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Abstract

The collision between the Indian and Eurasian plates since the late Paleogene causes the
NW-SE and NE-SW strike-slip faults and the N-S dip-slip faults in the Indochina region. In the
Mae Hong Son region, northern Thailand, several fault lines trend in the NE-SW, NW-SE and
N-S directions. Theses faults are called the Mae Hong Son Fault. In the southeastern margin of
the Lampang basin, northern Thailand, fault lines trend in the NE-SW and ENE-WSW
directions. Theses faults are called the Thoen Fault. The Mae Hong Son and Thoen Faults are
temporally and spatially associated with the Cenozoic basin formation. Previous remote sensing
investigation reveals many lines of morphotectonic evidence along the Mae Hong Son and
Thoen Faults which suggest an active tectonic zone. In order to clarify tectonic activity of these
regions, the Mae Hong Son and Thoen Faults were selected for this study.

Remote sensing and aerial photographic techniques were applied to a study of the Mae
Hong Son Fault, located in the Mae Hong Son region, northern Thailand. Several fault lines are
recognized in the region, trending mainly NE-SW, NW-SE, and N-S. The main morphotectonic
landforms associated with the Mae Hong Son Fault are fault scarps, offset streams, linear valleys,
triangular facets, offset ridge crests, beheaded streams, hot springs, and linear mountain fronts. A
trench, a quarry, and a road cut in Cenozoic strata were used to analyse fault geometries in the
area. Eight paleoearthquake events were identified from trenching, quarry, and road-cut data, and
from optically stimulated luminescence (OSL) and thermoluminescence (TL) dating. The OSL
and TL ages of the events are: (1) 78,000 yr BP; (2) 68,000 yr BP; (3) 58,000 yr BP; (4) 48,000
yr BP; (5) 38,000 yr BP; (6) 28,000 yr BP; (7) 18,000 yr BP; and (8) 8,000 yr BP. The
recurrence interval of seismic events on the Mae Hong Son Fault appears to be ca. 10,000 years,

and the slip rate was estimated as ca. 0.03-0.13 mm/yr.



To the southeast of the Mae Hong Son region, remote sensing and aerial photographic
techniques were also applied to a study of the NE-SW trending Thoen Fault, located in the
southeastern margin of the Lampang basin. Morphotectonic landforms caused by normal faulting
in the Lampang basin are well represented by fault scarps, triangular facets, wine-glass canyons,
linear valleys, and linear mountain fronts. On the other hand, morphotectonic landforms that
would indicate strike-slip faulting are not found. Three paleoearthquake events were identified in
the Lampang basin based on trenching data, AMS radiocarbon, OSL and TL ages (first event:
3,700 yr BP; second event: 1,800 yr BP, and the most recent event: more than 960 yr BP).

The Eocene—Oligocene collision of the Indian and Eurasian plates resulted in N-S
compressive stresses in the Indochina region. The N-S compressive stresses possibly caused
dextral motion on major NW-SE trending faults and sinistral motion on the NE-SW trending
faults in northern Thailand. The movement on faults accompanying regional E-W extension
during the late Oligocene—Miocene initiated the formation of Neogene basins. It is possible that
the onset of Cenozoic basin formation in the Mae Hong Son region and the Lampang basin
occurred during this time. It is also proposed that strike-slip fault movements and E-W
extensional tectonics in the Neogene played a critical role in the generation of neotectonic
patterns and active faulting in these areas.

The level of activity on the Mae Hong Son Fault seems low by comparison with the
timing of the latest fault movement and slip rates on other active faults in northern Thailand.
Moreover, it is inferred that the Thoen Fault is more active than the Mae Hong Son Fault.
Although no large earthquake has occurred within the Mae Hong Son region and Lampang basin,
micro-earthquakes are recorded by seismographs of the Thai Meteorological Department and the

Royal Thai Navy Seismic Research Station. These micro-earthquakes, which are quite scattered

Vi



in their distribution, indicate that these regions may be in a low-seismicity zone. The micro-
earthquakes may represent low-level activity on the Mae Hong Son and Thoen Faults. There is a

low possibility of a large earthquake on the Mae Hong Son and Thoen Faults in the near future.

Keywords: Mae Hong Son Fault, Thoen Fault, Active fault, Quaternary dating, Paleoseismology,

Mae Hong Son, Lampang basin, Northern Thailand.
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1. Introduction
1.1. Introduction

Several large earthquakes (Richter magnitude > 6) have been reported from northern
Thailand in a region east of the Sagaing Fault in Myanmar (Fig. 1). Northern Thailand has
experienced micro-earthquakes (Richter magnitude < 3) and moderate earthquakes (Richter
magnitude 3-6) since at least 63 BC [Nutalaya et al., 1985; Bott et al., 1997]. Several micro-
to moderate earthquakes have been detected along major fault traces in northern Thailand
(i.e., the Mae Ping, Mae Chan, Thoen, and Mae Hong Son Faults; see Fig. 1); morphotectonic
landforms have also been observed in this region [Kosuwan et al., 1999; Pailoplee et al.,
2009]. Based on earthquake data recorded in this region and morphotectonic landforms, the
Mae Hong Son and Thoen Faults can be delineated and classified to active fault [Hinthong,
1995, 1997; Department of Mineral Resources (DMR), 2006; Charusiri et al., 2007].

The Mae Hong Son Fault in the Mae Hong Son region trends mainly N-S and NW-
SE, as inferred from a Landsat image (Fig. 1). Micro-earthquakes were recently recorded in
the Mae Hong Son region (for locations, see Fig. 3). The Mae Hong Son Fault (Figs 1 and 9)
is important because it is the only fault in Thailand with a trend parallel to that of the Sagaing
Fault, occurs near the Sagaing Fault and is considered an active fault zone [Hinthong, 1995,
1997; DMR, 2006; Charusiri et al., 2007].

Earlier work shows that the Mae Hong Son Fault trends mainly N-S and NW-SE, and
is associated with Cenozoic basin formation [Baum et al., 1970; Charusiri et al., 1993;
Hinthong, 1997; DMR, 2006]. The only detailed studies of the stratigraphy and geology of
this region are those reported by Hahn et al. [1986] and Srinak et al. [2003, 2007].
Reconnaissance studies on neotectonics and paleoearthquakes were conducted by Takashima
and Maneenai [1995], Hinthong [1997], DMR [2007], and Charusiri et al. [2007]. However,

no systematic or detailed surveys have so far been conducted to examine paleoearthquakes in



the Mae Hong Son region. Moreover, existing data are insufficient to constrain the
paleoseismological history and characteristics of the region. Thus, quarry and trenching
studies across the fault segments are necessary to reconstruct the history of displacement.

In 1975, a moderate earthquake of Richter magnitude 5.6 and Mercalli intensity VI
occurred along the southern part of the Mae Hong Son Fault (Fig. 3); this event caused minor
damage in the Mae Hong Son region. Seismicity in northern Thailand is, however, generally
considered to be low, and there is no clear association between seismicity and mapped faults
[Bott et al., 1997; Fenton et al., 2003]. Therefore, to better understand and clarify the nature
of seismicity in this region, the paleoseismicity of faults along the Mae Hong Son Fault was
examined.

For the Thoen Fault in the southeastern margin of the Cenozoic Lampang basin,
although no large earthquake has occurred within the Lampang basin, micro-earthquakes are
also recorded by seismographs of the Thai Meteorological Department (TMD) and the Royal
Thai Navy Seismic Research Station (RTNSRS). Seismogenic faults in this area have not
been identified, and it is not certain whether micro-earthquakes in the Lampang basin are
caused by basement tectonics or active faulting. Therefore, to better understand and clarify
the nature of seismicity, the paleoseismicity of faults along the Thoen fault was also
examined. Some of the Thoen Fault segments were examined as part of a paleoearthquake
study (e.g., Pailoplee et al. [2009]); however, paleoearthquake data are insufficient in terms
of determining the timing of the most recent event. Trenching studies across the fault
segments are necessary to reconstruct the history of displacement.

As explained above, two active faults, including the Mae Hong Son and Thoen Faults
in northern Thailand, were selected for a paleoearthquake study. The main objectives of this
study were to (1) identify and characterize morphotectonic landforms resulting from fault

movements, (2) determine the numbers of paleoearthquake events, (3) estimate slip rates and



recurrence intervals of the faults, and (4) compare the activity on the Mae Hong Son and
Thoen Faults.

In this study, fault segments and their senses of movement along the Mae Hong Son
Fault were identified using field work and remote sensing techniques. Optically stimulated
luminescence (OSL) and thermoluminescence (TL) dating were used to determine the
depositional ages of sediment layers involved in paleoearthquake events. Geophysical data
from the Electricity Generating Authority of Thailand (EGAT) [2012] were reinterpreted, and
used to locate subsurface structures in some areas. Faults and sediments in trenches and
exposures crossing fault segments (Mae La Noi School quarry, Phra That Chom Kitti road
cut, Nong Mae La, Huai Kia, and Mok Chum Pae trenches; Fig. 9c) were mapped and their
stratigraphy determined to reconstruct displacement histories.

For the Thoen Fault, fault segments and their senses of movement along the fault
were identified using remote sensing techniques. Quaternary dating methods, including
optically stimulated luminescence (OSL) and accelerator mass spectrometry (AMS)
radiocarbon dating, were used to determine the ages of sedimentary layers in the trench.
Normal faulting along the Ban Don Fai segment has produced distinct morphotectonic
landforms that represent the most important data in terms of site selection for a

paleoearthquake study. Thus, this study focuses on the Ban Don Fai segment.

1.2. Location of the study area

The Mae Hong Son Fault is located in the Mae Hong Son region in northwestern
Thailand (17°38-19°48'N, 97°20-98°39'E), and at its furthest point is approximately 924 km
north of Bangkok (Figs 1 and 8).

The Thoen Fault is located in the southeastern margin of the Lampang basin in
northern Thailand (17°45-18°32'N, 99°07'-99°50'E), and at its furthest point is
approximately 599 km north of Bangkok (Figs 1 and 21).
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1.3. Methodology

The detailed methodology of this study can be described in terms of six steps (Fig. 2).

1.3.1. Planning and preparation

The first step was to put together all the available and relevant data on the study area,
and arrange it appropriately to help facilitate the rest of the work. This involved surveying the
previous literature, finding base maps (topographic and geological), earthquake epicentres,
acquiring satellite images and aerial photographs, collecting records of historical earthquakes,

and bringing together a number of other related technical and nontechnical documents.

1.3.2. Field reconnaissance

The second step involved a general reconnaissance of the field area in order to
construct general guidelines for the more detailed investigations. Assessing the conditions of
transportation routes and the ease of access into the study area was a necessary step, because

this information was then used for selecting the locations of trenching sites.

1.3.3. Remote sensing interpretation

The third step concerned remote sensing interpretations. Landsat 7, the shuttle radar
topography mission (SRTM), and digital elevation models (DEMs) have all been applied in
the interpretation of Cenozoic basins in the study area and in analyses of the attitudes and
orientations of lineaments and Quaternary faults. Faults were divided into segments during
this step, and the characteristics of individual fault segments were defined using aerial
photographs and IKONOS images. Morphotectonic landforms associated with the faults were

also assessed and interpreted.



1.3.4. Field investigations

This step involved verification in the field of the results of remote sensing
interpretation. Morphotectonic landforms related to neotectonics were used for evaluating the
locations of active faults, and then used for selecting locations for further geophysical
investigation. The geophysical data (i.e., the results of resistivity and radon investigations)
have been used to locate subsurface structures and to decide on appropriate trenching sites.
Subsequently, trenches were excavated across fault traces, and the stratigraphic units and the

faults exposed were recorded and mapped.

1.3.5. Geochronological investigation
For this step, soil samples that could be related to the faulting visible in the trenches
were collected for AMS radiocarbon, OSL and TL dating. Quartz grains from soil samples

are necessary materials for both OSL and TL dating. Carbonaceous clay samples are

necessary materials for AMS radiocarbon dating.

1.3.6. Discussion and conclusions

During this step, all the data and results from this and previous work are used to
determine the nature, timing, and sequence of paleoearthquake events. The goals were to
identify morphotectonic landforms that resulted from fault movements, determine the number
of paleoearthquake events on the Mae Hong Son and Thoen Faults, and estimate slip rates
and recurrence intervals for the fault. With this information, it is then possible to discuss the
history of the Mae Hong Son and Thoen Faults, the neotectonics of the fault, and fault

activity in northern Thailand generally.
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2. Tectonic Setting

The tectonic framework of SE Asia is dominated by the interaction of three major
adjoining lithospheric plates: the continental—oceanic Indian Plate to the west and south, the
continental Eurasian Plate in a central location, and the oceanic Philippine Plate to the east
[Fenton et al., 2003]. Thailand is part of the Eurasian Plate and lies to the east of an active
east-dipping subduction zone that extends from north India, passes through west Myanmar
and west of the Andaman and Nicobar Islands, and then swings eastwards along the
Sumatra—Java trench [Reading, 1980]. Major neotectonic events in the Indochina region are
likely related to progressive northward and northeastward movement of the Indian plate and
collision with the Eurasian plate [Peltzer and Tapponnier, 1988; Charusiri et al., 2007].

In the Indochina region, collision of the Indian and Eurasian plates since the late
Palaeogene has resulted in strike-slip faults that strike mainly NW-SE and NE-SW, and dip-
slip faults that strike N-S [Tapponnier et al., 1986; Peltzer and Tapponnier, 1988]. During the
late Eocene, collision of the Indian and Eurasian plates resulted in left-lateral displacements
along the NW-SE trending Red River Fault, the Mae Ping Fault (MPF; Fig. 1), and the Three
Pagoda Fault (TPF; Fig. 1) [Lacassin et al., 1997]. Left-lateral displacement along the Red
River Fault amounted to hundreds of kilometres during the Eocene—Oligocene, caused by
extension within the South China Sea [Morley, 2002]. The Gulf of Thailand was also opening
during this time [Srisuwan, 2002]. During the early Oligocene—early Miocene, as the Indian
plate collided with the southern margin of the Eurasian plate, the Southeast Asia region was
rotated clockwise by ca. 25° and was extruded southeastwards [Peltzer and Tapponnier,
1988; Fenton et al., 2003]. The clockwise rotation of SE Asia resulted in a reversal in the
sense of movement along the Mae Ping and Three Pagoda Faults during the Oligocene—early
Miocene, when these faults changed from left-lateral to right-lateral NW-SE trending strike-

slip faults, and the Uttaradit Fault (UF; Fig. 1) became a left-lateral NE-SW trending strike-



slip fault. At the same time, the Red River Fault remained a left-lateral strike-slip fault
[Huchon et al., 1994; Polachan et al., 1991]. By the middle Miocene, all of the NW-SE
trending strike-slip faults in the Indochina region (Red River, Mae Ping, and Three Pagoda
Faults) had become right-lateral strike-slip faults [Longley, 1997; Srisuwan, 2002]. Taken
together, these major faults form a transtensional regime related to the opening of Cenozoic
basins in Southeast Asia [Ducrocq et al., 1992; Charusiri et al., 2007].

Thailand lies mainly in a zone of strike-slip deformation, between the Red River Fault
to the east and the compressive Sagaing Fault to the west [Morley, 2007; Morley et al., 2011].
In the southwestern part of northern Thailand, the Mae Ping Fault, a NW-SE trending strike-
slip fault, connects to the Sagaing Fault. Several seismic profiles show that in the
southeastern part of northern Thailand, the NE-SW trending Uttaradit Fault has a left-lateral
sense of movement [Bal et al., 1992]. The movement on these strike-slip faults during the
Cenozoic has resulted in extensional and transtensional stresses in northern Thailand, leading
to the formation of a number of basins in this region [Uttamo et al., 1999, 2003]. The
Cenozoic basins in northern Thailand are mainly N-S trending grabens and half-grabens,
with sediment thicknesses in the range of 1,000-3,000 m [Polachan et al., 1991]. The
geometries of the Cenozoic basins and the locations of faults may possibly be controlled by
pre-existing fabrics in basement rocks [O’Leary and Hill, 1989; Morley, 2007]. A
combination of both dip-slip and lateral strike-slip (i.e., oblique-slip) movement is required to
explain the evolution of these basins [Morley et al., 2001, 2004; Morley, 2002, 2007] and the

triggering of the faulting observed in this region.



3. Seismicity of northern Thailand and vicinity

The seismotectonic character of northern Thailand is similar to that of the Basin and
Range Province of the western United States (i.e., a region of extended crust and basin-and-
range topography [MacDonald et al., 1993]), and thus, this region has been called the
Northern Basin and Range Province [Fenton et al., 1997]. Several micro- to moderate
earthquakes have been detected dispersedly in northern Thailand (Fig. 3). Seismicity in this
region is generally considered to be low, and there is no clear association between seismicity
and mapped faults [Bott et al., 1997; Fenton et al., 2003].

Approximately 51 earthquake events with Richter magnitudes (M) of 2-5 have been
reported nearby and within the Mae Hong Son region (Fig. 3) [RTNSRS, 2012; TMD, 2012;
United States Geological Survey (USGS), 2006]. Several of these micro-earthquakes
occurring near towns have been felt; however, no damage has been reported. The largest
known earthquake, with a magnitude of Richter 5.6, occurred on the southern section of the
Mae Hong Son Fault on 17 February 1975 (Fig. 3). Damage was reported from this event,
particularly in the southern part of the Mae Hong Son region. Although no large earthquakes
have been recorded within the Mae Hong Son region, farther to the northeast in easternmost
Myanmar, a large-scale earthquake on 24 March 2011 (Mw 6.8) occurred on the Nam Ma
Fault (Fig. 3). Farther to the north, a few intermediate earthquakes causing minor damage
have been reported, including a Mw 5.1 event on 1 March 1989. These observations indicate
that present-day seismicity is, at least to an extent, related to the Mae Hong Son Fault.
Present-day hot spring data (stars, Fig. 9a) also suggest on-going activity along the fault.

For the Thoen Fault, from 1990 to the present day, more than two dozen earthquakes
with Richter magnitudes (M) of 3-5 have been reported nearby and within the Lampang
basin (Fig. 3) [RTNSRS, 2012; TMD, 2012; USGS, 2006]. Several of these micro-

earthquakes occurring near towns have been felt; however, no damage has been reported. The
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largest known earthquake, with a magnitude of Richter 4.4, occurred on the northeastern
section of the Thoen Fault on 2 February 1997 (Fig. 3). These observations indicate that

present-day seismicity is, at least to an extent, related to the Thoen Fault.
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4. Active Fault in Thailand

Paleoearthquake studies aim to determine the occurrence of past earthquakes on
active faults. In this paper, an active fault can be defined as one that has moved at least once
during the late Pleistocene and extending to the present day [Geological Survey of Japan,
1983], and that has the potential to generate another earthquake in the near future [Slemmons,
1982]. The movements of active fault might have resulted from neotectonics. The
neotectonics can be broadly described as tectonic events and processes that have occurred in
post Miocene time [Slemmons, 1991], or neotectonic is defined as the tectonics occurring in
the current tectonic regime [Wood and Mallard, 1992].

Based on seismological and geological evidence, Nutalaya et al. [1985] were the first
to introduce the concept of seismic source zones in Thailand and neighboring countries (Fig.
4). Hinthong [1995, 1997] conducted a project titled “Study of Active Faults in Thailand”,
and used geological, historical, and seismological data to identify 22 active or suspected
active faults in Thailand (1-22 in Fig. 5), and later the Bang Pa Kong Fault (23 in Fig. 5) was
added into the map by Woodward-Clyde Federal Services [1996]. Siribhakdi [1986] studied
seismogenic regimes in Thailand, and reported on the earthquakes that had occurred in
Thailand throughout the past 1,500 years. Many of these earthquakes were closely related to
the Three Pagoda Fault (TPF in Fig. 1; 13 in Fig. 5), the Mae Ping Fault (MPF in Fig. 1 or
Moei Fault of Hinthong [1995]; 11 in Fig. 5), and the Mae Hong Son Fault (Mae Sariang
Fault of Hinthong [1995]; 3 in Fig. 5). Thiramongkol [1986] provided evidence of Holocene
movement on the Bang Pa Kong Fault (23 in Fig. 5) along the eastern margin of the lower
central plain of Thailand (Fig. 6). Charusiri et al. [1996] applied several remote sensing
techniques to a study of earthquakes in Thailand and neighboring countries. A seismotectonic

(or seismic source) map was compiled by Charusiri et al. [1996].
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Rhodes et al. [2004] studied the kinematics of the Mae Kuang Fault in northeastern
Chiang Mai, northern Thailand, and identified offset contacts and slickenlines on the surface
of the fault, indicating a left-lateral slip of 3.5 km and a dip-slip of 600 m (Fig. 7). The
authors suggested that the fault was initiated between 20 and 5 Ma, simultaneous with a
reversal in the movement direction on the Mae Ping and Red River Faults, and that it
terminates at the northeastern margin of the Chiang Mai basin. The Mae Kuang Fault does
not extend to the western side of the Chiang Mai basin because it is truncated by the right-
lateral Mae Tha Fault. The ENE-WSW trending Mae Chan Fault in northern Thailand (MCF
in Fig. 1; 1 in Fig. 5) is a left-lateral strike-slip fault [Fenton et al., 1997]. Strong
geomorphological evidence is present for late Quaternary left-lateral displacement along this
fault, and recent trench investigations have confirmed late Quaternary faulting [DMR, 2009;
Fenton et al., 1997, 2003; Kosuwan et al., 1999]. Based on remote sensing data, trenching,
and geochronological investigations along the Mae Ping Fault, western Thailand, Saithong
[2006] identified three paleoearthquake events (at 80,000, 65,000, and 15,000 yr BP)
involving dextral movement along the fault. Le Dain et al. [1984] reported a focal plane
solution for a 1975 earthquake on the Mae Ping Fault consistent with right-lateral slip. In the
southeastern part of northern Thailand, remote sensing investigations and Quaternary dating
have revealed that the Uttaradit Fault (UF; Fig. 1) is located within an active tectonic zone
[Saithong et al., 2011]. Based on trench investigations, slip rates on the Uttaradit Fault have
been calculated as between 0.19 and 0.21 mm/yr [Saithong et al., 2011].

Earlier work has demonstrated that the Mae Hong Son Fault strikes mainly N-S and
NW-SE. Hot springs are present along the fault trace, and may be the result of movement
along the fault [Sasada et al., 1987]. Based on field and geochronological evidences,
Charusiri et al. [1993] suggested that the Mae Hong Son Fault may have been active during

the period of 27.3-1.6 Ma. A fault in the Mae Sariang basin has been interpreted as a splay
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fault of the active Mae Ping Fault to the south [Morley et al., 2007]. Age dating by TL has
revealed that the Mae Hong Son Fault was active from 0.89 to 0.32 Ma [Takashima and
Maneenai, 1995; Hinthong, 1997]. Recently, Wiwegwin et al. [2014] also reported the most
recent movement upon Mae La Noi segment no. 1 of the Mae Hong Son Fault occurred
several thousand years ago; the fault has been classified as active by Hinthong [1995, 1997],
DMR [2007], Charusiri et al. [2007], and Wiwegwin et al. [2014].

The NE-SW trending Thoen Fault (TF in Fig. 1; 8 in Fig. 5), a sinistral fault located
in the Lampang basin, has been regarded as active [Fenton et al., 1997, 2003; Hinthong,
1997; DMR, 2006]. Quartz-rich samples from fault-related colluviums, and charcoal samples,
provide displacement ages of 4,000, 3,000, and 2,000 yr BP using thermoluminescence (TL)
dating and the **C method, respectively [DMR, 2006]. Moreover, from 1990 to the present
day, more than two dozen earthquakes with magnitudes of My 3.0-5.0 have been detected
near this fault. Danphaiboonphon [2005] studied the characteristics of the Thoen Fault, using
remote sensing, petrographic analysis, and geophysical investigation, and suggested that it is
an oblique strike-slip fault. Several lines of evidence, including geomorphic and stratigraphic,
indicate that the Thoen Fault was an extensional structure during the Holocene [Fenton et al.,
2003] and that current displacements involve mainly normal dip-slip and subordinate left-
lateral slip movement [Fenton et al., 2003; Morley, 2007]. Based on morphotectonic
landform observations in the Lampang basin, Wiwegwin et al. [2011] suggested that the
Thoen Fault was a normal dip-slip fault, without any significant component of strike-slip
movement. Fenton et al. [2003] calculated a slip rate on the Thoen Fault of 0.6 mm/yr, using
total offset of youngest geomorphic feature or stratigraphic unit divided by its relative age.
Pailoplee et al. [2009] excavated two trenches on the Ban Mai and Doi Ton Ngun segments
of the Thoen Fault in the Lampang Basin. Based on trench-log interpretations, the Ban Mai

segment records a single main paleoearthquake, at 3,800 yr BP; the slip rate is approximately
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0.06 mm/yr. The Doi Ton Ngun segment records evidence for two paleoearthquake events at
3,500 and 1,800 yr BP; the average slip rate since the last fault movement is 0.18 mm/yr, and
the recurrence interval for earthquakes is 1,700 years. Wiwegwin et al. [2011] also reported
that the most recent movement on the Ban Don Fai segment of the Thoen Fault occurred
more than 960 years ago. Based on the current study of seismicity (i.e., the b value of the
Gutenberg—Richter (G-R) relationship, where a low value indicates high earthquake activity)
upon the Thoen Fault (Lampang basin) and upon the Phrae Fault (Phrae basin), the b value
for the Thoen Fault is lower than that for the Phrae Fault [Pailoplee et al., 2009]. Pailoplee et
al. [2009] also suggested that the Thoen Fault in the Lampang basin is capable of generating

more earthquake activity than the Phrae Fault.
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granitic rocks of the Fang—Mae Suai batholiths [Rhodes et al., 2004].
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5. Results of Remote Sensing Analysis
5.1. Mae Hong Son Fault in the Mae Hong Son region
5.1.1. Lineaments and fault segments

Landsat 7 imaging (Fig. 8) has been applied to the interpretation of lineaments and
Quaternary faults in the study area. Lineaments were identified based on morphological
features, their correlation with tectonic elements, and available geological maps. The
orientations of faults at 767 locations along these lineaments are shown in Fig. 9b.

The Mae Hong Son Fault is well defined and is visible as a sharp lineament on aerial
photographs and satellite images (see Fig. 8). The Mae Hong Son Fault strikes mainly N-S,
with conjugate faults trending NW-SE and NE-SW. The N-S faults show normal dip-slip
movement, and they delineate the margins of elongate N-S basins. The NW-SE faults show
right-lateral strike-slip movement. On the other hand, the NE-SW faults show left-lateral
strike-slip movement. The Mae Hong Son Fault, which has a total length of ca. 202 km, can
be divided into four major segments based on fault geometries and the distribution of
Cenozoic basins (Fig. 9c¢). Fault traces are visible along the boundaries between Paleozoic—
Mesozoic units and unconsolidated Quaternary sediments; such faults mainly occur within
Cenozoic basins. From north to south, the four major segments of the Mae Hong Son Fault
are the Mae Hong Son, Khun Yuam, Mae La Noi, and Mae Sariang segments (Fig. 9¢). These
segments can be subdivided into 49 smaller segments (all showing clear traces of Quaternary
faulting, as interpreted from remote sensing observations); the segments were investigated to
determine fault geometries and orientations, associations with morphotectonic landforms, and

their seismicity history.
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Fig. 8. Landsat image showing the location of the study area (Mae Hong Son region) and
prominent N-S and NW-SE trending faults (MHSF: Mae Hong Son Fault; arrows). This
image was analyzed to identify lineaments and Quaternary faults. The area covered by this

image is shown in Fig. 1.
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Fig. 9. The Mae Hong Son Fault (MHSF; see location map, Fig. 1) of northern Thailand and

its four major fault segments as interpreted from Landsat 7 images (a and c), the principle

orientations of faults shown as a rose diagram (b, inset in a), and the locations of Cenozoic

basins in the Mae Hong Son region (c). The names and locations of individual segments are

also displayed (c). The black stars represent hot spring locations.
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5.1.2. Morphotectonic landform interpretation
5.1.2.1. Morphotectonic landforms and faulting

Active faulting produces a variety of landform features (i.e., morphotectonic
landforms), including fault scarps, warped and tilted ground, subsidence features such as sag
ponds, and offset stream channels. These morphotectonic landforms can be classified into
three groups that are associated with strike-slip, normal, and reverse faulting, respectively.
However, many faults show oblique displacements that involve both strike-slip and vertical
movements. For this study, the landform features associated with the three main types of
faulting are briefly explained.

Within a strike-slip fault zone, a variety of structures and landforms can originate by
simple shear, including fractures, folds, normal faults, thrust faults, and reverse faults
[Christie-Blick and Biddle, 1985]. Naturally, within a broad shear zone, different generations
of motion produce various kinds of these structures, all of which can be superimposed,
producing an array of structural complexity [Sylvester, 1988]. In many strike-slip faults, a
bending of the fault trace can be observed in overlapping areas among adjacent blocks.
Therefore, strike-slip fault movements can create both compressive and tensile stresses in the
curved areas of fault segments. For instance, as shown in Fig. 10, releasing bends and
restraining bends can cause pull-apart basins and uplift features related to tension and
compression stresses, respectively [Biddle and Christie—Blick, 1985; Keller and Pinter, 1996].
In many cases, both pull-apart basins and uplift highs may be explained in term of step-overs
where two fault segments occur, and with both showing the same sense of movement [Keller
and Pinter, 1996].

In conclusion, strike-slip faulting is capable of producing many Kkinds of

morphotectonic landforms, as shown in Fig. 11. These features include linear valleys, offset
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or deflected streams, shutter ridges, sag ponds, beheaded streams, benches, scarps, and
springs [Keller and Pinter, 1996].

Within a normal fault zone, the morphotectonic landforms that often result from an
extensional regime include linear mountain fronts, fault scarps, triangular facets, horsts and
grabens, escarpments, and rift valleys and axial rifts in oceanic ridge systems [Keller and
Pinter, 1996]. Fault scarps are the typical indicator of normal faulting. Triangular facets can
also be used for indicating a normal fault system, and they are formed by a combination of
vertical movement on range-bounding normal faults and stream incision in the valleys.
Triangular facets are roughly planar surfaces with broad bases and upwards-pointing apices,
and they typically occur on ridge crests between valleys [Keller and Pinter, 1996]. A time
sequence of displacements along a normal fault can produce a vertically stepped series of
triangular facets [Hamblin, 1976; Fenton et al., 2003].

Morphotectonic landforms associated with reverse faulting include belts of active
folding and faulting, steep mountain fronts, and fault scarps. The long axis of these structures
is usually perpendicular to the direction of maximum compressive stress. The most common
geomorphic products of compressional tectonism in a continent are fault scarps [Carver and
McCalpin, 1996] and active folding [Keller and Pinter, 1996]. Based on historical surface
ruptures associated with the Armenian 1988 earthquake, seven types of reverse fault scarp

morphology have been identified by Philip et al. [1992], and these are shown in Fig. 12.
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Fig. 12. Seven types of reverse fault scarps. A: Simple reverse (or thrust) scarp; B: Hanging-
wall collapse scarp; C: Simple pressure ridge; D: Dextral pressure ridge; E: Back-thrust
pressure ridge; F: Low-angle ridge; G: En echelon pressure ridge; 1: bedrock; 2:

unconsolidated Quaternary sediments, and 3: turf [after Philip et al., 1992].

5.1.2.2. Results of aerial photograph interpretation

The morphotectonic landforms observed in the study area include fault scarps,
triangular facets, offset streams, hot springs (stars in Fig. 9a), linear valleys, and linear
mountain fronts. Based on aerial photographic interpretations, the Mae La Noi and Mae
Sariang basins (Fig. 9c) are bounded to the east and west by N-S trending segments and to
the north and south by NE-SW and NW-SE trending segments, respectively.

In the Mae La Noi basin, detailed interpretations of aerial photographs reveal small
fault scarps, offset streams, and linear valleys along the fault trace (Figs 13 and 14). To the
north of Mae La Noi School, a westward flowing stream channel shows a sinistral offset of
ca. 70 m (the stream flows southward along the fault trace before returning to its westward
course; Fig. 14a and b); this offset stream indicates left-lateral strike-slip along the Mae La

Noi segment no. 2. This fault segment has a total length of ca. 1.8 km. Small fault scarps are
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also present on the piedmont behind Mae La Noi School (on Mae La Noi segment no. 1; Figs
13 and 14). Mae La Noi segment no.1 has a total length of ca. 1.4 km.

Morphotectonic landforms observed in the Mae Sariang basin include fault scraps,
offset streams, triangular facets, offset ridge crests, benches, and linear mountain fronts (Figs
15-19). The N-S trending faults show normal dip-slip displacement. The NW-SE and
NNW-SSE trending faults show right-lateral strike-slip displacement. However, the NE-SW
trending fault segments frequently show left-lateral strike-slip displacement. The ridge crest
to the northeast of Phra That Chom Kitti temple shows left-lateral offsets across the fault (Fig.
16), indicating left-lateral strike-slip movement on the Phra That Chom Kitti segment. This
fault segment has a total length of ca. 1.0 km. To the north of Phra That Chom Kitti temple
(Fig.16), an eastward flowing stream channel is offset dextrally by ca. 100 m; the stream
flows southwards along the fault trace before returning to its eastward course (Fig. 16). The
ridge crest to the south of this offset stream also shows right-lateral offset across the fault
(Fig. 16). These features indicate right-lateral strike-slip movement on the Nong Pa Khaem
segment (2.0 km length).

Triangular facets, scarps, beheaded stream, and linear mountain fronts can be
observed along the eastern margin of the Mae Sariang basin (the Kon Phung area in Figs 17
and 18). These morphotectonic landforms support the interpretation of normal displacement
along the fault trace on the basin’s eastern margin. The triangular facets represent a
combination of vertical movements on range-bounding N-S normal faults and stream
incision in valleys. A series of triangular facets is present in the Mae Sriang basin along a W-
facing escarpment (Fig. 17c). It is suggested that such features are the result of episodic fault
movement, and that the facets formed as a result of fault movement, while the benches
formed during intervening periods of tectonic stability. Therefore, it is possible that

movement along the Mae Hong Son Fault resulted in the development of several sets of
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triangular facets in the Mae Sariang basin. The locations of triangular facets are also
consistent with the locations of surface traces of the Mae Hong Son Fault. Series of triangular
facets have been reported from other well-studied active fault zones, and they are considered
as indicative of mountain fronts bounded by active faults [e.g., Hamblin, 1976; Bull and
McFadden, 1977; Wallace, 1978; Fenton et al., 2003; Ganas et al., 2005; Picotti et al., 2009;
Wiwegwin et al., 2011]. Thus, triangular facets in the N-S trending Mae Sariang basin are
considered to be the result of vertical movements of the Mae Hong Son Fault.

To the west of the 9.2-km Nong Mae La and 4.0-km Kon Phung segments (Fig. 18),
eastwards flowing stream channels are offset dextrally by ca. 2070 m; the streams flow
southwards along the fault trace before returning to their eastwards course (Fig. 18). These
features indicate right-lateral strike-slip movement on the Huai Singh Nuea segment (5.3 km
length).

Fault traces in the Huai Kia area, in the southern part of the Mae Sariang basin,
change orientation from trending N-S to trending NW-SE (Fig. 19). Significant
morphotectonic landforms, such as scarps, offset streams, benches, and linear mountain
fronts, can be observed along the fault traces. Streams are offset dextrally. These features are
interpreted, therefore, to indicate right-lateral strike-slip movement along these NW-SE
trending fault segments (e.g., 2.16-km Huai Kia segment no.1). These segments have the
same orientation as the Mae Ping Fault to the south, and they may actually merge with that
fault.

In the north of the Mae Hong Son region, morphotectonic landforms observed in the
Mok Chum Pae area include fault scarps, offset streams, triangular facets, hot springs, and
linear mountain fronts (Fig. 20). The N-S trending fault segments show normal dip-slip
displacements, and the NE-SW trending fault segments show left-lateral strike-slip

displacements. However, the NW-SE and NNW-SSE trending fault segments frequently
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show right-lateral strike-slip displacements. A hot spring occurs along the southwestern part
of the Mok Chum Pae segment, and streams are offset across the fault segment (Fig. 20). To
the northeast of the hot spring, a southeastwards flowing stream channel shows a sinistral
offset of ca. 150 m (the stream flows northeastwards along the fault trace before returning to
its southeastwards course; Fig. 20). Indeed, all the offset streams observed along the Mok
Chum Pae segment indicate left-lateral strike-slip movements. The Mok Chum Pae segment
has a total length of ca. 8.3 km. A series of triangular facets is present in the Mok Chum Pae
area on the escarpments that face E and W (Fig. 20). Based on morphotectonic landforms
observed in this area, it is possible that these faults of the Mae Hong Son Fault have produced

both vertical and lateral movements.
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Fig. 13. Morphotectonic landforms of the Mae La Noi area. (a) Aerial photograph of the Mae
La Noi area, Mae Hong Son region (see Fig. 9a for location of the image), and (b) results of
remote sensing investigations and the distribution of geological units (Qa: alluvial sediments;
Qt: terrace sediments, and Paleozoic rocks), showing morphotectonic landforms along Mae

La Noi segment nos 1 and 2 (see Fig. 9c).
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Fig. 14. Morphotectonic landforms
of the Mae La Noi School area. (a)
Aerial photograph showing a linear
valley in the southwestern part of
Mae La Noi segment no. 1 and an

offset stream along Mae La Noi

() segment no. 2.

(b) Topographic map showing the fault traces and morphotectonic landforms in plate a. The
displacement of the offset stream is ca. 70 m. The locations of plates a and b are shown in
Fig. 13b. (c) A small scarp at Mae La Noi School (on Mae La Noi segment no.l). The

location of this scarp is at the quarry site shown in Fig. 14b.
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Fig. 15. Morphotectonic landforms of the Mae Sariang area. (a) Aerial photograph of the
Mae Sariang area (location shown in Fig. 9a), and (b) the results of remote sensing
investigations and distribution of geological units (Qa: alluvial sediments; Qt: terrace
sediments, and Paleozoic rocks), showing morphotectonic landforms along Phra That Chom

Kitti segment no. 36 (see Fig. 9¢c) and Nong Pa Khaem segment no. 41 (see Fig. 9c).
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Fig. 16. Morphotectonic landforms of the Phra That Chom Kitti area. (a) Aerial photograph
showing features along Nong Pa Khaem segment no. 41 and Phra That Chom Kitti segment
no. 36 (for locations, see Fig. 9¢). (b) Topographic map showing fault traces and an offset
stream. The displacement of the offset stream is ca. 100 m. Offset ridge crests observed
along the Nong Pa Khaem segment indicate right-lateral strike-slip movement, but the offset
ridge crest observed along the NE-SW trending Phra That Chom Kitti segment indicates left-

lateral strike-slip movement. The location of the figure is shown in Fig. 15b.
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Fig. 17. Morphotectonic landforms of the southern Mae Sariang basin. (@) An IKONOS
image of the southern part of the Mae Sariang basin (location shown in Fig. 9a), (b) an
interpretation of morphotectonic landforms in the Mae Saring basin, and (c) a panoramic
view of the west-facing escarpment in the Mae Sariang basin showing three lateral series of

triangular facets (arrows; locations of the triangular facets are shown in Fig. 17b).
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Fig. 18. Morphotectonic landforms of the Kon Phung area. (a) Aerial photograph showing
features along Kon Phung segment no. 43, Nong Mae La segment no. 42, and Huai Singh
Nuea segment no. 38 (for locations, see Fig. 9¢). (b) Topographic map showing fault traces,
an offset stream and distribution of geological units (Qa: alluvial sediments; Qt: terrace
sediments, and Mesozoic rocks). Offset streams observed along the Huai Singh Nuea
segment indicate right-lateral strike-slip movements. Triangular facets observed along the

Kon Phung segment indicate normal dip-slip movements. The location of the figure is shown

in Fig. 17a.
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Fig. 19. Morphotectonic landforms of the Huai Kia area. (a) Aerial photograph showing
features along Huai Kia segment no. 1 (labelled no. 39 in Fig. 9c). (b) Topographic map
showing fault traces, an offset stream and distribution of geological units (Qa: alluvial
sediments; Qt: terrace sediments, and Mesozoic rocks). Offset stream observed along Huai

Kia segment no. 1 indicates right-lateral strike-slip movement. The location of the figure is

shown in Fig. 17a.
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Fig. 20. Morphotectonic landforms of the Mok Chum Pae area. (a) Aerial photograph of the
Mok Chum Pae area (location shown in Fig. 9a), and (b) the results of remote sensing
investigations and the distribution of geological units (Qa: alluvial sediments; Qt: terrace
sediments, and Paleozoic rocks), showing morphotectonic landforms along Mok Chum Pae

segment no. 3 (see Fig. 9c).

38



5.2. Thoen Fault in the Lampang basin
5.2.1. Lineaments and fault segments

Lineaments and fault segments in the Lampang basin and adjacent areas are clearly
visible on enhanced Landsat 7 images (Fig. 21a), mainly oriented NE-SW, with conjugate
structures oriented NW-SE, along with some minor N-S structures (Fig. 21b). The NE-SW-
striking fault that bounds the Lampang Basin is clearly visible along the southeastern side of
the basin (Fig. 21c). The total length of the Thoen Fault in the Lampang basin is
approximately 75 km. The fault can be traced along the boundary between Triassic marine
sandstone and unconsolidated Quaternary sediments that are mainly fluvial, colluvial, and
alluvial deposits.

The Thoen Fault is well defined, visible as a sharp lineament on aerial photographs
and satellite images (Figs 21 and 22). Detailed interpretations of aerial photographs reveal
fault scarps at Ban Mai, Ban Don Fai, and Ban Samai Nuea (a and c in Fig. 22), and reveal
the following six geometrical fault segments along the southeastern margin of the Lampang
basin: Ban Don Fai, Ban Mai, Ban Mae Ip, Doi Ton Ngun, Mae Than, and Sop Prap (Fig.

21c).

39



z
=]
=}
%)
o |
o f
L

(" /

N S ]
E i:
18°30'0"N

o e /:Lam ang
Lampang basin

Doi Ton Ngun trench
of Pailoplee et al.[2009]

18°0'0"N

o
ifench vV / /
So I"-:’rap plee et al.
" PR b s
: d /_'ﬁ\‘%e
99°300°E e
(a) Legend Fault segment
= City 1 Ban Don Fai
_ Fault 2 Ban Mai
Hihgway 3 Ban Mae lp
) Cenozoic basin 4 Mae Than
5 Sop Prap
O Trench 6 Doi Ton Ngun (c)
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SW trending Thoen Fault (arrows) (a), the principle orientations of faults shown as a rose
diagram (b), and location of the Thoen Fault in the Lampang basin (c). The names and
locations of individual segments are also displayed. The area covered by this image is shown

in Fig. 1.
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Fig. 22. Panchromatic Landsat image of the Thoen Fault in the Lampang basin, showing a
sharp lineament near Ban Mai, Ban Don Fai, and Ban Samai Nuea (b), and aerial photographs
of the Thoen Fault showing the fault scarps at Ban Mai, Ban Don Fai, and Ban Samai Nuea (a

and c). The location of this image is shown in Fig. 21a.
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5.2.2. Results of aerial photograph interpretation

The morphotectonic landforms observed in the Lampang basin include fault scarps,
triangular facets, wine-glass canyons, linear valleys, and linear mountain fronts. In the Ban
Don Fai area, detailed interpretations of aerial photographs reveal small fault scarps, linear
mountain fronts, and linear valleys along the fault trace (Fig. 23). The NE-SW trending faults
show normal dip-slip displacement. Small fault scarps on the Ban Don Fai segment are
present on the piedmont to the west of the reservoir (Fig. 23). The Ban Don Fai segment has a
total length of ca. 27.5 km.

Triangular facets, scarps, wine-glass canyon, and linear mountain fronts can be
observed along the southeastern margin of the Lampang basin (Figs 22c and 24). These
morphotectonic landforms support the interpretation of normal displacement along the fault
trace on the basin’s southeastern margin. The triangular facets represent a combination of
vertical movements on range-bounding NE-SW normal faults and stream incision in valleys.
A series of triangular facets is found in the Lampang basin along the NW-facing escarpment
(Fig. 24a and c). Triangular facets may be caused by lateral erosion or by differential erosion
acting on a lithologic boundary between resistant and non-resistant rocks; however, several
streams that cross the Ban Don Fai, Sop Prap, and Ban Mai segments pass through wine-glass
canyons (Fig. 25) and V-shaped valleys. The presence of wine-glass canyons indicates
steepening of the faceted spurs at the base of the escarpment, suggesting in turn that the Ban
Don Fai and Ban Mai segments, and possibly other segments, are currently undergoing
renewed or increasing vertical displacement. Rapid down-cutting results in the formation of a
narrow slot in a wine-glass canyon. A line of small, triangular facets at the base of the range
front coincides with the locations of a narrow slot in a wine-glass canyon, and with the
surface trace of the Thoen Fault. A NW-facing escarpment of triangular facets is developed

in Triassic marine sandstone, with slope angles (50°-60°) steeper than the dip of bedding
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(45°-50°). These morphotectonic landforms (i.e., triangular facets, V-shaped valleys, and
wine-glass canyons) have been reported from other well-studied active fault zones and are
considered to indicate mountain fronts bounded by active faults [e.g., Hamblin, 1976; Bull
and McFadden 1977; Wallace, 1978; Fenton et al., 2003; Ganas et al., 2005; Picotti et al.,
2009; Wiwegwin et al., 2011]. This explanation of the origin of triangular facets is consistent

with the findings of previous studies that linked facet formation to periods of active faulting.
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Fig. 23. Morphotectonic landforms of the Ban Don Fai area, Lampang basin. (a) Aerial
photograph of the Ban Don Fai area (location shown in Fig. 22a), and (b) the results of
remote sensing investigations and the distribution of geological units (Qa: alluvial sediments;
Qt: terrace sediments, and Triassic rocks), showing morphotectonic landforms along the Ban

Don Fai segment of the Thoen Fault (1 in Fig. 21c).
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Fig. 25. Panoramic view of Doi Chang mountain, looking towards the SE, showing a wine-

glass canyon along the Sop Prap segment of the Thoen Fault.

46



6. Results of geophysical investigations across the Mae Hong Son Fault
6.1. Radon investigations

Radon (*Rn), a naturally occurring radioactive gas, is produced by the decay of
radium (**°Ra) within the uranium (**®U) decay series. High radon anomalies can often be
related to the upwards migration of gas along active fault zones [Abodoh and Pilkington,
1989], and this is because an active fault zone exhibits a high permeability compared to the
surrounding country rock, thus providing an easy route for subsurface gases (i.e., methane,
CO,, He, radon, etc.) to escape into the atmosphere. Thus, radon has been used both to locate
buried faults and to monitor faults in the hope of predicting earthquake activity [Moussa and
El Arabi, 2003]. Anomalously high radon concentrations have been measured along many
active faults in the world [Tanner, 1980; King et al., 1996]. For example, the Chinese State
Seismological Bureau reported high concentrations of radon and other gases not only along
major faults but also above some buried faults in China [Wang et al., 1991]. Israel and
Bjornsson [1967] reported high concentrations of radon and thoron in soil at 1 m depth along
a transect perpendicular to the strike of several faults near Aachen, Germany.

A few radon investigations have been applied to detecting active faults in Thailand.
Atyotha [2007] was the first to use the portable radonmeter (model RAD 7: Electronic Radon
Detector) for measuring radon concentrations in soils across the Khlong Marui Fault (15 in
Fig. 5). He found that high radon concentrations in soils (measured by RAD 7) can locate the
fault traces of the Khlong Marui Fault, and he confirmed that the radon gas measurement
technique is a suitable tool for detecting and mapping active fault zones in Thailand. Pispak
et al. [2010] measured radon concentrations in soil gases across the Khlong Marui Fault,
using an automatic soil gas radon monitoring system, and an anomalously high radon
concentration was observed along the fault. Pispak et al. [2010] also reported that an increase

in the number of local earthquakes along the Khlong Marui Fault and related faults in
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southern Thailand was detected several days after an anomalously high radon concentration
was observed. Most of these local earthquakes were located along the Khlong Marui Fault.
Thus, Pispak et al. [2010] suggested that there was a possibility of using radon monitoring in
soil gases for providing a warning of earthquakes in the region. Recently, Bhongsuwan et al.
[2011] applied alpha track detection for measuring radon concentrations in soils across the
Khlong Marui Fault. They confirmed that the radon emanations observed are anomalously
high [Bhongsuwan et al., 2011], and their conclusions are similar to those of Pispak et al.
[2010].

For this study, radon concentrations were measured across the fault traces in three
areas (the Mok Chum Pae, Kon Phung, and Huai Kia areas; see locations in Figs 18-20)
following the method of Atyotha [2007], and radon investigations were performed by EGAT
[2012]. For this paper, the data have been re-examined to find the locations of faults. Two
traverses across the faults in all three areas have been conducted, with the radon measured.
Along each traverse (100-140 m) there were at least five sampling sites at approximately 5—
20 m intervals. The traverses crossed the assumed lines of the faults at approximately 90°
(pink bars in Figs 18-20). These traverses are in Quaternary sediments that are possibly cut
by the fault, as indicated by the remote sensing interpretation.

Radon concentrations measured in the Kon Phung area are shown in Tables 1 and 2.
Figure 26 shows the results of radon investigations along the 100 m survey lines across the
Nong Mae La segment of the Mae Hong Son Fault. The results of the radon analyses show
peak radon emissions at position 20 m along the survey line no. 1 (Fig. 26a), and at position
60 m on survey line no. 2 (Fig. 26b). These peak radon emissions are interpreted as indicating
the presence of fractures or fault zones, possibly caused by movement of the Nong Mae La

segment.
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Radon concentrations measured in the Huai Kia area are shown in Tables 3 and 4.
Figure 27 shows the results of radon investigations along the two 100 m survey lines across
the Huai Kia segment no. 1 of the Mae Hong Son Fault. The results of the radon analyses
show peak radon emissions at the position located 20 m along survey line no. 1 (Fig. 27a),
and at 60 m along survey line no. 2 (Fig. 27b). These peak radon emissions are interpreted to
indicate the presence of fractures or fault zones, possibly caused by movement of the Huai
Kia segment no. 1.

Radon concentrations measured in the Mok Chum Pae area are shown in Tables 5 and
6. Figure 28 shows the results of radon investigations along the two 140 m survey lines
across the Mok Chum Pae segment of the Mae Hong Son Fault. The results of the radon
analyses show three peaks of radon emissions at positions 40, 95, and 110 m along survey
line no. 1 (Fig. 28a), while two peaks can be observed at positions 40 and 120 m on survey
line no. 2 (Fig. 28b). These peak radon emissions are interpreted to indicate the presence of

fractures or fault zones, possibly caused by movement of the Mok Chum Pae segment.
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Table 1. Radon concentrations measured along radon investigation line no. 1 in the Kon

Phung area.
Distance Location (UTM) Radon concentration Remark
(m) (kBg/m®) £ S.D.
0 0387261E/1997429N 10.20 £ 9.04
20 0387279E/1997429N 20.32 £11.57 peak
40 0387298E/1997430N 16.10 £ 8.66
60 0387315E/1997431N 13.66 £ 7.93
80 0387332E/1997430N 9.28 £5.03
100 0387353E/1997432N 3.70+1.89

Table 2. Radon concentrations measured along radon investigation line no. 2 in the Kon

Phung area.
Distance Location (UTM) Radon concentration Remark
(m) (kBg/m®) £ S.D.
0 0387170E/1997527N 13.40+7.51
20 0387192E/1997518N 0.24 £0.13
40 0387214E/1997523N 3.95+234
60 0387233E/1997521N 11.94 + 5.67 peak
80 0387254E/1997520N 8.85 +4.40
100 0387273E/1997519N 6.89 + 4.06
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Fig. 26. Results of radon analyses in the Kon Phung area showing peak radon emissions at

position 20 m on survey line no. 1 (a), and at position 60 m on survey line no. 2 (b). These
indicate that faults cut through the Quaternary sediments in this area. The locations of the
survey lines are shown in Fig. 18b. The location of the Nong Mae La trench is indicated in

Figs 9c and 18b, and is shown by a dark bar on radon investigation line no. 2.
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Table 3. Radon concentrations measured along radon investigation line no. 1 in the Huai Kia

area.

Distance Location (UTM) Radon concentration Remark
(m) (kBg/m®) + S.D.
0 0384547E/1992223N 0.03£0.03
20 0384563E/1992233N 13.14 £ 7.84 peak
30 0384570E/1992237N 10.02 +5.23
40 0384581E/1992243N 8.38 £4.03
60 0384598E/1992253N 5.94 £ 3.32
80 0384615E/1992263N 570+ 3.12
100 0384631E/1992272N 6.52 +4.00

Table 4. Radon concentrations measured along radon investigation line no. 2 in the Huai Kia

area.

Distance Location (UTM) Radon concentration Remark
(m) (kBg/m®) + S.D.
20 0384538E/1992189N 4.89 +2.92
40 0384556E/1992196N 6.93+3.71
60 0384573E/1992206N 13.08 £ 6.49 peak
80 0384591E/1992216N 4.23+2.43
100 0384608E/1992227N 10.16 + 6.09

52



25

20

15

10

Radon concentration
(kBg/md)

25

20

15

10

Radon concentration
(kBgq/md

Radon investigation line no. 1 in the Huai Kia area

Huai kia trench site

SW onradon investigation line no. 1
|
peak
Ve -
] e -l
20 40 60 80 100 120
Distance (m)
(a)
Radon investigation line no. 2 in the Huai Kia area
SW
’ peak
............ &
—
) . AAAAAAAA
20 40 60 80 100

Distance (m)

(b)

NE

NE]

Fig. 27. Results of radon analyses in the Huai Kia area showing peak radon emissions at

position 20 m on survey line no. 1 (a), and at position 60 m on survey line no. 2 (b). These

indicate that faults cut through the Quaternary sediments in this area. The locations of the

survey lines are shown in Fig. 19b. The location of the Huai Kia trench is indicated in Figs 9c

and 19b, and is shown by a dark bar on radon investigation line no. 1.
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Table 5. Radon concentrations measured along radon investigation line no. 1 in the Mok

Chum Pae area.

Distance Location (UTM) Radon concentration Remark
(m) (kBg/m®) + S.D.
0 0390369E/2148536N 7.29 £5.29
20 0390389E/2148531N 13.02 £6.93
25 0390395E/2148528N 6.32 £ 3.30
30 0390398E/2148528N 12.15+6.21
35 0390403E/2148523N 8.76 £ 4.41
40 0390410E/2148522N 13.98 £7.29 peak
60 0390431E/2148514N 0.06 £ 0.04
80 0390446E/2148505N 2.23+£2.92
90 0390455E/2148502N 14.72 £ 8.02
95 0390460E/2148501N 19.11 £ 10.30 peak
100 0390464E/2148498N 16.99 + 10.65
105 0390464E/2148494N 6.78 £ 3.69
110 0390470E/2148493N 13.39 £ 7.27 peak
120 0390479E/2148487N 2.27 £ 3.00
140 0390498E/2148479N 0.02 £0.03
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Table 6. Radon concentrations measured along radon investigation line no. 2 in the Mok

Chum Pae area.

Distance Location (UTM) Radon concentration Remark
(m) (kBg/m®) + S.D.
0 0390394E/2148580N 13.03+£7.19
20 0390412E/2148572N 9.73+5.27
40 0390431E/2148562N 15.49 £ 8.15 peak
60 0390451E/2148553N 6.17 + 3.26
80 0390466E/2148547N 12.38 £ 6.77
100 0390482E/2148536N 10.68 £5.79
120 0390501E/2148528N 13.70£8.21 peak
140 0390519E/2148517N 10.75+7.90
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Fig. 28. Results of radon analyses in the Mok Chum Pae area showing peak radon emissions

at positions 40, 95, and 110 m on survey line no. 1 (a), and at positions 40 and 120 m on

survey line no. 2 (b). These indicate that faults cut through the Quaternary sediments in this

area. The locations of the survey lines are shown in Fig. 20b. The location of the Mok Chum

Pae trench is indicated in Figs 9c and 20b, and is shown by a dark bar on radon investigation

line no. 2.
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6.2. Electrical resistivity investigations

Electrical resistivity quantifies how strongly a given material opposes the flow of an
electric current. A low resistivity indicates a material that readily allows the movement of an
electric charge. The basic concept is that the resistance (R) is proportional to the length (L) of
the resistive material divided by area (A); this can be written as R = pL/A, where p is the true
resistivity. According to Ohm’s Law, for an electrical circuit, Ohm’s Law gives R = V/I,
where V and | respectively are the potential difference across a resistor and the current
passing through it. These two expressions can be combined to form the product of resistance
(Q) and distance (area/length; meters), which is defined as the resistivity (units: ohm.m, Qm).

Electrical resistivity surveys measure variations in the resistivity of the ground by
applying small electric currents across arrays of ground electrodes. These data are processed
to produce graphic depth sections of the thickness and resistivity of subsurface layers, and
they are used to interpret earth material types [Burger et al., 2006]. The resistivity sections
are correlated with ground interfaces such as soil and fill layers or soil-bedrock interfaces.
Resistivities of some minerals and rocks are listed in Table 7. Igneous rocks tend to have the
highest resistivities, whereas sedimentary rocks tend to be most conductive, largely due to
their high pore fluid content, and metamorphic rocks have intermediate resistivities
[Reynolds, 2011]. Measuring the electrical resistivity has several advantages over other
methods of investigating the subsurface geology [McCalpin, 2009]. First, its depth
penetration is not limited by moisture, salinity, or clays, as is the case with ground
penetrating radar (GPR). Second, interpreting the resistivity values with respect to the effects
of the water table (i.e., the saturated zone) is easier than with P-wave seismic surveys.
However, a disadvantage is that metals in the ground and electrical wires can induce false
signals. Therefore, this geophysical method is applied extensively for searching groundwater

sources, and for locating subsurface cavities and faults [Reynolds, 2011].
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In Japan, Fujita and lkuta [2000] successfully applied electrical resistivity surveying
to the complex structures of the Yamasaki Fault. Moreover, 2D electrical resistivity
surveying has been widely used to locate subsurface structures prior to trenching
investigations in Europe. For example, Caputo et al. [2007] applied electrical resistivity
tomography (ERT, also called electrical resistivity imaging) to trace a normal fault in
southern Italy. Although this method of geophysical surveying has been successfully used for
tracing active faults in Europe, it has not been widely applied for this purpose in North
America [McCalpin, 2009].

A few electrical resistivity investigations have been used for detecting active faults in
Thailand. Danphaiboonphon et al. [2007] applied ground geophysical methods, including
magnetic, electromagnetic, and electrical resistivity investigations, to locate active faults in
Kanchanburi, western Thailand. The results of these electrical resistivity investigations can
delineate the orientations of faults and the dips of fault planes. It also seems that the results of
electrical resistivity investigations are consistent with those of magnetic and electromagnetic
investigations. Danphaiboonphon et al. [2007] suggested that electrical resistivity
investigations could be used for detecting fault traces in the subsurface.

For this study, electrical resistivity imaging data were collected using a Syscal R1
Plus (IRIS Instruments). A dipole—dipole array configuration was used with an electrode
spacing of 1-2 m. The resistivity cross-sections are almost perpendicular to the strikes of the
faults (yellow bars in Figs 18-20). These electrical resistivity investigations were conducted
by EGAT [2012]. The data were re-examined here in order to locate the faults. As a result,
two survey lines have been investigated in the Kon Phung area, three in the Huai Kia area,
and farther to the north, three in the Mok Chum Pae area where two main survey lines were

investigated using an electrode spacing of 2 m (resistivity investigation line nos 1 and 3 in
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Fig. 20), and the other survey line was selected from positions 40 to 90 m along survey line
no. 1, using an electrode spacing of 1 m.

Figure 29 shows the results of electrical resistivity investigations across the Kon
Phung and Nong Mae La segments (resistivity investigation line nos 1 and 2, respectively, in
Fig. 18b). Resistivity values measured along both lines are similar to those of the normal
values for common sediments and sedimentary rocks, and the resistivity results and field
surveys indicate that sand, gravel, and alluvial sediments possibly overlie Triassic sandstones.
The positions of fractures or faults can be determined using the discontinuities in resistivity
values in the horizontal layers. Thus, faults or fractures are put at positions 47 and 64 m on
investigation line no. 1. Similarly, along line no. 2, fractures or faults can be put at positions
56 and 72 m.

Figure 30 shows the results of electrical resistivity investigations across Huai Kia
segment no. 1 (resistivity investigation line nos 1, 2, and 3 in Fig. 19b). Resistivity values
measured along all three lines are similar to those of the normal values for common
sediments and sedimentary rocks, and again the results indicate that sand, gravel, and alluvial
sediments possibly overlie Triassic sandstones. The fractures or faults can be determined
from the discontinuities in resistivity values in the horizontal layers. Thus, positions 16 and
23 m on investigation line no. 1 are interpreted as fractures or faults. For line no. 2, fractures
or faults can be put at positions 22, 40, 52, and 72 m, and for line no. 3, the fractures or faults
can be put at positions 22, 32, and 60 m.

Figure 31 shows the results of resistivity investigations across the Mok Chum Pae
segment (resistivity investigation line nos 1, 2, and 3 in Fig. 20b). Resistivity values
measured along all three lines are similar to those of the normal values for common
sediments and sedimentary rocks. The results indicate that sand, gravel, and alluvial

sediments possibly overlie Paleozoic sandstones. The positions of fractures or faults can be
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determined using the discontinuity of resistivity values in the horizontal layers. Thus,
positions 64 and 68 m on line no. 1 are interpreted to be fractures or faults. For the resistivity
investigation of line no. 2, an electrode spacing of 1 m was used from points 40 to 90 m, and
fractures or faults can be put in at positions 64, 71, 78, and 82 m. The resistivity investigation

of line no. 3 suggests fractures or faults at positions 36 and 70 m.
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Table 7. Resistivities of some geological materials [Reynolds, 2011]

Material Nominal resistivity (Q2m)

Sulphides:
Chalcopyrite 1.2x10°-3x10™
Pyrite 2.9x10°-15
Galena 3.0 x 10°-3 x 10°

Oxides:
Haematite 3.5 x 10°-10’
Limonite 10°-10’
Magnetite 5x 10°-5.7 x 10°
limenite 10%-50

Quartz 300-10°

Rock salt 30-10"

Granite 300-1.3 x 106

Granite (weathered) 30-500

Diorite 10*-10°

Basalt 10-1.3 x 10’

Schist (calcareous and micaceous) 20-10*

Slates 6004 x 10’

Marble 100-2.5 x 10°

Consolidated shales 20-2000

Sandstones 1-7.4 x 10°

Limestones 50-10’

Clays 1-100

Alluvium and sand 10-800

Quaternary/Recent sands 50-100

Topsoil 270-1700

Sand and gravel 30-225

Dry sandy soil 80-1050

Sand clay/clayey sand 30-215

Gravel (dry) 1400

Gravel (saturated) 100
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Fig. 29. Resistivity results in the Kon Phung area showing the locations of faults or fractures
at positions 47 and 64 m along investigation line no. 1 (a), and at positions 56 and 72 m on
investigation line no. 2 (b). The results of the resistivity investigations indicate that the faults
cut through Quaternary sediments in this area. The locations of the survey lines are shown in
Fig. 18b. The location of the Nong Mae La trench is indicated in Figs 9c and 18b, and is

shown by a dark bar on resistivity investigation line no. 2.
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Resistivity investigation line no. 1 in the Huai Kia area
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Fig. 30. Resistivity results in the Huai Kia area showing the locations of faults or fractures at
positions 16 and 23 m on investigation line no. 1 (a), at positions 22, 40, 52, and 72 m on
investigation line no. 2 (b), and at positions 22, 32, and 60 m on investigation line no. 3 (c).
The results of the resistivity investigations indicate that the faults cut through the Quaternary
sediments in this area. The locations of the survey lines are shown in Fig. 19b. The location
of the Huai Kia trench is indicated in Figs 9c and 19b, and is shown by a dark bar on

resistivity investigation line no. 1.
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NW Resistivity investigation line no. 1 in the Mok Chum Pae area
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Fig. 31. Resistivity results in the Mok Chum Pae area showing the locations of faults or
fractures at positions 64 and 68 m on investigation line no. 1 (a), and at positions 36 and 70 m
on investigation line no. 3 (c). Positions from 40 to 90 m on survey line no. 1 were selected
for detailed resistivity investigations (1 m electrode spacing), and the results indicate
fractures or faults at positions 64, 71, 78, and 82 m (b). The results of the resistivity
investigations indicate that the faults cut through the Quaternary sediments in this area. The
locations of the survey lines are shown in Fig. 20b. The location of the Mok Chum Pae trench
is indicated in Figs 9c and 20b, and is shown by a dark bar on resistivity investigation line no.

3.
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7. Results of paleoearthquake investigations

Evidences of offset stratigraphic units of Quaternary sediments and deformed
sediment layers recorded in the road cut, quarry and trenching are the most important data for
interpreting the faulting events. Therefore, quarry and trenching studies across the fault
segments of the Mae Hong Son and Thoen Faults are selected for a paleoearthquake study.

Details of this study are shown below.

7.1. Paloearthquake investigations of the Mae Hon Son Fault

Three trenches, one quarry, and one road-cut exposure were examined for a
paleoearthquake study (see Fig. 9c), based on the integration of results from remote sensing
interpretations, geophysical investigations, digital elevation models, geological maps, and
field studies. The quarry traverses the NE-SW Mae La Noi segment no. 1, and the road-cut

exposure traverses the NE-SW Phra That Chom Kitti segment. The first of the three

excavated trenches traversed the N-S Nong Mae La segment, the second trench traversed the
NW-SE Huai Kia segment no. 1, and the third traversed the NE-SW Mok Chum Pae

segment. All segments are parts of the Mae Hong Son Fault.

7.1.1. Mae La Noi segment no. 1

Significant morphotectonic landforms, such as offset streams and scarps, are present
in the Mae La Noi area (Figs 13 and 14). Quaternary faults in the quarry (for location, see Fig.
14b; 18°22'17.40"N, 97°56'11.74"E) adjacent to the Mae La Noi School cut Cenozoic strata
(terrace sediments, Qt, of Chindasut et al. [1990]). Two reverse faults are visible in the
quarry wall (F1 and F2; Fig. 32); the faults strike NO°E-N40°E and dip 85°E-70°SE. Slickensides

can be observed on fault planes (Fig. 33a and b) with pitches of 15° (on the F1 fault plane)
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and 60°(F2) (Fig. 33c). Based on their sedimentological characteristics, the stratigraphy of
the quarry wall can be described in terms of nine unconsolidated units; units A to I (Fig. 32).

Unit A, which is the oldest in the quarry, is an alluvial unit with a thickness of greater
than 6 m; the unit is a clast-supported gravel consisting mainly of gravel, sand, and clay. The
gravel clasts are mainly subangular to rounded in shape (maximum diameter, ca.15 cm), and
consist mostly of quartz, sandstone, granite, and shale.

Unit B is an alluvial unit consisting of light brown clay and sand layers, and with a
thickness ranging from 1 to 3 m. Clasts of iron concretions, quartz, and shale are found in the
unit.

Unit C is an alluvial/colluvial unit containing gravel and sand lenses; it is 2 m thick
and consists of a clast-supported river gravel unit. The gravel clasts are mainly subangular to
rounded in shape (maximum diameter, ca. 10 cm) and consist mostly of quartz, sandstone,
granite, and shale. Graded beds of 30-50 cm thickness are intercalated in the unit, and coarse
to very coarse grained sand lenses are present in the middle part of the unit.

Unit D is an alluvial unit comprising light brown sandy clay with small amounts of
gravel; its thickness is 30 cm. Most of the gravel clasts are of pebble size and consist of
sandstone and quartz.

Unit E is an alluvial unit consisting of reddish-brown clayey sand and gravel. The unit
is ca. 50—70 cm thick. Most clasts are subrounded and consist of sandstone, shale, and quartz.

Unit F is an alluvial/colluvial unit consisting mostly of sand, silt, and clay, and gravel.
This unit is clast-supported and consists of subangular to rounded clasts of quartz, sandstone,
and shale (maximum diameter, ca. 5 cm). The thickness of the unit ranges from 50 cm to 2 m.

Unit G is an alluvial/colluvial complex with a thickness of 2—2.5 m; it consists mainly

of reddish-brown sandy clay and minor amounts of gravel. Most of the clasts are subangular
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to subrounded, and consist of sandstone, shale, and quartz (maximum diameter, ca. 3 cm).
The upper part of unit G is not cut by faulting (X3 in Fig. 32a and c).

Unit H is a clast-supported colluvial unit characterized by gravel and sand. Most
clasts in the unit are subangular to subrounded (maximum diameter, ca. 5 cm) and the
sediments consist of quartz, sandstone, and shale. The unit is approximately 50 cm to 1 m
thick.

Unit | is a top soil consisting of sand and silt with a few gravel beds. Plant roots and
debris with organic matter are common in the unit, and are somewhat disturbed by human
activity. The unit is ca. 20 cm to 1 m thick.

Overall, the grain sizes of sediments in the quarry range from clay to cobble. The
sediments in the clast-supported gravel units (units A, C, F, and H) are moderately to poorly
sorted. Clasts in the gravel layers are subangular to rounded; they are randomly oriented, with
some elongate gravel clasts oriented with their long axes at a high angle to bedding. The
sedimentary structures suggest that the gravel units were deposited by clast-rich debris flows.
Sediments of clast-rich debris flow origin are typically very poorly sorted, and with clast-
supported gravels within a fine-grained matrix [Larsen and Steel, 1978; Steel and Gloppen,
1980]. Matrix-supported (i.e., matrix-rich) gravels deposited by debris flows have been
reported in India by Shukha [2009] and in northern Thailand by Rhodes et al. [2005]. The
sediments in the matrix-supported gravel units (units B, D, E, and G) are poorly sorted and
consist of mixed sand, silt, clay, and gravel. The sedimentary structures suggest that these

units were deposited by matrix-rich debris flows.
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Fig. 32. Stratigraphic units of Quaternary sediments along an E-W transect in the Mae La
Noi School quarry (a—d). Close-up photographs of plates b, ¢, and d are presented in plates e,
f, and g, respectively. The faults identified in the quarry wall are F1 and F2. Black arrows
indicate fault traces and half arrows show sense of movement. The location of the quarry is
shown in Figs 13b and 14b. Unit A: gravel sand and clay; Unit B: clay and sand; Unit C:
gravel, sand, clay, with sand lens; Unit D: sandy clay with gravel; Unit E: clayey sand with
gravel; Unit F: gravel, sand, and clay; Unit G: sandy clay with gravel; Unit H: gravel and
sand, and Unit I: top soil. The points marked “X” and “X2” indicate the locations of
slickensides on fault planes. The point marked “X3” indicates the location where the fault

terminates in unit G.
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Fig. 33. Photographs showing
slickensides (black arrows) on
fault planes at Mae La Noi
School quarry. (a) Slickensides
resulting from movement on F1
in Fig. 32. (b) Slickensides
resulting from movement on F2
in Fig. 32. (c) Stereonet showing
the orientations of fault planes
and their pitches. Slickensides
on the fault plane of F1 can be
observed at the point marked
“X” in Fig. 32a, while
slickensides on the fault plane of
F2 can be observed at the point

marked “X2” in Fig. 32b.



7.1.2. Phra That Chom Kitti segment

Quaternary faults cutting Cenozoic terrace deposits (Qt of Bunkanpai [2005]) have
been observed at the road cut on the road to the pagoda of Phra That Chom Kitti temple
(location shown in Figs 15 and 16; 18°08'47.26"N, 97°55'08.55"E). The mapped faults (F1-
F4 in Fig. 34) strike N50°E-N72°E and dip 70°NW-80°SE. The Quaternary stratigraphy and
structural geology of the road-cut wall are depicted in Fig. 34b; the identification of units and
structures was based on field data and sedimentological characteristics of the strata.

Unit A, the oldest unit in the road cut, is an alluvial unit consisting mainly of
moderately sorted, brown to yellowish very fine to coarse sand. The minimum thickness of
the unitis 1.5 m.

Unit B is an alluvial unit consisting of silty clay and clasts of feldspar and quartz. The
thickness of the unit ranges from 50 cm to 1 m.

Unit C is an alluvial/colluvial unit containing brown to yellowish sand with gravel.
Grain sizes range from very coarse to fine sand. Most clasts are angular to subrounded,
pebble sized, and comprised of sandstone and quartz. Thin layer of Fe oxide serves as a
marker for the contact between unit C and the overlying unit D. The thickness of the unit
ranges from 50 cm to 1.2 m.

Unit D, with an average thickness of 80 cm, is an alluvial unit comprised of light
brown to yellowish sand. Grain sizes vary from coarse to fine sand; pebbles of quartz and
sandstone are sparsely distributed in the unit.

Unit E, with an average thickness of 2 m, is an alluvial unit comprised of clayey sand
and sandy clay with minor gravel. The lower part consists principally of clay and sand,;
gravels are sparsely distributed in the upper part.

Unit F, with an average thickness of 2.5 m, is an alluvial unit comprised of gravel,

sand, and clay. The gravel beds in unit F are clast-supported. The gravel clasts are mainly
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subrounded to rounded and consist mostly of quartz, sandstone, and shale; their maximum
diameter is ca. 6 cm. Sand layers are prominent in the unit. The unit consists of intercalated
graded beds with thicknesses of 30-50 cm.

Unit G is a 30-cm thick colluviul/alluvial complex consisting of poorly sorted gravels
and sands. Most clasts are subangular to rounded (maximum diameter, ca. 4 mm), and are
comprised of quartz, sandstone, and shale.

Unit H, the youngest units, is the topmost soil layer; it is approximately 10 cm thick
and consists of organic rich silt/clay with some gravel and sand.

The sediments of units B and E are chiefly clay and silt with minor sand; they are
considered to represent fluviolacustrine environments. The sediments of units A, C, D, and G
are poorly sorted and subangular, and are characterized by mixtures of sand, silt, clay, and
gravel. The geometries of the sedimentary packages and structures indicate that these units
were possibly deposited by matrix-rich debris flow, similar to those reported by Shukha
[2009] and Rhodes et al. [2005]. The clast-supported gravel of unit F, however, contains
mostly subrounded clasts, and the sediments are poorly to moderately sorted; graded beds
have been encountered in this unit. The sediments of unit F were possibly deposited by clast-
rich debris flows similar to those reported by Larsen and Steel [1978], Steel and Gloppen

[1980], and Rhodes et al. [2005], as well as by occasional channel flood deposits.
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Phra That Chom Kitti road-cut wall
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Fig. 34. Stratigraphic units of Quaternary sediments along the SE-NW transect in the Phra
That Chom Kitti road-cut exposure (a—b). Faults identified in the road-cut wall are F1-F4.
Black arrows indicate fault traces and half arrows show the sense of movement. The location
of the wall is shown in Figs 15b and 16b. Unit A: brown to yellowish sand; Unit B: clay with
clasts of feldspar and quartz; Unit C: brown to yellowish sand with gravel; Unit D: light
brown to yellowish sand; Unit E: clay, sand and with some gravel; Unit F: gravel, sand, and

clay; Unit G: gravel with sand; Unit H: top soil.

72



7.1.3. Nong Mae La segment

A trench at Ban Nong Mae La (Kon Phung area) across the Nong Mae La segment of
the Mae Hong Son Fault was selected for a paleoearthquake study (Nong Mae La trench in
Fig. 18b; 18°03'48.11"N, 97°56'04.03"E) on the basis of morphotectonic landforms, detailed
topographical and geological maps, and geophysical data (radon and resistivity results). The
excavated trench was 20 m long, 2 m wide, and 4 m deep, and the sediments exposed can be
divided into seven unconsolidated units (excluding sandstone and shale of the basement rock
unit). The sediments are exposed in both sidewalls. The fault can be observed in the basement
rock unit, unit A, and the lower—middle parts of unit B (F1 in Figs 35 and 36; strike N5°E and
dip 40° NW). However, the younger sediments (i.e., upper part of unit B and units C-G) in
this trench are laterally continuous, and no faults were observed to cut these layers. A
detailed trench log is shown in Figs 35 and 36. Details of the individual units are described
below.

Unit A is a clast-supported colluvial unit characterized by gravel and sand. Most
clasts in the unit are subangular to subrounded (maximum diameter, ca. 10 cm), and the
sediments consist of quartz grains, sandstone, and shale. The unit is approximately 20-80 cm
thick.

Unit B is an alluvial unit composed of reddish-brown sandy clay with small amounts
of iron-rich concretions; its thickness is approximately 20 cm to 1 m.

Unit C is an alluvial unit consisting of reddish-brown sandy clay and gravel. The unit
is ca. 10-60 cm thick. Most clasts are subrounded and consist of sandstone, shale, and quartz
grains.

Unit D is an alluvial unit consisting of reddish-brown sandy clay and gravel. The unit
is ca. 50 cm to 1.3 m thick. Most clasts are subrounded and consist of sandstone, shale, iron-

rich concretions, and quartz grains.
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Unit E is an alluvial unit consisting of reddish-brown clayey sand and gravel. The unit
is ca. 50 cm to 1 m thick. Most clasts are subrounded and consist of sandstone, shale, and
quartz grains.

Unit F is an alluvial unit consisting of reddish-brown clayey sand with small amounts
of gravel. Most clasts in the unit are subangular to subrounded (maximum diameter, ca. 5 cm),
and the sediments consist of quartz grains, sandstone, and shale. The unit is approximately 50
cm to 1 m thick.

Unit G, the youngest unit, is the topmost soil layer; it is approximately 10-25 cm
thick, and consists of an organic rich silt/clay with some gravel and sand.

The sediments of units B—F are poorly sorted and subangular to subrounded, and are
characterized by mixtures of sand, silt, clay, and gravel. The geometries of the sedimentary
packages and structures indicate that these units were possibly deposited by matrix-rich
debris flows, similar to those reported by Shukha [2009] and Rhodes et al. [2005]. However,
the clast-supported gravel of unit A contains mostly subangular to subrounded clasts, and the
sediments are poorly to moderately sorted. The sediments of unit A were possibly deposited
by clast-rich debris flows similar to those reported by Larsen and Steel [1978] and Steel and

Gloppen [1980].
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Fig. 35. Stratigraphic units of the Quaternary sediments along the north wall of the Nong Mae La trench (a—b). Fault indentified in the trench
wall is F1.The location of the wall is shown in Fig. 18b. Unit A: gravel and sand; Unit B: reddish-brown sandy clay; Unit C: reddish-brown
sandy clay and gravel; Unit D: reddish-brown sandy clay and gravel with clasts of iron-rich concretions; Unit E: reddish-brown clayey sand and

gravel; Unit F: reddish-brown clayey sand with small amounts of gravel; Unit G: top soil.
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Fig. 36. Stratigraphic units of the Quaternary sediments along the south wall of the Nong Mae La trench (a—b). Fault indentified in the trench
wall is F1.The location of the wall is shown in Fig. 18b. Unit A: gravel and sand; Unit B: reddish-brown sandy clay; Unit C: reddish-brown
sandy clay and gravel; Unit D: reddish-brown sandy clay and gravel with clasts of iron-rich concretions; Unit E: reddish-brown clayey sand and

gravel; Unit F: reddish-brown clayey sand with small amounts of gravel; Unit G: top soil.



7.1.4. Huai Kia segmentno. 1

A trench at Ban Huai Kia across Huai Kia segment no. 1 of the Mae Hong Son Fault
was selected for a paleoearthquake study (Huai Kia trench in Fig. 19b; 18°00'55.65"N,
97°54'34.25"E) on the basis of morphotectonic landforms, detailed topographical and
geological maps, and geophysical data (radon and resistivity results). The excavated trench
was 24 m long, 2 m wide, and 4 m deep, and the sediments exposed can be divided into six
unconsolidated units, visible in both sidewalls. The sediments in this trench are laterally
continuous, and no faults were observed cutting them. A detailed trench log is shown in Figs
37 and 38. Details of the individual units are described below.

Unit A, with a minimum thickness of 1 m, is an alluvial unit composed of gravel, sand,
and clay. The gravel beds in unit A are clast-supported. The gravel clasts are mainly
subrounded to rounded, and consist mostly of quartz, sandstone, and shale; the maximum
clast diameter is ca. 6 cm.

Unit B is an alluvial unit consisting of reddish-brown to gray sandy clay with a little
gravel. The unit is ca. 40 cm to 1.50 m thick. Most clasts are subrounded and consist of
sandstone, shale, and quartz.

Unit C is an alluvial/colluvial unit consisting mostly of sand, silt, clay, and gravel.
This unit is made up of subangular to rounded clasts of quartz, sandstone, and shale
(maximum diameter, ca. 4 cm). The thickness of the unit ranges from 20 to 80 cm.

Unit D is an alluvial unit consisting of reddish-brown sandy clay with a little gravel.
The unit is ca. 10-80 cm thick. Most clasts are subrounded and consist of sandstone, shale,
and quartz.

Unit E is an alluvial/colluvial unit consisting of gravel and sand. Most clasts in the
unit are subangular to subrounded (maximum diameter, ca. 4 cm) and consist of quartz,

sandstone, and shale. The unit is approximately 50 cm to 1 m thick.
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Unit F, the youngest unit, is the topmost soil layer; it is approximately 40 cm thick
and consists of an organic rich silt/clay with some gravel and sand.

The sediments of units B-E are poorly sorted and subangular to rounded, and are
characterized by mixtures of sand, silt, clay, and gravel. The geometries of the sedimentary
packages and structures indicate they were possibly deposited by matrix-rich debris flows,
similar to those reported by Shukha [2009] and Rhodes et al. [2005]. The clast-supported
gravel of unit A, however, contains mostly subangular to subrounded clasts, and the
sediments are poorly to moderately sorted. The sediments of unit A were possibly deposited
by clast-rich debris flows similar to those reported by Larsen and Steel [1978] and Steel and

Gloppen [1980].
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Fig. 37. Stratigraphic units of the Quaternary sediments along the southeast wall of the Huai Kia trench (a—b). The location of the wall is shown
in Fig. 19b. Unit A: gravel, sand, and clay; Unit B: reddish-brown to gray sandy clay with a little gravel; Unit C: sand, silt, clay, and gravel; Unit

D: reddish-brown sandy clay with a little gravel; Unit E: gravel and sand; Unit F: top soil.
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Fig. 38. Stratigraphic units of the Quaternary sediments along the northwest wall of the Huai Kia trench (a—b). The location of the wall is shown
in Fig. 19b. Unit A: gravel, sand, and clay; Unit B: reddish-brown to gray sandy clay with a little gravel; Unit C: sand, silt, clay, and gravel; Unit

D: reddish-brown sandy clay with a little gravel; Unit E: gravel and sand; Unit F: top soil.




7.1.5. Mok Chum Pae segment

A trench at Ban Mok Chum Pae across the Mok Chum Pae segment of the Mae Hong
Son Fault was selected for a paleoearthquake study (Mok Chum Pae trench in Fig. 20b;
19°25'41.19"N, 97°57'25.07"E) on the basis of morphotectonic landforms, detailed
topographical and geological maps, and geophysical data (radon and resistivity results). The
excavated trench was 22 m long, 3 m wide, and 4 m deep. The sediments exposed in the
trench can be divided into six unconsolidated units (excluding sandstone and shale of the
basement rock unit), and these sediments are exposed in both sidewalls. The mapped faults
(F1 and F2 in Figs 39 and 40) strike N40°E and dip between 50° NW and 80° SE. A detailed
trench log is shown in Figs 39 and 40. Details of the individual units are described below.

Unit A, with an average thickness of 20-80 cm, is an alluvial unit composed of
gravel, sand, and clay. The unit is clast-supported and consists of subrounded to rounded
clasts of quartz, sandstone, and shale (maximum diameter, ca.15 cm).

Unit B is an alluvial unit consisting of yellowish-brown to light gray clayey sand with
a little gravel. The unit is ca. 20-80 cm thick. Most clasts are subrounded and consist of
sandstone, shale, and quartz.

Unit C is an alluvial unit composed of gravel, sand, and clay. The gravel clasts are
mainly subrounded to rounded, and consist mostly of quartz, sandstone, and shale (maximum
diameter, ca. 5 cm). The unit is ca. 10 cm to 1 m thick.

Unit D is an alluvial unit composed of gravel, sand, and clay. This unit is clast-
supported and consists of subangular to rounded clasts of quartz, sandstone, and shale
(maximum diameter, ca. 5 cm). Lateritic textures can be observed in this unit. The unit is ca.

1-1.8 m thick.
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Unit E is a clast-supported colluvial unit characterized by gravel and sand. Most clasts
in the unit are subangular to subrounded (maximum diameter, ca. 10 cm), and the sediments
consist of quartz, sandstone, and shale. The unit is approximately 1 m thick.

Unit F, the youngest unit, is the topmost soil layer; it is approximately 10—20 cm thick
and consists of an organic rich silt/clay with some gravel and sand.

The sediments of units B and C are poorly sorted and subrounded to rounded, and are
characterized by mixtures of sand, silt, clay, and gravel. The geometries of the sedimentary
packages and structures indicate that these units were possibly deposited by matrix-rich
debris flows, similar to those reported by Shukha [2009] and Rhodes et al. [2005]. However,
the clast-supported gravels of units A, D, and E mostly contain subangular to subrounded
clasts, and the sediments are poorly to moderately sorted. The sediments of units A, D, and E
were possibly deposited by clast-rich debris flows similar to those reported by Larsen and

Steel [1978] and Steel and Gloppen [1980].
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Fig. 39. Stratigraphic units of the Quaternary sediments along the northeast wall of the Mok Chum Pae trench (a—b). Faults indentified in the
trench wall are F1 and F2. The location of the wall is shown in Fig. 20b. Unit A: gravel, sand, and clay; Unit B: yellowish-brown to light gray
clayey sand with a little gravel; Unit C: gravel, sand, and clay; Unit D: gravel, sand, and clay with a lateritic texture; Unit E: gravel and sand,;

Unit F: top soil.
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Fig. 40. Stratigraphic units of the Quaternary sediments along the southwest wall of the Mok Chum Pae trench (a—b). Faults indentified in the
trench wall are F1 and F2. The location of the wall is shown in Fig. 20b. Unit A: gravel, sand, and clay; Unit B: yellowish-brown to light gray
clayey sand with a little gravel; Unit C: gravel, sand, and clay; Unit D: gravel, sand, and clay with a lateritic texture; Unit E: gravel and sand;

Unit F: top soil.



7.2. Paleoearthquake investigations of the Thoen Fault
7.2.1. Ban Don Fai segment

Based on morphotectonic landforms, detailed topographical and geological maps, and
geomorphic indices [see details in Wiwegwin, 2010; Wiwegwin et al., 2011] developed for
the Ban Dan Fai area in the Lampang basin (Fig. 23), a trench at Ban Don Fai across the Ban
Don Fai segment of the Thoen Fault was selected for a paleoearthquake study (Ban Don Fai
trench no. 2; 18°6'19.042"N, 99°41'14.875"E; location shown in Figs 21c and 23b). The
excavated trench was 19 m long, 2 m wide, and 3.5 m deep. The sediments exposed in the
trench can be divided into seven unconsolidated units that are exposed in both sidewalls. A
detailed trench log is shown in Figs 41 and 42. Details of the individual units are described
below.

Unit A, the oldest unit in the trench, is an alluvial unit consisting of gravel, sand, and
silt with carbonaceous clay. The gravel beds in unit A are clast-supported. The gravel clasts
are mainly subangular to rounded, and most consist of quartz, sandstone, and shale. The unit
contains graded beds of 10-50 cm in thickness. A lenticular layer of sand (20 cm thick)
occurs between layers of gravel. The total thickness of this unit exceeds 1.5 m.

Unit B is an alluvial unit containing reddish-brown clayey sand, with sparsely
distributed pebbles. This unit is limited to the southeastern part of the trench, where it is
approximately 30 cm thick.

Unit C is an alluvial unit consisting of sand with gravel. Most of the gravel clasts (of
pebble size) are of sandstone and shale. The unit is exposed on the southeastern side of the
trench, but it is absent at the point marked ‘x’ in Fig. 41. The thickness of the unit ranges

from 10 to 30 cm.
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Unit D is an alluvial unit consisting of brown sandy clay, with a little gravel. Most of
the gravel clasts are sandstone. The unit is exposed only on the southeastern side of the trench,
where its thickness ranges from 10 to 50 cm.

Unit E is an alluvial/colluvial unit containing of brown clayey sand with gravel. Most
of the clasts in the gravel are subangular and consist of sandstone, shale, and quartz. The unit
is exposed on the southeastern side of the trench, but was not found on the northwestern side.
The thickness of the unit ranges from 10 cm to 50 cm.

Unit F is an alluvial/colluvial unit consisting of sand and gravel. The gravels consist
mainly of subangular to angular clasts of sandstone and shale, and clast size varies from
pebble to cobble. The thickness of this unit ranges from 10 cm to 1 m.

Unit G is a top soil consisting of reddish-brown clayey sand. This is a soil used for
agriculture, and organic matter is commonly found. The unit is approximately 30 cm thick.

The grain size of sediment in this trench ranges from clay to coarse gravel. The
stratigraphic relationships between unit A and overlying units indicate that the top of unit A
is an erosional surface (Figs 41 and 42). The sediments in unit A are poorly sorted. Clasts in
gravel layers are subangular to rounded, and the unit contains a lenticular layer of sand and
graded beds. The clasts are randomly oriented, with some elongate gravel clasts oriented with
their long axes at a high angle to bedding. The sedimentary structures indicate that unit A was
deposited by clast-rich debris flows (sediment gravity flows) [Larsen and Steel, 1978; Steel
and Gloppen, 1980]. The sediments of units B—F are poorly sorted, and the mixed sand, silt,
and gravel of these units was possibly deposited by matrix-rich debris flows (i.e., sandy
gravity flows) similar to those reported by Shukha [2009] and Rhodes et al. [2005]. The

sediments in this trench are laterally continuous, and no faults are observed.
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Fig. 41. Stratigraphic units of the Quaternary sediments along the northeast wall of the Ban Don Fai trench no. 2 (a—b). The location of the

trench is shown in Figs 21c and 23b. Unit A: gravel, sand, and silt with carbonaceous clay; Unit B: clayey sand; Unit C: sand with gravel; Unit
D: sandy clay with minor gravel; Unit E: clayey sand with gravel; Unit F: sand and gravel; Unit G: top soil. The point marked ‘x” indicates the

location where unit C is absent.
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Fig. 42. Stratigraphic units of the Quaternary sediments along the southwest wall of the Ban Don Fai trench no. 2 (a—b). The location of the

trench is shown in Figs 21c and 23b. Unit A: gravel, sand, and silt with carbonaceous clay; Unit B: clayey sand; Unit C: sand with gravel; Unit

D: sandy clay with minor gravel; Unit E: clayey sand with gravel; Unit F: sand and gravel; Unit G: top soil.



8. Results of geochronological investigations
8.1. Geochronological investigations of the Mae Hong Son Fault

It may be possible to constrain the timing of fault movements if the depositional ages
of sedimentary layers, seen to be associated with faults in the quarry, road-cut wall, and
trench exposures, can be determined. Unfortunately, no carbonaceous materials suitable for
carbon dating were found in any of these exposures, so other geochronological techniques,
including optically stimulated luminescence (OSL) and thermoluminescence (TL) dating,

have been used to constrain the ages of paleoearthquake events.

8.1.1. Optically Stimulated Luminescence and Thermoluminescence dating

Radioactive isotopes such as uranium (U), thorium (Th), and potassium (K) are
present in the Earth’s crust and undergo radioactive decay. When minerals such as quartz and
feldspar (used as luminescence dosimeters) are exposed to ionizing radiation, electrons may
become detached from their parent nuclei in the crystal lattice and diffuse in the vicinity of
defects in the lattice where they may become trapped. The number of trapped electrons
increases proportionally with the duration and intensity of radiation exposure [Aitken, 1985;
Fattahi, 2009]. Natural heating (e.g., sunlight) or artificial heating in the laboratory can free
these trapped electrons, and they may return to a vacant position (a “hole”) left by a
previously displaced electron, where they may emit part of the energy absorbed during
irradiation as a photon, or they may become trapped in another defect site [Fattahi, 2009]. For
electrons in sediments, the sunlight or illumination of a mineral during a significant tectonic
event (and involving, for example, colluviation after the faulting) can free these trapped
electrons during the transportation process. However, electrons can be trapped again after

deposition of more sediment [Won-in, 2003; Fattahi, 2009]. A convenient way of describing
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the luminescence mechanism is to display it on an “energy level diagram”, as shown in Fig.
43.

The trapped electrons can be released in the laboratory by artificial heating under
controlled conditions. When the trapped electrons recombine at luminescence centres in the
crystal (a special type of structural defect or impurity), an emission of light (photon) occurs
that is proportional in intensity to the number of trapped electrons. This emission of light is
known as thermoluminescence (TL) and it is the basis of thermoluminescence dating [Aitken,
1985; Walker, 2005; Fattahi, 2009]. Alternatively, the electrons can be released from traps by
shining a beam of light onto the sample, and the luminescent signal represents the number of
electrons trapped within the crystal lattice. This is optically stimulated luminescence, the
basis of OSL dating [Walker, 2005]. OSL dating is based on the same principle as TL dating,
the difference being that the trapped electrons are released by light rather than by heat.

The OSL and TL dates are based on the amount of luminescence (paleodose or
equivalent dose; ED) and the radiation rate (per year) for a radioactive isotope, which yields
an annual dose (AD) [Vafiadou et al., 2007]. The OSL and TL methods are widely used in
dating sediments such as aeolian quartz-rich sediments, marine sands, and colluvial materials

[Murray and Olley, 2002; Fattahi, 2009]. The age of a sample is calculated as follows:

Age (ka) = Paleodose (Gy)/Annual dose (Gy/ka) 1)

The paleodose or equivalent dose (ED) is the radiation dose, measured in the laboratory,
which has been received by the sediment since some resetting event. The annual dose (AD) is
the radiation rate of the radioactive isotope per year. Gray (Gy) is the Sl unit of the absorbed

radiation.

OSL measurements were made using an OSL/TL instrument (Model OSL/TL-DA-15,

Ris@ National Laboratory, Denmark) at Chulalongkorn University, Thailand. The instrument
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was equipped with a *Sr/*®Y beta source delivering 0.14 Gy/sec to the sample. In such a
system, the OSL signals from the samples are produced by using Blue-LED arrays (470 + 30
nm) as stimulation light sources. A single-aliquot regenerative dose (SAR) protocol is applied
for measuring a paleodose for all samples, where all the measurements needed to determine a
dose are made on one sub-sample (aliquot) of the material to be dated. The natural OSL
decay curve and the artificial irradiation decay curve were determined for each sample.

Figure 44 shows an OSL decay curve that represents the relationship between OSL
intensity and time. In order to estimate the paleodose, the OSL decay curve was transformed
to a growth curve. The growth curve shows the relationship between the OSL ratio (artificial
irradiation OSL decay curve/natural OSL decay curve) or the OSL intensity and laboratory
irradiation (Gy). For this study, the growth curves were plotted using the relationship
between the OSL ratios and laboratory irradiation (Gy), and the paleodose (at point OSL ratio
= 1) can be determined, as shown in Fig. 45. The growth curves of OSL samples are shown in
appendix A, and the paleodoses of OSL samples are summarized in Table 8.

TL measurements were made using a TL analyzer (C123 photon counter; Hamamatsu
Photonics) and an SU-11 temperature controller (Chino Co. Ltd.) with a heating rate of
120 °C per minute under well-designed nitrogen purge conditions at Kasetsart University,
Thailand. The TL intensity of sediments is decreased by bleaching from sunlight during
transportation of the sediment [Won-in, 2003], although some residual level of TL intensity
remains. The TL intensity increases again after deposition of new material [Won-in, 2003]
(Fig. 46). Ten hours of natural sunlight bleaching are assumed to result in complete bleaching
to residual levels [Pailoplee et al., 2009]. The TL natural and artificial irradiation glow curves
were determined for each sample.

Figure 47a shows a glow curve that represents the relationship between TL intensity

and temperature. The sediment age calculation is based on a unit of paleodose in Gy. In order
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to estimate the paleodose, the glow curve was transformed to a growth curve (Fig. 47b). For
this study, the methodology for the TL age calculation mainly follows that described by
Takashima and Honda [1989]. The regeneration technique was applied to determine the
paleodose, and the technique is based on the straightforward procedure of measuring the
natural TL intensity from a natural sample (N) and comparing it with the artificial TL
intensity from the same sample with a known dosage (artificial irradiation sample).

For this study, after heating the quartz at 320 °C for 5 hrs, individual samples were
separated into four sub-samples. For each sub-sample, artificial irradiation was added with
doses of 200, 400, 800, and 1000 Gy (some other samples were also given doses of 50, 100,
200, and 800 Gy: e.g., MLN 11, MLN 12 etc.). The glow curve is shown in Fig. 48; all glow
curves for the samples are shown in appendix B. The glow curves were then transformed to
growth curves. The growth curve shows the relationship between the TL ratio (artificial
irradiation glow curve/natural glow curve) or TL intensity and the laboratory irradiation (Gy).
For this study, the growth curves were plotted using the relationship between the TL ratio and
the laboratory irradiation (Gy), as shown in appendix B. The paleodose can then be calculated,
as shown in Fig. 49, and the paleodoses of the TL samples are summarized in Table 9.

The OSL and TL sample preparation involved drying the samples, and analyzing the
water contents. Each sample was sieved using a 0.84 mm mesh filter for annual dose analysis
(300 g). Grains between 0.25 and 0.075 mm in size were extracted by re-sieving the
remaining sample. Thereafter, these samples were treated with 35% hydrochloric acid (HCI)
for at least 30 minutes to remove carbonates and organic material. Ferromagnetic fragments
in the samples were separated from quartz using an isodynamic magnetic separator. Feldspar
was removed by treating with 24% hydrofluoric acid (HF). X-ray diffraction analysis (XRD)
was used to ensure no feldspar remained in the samples; if feldspar was detected, samples

were treated again with hydrofluoric acid until all feldspar had been removed.

92



To determine the annual doses (AD) in the OSL and TL dating samples, the
concentrations of U, Th, and K were analyzed using gamma spectrometry at Chulalongkorn
University. The annual dose was computed using the concentration of K, U, and Th in the
standard table described by Bell [1979], as follows:

Annual dose =Da + D + Dy + D¢ 2
where Da = 0.15(2.783U + 0.783Th)/(1 + 1.50W)

DB = (0.1462U + 0.0286Th + 0.8303K)B/(1 + 1.25W)

Dy = (0.1148U + 0.514Th + 0.2492K)/(1 + 1.14W)

Dc = cosmic ray, 0.15

W = water content (%)

B = beta coefficient in the quartz grains, 0.9

The annual dose results for the OSL and TL samples are summarized in Tables 8 and
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Fig. 43. Luminescence-process diagram showing the energy-level related to three processes:

(a) irradiation, caused by exposure of the crystal to nuclear radiation, with ionized electrons
trapped in a hole (T); (b) storage, during which the electrons (E) are trapped, but requiring a
hole deep enough for storage of the electrons over the geological time period of the sample;
and (c) heating to an optimum level of temperature, when electrons are released and
recombined at the luminescence centre (L), with the light (TL or OSL) then released [Aitken,

1985].
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Fig. 44. OSL decay curve that represents the relationship between OSL intensity and time. N:

natural sample; Ro: zero-dose sample; N+70.50 Gy, N+211.50 Gy and N+352.50 Gy are
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Fig. 45. Growth curve (PCT21) plotted using the relationship between the OSL ratio and the

laboratory irradiation (Gy). The paleodose (at point OSL ratio = 1) can be determined from

the growth curve.
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Fig. 46. Relationship between TL intensity and transportation and deposition of sediments.

ED is a paleodose [modified from Won-in, 2003].
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Fig. 47. ldealized graph showing the transformation of a TL glow curve to a TL growth
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Fig. 48. Thermoluminescence glow curve for sample MLN2 that shows the relationship
between the TL intensity and temperature. N: natural sample; lo: residual sample; H+200Gy,

H+400Gy, H+800Gy and H+1000Gy are artificial irradiation samples
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Fig. 49. Growth curve for sample MLNZ2; the N ratio is 1.0 (as estimated from the ratio

between a natural TL sample and a natural TL sample), while the residual TL ratio (lo ratio)

is 0.84 (the ratio between a residual TL sample and a natural TL sample). ED can be

estimated by subtracting one ratio from the other (N ratio—Io ratio), which here is 515-350 =

165 (Gy).
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Table 8. Results of OSL dating of quartz concentrates from sediment samples collected in the Mae La Noi (ML and MLN), Phra That Chom

Kitti (PCT), Kon Phung (NML), Huai Kia (HK), and Mok Chum Pae (MCP) areas, Mae Hong Son region, northern Thailand.

Sample No. U (ppm) Th (ppm) K (%) W (%) AD (Gy/ka) ED (Gy) Age (yr) Error (yr)
MLN11 3.33 39.02 6.06 17.03 9.58 82.21 8,580 620
MLN12 4.54 38.45 5.97 17.84 9.70 93.21 9,600 720
MLN13 3.26 26.68 4.21 18.96 6.85 81.18 11,840 1,150
MLN14 521 65.26 7.10 14.65 12.90 106.49 8,300 640
MLN15 4.56 55.29 6.99 13.94 12.00 112.77 9,400 690
MLN16 3.07 35.6 571 14.55 9.02 106.48 11,810 940

MLN2 2.19 28.06 0.73 11.43 3.36 81.61 24,260 1,770
MLN3 1.26 36.73 0.36 17.61 3.27 70.30 21,520 2,010
ML1 2.49 31.29 4.11 13.84 7.01 50.09 7,150 510
ML4 3.17 30.05 4.43 13.85 7.40 48.50 6,550 530
PCT21 1.02 19.49 0.23 9.68 2.02 180.84 89,720 6,460
PCT23 5.23 19.16 0.77 3.45 3.62 181.02 49,980 3,600
PCT25 11.54 32.74 0.44 10.78 5.56 220.87 39,700 2,960
PCT27 11.30 31.15 0.79 9.12 5.80 260.51 44,910 3,220
PCT28 4.02 26.95 1.18 8.38 4.22 154.18 36,540 2,780
PCT29 18.49 33.45 0.63 6.54 7.57 208.94 27,580 2,010
NML1 1.69 14.85 2.55 13.25 4.15 63.50 15,320 1,220

NML2 1.75 12.04 2.23 11.97 3.66 262.47 71,710 5,070
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Table 8. (continued)

Sample No. U (ppm) Th (ppm) K (%) W (%) AD (Gy/ka) ED (Gy) Age (yr) Error (yr)
NML3 1.86 13.15 2.13 9.59 3.69 61.50 16,660 1,190
NML4 1.48 11.35 1.36 13.39 2.66 159.81 60,070 4,250
NML5 1.58 11.35 2.23 12.39 3.57 276.92 77,600 5,490
NML6 1.75 13.93 2.45 11.13 4.02 52.00 12,920 940
NML7 1.61 11.09 2.32 10.55 3.67 293.09 79,850 5,650
NMLS 1.75 13.59 2.43 11.40 3.98 67.00 16,850 1,190
NML9 1.69 11.34 2.06 11.53 3.43 237.19 69,110 4,890

NML10 1.47 10.64 1.78 9.50 3.07 231.77 75,450 5,340
HK1 1.64 21.73 2.02 13.16 4.07 243.27 59,730 4,230
HK?2 1.67 21.91 2.17 16.89 4.19 249.33 59,570 4,220
HK3 1.68 12.10 1.36 11.28 2.78 117.12 42,150 2,980
HK6 1.59 20.68 2.33 14.12 4.29 242.12 56,490 4,000
HK7 1.77 21.23 2.14 15.15 4.16 249.18 59,920 4,240
HK8 1.73 14.42 1.42 9.98 3.03 118.44 39,130 2,770
HK9 1.19 16.67 1.57 8.58 3.23 122.91 38,070 2,690
HK10 1.66 12.03 1.13 6.94 2.58 93.50 36,230 2,680
MCP1 1.47 9.15 0.50 5.12 1.70 99.87 58,670 4,150
MCP2 1.90 9.82 1.18 2.69 2.57 148.51 57,670 4,080
MCP3 1.57 11.50 0.64 9.26 2.00 149.37 74,620 5,280
MCP5 1.45 6.59 0.20 5.85 1.20 7.76 6,460 460
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Table 8. (continued)

Sample No. U (ppm) Th (ppm) K (%) W (%) AD (Gy/ka) ED (Gy) Age (yr) Error (yr)
MCP6 1.48 9.30 0.11 491 1.32 79.93 60,670 4,290
MCP9 1.60 9.62 0.79 2.18 2.09 65.26 31,210 2,210
MCP10 1.18 5.89 0.19 11.92 1.05 6.16 5,870 420

Remarks:

Locations of samples are shown on Figs 50-57.
Measurements were performed using a Model OSL/TL-DA-15 analyzer (Risg National Laboratory, Denmark).
The single-aliquot regenerative dose (SAR) protocol technique was applied to measure the paleodose (ED) for each sample.

The annual dose (AD) was computed using the concentrations of K, U, and Th, as shown in the standard table of Bell [1979].
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Table 9. Results of TL dating for quartz concentrates from sediment samples collected in the Mae La Noi (ML and MLN) and Phra That Chom

Kitti (PCT) areas, Mae Hong Son region, northern Thailand.

Sample No. U (ppm) Th (ppm) K (%) W (%) AD (Gy/ka) ED (Gy) Age (yr) Error (yr)
MLN11 3.33 39.02 6.06 17.03 9.58 82.80 8,640 880
MLN12 4.54 38.45 5.97 17.84 9.70 105.00 10,830 1,110
MLN13 3.26 26.68 4.21 18.96 6.85 100.00 14,600 1,490
MLN14 5.21 65.26 7.10 14.65 12.90 107.00 8,300 850
MLN15 4.56 55.29 6.99 13.94 12.00 125.40 10,460 1,080
MLN16 3.07 35.60 571 14.55 9.02 126.00 13,980 1,430
MLN 2 411 43.84 4.18 23.92 8.01 165.00 20,610 2,250
MLN 3 3.77 34.30 4.13 22.15 7.31 135.00 18,500 2,010

ML1 4.20 45.83 4.46 17.14 8.63 65.00 7,530 650
ML4 4.71 47.47 4.12 20.39 8.41 55.00 6,540 710
PCT21 1.02 38.66 411 15.00 7.14 705.00 90,030 7,890
PCT23 13.58 27.42 4.76 13.20 9.94 530.00 53,300 4,760

PCT25 11.70 35.41 5.63 8.88 11.11 400.00 35,990 3,440
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Table 9. (continued)

Sample No. U (ppm) Th (ppm) K (%) W (%) AD (Gy/ka) ED (Gy) Age (yr) Error (yr)
PCT27 21.57 55.86 4.39 11.58 13.43 554.00 41,240 3,460
PCT28 24.75 37.70 3.50 18.08 11.71 460.00 39,300 3,410
PCT29 23.88 35.68 3.89 13.26 11.98 360.00 30,040 3,200

Remarks:

Locations of samples are shown on Figs 50 and 51.

Measurements were performed using a TL analyzer (C123 photon counter; Hamamatsu Photonics) and an SU-11 temperature controller (Chino

Co. Ltd.) with a heating rate of 120 °C per minute under well-designed nitrogen purge conditions. The regeneration technique was applied to

measure the paleodose (ED) for each sample. The annual dose (AD) was computed using the concentrations of K, U, and Th, as shown in the

standard table of Bell (1979).



8.1.2. Results of Optically Stimulated Luminescence and Thermoluminescence dating
8.1.2.1. Mae La Noi School quarry

Figure 50 shows the stratigraphic units and the measured OSL and TL dates for
sediments from the Mae La Noi School quarry. Ten samples were collected for OSL and TL
dating (i.e., MLN11-16, MLN2-3, ML1, and ML4 in Fig. 50). The OSL and TL dates from
the quartz grains indicate that the sediments in the quarry were deposited from ca. 24,260 yr
BP to the present day (Tables 8 and 9: unit B was deposited at ca. 24,260-18,500 yr BP; unit
D was deposited at ca. 14,600-11,810 yr BP; unit E was deposited at ca. 10,830-9,400 yr
BP; unit G was deposited at ca. 8,640-7,150 yr BP; and unit H was deposited at ca.6,550—

6,540 yr BP).

8.1.2.2. Phra That Chom Kitti road-cut wall

Figure 51 shows the stratigraphic units and the measured OSL and TL dates for
sediments from the Phra That Chom Kitti road-cut wall. Six samples were collected for OSL
and TL dating (i.e., PCT21, PCT23, PCT25, PCT27, PCT28, and PCT29; Fig. 51). The OSL
and TL dates from the quartz grains indicate that the sediments in the road-cut wall were
deposited from ca. 90,030 yr BP to the present day (Tables 8 and 9: unit B was deposited at
ca. 90,030-89,720 yr BP; unit C was deposited at ca. 53,300-49,980 yr BP; unit D was
deposited at ca. 44,910-41,240 yr BP; unit E was deposited at ca. 39,700-35,990 yr BP; F
was deposited at ca. 39,300-36,540 yr BP; and unit G was deposited at ca. 30,040-27,580 yr

BP).

8.1.2.3. Nong Mae La trench
Figures 52 and 53 show the stratigraphic units and the measured OSL dates for

sediments from the Nong Mae La trench. Ten samples were collected for OSL dating (i.e.,
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NML1-10 in Figs 52 and 53). The OSL dates from the quartz grains indicate that the
sediments in the trench were deposited from ca. 79,850 yr BP to the present day (Table 8:
unit B was deposited at ca. 79,850-71,710 yr BP; unit D was deposited at ca. 69,110-60,070

yr BP; and unit F was deposited at ca. 16,850-12,920 yr BP).

8.1.2.4. Huai Kia trench

Figures 54 and 55 show the stratigraphic units and the measured OSL dates for
sediments from the Huai Kia trench. Eight samples were collected for OSL dating (i.e., HK1-
3 and HK6-10 in Figs 54 and 55). The OSL dates from the quartz grains indicate that the
sediments in the trench were deposited from ca. 59,920 yr BP to the present day (Table 8:
unit B was deposited at ca. 59,920-56,490 yr BP; unit D was deposited at ca. 42,150-38,070

yr BP; and unit F was deposited at ca. 36,230 yr BP to the present day).

8.1.2.5. Mok Chum Pae trench

Figures 56 and 57 show the stratigraphic units and the measured OSL dates for
sediments from the Mok Chum Pae trench. Seven samples were collected for OSL dating (i.e.,
MCP1-3, MCP5-6, MCP9-10 in Figs 56 and 57). The OSL dates from the quartz grains
indicate that the sediments in the trench were deposited from ca. 74,620 yr BP to the present
day (Table 8: unit A was deposited at ca. 74,620 yr BP; unit B was deposited at ca. 60,670—
57,670 yr BP; unit D was deposited at ca. 31,210 yr BP; unit E was deposited at ca. 6,460 yr

BP; and unit F was deposited at ca. 5,870 yr BP to the present day).
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Fig. 50. Stratigraphy and ages of Quaternary sediments along an E—W transect in the Mae La
Noi School quarry (a—d). Close-up photographs of plates b, ¢, and d are presented in plates e,
f, and g, respectively. The faults identified in the quarry wall are F1 and F2. Black arrows
indicate fault traces and half arrows show sense of movement. Samples MLN11-16, MLN2—
3, ML1, and ML4 were collected for OSL and TL dating. The location of the quarry is shown
in Figs 13b and 14b. Unit A: gravel sand and clay; Unit B: clay and sand; Unit C: gravel,
sand, clay, with sand lens; Unit D: sandy clay with gravel; Unit E: clayey sand with gravel,
Unit F: gravel, sand, and clay; Unit G: sandy clay with gravel; Unit H: gravel and sand, and
Unit I: top soil. The points marked “X” and “X2” indicate the locations of slickensides on
fault planes. The point marked “X3” indicates the location where the fault terminates in unit

G.

106



Phra That Chom Kitti road-cut wall

SW wall . NW

} 36,5402,780

?39,700'1'2,960

C
49,980t 3,600

B
89,720%6,460

(b)
Fig. 51. Stratigraphy and ages of Quaternary sediments along the SE-NW transect in the Phra

That Chom Kitti road-cut exposure (a—b). Faults identified in the road-cut wall are F1-F4.
Black arrows indicate fault traces and half arrows show the sense of movement. Samples
PCT21, PCT23, PCT25, PCT27, PCT28, and PCT29 were collected for OSL and TL dating.
The location of the wall is shown in Figs 15b and 16b. Unit A: brown to yellowish sand; Unit
B: clay with clasts of feldspar and quartz; Unit C: brown to yellowish sand with gravel; Unit
D: light brown to yellowish sand; Unit E: clay, sand and with some gravels; Unit F: gravel,

sand, and clay; Unit G: gravel with sand; Unit H: top soil.

107



80T

Nong Mae La trench High radon emission at the fractures or faults E

N wall 1

(@)

im High radon emission at the fractures or faults E

71,71015,070
?

60,070%4,250

77,600%5,490

Fig. 52. Stratigraphy and ages of Quaternary sediments along a north wall in the Nong Mae La trench (a—b). Fault indentified in the trench wall
is F1. Samples NML1-5 were collected for OSL dating. The location of the wall is shown in Fig. 18b. Unit A: gravel and sand; Unit B: reddish-
brown sandy clay; Unit C: reddish-brown sandy clay and gravel; Unit D: reddish-brown sandy clay and gravel with clasts of iron-rich

concretions; Unit E: reddish-brown clayey sand and gravel; Unit F: reddish-brown clayey sand with small amounts of gravel; Unit G: top soil.
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Fig. 53. Stratigraphy and ages of Quaternary sediments along a south wall in the Nong Mae La trench (a—b). Fault indentified in the trench wall

is F1. Samples NML6-10 were collected for OSL dating. The location of the wall is shown in Fig. 18b. Unit A: gravel and sand; Unit B:
reddish-brown sandy clay; Unit C: reddish-brown sandy clay and gravel; Unit D: reddish-brown sandy clay and gravel with clasts of iron-rich

concretions; Unit E: reddish-brown clayey sand and gravel; Unit F: reddish-brown clayey sand with small amounts of gravel; Unit G: top soil.
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Fig. 54. Stratigraphy and ages of Quaternary sediments along a southeast wall in the Huai Kia trench (a—b). Samples HK1-3 were collected for
OSL dating. The location of the wall is shown in Fig. 19b. Unit A: gravel, sand, and clay; Unit B: reddish-brown to gray sandy clay with a little

gravel; Unit C: sand, silt, clay, and gravel; Unit D: reddish-brown sandy clay with a little gravel; Unit E: gravel and sand; Unit F: top soil.
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Fig. 55. Stratigraphy and ages of Quaternary sediments along a northwest wall in the Huai Kia trench (a—b). Samples HK6-10 were collected for

OSL dating. The location of the wall is shown in Fig. 19b. Unit A: gravel, sand, and clay; Unit B: reddish-brown to gray sandy clay with a little

gravel; Unit C: sand, silt, clay, and gravel; Unit D: reddish-brown sandy clay with a little gravel; Unit E: gravel and sand; Unit F: top soil.
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Fig. 56. Stratigraphy and ages of Quaternary sediments along a northeast wall in the Mok Chum Pae trench (a—b). Faults indentified in the trench

wall are F1 and F2. Samples MCP1-3, and MCP5 were collected for OSL dating. The location of the wall is shown in Fig. 20b. Unit A: gravel,
sand, and clay; Unit B: yellowish-brown to light gray clayey sand with a little gravel; Unit C: gravel, sand, and clay; Unit D: gravel, sand, and

clay with a lateritic texture; Unit E: gravel and sand; Unit F: top soil.



eTT

Mok Chum Pae trench
SW wall

High radon emission at the fracturesg

31,210 %2,210

60,670%4,290

Fig. 57. Stratigraphy and ages of Quaternary sediments along a southwest wall in the Mok Chum Pae trench (a—b). Faults indentified in the
trench wall are F1 and F2. Samples MCP6, MCP9, and MCP10 were collected for OSL dating. The location of the wall is shown in Fig. 20b.
Unit A: gravel, sand, and clay; Unit B: yellowish-brown to light gray clayey sand with a little gravel; Unit C: gravel, sand, and clay; Unit D:

gravel, sand, and clay with a lateritic texture; Unit E: gravel and sand; Unit F: top soil.



8.2. Geochronological investigations of the Thoen Fault

The trench-log stratigraphy in Ban Don Fai trench no. 2 shows no evidence for recent
fault movement, but to put this finding in context it is necessary to determine the age of the
sediments exposed in the trench. Having established the stratigraphy of the Ban Don Fai

trench no. 2, then samples were collected for OSL and AMS radiocarbon dating.

8.2.1. Results of Accelerator Mass Spectrometry radiocarbon (AMS) dating

The *C method of dating is often applied in archaeology and geology, but the method
is only accurate for samples younger than 45,000 years [Roberts et al., 1994]. For
paleoearthquakes investigations in Thailand, AMS radiocarbon dating is commonly used for
determining the age of sediments in a trench. For example, Pailoplee et al. [2009] and DMR
[2006] succeeded in dating carbonaceous and charcoal samples, and these ages were then
used for estimating the timing of fault movements. In the present study, three carbonaceous
clay samples were collected from unit A in the Ban Don Fai trench no. 2 (Figs 58 and 59),
and the samples were processed for AMS radiocarbon dating at Beta Analytic Inc. (USA).

The dating results are shown in Table 10 and appendix C.

8.2.2. Results of Optically Stimulated Luminescence dating

Six samples from units A, B, and D in Ban Don Fai trench no. 2 were prepared for
OSL dating (Figs 58 and 59). Measurements were made using an OSL instrument (Model
OSL/TL-DA-15, Risg National Laboratory, Denmark) at Chulalongkorn University, Thailand.
The instrument was equipped with a “°Sr/*°Y beta source delivering 0.14 Gy/sec to the
sample. In such a system, the OSL signals from the samples are produced by using Blue-LED

arrays (470 + 30 nm) as stimulation light sources. A single-aliquot regenerative dose (SAR)
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protocol is applied to measure a paleodose for all samples. The growth curves of OSL
samples are shown in appendix A, and the paleodoses are summarized in Table 11.

For the annual dose, the concentrations of U, Th, and K were analyzed using gamma
spectrometry at Chulalongkorn University. The annual dose was computed using the
concentration of K, U, and Th in the standard table described by Bell [1979]. The results of
annual doses and OSL dating are summarized in Table 11.

Figures 58 and 59 show the stratigraphic units, and the measured OSL and AMS
radiocarbon dates for sediments from Ban Don Fai trench no. 2. The OSL ages indicate that
the sediments were deposited during the past 910 years. Three AMS radiocarbon dates
indicate that the sediments in the lowest unit were deposited from about 960 to 920 yr BP,

and these dates are consistent with the OSL ages for sediments in unit A.
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Table 10. Result of AMS radiocarbon dating (C-14) of carbonaceous sediments from Ban

Don Fai trench no. 2.

Sample  '*C measured radiocarbon age ~ *C/**C

1%C conventional

radiocarbon age

Calibration of

radiocarbon age

No. (yr BP) (per mil)
(yr BP) (Cal yr BP)
C001 940 + 40 -25.1 940 + 40 930-750
C002 940 + 40 -23.9 960 + 40 940-780
C003 910 =40 —24.6 920 + 40 930-740

Remarks Method: AMS-Standard **C

Sample: Organic sediment

Locations of sample sites are shown in Figs 58 and 59.
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Table 11. OSL dating results for quartz concentrates from sediment samples collected in the Lampang basin, northern Thailand.

Sample No. U (ppm) Th (ppm) K (%) W (%) AD (Gy/ka) ED (Gy) Age (yr) Error (yr)
DF1 3.14 15.07 2.52 1.50 4.66 2.92 630 60

DF2 3.00 15.64 2.87 2.56 5.01 3.67 730 80

DF3 2.59 10.52 1.88 4.06 3.49 1.77 510 40

DF4 2.94 12.21 2.03 7.46 3.80 2.19 580 80

DF5 3.17 15.50 2.35 5.99 4.44 2.73 610 60

DF6 3.51 16.20 2.25 7.79 4.44 4.04 910 40
Remarks

Locations of samples are shown Figs 58 and 59.
Measurements were performed using a Model OSL/TL-DA-15 analyzer (Risg National Laboratory, Denmark).
The single-aliquot regenerative dose (SAR) protocol technique was applied to measure the paleodose (ED) for each sample.

The annual dose (AD) was computed using the concentrations of K, U, and Th, as shown in the standard table of Bell [1979].
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Fig. 58. Stratigraphy and ages of Quaternary sediments along a northeast wall in the Ban Don Fai trench no. 2 (a—b). Samples DF4-6 were
collected for OSL dating, while samples C001-002 were also collected for AMS radiocarbon dating. The location of the trench is shown in Figs
21c and 23b. Unit A: gravel, sand, and silt with carbonaceous clay; Unit B: clayey sand; Unit C: sand with gravel; Unit D: sandy clay with minor
gravel; Unit E: clayey sand with gravel; Unit F: sand and gravel; Unit G: top soil. The point marked ‘x’ indicates the location where unit C is

absent.
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Fig. 59. Stratigraphy and ages of Quaternary sediments along a southwest wall in the Ban Don Fai trench no. 2 (a—b). Samples DF1-3 were
collected for OSL dating, while sample C003 was also collected for AMS radiocarbon dating. The location of the trench is shown in Figs 21c
and 23b. Unit A: gravel, sand, and silt with carbonaceous clay; Unit B: clayey sand; Unit C: sand with gravel; Unit D: sandy clay with minor

gravel; Unit E: clayey sand with gravel; Unit F: sand and gravel; Unit G: top soil.



9. Paleoearthquake Events
9.1. Paleoearthquake events of the Mae Hong Son Fault

On the basis of field and geochronological data, eight paleoearthquake events have
been identified along the Mae Hong Son Fault, as shown in Fig. 60. The evidence for these
paleoearthquake events consists of offsets of stratigraphic units in the quarry, road cut, and
trench walls, as well as geophysical data.

The first paleoearthquake event (F1; Fig. 51) may be related to movement of the Phra
That Chom Kitti segment (no. 36 in Fig. 9¢). The fault cuts units A and B, and terminates in
the upper part of unit B. Unit A is offset vertically by ca. 30 cm. The sense of movement was
mainly vertical, suggesting this is a normal fault. The fault cuts through a sedimentary unit
(unit B) that was deposited at ca. 89,720 yr BP, and hence the movement must be younger
than the unit. However, no geochronological ages are available to constrain the depositional
age of the lower part of unit C. Thus, based on the OSL and TL ages of unit B (Fig. 51), it is
possible that this fault was active at ca. 78,000 yr BP.

The orientation and location of the Nong Mae La segment (no. 42 in Fig. 9c) are
based on the results of radon and resistivity surveys conducted on Quaternary sedimentary
strata (Figs 26 and 29). In the Nong Mae La trench, it is possible that this fault cuts unit A,
and possibly terminates in the middle part of unit B (Figs 52 and 53). However, evidence for
this faulting event is not apparent in the younger sediments (upper part of unit B and units C—
G). Based on the OSL ages for unit B, this faulting event might possibly have occurred after
79,850 yr BP (Fig. 53). It is inferred that this faulting was contemporaneous with the first
paleoearthquake in the Phra That Chom Kitti segment.

The second paleoearthquake event may be related to movement on the Ban Pae
segment (no. 31 in Fig. 9c), as reported by DMR [2007] (although the age of this fault

movement has been reassessed here based on data from the trench). The fault cuts through a
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sedimentary unit that was deposited at ca. 69,740 yr BP (for the depositional ages, see Fig.
60), and the movement must therefore be younger than this unit. However, no
geochronological dates are available to constrain the timing of the cessation of fault
movement. Thus, based on the OSL age from DMR [2007], the timing of the event is roughly
constrained as having occurred at ca. 68,000 yr BP.

Data for the third paleoearthquake event, which was identified from radon and
resistivity investigations (Figs 28 and 31) and OSL ages from the Mok Chum Pae trench (see
Figs 56 and 57), indicate that faulting occurred on the Mok Chum Pae segment (F1 in Figs 56
and 57); the fault cuts through weathered rock and overlying sediments in the trench [EGAT,
2012]. The fault cuts layers of sediment that were deposited during the period 58,670 to
57,670 yr BP (Fig. 56), and this displacement is interpreted as representing a third
paleoearthquake event, which might have occurred at ca. 58,000 yr BP.

The orientation and location of Huai Kia segment no. 1 (no. 39 in Fig. 9c) are based
on the results of radon and resistivity surveys conducted on Quaternary sedimentary strata
(Figs 27 and 30). However, evidence for this faulting event is not apparent in the trench.
Based on the OSL age for unit B (59,920 + 4,240 yr BP) and the tilting of the gravel bed (unit
A) on the mountain side (Figs 54 and 55), it is assumed that this faulting event might possibly
have occurred either before 59,920 yr BP or during the deposition of unit B (59,920-56,490
yr BP). Thus, it is inferred that this faulting was contemporaneous with the third
paleoearthquake on the Mok Chum Pae segment.

The fourth paleoearthquake event (F2; Fig. 51) is possibly related to movement on the
Phra That Chom Kitti segment. Units B and C and the lower (but not upper) part of unit D are
cut by fault F2. The fault cuts layers of sediment deposited during the period 53,300-41,240
yr BP, and this is interpreted as a fourth paleoearthquake event (Fig. 51) that might have

occurred at ca. 48,000 yr BP.
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The fifth paleoearthquake event (F3; Fig. 51) may be related to movement on the Phra
That Chom Kitti segment. The fault cuts units A—F, and, except for the youngest unit, all
units to the right of the fault (Fig. 51) are offset vertically by ca. 30 cm, whereas all units to
the left side of the fault are offset vertically by ca. 50 cm. It is interpreted that this fault is
mainly a normal fault, as the fault cuts the lower part of unit E and terminates in the upper
part of unit F. The fault cuts sediment layers that were deposited during the period 39,300—
36,540 yr BP, and this is interpreted as a fifth paleoearthquake event (Fig. 51) that might
have occurred at ca. 38,000 yr BP.

The sixth paleoearthquake event occurred at ca. 28,000 yr BP. Evidence for this event
was encountered on the Phra That Chom Kitti segment. The fault is observed in the centre of
the quarry wall (F4 in Fig. 51); the fault trace cuts units A—F and terminates in the lower part
of unit G. Movement of the fault caused displacements of units E and F, and created the sharp
contact between these two units. It is interpreted that movement during the sixth event was
principally lateral (strike-slip). An offset defined by the shift of a ridge crest suggests a left-
lateral strike-slip sense of movement.

Evidence for the seventh paleoearthquake event consists of a fault on the western side
of the quarry at Mae La Noi School (F1 in Fig. 50). The fault cuts units A and B, and the
latter unit yields an OSL and TL age of 24,260-18,500 yr BP. A well-defined slickenside on
the foot wall of the fault, located on the western side of the quarry wall, has a pitch of 15°
(Fig. 33a and c). The low pitch (15°) suggests that movement was nearly horizontal. In
contrast to the other movements, the vertical offset of units A and B on the western side of
the quarry wall is ca. 1.0 m; it seems unlikely that a single movement on this fault (F1 in Fig.
50) would generate this amount of offset on the western side of the quarry. Thus, it is

interpreted that repeated movements may have occurred along this fault. Because offset is
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observed in unit F, it is interpreted that fault movement may post-date the deposition of unit
B, and that faulting may have occurred at ca. 18,000 yr BP.

The latest recognized paleoearthquake event occurred on the Mae La Noi segment no.
1 (labelled no. 25 in Fig. 9c). Evidence of movement is visible on a fault on the eastern side
of the quarry wall (F2 in Fig. 50). Units A—F and the lower part of unit G are displaced along
a dipping fault plane. The gravel bed in the upper part of unit G is not cut by the fault (X3 in
Fig. 50a and c), which indicates that faulting must have terminated before deposition of the
gravel bed. No offsets are observed in younger units (i.e., units H and I). A slickenside on the
hanging wall of the fault, on the eastern side of the quarry, has a pitch of 60° (Fig. 33b and c).
The pitch angle indicates that fault movement was oblique (i.e., a combination of reverse and
sinistral strike-slip movement). Based on the OSL and TL dates of unit G (Fig. 50c), the most
recent movement on the fault occurred between 8,300 and 7,150 yr BP. It is inferred that this
paleoearthquake occurred at ca. 8,000 yr BP. The orientation and location of the Mok Chum
Pae segment are based on the results of radon and resistivity surveys conducted on
Quaternary sedimentary strata (Figs 28 and 31). However, evidence for this youngest faulting
event is not clear in the trench (Figs 56 and 57). However, high radon emissions in the trench
may be related to the most recent paleoearthquake on the Mok Chom Pae segment (Figs 28,
56 and 57). It is possible that this faulting was contemporaneous with the most recent

paleoearthquake in the Mae La Noi basin.
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Fig. 60. Diagram showing the depositional ages of sediments in the quarry, the road cut, and
the excavated trench walls (see location map, Fig. 9c), the eight paleoearthquake events (Nos
1-8) that occurred during the past 90,000 years on six segments of the Mae Hong Son Fault,
and the recurrence interval of faulting on the Mae Hong Son Fault (ca. 10,000 years). The

OSL and TL ages are used to constrain the ages of the paleoearthquake events.
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9.2. Paleoearthquake events of the Thoen Fault

Based on the results of this study and previous trenching studies of Pailoplee et al.
[2009], three paleoearthquake events have been identified along the Thoen Fault, as shown in
Fig. 61.

The first paleoearthquake event may be related to movement of the Ban Mai (no. 2 in
Fig. 21c) and Doi Ton Ngun (no. 6 in Fig. 21c) segments of the Thoen Fault in the Lampang
basin, as reported by Pailoplee et al. [2009]. Pailoplee et al. [2009] excavated two trenches
on the Ban Mai and Doi Ton Ngun segments. The Ban Mai segment records a single main
faulting event, at 3,800 yr BP. To the southwest of the Ban Mai segment, the Doi Ton Ngun
segment also records the first faulting event, at 3,500 yr BP. It is inferred that the faulting
event occurred on the Doi Ton Ngun segment was contemporaneous with the faulting event
on the Ban Mai segment. Based on the AMS radiocarbon and TL ages from Pailoplee et al.
[2009], the timing of the first paleoearthquake event is roughly constrained as having
occurred at ca. 3,700 yr BP (Fig. 61).

The second paleoearthquake event may be related to movement on the Doi Ton Ngun
segment (no. 6 in Fig. 21c), as reported by Pailoplee et al. [2009]. The Doi Ton Ngun
segment records an evidence of a second faulting event, at 1,800 yr BP. Thus, based on the
AMS radiocarbon and TL ages from Pailoplee et al. [2009], the timing of the second event is
roughly constrained as having occurred at ca. 1,800 yr BP.

The latest recognized paleoearthquake event possibly occurred on the Ban Don Fai
segment (1 in Fig. 21c) using results on morphotectonic landforms and geochronological data.
Although the geomorphology and geomorphic indices (see details of analyses of geomorphic
indices in Wiwegwin [2010]; Wiwegwin et al. [2011]) in the study area indicate active
normal faulting, sedimentary units exposed in a trench at Ban Don Fai area show no evidence

of recent fault movement. At Ban Don Fai trench no. 2, AMS radiocarbon and OSL dates
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show that the sediments of the lowest unit (Unit A in Fig. 58 and 59) were deposited between

960 and 910 years ago. The lack of evidence in the trench for recent fault movement indicates

that the fault is located below the depth of the trench. The timing of this fault movement

might be younger than those of the second paleoearthquake event. Unfortunately, no

geochronological ages are available to constrain the maximum age of fault movement in the

trench. Thus, it is roughly inferred that the most recent movement upon the Ban Don Fai

segment of the Thoen Fault occurred more than 960 years ago.
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Fig. 61. Diagram showing the depositional ages of sediments in the excavated trench walls

(see location map, Fig. 21c), the three paleoearthquake events (Nos 1-3) that occurred during

the past 4,500 years on three segments of the Thoen Fault. The AMS radiocarbon, OSL and

TL ages are used to constrain the ages of the paleoearthquake events.
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10. Discussion
10.1. Timing of Mae Hong Son Fault and Thoen Fault movements
10.1.1. Timing of Mae Hong Son Fault movement

A preliminary study of the timing of movement on the Mae Hong Son Fault revealed
that the most recent detected movement of the fault occurred during the period of 890,000—
320,000 yr BP, as determined from TL ages on sediments [ Takashima and Maneenai, 1995;
Hinthong, 1997]; it is possible that this timing is more recent than that proposed by previous
researchers. In previous studies, the samples for TL dating may have been collected from
fault gouge, in which partial bleaching of the luminescence signal may have occurred; in this
case, the TL ages would overestimate the actual age of fault movement. In this study, the
quartz grains for OSL and TL dating were collected from young sedimentary strata that are
cut by faulting, although the samples themselves are not disturbed by the faulting (Fig. 50).
Thus, the measured OSL and TL ages from this study possibly represent the most recent
movement of the Mae Hong Son Fault. The most recent movement of the Mae Hong Son
Fault might have occurred several thousand years ago. The results of this study are consistent
with those of Wiwegwin et al. [2014]. On the other hand, if the most recent movement of the
Mae Hong Son Fault proposed by Takashima and Maneenai [1995] and Hinthong [1997] is
correct, the timing of Mae Hong Son Fault movement as determined in previous studies
might represent an early stage of fault activity, which would suggest that the Mae Hong Son
Fault has been active since at least the late Pleistocene, as proposed by Takashima and

Maneenai [1995] and Hinthong [1997], and that the fault is still active today.
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10.1.2. Timing of Thoen Fault movement

Geomorphological features and geomorphic indices (see details of analyses of
geomorphic indices in Wiwegwin [2010]; Wiwegwin et al. [2011]) in the study area indicate
active normal faulting. However, the sediments in the trench at Ban Don Fai area show no
clear-cut evidence of recent fault movement. At Ban Don Fai trench no. 2, AMS radiocarbon
and OSL dates show that the sediments of the lowest unit (Unit A in Figs 58 and 59) were
deposited between 960 and 910 years ago. The lack of evidence in the trench for recent fault
movement indicates that the fault is located below the depth of the trench; i.e., the most
recent movement upon the fault pre-dates the deposition of the oldest sediments in the trench.
In the case that the trench did not intercept the fault trace, the most recent movement on the
fault may be younger than the oldest sediments in the trench; however, the location of the
trench was decided based on a careful analysis of aerial photographs, and based on the
distribution of morphotectonic landforms observed in the field. Thus, it is possible that the
most recent movement on the Ban Don Fai segment occurred more than 960 years ago. It is
also noted that no geochronological ages are available to constrain the maximum age of fault
movement in the trench. Alternatively, the timing of the most recent movement on the Ban
Don Fai segment might have occurred after the timing of the second paleoearthquake event
(1,800 yr BP) to 960 yr BP. On the other hand, the most recent movement on the Ban Don
Fai segment might possibly be the same event as the movement on the Doi Ton Ngun

segment (i.e., second paleoearthquake event).

10.2. Average recurrence interval of Mae Hong Son Fault and Thoen Fault activities
10.2.1. Average recurrence interval of Mae Hong Son Fault activity
The average recurrence interval of movement on the Mae Hong Son Fault may be on

the order of 10,000 years (Fig. 60). Other active faults in northern Thailand are characterized
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by relatively long recurrence intervals of thousands to tens of thousands of years (Table 12)
[Bott et al., 1997; Kosuwan et al., 1999; Fenton et al., 2003]. Based on this study, the
recurrence interval of the Mae Hong Son Fault is consistent with the results of previous
studies on active faults in Thailand.

Wells and Coppersmith [1994] proposed an estimate of paleomagnitude based on
surface rupture length,

M =5.08 + 1.16 log (SRL) 3
where SRL is the surface rupture length determined as the straight-line distance between the
rupture endpoints. Using Equation (3), all paleomagnitudes of paleoeartquake events on the
studied fault segments of the Mae Hong Son Fault were shown in Fig. 60, and the
paleomagnitude of the latest paleoearthquake event (possibly occurring at ca. 8,000 yr BP) on
the 1.4-km Mae La Noi segment no. 1 was Richter 5.2.

This estimated recurrence interval suggests that Mae La Noi segment no. 1 may have
ruptured approximately every 10,000 years. This segment has not ruptured during the last
8,000 years; it is considered that the next earthquake event generated by this fault segment
may be of Richter magnitude 5.2. For the Phra Tha Chom Kitti segment, the magnitude of
past earthquake events was approximately Richter 5.1, [as derived from equation (3)]. If this
estimate of the recurrence interval is correct, the last earthquake event on this segment
possibly occurred several thousand years ago. However, the last movement on this segment
observed in the road-cut wall was at about 28,000 yr BP. It is possible that a younger fault
has not yet been detected, and will be recorded in other areas along the fault trace. These
unresolved guestions suggest a need to study trenches in young sedimentary deposits in other
areas along the fault trace so as to constrain the timing of fault movements on this segment.

By contrast, the Phra That Chom Kitti segment has not ruptured in the last 28,000 years.
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Table 12. Summary of the characteristics of active faults in northern Thailand, northwestern Laos, and eastern Myanmar.

Relative age of last movement

Trench Geomorphic Maximum
Fault Segment Orientation Sense of movement slip rate Recurrence credible References
(length, km) Y investigations relationships and (mml/yr) (Kyr) earthquake
(Kyr) pedologic (MCE), (Mw)
development
Normal fault and subordinate left- MCE from this study; Pailoplee
Thoen Ban Mai NE-SW lateral strike-slip fault 3.80 Quaternary 0.06 - 5.9 et al. [2009]
Normal fault and subordinate left- MCE from this study; Pailoplee
(120 km) Doi Ton Ngun ENE-WSW lateral strike-slip fault 1.80 Quaternary 0.18 1.70 6.2 et al. [2009]
This study; Wiwegwin et al.
Ban Don Fai NE-SW Normal fault >0.96 Holocene - - 6.7 [2011]
Normal fault and subordinate left-
- NE-SW lateral strike-slip fault - Holocene 0.60 1.70-2.50 75 Fenton et al. [2003]
Uttaradit Khun Non NE-SW Oblique-slip fault 2.50 Quaternary 0.19-0.21 - 6.51 Saithong et al. [2011]
(160 km) (a conbination of normal and left-
lateral strike-slip fault)
Mae Chan Mae Ai ENE-WSW Left-lateral strike-slip fault 17.00 Holocene 0.7 - - Kosuwan et al. [1999, 2003]
Lacassin et al. [1998]; Fenton et
(140 km) - ENE-WSW Left-lateral strike-slip fault - Holocene 0.3-3.0 - 75 al. [2003]
Kio Satai ENE-WSW Oblique-slip fault 2,000 Holocene 0.15-0.29 1.00 6.8 DMR [2009]
(a conbination of reverse and left-
lateral strike-slip fault)
Mae Ping Khao Mae Song NW-SE Right-lateral strike-slip fault 15.00 Pleistocene 0.17-0.73 - 6.7 Saithong [2006]; Saithong et al.
[2005]
(230 km) - NW-SE Right-lateral strike-slip fault - Quaternary - - - Le Dain et al. [1984]
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Table 12. (continued)

Relative age of last movement

Fault Trench Geomorphic slip rate Recurrence hﬂ?:clin?allqu
u - - ) . i u i
(length, km) Segment Orientation Sense of movement investigations relationships and (mmiyr) (Kyr) earthquake References
(Kyr) pedologlc (MCE), (MW)
development
Three Pagoda - NW-SE Right-lateral strike-slip fault - Holocene 0.5-2.0 - 75 Fenton et al. [2003]
(350 km)
Mengxian - ENE-WSW Left-lateral strike-slip fault - Quaternary 48+0.2 - - Lacassin et al. [1998]
(75 km)
Nam Ma - ENE-WSW Left-lateral strike-slip fault - Quaternary 24+04 - - Lacassin et al. [1998]
(177 km)
Sagaing Fault - N-S Right-lateral strike-slip fault M 7.3 1930 Holocene 18.00 >0.16 - Tsutsumi and Sato [2009]
Pegu (Bago)
(1000 km) earthquake
Mae Hong Son Mae La Noi no.1 NE-SW Oblique-slip fault 8.00 Holocene 0.05-0.13 10.00 5.2 this study
(202 km) (‘a conbination of reverse and left-
lateral strike-slip fault)
Phra That Chom NE-SW Oblique-slip fault 28.00 Pleistocene 0.03-0.05 10.00 5.1 this study
Kitti (‘a conbination of normal and left-

lateral strike-slip fault)



Table 12. (continued)

Relative age of last movement

Fault Trench Geomorphic slip rate Recurrence '\g?:én?allqu
u . . . . i u i
(length, km) Segment Orientation Sense of movement investigations relationships and (mmiyr) (Kyr) earthquake References
(Kyr) pedologlc (MCE), (MW)
development
Mae Hon Son Nong Mae La N-S Normal fault 78 Pleistocene - 10(?) 6.2 this study
(202 km)
Huai Kia no. 1 NW-SE Right-lateral strike-slip fault >58 Pleistocene - 10(?) 55 this study
Mok Chum Pae NE-SW Left-lateral strike-slip fault 58 Pleistocene - 10(?) 6.1 this study

".3" Remark: MCE is estimated using the equation from Wells and Coppersmith [1994].



10.2.2. Average recurrence interval of Thoen Fault activity

Two paleoearthquake events might have occurred at 3,700 and 1,800 yr BP based on
Pailoplee et al. [2009] data. The latest paleoearthquake event might have ruptured more than
960 yr BP (Fig. 61). These paleoearthquake data are insufficient in terms of determining the
average recurrence interval of movement on the Thoen Fault. Fenton et al. [2003] and
Pailoplee et al. [2009] proposed that the recurrence interval of movement on the Thoen Fault
may be on the order of 1,700-2,500 years (Table 12). Therefore, it is possible that the
recurrence interval of the Thoen Fault was ca. 1,000-1,900 years based on three
paleoearthquake events of this study.

Using Equation (3), all paleomagnitudes of paleoeartquake events on the studied fault
segments of the Thoen Fault were shown in Fig. 61, and the paleomagnitude of the latest
paleoearthquake event (possibly occurring more than 960 yr BP) on the 27.5-km Ban Don Fai
segment was Richter 6.7. This segment has not ruptured during the last 1,000 years; it is
considered that the next earthquake event generated by this fault segment may be of Richter
magnitude 6.7. The next earthquake event on the Doi Ton Ngun segment possibly may be of
Richter magnitude 6.2, [as derived from equation (3)]. For the Ban Mai segment, the
magnitude of past earthquake events was approximately Richter 5.9, [as derived from
equation (3)]. The latest faulting event generated by these fault segments has not yet been
detected, and will be recorded in other areas along the fault traces. These unresolved
questions suggest a need to study trenches in young sedimentary deposits in other areas along
the fault traces so as to constrain the timing of fault movements on these segments. By
contrast, the Ban Mai and Doi Ton Ngun segments have not ruptured in the last 3,700 and

1,800 years, respectively.
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10.3. Slip rate of the Mae Hong Son and Thoen Faults
10.3.1. Slip rate of the Mae Hong Son Fault

In this study, the slip rate was determined from the vertical offset of stratigraphic
units and the ages of sedimentary deposits displaced by the fault. For example, an average
slip rate on Mae La Noi segment no. 1 can be estimated using the average or mean offset of
the bases of units B-G and a properly estimated age of the base of unit B (Fig.50). The
average vertical offset of units B-G is ca. 1.0 m. Using 20,000 yr BP as the age of the base of
unit B, an average slip rate is ca. 0.05 mm/yr.

The slip rate can also be estimated from the amount of displacement during the most
recent fault movement, and the age of the movement (8,000 years), which yields a slip rate of
ca. 0.13 mm/yr. This slip rate is useful in seismological research required to produce seismic
hazard maps.

The average slip rate on the Mae Hong Son Fault can also be estimated from

Slip rate = D/R 4)
where D is the slip per event and R is the recurrence interval. Based on data of this study, D
is in the range of 30 cm to 1 m (determined from the vertical offsets on faults in the quarry
and road-cut walls) and R is ca. 10,000 years; therefore, the average slip rate is ca. 0.03-0.10
mm/yr. These estimates suggest that movements on the Mae Hong Son Fault, particularly on
Mae La Noi segment no. 1 and the Phra That Chom Kitti segment, are in the range of ca.
0.03-0.13 mml/yr, which is consistent with the slip rate of active faults in northern Thailand
(Table 12). On the other hand, DMR [2007] reported that the slip rate on Ban Pae segment no.
31 (Fig. 9c) is ca. 0.0028 mm/yr; however, this estimate, which is considerably less than slip
rate of this study, was based on data from the second paleoearthquake event (68,000 yr BP),

possibly suggesting that the late Quaternary was a period of increased faulting activity in this
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region, or that recently renewed activity followed a prolonged period of quiescence. In either

case, the slip rate of the Mae Hong Son Fault is quite low (0.03—0.13 mm/yr).

10.3.2. Slip rate of the Thoen Fault

The slip rate of the Thoen Fault from this study cannot be estimated using the results
of this study because the sediments in the trench at Ban Don Fai no. 2 show no clear-cut
evidence of recent fault movement (i.e., no offset of stratigraphic units). Fenton et al. [2003]
and Pailoplee et al. [2009] proposed that the slip rate of the Thoen Fault was ca. 0.06-0.6
mm/yr (Table 12). Therefore, it is inferred that the slip rate of the Thoen Fault might be a ca.
0.06-0.6 mm/yr as proposed by them. However, more trenching studies across the fault

segments of the Thoen Fault are necessary to estimate its slip rate.

10.4. Neotectonics of the Mae Hong Son and Thoen Faults

The Eocene—Oligocene collision of the Indian and Eurasian plates resulted in N-S
compressive stresses in the Indochina region. It is likely that the N-S compressive stresses
caused dextral motion on major NW-SE trending faults and sinistral motion on the NE-SW
faults in northern Thailand. The movement on faults accompanying regional E-W extension
during the late Oligocene—Miocene initiated the formation of Neogene basins. It is possible
that the onset of Cenozoic basin formation in the Mae Hong Son region and the Lampang
basin occurred during this time. It is also proposed that strike-slip fault movements and E-W
extensional tectonics in the Neogene played a critical role in the generation of neotectonic
patterns and active faulting. On this basis, the following model for basin development
associated with faulting in the Mae Hong Son region and the Lampang basin has proposed

(illustrated in Figs 62 and 63).
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10.4.1. Neotectonics of the Mae Hong Son Fault

The N-S trending Mae Hong Son Fault (the Mae Yuam Fault), is interpreted as the
boundary between the Sibumasu block and the Inthanon zone [Ueno, 1999; Hisada et al.,
2004], represents a splay fault of the NW-SE trending Mae Ping Fault to the south [Morley et
al., 2007]. Based on remote sensing data, the NW-SE trending Mae Hong Son Fault in the
south possibly merges into the Mae Ping Fault. It is possible that dextral movement on the
Mae Ping Fault during the Oligocene caused reactivation of Mae Hong Son Fault movement.
This movement may also have initiated E-W extension and grabens that developed into
sedimentary basins in the Mae Sariang area, as suggested by Uttamo et al. [2003]. A series of
triangular facets observed along the Nong Mae La and Kon Phung segments may be evidence
that vertical dip-slip movement resulted in E-W extension.

During the Miocene, the N-S Sagaing Fault was an active right-lateral strike-slip fault
system [Morley, 2002]. The Mae Hong Son Fault possibly shows the same sense of
movement as that of the Sagaing Fault. Within the Mae Hong Son Fault zone, two fault
strands (zones A and B; Figs 9c and 62) contemporaneously generated the N-S Quaternary
Mae Sariang basin during the late Pleistocene. Some faults strands (e.g., zone C) located
within zones A and B may also have been generated (Fig. 62). Morphotectonic landforms
indicative of active faults also developed at this time, as indicated by features such as offset
streams and linear valleys, and the development of scarps related to active faulting. From the
late Pleistocene until the present, the region has been influenced by the development of an

alluvial plain. However, present-day tectonic processes are still going-on.

136



Eocene: Collision between the Indian and Eurasian plates

Oligocene

MPF: Mae Ping Fault Oligocene
w TPF: Three Pagoda Fault 2 X .
2 MHSF: Mae Hf;’ng Son Fault _Right-lateral motion on the Mae Ping and Three Pagoda Faults
5] TF: Thoen Fault [Polachan et al.,1991]
(8 UF: Uttaradit Fau!t
-n MS: Mae Sot basin Late Oligocene-Miocene: E-W Extension and releasing
* MSR:Mae Saring basin :

: bend basins
LP: Lampang basin N
MM: Mae Moh mine ’

MT: Mae Than mine

Tertiary basin

“90(\ <
W <= (s 3 o =
S 2L
X2 & /
Basement
sediments v/} rocks

Late Oligocene-Miocene Extension

Late Miocene: The Sagaing Fault was active as a right-lateral strike—slip fault
[Morley, 2002]

Collision between the Indian and Eurasian plates (N-S compression)
The Mae Hong Son Fault has the same movement as the Sagaing Fault
(right-lateral strike-slip fault). N
Quaternary basin
Mae Sariang basin

/) Basement
rocks

+ B2

Mae Hong Son region sediments

Late Pleistocene (100,000 years ago)—Present

Fig. 62. Simplified model explaining the neotectonics of the Mae Hong Son Fault.

10.4.2. Neotectonics of the Thoen Fault

The NW-SE and NE-SW conjugate strike-slip faults in northern Thailand have been
active during Oligocene [Polachan et al., 1991]. This movement may have initiated E-W
extension and grabens that developed into several sedimentary basins in the Lampang basin
during middle—late Miocene, as suggested by Morley et al. [2001]. A series of triangular
facets observed along the Sop Prap segments may be evidence that vertical dip-slip
movement resulted in E-W extension (Fig. 63).

During the late Miocene—Pliocene, the extension continuously occurred in northern
and central Thailand [Morley et al., 2001]. To the northeast of the Lampang basin, fault-slip
data indicate that E-W to ENE-WSW extension dominated the evolution of the Mae Moh

mine [Morley et al., 2001]. A geological survey performed at the Mae Than mine (MT in Fig.
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63) in the northern Sop Prap area confirmed the presence of NE—SW-striking normal faults
[Morley et al., 2001]. Inglethorpe et al. [1997] also reported the Pliocene diatomite deposits
that were cut by normal faults in the Lampang basin. It is possible that the Thoen Fault was
an extensional structure during this time.

During the late Quaternary, the NE-SW Thoen Fault shows evidence for
predominantly normal displacement [Fenton et al., 2003]. A sequence of alluvial gravels and
lacustrine clays is cut by a NE-SW-striking normal fault along Highway 11 (from Lampang
to Phrae) at 28 km from Lampang. This offset is exposed on the western side of the main
escarpment along the Ban Mai segment. The total vertical displacement is 1.3-1.6 m
[Charusiri et al., 1997; Fenton et al., 2003]. The timing of the faulting is interpreted to be
Late Quaternary [Fenton et al., 2003]. The relationship between this fault and the Thoen
Fault remains unknown, although its location and orientation suggest that it is a synthetic
fault (i.e., it has the same dip and sense of movement as the main fault) [Fenton et al., 2003].
Based on seismological analysis, Bott et al. [1997] examined the focal mechanisms of three
earthquakes in northern Thailand, indicating E-W to NW-SE extension. The remote-sensing
data from this study also suggest that the morphotectonic landforms in the Lampang basin
were caused only by dip-slip normal fault movements. Morphotectonic landforms indicative
of active faults also developed at this time, as indicated by features such as linear valleys, and
the development of scarps related to active faulting. From the late Quaternary until the
present, the region has been influenced by the development of an alluvial plain. However,

present-day tectonic processes are still going-on.
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Eocene: Collision between the Indian and Eurasian plates
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Fig. 63. Simplified model explaining the neotectonics of the Thoen Fault.
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10.5. Relationships between neotectoic events and basin formation in the Mae Hong Son
region and Lampang basin

The Mae Hong Son and Thoen Faults may possibly be controlled by pre-existing
fabrics in basement rocks (e.g., the Mae Hong Son Fault is located on the boundary between
the Sibumasu block and the Inthanon zone [Ueno, 1999; Hisada et al., 2004]). The
continuous collision between the Indian and Eurasian plates during the Oligocene possibly
caused reactivation of faults on pre-existing fabrics in basement rocks of northern Thailand.
The Mae Sariang basin might have formed during the Oligocene [Morley et al., 2001]. It is
possible that the N-S compression resulted from the collision between the Indian and
Eurasian plates, and the accompanying E-W extensional tectonics possibly caused
reactivation of the Mae Hong Son Fault movement.

To the east of the Mae Hong Son region, on the western side of Chiang Mai, the Mae
Chaem and Li basins are of late Oligocene—late Miocene or Pliocene age [Pradidtan, 1989;
Watanasak, 1989, 1990; Morley et al., 2001]. These extensional basins were possibly formed
during the uplift of the Doi Inthanon metamorphic core-complex in Chiang Mai area [Upton
et al., 1997; Morley et al., 2001]. To the east of Chiang Mai area, extension generally appears
to be of middle—late Miocene age. The age of the Cenozoic basins in northern Thailand is
possibly young to the east. The Lampang basin may have been active during the middle—late
Miocene or Pliocene [Morley et al., 2001]. As explained above, it is possible that the Mae
Hong Son Fault might have been reactivated by the E-W extensional tectonics after the
Oligocene; subsequently the Thoen Fault might have been reactivated either by the E-W
extensional tectonics or metamorphic core-complex activity after the Oligocene. At present,
the Mae Hong Son and Thoen Faults are active, and the movement of two active faults might

have resulted from the collision between the Indian and Eurasian plates.
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10.6. The Mae Hong Son Fault and Thoen Fault activities

In northern Thailand, earthquake events caused by active faults have been reported on
the basis of trench investigations (Table 12). However, the level of activity on the Mae Hong
Son Fault seems low by comparison with the timing of the latest fault movement and slip
rates on and other active faults in northern Thailand (especially comparison with those of the
Thoen Fault). The NW-SE trending Mae Ping and Three Pagoda Faults are the principal
right-lateral strike-slip faults in the area; however, the NE-SW trending Mae Chan, Thoen
and Uttaradit Faults are left-lateral strike-faults which are truncated by the NW-SE trending
right-lateral strike-slip faults [Polachan et al., 1991]. To the west of northern Thailand in
Myanmar, the N-S Sagaing Fault, which is the most active fault in the region, exhibits
dextral displacement [Vigny et al., 2005; Morley et al., 2011]. The Mae Ping Fault extends
into Myanmar (Fig. 1), where it either merges with or is cut by the N-S trending Sagaing
Fault. Movement on the Sagaing Fault was continuous during collision of the Indian and
Eurasian plates [Morley, 2002]. Displacement may also have occurred on the NW-SE
trending Mae Ping Fault. Because the Mae Hong Son Fault is probably a splay fault of the
Mae Ping Fault [Morley et al., 2007], it may also have moved during this time. However, the
NE-SW trending faults on the Mae Hong Son Fault, which are conjugate faults, may have
moved slightly as well. Based on Global Position System (GPS) data, Yunnan is experiencing
SSW-WSW motions relative to Sundaland (including Thailand) that are associated with
clockwise rotation of blocks immediately south of the eastern Himalayan syntaxis [Simons
et al., 2007]. Block motion diminishes from ca. 12-13 mm/yr SSW in the east of Yunnan, to
ca. 6 mm/yr WSW in the west of Yunnan, while displacements in northern Thailand are ca.
2-3 mm/yr to ENE [Simons et al., 2007]. The ENE-WSW and NE-SW trending faults (i.e.,
Mae Chan, Thoen and Uttaradit Faults) have been displaced in northern Thailand, and these

displacements are consistent with the displacement of northern Thailand as measured from
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GPS data. Thus, it is possible that the Thoen Fault is more active than the Mae Hong Son
Fault, which locates near the Sagaing Fault in Myanmar.

The numbers and magnitudes of recorded earthquakes decrease southwards towards
Thailand [Morley, 2007; Morley et al., 2011], and stress magnitudes in the Yunnan region
also progressively diminish to very low levels in northern Thailand [Morley, 2007; Morley et
al., 2011]. However, micro-earthquake events recorded from the TMD and RTNSRS have
been observed in the northern Thailand (Fig. 3). These micro-earthquakes, which are quite
scattered in their distribution, indicate that this region may be in a low-seismicity zone. As
explained above, the micro-earthquakes may represent low-level activity on the Mae Hong

Son and Thoen Faults.
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11. Conclusions

The collision between the Indian and Eurasian plates since the late Paleogene causes
the NW-SE and NE-SW strike-slip faults and the N-S dip-slip faults in the Indochina region.
In the Mae Hong Son region, northern Thailand, several fault lines trend in the NE-SW,
NW-SE and N-S directions. Theses faults are collectively called the Mae Hong Son Fault. In
the southeastern margin of the Lampang basin, northern Thailand, fault lines trend in the NE—
SW and ENE-WSW directions. Theses faults are called the Thoen Fault. The Mae Hong Son
and Thoen Faults are temporally and spatially associated with the Cenozoic basin formation.
Previous remote sensing investigation reveals many lines of morphotectonic evidence along
the Mae Hong Son and the Thoen Faults which suggest an active tectonic region. In order to
clarify tectonic activity of these regions, the Mae Hong Son and Thoen Faults were selected
for this study.

The Mae Hong Son Fault in the Mae Hong Son region, trends mainly N-S, and shows
conjugate fault sets trending NW-SE and NE-SW. The N-S trending faults show a normal
dip-slip sense of motion, and bound the margins of N-S trending elongate basins. The NW-
SE and NE-SW trending faults show right-lateral strike-slip and left-lateral strike-slip
movements, respectively. Morphotectonic landforms associated with the Mae Hong Son Fault
are fault scarps, offset streams, linear valleys, offset ridge crests, triangular facets, beheaded
streams, hot springs, and linear mountain fronts.

In this study, a trench, a quarry, and a road cut in Cenozoic strata have been used for
fault geometry analysis. Eight paleoearthquake events were identified in the Mae Hong Son
region based on trenching data, including offset stratigraphic units in the quarry wall and the
road-cut exposure, and OSL and TL ages (first event: 78,000 yr BP; second event: 68,000 yr
BP; third event: 58,000 yr BP; fourth event: 48,000 yr BP; fifth event: 38,000 yr BP; sixth

event: 28,000 yr BP; seventh event: 18,000 yr BP, and the most recent event: 8,000 yr BP).
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The recurrence interval on the Mae Hong Son Fault may be on the order of 10,000 years and
the slip rate is estimated as ca. 0.03-0.13 mm/yr. It is concluded that the Mae Hong Son Fault
is currently active, and that Mae La Noi segment no. 1 and the Phra That Chom Kitti segment
are active oblique-slip faults (Mae La Noi segment no. 1 represents combined reverse and
left-lateral strike-slip motions, while the Phra That Chom Kitti segment represents combined
normal and left-lateral strike-slip motions). However, evidences of the youngest faulting
event in trenches across the Mok Chum Pae, Huai Kia no. 1, and Nong Mae La segments are
not clear. It is inferred that activity on the Mae Hong Son Fault is low.

The Thoen Fault in the Lampang basin, northern Thailand, strikes principally in the
NE-SW direction. Morphotectonic landforms caused by normal faulting in the Lampang
basin are well represented by fault scarps, triangular facets, wine-glass canyons, linear
valleys, and linear mountain fronts. On the other hand, morphotectonic landforms that would
indicate strike-slip faulting are not found.

Two trenches from previous study and one trench of this study have been used for a
paleoearthquake study. Three paleoearthquake events were identified in the Lampang basin
based on trenching data, AMS radiocarbon, OSL and TL ages (first event: 3,700 yr BP;
second event: 1,800 yr BP, and the most recent event. more than 960 yr BP).
Geomorphological features in the Lampang basin indicate active normal faulting. However,
the sediments exposed in the trench at Ban Don Fai no. 2 provide no clear-cut evidence of
recent fault movement. The lack of evidence in the trench for recent fault movement indicates
that the fault is located below the depth of the trench; i.e., the most recent movement upon the
fault pre-dates the deposition of the oldest sediments in the trench. Thus, it is inferred that
activity on the Thoen Fault is low.

The Eocene-Oligocene collision of the Indian and Eurasian plates resulted in N-S

compressive stresses in the Indochina region. The N-S compressive stresses possibly caused
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dextral motion on major NW-SE trending faults and sinistral motion on the NE-SW trending
faults in northern Thailand. The movement on faults accompanying regional E-W extension
during the late Oligocene—Miocene initiated the formation of Neogene basins. It is possible
that the onset of Cenozoic basin formation in the Mae Hong Son region and the Lampang
basin occurred during this time. It is also proposed that strike-slip fault movements and E-W
extensional tectonics in the Neogene played a critical role in the generation of neotectonic
patterns and active faulting in these areas.

The level of activity on the Mae Hong Son Fault seems low by comparison with the
timing of the latest fault movement and slip rates on other active faults in northern Thailand.
Moreover, it is inferred that the Thoen Fault is more active than the Mae Hong Son Fault.
Although no large earthquake has occurred within the Mae Hong Son region and Lampang
basin, micro-earthquakes are recorded by seismographs of the TMD and the RTNSRS. These
micro-earthquakes, which are quite scattered in their distribution, indicate that these regions
may be in a low-seismicity zone. As explained above, the micro-earthquakes may represent

low-level activity on the Mae Hong Son and Thoen Faults.
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OSL glow and OSL growth curves
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Appendix B

TL glow and TL growth curves
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CALIBRATION OF RADIOCARBON AGE TO CALENDAR YEARS

(Variables: C13/C12=-25.1:1ab. mult=1)
Laboratory number: Beta-261128
Conventional radiocarbon age: 940=40 BP
2 Sigma calibrated result: Cal AD 1020 to 1200 (Cal BP 930 to 750)
(95% probability)
Intercept data

Intercepts of radiocarbon age
with calibration curve: Cal AD 1040 (Cal BP 910) and
Cal AD 1100 (Cal BP 850) and
Cal AD 1120 (Cal BP 830)

1 Sigma calibrated result:  Cal AD 1030 to 1160 (Cal BP 920 to 790)
(68% probability)
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References:
Database used
INTCALOY
Calibration Database

INTCAL 04 Radiocarbon Age Calibration

IntCalld: Calibration Issue of Radiocarbon (Volume 46, nr 3, 2004).
Mathematics
A Simplified Appreach te Calibrating C14 Dates

Talma, A. S, Vogel, J. C., 1993, Radiocarbon 33(2), p317-322

Beta Analytic Radiocarbon Dating Laboratory

4985 S.W. 74th Court, Miami, Flarida 33155 = Tel: (305)667-5167 = Fax: (305)663-0964 * E-Mail: betai@radiocarbon.com




CALIBRATION OF RADIOCARBON AGE TO CALENDAR YEARS

(Variables: C13/C12=-239:1ab. mult=1)
Laboratory number: Beta-261129

Conventional radiocarbon age: 960=40 BP

2 Sigma calibrated result: Cal AD 1010 to 1170 (Cal BP 940 to 780)
(95% probability)

Intercept data

Intercept of radiocarbon age
with calibration curve: Cal AD 1040 (Cal BP 920)

1 Sigma calibrated results: Cal AD 1020 to 1060 (Cal BP 930 to 900) and
(68% probability) Cal AD 1080 to 1150 (Cal BP 870 to 800)
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References:
Database used
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IntCal04: Calibration Issue of Radiocarbon (Volume 46, nr 3, 2004).
Mathematics
A Simplified Approach to Calibrating C14 Dates

Talma, A. S., Vogel J. C., 1993, Radiocarbon 35(2), p317-322

Beta Analytic Radiocarbon Dating Laboratory

4985 S.W. 74th Court, Mg, Florida 33155 «Tel: (305)667-5167 = Fax: (305)663-0964 = E-Mail: beta@radiocarbon.com




CALIBRATION OF RADIOCARBON AGE TO CALENDAR YEARS

(Variables: C13/C12=-24.6:1ab. mult=1)
Laboratory number: Beta-261130
Conventional radiocarbon age: 920=40 BP

2 Sigma calibrated result: Cal AD 1020 to 1210 (Cal BP 930 to 740)
(95% probability)

Intercept data

Intercepts of radiocarbon age
with calibration curve: Cal AD 1060 (Cal BP 900) and
Cal AD 1080 (Cal BP 870) and
Cal AD 1150 (Cal BP 800)

1 Sigma calibrated result: Cal AD 1040 to 1170 (Cal BP 920 to 780)
(68% probability)
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References:
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IntCal04: Calibration Issue of Radiocarbon (Volume 46, nr 3, 2004).
Mathematics
A Simplified Approach to Calibrating C14 Dafes

Talna, A. S, Vogel J. C., 1993, Radiocarbon 33(2), p317-322

Beta Analytic Radiocarbon Dating Laboratory

4085 S.W. 74th Court, Miawi, Florida 33155 «Tel: (305)667-5167 = Fax: {305)663-0964 « E-Mail: beta@radiocarbon.com
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