-1950. From Schuur et al.
(2016), previously adapted from OxCal v4.1.7, Reimer et al. (2009) and Ramsey et al. (2010).

pre-industrial atmosphere (Pee Dee Belemnite normalised to 1890 AD);

• that the system has been closed after death of the organism. Re-opening of the C system

is the most common source of unknown error, and it is known as in situ or environmental

contamination.

Environmental contamination can originate from roots penetration or of younger humic

acids, or through the incorporation of older carbon from local carbonate bedrock. The intro-

duction of older carbon residues from the local carbonatic bedrock may result in much older

ages (i.e. 1% old carbon can increase the age of a modern sample by ⇠80 years; e.g. Walker,

2005; Scott and Cary, 2013); on the other hand, as most organic materials are buried in sediment

and soil, it is more likely for a sample to be contaminated with more recent C. In situ addition of

C can be eliminated during the pre-treatment of the AMS technique as long as the interaction of

extraneous C with the sample is limited to the surface of the grain (e.g. Scott and Cary, 2013;

Schuur et al., 2016), meaning that we cannot completely eliminate the error given by burial

contamination in case of bulk sediment dating.

2.4.4 Sample pre-treatment

Accurate sampling and adequate pre-treatment are crucial steps of the 14C measurement

process and are critical for the data interpretation. All charcoals pre-treatment was conducted

at the BETA Analytic Inc., Miami, Florida. Physical pre-treatment involves the removal of

plant rootlets using tweezers, cleaning by scraping o� the surface with a scalpel, and reduction
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of sample size. The following chemical pre-treatment aims at removing adsorbed mobile

contaminant compounds that may have entered the C system.

The charcoals for this study underwent the acid-base-acid treatment (ABA; Olsson, 1986)

that involves: (1) washing the charcoal with hot hydrochloric acid (HCl) to eliminate geologic

carbonates accumulated from dust or soil; (2) an alkaline wash like sodium hydroxide (NaOH)

to remove the remaining organic/humic substances; (3) a final acid rinse (HCl) followed by

distilled water to remove the atmospheric C that may have been absorbed during the alkaline

wash, and to neutralize the pH of the sample prior to sample drying. Once the desired C is

treated and isolated, it is combusted at high temperatures (>900 �C) and converted to carbon

dioxide (CO2), which is then purified from other gases through chemical traps. The sample is

then converted to graphite, the final material used in the AMS.
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Evidence of Quaternary and recent activity along

the Kyaukkyan Fault, Myanmar
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the Kyaukkyan Fault, and illustrates the evolution of Inle Basin toward a mature basin with

cross-basin Kyaukkyan Fault. This study also constitutes the preliminary assessment for

selection of paleoseismic trenching sites.

Author contribution. S. Crosetto wrote the manuscript, conducted the field campaigns and

interpreted field and remote sensing data. I.M. Watkinson, Soe Min and Nwai Le Ngal

contributed to the field surveys; I.M. Watkinson, S. Gori and E. Falcucci contributed to the

data interpretation and made suggestions and comments on the manuscript.

Citation. Crosetto, S., Watkinson, I.M., Soe Min, Gori, S., Falcucci, E., Nwai Le Ngal (2018).

Evidence of Quaternary and recent activity along the Kyaukkyan Fault, Myanmar. Journal of

Asian Earth Sciences, 156:207-225.

33



Contents lists available at ScienceDirect

Journal of Asian Earth Sciences

journal homepage: www.elsevier.com/locate/jseaes

Full length article

Evidence of Quaternary and recent activity along the Kyaukkyan Fault,
Myanmar

Silvia Crosettoa,⁎, Ian M. Watkinsona, Soe Minb, Stefano Goric, Emanuela Falcuccic, Nwai Le Ngald
a Department of Earth Sciences, Royal Holloway University of London, Egham, Surrey TW20 0EX, United Kingdom
bDepartment of Geology, Taungoo University, Bago Division, Myanmar
c Istituto Nazionale di Geofisica e Vulcanologia, Italy
d Department of Geology, Yangon University, Yangon, Myanmar

A R T I C L E I N F O

Keywords:
Kyaukkyan Fault
Strike-slip
Stream offset
Tectonic geomorphology
Quaternary
Active tectonics

A B S T R A C T

Cenozoic right-lateral shear between the eastern Indian margin and Eurasia is expressed by numerous N-S
trending fault systems inboard of the Sunda trench, including the Sagaing Fault. The most easterly of these fault
systems is the prominent ∼500 km long Kyaukkyan Fault, on the Shan Plateau. Myanmar’s largest recorded
earthquake, Mw 7.7 on 23rd May 1912, focused near Maymyo, has been attributed to the Kyaukkyan Fault, but
the area has experienced little significant seismicity since then. Despite its demonstrated seismic potential and
remarkable topographic expression, questions remain about the Kyaukkyan Fault’s neotectonic history.

In this study we document robust geologic evidence of fault activity along the Kyaukkyan Fault. Field in-
vestigation and interpretation of satellite imagery reveal deformation features developed along a fault system
mostly indicative of Quaternary dextral strike-slip faulting. Clearly defined tectonic geomorphology, including
fault scarps and linear valleys, are used to trace the northernmost and southernmost part of the fault. The fault’s
central section is characterised by a complex pull-apart system, whose normal border faults show signals of
relatively slow recent activity.

Dextral transtensional activity along the Kyaukkyan Fault is recorded by geomorphic features such as sag
ponds, shutter ridges, offset and beheaded streams, triangular facets and low-sinuosity mountain fronts. The
Quaternary age of activity is demonstrated by short-lived geomorphic features such as wind-gaps, offset and
deformed alluvial fans, and even offset of man-made structures. In the Inle basin, alluvial fan successions along
the easternmost mountain front reveal a vertical transition from faulted and folded alluvial fan sequences ad-
jacent to pre-Cenozoic flanking ranges, to overlying gravels that appear less deformed. Conversely, a locally
buried cross-basin fault system has fresh geomorphic expression even within the uppermost parts of the lacus-
trine/fluvial basin fill. This may indicate Quaternary migration of dominant fault deformation from sidewall
faults to a cross-basin fault system, which is indicative of a mature strike-slip fault system and has been observed
in other active strike-slip faults around the world and in analogue models.

1. Introduction

Strike-slip faults play an important role accommodating the north-
ward movement of India and internal deformation within the Eurasian
margins (e.g. Molnar and Tapponnier, 1975; Tapponnier et al., 1982; Le
Dain et al., 1984; Vigny et al., 2003; Morley, 2009, 2013; Mohadjer
et al., 2010). During the Cenozoic, the NE-directed movement of the
Indian plate has resulted in northward motion of coupled India-western
Myanmar relative to SE Asia (e.g. Curray et al., 1979), horizontal
shortening along the northern Indian margin (e.g. Corfield and Searle,
2000; Yin and Harrison, 2000), subduction below western Sundaland

(e.g. Hall et al., 2008) and lateral extrusion of blocks around the eastern
Himalayan syntaxis (e.g. Tapponnier et al., 1982). The Shan Plateau, an
elevated region of almost 1 km average elevation in eastern Myanmar,
western Laos and part of NW Thailand, lies about 1000 km south of the
eastern Himalayan syntaxis. It records evidence of both N-S and ENE-
WSW trending strike-slip fault systems (Lacassin et al., 1998; Morley,
2004; Wang et al., 2014b).

The northern Shan Plateau was struck by a large earthquake on 23rd
May 1912 (Coggin Brown, 1917). The Kyaukkyan Fault, a N-S-trending
∼500 km long strike-slip fault traversing the western Shan Plateau (e.g.
Soe Min, 2010) is generally considered the fault that ruptured to
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produce the earthquake because of the distribution of isoseismals
mapped soon after the earthquake and the fault’s prominent topo-
graphic expression (Coggin Brown, 1917; Chhibber and Ramamirtham,
1934). The Maymyo (a colonial name for the modern city of Pyin Oo
Lwin) earthquake, as it has become known, was initially estimated at
magnitude 8 (Gutenberg and Richter, 1996), and more recently revised
to Ms 7.7–7.6 (e.g. Abe and Noguchi, 1983; Pacheco and Sykes, 1992).
Wang et al. (2014b) re-evaluated the distribution of highest intensities
together with the size of the earthquake, concluding that the 1912
event likely ruptured about 160 km of the northern section of the
Kyaukkyan Fault.

Although there is modern strike-slip activity across the Shan
Plateau, recently including the Mw 6.8 Tarlay event in 2011 (Soe Thura
Tun et al., 2014), the Kyaukkyan Fault has been largely devoid of sig-
nificant seismicity since 1912. Against this background there is a lack of
detailed study into evidence of palaeoseismic activity from tectonic
landforms and related Quaternary deposits. This paper reports field
observations and interpretations of satellite images along the
Kyaukkyan Fault that reveal distinctive geomorphologic and structural
features, indicative of strongly transtensional deformation that oc-
curred during the Quaternary. In this paper, we describe evidence for
transtensional deformation from north to south with particular re-
ference to the 1912 Maymyo earthquake that affected the northern
segment (Fig. 1).

2. Geological setting

2.1. Tectonic framework

The Cenozoic tectonic evolution of Myanmar involves a complex
interplay between subduction, collision, extension and strike-slip
faulting, and is subject to continued debate (e.g. Lee and Lawver, 1995;
Bertrand and Rangin, 2003; Searle and Morley, 2011; Hall, 2012;
Morley, 2013; Ridd and Watkinson, 2013). From the Mesozoic to the
Early Cenozoic, NE movement of the Indian plate resulted in the sub-
duction of Indian oceanic crust beneath western Sundaland; con-
vergence became increasingly oblique as the Indian plate rotated
clockwise during the Cenozoic (e.g. Lee and Lawver, 1995; Curray,
2005). Subduction beneath Sundaland largely terminated in the Mio-
cene (Mitchell, 1993; Hall, 2002; Curray, 2005), when the Indian
continental crust became attached to the western part of Myanmar (e.g.
Curray, 2005), detaching it from stable Sibumasu (Morley, 2009). The
composite India-western Myanmar then moved progressively north
relative to Sundaland from the Oligocene, along the Sagaing Fault and
other structures (Bertrand and Rangin, 2003; Soe Thura Tun and
Watkinson, 2017).

Paleogene transpression resulted in the development of a broad
strike-slip fault network in Thailand and Myanmar, exemplified by the
Three Pagodas fault zone and the Mae Ping fault zone (Lacassin et al.,
1993, 1997; Morley et al., 2007; Morley, 2009). A series of fault systems
related to the Mae Ping Fault are developed near its western end as it
passes into Myanmar (Fig. 1).

During the latest Paleogene, northward motion of India-western
Myanmar resulted in a reversal of motion along the NW-SE trending
strike-slip faults (Lacassin et al., 1997) and potentially further west in
Myanmar (Bertrand et al., 1999; Bertrand and Rangin, 2003; Morley
et al., 2007; Soe Min, 2010; Wang et al., 2014b). Subsequently this
process resulted in the localisation of dextral strain along the Sagaing
Fault (Bertrand and Rangin, 2003; Soe Thura Tun and Watkinson,
2017). On the Shan Plateau in eastern Myanmar there is evidence that
E-W trending strike-slip fault systems changed from right-lateral to left-
lateral (e.g. Holt et al., 1991; Lacassin et al., 1998; Wang et al., 1998;
Shen et al., 2005; Socquet and Pubellier, 2005).

The modern convergence rate between India and Eurasia is about
41mm/yr (Vigny et al., 2003). The N-S trending, right-lateral Sagaing
Fault accommodates about half (18–20mm/yr) of this northward

motion (e.g. Vigny et al., 2003; Socquet et al., 2006). The residual
motion is considered to be accommodated mostly in the Indo-Myanmar
Ranges and the West Andaman fault system and potentially, to a lesser
extent, also within the Shan Plateau (Vigny et al., 2003; Sahu et al.,
2006; Fig. 1).

2.2. Geology of the Shan Plateau

The Shan Plateau is underlain by Precambrian metasediments and a
lower Paleozoic dominantly siliciclastic sequence overlain by Paleozoic
carbonates (Chhibber and Ramamirtham, 1934); above this succession
there are Permo – Triassic carbonates (Mitchell et al., 2012; Win Swe,
2012). Locally, marine clastics, carbonates and continental red beds are
found above the Permo – Triassic limestone. The western margin of the
plateau is marked by Upper Carboniferous to Lower Permian slates
(Mitchell et al., 2002, 2007). The Shan Plateau descends into the
Myanmar Central Basin in the west, and this transition is marked by
outcrops of the Mogok Metamorphic Belt (e.g. Searle and Haq, 1964;
Mitchell et al., 2007; Searle et al., 2007). Many of these units were
deformed during the Late Triassic Indosinian Orogeny, during events
related to the Late Cretaceous-Paleogene Andean-style margin of Sun-
daland, and during Neogene indentation and gravitational collapse
tectonics (e.g. Bertrand and Rangin, 2003; Searle et al., 2007; Sone and
Metcalfe, 2008; Morley, 2009), and thus contain a plethora of pre-ex-
isting tectonic fabrics.

Cenozoic and Quaternary sedimentary rocks of the Shan Plateau
have not been thoroughly described in English-language literature.
Quaternary sediments comprise lacustrine, fluvial and alluvial fan de-
posits, and recent alluvial deposits (e.g. Win Swe, 2012).

2.3. Previous studies of the Kyaukkyan Fault

Although recognised early in the 20th Century (La Touche, 1913;
Chhibber and Ramamirtham, 1934), the Kyaukkyan Fault remains
poorly known. It was alluded to as part of a system of ‘nested duplexes’
by Morley (2004) and was more fully described by Min (2010) and Min
et al (2017). Recent studies (e.g. Wang et al., 2014b) considered the
seismic potential and finite displacement along the fault. Two major
rivers, the Myintnge and Thanlwin rivers (Fig. 1a), are offset as they
cross the Kyaukkyan Fault. The hairpin loop geometry of the Myintnge
River south of the Nawnghkio Plateau is considered to record
5.3 ± 0.8 km right-lateral offset (Soe Min et al., 2017). Restoration of
this offset leaves about 10 km of left-lateral deflection, interpreted by
Wang et al. (2014b) as recording an earlier sinistral phase of the
Kyaukkyan Fault, though there are significant kinematic difficulties
associated with this interpretation (Soe Min et al., 2017). South of Inle
lake at Hpansang, the Thanlwin River is reported to be offset dextrally
by 6.4 ± 1.0 km (Soe Min et al., 2017), although in this section the
river is not well constrained by the topography, and the total dextral
offset along the Kyaukkyan Fault remains uncertain.

3. Data and methods

This study is based on field and remote sensing observations, com-
bined to identify geomorphic features that can record Quaternary and
recent activity along the Kyaukkyan Fault. These data are used to de-
termine if the fault is active and capable of generating ground-breaking
ruptures (Machette, 2000; Galadini et al., 2012) associated with large
historical earthquakes like the 1912 Maymyo earthquake.

Shuttle Radar Topography Mission (SRTM) digital topographic data
with 90m and 30m spatial resolution and ASTER Global Digital
Elevation Model (GDEM) with 30m spatial resolution were analysed
using ArcGIS software. High-resolution visible spectrum satellite ima-
gery compilations freely available via Google Earth (including 2.5 m
SPOT and 1m DigitalGlobe data) and the ESRI World Imagery compi-
lation were used for detailed geomorphic analysis (source: ESRI,
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DigitalGlobe, GeoEye, i-cubed, Earthstar Geographics, CNES/Airbus DS,
USDA, USGS, AEX, Getmapping, Aerogrid, IGN, IGP, swisstopo, and the
GIS User Community). The ESRI World Imagery highest resolution data
has limited coverage in some parts of the study area.

For this analysis we considered conventional geomorphic features
which are discussed in the text and summarised in Fig. 2a–e. These are:

(a) Inherited metre- to kilometre-scale offset and deflection of drainage
along basin-bounding faults (fault A in Fig. 2a), and minor offset of
markers including man-made structures along active intrabasinal
faults (fault B in Fig. 2a) that are not crossed by major river systems.

(b) Planar fault scarps with triangular facets, indicative of an active
mountain front.

(c) Lineaments within unconsolidated sediments. Such features may
result from ejection of fluids or fluidised sediments along a fault
trace/surface rupture within basinal lacustrine sediments.

(d) Water and wind gaps, resulting from local uplift.
(e) Sharp fault contact between bedrock and alluvial fans, indicative of

a syn-tectonic deposition of the alluvial fan succession.

4. Evidence of recent and Quaternary activity along the
Kyaukkyan Fault

Results from remote sensing and field observations are described
below, arranged geographically from north to south along the
Kyaukkyan Fault.

4.1. Kyaukkyan area

4.1.1. Kyaukkyan village railway bend
The northern 110 km-long, linear segment of the Kyaukkyan Fault,

between Kyaukkyan village and 20 km north of Yaksawk, is made of
continuous fault segments each up to 30–35 km long, partly expressed
as the steep west-facing topographic scarp of Nawnghkio Plateau.

At Kyaukkyan village a N-S trending limestone ridge marks the

position of the long-lived geologic trace of the Kyaukkyan Fault. A small
scarp marks the transition from the bedrock to the alluvial plain, oc-
cupied by cultivated fields. East of the limestone scarp, the Mandalay-
Lashio railway runs along a man-made embankment standing ∼2m
higher than the surrounding topography.

Coggin Brown (1917) reported damage caused by the May 1912
earthquake near Pyin Oo Lwin. He stated:

“The line was only damaged to the east of Maymyo on the plateau
itself, where it crosses the great Kyaukkyan Fault. [… ] The railway
lines were bent into a smooth curve close to the actual line of the
fault, while cuttings and earth banks in the vicinity had slipped and
blocked the line”.

At this site we observed that the 19th century railway smoothly
bends to the right with a maximum deflection of 2.0 ± 0.2m (Fig. 3).
The bend starts at the bedrock scarp and deviation from the straight
railway line continues eastward for ∼100m. The bedrock, char-
acterised by Paleozoic grey limestone, shows intense fracturing and
faulting in all outcrops observed along the ridge. Deflection of other
man-made features such as the railway embankment and other earth-
works in the proximity of the bend cannot be demonstrated. In a field
north of the railway line there is a weak N-S trending topographic relief.
One kilometre north of the bend, elongate subsiding areas of circa
100m2 are N-S aligned. Similar structures are observed along a sub-
parallel N-S trend, 0.5 km further east.

Although the railway bend has commonly been attributed to the
May 1912 earthquake and considered to support recent activity along
the Kyaukkyan Fault (Coggin Brown, 1917; Wang et al., 2009, 2014b;
Soe Min, 2010), it is unclear whether the railway curvature is man-
made (i.e. pre-dates the earthquake) or is tectonically-induced.

4.1.2. Gelaung valley
South of Kyaukkyan village, the west facing scarp of Nawnghkio

Plateau is characterised by systematic river offsets along fault linea-
ments at the scarp’s base in the Gelaung Valley (Fig. 4a). Most reliable

ba

d

c

railway

river

stream

basement

alluvial fan
sequence

lake sediments

e

A
B

Fig. 2. Schematic representation of the observed geologic and geomorphic features associated with Quaternary to recent activity along the Kyaukkyan Fault. (a) Inherited offset and
deflection of geomorphic markers along a basin-bounding fault (A) and younger offset of markers including man-made structures and rivers along an active intra-basin fault (B); (b) planar
fault scarp with triangular facets; (c) sealed basin-bounding fault, superseded by an upward splay in the hanging wall. Recent activity is indicated by sand ejection along the fault trace
within basinal lacustrine sediments; (d) wind gap developed in a deformed range-front alluvial fan; (e) partly buried fault contact between bedrock and syn-tectonic alluvial fan.
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offsets are associated with a shutter ridge between latitude N22°7′ to
N22°5′ (Fig. 4b), where the cumulative offset is given by subsequent
captures of upstream channels flowing from the plateau by a down-
stream channel moving to the north over successive stages.

Where there are no shutter ridges, it is more difficult to quantify the
offsets with confidence: when the offset is smaller than the stream
spacing, the deviation of the stream corresponds to the finite slip;
however, if the offset is bigger than the spacing, the upstream section of
a channel can be captured when the downstream section of another
channel becomes aligned with it.

To quantify the strike-slip displacement along this section of the
fault, stream offset restoration was applied along the Nawnghkio
Plateau scarp, and is described in the following section.

Gelaung valley stream restoration
Stream offset restoration is a statistical technique used to determine

strike-slip offset from tectonically deflected streams (e.g. Wallace,
1968; Replumaz et al., 2001; Fu et al., 2005).

The preservation of a stream offset depends on processes that are
directly related to tectonic movements, but also subsequent processes
like sedimentation and erosion. This technique is limited by the fol-
lowing conditions:

– the original streams might not have been straight;
– erosion can straighten deflected streams;
– offset can be obliterated if the slip is bigger than the streams spa-
cing, as the truncated upstream will be captured by a beheaded
downstream moving on the opposite side of the fault.

We assumed that the streams were straight before deflection, and
left-lateral offsets were considered as apparent left-lateral offsets due to
capture.

In order to perform the restoration, a map of all significant streams
along the fault scarp was produced at 1:25,000 scale (Fig. 4b) using
ESRI World Imagery.

A quantitative offset restoration was performed by shifting the block
west of the Kyaukkyan Fault toward the south at scale increments of
25 m, and channels on either side of the fault were matched (Fig. 4c).
The chart in Fig. 4d shows a random distribution of all matching
streams for 0 to –1600m restoration, and lacks a clear best match peak.

A qualitative restoration of 28 selected deflected streams to a simple
straight watercourse shows a peak at 125m restoration, followed by a

wider best match distribution at 100m and 175m (Fig. 4e). These se-
lected streams were manually chosen to avoid those that appear to
record sequential capture events or have other anomalies that affect the
apparent displacement recorded.

4.2. Indaw area

The Kyaukkyan Fault trace marks the topographic break between
the western mountain front and Indaw basin west of the Zawgyi re-
servoir.

Parallel to the mountain front, Zawgyi River flows north approxi-
mately along the fault and then sharply bends westwards across the
fault (Fig. 5a). The thalweg of the river is moderately sinuous with some
meanders along much of this section, but flows straight and parallel to
the fault for 800m before crossing it with a turn to the west. A tilting of
the basin, possibly caused by the active fault strand in the west, might
have forced the river to shift toward the mountain front, where the
thalweg assumed a straight course. Rather than a tectonic offset, the
bend to the west appears as the preservation, west of the fault, of the
original watercourse after southward migration of the upstream section
lying east of the fault.

The northernmost river valley in Fig. 5b is deflected along a N-S
trending ridge that might represent the master strike-slip partition in
this section. The river-cut section through the ridge exposes Permo-
Triassic limestone cut by fault planes dipping 50°E, with a normal sense
of motion given by calcite slickenfibre steps. In the riverbed, coarse,
poorly sorted, apparently undeformed conglomerates unconformably
onlap the bedrock.

Between Zawgyi River and the mountain front there is evidence of a
deflected paleo-river (Fig. 5b). A linear feature is defined by a con-
tinuous, straight, sharp change in colour, parallel to the N150 trend of
the fault. The light-coloured sediment is light-grey (fluvial?) sand filling
an abandoned riverbed that runs southwards parallel to the mountain
slope, and then sharply turns east to join the Zawgyi River. Darker terra
rossa red sediment covers the surrounding higher topography. About
200m of right-lateral offset separates the northern end of the feature
from modern drainage, suggesting possible beheading of the down-
stream. Along the same mountain front there are abundant small
modern streams that are beheaded (Fig. 5c) or deflected by amounts
similar to those in the Gelaung valley, described above.

4.3. Inle Lake basin

4.3.1. Basin overview
Inle basin is part of a system of nested transtensional basins near the

western margin of the Shan Scarp (Morley, 2004) that are associated
with the Kyaukkyan Fault. Inle basin itself has the rhombic shape
characteristic of a pull-apart basin (e.g. Dooley and McClay, 1997),
defined by right-stepping strike-slip fault segments and associated
normal faults.

The basin is about 130 km N-S and 40 km E-W in size. Along the Inle
basin margins, there is considerable topographic relief focused along a
series of apparently normal faults dipping in towards the basin. These
generally have rounded, deeply incised morphologies inconsistent with
recent rapid tectonic activity.

The main basin-bounding faults are the Pindaya normal fault on the
west and the Taunggyi normal fault on the east (Figs. 1 and 6a). Be-
tween the bounding faults, a ridge parallel to the Pindaya Fault defines
two sub-basins characterised by different drainage networks. The
easternmost and bigger basin hosts Inle Lake.

The Inle Lake basin is about 100 km long in a N-S direction, and less
than 30 km wide (Fig. 6a). Unlike other lakes developed within pull-
apart settings/ basins of similar evolution and size (Timm et al., 2013;
Wang et al., 2013), Inle Lake, which occupies the deepest part of the
basin, is surprisingly shallow: Ngwe Sint and Catalan (2000) reported
4–6m depth while, more recently, Sidle et al. (2007) measured the

Fig. 3. The Mandalay-Lashio metre-gauge railway at Kyaukkyan village, showing
2.0 ± 0.2m apparent dextral offset of the tracks just east of an inactive bedrock fault
scarp. View to the west.
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maximum depth as less than 4m. The thickness of the sediments filling
the basin is unknown, as well as the sedimentation rate; estimations are
difficult due to the intense in-lake and near-lake agricultural practices.

The flat bottom of the Inle Lake basin shows some evidence of active
or recent deformation, characterised by intra-basin uplift features.
Pauktaw ridge emerges approximately 70m above the basin floor

Fig. 5. Kyaukkyan Fault trace (red dashed lines) at Zawgyi reservoir. White dotted lines represent rivers. (a) Overview of the Zawgyi reservoir area. Base map from ESRI World Imagery
compilation, which includes< 1m DigitalGlobe imagery. (b) Satellite image with detail of deflected rivers (white dotted lines) and trace of the paleoriver (white dashed lines) (Google
Earth 2014). Arrows indicate riverflow direction. (c) Offset and beheaded dry stream south of Zawgyi reservoir. Figure location shown in Fig. 1b.
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(Fig. 6a) ∼12 km west of Taunggyi. The calcareous sandstone exposed
on the hill shows gently folded bedding, with N-S-trending fold-axes
plunging to the south.

Similar uplifted structures are the Yebu and Sao-maw ridges, ob-
served in the southern lake formed by the Mobye dam (Fig. 6b). These
remarkably straight ridges are aligned and elongated along a N-S trend,

Fig. 6. Inle basin map showing topography, key Quaternary deposits and structural elements. (a) Inle Lake area. (b) Mobye dam area, south of Inle Lake. Map locations shown in Fig. 1c.
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giving a good constraint in the positioning of the fault in this otherwise
low-lying area. Hot springs along the lineament might also suggest the
presence of a steeply dipping conduit.

The position of the Kyaukkyan Fault is better constrained in the
south, on the Myanmar-Thailand border, where a hairpin loop of the
Thanlwin River records 2.3 ± 0.1 km of right-lateral offset along the
fault (Fig. 7a and b). The river is confined to a narrow canyon and
cannot avulse, making the estimate of river offset much more robust
than previously reported at Hpansang (Soe Min et al., 2017).

4.3.2. Taunggyi area
The prominent Taunggyi scarp is located on the eastern side of the

Inle Lake basin. The city of Taunggyi lies 400m above the lake base
level, on one of a series of structurally-controlled terraces delimited by
two major and several smaller west-dipping scarps (Fig. 6a).

The prominent westernmost scarp cuts the Paleozoic limestone,
which contains siltstone layers and shows wavy lamination. On fault
planes at the top of the Taunggyi plateau, horizontal calcite slickenfibre
steps in the Paleozoic limestone indicate pure strike-slip, and a right-

Fig. 7. (a) Modern watercourse of the Thanlwin river across the Kyaukkyan Fault at the Myanmar-Thailand border; and (b) restoration of 2.3 ± 0.2 km dextral offset along the main
strand of the Kyaukkyan Fault. Map locations shown in Fig. 1a.

Fig. 8. (a) Google Earth image of a linear pale trace, corresponding to the fault trace, in unconsolidated sediments close to the bedrock contact in the northern Inle basin. Note that north
is to the left; the eye indicates the view of (b); white arrows locate the fault trace. (b) Field photo, view to SW showing the subtle topographic scarp and linear pale trace within
unconsolidated sediments.
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lateral sense of motion. At the top of the scarp the limestone bedding
dips variably east, increasing from 30° to 45° moving downslope, while
toward the bottom of the scarp the limestones dip-angle is over 60° and
normal, interbedding dip-slip is evidenced by slickensides. Generally,
the bedrock is cut by open tension fractures dipping toward the west.

The westernmost Taunggyi scarp is characterised by poorly devel-
oped triangular facets, which are clearest along the southern part of
mountain front (see Fig. 2b).

While dip-slip displacement along the margins of the Inle basin is
clear from the topographic expression of the Taunggyi fault system,
there is evidence for pure strike-slip with subtle topographic expression
along a linear trend through the centre of the basin. Within the Inle
basin north of Taunggyi, the Heke and Htedaung ridges delimit a
drainage basin of about 50 km2 bounded to the east by the mountain
front (see Fig. 6a). Directly along strike to the north of the western
Taunggyi fault scarp, a series of N-S trending lineaments occur within
the basin fill.

Closest to the major basin-bounding scarp, a 1m high gentle scarp
delimits a flat area lying above the modern basin to the west. The scarp
puts into contact the terra rossa, inferred to be an alteration product
overlying shallow buried banded limestone, with the grey basin-filling
silt. The scarp seems to be the expression of a fault synthetic to the
basin-bounding fault in the shallow subsurface (see Fig. 2c).

Around 100m west of and sub-parallel to the terra rossa margin, an
anomalously sharp N-S trending contact 500m long between lighter
and darker basin filling silt can be observed in the field and in a 2012
Google Earth image (Fig. 8a and b). Linear vegetated patches lie along
the trend for about 4 km.

Both light and dark silts are organic-rich and contain abundant
gastropod shells. Silts with higher water content are darker than dryer
silts. Water springs were found along the trend of the lineament at the
margin of vegetated areas; the water pattern is not controlled by the
topography and surface drainage, as the lineament has no topographic
expression (see Fig. 2c).

4.3.3. Nampan area
South of Taunggyi, the Inle Lake basin has an average width of

6–10 km. In this narrow part, the western mountain front is deeply
incised, has a gentle slope, and wide alluvial fans extend toward the
lake over an area up to 50 km2. The eastern basin-bounding fault scarp
is steeper, has a sharp break of slope at its foot and alluvial fans extend
over a smaller area of maximum 3 km2 (see Fig. 6a).

The geometry of alluvial fans is normally controlled by climate and
tectonic activity, including changes in base-level and sediment supply,
depending on both climate and the nature of the bedrock (Nichols,
2009). It is unlikely that climate varies significantly between the wes-
tern and eastern ranges, and a change in the Inle Lake base-level would
affect the hydrographic network to the same extent on both sides of the
basin. The difference of shape and size of the alluvial fans observed
around Inle Lake is most probably controlled by a combination of dif-
ferent sediment supply and different tectonic activity occurring at the
front of each range. This conclusion is consistent with geomorphic
evidence of greater tectonic activity along the eastern mountain front.

East of Nampan village, a 13 km2 alluvial fan system is made of at
least two recognisable alluvial fans, currently highly vegetated and
cultivated, most likely formed by a single river as it exits the NE-SW
trending valley east of Nampan (Fig. 9a and b). The apex of the
southern fan is topographically higher than modern drainage exiting
the valley, and it has no clear distributary channels. For these reasons it
is considered to be older than the northern fan. The older alluvial fan
has a ENE-WSW long axis and paleo-flow direction.

The younger fan progrades significantly further into the basin than
the older fan, and it is entrenched into the older deposit, suggesting a
negative change in base-level (Bowman, 1978). This could be due to
variation of base-level of the shallow Inle Lake, but is more likely a
consequence of sustained uplift at the mountain front and/or uplift of

the southern Inle Lake area (Fig. 9; e.g. Pope and Wilkinson, 2005). The
younger fan is cut by a 1m high N-S striking scarp where it crosses the
mountain front, suggesting tectonic activity during fan evolution.

In terms of recent fault activity, the two hills observed south of
Nampan village, which pop-up in the southern part of the alluvial fan
system (Fig. 9b), are significant. The hills are 10m higher than the
surrounding topography, and cover an area of approximately 1.3 km2.
They are divided by a water-gap extending in an E-W direction for
700m. On the northern, smaller hill, a N-S-oriented road-cut exposes a
succession of medium to fine sand with an intermediate layer of gravels
composed of sub-rounded pebbles of sandstone and limestone, 2–15 cm
in size, with the biggest pebbles being 10–15 cm in diameter. Pebble
imbrication indicates paleoflow towards the WSW. The gravel layer is
60 cm thick and 30m wide. It has a lenticular shape, with a flat base
and convex top, and is interpreted as a stream flow deposit. Stream flow
deposits normally have a concave base and flat top (Reading, 2009), so
the convex top of this deposit suggests that it has been domed upwards
(see Fig. 2d).

The upstream (eastern) section of the water-gap is defined by a very
gentle counter-slope dipping toward the east. The lake-facing (western)
side of the southern hill has an average slope of 3.5%, except for a
steeper section which forms a rounded scarp; this scarp lies along the
same trend as the 1m scarp observed on the younger and northernmost
alluvial fan surface. The total length of the topographic scarp is over
4 km, bridging the entire valley between the basement uplifts to the
north and south.

The bisected ellipse shape of the two hills suggests that they might
have been a single landform gradually eroded by a stream flowing to
the west. Then the stream changed its course, leaving the modern water
gap (Fig. 9c).

Stream deflection could be the direct consequence of uplift along a
trend perpendicular to the alluvial fan axis, which is supported by the
stream flow deposits, currently on top of the northern hill that have a
domed geometry. When stream erosion does not keep pace with uplift
rate, a counter-slope forms and the stream is defeated, leaving a wind-
gap in the abandoned river course (e.g. Burbank et al., 1996; Delcaillau,
2001; Fig. 2e). The modern creek flowing through the gap is too small
to have eroded it, and its course is likely to have been forced or mod-
ified by human activity.

The formation of the hills at Nampan is here explained using the
lateral fold growth of folds theory by Burbank and Anderson (2001).
They consider folds connected to a subsurface blind thrust. As the fault
grows laterally, so does the fold that is its superficial expression: the
fold has, as a result, doubly plunging terminations. This interpretation
would explain the separation of the hills, the local uplift that may have
caused shifting of the fans schematically illustrated in Fig. 9c, and is
supported by the evidence of compression observed in Deposit F of
Nampan quarry, described below.

4.3.3.1. Nampan quarry type locality. Just north of Nampan, at the
mountain front, Nampan quarry (visited during 2014–2016) exposes
narrow slices of intensely fractured micaceous and sub-vertically
bedded quartzose sandstone (see Fig. 11a), interpreted to be related
to strike-slip fault activity at the mountain front. The bedrock
assemblage is overlain to the west by two sequences of alluvial fan
deposits separated by an unconformity. These deposits are sub-
horizontal and tend to flatten over the modern base level, suggesting
a Quaternary age.

At the time of field investigation, Nampan quarry was a good site to
observe tectonically influenced, irregular alluvial fan sequences (e.g.
Blair and McPherson, 1994; Harvey et al., 2005; Fig. 2e) thanks to fresh
exposures. Schematic serial stratigraphic logs of the alluvial fans are
presented in Fig. 10; sedimentary environments are described in the
following section, based on generic sedimentary environments defined
by Reading (2009) and Nichols (2009).

Alluvial fan depositional environments
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Deposit A
Within the Nampan alluvial fan exposures, the northernmost se-

quence, Deposit A (see Fig. 10) is a clastic body that extends from the
mountain front almost to the lake shore. In the apex, the clast-sup-
ported breccia corresponds to a talus facies deposited at the bottom of a
steep paleoslope interpreted as a newly-formed, fault-related scarp (see
Fig. 2e), undergoing erosion through weathering and gravity processes.
Downslope, tabular breccia with metre-scale blocks represents short
transport of a catastrophic flow down a high angle slope (Fig. 11b): this
is consistent with steep slope evolution in a humid, thinly vegetated
environment. The irregular contact between this deposit and the bed-
rock is an onlap unconformity above which sediments are undeformed,
suggesting that the alluvial fans were deposited on an irregular paleo-
topography during a period of tectonic quiescence along the mountain
front.

Within the distal part of Deposit A, poorly consolidated clastic se-
diments dipping 55°, much steeper than the maximum 45° angle of
repose considered for wet sand (Kleinhans et al., 2011), may result from
tectonic steepening, and are in contact with sub-horizontal sediments
below, inferred to be older (Fig. 12a and b).

Deposit B

As for the previous deposit, the older part of Deposit B lies un-
conformably above an existing faulted basement paleotopography.
Above the unconformity, the upper conglomerate shows cross-bedding
lamination typical of stream flow deposits. In the distal part, horizontal
stratification is due to flood deposition, where variable grain size re-
flects periodic flood cycles.

Deposit C
Deposit C has a different relationship with the faulted basement,

being juxtaposed against it by a sub-vertical contact which could be
related to Quaternary faulting (see Fig. 2e). The alluvial fan is char-
acterised by prevalent stream flow facies: this type of flow erodes and
reworks previous sediments and forms clast-supported conglomerates
and pebbly sandstones as channel-fill deposits. Deposit C clearly ex-
poses a prominent unconformity between the alluvial fan sequence
directly in contact with the basement and poorly consolidated chan-
nelised breccias and sheet sands above. An apparent discontinuity,
perhaps a fault, in the well bedded lower sequence is sealed by the
unconformity and the overlying conglomerates filling an eroded
channel (Fig. 12c, d).

Deposit D
The lower sequence of Deposit D is characterised by a gravelly sand

Fig. 9. (a) Google Earth image showing alluvial fans burying and being deformed by the basin bounding fault system on the east side of Inle basin at Nampan. (b) Interpretation
highlighting the relationship between: the alluvial fans; the uplifted hills SE of Nampan, directly along strike from the folded unit in Deposit F of Nampan quarry (‘X’ symbol) to the north
(quarry’s roads shown by dot-dashed lines); the paleo-river deflected as a consequence of the hills’ uplift and the resultant water gap; the topographic scarp developed on the fans (see also
Fig. 2d). (c) Schematic evolution of the alluvial fan system during five sequential time stages; uplift: ‘+’; subsidence: ‘−’. Map location shown in Fig. 6.
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unit overlain by a channelised conglomerate (Fig. 10). One of the
conglomerate channels is offset by a N-S trending fault and shows an
apparent vertical offset of 50 cm (Fig. 12e and f) that is not clearly
visible in the underlying gravelly sand. The absence of a consistent
vertical offset in the two units precludes interpretation of dip-slip
movement along the fault, suggesting instead strike-slip offset of the
channel-fill deposits. The geometry of the offset involves right-lateral
strike-slip for a north-plunging channel, and left-lateral strike-slip for a
south-plunging channel; however, due to the position of the channel on
the road cut, it was not possible to determine its dip direction. An ad-
ditional E-dipping, possibly reverse fault appears to offset the gravelly
sand by 20 cm.

The upper sequence is dominated by stream flow facies. Both upper
and lower sequences of the fan are in sharp contact with the bedrock in
the east. Gradual rotation of clasts from horizontal into parallelism with
the sub-vertical contact of the upper conglomerate is interpreted as
consequence of fault drag due to dip-slip movement along the surface
that separates the two lithologies (Fig. 12 g and h).

Based on the current topography, the stream responsible for the
deposition of the sequences that comprise Deposit D seems to be be-
headed: the current upstream drainage is almost non-existent, and the
transport capacity is not proportional to the size of Deposit D. At the up-
dip apex of the deposit, a N-S trending shutter ridge, which is slightly
oblique to the Kyaukkyan Fault at this location, deflects the stream
flowing along that valley by almost 500m to the left. Strike-slip faulting

might have caused the formation of the shutter ridge. The traces of dip-
slip motion recorded as steeply-dipping clasts close to the Quaternary
deposits-bedrock contact, and the elevation of Deposit D compared to
Deposit E (described below), are evidence that uplift occurred, possibly
related to the ridge formation.

Deposit E
This sequence shows features typical of sheet flood facies, with

imbricated pebbles floating in a fine-grained matrix (Fig. 11c), de-
posited during intense water flow following a rainy period. It is topo-
graphically lower than the northern one by several tens of metres, and
the fluvial erosion forming the valley cannot explain this difference,
which requires the occurrence of one or more tectonic events. Although
the relationship between this unit and the prominent unconformity is
not exposed, we interpret the unit to be part of the lower sequence
based on the lack of the characteristic coarse conglomeratic material.

Deposit F
Deposit F clearly exposes a prominent unconformity between two

sequences. The lower sequence is composed of 3 units: at the base, F1,
an ochre or reddish muddy siltstone; F2, a channel-fill conglomeratic
body above a minor unconformity that locally completely removes unit
F1 and places F2 directly on the bedrock; F3, a white-pink to red
gravelly siltstone with layered concretions, conformably above F2. The
layered concretions represent the intermittent deposition typical of arid
settings when some areas of the fan are starved of sediment for long
periods. In such conditions in situ alteration during pedogenesis or

Fig. 11. (a) Sub-vertical bedding in low grade metasedimentary basement below the alluvial fan successions exposed in Nampan quarry. (b) Catastrophic flow facies of Deposit A. (c)
Sheet flow facies of Deposit E. (d) Chaotic conglomeratic body laterally truncating the gravel layers in Deposit F. All photos show sub-vertical man-made road sections. Photo location and
relative stratigraphic positions are shown in logs of Fig. 10.
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weathering forms iron-oxide rich horizons. Unit F3 displays a strati-
graphic pinch-out in the distal part of the deposit.

Above the prominent unconformity the upper sequence is composed
of poorly consolidated channelised conglomerates.

This deposit shows features of a gravity-flow fan: stream flows
characterise unit F2 and, at a smaller scale, the sandy units; thick
overbank deposits are represented by the fine-grained units F1 and F3.

All three units of the lower sequence show evidence of syn- and
post-sedimentary deformation in the middle part of the fan (Fig. 12i and
j). A gentle fold has wavelength of 25m assuming the hinge line is

normal to the exposure, deforms the parallel-bedded unit F2 and ap-
pears to have grown synchronously with unit F3, as demonstrated by
the thinning of F3 layers over the fold apex. The unconformable contact
between the lower sequence (units F1–F3) and the upper conglomeratic
sequence is not visibly deformed. This provides a robust constraint on
the timing of deformation: synchronous with deposition of unit F3 and
prior to deposition of the upper unit.

Although a major fault that might explain the gentle folding of the
lower sequence is not exposed, the succession is faulted in the mid part
of the deposit. The intensely deformed micaceous bedrock is capped by

Fig. 12. Field photos and interpretation of deformed alluvial fan deposits of Nampan quarry site. All photos show sub-vertical man-made road sections. Interpretation drawings: red
dashed lines represents fault zones (b, c, h) or fault lines (f); Ch: channel; CS: stratified conglomerate; CM: massive conglomerate; SS: stratified sandstone; SM: massive sandstone; B:
bedrock. (a and b) Steeply-dipping sediments of Deposit A. (c and d) Fault in lower units sealed by upper deposits lying above prominent unconformity in Deposit C. (e and f) Gravel-filled
channel cut by fault and showing apparent vertical displacement in Deposit D. (g and h) Fault drag of clasts and weathered bedrock at the bedrock/alluvial fan interface in Deposit D. The
blue dashed line indicates the progressive rotation of the long axes of dragged clasts. (i and j) Gentle folding of syn-tectonic alluvial sediments and truncation by the prominent
unconformity in Deposit F; on the right shaded in grey, a body of chaotic conglomerate laterally truncates the gravel layers (see Fig. 11d). Photo locations shown in Fig. 10.
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a complete, intact weathering profile which, together with overlying
units F1 and F2, shows ≈70 cm of apparent vertical offset. The fault
plane is well defined but does not seem to continue into unit F3, where
only lowermost concretion layers are gently folded, suggesting that the
main movement causing offset took place during or after unit F3 de-
position started.

A conspicuous feature of the lower succession in Deposit F is the
presence of a chaotic conglomeratic body that interrupts the sedimen-
tary layering of unit F2 (Figs. 12i, j and 11d). The conglomerate is
composed of poorly sorted gravel to cobble sized clasts of quartzose
sandstone and micaceous slate clasts in a coarse sand matrix. Against
the irregular margin of this body lamination is abruptly truncated.
Above the body the contact with unit F3 and its lowermost concretion
beds are upwarped. Based on these features we interpret the con-
glomeratic body as the result of a shear zone.

Deposit G
Deposit G (Fig. 10) is composed of a sequence of chaotic breccias

above scoured bases, and fining upwards sequences. It was observed
relatively high up the mountain front, and the most easterly chaotic
unit is interpreted as a debris flow in the proximal part of an alluvial
fan, based on its scoured base and big blocks floating in a sandy matrix.
The more westerly, distal part is interpreted as a stream flow unit,
where gravels are well-sorted and imbricated, deposited on a channel-
shaped erosional surface. No deformation was observed in this deposit.

5. Discussion

5.1. Quaternary evolution of Kyaukkyan Fault activity

There is abundant evidence of Quaternary deformation along the
Kyaukkyan Fault.

In Kyaukkyan and Indaw areas, to the north, stream offsets and
deflections represent a tangible evidence of strike-slip faulting, together
with more recent superficial linear features observed north and south of
the railway bend in Kyaukkyan village.

In the Inle Lake basin extensive alluvial fan sequences were de-
posited along the mountain front, indicating major activity in
Quaternary to recent times. The alluvial fan sections at Nampan, near
the southern end of Inle Lake, are characterised by dominant chaotic
units with clear evidence of deformation that we interpret as the result

of activity along the mountain front faults. The fan deposits are char-
acterised by a lower deformed sequence separated by an erosional
surface, that we name the ‘prominent unconformity’, from the overlying
conglomeratic sequence that appears less deformed. Deformation of the
lower sequence is expressed by a sharp fault contact of proximal-fan
units with the bedrock, and faulting and folding of the mid- to distal-fan
units. The uplifted hills on the Nampan alluvial fan system, south of
Nampan, lie along the same N-S trend of the fold axis of these units, and
the timing of deformation may be correlated between these deposits.

Dragged pebbles along a vertical fault contact between sediments
and bedrock, in Deposit D, are the only evidence of deformation in the
upper conglomeratic unit of the fan sequences. This could be related to
reduction of recent fault activity at the basin margins.

Younger activity along the Kyaukkyan Fault is expressed not at the
transtensional basin’s margins, but by clear evidence of deformation
within the youngest, unconsolidated sediments of the basin centre (e.g.
Figs. 3b, c and 13), corroborated by the offset of the Pawritha city wall
north of Nyaungshwe (e.g. Soe Min et al., 2017). Preliminary paleo-
seismologic trenching results confirm that historic fault activity oc-
curred far from the prominent basin-bounding fault scarps (Crosetto
et al., unpublished results).

Fig. 13 illustrates our interpretation of the fault system in the Inle
Lake area. At Taunggyi the terraced topographic profile is an expression
of basin-bounding normal faults dipping toward the centre of the basin;
in the central part of the basin, N-S oriented ridges are interpreted as
pressure ridges aligned along a N-S trending fault strand. Although
locally transpressional, the cross-basin fault strand might be connected
to the long-lived basin-bounding normal faults, forming a complex fault
system. The through-going Kyaukkyan Fault itself, localised to the west
by intra-basin uplift features, may be part of the same broad fault
system (see inset of Fig. 13).

If we assume that these faults are upward splays of the same fault
system, we can then infer the existence of a unique seismogenic source
at depth that at different times has activated different fault segments at
the surface, explaining temporal change from deformation and neo-
tectonic activity along the basin-bounding faults towards more recent
cross-basin activity.

Alternatively, we can consider a progressive migration of fault ac-
tivity towards a simple cross-basin strike-slip zone and abandonment of
more complex sidewall normal fault systems, well documented from

Fig. 12. (continued)
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analogue models and known in literature as basin extinction (Zhang
et al., 1989; Wu et al., 2009). There are abundant natural examples of
the same process (Mann, 1997; Escalona et al., 2011; Watkinson and
Hall, 2017). If this evolutionary process has occurred, evidence of
younger surface ruptures within the modern fluvial/lacustrine deposits
of the Inle basin could be poorly preserved or rapidly lost due to surface
processes and human activity. Perhaps this explains why evidence of
historic events along the Kyaukkyan Fault, including the 1912 earth-
quake, remains so elusive.

5.2. The Kyaukkyan Fault and the 1912 Maymyo earthquake

Despite recent efforts to demonstrate a connection between the
Kyaukkyan Fault and the 1912 Maymyo earthquake (Soe Min, 2010;
Wang et al., 2014b), it remains unclear whether that event originated
on this fault or any other fault in Central Myanmar. However, in this
study we demonstrate conclusively that there has been Quaternary
activity, including discrete surface rupturing paleoearthquakes along
the fault. The continued lack of information about the fault’s past

seismic activity leaves an open question about whether the 1912
seismic event was unique or the last of a series of earthquakes with a
long recurrence time.

The railway bend near Kyaukkyan village is the only physical evi-
dence of potential surface deformation during the 1912 event (Coggin
Brown, 1917; Wang et al., 2014b; Soe Min et al., 2017). Our mea-
surements along the railway, built in the late 19th Century and still in
daily use, yielded a smooth deviation to the right of 2.0 ± 0.2 m,
which may be interpreted as coseismic displacement. However, the pre-
earthquake geometry of the railway is undocumented and the line may
have originally featured an engineered curve. In the vicinity of the
railway bend along the Kyaukkyan Fault scarp, decametric and poten-
tially coseismic topographic elements in agricultural fields such as
landforms representing uplift and subsidence lie along the same trend
(Crosetto et al., 2016). These rather poorly constrained lines of evi-
dence remain the only support for Kyaukkyan Fault rupture in 1912,
making it pertinent to consider other seismic scenarios.

The historic identification of the Kyaukkyan Fault as the causative
structure for the 1912 earthquake originated with Coggin Brown’s

Fig. 13. Serial cross-sections of the basin-bounding fault system at the eastern margin of Inle basin (topographic profiles derived from ASTER 30m GDEM, x2.5 vertical exaggeration).
Interpreted faults are linked to schematically represent the 3D fault system as it converges into a single strand in the south and possibly at depth. Inset shows the location of profiles and
map view, and highlights the relationship between the basin bounding fault system and the main cross-basin Kyaukkyan Fault strand further west. Map location of profiles is shown in
Fig. 6.
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survey of cultural damage in 1914, two years after the earthquake.
Intense damage observed close to Kyaukkyan village defined a narrow
zone along the Kyaukkyan Fault, resulting in mapped isoseismals with
maximum intensity XI of the Rossi-Forel scale along the fault. At the
time of the earthquake large tracts of Myanmar were sparsely popu-
lated, resulting in a general lack of damage data over the Shan Plateau.
It is possible that bias in contouring isoseismals along the (then) newly
discovered Kyaukkyan Fault gave a false intensity distribution pattern
that has influenced subsequent interpretations.

Perhaps the 1912 earthquake was relatively small in magnitude and
not surface-rupturing, but caused disproportionate damage for its in-
tensity. Such earthquakes are well documented in the historic record:
the Bam, 2003 earthquake of Mw 6.5, and the Spitak, 1988 earthquake,
of Ms 6.8, are two examples of moderate size events which caused de-
struction disproportionate to their size (e.g. Westaway, 1990; Hadjian,
1992), mainly caused by inappropriate construction design possibly due
to the absence of historical seismicity, leading to the collapse of more
than 50% of the buildings (Talebian et al., 2004).

Similarly, poorly designed construction, unusual ground conditions
or slope instability might have amplified the destruction in the
Kyaukkyan Fault area during the 1912 event, leading to an over-
estimation of its intensity.

5.2.1. 1912 Rupture of the central/southern segment?
Alternatively, the 1912 failure of a southern segment of the

Kyaukkyan Fault rather than the presumed northern segment could
explain the absence of surface ruptures in the north. The tectonic
geomorphology of the central and southern segments has been observed
to be fresher than the northern segment (Soe Min, 2006; Wang et al.,
2014b; Soe Min et al., 2017). After the 1912 earthquake, the only re-
ports of ground cracks (though likely gravity-related) were from the
Inle Lake area (Soe Min, 2006). An example of probably young de-
formation of undated unconsolidated sediments was observed north of
Taunggyi, as described in Section 4.3.2. This subtle lineament parallel
to the main topographic scarp may be the expression of surface rupture
during a historical earthquake along the central/southern Kyaukkyan
Fault, perhaps the 1912 event, despite a record of greater damage along
the northern segment.

5.2.2. A non-Kyaukkyan Fault explanation for the 1912 event?
There are other potential seismic sources for the 1912 earthquake.

Pyin Oo Lwin (Maymyo) lies on the western Shan Plateau and is sur-
rounded by active structures (e.g. Searle and Morley, 2011; Wang et al.,
2014a, 2014b). The Sagaing Fault, to the west, is moving at 18–20mm/
yr (Vigny et al., 2003; Socquet et al., 2006), and has generated nu-
merous destructive earthquakes recently and during the last century
that may also have affected Maymyo (e.g. Hurukawa and Maung
Maung, 2011). Indeed, in his report of the 1912 earthquake damage,
Coggin Brown (1917) stated that “From a perusal of the detailed accounts
of the damage in Mandalay [40 km west of Maymyo/Pyin Oo Lwin and
straddling the Sagaing Fault], it might be thought that the shock reached a
higher intensity there than in Maymyo”. Although his conclusion was that
the Kyaukkyan Fault was more likely to be the source, the possibility of
a previously unrecognised Sagaing Fault source cannot be eliminated.

Elsewhere, active E-W trending faults are widespread across the
Shan Plateau near Pyin Oo Lwin, e.g. the Momeik Fault, Mae Chan Fault
and Nam Ma Fault. Recent earthquakes on the Shan Plateau in eastern
Myanmar include the M 6.8 Tarlay earthquake in 2011 on the Nam Ma
Fault (e.g. Soe Thura Tun et al., 2014; Wang et al., 2014a). GPS surveys
are of poor spatial resolution and have been unable to clearly demon-
strate whether residual India-Asia strain not taken up along the Sagaing
Fault can be traced as far east as the Kyaukkyan Fault (e.g. Socquet
et al., 2006).

Shan Plateau faults and deformation within the Myanmar Central
Basin, conventionally attributed to northward motion of India, may also
be influenced by or entirely driven by crustal flow around the eastern

Himalayan syntaxis caused by gravitational collapse of the Tibetan
Plateau (Rangin et al., 2013). It is clear that there are sufficient active
structures and driving mechanisms in the region of Maymyo/Pyin Oo
Lwin to provide numerous credible seismic sources for the 1912
earthquake, of which the Kyaukkyan Fault is just one.

6. Conclusions

• There is abundant evidence for Quaternary strike-slip displacement
on the Kyaukkyan Fault, convincingly indicated by dextral stream
offsets, deformed alluvial fans and intra-basin linear topographic
features. Normal faulting along strike-slip basin margins is ex-
pressed by a low sinuosity mountain front onlapped by alluvial fan
deposits that are locally faulted and display small scale folding.

• Ephemeral stream with hundreds of meters' dextral offsets along the
Gelaung valley are evidence of neotectonic strike-slip activity.
Ephemeral streams, despite being of unknown age, are more likely
to record only ‘recent’ deformation because of their ability to
quickly re-straighten their courses, unlike deeply incised major
rivers (e.g. Thanlwin river) which can preserve longer-term (pre-
Quaternary?) offsets.

• There is limited evidence linking the 1912 earthquake to the
Kyaukkyan Fault, and there are a number of alternative seismic
scenarios: (a) Damage mapping in 1914 was conducted in non-ur-
banised areas and may have omitted significant coseismic surface
deformation, leading to imprecise estimate of isoseismals; (b) The
1912 earthquake was smaller than M 8 and/or had limited surface
expression but caused disproportionately large damage; (c) The
1912 earthquake ruptured the central/southern section of the
Kyaukkyan Fault far from Maymyo; (d) Another fault, such as the
Sagaing Fault rather than the Kyaukkyan Fault, was the seismic
source of the 1912 event.

• A prominent unconformity marks the vertical transition from de-
formed alluvial fan sequences adjacent to bedrock basin margins, to
overlying conglomerates that are undeformed or only weakly de-
formed. This unconformity might indicate that most recent strike-
slip and transtensional activity has focused on more continuous pure
strike-slip fault segments along the axis of the basin rather than at
the basin’s margins, a migration process that is well known from
natural examples of strike-slip basins and analogue models.

• The migration of fault activity towards a simple cross-basin strike-
slip zone and the evidence of neotectonic activity along the
Kyaukkyan Fault suggest that paleoseismic investigations should
focus on more subtle cross-basin fault traces, far from the promi-
nent, but less recently deformed mountain front scarps.
Recommended future work includes palaeoseismological trenching
across the cross-basin fault system in order to assess the magnitude
and timing of past seismic events.

Acknowledgements

Robert Hall and an anonymous reviewer are thanked for their re-
views that considerably improved this manuscript. We are grateful for
substantial field assistance, logistical help and discussions in the field
with Dr. Myo Thant, Dr. Lin Thu Aung and Myo Thu Soe; and for the
valuable assistance of Mr. Myint Naing during several field seasons.
Funding for this research was provided by a RHUL Reid Scholarship,
small grants from the RHUL Earth Sciences Research Committee and by
the SE Asia Research Group at RHUL.

References

Abe, K., Noguchi, S.I., 1983. Revision of magnitudes of large shallow earthquakes,
1897–1912. Phys. Earth Planet. Inter. 33, 1–11.

Bertrand, G., Rangin, C., Maluski, H., Han, H., Thein, T.A., Myint, M., Maw, O., Lwin, S.,
1999. Cenozoic metamorphism along the Shan scarp (Myanmar): evidences for

S. Crosetto et al. -RXUQDO�RI�$VLDQ�(DUWK�6FLHQFHV���������������²���

���



ductile shear along the Sagaing Fault or the northward migration of the eastern
Himalayan Syntaxis. Geophys. Res. Lett. 26, 915–918.

Bertrand, G., Rangin, C., 2003. Tectonics of the western margin of the Shan plateau
(central Myanmar): implication for the India-Indochin oblique convergence since the
Oligocene. J. Asian Earth Sci. 21, 1139–1157.

Blair, T.C., McPherson, J.G., 1994. Alluvial fans and their natural distinction from rivers
based on morphology, hydraulic processes, sedimentary processes and facies as-
semblages. J. Sediment. Res. 3, 433–489.

Bowman, D., 1978. Determination of intersection points within a telescopic alluvial fan
complex. Earth Surf. Process. 3, 265–276.

Burbank, D.W., Anderson, R.S., 2001. Tectonic Geomorphology. Blackwell Publishing.
Burbank, D.W., Meigs, A.J., Brozović, N., 1996. Interactions of growing folds and coeval

depositional systems. Basin Res. 8, 199–223.
Chhibber, H.L., Ramamirtham, R., 1934. The Geology of Burma. MacMillan, London.
Coggin Brown, J., 1917. The Burma Earthquake of May 1912: Mem. Geol. Surv. India 42,

1–147.
Corfield, R.I., Searle, M.P., 2000. Crustal shortening estimates across the north Indian

continental margin, Ladakh, NW India. Geol. Soc. Lond. Spec. Publ. 170, 395–410.
Crosetto, S., Watkinson, I.M., Gori, S., Falcucci, E., Soe Min, 2016. Tectonic geomor-

phology and neotectonics of the Kyaukkyan Fault, Myanmar. In: EGU General
Assembly Conference Abstracts. p. 15322.

Curray, J.R., 2005. Tectonics and history of the Andaman Sea region. J. Asian Earth Sci.
25, 187–232.

Curray, J.R., Moore, D.G., Lawver, L.A., Emmel, F.J., Raitt, R.W., Henry, M., Kieckhefer,
R., 1979. Tectonics of the Andaman Sea and Burma: convergent margins. In: Watkins,
J., Montadert, L., Dickenson, P.W. (Eds.), Geological and Geophysical Investigations
of Continental Margins. American Association of Petroleum Geologists Special
Volumes, pp. 189–198.

Delcaillau, B., 2001. Geomorphic response to growing fault-related folds: example from
the foothills of central Taiwan. Geodin. Acta 14, 265–287.

Dooley, T., McClay, K., 1997. Analogue modelling of pull-apart basins. Am. Assoc. Pet.
Geol. Bull. 81, 1804–1826.

Escalona, A., Mann, P., Jaimes, M., 2011. Miocene to recent Cariaco basin, offshore
Venezuela: structure, tectonosequences, and basin-forming mechanisms. Marine
Petrol. Geol. 28 (1), 177–199.

Fu, B., Awata, Y., Du, J., He, W., 2005. Late Quaternary systematic stream offsets caused
by repeated large seismic events along the Kunlun fault, northern Tibet.
Geomorphology 71, 278–292.

Galadini, F., Falcucci, E., Galli, P., Giaccio, B., Gori, S., Messina, P., Moro, M., Saroli, M.,
Scardia, G., Sposato, A., 2012. Time intervals to assess active and capable faults for
engineering practices in Italy. Eng. Geol. 139–140, 50–65.

Gutenberg, B., Richter, C.F., 1996. Magnitude and energy of earthquakes. Ann. Geofis.
1–15.

Hadjian, A.H., 1992. The Spitak, Armenia earthquake - Why so much destruction?
Earthquake Engineering, Tenth World Conference. Balkema, Rotterdam.

Hall, R., 2002. Cenozoic geological and plate tectonic evolution of SE Asia and the SW
Pacific: computer-based reconstructions, model and animations. J. Asian Earth Sci.
20, 353–434.

Hall, R., 2012. Late Jurassic-Cenozoic reconstructions of the Indonesian region and the
Indian Ocean. Tectonophysics 570–571, 1–41.

Hall, R., van Hattum, M.W.A., Spakman, W., 2008. Impact of India-Asia collision on SE
Asia: the record in Borneo. Tectonophysics 451, 366–389.

Harvey, A.M., Mather, A.E., Stokes, M., 2005. Alluvial fans: geomorphology, sedi-
mentology, dynamics— introduction. A review of alluvial-fan research. In: Harvey, A.
M., Mather, A.E., Stokes, M. (Eds.), Alluvial Fans: Geomorphology, Sedimentology,
Dynamics, vol. 251. Geological Society, London, Special Publications, 251(1),
pp. 1–7.

Holt, W.E., Ni, J.F., Wallace, T.C., Haines, A.J., 1991. The active tectonics of the Eastern
Himalayan Syntaxis and surrounding regions. J. Geophys. Res. 96, 14595–14632.

Hurukawa, N., Maung Maung, P., 2011. Two seismic gaps on the Sagaing Fault,
Myanmar, derived from relocation of historical earthquakes since 1918. Geophys. Res
Lett. 38.

Kleinhans, M.G., Markies, H., De Vet, S.J., Veld, A.C., Postema, F.N., 2011. Static and
dynamic angles of repose in loose granular materials under reduced gravity. J.
Geophys. Res. E Planets 116, 1–13.

La Touche, T.H.D., 1913. Geology of the Northern Shan States. Office of the Geological
Survey.

Lacassin, R., Leloup, P.H., Tapponnier, P., 1993. Bounds on strain in large Tertiary shear
zones of SE Asia from boudinage restoration. J. Struct. Geol. 15, 677–692.

Lacassin, R., Maluski, H., Leloup, P.H., Tapponnier, P., Hinthong, C., Siiribhakdi, K.,
Chuaviroj, S., Charoenravat, A., 1997. Tertiary diachronic extrusion and deformation
of western Indochina: structural and 40Ar/39Ar evidence from NW Thailand. J.
Geophys. Res. 102, 10013–10037.

Lacassin, R., Replumaz, A., Leloup, P.H., 1998. Hairpin river loops and slip-sense inver-
sion’ on southeast Asian strike-slip faults. Geology 26, 703–706.

Le Dain, A.Y., Tapponnier, P., Molnar, P., 1984. Active faulting and tectonics of Burma
and surrounding regions. J. Geophys. Res. 89, 453–472.

Lee, T.-Y., Lawver, L.A., 1995. Cenozoic plate reconstruction of Southeast Asia.
Tectonophysics 251, 85–138.

Machette, M.N., 2000. Active, capable, and potentially active faults - a paleoseismic
perspective. J. Geodyn. 29, 387–392.

Mann, P., 1997. Model for the formation of large, transtensional basins in zones of tec-
tonic escape. Geology 25, 211–214.

Mitchell, A.H.G., 1993. Cretaceous-Cenozoic tectonic events in the western Myanmar
(Burma)-Assam region. J. Geol. Soc. London. 150, 1089–1102.

Mitchell, A.H.G., Sun-lin Chung, Thura Oo, Te-hsien Lin, Chien-hui Hung, 2012. Zircon U

– Pb ages in Myanmar: Magmatic – metamorphic events and the closure of a neo-
Tethys ocean ? J. Asian Earth Sci. 56, 1–23.

Mitchell, A.H.G., Tin Hlaing, Nyunt Htay, 2002. Mesozoic orogenies along the Mandalay-
Yangon margin of the Shan Plateau. In: Montajit, N. (Ed.), Symposium on the Geology
of Thailand. Bangkok, pp. 136–149.

Mitchell, A.H.G., Myint Thein Htay, Kyaw Min Htun, Myint Naing Win, Thura Oo, Tin
Hlaing, 2007. Rock relationships in the Mogok metamorphic belt, Tatkon to
Mandalay, central Myanmar. J. Asian Earth Sci. 29, 891–910.

Mohadjer, S., Bendick, R., Ischuk, A., Kuzikov, S., Kostuk, A., Saydullaev, U., Lodi, S.,
Kakar, D.M., Wasy, A., Khan, M.A., Molnar, P., Bilham, R., Zubovich, A.V., 2010.
Partitioning of India-Eurasia convergence in the Pamir-Hindu Kush from GPS mea-
surements. Geophys. Res. Lett. Res Lett. 37.

Molnar, P., Tapponnier, P., 1975. Cenozoic tectonics of Asia effects of a continental
collision. Science (80-.) 189, 419–426.

Morley, C.K., 2004. Nested strike-slip duplexes, and other evidence for Late Cretaceous-
Palaeogene transpressional tectonics before and during India-Eurasia collision, in
Thailand, Myanmar and Malaysia. J. Geol. Soc. London. 161, 799–812.

Morley, C.K., 2009. Evolution from an oblique subduction back-arc mobile belt to a
highly oblique collisional margin: the Cenozoic tectonic development of Thailand and
eastern Myanmar. Geological Society, London, Special Publications, 318, pp.
373–403.

Morley, C.K., 2013. Discussion of tectonic models for Cenozoic strike-slip fault-affected
continental margins of mainland SE Asia. J. Asian Earth Sci. 76, 137–151.

Morley, C.K., Smith, M., Carter, A., Charusiri, P., Chantraprasert, S., 2007. Evolution of
deformation styles at a major restraining bend, constraints from cooling histories,
Mae Ping Fault Zone, Western Thailand. In: Cunningham, W.D., Mann, P. (Eds.),
Tectonics of Strike-Slip Restraining and Releasing Bends. Geological Society, London,
Special Publications, 290(1), pp. 325–349.

Ngwe Sint, U., Catalan, I., 2000. Preliminary survey on potentiality of reforestation under
clean development mechanism in Myanmar with particular reference to Inle region.
Unpubl. Rep. by Karamosia Intl., Yangoon.

Nichols, G., 2009. Sedimentology and Stratigraphy, 2nd ed. Wiley-Blackwell, Chichester.
Pacheco, J.F., Sykes, L.R., 1992. Seismic moment catalogue of large shallow earthquakes,

1900 to 1989. Bull. Seismol. Soc. Am. 82, 1306–1349.
Pope, R.J.J., Wilkinson, K.N., 2005. Reconciling the roles of climate and tectonics in Late

Quaternary fan development on the Spartan piedmont, Greece. In: Harvey, A.M.,
Mather, A.E., Stokes, M. (Eds.), Alluvial Fans: Geomorphology, Sedimentology,
Dynamics, vol. 251. Geological Society, London, Special Publications, 251(1), pp.
133–152.

Rangin, C., Maurin, T., Masson, F., 2013. Combined effects of Eurasia/Sunda oblique
convergence and East-Tibetan crustal flow on the active tectonics of Burma. J. Asian
Earth Sci. 76, 185–194.

Reading, H.G. (Ed.), 2009. Sedimentary Environments; Processes, Facies and
Stratigraphy, 3rd ed. Wiley-Blackwell, Oxford, UK.

Replumaz, A., Lacassin, R., Tapponnier, P., Leloup, P.H., 2001. Large river offsets and
Plio-Quaternary dextral slip rate on the Red River fault (Yunnan, China). J. Geophys.
Res. 106, 819–836.

Ridd, M.F., Watkinson, I., 2013. The Phuket-Slate Belt terrane: tectonic evolution and
strike-slip emplacement of a major terrane on the Sundaland margin of Thailand and
Myanmar. Proc. Geol. Assoc. 124, 994–1010.

Sahu, V.K., Gahalaut, V.K., Rajput, S., Chadha, R.K., Laishram, S.S., Kumar, A., 2006.
Crustal deformation in the Indo-Burmese arc region: implications from the Myanmar
and Southeast Asia GPS measurements. Curr. Sci. 90, 1688–1693.

Searle, D.L., Haq, B.T., 1964. The Mogok Belt of Burma and its relationship to the
Himalayan Orogeny. Proc. Int. Geol. Congr. 22, 132–161.

Searle, M.P., Morley, C.K., 2011. Tectonics and thermal evolution of Thailand in the re-
gional context of Southeast Asia. In: Ridd, M.F., Barber, A.J., Crow, M.J. (Eds.), The
Geology of Thailand. Geological Society, London, pp. 539–572.

Searle, M.P., Noble, S.R., Cottle, J.M., Waters, D.J., Mitchell, A.H.G., Hlaing, T.,
Horstwood, M.S.a., 2007. Tectonic evolution of the Mogok metamorphic belt, Burma
(Myanmar) constrained by U-Th-Pb dating of metamorphic and magmatic rocks.
Tectonics 26, TC3014.

Shen, Z.K., Lü, J., Wang, M., Bürgmann, R., 2005. Contemporary crustal deformation
around the southeast borderland of the Tibetan Plateau. J. Geophys. Res. Solid Earth
110, 1–17.

Sidle, R.C., Ziegler, A.D., Vogler, J.B., 2007. Contemporary changes in open water surface
area of Lake Inle. Myanmar. Sustain. Sci. 2, 55–65.

Socquet, A., Pubellier, M., 2005. Cenozoic deformation in western Yunnan (China-
Myanmar border). J. Asian Earth Sci. 24, 495–515.

Socquet, A., Vigny, C., Chamot-Rooke, N., Simons, W., Rangin, C., Ambrosius, B., 2006.
India and Sunda plates motion and deformation along their boundary in Myanmar
determined by GPS. J. Geophys. Res. Solid Earth 111, 1–11.

Soe Min, 2006. Urban geology of Taunggyi and Ayethayar. Taunggyi University,
Myanmar.

Soe Min, 2010. Structural study along the Kyaukkyan Fault. University of Yangon, Shan
State.

Soe Min, Watkinson, I.M., Soe Thura Tun, Win Naing, Tin Lwin Swe, 2017. Chapter 21:
The Kyaukkyan Fault, Myanmar. In: Barber, A.J., Khin Zaw, Ridd, M.F. (Eds.),
Myanmar: Geology, Resources and Tectonics. Geological Society, London, Memoirs,
48, pp. 453–473.

Soe Thura Tun, Watkinson, I.M., 2017. Chapter 19: The Sagaing Fault, Myanmar. In:
Barber, A.J., Khin Zaw, Ridd, M.F. (Eds.), Myanmar: Geology, Resources and
Tectonics. Geological Society, London, Memoirs, 48, pp. 413–441.

Soe Thura Tun, Wang, Y., Saw Ngwe Khaing, Myo Thant, Nyunt Htay, Yin Myo Min Htwe,
Than Myint, Sieh, K., 2014. Surface Ruptures of the Mw 6.8 March 2011 Tarlay
Earthquake, Eastern Myanmar. Bull. Seismol. Soc. Am. 104, 2915–2932.

S. Crosetto et al. -RXUQDO�RI�$VLDQ�(DUWK�6FLHQFHV���������������²���

���



Sone, M., Metcalfe, I., 2008. Parallel Tethyan sutures in mainland Southeast Asia: new
insights for Palaeo-Tethys closure and implications for the Indosinian orogeny.
Comptes Rendus Geosci. 340, 166–179.

Talebian, M., Fielding, E.J., Funning, G.J., Ghorashi, M., Jackson, J., Nazari, H., Parsons,
B., Priestley, K., Rosen, P.A., Walker, R., Wright, T.J., 2004. The 2003 Bam (Iran)
earthquake: Rupture of a blind strike-slip fault. Geophys. Res. Lett. 31, L11611.

Tapponnier, P., Peltzer, G., Le Dain, A.Y., Armijo, R., Cobbold, P.R., 1982. Propagating
extrusion tectonics in Asia: new insights from simple experiments with plasticine.
Geology 10, 611–616.

Timm, T., Arslan, N., Rüzgar, M., Martinsson, S., Erséus, C., 2013. Oligochaeta (Annelida)
of the profundal of Lake Hazar (Turkey), with description of Potamothrix alatus
hazaricus n. ssp. Zootaxa 3716, 144–156.

Vigny, C., Socquet, A., Rangin, C., Chamot-Rooke, N., Pubellier, M., Bouin, M., Bertrand,
G., Becker, M., 2003. Present-day crustal deformation around Sagaing fault,
Myanmar. J. Geophys. Res. Solid Earth 108.

Wallace, R.E., 1968. Notes on stream channels offset by the San Andreas fault, southern
Coast Ranges, California. In: Dickinson, W.R., Grantz, A. (Eds.), Conf. Geol. Probl. San
Andreas Fault Syst, vol. 11. Stanford Univ. Publ. Geol. Sci., pp. 6–21.

Wang, E., Burchfiel, B.C., Royden, L.H., Chen, L., Chen, J., Li, W., Chen, Z., 1998. Late
Cenozoic Xianshuihe-Xiaojiang, Red River, and Dali Fault Systems of Southwestern
Sichuan and Central Yunnan, China. In: Special Paper 327: Late Cenozoic Xianshuihe-
Xiaojiang, Red River, and Dali Fault Systems of Southwestern Sichuan and Central
Yunnan, China. Geological Society of America, pp. 1–108.

Wang, Y., Sieh, K., Soe Min, Khaing, S., Soe Thura Tun, 2009. Smoking gun of the May-

1912 Burma earthquake? Neotectonics of the Kyaukkyan fault system, Eastern Burma
(Myanmar). In: AGU. San Francisco, California.

Wang, Y., Lin, Y.-N.N., Simons, M., Tun, S.T., 2014a. Shallow Rupture of the 2011 Tarlay
Earthquake (Mw 6.8), Eastern Myanmar. Bull. Seismol. Soc. Am. 104, 2904–2914.

Wang, J., Peng, P., Ma, Q., Zhu, L., 2013. Investigation of water depth, water quality and
modern sedimentation rate in Mapam Yumco and La’ang Co Tibet. J. Lake Sci. 4.

Wang, Y., Sieh, K., Soe Thura Tun, Kuang Yin Lai, Than Myint, 2014b. Active tectonics
and earthquake potential of the Myanmar region. J. Geophys. Res. Solid Earth 119,
3767–3822.

Watkinson, I.M., Hall, R., 2017. Fault systems of the eastern Indonesian triple junction:
evaluation of Quaternary activity and implications for seismic hazards. In: Cummins,
P.R., Meilano, I. (Eds.), Geohazards in Indonesia: Earth Science for Disaster Risk
Reduction. Geological Society, London, Special Publicantions, 441, pp. 71–120.

Westaway, R., 1990. Seismicity and tectonic deformation rate in Soviet Armenia: im-
plications for local earthquake hazard and evolution of adjacent regions. Tectonics 9,
477–503.

Win Swe, 2012. Myanmar outline Geology (Chapters 1–4).
Wu, J.E., McClay, K., Whitehouse, P., Dooley, T., 2009. 4D analogue modelling of

transtensional pull-apart basins. Mar. Pet. Geol. 26, 1608–1623.
Yin, A., Harrison, T.M., 2000. Geologic evolution of the Himalayan-Tibetan orogen. Annu.

Rev. Earth Planet. Sci. 28, 211–280.
Zhang, P., Burchfiel, B.C., Chen, S., Deng, Q., 1989. Extinction of pull-apart basins.

Geology 17, 814–817.

S. Crosetto et al. -RXUQDO�RI�$VLDQ�(DUWK�6FLHQFHV���������������²���

���







1 
 

Searching for the 1912 Maymyo earthquake: new evidence from paleoseismic investigations 1 

along the Kyaukkyan Fault, Myanmar 2 

Author names and affiliations 3 

Silvia Crosetto1, Ian M. Watkinson1, Soe Min2, Emanuela Falcucci3, Stefano Gori3, Pyi Soe 4 

Thein4, Sudeep5 5 

1 Department of Earth Sciences, Royal Holloway University of London, Egham, Surrey 6 

TW20 0EX, United Kingdom 7 

2 Department of Geology, Taungoo University, Bago Division, Myanmar 8 

3 Istituto Nazionale di Geofisica e Vulcanologia, Italy 9 

4 Department of Geology, University of Mandalay, Mandalay, Myanmar 10 

5 Department of Geology, University of Yangon, Yangon, Myanmar 11 

Corresponding author 12 

Silvia Crosetto (silvia.crosetto.2013@live.rhul.ac.uk) 13 

 14 

Abstract 15 

In May 1912 a magnitude 7-8 earthquake focused near Maymyo struck the Northern Shan 16 

State, in eastern Myanmar. Contemporary evaluation of damage distribution and oral 17 

accounts led to a correlation between the earthquake and the topographically prominent 18 

Kyaukkyan Fault near the western margin of the Shan Plateau. This study aims to find 19 

evidence of paleoseismic activity, and to understand the relationship between the 1912 20 

earthquake and the Kyaukkyan Fault. The first paleoseismic trenching study along the 21 

Kyaukkyan Fault revealed evidence of several surface rupturing events. The northernmost 22 

paleoseismic trench exposes at least two visible rupture events since 4660 ± 30 BP: an older 23 
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rupture stratigraphically constrained by AMS 14C dating to between 4660 ± 30 BP and 1270 24 

± 30 BP, and a younger rupture formed after 1270 ± 30 BP. The presence of pottery and 25 

charcoal in the younger faulted stratigraphy demonstrates Kyaukkyan Fault activity within 26 

human times, and a possible correlation between the younger rupture and the 1912 Maymyo 27 

earthquake is not excluded. The southern paleoseismic trench, within a broad transtensional 28 

basin far from bounding faults, exposes two (undated) surface ruptures. Further study is 29 

required to correlate those ruptures to the events dated in the north. These preliminary 30 

paleoseismological results constitute the first quantitative evidence of paleoseismic activity 31 

along the northern ~170 km of the Kyaukkyan Fault, and support existing evidence that the 32 

Kyaukkyan Fault is an active but slow-slipping structure with a long interseismic period. 33 

 34 

Keywords 35 

paleoseismology; strike-slip fault; active tectonics; surface rupture; radiocarbon; calcrete 36 

 37 

Highlights 38 

- Paleoseismic trenches opened along inferred rupture of the 1912 Maymyo 39 

earthquake 40 

- A rupture event after 1270 ± 30 BP can be correlated to the Maymyo earthquake 41 

- Multiple surface ruptures were identified along ~170 km of the Kyaukkyan Fault 42 

- Active cross-basin fault strands lack clear geomorphic expression 43 

- Two ruptures since 4660 ± 30 BP suggest a long interseismic period  44 
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1. Introduction 46 

The Kyaukkyan Fault is a N-S-trending ~500 km long, active right-lateral strike slip fault 47 

that lies on the western Shan Plateau, a region of almost 1 km average elevation in eastern 48 

Myanmar, western Laos and part of NW Thailand, located about 1000 km south of the 49 

Eastern Himalayan Syntaxis. 50 

The Kyaukkyan Fault is generally considered to have been the origin of a large earthquake 51 

that hit northern Myanmar on 23rd May 1912, based on contemporary damage mapping 52 

(Coggin Brown, 1917; Fig. 1a). The Maymyo (Pyin-Oo-Lwin) earthquake, as it has become 53 

known, was initially estimated at magnitude 8 (Gutenberg and Richter, 1954), and more 54 

recently revised to Ms 7.7 to 7.6 (e.g Abe and Noguchi, 1983; Pacheco and Sykes, 1992). 55 

Wang et al (2014) re-evaluated the distribution of highest intensities, and, together with the 56 

inferred magnitude of the earthquake, concluded that the 1912 event likely ruptured the 57 

entire 160 km-long northern section of the Kyaukkyan Fault. 58 

Despite this isolated event, the Kyaukkyan Fault has been largely devoid of significant 59 

seismicity since 1912 (e.g. Chhibber and Ramamirtham, 1934; Le Dain et al., 1984; Wang et 60 

al., 2014; Soe Min et al., 2017). However, there has been modern strike-slip activity across 61 

the broader Shan Plateau, including the Mw 6.8 Tarlay event in March 2011 (Soe Thura Tun 62 

et al., 2014), and a recent study of tectonic landforms and related Quaternary deposits along 63 

the Kyaukkyan Fault (Crosetto et al., 2018) revealed distinctive geomorphologic and 64 

structural features, indicative of strongly transtensional strike-slip during the Quaternary. 65 

That study provided the background for the identification of two suitable paleoseismic 66 

trenching sites. 67 

The few published paleoseismic trenching studies in Myanmar have so far been limited to 68 

the Sagaing Fault (e.g. Wang et al., 2011). There have also been extensive paleoseismic 69 

surveys in northern Thailand (e.g. Kosuwan et al., 1999; Fenton et al., 2003; Morley et al., 70 

2011 and references therein). This study aims to redress the deficiency in paleoseismic 71 
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knowledge of the Kyaukkyan Fault, which holds significant clues to the tectonic evolution 72 

and seismic hazard of eastern Myanmar, and to the behaviour of the complex plate boundary 73 

between India and Sundaland. 74 

2. Geologic overview 75 

2.1. Tectonic setting 76 

The Kyaukkyan Fault is located near the western edge of the Shan Plateau, the SE 77 

continuation of elevated topography from the Tibet Plateau into SE Asia (Fig. 1 b). The fault 78 

lies within the Sibumasu terrane, a Gondwana-derived terrane accreted to Sundaland during 79 

the Paleozoic (e.g. Metcalfe, 1984, 2013). The Cenozoic tectonics of Myanmar have been 80 

dominated by the northward indentation of Indian continental crust into Asia (e.g. 81 

Tapponnier et al., 1982; Treloar and Coward, 1991; van Hinsbergen, 2011); associated 82 

increasingly oblique subduction of Indian oceanic crust beneath western Sundaland (e.g. Lee 83 

and Lawver, 1995; Nielsen et al., 2004; Curray, 2005); and the gravitational effects of crustal 84 

thickening across the Tibet Plateau and around the eastern syntaxis (e.g. Rangin et al., 2013). 85 

During the Late Oligocene to Early Miocene, the Indian continental crust coupled with 86 

western Myanmar (e.g. Curray et al., 1979; Curray, 2005; Searle and Morley, 2011) 87 

detaching it from stable Sibumasu (Morley, 2009). The coupled India-West Burma then 88 

moved progressively north relative to Sundaland during the Oligocene-Recent, establishing a 89 

belt of dextral transpression within much of Myanmar that continues to the present day (e.g. 90 

Molnar and Tapponnier, 1975; Curray et al., 1979; Bertrand and Rangin, 2003; Vigny et al., 91 

2003; Soe Thura Tun and Watkinson, 2017). 92 

Recent studies (Vigny et al., 2003; Socquet and Pubellier, 2005) determined that the current 93 

average northward convergence rate between India and Eurasia is 43 mm/yr; this rate 94 

determines a relative motion between India and Sunda of 35-36 mm/yr, of which about half 95 

is accommodated by the N-S trending Sagaing Fault (Socquet et al., 2006), the most 96 

prominent strike-slip fault in Myanmar. The GPS network in Myanmar, as of 2017, is 97 
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insufficient to resolve the distribution of the residual motion, which may be accommodated 98 

partly in the Indo-Myanmar Ranges, in the West Andaman fault system and the remainder 99 

distributed within the Shan Plateau (e.g. Sahu et al., 2006; Socquet et al., 2006; Vigny et al., 100 

2003). The latter may include a partition across the Kyaukkyan Fault, reported to be possibly 101 

in the order of 1 mm/yr (Wang et al., 2014) or up to 9-18 mm/yr (Soe Min et al., 2017). 102 

2.2. Quaternary evolution of the Kyaukkyan Fault 103 

The evolution of the Kyaukkyan Fault during the Quaternary has been recently documented 104 

by Crosetto et al. (2018). Quaternary deposits such as alluvial fans are faulted and display 105 

small scale folding particularly along the eastern basin-bounding fault of Inle Lake basin, 106 

showing evidence of transtension, transpression and pure strike-slip. Youthful stream offset 107 

and deflection characterise the northern section of the fault – the maximum robust stream 108 

offset is ~1560 m to the right, while offset restoration for a population of 28 streams gave a 109 

best fit of 125 m dextral offset. 110 

Kyaukkyan Fault activity in historic times is testified by the Pawritha city wall, which 111 

straddles the fault north of Inle Lake (Fig. 1b), and is apparently offset to the right by 12.2 ± 112 

1.8 m (Soe Min et al., 2017). Although this measurement is based on the trace of the old city 113 

walls, presently marked by brick-cored embankments and highlighted by a road to the south, 114 

it does not take into account the presumable irregular shape of the 9th to 13th Century walls, 115 

and the possibility that part of the construction might have crumbled over a wider area. 116 

Historic activity of the fault is also testified by records of historic and instrumental-era 117 

seismicity and by the smooth bend of Mandalay-Lashio railway where it crosses the fault at 118 

Kyaukkyan village (Coggin Brown, 1917). The railway bend was reported by Coggin Brown 119 

(1917) as part of the damage caused during the 1912 Maymyo earthquake, and since then has 120 

been routinely proposed as a line of evidence for recent activity along the Kyaukkyan Fault 121 

(e.g. Soe Min, 2010; Wang et al., 2014, 2009). However, it is unclear whether the railway 122 
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curvature results from coseismic offset of an originally straight structure, or is an engineered 123 

curve that pre-dates the earthquake (Crosetto et al., 2018). 124 

3. Methods 125 

Paleoseismic trenching sites across the Kyaukkyan Fault were identified after extensive 126 

mapping of Quaternary geomorphic features along the fault system (Crosetto et al., 2018), 127 

through field observations and by using satellite images such as Shuttle Radar Topography 128 

Mission (SRTM) digital topographic data with 90 m spatial resolution, ASTER Global 129 

Digital Elevation Model (GDEM) with 30 m spatial resolution, Google Earth (2.5 m SPOT 130 

and 1 m DigitalGlobe) and the ESRI World Imagery compilation. Reconnaissance field 131 

observations were the basis for more detailed site investigation and topographic mapping 132 

preceding the trenching works. 133 

Trenches were dug across lineaments representing the possible superficial expression of the 134 

fault in order to identify evidence of past faulting and rupturing events within the 135 

stratigraphic record. 136 

Absolute age control on the stratigraphy was obtained by AMS-14C radiocarbon dating on 137 

three charcoals collected from trench T1 in March 2016. AMS analyses were performed at 138 

BETA Analytic in July 2017. BetaCal3.21 and the INTCAL13 curve (Reimer et al., 2013) 139 

were used for AMS-14C ages calibration. Radiocarbon results are reported in Appendix A, 140 

according to the standard convention defined by Millard (2014). 141 

In the following descriptions, ‘N-wall’ and ‘S-wall’ will be used to indicate the northern and 142 

the southern walls of all E-W trending trenches. 143 
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4. Paleoseismological observations 144 

4.1. Trench T1 145 

Trenching site T1 was located close to Kyaukkyan village, north of the Mandalay-Lashio 146 

railway bend (Fig. 1a) described by Coggin Brown (1917). The area is characterised by 147 

generally flat topography (Fig. 2a), bounded to the west by a narrow N-S trending ridge of 148 

grey limestone belonging to the Ordovician Naunghkangyi Group and showing intense 149 

fracturing and faulting. A scarp marks the transition from the bedrock to the alluvial plain, 150 

which is occupied by cultivated fields. Away from the ridge, there is no natural outcrop, but 151 

in all trenches and a number of other artificial pits, the carbonate bedrock lies immediately 152 

below a thin, terra rossa-type soil. There is no regolith, and the top of the carbonate is 153 

smooth and composed of highly indurated, crystalline limestone, cut by numerous shear 154 

fractures and faults. 155 

Parallel to the ridge, below the eastern scarp, two subtle ~N170E trending lineaments 100 - 156 

200 m long are visible in the topography. The easternmost lineament is defined by aligned 157 

sag ponds (Fig. 2b) and en échelon linear features, interpreted as fault segments, which 158 

delimitate metric zones of subsidence highlighted by difference in vegetation (Fig. 2c). Two 159 

preliminary trenches dug across the en échelon segments revealed very shallow bedrock 160 

characterised by generally ~N30E trending fractures dipping toward the west with average 161 

dip angle of 40°. There was no evidence of surface rupture in the thin soil above the bedrock, 162 

although the entire succession was likely to have been disturbed by agricultural activity. 163 

The westernmost and more prominent lineament is expressed, 1 km north of the railway 164 

bend at Kyaukkyan village, as aligned subsiding areas of circa 100 m2 and decametric 165 

dolines in the limestone; further south the lineament has a topographic relief of <1 m 166 

highlighted by vegetation and soil colour contrast, picked out by boggy areas rich in 167 

decaying organic material (Fig. 2d). Along the same lineament south of the railway is a 168 
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sharp, linear soil colour difference given by the juxtaposition of grey soil to the west and 169 

terra rossa soil to the east (Fig. 2e). 170 

The XIX-century Mandalay-Lashio railway passes through a blasted notch in the limestone 171 

ridge and, east of the scarp, continues along a man-made embankment ~5 m wide and 172 

standing ~2 m higher than the surrounding topography of the alluvial plain. The line is 173 

straight where it passes through the limestone ridge and is smoothly bent to the right where it 174 

crosses the fault on the open plain (Fig. 2d, e). Although the railway embankment also 175 

appears to be deflected in the same way, it is largely obscured by vegetation. 176 

The deflected railway line continues for ~100 m until the tracks turn to the left in the centre 177 

of Kyaukkyan village. Assuming an initial straight geometry of the railway tracks where 178 

they pass through the limestone ridge, we measured the right-lateral deviation from the 179 

projected straight line in 5 m increments. The measurements, reported in Fig. 2f, g, yield a 180 

total deviation from the straight projected line of 2.0 ± 0.2 m. 181 

On the basis of the topographic lineament and assumption that the apex of the railway line 182 

bend corresponds to a 1912 surface rupture, trench T1 was dug 250 m north of the railway, 183 

across the lineament and the topographic high (see Fig. 2d). 184 

4.1.1. Stratigraphy 185 

The trench is perpendicular to the westernmost lineament, and orientated N80E along its 17 186 

m length. The trench wall grid (and logs) was numbered from m 0 to m 17 from east to west 187 

respectively. The westernmost part (m 14 to m 10) of the trench was < 1 m deep, due to a 188 

hard carbonatic layer that impeded deeper excavation (Fig. 2h). This section, closer to the 189 

mountain front, was characterised by generally continuous calcrete layers alternating with 190 

hard, calcified silt. 191 

A softer portion of the hard carbonatic layer caused the formation of a step at m 10, 192 

deepening the base of the trench by of 1.3 m, and reaching ~1.8 m depth. In this eastern 193 



9 
 

section the trench walls exposed a succession of alternating clay paleosoils with calcrete 194 

layers illustrated in Fig. 3. The terms used in this section to describe the calcrete stratigraphic 195 

horizons refer to the schematic idealised pedogenic profile proposed by Alonso-Zarza and 196 

Wright (2010; after Esteban and Klappa, 1983). Below the agricultural layer, we 197 

distinguished the following units as schematically reported in the trench logs of Fig. 4a, b: 198 

x B3: upper calcrete, characterised by a centimetric platy horizon with well defined 199 

laminae containing alveolar structures and tubiform pores. It is separated from the 200 

underlying calcrete B2 by a chalky-nodular horizon t2 with abundant carbonatic 201 

powder and carbonatic grains from millimetric to 0.5-1 cm, and locally more clayey. 202 

B3 and B2 merge at m 4 where, on the N-wall, abundant charcoal arranged as the 203 

shape of a pot suggests a cooking/baking pit (Fig. 5a). B3 and B2 are truncated at m 3. 204 

B3 was not identified on the S-wall, where there is probably vertical continuity 205 

between B2 and B3. 206 

x B2: calcrete platy horizon with prominent lamination, wavy to thinly bedded, forming 207 

continuous layers on both walls; it is laterally truncated at m 3 and at m 2.6 in the N- 208 

and S-wall respectively. On the N-wall B2 is formed by a lower second layer of 209 

calcrete, 1.5 m long; the two calcrete layers are separated by a darker, nodular horizon, 210 

composed by indurated, centimetric nodules in a less carbonate-rich matrix. 211 

x C2: clay, dark brown, homogeneous. Contains sparse millimetric, subrounded grains 212 

of bricks, calcrete, charcoal and pisoids that appear organised in a layer < 10 cm thick 213 

between m 4 and m 6.5. ‘Flames’ of light-brown clay material are found around m 3. 214 

x B1: the calcrete is mainly composed by the chalky horizon, characterised by soft 215 

micrite with abundant grains and pisoids. At the top, the discontinuous platy horizon is  216 

locally substituted by the nodular horizon, characterised by 1.5 mm in size, sub-217 

rounded, indurated carbonatic nodules; the platy horizon is well defined at the 218 

easternmost termination of the layer, showing at least 15 cm of millimetric laminae. 219 

Portions of transition-horizon t1 are darker and fine-grained, and the clay content is 220 
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greater than the carbonate content. The base of B1 is a nodular to platy calcrete 221 

horizon, discontinuous in the western part and more continuous toward the east at m 5 222 

on the N-wall, and from m 7 to m 3.3 on the S-wall, where it appears much thicker 223 

and harder than in the rest of the layer. 224 

x C1: lowermost clay, chestnut brown colour, homogeneous with mm to cm dark stains, 225 

probably altered carbonate. 226 

At the easternmost termination of the trench a brick layer lied 80 cm below the surface 227 

within unit C2 (Fig. 5b). The brick layer is 20 cm thick and about 1 m wide, placed sub-228 

horizontally, and it appeared as the base of a built structure. 229 

The sedimentary succession mapped on the two trench walls was cross-cut by four main 230 

discontinuities that were interpreted as two N-S trending faults (see Fig. 4a, b). The 231 

easternmost faults F3 and F4 were mainly observed on the N-wall, where they fold units B1 232 

and B2-B3 creating a geometric vertical step along the layers (Fig. 5c), and truncate the 233 

eastern termination of the calcrete layer B2+B3 (Fig. 5d). On the southern wall only the 234 

calcrete layer B2 appeared truncated by F6, which is interpreted to correlate across the 235 

trench to F4. On the N-wall the westernmost two faults F1 and F2 juxtapose along a sharp 236 

lateral contact unit B1 and t1, with the top of B1 appearing irregular along both fault traces. 237 

On the S-wall B1 is characterised by open fractures, putting into contact the clay units C1 238 

and C2, that may correspond to a fault trace F5, interpreted to correlate to F1 or F2 across 239 

the trench. 240 

4.1.2. Radiocarbon dating and paleoearthquake interpretation 241 

Thirty-two samples of charcoal and shell fragments were collected from key stratigraphic 242 

horizons, from which three were selected for radiocarbon dating (Table 1). Sample KT201-243 

C24, in the upper layer of unit B2, yielded a radiocarbon age of 1270 ± 30 BP. Sample 244 

KT201-C04, at the top of unit B1, yielded an age of 4660 ± 30 BP. Sample KT201-C15, a 245 



11 
 

charcoal collected 15 cm below the contact between units B1 and C1, yielded an age of 8670 246 

± 60 BP. 247 

 248 

Table 1. 14C Dating of charcoals from trench T1a 

Sample Name 
Trench 

Unit 
Amount of 

Carbon (mg) 
d13C 
 (‰) 

Radiocarbon 
age (BP) 

Uncertainty 
(±years) 

Calibrated Age 
2σ Range 

KT201-C24 B2 2.6 -26.4 1270 30 662-778b AD 

KT201-C04 B1 1.76 -22.3 4660 30 3519-3365c BC 

KT201-C15 C1 27.4 -26.5 8670 60 7848-7582b BC 
a 2σ range, 95.4% probability density 
b Reported value: 92.3% probability density 

c Reported value: 95.4% probability density 
 249 

The brick layer within unit C2 lies stratigraphically below the calcrete layer B2, where a 250 

charcoal sample yielded an age of 1270 ± 30 BP, corresponding to the end of the 7th century 251 

AD. Bricks and terracotta plaques have been found along Myintnge and Zawgyi river valleys 252 

and within Inle basin and dated to the early centuries CE (Moore and Myint, 1991; Moore, 253 

2009), potentially confirming the measured age of the newly excavated Kyaukkyan artefacts 254 

(E. Moore, pers. comm. 2017). 255 

The relation between stratigraphic units and deformation allowed to distinguish at least two 256 

events, constrained by radiocarbon ages: 1) folding of units B1-B3 and clear truncation of 257 

unit B2 constrains a younger rupture event after 1270 ± 30 BP, equivalent to 680 ± 30 AD; 258 

2) an older rupture event juxtaposes units B1 and t1 across faults F1 and F2, and is sealed by 259 

unit B2, constraining the rupture to before 1270 ± 30 BP. This rupture cuts all older units up 260 

to the t1/C2 contact, dated to 4660 ± 30 BP, and so must be younger than that age, i.e. 261 

constrained between 1270 ± 30 BP to 4660 ± 30 BP. 262 
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4.2. Trench T2 263 

The trenching site T2 was located north of the town of Taunggyi, and was first identified on 264 

satellite images: in a 2012 DigitalGlobe/Google Earth image a linear N-S trending feature 265 

extends between two forested areas for ~ 500 m, and it is highlighted by the contrast between 266 

lighter and darker basin filling sediment. The lineament lies about 100 m west of a gentle 1 267 

m high scarp, which separates the grey basin-filling sediments from a flat area, gently 268 

dipping to the west and extending until the mountain front, approximately 2 km to the east 269 

(Fig. 6a). The scarp was interpreted as the expression of a fault synthetic to the basin-270 

bounding fault in the shallow subsurface (Crosetto et al., 2018). The flat, ‘terraced’ area is 271 

covered with terra rossa, inferred to be an alteration product overlying shallow buried 272 

banded limestone, sporadically exposed along the basin margin. 273 

Field observations revealed that the lineament mainly reflected different water saturation of 274 

the basin-filling sediment, and was initially interpreted as a seismically triggered sand blow. 275 

A detailed topographic survey highlighted a gentle scarp at the southern termination of the 276 

lineament, and a pilot trench dug across this scarp exposed at least 1.5 m of water-saturated 277 

peat (Fig. 6b); however, no clear stratigraphy or evidence of deformation was observed in 278 

the trench. The instability of the walls required the trench to be closed, and further 279 

examinations of the walls could not be undertaken. The trench T2 was dug across the 1 m 280 

scarp between the basin and the terraced area (Fig. 6b). 281 
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4.2.1.  Stratigraphy 282 

The trench was orientated N116E, was 7.3 m long and 1.2 m wide. It exposed a succession 283 

of 1.5-2 m mainly characterised by clay units, schematically represented in the trench logs of 284 

Fig. 7a, b. 285 

From the top, a thin layer of dry soil lies above the agricultural layer, which has a constant 286 

thickness of 40 cm, it is darker and drier than the underlying units and contains centimetric 287 

fragments of bricks. The uppermost clay C2 is dark brown in colour, homogenous and hard; 288 

on the N-wall abundant fragments of modern pottery defined the shape of a hole dug into the 289 

ground. Below C2, the clay unit C1 has chestnut brown colour (Fig. 8a); it is divided into an 290 

upper unit C1a, fine, well sorted, with plastic rheology, and a lower unit C1b, generally 291 

coarser, containing millimetric pisoids. Roots and root marks were visible on both walls 292 

within units C1 and C2. The base of the trench was characterised by dolomitic limestone 293 

intensely fractured and faulted, with subvertical fractures showing average strike N45E (Fig. 294 

8b). 295 

The sedimentary succession mapped on the two trench walls was cross-cut by four main 296 

discontinuities that are interpreted as two N-S trending faults. Trench T2 was narrower than 297 

trench T1, so correlations between north and south walls could be made with confidence. To 298 

the west on the N-wall, the youngest faults F4 and F3 were highlighted by lateral contact of 299 

unit C1b with C2 along F4, and of unit C1a with C2 and C1b along F3. The faults’ 300 

correlatives on the S-wall had a less pronounced offset across them. No deformation was 301 

visible above unit C2. Older surface ruptures were represented by F1 and F2, where fault 302 

gouge derived from the dolomitic limestone was gradually mixed with the lower part of C1b 303 

(Fig. 8c). 304 
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5. Discussion 305 

5.1. Evaluation of trenching results 306 

Paleoseismic trenching along the northern and central section of the Kyaukkyan Fault 307 

provides the first robust evidence of paleoearthquakes that have occurred along the fault and 308 

their timing. 309 

In the northern site at Kyaukkyan village we were particularly searching for evidence of the 310 

1912 earthquake described by Coggin Brown (1917), and for this reason we dug the trench 311 

across a (fault?) lineament along strike from the reported railway bend (Fig.9). The ages 312 

obtained from the radiocarbon dating of charcoal grains constrain at least two potential 313 

rupture events, expressed in the trench as offset and/or truncated horizons. The validity of 314 

this interpretation is subject to the correct interpretation of the faults within the trench: we 315 

interpret the discontinuities of laterally continuous layers observed in the trench as faults, 316 

although discrete fault planes and regularly offset layers on either side of it were not 317 

identified. Calcrete layers are the main markers being offset and truncated by the inferred 318 

faults. 319 

The calcrete layers observed in the trench have characteristic features of precipitation of 320 

CaCO3 from groundwater. The carbonate precipitates along stratigraphic horizons, 321 

preferably in those with higher permeability, and creates flat layers that tend to pick out the 322 

shape of the sedimentary unit where they precipitate. The abrupt lateral truncation described 323 

above, and interpreted as representing fault truncation, could also be explained as an 324 

erosional surface in contexts such as during terrace aggradation (e.g. Candy et al., 2003) or 325 

due to gravitational processes; however we have no evidence of these processes in the 326 

hosting clay units. Despite these uncertainties we are confident that the faults described here 327 

are the most reasonable interpretation for observed discontinuities. Strike-slip faults by their 328 

nature generate complex patterns of vertical and lateral offsets that can explain irregularities 329 

in layer thickness and difficulties with dip-slip restoration. 330 
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5.2. Which fault strand? 331 

A strike-slip fault can cause long horizontal displacements that normally occur on one or 332 

multiple strands. Consequently, trenching on a strike-slip fault can be challenging as a single 333 

strand might not necessarily record all the paleoearthquakes that occurred along that section 334 

of the fault (Keller and Pinter, 1996; McCalpin, 2009). 335 

Trench T1 at Kyaukkyan village was selected because of its proximity to the railway offset 336 

reported by Coggin Brown (1917), which was previously the only line of evidence of the 337 

location of surface rupture during 1912 earthquake. The bend lies across a fault strand that is 338 

expressed as subtle colour and topographic variation of the agricultural soil. The youngest 339 

rupture event identified in the trench occurred between 1270 ± 30 BP and the present day. 340 

This age range includes the possibility that the observed rupture corresponds to the 1912 341 

earthquake. However, to exclude coincidence, a 1912 interpretation remains strongly 342 

dependent on the interpretation of the railway bend, that lies directly along strike from the 343 

trench and its ruptures, as a fault offset. Since it is unclear whether the railway curvature is 344 

tectonically-induced or man-made, several different scenarios could be argued: 345 

- the railway bend and the ruptures mapped in trench T1 are coseismic features that 346 

both formed during the 1912 earthquake;  347 

- the rupture identified in the trench formed during the 1912 earthquake, but no impact 348 

on the railway remains; 349 

- the rupture in the trench corresponds to an earthquake older than 1912 but younger 350 

than 1270 ± 30 BP, meaning that our trench did not intercept the segment that failed 351 

in 1912 and that the railway bend is an engineered curve; 352 

- the rupture is a discontinuity due to secondary effects of an earthquake that occurred 353 

elsewhere any time after 1270 ± 30 BP, such as gravitational processes induced by 354 

ground shaking; the source could be another strand of the Kyaukkyan Fault, or 355 
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another fault (e.g. Sagaing Fault). The railway bend could be an engineered curve or 356 

may have been the result of off-fault gravitational processes. 357 

The southern trench T2 exposed a faulted wedge that, although undated, testifies the 358 

existence of recent fault activity far from the main basin-bounding faults. This finding, 359 

whilst not excluding the possibility of coeval fault rupture along the basin-bounding faults, 360 

confirms that recent fault activity within the basin may lack prominent geomorphic 361 

expression and, in this case, that fault activity might not necessarily be related to a seismic 362 

event. 363 

5.3. Seismicity record 364 

Of the total 35-36 mm/yr geodetic motion of the Indian plate with respect to Sunda, in 365 

Myanmar the Sagaing Fault accommodates ~18 mm/yr of right-lateral strike-slip, while the 366 

remainder is accommodated within the Arakan Trench, in the Indo-Myanmar Ranges and 367 

over other structures across Myanmar (e.g. Vigny et al., 2003; Socquet et al., 2006). A GPS 368 

station located west of the Kyaukkyan Fault indicates 6 mm/yr westward motion with respect 369 

to the Sunda Plate over two years of measurements, and a station at Taunggyi to the east 370 

indicates 4 mm/yr south-westward motion (Socquet et al., 2006), reflecting a possible diffuse 371 

deformation in this area. However, the poor GPS network coverage on the Shan Plateau 372 

limits further speculation about the Kyaukkyan Fault’s modern slip behaviour. 373 

The instrumental seismic record shows that the Kyaukkyan Fault has been devoid of large 374 

seismic events since the 1912 earthquake. Sparse seismicity has been affecting the Shan 375 

Plateau (IRIS and NEIC catalogues, 1900-2013), but only a few events of M<5 are located 376 

within the Kyaukkyan fault system. 377 

Although surface ruptures identified in Kyaukkyan Fault trenches cannot be directly related 378 

to the prominent 1912 event or to an older event since 1270 ± 30 BP, the cooking pit in 379 

trench T1 may represent fault activity within human times. Modern lack of large seismicity 380 
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along the fault is consistent with an interseismic period larger than 100 years, although 381 

aseismic slip is not excluded. 382 

6. Conclusions 383 

x The first paleoseismic trenches along the Kyaukkyan Fault reveal evidence of 384 

surface rupturing events along its northern and central sections. 385 

x The northern trench exposes at least two visible rupture events: an older one, 386 

stratigraphically constrained by AMS-14C dating to between 4660 ± 30 BP and 1270 387 

± 30 BP, and a younger one between 1270 ± 30 BP and the present day. 388 

x Although direct evidence for the 1912 M7.7-7.6 Maymyo earthquake was not found, 389 

the rupture younger than 1270 ± 30 BP may well correspond to that 20th Century 390 

event. Additionally, the presence of pottery and charcoal in the faulted stratigraphy 391 

demonstrates activity of the Kyaukkyan Fault within human times. 392 

x The southern trench far from bounding faults within a broad transtensional basin 393 

exposes two surface ruptures. Further study is required to correlate that rupture to 394 

the events dated in the north. 395 

x These preliminary paleoseismic results are consistent with existing evidence that the 396 

Kyaukkyan Fault is an active but slow-slipping structure, and point to a long 397 

interseismic period. Resolution of the radiocarbon dating was insufficient to 398 

constrain that period to anything better than the order of hundreds to thousands of 399 

years. 400 
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Figure captions 520 

Fig. 1: a) Isoseismals distribution related to the 1912 maymyo earthquake as reported by 521 

Coggin Brown, 1917. b) Tectonic setting of the northern part of the Kyaukkyan Fault with a 522 

greyscale shaded Shuttle Radar Topography (SRTM) 90 m base DEM. Inset: Schematic 523 

tectonic map of Myanmar showing location of the Kyaukkyan Fault. NP: Nawnghkio 524 

Plateau; KP: Kyaukku Plateau. 525 

Fig. 2: Topographic map of Trench T1 area (a), near Kyaukkyan village. b), c), d), e) Google 526 

Earth view of the Kyaukkyan Fault trace, indicated by white arrows, with location of railway 527 

bend, abandoned trenches (in c) and trenching site T1 (in e). Map locations shown in Fig. 2a. 528 

f) Railway bend and g) plot of the measured right-lateral offset, with 20x horizontal 529 

exaggeration. h) Trench T1, view to the west. Map location shown in Fig. 1b. 530 

Fig. 3: Schematic stratigraphic log of units identified in trench T1, with average thickness of 531 

units and stratigraphic location of the dated samples. For unit descriptions and other details 532 

see text. 533 

Fig. 4: Orthorectified photomosaic (top) and interpretative log (bottom) of N-wall (a) and S-534 

wall (b) in trench T1. Black dots locate the position of the charcoals collected for 535 

radiocarbon dating. Dotted lines indicate the position of the 1x1 m grid; stars indicate 536 

faulting events. Colours of lithologic units correspond to those of the stratigraphic log in Fig. 537 

3. Dashed squares indicate location of photographs in Fig. 5. For trench log descriptions and 538 

other details see text. 539 

Fig. 5: Photos of trench T1. a) Cooking pit (dashed) with abundant charcoal, N-wall.           540 

b) Layer of bricks and centimetric fragments on its right by m 0 (vertical wire), S-wall.       541 

c) Detail of deformation observed in the platy calcrete layer B1 along the fault plane, N-wall. 542 

d) Perspective view to the N of the truncated layers B2+B3, N-wall. White arrows indicate 543 

fault planes’ position. 544 



24 
 

Fig. 6: a) Topographic map of trench T2 area, north of Taunggyi. b) 2012 545 

DigitalGlobe/Google Earth image of the lineament within the basin-filling sediments (left), 546 

and the scarp between the basin and the terra rossa (right), indicated by the white arrows, 547 

with location of T2 trenching site and location of an abandoned trench. Map location shown 548 

in Fig.1b. 549 

Fig. 7: Orthorectified photomosaic (top) and interpretative log (bottom) of N-wall (a) and S-550 

wall (b) in trench T2. Dotted lines indicate the position of the 1x1 m grid; stars indicate 551 

faulting events. For trench log descriptions and other details see text. 552 

Fig. 8: Photos of trench T2. a) Photograph of N-wall with modified colour balance 553 

highlighting the deformed level C1b. b) Fractured and faulted dolomitic limestone at the 554 

base of the trench, view to the west. c) Detail of fault gouge at the contact between bedrock 555 

and unit C1b, S-wall. White arrows indicate fault planes’ position. 556 

Fig. 9: Map summarising the distribution of damage within the isoseismal 8 (see Fig. 1a for 557 

reference), and other information related to the 1912 Maymyo earthquake. Text in italics 558 

refers to the damages reported by [1] Coggin Brown, 1917. Other sources: [2] This paper; [3] 559 

Soe Min et al., 2017; [4] Vigny et al., 2003. Locations of earthquakes from USGS 560 

earthquake database (IRIS and NEIC catalogues; ISC-GEM Global Instrumental Earthquake 561 

Catalogue 1900-2013). 562 





Chapter 5

Discussion

5.1 Investigating fault activity: critical evaluation of methodology

The following section is a critical evaluation of the methods used in this study. The main

methods employed are part of the broader topic of paleoseismology. As thoroughly illustrated

in Chapter 2, a paleoseismic study is characterised by a specific flowchart, including: (1) site

selection; (2) logistics issues (e.g. permissions); (3) excavation; (4) trench wall study and

sampling; (5) possible dating of paleo-earthquakes.

After discussing the application of paleoseismology in other world settings, and considering

the limitations of the paleoseismic method undertaken, the following sections critically evaluate

other subaerial and subsurface investigations and dating methods that could have been applied

during the course of this study, the advantages and disadvantages of each method and the reason

why they were discarded.

5.1.1 Paleoseismic trenching

Paleoseismology: definition and suitable settings

Paleoseismology is "the study of prehistoric earthquakes, especially their location, timing

and size" (McCalpin, 2009), and it focuses on instantaneous deformation of sediments dur-

ing earthquakes based on the assumption that su�ciently large earthquakes may rupture the

ground surface (M5.5+ for hypocentral depth <10 km; e.g. Bonilla, 1988; Wells and Copper-

smith, 1994), forming a range of coseismic features that may be recorded in geomorphic and

stratigraphic records (Michetti et al., 2005).

Despite its limitations, paleoseismology remains the best approach in the study of active

37
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fault settings, and has been employed to address several di�erent questions. Most commonly,

it aims at reconstructing the paleoseismic record of a fault (e.g. Kozaci et al., 2011; Wang Hu

et al., 2014; Huang et al., 2015; Gori et al., 2017; Sun et al., 2017), or at identifying the causative

fault of a known historical earthquake (e.g. Li et al., 2011; Abdrakhmatov et al., 2016; this

study). This information frequently contributes to the understanding of strain accommodation

within broad tectonic settings (e.g. in the Tibetan Plateau; Kumar et al., 2010; Fu et al., 2011;

Li et al., 2011) or along di�erent segments of the same fault (e.g. Briggs and Wesnousky, 2005;

Arzhannikova et al., 2015).

Paleoseismic investigations can be crucial when fault scarps are not preserved due to

’landscape reset’, such as the Toraigyr thrust fault in the northern Tien Shan, where only the

latest ruptures are visible (Grützner et al., 2017), or the Greendale Fault in New Zealand,

which remained undetected prior to the Darfield earthquake because the penultimate fault

scarp was eroded and buried during Late Pleistocene alluvial activity (Hornblow et al., 2014).

Occasionally paleoseismology may represent the only approach able to provide evidence of

activity for very low slip-rate faults (<0.1 mm/yr), such as the El Camp Fault in NE Spain

(Masana et al., 2001; Perea et al., 2003), or the Alhama de Murcia Fault in SE Spain, where

a targeted 3D trenching gave a comprehensive picture about the fault history (Ferrater et al.,

2016).

There are cases in which the ruptures are clearly visible, but they are ultimately found to be

caused by slope processes rather than rupture events, or are the result of a combination of the

two processes: in these instances, paleoseismologic investigation is a useful tool to di�erentiate

between tectonic and gravitational faults, such as the Zenzano Fault in N Spain or the Hlubok

and Diendorf-Boskovice faults in the Bohemian Massif (Carbonel et al., 2013; äpa�ek et al.,

2017), or to understand the interaction between them, as for the Fucino Fault in central Italy

(Moro et al., 2011, 2012; Gori et al., 2014).

Paleoseismic trenching limitations

The aim of paleoseismic trenching is to characterise the paleoearthquakes occurred along

a fault. Well-located fault-perpendicular trenches can expose all the essential information

necessary to fully investigate a dip-slip fault, whilst to thoroughly characterise a strike-slip

faults fault-perpendicular trenches and fault-parallel trenches are recommended (see chapter

2). In this study, a fault-perpendicular trench approach was chosen on the investigated strand

for its predominant dip-slip component and for the absence of channels crossing the fault trace
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and acting as piercing points. Furthermore, the campaign was conducted as a reconnaissance

activity for which the availability of time, economical resources and manpower was limited,

making this approach appropriate. Even in an ideal scenario, paleoearthquake characterisation

from trenching can be subject to various limitations related to geologic or non-geologic reasons,

which will be briefly described below.

Trench placement. The success of paleoseismic trenching depends in primis on the trench

placement. In the trenching campaign conducted for this study, three abandoned trenches

(see chapter 4) represent the inaccurate interpretation of topographic features: despite the

detailed topographic mapping preceding the choice of the trench location, for instance structures

associated to the shallow location of the bedrock were interpreted as a recently active fault

strands.

Logistical issues. An ideally located trench site can be impeded by logistical issues. These

may include accessing and getting equipment to the trenching site, finding appropriate digging

equipment, obtaining permissions, weather and political considerations. Logistical di�culties

may prevent completely or partially the investigation in specific sites.

Measuring co-seismic o�set. In a successfully excavated trench, in ideal conditions co-

seismic o�set of a paleoearthquake can be measured on the trench wall, for example for a

shallow normal fault. In other cases any observed displacements might include post-seismic

e�ects, including creeping motion. In other situations it may be di�cult or impossible to

precisely measure the co-seismic displacement, for example if the fault is strike-slip and there

are no well-developed piercing points.

Occurrence of fault ruptures. Some destructive earthquakes do not produce surface rup-

tures at all, preventing the possibility of measuring any o�set in the trench. Although such

earthquakes may create surface-induced deformation such as landslides, rock fall or liquefaction,

the absence of surface expression of the fault plane makes it di�cult to ascribe these features

to a specific fault. In other circumstances, fast-moving faults could cause frequent earthquakes

that may be di�cult to identify due to the slow rates of sedimentation or the intrinsic limitation

of the dating methods available.

Lack of datable material. Obtaining a chronological constraint for a paleoearthquake

depends on the presence of suitable dating material. Trench 2 (chapter 4) is an example of

trench displaying a surface rupture that cannot be dated due to the lack of datable material.

E�ect of sedimentation rate. Sedimentation rate plays a critical role in paleoseismic
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studies, and it may lead to an under- or overestimation of chronostratigraphic time between

rupture events: fast sedimentation rate can result in a large pile of material overlying the o�set

layers, which then become too deep to be reached by ordinary excavations (⇠2 m; McCalpin,

2009); excessively low sedimentation rates can obscure stratigraphic and structural details.

Water table. Water-saturated sediments may also not record clear surface ruptures and may

make physical trenching di�cult. For instance, the high position of the water table may prevent

to reach deeper stratigraphy, and/or cause instability of the trench walls, such as in trench in

trench T2 of this study (Chapter 4).

Impact of human, animal and plant activity. Trench T1 and T2 (Fig. 3, Chapter 4)

showcase how human ’disturbance’ can have a positive or negative impact on a trench study:

the cooking pit in trench T1 suggests fault activity within human times, giving a first chronologic

idea of the rupture event. Conversely, extensive farming has a�ected the topper-most layer of

the sequence, disturbing the sedimentary layering and potentially introducing younger charcoal

(i.e. datable material) into the deeper section. Post-sedimentary disturbance to the stratigraphy

can also be caused by animal and plant bioturbation both underwater and underground.

5.1.2 Topographic survey

Geomorphic features defining a fault’s geometry can be identified through extensive field

investigation and satellite image interpretation. The geomorphology of an area reflects not only

the fault process, but also the geomorphic response to climatic conditions, involving degrada-

tional processes (Zielke et al., 2015). Topographic mapping is fundamental in geomorphologic

studies, and widely employed in neotectonics studies.

The most common topographic survey method in the study of active faults is terrestrial

LiDAR (Light Detection and Ranging), which yields an extremely high-resolution georefer-

enced point cloud that is sensitive to subtle topographic variations along a fault trace (e.g.

Bistacchi et al., 2011; Hornblow et al., 2014) as well as millimetric features of a fault plane (e.g.

Renard et al., 2006; Jones et al., 2009). This method has high capital and logistical costs, unlike

the recently emerging ’structure-from-motion’ photogrammetry (SfM; Westoby et al., 2012),

developed in the 1990s. The SfM generates a point cloud by using an image-space coordinate

system that does not require ground-control coordinates, reducing the time and cost associated

with LiDAR.

Detailed 3D models along fault traces can be created using helium balloons (Heli-kites)
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with a digital camera mounted on them (e.g. Abdrakhmatov et al., 2016) or drones, the

latter particularly common in the evaluation of earthquake damage (e.g. Micklethwaite et al.,

2012; Yamazaki and Liu, 2016). Utilising both LiDAR and structure-from-motion could have

precisely defined minor topographic relief along the Kyaukkyan Fault that are hard to detect

using space-based remote sensing datasets such as SRTM, due to their generally low resolution.

The use of unmanned aerial vehicles (UAV) in Myanmar requires a permit from the aviation

authority. The permit is not granted in case the area to investigate is located in the vicinity of

airports, military installations or restricted areas. Due to their vicinity to the Myanmar-China

border, a strong military control characterises the studied areas near Nawnghkio and Inle Lake.

For this reason the use of a drone was avoided, and a detailed topographic survey was conducted

in selected areas utilising classic field mapping techniques and a hand-held GPS.

5.1.3 Geophysical investigation techniques

Geophysical investigations are regularly employed in archeologic and geologic studies, and

have been widely used in the study of active faults since the 1980s and, mostly, from the late

1990s (e.g. Treadway et al., 1988; Miller et al., 1990; Morey and Schuster, 1999; Sheley et al.,

2003). The principal aim of these surveys is to detect the exact position of a fault before

trenching, to locate the fault at depths and across horizontal distances greater than what can

be obtained by trenching or drilling, or to confirm the existence of a fault with no superficial

expression (McCalpin, 2009). Several geophysical investigation methods were considered for

the study of the Kyaukkyan Fault, but the limited financial resources available prevented the

use of these techniques. Nonetheless, their potential applications for the aim of this study will

be discussed below.

Ground Penetrating Radar (GPR) has been successfully applied in paleoseismology for

the 2D and 3D identification of faults (e.g. Bree fault, Belgium, Meghraoui et al., 2000; North

Anatolian Fault, Turkey, Ferry et al., 2004; North Frontal thrust system, California, Anderson

et al., 2003). The radar uses transmitted electromagnetic radiation with frequencies from 80 to

300 MHz to image the shallow subsurface by detecting the reflected signals from subsurface

structures. The reflection and, consequently, the performance of the GPR are limited in high-

conductivity materials, such as clays and water. Clay units characterise both trenching sites,

and the water table was particularly shallow at the southern trenching site (T2), resulting in the

ine�ective application of this technique.
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An additional tool for fault detection is high-resolution (HR) seismic reflection. It is

mainly used with dip-slip faults where the formation of a colluvial wedges occurs (e.g. Steph-

enson et al., 1993), but has also been used in strike-slip context in association with GPR (e.g.

Chow et al., 2001; Carpentier et al., 2012). The advantages of this technique include: higher

penetration depth; sensitivity to thinly bedded and well stratified deposits; ability to detect rel-

atively small displacements (Zilberman et al., 2005). However, due to its limitation in imaging

fault zones in soft soils and being subject to e�ects caused by heterogeneities, it is often used

in association with HR seismic tomography (Morey and Schuster, 1999; Improta et al., 2003;

Mattson, 2004) or GPR, which provide higher and better resolution of near-surface structures

such as colluvial wedges along normal faults. HR seismic reflection would be an ideal applic-

ation for the localisation of the Kyaukkyan Fault within the Inle Lake basin, characterised by

lacustrine sediments.

Due to the highly conductive materials characterising the sites the most recent deposits,

electric methods would have been the most suitable investigation technique. The Electric

Resistivity Tomography (ERT) is a direct current method that measures the resistivity of

materials using electrodes. The advantage of ERT over the GPR is due to the use of resistivity

that is not negatively a�ected by highly conductive materials (Suzuki et al., 2000). As a

consequence, the penetration reaches depths of 25-30 m, and the presence of water does not

cause ambiguity in resistivity values (e.g. Caputo et al., 2007). The presence of metal objects

in the ground can induce false signals, a negligible disadvantage in non-urban areas such as the

ones investigated. The employment of ERT in the Kyaukkyan Fault study could have located

precisely the fault location especially where it lacks superficial topographic expression; equally,

it would have been a valuable tool to investigate the water gap at Nampan village (see Chapter

3) and the possible presence of a thrust fault.

5.1.4 Dating methods

When dating fault activity the main question to be answered is about what is being dated

and, consequently, how to interpret the information obtained from the dating process. From a

practical point of view, it is possible to date: (1) the surface of a displaced landform; (2) the

soil profile developed subsequent to stabilisation after fault rupture; (3) the uppermost deposit

that underlies the landform being o�set; (4) the fault scarp (Walker, 2005).

Paleoseismic trenching along the Kyaukkyan Fault revealed discontinuities, interpreted
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as fault ruptures, in calcrete layers. According to case (3), above, the radiocarbon dating

technique was chosen to date charcoals found in the clay units above and below the deformed

calcrete layers. Of thirty-two samples collected in the trench, three were chosen for radiocarbon

dating according to the quality of the charcoal, its stratigraphic position with respect to the

ruptured surfaces, the chance of contamination and the sample size.

Among the sources of errors described in Chapter 2, contamination is mentioned as the

most common and yet not quantifiable. Charcoal is less subject to contamination thanks to its

structure, which prevents the C-system to be re-opened after closure at the death of the plant.

The youngest sample was found within the o�set calcrete layer and, because of the carbonate

nature of the calcrete, the chances of contamination of the charcoal are higher; furthermore,

the relatively shallow position of the charcoal below the surface increases the possibility of

contamination for percolation of carbonate-rich fluids. However, these two conditions were

taken into account by the laboratory that performed the AMS-dating, and included in the age

probability calculation.

As an alternative or as a cross-check with the radiocarbon dating, the calcrete layers could

have been dated using the U-series isochron technique. Dating calcretes is generally complic-

ated due to the nature of the calcrete, commonly subject to re-precipitation; consequently, as

calcretes form over a long period of time, the chances of having a wide range of ages are high.

The isochron technique can correct for detrital contamination as long as the sub-samples ana-

lysed contain coeval authigenic carbonate fractions (e.g. Bischo� and Fitzpatrick, 1991). This

involves detailed micro-morphological analysis of the calcrete to identify diagenetic features

such as carbonate dissolution, cement overprinting and neomorphism to determine whether

these occurred in all the sub-samples defining the isochron (Candy et al., 2005). Considering

the accuracy and expertise required to select the samples and the uncertainty remaining with

the results of this technique, calcrete dating was not performed.

Dating of the uplifted hills at Nampan village (see Chapter 3) has been considered. The

road cut exposes alluvial fan gravels with dome geometry, possibly deformed during the uplift

process. The gravels lay on top of the northernmost hill, suggesting that the uplift might have

occurred shortly after their deposition; dating the burial of the gravels may give an indication

about the following deformation event.

The lack of material suitable for radiocarbon dating led to consideration of Optical Lumin-

escence (OSL) dating. This technique enables an estimate of the elapsed time since mineral
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grains were exposed to heat or sunlight, which resets their luminescence clock, by measuring

the ionizing energy absorbed from the surrounding grains during burial (e.g. Godfrey-Smith

et al., 1988; Walker, 2005). The principal minerals used in OSL dating are quartz and feldspar,

of which the investigated sediments are not rich. After comparing the cost of the method and

the chances of finding suitable amounts of datable quartz in the gravel deposit, this option was

excluded.

5.2 The 1912 Maymyo (Pyin Oo Lwin) earthquake
The damage pattern of a seismic event can provide important information to constrain

the essential characteristics of an earthquake (Gasperini et al., 1999). Before the advent of

instrumental seismology, records of historical earthquakes strongly relied on earthquake felt

reports and damage surveys, sometimes alongside post-seismic field surveys. Reports and

surveys were then converted into isoseismal maps, which identify areas of equal damage.

Isoseismal maps were created for some of the pre-instrumental earthquakes of the early 1900s,

and remain the most reliable source of information available for those seismic events (Lomnitz,

2004).

The contemporary report of Coggin Brown (1917) remains the first and most important line

of evidence for attributing the 1912 Maymyo earthquake to the Kyaukkyan Fault. Without it, it

is unlikely that modern studies (e.g. Soe Min, 2010; Wang Yu et al., 2011; Soe Min et al., 2017)

would have focused on the Kyaukkyan fault, and would perhaps have linked the 1912 event to

the Sagaing Fault instead.

5.2.1 Review of the historical information

In Chapter 4 a map summarising the information available about the 1912 Maymyo earth-

quake is reported in Fig. 9. It includes the geographic location of damage described by Coggin

Brown (1917) and his interpreted isoseismals. According to the Author, buildings at Maymyo

(close to the Kyaukkyan Fault) were not as severely damaged as in Mandalay (very close to the

Sagaing Fault), where "three-quarters of the masonry structures were damaged, [to the point

that] it might be thought that the shock reached a higher intensity there than in Maymyo".

Additionally, sand and water flows a�ected the town of Kyaukse, south of Mandalay and also

very close to the Sagaing Fault. Nonetheless, Coggin Brown (1917) did not include Mandalay

in a higher intensity isoseismal because of the alluvium underlying the city, considered to have

amplified the ground-shaking e�ects, and because of the condition of the city’s old buildings,
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which he considered to be more prone to damage than the newer ones in Maymyo. The land-

scape, on the contrary, appeared to have experienced the most severe damage in the area around

Kyaukkyan village (Fig. 9, chapter 4): cracks opening in limestone cli�s, landslides blocking

streams, and mud flows on the western Nawnghkio Plateau scarp were reported, although the

very low population density of the area has to be acknowledged when accounting for such data.

The Author himself states: "Su�cient information does not exist to permit the delineation of

the line enclosing the area over which an intensity of IX was reached, but it must be a small

area lying mainly about the Kyaukkyan fault and roughly coinciding with central portion of the

oval enclosed by line VIII." (Coggin Brown, 1917), thus confirming a geometric and estimated

delineation of isoseismal IX area.

Following these considerations, it seems legitimate to question whether the Kyaukkyan

Fault would have ever been taken into account if, instead of an interpreted isoseismal map, only

a list of damages caused by a 1912 earthquake was provided. Equally, if the distribution of

towns and villages at the time was more widely spaced, a broader spread of observations and

hence a more accurate geometry of isoseismals could have been generated.

In Chapter 4, di�erent interpretations were given for the railway bend at Kyaukkyan village

in association with the discontinuities observed in trench T1. This allowed proposition of

several alternative scenarios, including a non-Kyaukkyan Fault source for the 1912 earthquake.

Alternative 1: The Sagaing Fault lies at a linear distance of 40 km west of Maymyo

(Fig.5.1). The Sagaing segment of the fault, passing through Mandalay district, has accounted

for numerous earthquakes larger than magnitude 7 (e.g. Chhibber and Ramamirtham, 1934;

Engdahl and Villaseñor, 2002; Wang Yu et al., 2014a), suggesting that a Mw 7.6-7.7 earthquake

like the 1912 Maymyo would not be unusual.

Alternative 2: The left-lateral, E-W-trending Kyaukme Fault is situated 20 km north

of Kyaukkyan village, the inferred 1912 epicentre. Although the Kyaukme Fault does not

account for major instrumental seismicity, but only episodes of moderate magnitude (M<4) in

its westernmost part (NEIC catalogue), the town of Hsipaw, lying on the fault, experienced

serious damage to the railway medical store and other buildings in 1912 (Coggin Brown, 1917).

The Kyaukme Fault must therefore be considered as a potential source of the earthquake.

Alternative 3: About 70 km north of Kyaukkyan village, the Momeik (Nanting in China)

Fault is a prominent E-W-trending, left-lateral fault extending for at least 400 km from the

Sagaing Fault, to the west, almost to the Red River Fault zone, to the east. The recent activity of



46 Chapter �. Discussion

the Momeik Fault has been widely demonstrated (Lacassin et al., 1998; Socquet and Pubellier,

2005) and, although the exact o�set along the fault has yet to be attested, a M⇡7 event in 1941 in

the central part, and moderate (4<M<5) instrumental seismicity in its westernmost part makes

it a potential candidate as alternative source of the 1912 earthquake.

Figure 5.1: Schematic fault map of the area surrounding the inferred epicentre of 1912 Maymyo
earthquake, in Kyaukkyan village, represented by the yellow circle.

Underlying these considerations stands the assumption that the magnitude of the 1912

Maymyo earthquake was larger than 7. First estimated as 8 (Gutenberg and Richter, 1954), then

revised to Ms 7.7-7.6 (e.g. Abe and Noguchi, 1983; Pacheco and Sykes, 1992), the determination

of the magnitude of Maymyo earthquake is still based on the 1917 report of damage. Hough

(2013) recently demonstrated that historical earthquake intensities su�er from reporting and

sampling biases that can lead to an overestimation of up to two intensity units. This would

be due to the tendency of assigning an intensity based on the most dramatic e�ects described,

to the limited spatial sampling of intensity distribution and to the tendency of reporting high-

intensity values more than low-intensity values. The Author also points out the "importance

of investigating the factors that influence ground motions, including site response, directivity,

and path e�ects associated with the regional tectonic structure" (Hough, 2012). Recognising



�.�. The ���� Maymyo �Pyin Oo Lwin� earthquake 47

an overestimation of the magnitude assigned to the 1912 Maymyo earthquake would possibly

explain the lack of superficial rupture features, noted in this study and elsewhere (e.g. Wang

Yu et al., 2011).

Cases of historical earthquakes with dubious attribution of the causative fault exist in

literature. The following section will present the Chilik earthquake, a potential analogue of the

Maymyo earthquake - Kyaukkyan Fault debate.

5.2.2 Searching for a causative fault: the 1889 Chilik earthquake

The Ms 8.3 Chilik earthquake occurred in 1889 in Tien-Shan region, Kazakhstan. The main

tool of investigation of the earthquake was a questionnaire about the damage and subjective

description of the seismic shock, sent to the local population two months after the earthquake.

The outcome of the questionnaire was then used to build a map of the isoseismals (Rossi-Forel

scale) where the peak isoseismal of X was determined as the centre of maximum intensity

(Fig.5.2; Mushketov, 1891; Krüger et al., 2017). This also defined Chilik city as the epicentre

of the earthquake.

Figure 5.2: DigitalGlobe map with geographic location of Chilik and isoseismals for the 1889
Chilik earthquake (from Arrowsmith et al., 2017), with detail on the right of the epicentre area.
Stars locate the epicentre of historic earthquakes of the area (1889 Chilik earthquake in yellow);
ruptures potentially related to the 1889 earthquake were identified on the faults in red (from
Abdrakhmatov et al., 2016), of which the Saty Fault was chosen as the causative fault.

The questionnaire and, consequently, the construction of the isoseismal map were clearly

a�ected by the distribution of the population in the area in sparse and scattered villages.

Furthermore, a geologic investigation was not conducted and the surface rupture was never

observed (Abdrakhmatov et al., 2016; Krüger et al., 2017). This is surprising considering that
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arid climate favours the preservation of fault-related features, as observed in several cases in

Mongolia (e.g. Walker et al., 2017), and in the same Tien-Shan, where the rupture of the Mw 8.0

Chon-Kemin earthquake in 1911 is still visible (Nurmagambetov et al., 1999; Abdrakhmatov

et al., 2016; Krüger et al., 2017).

Krüger et al. (2017) considered several possibilities in order to justify the absence of a

clear surface rupture: (1) the earthquake source was too deep to form a superficial rupture:

however, modern seismicity in the region indicates shallow earthquakes, and it is unlikely that

the fault style changed over a century; (2) rather than a single, major rupture, a complex rupture

pattern caused the failure of several fault segments that are harder to identify; (3) the M 8.3 was

overestimated due to the late distribution of the questionnaire and due to the limited distribution

of population in the area. Furthermore, it is known that the peak isoseismal was geometrically

drawn as the centre of the ellipse.

Of the many faults identified in the epicentral area, Abdrakhmatov et al. (2016) found that the

fault ruptures observed along the Saty Fault formed in the last 700 years, based on radiocarbon

dating of organic-rich buried soil pre-dating the rupture and of gastropod shells taken from

sediment ponded against the scarp. Being the 1899 event the only large event recorded in the

Chilik valley, the Saty Fault was proposed as causative fault of Chilik earthquake, although a

direct relation between the fault and the earthquake has yet to be confirmed.

The controversy regarding the 1889 Chilik earthquake is analogue to the 1912 Maymyo

earthquake concerning: absence of reported fault rupture, approximation of isoseismals, un-

known ’true’ magnitude, attribution of a causative fault, sparse human development used as

control points in isoseismal map generation, and presence of other, potential alternative causat-

ive faults in the area of the historical earthquake. Further investigations on the Kyaukkyan Fault

as well as objective consideration of alternative seismic sources might lead, as for the Chilik

earthquake, to a more reliable attribution of the 1912 Maymyo event.

5.3 The Kyaukkyan Fault Cenozoic evolution

5.3.1 The Kyaukkyan Fault and the ’extinct’ pull-apart Inle Basin

The Kyaukkyan Fault and associated structures occupy a broad region of the Shan Plateau

that shows evidence of widespread transtension, expressed by ’nested strike-slip duplexes’

(Morley, 2004), a structural style completely di�erent from the linear, continuous Sagaing Fault

to the west (e.g. Vigny et al., 2003; Robinson et al., 2010). Strike-slip faults possess a well-
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documented tendency to straighten out with increasing strain, by bypassing oblique segments

that result in local transtension or transpression (for a review of pull-apart basins and their

evolution, refer to the Evolution of pull-apart basins section, Chapter 1). Zhang et al. (1989)

referred the extinction of pull-apart basins to the tendency for a strike-slip fault to straighten

itself, and studied natural examples of pull-apart basins that became inactive with time in order

to identify the processes leading to extinction. These processes are: (1) development of strike-

slip faults along one of the pre-existing basin-bounding faults of the basin; (2) formation of a

discontinuous strike-slip fault system within the basin, with strike-slip and normal faults; (3)

formation of a cross-basin fault along the diagonal of the basin; (4) migration of the strike-slip

faults toward the centre of the basin. Recent analogue modelling confirmed these processes

(Wu et al., 2009) with 4D transtensional models, where the formation of a cross-basin strike-slip

fault zone and abandonment of the basin-bounding faults occurs.

Mature pull-apart basins with throughgoing faults are observed in natural examples, such

as the Cariaco Basin, Venezuela, crossed by the Moron-El Pilar fault zone (Jaimes-Carvajal

and Mann, 2003); the Palu valley basin, Sulawesi, crossed by Palu Koro Fault (Watkinson and

Hall, 2017); the Vienna basin, Austria (Mann, 1997; Wu et al., 2009); and the Clonard Basin,

Haiti (Mann et al., 1995). Cunningham and Mann (2007) report examples of cross-basin faults

rupturing across the Quaternary valley floor: the Haiyuan fault zone (Zhang et al., 1989);

the 1951 event in the Beng Co pull-apart basin in SE Tibet (Armijo et al., 1986); the 1966

earthquake in the Cholame pull-apart, San Andreas fault zone (Brown and Vedder, 1967); and

the 1992 Landers event, Homestead Valley (Sowers et al., 1994). The recurrence of cross-basin

faults forming in mature pull-apart basins in models and nature enables a similar model to be

proposed for the Kyaukkyan Fault evolution within the Inle basin, discussed in Chapter 3 and

documented by alluvial fan sequences in the southern Inle Lake. In these sections, dominant

chaotic units in the lower part of the sequences are interpreted as the result of high activity along

the mountain front and show abundant evidence of deformation; above them, and separated by a

prominent unconformity, the upper conglomeratic units are generally less deformed. Evidence

of younger activity along the Kyaukkyan Fault is observed in the unconsolidated sediments of

the basin centre, as demonstrated by trench T2 (Chapter 4), and possibly supported by the o�set

of Pawritha city wall, occurred after 800-1200 BP (Soe Min et al., 2017).
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5.3.2 Kyaukkyan Fault and Mae Ping Fault: coeval evolution?

The evolution of the Kyaukkyan Fault as a pull-apart basin provides important information

about the local evolution of the fault system, similar to that of the Mae Ping Fault in Thailand.

However, the lack of metamorphic rocks exhumed along or o�set by the Kyaukkyan Fault

represents a considerable limitation in defining the Cenozoic evolution of the fault, and its role

within the tectonic context of northern Sibumasu remains unclear.

The evolution of the Mae Ping Fault, Thailand, is rather well time-constrained thanks to

mylonitic rocks exhumed along the fault and dating of metamorphic core complexes bordering

the Shan Plateau. Since the Mae Ping Fault extends to the north into Myanmar, where it

connects to the southernmost strands of the Kyaukkyan Fault (Fig.5.3), a coeval evolution has

been inferred for the two fault systems (e.g. Wang Yu et al., 2014b). The main steps of their

Cenozoic history are summarised below.

Figure 5.3: Schematic tectonic map of the Shan Plateau showing the connection between the
Kyaukkyan Fault and the Mae Ping Fault System. The basin and range distribution is defined by
the Cenozoic basins (in yellow) and by the magmatic and metamorphic bodies (in orange-red
colours; from Morley et al., 2011, and Myanmar Geoscience Society, 2014).
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Evolution of the Mae Ping- Three Pagodas fault systems

The sinistral phase of the Mae Ping Fault and the Three Pagodas Fault is associated with

transpressive sinistral shear preceding the dextral regime caused by northward migration of

the Indian syntaxis within the Himalayan collision (for a summary of the Mesozoic-Cenozoic

evolution of SE Asia, refer to the Regional tectonic evolution section, Chapter 1). This early

phase of shear along the mid-Cenozoic Sundaland margin is associated with large displacements,

and is commonly recorded by exhumed metamorphic rocks and mylonitic fabrics that gave

important absolute constraints on the timing of shear reversal (Lacassin et al., 1997; Morley

et al., 2007; Watkinson et al., 2011; Palin et al., 2013). The Mae Ping Fault records a sinistral

displacement of 40-50 km based on boudinage restoration (Lacassin et al., 1993) and up to

150-300 km based on o�set of magmatic-metamorphic belts (Tapponnier et al., 1986; Lacassin

et al., 1997). The last increment of sinistral shear recorded by mylonites and ultramylonites

exhumed along the faults is dated between 33-30 Ma along the Mae Ping Fault, and ⇠36-33 Ma

along the Three Pagodas Fault (Lacassin et al., 1997).

From the mid-Oligocene, widespread dextral shear a�ected the Shan Plateau and the Shan

Scarp in a westward migration of transpression that caused reversal from left- to right lateral

motion along Mae Ping and Three Pagodas Faults (e.g. Morley et al., 2011), and ductile dextral

shear within the Mogok Metamorphic Belt (26-15 Ma; e.g. Bertrand et al., 2001; Bertrand and

Rangin, 2003).

Implications for the Kyaukkyan Fault

The only proposed evidence of earlier left-lateral activity along the Kyaukkyan Fault is

found at the hairpin loop of the Myintnge river at the southern end of Gelaung valley (e.g.

Wang Yu et al., 2014b; Soe Min et al., 2017), where restoration of right-lateral o�set of the

river along the fault leaves an apparent residual sinistral o�set of ⇠10 km.

The Myintnge river crosses the Shan Plateau from east to west extending for over 300 km.

Its thalweg, similar to the Thanlwin river, follows the trend of the main structural grain across

the plateau - broadly N-S- and E-W-oriented - thus forming sharp turns of 90� (Fig.5.4a).

Furthermore, the Myintnge river is a canyon river with a moderately meandering water-

course; its deeply incised topography is likely due to re-equilibration of its base-level, which

may have occurred in response to topographic uplift of the Shan Plateau, in turn possibly related

to the crustal thickening that occurred around the Middle to Late Eocene (Morley et al., 2001;

Palin et al., 2013) during Neotethys subduction below Sibumasu. When the dextral o�set of
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Figure 5.4: Restoration of Myintnge river dextral o�set at Gelaung valley. a) Current o�set; b)
restoration of dextral o�set; c) schematic view of Myintnge river thalweg. Map location shown
in Fig.5.1.

5.3 ± 0.8 km of the Myintnge river hairpin loop is restored, the geometry of the river bend at

Gelaung valley appears similar to bends in other sections: immediately east of it, at Gokhteik

gorge, the bend does not appear to be related to tectonic causes (Fig.5.4b, c). For this reason

the Myintnge river bend is not considered evidence of left-lateral motion along the Kyaukkyan

Fault in the present study.

The dextral shear related to the westward migration of transpression a�ecting the Shan

Plateau and the Shan Scarp probably involved the Kyaukkyan Fault during in the Mid-Late

Miocene, before deformation became ultimately localised along the Sagaing Fault at about

22-16 Ma (e.g. Searle et al., 2007; Searle and Morley, 2011). Right lateral activity is consistent

with the N-S-trending faults developed in the paleozoic rocks of the Shan Plateau (Soe Min

et al., 2017). Evidence of right lateral activity during the Quaternary has been thoroughly

demonstrated in Chapter 3, and Holocene-historic activity, still apparently right-lateral, is

reported in Chapter 4. In summary, it could be said that a coeval kinematic evolution of the

Kyaukkyan Fault and the Mae Ping Fault is possible, although this cannot presently be confirmed

due to the absence of exhumed crustal rocks along the Kyaukkyan Fault.

The Shan Plateau has been extensively intruded by magmatic bodies (e.g. Mitchell et al.,

2007). As the Kyaukkyan Fault is a long-lived fault, exhumation of such crystalline rocks

could be expected. However, Morley et al. (2011) suggest that exhumation of mid-crustal level
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rocks along the Mae Ping Fault is only a local phenomenon, possibly related to the presence

of a restraining bend at Lansang. Exhumed rocks along the Mae Ping Fault are found only in

correspondence to this large N-S restraining bend, and not along the NW-SE segment of the fault

zone (Morley et al., 2007, 2011). Since the main trace of the Kyaukkyan Fault lacks restraining

geometries, the absence of exhumed crystalline rocks is less significant. Alternatively, the lack

of mylonitic exhumed rocks along the Kyaukkyan Fault might be explained by assuming that

the fault is shallow and does not penetrate deep into the crust, or that the vertical component

has never been enough to exhume crustal ductile rocks (Soe Min et al., 2017). Considering

the prominent topography of the fault and its complex pull-apart system, this explanation

seems unlikely, unless an alternative scenario for the formation of the Inle basin is assumed.

The following section will explore the possibility of formation of the Inle Basin associated

with regional extension in the style of basin and range tectonics, with later reactivation and

superimposition of the Kyaukkyan Fault.

5.3.3 Basin and Range tectonics of the Shan Plateau

The interpretation of the Kyaukkyan Fault as a mature pull-apart system explains the

physiographic and most of the geomorphic aspects of the Inle Basin area. However, as seen in

the previous sections, the lack of exhumed rocks along the fault remains an unresolved question,

considering that such an extensive and apparently mature fault might be expected to be enrooted

in the upper crust. An alternative scenario to justify this absence may come from the Basin

and Range Province in the western USA. A basin and range physiography characterises the

Shan Plateau from eastern Myanmar, east of the Shan Scarp, to NW Thailand (see Fig.5.3).

In Thailand, exhumed and isostatically elevated metamorphic core complexes and granitic

intrusions crop out along N-S-trends, defining the highest peaks of the country.

Furthermore, the tectonic evolution of the Shan Plateau can be broadly compared to

the North American one: protracted compression along an Andean margin associated with

the Mesozoic - early Cenozoic subduction of the Farallon Plate below North America (e.g.

Lonsdale, 2005) contributed to crustal thickening and thermal weakening of the North Amer-

ican crust that underlay Cenozoic extension of the region (Liu, 1996), and associated formation

of metamorphic core complexes (e.g. Coney and Harms, 1984; Zandt et al., 1995). Although

the principal and ultimate driving force(s) for the basin and range extension in the US are

not discussed here, the tectonic evolution of the region is similar to that of the Shan Plateau
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since the end of the Mesozoic: long term subduction of Paleo and Mesotethys below Sibumasu

caused thermal weakening and thickening of the Shan Plateau, and a period of granite intrusion

(Mitchell et al., 2012, 2015), which may have been followed by relaxation and consequent basin

development in Myanmar and NW Thailand (Searle and Morley, 2011). If the analogy is true,

the opening of the Inle Basin would be related to the opening of the basins in NW Thailand

(which is currently considered to be due to strike-slip reversal, followed by a later superimpos-

ition of dextral shear. In this scenario, the Kyaukkyan Fault would not be intrinsically linked to

basin development, but a younger structure associated with Neogene dextral tectonics utilising

the existing major discontinuities.

Later onset of dextral shear due to oblique collision of India, and ultimately associated with

strain localisation and onset of activity along the Sagaing Fault, is comparable to the oblique

convergence of the Pacific Plate toward North America, with localisation and development of

the San Andreas Fault (Irwin, 1990). The San Andreas system has taken up most of the Pacific

Plate’s lateral motion, with the remainder being accommodated by a broad zone of dextral shear

to the east that includes the Walker Lane fault system (Powell et al., 1993; Wesnousky, 2005).

Although the Kyaukkyan Fault cannot be directly compared with the Walker Lane, the strain

partitioning characterising the American margin might be a larger scale example of the strain

partitioning that possibly occurred or is still occurring along the boundary between India-West

Myanmar and Eurasia.

5.4 Modern strain distribution along the active India-Sundaland

margin

5.4.1 Strain partitioning along active convergent margins

The India-Sundaland margin is characterised by simple strain partitioning between the

Sumatran trench and the Sumatran Fault (e.g. McCa�rey, 1996) passing to a zone of uncertainly

distributed deformation in Myanmar (Fig.5.5; e.g. Vigny et al., 2003; Sahu et al., 2006). Strain

partitioning is common in convergence settings characterised by trench-perpendicular and

trench-parallel slip, such as in west North America, in the Caribbean, in Indonesia (Manaker

et al., 2008).

In W North America, the strain partitioning resulted in convergence accommodation in the

fold-and-thrust belt on the SW side of the San Andreas fault (e.g. Namson and Davis, 1988),

and accommodation of the strike-slip component along the San Andreas fault and along a series
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Figure 5.5: Schematic fault map of SE Asia (from Simons et al., 2007) with approximate
(absolute/ITRF2000) motions of Indian, Sundaland and South China blocks discussed in the
text.

of dextral strike-slip faults such as the Hayward Fault, the Calaveras Fault and the Greenville

Fault to the north (e.g. Jones and Tanner, 1995) and the San Jacinto fault and the Eastern

California shear zone to the south (e.g. McGill et al., 2013).

The Caribbean Sea presents another excellent example of the transition from a transcurrent

margin to an oblique subduction (Calais et al., 1992; Mann et al., 1998). The Caribbean and the

North America plates converge at a rate of 20 mm/yr along a ENE-WSW trend (e.g. DeMets,

2001); motion is accommodated to the west by a series of E-W-trending, left-lateral strike-slip

faults, while to the east the complex Hispaniola area is characterised by partitioning among

several strike-slip and thrust faults (Calais et al., 2002).
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5.4.2 Modern geodetic observations

The existence of activity along the Kyaukkyan Fault can be considered by analysing the

modern distribution of plates’ motion measured by GPS observations. According to Michel

et al. (2001), the NNE motion of stable India with respect to Eurasia, recorded at the IGS

site at Indian Institute of Science (IISc), Bangalore, is predicted to be 37 ± 3 mm/yr towards

N22� (Sahu et al., 2006), or 39 mm/yr towards N25� (Socquet et al., 2006); Gahalaut et al.

(2013) report ⇠33 mm/year motion within stable India with respect to Sundaland. This motion

is accommodated by opening of the Andaman Sea, strike-slip motion along the Sagaing Fault

system, oblique shortening along the Andaman and Myanmar subduction arc, and rotation about

the eastern Himalayan syntaxis (Fig.5.5).

Sundaland behaves as a coherent block rotating clockwise with respect to (NNR-NUVEL-

1A) Eurasia at velocities of 7 to 11 mm/yr from south to north (Simons et al., 2007). The motion

of Sundaland with respect to China was estimated by Simons et al. (2007) through di�erential

motion of the two blocks along the Red River Fault, resulting in a slip rate of 2 mm/yr, allegedly

much smaller than the 5 mmm/yr estimates predicted from neotectonics studies (e.g. Allen

et al., 1984; Leloup et al., 1995; Replumaz et al., 2001). This motion defines the GPS vectors

rotation around the syntaxis and its diversion to the south within the South China block and to

the SW across the Shan Plateau in Myanmar (Fig.5.6).

5.4.3 Accommodation of India’s northward motion

Geodetic studies reveal that 18-20 mm/yr of the total motion between India and Sundaland

motion is accommodated along the Sagaing Fault (Bertrand et al., 1998; Vigny et al., 2003); the

distribution of the remaining 13-21 mm/yr is thought to be accommodated along the Arakan

Trench and in the IMR. The following sections will illustrate the implications for this hypothesis.

Indo-Myanmar Ranges

Considering the slip partition in southern Myanmar, where the Andaman Trench accom-

modates 20 mm/yr of oblique convergence, Socquet et al. (2006) proposed for central Myanmar

a ’two-fault model’ in which the motion is entirely localised on two faults: the Sagaing Fault,

accounting for 18 mm/yr of pure lateral strike-slip, and the Arakan Trench, accounting for 23

mm/yr oriented N35� (⇠18 mm/yr of right-lateral strike-slip and ⇠13 mm/yr of convergence).

The lack of geologic evidence of strike-slip motion along the faults bounding the IMR to the

east (i.e. the Kabaw Fault), together with the absence of significant shortening in the folds of
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Figure 5.6: GPS vectors from all published surveys within Myanmar and around the eastern
Himalayan syntaxis. Blue vectors from Banerjee et al. (2008); green vectors from Gan et al.
(2007); red vectors from Maurin et al. (2010).Map location shown in Fig.5.5.

Myanmar Central Basin, led the Authors to suggest the locked subduction plane as the only

locus of accommodation west of the Sagaing Fault (Socquet et al., 2006). Active subduction is

also supported by analysis of the focal mechanism of earthquakes of Satyabala (2003). Con-

versely, in the 80s, Le Dain et al. (1984) argued that the convergence along the Indo-Myanmar

Ranges was active until 1 Ma ago, and since then there has been a change in the orientation of

convergence from E-W to NNE-SSW, thus subparallel to the regional trend.

Several authors hypothesise inactive or insignificant subduction, and support the existence

of dextral slip along strike-slip faults in the IMR (e.g. Maung, 1987; Zaw, 1990; Gahalaut and

Gahalaut, 2007; Gahalaut et al., 2013) accommodating the northward component together with
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the Sagaing Fault, with the eastward component being compensated by eastward motion of the

South China Plate (Sahu et al., 2006). This interpretation is consistent with the orientation of the

P-axes of the earthquakes’ focal mechanism along the IMR, N-S-oriented in central Myanmar

and NE-SW-trending in northern Myanmar (Le Dain et al., 1984; Guzman-Speziale and Ni,

1996; Rao and Kalpna, 2005). Sahu et al. (2006) considered the deepest earthquakes (>40

km) as interplate and ascribed them to the northward movement of the subducted Indian slab

under the IMR (Chen and Molnar, 1977). On the contrary, Guzman-Speziale and Ni (1996)

suggested that there are not interplate earthquakes, and that the overriding plate is instead

strongly coupled to the subducted and Indian plate, with their relative motion having been

transferred from subduction along the arc to right lateral motion along the Sagaing Fault to

the east. More recently, Gahalaut et al. (2013) observed the consistency between the NE-SW

orientation of the nodal planes and the oldest discontinuities of the Indian plate, interpreting the

deeper earthquakes as intraplate, thus not accommodating the India-Myanmar motion (Kundu

and Gahalaut, 2012).

Maury et al. (2004) interpreted the alkaline and calk-alkaline volcanism in the late Neogene

Myanmar volcanic arc as the e�ect of slab detachment causing the opening a mantle window.

More recently, an already detached slab was detected in tomography in the middle mantle,

confirming the validity of this interpretation (Rangin et al., 2013).

Despite the contrasting interpretations, most of these models demonstrate the existence of

dextral motion in the IMR. However, the amount of N-S motion accommodated cannot be

precisely quantified, leaving an open debate about the existence of other active structures to the

east of the Sagaing Fault.

Shan Scarp

Vigny et al. (2003) noticed a westward curvature of the Sagaing Fault in central Myanmar.

In this point the locking depth of the Sagaing Fault is calculated at 15 km (Vigny et al., 2003),

and the curvature o�sets the fault by 17 km from the deep dislocation line, which is located to

the east close to the Shan Scarp. A link between the fault trace with its dislocation line would

imply a fault plane dipping at 40� toward the east, an unusual dip angle for a pure strike-slip

fault, and inconsistent with the earthquakes focal mechanism; as an alternative, Rangin et al.

(2013) hypothesised a link at depth between the Sagaing Fault and the Shan Scarp fault system.

The locking depth of the Sagaing Fault in its central segment prevents the hypothesis of a

modern link at depth with the Kyaukkyan Fault, but it is not excluded that such link may have
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existed in earlier stages. Nonetheless, connection of the two faults at depth would have involved

a deep crustal penetration by the Kyaukkyan Fault, raising again the question of metamorphic

rocks exhumation.

5.4.4 Accommodation of the E-W component: the crustal flow

Although several uncertainties concerning the crustal flow remain (e.g. the depth of the

decoupling layer, the driving forces), gravity collapse of the Tibetan Plateau is the currently

accepted cause (e.g. Copley and McKenzie, 2007; Rangin et al., 2013). The e�ects of the flow

to the SE and SW of the syntaxis are exemplified by the 60 km bend of the Red River Fault,

which occurred in the last 5 Ma (Burchfiel, 2004), by the NE-SW strike-slip faults of the Shan

Plateau in Myanmar and Thailand, such as the Momeik (Nanting) Fault, the Nam Ma Fault

and the Mae Chan Fault (e.g. Lacassin et al., 1998; Shen et al., 2005; Simons et al., 2007),

and by the convex shape of the Burma platelet (Rangin et al., 2013). In particular, Rangin

et al. (2013) highlighted the correspondence between the maximum west directed velocity field

flow, located in central Myanmar, with the westwards curvature of the Sagaing Fault and of

the Indo-Myanmar Ranges, and collapse of the IMR’s western flank (Copley and McKenzie,

2007; Maurin and Rangin, 2009). The inferred onset of the flow at ⇠10 Ma (Clark et al., 2005)

corresponds to the age of the basin inversion in the Myanmar Central Basin, which may have

also accommodated crustal flow.

The westward curvature of the Sagaing Fault in central Myanmar, discussed in the previous

section, is in line with the curvature of the IMR. The inset of deformation inducing the curvature

along the fault trace was inferred at ⇠10 Ma (Rangin et al., 2013), which corresponds to the age

of the onset of the crustal flow (Clark et al., 2005). This age may date the reduction of strike-slip

deformation along this segment of the Sagaing Fault, and define the onset of accommodation

along the Shan Scarp, as proposed above.

5.5 Kyaukkyan Fault in the regional context and its potential

hazard

5.5.1 A creeping fault

Although the available information is insu�cient to draw an exhaustive picture of the role

of the several faults of the Shan Plateau, the Kyaukkyan Fault may be subject, for its location,

to strain partitioning of the N-S movement deriving from the Indian motion, and to the E-
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W directed compression caused by crustal flow from the syntaxis; this would cause strain

accumulation along the fault, not detected by the GPS network and yet creating a slip deficit

between geodetic and geologic slip (e.g. Segall and Harris, 1986).

Slip deficit across a fault is generally recovered during seismic rupture along a fault or

by continuous aseismic creep. If it is assumed that the Kyaukkyan Fault’s seismic behaviour

does not change over time, then it is possible to conclude that the fault probably has a long

interseismic period. Alternatively, assuming that the fault can vary its behaviour, aseismic

creep along the Kyaukkyan Fault may be considered.

Although ’creep’ is commonly used interchangeably with ’aseismic slip’, it must be specified

that, even in a creep context, seismic slip does not occur only if creep extends to the seismogenic

layer of the fault; if creep a�ects only shallow layers, then the slip deficit is created for creep

velocity not matching the long-term slip rate (e.g. Malservisi et al., 2003).

A creeping fault is normally characterised by evidence of surface creep and by a high level

of microseismicity delineating the fault (Amelung and King, 1997; Scholz, 2002; Malservisi

et al., 2003), as observed in studied creeping faults such as the Hayward Fault, California (e.g.

Simpson et al., 2001; Gans et al., 2003; Schmidt et al., 2005), and the Ismetpasa section of the

North Anatolian Fault, Turkey (e.g. Cakir et al., 2005; Karabacak et al., 2011). The Kyaukkyan

Fault does not show evidence of creeping; however, surface active processes may easily obliterate

minor deformation, and any evidence of creep within the modern fluvial/lacustrine deposits of

the Inle basin would be poorly preserved or rapidly lost.

5.5.2 Seismic hazard along the Kyaukkyan Fault and future work

Evaluating whether the fault is accumulating strain, and the likelihood for a seismic (or

aseismic) release of this strain along the fault can be crucial to assess the hazard posed by the

fault in a fast developing country like Myanmar. By observing the distribution of earthquakes on

the Shan Plateau of the last 40 years (NEIC and IRIS catalogues, see fig. 9, Chapter 4), a sparse

seismicity can be noticed, although there is no preferential distribution along the Kyaukkyan

Fault. This, however, does not exclude the presence of microseismicity related to creep along

the fault if we consider that: (1) microearthquakes can be near the detection threshold of well

instrumented global seismic networks (e.g. Rubin et al., 1999); (2) earthquakes location errors

are common, and the positional uncertainty of the hypocentre location may vary from about 100

m horizontally for the best located events (those in the middle of densely spaced seismograph
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networks) to tens of kilometres for global events in many parts of the world (e.g. Husen and

Hardebeck, 2010; Zaliapin and Ben-Zion, 2015); (3) since 1993 the Myanmar seismic network

had relied on one seismometer, located in Mandalay, and only recently (between 2016 and

2017) the seismic network was implemented to nine seismometers (Thiam et al., 2017).

The absence of linkage at depth between Kyaukkyan and Sagaing faults, discussed above,

does not prevent the Kyaukkyan Fault to account for part of the N-S-trending, dextral motion

associated with the Indian plate movement. Similarly, the E-W motion induced by the crustal

flow, observed in seismic instrumental activity along E-W trending, left-lateral faults of the Shan

Plateau, and latest represented by the 2011 Tarlay earthquake of Mw6.8 (Soe Thura Tun et al.,

2014; Wang Yu et al., 2014a), may result in right-lateral transpression along the Kyaukkyan

Fault.

Defining the characteristic of the potentially hazardous Kyaukkyan Fault comes under the

seismic source characterisation, key element of the seismic hazard assessment (McCalpin,

2009). The preliminary paleoseismic trenching studies illustrated in chapter 4 did not provide

information about the earthquake recurrence time along the Kyaukkyan Fault, nor about the

maximum magnitude that could be expected; hence, for a worst-case scenario evaluation, the

historic record of the M 7.6-7.7, 1912 Maymyo earthquake has to be considered as the maximum

credible earthquake along this fault. Similarly, of the slip rates proposed for the Kyaukkyan

Fault and varying from 1 mm/yr (Wang Yu et al., 2014b) to 9-18 mm/yr (Soe Min et al.,

2017), the latter should be taken into account in a precautionary deterministic seismic hazard

estimation.

Secondary e�ects to be taken into account relate in particular with Inle basin, where the

blooming cities of Nyaungshwe and Taunggyi are located. These would be: ground motion

amplification e�ects, possible in Inle basin lacustrine sediments; liquefaction e�ects caused by

the high position of the water table in Inle Basin; gravitational activation of inactive tectonic

fault planes such as Tauggyi normal fault.

If the Kyaukkyan Fault is subject, like any other fault, to aleatory uncertainty (i.e. related

to "natural, unpredictable variation in the performance of the system under study", McCalpin,

2009), its epistemic uncertainty, related instead to the lack knowledge about the behaviour of

the system, could in principle be reduced with the collection of more data (Bommer, 2003;

Abrahamson and Bommer, 2005). This could be addressed with: (1) geophysical investigation

of Inle Basin, to define location and geometry of the fault; (2) additional paleoseismic trenching
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studies, to better estimate the paleoseismic history and earthquake recurrence time for the fault;

(3) installation of a broad GPS network over the Shan Plateau, to predict the strain distribution

in the area; (4) a dense seismic array, to detect low magnitude earthquakes.



Chapter 6

Conclusions

The following questions were addressed in this study:

(1) is there evidence of Quaternary activity along the Kyaukkyan Fault?

(2) did it cause the 1912 Maymyo earthquake?

(3) is it active and capable?

(4) what is its role in the regional tectonic context?

Detailed mapping of Quaternary deposits revealed deformed sediments along the Kyaukkyan

Fault which prove its Quaternary activity. The magnitude of this activity was tentatively

quantified by performing stream o�set restoration on deflected streams in the northern part

of the fault, suggesting displacement in the order of hundreds of meters. Paleoseismologic

trenching aimed at investigating the modern activity of the Kyaukkyan Fault, confirmed by the

observation of o�set layers that can be related to events occurred within human times. Although

the attribution of the 1912 Maymyo earthquake to the Kyaukkyan Fault could not be definitely

confirmed, accommodation of N-S and E-W motion along the Kyaukkyan Fault is not excluded.

A summary of the main findings resulting from this study is reported below.

• The Quaternary activity of the Kyaukkyan Fault is testified by consistent right-lateral stream

o�set in the northern part of the fault, reflecting a predominant strike-slip sense of motion,

and by faulting and folding of landforms and alluvial fan sequences in the southern part of

Inle Lake, reflecting both dip-slip and strike-slip motion.

• Younger conglomeratic units of the alluvial fan sequences are less deformed, if at all, than

the underlying older ones, suggesting a reduced activity along the mountain front. This may

63
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reflect migration of activity from Inle Basin bounding faults toward the basin centre, typical

of a mature pull-apart basin system. Inle Basin may be evolving toward its final stage of basin

extinction, with a straightened cross-basin strike-slip fault bypassing oblique segments and

cutting through the basin centre.

• Evidence of migration of activity toward the basin centre is found in trench T2, north of

Taunggyi, that exposes two (undated) ruptures within the young unconsolidated basin sed-

iments. This is corroborated by the reported o�set of the Pawritha city wall, north of

Nyaungshwe.

• In the north, at Kyaukkyan village, trench T1 exposes at least two surface rupturing events,

stratigraphically constrained by AMS-14C dating: an older one, to between 4660 ± 30 BP and

1270 ± 30 BP, and a younger one between 1270 ± 30 BP and the present day. The presence

of pottery and charcoal in the faulted stratigraphy demonstrates activity of the Kyaukkyan

Fault within human times and, although direct evidence for the 1912, M7.7-7.6 Maymyo

earthquake was not found, the rupture younger than 1270 ± 30 BP may correspond to that

20th Century event.

• The lack of superficial features associated to the 1912 Maymyo earthquake may derive from:

(1) inexact compilation of the isoseismal map, due to the sparse distribution of towns and

villages at the time of the earthquake or wrong interpretation of the felt report; (2) over-

estimation of the magnitude of the earthquake, due to reporting and sampling biases; (3)

non-Kyaukkyan Fault source for the 1912 earthquake. The Sagaing Fault, the Kyaukme Fault

and the Momeik Fault are proposed as possible alternative causative faults.

• Evidence of left-lateral activity of the Kyaukkyan Fault has not been observed; the Myintnge

river bend at Gelaung valley, previously considered as a typical hairpin loop o�set, is here

interpreted as related to the thalweg geometry and not associated to tectonic causes.

• Although a modern link at depth with the Sagaing Fault cannot be confirmed, the Kyaukkyan

Fault may account for N-S-motion partitioning of the Indian motion and E-W-motion of the

crustal flow that can be accommodated aseismically or may be accumulating strain that can
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be released seismically.

Future work should include:

(a) seismic reflection across the basin to reveal the fault’s location and geometry;

(b) additional paleoseismic trenching in the northern site, in order to confirm (or exclude) the

connection between the 1912 Maymyo earthquake and the Kyaukkyan Fault, and in Inle Basin

area along the basin-bounding faults, to assess whether migration of fault activity is completed

and the basin is extinct or whether the bounding faults still constitute an hazard;

(c) a probabilistic seismic hazard assessment for the Kyaukkyan Fault, taking into account

the recurrence of an event such as the 1912, or a re-evaluation of the seismic hazard for the

Sagaing Fault if the additional investigations do not reveal a relation between the 1912 Maymyo

earthquake and the Kyaukkyan Fault.
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