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Abstract

Project Code: MRG5980080
Project Title: Thai stalagmites give insight into southwest monsoon
variability
Investigator: Dr. Sakonvan Chawchai
Department of Geology, Chulalongkorn University
E-mail Address: sakonvan.c@chula.ac.th
Project Period: 2 years

Locating suitable caves and stalagmites for palaeoenvironmental and
palaeoclimatic studies can be challenging. Isotopic geochemical analyses, albeit
commonly performed for palacoclimatic reconstruction, are also time consuming and
costly. Therefore, petrographic and non-destructive morphological studies on
speleothems become desirable to facilitate sample selection for further analysis. In
this study, twenty caves were surveyed at Ban Rai district, Uthai Thani province in
western Thailand. After external physical observations in the field, three stalagmite
samples were collected from Tham Nam Cave to test their potential for palacoclimatic
research. Firstly, the stalagmites were scanned by X-ray computed tomography (CT
scanning), and the CT images were subsequently compared with petrographic
inspections. Columnar fabrics show the highest density, whereas closed and open
dendritic fabrics indicate medium and the lowest densities, respectively. Layers near
the top and bottom of the three stalagmites were dated by U-Th mass spectrometric
techniques. All three samples were deposited between ~87 and ~105 ka ago;
therefore, they are probably the oldest stalagmites that have been reported so far from
mainland Southeast Asia. However, their physical features indicate that all the
samples have suffered from post-depositional dissolution, and are unlikely suitable for
palaeoclimatic research. The internal dissolution feature of stalagmites, however,
cannot be identified by visual inspection of uncut samples. We hereby argue that CT
images are useful to characterize stalagmite petrography, in particular fabric, porosity
and density. Such features can be used to select the ideal plane of a stalagmite for
sectioning, and then to maximise the chances of robust climatic reconstruction.

Keywords: Stalagmite, Western Thailand, Paleoclimate



Executive Summary

1. Introduction
Speleothems are secondary carbonate deposits formed inside caves. Their fabrics,
stable isotope ratios, trace element compositions and organic chemistry can record
events that occur at the cave surface during their growth history (McDermott 2004;
Fairchild et al. 2006). Several types of speleothems (e.g., flowstones, stalactites and
stalagmites) have been used as palacoenvironmental and palacoclimatic archives to
study the changes of local or regional temperature, vegetation and precipitation,
thanks to their continuous or semi-continuous deposition, absolute and precise
datability, occurrence over a wide range of latitudes and possible conservation of
palaeoclimate signals on millennial, decadal and even annual time scales (e.g. Hendy
1971; Banner et al. 2004; McDermott 2004; Fairchild et al. 2006; Fairchild & Treble
2009; Lachniet 2009; Mickler et al. 2014; Wong & Breecker 2015). Stalagmites have
been favorably used in past hydroclimate reconstruction because of their
predominantly column shapes and relatively simple sequential depositions (e.g. Zhang
et al. 2008; Cai et al. 2010; Chen et al. 2015; Sinha et al. 2015). However, it remains
a challenge to find suitable caves and stalagmite samples for palaeoclimatic research
because only pristine stalagmites, deposited under chemical equilibrium conditions,
can faithfully record climate signals.

Mainland Southeast Asia (e.g., Thailand, Myanmar, Malaysia peninsula and
Laos) is strategically located on the route of moisture transport of the Indian summer
monsoon (ISM, Fig. 1A). The agrarian societies dominant in the region heavily rely
on the monsoon rainfall. Changes in rainfall intensity and variability therefore have a
great impact on people’s livelithoods in mainland Southeast Asia (Loo et al. 2015).
The projection of future hydroclimate change in the region demands a good
understanding of monsoon rainfall history (Cook et al. 2010; Raghavan et al. 2017;
Thirumalai et al. 2017). Instrumental records of precipitation and temperature are
however short (<50 years) and sparse in mainland Southeast Asia. Hence,
palaeoclimate proxy data have to be applied to delineate the natural variability as well
as anthropogenic contribution of climate change. Yet, such studies are still scarce in
mainland Southeast Asia.

The beauty of the caves and speleothems in mainland Southeast Asia has

attracted millions of tourists and visitors from around the world. Stalagmites from this



region however have rarely been investigated for palacoenvironmental research. In
Thailand for instance, only two stalagmite records have been reported so far. In these
studies, stalagmites from the Namjang Cave, Mae Hong Son province in northwestern
Thailand (Fig. 1A) were used to reconstruct monsoon variability covering the last
1700 and 400 years, respectively (Cai et al. 2010; Muangsong et al. 2014). Stalagmite
growth rates during the last century from Namjang have been correlated with
meteorological data, showcasing the potential palaeoclimatic proxy of Thailand
monsoon rainfall (Muangsong et al. 2014).

In recent years, there have been studies on diagenetic alteration (e.g.,
dissolution, recrystallization and neomorphism) in speleothems. This process results
in resetting chemical properties in samples, and they can no longer represent the
original depositional conditions (Perrin et al. 2014; Scholz et al. 2014; Zhang et al.
2014; Bajo et al. 2016). The diagenetic alteration of speleothems can be observed
through analysing petrography, internal microstratigraphy and trace elements in
samples (Frisia et al. 2002; Railsback et al. 2002). These petrographic and non-
destructive morphological studies are important to evaluate speleothems before
further chemical analysis.

X-ray computed tomography (CT scanning) is a non-destructive technique for
visualizing interior features of opaque solid objects by measuring the intensity of X-
rays when they pass through the objects. The principle of computed tomography is to
acquire multiple sets of views of an object over a range of angular orientations. These
data are used to create two-dimensional images that are called slices (along the scan
plane) and then provide a three-dimensional image of a volume by obtaining a series
of contiguous slices (Ketcham & Carlson 2001). CT scanning has previously been
used in studying speleothem features, including porosity (Mickler et al. 2004), macro-
holes and post-depositional off axis holes (Zisu et al. 2012), and calcite density
(Vanghi et al. 2015; Walczak et al. 2015), as well as in exploring evidence of
diagenesis in speleothems (Bajo et al. 2016). It has been proposed that CT images of
uncut stalagmites can provide essential information of petrography to evaluate the
potential impact on U-Th ages and isotopic geochemical analyses, which cannot be

visually identified instead.
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Fig. 1A. Locations of Ban Rai district (red square) and Tham Nam Cave (white star)
in Uthai Thani, western Thailand. B. Locations of surveyed twenty caves in Ban Rai,
Uthai Thani province.

The aim of this study is to find stalagmite samples in Ban Rai district, Uthai
Thani province, western Thailand (Fig. 1A and B), based on their external physical
properties (e.g. shape, color and texture), and analyse them with respect to their
potential for paleaoclimatic research via CT scanning, petrographic studies, and U-Th

analysis.

2. Materials and methods

Geological setting
The study area is located in national parks and national conservation zones of the Ban
Rai district, Uthai Thani province, western Thailand (Fig. 1A, B). All caves in this
area are overlain by host rock of argillaceous limestone, which is of Ordovician age
indicated by fossil nautilus and crinoids (Department of Mineral Resources (DMR)
2009).

In this study, twenty caves were explored (Fig. 1A, B). Fifteen of them do not
contain any stalagmites; three caves contain broken stalagmites that show visible
macro-holes and irregular external surfaces; and the other two caves contain both

broken and standing stalagmites. Based on their external features (nearly symmetrical,




column shapes, no obvious corrosions), three standing stalagmite samples (BR1, BR2
and BR3) were collected from Tham Nam Cave, a 300 m-long cave (15.05° N, 99.48°
E; 200 m a.s.l; Fig. 1A, B). The stalagmites were retrieved from a large chamber ~
200 m from the cave entrance.

Climate in western Thailand is mainly influenced by the ISM, which brings in
torrential rains from the Bay of Bengal. Additional precipitation can be contributed by
tropical cyclones from the South China Sea in the east during the summer. Mean
annual rainfall in Uthai Thani province is about 1770 mm with 105 rain days on
average. Mean annual temperature is around 28° C (data from Thai Meteorological

Department, AD 1962-2015).

X-ray computed tomography (CT scanning) and petrography

Firstly, the stalagmites BR1, BR2 and BR3 (Fig. 2) were scanned with X-ray
computed tomography (CT scanner) at King Chulalongkorn Memorial Hospital,
Bangkok, Thailand. The X-ray computed tomography (GE Discovery 750 HD) was
operated at a tube voltage of 140 kV and a current intensity of 80 mA. The CT
scanner was set to a 0.625 mm slice thickness, with a 0.4 mm overlay between slice
spacing. Reconstructed images were exported as Digital Imaging and
Communications in Medicine (DICOM) files.

When X-rays scan an object, a portion of the radiation can be absorbed or
reflected. Such interaction between the X-rays and the object is dependent upon the
X-ray energy and the atomic structures of the object. The rest of X-rays that pass
through the sample are collected by a detector, which converts them into light
radiations. The light radiations are then transformed by a digital camera and later
processed by a computer into images (Ketcham & Carlson 2001).

CT numbers in Hounsfield Units (HU) define the intensity of the transmitted
X-ray beam. The HU is calculated from the relative value of the linear voxel
attenuation coefficient (uvoxel) normalized to the reference material water (uwater),
which is then multiplied by a magnifying integer constant (Mickler et al. 2004):

CT numbers in Hounsfield Units (HU) = K [(uvoxel-puwater)/uwater].

CT image processing and data analysis were performed using MeVisLab 2.6.2
software (http://www.mevislab.de/). CT images are shown both in colour images (Fig.
2B) and greyscale (Fig. 3) of axial sections, which are related to stalagmite’s density

(Mickler et al. 2004; Vanghi et al. 2015; Walczak et al. 2015). In greyscale, the



denser the scanned stalagmites, the brighter the images in CT slices (Fig. 3).

After CT scanning, the plane along the growth axis with less variability in
density was chosen for sectioning, and the samples were cut to characterize and
describe the different fabrics of the stalagmites. Based on different CT numbers (HU),

nineteen polished thin sections were made (Fig. 3).

- Low density
f-

v
-y
- High density

Fig. 2A. Stalagmite samples BR1, BR2 and BR3. B. 2D images of the stalagmites

from CT scanning (colour scale: blue colour represents the lowest density; green

colour indicates medium density and red/orange colours represent highest density).
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Fig. 3. Halved sections of stalagmite BR1, BR2 and BR3 compared to 2D images of
uncut sample from CT scanning in greyscale. Higher densities are indicated by lighter
greyscale colour. Red circles show subsample locations for U-Th dating and black

squares show areas for thin sections.

U-Th dating

Eight subsamples of BR1, BR2 and BR3 were drilled along the growth layers near
their top and bottom for U-Th series dating (Table 1; Fig. 3). Replication tests were
performed on each subsample. U and Th were then separated and purified following
the chemical procedure described in Edwards et al. (1986). U-Th isotopic
measurement was performed on a Thermo Finnigan Neptune Plus multi-collector
inductively coupled plasma mass spectrometer (MC-ICP-MS) in the isotope
geochemistry laboratory at the Earth Observatory of Singapore, Nanyang
Technological University, Singapore. The U and Th isotopes were measured on a
secondary electron multiplier using peak jumping mode (Shen ef al. 2012; Cheng et
al. 2013).

wa ot



Table 1 U and Th isotopic compositions (**3U, 2*#U, 232Th, and 2*°Th) and U-Th ages for subsamples of stalagmites BR1, BR2 and BR3. U decay
constants: A23s = 1.55125 x 1071° (Jaffey ez al. 1971) and A234 = 2.82206 x 10°° (Cheng et al. 2013). Th decay constant: Az30 =9.1705 x 10 (Cheng
et al. 2013). *823*U = ([3**U/**8U] activity — 1) x 1000. **§ 23*Uinitia was calculated based on 2*°Th age (T), i.e. 8 *Uinitial = 8***Umeasured X € 2341,

Corrected 2*°Th ages assume the initial 2>°Th/>**Th atomic ratio of 4.4+2.2 x 10°. Those are the values for a material at secular equilibrium with

the bulk earth **Th/>**U value of 3.8. The errors are arbitrarily assumed to be 50%.

Sample Number | 28U 232Th 230Th / 22Th d»u= 230Th /238U 230Th age 230Th dP*U pigiar™ * 230T ook
(ppb) (ppt) (atomic x 10%) | (measured) (activity) (uncorrected) (age, corrected) (corrected) (age, corrected)
BR1 top 7A 78 30562 | +615 30 | £1 132.7 | £2.1 | 0.7102 | £0.0023 | 104 684 | £653 94 528 | £7248 173 | +4.4 94 464 | £7248
BR1 top 7B 75 31410 | +631 27 | 1 138.5 | £2.1 | 0.6862 | £0.0032 98 152 | £798 87 343 | £7728 177 | +4.7 87278 | £7728
BR1 bottom 8A 44 2806 | £57 172 | +4 143.7 | £2.0 | 0.6575 | £0.0032 91115 | £729 89 553 | £1317 185 | £2.7 89 488 | +1317
BR1 bottom 8B 40 1575 | £32 273 | +6 146.7 | £1.9 | 0.6566 | £0.0030 90 511 | £690 89 534 | +971 189 | £2.6 89 470 | +971
BR 2 top SA 84 26 950 | £541 35 | £1 1444 | £2.1 | 0.6777 | £0.0029 95378 | £711 87227 | £5826 185 | +4.0 84 162 | £5826
BR 2 top 5B 75 9403 | +189 87 | £2 149.7 | £2.1 | 0.6617 | £0.0026 91172 | £618 88 052 | +2289 192 | £2.9 87978 | £2289
BR 2 bottom 6A 89 7334 | £148 131 | £3 1453 | £2.1 | 0.6576 | £0.0023 90917 | £567 88 868 | £1552 187 | £2.8 88 803 | £1552
BR 2 bottom 6B 89 6498 | £130 149 | £3 146.5 | £1.6 | 0.6576 | £0.0021 90 748 | £500 88951 | £1363 188 | £2.2 88 887 | £1363
BR3 Top big 1A 181 21239 | +428 106 | +2 177.6 | £2.1 | 0.7560 | £0.0027 | 108 039 | £732 | 105253 | £2096 | 239 | £3.0 105118 | £2096
BR3 Top big 1B 180 10 042 | £202 200 | +4 1799 | £2.1 | 0.6791 | £0.0023 90 822 | £548 89494 | £1084 | 232 | £3.0 89429 | £1084
BR3 Top small 2A 119 39 624 | £797 36 | 1 144.7 | £2.1 | 0.7263 | £0.0032 | 106 550 | +859 98 117 | £6042 191 | 4.0 98 052 | £6042
BR3 Top small 2B 116 29 348 | £590 47 | +1 157.3 | £2.0 | 0.7146 | £0.0028 | 101 698 | £716 95434 | #4493 | 206 | +4.0 95369 | £4493
BR 3 bottom small 3A 85 32394 | +650 31 | £1 157.8 | £2.0 | 0.7228 | £0.0028 | 103 518 | £720 93990 | £6809 | 206 | +4.7 93 925 | +6809
BR 3 bottom small 3B 82 12 161 | £244 78 | £2 1554 | £2.0 | 0.7017 | £0.0023 99 080 | £596 95443 | £2639 | 203 | £3.1 95378 | £2639
BR 3 bottom big 4A 48 10 654 | £214 53 | £1 1643 | £1.9 | 0.7216 | £0.0028 | 102 216 | £716 96 731 | £3948 | 216 | £3.5 96 666 | +3948
BR 3 bottom big 4B 47 9754 | £196 56 | £1 161.2 | £2.1 | 0.7148 | £0.0028 | 101 154 | £727 96 025 | £3700 | 211 | £3.6 95960 | £3700




3. Results and discussion

Physical properties and CT images

Sample BR1 has a nearly symmetrical candle shape with a length of 31 cm and a
diameter between 6 and 8 cm. The colour is yellowish grey. The rough outer surface
shows some visible macro-holes (Fig. 2A). Along the axis, the halved samples display
small cavities and discontinuities. The growth axis clearly shifted with time as the
drip point moved laterally, giving rise to an asymmetric stalagmite so that only one
flank of the underlying edifice was partially coated (Fig. 3).

Sample BR2 is approximately 28 cm in height and ranges from 8 cm to 10 cm
in diameter. The shape is a nearly symmetrical candle with a larger diameter in the
middle part. Compared to BR1, the yellowish grey BR2 exhibits darker colours on its
weathered outer surface. The surface texture is irregular, rough and has some visible
macro-holes at the bottom (Fig. 2A). The cut sample shows growth layers with darker
bands interlayered with lighter bands. There are several obvious discontinuities
(hiatus; Fig. 3).

Sample BR3 is significantly different from BR1 and BR2 in shape. It
incorporates a smaller stalagmite in its lower portion. The length of the outer
stalagmite is 36 cm and the diameter 8-11 cm. The inner stalagmite has a length of 26
cm and a diameter of 3-6 cm. Both stalagmites have an asymmetric shape with the
smallest diameter in their middle. Growth layers and growth axis of the inner
stalagmite are unlike the outer one (Fig. 3). The boundary between the stalagmites is
characterized by a discontinuity. The porosity is high on the flanks of the two
stalagmites.

In Fig. 3, CT images are displayed in greyscale. Lighter greyscale values
indicate higher densities. Lower densities are observed in areas with high porosity or a
hiatus (Fig. 3). The cut samples of BR1 and BR3 show axis holes (diameter >1 mm)
extending parallel to the growth axis (Fig. 4). The axis holes were also previously
observed in CT scan images of uncut samples (Fig. 3). This feature can be caused by
an elongated dissolution process that affects the primary porosity of columnar calcite
and is initiated particularly as elongated cavities along the boundaries between
neighbouring crystals (Perrin et al. 2014). The dissolution process gradually enlarges
secondary voids. Their width varies from a few micrometres to a few hundreds of
micrometres. In the last stage, these dissolution cavities become connected to each

other and form a framework of micro-holes in the central part of the stalagmite (Perrin



et al. 2014). The cut sample of BR2 shows its central voids with depression
downward across the layers (Fig. 4), where the CT image indicates lower densities.
This feature may be caused by under-saturated or corrosive water cutting through the
growth layers along micro-fractures inside as off-axis holes (Shtober-Zisu et al.
2014).

The internal dissolution feature and shift of growth axis suggest that the
samples BR1, BR2 and BR3 have suffered significant depositional changes during or
after their growths. These changes however cannot be readily predicted from the
uncut stalagmites. The CT images conversely reveal that the samples have significant
density variations and contain small and large voids (Fig. 3). Obviously, the CT

images provide unique information about the internal structure of stalagmites that

cannot be identified by visual inspection of the uncut specimens (Fig. 2B, 3).

Fig. 4. Samples BR1 and BR2 showing axis holes elongated parallel to the growth
axis with diameter ranging from 1 to 5 mm. In BR2, the marked feature shows

downward bending of growth layers towards to the holes.

Petrography and density

Petrographic analysis of polished thin sections can facilitate identifying different
types of calcite fabrics in the stalagmites (Frisia 2015). We prepared nineteen polished
thin sections from samples BR1, BR2 and BR3. Four fabric types can be observed
(Fig. SA-H, see positions of polished thin sections in Fig. 3): (i) Open Dendritic fabric
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formed interlocking and elongated crystals with spatial distribution. This texture is
characterized by high porosity (Frisia et al. 2000, 2002). (ii) Closed dendritic fabric
has more equal dimensions and forms less porous lamina. (iii) Columnar fabric is
characterized by large crystals growing parallel to the central axis. Their crystal
boundaries are acute. In general, the columnar fabric is less porous than the dendritic
fabric (Frisia 2015). (iv) Micritic layers are observed mainly on the edges of the
stalagmite BR3.

In this study, variations in the crystalline fabric as well as the porosities are
represented in the CT numbers (HU) in Table 2. The open dendritic fabric shows a
high porosity with the lowest density (<1200 HU). Closed dendritic has a medium
density (1200-1400 HU). Columnar fabric has the highest density (1401-1550 HU).
The calcite fabrics and CT numbers (HU) of Tham Nam stalagmites were then
compared to those previously reported in Vanghi ef al. (2015), Walczak et al. (2015)
and Frisia (2015) (Table 2). Stalagmites BR1, BR2 and BR3 display CT numbers
(HU) <1550, and fabrics indicate variable drip rates and fast growth rates (Frisia
2015). Density in a speleothem is related to primary crystalline texture and porosity.
Secondary porosity can be the result of dissolution and/or fractures that lead to lower
density. Diagenesis can cause loss of primary texture, mineralogy and geochemical
signatures (Perrin ef al. 2014; Scholz et al. 2014; Zhang et al. 2014; Bajo et al. 2016).
Thus, the present work, in agreement with previous studies (Vanghi et al. 2015;
Walczak et al. 2015), suggests that the areas within stalagmites regarded suitable for
palaeoclimatic study, should exhibit primary crystalline texture, low porosity and CT

numbers (HU) of 1550 or higher.
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U-Th dating

All U-Th ages of the subsamples from stalagmites BR1, BR2 and BR3 are replicable
within uncertainties, except for 1A and 1B (Table 1; Fig. 3). In fact, in each pair of
replicates, the difference between the mean ages is much smaller than the uncertainty
(20), which suggests that the U-Th chemical separations and machine measurements
are robust. The measured 2**U concentrations and §***U values can also be well
replicated. However, the **Th content and values of ***Th/**?Th atomic ratio show
considerable variation. This Th heterogeneity is probably due to an uneven
distribution of detritus, which contains high Th contents. The discrepancy in U-Th
ages between subsamples 1A and 1B near the top layer of stalagmite BR3 is likely
caused by a diagenetic process (e.g., dissolution, recrystallization and neomorphism)
because they were drilled in the low-density part of the sample (Fig. 3).

238U concentrations in all the samples are lower than 200 ppb and *’Th
concentrations range from thousands to tens of thousands of ppt. The isotopic ratios of
230Th to 2**Th are also low, typically less than 200 ppm. This unfortunately limits the
age precisions, which largely depend on the **°Th initial correction. A low ***U
concentration and particularly low 2°Th/**?Th values indicate that a significant
portion of 2**Th does not originate from in situ decay of 2**U. The large uncertainty of
the detrital *°Th/**?Th in bulk earth values thus dominates the age uncertainties.
Nevertheless, if the **Th concentration in the subsample is low and the measured
230Th/2Th value is high, the relative uncertainty of the corrected age can easily be
reduced to ~1% or better (e.g., BR1 bottom (8B), Table 1). After the initial Th
correction, all the U-Th ages of BR1, BR2 and BR3 are concentrated in a small
interval, ranging between 87 and 105 ka. This confirms that they were deposited
during the same time interval.

CT images, petrography and U-Th isotope data indicate the dissolution
features in the internal structure of stalagmites BR1, BR2 and BR3. This can be
caused by several scenarios, for example, (i) undersaturated or acidic dripping water
with high content of pCO> (Perrin et al. 2014), (ii) abruptly increasing dripping water
rate, which prevents sufficient degassing to bring feeding water to equilibrium with
CaCOs3 (Railsback et al. 2011) or (ii1) mixing dissolution solution with several drip
water sources (Scholz et al. 2014). Recent studies suggest that microbial activity can
affect calcification through trapping and binding detrital particles and inducing calcite

precipitation. This leads to breakdown dissolution, boring and residue micrite



13

production (Jones 2001; Shtober-Zisu et al. 2014). Such processes can change the
primary isotopic and elemental composition of a speleothem. These changes alter the
geochemical signals, which may have an impact on the interpretation of the results
obtained in palacoenvironmental studies (Martin-Garcia et al. 2009). Typically,
stalagmite samples containing these features are no longer suitable for palacoclimate
studies. For speleothem age determination, carbonate samples must have remained
completely closed with respect to loss or gain of U and Th isotopes. For example,
Bajo et al. (2016) reported that U-Th ages could be overestimated in a stalagmite that
has anomalously high 2*°Th/?*8U isotopic ratios resulting from preferentially U loss in
in micro-void dissolution. Based on CT images, petrography analysis and large
uncertainty of 23°Th/>*’Th, we hereby decided not to perform any additional dating

and geochemical analysis on the stalagmites from Tham Nam cave.

Table 2. Characteristics of CT number (HU values), petrography, and

palaeoenvironment of stalagmites.

This study Vanghi et al. (2015) Walczak et al. (2015) and Frisia (2015)
HU values | Fabrics HU values | Fabrics HU values | Fabrics Growth Drip rate
rate
<1200 Opened <226 Porous <2000 Columnar Fast Not stable
dendritic microcrystalline, and
Dendritic seasonally
variable
227-776 Dendritic
1200-1400 | Closed 77-1176 Closed
dendritic dendritic
1401-1550 | Columnar | 1177-1576 | Columnar
1577-3071 | Micrite 2000- Opened Medium | Constant
2400 columnar with high
drip rate
>2400 Compacted Slow Constant
columnar with low
drip rate
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4. Conclusions

In the present work, stalagmites from Tham Nam cave, western Thailand are
evaluated for their palaeoclimatic research potential, through X-ray computed
tomography (CT scanning), petrography, and U-Th dating analysis. The CT scanning
data reveal that stalagmite density is associated with fabrics and distribution of
porosity. The porosity/axis-holes/voids in the stalagmites are related to post-
depositional dissolution processes and may have an influence on U-Th dating
accuracy. The ages of stalagmites from the Tham Nam Cave range between 87 and
105 ka. Currently, they are the oldest stalagmites that have been reported from
mainland Southeast Asia. However, the stalagmites show dissolution features, several
discontinuities and large age uncertainty, so that they are likely not suitable for
palacoclimatic research. Consistent with previous work (Mickler ef al. 2004; Zisu et
al. 2012; Vanghi et al. 2015; Walczak et al. 2015 and Bajo et al. 2016), this study
suggests that CT images have a large yet underestimated potential in speleothem
study. It can help to identify internal structures in samples that may compromise
geochemical elemental and isotopic analyses. For stalagmites, potentially suitable for
palacoenvironmental research, CT-scanning can also facilitate selection of the right
cutting location. This study hence sets an example for future speleothem exploration
using CT scanning as a tool to examine petrological textures prior to any further

analysis.
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5. Recommendation for future work

Given the lack of paleo-precipitation records from Southeast Asia, it is important to
examine whether stalagmites record from Thailand can be added as an archive of
tropical climate change or whether the environmental signals stored in the cave are
recorders of local impact.

A valid reconstruction of the temporal and spatial variability of past monsoon
precipitation patterns and a better understanding of the underlying causes need more
high-resolution hydroclimatic records from the Asian monsoon region. Only such a
dense network of well-dated, multi-proxy data sets will allow reducing the current
uncertainties and will provide a valid base for discussing the response of different
proxies used to infer hydroclimatic conditions and leads and lags in response to past

rainfall intensities.
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Locating suitable caves and stalagmites for palacoenvironmental and palaeoclimatic studies can be challenging.
Isotopic geochemical analyses, albeit commonly performed for palaeoclimatic reconstruction, are also time
consuming and costly. Therefore, petrographic and non-destructive morphological studies on speleothems are
desirable to facilitate sample selection for further analysis. In this study, 20 caves were surveyed in Ban Rai district,
Uthai Thani province in western Thailand. After external physical observations in the field, three stalagmite samples
were collected from Tham Nam Cave to test their potential for palaeoclimatic research. Firstly, the stalagmites were
scanned by X-ray computed tomography (CT scanning) and subsequently the CT images were compared with
petrographic inspections. Columnar fabrics show the highest density, whereas closed and open dendritic fabrics have
medium and the lowest densities, respectively. Layers near the top and bottom of the three stalagmites were dated by U-
Th mass spectrometric techniques. All three samples were deposited between ¢. 87 and ¢. 105 ka ago; therefore, they
are probably the oldest stalagmites that have been reported so far from mainland Southeast Asia. However, their
physical features indicate that all the samples have suffered from postdepositional dissolution, and are unlikely to be
suitable for palaeoclimatic research. The internal dissolution feature of stalagmites, however, cannot be identified by
visual inspection of uncut samples. We hereby argue that CT images are useful to characterize stalagmite petrography,
in particular fabric, porosity and density. Such features can be used to select the ideal plane of a stalagmite for
sectioning, to maximize the chances of robust climatic reconstruction.

Sakonvan Chawchai (sakonvan.c@chula.ac.th), Kampanart Jankham, Warisa Paisonjumlongsri, Pitsanupong Kan-
Janapayont, Vichai Chutakositkanon, Montri Choowong and Santi Pailoplee, MESA Research Unit, Department of
Geology, Faculty of Science, Chulalongkorn University, Bangkok 10330, Thailand; Guangxin Liu and Xianfeng Wang,
Earth Observatory of Singapore and Asian School of the Environment Nanyang Technological University, Singapore
639798, Singapore; Raphael Bissen, Department of Mining and Petroleum Engineering, Faculty of Engineering,

Chulalongkorn University, Bangkok 10330, Thailand; received 24th August 2017, accepted 15th November 2017.

Speleothems are secondary carbonate deposits formed
inside caves. Their fabrics, stable isotope ratios, trace
element compositions and organic chemistry can
record events that occur at the cave surface during
their growth history (McDermott 2004; Fairchild et al.
2006). Several types of speleothems (e.g. flowstones,
stalactites and stalagmites) have been used as palacoen-
vironmental and palaeoclimatic archives to study the
changes in local or regional temperature, vegetation and
precipitation, thanks to their continuous or semi-
continuous deposition, absolute and precise datability,
occurrence over a wide range of latitudes and possible
conservation of palaeoclimate signals on millennial,
decadal and even annual time scales (e.g. Hendy 1971;
McDermott 2004; Fairchild et al. 2006; Fairchild &
Treble 2009; Lachniet 2009; Mickler et al. 2004a, b;
Wong & Breecker 2015). Stalagmites have been
favourably used in past hydroclimate reconstruction
because of their predominantly columnar shapes and
relatively simple sequential depositions (e.g. Zhang
et al. 2008; Cai et al. 2010; Chen et al. 2015; Sinha
et al. 2015). However, it remains a challenge to find
suitable caves and stalagmite samples for palacoclimatic
research because only pristine stalagmites, deposited

DOI 10.1111/bor.12299

under chemical equilibrium conditions, can faithfully
record climate signals.

Mainland Southeast Asia (e.g. Thailand, Myanmar,
Malaysia peninsula and Laos) is located on the route of
moisture transport of the Indian summer monsoon
(ISM, Fig. 1A). The agrarian societies dominant in the
region heavily rely on the monsoon rainfall. Changes in
rainfall intensity and variability therefore have a great
impact on people’s livelihoods in mainland Southeast
Asia (Loo et al. 2015). The projection of future hydrocli-
matic change in the region demands a good understand-
ing of monsoon rainfall history (Cook et al. 2010;
Raghavan et al. 2017; Thirumalai et al. 2017). Instru-
mental records of precipitation and temperature are
however short (<50 years) and sparse in mainland
Southeast Asia. Hence, palaeoclimate proxy data have
to be applied to delineate the natural variability as well as
anthropogenic contribution to climate change. Yet, such
studies are still scarce in mainland Southeast Asia.

The beauty of the caves and speleothems in mainland
Southeast Asia has attracted millions of tourists and
visitors from around the world. Stalagmites from this
region however have rarely been investigated for palaeoen-
vironmental research. In Thailand for instance, only two

© 2017 Collegium Boreas. Published by John Wiley & Sons Ltd
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stalagmite records have been reported so far. In these
studies, stalagmites from the Namjang Cave, Mae Hong
Son province in northwestern Thailand (Fig. 1A), were
used to reconstruct monsoon variability covering the
last 1700 and 400 years, respectively (Cai et al. 2010;
Muangsong et al. 2014). Stalagmite growth rates during
the last century from Namjang have been correlated with
meteorological data, showcasing the potential palaeo-
climatic proxy of Thailand monsoon rainfall (Muang-
song et al. 2014).

In recent years, there have been studies on diagenetic
alteration (e.g. dissolution, recrystallization and neo-
morphism) in speleothems. This process results in the
chemical properties of samples being altered, meaning
that they no longer represent the original depositional
conditions (Perrin et al. 2014; Scholz et al. 2014; Zhang
et al. 2014; Bajo et al 2016). The diagenetic alteration of
speleothems can be observed through analysing petrog-
raphy, internal microstratigraphy and trace elements in
samples (Frisia et al. 2002; Railsback ez al. 2002). These
petrographic and non-destructive morphological studies
are important to evaluate speleothems before further
chemical analysis.

X-ray computed tomography (CT scanning) is a non-
destructive technique for visualizing interior features of
opaquesolid objects by measuring the intensity of X-rays
when they pass through the objects. The principle of
computed tomography is to acquire multiple sets of views
of an object over a range of angular orientations. These

data are used to create two-dimensional images that
are called slices (along the scan plane) and then provide
a three-dimensional image of a volume by obtaining
a series of contiguous slices (Ketcham & Carlson
2001). CT scanning has previously been used in studying
speleothem features, including porosity (Mickler et al
2004a, b), macro-holes and postdepositional off axis
holes (Zisu et al. 2012), and calcite density (Vanghi et al.
2015; Walczak et al 2015),aswell asin exploring evidence
of diagenesis in speleothems (Bajo et al 2016). It has
been proposed that CT images of uncut stalagmites can
provide essential information on their petrography to
evaluate the potential impact on U-Th ages and isotopic
geochemical analyses, which cannot be visually identi-
fied instead.

The aims of this study were to find stalagmite samples
in Ban Rai district, Uthai Thani province, western Thailand
(Fig. 1A, B), based on their external physical properties
(e.g. shape, colour and texture), and analyse them with
respect to their potential for palaeoclimatic research via
CT scanning, petrographic studies and U-Th analysis.

Material and methods

Geological setting

The study area is located in national conservation zones
of Ban Rai district, Uthai Thani province, western
Thailand (Fig. 1A, B). All caves in this area are overlain
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by host rock of argillaceous limestone, which is of
Ordovician age as indicated by fossil nautilus and crinoids
(Department of Mineral Resources (DMR) 2009).

In this study, 20 caves were explored (Fig. 1A, B).
Fifteen of them do not contain any stalagmites; three caves
contain broken stalagmites that show visible macro-holes
and irregular external surfaces; and the other two caves
contain both broken and standing stalagmites. Based
on their external features (nearly symmetrical, columnar
shapes, no obvious corrosions), three standing stalagmite
samples (BR1, BR2 and BR3) were collected from Tham
Nam Cave, a 300-m-long cave (latitude 15°03’ N,
longitude 99°29" E; altitude 200 m a.s.l; Fig. 1A, B).
The stalagmites were retrieved from a large chamber
~200 m from the cave entrance.

Climate in western Thailand is mainly influenced by
the ISM, which brings in torrential rains from the Bay of
Bengal. Additional precipitation can be contributed
by tropical cyclones from the South China Sea in the
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east during the summer. Mean annual rainfall in Uthai
Thani province is about 1770 mm with 105 rain days on
average. Mean annual temperature is around 28° C
(data from Thai Meteorological Department, AD 1962—
2015).

X-ray computed tomography ( CT scanning ) and
petrography

Firstly, the stalagmites BR1, BR2 and BR3 (Fig. 2) were
scanned with X-ray computed tomography (CT scanner)
at King Chulalongkorn Memorial Hospital, Bangkok,
Thailand. The X-ray computed tomography machine
(GE Discovery 750 HD) was operated at a tube voltage of
140 kVand acurrentintensity of 80 mA. The CTscanner
was set to a 0.625-mm slice thickness, with a 0.4-mm
overlap between slice spacing. Reconstructed images
were exported as Digital Imaging and Communications
in Medicine (DICOM) files.

Low density

High density

Fig 2. A.Stalagmitesamples BR1, BR2 and BR3. B. 2D images of the stalagmites from CT scanning (colour scale: blue colour represents the lowest
density; green colour indicates medium density and red/orange colours represent highest density). [Colour figure can be viewed at www.boreas.dk]
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When X-rays scan an object, a portion of the radiation
can be absorbed or reflected. Such interaction between
the X-rays and the object is dependent upon the X-ray
energy and the atomic structures of the object. The X-
rays that pass through the sample are collected by a
detector, which converts them into light radiations. The
light radiations are then transformed by a digital camera
and later processed by a computer into images (Ketcham
& Carlson 2001).

CT numbers in Hounsfield units (HU) define the
intensity of the transmitted X-ray beam. The HU is
calculated from the relative value of the linear voxel
attenuation coefficient (uvoxel) normalized to the reference
material water (uwater), which is then multiplied by a
magnifying integer constant (Mickler et al. 2004a, b):
CT numbers in Hounsfield units (HU) = K [(uvoxel-
puwater)/pwater].

CT image processing and data analysis were performed
using MeVisLab 2.6.2 software (http://www.mevislab.de/).
CT images are shown both in colour (Fig. 2B), and as
greyscale images of axial sections (Fig. 3), which indicate
the stalagmite’s density (Mickler et al 2004a, b; Vanghi
et al. 2015; Walczak et al. 2015); the denser the scanned
stalagmites, the brighter the images in CT slices (Fig. 3).

After CT scanning, the plane along the growth axis
with less variability in density was chosen for sectioning,
and the samples were cut to characterize and describe the
different fabrics of the stalagmites. Based on different CT

BR1

o Dating 1A, B-8A,B [ Thin section (a-s)

BR2

[1 See Fig. 4 for more details
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numbers (HU), 19 polished thin sections were made
(Fig. 3).

U-Th dating

Eight subsamples of BR1, BR2 and BR3 were drilled
along the growth layers near their top and bottom
for U-Th series dating (Table 1; Fig. 3). Replicate tests
were performed on each subsample. U and Th were then
separated and purified following the chemical procedure
described in Edwards et al (1986). U-Th isotopic mea-
surement was performed on a Thermo Finnigan Neptune
Plus multi-collector inductively coupled plasma mass
spectrometer (MC-ICP-MS) in the isotope geochemistry
laboratory at the Earth Observatory of Singapore,
Nanyang Technological University, Singapore. The U
and Th isotopes were measured on a secondary electron
multiplier using peak jumping mode (Shen et al. 2012;
Cheng et al. 2013).

Results and discussion

Physical properties and CT images

Sample BR1 has a nearly symmetrical candle shape with
a length of 31 cm and a diameter between 6 and 8 cm.
The colour is yellowish grey. The rough outer surface
shows some visible macro-holes (Fig. 2A). Along the

BR3

wo 0T

" Hiatus/discontinuities

Fig. 3. Halved sections of stalagmites BR1, BR2 and BR3 compared to 2D images of uncut samples from CT scanning in greyscale. Higher
densities are indicated by lighter greyscale colour. Red circles show subsample locations for U-Th dating and black rectangles show areas for thin

sections. [Colour figure can be viewed at www.boreas.dk]


http://www.mevislab.de/
www.boreas.dk

371

Stalagmites from western Thailand

BOREAS

00LEF096 $6 9eFI1T 00LEFST0 96 LTLFPST 101 8C00°0F8YILO I'CFCT 191 [F+9¢ 961FVSL6 Ly av 31q woyoq ¢ Jydq
8r6£F999 96 SEFIIT 8rocFIeL 96 91LF91T C01 8200°0F91CL0 6’ 1FE Y91 [F¢c¢ YITFPS9 01 81 Vv 81q wonoq ¢ Jyq
6£9CF8LE S6 1"€F€0T 6£9CFEry S6 965F080 66 €¢00°0FLIO0LO 0°CFySSl CF8L YYCFI91 T1 (4 ¢ [ewswonoq ¢ ¥d
6089FSC6 €6 LvF90C 6089F066 £6 0CLF8IS €01 8200°0F8¢CL0 0CF8LST [F1¢ 0S9FPvoe ¢ S8 Ve  [[ews Wonoq ¢ yg
covrF69¢ S6 0vF90C covrFrey S6 91LF869 101 8C00°0FIVILO 0'CFELST [FLv 06SF81¢ 6 911 ¢ [rews do1, ¢4d
r09+¢S0 86 0vFI61 CYO9FLIT 86 658F0SS 901 C€00°0F¢€9CL0 ['CFL Y1 [F9¢ LOLFYCY 6¢ (8! Vi [rews doy, €44
7801F6CY 68 07€FCeT ¥801Fv61 68 8¥SFCC8 06 €¢00°0F16L9°0 1'¢F6'6L1 YF00C  C0TFKO0 01 081 a1 siqdor e¥dg
960CF+8I11 SOI 0'eF6¢eC 960CF¢€ST SO1 CELF6E0 801 L200°0F095L°0 ['CFI°LLT 901 8CrF6¢£T IC 181 A4 siqdor ¢yd
€9¢1FL88 88 CTF881 €9¢1F156 88 00SF8¥L 06 1200°0F9LS9°0 9 1FS 9Pl eFovl 0€1+8619 68 49 wonoq g ¥d
CSST+E08 88 8'CFL8I CSST+898 88 LISFLI6 06 €200°0F9LS9°0 I'¢Fesrl eFIcl rIFPeeL 68 V9 wonoq e ¥d
68CCT8L6 LS 6CFcol 68¢C+CS0 88 8I9FCLI 16 9¢00°0+FL199°0 ['CFL6v] CFL8 681F€016 SL a¢ dorz ¥ud
9T8SFT91 ¥8 0vFS8I 9C8SFLTT L8 TTLF8LE S6 6C00°0FLLLY O I'¢Frovl [F+6¢ [¥$F056 9T 78 A4S doyz yud

[L6FO0LY 68 9CF681 [L6FPES 68 069F1IS 06 0€00°0F99¢9°0 6 1FL VI 9FELT CEFCLST oy a8 wonoq [Yd
LIETF881 68 LTFS8I LTETFESS 68 6CLFSIT 16 CE00°0FSLE90 0 CFLEY] VLI LSF908C 144 A4 wonoq 144
8CLLFBLT L8 LYFLL] 8CLLFEVE L8 86LFCST 86 ¢€00°0F2989°0 ['CFe8¢El [FLT [E9F01y 1€ SL dL do1 1y
8VCLFYIY v6 vyFeLL 8YCLF8CS v6 £59F189 ¥01 €200°0FC0IL0 I'CFLTEL [+0€ SI9FC9¢ 0¢ 8L VL doy 19g

(P91021109 ‘s18K) (pa1021100)  (PR10a1100 ‘s1BAK)  (PjoarIodun ‘sIedk) (K&anoe) - (pamseaw)  (y_([ X OIWO)E) (qdd)
o3e kU Loee wxl” E_Dvmmw oge ULoer oge ULoer Ngee/ULoge #(pe? ULer/ULoee (1dd) Uleer Ngee TqunN ordwreg

"04,0S 9q 0} PaWINSse AJLIBI}IQIE OTB SIOLId AU ] "§°¢ JO on[eA N gec/ULger UMBD
3[Nq Y3 YIIM WNLIGIIND IB[NO3S 1€ [LLID)EW © 10§ SON[BA Y} QIR ISOYL, "y (] X T CF O ONBIONUOIL YL /U L\ [ELIUI Y} QUWNSSE SATL (L. PAIOALIOD) | oy o, IXPHITH, @ = A @ 0T%(])
98 [ [, UO Poskq PAJR[NO[ed seam MUY, 0, "000 T X (1 —ANADOR [ge /Nye ]) = Nyer Qs (E10T 17 128UYD) o 01X SOLT 6 = O ueISU0d KLd2p YL (E10T 7P 12 3UdYD) ,_01X90TT8T = "%y pue
(1,61 77 12 Kayyer) 01-01XSTISS T = 8¢y sjup)suoo Keoap N "¢ d pue U ‘1dd sorwseres jo sojdwesqns 10 saSe y - pue EHOMN PURY L er ‘Nz ,Dwmmv suonisodwooordojostyy puen ‘7 oqu[



372 Sakonvan Chawchai et al.

axis, the halved samples display small cavities and
discontinuities. The growth axis clearly shifted with time
as the drip point moved laterally, giving rise to an
asymmetrical stalagmite so that only one flank of the
underlying edifice was partially coated (Fig. 3).

Sample BR2 is approximately 28 cm in height and
ranges from 8 to 10 cm in diameter. The shape is a nearly
symmetrical candle with a larger diameter in the middle
part. Compared to BR1, the yellowish-grey BR2 exhibits
darker colours on its weathered outer surface. The sur-
face texture is irregular, rough and has some visible
macro-holes at the bottom (Fig. 2A). The cut sample
shows growth layers with darker bands interlayered with
lighter bands. There are several obvious discontinuities
(hiatus; Fig. 3).

Sample BR3 is significantly different from BR1 and
BR2 in shape. It incorporates a smaller stalagmite in its
lower portion. The length of the outer stalagmite is 36 cm
and the diameter 8-11 cm. The inner stalagmite has a
length of 26 cm and a diameter of 3-6 cm. Both stalag-
mites have an asymmetrical shape with the smallest
diameter in their middle. The growth layers and growth
axis of the inner stalagmite are unlike the outer one (Fig. 3).
The boundary between the stalagmites is characterized by a
discontinuity. The porosity is high on the flanks of the two
stalagmites.

In Fig. 3, CT images are displayed in greyscale. Lighter
greyscale values indicate higher densities. Lower densities
are observed in areas with high porosity or a hiatus
(Fig. 3). The cut samples of BR 1 and BR3 show axis holes
(diameter >1 mm) extending parallel to the growth axis
(Fig. 4). The axis holes were also previously observed in
CTscan images of uncut samples (Fig. 3). This feature can
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be caused by an elongated dissolution process that affects
the primary porosity of columnar calcite and is initiated
particularly as elongated cavities along the boundaries
between neighbouring crystals (Perrin ef al. 2014). The
dissolution process gradually enlarges secondary voids.
Their width varies from a few micrometres to a few
hundreds of micrometres. In the last stage, these disso-
lution cavities become connected to each other and form
a framework of micro-holes in the central part of the
stalagmite (Perrin e al. 2014). The cut sample of BR2
shows its central voids with depressions downward
across the layers (Fig. 4), where the CT image indicates
lower densities. This feature may be caused by under-
saturated or corrosive water cutting through the growth
layers along micro-fractures inside (Shtober-Zisu et al.
2014).

The internal dissolution feature and shift of growth
axis suggest that the samples BR1, BR2 and BR3 have
suffered significant depositional changes during or
after their growths. These changes however cannot be
readily predicted from the uncut stalagmites. The CT images
conversely reveal that the samples have significant density
variations and contain small and large voids (Fig. 3).
Obviously, the CT images provide unique information
about the internal structure of stalagmites that cannot be
identified by visual inspection of the uncut specimens
(Figs 2B, 3).

Petrography and density

Petrographic analysis of polished thin sections can
facilitate the identification of different types of calcite
fabrics in the stalagmites (Frisia 2015). We prepared 19

Fig 4. Samples BR1and BR2 showing axis holes elongated parallel to the growth axis with diameter ranging from 1 to 5 mm. In BR2, the marked
feature shows downward bending of growth layers towards the holes. [Colour figure can be viewed at www.boreas.dk]
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Fig 5. Fabrictypesinsamples BR1, BR2and BR3 under plane polarized light (PPL)and cross-polarized light (XPL). [Colour figure can be viewed
at www.boreas.dk]
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Table 2. Characteristics of CT number (HU values), petrography, and palaeoenvironment of stalagmites.

This study Vanghi et al. (2015) Walczak et al. (2015) and Frisia (2015)
HU values  Fabrics HU values  Fabrics HU values  Fabrics Growthrate  Drip rate
<1200 Open <226 Porous <2000 Columnar Fast Not stable and seasonally

dendritic microcrystalline, variable

dendritic
227-776 Dendritic

1200-1400  Closed 77-1176 Closed

dendritic dendritic
1401-1550  Columnar  1177-1576 ~ Columnar

1577-3071  Micrite 2000-2400  Open columnar Medium Constant with high drip rate
>2400 Compacted columnar  Slow Constant with low drip rate

polished thin sections from samples BR1, BR2 and
BR3. Four fabric types can be observed (Fig. SA-H,
see positions of polished thin sections in Fig. 3). (i) Open
dendritic fabric formed interlocking and elongated
crystals. This texture is characterized by high porosity
(Frisia et al. 2000, 2002). (i) Closed dendritic fabric has
more equal dimensions and forms fewer porous laminae.
(iii) Columnar fabric is characterized by large crystals
growing parallel to the central axis. Their crystal
boundaries are acute. In general, the columnar fabric is
less porous than the dendritic fabric (Frisia 2015). (iv)
Micritic layers are observed mainly on the edges of the
stalagmite BR3.

Inthisstudy, variationsin the crystalline fabricaswell as
the porosities are represented in the CT numbers (HU) in
Table 2. The open dendritic fabric shows a high porosity
with the lowest density (<1200 HU). Closed dendritic
fabric has a medium density (1200-1400 HU). Columnar
fabric has the highest density (1401-1550 HU). The calcite
fabrics and CT numbers (HU) of Tham Nam stalag-
mites were then compared to those previously reported in
Vanghi et al. (2015), Walczak et al. (2015) and Frisia
(2015) (Table 2). Stalagmites BR1, BR2 and BR3 display
CT numbers (HU) <1550, and fabrics indicate variable
drip rates and fast growth rates (Frisia 2015). Density in a
speleothem is related to primary crystalline texture and
porosity. Secondary porosity can be the result of disso-
lution and/or fractures that lead to lower density. Diage-
nesis can cause loss of primary texture, mineralogy and
geochemical signatures (Perrin et al. 2014; Scholz et al.
2014; Zhang et al. 2014; Bajo et al. 2016). Thus, the
present work, in agreement with previous studies (Vanghi
et al. 2015; Walczak et al. 2015), suggests that the areas
within stalagmites regarded suitable for palaeoclimatic
study should exhibit primary crystalline texture, low
porosity and CT numbers (HU) of 1550 or higher.

U-Th dating

All U-Th ages of the subsamples from stalagmites BR1,
BR2 and BR3 are replicable within uncertainties, except

for 1A and 1B (Table 1; Fig. 3). In fact, in each pair of
replicates, the difference between the mean ages is much
smaller than the uncertainty (2c), which suggests that the
U-Th chemical separations and machine measurements
arerobust. The measured **U concentrations and 8***U
values can also be well replicated. However, the 2*>Th
content and values of the »°Th/***Th atomic ratio show
considerable variation. This Th heterogeneity is probably
due to an uneven distribution of detritus, which contains
high Th contents. The discrepancy in U-Th ages between
subsamples 1A and 1B near the top layer of stalagmite
BR3 is probably caused by a diagenetic process (e.g.
dissolution, recrystallization and neomorphism) because
they were drilled in the low-density part of the sample
(Fig. 3).

238U concentrations in all the samples are lower than
200 ppband ***Th concentrations range from thousands
to tens of thousands of ppt. The isotopicratios of **Th to
22 Tharealso low, typically <200 ppm. This unfortunately
limits the age precisions, which largely depend on the
230Th initial correction. A low ***U concentration and
particularly low **Th/***Th values indicate that a signif-
icant portion of >*°Th does not originate from in siru decay
of 28U. The large uncertainty of the detrital >**Th/***Th in
bulk earth values thus dominates the age uncertainties.
Nevertheless, if the >**Th concentration in the subsample
is low and the measured >*°Th/***Th value is high, the
relative uncertainty of the corrected age can easily be
reduced to ~1% or better (e.g. BR1 bottom (§B), Table 1).
After the initial Th correction, all the U-Th ages of BR1,
BR2and BR3 are concentrated in a small interval, ranging
between 87 and 105 ka. This confirms that they were
deposited during the same time interval.

CT images, petrography and U-Th isotope data
indicate the dissolution features in the internal structure
of stalagmites BR1, BR2 and BR3. These can be caused
by several scenarios, for example, (i) undersaturated or
acidic dripping water with high content of pCO, (Perrin
et al. 2014); (i1) an abruptly increasing dripping water
rate, which prevents sufficient degassing to bring feeding
water to equilibrium with CaCOj; (Railsback ez al. 2011);
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or (iii) mixing of dissolution solution with several
drip water sources (Scholz er al. 2014). Recent stud-
ies suggest that microbial activity can affect calcifica-
tion through trapping and binding detrital particles
and inducing calcite precipitation. This leads to break-
down dissolution, boring and residue micrite production
(Jones 2001; Shtober-Zisu et al. 2014). Such processes can
change the primary isotopic and elemental composition of a
speleothem. These changes alter the geochemical signals,
which may have an impact on the interpretation of the results
obtained in palaeoenvironmental studies (Martin-Garcia
et al. 2009). Typically, stalagmite samples containing these
features are no longer suitable for palacoclimate studies. For
speleothem age determination, carbonate samples must have
remained completely closed with respect to loss or gain of U
and Th isotopes. For example, Bajo et al. (2016) reported
that U-Th ages could be overestimated in a stalagmite that
has anomalously high Z**Th/**®U isotopic ratios resulting
from preferential U loss in micro-void dissolution. Based on
the CT images, petrography analysis and large uncertainty of
Z0Th/”Th, we hereby decided not to perform any addi-
tional dating and geochemical analysis on the stalagmites
from Tham Nam cave.

Conclusions

In the present work, stalagmites from Tham Nam cave,
western Thailand, were evaluated for their palaeoclimatic
research potential, through X-ray computed tomography
(CT scanning), petrography, and U-Th dating analysis.
The CT scanning data reveal that stalagmite density is
associated with fabrics and distribution of porosity. The
porosity/axis-holes/voids in the stalagmites are related to
postdepositional dissolution processes and may have an
influence on U-Th dating accuracy. The ages of stalag-
mites from the Tham Nam Cave range between 87 and 105
ka. Currently, they are the oldest stalagmites that have
been reported from mainland Southeast Asia. However,
the stalagmites show dissolution features, several discon-
tinuities and large age uncertainty, and are thus probably
not suitable for palaeoclimatic research. Consistent with
previous work (Mickler et al. 2004a, b; Zisu et al. 2012;
Vanghi et al. 2015; Walczak et al. 2015 and Bajo et al.
2016), this study suggests that CT images have a large yet
underestimated potential in speleothem study. They can
help to identify internal structures in samples that may
compromise geochemical elemental and isotopic analy-
ses. For stalagmites potentially suitable for palacoenvi-
ronmental research, CT scanning can also facilitate
selection of the right cutting location. This study hence
sets an example for future speleothem exploration using
CT scanning as a tool to examine petrological textures
prior to any further analysis.
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