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Abstract: The preservation of terrestrial dune field in a tropical region is rare and relies significantly on the degree of
weathering process, humidity and anthropogenic condition. In this paper, we report the remnants of sand dunes that is
uncovered from Thungkula Ronghai (TKR) dune field in the southern part of the Khorat Plateau, northeastern Thailand.
We reveal, for the first time, the results of systematic geomorphological, sedimentological and chronological analyzes
of barchanoid ridges and parabolic dunes found on terraces of the Mun and the Chi Rivers. Interpretation in a series of
1952 aerial photographs, satellite images coupled with Ground Penetrating Radar (GPR) survey, and optically stimulated
luminescence (OSL) dating were applied. As a result, we found remnants of mega-barchanoid ridges and isolated parabolic
dunes varying in height from 1-2 m with maximum length of 4 km, locally distributed in between terraces of the Mun and
Chi Rivers, the middle to eastern part of TKR. Dune shapes include lobate, en-echelon and elongate partially overlying
on crevasse sand splay, meandered scar, paleo-channel, mid-channel bar of the fluvial depositional sequences. Orientation
of all dunes is in NW-SE direction reflecting the formation was due to the prevailing NW monsoon wind. Transition from
barchanoid ridge to parabolic dune was observed. Preliminary OSL dating reveals the deposition of sand dunes occurred
between 45 to 28 ka. This age range can be inferred to a warmer and drier period occurred in Marine Isotope Stage 3

(MIS3) before the Last Glacial Maximum.
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INTRODUCTION

Sand dune is one of spectacular landforms on earth that is
widely distributed around the world’s deserts and coastlines.
The formation processes and classification of sand dunes on
Earth and Mars have been studied since the past decades.
In general, aeolian desert and coastal sand dune types were
classified as shadow dune, barchan, parabolic, barchanoid
ridge, linear, transverse and star dunes (Pye, 1993). Hack
(1941) defines parabolic dunes as long, scoop hollows, or
parabolas of sand, with points tapering to windward; with a
much gentler windward slope than leeward slope. Parabolic
dunes are U or V shaped dunes that develop a form which is,
wholly, or in part controlled by the stabilization of vegetation
(Landsberg, 1956; Jennings, 1957). A parabolic dune is
consisting of at least three basic features, a depositional
lobe (formerly defined as a precipitation ridge marking the
extent of dune migration (Cooper, 1958), trailing arms or
ridges, and a deflation basin (McKee, 1979; Thompson,
1983). McKee (1979) classified sand dunes based on a
combination of shape, number and orientation of slip-faces
close to the prevailing wind or sand drift direction, and
degree of form mobility. The depositional lobe can be defined
as a mound of active to partially vegetated sand on the
downwind extent of the dune (Thompson, 1983). Lancaster

(2014) suggested that the simplest dune types and patterns
can form in areas characterized by a narrow range of wind
directions (unidirectional wind regime). Barchanoid ridge is
asymmetrical wavy dune ridge consisting of parallel rows
of coalesced barchans (connected crescents). Barchanoid
ridges display as a downwind-facing barchanoid followed
by an upwind-facing linguoid element (Tirsch, 2014). It
is oriented transverse to the predominant wind direction
and migrates forward. It has gently dipping windward
slopes and steeply dipping leeward slopes. In the absence
of vegetation, crescentic dunes will be the dominant form.
Isolated crescentic dunes, or barchans, occur in areas
of limited sand supply; they coalesce laterally to form
crescentic (barchanoid) ridges as sand supply increases.
Parabolic dunes are oval shaped features with a ring of
sand along the leeward side and with wings open towards
the windward opening (Melton, 1940). In wet aeolian
systems, the water table is at or near the surface and so
controls accumulation dynamics. Where vegetation controls
accumulation dynamics, the system is known as a stabilizing
aeolian system (Lancaster, 2014).

Acolian dune formation can infer the difference in
climate conditions (e.g. cold and warm, wet and dry),
sources of sediment supply and vegetation. In general, the
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terrestrial and surficial landforms, especially sand dune,
formed during the Pleistocene were not well preserved due
to its sensitivity to the weathering and erosion processes
and anthropogenic disturbance. In particular, a tropical
region where the rainfall and humidity play significant
role, the discussion on the past climate changes has been
relied mainly on the analysis of geological archives such as
marine and lake sediments, and speleothems (Chabangborn
& Wohlfarth, 2014 ; Chawchai et al., 2018). Here we show,
for the first time, the uncovering of terrestrial sand dune as
evidence for inferring the late Pleistocene climate variation
in the region. Apart from loess that has been analyzed from
several locations in northeastern Thailand (e.g. Phien-wej
et al., 1992; Nichol & Nichol, 2013), sand ridge deposited
on paddy field (Pramojanee et al., 1985) non-organic
acolian sand deposits (Loffler et al., 1984) and sand splay
(Hokjaroen, 1989; Parry, 1990) were reported. However,
none of the detail geological and geomorphological analyzes
in the aeolian sand dune in Thungkula Ronghai (TKR) has
been carried out. Here in this paper, we reveal our findings
and discuss the process of sand dune formation discovered
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on a surface of terraces of the Mun and Chi Rivers in the
TKR dune field, south-eastern part of the Khorat Plateau.
The study area covers part of Yasothon, Srisaket and
Ubon Ratchathani provinces (Figure 1). We described and
criticized in detail the morphology of dunes coupled with
their stratigraphy and chronology in order to understand
how they formed and discuss what do we learn from this
rare terrestrial preservation.

Remnants of parabolic dunes and barchanoid ridges
were preserved in TKR. The difficulty to recognize them is
that parts of their morphology were eroded, high-vegetated.
The availability to conduct detail geomorphological and
geophysical survey is only in the low- or none-vegetated
dune field. Recently, they are overlying on floodplain
and abandoned channel of the Chi River. Thus, we used
ground penetrating radar (GPR) in order to differentiate
dune stratigraphy from fluvial deposits. Optically stimulated
luminescence (OSL) were applied to date the age of sand
dune and fluvial deposit along with GPR survey line. GPR
can detect differences such as compaction and/or water
content, allowing stratigraphy to be more obvious in the
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Figure 1: Map showing the study area, Thungkula
Ronghai (TKR), the northeastern Thailand. (A) mosaic
aerial photographs taken in 1952 used for interpreting
remnants of sand dunes. Red circles are natural mound
that were later classified as relict of dome dune.

(B) regional geomorphological map along the meandered
belts of the Mun and Chi Rivers. Barchanoid ridges and
parabolic dunes are dominated on terraces. Salt dome

High terrace
Low terrace
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stratigraphical records of coastal sand dune and fluvial
environments (e.g. Hickin et al., 2009). In this paper,
we hypothesized that GPR will work well in sand dune
environment as the sediments have low conductivity and
contain large scale sedimentary structures that can be imaged
and differentiated from fluvial environment underneath.
Optically stimulated luminescence (OSL) dating, one of
the Quaternary geochronology techniques, that determines
the time elapsed since buried sand grains were last exposed
to sunlight (e.g. Huntley et al., 1985) was also applied in
this study based on the principle that upon burial, ionizing
radiation from surrounding sediment (by radioactive decay
of U, Th, Rb, and K) and cosmic rays is absorbed by the
mineral grains and stored in traps within their crystal lattice.
OSL dating is beneficial for late Quaternary dating with the
reliability of age ranging from about months to 150,000 years
old with an error ranged around 5-10 % (Murray & Wintle,
2000; Murray & Olley, 2002). Calculating the age when the
grain was last exposed to sunlight is based on quantifying
both the radiation dose received by a sample since its zeroing
event and the dose rate which it has experienced during the
burial period (Dougherty et al., 2019). In this work, all ages
are quoted in years before A.D. 1950.

Dune fields can extend from tens to hundreds of kilometers
and form over long time-spans that often cover substantial
changes in regional climate. It is, therefore, unclear whether

the shape of dune fields that we observe today is the result of
current environmental conditions (Rasmussen, 2012). Thus,
in this paper, we show systematic description to answer what
types of dune are preserved in this dune field, how and when
they started and ceased their formation. We hypothesize that
aeolian sand dunes found on the Khorat Plateau can be used as
the clue of the ancient climate history and thus, may suggest
that the plateau was once the desert, sometimes during the
Quaternary. The discussion will focus on the formation of
dune field and its relation with climate change, i.e. the dry
and cold periods of the marine isotope state 3 (MIS3).

MATERIALS AND METHODS

Detailed interpretation of a series of aerial photographs
from World Wide Survey (WWS) project taken in 1952
with scale 1:50,000 authorized by the Royal Thai Survey
Department (Figure 1A) as well as LANDSAT satellite
images taken in 2014 was carried out. The position of sand
dunes was interpreted. A regional scale geomorphological
map covering the middle and southern parts of TKR;
Khowang district of Yasathon province and Rasi Salai district
of Srisaket province was made (Figures 1B and 3B). Close up
map of remnant parabolic dunes and barchanoid ridges was
also produced (Figure 2). All interpreted data were registered
in ArcGIS software overlying on a regional digital elevation
model (DEM) for the detail geomorphological analysis.
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Figure 2: Close up
geomorphological map
of area where barchanoid
ridges and parabolic dunes
were studied in detail.
(A) Completely-vegetated
barchanoid ridges were
seen clearly in 1952 aerial
photographs. Compound
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here were dissected by
meandering ofthe Chi River
(also see Figures 3E and
3F). Orientation of dunes
in SW-NE direction.

SK

104

|
» Point bar (swale and swell)

Lateral sand bar

Bulletin of the Geological Society of Malaysia, Volume 71, May 2021

187



PATCHARAPORN NGERNKERD, MONTRI CHOOWONG, NUTCHA CHOOWONG, PEERASIT SURAKIATCHAI

Grain size distribution was analyzed at every 20 cm
depth from the soil layer to the below sedimentary sequence,
including 25 samples. Their textural parameters including
mean size, standard deviation (sorting), skewness, and
kurtosis were calculated. The frequency and cumulative plots
of grain size in aeolian environment from site 2 (sample
no. S2C1) and site 3 (sample no. S3C1) were emphasized.

Three sites (sites 1 to 3 in Figures 1 and 2) were
chosen for conducting GPR survey and collecting OSL
samples due to the permission to access the sites and less

vegetation that made it possible for GPR. None of the
soil was formed on dune surface at all three sites. Sites
1 and 3 are located at the rim of a high terrace, whereas
site 2 is situated on the low terrace closed to recent
floodplain limit of the Chi River. In fact, several dunes
were recognized extensively on both terrace surface of
the Mun and the Chi Rivers (Figure 3B). Terrace deposits
are dominated by sand derived from weathered sandstone.
The massive amount of sand was possibly the source of
this sand dune field.
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Figure 3: Index map of mainland Southeast Asia (A). (B) Spatial distribution of barchanoid ridges and parabolic dunes in TKR dune
field, Yasothon and Ubon Ratchathani provinces. Yellow arrows indicate dune orientation and interpreted prevailing wind direction.
(C) Example erosion of dune slip face making scarp as the boundary of modern floodplain of the Mun River. (D, E and F) Remnants of
parabolic dunes that were dissected by meandering Chi River. All dunes are on low terrace.
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GPR was applied to access radar facies and internal
structures of the dunes. These results are further validated
by some sedimentary cores taken along the traverses of GPR
survey. Three sites were designed for GPR survey by using
different frequency: 200 MHz and 400 MHz. Site 1 and
site 3 are located on (a) remnant of barchanoid ridges and
(b) parabolic dune remains on top of high and low terraces
of the ancient Chi River, respectively. Site 1 GPR survey
lines with 200 MHz were scanned along longitudinal and
transverse transects of sand dune with a distance 200 to 300
m for interpreting paleo-channel features beneath sand dune
and 400 MHz at site 3 for enhancing the internal structures of
dune. In addition, the antenna 200 MHz was undertaken at site
2 for distinguishing internal sedimentary structures between
recent floodplain of the Chi River and sand dunes. Raw data
was processed by SIR-20 system before the interpretation in
the process and formation of dunes and underneath fluvial
system in correspond with stratigraphy by cores from each
GPR line. Grain size analysis of dune sediment collected by
hand auger along the GPR survey lines was done by sieving.

The GPR survey was undertaken at the distal part (horn)
of parabolic dune with almost a flat topography remained
as sand sheet or splay. The height of the dune decreases

gradually from the dune crest (up to 4 m) to the horn in
the distal part along the longitudinal NE to SW direction.
In the transverse direction, the center of dunes is 2 to 3 m
higher than the floodplain. We assigned GPR at the distal
portion of dune where vegetation is a less disturbance to the
internal structure of dune. First, site 1 was applied to uncover
the ancient meandered belt, a fluvial feature, placed on the
center of sand splay interpreted from 1952 aerial photograph
(Figure 4). This area is relatively flat. Second, site 2 was
carried out in the interdune located between floodplain and
aeolian dune (Figure 5). Third, site 3 (Figure 6) is relatively
flat similar to site 1. Signals from the GPR was classified
into 6 radar facies (Table 2). A total station survey camera
(Sokkia) was used to measure the topography along the
GPR transects for correcting the elevation.

Chronology of sand dunes along its stratigraphy was
determined by OSL. Quartz grain from sand dune samples
were collected from sites 2 and 3 to infer the age of sand
dunes itself and fluvial deposits. OSL sample collection,
preparation and analysis were based on field and laboratory
method proposed by Surakiatchai et al. (2019). The
equivalent dose (De) measurements were carried out using
a Risg TL/OSL reader (TL/OSL-DA-15) at the Department
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Figure 4: GPR survey on barchanoid horn at site 1 shows mostly structureless dune in the upper part of the profile. By using 200 MHz of
GPR, the lower part at depth 5-6 m and the middle part (2-4 m) represents the lower and upper units of fluviatile environment. Oxidized
layer beneath dune unit is the boundary contact with the fluvial deposit.
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point bar with lateral accretion)

Figure 5: GPR survey with 200 MHz at site 2 shows radar facies representing different portions of meandered landforms in the lower
and upper fluvial units. The boundary of upper fluvial unit and aeolian sand dune unit is obvious sharp contact. In NE-SW GPR profile,
slip faces of dune dipping to NE direction are important clue of wind direction. As well, crevasse splay is recognized from the upper

fluvial unit (detail explanation in text).

of Geology, Faculty of Science, Chulalongkorn University,
Thailand. Each measurement was calibrated by 90Sr/90Y
beta radiation source and a blue (470-720 nm) light source
(Botter-Jensen, 1997; Bptter-Jensen et al., 2000). In this
OSL measurement, we used the detection filter of 7.5 mm
Hoya U-340 and preheated temperature at 220 °C with the
rate 5 °C/second. Prepared quartz grains were attached to
a 9.8 mm diameter stainless steel disc, using silicone oil.
A single-aliquot regenerative (SAR) technique (Murray
& Wintle, 2003) was used for assessing all De, with test
doses around 10 % of the estimated natural dose (N). The
fixed test dose (usually 10-20% of the natural dose) was
applied to correct any sensitivity changes. Six iterative tests
were performed. In situ sand dune samples were collected
for AD. In this study, AD of each sample was also derived
from natural radioisotopes concentrations, i.e., U (ppm),
Th (ppm), and K (%), measured by high-resolution gamma
spectrometry. The gamma spectrometry was analyzed at the
Department of Nuclear Engineering, Faculty of Engineering,

190

Chulalongkorn University. In this preliminary OSL work, we
inferred our result of OSL dating for the explanation of sand
dune evolution in millennium scale, but the uncertainties of
OSL dating results in some samples are higher than 10%.
However, for further study, it should be calculated through
advanced statistics (e.g. Galbraith & Roberts, 2012).

RESULTS

Classification of sand dune

Remnants of sand dunes preserved in TKR dune
field were interpreted based on Pye (1993) into simple,
compound and complex types (Table 1). Two major dunes
remained are barchanoid ridges and parabolic dunes. The
detail classification of sand dunes is as follows. First, the
simple dunes (dune numbers 8, 9, 10, and 13 in Figure
3B) consist of individual dune forms which are spatially
separated from their neighbors. Second, the compound
type is the self-accumulated dunes that had developed by
themselves. In the TKR dune field, we recognized barchanoid
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is dipping to NE. Lateral accretion of point bar inclining to SW direction shows in SW-NE direction in agreement direction of paleo-

channel of fluvial system beneath sand dune.

ridge (see locations of dune numbers 6 and 7 in Figure 3B
and close up air-photo in Figure 2) and dome dune (red
circles in Figure 1A). The compound dunes consist of two
or more dunes of the same type which have coalesced or
are superimposed (dune numbers 2, 4, 11, and 12 in Figure
3B). Lastly, complex dunes consist of two or more types
of simple dunes which have coalesced or are superimposed
(see locations of dune numbers 1, 3, and 5 in Figure 3B and
close up air-photo of dune number 5 in Figure 2).

None of barchan dune was recognized in TKR dune
field. The absence of barchan are maybe due to two
possibilities. First, the barchan dunes have completely
transformed to and made up of “megabarchanoid ridge”
(a term proposed by Kar, 1990; dune numbers 1, 4, 5 in
Figure 3B). Second, some of barchan dunes remained as
sand sheets or small dome or mound after transformation
and surface gradation by erosion. Transition of barchanoid
ridges to parabolic dunes had likely occurred in this area
(see location of barchanoid ridge number 5 transformed to

Bulletin of the Geological Society of Malaysia, Volume 71, May 2021

parabolic dune number 6 in Figure 2B and model in Figure
10C) similar to the case of the modern dune environment
at White Sand, New Mexico (Jerolmack et al., 2012). The
transition is attributed to a downwind decline in sand flux
caused by the development of an internal boundary layer.
Decreased sand movement allows more vegetation to
colonize the area between dunes, promoting the transition
to parabolic dunes (Jerolmack et al., 2012).

Several mounds (see red circles in Figure 1A) were
observed in TKR dune field. They are oval-shaped mound and
consist of fine- to medium-grained sand with 1-2 m height
above floodplain level. Mound surrounded by moat (see
Figure 1A) is commonly interpreted as an ancient settlement
site (Ngernkerd, 2017). Several mounds in TKR are not
related to archeology alone, but they have been interpreted
as salt dome of the Mahasarakham Formation with annular
depression landform surrounding dome (see locations in
Figure 1A) (Vichapan, 1992; Ngernkerd & Choowong, 2017).
However, some mounds are neither salt dome nor archeological
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Table 1: Classification of dune types from TKR dune field, the southern part of the Khorat Plateau, northeastern Thailand.

No.* Location Dimension (m) Dune type/Description
Length (L)  Width (W) L/W
1 15°11” 24”7, 104° 18’ 08” 2,200 2,700 0.81 Complex/hemicyclic/Barchanoid ridge consists of
at least 4 hemicyclic dunes
15°17° 057, 104° 08’ 30” 2,640 1,070 2.47 Compound/lobate/ superimposed/Barchanoid ridges
15°22° 54”,104° 05 37” 1,080 800 1.35 Complex/lobate/Barchanoid ridges show half
eroded by recent river, lee side was eroded by
ancient meandered river.
4 15°237 587, 104° 04’ 35” 5,620 1,450 3.87 Compound/en-echelon/Barchanoid ridges consist
of 1 elongate shape and 2-3 lobate parabolic dunes.
5 15°26° 397, 104° 01’ 46~ 1,870 475 3.94 Complex/elongate and lobate/Barchanoid ridges
1.700 660 257 consist of at least 2 elongate shape and several
' lobate shapes (found at site 1)
6 15021’ 407, 104° 22’ 01” 3,470 1,890 1.83 Compound/lobate/Parabolic dunes transform from
barchanoid ridge (found at site 2)
7 150247 527, 104° 22’ 22” 2,320 820 2.83 Compound/lobate/Barchanoid ridges consist of
at least 2 lobate shapes forming en-echelon shape
(found at site 3)
15°25° 03", 104° 15’ 57” 3,320 1,430 2.32 Simple/lobate/Parabolic dune
15°317 43", 104° 14’ 31” 2,700 2,000 1.35 Simple/lobate/Parabolic dune
10 15°39’ 037, 104° 14’ 31” 3,340 1,880 1.78 Simple/lobate/Parabolic dune
11 15°45” 407, 104° 05’ 44” 3,250 1,330 2.44 Compound/lobate/Barchanoid ridges consist of at
least 2 lobate shapes
12 15°40° 527, 104° 24’ 54” 2,080 600 3.46 Compound/elongate/Barchanoid ridges formed by
3.430 1.390 247 2 superimposed parabolic dunes
13 15034’ 05”, 104° 29’ 06” 1,910 400 4,78 Simple/lobate/Parabolic dune

*Dune numbers and locations show in Figure 3B. L/W ratio < 0.4 = lunate; 0.4-1.0 = hemicyclic; >1.0-3.0 = lobate and

> 3.0 = elongate shape (Pye, 1993).

remains, but they may be the remnant of dome dune type.
Dome dunes may form when wind velocities are low (Pye
& Tsoar, 1990). Computer modeling (Parteli et al., 2009)
suggests that dome dunes may form if the wind oscillates
between two prevailing directions with a period shorter than
0.01 % of the dune’s turnover time, which is the time needed
for the dune to cover a distance equal to its own size. Domes
may also be dunes smaller than the critical size for a barchan
development where slip faces and horns are not able to evolve
(Parteli, 2007). Dome dunes may transform into other dune
forms. If this is the case, mounds or dome dunes at TKR has
possibly transformed into barchanoid ridge (see Figure 10C).

GPR facies of remnant sand dune
Radar facies

1) Facies I: inclined reflections (IA, IB, IC)

These facies represent the migration process of
sediments including slip face and lateral accretion and
migration in comparison with modern lateral bar of the
Chi River (Figure 7) following scroll bar, point bar and
compound bar, as well as the saltation process or inland-
migration dunes of aeolian deposits (e.g. Bristow et al.,
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2000; Pedersen & Clemmensen, 2005; Best et al., 2006;
Okazaki et al., 2015; Srisunthorn & Choowong, 2019).

2) Facies II: free-discontinuous reflections (II4 and IIB)

This facies is interpreted as a chaotic-shaped to free-
reflections in gentle dipping with low angle. The convex
upward reflections are composed of discontinuous facies.
They are generally observed in transverse and longitudinal
sections. The facies are interpreted as crudely stratified
to massive beds of fluvial or aeolian dune migration.
This characteristic is suggested that the reflection-free
configuration affects to lithologically undifferentiated
sediment (Pedersen & Clemmensen, 2005).

3) Facies III: set of discontinuous reflections (III4
and 11IB)

Set of discontinuous reflection of this facies group
represents the isolated and mound-shaped or random
reflections. It is occasionally observed in transverse section.
This group is interpreted as crudely stratified to deposits
related to 3-dimensional dunes or small-scale of incipient
unit bars in fluvial process and feature of adhesion lamination
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Table 2: Summary of GPR facies identified from remnant dunes (see text for explanation).

. PR Timension {m) i
Radar facies Description Interpretation Example
thickness lensth_wiclth
A 3
Low ined in sigmaida 4 Slipface and lateral
:\\\.\:\:\ oW [r:lclmae‘ in sigmoidal (H1.] a0 _p : :
| reflections 12 10 migration of sediments
including scorll bar,
B unit bar and compound
I Steeply Inclined dipping from top 12 20
//&/"J : : ; bar
- — to bottam in tangential reflections 20 &0
C e
Lens shape, set of inclined in 1.2 a0 -
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(i.e. adhesion wart) in aeolian sediments. Hickin et al. (2009)
suggested this character is considered to massive deposits
or a high density of sources such as buried logs.

4) Facies IV: horizontal to sub-horizontal reflections
(IVA and 1VB)

Horizontal reflections are continuous and parallel, rather
than undulating. They appear common in longitudinal and
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transverse sections, but more transverse section. These
facies are interpreted as stacks of vertically accreted plane
beds on bar surfaces (Hickin et al., 2009; Okazaki et al.,
2015). Lunt & Bridge (2004) proposed that the subparallel
nature of this reflection was tended to be the successive
bedload sheets deposition, as well as overbank deposits in
vertical accretion of fluvial process. In addition, Pedersen
& Clemmensen (2005) suggested that this appearance is
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Lateral bar
with surface
mega-dune

Flow direction

Medium- to fine-grained wind-blown sand dune
on river mega-dupgs S5

Figure 7: Recent condition of
point bar in meander bend of
the Chi River. (A) Google Earth
image shows clearly mega-dune
surface structure left behind after
bank-full water flow. Water flows
to the north and the River curves
tothe east. (B) Side view of mega-
dune in lateral bar that deposits
extensively that shallower of the
ChiRiver, subsequently increases
overbank flooding. (C) Inclined
strata inside lateral bar with
thickness up to 4 m. Large-scale
incline strata indicate lateral
accretion, example that can be
recognized in GPR profile.

(D) Small wind-blown sand is
forming on top of river mega-
dune surface is one example of
combination of modern processes
in TKR. (E) Close-up internal
structures of lateral bar including
cross-bedding and slipface within
mega-ripple. (F) Trough cross-
bedding with point bar structure.

indicated the changes in sedimentary texture representing
aeolian sand sheet environment.

5) Facies V: facies assemblage with channel-shaped
lower boundary

This facies is commonly considered to represent the
channel-fill deposits being the major architectural element
of fluvial system (e.g. Bristow et al., 1999; Bridge, 2003;
Best et al., 2006; Hickin et al., 2009; Nimnate et al., 2017a,
2017Db). It is found in longitudinal and transverse sections.

6) Facies VI: diffractions of parabola-shaped reflections

Facies VIis parabola-shaped steeping convex reflections.
This facies is observed at site 2 in which discovered the
archaeological remains. Thus, it is related to discrete items
of material culture (Duke et al., 2016).

Paleo-environment from GPR facies

Almost GPR data indicates that the aeolian environments
overlying on fluvial environments (Figures 4-6). They are
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bordered by remarkable radar stratigraphy and natural break
in radar facies. Fluvial environments of site 1 are divided into
2 periods including lower fluvial unit (2.9-6.0 m depth) and
upper fluvial unit (0.6-2.5 m depth). Both units showed the
channel fills with vertical accretion interpreted as overbank
flow of channels and erosional surface or mid-channel bar
(Figure 7) founded generally in meandering channel (e.g.
Bristow, 1993; Bridge et al., 1998; Best et al., 2003). The
uppermost layer is acolian deposit — aeolian unit (0.0-0.6 m
depth). This reflection is invisible without internal structure,
therefore, it is considered as aeolian sand layer since grain
size covering on surface is characterized by fine sand, well
sorted and homogeneous and structureless that it is similar
to pale yellow color loess (Boonsener, 1991).

However, internal structure of sand dune is clearly
visible at site 2 located on floodplain of the Chi River. Ridge
is parallel to the direction of prevailing wind forming in
somewhere the sand supply is limited. The last upper layer
of GPR profile is the aeolian environment at depth 0.0-2.5
m. The facies 1A, IIA and IIB are identified as saltation
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process during the sediment was blown, in addition to
vertical grainfall of sediments after deposition that it is
related to adhesion structure. Adhesion wart is predominant
at 30-40 m distance of Line 1 (NW-SE direction or transect
section). This appearance indicates that the strong paleo-
wind had frequently shifted direction (Kocurek & Fielder,
1982), leading to the formation of dome dunes on surface of
terraces in TKR dune field. Site 3 is similar to site 1 in that
sand splay layer is also found in the upper layer at 0.0-0.6
m depth without internal structure, but signals composed of
gently inclined reflections in two directions interpreted as a
channel feature is appeared in 46-49 m distance of GPR line.

Sediment properties of dune
Grain-size parameter of sand dune

Sand dune is obviously homogeneous with mean size
of fine-grained sand (Figure 8A). They present the similarity
of lined-shape in each depth range. For S2C1, the mean size
is less varied from 1.90-2.14 phi that it increases at 20 cm
depth from 1.90 to 2.06 phi showing the change of medium
to fine-grained sand and slightly decreases at 1.20 m depth,
but it raises up again at 1.80 m depth. Sorting values are
around 0.69-0.89 phi (moderately sorted) and the skewness
values quite change, but all values are in the range of very
fine-skewed. Kurtosis values tend to continuously decrease
and significantly fall at 1.20-1.60 m depth identified to
extremely leptokurtic. Similarly, S3C1 results illustrate that
the mean size values are more homogeneous with 2.2-2.3
phi (fine-grained sand) and sorting values are stable. It is
identified as moderately sorted. Skewness is in the range of
very fine-skewed. Kurtosis values are extremely leptokurtic.
In addition, water content is changed together with the four
parameters. It tends to increase along the depth which is
predominant at 2.0 m depth related with water table.

Cumulative curves of S2CI1 and S3Cl1 indicate the
unimodal frequency curve shapes (Figure 8A). These curves
reveal the transport patterns proposed by Visher (1969)
including the traction population in very coarse sand and
coarse sand before medium to fine sand was the most of
saltation population at peak. It rarely shows the suspension
population in transportation.

Scatter plot of statistical grain-size parameters

A scatter plot (in phi) measurement unit can be used
to indicate the difference in sedimentary characteristics in
order to distinguish the depositional environments. The
bivariate plot of mean size versus sorting known as Stewart
(1958) (Figure 8B) was used to provide significant clues to
understand the energy conditions and formation processes at
the time of deposition. The S2C1 with OSL samples in scatter
plots represent that the three groups of sediment might reflect
the difference of transportation and deposition processes. As
well, the S3C1 scatter plots are widely scattered, but they
can be separated into two groups (Figure 8C).

OSL dating

A total of 7 OSL samples were preliminary collected
from dune profiles based on different physical characters of
each layer at site 2 and site 3 (Figures 9A and 9B). They
reveal the periods of sand dune formation (45 to 28 ka)
after fluvial processes (81 to 65 ka) (Figure 9C) (Table 3).
The relationship of OSL chronology and the evolution of
fluvial and sand dune development will be discussed in
the next sections.

DISCUSSIONS

Long-term preservation of sand dune

The remnant morphology of sand dunes in TKR dune
field remains as low- and highly-vegetated area. The height
of dune ridges as seen today ranges from 1 m (as in case
of low or non-vegetated dune) and reaches up to 4 m as in
case of highly vegetated dune (refer to dune numbers 1,4,5
in Figure 3B). Vegetation is one of the primary factors in
determining parabolic dune morphology, dune length, and
migration rate. Parabolic dunes form an association with
vegetation and vegetation density influences dune form
(Cooper, 1958). Vegetation acts to stabilize the trailing ridges
of a parabolic dune and provides a general form for the
individual dune (Cooper, 1958, 1967; Pye, 1982, 1983, 1993;
Thompson, 1983) and by increasing the surface roughness
parameter along the vegetated area (Hesp, 1981; Pye,
1983). Vegetation in parabolic dune formation can protect
the less-mobile arms against the force of the wind action,

Table 3: OSL dating results of seven sand samples from pitting at Sites 2 and 3, TKR (see pitting stratigraphy in Figure 9).

Sample Depth U (ppm) Th K W AD (Gy/ AD De (Gy) De Age*

(cm) (ppm) (%) (%) ka) (Error) (Error) (ka)
2-1 90 0.42 171 0.15 5.54 0.44 0.10 17.33 0.38 39.5+9.0
2-2 135 0.30 2.85 0.23 5.96 0.56 0.10 22.87 0.49 41.0+7.4
2-3 185 0.21 3.61 0.35 5.79 0.69 0.10 30.48 0.66 444 +6.5_
3-1 20 0.41 3.57 0.19 3.21 0.61 0.10 2.97 0.07 48+0.7
3-2 50 0.22 2.87 0.15 191 0.49 0.10 14.18 0.31 28.7+5.8
3-3 95 0.17 4.42 0.27 7.19 0.65 0.10 43.16 0.93 65.9 +10.0
3-4 140 0.10 4.00 0.35 4.83 0.60 0.10 49.31 1.06 81.8 +13.7

*All ages are quoted in years before A.D. 1950.
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Figure 8: Grain size analysis
of dune and river sands
collected from cores at site
2 and site 3. (A) Distribution
curve of dune sand from sites
2 and 3 showing unimodal.
(B) Friedman response
diagram plot of dune sand
shows aeolian stability (left)
and scatter plot between
mean against sorting helps
distinguishing dune sand
from fluvial sand. (C) Various
kinds of scatter plot of grain
size parameters that enable
to separate dune sand from
river sand.

Bulletin of the Geological Society of Malaysia, Volume 71, May 2021



LATE PLEISTOCENE CLIMATE VARIATION ON THE KHORAT PLATEAU, NE THAILAND INFERRED FROM THE REMNANTS OF SAND DUNES

&
Site 2 Age Mean size (phi) Site 3 Mean size (phi)
) - 2 25 Age =~
0 (ka) i 0 (ka) I
Low vegetation ]l
disturbed surface
ol ® A48+0.7
40 404 Strucureless
Yellowish brown, "
oxidized layer, - abaaas * S
60 planar stratification 60
E Sharp contact
80 = 80
E &
2 A39.5+9.0 a C65.9+10.0
£ 100+
%!001 i Mottle oxidized
o = Flahar iron concretion
. stratification 1204
1204 .T Stratified
s fuvial san
0] ® B41.0+74 1401 ® DB81.8+13.7
| Gradual contact
1604° 160
Structurgless
Diisturbed
1804 ;
'@ C44.4 +6.5 . surface sand ] } ii\zal
- ] Aealian
200455 sand = Planar stratification

Figure 9: Geochronology and stratigraphy of aeolian and fluvial
systems from site 2 and site 3. (A and B) Photographs show color
difference and structures of dune and river deposits and depth of
OSL samples. (C) Graphic stratigraphy and OSL age in ka. Age of
fluvial deposits range from 81 to 45 ka and dune deposited between
45 to 28 ka. Youngest OSL age (4.8 ka) from site 3 indicates either
reworked or local wind-blown sand splay.

thereby allowing the central part to advance downwind. The
advancing apex leaves behind trailing ridges that elongate
and turn the dune into a hairpin form (Tsoar, 2005) (see dune
numbers 4,7,11 in Figure 3B). Also vegetation may develop
within the internal area of parabolic dunes depending on the
surface moisture content and water table level and if climatic
conditions are suitable vegetation will completely stabilize
an active parabolic dune or dune field (Cooper, 1958, 1967;
Anthonsen & Jensen, 1996; David et al., 1999). Dunes
recognized from TKR are densely vegetated (Figures 3C
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and 3D). This reflects long-term stability of dune possibly
due to shallow level of water table from the Mun and the
Chi Rivers. However, parts of parabolic dune apex and
slip face of barchanoid ridges at dune numbers 3,6,7 were
eroded away by meander cut bank of the Mun and the Chi
Rivers (Figures 3E and 3F). Due to high physiography of
salt domes from the present day floodwater, a remnant of
dunes is likely suitable for ancient and recent settlements
(Ngernkerd, 2017). The occurrence of sand dune cliff is
the evidence of flooding caused by the long-term climate
change in TKR region.

Late Pleistocene dune formation and climate
conditions

In addition to being influenced by climate change,
we proposed here that terrestrial aeolian sediments and
remnant of dune landforms found in TKR may provide
evidence for past climate changes. The other examples
include loess—palacosol sequences, as well as dune
systems, now vegetated and inactive, indicating the
former extent of arid conditions and past wind regimes in
what are today areas of semi-arid or subhumid climates
(Lancaster, 2014). The research by Cooper (1938) and
Hogbom (1923) associate parabolic dune development
with the climatic change at the end of the last ice age
(~10 ka). With the end of the last ice age regional (central
U.S. and northern Europe) precipitation increased and
allowed for vegetation to anchor and eventually completely
stabilize these parabolic dunes. Climatic conditions are
the main factor in reactivation or stabilization of parabolic
dune dunes where a change in climate and water table
affects vegetation densities within the dune and can lead
to reactivation of sediments or allow for an increase in
vegetation growth (David et al., 1999).

The geochronology of sand dune from TKR was
discussed based on preliminary result of OSL dating.
Although the error of dating is quit high, but it provides
general episodic evolution of fluvial and dune evolution.
OSL age of sand dune shows its deposition from 45 to 25
ka which is correlated to marine isotope stage 3 (MIS3).
However, the dune field in TKR is distributed on top of
high and low terraces of the Mun and the Chi Rivers
where abandoned channels were recognized extensively.
GPR profiles also shows that dunes deposited on top of
crevasse splay within low terrace. Slip face of dune was
dissected by the recent meandering of the Chi River making
dune scarp in the rim of low terrace (also see Figures 3C
to 3F). Eroded dune sediments from low terrace were re-
deposited in part of modern floodplain deposit at depth
10-14 m as red/yellow loess (about 8 ka) and at depth 5-9
m (about 3.5 ka) as yellow wind-blown sand (Boonsener,
1977, 1991; Udomchoke,1988). The occurrence of loess
and wind-blown sand observed in floodplain stratigraphy
can be interpreted that they were part of dissected dune
re-deposited in floodplain after cut bank erosion by
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meandering process. However, the result of OSL dating
expands the age of fluvial deposition continued from about
81 ka (equivalent to MISS) (e.g. van der Kaars & Dam,
1995). Here we discuss the episodic evolution of two
transition stages from fluvial environment (MIS4) prior
to aeolian formation (MIS3) based on the results from
geomorphological, sedimentological and chronological
analyzes as follows.

Stage I: Pre-formation of TKR sand dunes (~81 to 65
ka)

Global paleo-climate had changed from wet to dry
condition between 75 — 65 ka (van der Kaars & Dam,
1995; Chen et al., 2003; Fleitmann et al., 2003). OSL
dating and GPR profiles revealed the pre-formation of sand
dunes during 81 to 65 ka that comparatively equivalent to
MIS4 of the last glacial period in the late Pleistocene. We
suggested that the fluvial system was dominated in TKR
during 81 to 65 ka. Overbank crevasse splay was found at
site 2 located on recent floodplain of the Chi River. Change
of channel bend to mid-channel bar is recognized from site
1 and site 3. Both sites are located on former floodplain of
the ancient Chi River.

Crevasse splays on flood deposits are significantly
shown in GPR profile of site 2. They indicated that
backswamp or wetland environment was filled by overbank
sand splay. In depth between 2.0-4.0 m, GPR profile in
site 2 showing horizontal and sub-horizontal reflections
suggested that these facies belong to vertical accretion by
flood events (e.g. Miall, 1985; Bridge, 2003; Okazaki et
al., 2015). Indeed, most of interdune characters recognized
at this site are the available for wetland deposition when
the water table raised up to sand dune base (Pye & Tsoar,
2009). Thus, the horizontal facies found along GPR Line 1
at 1.0-1.5 m depth were related to mottle zone (recognized
in the samples from core S2C1) because of fluctuation of
groundwater level at 2 m depth.

The change of channel bend was characterized from
sites 1 and 3. GPR profiles illustrate the more lateral and
vertical accretion such as side bar deposits, unit bar and
channel fills or scour fills. These refer to the meandering
channels, obviously seen on aerial photographs, and led to
explain aeolian sand dune formation in 0.6-1.0 m depth.
Mottle zone was founded in core S3C1. This mottle layer is
a paleosol. OSL dating from this mottle layer provides the
age of 65.9 + 10.1 ka. Additionally, the bivariate plots of
grain size suggested different processes between surface on
center and the margin of sand dune. The sorting of sand at
the margin of dune (at 0.8-1.8 m depth) ranges from poorly
to moderately sorted. Grain size is fine to medium-grained
sand. Therefore, this group is belonged to fluvial sediments
of meandering channel that was dominated in this period.
However, the top strata of fluvial sequence were possibly
eroded and re-deposited during the rapid flooding of the
post-deposition.
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Stage II: Development of sand dunes (~45 to 28 ka)

Stage Il of climate variation in this paper can be
correlated to MIS3 that mean annual temperatures are higher
than the Last Glacial Maximum (globally +1.7 °C for MIS3
stadial and +2.0 °C for MIS3 interstadial) (Meerbeeck et al.,
2009). Meerbeeck et al. (2009) also suggested that orbital
insolation forcing leads to enhanced Northern Hemisphere
seasonality, with mainly warmer summers due to an
increase of summer insolation, whereas winter insolation
does not change substantially. Northern hemisphere mean
July temperature anomalies compared to the Last Glacial
Maximum are +3.5 °C for MIS3 stadial (+5.7 °C between
30° N and 90° N) and +3.8 °C for MIS3 interstadial. This
MIS 3 equilibrium state is generally warmer than the Last
Glacial Maximum.

Wetter condition with increase summer monsoon was
observed in the interval 50 — 40 ka from the southeastern
South China Sea (near Palawan Island) (Chen et al., 2003)
and change to dry in 40 — 20 ka during the Last Glacial
Maximum. It is assumed that this condition favored for
decreasing river flow velocity and left behind the remains
of crevasse splay, sand bar with shallow channel-fills on
surface of the Mun and Chi River terrace and floodplain.
Massive amounts of sand, then, were blown out by strong
prevailing wind from SW direction during 45 — 28 ka based
on OSL dating of sediment from aeolian sand dune layer at
site 2 and site 3. In addition, the Freidman response diagram
(Figure 8B) identified the sediment of site 3 as aeolian
stability inferring subsequently reworked by acolian process.

Internal sedimentary structure of sand dunes derived
from GPR profiles show homogenous with pale horizontal
lamination. Radar facies of 1A, IIA and 1IB are among
important characteristics of aeolian process. They are
identified to have formed by saltation process during the
sediment was blown out. The pre-aeolian environment
of TKR was dominated by floodplain and meandered
channels, so that the adhesion structure is possibly formed.
Significantly, the adhesion wart is dominated at 30-40 m
distance of Line 1 at site 2. This appearance indicates that
the strong paleo-wind had also frequently shifted in NW-SE
direction beneath pre-existing micro-topography leading to
the formation of dome dunes possibly distributed on terraces
in between the Mun and Chi Rivers (Figures 10A and 10E).
Nevertheless, sets of radar facies within TKR dune field
were not distinctive to infer strong wind energy as common
structure in broad desert dunes. This is in agreement with the
assumption proposed by Penny (2001) that the temperature
and precipitation changes during the Last Glacial Maximum
in northeastern Thailand were not severe.

Wind direction during TKR sand dune formation
(45 - 25 ka)

What was the major wind direction during MIS3 in
Thailand and Southeast Asia region? The orientation of
parabolic dunes and barchanoid ridges in TKR dune field
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Figure 10: (A) Graphic sketch shows the proposed transformation from dome dune to barchanoid ridges and ending up to parabolic dune
recognized in TKR. (B) Completely formed of parabolic dunes after mobilization. Stabilized dunes remnant include simple, compound
and complex types (see text for detail explanation). (C) Vegetation started after dune stabilization stage. (D) Erosion of leeward slope by
meander bend of the Chi River during meandering left behind dune scarp as the boundary of floodplain. Dune sediments were reworked
to deposit in floodplain stratigraphy as previously reported (see text for explanation). (E) Block diagram illustrates recent geographical
condition of the TKR where dune field was one important terrestrial geological proxy of late Pleistocene climate changes proposed in

this paper.

is the clear answer. Major prevailing wind to form TKR
dunes was blown from SW to NE direction. Monsoon pattern
during 50 -23 ka appear to be indicated by a transitional or
interstadial in which the climate was cold and humid as in
case of the Chinese Loess Plateau (Li et al., 1988). Due to
the greatly reduced size of the South China Sea (Huang et al.,
1997), and loss of warm water input from the Indian Ocean,
the summer monsoon would have been much drier (Wang
& Sun, 1994; Wang et al., 1999). It would have approached
the TKR across dry land, including the exposed shelf from
southern Borneo across Indo-China to Nanning, a distance
of over 4000 km over land, and would thus have been much
drier than today (Nichol & Nichol, 2013). We suggest that
the formation of the dune caused by the lower base level
leave a vast amount of sand, which was transported by the
fluvial system, on the high and low terraces.

CONCLUSIONS
Sand dunes from TKR on the Khorat Plateau,
northeastern Thailand is one of rare terrestrial evidences
of climate change in the late Pleistocene. It is suggested
that the physiography of the Khorat Plateau favors for the
preservation of climate record both warm and cold periods
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throughout the Quaternary. Sand dunes at TKR dune field
confirmed that part of the Khorat Plateau was, once, become
alocal desert in the late Pleistocene. Remnants of sand dunes
from TKR were identified as barchanoid ridges and parabolic
dunes formed extensively by prevailing wind from SW to
NE direction, i.e. SW monsoon wind. The mound or relict
dome dunes were found in TKR. Massive amount of fine
materials derived from surficial and weathering processes
of terrace deposits became the main source to initiate the
formation of dunes (dome and probably barchan types). Then,
they were completely transformed to barchanoid ridges and
finally to parabolic dunes (Figure 10B). Vegetation started
to cover the dunes after their stabilization (Figure 10C).
Part of the dunes were dissected by meandering of recent
Chi River (Figure 10D). The present geomorphology in
TKR is the result of avulsion and gradation that make the
area become flat (Figure 10E). The remnants of sand dunes
today display as undulating terrain. Relict mounds (dome
dune), salt dome with the annular depression landform,
archeological moat and mounds are scattered. Most of the
remnant dunes consists of dense vegetation.

Apart from red/yellow loess that has been reported
from the Khorat Plateau, such an old age sand dune is rarely
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mentioned. In the TKR region, sand dunes recognized in
this paper is also limited only on the surface of the Mun
and the Chi Rivers terraces. Definitely, the major source
of dune sand was from those of terrace sediments that
contain quartz derived from weathered sandstone beds in
the lower Mun and Chi basins. GPR profiles show clearly
the internal sedimentary structures of fluvial environment,
but rare (mostly structureless) inside sand dunes. Only some
slip faces were preserved and detected. Nevertheless, they
are clear enough to help confirm the formation of dunes
in SW-NE direction in correspond with the orientation of
remnant shape of parabolic and barchanoid ridges.

Result of OSL dating suggested primarily the formation
of dune during 45-28 ka in similar to the time of marine
isotope stage 3 (MIS3). The OSL ages of fluvial deposits
beneath the sand dunes revealed that the fluvial system
dominated in TKR during 81-65 ka (relatively correlated
with MIS4). The temperature from MIS4 is expected to
decrease (colder) to MIS3 until the Last Glacial Maximum
(21 ka). However, the occurrence of dunes in TKR means
the breakdown of cold condition and the transition of cold
and dry to warm and drier, the condition, coupled with
continue prevailing wind, that favored for aeolian dune
to form. This suggested that dunes in TKR, as geological
proxy, can infer the interstadial during MIS3 in the Khorat
Plateau and the mainland Southeast Asia. In conclusion, the
finding of this work provides the challenge for further study
on the record of late Pleistocene ENSO in Southeast Asia
region. Such a future research could be taken into account
from the other terrestrial depositions on the Khorat Plateau
and the suitable environments nearby.
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